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Abstract

Congenital heart defects are the most prevalent type of birth defects. The association of air pollution
with congenital heart defects is not well understood. We investigated a cohort of 8969 singleton live
births in Lanzhou, China during 2010-2012. Using inverse distance weighting, maternal exposures to
particulate matter with diameters <10 um (PM,), nitrogen dioxide (NO,), and sulfur dioxide (SO,)
were estimated as a combination of monitoring station levels for time spent at home and in a work
location. We used logistic regression to estimate the associations, adjusting for maternal age,
education, income, BMI, disease, folic acid intake and therapeutic drug use, and smoking; season of
conception, fuel used for cooking and temperature. We found significant positive associations of
Patent Ductus Arteriosus (PDA) with PM, during the 1st trimester, 2nd trimester and the entire
pregnancy (OR 14t trimester = 3-96, 95% confidence interval (CI): 1.36, 11.53; OR 2,4 trimester = 3-59»
95% CI: 1.57, 8.225 OR engire pregnancy = 2.09, 95% CI: 1.21, 3.62, per interquartile range (IQR)
increment for PM;, (IQR=71.2,61.6,and 27.4 ug m, respectively)), and associations with NO,
during 2nd trimester and the entire pregnancy (OR 2,4 trimester = 1.92, 95% CI: 1.11, 3.34; OR ¢pgire
pregnancy = 2.32,95% Cl: 1.14, 4.71, per IQR increment for NO, (IQR = 13.4 and 10.9 ug m >,
respectively)). The associations for congenital malformations of the great arteries and pooled cases
showed consistent patterns. We also found positive associations for congenital malformations of
cardiac septa with PM o exposures in the 2nd trimester and the entire pregnancy, and SO, exposures
in the entire pregnancy. Results indicate a health burden from maternal exposures to air pollution,

with increased risk of congenital heart defects.

1. Introduction

A growing body of literature links maternal exposure
to air pollution to adverse birth outcomes, including
low birth weight, preterm births, intrauterine growth
retardation and birth defects [1-5]. Birth defects are a
leading cause of infant death and disability later in life
[6]. The most prevalent group of birth defects,
congenital heart defects, has the highest prevalence in
Asia (i.e., 9.3 per 1000 live births) [7]. However, no

previous study has been conducted in Asia to investi-
gate the relationship between congenital heart defects
and air pollution, despite high pollution levels in this
region. Studies on this issue were mainly conducted in
western countries and provided inconsistent results
[8-20], which might be due to differences in the
classification of subgroups of congenital heart defects,
the exposure window selection, exposure assessment
and adjustments for confounding factors. In light of
the inconclusive association between ambient air

©2015IOP Publishing Ltd
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pollution and congenital heart defects as well as the
lack of studies in areas with both high prevalence of
congenital heart defects and high air pollution levels,
we conducted a study in Lanzhou, China to fill this
gap. To address the challenges of a lack of standardized
methodology in previous literature, we included
multiple pollutants and exposure windows, and con-
ducted extensive sensitivity analyses to test the validity
of our results. In addition, detailed information on
residential mobility and other risk factors of congenital
heart defects was available in our cohort to improve
exposure and risk assessment.

Lanzhou, located in Northwest China, is the capi-
tal and largest city of Gansu Province, with area of
5058 mile” and 3.6 million residences. It is also a trans-
portation hub linking the East and the West of China.
According to a 2011 World Health Organization
report, Lanzhou was the most polluted city in China
[21]. Sand storms, emissions from factories and traffic
result in high levels of air pollution. Moreover, the city
center is surrounded by mountains and hills that rise
to 500-600 m. This trough-shaped topography traps
air pollutants at the ground level, resulting in well-
documented poor air quality [22]. Previous analysis of
the characteristics of ambient air pollution in Lanzhou
during the study period identified that PM;, con-
centrations exceeded health-based regulations and
guidelines [23-25] and high levels of air pollution in
Lanzhou were associated with increased risk of health
outcomes such as hospital admissions for respiratory
disease [26].

The objective of this study is to investigate whether
maternal exposures to PM;, NO, and SO, are asso-
ciated with elevated risks of congenital heart defects in
Lanzhou, China. This study is the first to investigate
the relationship between birth defects and ambient air
pollution in China. We provide analysis of birth
defects in relation to levels of ambient air pollution
that are higher than many other locations, but relevant
globally, especially in areas with rapid urbanization
and expanding industry and transportation.

2. Materials and methods

2.1. Study population

We recruited 10 542 women who gave birth at Gansu
Provincial Maternity and Child Care Hospital in
Lanzhou, China in 2010-2012. The process of enroll-
ment was described elsewhere [27]. Written consent
was obtained and then in-person interviews were
conducted by trained study interviewers at the hospi-
tal. By means of a standardized and structured
questionnaire, women provided detailed information
on demographics (i.e., residential history, education,
family income, and access to prenatal health educa-
tion), medical and reproductive history (e.g., any
conditions of hypertension, coronary heart disease,
diabetes, HBV infection; any previous pregnancy
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history) and lifestyle choices (e.g., active or passive
smoking, alcohol drinking, tea consumption, diet,
physical exercises and fuel used for cooking). Birth
outcomes and information on maternal complications
(e.g., gestational age, birth weight, and defects; any
gestational hypertension and preeclampsia) were
abstracted from the medical records. Congenital heart
defects (N =73) were ascertained if any of the follow-
ing subtypes were confirmed: Q20-Q28 (International
Classification of Diseases (ICD)-10 code). The cases
were diagnosed shortly after birth.

Among the 10542 women who completed the
questionnaires, we excluded women who lived outside
Lanzhou (n=1344), had multiple births (n=323),
had infants with other birth defects (n=174) or had
stillbirths (#=>53). Then we excluded women living
further than 50 km to the closest air pollution monitor
(n=127) [14]. Finally, 8729 singleton live births were
included in the analysis. Congenital heart defects were
the most common type of birth defect in this cohort
(prevalence: 8.4 per 1000 singleton live births). Infants
included in the analyses (1 =8729) include 73 pooled
cases (any type or multiple congenital heart defects),
54 congenital malformations of the great arteries, 19
congenital malformations of cardiac septa, 1 con-
genital malformations of cardiac chambers and con-
nections, and 7 other congenital malformations of
heart (supplementary table S5).

