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Abstract

Background: The first 1000 days of life, encompassing pregnancy and the first 2 years after birth, represent a critical period
for human health development. Despite this significance, there has been limited research into the associations between mixed
exposure to air pollutants during this period and the development of asthma/wheezing in children. Furthermore, the finer sensitivity
window of exposure during this crucial developmental phase remains unclear.

Objective: This study aims to assess the relationships between prenatal and postnatal exposures to various ambient air pollutants
(particulate matter 2.5 [PM2.5], carbon monoxide [CO], sulfur dioxide [SO2], nitrogen dioxide [NO2], and ozone [O3]) and the
incidence of childhood asthma/wheezing. In addition, we aimed to pinpoint the potential sensitivity window during which air
pollution exerts its effects.

Methods: We conducted a prospective birth cohort study wherein pregnant women were recruited during early pregnancy and
followed up along with their children. Information regarding maternal and child characteristics was collected through questionnaires
during each round of investigation. Diagnosis of asthma/wheezing was obtained from children’s medical records. In addition,
maternal and child exposures to air pollutants (PM2.5 CO, SO2, NO2, and O3) were evaluated using a spatiotemporal land use
regression model. To estimate the mutual associations of exposure to mixed air pollutants with the risk of asthma/wheezing in
children, we used the quantile g-computation model.

Results: In our study cohort of 3725 children, 392 (10.52%) were diagnosed with asthma/wheezing. After the follow-up period,
the mean age of the children was 3.2 (SD 0.8) years, and a total of 14,982 person-years were successfully followed up for all
study participants. We found that each quartile increase in exposure to mixed air pollutants (PM2.5, CO, SO2, NO2, and O3) during
the second trimester of pregnancy was associated with an adjusted hazard ratio (HR) of 1.24 (95% CI 1.04-1.47). Notably, CO
made the largest positive contribution (64.28%) to the mutual effect. After categorizing the exposure according to the embryonic
respiratory development stages, we observed that each additional quartile of mixed exposure to air pollutants during the
pseudoglandular and canalicular stages was associated with HRs of 1.24 (95% CI 1.03-1.51) and 1.23 (95% CI 1.01-1.51),
respectively. Moreover, for the first year and first 2 years after birth, each quartile increment of exposure to mixed air pollutants
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was associated with HRs of 1.65 (95% CI 1.30-2.10) and 2.53 (95% CI 2.16-2.97), respectively. Notably, SO2 made the largest
positive contribution in both phases, accounting for 50.30% and 74.70% of the association, respectively.

Conclusions: Exposure to elevated levels of mixed air pollutants during the first 1000 days of life appears to elevate the risk
of childhood asthma/wheezing. Specifically, the second trimester, especially during the pseudoglandular and canalicular stages,
and the initial 2 years after birth emerge as crucial susceptibility windows.

Trial Registration: Chinese Clinical Trial Registry ChiCTR-ROC-17013496; https://tinyurl.com/2ctufw8n

(JMIR Public Health Surveill 2024;10:e52456) doi: 10.2196/52456
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Introduction

Asthma is one of the major respiratory diseases. It is also the
most common noncommunicable disease in children and
imposes a huge economic and disease burden worldwide [1].
Asthma is estimated to affect around 14% of children
worldwide, with its prevalence reported to be on the rise [2]. It
is well-known that childhood asthma increases the burden on
society in terms of disruption to children’s lives, reduced
physical ability, increased caregiver strain, and various direct
medical costs. Wheezing during early childhood is frequently
regarded as the primary symptom linked to asthma later in life
[3]. Research has shown that the intricate interplay of
environmental exposures and genetic susceptibility can
contribute to the onset of wheezing and asthma [4].

The first 1000 days of life, encompassing pregnancy and the
initial 2 years after birth, represent a crucial period for human
health development and interventions [5]. Lung and airway
development commences between the 4th and 7th weeks of
pregnancy, reaching the alveolar stage by 36 weeks. During
pregnancy, fetal cells exhibit more rapid replication and
differentiation compared with mature cells, making them highly
responsive to external signals [6]. Consequently, they are
particularly susceptible to external exposure events. Air
pollution, for instance, can disrupt alveolarization, leading to
compromised lung development and function postnatally [7,8].
The lungs undergo growth from conception through early
adulthood, with the prenatal and early postnatal phases being
particularly critical [9]. There is evidence suggesting that
exposure to air pollution during early life can trigger the onset
of asthma or wheezing and exacerbate preexisting conditions
[5,10,11]. A review, which has consolidated the link between
exposure to air pollutants throughout the first 1000 days of life
and the occurrence of asthma or wheezing in childhood,
concluded that exposure to particulate matter (PMx) and nitrogen
oxide (NOx) during pregnancy and the initial 2 years of life
correlated with a heightened risk of developing asthma. Notably,
the second trimester of pregnancy emerged as a particularly
significant period [5]. In addition, numerous studies have
established connections between exposure to other pollutants
such as ozone (O3), carbon monoxide (CO), and sulfur dioxide
(SO2) during pregnancy or childhood and the onset of asthma
in children [12,13]. For instance, Lin et al [12] investigated the
correlation between long-term exposure to ambient O3 and
hospital admissions for asthma in children. They discovered a

positive association between asthma admissions and increased
levels of ambient O3 exposure. However, many of these studies
solely explored the connection between individual pollutants
and childhood asthma, without accounting for the combined
impact of outdoor pollutants.

Outdoor air pollution typically arises as a blend of various
pollutants, yet many previous studies in both humans and
animals have concentrated on the influence of individual
pollutants on asthma or wheezing [14,15]. This narrow focus
often obscures the comprehensive health implications of the
pollutant mixture. Recognizing that air pollution comprises a
combination of PM and gaseous pollutants, whose collective
impact on health may diverge from that of individual pollutants,
we characterized the collective influence of 5 pollutants (PM2.5,
SO2, nitrogen dioxide [NO2], CO, and O3) on childhood asthma
development as their mutual association. Guarnieri and Balmes
[16] have underscored the correlation between traffic-related
air mixture pollutants (TRAPs) and asthma exacerbation, with
a particular emphasis on the effects of TRAP as a mixture. Their
review concluded that exposure to TRAP mixtures was not only
accountable for triggering new asthma attacks but also for
exacerbating existing asthma conditions. Research that examines
multiple air pollutants collectively can contribute to a thorough
and structured comprehension of the health hazards posed by
air pollutants on asthma occurrence. Such studies offer a
scientific foundation for potential public health interventions.
With the ongoing global climate change, the composition of air
pollutants is anticipated to become increasingly intricate.
Consequently, estimating the combined impacts of air pollutants
on asthma incidence is crucial for implementing early prevention
measures against asthma and allergies in children.

In this study, we undertook a prospective birth cohort
investigation into the prenatal environment and offspring health
in Guangzhou, China. Our objective was to assess the
relationships between prenatal and postnatal exposures to
various ambient air pollutants (PM2.5, CO, SO2, NO2, and O3)
and the onset of childhood asthma or wheezing. Furthermore,
we aimed to pinpoint the potential sensitivity window for the
effects of air pollution.

Methods

Study Settings and Participants
All participant data were sourced from the Prenatal
Environments and Offspring Health (PEOH) cohort study
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conducted at Panyu Central Hospital in Guangzhou, China.
Detailed descriptions of this cohort study have been provided
in previous publications [15,17,18]. Further information
regarding the population within the hospital’s catchment area,
along with some basic demographic details concerning the
broader populations of Guangzhou and China, can be found in
Multimedia Appendix 1. Pregnant women were enrolled in the
study at the antenatal care unit, adhering to the following
inclusion criteria: (1) gestational age <13 weeks; (2) between
18 and 50 years of age; and (3) absence of significant medical
conditions, including hyperthyroidism, hypertension, chronic
kidney disease, tuberculosis, and mental illness. All eligible
women underwent face-to-face interviews to collect baseline
information, and they were subsequently followed up during
hospital delivery. Furthermore, we administered follow-up
surveys on the children during their hospital visits. Throughout
the follow-up period, we excluded cases involving multiple
pregnancies and study participants with missing key variables.
Recruitment for our study commenced in January 2016 and
continued until July 31, 2020, when the follow-up concluded.

