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Abstract

Background: Low cardiorespiratory fitness (CRF) is an independent predictor of morbidity and mortality. Most health care
settings use some type of electronic health record (EHR) system. However, many EHRs do not have CRF or physical activity
data collected, thereby limiting the types of investigations and analyses that can be done.

Objective: This study aims to develop a nonexercise equation to estimate and classify CRF (in metabolic equivalent tasks)
using variables commonly available in EHRSs.

Methods: Participants were 42,676 healthy adults (female participants: n=9146, 21.4%) from the Aerobics Center Longitudinal
Study examined from 1974 to 2005. The nonexercise estimated CRF was based on sex, age, measured BMI, measured resting
heart rate, measured resting blood pressure, and smoking status. A maximal treadmill test measured CRF.

Results:  After conducting nonlinear feature augmentation, separate linear regression models were used for male and female
participants to calculate correlation and regression coefficients. Cross-classification of actual and estimated CRF was performed
using low CRF categories (lowest quintile, lowest quartile, and lowest tertile). The multiple correlation coefficient (R) was 0.70
(mean deviation 1.33) for male participants and 0.65 (mean deviation 1.23) for female participants. The models explained 48.4%
(SE estimate 1.70) and 41.9% (SE estimate 1.56) of the variance in CRF for male and femal e participants, respectively. Correct
category classification for low CRF (lowest tertile) was found in 77.2% (n=25,885) of male participants and 74.9% (n=6,850) of
female participants.

Conclusions: The regression models developed in this study provided useful estimation and classification of CRF in alarge
population of male and female participants. The models may provide a practical method for estimating CRF derived from EHRs
for population health research.

(IMIR Public Health Surveill 2022;8(7):e34717) doi:10.2196/34717

KEYWORDS

nonexercise estimated cardiorespiratory fitness; public health; surveillance; epidemiology; e ectronic health record; EHR; fitness;
cardiorespiratory; physical activity; regression model; nonexercise equation
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Introduction

Background

The use of data from electronic health records (EHRS) beyond
day-to-day medical management is rapidly emerging in the
fields of digital health, public health, and epidemiology [1,2].
However, access to cardiorespiratory fitness (CRF), avaluable
health metric, islimited. Thislimitation is primarily due to the
medical service (cardiopulmonary stress test) being costly,
time-consuming, and generally focused on cardiac patients[3-5].
CRF is a comprehensive measure of one’s functional capacity
(mL O, - kg* - min*) driven by the combination of heart, lung,
and muscle function [6]. It is an important marker of health
status in the general adult population [3,6]. Further
demonstrating the importance of CRF, the American Heart
Association released a scientific statement proposing that CRF
be considered aclinical vital sign. The scientific rationale behind
the statement is driven by the voluminous evidence that
demonstrates that low CRF is a strong independent predictor
of adverse health outcomes (ie, al-cause mortality, cancer,
stroke, heart disease, and diabetes incidence) [3].

Prior Work

To help increase accessibility to CRF data, researchers have
developed an array of nonexercise estimated CRF (NEECRF)
equationsto estimate CRF [ 7-9]. NEECRF equations commonly
include age, gender, resting heart rate, smoking status, BMI,
and self-reported physical activity status (PAS) [8,10-12].
Studies have shown NEECRF to predict all-cause and
cardiovascular disease mortality on par with measured CRF
[13,14]. However, the assessment of PAS required to calculate
NEECREF in patientsis not typically conducted or documented
in health care settings[15]. Therefore, using an NEECRF model
without PAS (non-PAS) may be more feasible.

Ina2019 comprehensive NEECRF review, afew peer-reviewed
non-PAS NEECRF equations were identified in adult
populations reporting correlations and SE estimates [8]. Most
of the equations were developed using only age, height, and
weight combinations, and some used variables not commonly
found in EHRs (eg, waist girth, predicted/ideal weight, or
exercise mode).

Though correlations were moderate to high, the sample
populations were too small to determine the classification
accuracy of low CRF. Accurate classification of low CRF is
essential for large-scaleinvestigations[3,16]. Low CRF (lowest
tertile) classification was recently investigated by Peterman et
al [9], who found Baynard's [ 7] simplified non-PAS NEECRF
equation to have poor classification ability in asizable (n=4871)
adult population. Other researchers have also suggested that
simple non-PAS NEECRF formulas have low validity, and
nuanced approaches are warranted [16,17]. Investigators have
also noted that valid non-PAS NEECRF models may have broad
applications for public health, epidemiology, surveillance,
practice, and research [3,8,9,16,18].

https://publichealth.jmir.org/2022/7/€34717
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Goal of This Study

Because it is standard practice to assess and document resting
heart rate, blood pressure, BMI, and smoking status during a
typical clinicvisit, the primary aim of this study wasto develop
new models for NEECRF that could potentially be used in
large-scale population health investigations using variables
commonly found in EHRs. To accomplish this, we compared
anon-PAS NEECRF equation to clinically measured CRF and
evaluated its ability to estimate and classify CRF.

Methods

Study Sample

The Aerobics Center Longitudinal Study (ACLS) is a
prospective epidemiological investigation of participants that
began in 1970 [19]. The original data set for this investigation
included 43,257 healthy adults who voluntarily participated in
acomprehensive preventive medical examination at the Cooper
Clinic in Dallas, Texas between 1974 and 2005. At baseline,
al participants were free of diabetes, heart disease, stroke,
cancer, positive electrocardiograms, and completed a maximal
graded exercisetest. Each participant gave informed consent to
join the longitudina study. The research population
demographic primarily consists of Caucasian college-educated
adults of middle to high socioeconomic status with an average
age at baseline of 43.5 (range 20-79) years.

Ethical Approval

The study was reviewed and approved annually by the Cooper
Ingtitute Ingtitutional Review Board, and all participants
provided written informed consent.

M easurements

Predictor variables were assessed during a preventive health
examination that included objective measurements of age, BMI,
resting heart rate, systolic blood pressure, diastolic blood
pressure, and self-reported smoking status between 1974 and
2005 at the Cooper Clinic. Age was verified at the time of the
examination. Height and weight were measured on a calibrated
scale using US customary units and converted to metric scales
for thisinvestigation. BMI was cal cul ated from measured height

and weight as kg/m?. Manual auscultation was used to measure
resting blood pressure while seated. Resting heart rate was
calculated using the R-R interval on an electrocardiogram while
seated. CRF was expressed as absolute metabolic equivalent
tasks (METs; 1 MET = 35mL O, - kg* - min?) based on the
total duration of a symptom-limited maximal Balke graded
exercise test [6]. Following American College for Sports
Medicine Guidelines, patients were encouraged to give maximal
effort, and the test end point was volitional exhaustion or
termination by the physician for medical reasons [6]. METs
were calculated based on the final treadmill speed and grade
[6]. The Balke graded exercisetest ishighly correlated (r=0.94)
with maximal graded cardiopulmonary exercisetesting [20,21].
A standardized medical questionnaire was used to ascertain
demographic information, lifestyle habits, and chronic disease
status. More detailed information on the preventive health
examination is availablein prior ACLS publications [10,13].
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Statistical Analysis

Data Exclusion

Datawerefirst examined for outliersand skewness. We removed
the outliers from the data set by removing participants with
predictor variables (continuous) beyond the +3 ¢ interval. To
do this, we calculated the mean and SD of each predictor
variable, excluding smoking (categorical). Any participant with
at least one predictor variable above 3 SDs or below 3 SDswas
flagged as an outlier. After removing outliers and incomplete
entries (n=581), the data set comprised 33,530 mal e participants
and 9146 female participants, 98.7% of the original 43,257
participants.

Regression

The main analysis was based on apparently healthy adults at
baseline. Using a supervised machine learning technique, we
conducted separate linear regression analyses for men and
women to predict non-PAS NEECRF based on nonlinear
augmentation of the predictor variables[1]. We also considered
advanced machine learning models but did not find them
advantageous. The male and female non-PAS NEECRF
prediction equations were formulated to minimize the average
mean sguared error, where N is the number of samplesin our

data set:
@]

The prediction equation used age, height (Ht), weight (Wt),
BMI, resting heart rate (rHR), systolic blood pressure (SBP),
diastolic blood pressure (DBP), and smoking. All variableswere
continuous except for smoking status (nonsmoker=0, current
smoker=1). Data were standardized by subtracting the mean
and dividing by the SD for each variable. Next, separate models
were then trained for male and femae participants. We
augmented the original 8 variables with second order and
interaction terms, and regressed them linearly to the dependent
variablefor training. In thisway, the nonlinearity wastransferred
from the regressor to the independent variables, while the
model’s overal interpretability was maintained. The
augmentation procedure added the following 28 second order
and interaction terms; Wt?, Wt x Ht, Wt x Age, Wt x rHR, Wt
x SBP, Wt x DBP, Wt x BMI, Ht?, Ht x Age, Ht x rHR, Ht x
SBPR, Ht x DBP, Ht x BMI, Agez, Agex rHR, Age x SBP, Age
x DBP, Age x BMI, rHR?, Ht x SBP, Ht x DBP, rHR x BMI,
SBF?, SBP x DBP, SBP x BMI, DBF?, and DBP x BMI (for a
total of 36 variables). Because smoking statuswas a categorical
variable, it was not used to create the additional variables. The
augmented data set wasinput into an elastic net linear regressor
and trained and evaluated via 10-fold cross-validation [22].
Optimal model hyperparameters were calculated for the male
(0=.001, A=1.0) and female (0=.004, A=1.0) data sets through
the cross-validation procedure. Pearson correlation coefficients
were then calculated using the non-PAS NEECRF equations

https://publichealth.jmir.org/2022/7/€34717
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for the male and female data sets (shown in Multimedia
Appendix 1). Lastly, for comparison, we cross-validated
Baynard's[7] simplified non-PAS NEECRF equation (77.96 —
10.35 (sex; M=0, F=1) - 0.92 (BMI) - 0.32 (age)) [9].

Classification Accuracy

We cross-classified non-PAS NEECRF and CRF for three
specified cut points (lowest quintile, lowest quartile, and lowest
tertile) commonly used in epidemiological investigations to
definelow CRF[3]. Next, CRF distributions were then grouped
by males and females where a served as the value of the a-th
percentile using the calculation non-PAS NEECRF>a. After
classification, we determined the non-PAS NEECRF accuracy,
sengitivity, positive predictive value, and F, score. Thereference
standard was the measured CRF, and low CRF was defined as
a positive test. All analyses were performed in scikit-learn
version 0.22.2 (NumFOCUYS).

Results

Descriptive statistics are provided in Table 1. Correlation
coefficients between each independent variable and CRF are
presented in Multimedia Appendix 1. The multiple Rsand mean
deviationsfor non-PAS NEECRF (in METS) were high at 0.70
(mean deviation 1.33) for male participants and moderate at
0.65 (mean deviation 1.23) for femal e participants. The models
explained 48.4% (SE estimate 1.70, 95% CI 0.05-3.97) of the
variance in CRF for male participants and 41.9% (SE estimate
1.56, 95% CI 0.05-3.48) for female participants. Multimedia
Appendix 1 providesasimpleindependent variableinput Google
Sheet for researchers and data scientists to easily calculate
NEECREF. Table 2 providesthe findings regarding the accuracy,
positive predictive, and sensitivity values using the lowest
quintile, quartile, and tertile to classify low CRF for male and
female participants. While overall classification accuracy was
meaningful for anondiagnostic test acrossthethree models, the
optimal model wasthe lowest tertile. Combined maleand female
positive predictive value were 0.60, sensitivity 0.67, and F;
score 0.63 [23,24]. The F, score is the best practice summary
metric consisting of the harmonic mean of positive predictive
value and sensitivity for classification (O=low, 1=high) [23].
Assuming abalanced data set (n=2529) by Peterman et al [16],
we calculated the F, scores from their reported findings for
equations applicableto EHRs[16]. Wefound F, scoresranging
from 0.04 to 0.56. Based on a residual plot (Multimedia
Appendix 1), we found the model was most accurate for CRF
MET values in the 7.5 to 12.5 METs range but tended to
underestimate MET values>12.5 METsand overestimate MET
values <7.5 METs. Notably, this is a common finding in
non-PAS NEECRF studies [3]. Similar to Peterman et al [9],
we cross-validated Baynard's [7] non-PAS NEECRF equation
with our reference CRF data set and found low positive
correlationsfor male (r=0.49, mean deviation 1.60) and female
(r=0.43, mean deviation 1.46) participants.
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Table 1. Baseline characteristics of participants.

Sloan et a

All (N=42,676) Male participants (n=33,530) Femal e participants (n=9146)
Age (years), mean (SD) 44.1 (9.6) 44.1 (9.5) 44.1 (10.2)
BMI (kg/m?), mean (SD) 25.8(3.98) 26.5(3.5) 233(37)
Resting heart rate (bpm), mean (SD) 60.9 (10.5) 60.1(10.4) 64.0 (10.1)
Systolic blood pressure (mmHg), mean (SD) 118.9(13.4) 120.7 (12.7) 112.4 (13.9)
Diastolic blood pressure (mmHg), mean (SD) 80.0 (9.6) 81.1(9.3) 76.0 (9.3)
Smoker, n (%) 6361 (14.9) 5569 (16.7) 792 (9.7)
Measured CRF? (mL/kg/min), mean (SD) 11.5(25) 12.0(2.4) 9.8 (2.0)

8CRF: cardiorespiratory fitness (maximal oxygen consumption).