2.2. Exposure assessment

Daily average concentrations of ambient PM;o, SO,,
and NO, were obtained from 4 air monitoring stations
in Lanzhou, operated by the Lanzhou Environmental
Monitoring Bureau (figure 1). These three pollutants
were the only ambient air pollutants routinely mea-
sured in Lanzhou before 2013. Two monitoring
stations, Xigu and Huanghebei, had 48 months of daily
observations (April 2009-March 2013) in the study
period. The other two stations, Xizhan and Tieluju,
provided observations for 27 months (January 2011—
March 2013). The monitoring data from the 2
monitors covering the full study period were used in
the main analysis.

The full residential history including the start and
stop dates for each residence was obtained, so residen-
tial mobility was taken into account. If a woman had
more than one address during an exposure window,
the exposure estimates were weighted based on the
number of days at each residence. Further we con-
sidered exposures at work place locations.

First, the date of conception was calculated based
on the date of birth and gestational age. Daily average
concentrations of air pollutants were spatially inter-
polated using inverse distance weighting (IDW) to
assign daily exposures at each residence and work
location. IDW is an interpolation method to assign
pollution levels to unknown points based on known
monitoring data. The following is the IDW formula
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Figure 1. Locations of monitors, distribution of residences of births and buffers of 6, 12 and 50 km from monitors (n = 8969).

>, zidi~!
idit’
where z; is the pollution levels at the ith monitor and

d; is the distance from the ith monitor to the point of
interest (x, ). Then, exposures were time-weighted
averaged as 2/3 of time at home and 1/3 of time at
work. Daily exposures were averaged over four expo-
sure windows: week 3-8, 1st, 2nd trimester and entire
pregnancy. Week 3-8 of pregnancy is often considered
a critical window during which the fetus is susceptible
to the development of congenital heart defects [28].
The 1st and 2nd trimesters have been analyzed sepa-
rately in previous studies investigating congenital
anomalies and air pollution [15, 16, 29]. In summary,
for each pregnancy, 12 variables were estimated for
combinations of 3 pollutants (PM;, SO,, and NO,)
and 4 exposure windows during pregnancy (week 3-8
of pregnancy, the Ist, 2nd trimester and entire
pregnancy).

for pollution levels at point (x, y): z (x, y) =

2.3. Statistical analysis

The associations between maternal exposures to air
pollution and risk of congenital heart defects were
estimated by logistic regression models. The outcome
groups included in the models were pooled cases (ICD
10: Q20-28), congenital malformations of great
arteries (ICD 10: Q25), congenital malformations of
cardiac septa (ICD 10: Q21), and isolated cases of
Patent Ductus Arteriosus (PDA) (ICD 10: Q250).
PDA is the most prevalent subtype of congenital
malformations of the great arteries in our cohort.
Exposure variables were included in the models as
continuous variables, with separate models for each
pollutant. We included the following covariates in the

fully adjusted models: maternal age (<25, 25-30,
30-35, >35 years), maternal education (less than high
school, finished high school, more than high school),
monthly family income (<2000, 2000—4000,
>4000 RMB), mother’s body mass index (BMI) (<24,
>24 kg m™) [30], folic acid intake during the Ist
trimester (yes/no), therapeutic drug intake (yes/no),
maternal illness (yes/no), smoking status including
passive and active smoking (yes/no), fuel used for
cooking (gas and electricity or no cooking/other),
temperature and season of conception [spring
(March—-May), summer (June—August), fall (Septem-
ber—November), or winter (December—February)].
Periconceptional intake of folic acid containing
multiple vitamins has been associated with a reduced
risk of congenital heart defects [31]. On the other
hand, some therapeutic drugs might increase risk of
birth defects if ingested during pregnancy [31]. A
woman was considered to ingest therapeutic drugs if
she took at least one category of the following drugs:
thalidomide, antibiotics, antiviral agents, antifungal
therapies, anticonvulsants, lithium, benzodiazepines,
sympathomimetics, corticosteroids, nonsteroidal
anti-inflammatory drugs, female hormones, or angio-
tension-converting enzyme inhibitors. Maternal ill-
ness was used as a binary variable to adjust for the
overall health status of the mothers. The following dis-
eases assessed by the survey were considered: cardio-
vascular disease, respiratory diseases, renal diseases,
thyroid diseases, anemia, HBV infection and cirrhosis.
Extensive sensitivity analyses have been conducted
to test the validity of our results. 1) To assess the influ-
ence of exposure at work, maternal exposures
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Table 1. Summary statistics of daily maternal exposures® in Lanz-
hou, 2009-2012 (ug m~>).

Exposure PM,, NO, SO,

windows Mean (IQR) Mean (IQR) Mean (IQR)

Weeks 3-8 137.5(79.8) 44.2 (14.4) 57.0(57.6)

First trimester 137.9(71.2) 44.1(13.0) 57.1(56.1)

Second 142.3 (61.6) 43.3(13.4) 59.0(62.3)
trimester

Entire 140.0 (27.4) 42.5(10.9) 56.4(19.2)
pregnancy

Abbreviations: IQR, interquartile range.

* The exposures were estimated using the primary approach (i.e., 2
monitors covering the entire period of study). The exposures were
estimated for women living within 50 km of a monitor (1 = 8729).

calculated only at home were included in the logistic
regression models. 2) Children with other defects were
included in the analyses. 3) We explored risks asso-
ciated with exposure levels higher than Chinese
national air quality standard [23]. The fraction of days
exceeding the daily Chinese air quality standards were
calculated for each woman during each exposure win-
dow. 4) We conducted the analyses for women who
lived close to the monitors (<6 or 12 km of a monitor)
(supplementary figure S1). 5) Maternal exposures
were divided into tertiles to explore the hypothesis of a
linear exposure-response relationship. 6) We repeated
main analyses using data from all 4 monitors, that is,
daily exposures were calculated based on 2 monitors
before 1 January 2011, and based on all 4 monitors for
later days. All statistical analyses were performed using
SAS, version 9.3 (SAS Institute, Inc., Cary, NC).

3. Results

3.1. Summary of air pollution exposure and the
study subjects

The average concentrations of PM;y, NO,, and SO,
were 143.8 ugm™, 41.6 ugm™, and 54.5 ug m=,
respectively. Average air pollution concentrations
from the 4 monitoring stations were similar, indicat-
ing low spatial heterogeneity of air pollution at the city
level [26]. The correlations between the three pollu-
tants from the 2 monitors covering the full study
period were weak (supplementary table S1).

The average and IQR of maternal exposures to
PM,g, NO,, and SO, during each exposure window
are shown in table 1. The IQR corresponds to the
increments in the following results when air pollution
exposures were included as continuous variables.
Exposures during weeks 3-8 of pregnancy were highly
correlated with exposures in the 1st trimester (table 2).
Exposures were significantly higher among the infants
with, than without congenital heart defects (p-value
<0.05) (table 3).