Baseline Investigation
The baseline survey for the study was initiated in January 2016
and concluded in December 2017. A total of 4928 pregnant
women were successfully recruited and their personal profiles

were established. The collected information encompassed their
demographic characteristics, lifestyle behaviors, changes in
home address, living environment at home, work environment,
activity patterns, medical history, diet during pregnancy, and
antenatal care records.

Follow-Up Investigation
As illustrated in Figure 1, of the 4928 pregnant women enrolled
in the baseline survey, 4279 were effectively followed up during
their hospitalization for delivery. Throughout this period,
maternal information was gathered via a follow-up
questionnaire, while neonatal birth records were extracted from
maternal medical records. Following the exclusion of cases
involving multiple births (n=79) and those with missing key
variables (n=10), a total of 4190 mother-child pairs were
included in the follow-up. All children who attended child health
clinics, pediatric outpatient clinics, or emergency departments
were tracked for follow-up. Clinical symptoms, diagnostic
disorders, and anthropometric data were extracted from their
medical records, and questionnaires were administered to their
parents or accompanying individuals. Throughout the follow-up
process, a total of 465 infants were not successfully followed
up. The final follow-up survey was concluded by July 31, 2020,
with a total of 3725 children enrolled in the study (Figure 1).

Figure 1. Flow chart of the progress of the research topic.

Major Health Outcomes
The health outcomes in this study were delineated in accordance
with the 10th edition of the International Classification of
Diseases (ICD-10), encompassing asthma (J45) and wheezing
(R06). Asthma was characterized by recurrent and variable
clinical manifestations, such as wheezing, chest tightness,
persistent cough, shortness of breath, and restricted expiratory

airflow. Our health outcomes also incorporated wheezing
because of the challenges in diagnosing early childhood asthma,
which led to a relatively low number of children diagnosed with
asthma (n=17). Conversely, early childhood wheezing is
frequently regarded as the primary symptom linked to asthma
in later life and holds significant prognostic value for the early
detection of asthma. Consequently, we ultimately delineated
the health outcome as the first admission to the hospital for
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asthma or wheezing, using the time of initial occurrence of
asthma/wheezing as the onset time. For cases where asthma or
wheezing did not manifest, the follow-up continued until July
31, 2020. Eventually, to enhance statistical power, we combined
asthma and wheezing (n=392) as a unified outcome.

Ethical Considerations
The PEOH study received approval from the Ethics Committee
of the Guangdong Center for Disease Control and Prevention
under the reference number W96027E-2015001. Furthermore,
it was registered in the Chinese Clinical Trial Registry with the
registration number ChiCTR-ROC-17013496. This analysis
was approved by the Ethics Committee of the Faculty of
Medicine of Jinan University under the approval number
JNUKY-2023-0075. During the establishment of the original
cohort, comprehensive details about the study were provided
to the recruited women, and informed consent was obtained
from them through signed documents under conditions of
autonomy. When accessing the data set for this research, it was
entirely deidentified, and there was no feasible way to link the
data to the women, either through a key in the coding system
or otherwise. Stringent measures have been implemented to
safeguard the personal information of the women.

Exposure Assessment of Air Pollution
In this study, we incorporated 5 major ambient air pollutants
(PM2.5, SO2, NO2, CO, and O3). To evaluate each individual’s
weekly exposure to these air pollutants, we used a
spatiotemporal land use regression (ST-LUR) model, which has
been extensively described in our team’s previous publications
[18-20]. In particular, we collected spatiotemporal data from
air quality monitoring stations located throughout Guangdong
Province to establish the ST-LUR model. We used an inverse
distance weighting method to extract the weekly visibility of
each address. This method relied on the latitude and longitude
information to calculate the proximity between each participant’s
home and work addresses and the air quality monitoring stations.
Population density, road length, and land use–type data were
obtained for each air quality monitoring station address within
a radius of 1300 m. Predictor variables for both residential and
work addresses of each participant were incorporated into the
model. Subsequently, we used these variables to predict the
weekly average concentrations of air pollutants at each address
throughout the pregnancy period. To evaluate mothers’ exposure
to air pollutants during pregnancy, we forecasted weekly
pollutant concentrations at their individual residences and
workplaces. Subsequently, we multiplied these concentrations
by the percentage of time spent outdoors and indoors,
respectively, to estimate individual daily time-weighted values
of pollutant exposure. These daily time-weighted estimates were
aggregated to calculate mean pollutant exposures for the entire
gestation period, as well as for specific trimesters: the first
trimester (1-13 gestational weeks [GWs]), the second trimester
(14-27 GWs), and the third trimester (≥28 GWs).

Moreover, pinpointing a susceptible exposure window will
enhance antenatal care and enable clinician interventions to
mitigate the onset of asthma. The majority of studies
investigating the relationship between air pollutants and asthma
have traditionally used standard exposure window assignments,

typically defined clinically as 3-month periods: the first
trimester, the second trimester, and the third trimester. Indeed,
such a division fails to consider the intricacies of respiratory
system development and may not accurately elucidate the
relationship. Consequently, inconsistencies in determining the
window of susceptibility to air pollution have been observed in
previous studies [21]. Thus, this study segmented the entire
pregnancy period into distinct developmental stages of the
respiratory system: the embryonic stage (0-6 GWs),
pseudoglandular stage (6-16 GWs), canalicular stage (16-24
GWs), saccular stage (24-36 GWs), and alveolar stage (>36
GWs), drawing from existing literature on fetal respiratory
system development [22-24].

Given that children primarily spend a significant portion of their
early life at or near their homes, our postnatal exposure
assessment initially involved estimating daily pollutant
concentrations at the home address for children aged 0-2 years.
To identify sensitive exposure time windows during childhood,
considering the considerable changes in children’s activity
patterns as they grow, we calculated air pollutant concentrations
for 2 distinct periods: from birth to 12 months (the first year of
life) and from birth to 24 months (the first 2 years of life) [25].

Covariates
Upon reviewing the literature, the following variables were
identified as covariates: ambient temperature, maternal age,
parity, gravidity, maternal occupation, annual per capita income,
passive smoking, history of asthma, preterm birth, gestational
diabetes, season of conception, and maternal diet (Multimedia
Appendix 2). We used variance inflation factors (VIFs) to detect
collinearity among covariates both between individual pollutants
and among covariates themselves. A maximum VIF exceeding
10 often suggests that multiple correlations significantly
influence least squares estimates. The findings revealed that
when all covariates, including temperature, were incorporated,
the VIF for PM2.5 exceeded 10 in all 3 trimesters, as well as
during the saccular and alveolar stages. However, when
temperature was excluded from the covariates, all VIFs for
PM2.5 were below 10 except for the third trimester (Multimedia
Appendices 3-5).

Statistical Analysis
We conducted a comparison of characteristics between the case
and control groups using a chi-square test. Pearson correlation
was applied to examine correlations between air pollutants and
temperature (Multimedia Appendix 4). The mutual effects of
air pollution mixtures on asthma/wheezing in children were
analyzed using the quantile g-computation (QG-comp) model.
QG-comp is used for the impact analysis of exposure mixtures,
where it evaluates the exposure as a whole rather than as
individual components in its calculations. The QG-comp model
combines the simplicity of weighted quantile sum regression
inference with the flexibility of the g-calculation method for
causal effect estimation. Unlike traditional methods, QG-comp
does not necessitate that the direction of the effect is consistent
between the exposure variable and the outcome. Moreover, it
can capture the effects of all pollutant exposures, 1 quartile
increase at a time [26]. The model used the Cox proportional
hazards model as the base model and established quartiles of
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simultaneous increases in all air pollutant concentrations. Hazard
ratios (HRs) along with 95% CIs were reported. In addition, the
positive or negative weight of each pollutant was documented
in each QG-comp model.

