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BACKGROUND: Ambient O3 has demonstrated an aggravated increasing trend in the context of global warming. The available
evidence of maternal exposure to ambient O3z on fetal congenital heart defects (CHD) is still limited, especially in high polluted
areas.

OBJECTIVE: To examine associations of maternal exposure to ambient Os during early pregnancy with fetal CHDs.

METHODS: We conducted a national multicenter study in 1313 hospitals from 26 provinces in China and collected a total of 27,817
participants at high risk of CHD from 2013 to 2021. Exposure to ambient Os during the embryonic period, preconception, the first
trimester and periconception was assessed by extracting daily concentrations from a validated grid dataset at each subject’s
residential district. CHDs were diagnosed based on fetal echocardiography.

RESULTS: Each 10 ug/m? increase of exposure to ambient O during the embryonic period was approximately linearly associated
with a 12.7% (odds ratio [OR]: 1.127, 95% confidence interval [Cl]: 1.098, 1.155) increase in odds of pooled CHD (p < 0.001). The
associations remain robust after adjusting for ambient PM, 5 and NO, exposure. The odds of different types of CHD in association
with ambient Oz exposure varied greatly. We observed significant association of ambient Oz exposure with ventricular septal defect
(VSD), tetralogy of Fallot (TOF); pulmonary stenosis (PS), pulmonary atresia (PA), transposition of great arteries (TGA) and persistent
left superior vena cava (PLSVC), with TOF demonstrating the strongest estimates (OR: 1.194, 95% Cl:1.107, 1.288). The estimates for
preconception, the first trimester and periconception demonstrate consistent findings with the main analyses, indicating stronger
associations of ambient Oz exposure during the periconception period.

IMPACT:

® Our study provides evidence that higher ambient Os during early pregnancy was significantly associated with increased odds of
fetal CHD.

® Our findings suggest that pregnant women, clinical practitioners, and policy makers need to pay more attention to the
exposure to higher ambient Oz during early pregnancy to reduce the risk of developing CHD and to improve outcomes across
the life span.
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INTRODUCTION

Congenital heart disease (CHD) is the most common type of birth
defect, and remains the primary cause of infant death from birth
defects [1]. According to Global Burden of Disease 2019 study,
CHD affected almost 9%o infants worldwide and 61.6% CHD cases
occurred in Asia [2]. In China, the mean prevalence of CHD was
approximately 8.5 per 1000 live births [2], and 25,311 died due to
CHD in 2019 [3]. Previous studies indicates that genetic factors
account for approximately 20% of CHDs, while the remaining 80%
is unknown [4]. Under the scenario of global climate change, the
impacts of ambient air pollution on CHD have attracted increasing
attention.

As a highly reactive and strongly oxidative ambient pollutant,
ambient ozone (Os) has demonstrated an aggravated increasing
trend in the context of global warming in recent years, and has
emerged as a major global public health concern [5]. Few previous
studies have investigated the association between maternal
exposure to ambient Os and the odds of CHD with inconsistent
results. Two studies in Foshan city [6] and Changsha city, China
utilized data from local birth defect surveillance system and
identified CHD cases by physical examination after birth. They both
assessed the ambient O; exposure using data from air quality
monitoring stations, and reported that maternal exposure to ambient
O3 during the first trimester was significantly associated with
increased odds of overall CHD. In contrast, other two studies in
Canada [7] and Europe [8] which also used population based
congenital abnormality surveillance data did not observe a significant
association. Previous research mainly focused on birth CHD; however,
prenatal detection of CHD plays a crucial role in ensuring timely
interventions, enhancing family support, and improving the perio-
perative clinical condition of neonates with CHD [9]. Thus, further
investigation with a specific emphasis on fetal CHD is warranted. In
addition, due to the lack of complete information or insufficient
sample size for certain subtypes of CHDs, it remains unknown if and
how ambient Os; exposure is associated with an increased risk of
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specific CHD types including ventricular septal defect (VSD), tetralogy
of Fallot (TOF), valvular pulmonary stenosis (PS) and double outlet
right ventricle (DORV), which can be of great importance and interest
to frail individuals, clinical practitioners, and public health policy-
makers in reducing risk of developing specific cardiovascular diseases
(CVDs). Furthermore, most previous studies were conducted in
regions with lower ambient Os level, more investigations especially in
regions with different ambient O; exposure ranges were warranted.