The characteristics of the study population are
shown in table 3. Distribution of maternal age, folic
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acid intake, therapeutic drug use, gestational weeks,
and maternal illness before pregnancy were sig-
nificantly different between infants without congenital
heart defects and pooled cases (p-value <0.05).
Mothers whose infants had any congenital heart
defects were more likely to be older than 35 (15.1%
versus 6.6%), or have an illness (6.9% versus 2.7%)
than mothers whose infants did not have congenital
heart defects. Folic acid intake during the 1st trimester
was more common among mothers with healthy
infants (67.5% versus 56.4%). Therapeutic drug use
during pregnancy was more common in women
whose infants had any congenital heart defects (9.6%
versus 5.2%). Congenital malformations of the great
arteries and cardiac septa showed similar patterns in
the pooled cases.

3.2. Associations between air pollution and
congenital heart defects

The adjusted ORs (95% CI) for congenital heart
defects associated with maternal exposure to air
pollution are shown in table 4. In the fully adjusted
model, positive associations were observed between
isolated PDA and an IQR increase in PM,, exposures
during the 1st, 2nd trimester and the entire pregnancy
(OR 1at trimester = 3.96, 95% CI: 1.36, 11.53; OR g
wimester = 3.39, 95% CI: 157, 8.22; OR enire pregnancy =
2.09, 95% CI: 1.21, 3.62); and an IQR increase in NO,
exposure during the 2nd trimester and entire preg-
nancy (OR 244 wimester = 1.92, 95% CI: 1.11, 3.34; OR
entire pregnancy = 2.32, 95% Cl: 1.14, 4.71). No associa-
tions were found during weeks 3-8 of pregnancy. The
results for congenital malformations of the great
arteries and pooled cases showed similar patterns.
Congenital malformations of cardiac septa were
positively associated with PM,, exposures during the
2nd trimester and the entire pregnancy (OR ,.4
wimester = 551, 95% CI: 1.36, 22.35; OR entire pregnancy =
2.70,95% CI: 1.11, 6.57, for IQR increment), and with
SO, exposures during the entire pregnancy (OR cpgire
sregnancy = 5.16, 95% CI: 1.01, 26.26, for IQR
increment).

The analyses using exposures calculated only at
home, rather than at work and home, showed similar
results (table 5). The analyses including children with
other defects also showed similar results (table 6). On
average, during the entire pregnancy Chinese daily air
quality standards were exceeded for 32.3, 6.2 and 5.3%
of days for PM;o, NO, and SO,, respectively. For iso-
lated PDA, positive associations were found for the
fraction of days with PM;, levels exceeding daily
national standards during the 2nd trimester and the
entire pregnancy (table 7). During the entire preg-
nancy, for every 40.5% (IQR) increase in the fraction
of days with PM,, levels exceeding 150 pg m™>, the
odds of having an infant with PDA would be doubled
(OR=2.00; 95% CI: 1.16, 3.45). For pooled cases and
congenital malformations of the great arteries, positive
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Table 2. Correlation coefficients between maternal exposures during different exposure

windows".
Ist trimester 2nd trimester Entire pregnancy
Weeks 3-8 0.94 0.06 0.22
PM,o Ist trimester 0.15 0.30
2nd trimester 0.79
Weeks 3-8 0.93 —-0.05 0.44
NO, Ist trimester 0.07 0.53
2nd trimester 0.67
Weeks 3-8 0.97 —-0.11 —-0.05
SO, 1st trimester 0.02 0.05
2nd trimester 0.79

* The exposures were estimated for women living within 50 km of a monitor (1 = 8729)

using 2 monitors covering the entire period of study.

associations were found for the fraction of days with
PM, levels exceeding 150 ug m~>during the Ist, 2nd
and entire pregnancy (table 7).

Most of the women lived within 12 km of a moni-
tor. The number of cases and total births living within
6, 12 and 50 km of a monitor, and the distribution of
distance between residence and the closest monitor
are shown in supplementary table S3. The sensitivity
analyses for women living within 6 or 12km of a
monitor showed consistent results (results for isolated
PDA shown in figure 2). Linear exposure—response
patterns were confirmed between isolated PDA and
PM; and NO, exposures during the 2nd trimester (p
for trend <0.05) (figure 3). The sensitivity analyses
using monitoring data from all 4 monitors showed
consistent results (supplementary table S2).

4. Discussion

In this birth cohort study, we found positive associa-
tions of PM;, and NO, exposures during the 2nd
trimester and entire pregnancy with isolated PDA,
congenital malformations of the great arteries, and
pooled cases in Lanzhou, China in 2009-2012. The
association for PM,, exposures in the 1st trimester was
also significant. We did not find significant associa-
tions for exposures during weeks 3-8 of pregnancy.
Results from sensitivity analyses were consistent.

Mechanisms of the teratogenicity of air pollutants
remains unclear, but several hypotheses have been
proposed for the effects of air pollutants on fetal devel-
opment, including oxidative stress, pulmonary and
placental inflammations, increased blood coagulation
and viscosity, and oxidation of lipids and proteins by
NO,, as reviewed by Polichetti et al [2]. Congenital
anomalies may share the similar etiological pathway
with early fetal growth [1].

Our results were consistent with a meta-analysis
on air pollution and congenital anomalies, which
found positive PM;, associations with coarctation of
the aorta (CoA) (a type of congenital malformations of
the great arteries), Ventricular Septal Defects (VSD)

and Atrial Septal Defects (ASD) (types of congenital
malformations of cardiac septa); and associations of
NO, with CoA [1]. We also compared our results with
13 previous original epidemiologic studies investigat-
ing the relationship between air pollution exposures
and congenital heart defects (table 8). These studies
were identified by searching three scientific literature
databases: Web of Science, Scopus, and PubMed [32—
34]. The final search was conducted on 27 March
2015. Searches were performed for the following
terms: 1) at least one of the following: ‘air pollution’,
‘air pollutant’, ‘air pollutants’, ‘particulate matter’,
PM,, SO,, or NO,; and 2) ‘heart defect*’ or ‘cardiac
defect*’, where * represents any combination of char-
acters. Studies only investigating combined congenital
anomalies as a composite outcome variable were not
included in this table.