In the sensitivity analyses, we narrowed our focus to children
with clear information on the feeding method. Furthermore, we
adjusted for children’s feeding methods in both prenatal and
postnatal QG-comp models for this subgroup to mitigate the
potential confounding effect of the feeding method on childhood
asthma/wheezing. To assess whether the COVID-19 outbreak
in early 2020 and subsequent public health interventions
targeting COVID-19 might introduce confounding factors, we
conducted sensitivity analyses by limiting the data to the period
before the COVID-19 outbreak. In addition, in our sensitivity
analyses, we adjusted for air pollutants in the preceding periods
in the model for that specific period. This adjustment was made
to account for the cumulative effects of early developmental
exposure.

All analyses were performed using R 4.2.2 (R Development
Core Team 2019 [27]). All statistical tests were conducted using
a 2-sided approach.

Results

Characteristics of Study Participants
Of the 3725 children included in this study, 392 (10.52%) were
diagnosed with asthma/wheezing, with a mean age of onset of
1.48 (SD 0.89) years. At the conclusion of the follow-up period,
the mean age of the children was 3.2 (SD 0.8) years, and a total
of 14,982 person-years were successfully followed up for all
study participants. These included 1984 (53.26%) boys and
1741 (46.74%) girls, with a prevalence of asthma/wheezing of
13.16% (261/1984) in boys compared with 7.52% (131/1741)
in girls. The majority of mothers were engaged in commercial
activities (2008/3725, 53.91%). Demographic information, the
number of asthma cases, and prevalence rates stratified by
covariates are presented in Table 1.
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Table 1. General characteristics of the study children.

P valueChi-square/t test
(df)

Asthma/wheezingTotal (n=3725)Characteristics (variables)

No (n=3333)Yes (n=392)

<.00130.63 (1)Sex of children, n (%)

1723 (86.84)261 (13.16)1984 (53.26)Boys

1610 (92.48)131 (7.52)1741 (46.74)Girl

.077.19 (3)Maternal age (years), n (%)

171 (88.60)22 (11.40)193 (5.18)18-25

1129 (90.10)124 (9.90)1253 (33.64)26-30

1145 (87.81)159 (12.19)1304 (35.01)31-35

888 (91.08)87 (8.92)975 (26.17)>35

.0412.94 (6)Maternal occupation, n (%)

161 (87.98)22 (12.02)183 (4.91)Manual worker

66 (88.62)12 (15.38)78 (2.09)Government official and clerk

329 (88.44)43 (11.56)372 (9.99)Housewife

235 (84.53)43 (15.47)278 (7.46)Unemployment

624 (90.57)65 (9.43)689 (18.50)Technician

1815 (90.39)193 (9.61)2008 (53.91)Business (commercial activities)

103 (88.03)14 (11.97)117 (3.14)Others

.027.86 (2)Parity, n (%)

1036 (91.52)96 (8.48)1132 (30.39)1

1971 (88.78)249 (11.22)2220 (59.60)2

326 (87.40)47 (12.60)373 (10.01)≥3

.283.84 (3)Gravidity, n (%)

1003 (90.85)101 (9.15)1104 (29.64)1

1269 (88.62)163 (11.38)1432 (38.44)2

710 (89.65)82 (10.35)792 (21.26)3

351 (88.41)46 (11.59)397 (10.66)≥4

.43cN/AbYearly income per capita (×1000 Yuana), n (%)

171 (88.60)22 (11.40)193 (5.18)<30

1980 (88.87)248 (11.13)2228 (59.81)30~

988 (90.81)100 (9.19)1088 (29.21)100~

161 (90.45)17 (9.55)178 (4.78)≥200~

33 (86.84)5 (13.16)38 (1.02)Refused to answer/missing

.0113.05 (3)Feeding method, n (%)

340 (85.00)60 (15.00)400 (10.74)Artificial feeding

404 (89.98)45 (10.02)449 (12.05)Breastfeeding

399 (92.58)32 (7.42)431 (11.57)Mixed feeding

2190 (89.57)255 (10.43)2445 (65.64)Refused to answer/missing

.490.49 (1)Passive smoking, n (%)

2332 (89.73)267 (10.27)2599 (69.77)Yes

1001 (88.90)125 (11.10)1126 (30.23)No

.293.73 (3)Vegetable consumption (time/week), n (%)
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P valueChi-square/t test
(df)

Asthma/wheezingTotal (n=3725)Characteristics (variables)

No (n=3333)Yes (n=392)

310 (89.86)35 (10.14)345 (9.26)≤7

1191 (90.71)122 (9.29)1313 (35.25)8-14

1777 (88.63)228 (11.37)2005 (53.83)≥15

55 (88.71)7 (11.29)62 (1.66)Refused to answer/missing

.204.70 (3)Fruit consumption (time/week), n (%)

247 (91.14)24 (8.86)271 (7.28)≤5

2707 (89.02)334 (10.98)3041 (81.64)6-7

317 (92.42)26 (7.58)343 (9.21)≥8

62 (88.57)8 (11.43)70 (1.88)Refused to answer/missing

.59cN/AHistory of gestational diabetes mellitus, n (%)

3148 (89.53)368 (10.47)3516 (94.39)No

175 (88.83)22 (11.17)197 (5.29)Yes

10 (83.33)2 (16.67)12 (0.32)Refused to answer/missing

.680.17 (1)History of maternal asthma, n (%)

3175 (89.54)371 (10.46)3546 (95.19)No

158 (88.27)21 (11.73)179 (4.81)Yes

.083.03 (1)Conception season, n (%)

1605 (90.42)170 (9.58)1775 (47.65)Warm (May to October)

1728 (88.62)222 (11.38)1950 (52.35)Cold (November to April)

.171.93 (1)Premature, n (%)

3156 (89.66)364 (10.34)3520 (94.50)No

177 (86.34)28 (13.66)205 (5.50)Yes

<.00142.21d (3723)3.41 (0.44)1.48 (0.89)3.20 (0.78)Age of children at end of follow-up (years), mean (SD)

.261.12d (3273)39.75 (2.13)39.65 (1.61)39.74 (2.08)Gestation age of children at birth (ie, gestational
weeks), mean (SD)

a1 yuan=US $0.14.
bN/A: not applicable.
cFisher exact test.
dt-test for 2 independent samples (paired, 2-tailed).

Associations Between Maternal Ambient Pollutant
Exposure and Childhood Wheezing Risk
Table 2 displays the risk of asthma/wheezing in children exposed
to mixed air pollutants during pregnancy. In the adjustment
model, each quartile increase in exposure to mixed air pollutants
during the second trimester was linked to an adjusted HR of
1.24 (95% CI 1.04-1.47), with CO contributing the most
positively (64.28%) to the joint effect (Figure 2). Following

staging by lung development, each additional quartile of
exposure to mixed air pollutants during the pseudoglandular
and canalicular stages was associated with HRs of 1.24 (95%
CI 1.03-1.51) and 1.23 (95% CI 1.01-1.51), respectively. During
the pseudoglandular stage, PM2.5 (50.98%) and CO (48.92%)
made the greatest positive contributions, while CO made the
largest positive contribution during the canalicular stage
(65.50%; Figure 2).
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Table 2. Associations (HRa and 95% CI) of per quartile increase in a mixture of air pollutants during the pregnancy period with the risk of childhood
asthma/wheezing.

Model 2c, adjusted HR (95% CI)Model 1b, crude HR (95% CI)Association

1.11 (0.94-1.30)1.05 (0.92-1.21)Whole pregnancy

Grouped by clinical staging

1.22 (1.00-1.48)d1.19 (0.99-1.42)First trimester

1.24 (1.04-1.47)d1.16 (0.99-1.36)Second trimester

1.10 (0.89-1.36)d1.10 (0.92-1.28)Third trimester

Grouped by lung development

1.02 (0.85-1.24)1.03 (0.87-1.22)The embryonic stage

1.24 (1.03-1.51)1.15 (0.97-1.37)The pseudoglandular stage

1.23 (1.01-1.50)1.14 (0.97-1.34)The canalicular stage

1.08 (0.89-1.32)d0.99 (0.84-1.16)The saccular stage

0.98 (0.82-1.18)d1.04 (0.88-1.22)The alveolar stage

aHR: hazard ratio.
bCrude model.
cAdjusted for temperature, maternal age, gravidity, parity, maternal occupation, yearly income per capita, passive smoking, maternal diet, history of
asthma, gestational diabetes mellitus, preterm birth, and season of conception.
dThere is a potential collinearity between temperature and air pollutants. The adjusted covariates do not include temperature.