To fill the knowledge gap, we used data from Maternal-Fetal
Medicine Consultation Network covering 1313 medical centers in
China, and conducted a nationwide cross-sectional study to
explore the impacts of exposure to ambient Oz during early
pregnancy on odds of CHD and its subtypes, and also to identify
potential susceptible exposure windows.

METHODS

Study design and study population

We conducted a cross-sectional study among 28,487 pregnant women
who underwent initial screening in 1313 medical centers in China.
Figure 1A presents the distribution of referral hospitals. Among them,
individuals identified with high risk of CHD were referred to National
Maternal-Fetal Medicine Center for Fetal Heart Disease at Beijing Anzhen
Hospital to obtain a definitive diagnosis of CHD when they presented with
common indications for fetal echocardiogram referral according to the
American Heart Association (AHA) scientific statement [10]. Pregnant
women at a high risk of fetal CHD were identified based on several criteria,
including structural cardiac abnormalities detected during obstetric
ultrasound, suspected fetal bradycardia and irregular fetal rhythm,
maternal metabolic diseases (e.g., gestational diabetes mellitus and
uncontrolled phenylketonuria), fetal karyotype abnormalities, monochor-
ionic twinning, maternal first-trimester infections (e.g., rubella virus), family
history of CHD, or other indications as recommended by the American
Heart Association [10]. Finally, all data was kept and managed by Maternal-
Fetal Medicine Center of AnZhen hospital. By excluding 133 women
without age information, 144 women lacking data on gestation week at
examination and 393 women with duplicated medical records, we finally
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Spatial distributions of 1313 Maternal-Fetal Medicine centers in China and ambient O3 concentrations in warm season from 2013

to 2021. A The red triangle gives the location of Maternal-Fetal Medicine centers. B The ambient O3 concentrations was calculated as the

average of daily mean concentrations from April through September.

included 27,817 pregnant women as the study subjects. The flowchart of
the participants included in this study is shown in Figure S1. This study was
approved by the Institutional Review Board of Beijing Anzhen Hospital,
Capital Medical University (ID: 2022060X), and written informed consent
was signed by all subjects.

Exposure assessment

Ambient daily Maximum 8h average (MDA8) O3 concentrations with a
spatial resolution of 10 km x 10 km in China between 2013 and 2021 were
obtained from the Tracking Air Pollution in China (TAP) [11], which was
developed and maintained by Tsinghua University in collaboration with
Peking University, Nanjing University, Fudan University, Chinese Academy
of Meteorological Sciences, etc. The TAP database used a data-fusion
algorithm for ambient O3 estimation that combined in situ observations,
satellite remote sensing measurements, and model results from the
community multiscale air quality model [11]. Five-fold cross-validation
coefficient of determination (R%) was 0.70, and the mean modeling error
(measured using the root-mean-squared error [RMSE]) is 26 ug/m?, which
accounts for 29% of the mean level (Xue et al. 2020).

As embryonic period (weeks 3-8 of gestation) was a critical time for
cardiac development of the fetus [12], it is widely accepted to consider this
period as an exposure window in environmental epidemiological studies
on CHD. Therefore, we extracted ambient daily MDA8 O3 concentrations
for each subject at her geocoded residential address during embryonic
period from the TAP, and averaged them to assess an individual-level
exposure to ambient Os. The available maternal residential address was at
the district level in the study. The gestational week was measured from the
first day of the last menstrual period (LMP). Likewise, we also assessed the
exposure to ambient Oz during other three key periods: (1) preconception
(3 months before LMP); (2) the first trimester (1-13 weeks of gestation); (3)
periconception (3 months before LMP until 13 weeks into pregnancy).
These periods were considered as critical time when maternal risk factors
may be associated with adverse pregnancy outcome [1].