The ORs for isolated PDA (the most prevalent
subtype of arteries malformations in our cohort) were
reported in three studies [8, 15, 19]. One study found a
positive association for PM,,, consistent with our
results [19]. Coarctation of the aorta, another subtype
of artery malformation, was found to be positively
associated with NO, and SO, [13, 17, 18]; this subtype
was not found in our cohort. Pooled artery defects
were investigated in five studies, with none finding sig-
nificant associations, which is not consistent with our
result [9-13]. Pooled septal defects were investigated
in ten previous studies [8—14, 16, 18, 19], which found
positive associations for PM;, with ASD, and peri-
membranous VSD [12, 14, 18]. This is consistent with
our result during the entire pregnancy. However, sep-
tal defects had a small sample size (14 with complete
covariate information). The ORs for pooled cases were
reported in six studies [8, 9, 11, 15—-17]. Our results are
consistent with a study in Israel [8], which also found
positive associations for PM,q; however, no studies
showed positive associations for NO, or SO,. In fact,
SO, was found to have protective effects in two stu-
dies [9, 15].

Air pollution levels in Lanzhou were substantially
higher than levels in Atlanta (US), Brisbane (Aus-
tralia), Barcelona (Spain), four regions in England,
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Table 3. Characteristics of Infants with and without congenital heart defects, Lanzhou, 2010-2012°
Infants with-
out con- Pooled con- Congenital mal- Congenital mal-
genial heart genital heart formations of formations of
defects defects greatarter- cardiac

Characteristic (n=8656)" (n=73)" ies (n=54)° septa (n= 19)¢
Infant’s gender
Male 4528 (52.3) 40 (54.8) 29 (53.7) 13 (68.4
Female 4099 (47.4) 32(43.8) 25 (46.3) 6(31.6
Missing 29(0.3) 1(1.4) 0 0
Maternal age

(years)
<25 1788 (20.7) 17 (23.3) 16 (29.6) 1(5.3)
25-30 4447 (51.4) 37(48.0) 23 (42.6) 14 (76.7)
30-35 1853 (21.4) 10(13.7) 7(13) 3(15.8)
>35 568 (6.6) 11(15.1) 8(14.8) 1(5.3)
Maternal

education
Less than high 1502 (17.4) 21(28.8) 15 (27.8) 5(26.3)

school
Finished high 1515 (17.5) 13(17.8) 11(20.4) 3(15.8)

school
More than high 5486 (63.4) 38 (52.1) 27 (50.0) 10 (52.6)

school
Missing 153 (1.8) 1(1.4) 1(1.9) 1(5.3)
Monthly family

income

(RMB)
<2000° 1769 (20.4) 20 (27.4) 16 (19.6) 6(31.6)
2000-4000 4166 (48.1) 28(38.4) 18(33.3) 9(47.4)
>4000 1893 (21.9) 15(20.6) 12 (22.2) 0
Missing 835 (9.6) 10(13.7) 8(14.8) 4(21.1)
Mother’s BMI

(kg m™3)
<24f 7522 (86.9) 59 (80.8) 43 (79.6) 16 (84.2
>24 897 (10.4) 10(13.7) 8(14.8) 2(10.5
Missing 237 (2.7) 4(5.5) 3(5.6) 0
Maternal folic

acid intake in

the first

trimester
Yes 5840 (67.5) 41(56.2) 25 (46.3) 10 (52.6)
No 2816 (32.5) 32(43.8) 29 (53.7) 9(47.4)
Maternal ther-

apeutic drug

intake dur-

ing

pregnancy
Yes 447 (5.2) 7(9.6) 5(9.3) 3(15.8)
No 8206 (94.8) 65 (89.0) 49 (90.7) 16 (84.2)
Missing 3(0.1) 1(1.4) 0 0
Maternal illness
Yes 230(2.7) 5(6.9) 4(7.4) 2(10.5)
No 8426 (97.3) 68(93.2) 50 (92.6) 17 (89.5)
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Infants with-
out con- Pooled con- Congenital mal- Congenital mal-
genial heart genital heart formations of formations of
defects defects greatarter- cardiac

Characteristic (n=8656)" (n=73)" ies (n=54)° septa (n= 19)¢
Maternal

smoking
Yes 13(17.8) 1630 (18.8) 11(20.4) 0
No 60 (82.2) 7026 (81.2) 43 (79.6) 19 (100)
Cooking fuel
Gasand elec- 58(79.5) 7663 (88.5) 43 (79.6) 15 (79.0)

tricity or not

cooking
Other 5(6.9) 347 (4.0) 2(3.7) 1(5.3)
Missing 10(13.7) 646 (7.5) 9(16.7) 3(15.8)
Season of

conception
Spring 13(17.8) 1814 (21.0) 6(11.1) 4(21.1)
Summer 28 (38.4) 2497 (28.9) 22 (40.7) 8(42.1)
Fall 22(30.1) 2367 (27.4) 17 (31.5) 5(26.3)
Winter 10(13.7) 1978 (22.9) 9(16.7) 2(10.5)
Pregnancy

mobility
Move at 266 (3.1) 2(2.7) 1(1.8) 1(5.3)

least once
Did not move 8390 (96.9) 71(97.3) 53(98.2) 18 (94.7)
Working dur-

ing

pregnancy
Work 3815 (44.1) 31(42.5) 21(38.9 9(47.4
Notwork 4841 (55.9) 42 (57.5) 33(61.1 10 (52.6
Gestational

exposure
PM,o 139.9(19.2) 151.3(23.8) 152.6 (24.3) 155.0(24.2)
NO, 42.4(6.9) 44.9(5.9) 44.9 (5.6) 45.5 (4.9)
SO, 56.4(12.9) 60.7 (12.9) 61.2(11.5) 62.6 (11.1)

* Table values are n (column %) for categorical variables and mean (SD) for continuous variables. Percentages may not sum to 100% due to

rounding. The primary analysis included women living within 50 km of a monitor (n = 8729).

" Congenital malformations of the great arteries is a subgroup of congenital heart defects. They include 52 cases with Patent ductus

arteriosus, and 2 cases with both Patent ductus arteriosus and Stenosis of pulmonary artery.

¢ Patent Ductus Arteriosus (PDA) is the most prevalent subtype of malformations of the great arteries in this cohort. Isolated cases of PDA

are the cases with PDA only.
4 1RMB ~=0.16USD.

¢ BMI cut-off point of overweight is for people living in mainland China.

and the Tel-Aviv region in Israel, except for NO, in
Barcelona [8, 11, 13, 17, 19]. PDA is the most pre-
valent subtype in our cohort (52.7 per 10 000), which
was higher than that reported in previous studies
(Texas, US: 2.5 per 10 000; four regions, UK, 4.6 per
10 000; the Tel-Aviv region, Israel: 12.6 per 10 000;
Guangdong Province, China: 20.1 per 10000)

[8, 15, 19, 35]. These differences might contribute to
the variation in results.