Figure 2. Weights of the proportion of the positive or negative partial effect of each air pollutant. CO: carbon monoxide; NO2: nitrogen dioxide; O3:
ozone; PM2.5: particulate matter 2.5; SO2: sulfur dioxide.

Associations Between Child Ambient Pollutants
Exposure and Childhood Wheezing Risk
The adjusted HRs for childhood asthma and wheezing were
1.24 (95% CI 1.30-2.10) and 1.23 (95% CI 2.16-2.97),
respectively, for each quartile increase in air pollutants during

the first year and first 2 years of childhood. Notably, SO2 made
the largest positive contribution in both periods, accounting for
50.30% and 74.70%, respectively. Another significant
contributor is NO2, accounting for 36.8% and 25.3% in the first
year and first 2 years of childhood, respectively (Figures 2 and
3).
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Figure 3. Associations (HR, 95%CI) of per quartile increase in the mixture of air pollutants during the childhood with the risk of childhood
asthma/wheezing. HR: hazard ratio.

Sensitivity Analyses
We conducted sensitivity analyses in a subgroup of children
with clear information on the feeding method and restricted the
data to the period before the COVID-19 outbreak. Adjusting
for the feeding method and the COVID-19 outbreak did not

substantially alter the associations of prenatal and postnatal
exposure to a mixture of air pollutants with the risk of childhood
wheezing (Table 3). Similarly, the relationship between air
pollutants and childhood asthma/wheezing did not change
significantly after adjusting for air pollutants in the preceding
periods in the model for that specific period (Table 4).

Table 3. Sensitivity analyses for subgroups of children with clear information on the feeding method and adjusted for cut-off date.

The first 2 years, HR (95% CI)Whole pregnancy, HRa (95% CI)Analysis

2.39 (1.83-3.12)1.32 (1.00-1.77)Model 1b

2.42 (1.85-3.15)1.34 (1.01-1.78)Model 2c

2.53 (2.16-2.96)1.11 (0.94-1.30)Model 3d

2.68 (2.27-3.18)1.16 (0.98-1.37)Model 4e

aHR: hazard ratio.
bAdjusted for the feeding mode, body temperature, maternal age, maternity, maternal occupation, per capita annual income, passive smoking, maternal
diet, history of asthma, gestational diabetes mellitus, preterm birth, and season of conception among those with clear information on the feeding method.
cAdjusted for confounders in model 1 except for the feeding method.
dThe cohort’s follow-up cut-off date was set at July 31, 2020.
eThe cohort’s follow-up cut-off date was set at December 31, 2019.
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Table 4. Association between air pollutants and childhood asthma/wheezing after adjusting for preceding cyclic pollutants.

Model 2b, adjusted HR (95% CI)Model 1, HRa (95% CI)Association

Grouped by clinical staging

N/Ad1.22 (1.00-1.48)cFirst trimester

1.41 (1.13-1.77)1.24 (1.04-1.47)cSecond trimester

1.04 (0.83-1.31)1.10 (0.89-1.36)cThird trimester

Grouped by lung development

N/A1.02 (0.85-1.24)eThe embryonic stage

1.45 (1.13-1.86)1.24 (1.03-1.51)eThe pseudoglandular stage

1.30 (1.03-1.64)1.23 (1.01-1.50)eThe canalicular stage

1.03 (0.83-1.28)1.08 (0.89-1.32)cThe saccular stage

0.94 (0.77-1.15)0.98 (0.82-1.18)cThe alveolar stage

Postnatal

1.77 (1.36-2.29)1.65 (1.30-2.10)eFirst year

3.66 (3.05-4.38)2.53 (2.16-2.96)eFirst 2 years

aHR: hazard ratio.
bWe adjusted the pollutants for the period preceding each period based on model 1. For example, air pollutants from the first trimester were included
as covariates in the model for the second trimester, and air pollutants from both the first and second trimesters were included as covariates in the model
for the third trimester. Air pollutants from the embryonic stage were added to the covariates in the model for the pseudoglandular stage, while contaminants
from both the embryonic and pseudoglandular stages were added to the covariates in the model for the canalicular stage to adjust the model. Contaminants
from the previous 3 periods were added to the covariates in the saccular stage model to adjust the model, and contaminants from the previous 4 periods
were added to the covariates in the model for the alveolar stage to adjust the model. We also added pollutant exposure throughout pregnancy as a
covariate in the first year and first 2 postnatal year models for adjustment.
cThere is a potential collinearity between temperature and air pollutants. The adjusted covariates do not include temperature.
dN/A: not applicable.
eAdjusted for temperature, maternal age, gravidity, parity, maternal occupation, yearly income per capita, passive smoking, maternal diet, history of
asthma, gestational diabetes mellitus, premature, and season of conception.

Discussion

Principal Findings
In this prospective cohort study, we assessed the effects of
exposure to 5 mixed air pollutants, including PM2.5, SO2, NO2,
CO, and O3, during the first 1000 days of life on the incidence
of asthma/wheezing in children. We observed positive
associations between exposure to mixed air pollutants and the
incidence of asthma/wheezing. Furthermore, exposure to mixed
air pollutants during the second trimester, particularly during
the pseudoglandular and canalicular stages, as well as in the
first 2 years of life, may have a greater impact on the risk of
childhood asthma/wheezing. These findings suggest potential
critical exposure windows for air pollution. They extend our
understanding of the adverse effects of air pollution exposure
during early life on children’s respiratory health and provide
suggestive information for implementing protective measures
to mitigate the adverse effects of air pollution on children’s
health.

Several epidemiological studies have also reported associations
between maternal exposure to single or multiple air pollutants
during pregnancy and the risk of childhood asthma, which aligns
with our findings. For instance, a Canadian birth cohort study

investigated the impact of perinatal air pollution exposure on
asthma exacerbation in children, revealing that early-life
exposure to higher concentrations of CO, NOx, PM10, and SO2

elevates the risk of asthma in preschool children [28]. However,
the aforementioned study took place earlier than this study and
involved a city with lower temperatures and air pollutant
concentrations compared with Guangzhou. Another cohort study
from China demonstrated that each interquartile range increment
of maternal exposure to NO2 during pregnancy was positively
associated with childhood asthma [29]. The study was conducted
in 3 northern Chinese cities (Urumqi, Beijing, and Taiyuan)
and 4 southern cities (Nanjing, Shanghai, Chongqing, and
Changsha). However, the 3 northern cities typically experience
lower temperatures compared with Guangzhou. Nevertheless,
both studies reached similar conclusions to our study, despite
significant differences in terms of the number of years studied,
air temperature, and air pollutant concentrations between the 2
studies and this study.

Subgroup analyses indicated that the second trimester,
specifically the pseudoglandular stage and the canalicular stage,
may represent critical exposure windows for mixed air
pollution–induced asthma in children. This finding is consistent
with previous studies [21,30,31]. The Asthma Coalition for
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Community, Environmental, and Social Stress (ACCESS)
project in the United States discovered that maternal exposure
to higher PM2.5 concentrations may elevate the risk of asthma
attacks in offspring at 6 years of age, with the gestational period
between 16 and 25 weeks potentially holding particular
significance [21]. Another cohort study from Canada similarly
demonstrated a significant association between maternal
midgestational exposure to PM2.5 and NO2 and the incidence
of asthma in children [30].