Outcome identification

CHDs were diagnosed based on fetal echocardiography using a Voluson
E8-RAB4-8 machine equipped with a 2- to 8 MHz transducer (GE
Healthcare, Little Chalfont, United Kingdom). Two specially trained
echocardiologists independently reviewed each of the echocardiograms
of CHD cases. Fetal echocardiographic images were acquired in
accordance with the guidelines and standards established by the AHA
[10] and the International Society of Ultrasound in Obstetrics and
Gynecology (ISUOG) [13]. All cases were classified using international
classification of disease 10 codes, and an a priori decision was made to
analyze the following common subgroups of anomalies: ventricular septal
defect (VSD; Q21.0), vascular ring of aorta (VR, Q25.45), persistent left
superior vena cava (PLSVC, Q26.1), tetralogy of Fallot (TOF, Q21.3), valvular
pulmonary stenosis (PS, Q22.1), double outlet right ventricle (DORV, Q20.1),
pulmonary atresia (PA, Q22.0) and d-transposition of the great arteries
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(TGA, Q20.3). The accuracy of fetal echocardiography in the diagnosis of
CHD has been validated by comparing with autopsy findings. The
diagnostic coincidence rate for major cardiac abnormalities was 98.8% [14].

Covariate measures

Data on demographics, lifestyle factors, medical history were collected on
a brief, study staff-administered questionnaire. Demographic and lifestyle
information for subjects and spouses included age, occupation, smoking
status, alcohol consumption, radioactive substances exposure, keeping
pets and renovation during 3 months before conception. For clarity,
renovation refers to activities aimed at enhancing the aesthetic and
functional aspects of indoor spaces, such as adding new paintings and
furniture, repainting walls, building cabinets, and installing flooring.
Medical history included history of diseases (diabetes mellitus, gestational
diabetes mellitus, upper respiratory infection during 3 months before
conception, anemia during the first trimester, phenylketonuria, metabolic
disorders, thyroid disease and connective tissue diseases), history of drug
use during the first trimester, history of fetus CHD, adverse results of
prenatal genetic test and psychological stress during pregnancy. The
presence of any aforementioned medical history, as well as the presence of
pets or renovation in the household during the three months preceding
conception, was defined as having risk factors. Clinical information,
including gestational weeks, fetus number and conception mode was
abstracted from electronic medical records.

Grid data on daily 24h mean PM,s (spatial resolution: 1 km x 1 km)
during 2013-2021 and NO; (spatial resolution: 10km x 10 km) during
2013-2020 were obtained from the ChinaHighAirPollutants (CHAP) dataset
(available at: https://weijing-rs.github.io/product.html), which has been
validated in previous studies (Wei et al. 2020; Wei et al. 2023). Daily
meteorological data on temperature and relative humidity at 9x9km
spatial resolution were obtained from the fifth generation of European Re-
Analysis (ERA5)-Land reanalysis data set [15]. We included average
temperature and relative humidity during the embryonic period as natural
cubic splines with three degrees of freedom. These splines were
constructed to capture any potential nonlinear relationships between
temperature, relative humidity, and the odds of CHD as previous studies
have shown evidence for J-shape or U-shape relationships [16].

Statistical Analysis

We employed logistic regression models to investigate the association of
maternal exposure to ambient O5 during the embryonic period with CHD.
All models were adjusted for maternal age (continuous), maternal
occupation status (categorical: Employed, Unemployed, Unknown), pater-
nal smoking status (categorical: Smoking or ever smoked, Never), paternal
alcohol consumption (categorical: Drinking or ever drank, Never),
gestational weeks (categorical: 15-28 weeks, 29-40 weeks), conception
mode (categorical: Natural, in vitro fertilization [IVF]), fetus number
(categorical: Singleton, Multiple), presence of risk factors (categorical:
Yes, No), season of conception (categorical: Warm, Cool), average
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Table 1. Descriptive statistics for the study population during 2013-2021.