We found positive associations for PM,, with iso-
lated PDA, pooled artery defects, and pooled cases
during the 1st and 2nd trimester, supported by exten-
sive sensitivity analyses. This is consistent with a Kor-
ean study finding the same pattern for pooled

7
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Table 4. Adjusted ORs" (95% CI) for congenital heart defects associated with IQR” increases in air pollution exposures during weeks 3-8, the
1st, 2nd, 3rd trimesters and entire pregnancy in Lanzhou, 2010-2012.

PM,, NO, S0,
Outcome groups Exposure windows OR (95% CI) OR (95% CI) OR (95% CI)
Weeks 3-8 1.42 (0.70,2.87) 1.21(0.78,1.89) 0.78(0.28,2.17)
1st trimester 3.10(1.28,7.51) 1.49(0.91,2.44) 0.54(0.15,2.02)
Pooled congenital heart defects (N =73) 2nd trimester 4.23(2.11,8.50) 1.86(1.18,2.93) 0.87(0.16,4.62)
Entire pregnancy 2.28(1.45,3.60) 2.26(1.26,4.08) 1.21(0.51,2.86)
Weeks 3-8 1.83(0.83,4.03) 1.18(0.72,1.94) 0.89(0.28,2.84)
Ist trimester 4.23(1.53,11.65) 1.45 (0.83,2.54) 0.69 (0.26, 1.81)
Congenital malformation of great arteries (N = 54) 2nd trimester 4.00(1.80, 8.87) 1.99(1.18,3.36) 0.87(0.12,6.22)
Entire pregnancy 2.33(1.37,3.97) 2.16(1.12,4.18) 1.27(0.47,3.48)
Weeks 3-8 1.39(0.35,5.50) 0.94(0.36,2.42) 1.46 (0.22,9.94)
Ist trimester 2.43 (0.43,13.90) 0.95 (0.34,2.63) 0.84 (0.14,4.91)
Congenital malformation of cardiac septa (N =19) 2nd trimester 5.51(1.36,22.35) 1.58 (0.65, 3.80) 2.57(0.10,63.78)
Entire pregnancy 2.70(1.11,6.57) 1.53(0.52,4.50) 5.16 (1.01,26.26)
Weeks 3-8 1.72(0.74, 4.00) 1.27(0.76,2.13) 0.68 (0.20,2.39)
1st trimester 3.96 (1.36,11.53) 1.69 (0.94, 3.04) 0.49 (0.10, 2.38)
Isolated cases of patent ductus arteriosus” (N = 46) 2nd trimester 3.59(1.57,8.22) 1.92(1.11,3.34) 0.60 (0.08,4.71)
Entire pregnancy 2.09(1.21,3.62) 2.32(1.14,4.71) 0.86 (0.29,2.53)

* Adjusted for: maternal age, maternal education, monthly family income, mother’s body mass index, folic acid intake during the Ist
trimester, therapeutic drug intake, any maternal diseases, smoking status including passive and active smoking, fuel for cooking, season of
conception and temperature. For congenital malformations of cardiac septa, covariates of maternal age, income, smoking, and fuels for
cooking have categories where the number of cases were <1. Therefore, the following changes were made for these covariates in the models:
1) smoking and fuels for cooking were excluded; 2) maternal age was categorized into two groups (<30 and >30); 3) income was categorized
into two groups (<2000 and >2000).

" IQR: interquartile range of PM 4, NO,, and SO, are specific to each exposure window (table 1).

¢ The exposures were estimated for women living within 50km of a monitor (n = 8729) using 2 monitors covering the entire period of study.

4 Patent Ductus Arteriosus (PDA) is the most prevalent subtype of malformations of the great arteries in this cohort. Isolated cases of PDA
are the cases with PDA only.

Table 5. Adjusted ORs" (95% CI) for congenital heart defects associated with IQR increases in air pollution exposures at home” in Lanzhou,
2010-2012.

PM,, NO, SO,
Outcome groups Exposure windows OR (95% CI) OR (95% CI) OR (95% CI)
Weeks 3-8 1.43(0.71,2.88) 1.19(0.80, 1.78) 0.80(0.29,2.23)
Ist trimester 3.02(1.26,7.25) 1.47 (0.90, 2.40) 0.77 (0.15, 4.02)
Pooled congenital heart defects (N =73) 2nd trimester 4.01(2.00,8.01) 1.81(1.16,2.85) 0.78 (0.15,4.01)
Entire pregnancy 2.21(1.40,3.50) 2.18(1.22,3.88) 1.22(0.53,2.83)
Weeks 3-8 1.83(0.84,4.02) 1.16 (0.71,1.91) 0.89(0.28,2.83)
Lst trimester 4.06 (1.49, 11.06) 1.41 (0.81,2.47) 0.69 (0.27, 1.79)
Congenital malformation of great arteries (N = 54) 2nd trimester 3.81(1.73,8.41) 1.95(1.16,3.27) 0.76 (0.11,5.28)
Entire pregnancy 2.26(1.32,3.87) 2.08 (1.09,3.98) 1.24(0.47,3.31)
Weeks 3-8 1.40 (0.36, 5.49) 0.99 (0.39,2.52) 1.61 (0.24,10.75)
Ist trimester 2.44 (0.4, 13.62) 0.99 (0.36,2.71) 0.89 (0.15,5.11)
Congenital malformation of cardiac septa (N =19) 2nd trimester 5.11(1.28,20.41) 1.52(0.64,3.64) 2.28(0.10,52.89)
Entire pregnancy 2.58(1.05,6.31) 1.48(0.51,4.3) 5.21(1.06,25.47)
Weeks 3-8 1.73(0.75,4.00) 1.26 (0.75,2.10) 0.69 (0.20,2.39)
Lst trimester 3.80(1.32,10.97) 1.64(0.92,2.94) 0.54(0.19, 1.52)
Isolated cases of patent ductus arteriosus’ (N=46) 2nd trimester 3.42(1.50,7.80) 1.88(1.09,3.26) 0.52(0.07,4.01)
Entire pregnancy 2.02(1.16,3.53) 2.22(1.11,4.44) 0.86 (0.30, 2.45)

* Adjusted for: maternal age, maternal education, monthly family income, mother’s body mass index, folic acid intake during the 1st
trimester, therapeutic drug intake, any maternal diseases, smoking status including passive and active smoking, fuel for cooking, season of
conception, and temperature. For congenital malformations of cardiac septa, covariates of maternal age, income, smoking, and fuels for
cooking have categories where the number of cases were <1. Therefore, the following changes were made for these covariates in the models:
1) smoking and fuels used for cooking were excluded; 2) maternal age was categorized into two groups (<30 and >30); 3) income was
categorized into two groups (<2000 and >2000).