During the pseudoglandular stage, which occurs during GWs
6-16, all potentially conducting airways are formed, and the
emergence of alveolar contours occurs. This stage is
characterized by the significant development of fine bronchial
structures. By GW 17, the major components of the lung are
mostly formed, with the exception of the gas exchange
component. During the canalicular stage, which spans GWs
16-24, early development of the lung parenchyma occurs. This
stage is characterized by the expansion of the lumen of the
bronchi and terminal fine bronchioles, as well as the initiation
of thin-walled terminal vesicle formation at the ends of the
respiratory fine bronchioles [22,32]. By the end of the
canalicular stage, all conducting airways have emerged, allowing
respiration and gas exchange to commence [33]. This indicates
that during the pseudoglandular and canalicular stages, the
developing lungs may be more susceptible to inhaled air
pollutants, potentially leading to the development of asthma in
childhood.

We also observed that exposure to mixed air pollutants during
the first 2 years of life significantly elevated the risk of
asthma/wheezing, suggesting that this period may represent
another important window. This finding aligns with previous
studies, such as the one [10] that investigated the association
between air pollution and asthma development in all children
born between 1999 and 2000 in southwestern British Columbia,
Canada. The study assessed air pollution exposure in quartiles
and discovered that children exhibited an increased odds ratio
for asthma when exposed to higher quartiles of CO, NO, NO2,
PM10, and SO2 in the first year of life [10]. Furthermore, a
prospective cohort study from Copenhagen identified air
pollution as being associated with wheezing symptoms in
children. They found a significant effect of NO2 on asthma
symptoms in infants 3 years after birth and also noted a
significant correlation between PM10, CO concentrations, and
wheezing symptoms in infants (0-1-year olds) [34]. A study
conducted in Changsha, China, similarly demonstrated that
postnatal exposure to outdoor industrial and traffic air pollutants,
including PM10, SO2, and NO2, was significantly associated
with an increased risk of asthma in children [35].

Studies have indicated that infants are particularly vulnerable
to the effects of air pollutants due to their incomplete
development of respiratory and immune systems [36].
Furthermore, alveolarization primarily occurs after birth, with
approximately 85% of alveoli developing postnatally. Lung
volume doubles by 6 months of age and triples by 1 year of age
[37]. Collectively, these findings suggest that children’s
respiratory systems continue to rapidly develop after birth,

potentially rendering their lungs more sensitive to inhaled air
pollutants.

In addition, our weighted analyses revealed that air pollutants
at various stages may exert distinct impacts on the development
of asthma in children. During the second trimester and the
canalicular period, CO emerged as the largest contributor to the
development of asthma/wheezing in children. Equally significant
contributors during the pseudoglandular stage were CO and
PM2.5. In childhood, the air pollutants contributing the most
were SO2 and NO2.

Many previous studies investigating the relationship between
air pollutants and respiratory diseases have placed particular
emphasis on PM2.5 [38,39]. These studies suggest that the
pathogenic mechanism of PM2.5 is primarily associated with
oxidative stress. This stress can either cross the placental barrier
and directly affect the fetus or induce systemic inflammation
in the mother, leading to a reduction in the supply of nutrients
and oxygen to the fetus, thereby affecting fetal lung function
[16]. However, our study proposes that CO may be a more
significant contributor to air pollutants affecting lung
development in pregnant children than PM2.5.

CO is a highly soluble, nonirritant gas that easily enters the
bloodstream through the alveoli, capillaries, and placental
barrier. Once in the bloodstream, it competes with oxygen and
binds to hemoglobin, resulting in tissue hypoxia [40]. Hypoxia
in maternal tissues can decrease the amount of gases carried by
the fetus, potentially affecting the development of fetal lung
function and possibly leading to the development of childhood
asthma. However, there has been relatively less focus on its
association with the development of asthma in children in
developing countries, and the results of the few studies
conducted have been inconsistent [41]. Therefore, it is
recommended that future research on the relationship between
CO and childhood asthma should be intensified to further clarify
the association and the pathogenesis of the disease.

SO2 is primarily released into the atmosphere through the
combustion of fossil fuels and is highly soluble in water. Its
effects are primarily harmful to the upper respiratory tract. SO2

can cause severe airway constriction, which may be related to
its pathogenic mechanism [41]. Andersson et al [42] reported
an HR of 5.8 (95% CI 2.6-13) for asthma among individuals
reporting inhalation of SO2 gas compared with unexposed
individuals following a survey of sulfite mill workers. In
addition, several studies have demonstrated a connection
between SO2 and the development of asthma in children [43,44].
NO2 is among the main components of TRAP. Similarly, the
association between NO2 and asthma has been affirmed by
several studies [33,45,46]. Health Canada has also proposed a
causal relationship between exposure to current levels of
ambient NO2 and increased asthma-related morbidity [47]. NO2

is insoluble in water; it dissolves in the most distal airways and
alveoli after inhalation. Subsequently, reactive oxygen and
nitrogen species are produced, which can induce oxidative stress
and damage to the respiratory tract. This mechanism potentially
contributes to the development of asthma [41].
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Limitations
There are several limitations that need to be acknowledged.
First, due to the challenges associated with early diagnosis of
asthma, there may be cases that do not present to the hospital
after the onset of the disease, leading to missed diagnoses. In
addition, some of the wheezing cases observed may not have
been asthma, potentially resulting in misclassification of
outcome measures. By contrast, the small number of diagnosed
cases of asthma led us to combine asthma and wheezing into a
single outcome. This approach prevented us from accurately
estimating the effects of outdoor air pollution exposure on
asthma incidence. Third, our study participants were sourced
from only 1 hospital, and the administrative area covered by
the hospital’s services (Panyu District, Guangzhou) differs
somewhat from the demographic composition of the entire city
of Guangzhou and of China (Multimedia Appendix 1). This
aspect also imposes limitations on the generalizability of our
results. Finally, we conducted a passive survey of children
during their visits to a pediatric clinic, pediatric outpatient

department, or emergency department. Children who did not
attend the hospital were lost to follow-up, potentially leading
to an underestimation of the effect of air pollutants.

Conclusion
This prospective cohort study offers new evidence suggesting
a potential association between exposure to ambient mixed air
pollutants during the first 1000 days of life and childhood
asthma/wheezing. The second trimester, particularly the
pseudoglandular stage and the canalicular stage, as well as the
first 2 years after birth, may represent critical susceptibility
periods for this exposure window. Our study is a cohort study,
and therefore, firm causal inferences cannot be made. However,
by incorporating findings from previous studies, our research
contributes to a broader understanding of the adverse respiratory
effects of outdoor air pollution exposure. This knowledge can
empower clinicians and pregnant women to take proactive
measures to reduce air pollution exposure, particularly during
vulnerable windows of susceptibility. Such preventive measures
are crucial for the prevention of childhood asthma.

Acknowledgments
The authors thank all participants who volunteered for the study. This work was supported by The National Natural Science
Foundation of China (42175181, 81874276, 81773497, 81903294, and 42375180), the Guangzhou Basic and Applied Basic
Research Foundation (202102020120), and the Foreign Expert Program of the Ministry of Science and Technology
(G2022199006L).

Data Sharing Statement
The data that support the findings of this study will be available upon reasonable request to the corresponding author of the study.

Authors' Contributions
FT conducted data analysis, wrote the original draft, and contributed to the literature review. XZ focused on the literature review.
YY performed a formal analysis. XL conducted the investigation. GH participated in writing and editing. CW contributed to the
investigation. ZC and QZ curated the data. SY assisted with the literature review. JF conducted a formal analysis. HY contributed
to the literature review. WM participated in writing and editing. XD and TL supervised the project, conceptualized the study, and
contributed to writing and editing. XD and TL are co-corresponding authors and have contributed equally to this article. All
authors have reviewed and approved the submitted version of the manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
General demographic information.
[DOCX File , 15 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Definition of covariates.
[DOCX File , 14 KB-Multimedia Appendix 2]

Multimedia Appendix 3
VIF was used to check the collinearity of each component in the model. VIF: variance inflation factor.
[DOCX File , 25 KB-Multimedia Appendix 3]

Multimedia Appendix 4
Correlation between pollutants and temperature.

