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ABSTRACT

Objectives As current studies on the relationships
between air pollutants exposure during the first trimester
and birth defects were not fully elucidated, this study
aimed to assess the association between selected air
pollutants and birth defects.

Design An observational study.

Participants We obtained 70854 singletons with
gestational age <20 weeks who were delivered at a large
maternal and child healthcare centre in Wuhan, China.
Outcome measures Birth defects data and daily average
concentration of ambient particulate matter <10pm
diameter (PM, ), PM <2.5 um diameter (PM, ,), sulfur
dioxide (S0,) and nitrogen dioxide (NO,) were obtained.
Logistic regression analysis was applied to assess the
association between maternal air pollutants exposure
during first trimester and total birth defects, congenital
heart defects (CHDs), limb defects and orofacial clefts with
adjustments of potential covariates.

Results There were a total of 1352 birth defect cases
included in this study, with a prevalence of 19.08%e.
Maternal exposed to high concentrations of PM, , PM, ,
NO, and SO, in the first trimester were significantly
associated with elevated ORs of birth defects (ORs ranged
from 1.13 to 1.23). Additionally, for male fetuses, maternal
exposed to high PM, , concentration was associated with
an elevated odd of CHDs (OR 1.27, 95%Cl 1.06 to 1.52). In
the cold season, the ORs of birth defects were significantly
increased among women exposed to PM, . (OR 1.64,
95%Cl 1.41 t0 1.91), NO, (OR 1.22, 95%Cl 1.08 to 1.38)
and S0, (OR 1.26, 95% Cl 1.07 to0 1.47).

Conclusions This study showed unfavourable effects of
air pollutants exposure during the first trimester on birth
defects. Especially, the association between maternal
PM, . exposure and CHDs was only observed among

male fetuses, and stronger effects of PM, ., NO, and SO,
exposure on birth defects were observed in the cold
season.

INTRODUCTION

Birth defects are structural or functional
abnormalities occurred during embryonic
development, most of them forming in the
first trimester of pregnancy.! Birth defects
are the leading cause of fetal death and are
associated with the elevated risk of childhood
mortality and reduced long-term survival.® *

,! Jieyun Yin,? Lijun Yang," Man Xu,® Xinfeng Lu,* Wenting Huang,®

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This study explored the associations between ma-
ternal air pollutants exposure during first trimester
and fetal outcomes classified by total birth defects,
heart defecs, limb defects and orofacial clefts based
on a large population.

= The stratification analysis by neonatal sex and sea-
son of conception indicated the specific high-risk
population, which provided critical evidence of the
air quality control policies.

= The selected participants are located in a large ter-
tiary maternal care centre in Wuhan and the repre-
sentative of this study was undermined.

= Maternal air pollutants exposure indoor or in other
living residents including work, dining and shopping
were not included, and other covariates including
health behaviours and genetic factors were failed
to obtain.

According to the Institute for Health Metrics
and Evaluation, the prevalence of congenital
birth defects increased from 6.08% in 2005 to
6.29% in 2019.* Although the upward trends
were reported in severe congenital heart
defects (CHDs), single ventricle, atrioventric-
ular septal defects and tetralogy of Fallot in
Europe during 1980-2012, the prevalence of
birth defects is much lower (1.0%0-4.1%0).°
In China, the overall prevalence of birth
defects increased from 12.83%¢ in 1986 to
15.70%0 in 2014.° There is a necessity to
explore the potential hazard factors contrib-
uted to the high prevalence of birth defects in
China based on current knowledge.

Due to rapid urbanisation, China has expe-
rienced severe air pollution in recent years.
The Report on China’s implementation of the
Millennium Development Goals (2000-2015)
documented that particulate matter <10 pm
diameter (PM, ), sulfur dioxide (SO,) and
nitrogen dioxide (NO,) were major air pollut-
ants in urban areas.” Moreover, ambient PM
<2.5pm diameter (PM,,), produced by coal
combustion, industry sources and vehicular
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emissions, is also one of the main air pollutants of indus-
trialisation.® The expanding coverage of ambient air
pollutants surveillance has contributed to adverse preg-
nancy outcomes including small for gestational age, low
birth weight, preterm birth, spontaneous abortion and
stillbirth in recent years.”'! Moreover, there is a growing
interest in the associations between ambient air pollut-
ants and birth defects, but the results of previous studies
are controversial. Most studies reported that ambient air
pollutants were associated with increased risks of birth
defects.'* However, Parkes et al and Dolk et al pointed
out that high concentrations of PM, , and NO, exposure
were not related to birth defects.18 ' A recent meta-
analysis conducted by Ma et al even reported a protective
effect of SO, on atrial septal defects.'” These inconsistent
results indicate that the effects of ambient air pollutants
on birth defects could be varied by culture, ethnicity or
geographical distribution. More evidence is needed to
clarify the risk of birth defects derived from air pollut-
ants during the rapid social-economical development
worldwide.