® IQR: interquartile range of PM o, NO,, and SO, are specific to each exposure window (table 1).

¢ The exposures were estimated for women living within 50km of a monitor (n = 8729) using 2 monitors covering the entire period of study.

4 Patent Ductus Arteriosus (PDA) is the most prevalent subtype of malformations of the great arteries in this cohort. Isolated cases of PDA
are the cases with PDA only.
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Table 6. Adjusted ORs® (95% CI) for congenital heart defects associated with IQR” increases in air pollution exposures during week 3-8, the
1st, 2nd, 3rd trimesters and entire pregnancy® including children with other defects in Lanzhou, 2010-2012.

PM,, NO, SO,
Outcome groups Exposure windows OR (95% CI) OR (95% CI) OR (95% CI)
Weeks 3-8 1.42(0.70,2.88) 1.19(0.79, 1.78) 0.77 (0.28,2.17)
1st trimester 3.09(1.27,7.50) 1.49 (0.91, 2.46) 0.56 (0.23,1.37)
Pooled congenital heart defects (N =73) 2nd trimester 4.21(2.10, 8.45) 1.86(1.18,2.93) 0.87(0.16,4.67)
Entire pregnancy 2.32(1.46,3.70) 2.26(1.26,4.07) 1.20(0.50, 2.84)
Weeks 3-8 1.84(0.83,4.05) 1.17(0.71,1.93) 0.88(0.27,2.84)
Ist trimester 4.23(1.53,11.68) 1.45(0.83,2.53) 0.69 (0.26, 1.81)
Congenital malformation of great arteries (N = 54) 2nd trimester 3.98(1.80, 8.83) 1.99(1.18,3.36) 0.87(0.12,6.25)
Entire pregnancy 2.32(1.36,3.95) 2.15(1.11,4.16) 1.26 (0.46, 3.43)
Weeks 3-8 1.40 (0.35,5.53) 0.94 (0.36,2.42) 1.46 (0.21,9.98)
1st trimester 2.44(0.43,13.92) 0.95(0.34,2.64) 0.85(0.14,4.93)
Congenital malformation of cardiac septa (N =19) 2nd trimester 5.49 (1.36,22.21) 1.58 (0.65,3.81) 2.61(0.10, 64.75)
Entire pregnancy 2.69(1.11,6.56) 1.53(0.52,4.50) 5.12(1.01,25.99)
Weeks 3-8 1.72(0.74,4.02) 1.27(0.76,2.12) 0.68 (0.19,2.38)
1st trimester 3.97(1.36,11.59) 1.69 (0.94,3.03) 0.48(0.10,2.36)
Isolated cases of patent ductus arteriosus” (N = 46) 2nd trimester 3.58(1.56,8.19) 1.92(1.11,3.34) 0.59(0.07,4.73)
Entire pregnancy 2.08 (1.20, 3.60) 2.31(1.14,4.68) 0.85(0.29,2.49)

* Adjusted for: maternal age, maternal education, monthly family income, mother’s body mass index, folic acid intake during the 1st
trimester, therapeutic drug intake, any maternal diseases, smoking status including passive and active smoking, fuel used for cooking, season
of conception and temperature. For congenital malformations of cardiac septa, covariates of maternal age, income, smoking, and fuels for
cooking have categories where the number of cases were <1. Therefore, the following changes were made for these covariates in the models:
1) smoking and fuels for cooking were excluded; 2) maternal age was categorized into two groups (<30 and >30); 3) income was categorized
into two groups (<2000 and >2000).

" JQR: interquartile range of PM,, NO,, and SO, are specific to each exposure window (table 1).

¢ The exposures were estimated for women living within 50km of a monitor (n = 8839) using 2 monitors covering the entire period of study.
4 Patent Ductus Arteriosus (PDA) is the most prevalent subtype of malformations of the great arteries in this cohort. Isolated cases of PDA

are the cases with PDA only.

Table 7. Adjusted ORs for congenital heart defects associated with IQR" increase in fraction of days exceeding daily national standards
during each exposure window for PM;, NO, and SO, (150.0 ug m~> for PM, ¢, 80.0 ug m ™ for NO,, 150.0 ug m > for SO,)°.

PM,, NO, SO,
Outcome groups Exposure windows OR (95% CI) OR (95% CI) OR (95% CI)
Weeks 3-8 1.10(0.51,2.40) 1.12(0.87,1.44) 1.34(0.97,1.84)
Ist trimester 2.53(1.07,5.99) 1.38(0.99, 1.94) 1.26 (0.63,2.52)
Pooled congenital heart defects (N=73) 2nd trimester 6.16(2.54,14.95) 1.25(0.97,1.61) 0.85(0.54,1.34)
Entire pregnancy 2.28(1.44,3.59) 1.79 (0.99, 3.25) 1.20(0.67,2.17)
Weeks 3-8 1.48 (0.60, 3.66) 1.05 (0.80, 1.38) 1.09 (0/.83, 1.43)
1st trimester 3.39(1.23,9.35) 1.25(0.87,1.80) 0.89(0.52,1.52)
Congenital malformation of great arteries (N = 54) 2nd trimester 5.41(1.94,15.07) 1.28 (0.95,1.73) 0.90 (0.48,1.70)
Entire pregnancy 2.88(1.34,3.88) 1.47 (0.74,2.93) 0.95(0.46,1.93)
Weeks 3-8 1.43(0.31,6.49) 1.01(0.59,1.73) 1.39(0.45,4.28)
Ist trimester 3.13(0.59, 16.65) 1.04(0.52,2.09) 1.59 (0.59, 4.24)
Congenital malformation of cardiac septa (N=19) 2nd trimester 5.50(0.97,31.07) 1.24(0.75,2.05) 0.58(0.18,1.86)
Entire pregnancy 2.95(1.19,7.32) 1.39(0.45, 4.28) 3.31(1.26,8.69)
Weeks 3-8 1.27(0.49,3.30) 1.07 (0.81,1.42) 1.05(0.77,1.42)
1st trimester 2.53(0.88,7.29) 1.34(0.91, 1.96) 0.79 (0.43,1.45)
Isolated cases of patent ductus arteriosus® (N = 46) 2nd trimester 4.92(1.68,14.44) 1.29(0.92,1.80) 0.88 (0.45,1.69)
Entire pregnancy 2.00(1.16,3.45) 1.58(0.76,3.24) 0.81(0.37,1.76)

* The IQR of fraction of days exceeding daily national standards during week 3-8, 1st, 2nd trimester, and entire pregnancy for PM;, are 45.2,
40.5, 34.5, 13.1%. The IQR for NO, during the above exposure windows are 9.5, 9.5, 8.3, 9.4%. The IQR for SO, during the above exposure
windowsare 7.1, 9.5, 10.7, 3.4%.