Characteristics Total (N=27,817) CHD (N =4842) No CHD (N = 22,975) P-value
Maternal factors
Maternal age years, mean (SD) 31.0 (4.3) 30.5 (4.5) 31.1 (4.2) <0.001
Maternal occupation status, No. (%) <0.001
Employed 21,994 (79.1) 3435 (70.9) 18,559 (80.8)
Unemployed 4912 (17.7) 1287 (26.6) 3625 (15.8)
Unknown 911 (3.3) 120 (2.5) 791 (3.4)
Paternal factors
Paternal age years, mean (SD) 32.5 (5.1) 31.8 (5.1) 32.7 (5.0) <0.001
Smoking status, No. (%) <0.001
Smoking or ever smoked 2466 (8.9) 532 (11.0) 1934 (8.4)
Never 25,351 (91.1) 4310 (89.0) 21,041 (91.6)
Alcohol consumption, No. (%) <0.001
Drinking or ever drank 1137 (4.1) 260 (5.4) 877 (3.8)
Never 26,680 (95.9) 4582 (94.6) 22,098 (96.2)
Clinical factors
Gestational weeks, No. (%)® <0.001
15<GW<28 23,646 (85.0) 3722 (76.9) 19,924 (86.7)
29<GW<40 4171 (15.0) 1120 (23.1) 3051 (13.3)
Conception mode, No. (%) 0.794
Natural 26,758 (96.2) 4654 (96.1) 22,104 (96.2)
IVF 1059 (3.8) 188 (3.9) 871 (3.8)
Fetus number, No. (%) 0.002
Singleton 27,246 (97.9) 4714 (97.4) 22,532 (98.1)
Multiple 571 (2.1) 128 (2.6) 443 (1.9)
Presence of risk factors, No. (%) <0.001
Yes 19,230 (69.1) 3684 (76.1) 15,546 (67.7)
No 8587 (30.9) 1158 (23.9) 7429 (32.3)
Season of conception, No. (%) 0.516
Cool 14,207 (51.1) 2494 (51.5) 11,713 (51.0)
Warm 13,610 (48.9) 2348 (48.5) 11,262 (49.0)

CHD Congenital heart defects, SD Standard deviation, GW Gestational week, IVF in vitro fertilization.

®Gestational week represented the age of the fetus at the time when a pregnant women underwent a fetal echocardiography.

PRisk factors included the following information: commodities (diabetes mellitus, gestational diabetes mellitus, upper respiratory infections within 3 months
before conception, anemia during the first trimester, phenylketonuria metabolic disorders, thyroid disease and connective tissue diseases), history of CHD,
adverse results of prenatal genetic test results, radioactive substances exposure, mental stress and household environment (keeping pets decoration) during
the early pregnancy. The presence of any aforementioned history was defined as having risk factors.

“Warm season was defined as April to September; Cool season was defined as October to December and January to March.

temperature (natural cubic spline function; degree freedom [df] = 3) and
relative humidity (natural cubic spline function; df = 3) during embryonic
period. We estimated odds ratios (ORs) and their 95% confidence intervals
(95% Cls) for CHD associated with each 10 ug/m? increase of the exposure
to ambient O3 by including the exposure as a continuous variable in the
model. In categorical analysis, we divided the exposure into quartiles
(Quartile 1-Quartile 4) based on its distribution among all observations and
estimated ORs of Quartile 2-Quartile 4 in comparison with Quartile 1. Linear
trends across quartiles were tested by including the median of each
quartile range in the model as a continuous variable. In addition, A natural
cubic spline function (df=3) of the exposure were applied to plot
exposure-response curves, and used likelihood ratio tests to examine
possible nonlinearities of these associations.

We performed stratified analysis by maternal age (<35, >35 years),
maternal occupation status, paternal smoking status, presence of risk
factors, conception mode, fetus number and conception season. Like-
lihood ratio tests were used to examine their potential effect modifications.
Several sensitivity analyses were used to test the robustness of our results.
First, we explored the respective impact of ambient O; exposure on CHD
during preconception, the first trimester and periconception by including
three exposures in separate logistic regression models. Second, we

SPRINGER NATURE

adjusted for exposure to fine particulate matter (PM,s) and nitrogen
dioxide (NO,) in the model. We also conducted a sensitivity analysis by
further adjusting the model for maternal smoking status and alcohol
consumption. Third, we used different df (2 and 4) for the natural cubic
splines in the model to compare them with the exposure-response curves
in the main analysis using 3 df. Finally, the COVID-19 pandemic in
2020-2021 may have affected both exposure to ambient Os (e.g., due to
changes in outdoor activities) and CHD. Since we lack data on the COVID-
19 status of our subjects during pregnancy, we could not include this
variable as a covariate. Therefore, we conducted a sensitivity analysis on
subjects enrolled before the pandemic (2013-2019). R version 4.2.2 was
used for data analysis and visualization [17]. A two-sided p <0.05 was
considered statistically significant.