As current studies on the relationships between air
pollutants and birth defects were not fully elucidated, this
study aimed to assess the association between selected
air pollutants and birth defects. Furthermore, the first
trimester of pregnancy is vital for fetal development
because fetal major organs and systems are formed at this
stage and the fetus is most susceptible to environmental
hazards. As a result, we mainly focused on the associations
between maternal exposure to air pollutants including
PM,,, PM, , SO, and NO, during the first trimester and

10° 2.5

birth defects in Wuhan, China.

METHODS

Patient and public involvement

Patients or the public were not involved in any part of the
design, conduct, reporting or dissemination plans of this
study.

Study design, site and population
This observational study was conducted in Wuhan city.
Wuhan is the capital city of Hubei Province and a megacity
in Central China. Its geographical location is 29° 58" - 31°
22" N and 113° 41’ - 115° 05" E. The permanent resident
population of Wuhan was over 10million. Wuhan has
four distinct seasons of hot summer and cold winter, with
an annual average temperature of 15.8°C-17.5°C."
There were a total of 130186 perinatal women with
detailed home addresses who delivered at the Maternal
and Child Health Hospital of Hubei Province, and 98877
of them lived in Wuhan City during the first trimester of
pregnancy. Then we obtained 74336 participants with
distances less than 10km from home to the nearest air
surveillance station. After removing 3333 mothers of
multiple pregnancies and 149 with gestational age <20
weeks, 70854 participants were finally included in this
study.

Birth defects

Birth defect cases with gestational age >20 weeks and
0-7days after birth including elective termination of
pregnancy. Based on the requirements of the Maternal
and Child Health Monitoring Manual in China and
the Implementation of National Hospital Birth Defects
Surveillance of China, 23 types of common birth defects
were categorised according to the 10th Revision of the
International Classification of Diseases (Q00-Q99). The
top three birth defects including CHDs (Q20-Q28), limb
defects (Q69-Q72) and orofacial clefts (Q35-Q37) were
further examined by trained obstetricians, paediatri-
cians or paediatric cardiologists based on clinical obser-
vation, physical examination, biochemical index and
image examination results. Strict quality control of the
reported data was performed by the assigned county-level
inspector every quarter year and further checked by the
city-level inspector semiannually. Detailed descriptions
of the 23 types of birth defects were provided in online
supplemental table 1.

Exposure assessment

Data on the daily concentrations of air pollutants (PM,,
PM,,, NO, and SO,) and the geographical locations
(longitude and latitude) of the air surveillance stations
were obtained from China’s National Urban Air Quality
Real-time Publishing Platform (https://air.cnemc.cn:
18014/). Moreover, the geographical location data were
converted from the detailed home address of participants
by Baidu Map. The distance from each home address
of participants to all of the air surveillance stations was
calculated. Then the individual daily air pollutants data
were obtained according to the nearest surveillance
station from home, and we only keep participants who
lived within 10km from the nearest surveillance station,
which was confirmed by other studies.'” ' The median
distance from home to the nearest station was 3.50 km in
this study. Participants’ average air pollutants exposure
during the first trimester of pregnancy was estimated by
mean levels of daily concentrations.

Statistical analysis

Observed outcomes were classified as total birth defects,
CHDs, limb defects and orofacial clefts. Maternal expo-
sure variables including PM, , PM, , NO2 and SO2 were
divided by IQR based on the daily average concentration
during the first trimester. Covariates including the year of
conception (2013-2018), maternal age (<25, 25-29, 30-34
and >34 years), gravidity (1, 2-3 and >3) and urban/rural
were obtained. Moreover, other covariates including per
capita of cars, unemployment, per capita area of roads,
per capita of medication beds were retrieved from the
official website of Wuhan Bureau of Statistics (http://tjj.
wuhan.gov.cn/). Logistic regression analysis was applied
to assess the association between maternal air pollutants
exposure during first trimester and birth defects adjusted
for potential covariates. Stratified analyses by neonatal
sex (male and female fetus) and season of conception by
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Table 1 Prevalence of birth defects among the subgroups
of enrolled participants in Wuhan, China

Birth defect Total Prevalence

Variables cases cases (%)
Year of conception

2013 272 12856 21.16

2014 203 11236 18.07

2015 174 11274 15.43

2016 227 12261 18.51

2017 226 12844 17.60

2018 250 10383 24.08
Season of
conception

Spring 321 18312 17.53

Summer 295 18853 15.65

Autumn 287 17045 16.84

Winter 449 16644 26.98
Age (years)

<25 122 4341 28.10

25-29 632 34412 18.37

30-34 401 23783 16.86

>34 197 8318 23.68
Gravidity

1 604 35590 16.97

2-3 372 19552 19.03

>3 376 15712 23.93
Neonatal sex

Male 771 37488 20.57

Female 560 33337 16.80
Total 1352 70854 19.08

last menstrual period (March to August and September
to February) were applied to further explore the associa-
tions between air pollutants exposure in the first trimester
of pregnancy and birth defects. The adjusted OR and
95% CI were provided in each model. Statistical analyses
were performed by using SAS V.9.4 (SAS Institute).