Table 2. Predictive accuracy of nonexercise estimated CRF classification of

lowest cardiovascular fitness against the reference CRF.

Low CRF (lowest quartile)

Low CRF (lowest tertile)

Group Low CRF? (lowest quintile)

ACC® (%) PPVE(%) SENY(%) ACC(
Male participants 815 4.7 69.2 79.5
Female participants 80.6 43.9 57.8 779

%) PPV(%) SEN(%) ACC(%) PPV (%)  SEN (%)
50.9 67.4 77.2 59.9 66.7
55.4 55.6 74.9 60.4 66.9

8CRF: cardiorespiratory fitness.
bACC: accuracy.
PPV positive predictive value.
dSEN: sensitivity.

Discussion

Principal Findings

Using a greater combination of clinical measures commonly
found in EHRS, this study compared non-PAS NEECRF with
objectively measured CRF in the largest population to date
[10,11,25-27]. Overall, our model may provide a more
applicable method for estimating and classifying CRF than
previous methods [8,9,16]. Moreover, because the vital signs
and medical information used to calculate non-PAS NEECRF
are routinely captured during health care visits, our approach
places nominal demand on hedlth care staff and patients for
collecting data. From a public health perspective, a moderate
positive predictive value is practical, given that non-PAS
NEECREF is a nondiagnostic test that is no cost and easily
accessible [24]. Likely, some individuals classified with low
fitness may be at the lower end of the fit spectrum and benefit
from health promotion [24]. From a clinical perspective and
considering moderate sensitivity, we concur with previous
investigatorsthat, while estimation equations are applicablefor
epidemiological investigations, they should not replace clinical
exercise testing for patient diagnosis and management [3,16].
Our findings show that the ACLS non-PAS NEECRF may
provide auseful assessment of CRF to conduct population health
research.

Comparison to Prior Work

Comparatively, PAS-based NEECRF model s have demonstrated
higher positive correlation values (0.71-0.93) along with ahigher
degree (~90%) of correct classification accuracy for low CRF
than non-PAS NEECRF models [3]. Because physical activity

https://publichealth.jmir.org/2022/7/€34717

is a key contributor to CRF, including a PAS variable in an
NEECRF model improves accuracy [ 3,8,16]. However, arecent
review of distinct EHRs across 20 countries found that only
18.8% of family practice clinics had structured PAS
guestionaries embedded within the EHR, with documented PAS
in the EHR ranging from 10% to 86% [15]. Notably, no
validated questionaries designed for PAS-based NEECRF
calculations were used. Therefore, the ability to conduct
large-scal e studies aggregating existing EHR data acrosslocal,
domestic, or international systems to predict CRF is unlikely.
Conversely, our model may provide a global approach to
aggregating EHR data across systems to predict CRF and
conduct analyses.

In 2019, Wang et a [8] provided a comprehensive list of
peer-reviewed non-PAS NEECRF models that used some
combination of age, BMI, or gender to predict CRF [8]. Samples
werefrom small populations, and moderateto high correlations
were reported generally without SE estimates [8]. Notably, the
validity and usefulness of these simplified types of equations
have been called into question [8,9,16,17]. We found that the
findings from such investigations may be limited because the
studies only reported correlations and lacked sufficient sample
sizes to calculate prediction values for low CRF. It is aso
important to note that high correlation values do not necessarily
result in amore accurate classification of low CRF[9,16].

Recently, Peterman et a [16] determined the ability of 7
non-PAS NEECRF equations to accurately classify low
NEECRF (tertile) compared to measured CRF in a
demographically comparable cohort (n=2529) to ACLS. Only
3 of the 7 equations apply because of variables not commonly
found in EHRs. On balance, the classification accuracy of low
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CREF (tertile) appeared to be better for ACLS. In a separate
investigation, Peterman et a [9] also tested Baynard's [7]
simplified non-PAS NEECRF using the Ball State cohort
(n=4871) to assess classification accuracy. The equation had
an r of 0.76; however, there was poor accuracy for detecting
individuals positivefor low CRF (37%). We al so cross-validated
Baynard's [7] equation with our data set and found low
correlations, thus did not attempt to determine accuracy [9].
Although the ACL S and Ball State cohorts are demographically
similar, our finding is expected to some degree because the
ACLS equation is specifically trained from the ACL S data set
[9,16]. Moreover, these equations need to be tested in
epidemiological investigations with EHR datato see how well
they predict health outcomes.

Limitations

This study is not without limitations. Our study’s primary
limitation regarding correl ation was that the measured reference
CRF was conducted using a Balke graded maximal exercise
test that estimates absolute METs. This testing strongly
correlates with adults maximal graded cardiopulmonary

Sloan et a

exercise testing and is routinely used for clinica and
epidemiological purposes|3,20,21]. Though the ACL S data set
providesthelargest known healthy female data set for clinically
measured CRF, alarger female sample size may have provided
a dightly better predictive model [3,27]. Nonetheless, our
analyses demonstrated reasonabl e correl ation and classification.
Our analyses are based on a large predominantly Caucasian
cohort; it is unknown if the results generalize to other ethnic
groups. Notably, the homogeneity of the ACLS cohort may
have strengthened theinternal validity of our resultsby limiting
possible confounders. The main strength of this investigation
is that it was conducted on the largest cohort to date with a
larger number of objectively measured predictive variables to
estimate non-PAS NEECRF.

Conclusions

The ACLS non-PAS NEECRF equation may provide a useful
population health metric for CRF. More work should be
conducted regarding diverse populations, the incidence of
chronic conditions, and longitudinal repeated measuresanalyses
toward improving public health and surveillance capability.
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Abstract

Undiagnosed malnutrition is a significant problem in high-income countries, which can reduce the quality of life of many
individuals, particularly of older adults. Moreover, it can also inflate the costs of existing health care systems because of the many
metabolic complicationsthat it can cause. The current methods for assessing mal nutrition can be cumbersome. A trained practitioner
must be present to conduct an assessment, or patients must travel to facilities with specialized equipment to obtain their
measurements. Therefore, digital health care is a possible way of closing this gap as it is rapidly gaining traction as a scalable
means of improving efficiency in the health care system. It allowsfor the remote monitoring of nutritional statuswithout requiring
the physical presence of practitioners or the use of advanced medical equipment. As such, there is an increasing interest in
expanding the range of digital applications to facilitate remote monitoring and management of health issues. In this study, we
discussthe feasibility of anovel digital remote method for diagnosing malnutrition using facial morphometrics. Many malnutrition
screening assessments include subjective assessments of the head and the face. Facial appearance is often used by clinicians as
the first point of qualitative indication of health status. Hence, there may be merit in quantifying these subtle but observable
changes using facial morphometrics. Modern advancements in artificial intelligence, data science, sensors, and computing
technologies allow facial features to be accurately digitized, which could potentially allow these previously intuitive assessments
to be quantified. This study aims to stimulate further discussion and discourse on how this emerging technology can be used to
provide real-time access to nutritional status. The use of facial morphometrics extends the use of currently available technology
and may provide ascalable, easily deployable solution for nutritional statusto be monitoredinreal time. Thiswill enableclinicians
and dietitiansto keep track of patients remotely and provide the necessary intervention measures as required, aswell as providing
health care institutions and policy makers with essential information that can be used to inform and enable targeted public health
approaches within affected populations.

(JMIR Public Health Surveill 2022;8(7):e33478) doi:10.2196/33478

KEYWORDS

malnutrition; facial recognition; facial morphology; telemonitoring; 3D scans; digital health; digital nutrition; public health
nutrition; mobile phone
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Introduction

Background

Malnutrition in older adults in many high-income countriesis
an unrecognized condition that is increasing in prevalence as
the population ages[1]. Theimpact of malnutrition on morbidity
and mortality in older adultsisaproblem that necessitates urgent
attention. The aging process brings about biological,
physiological, social, and psychological changes, coupled with
a higher morbidity prevalence, which can negatively affect
nutritional status[2].

Malnutrition in older adults, also coined as anorexia of aging,
has severeimplications, resulting in asignificantly poor quality
of life [3,4]. The loss of swallowing function, polypharmacy,
cachexia, and lack of socia support can exacerbate malnutrition
[5,6]. Malnutrition occurs because of insufficient food intake,
the inability of the body to absorb nutrients, or because of the
presence of catabolic diseases such as chronic obstructive
pulmonary disease or cancer. This can cause a reduction in fat
and muscle mass, further leading to impaired physical and
cognitive function [7]. Malnutrition can occur gradually over
significant periods without being detected, as the symptoms
may not be critical to warrant immediate medical attention.
However, the severity of malnutrition may be significantly
elevated if it is associated with a disease or inflammation. In
geriatric patients with diseases, it is evident that areduction in
food intake causes increased muscle breakdown because of
increased resting energy expenditure [8].

Malnutrition has been found to lead to sarcopenia, and
sarcopenia may aggravate malnutrition, leading to the
aggravation of morbidity and mortality [9,10]. Sarcopenia is
defined as an age-related loss of muscle mass, where muscle
mass is lost involuntarily over time, leading to a decrease in
muscle protein synthesis, strength, and function[11]. In arecent
review, both malnutrition and sarcopenia were examined
concomitantly, and the findings for the management and
interventions of these 2 conditions were found to overlap
considerably [12]. Hence, the newly proposed clinical syndrome,
called malnutrition-sarcopenia syndrome, should be assessed
simultaneously to improve health outcomes [13]. Older adults
have an increased risk of malnutrition compared with other
adult populations, and it has been estimated that 2% to 16% of
community-dwelling older adults are deficient in their protein
and energy needs[14]. Theeffects of poor skeletal muscle mass
(SMM) can be detrimental asthey reduce the prognosis of many
diseases, including diabetes, heart disease, chronic kidney
disease, sepsis, and cancer [15-20]. In a community-based,
cross-sectional  study conducted on 722 stroke- and
dementia-free participants aged 50 to 75 years, an increase in
SMM was observed to protect against ischemic stroke, especially
in men [21]. In another study in which the prevalence of
sarcopenia in 414 patients with diabetes and 396 control
participants was examined, type 2 diabetes was independently
associated with sarcopenia, with a15.7% prevalencein patients
with diabetes compared with 6.9% in the control group [17].

Apart from physiological and metabolic implications,
malnutrition and sarcopeniain older adults have been widely

https://publichealth.jmir.org/2022/7/e33478
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established to have financial implications and are burdens to
health care resources [22]. Patients who are malnourished are
associated with more frequent hospitalizations, increased length
of hospital stays, and increased readmissions and hospitalization
costs [23]. Approximately 40% of patients are malnourished
upon hospital admission, and depending on the severity, they
are faced with approximately 31% to 38% increase in hospital
costs [24].

However, it isdifficult to detect subclinical malnutrition because
of the absence of clear indicators. This could lead to alack of
identifying poor nutritional practices among older adults, as
mal nutrition does not often present with immediate problems.
Therefore, better screening options for the diagnosis of
subclinical malnutrition must be recognized and identified
[25,26]. This could potentially ease the burden on the health
care system, reduce the cost of resources, improve the quality
of patients' lives, and extend the healthy living years of older
adults.

It is imperative that malnutrition and the prognostic value of
treatment options to manage malnutrition be identified. The
face is often used by health practitioners to make qualitative
assessments of health and nutritional status. Modern
advancements in sensor and computing technologies enable
features in the face to be accurately digitized and could
potentially allow these previously intuitive assessments to be
quantified. In this paper, we discuss the feasibility of a novel
digital remote method for diagnosing malnutrition using facial
morphometrics.

Current Methods of Diagnosing Malnutrition

Until 2016, there were no universally accepted screening tools
or criteriaused asthe gold standard to identify mal nutrition risk
[27]. The Globa Leadership Initiative on Malnutrition
assembled a set of criteria for identifying and diagnosing
malnutrition in older adults in hospitals [27]. This initiative
comprises a 2-step method in which avalidated screening tool
isused to identify patientswho are at risk of malnutrition. This
isfollowed by an assessment to diagnose and grade the severity
of malnutrition. The Global Leadership Initiative on
Malnutrition grouped the diagnosis of malnutrition into two
distinct categorical criteria: phenotypic (which included weight
loss, low BMI, and reduced SMM) and the other etiologic
criteria comprising reduced food intake, disease burden, or
inflammation [27].