RESULTS

Study population characteristics

From 2013 to 2021, we enrolled 27,817 subjects with high-risk
factors of CHD based on data from Maternal-Fetal Medicine
Consultation Network covering 1313 medical centers in China
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Fig. 2 Exposure-response curves of the association of exposure to ambient O; during the embryonic period with CHD combined and
certain types of CHD. The yellow box along each x-axis presented the 2.5th to 97.5th percentiles of ambient O3 concentrations during the
embryonic period. ORs were estimated by comparing with the median value (92.1 ug/m3) of O3 during the embryonic period. The red solid
lines with two blue dashed lines represent odds and its 95% Cl of CHD combined and certain subtypes respectively. CHD, Congenital heart
defects; VSD, ventricular septal defect; VR, vascular ring of aorta; TOF, tetralogy of Fallot; PS, pulmonary stenosis; DORV, double outlet right
ventricle, PA pulmonary atresia, TGA Transposition of great arteries, PLSVC persistent left superior vena cava, OR odds ratio, Cl confidence
interval.
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Fig. 3 Association of maternal ambient O; exposure during the embryonic period with CHD combined stratified by maternal or clinical
characteristics (per increase of 10 ug/m?® in O;). Stratified analyses were performed by maternal age (<35, >35 years), maternal occupation
status, paternal smoking status, presence of risk factors, conception mode and fetus number. P values from likelihood ratio tests assess
whether the association between ambient O; exposure and CHD combined were modified by stratified factors. Risk factors included the
following information: commodities (diabetes mellitus, gestational diabetes mellitus, upper respiratory infection within 3 months before
conception, anemia during the first trimester, phenylketonuria metabolic disorders, connective tissue diseases and thyroid disease), drug use
during the first trimester, history of CHD, adverse results of prenatal genetic test results, radioactive substances exposure, mental stress and
household environment (keeping pets or renovation) during the early pregnancy. The presence of any aforementioned history was defined as
having risk factors. CHD, congenital heart defect; OR, odds ratio; O3 ozone.

estimates demonstrate consistent findings with the main exclusion of subjects who were enrolled during the COVID-19
analyses, indicating stronger associations of ambient O3 pandemic also gave similar results (Table S9). Using 2 df for the
exposure during periconception with pooled CHD, VSD, VR, natural cubic spline in the model yielded smoother curves as
TOF, PS, PA, TGA and PLSVC compared with during preconcep- expected (Figure S3), and the use of 4 df yielded very similar
tion and first trimester (Fig. 4). Additionally, adjustment for results (Figure S4).

exposure to PM,s and NO, yielded similar associations with

slightly higher estimates for pooled CHD, VSD, VR, PS and TGA

(Table S6; Table S7). After adjusting for maternal smoking and DISCUSSION

alcohol consumption, the model results remained stable and In this large nationwide cross-sectional study, we found an
consistent with the main analysis (Table S8). The analysis with an approximately linear exposure-response association of exposure
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to ambient O; during embryonic period ranging from 18.9 ug/m>
to 134.1 ug/m> with increase odds of overall CHD and certain
types of CHD including VSD, TOF, PS, PA, TGA and PLSVC. These
associations did not vary across maternal age, maternal occupa-
tion status, paternal smoking status, presence of risk factors,
conception mode and fetus number. In addition, sensitivity
analyses demonstrated that similar associations were also
observed during the first trimester and the periconception period.
Our findings suggest that policies targeting air quality improve-
ment and measures to decrease ambient Os; exposure have
potential benefits for reducing the odds of CHD in fetuses.

Our study identified significant differences between the CHD
and No CHD groups. The CHD group had a higher proportion of
unemployed mothers, indicating lower socioeconomic status
(SES), which is linked to limited healthcare access, lower health
literacy, poor prenatal care, and higher psychosocial stress [18], all
of which may contribute to CHD. Additionally, the CHD group had
more pregnancies with shorter gestational weeks at examination,
a higher prevalence of twin pregnancies, and more pregnancy risk
factors like diabetes and hypertension. CHD may be detected
earlier due to targeted screening or abnormal ultrasounds,
resulting in earlier gestational age at diagnosis. Twin pregnancies
pose higher risks due to increased physiological demands and
shared placental circulation, leading to complications such as CHD
[19]. Moreover, risk factors like diabetes, hypertension, and
infections can negatively impact fetal development and increase
the risk of CHD.