RESULTS
There were a total of 1352 birth defect cases among 70 854
singletons, with a prevalence of 19.08%o (table 1). The
prevalence of birth defects increased from 21.16%o in
2013 to 24.08%o in 2018. Subpopulations who conceived
in winter (26.98%o), aged <25 years (28.10%o0) or with
gravidity >3 times (23.93%o) rank the first place among
corresponding categories. In addition, the male fetuses
had a higher prevalence of birth defects than female
fetuses (20.57%0 vs 16.80%o).

Table 2 shows the distributions of daily average ambient
air pollutants concentrations in the first trimester among
the five groups including non-defects, birth defects,

CHDs, limb defects and orofacial clefts. The median
exposures of PM,, PM, ., NO, and SO, during the first
trimester were 101.781g/m”, 61.981g/m”, 53.641g/m’
and 13.97pg/m’, respectively, among the birth defects
groups.

Table 3 presents the associations between ambient air
pollutants exposure in the first trimester of pregnancy
and birth defects. We also provided the ORs of birth
defects in the second and third trimesters, as well as the
entire pregnancy in online supplemental tables S2-S4.
High concentrate exposure to air pollutants was signifi-
cantly associated with increased odds of total birth defects,
yielding adjusted ORs of 1.13, 1.23, 1.18 and 1.19 for
PM,, PM, ,, NO, and SO,, respectively. Moreover, similar
elevated odds of CHDs were observed for maternal expo-
sure of PM, . (OR 1.21, 95% CI 1.06 to 1.38), NO, (OR
1.13,95% CI 1.01 to 1.27) and SO, (OR 1.24, 95% CI 1.03
to 1.48), but not PM  (1.08, 95% CI 0.95 to 1.24).

For male fetuses, there were significantly increased odds
of total birth defects among mothers exposed to PM,,
PM, ,, NO, and SO, by interquartile increased concentra-
tions during the first trimester (OR=1.13-1.23). Moreover,
a positive association between PM, ; exposure during the
first trimester and CHDs was detected (OR 1.27, 95% CI
1.06 to 1.52). For female fetuses, elevated odds of total
birth defects (OR=1.14-1.22) were also observed among
maternal exposed to heavy concentrated PM, , PM, ,, NO,
and SO,

After stratified by season, the results show that the odds
of total birth defects were significantly increased among
women who conceived in autumn/winter and were
exposed to PM, , (OR 1.64,95% CI 1.41 to 1.91), NO, (OR
1.22, 95% CI 1.08 to 1.38) or SO, (OR 1.26, 95% CI 1.07
to 1.47). PM, ,, NO, and SO, were also positively related
to CHDs (ORs=1.36-1.84). Elevated hazard of orofacial
clefts was observed among women who conceived in the
cold season exposed to heavy NO, concentrations (OR
1.85, 95% CI 1.16 to 2.93). However, in the warm season,
the odd of total birth defects was elevated among women
exposed to PM,/ (OR 1.12, 95% CI 1.00 to 1.24).

10° 2.57

DISCUSSION

In the current study, the prevalence of birth defects was
close to what was reported in Hunan Province (19.18%o)
and higher than that of Jiangsu Province (7.15%0).*"*'
Moreover, this study examined the associations between
birth defects and air pollutants exposure in the first
trimester, and we further explored the relationships strat-
ified by fetal sex and season of conception.

This study showed that maternal exposure to ambient
air pollutants including PM,;, PM, ., NO, and SO, during
the first trimester could have higher odds of birth defects,
which has been well documented previously. Moreover,
we have adopted peak exposure on the thresholds at the
95th percentile to derive the accumulated days of high
dose exposure, which further confirmed the positive asso-
ciation between high dose of NO, exposure during the
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Table 2 Quartile concentrations (pg/m?’) of exposure for ambient air pollutants among birth defects groups in first trimester of

pregnancy in Wuhan, China

Non-defects Birth defects CHDs Limb defects Orofacial clefts
Air pollutants N=69502 N=1352 N=265 N=210 N=119
PM1O
Min 36.86 39.08 49.82 40.76 48.85
25th 80.84 84.05 84.05 85.86 83.98
Median 102.42 101.78 99.46 105.80 96.77
75th 123.86 124.39 120.48 127.34 116.36
Max 231.49 225.91 225.91 220.82 191.37
PM2.5
Min 21.27 21.27 22.77 22.16 22.98
25th 39.37 45.02 44.88 42.63 41.26
Median 59.21 61.98 61.33 63.00 60.98
75th 80.20 80.73 78.81 84.66 77.38
Max 178.20 165.92 154.42 154.79 155.35
NO,
Min 9.71 15.22 29.03 25.78 16.89
25th 43.40 45.70 45.49 44.31 44.09
Median 51.49 53.64 53.69 53.43 53.84
75th 59.08 59.98 59.46 62.84 59.99
Max 93.60 93.37 92.93 93.37 87.58
SO,
Min 2.93 3.02 3.93 3.77 3.99
25th 9.07 9.36 9.43 10.55 9.46
Median 14.47 13.97 13.77 16.09 12.55
75th 23.54 23.87 23.36 25.23 21.28
Max 71.74 63.36 63.36 62.99 53.75