" The exposures were estimated for women living within 50 km of a monitor (n = 8729) using 2 monitors covering the entire period of study.
¢ Patent Ductus Arteriosus (PDA) is the most prevalent subtype of malformations of the great arteries in this cohort. Isolated cases of PDA
are the cases with PDA only.
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Figure 2. Adjusted ORs (95% CI) for isolated cases of patent ductus arteriosus associated with IQR increases in PM;,and NO,
exposure during each exposure window for women living within 6, 12 and 50 km of a monitor. Note: The exposures were estimated
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Figure 3. Adjusted ORs (95% CI) for isolated cases of artery defects associated with tertiles of air pollution exposures during the 2nd
trimester. Note: The point reflects central estimates; vertical lines represent 95% confidence intervals. Estimates represent the risk of
congenital heart defects for pollutant exposures in a given tertile compared to the first (lowest) tertile. The exposures were estimated
for women living within 50 km of a monitor (1 = 8729) using 2 monitors covering the entire period of study. The 2nd trimester was
chosen because we found the associations in this trimester were stronger for PM;o and NO, (table 4).

congenital anomalies [29]. However, we did not find
positive associations during week 3-8. One possible
explanation was that cardiac lesions or defects
observed in our cohort were those more likely to be
developed in the later stage of fetal development.
Although severe and complex cardiac malformations
develop during the first 6 to 7 weeks, growing evidence
suggests that other defects may occur or progress in
utero with advancing gestational age [36—38]. A recent
study analyzing scans of the hearts of healthy fetuses
found that the heart has distinct left and right cham-
bers by the eighth week of pregnancy, but does not
have fully organized muscle tissue until the 20th week
[38]. The most prevalent cases in this cohort, PDA,
might be related to exposure to air pollution later in
pregnancy. Under normal condition, ductus arter-
iosus constricts immediately after birth so that infant

lungs could supply oxygen after the umbilical cord is
cut [39]. However, ductus arteriosus could fail to
achieve permanent closure due to abnormal levels of
agents (e.g., glucocorticoids) regulating the initial
contraction of ductal muscle, especially among pre-
term births [39, 40]. In our cohort, preterm birth was
found to be positively associated with higher PM;,
during the entire and late course of pregnancy [41].
Other prevalent subtypes in our cohort, including
VSD and stenosis of the pulmonary artery, might also
develop or progress later in pregnancy [36, 37]. Addi-
tional research is needed to further investigate the
physiological pathways through which air pollution
affects birth defects for different types of malforma-
tions and timing of exposure during pregnancy. The
most relevant exposure timeframe may vary by birth
defect, and is challenging to study given correlations
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Table 8. Comparisons between this study and previous studies investigating the effects of air pollution exposure on congenital heart defects.

Regression models
Studylocation (time Study design (No. of Air pollutant exposure estimation (No. of Main results related to congenital heart
period) births) Pollutants studied Exposure window methods confounders) defects Study
Lanzhou, China Cohort (8969) PM;0, NO,, SO, weeks 3-8; 1st trimester; Inverse distance weighting to estimate Logistic regres- Significant associations for: PM;, expo- This study
(2009-2012) entire pregnancy levels at work and residence. sion (12) sures during 1st trimester and entire
Accounted for residential mobility. pregnancy and pooled cases; NO,
exposures during entire pregnancy
with pooled cases.
Southern California, Case-control CO,NO,, 03, PM, 1st, 2nd, and 3rd month; Assigned most relevant monitor to Logistic regres- Does-response patterns for: 2nd-month Ritz
US (1987-1993) (14 198) 2nd and 3rd trimesters; each zip code of maternal residence sion (10) CO and ventricular septal defects; etal (2002)
3-month period prior 2nd month O; exposure and aortic
to conception artery and valve defects, pulmonary
artery and valve anomalies, and con-
otruncal defects.
Texas, US Population- based CO,NO,, 03, PM,, weeks 3-8 Closest monitor Logistic regres- Significant associations for: CO and tet- Gilboa
(1997-2000) case-con- sion (14) ralogy of Fallot; PM, o and isolated etal (2005)
trol (7381) atrial septal defects; SO, and isolated
ventricular septal defects.
Georgia, US Cohort (715 500) CO,NO,, O3, weeks 3-7 Central monitoring station Poisson generalized Significant association for PM;yand Strickland
(1986-2003) PM,, SO, linear models (2) patent ductus arteriosus. etal (2009)
Brisbane, Australia Case-control CO,NO,, O3, weeks 3-8 Closest monitor Conditional logistic No association between air pollution Hansen
(1998-2004) (150,308) PM,y, SO, regression (7) and cardiac defects. etal (2009)
Northern Health Case-control Black smoke, SO, Ist trimester Average from monitors within 10 km Logistic regres- Significant negative association for SO, Rankin
Region, UK (245 825) of residence sion (3) and congenital heart disease. etal (2009)
(1985-1990)
Northeast England, Case-control Black smoke, SO, weeks 3-8 Estimation of weekly exposure using Logistic regres- Significant association for BS and con- Dadvand
UK (1985-1996) (12 688) 2-stage spatiotemporal model sion (5) genital malformations of cardiac etal (2010)
chambers and connections.
Northeast England, Case-control CO,NO,, O3, PM;q, weeks 3-8 Closest monitor to residential Logistic regres- Significant associations for: CO and NO Dadvand
UK (1993-2003) (19 036) SO,,NO postcode sion (5) and ventricular septal defect and car- etal (2011)
diac septa malformations; CO and
congenital pulmonary valve stenosis;
NO and pooled cases.
UK (1991-1999) Case-control NO,, PM,,, SO, 20 weeks Annual mean at census ward level Poisson regres- Significant association for SO, and tet- Dolk
(759 993) sion (3) ralogy of Fallot. etal (2009)
weeks 3-8
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Table 8. (Continued.)