One of the most widely used traditional methods for assessing
malnutrition is the subjective global assessment toal. It is an
integrated tool that assesses nutritional status based on patients
past records and physical examinations, and subsequently
classifies patients into three categories. well-nourished,
moderately malnourished, or severely malnourished [28].
Anthropometric measurements such as midarm circumference
and triceps skinfold thickness have been used as basic methods
of correlating the percentage of body fat and |ean muscle mass
[29]. In addition to the subjective global assessment,
biod ectrical impedance analysisand ultrasound techniques have
been recognized as accurate methods for measuring lean body
tissue, which is akey indicator of nutritional status [30]. Other
established methods used to assess SMM include scans using
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computed tomography (CT), dual-energy x-ray absorptiometry,
and magnetic resonance imaging (MRI), which are costly and
time consuming [31,32]. Analytic morphomics is an emerging
field that uses cross-sectional images to provide a global
assessment of a patient beyond the localized specific pathology
of interest (Englesbe et al [33]). Through the application of
CT-based analytic morphomics, Lee et a [31] developed the
Morphomic Malnutrition Score as a means of providing
standardization and objective measurements for conventional
diagnostics. This method provides an in-depth assessment to
distinguish between healthy individuals and individuals who
are severely malnourished. Although these methods are highly
accurate, conducting them can be cumbersome and resource
intensive, as they require atrained practitioner to be present to
conduct the assessment, and patients need to travel to specialized
facilities to obtain their measurements. In cases where older
adults do not frequent clinics or hospitals, malnutrition and
sarcopeniacould be left undetected for extended periods or until
the onset of a disease, leading to several negative implications.
If malnutrition monitoring and assessments could be delivered
or enhanced through the use of readily accessible and
cost-effective imaging technologies, this could greatly reduce
the burden on rapidly inflating health care costs. More
importantly, the implementation of such methods would
significantly improve access to and quality of care for older
adult patients who are malnourished.

Telemonitoring and Digital Health Care
Systems

Overview

Digital health care is one such approach that alows for
malnutrition and nutritional status to be monitored remotely
without requiring the physical presence of practitioners or
advanced equipment. As we enter the Fourth Industrial
Revolution, the widespread availability and improvements in
data science and infocommunication (integration of information
and telecommunication technology sectors) technologies have
rapidly expanded the vast range of available services and
applications in the health care sector [34-39]. Digital health
care, initsmany forms, israpidly gaining traction asascalable
means of improving efficiency in the health care system,
allowing hedlth care institutions to extend their reach and
increase the number of touchpoints they have with patients.
Increased levels of connectivity offered by these technologies
are changing the ways in which the hedth care system is
structured and admini stered.

Telemonitoring is the real-time monitoring of patients using
mobile technologies to conduct routine medical tests and
communicate resultsto health care workersfor evaluation [38].
This capitalizes on the recent progress in Internet of Medical
Things devices and widespread internet access, which canrange
from data gathered from a single device to an entire network of
personal digital devices, connected medical devices, implants,
and other sensors [38]. The integration of these sensors and
collection of accurate rea-time data can support clinical
decisions by rapidly communicating changes in physiological
or biochemical states, improving the overall quality of health
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care services and leading to more effective management of
chronic diseases [34,37,38,40-46]. Digital applications allow
conditionsto be managed at home or within local communities,
offering patients greater levels of independence and autonomy,
reducing travel time, and ensuring better equity for patientsin
rural areas [34,38]. As such, many studies have shown high
levels of satisfaction, empowerment, and reassurance expressed
by both providers and end users of telemonitoring solutions
[34,37,45,47].

Telemonitoring isal so considered an efficient use of health care
resources|34,37,38,40-44,46,48]. Many conventional teststhat
require the presence of a health care worker can now be
conducted automatically with the use of specialized, portable
equipment, reducing the number of face-to-face interactions
required of health care workers [34,38]. Patients are also not
required to be physically present at health careinstitutions. The
reduction in traffic and congestion allows for the prioritization
of more serious cases that require immediate care, a benefit
most notably realized during the COVID-19 pandemic
[34,49,50]. Theimproved management of chronic diseasesalso
reduces the number of hospitalization events and the length of
hospital stays for many conditions and, consequently, reduces
overall health care expenditure.

Given the many benefits that telemonitoring has to offer, it is
critical that new applications are devel oped to broaden the scope
of conditions to which telemonitoring can be applied. In both
high- and low-income nations, smartphones have been used as
platformsfor several aspects of life, such asidentity verification
and personal banking, and are increasingly being adopted for
use in the capture, management, and transmission of personal
health data [51-54]. These smart devices are outfitted with
sensors such as GPS trackers, accelerometers, cameras, and
depth sensors and are progressively updated each year with
newer and more powerful components. The incorporation of
these advanced sensors may offer a scalable solution for
popul ation-wide telemonitoring of nutritional status and allow
early detection of malnutrition in the community.

Facial M orphometricsand Malnutrition Screening

A relatively unexplored method that may offer predictive
capabilities in the area of malnutrition screening is the
application of facial morphometrics. Facial morphometrics is
the study of the contours and structures of faces using geometric
mapping toolsthat allow landmarks and featuresto beidentified
[55]. Although facial changes during weight loss and
undernutrition have been reported since the time of Leonardo
Da Vinci, their implications and ability to predict nutritional
status have been recognized only recently [56-62].

The newly integrated depth sensors in personal smart devices
may present a novel solution that may be beneficia for the
remote monitoring of malnutrition. These depth sensors capture
3D depth data of objects, enabling the use of applications such
as augmented reality—based applications, as well as the
generation of 3D point clouds for 3D modeling [63]. Most
recently, a notable application that highlights the current level
of sophistication and accuracy of depth sensorsis Apple's 3D
face recognition—based encryption system, known as Face |ID
[64]. The degree of security offered by the Face ID system can

JMIR Public Health Surveill 2022 | vol. 8 | iss. 7 | 33478 | p.13
(page number not for citation purposes)


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

JMIR PUBLIC HEALTH AND SURVEILLANCE

be attributed to the level of 3D detail that the True Depth camera
can capture. A total of 30,000 infrared dots are projected onto
the target object and captured by an infrared-sensitive camera,
allowing fine detail s such as contours and recesses to be detected
by the camera [65]. This granularity has enabled its use in a
widerange of applications, ranging from the analysis of human
facial emotionsto the customization of prosthetics and medical
equipment requiring precise fit [63,66-71].

With depth cameras becoming the mainstay in smartphones
beyond the iPhone, there may be potential for developing
telemonitoring applications that involve the extraction and
correlation of facial morphological featureswith health indices.
Typical facial landmarks include the eyes, nose, chin,
cheekbones, and the overall shape of the face. The extraction
and analysis of features such as geodesic distances or ratios
between these landmarks can serve asinformative discriminatory
toolsin the quantification of shape and variation [72].

These quantified features could serve as proxy markers for the
nutritional status of the human body. This has been demonstrated
in several studies, which have observed correlations between
superficial tissuesthat affect the overall morphology of theface
such as the zygomatic fat pads and masseter and temporalis
muscles with nutritional status and whole-body SMM [73-83].
The quantification of thesetissuesinvolvesthe use of techniques
such asultrasound, MRI, and CT scans. However, these methods
can be expensive, time consuming, and stressful for patients.
Therefore, the application of facial morphometricsusing widely
available depth sensors could provide a more accessible and
lessinvasive solution for larger populations.

The use of facial morphometrics in the field of health sciences
is not new. However, most of the research has primarily been
conducted in the fields of aesthetics, orthodontics, and
prosthetics. There have been attemptsto explorethe correlation
between facial features and nutrition-focused indices such as
BMI and waist-to-hip ratio [84-91]. Earlier studies used 2D
images and relied on planar distances or 2D angularity to
identify featuresthat account for BMI variations[87,89,92-99].
Recent studies have explored the use of 3D meshes for more
detailed geometric modeling of faces using tools such as 3D
scanners or stereophotogrammetry [86,100-102]. However,
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these technol ogies require a specialized setup, and individuals
must be physically present for the scans to be conducted, thus
limiting the number of individuals that can be recruited. The
widespread availability of personal smartphonesintegrated with
accurate depth cameras presents an opportunity for more
scalableresearch in this area, allowing the acquisition of larger
data sets within a shorter amount of time.

With these capabilitiesin mind, this paper further discussesthe
relevance of certain facial features that have the potential to
provide diagnostic value in identifying changes in SMM and
overall nutritional status.

Facial Features With Clinical Significance

Overview

With imaging tools capable of deriving facial morphology
accurately, both direct and indirect tissue losses can potentially
be captured as additional features for anaysis. Direct
measurements of tissue loss can include the quantification of
protrusions and depressions that form from tissue atrophy,
whereas indirect measurements include features that become
more prominent when there is a loss of fat or muscle tissue,
such as certain bone processes and ridges, or the angulation of
the jawline [73,100,103].

The degree of bone prominence is important in determining
nutritional  status [104,105]. Physical examinations of
mal nutrition typically observe the prominence of bone structures
in the clavicle, scapular, acromion, and patellar regions to
determine the degree of muscle and subcutaneousfat [oss[104].
Certain superficial structures that have a lesser degree of
covering tissue, such asthe zygomatic process or mandible, are
immediately distinguishable. Other bone structures such asthose
in the orbit, zygomatic bone, and other anatomical details of
the mandible or jaw may become more prominent in the case
of malnourishment, following the loss of muscle and fat tissue
[105].

Segmentation of the Face

To discuss potential features, we segment the face into three
regions: upper face, midface, and lower face (Figure 1).
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Figure 1. Illustration of face segments of interest.
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The upper face comprises the regions between both temples,
including the eyes and the surrounding periorbital region. The
primary superficial tissues that contribute to craniofacia
morphology in this region include the temporalis muscle,
periorbital fat pads, and bones that make up the orbital rim
[59,106,107]. These features are significantly affected by
malnutrition and loss of fat or skeletal muscle in the region
[104,108].

The temporalis muscle, as well as the superficial and deep
temporal fat pads, contribute to most of the volumein thetemple
regions [109]. As it is easily accessible and papable, the
temporalis muscle is frequently used as an indicator of
malnutrition in physical examinations [104]. The temporalis
muscle is a fan-shaped muscle situated beneath the temples,
which runs from the side of the skull down to the back of the
lower jaw, forming a convexly shaped area that blends in with
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the lateral orbital rim [107]. On several occasions, this muscle
has been shown to be an effective surrogate marker for
sarcopeniaand SMM intherest of the body. Many studies have
reported correlations between the temporalis muscle and other
indicators of SMM, such as the psoas muscle, lumbar skeletal
muscle cross-sectional area, and patient grip strength
[75,76,78,82,83,110-112].

In the case of atrophy of the underlying fat pads and the
temporalis muscle, this region could appear sunken, thus
increasing the prominence of the temporal orbital rim [106].
The frontal process of the zygomatic bone and the superior
border of the zygomatic arch become more prominent and can
result in sharp angulation along the orbital rim [109]. These
features cast a shadow that accents the temporal hollows,
resulting in a gaunt appearance [106].

The morphology of the periorbital region aso changes
significantly in the case of tissuelossand islargely determined
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by the volume of the periorbital fat pads. These comprise the
temporal fat pad, the preaponeurotic fat pad, the nasal fat pads,
and the central fat pad [113] (Figure 2). In cases of lipoatrophy,
the loss of volume in these fat pads has been observed to
accentuate the superior, medial, and lateral edges of the orbital

Tay et d

rim, contributing to a sunken, skeletonized appearance [109].
Theincreasing hollowness of the orbit coupled with skin laxity
can aso contribute to the development of infraorbital dark
circles[114].

Figure 2. Overview of facial fat pads. Superficial fat compartments in the midface include the nasolabial fat pad, media cheek, buccal fat pad, and

deep medial cheek fat (Swift et al [115]).
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Certain confounders may arise because of the natural changes
around the eyeregions, which may complicate theidentification
of malnutrition. Age contributesto adecreasein brow projection
from the superior orbital rim[106]. Youthful browshaveamore
prominent anterior projection because of the underlying support
from the retro-orbicularis oculi fat. During aging, subsequent
remodeling and thinning of the superomedial and inferolateral
orbital rim can result in changes to the morphology and
decreased projection of the brows from the superior orbital rim
[106]. This makes the superciliary arch more prominent and
visible in older adults. Therefore, it is important to carefully
distinguish this from excess atrophy of fat and muscle tissue.

It has been well established that the morphology around the
periorbital fat padsisaffected by many factors because of aging
[59,116,117]. The tissues around the eyes, such as the muscles
that support the eyelids, tend to weaken. Fat pads that support
the eye may migrate lower to take the form of bags, and a
reduction in fat and underlying muscle fibers can also give the
eyelids a sunken and hollow appearance. The loss of skin
elagticity and development of eyelid folds or ptosis can lead to
additional contoursforming around the eye[59]. Futureresearch
will need to account for these variahilitiesthat may exist because
of age, gender, and ethnicity to differentiate between
malnutrition and the natural process of aging [72].

Midface

The midface comprises the regions bound by the cheekbones
as the upper boundary and the lips as the lower boundary. Key
tissue groups that affect the morphology of this region include
the masseter muscle, the various zygomatic-malar fat pads, and
the zygomatic bone [106,107].