JMIR Public Health Surveill 2024 | vol. 10 | e52456 | p. 12https://publichealth.jmir.org/2024/1/e52456
(page number not for citation purposes)

Tian et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app1.docx&filename=c28fc45f401a76fc180f9655f2345dcc.docx
https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app1.docx&filename=c28fc45f401a76fc180f9655f2345dcc.docx
https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app2.docx&filename=0fbd9b73c9a94804e60e5269da60d30a.docx
https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app2.docx&filename=0fbd9b73c9a94804e60e5269da60d30a.docx
https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app3.docx&filename=13a359cbc397566ef3054b84066aa613.docx
https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app3.docx&filename=13a359cbc397566ef3054b84066aa613.docx
http://www.w3.org/Style/XSL
http://www.renderx.com/


[DOCX File , 146 KB-Multimedia Appendix 4]

Multimedia Appendix 5
VIF for each pollutant in the prenatal and postnatal reciprocal adjustment models. VIF: variance inflation factor.
[DOCX File , 14 KB-Multimedia Appendix 5]

References

1. Zar HJ, Ferkol TW. The global burden of respiratory disease-impact on child health. Pediatr Pulmonol. May
2014;49(5):430-434. [doi: 10.1002/ppul.23030] [Medline: 24610581]

2. GBD Chronic Respiratory Disease Collaborators. Prevalence and attributable health burden of chronic respiratory diseases,
1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet Respir Med. Jun 2020;8(6):585-596.
[FREE Full text] [doi: 10.1016/S2213-2600(20)30105-3] [Medline: 32526187]

3. Duijts L, Granell R, Sterne JAC, Henderson AJ. Childhood wheezing phenotypes influence asthma, lung function and
exhaled nitric oxide fraction in adolescence. Eur Respir J. Feb 2016;47(2):510-519. [FREE Full text] [doi:
10.1183/13993003.00718-2015] [Medline: 26647439]

4. Hernandez-Pacheco N, Kere M, Melén E. Gene-environment interactions in childhood asthma revisited; expanding the
interaction concept. Pediatr Allergy Immunol. May 2022;33(5):e13780. [FREE Full text] [doi: 10.1111/pai.13780] [Medline:
35616899]

5. Bettiol A, Gelain E, Milanesio E, Asta F, Rusconi F. The first 1000 days of life: traffic-related air pollution and development
of wheezing and asthma in childhood. A systematic review of birth cohort studies. Environ Health. Apr 17, 2021;20(1):46.
[FREE Full text] [doi: 10.1186/s12940-021-00728-9] [Medline: 33865406]

6. Leibel S, Post M. Endogenous and exogenous stem/progenitor cells in the lung and their role in the pathogenesis and
treatment of pediatric lung disease. Front Pediatr. 2016;4:36. [FREE Full text] [doi: 10.3389/fped.2016.00036] [Medline:
27148506]

7. Castro M, Ramirez MI, Gern JE, Cutting G, Redding G, Hagood JS, et al. Strategic plan for pediatric respiratory diseases
research: an NHLBI working group report. Proc Am Thorac Soc. Jan 15, 2009;6(1):1-10. [FREE Full text] [doi:
10.1513/pats.200810-116CB] [Medline: 19131525]

8. Carraro S, Scheltema N, Bont L, Baraldi E. Early-life origins of chronic respiratory diseases: understanding and promoting
healthy ageing. Eur Respir J. Dec 2014;44(6):1682-1696. [FREE Full text] [doi: 10.1183/09031936.00084114] [Medline:
25323240]

9. Stocks J, Hislop A, Sonnappa S. Early lung development: lifelong effect on respiratory health and disease. Lancet Respir
Med. Nov 2013;1(9):728-742. [doi: 10.1016/S2213-2600(13)70118-8] [Medline: 24429276]

10. Clark NA, Demers PA, Karr CJ, Koehoorn M, Lencar C, Tamburic L, et al. Effect of early life exposure to air pollution
on development of childhood asthma. Environ Health Perspect. Feb 2010;118(2):284-290. [FREE Full text] [doi:
10.1289/ehp.0900916] [Medline: 20123607]

11. Gehring U, Wijga AH, Koppelman GH, Vonk JM, Smit HA, Brunekreef B. Air pollution and the development of asthma
from birth until young adulthood. Eur Respir J. Jul 2020;56(1):2000147. [FREE Full text] [doi:
10.1183/13993003.00147-2020] [Medline: 32299858]

12. Lin S, Liu X, Le LH, Hwang S. Chronic exposure to ambient ozone and asthma hospital admissions among children. Environ
Health Perspect. Dec 2008;116(12):1725-1730. [FREE Full text] [doi: 10.1289/ehp.11184] [Medline: 19079727]

13. Evans KA, Halterman JS, Hopke PK, Fagnano M, Rich DQ. Increased ultrafine particles and carbon monoxide concentrations
are associated with asthma exacerbation among urban children. Environ Res. Feb 2014;129:11-19. [FREE Full text] [doi:
10.1016/j.envres.2013.12.001] [Medline: 24528997]

14. Zhang Y, Yin Z, Zhou P, Zhang L, Zhao Z, Norbäck D, et al. Early-life exposure to PM constituents and childhood asthma
and wheezing: Findings from China, Children, Homes, Health study. Environ Int. Jul 2022;165:107297. [FREE Full text]
[doi: 10.1016/j.envint.2022.107297] [Medline: 35709580]

15. Zhu S, Chen G, Ye Y, Zhou H, He G, Chen H, et al. Effect of maternal ozone exposure before and during pregnancy on
wheezing risk in offspring: a birth cohort study in Guangzhou, China. Environ Res. Sep 2022;212(Pt C):113426. [doi:
10.1016/j.envres.2022.113426] [Medline: 35550810]

16. Guarnieri M, Balmes JR. Outdoor air pollution and asthma. Lancet. May 03, 2014;383(9928):1581-1592. [FREE Full text]
[doi: 10.1016/S0140-6736(14)60617-6] [Medline: 24792855]

17. Wang J, Liu X, Dong M, Sun X, Xiao J, Zeng W, et al. Associations of maternal ambient temperature exposures during
pregnancy with the placental weight, volume and PFR: a birth cohort study in Guangzhou, China. Environ Int. Jun
2020;139:105682. [FREE Full text] [doi: 10.1016/j.envint.2020.105682] [Medline: 32248024]

18. Cao W, Dong M, Sun X, Liu X, Xiao J, Feng B, et al. Associations of maternal ozone exposures during pregnancy with
maternal blood pressure and risk of hypertensive disorders of pregnancy: a birth cohort study in Guangzhou, China. Environ
Res. Apr 2020;183:109207. [doi: 10.1016/j.envres.2020.109207] [Medline: 32050130]

JMIR Public Health Surveill 2024 | vol. 10 | e52456 | p. 13https://publichealth.jmir.org/2024/1/e52456
(page number not for citation purposes)

Tian et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app4.docx&filename=202eacc3831f2e48c4a6f36a5ae82ee3.docx
https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app4.docx&filename=202eacc3831f2e48c4a6f36a5ae82ee3.docx
https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app5.docx&filename=1ca3d472a702c7d02ac5bc1a37cc77b9.docx
https://jmir.org/api/download?alt_name=publichealth_v10i1e52456_app5.docx&filename=1ca3d472a702c7d02ac5bc1a37cc77b9.docx
http://dx.doi.org/10.1002/ppul.23030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24610581&dopt=Abstract
https://air.unimi.it/handle/2434/788270
http://dx.doi.org/10.1016/S2213-2600(20)30105-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32526187&dopt=Abstract
http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=26647439
http://dx.doi.org/10.1183/13993003.00718-2015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26647439&dopt=Abstract
https://europepmc.org/abstract/MED/35616899
http://dx.doi.org/10.1111/pai.13780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35616899&dopt=Abstract
https://ehjournal.biomedcentral.com/articles/10.1186/s12940-021-00728-9
http://dx.doi.org/10.1186/s12940-021-00728-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33865406&dopt=Abstract
https://europepmc.org/abstract/MED/27148506
http://dx.doi.org/10.3389/fped.2016.00036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27148506&dopt=Abstract
https://europepmc.org/abstract/MED/19131525
http://dx.doi.org/10.1513/pats.200810-116CB
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19131525&dopt=Abstract
http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=25323240
http://dx.doi.org/10.1183/09031936.00084114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25323240&dopt=Abstract
http://dx.doi.org/10.1016/S2213-2600(13)70118-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24429276&dopt=Abstract
https://ehp.niehs.nih.gov/doi/10.1289/ehp.0900916?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1289/ehp.0900916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20123607&dopt=Abstract
http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=32299858
http://dx.doi.org/10.1183/13993003.00147-2020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32299858&dopt=Abstract
https://ehp.niehs.nih.gov/doi/10.1289/ehp.11184?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1289/ehp.11184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19079727&dopt=Abstract
https://europepmc.org/abstract/MED/24528997
http://dx.doi.org/10.1016/j.envres.2013.12.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24528997&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0160-4120(22)00224-0
http://dx.doi.org/10.1016/j.envint.2022.107297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35709580&dopt=Abstract
http://dx.doi.org/10.1016/j.envres.2022.113426
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35550810&dopt=Abstract
https://europepmc.org/abstract/MED/24792855
http://dx.doi.org/10.1016/S0140-6736(14)60617-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24792855&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0160-4120(19)34167-4
http://dx.doi.org/10.1016/j.envint.2020.105682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32248024&dopt=Abstract
http://dx.doi.org/10.1016/j.envres.2020.109207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32050130&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