CHDs, congenital heart defects; NO,, nitrogen dioxide; PM, , particulate matter <10 um diameter; SO,, sulfur dioxide.

first trimester and birth defects (online supplemental
table 5). A case—control study conducted by Al Noaimi
et al showed a positive association between PM, , expo-
sure in the first trimester of pregnancy and birth defects
(OR=1.05).** Wang et al applied Poisson generalised
additive models on the time-series data adjusted for
temperature, relative humidity, season and time trend,
which showed that maternal exposure to PM,; and NO,
in early pregnancy significantly increased the risk of birth
defects by 10.3% per 10pg/m® and 3.4% per 10pg/m?’,
respectively.

As was observed among the total participants, the risk
of birth defects among both male fetuses and female
fetuses was significantly related to PM,, PM, , NO, and
SO,. The underlying mechanisms between air pollutants
exposure and the development of birth defects are still
unclear. Maternal air pollutants exposures might cause
changes in epigenetic signatures and permanent modi-
fications in gene expression.”* Animal studies showed
that maternal exposure to PM, , during pregnancy leads
to spatial memory dysfunction, neurodevelopmental

impairment and disturbed cerebral cortex development
of mice offspring.”*® Another study showed that maternal
exposure to a high concentrate of PM, . during the first
trimester of pregnancy could result in the decreased
placental expression of BDNF and SYNI, which may
undermine fetal neurodevelopment.27 Moreover, SO2 is
a systemic toxic agent which can induce chromosomal
aberrations, sister chromatid exchanges and micronuclei
in mammalian cells.”®

Except for PM,, this study demonstrated adverse asso-
ciations of CHDs with PM,, NO, and SO, exposure.
Previous studies in Taiwan and Northeast England also
reported insignificant associations between PM,  expo-
sure in the first trimester and CHDs,29 %0 whereas others
confirmed the increased risk of CHDs related with
PMm.12 % 3123 Furthermore, Huang et al showed that
PM,, exposure per each interquartile increase during
gestational weeks 3-8 was related to an increased risk
of CHDs (OR=1.21)." Additionally, the positive associa-
tion between CHDs and maternal exposure to NO, and
SO, was documented by studies conducted by Baldacci
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Table 3 Adjusted ORs and 95% CI of ambient air pollutants for each interquartile increase during the first trimester and birth

defects in Wuhan, China

PM, PM,, NO, SO,
Birth defects* OR (95% Cl) OR (95% CI) OR (95% Cl) OR (95% CI)
Total
Birth defects 1.13 (1.07,1.21) 1.23 (1.15,1.30) 1.18 (1.12,1.24) 1.19 (1.10,1.30)
CHDs 1.08 (0.95,1.24) 1.21 (1.06,1.38) 1.13 (1.01,1.27) 1.24 (1.03,1.48)
Limb defects 1.11 (0.96,1.29) 1.09 (0.93,1.26) 1.15(1.01,1.31) 1.16 (0.95,1.43)
Orofacial clefts 0.90 (0.74,1.10) 1.04 (0.85,1.26) 1.10 (0.93,1.31) 0.95 (0.73,1.22)
Male fetus
Birth defects 1.13 (1.04,1.22) 1.23 (1.14,1.34) 1.18 (1.10,1.26) 1.19 (1.07,1.33)
CHDs 1.16 (0.96,1.40) 1.27 (1.06,1.52) 1.11 (0.95,1.30) 1.18 (0.93,1.50)
Limb defects 1.10 (0.91,1.33) 1.08 (0.90,1.30) 1.15 (0.98,1.35) 1.14 (0.89,1.47)
Orofacial clefts 0.86 (0.66,1.12) 1.09 (0.85,1.41) 1.07 (0.86,1.34) 0.99 (0.71,1.37)
Female fetus
Birth defects 1.14 (1.04,1.25) 1.22 (1.12,1.34) 1.19 (1.10,1.29) 1.21 (1.07,1.37)
CHDs 0.99 (0.82,1.20) 1.11 (0.91,1.34) 1.14 (0.97,1.34) 1.30 (1.00,1.71)
Limb defects 1.08 (0.84,1.38) 1.15(0.90,1.47) 1.15(0.93,1.43) 1.18 (0.84,1.66)
Orofacial clefts 0.98 (0.71,1.34) 0.95 (0.69,1.30) 1.16 (0.88,1.52) 0.88 (0.59,1.30)
Autumn/winter
Birth defects 1.05 (0.92,1.20) 1.64 (1.41,1.91) 1.22 (1.08,1.38) 1.26 (1.07,1.47)
CHDs 1.05 (0.79,1.39) 1.84 (1.32,2.57) 1.36 (1.03,1.80) 1.43 (1.00,2.03)
Limb defects 1.19 (0.84,1.70) 1.48 (0.99,2.22) 1.35(0.97,1.87) 1.06 (0.70,1.61)
Orofacial clefts 0.95 (0.61,1.47) 1.63 (0.98,2.70) 1.85 (1.16,2.93) 1.40 (0.82,2.40)
Summer/spring
Birth defects 1.12 (1.00,1.24) 1.06 (0.93,1.21) 1.09 (1.00,1.19) 1.12 (0.98,1.28)
CHDs 0.99 (0.77,1.26) 0.89 (0.65,1.21) 0.88 (0.71,1.08) 1.24 (0.92,1.66)
Limb defects 1.18 (0.92,1.51) 1.21 (0.89,1.63) 1.17 (0.95,1.43) 1.23(0.89,1.71)
Orofacial clefts 0.72 (0.50,1.03) 0.66 (0.41,1.04) 0.88 (0.65,1.19) 0.72 (0.47,1.10)