The masseter muscle is a masticatory muscle located over the
zygomatic bone, running from the temporal bone to the lower
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jaw [107]. Given the prominence and superficiality of the
masseter muscle on the side of the face, it contributes to the
facid contour of the cheek. Thethickness of the masseter muscle
significantly affects the overall morphology of the face
[107,118-128]. The morphologica effects of masseter muscle
thickness have been well documented in the field of aesthetic
medicine, where prescriptive volume loss through the use of
botulinum toxin type A demonstrates noticeable changesin the
shape of the face [118]. Given the superficiality of the muscle,
Murakami et a [77] developed atool to estimate the mass of
the masseter muscl e using surface measurements obtained with
a vernier caliper. These were paired with thickness
measurements derived from ultrasound imagesto determinethe
overall mass of the masseter muscle. This was shown to be an
accurate method of assessment when compared with theresults
measured using MRI [77].

Similar to the usability of the temporalis muscle as a surrogate
marker for SMM, the masseter muscle has also been found to
be correlated with whole-body SMM and the psoas, limb, and
trunk muscles[74,77,79,80,126,129]. Relationships have been
established between the masseter muscle and aspects of physical
fitness in older adults [130]. In some studies, the thickness of
the masseter muscle was found to be a better predictor of
mortality and sarcopenia than the psoas muscle, which is a
commonly referenced muscle in the diagnosis of sarcopenia
[78-81,110,131,132].

Given the masseter muscle’s key function as one of the primary
muscles of mastication, its strength has also been found to be
correlated with the chewing ability [74,130,133]. Research has
shown that the development or attrition of the masticatory
muscles is related to chewing activity and is indirectly linked
to dietary habits[74,77,122,123,130]. I n patientswho experience
loss of appetite or decreased food intake because of medical,
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social, or psychological reasons, the masticatory muscles have
beenfoundtorescindinsize[77,81,134]. Thiswill likely affect
the external morphology of the cheeks and jaw and could
potentially indicate arisk of malnutrition.

There are several fat compartments in the zygomatic-malar
region of the face. The deep midface compartmentsinclude the
medial and lateral suborbicularis oculi fat, the medial portion
of the buccal fat pad, and the deep medial cheek fat. Superficial
compartments include the nasolabial and middle cheek

Tay eta

superficial fat compartments (Figure 2) [107,116]. Thefat pads
in this region are typically considered in malnutrition-specific
physical examinations. In these examinations, practitioners
typically look for hollow, sunken, and narrow faces as these
can be an indication of malnutrition [104,108]. In extreme
scenarios of tissue loss such as HIV-specific lipoatrophy,
exacerbated atrophy in these fat pads can manifest as significant
concavitiesin the buccal and malar areas[105] (Figure 3). This
greatly accentuates the zygomatic bone and can form many
depressions in the midfacial region.

Figure 3. Visible atrophy of adipose tissue and protruding facial bone structures in both cheeks because of antiretroviral therapy for HIV, indicated by

red arrows (Szczerkowska-Dobosz et al [105]).
i EF. 72X

Subcutaneous buccal fat pads are aso a significant area of
aging-associated fat loss [59]. The loss of overal volume,
decreased tissue support for facial features, and areduction in
skin elasticity can lead to the hollowing of the cheeks. These
factors can affect the morphology of the face and, as such, will
need to be accounted for when identifying features correlated
with malnutrition.
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Lower Face

The lower face comprises the mandible and the surrounding
tissues of the lower cheeks, chin, and neck. These structures
contribute significantly to the overall shape of the face and are
often easily perceptible, except in cases of excess facia hair.
Assuch, thelower faceisakey point of referencein many facia
morphological studies and BMI prediction agorithms
[89,95,98,135,136].
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Thelower mandible contributesto the morphology of the lower
face and accentuates the jawline. Aesthetic surgeons refer to a
youthful jawline as one characterized by a straight line from
the chinto the mandibular angle[137,138]. Excess subcutaneous
fat in the region may cause certain skinfolds and disrupt this
angular definition of the jawline, which can lead to the lower
face becoming more squarish than oval [84,89]. Conversely,
malnutrition and periods of unintentional weight loss can lead
to atrophy of subcutaneousfat and the underlying muscletissues,
resulting in a more pronounced jawline.

Thejawline can be apotentially important feature in predicting
mal nutrition or sarcopenia. In astudy exploring the relationship

Tay et d

between face shape and waist-to-hip ratio, Mayer et a [89]
showed that a 2D face shape had a correlation coefficient of
0.63 (Figure 4). Participants with a lower BMI were likely to
have jawlines that were sharper and more angular, whereas the
jawlines of participants with a higher BMI were wider and
rounder. In the Coetzee et al [84] study identifying quantifiable
visual cuesthat contribute to weight, 2 out of the 3 primary cues
that showed predictive potentia to determine BMI from facial
images were the perimeter-to-area ratio and the cheek-to-jaw
width ratio (Figure 5). These features are largely dependent on
the amount of tissue in the lower facial regions, thusindicating
the importance of identifying the jawline as a differential
landmark.

Figure4. Changesin BMI (kg/m2) asreflected in face shape (Mayer et a [89]).
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Although subcutaneous fat affects the overall shape of the
jawline, aging is another important factor that changes the
overall morphology of thisfacial feature [106,135,138-140]. A
strong mandibular border with prominent jawline definitionsis
typically a sign of a youthful face, whereas aging contributes
to squaring of the face and aloss of jawline definition. Thisis
because of the descent of the hyoid bone and larynx, leading to
a blunting of the cervicomental angle. Together with ptosis of
the unsupported skin, chin pad, and facial portion of the
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platysma muscle, it results in the development of ptotic jowls
[106,135,141]. This can potentially complicate the analysis of
mandibular morphology and can affect its usability in
malnutrition assessment, especially in older adults. Other
confounding factorsthat may mask the contours of the chinand
mandible regions include facial hair or aesthetic fillers.
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Challenges

Facia morphology technology provides several exciting
opportunities as a diagnostic tool for malnutrition and body
composition. However, there remain important challenges that
need to be overcome.

Developing acomprehensive database that accountsfor potential
confounders and isolating the degree of correlation between
various facial morphological features and overall SMM and
nutritional statusis necessary. Many factors can influencefacial
variations outside of weight and SMM, such asgender, ethnicity,
age, and medical conditions[72,142,143]. The rate and degree
of facial development throughout the course of growth spurts
and aging may also vary depending on ethnicity, which could
further complicate the effects of either parameter [144]. The
development of facial morphology databases will need to
account for these factors such that specific featuresmost relevant
to malnutrition can be isolated.

Facial morphology holds potential as a diagnostic tool in the
context of malnutrition on the premise that SMM is correlated
with facial tissues. However, this correlation may not always
be consistent, particularly for complex medical conditions.
Certain diseases such as critical illness myopathy have been
noted to affect muscles in the body differently, resulting in
significant musclelossin the limbs and trunk while sparing the
masseter and other craniofacial muscles[142]. Controlling for
these potential confounders will become an important
consideration if facial morphology is to be used as a
popul ation-wide diagnostic tool.

There can aso be disproportionate tissue loss in specific parts
of the face, which may confound the degree of importance of
the respective facial regions. For example, patients undergoing
highly active antiretroviral therapy for HIV infectionsor patients
with connective tissue diseases such as panniculitis are known
to devel op asymmetrical and dynamic facial lipoatrophy [105].
Thisform of lipoatrophy can manifest in different waysin age-
or lifestyle-related malnutrition, and care should be taken to
distinguish between the two.

The use of facial morphology as a diagnostic tool may also
require additional considerations because of aesthetic variables.
The presence of facial hair, such as beards and mustaches, may
impair the ability of features derived from the lower half of the
face to be used in the analysis. Cosmetic or reconstructive
surgery used for the concealment of facial anomalies or to
improve one’s appearance is a so becoming relatively common
in many countries [145]. These can have a significant impact
on the morphology of the face and are important factors to
consider in these demographics.
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Certain ethical and societal considerations may need to be
reviewed to increase the adoption of facial morphometrics as a
tool in public health. The face is an important and sensitive
identifiable feature, and any application incorporating digital
3D scans of thefacewill need to ensure that patient privacy and
data security are not compromised. The development of digital
health applications using personal smartphones may also widen
the digital divide and potentially alienate certain segments of
the population [146]. Populations of lower socioeconomic status
may not have access to these devices, and older adult patients
may have difficulties navigating certain aspects of newer
technologies [35]. These populations are the most vulnerable
to malnutrition and its associated complications. To ensure that
these segments of the population who may not be able to afford
or be familiar with digital technologies are not excluded, there
isaneed to consider both affordability as a potential barrier to
entry, as well as the ergonomics and accessibility of the user
experience.

Discussion

Conclusions

Undiagnosed malnutrition is becoming a significant problem
that can reducethe quality of life of many individualsand inflate
the costs of existing health care systems because of the many
metabolic complications it can cause. Many high-income
countries are faced with a rapidly aging population that may
lead to poor food intake, disease etiology, and improper access
to food, which may give rise to an increase in the prevalence
of malnutrition. Given the need for specialized equipment and
trained practitioners for the diagnosis of malnutrition, the
development of simpler and more scalable methodsfor ng
malnutrition has been a long-standing challenge for public
health.

Recent advancementsin artificial intelligence, computing, data
science, and infocommunication technol ogies present awealth
of opportunitiesthat will shape and revolutionize the landscape
of health care. This paper aims to stimulate further discussion
and discourse on how adopting this emerging technology could
provide real-time access to nutritiona status. We explored the
feasibility of a novel, noninvasive approach to tackling
mal nutrition in the community. The use of facial morphometrics
extends the use of currently available technology, providing a
scalable and easily deployable method for the real-time
monitoring of nutritional status. Clinicians and dietitians will
be able to keep track of patients remotely and provide the
necessary intervention measures as required. Finaly, it will
furnish health careinstitutions and policy makerswith essential
information that can facilitate necessary interventions targeted
at affected populations.
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Abstract

Background: Digital technologies have been central to efforts to respond to the COVID-19 pandemic. In this context, arange
of literature has reported on developments regarding the implementation of new digital technologies for COVID-19-related
surveillance, prevention, and control.

Objective: In this study, scoping reviews of academic and nonacademic literature were undertaken to obtain an overview of
the evidence regarding digital innovations implemented to address key public health functions in the context of the COVID-19
pandemic. This study aimed to expand on the work of existing reviews by drawing on additional data sources (including
nonacademic sources) by considering literature published over alonger time frame and analyzing datain terms of the number of
unique digital innovations.

Methods: We conducted a scoping review of the academic literature published between January 1, 2020, and September 15,
2020, supplemented by a further scoping review of selected nonacademic literature published between January 1, 2020, and
October 13, 2020. Both reviews followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
approach.

Results: A total of 226 academic articles and 406 nonacademic articles were included. The included articles provided evidence
of 561 (academic literature) and 497 (nonacademic literature) unique digital innovations. The most common implementation
settings for digital innovations were the United States, China, India, and the United Kingdom. Technologies most commonly
used by digital innovationswere those belonging to the high-level technology group of integrated and ubiquitousfixed and mobile
networks. Thekey public health functions most commonly addressed by digital innovationswere communication and collaboration
and surveillance and monitoring.

Conclusions: Digital innovations implemented in response to the COVID-19 pandemic have been wide ranging in terms of
their implementation settings, the digital technol ogies used, and the public health functions addressed. However, evidence gathered
through this study also points to a range of barriers that have affected the successful implementation of digital technologies for
public health functions. It is also evident that many digital innovations implemented in response to the COVID-19 pandemic are
yet to be formally evaluated or assessed.

(JMIR Public Health Surveill 2022;8(7):e34605) doi:10.2196/34605
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Introduction

Background

Digital technologies, such asartificial intelligence (Al), robotics,
and wearables, have been widely used in worldwide efforts to
respond to the COVID-19 pandemic. In this context, arange of
studies has reported on developments regarding the
implementation of new digita technologies for
COVID-19—elated surveillance, prevention, and control. To
consolidatethisliterature, several reviews have been undertaken
[1-4]. Broadly, the aim of these reviews has been to describe
the characteristics of digital technologiesthat have been reported
on within the early scientific literature. Golinelli et a [2]
searched MEDLINE and medRxiv to identify the relevant
literature on the use of digital technologiesin health care during
the COVID-19 pandemic. The included papers were then
analyzed in terms of article characteristics and the type of
technology and patient needs addressed. A review conducted
by Budd et a [1] provided aqualitative overview of the breadth
of digital innovations introduced as part of the global public
health response to the COV I D-19 pandemic, the types of public
health activities they addressed, and the key potential barriers
to their implementation. Vargo et a [4] further reviewed digital
technology use during the COVID-19 pandemic based on
searches of 4 databases. Web of Science, Scopus, PubMed, and
Google Scholar. The review synthesized the evidence from
included papersin relation to 4 key areas of technologies, users,
activities, and effects within the spheres of health care,
education, work, and daily life [4]. More recently, Mbunge et
al [3] undertook acritical review of emerging technologies for
tackling the COVID-19 pandemic, focusing on prevention,
surveillance, and containment, based on searches of the
following sources. Google Scholar, Scopus, ScienceDirect,
PubMed, IEEE Xplore Digital Library, ACM Digital Library,
Wiley Library, and SpringerLink [3]. Although providing
valuable overviews of the digital response to the COVID-19
pandemic, existing reviews have also been limited by a focus
on academic sources, thereby potentially missing devel opments
reported in wider nonacademic literature while also tending to
focus on the early period of the pandemic.