19. Liu T, Xiao J, Zeng W, Hu J, Liu X, Dong M, et al. A spatiotemporal land-use-regression model to assess individual level
long-term exposure to ambient fine particulate matters. MethodsX. 2019;6:2101-2105. [FREE Full text] [doi:
10.1016/j.mex.2019.09.009] [Medline: 31667108]

20. Liu X, Ye Y, Chen Y, Li X, Feng B, Cao G, et al. Effects of prenatal exposure to air particulate matter on the risk of preterm
birth and roles of maternal and cord blood LINE-1 methylation: a birth cohort study in Guangzhou, China. Environ Int.
Dec 2019;133(Pt A):105177. [FREE Full text] [doi: 10.1016/j.envint.2019.105177] [Medline: 31622906]

21. Hsu HL, Chiu YM, Coull BA, Kloog I, Schwartz J, Lee A, et al. Prenatal particulate air pollution and asthma onset in urban
children. Identifying sensitive windows and sex differences. Am J Respir Crit Care Med. Nov 01, 2015;192(9):1052-1059.
[FREE Full text] [doi: 10.1164/rccm.201504-0658OC] [Medline: 26176842]

22. Hislop A, Reid L. Development of the acinus in the human lung. Thorax. Jan 1974;29(1):90-94. [FREE Full text] [doi:
10.1136/thx.29.1.90] [Medline: 4825556]

23. Schittny JC. Development of the lung. Cell Tissue Res. Mar 2017;367(3):427-444. [FREE Full text] [doi:
10.1007/s00441-016-2545-0] [Medline: 28144783]

24. Kajekar R. Environmental factors and developmental outcomes in the lung. Pharmacol Ther. May 2007;114(2):129-145.
[doi: 10.1016/j.pharmthera.2007.01.011] [Medline: 17408750]

25. Zou M, Jiang C, Chen Y, Wu C, Candice Lung S, Chien L, et al. Effects of air pollution, land-use type, and maternal mental
health on child development in the first two years of life in the Greater Taipei area. Environ Res. Jun 2021;197:111168.
[doi: 10.1016/j.envres.2021.111168] [Medline: 33857463]

26. Keil AP, Buckley JP, O'Brien KM, Ferguson KK, Zhao S, White AJ. A quantile-based g-computation approach to addressing
the effects of exposure mixtures. Environ Health Perspect. Apr 2020;128(4):47004. [FREE Full text] [doi: 10.1289/EHP5838]
[Medline: 32255670]

27. R Project. R Foundation. URL: https://www.r-project.org [accessed 2024-03-26]
28. Sbihi H, Tamburic L, Koehoorn M, Brauer M. Perinatal air pollution exposure and development of asthma from birth to

age 10 years. Eur Respir J. Apr 2016;47(4):1062-1071. [FREE Full text] [doi: 10.1183/13993003.00746-2015] [Medline:
26862123]

29. Lu C, Zhang Y, Li B, Zhao Z, Huang C, Zhang X, et al. Interaction effect of prenatal and postnatal exposure to ambient
air pollution and temperature on childhood asthma. Environ Int. Sep 2022;167:107456. [FREE Full text] [doi:
10.1016/j.envint.2022.107456] [Medline: 35952466]

30. Lavigne E, Donelle J, Hatzopoulou M, Van Ryswyk K, van Donkelaar A, Martin RV, et al. Spatiotemporal variations in
ambient ultrafine particles and the incidence of childhood asthma. Am J Respir Crit Care Med. Jun 15,
2019;199(12):1487-1495. [doi: 10.1164/rccm.201810-1976OC] [Medline: 30785782]

31. Deng Q, Lu C, Li Y, Sundell J, Dan Norbäck. Exposure to outdoor air pollution during trimesters of pregnancy and childhood
asthma, allergic rhinitis, and eczema. Environ Res. Oct 2016;150:119-127. [doi: 10.1016/j.envres.2016.05.050] [Medline:
27281689]

32. Burri PH. Fetal and postnatal development of the lung. Annu Rev Physiol. 1984;46:617-628. [doi:
10.1146/annurev.ph.46.030184.003153] [Medline: 6370120]

33. Rubarth LB, Quinn J. Respiratory development and respiratory distress syndrome. Neonatal Netw. 2015;34(4):231-238.
[doi: 10.1891/0730-0832.34.4.231] [Medline: 26802638]

34. Andersen ZJ, Loft S, Ketzel M, Stage M, Scheike T, Hermansen MN, et al. Ambient air pollution triggers wheezing
symptoms in infants. Thorax. Aug 2008;63(8):710-716. [doi: 10.1136/thx.2007.085480] [Medline: 18267985]

35. Deng Q, Lu C, Ou C, Chen L, Yuan H. Preconceptional, prenatal and postnatal exposure to outdoor and indoor environmental
factors on allergic diseases/symptoms in preschool children. Chemosphere. Jun 2016;152:459-467. [doi:
10.1016/j.chemosphere.2016.03.032] [Medline: 27003368]

36. Bowatte G, Lodge C, Lowe AJ, Erbas B, Perret J, Abramson MJ, et al. The influence of childhood traffic-related air pollution
exposure on asthma, allergy and sensitization: a systematic review and a meta-analysis of birth cohort studies. Allergy.
Mar 2015;70(3):245-256. [doi: 10.1111/all.12561] [Medline: 25495759]

37. Di Cicco M, Kantar A, Masini B, Nuzzi G, Ragazzo V, Peroni D. Structural and functional development in airways
throughout childhood: children are not small adults. Pediatr Pulmonol. Jan 2021;56(1):240-251. [doi: 10.1002/ppul.25169]
[Medline: 33179415]

38. Lin L, Chen J, Yu Y, Dong G. Ambient air pollution and infant health: a narrative review. EBioMedicine. Jul 2023;93:104609.
[FREE Full text] [doi: 10.1016/j.ebiom.2023.104609] [Medline: 37169689]

39. Tran HM, Chuang T, Chuang H, Tsai F. Climate change and mortality rates of COPD and asthma: a global analysis from
2000 to 2018. Environ Res. Sep 15, 2023;233:116448. [doi: 10.1016/j.envres.2023.116448] [Medline: 37352955]

40. Schraufnagel DE, Balmes JR, Cowl CT, De Matteis S, Jung S, Mortimer K, et al. Air pollution and noncommunicable
diseases: a review by the Forum of International Respiratory Societies' Environmental Committee, Part 1: the damaging
effects of air pollution. Chest. Feb 2019;155(2):409-416. [FREE Full text] [doi: 10.1016/j.chest.2018.10.042] [Medline:
30419235]

41. Chatkin J, Correa L, Santos U. External environmental pollution as a risk factor for asthma. Clin Rev Allergy Immunol.
Feb 2022;62(1):72-89. [FREE Full text] [doi: 10.1007/s12016-020-08830-5] [Medline: 33433826]