Study location (time

Study design (No. of

Air pollutant exposure estimation

Regression models
(No. of

Main results related to congenital heart

period) births) Pollutants studied Exposure window methods confounders) defects Study

Tel-Aviv region, Case-control CO,NO,, O3, PM;, Weekly estimates based on inverse Logistic regres- Significant association for PM;yand Agay-Shay
Israel (2000-2006) (135 527) PM, 5, SO, distance weighting sion (8) pooled cases. Significant inverse asso- etal (2013)

ciation for PM, 5 and isolated patent
ductus arteriosus.

San Joaquin Valley, Population- based CO,NO, NO,, PM,, first 2 months Inverse distance-squared weighting; Logistic regres- Significant associations for: PM,, with Padula
CA,US case-con- PM, 5,03 traffic density indicators represent- sion (3) pulmonary valve stenosis and peri- etal (2013)
(1997-2006) trol (1,671) ing traffic counts within 300 m of membranous ventricular septal

early pregnancy residence. defects; PM, s and transposition of

Accounted for residential mobility. the great arteries; traffic density with
muscular ventricular septal defects
and perimembranous ventricular
septal defects. Inverse associations
for: PM, s and perimembranous ven-
tricular septal defects; CO and secun-
dum atrial septal defects.

Barcelona, Spain Case control (5238) NOx, NO,, PM,,, weeks 3-8 Land use regression models. Logistic regres- Significant association for NO, and Schembari
(1994-2006) PM, 5, PM 4.5, sion (4) coarctation of the aorta. etal (2014)

PM, 5 absorbance
Nine states, US Case control (7960) CO,NO,, 03, SO,, weeks 2—8 Closet monitor within 50 km to Hierarchical regres- Positive associations for: NO, and Stingone
(1997-2006) fine and coarse PM residence sion (3) coarctation of the aorta and pulmon- etal (2014)
ary valve stenosis; fine PM and hypo-
plastic left heart syndrome. Negative
association for fine PM and atrial sep-
tal defects.
Texas (2002-2006) Population-based PM, 5, 05 1st trimester Hierachical Bayesian model combin- Logistic regres- Significant inverse association for O; Vinikoor-
case-control ing data from air monitors with sion (5) and septal heart defects. Imler
(14 23 483) modeled air pollution estimates etal (2015)

from CMAQ. Accounted for resi-
dential mobility for NBDPS
database.

suiysiiand dol

S00%£0 (STOT) OT "HIT 'Sy UouAUg

o]




10P Publishing

Environ. Res. Lett. 10 (2015) 074005

among exposures. For example, in this study exposure
in week 3-8 and the first trimester were highly corre-
lated (table 2), although results were somewhat differ-
ent (table 4).

To our knowledge, this is the first study investigat-
ing the associations of air pollution with congenital
heart defects in Asia. One advantage of this study is the
detailed residential history, work address, and lifestyle
choices reported by the women. Most studies of air
pollution and pregnancy outcomes estimate exposure
based on residence at time of birth, which introduces
exposure misclassification as women move during
pregnancy [1, 42, 43]. Residential mobility was only
considered in one previous study on congenital heart
defects and air pollution, which did not report the
improvement due to incorporating residential mobi-
lity [14]. The percentage of women who moved during
pregnancy in our study is 3.1%, which is lower than
the ~30% reported in the western World [2]. Con-
sidering residential mobility might not have sig-
nificant influence on the exposure estimation in this
study. This is the first study considering maternal
exposures at work locations on this topic. In general,
central effect sizes for PM;, and NO, estimated only
using exposures at home were slightly smaller than
using exposures at both home and work. However, in
general the 95% CI are reduced slightly when con-
sidering the home address only. Although we incorpo-
rated exposure at work locations in the exposure
assessment, in an attempt to improve the exposure
estimate, the actual exposure is based on time at work,
home, shopping, etc. Berkson error in the assessment
of exposure (i.e. error that is statistically independent
from the observed variable) can occur if our exposure
estimates include part of the true exposure, whereas
classical measurement error includes the true expo-
sure as well as noise [44]. Berkson error typically
results in an unbiased but more variable health effect
estimates, whereas classical error can result in biased
estimates with incorrect estimates of standard error
[45]. Additional research is needed to better under-
stand potential sources of exposure misclassification
and their impacts on results. For example, we did not
account for exposure during commuting and our
study lacks information on activity patterns. The lin-
ear distance between home and work averaged 7.5 km
(IQR: 6.6 km). There was no significant difference in
the distance from home to work between infants with
and without congenital heart defects (p-value: 0.82).
Therefore, misclassification due to time spent com-
muting might have a minimal impact on results.
Future studies could investigate other factors influen-
cing maternal exposures during commuting, such as
means of transportation.

This is also the first study to control for therapeutic
drug intake during pregnancy, a known risk factor for
congenital heart defects [31]. Other confounders,
including maternal folic acid intake, illness, smoking
and household cooking fuel, were also seldom
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considered in previous studies. The percentage of
women smoking during pregnancy in Lanzhou (20%)
did not differ significantly between infants with and
without congenital heart defects. This is consistent
with previous studies in the US, which reported com-
parable or smaller percentage of women smoking
(<19%) [12, 14, 18, 20]. However, one study in Barce-
lona reported a higher percentage of women smoking
during pregnancy (42%) and found positive associa-
tions for smoking with pooled cases [17].

On the other hand, the accuracy of exposure esti-
mation might be limited by the lack of monitors in
rural areas in Lanzhou city. However, more than
95% of the women lived within 10km of a monitor.
Sensitivity analysis using the data from all 4 monitors
and women living within 6 or 12 km of a monitor all
showed consistent results. Compared to some
previous studies, the sample size in our study was
smaller, which might lead to a less statistical power,
although the detail provided by the cohort study
allows better exposure estimation and adjustment of
covariates. Another limitation is the lack of informa-
tion on congenital anomalies for termination of
pregnancies.

Studies with data from more monitoring stations
and more types of air pollutants are needed to fully
understand the impacts of the air pollution mixture on
congenital heart defects in China, and such studies
may be possible as the air pollution monitoring system
has become more extensive in China since 2013.
Future studies in Asia and elsewhere should analyze
the subtypes of congenital heart defects because they
are anatomically, clinically and epidemiologically het-
erogeneous [46].

In summary, we found significant associations
between gestational exposures to PM;o and NO, and
congenital heart defects risk after controlling for
demographic variables, maternal health status and
maternal lifestyle choices. This present study is the first
on this issue conducted in Asia, where air pollution
levels and prevalence of congenital heart defects are
both high. These findings contribute to the modest
body of scientific literature regarding the impacts of
air pollution on birth defects.
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