Study Aims

In this study, we present the findings of afurther scoping review
on theimplementation of digital technologiesin responseto the
COVID-19 pandemic. The scoping review expands on thework
of existing reviews by drawing on additional datasourceswhile
also considering literature published over alonger time frame
(ie, January to September 2020). Although focusing on academic
literature, the scoping review al so goes beyond existing reviews
by presenting evidence from a complementary review of
nonacademic sources, including web-based technol ogy-related
news sources and news feeds (covering news articles, press
releases, and blogs). The incorporation of wider nonacademic
sources into this review alows for the consideration of

https://publichealth.jmir.org/2022/7/e34605

technological developments in the private or public sector,
which are not necessarily oriented toward research publications,
thus helping to capture more up-to-date information on the
implementation of digital technologies in response to the
COVID-19 pandemic.

This scoping review goes beyond existing reviews by using the
concept of digital innovations. By digital innovations, we refer
to the application =1 digital technology to address
COVID-19—~elated key public health functions within asingle
application in a specific context. An example of a digital
innovation captured by this scoping review is Austrids
contact-tracing app Stopp Corona. The app combines 2 digital
technologies of interest in this review—smartphone apps and
Bluetooth—into asingle digital innovation [5,6]. By analyzing
data regarding the number of implemented digital innovations
and their characteristics, this study goes another step beyond
existing reviews, al of which have analyzed digital technology
trends by considering the number of papers reporting on
different technology types and functions [1-4]

The specific research questions addressed by this scoping review
were asfollows:

1. What arethe main characteristics of theliterature reporting
on digital innovations used in the context of the COVID-19
pandemic?

2. What has been the geographical setting of the digital
innovations implemented in response to the COVID-19
pandemic?

3. What types of implemented digital innovations have been
discussed in the academic and nonacademic literature in
relationto COVID-19—~elated surveillance, prevention, and
control?

4. Which key public health functions have been addressed by
the digital innovations implemented in response to the
COVID-19 pandemic?

Methods

Overview

The scoping review followed the approach specified in
PRISMA-ScR (Preferred Reporting Items for Systematic
Reviews and Meta-Anayses extension for Scoping Reviews)
checklist [7]. A completed PRISMA-ScR checklist for the
review ispresented in Multimedia Appendix 1. A study protocol
was developed presenting key elements of the proposed
approach and methods to be used. The approach comprised 2
parallel methodological approaches—one for the review of
academic literature and the other for the review of nonacademic
literature.

Search Strategy

For the academic literature search, we developed and ran a
search strategy in 2 bibliographic databases—EMBASE and
Scopus—using the same strategy for both databases. The search
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terms used in this study are presented in Multimedia Appendix
2. The search waslimited to articles published between January
1 and September 15, 2020 (the date of the search), and included
English-language and non—English-language articles. The search
strategy drew on a strategy developed for a previous scoping
review on digital technologies for infectious disease
surveillance, prevention, and control, which was peer-reviewed
using the Peer-Review of Electronic Search Strategies approach
[8]. In addition to the database searches, we also conducted
targeted searches using Google Scholar to identify a small
number of additional academic articles where the results of the
database search strategies reveal ed evidence gaps.

For the nonacademic literature search, we ran a search strategy
using the news aggregation software Feedly [9]. To conduct the
Feedly search, we identified relevant information sources
covering digital technological innovation and health innovation
based on expert consultation and internal piloting. The search
strategy applied to these information sources was broadly
aligned with that used for the academic literature search.
However, because of the limitations of the Feedly search
function, the search string used was shorter and more generic
than that used for the academic search. The used search terms
are presented in Multimedia Appendix 2. The Feedly search
traced backward to capture articles published between January
1 and September 15, 2020 (the date of the initial search), but
also captured articles published over a period of 4 weeks from
the initial search date (ie, between September 15 and October
13, 2020). To manage the scope of the study, the nonacademic
literature search was limited to English-language sources only.
As with the academic literature search, we aso conducted
targeted searches to identify a small number of additional
nonacademic articles. In addition to a systematic Google search,
targeted searching of nonacademic literature included scraping
selected websites to identify relevant articles. The selection of
websites focused on addressing gaps in the evidence produced
by the Feedly-based searches, specifically the limited number
of articlesreporting on devel opmentswithin the European Union
or European Economic Area (EU/EEA) region compared with
those reporting on technological devel opments outside the EU
or EEA.

Study Selection

Articles captured by both searcheswere screened against defined
inclusion and exclusion criteriato determinetheir eligibility for
the study. Multimedia Appendix 3 presents the used inclusion
and exclusion criteria. In the review of academic literature,
non-English articles were included in the study selection but
only if an English-language abstract or summary was available.
Screening was undertaken by 2 study teams, each comprising
2 researchers—one study team for the review of academic
literature and one study team for the review of nonacademic
literature. Before commencing the study selection, both study
teams engaged in pilot screening exercises for 100 articles to
ensure consistency in the application of the eligibility criteria.

https://publichealth.jmir.org/2022/7/e34605
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The 2 reviewers discussed the areas of uncertainty or
disagreement until full agreement oninclusion or exclusion was
reached. To further ensure consistency across the study teams,
we held weekly cross-project meetings. During these meetings,
any articles for which areviewer was unsure were marked and
discussed with the other study team to determine inclusion or
exclusion. A shared log of theinclusion and exclusion decisions
was maintained across the 2 study teams.

Data Extraction

We extracted data from the included articles using Microsoft
Excel extraction templates:. one template for the review of
academic literature and one for the review of nonacademic
literature. Both extraction templatesincluded columnsto capture
information relating to the core research questions regarding
thetypesand nature of implemented digital innovations, aswell
as broader information regarding the article type and identified
barriers to implementing digital innovations in the discussed
countries and regions. Where possible, drop-down menuswere
used to limit the range of responses that could be submitted,
thereby facilitating data filtering and analysis. To ensure a
consistent extraction approach, the 2 project teams conducted
pilot extraction exercises using asmall number of articles. The
used extraction templates and drop-down menus are presented
in Multimedia Appendix 4.

Data Analysis

To analyze the extracted data, we used the software package R.
Descriptive quantitative analysis focused on statistical and
graphical summaries for each column of data captured using
drop-down menus in the extraction template, together with
relevant cross-analyses. Data extracted on barriers to the
implementation of digital innovations were analyzed
qualitatively.

Key Study Variables

High-Level Technology Groups and Specific Digital
Technologies

In extracting data on digital innovations, we coded data on the
specific digital technologies that have been used within these
innovations, as well as the technology groups to which these
technologies belong. The used coding approach drew on an
earlier scoping review of the use of digital technologiesfor the
prevention, surveillance, and control of infectious diseases. In
this study, specific technologiesidentified intheliterature were
clustered into high-level technology groups of similar or
conceptually related digital technologies [10]. For this study,
definitions for each specific digital technology and each
high-level technology group were established using the
European Commission’s Digital Single Market glossary,
supplemented, where necessary, by definitions from relevant
academic literature [11]. The coding approach is presented in
Textbox 1.
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Textbox 1. Coding of specific digital technologiesinto high-level technology groups.

High-level technology group and specific digital technology
«  Advanced manufacturing technologies

« 3D printing

«  Autonomous devices and systems
« Drones

« Robotics

«  Blockchain or distributed ledger technology
«  Blockchain or distributed ledger technology

o Cloud computing or cloud-based networks
«  Cloud computing or cloud-based networks

«  Cognitive technologies
. Artificia intelligence
o  Expert systems
«  Machinelearning
« Natura language processing
«  Facial recognition

«  (Artificial) neural networks

«  Crowdsourcing platforms

«  Crowdsourcing

. Dataanalytics (including big data)
o Datamining
. Dataanalytics
- Bigdata
o Hedthinformatics
o  Paralel computing
«  Socia mediaand mobile data analysis

« eHedth
« Digital health, eHealth, and mobile health
«  Electronic health records

« Telemedicine

«  Imaging and sensing technologies (including Geographic Information System)
«  Geographic Information System
«  Image processing
o Infrared sensing

«  Satellite communication or imaging (including earth observation and remote sensing)

. Immersive technologies

o Virtual or augmented reality

« Integrated and ubiquitous fixed and mobile networks

o  Cdlular networks
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«  SMStext message communications

«  Smartphone apps

«  Bluetooth

«  Smartphones and tablet computing devices

«  Web-based tools and platforms
«  Web-based learning platforms
o Web-based self-assessment tools

« Information management tools

o Socia media
- Microblogging platforms
«  Blogging platforms
« Instant messaging platforms
«  Networking platforms
«  Photograph or video-sharing platforms

« Internet of Things
« Internet of Things
o Wireless sensor networks

«  Biosensors

«  Nanotechnology and microsystems
« Digital DNA, RNA or protein anaysis
«  Lab-on-chip

«  Nanotechnology

o Quantum computing

e Quantum computing

« Simulation

«  Mathematical models or simulations

o Wearables (including ingestibles)
«  Wearables (including smart fabrics and ingestibles)

Key Public Health Functions

We also coded each digital innovation as fulfilling =1 of the
following seven key public health functions: (1) screening and
diagnostics, (2) surveillance and monitoring, (3) contact tracing,
(4) forecasting, (5) signal or outbreak detection and validation,
(6) pandemic response, and (7) communication and
collaboration. The use of these public health key functions
followed a mapping of the European Centre for Disease
Prevention and Control’s priorities against the 10 essential
public health operations of the World Health Organization’s
Regional Officefor Europe[12] and the US Center for Disease
Control’s 10 essential public health services[13]. On the basis
of this mapping exercise, the public health key functions used
in this study were also refined to suit the COVID-19 context.
For example, to better reflect the diverse range of activities

https://publichealth.jmir.org/2022/7/e34605

undertaken to ensure saf e access to and management of essential
resources during the COVID-19 pandemic, including at the
population level, pandemic response was included as a key
public health function. Similarly, to reflect its centrality in
response to the pandemic, contact tracing was also included as
a distinct key public health function. Textbox 2 presents the
high-level definitions of these key public health functions for
the purposes of this study. The key public health functions used
inthis study were neither exhaustive nor definitive. For example,
the used functions do not cover the application of emerging
digital technologies to the development of treatments or
vaccines. Other studies may adopt aternative approaches to
identifying and defining key public health functions.

As with the classification of technologies, our data extraction
template included columnsto record instancesin which adigital
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innovation addressed >1 key public health function. For
example, digital innovations performing surveillance and
monitoring functions and signal or outbreak detection and
validation were coded with both these public health functions.
The coding of key public health functions was based on data
extracted from the academic or nonacademic sources being

Textbox 2. Key public health functions and definitions.

Francombe et al

reviewed. The emphasiswithin the article guided the assessment
of how the codes were applied. The collation of data from
multiple sources on the same innovations allowed usto capture
where digital innovations addressed >2 key public health
functions.

Screening and diagnostics

Surveillance and monitoring

Contact tracing

Forecasting

Signal or outbreak detection and validation
«  Detecting and validating outbreaks of COVID-19

Pandemic response

for COVID-19 prevention and response

Communication and collabor ation

« ldentifying (including self-identifying) COVID-19 symptoms and the presence of SARS-CoV-2 inindividuals

«  Systematic collection and analysis of relevant data such as SARS-CoV-2 infection rates and excess deaths along with ongoing monitoring of
COVID-19 symptoms or adherence to COVID-19 restrictions at the individual and population levels

« ldentifying and aerting people who have been in contact with someone diagnosed with COVID-19 and who are therefore at high risk of having
been exposed to SARS-CoV-2, so that they can take appropriate and sometimes mandated action (eg, self-isolating)

«  Predicting COVID-19 infections or health outcomes at the individual and population levels

«  Responsesto the pandemic that have hel ped widen safe access to and management of essential resources required by individuals and populations

o Communication involves informing, educating, and empowering individuals and populations about COVID-19, and collaboration refers to
working together across disciplines or sectors to share knowledge and improve the collective COVID-19 response

Results

Search Results

The search of academic databases returned a total of 5018
articles, of which 1408 (28.06%) were duplicates. Title and
abstract screening of the remaining 3610 articles resulted in
3309 (91.66%) articles being excluded, with 301 (8.34%)
deemed digiblefor full-text review. Through targeted searches,
we also included an additional 6 articles. Of these 307 articles,
81 (26.4%) were excluded during data extraction and analysis,
resulting in 226 (73.6%) unique articles being included in the
review of the academic literature.

https://publichealth.jmir.org/2022/7/e34605
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For the review of nonacademic literature, the Feedly-based
literature search returned atotal of 4537 articles, of which 144
(3.17%) were duplicates. Title screening of the remaining 4393
articlesresulted in 3904 (88.87%) articles being excluded, with
489 (11.13%) included for full-text review. We also included
an additional 23 articlesthrough targeted searching (n=10, 43%
articles) and web scraping (n=13, 57% articles). Of these 512
articles, 107 (20.9%) were excluded during the data extraction
and analysis. This resulted in 79.2% (406/512) unique
nonacademic articles being included. PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
flow diagramsfor the 2 scoping reviews are presented in Figure
1.
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Figurel. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagrams for the review of academic literature (left)
and nonacademic literature (right; review time framefor academic literature: January 1, 2020, to September 15, 2020; review time frame for nonacademic

literature: January 1, 2020, to October 13, 2020).
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Characteristics of the Included Literature

All articles included in the review of academic literature fell
into one of thefollowing 3 articletypes: brief journal comment,
editorial, letter, or opinion (98/226, 43.4% of articles), research
articles (86/226, 38.1% articles), and detailed journal
perspective, policy review, or practice reviews (42/226, 18.6%
of articles). The 86 articles categorized asresearch articleswere
further analyzed in terms of their study type, with thefollowing
results: 67 (78%) primary studies, 2 (2%) mathematical models
or simulations, 2 (2%) scoping reviews, and 14 (16%) other
literature reviews. The study type of one of theresearch articles
was unclear. All articlesincluded in the review of nonacademic
literature were news articles, blog posts, or press releases.