Bold values represent statistical significance (two-sided p<0.05).

*Adjusted for year of conception, maternal age, gravidity, urban/rural, per capita area of roads, per capita of medication beds, unemployment and per

capita of cars.
CHDs, congenital heart defects; NOZ, nitrogen dioxide; PM

10?

et al and Vrijheid et al*®*” Moreover, a case-control study
conducted by Jiang et al showed that maternal exposure
to SO, during the first trimester was significantly associ-
ated with increased risk of CHD (OR=1.78-2.04), and
Hansen e alalso confirmed that a 0.6 ppb increase in SO,
was associated with an increased risk of aortic artery and
valve defects (OR=10.76).""*® The heterogeneity in these
studies might be explained by the variation in the popu-
lation, the gestational periods or the measurement of air
pollutants exposure. The physiopathological mechanism
of the associations between air pollutants and CHDs was
not fully elucidated. It is hypothesised that air pollutants
exposure during the first pregnancy might strengthen
the genetic and environmental interaction on CHDs.”
Also, air pollutants might change the molecule of DNA
sequence or alter epigenetics related to CHDs.”

In line with this study, the epidemiological difference in
CHD, between male and female fetuses has been reported
previously.*”*! This disparity could be explained by the sex

particulate matter <10um diameter; SO, sulfur dioxide.

chromosome-linked genes expression and their interac-
tions with hormonal effects during early development.**
Interestingly, only male fetuses showed an elevated risk
of CHDs who were exposed to a higher PM, , concentra-
tion. This result indicates that PM, . might emphasise the
disparity in the embryonic origins of sexual dimorphism.
Moreover, PM, . might have a stronger effect on the
expression of specific CHDs genes located on the Y chro-
mosome. A study of mice models showed that increased
pathological damage in the hearts of offspring mice was
observed among maternal mice exposed to PM,, and
these effects in the male group were more obvious than
in the female group. PM, ; exposure in utero inhibited
the expression of the GATA4 gene in male mice, which
was related to the formation of CHDs.*

After stratified by season, maternal exposure of PM, ,,
NO, and SO, were positively associated with birth defects
in the cold season instead of the warm season. Zhao et al
reported that the effects of air pollutants on birth defects
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were more obvious in the warm season in Hohhot.** This
disparity could be partly explained by the uneven levels of
dwellings’ air pollutants. Compared with cities with lower
GDP, cities with a higher GDP and a large population
might have lower concentrations of indoor particulate
matter.” Moreover, Wuhan is a well-known city with hot
summer. Most of the residential buildings are equipped
with air conditioners, which could help to improve
indoor air quality in hot weather. Thus, the interpretation
of results should be cautious that significant associations
between air pollutants exposure and birth defects in the
warm season in Wuhan.

Strengths

This study first provided evidence on the elevated risk of
CHDs among mothers with heavy PM, . exposure during
the first trimester. We also found the increased risks of
CHDs and orofacial clefts among women who conceived
in the cold season and exposed to high concentrations of
air pollutants.

Limitations

This study has several limitations. First, the selected
participants are located in a large tertiary maternal care
centre in Wuhan and the representative of this study was
undermined. Second, the birth defects data of this study
are manually collected and checked, but mistakes and
omissions are inevitable. Third, maternal air pollutants
exposure indoor or in other living residents including
work, dining and shopping were not included in this
study. Fourth, other risk factors (including ethnicity,
smoking, drinking, medications, drug use and family
history) were failed to obtain, which might influence the
interpretation of the relationship between maternal air
pollutants exposure and birth defects. More research
is needed to explore the pathogenic mechanism of air
pollutants exposure during pregnancy and the associated
birth defects.