JMIR Public Health Surveill 2024 | vol. 10 | e52456 | p. 14https://publichealth.jmir.org/2024/1/e52456
(page number not for citation purposes)

Tian et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://linkinghub.elsevier.com/retrieve/pii/S2215-0161(19)30233-X
http://dx.doi.org/10.1016/j.mex.2019.09.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31667108&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0160-4120(19)31649-6
http://dx.doi.org/10.1016/j.envint.2019.105177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31622906&dopt=Abstract
https://europepmc.org/abstract/MED/26176842
http://dx.doi.org/10.1164/rccm.201504-0658OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26176842&dopt=Abstract
https://thorax.bmj.com/lookup/pmidlookup?view=long&pmid=4825556
http://dx.doi.org/10.1136/thx.29.1.90
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4825556&dopt=Abstract
https://boris.unibe.ch/id/eprint/96568
http://dx.doi.org/10.1007/s00441-016-2545-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28144783&dopt=Abstract
http://dx.doi.org/10.1016/j.pharmthera.2007.01.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17408750&dopt=Abstract
http://dx.doi.org/10.1016/j.envres.2021.111168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33857463&dopt=Abstract
https://ehp.niehs.nih.gov/doi/10.1289/EHP5838?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1289/EHP5838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32255670&dopt=Abstract
https://www.r-project.org
http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=26862123
http://dx.doi.org/10.1183/13993003.00746-2015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26862123&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0160-4120(22)00383-X
http://dx.doi.org/10.1016/j.envint.2022.107456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35952466&dopt=Abstract
http://dx.doi.org/10.1164/rccm.201810-1976OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30785782&dopt=Abstract
http://dx.doi.org/10.1016/j.envres.2016.05.050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27281689&dopt=Abstract
http://dx.doi.org/10.1146/annurev.ph.46.030184.003153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6370120&dopt=Abstract
http://dx.doi.org/10.1891/0730-0832.34.4.231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26802638&dopt=Abstract
http://dx.doi.org/10.1136/thx.2007.085480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18267985&dopt=Abstract
http://dx.doi.org/10.1016/j.chemosphere.2016.03.032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27003368&dopt=Abstract
http://dx.doi.org/10.1111/all.12561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25495759&dopt=Abstract
http://dx.doi.org/10.1002/ppul.25169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33179415&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2352-3964(23)00174-3
http://dx.doi.org/10.1016/j.ebiom.2023.104609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37169689&dopt=Abstract
http://dx.doi.org/10.1016/j.envres.2023.116448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37352955&dopt=Abstract
https://europepmc.org/abstract/MED/30419235
http://dx.doi.org/10.1016/j.chest.2018.10.042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30419235&dopt=Abstract
https://europepmc.org/abstract/MED/33433826
http://dx.doi.org/10.1007/s12016-020-08830-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33433826&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


42. Andersson E, Knutsson A, Hagberg S, Nilsson T, Karlsson B, Alfredsson L, et al. Incidence of asthma among workers
exposed to sulphur dioxide and other irritant gases. Eur Respir J. Apr 2006;27(4):720-725. [FREE Full text] [doi:
10.1183/09031936.06.00034305] [Medline: 16585079]

43. Zheng X, Orellano P, Lin H, Jiang M, Guan W. Short-term exposure to ozone, nitrogen dioxide, and sulphur dioxide and
emergency department visits and hospital admissions due to asthma: a systematic review and meta-analysis. Environ Int.
May 2021;150:106435. [FREE Full text] [doi: 10.1016/j.envint.2021.106435] [Medline: 33601224]

44. Smargiassi A, Kosatsky T, Hicks J, Plante C, Armstrong B, Villeneuve PJ, et al. Risk of asthmatic episodes in children
exposed to sulfur dioxide stack emissions from a refinery point source in Montreal, Canada. Environ Health Perspect. Apr
2009;117(4):653-659. [FREE Full text] [doi: 10.1289/ehp.0800010] [Medline: 19440507]

45. Khreis H, Kelly C, Tate J, Parslow R, Lucas K, Nieuwenhuijsen M. Exposure to traffic-related air pollution and risk of
development of childhood asthma: a systematic review and meta-analysis. Environ Int. Mar 2017;100:1-31. [FREE Full
text] [doi: 10.1016/j.envint.2016.11.012] [Medline: 27881237]

46. Han K, Ran Z, Wang X, Wu Q, Zhan N, Yi Z, et al. Traffic-related organic and inorganic air pollution and risk of development
of childhood asthma: a meta-analysis. Environ Res. Mar 2021;194:110493. [doi: 10.1016/j.envres.2020.110493] [Medline:
33217436]

47. Human health risk assessment for ambient nitrogen dioxide. Canada Go. 2016. URL: https://www.canada.ca/en/health-canada/
services/publications/healthy-living/human-health-risk-assessment-ambient-nitrogen-dioxide.html [accessed 2024-03-26]

Abbreviations
ACCESS: Asthma Coalition for Community, Environmental, and Social Stress
CO: carbon monoxide
GW: gestational week
HR: hazard ratio
ICD-10: 10th edition of the International Classification of Diseases
NO2: nitrogen dioxide
O3: ozone
PEOH: Prenatal Environments and Offspring Health
PM2.5: particulate matter 2.5
QG-comp: quantile g-computation
SO2: sulfur dioxide
ST-LUR: spatiotemporal land use regression
TRAP: traffic-related air mixture pollutant
VIF: variance inflation factor

Edited by A Mavragani, T Sanchez; submitted 06.09.23; peer-reviewed by A Yasseen, M Jiang, J Xiao, L Ma, Q Deng; comments to
author 01.12.23; revised version received 21.12.23; accepted 05.03.24; published 17.04.24

Please cite as:
Tian F, Zhong X, Ye Y, Liu X, He G, Wu C, Chen Z, Zhu Q, Yu S, Fan J, Yao H, Ma W, Dong X, Liu T
Mutual Associations of Exposure to Ambient Air Pollutants in the First 1000 Days of Life With Asthma/Wheezing in Children:
Prospective Cohort Study in Guangzhou, China
JMIR Public Health Surveill 2024;10:e52456
URL: https://publichealth.jmir.org/2024/1/e52456
doi: 10.2196/52456
PMID:

©Fenglin Tian, Xinqi Zhong, Yufeng Ye, Xiaohan Liu, Guanhao He, Cuiling Wu, Zhiqing Chen, Qijiong Zhu, Siwen Yu, Jingjie
Fan, Huan Yao, Wenjun Ma, Xiaomei Dong, Tao Liu. Originally published in JMIR Public Health and Surveillance
(https://publichealth.jmir.org), 17.04.2024. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in JMIR Public Health and Surveillance, is properly cited. The complete
bibliographic information, a link to the original publication on https://publichealth.jmir.org, as well as this copyright and license
information must be included.

JMIR Public Health Surveill 2024 | vol. 10 | e52456 | p. 15https://publichealth.jmir.org/2024/1/e52456
(page number not for citation purposes)

Tian et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=16585079
http://dx.doi.org/10.1183/09031936.06.00034305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16585079&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0160-4120(21)00060-X
http://dx.doi.org/10.1016/j.envint.2021.106435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33601224&dopt=Abstract
https://ehp.niehs.nih.gov/doi/10.1289/ehp.0800010?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1289/ehp.0800010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19440507&dopt=Abstract
https://eprints.whiterose.ac.uk/111808/
https://eprints.whiterose.ac.uk/111808/
http://dx.doi.org/10.1016/j.envint.2016.11.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27881237&dopt=Abstract
http://dx.doi.org/10.1016/j.envres.2020.110493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33217436&dopt=Abstract
https://www.canada.ca/en/health-canada/services/publications/healthy-living/human-health-risk-assessment-ambient-nitrogen-dioxide.html
https://www.canada.ca/en/health-canada/services/publications/healthy-living/human-health-risk-assessment-ambient-nitrogen-dioxide.html
https://publichealth.jmir.org/2024/1/e52456
http://dx.doi.org/10.2196/52456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