The publication dates of the included articles by month are
shown in Table 1. For the review of academic literature, most
included articles (203/226, 89.8% of articles) were published
in April, May, June, July, and August, with June being the
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month in which the highest number of included articles (46/226,
20.4% articles) were published. For the review of nonacademic
literature, a higher number of included articles (250/406, 61.6%)
were published in March, April, and May. For comparison, 34%
(138/406) of articles were published in June, July, August, and
September. Across both reviews, a small humber of articles
were published in February, September, and October.

For articlesidentified by the review of academic literature, we
analyzed the geographical location of key contributors (first,
last, and corresponding authors') organizations. The country
with the highest number of key contributor organizational
affiliations was the United States (64/226, 28.3% of articles).
Other countries with a high number of key contributor
organizational affiliations included China (23/226, 10.2% of
articles), the United Kingdom (20/226, 8.8% of articles), and
India (13/226, 5.8% of articles). Table 2 presents the 10
countries with the highest number of key contributor
organizational affiliations.
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Table 1. Number of articles by publication date (by month) in the review of academic literature and nonacademic literature (review time frame for
academic literature: January 1, 2020, to September 15, 2020; review time frame for nonacademic literature: January 1, 2020, to October 13, 2020)a.

Publication date Included articles, n (%)

Review of academic liter ature (N=226)

January 0(0)
February 3(L3)
March 10 (4.4)
April 38(16.9)
May 39 (17.3)
June 46 (20.4)
July 39(17.3)
August 41 (18.1)
September 10 (4.4)

Review of nonacademic literature (N=406)b

January 0(0)
February 6 (1.5)
March 66 (16.3)
April 108 (26.7)
May 76 (18.8)
June 36 (8.9)
July 31(7.7)
August 33(8.1)
September 38(9.4)
October 11 (2.7)

@Due to rounding, the percentages for the nonacademic review do not add up to 100.

BFor one article within the review of nonacademic literature, no publication date was recorded. Although 406 articles were reviewed, the articles listed
against monthsin the table therefore add up to 405.

Table 2. Top 10 countries in which key contributors’ organizations were based in the review of academic literature (review time frame: January 1,
2020, to September 15, 2020; N=226).

Country of key contributors' organization Included articles, n (%)
United States 64 (28.3)
China (mainland) 23(10.2)
United Kingdom 20 (8.8)
India 13(5.8)
Australia 8(3.5)
France 8(3.5)
Taiwan 8(3.5)
Singapore 7(3.1)
South Korea 7(3.1)
Spain 6(2.7)

- . . tacklethe COVID-19 pandemic. Our review of the nonacademic
Number of Digital Innovatlonslmpl.emented n literatureidentified 497 digital innovations. The 2 reviewswere
Response to the COVID-19 Pandemic conducted independently. As such, the digital innovations
Through our review of the academic literature, we identified identified by the review of nonacademic literature are not
561 instances of the implementation of digital innovations to  necessarily presented as unique from those identified by the
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review of academic literature. Although there is likely to be
some crossover between the innovations captured by the 2
reviews, it is also the case that the more experimental review
of nonacademic literature has captured some innovations, in
particular those developed by private companies, that have not
been captured within the review of academic literature,
particularly as developments occurred rapidly during the first
few months of the pandemic in 2020.

Geographic Context of Digital Innovations
Implemented in Responsetothe COVID-19 Pandemic
The identified digital innovations were analyzed by the

geographical context in which they were implemented at both
theregiona and country levels. In the academic literature, 66.5%

Francombe et al

(373/561) of digital innovations were implemented in
non-EU/EEA countries, with 21.4% (120/561) of digital
innovations being implemented within EU/EEA countries.
Approximately 12.1% (68/561) of digital innovationsidentified
inour review wereimplemented worldwide. The countrieswith
the highest number of implemented digital innovations,
according to academic literature, were the United States of
America(107/561, 19.1% of digital innovations), China(71/561,
12.7% of digital innovations), and India (28/561, 5% of digital
innovations). The most common EU or EEA country
implementation settings were France (18/561, 3.2% of digital
innovations), Spain (18/561, 3.2% of digital innovations), and
Italy (12/561, 2.1% of digital innovations; see Table 3).

Table 3. Top 10 countriesin which the highest number of digital innovations have been implemented in the review of academic literature and nonacademic
literature (review time frame for academic literature: January 1, 2020, to September 15, 2020; review time frame for nonacademic literature: January

1, 2020, to October 13, 2020).

Implementation setting

Digital innovations, n (%)

Review of academic literature (N=561)
United States
China
India
United Kingdom
France
Spain
South Korea
Singapore
Canada
Italy

Review of nonacademic literature (N=497)
United States
United Kingdom
China
Italy
Spain
Germany
Singapore
France
India

Australia, Israel, and The Netherlands

107 (19.1)
71(12.7)
28 (5.0)
25 (4.5)
18 (3.2)
18(3.2)
16 (2.9)
13(23)
12 (2.1)
12 (2.1)

141 (28.4)
60 (12.1)
38(7.6)
13(26)
11(2.2)
10(2)
10(2)
8(1.6)
8(1.6)
7(1.4)

Evidence from the nonacademic literature supports this
overarching picture, with most of the identified digital
innovationsimplemented in non-EU or EEA countries (320/497,
64.4% of digital innovations) and a smaller number of digital
innovationsimplemented within the EU or EEA (89/497, 17.9%
of digital innovations). According to the nonacademic literature,
the most common implementation settings were the United
States (141/497, 28.4% of digital innovations), the United
Kingdom (60/497, 12.1% of digital innovations), and China
(38/497, 7.6% of digital innovations), with Italy (13/497, 2.6%

https://publichealth.jmir.org/2022/7/e34605

of digital innovations), Spain (11/497, 2.2% of digita
innovations), Germany (10/497, 2% of innovations), and France
(8/497, 1.6% of digital innovations) being the most common
EU or EEA country implementation settings (Table 3).

Typesof Digital InnovationsI mplemented in Response
tothe COVID-19 Pandemic
Thedigital innovationswere also analyzed in terms of thetypes

of digital technology they incorporated. Asexplained previoudly,
we analyzed innovations in terms of the specific digital
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technologies they incorporated and the high-level technology
groups to which these specific technologies belonged.

In the academic literature, the most commonly implemented
high-level technology group was integrated and ubiquitous
fixed and mobile networks (185/561, 33% of digital innovations
incorporated at least one digital technology falling under this
high-level group; Figure 2, left frame). Other high-level
technology groups with a high number of digital innovations
were data analytics (93/561, 16.6% of digital innovations),
cognitive technologies (72/561, 12.8% of digital innovations),
and web-based tools and platforms (60/561, 10.7% of digital
innovations). The most commonly used specific digital
technology was smartphone apps (144/561, 25.7% of al digital
innovations and 144/185, 77.8% of digital innovations within

Francombe et al

the integrated and ubiquitous fixed and mobile networks
high-level technology group).

In the nonacademic literature, integrated and ubiquitous fixed
and mobile networ kswere a so the most commonly implemented
high-level technology group (133/497, 26.8% of digital
innovations; Figure 2, right frame). Other high-level technology
groupswith ahigh number of digital innovationswere cognitive
technologies (109/497, 21.9% of digital innovations), eHealth
(92/497, 18.5% of digital innovations), and web-based tools
and platforms (90/497, 18.1% of digital innovations). The most
commonly included specific digital technology, according to
the nonacademic literature, was Al (90/497, 18.1% of all digital
innovations and 90/109, 82.6% of digital innovations within
the cognitive technol ogies high-level technology group).

Figure 2. Number of digital innovations using each high-level technology group in the review of academic literature (left) and nonacademic literature
(right; review time frame for academic literature: January 1, 2020, to September 15, 2020; review time frame for nonacademic literature: January 1,

2020, to October 13, 2020). GIS: Geographic Information Systems.

Advanced manufacturing technologies
Autonomous devices and systems

Blockchain or distributed ledger technology
Cloud computing or cloudtbased nefworks
Cogpnitive technologies

Crowdsoureing platforms

Data analytics (including big data)

eHealth

Imaging and sensing technologies [including GIS)
Immersive technologies

Integrated and ubiquitous fixed and mobile nefworks

High-level technology group

Internet of Things

Nanctechnology and microsystems
Quantum computing

Simulation

Social media platforms
Wearables (including ingestibles)

Web-based tools and platforms

o

Key Public Health Functions Addressed by Digital
Innovations I mplemented in Responseto the
COVID-19 Pandemic

Thekey public health function addressed by the highest number

of digita innovations in the academic literature was
communication and collaboration (264/561, 47.1% of digital
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innovations addressed this public health function; Table 4).
Other key public health functions addressed by alarge number
of digital innovations were surveillance and monitoring
(199/561, 35.5% of digital innovations), pandemic response
(126/561, 22.5% of digital innovations), and screening and
diagnostics (103/561, 18.4% of digital innovations).
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Table 4. Number of digital innovations addressing each key public health function in the review of academic literature and nonacademic literature
(review time frame for academic literature: January 1, 2020, to September 15, 2020; review time frame for nonacademic literature: January 1, 2020, to

October 13, 2020)2.

Key public health function

Digital innovations, n (%)

Review of academic literature (N=561)
Communication and collaboration
Surveillance and monitoring
Pandemic response
Screening and diagnostics
Contact tracing
Forecasting
Signal or outbreak detection and validation

Review of nonacademic literature (N=497)
Surveillance and monitoring
Pandemic response
Screening and diagnostics
Communication and collaboration
Contact tracing
Forecasting
Signal or outbreak detection and validation

264 (47.1)
199 (35.5)
126 (22.5)
103 (18.4)
77 (13.7)
30 (5.3)

8 (1.4)

197 (39.6)
169 (34.0)
167 (33.6)
130 (26.2)
52 (10.5)
27 (5.4)
6(1.2)

For both the academic and nonacademic review, the number of digital innovations add up to more than the overall sample size (N) and the percentages
add up to more than 100. Thisis because each digital innovation could be assigned more than one key public health function in our review.

The public health function addressed most commonly by digital
innovationsin the nonacademic literature was surveillance and
monitoring (197/497, 39.6% of digital innovations), followed
by pandemic response (169/497, 34% of digital innovations)
and screening and diagnostics (167/497, 33.6% of digital
innovations; Table 4). Compared with the academic literature,
thefunction of communication and collaboration was addressed
by a smaller number of innovations (130/497, 26.2% of digital
innovations).

Cross-analysis

For each country inwhich digital innovationswereimplemented,
we cross-analyzed the number of high-level technology groups
with which implemented innovationswere associated. According
to the academic literature, China had implemented digital
innovations across the largest number of high-level technology
groups (digital innovationswere implemented with technol ogies
from 15/17, 88% of the high-level technology groups). This
was followed by the United States (14/17, 82% of high-level
technology groups) and the United Kingdom (13/17, 76% of
high-level technology groups). The EU or EEA countries with
digital innovations covering the highest number of technology
groups were France (11/17, 65% of high-level technology
groups) and Italy (9/17, 53% of high-level technology groups).
In the nonacademic literature review, the countriesimplementing
technologies covering the largest number of high-level
technology groups were the United States (15/17, 88% of
high-level technology groups), the United Kingdom (12/17,
71% of high-level technology groups), China (10/17, 59% of
high-level technology groups), and Italy (10/17, 59% of

https://publichealth.jmir.org/2022/7/e34605

high-level technology groups). Tables presenting a further
analysis of theimplementation setting and high-level technology
groups are presented in Multimedia Appendix 5.