Several studies have investigated the association of maternal
exposure to ambient Oz with the odds of pooled CHD and the
results were inconsistent. Some studies in China, Canada and
Europe did not identify a significant association with CHD
[7, 8, 20, 21]. In contrast, the other studies observed that exposure
to ambient O3 during the embryonic period and the first trimester
was significantly associated with increased odds of CHD [6, 22-24],
with an increase of less than 10% in odds for each 10 ug/m?
increase in ambient Oz during the first trimester. These effect
estimates are lower than those found in our study. However, the
comparison may need to be interpreted with caution due to
heterogeneity in the study population. Previous studies were
executed utilizing regional birth registry systems, and CHD cases
were ascertained among all neonates of the residents. In contrast,
the subjects in this study were patients with high-risk factors of
CHD seeking a definitive diagnosis in hospital settings. CHD cases
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were identified in both neonates and in pregnancies terminated
after prenatal diagnosis of fetal anomalies and late miscarriages.
Thus, the proportion of CHD cases in the study was 17.4%, which
markedly exceeded the prevalence reported in prior studies.
Secondly, ambient Oz exposure levels were various in those
studies. The mean ambient O3 exposure in our study was 95.1 ug/
m>, which exceeded the mean ambient O; concentrations
documented in most prior studies (mean range: 26.5 ug/m> to
72.4 ug/m?); In addition, highly heterogeneous in CHD definitions,
air pollutants assessments and the adjustment set also account for
the discrepancy.

With regard to CHD types, VSD was one of the most common
CHD subtypes at birth. We observed that exposure to ambient O3
during embryonic period was significantly associated with
increased odds of VSD, which was also reported by two Chinese
studies [1, 25]. TOF is the most common form of cyanotic congenital
heart disease. Two studies observed maternal exposure to ambient
O3 during the first trimester was associated with increased odds of
TOF, which was consistent with our findings [23, 26]. Quite a few
studies have investigated PS [7, 27] and TG [7, 20, 25] with maternal
exposure to ambient O; and most studies did not find significant
association, which was inconsistent with our results. Insufficient
sample size of these types of CHD in previous studies may restricted
the statistical power to estimate the association and may not
provide robust results. For other types of CHD, we were the first to
assess the association of maternal ambient O; exposure with VR, PA,
PLSVC and DORYV, and detect significant association for PLSVC and
PA but found no association for VR and DORV.

In this study, we found a stronger association between ambient
O3 exposure during embryonic period and CHD combined in the
warm season compared to the cool season. The finding can be
explained by several factors. Intense sunlight and higher
temperatures in the warm season promote photochemical
reactions, leading to higher O3 concentrations and increased
exposure levels [28]. Additionally, people tend to engage in more
outdoor activities during this season, which may increase the risk
of exposure to high Os levels, especially for pregnant women.
Furthermore, high temperatures and humidity can make the
respiratory system more sensitive and vulnerable [29], thereby
enhancing the impact of pollutants on fetal development.

Our results suggested that except the embryonic period,
periconception period was also a critical exposure window to
induce damage to cardiac development of the fetus.

SPRINGER NATURE

517



Y. Wang et al.

518

Periconception period included the 3 months before conception
when the preantral follicle in the ovary gradually matures and
ovulates and the first trimester when the major organs and
structures of the fetus were formed [30]. This period is a critical
time when maternal risk factors may be associated with adverse
pregnancy outcome [31]. Maternal exposure to ambient O; during
periconception period can affect oocyte quality, reduce embryo
viability and development, or alter placental function, leading to
impaired fetal growth [32]. Moreover, we observed the smallest
effect estimates during the embryonic period, followed by the
preconception period, with larger effect sizes in the first trimester
and the largest OR value during the periconception period. This
trend may reflect the cumulative nature of exposure, as the
periconception period encompasses all previous periods, resulting
in the highest OR value. To be noticed, maternal ambient O;
exposure levels are correlated across the different time periods
(Figure S5), which imply that the ORs for different time periods
may not be entirely independent. Our results suggest that
effective actions such as controlling emissions from industrial
enterprises or modifying time-activity patterns (e.g., staying
indoors on high Os days) can help reduce ambient Os; exposure
and prevent fetal CHD, particularly for pregnant women at high
risk of CHD.