CONCLUSIONS

Our study confirmed the unfavourable effects of maternal
exposure to air pollutants (PM,, PM, ,, NO, and SO,) on
birth defects during the first trimester of pregnancy. We
first provided the evidence on the positive associations
between PM, ; exposure and CHDs among male fetuses
butnotfemale fetuses. Moreover, stronger effects of PM,,
NO, and SO, exposure on birth defects were observed in
the cold season in Wuhan. As a result, it should be noted
for birth defects due to air pollutants, and reducing indi-
vidual air pollutants exposure during the first trimester
might help to birth defect control in the context of the
rapid development all over the world. Moreover, the
implementation of air quality protection policies on birth
defect control should consider seasonal factor, especially
for the cold season in Wuhan, China. Future studies of
birth defects and air quality data collected by individual
air pollutants monitors are promoted.

Author affiliations

"Obstetrics Department, Maternal and Child Health Hospital of Hubei Province,
Wuhan, China

%Department of Epidemiology and Health Statistics, Medical College of Soochow
University, Suzhou, China

%School of Nursing, Hubei University of Chinese Medicine, Wuhan, China
“Medical Record Department, Maternal and Child Health Hospital of Hubei Province,
Wuhan, China

SScience and Education Department, Maternal and Child Health Hospital of Hubei
Province, Wuhan, China

®Health Care Department, Maternal and Child Health Hospital of Hubei Province,
Wuhan, China

Acknowledgements We appreciate all the medical staff of the Maternal and Child
Health Hospital ofHubei Province for the data collection used in this manuscript.

Contributors YC and JY contributed equally to this manuscript. YC collected the
data, performed data analysis, draft and revised the manuscript. JY collected the
data, performed data analysis and edit the manuscript. LY designed the study,
collected the data and performed data analysis. MX, XL and WH collected the
data, interpreted the data and reviewed the manuscript. GD: collected the data,
interpreted the data and revised the manuscript. GS: designed the study, collected
the data, and supervised the project. All authors gave final approval of the version
to be submitted and agreed to be accountable for all aspects of the work. GD and
GS are responsible for the overall content as guarantor.

Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.

Ethics approval This study was approved by the Ethics Committee of Maternal
and Child Health Hospital of Hubei Province (2021IECLW025). This study was based
on the retrospective clinical data without any individual patient identifiers.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available on reasonable request. Data for
this study are available upon reasonable request from the corresponding author
with permission from the Ethics Committee of Maternal and Child Health Hospital of
Hubei Province.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Yao Cheng http://orcid.org/0000-0001-5258-0762

REFERENCES

1 World Health Organization. Congenital anomalies. 2020. Available:
www.who.int/en/news-room/fact-sheets/detail/congenital-anomalies
[Accessed 15 May 2021].

2 Global PaedSurg Research Collaboration. Mortality from
gastrointestinal congenital anomalies at 264 hospitals in 74 low-
income, middle-income, and high-income countries: a multicentre,
international, prospective cohort study. Lancet 2021;398:325-39.

6

Cheng Y, et al. BMJ Open 2023;13:063712. doi:10.1136/bmjopen-2022-063712

“ybuAdoo Aq parosroid 1sanb Aq 120z ‘8T |1idy uo ywod fwg uadolwg//:dny woiy papeojumod "€20Z YdJBN 22 Uo Z2T/£90-220z-uadolwag/oeTT 0T St paysiignd 1say :uado NG


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-5258-0762
https://www.who.int/en/news-room/fact-sheets/detail/congenital-anomalies
http://dx.doi.org/10.1016/S0140-6736(21)00767-4
http://bmjopen.bmj.com/

3

20

21

22

23

Glinianaia SV, Morris JK, Best KE, et al. Long-term survival of
children born with congenital anomalies: A systematic review

and meta-analysis of population-based studies. PLoS Med
2020;17:e1003356.

Institute for Health Metrics and Evaluation. GBD results tool. 2022.
Available: https://ghdxhealthdataorg/gbd-results-tool

Morris JK, Springett AL, Greenlees R, et al. Trends in

congenital anomalies in europe from 1980 to 2012. PLoS One
2018;13:e0194986.

Yao L, Zhou T, Zhang S, et al. Trends and geographical distribution
of birth defects in china from 1986 to 2014 [In Chinese]. Chin J Birth
Health Heredlity 2020;28:83-8.

United Nations Development Programme. Report on china’s
implementation of the millennium development goals (2000-2015).
2015. Available: www.cn.undp.org/content/china/zh/home/library/
mdg/mdgs-report-2015-.html [Accessed 15 May 2021].

Wang Q, Fan D, Zhao L, et al. A study on the design method of
indoor fine particulate matter (PM2.5) pollution control in China. Int J
Environ Res Public Health 2019;16:4588.

Guo P, Chen Y, Wu H, et al. Ambient air pollution and markers of fetal
growth: a retrospective population-based cohort study of 2.57 million
term singleton births in china. Environ Int 2020;135:105410.

Klepac P, Locatelli I, Koro$ec S, et al. Ambient air pollution and
pregnancy outcomes: a comprehensive review and identification

of environmental public health challenges. Environ Res
2018;167:144-59.

Grippo A, Zhang J, Chu L, et al. Air pollution exposure during
pregnancy and spontaneous abortion and stillbirth. Rev Environ
Health 2018;33:247-64.