For each key public health function, we cross-analyzed the
high-level technology groups with which digital innovations
were most associated. For communication and collaboration
(the public health function addressed most frequently by digital
innovationsin the academic literature), most digital innovations
incorporated technologies within the following high-level
technology groups: integrated and ubiquitous fixed and mobile
networks (88/561, 15.7% of digital innovations), social media
platforms (56/561, 10% of digital innovations) data
analytics(including big data) (42/561, 7.5% of digital
innovations), and web-based tool s and platforms (38/561, 6.8%
of digital innovations). For surveillance and monitoring (the
public health function addressed most frequently by digital
innovations in the nonacademic literature), most digital
innovations incorporated technologies within the following
high-level technology groups: integrated and ubiquitous fixed
and mobile networks (60/497, 12.1% of digital innovations),
web-based tools and platforms (44/497, 8.9% of digita
innovations), and wearables (including ingestibles (28/497,
5.6% of digital innovations). Tables presenting afurther analysis
of key public health functions and high-level technology groups
are presented in Multimedia Appendix 5.
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Discussion

Summary of Key Findings

Following the COVID-19 pandemic, actors worldwide turned
to digital technologiesto assist the public health response. This
study suggests that the most common implementation settings
for digital innovations implemented to tackle the COVID-19
pandemic were the United States, the United Kingdom, China,
and India. Meanwhile, within the EU/EEA region, Italy, Spain,
Germany, and France were the most common implementation
settings. The study suggested that a high number of digital
innovations implemented in response to the COVID-19
pandemic used technol ogies within theintegrated and ubiquitous
fixed and mobile network technology group, including cellular
networks, smartphone and tablet computing devices, smartphone
apps, and Bluetooth. Smartphone apps have been the specific
technology most used by digital innovationsin response to the
COVID-19 pandemic, with uses ranging from contact-tracing
apps [5,6,14-23] and self-assessment apps [24] to apps
supporting popul ation surveillance and monitoring of regulation
compliance [25]. The study also found that data analytics
(including big data) and cognitive technologies, the latter
including Al and machinelearning, have a so been incorporated
into many COVID-19—elated digital innovations. According
to the results of this study, communication and collaboration
and surveillance and monitoring have been the public health
functions most commonly addressed by digital innovations
implemented in response to the COVID-19 pandemic. Both
these functions have been addressed by a wide range of
technologies, covering nearly all high-level technology groups
used in this study. Other functions addressed by alarge number
of innovations were screening and diagnostics and pandemic
response.

Comparison With Other Studies

To the best of our knowledge, this study is the first to provide
a broad overview of the geographical context in which digital
technologies have been implemented in response to the
COVID-19 pandemic. Mbunge et a [3] reviewed the evidence
regarding leading countries in the application of Al modelsfor
COVID-19, finding that Chinawasthe country with the highest
frequency in this respect, but did not review the geographic
distribution of wider forms of digital innovation [3]. Although
most digital innovations identified in our study were
implemented in non-EU/EEA countries, it is also worth noting
that in this study, EU/EEA countriesfeatured more prominently
asimplementation settings when than an earlier scoping review
that examined digital technologies implemented for infectious
disease surveillance, prevention, and control more broadly [10].

This study’s findings on the types of digital technologies used
by digital innovations have commonality with the results of
other reviews on digital technologies and public health in
response to the COVID-19 pandemic. In their review, for
example, Vargo et al [4] found that the types of technological
hardware most reported in relation to the health care sector were
computerized tomography machines (in most cases discussed
in combination with Al-based |earning approaches) and mobile
devices, with computers or mobile apps being among the most
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prominent forms of software used. Similarly, areview of digital
technologiesin health care conducted by Golinelli et a [2] found
that many studies reported on the use of Al tools, big data
analytics, mobile apps, and mobile tracing. More broadly, the
wider array of digital technologies identified in this scoping
review aligns with the digital technologies identified in other
reviews. For example, in their review of digital technologies
for COVID-19 prevention, surveillance, and containment,
Mbunge et a [3] identified the following emerging technologies
to berelevant in tackling COVID-19: Al, social mediaplatforms,
Internet of Medical Things, virtua or augmented reality,
blockchain, additive manufacturing, 5G cellular technology and
smart applications, geographic information systems, big data,
and autonomous robots.

Thefindings of thisstudy alsoillustrate certain differencesfrom
other reviews. For example, in the study by Vargo et a [4],
video-based communication platforms were found to be a
commonly reported on technological software. Meanwhile,
Golinelli et al [2] reported a high number of articles reporting
on telehealth or telemedicine. The difference between the high
reportage of suchtechnologiesin other reviewsand therelatively
lower numbers found in this review may perhaps be explained
by the fact that this study included only telemedicine-based
innovations when the innovations had been implemented
specifically to tackle the COVID-19 pandemic.

The study’s finding that digital technologies introduced in
response to the COVID-19 pandemic are principaly oriented
toward 4 public health functions—communication and
collaboration, surveillance and monitoring, screening and
diagnostics, and pandemic response—is also in line with the
findings of other reviews[1,2]. For example, Golinelli et al [2]
identified thefollowing 4 key patient needs that were addressed
by technologies cited within the early scientific literature:
diagnosis, surveillance, prevention, and treatment. Meanwhile,
thereview conducted by Budd et al [1] identified 4 overarching
public health functions performed by technologies: digital
epidemiological surveillance, rapid case identification,
interrupting  community  transmission, and  public
communication. Each of these taxonomies broadly mirrors the
functions most commonly addressed in this review, with the
exception that, unlike the study by Golinelli et al [2], this study
did not consider technologies related to COVID-19 treatment
or therapeutics. In the sense that they emphasize the
communicative or collaborative function of many COVID-19
digital innovations, the findings of this study are more closely
aligned with the review conducted by Budd et a [1]. This
emphasis on communication provides support for the broader
literature on the role of social media in public health
communication during the pandemic [26]. The literature has
highlighted the role of social media in facilitating forms of
communication such as scientific exchange and the transmission
of information from formal public health agencies and other
bodies, as well as the potential for such platforms to act as
vectors for the spread of misinformation [1,26].

In conducting this scoping review, we encountered evidence of
arange of barriers to the successful implementation of digital
innovation, including potential risks. In addition to the
limitations of the technologies themselves, these include
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investment and financial barriers, infrastructural barriers
(including a lack of required physica and network
infrastructure), human resource barriers, data availability and
quality barriers, social barriers (including low uptake and low
access to technologies), ethical barriers (including privacy
concerns and risks of increased socioeconomic inequality),
security and safety barriers, and legal or regulatory barriers. In
their review, Budd et a [1] identified similar legal, ethical, and
privacy barriers, as well as organizational and workforce
barriers, to the implementation of technologies for the
COVID-19 pandemic. The extent to which these factors present
an obstacle to the implementation of technologies depends on
the specific contexts (eg, geographical, cultural, political, and
economic) within which technologies are developed and
implemented. Therefore, theliterature suggeststhat an effective
rollout of technologieswill require interventionstailored to the
specific characteristics of target regions, recognizing both
barriersand enablersthat may exist [27]. For instance, inregions
without the necessary infrastructure to support cellular and data
coverage, automated applicationsthat do not require continuous
network access may be more appropriate than other applications

[27].

Although this study presents evidence regarding the technologies
used by digital innovations, the public health functions
addressed, and barriers to implementation, it has not
systematically examined the performance of individual
technologies or the extent to which technologies have been
evaluated or comparatively assessed (see the Limitations
section). The wider literature provides examples of evaluative
studies in specific contexts, including statistical evaluations of
diagnostic accuracy [28], epidemic modeling [29,30], and
qualitative evaluations [31], which demonstrate that the
performance of digital technologies implemented in response
to the COVID-19 pandemic can vary significantly, depending
not only on endogenoustechnological factors but also on broader
exogenous factors, including legal, infrastructural, and social
issues [28,29,30,31]. It is aso evident that a large number of
the technologies introduced in response to the COVID-19
pandemic have not yet been formally evaluated or assessed.

Therefore, the rapid proliferation of digital public health
technologies in response to the COVID-19 pandemic has
underscored the need for further studies to evaluate the
performance of emerging digital technologies, as well as
rigorous oversight mechanisms [1,3]. Such approaches should
help not only to verify the performance of new technologies
but also to identify the underpinning barriers that stand in the
way of those technologiesrealizing their potential. At the same
time, oversight mechanisms should also help to strike abalance
between the opportunities presented by new innovations and
potential risks, such as ethical and privacy risks, that they may
pose [32].

Limitations

This study has sought to provide abroad characterization of the
evidence regarding the implementation of digital innovations
to tackle the COVID-19 pandemic. This study followed a
systematic approach in line with the PRISMA checklist for
scoping reviews. Drawing on 2 scoping reviews—a review of
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academic literature, supported by asupplementary, experimental
review of nonacademic literature—the review considers
evidence from a wide range of sources, from peer-reviewed
publicationsto news articles, pressreleases, and blogs. Although
the methodological approach iswell suited to the objectives of
the study, it is also subject to several limitations.

The first limitation of the study relates to the scope of
information sources. For the review of academic literature, we
relied on 2 databases, EMBA SE and Scopus, supplemented by
structured targeted searches using Google Scholar. Similarly,
our review of nonacademic literature was also limited in that it
only considered articles published by a selected set of
information sources. For example, in focusing on information
sources avail able within Feedly, the nonacademic search strategy
did not include national public health institute websites
(although our search strategy identified several digital
innovations developed and implemented by public health
institutes). We cannot rule out the possibility that running the
searchesin additional databases, including those used by other
reviews of digital technology use for the COVI1D-19 pandemic,
might have led us to identify further examples of digital
innovations implemented in response to the COVID-19
pandemic.

We adopted broad inclusion criteria during study selection to
maximize the scope of the included evidence. However, it was
also necessary to limit the review’s scope to keep it manageable
within the resources available for this study. Our decision to
focus on implemented digital innovations, thereby excluding
innovations still at the conceptual stage, was an example of this.
Another was our focus on specific key public health functions,
meaning that innovations oriented toward other functions were
excluded. In both cases, such decisions led to the inevitable
exclusion of digital innovations developed in response to the
COVID-19 pandemic.

Another limitation of this scoping review was related to the
categories used to code technologies and key public health
functions. To extract data, we used drop-down menusto classify
digital innovations by technology (specific digital technology
and high-level technology groups) and by key public health
function. The categories used for the drop-down menus
(described earlier askey study variables) were carefully selected
after several discussions between team members and drew on
earlier studies [10]. Although these categories helped classify
and organize the data for the purposes of quantitative analysis,
inevitably, there is aso an element of subjectivity in the
application of these categories to digital innovations. It is aso
not claimed that these categories are definitive or exhaustivein
any way. They represent only one approach to classifying
implemented technol ogies and the role they have performed in
supporting public health efforts.

We also faced some technical limitations in analyzing data on
the types of nonacademic sources included in the review.
Initially, the sources were categorized as news articles, blog
posts, or press releases. However, as most sources were news
articles, it was decided to merge these 3 categories into one
during the analysis stage. The decision aso reflected the
challenges faced during the export of the included articlesinto
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aMicrosoft Excel file (ameasuretaken to mitigate the potential
risk of URL changes). With the article content exported to
Microsoft Excel, it was not always possible to determine the
origina format (eg, whether a source was an original news
article or an article based on a press release).

Finally, while reviewing evidence on the technol ogies used by
digital innovations, the public health functions addressed, and
the key barriers to implementation, a systematic evaluation of
the performance of individual technologies and innovations is
beyond the scope of this study. The incorporation of an
evaluative aspect into the study was not feasible because of the
limited amount of information on the performance of digital
technologies within the reviewed sources, including the lack of
evidence of formal evaluation or assessments undertaken. This
study highlights the need for further evaluative studies and
oversight mechanisms moving forward.

Conclusions

In this study, scoping reviews of academic and nonacademic
sources were used to obtain an overview of the evidence
regarding implemented digital innovations to tackle the
COVID-19 pandemic. This scoping review sought to gain an

Francombe et al

understanding of the characteristics of the literature reporting
on digital technology use for COVID-19 and an understanding
of the number, nature, and geographical distribution of digital
innovations implemented during the first 10 months of the
COVID-19 pandemic. This study built on the evidence base
established by existing reviews by incorporating new sources
and approaches to analysis. This study highlighted key trends
related to the implementation settings, technologies used, and
public health functions addressed by COVID-19-related digital
innovations. This study also identified a wide-ranging set of
barriers and risks that may affect the effective implementation
of digital technologies for the COVID-19 pandemic. The
existence of such barriers highlights the need for contextually
appropriate technological interventions. Although this study
did not criticaly evaluate the effectiveness of digital
innovations, the findings from the broader literature point to
the fact that technologies introduced as part of the COVID-19
pandemic response demonstrate varying levels of performance
and that, in many cases, technologies have yet to be evaluated
or comparatively assessed. These findings highlight the need
for further evaluation and oversight mechanisms to balance
opportunities and risks.
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Abstract

Background: Penile cancer isarelatively rare genital malignancy whose incidence and mortality are rising in many countries.
Objective: This study aimsto assess the recent incidence and mortality patterns and incidence trends of penile cancer.