Several mechanisms have been proposed to explain the
relationship between ambient O; and CHD. Migration of crest cells,
septation of the ventricles and outflow tracts, and the formation of
the endocardial tube are critical stages of cardiac development in
embryonic period [33]. Ambient Os is known to cause robust
increases in a number of proinflammatory cytokines, which have
been documented to alter neural cell migration and result in
outflow tract defect [34]. Also, evidence has indicated that maternal
exposure to ambient O can induce fibrinolysis and endothelial cell
dysfunction, which may affect placenta function, and thus
contribute to cardiac malformation [31]. In addition, growing
evidence proves that exposure to air pollutants could cause
epigenetic alternations and gene expression, which are closely
related to CHD [35].

The strength of our study included the reliable maternal-fetal
records and considerable fetal CHD cases (n =4844). Our study
used medical data from the National Clinical Research Center for
Cardiovascular Diseases, covering 1313 referral hospitals in China
during 2013-2021, which provided large sample size of study
population and employed an expert panel of clinicians to
rigorously review medical chart data and to maximize the validity
of case classification. Furthermore, we investigated the association
of maternal ambient Oz exposure during various exposure
windows with fetal CHD, TOF, DORV, and VSD in offspring,
extending the understanding of CHD prevention and ambient O3
exposure. Moreover, the range of air pollutant exposure was wide
and offered us the possibility to quantify detailed exposure-
response associations, especially at high exposure levels. Finally,
we incorporated a rich set of confounders to obtain more precise
estimates, and a series of sensitivity analyses indicated that our
results were robust.

Our study also has several limitations. First, the cross-sectional
design of the study limits our ability to determine the temporal
relationship between exposure and outcomes and make causal
inferences. Second, we used district-specific air pollution and
meteorological factors and to assign individual exposure for all
women during their pregnancy. Exposure misclassification could
be present due to the lack of information on the exact residential
address, maternal activity patterns, and residential mobility during
pregnancy. Moreover, exposure misclassification may occur
because we used ambient O3 exposure as a proxy for individual
actual ozone exposure. Further, although we adjusted fora
number of potential confounders in the analysis, we were unable
to account for certain important factors (e.g., socioeconomic
status, pre-pregnancy BMI), which may lead to residual
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confounding to our results. Finally, the subjects in this study were
women with high-risk factor of CHD, which limited the general-
izability of our results to general population. Additionally, there
are challenges in applying our findings to areas with lower levels
of ambient Os pollution.

Our findings extend the evidence investigating the possible
association between ambient O; and the odds of CHD using a
large sample from National Maternal-Fetal Medicine Consulta-
tion Network, covering a wide geographic scope in China, which
allowed analyses of individual types of CHD. Given CHD as the
leading cause of deaths from non-communicable diseases
(NCDs) in populations under 5 years, along with the 2030 sus-
tainable development goals aiming to decrease premature
deaths associated with NCDs [2], it is vital to effectively manage
risk factors that contribute to the development of CHD. Our
findings suggest that pregnant women, clinical practitioners,
and policy makers need to pay more attention to the exposure
to higher ambient O3 during early pregnancy to reduce the risk
of developing CHD and to improve outcomes across the
life span.

CONCLUSIONS

In conclusion, based on this large nationwide cross-sectional study
in China, we found that higher exposure to ambient Oz during
early pregnancy was significantly associated with increased odds
of CHD combined and certain types of CHD including VSD, TOF,
PS, PA, PLVSC and TGA. Our findings underscore the necessity of
reducing exposure to elevated ambient O3 levels during early
pregnancy to diminish the risk of CHD, particularly among
individuals at high risk for developing CHD. Well-designed
longitudinal studies with more detailed exposure assessment are
warranted to validate our findings.

DATA AVAILABILITY

The data for Os are available at http://tapdata.org.cn/. The data for PM, 5 are available
at https://doi.org/10.5281/zenodo.3753614. The clinical data are not publicly
available.
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