Liu C-B, Hong X-R, Shi M, et al. Effects of prenatal PM10

exposure on fetal cardiovascular malformations in fuzhou, china:

a retrospective case-control study. Environ Health Perspect
2017;125:057001.

Yu G, Chen Y, Tang J, et al. Meta-Analyses of maternal exposure to
atmospheric particulate matter and risk of congenital anomalies in
offspring. Environ Sci Pollut Res Int 2021;28:55869-87.

Zhang Q, Sun S, Sui X, et al. Associations between weekly air
pollution exposure and congenital heart disease. Sci Total Environ
2021;757:143821.

Parkes B, Hansell AL, Ghosh RE, et al. Risk of congenital

anomalies near municipal waste incinerators in england and
scotland: retrospective population-based cohort study. Environ Int
2020;134:104845.

Dolk H, Armstrong B, Lachowycz K, et al. Ambient air pollution and
risk of congenital anomalies in England, 1991-1999. Occup Environ
Med 2010;67:223-7.

Ma Z, Cao X, Chang Y, et al. Association between gestational
exposure and risk of congenital heart disease: a systematic review
and meta-analysis. Environ Res 2021;197:111014.

Wang S, Yu S, Yan R, et al. Characteristics and origins of air
pollutants in Wuhan, China, based on observations and hybrid
receptor models. J Air Waste Manag Assoc 2017;67:739-53.

Jiang W, Liu Z, Ni B, et al. Independent and interactive effects of air
pollutants and ambient heat exposure on congenital heart defects.
Reprod Toxicol 2021;104:106-13.

Xie D, Yang T, Liu Z, et al. Epidemiology of birth defects based

on a birth defect surveillance system from 2005 to 2014 in Hunan
Province, China. PLoS One 2016;11:e0147280.

Zhou Y, Mao X, Zhou H, et al. Epidemiology of birth defects based on
a birth defect surveillance system in southern Jiangsu, China, 2014-
2018. J Matern Fetal Neonatal Med 2022;35:745-51.

Al Noaimi G, Yunis K, El Asmar K, et al. Prenatal exposure to criteria
air pollutants and associations with congenital anomalies: a lebanese
national study. Environ Pollut 2021;281:117022.

Wang L, Xiang X, Mi B, et al. Association between early prenatal
exposure to ambient air pollution and birth defects: evidence from
newborns in xi’an, China. J Public Health (Oxf) 2019;41:494-501.

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Stapleton PA, Wingard CJ, Nurkiewicz TR, et al. Cardiopulmonary
consequences of gestational toxicant exposure. Reprod Toxicol
2018;79:16-20. Poster presented at the Poster presented at the
Poster presented at the Symposium overview at the 56th annual SOT
meeting; Baltimore, MD,

Liu F, Huang Y, Zhang F, et al. Macrophages treated with particulate
matter PM2.5 induce selective neurotoxicity through glutaminase-
mediated glutamate generation. J Neurochem 2015;134:315-26.
Zhang T, Zheng X, Wang X, et al. Maternal exposure to PM2.5 during
pregnancy induces impaired development of cerebral cortex in mice
offspring. Int J Mol Sci 2018;19:257.

Saenen ND, Plusquin M, Bijnens E, et al. In utero fine particle air
pollution and placental expression of genes in the brain-derived
neurotrophic factor signaling pathway: an ENVIRONAGE birth cohort
study. Environ Health Perspect 2015;123:834-40.

Meng Z, Qin G, Zhang B, et al. Dna damaging effects of sulfur
dioxide derivatives in cells from various organs of mice. Mutagenesis
2004;19:465-8.

Dadvand P, Rankin J, Rushton S, et al. Ambient air pollution and
congenital heart disease: a register-based study. Environ Res
2011;111:435-41.

Hwang B-F, Lee YL, Jaakkola JJK. Air pollution and the risk of
cardiac defects: a population-based case-control study. Medicine
(Baltimore) 2015;94:e1883.

Jacobs M, Zhang G, Chen S, et al. The association between ambient
air pollution and selected adverse pregnancy outcomes in china: a
systematic review. Sci Total Environ 2017;579:1179-92.

Jin L, Qiu J, Zhang Y, et al. Ambient air pollution and congenital heart
defects in lanzhou, China. Environ Res Lett 2015;10:074005.

Ren Z, Zhu J, Gao Y, et al. Maternal exposure to ambient PM10
during pregnancy increases the risk of congenital heart defects:
evidence from machine learning models. Sci Total Environ
2018;630:1-10.

Zhang B, Liang S, Zhao J, et al. Maternal exposure to air pollutant
PM2.5 and PM10 during pregnancy and risk of congenital heart
defects. J Expo Sci Environ Epidemiol 2016;26:422-7.

Huang C, Chen B, Pan S, et al. Prenatal exposure to PM2.5

and congenital heart diseases in Taiwan. Science of The Total
Environment 2019;655:880-6.