Methods: The age-standardized incidence and mortality rates (ASIR and ASMR, respectively) of penile cancer in 2020 were
estimated from the Global Cancer Registries (GLOBOCAN) database. Incidence trends of penile cancer from 1973 to 2012 were
assessed in 44 populations from 43 countries using the Cancer Incidencein Five Continents plus (Cl5plus) and the Nordic Cancer
Registries (NORDCAN) databases. Average annual percentage change was cal culated to quantify trendsin ASIR using joinpoint
regression.

Results: Globally, the estimated ASIR and ASMR of penile cancer were 0.80 (per 100,000) and 0.29 (per 100,000) in 2020,
equating to 36,068 new cases and 13,211 deaths in 2020, respectively. There was no significant correlation between the ASIR
(P=.05) or ASMR (P=.90) and Human Development Index. In addition, 15 countries saw increasing ASIR for penile cancer, 13
of which were from Europe (United Kingdom, Lithuania, Norway, Estonia, Finland, Sweden, Cyprus, Netherlands, Italy, Croatia,
Slovakia, Russia, and the Czech), and 2 from Asia (Chinaand Isragl).

Conclusions: Although the developing countries still bear the higher incidence and mortality of penile cancer, the incidenceis
on the rise in most European countries. To mitigate the disease burden resulting from penile cancer, measures to lower the risk
for penile cancers, including improving penile hygiene and male human papillomavirus vaccination, may be warranted.

(JMIR Public Health Surveill 2022;8(7):€34874) doi:10.2196/34874
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Introduction

Penile cancer is rare and can occur anywhere on the penis,
although most cases arise from the squamous epithelium of
glans, coronal sulcus, and prepuce or foreskin. About 95% of
penile cancer isclassified as squamous cell carcinomabut penile
cancer aso includes sarcoma, melanoma, and basal cell
carcinoma[1,2]. The estimated age-standardized incidence of
penile cancer worldwide was 0.80 per 100,000 person-yearsin
2018, and the incidence is predicted to increase by more than
56% by 2040, according to the Global Cancer Registries
(GLOBOCAN) Cancer Tomorrow prediction tool [3]. The
change can be largely attributed to the increasing aging of the
population, as penile cancer mostly affects older men with a
peak in incidence in the sixth decade [4]. In certain Asian,
African, and South American countries, theincidence of penile
cancer constitutes up to 10% of malignanciesin men[4,5]. The
5-year survival rate of penile cancer is about 65% but greater
in countrieswith greater accessto treatment [6]. Thetreatments
for penile cancer can be disfiguring and affects the patient’s
quality of life and sexual function [4,7].

There are many causes of penile cancer. Factors that increase
therisk include phimosis, poor personal hygiene, and persistent
high-risk human papillomavirus (HPV) infection [8,9]. Phimosis
can lead to poor sanitation under the preputial skin and
accumulation of smegma, which has been proved to be
carcinogenic in animals[4,10-12]. Phimosis may a so aggravate
balanitis and dermatitis, and is related to the development of
aggressive penile malignancies [4,13,14]. Uncircumcised men
with poor genital hygiene, even without phimosis, may also
have retention of microorganisms and secretions[12,15,16]. A
meta-analysis study reported that the pooled detection rate of
HPV DNA among penile cancer caseswas 50.8% [17]. HPV-186,
HPV-6, and HPV-18 are the most common types involved
[17-19]. Precancerous lesions associated with HPV infection
increase the risk of invasive penile cancer, such as Bowen
disease, erythroplasia of Queyrat, and bowenoid papulosis [4].
Furthermore, lack of circumcision, tobacco use, ultraviolet A
phototherapy, lichen sclerosis, penile trauma, and low
socioeconomic status are al so found to be associated with penile
cancer [8]. The incidence of penile cancer is negatively
correlated with the Human Development Index (HDI) [20].

The incidence of penile cancer has been increasing in many
areasin the past few decades[21-23]. Therewasa21%increase,
from 1.1 to 1.3 per 100,000, in penile cancer incidence in
England between 1979 and 2009 [ 24]; in Norway, theincidence
of penile cancer increased from 0.6 to 0.9 per 100,000 between
1956 and 2015 [21]; the incidence of penile cancer in Germany
increased from 1.2 per 100,000 in 1961 to 1.8 per 100,000 in
2012 [22]. While previous studies have focused on theincidence
trend of penile cancer in specific regions and populations, few
reports are available on global patterns and long-term trendsin
the burden of penile cancer. Understanding the epidemiology
of penile cancer can help shed light on factors underlying
changing trends.

We aimed to examine the geographical variations in incidence
and mortality patterns of penile cancer among 185 countriesin

https://publichealth.jmir.org/2022/7/e34874
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2020 and the long-term incidence trends in 43 countries with
44 populations during the period between1973 and 2012. Our
objective is to inform future research and assist policymakers
in adopting sound cancer control initiatives.

Methods

Data Source

The estimated data were extracted from the GLOBOCAN
Database from the International Agency for Research on Cancer
(IARC) [25] to assessthe global burden of penile cancer in 185
countriesand regionsin 2020 [26]. The popul ation-based penile
cancer incidence data, with the requirement of at least 15
consecutive years of data, were from Cancer Incidence in 5
Continents (CI5) volumes [27], ClI5plus [28], and the Nordic
Cancer Registries (NORDCAN) database [29]. The quality of
the data sources used in this paper has been evaluated in
previous studies to assess the incidence trends of other cancers
[30-32]. The Clb5plus database contains updated annual
incidence rates for 124 selected populations from 108 cancer
registries published in CI5, representing 43 countries, for the
period from 1973 to 2012 [32]. The NORDCAN database and
program include detailed information and results on cancer
incidence, mortality, and prevalence in each of the Nordic
countries over 5 decades.

Four levelsof HDI were used to further assessthe cancer burden
according to a binary proxy of development (low and medium
HDI vs high and very high HDI) in GLOBOCAN 2020. The
incidence data of Denmark, Finland, Iceland, Norway, and
Sweden were extracted from the NORDCAN database for the
years 1953-2016 [33]. Theincidence dataof Australia, Croatia,
Czech Republic, New Zealand, and Russia were supplemented
by their corresponding official national cancer data (Table 1)
[34-38]. For volume X, years 2008-2012 included plotting the
overall age-standardized rate by country. Overall, incidence
trends were eval uated for 44 popul ations from 43 countries. As
many as 24 out of 43 countries were nationally representative
and the representativeness of datain the remaining 19 countries
has been verified in previous studies [39,40].

Statistical Analysis

The age-standardized rates were calculated using the World
standard population [41]. Trends in incidence are shown with
smoothed lineson fitting locally weighted regression (LOWESS)
curves, and joinpoint regression (Joinpoint regression program
4.9.0.0, available through the Surveillance Research Program
of the US National Cancer Institute) was used to assesstemporal
trends, which involvesfitting a series of joined straight linesto
age-standardized incidencerates (ASIRs) trends [42]. Changes
in annual incidence rates of penile cancer were calculated asan
annual percentage change (APC) in each segment. Thejoinpoint
analysis provided the average annual percentage change
(AAPC). To comprehensively estimate the magnitude and
direction of trends, we calculated the AAPC and the
corresponding 95% Cl for the last available 15 years
(1998-2012) and those available during the completed period
in each country from the database. Correlation analysis was
used to test the correlation between the ASIR or
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age-standardized mortality rate (ASMR) and HDI. All statistical
analyses were done using R software 3.6.0 (R Core Team).

Results

Prediction of Incidenceand M ortality Patternsin 2020

The global estimated ASIR of penile cancer was 0.8 (per
100,000) in 2020, with estimates indicating 36,068 newly
diagnosed cases (Figure 1A and Multimedia Appendix 1). The
ASIR of penile cancer varied among 5 continents, with higher
ASIRs being observed in Southern Africa, South Asia, and
South America. In 2020, the largest number of incident cases
was estimated to have occurred in India (n=16,677), China
(n=4628), and Brazil (n=1658). The highest ASIRswere found
in Eswatini (7.0 per 100,000), Uganda (4.6 per 100,000), and
Botswana (4.4 per 100,000), while the lowest were mostly
concentrated in countries in Northern Africa, such as Nigeria
and Libya (less than 0.01 per 100,000).

Fueta

Estimates suggest that 13,211 men with penile cancer died in
2020 globally, corresponding to an ASMR of 0.29 cases per
100,000 (Figure 1B and Multimedia Appendix 2). Geographical
patterns of ASMR were similar to those of ASIR, and the highest
penile cancer ASMRswere noted in Eswatini (3.5 per 100,000)
and Uganda (2.4 per 100,000). The largest number of deaths
occurred in India(n=4760), China(n=1565), and Brazil (n=539)
in 2020.

Both ASIR and ASMR in low- and middle-income countries
were nearly twice asthosein high-income countries (Multimedia
Appendices 1 and 2). Low- and middle-income countries
accounted for 40.20% (14,499/36,068) of the incidence and
47.73% (6305/13,211) of the deathsfrom penile cancer globally,
respectively. There was no significant correlation between the
ASIR or ASMR and HDI (p=1.43, P=.05; p=-0.01, P=.90;
Figure 2).

Figure 1. Estimated age-standardized incidence rate (world) in 2020 for penile cancer (A) and estimated age-standardized mortality rate (world) in
2020 for penile cancer (B). (GLOBOCAN 2020 [25]). Data obtained from GLOBOCAN 2020. Map produced by the IARC and WHO. [26].
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Figure 2. Distribution between (A) age-standardized incidence and (B) mortality rates of penile cancer and HDI (GLOBOCAN 2020). HDI: human

development index.
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Among 44 populations from 43 countries included in the
analysis, the highest ASIR of penile cancer between 2008 and
2012 wasin Uganda (2.2 per 100,000), followed by Brazil (2.1
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per 100,000), Thailand (1.4 per 100,000), and India (1.4 per
100,000) (Figure 3). The lowest ASIR was in Kuwait (0.1 per
100,000) and ASIRswerelessthan 0.5 per 100,000 in East Asia
and West Asia.
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Figure 3. Age-standardized (world standard population) rates of penile cancer incidence, 2008-2012. SEER: Surveillance, Epidemiology, and End

Results Program.
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Trendsin Incidence

Thetrends in the ASIR of penile cancer between one year and
another in 44 populations from 43 countries are displayed in
Figure 4. Limited data in some populations meant we could
calculate the AAPCs of penile cancer only in 40 populations
from 39 countries (Table 1). The largest increase in ASIR was
inlsrael (AAPC 7.2, 95% Cl 3.4to0 11.1; P=.001), followed by
Cyprus (4.6, 95% CI 0.2 to 9.1; P=.04), Croatia (3.6, 95% CI
2.2 t0 5.0; P<.001), and Lithuania (2.6, 95% CI 0.8 to 4.4,
P=.007). ASIRs for penile cancer have significantly increased
in 15 populations of which 7 were from Northern Europe
(United Kingdom, P<.001; Lithuania, P=.007; Norway, P=.002;
Estonia, P=.02; Finland, P=.001; Sweden, P=.006; and Cyprus,
P=.04). In Uganda, the ASIR trend of penile cancer showed a
rapid increase between 2007 and 2012. The corresponding APC
was 53.3 (95% CI 12.4 to 109.0; P=.01).
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ASIRs of penile cancer in 5 out of 40 populations, including 3
from Northern America and 2 from Asia, significantly
decreased. These decreases were in the Philippines (2.9, 95%
Cl 4.5 to -1.2; P=.002), India (-2.5, 95% Cl -3.4 to -1.6;
P<.001), the USA White (-1.9, 95% CI -3.1 to —0.6; P=.006),
the USA Black (-0.8, 95% CI —1.4 t0-0.3; P=.006), and Canada
(0.7, 95% CI —1.2 to —-0.2; P=.004). In Thailand, the ASIR of
penile cancer decreased between 1988 and 2012. The
corresponding APC was —3.4 (95% Cl —4.9 to -1.8; P<.001).

ASIRs of penile cancer in other parts of Europe, apart from
France and Switzerland, increased over the 15-year period
(1998-2012; Figure 5). These increases were significant in
Russia(AAPC 1.1, 95% Cl 0.3to 1.9; P=.01), United Kingdom
(1.8, 95% CI 0.8 to 2.8; P=.002), Finland (3.0, 95% CI 0.2 to
5.9; P=.006), Croatia (4.1, 95% CI 0.7 to 7.5; P=.02), Slovakia
(4.7, 95% Cl 3.2t0 6.2; P<.001), and Cyprus (4.6, 95% CI 0.2
t09.1; P=.04). In Asia, significant increaseswere only observed
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in Israel (9.7, 95% CI 1.6 to 18.5; P=.02), whereas ASIR  Philippines (-5.1, 95% Cl —8.0 to —2.2; P=.003).
decreased in India (3.0, 95% Cl -5.2 to —0.8; P=.01) and the

Figure 4. Age-standardized incidence rates of penile cancer. (A) Trends in penile cancer incidence increasing. (B) Trends in penile cancer incidence
decreasing. ®Regional data.
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