Baldacci S, Gorini F, Minichilli F, et al. Review of epidemiological
studies on individual and environmental risk factors in the aetiology
of congenital heart defects. Epidemiol Prev 2016;40:185-96.

Vrijheid M, Martinez D, Manzanares S, et al. Ambient air pollution and
risk of congenital anomalies: a systematic review and meta-analysis.
Environ Health Perspect 2011;119:598-606.

Hansen CA, Barnett AG, Jalaludin BB, et al. Ambient air pollution and
birth defects in Brisbane, Australia. PLoS One 2009;4:e5408.

Vecoli C, Pulignani S, Andreassi MG. Genetic and epigenetic
mechanisms linking air pollution and congenital heart disease. J
Cardiovasc Dev Dis 2016;3:32.

Zhao Q-M, Liu F, Wu L, et al. Prevalence of congenital heart disease
at live birth in china. J Pediatr 2019;204:53-8.

Khoshhal SQ, Albasri AM, Morsy MMF, et al. The trends and patterns
of congenital heart diseases at madinah cardiac center, madinah,
Saudi Arabia. Saudi Med J 2020;41:977-83.

Deegan DF, Nigam P, Engel N. Sexual dimorphism of the heart:
genetics, epigenetics, and development. Front Cardiovasc Med
2021;8:668252.

Li R, Zhao Y, Shi J, et al. Effects of PM2.5 exposure in utero on heart
injury, histone acetylation and GATA4 expression in offspring mice.
Chemosphere 2020;256.

Zhao B, Wang M, L C, et al. Increasing risk of congenital anomalies
associated with seasonal pattern of air pollution: differences by
maternal comorbidities. Ecotoxicol Environ Saf 2019;167:317-23.
Zhu Y-D, Fan L, Wang J, et al. Spatiotemporal variation in residential
PM2.5 and PM10 concentrations in china: national on-site survey.
Environ Res 2021;202:111731.

Cheng Y, et al. BMJ Open 2023;13:€063712. doi:10.1136/bmjopen-2022-063712

“ybuAdoo Aq parosroid 1sanb Aq 120z ‘8T |1idy uo ywod fwg uadolwg//:dny woiy papeojumod "€20Z YdJBN 22 Uo Z2T/£90-220z-uadolwag/oeTT 0T St paysiignd 1say :uado NG


http://dx.doi.org/10.1371/journal.pmed.1003356
https://ghdxhealthdataorg/gbd-results-tool
http://dx.doi.org/10.1371/journal.pone.0194986
http://dx.doi.org/10.3389/fpubh.2020.00378
http://dx.doi.org/10.3389/fpubh.2020.00378
https://www.cn.undp.org/content/china/zh/home/library/mdg/mdgs-report-2015-.html
https://www.cn.undp.org/content/china/zh/home/library/mdg/mdgs-report-2015-.html
http://dx.doi.org/10.3390/ijerph16234588
http://dx.doi.org/10.3390/ijerph16234588
http://dx.doi.org/10.1016/j.envint.2019.105410
http://dx.doi.org/10.1016/j.envres.2018.07.008
http://dx.doi.org/10.1515/reveh-2017-0033
http://dx.doi.org/10.1515/reveh-2017-0033
http://dx.doi.org/10.1289/EHP289
http://dx.doi.org/10.1007/s11356-021-16200-7
http://dx.doi.org/10.1016/j.scitotenv.2020.143821
http://dx.doi.org/10.1016/j.envint.2019.05.039
http://dx.doi.org/10.1136/oem.2009.045997
http://dx.doi.org/10.1136/oem.2009.045997
http://dx.doi.org/10.1016/j.envres.2021.111014
http://dx.doi.org/10.1080/10962247.2016.1240724
http://dx.doi.org/10.1016/j.reprotox.2021.07.007
http://dx.doi.org/10.1371/journal.pone.0147280
http://dx.doi.org/10.1080/14767058.2020.1731459
http://dx.doi.org/10.1016/j.envpol.2021.117022
http://dx.doi.org/10.1093/pubmed/fdy137
http://dx.doi.org/10.1111/jnc.13135
http://dx.doi.org/10.3390/ijms19010257
http://dx.doi.org/10.1289/ehp.1408549
http://dx.doi.org/10.1093/mutage/geh058
http://dx.doi.org/10.1016/j.envres.2011.01.022
http://dx.doi.org/10.1097/MD.0000000000001883
http://dx.doi.org/10.1097/MD.0000000000001883
http://dx.doi.org/10.1016/j.scitotenv.2016.11.100
http://dx.doi.org/10.1088/1748-9326/10/7/074005
http://dx.doi.org/10.1016/j.scitotenv.2018.02.181
http://dx.doi.org/10.1038/jes.2016.1
http://dx.doi.org/10.1016/j.scitotenv.2018.11.284
http://dx.doi.org/10.1016/j.scitotenv.2018.11.284
http://dx.doi.org/10.19191/EP16.3-4.P185.085
http://dx.doi.org/10.1289/ehp.1002946
http://dx.doi.org/10.1371/journal.pone.0005408
http://dx.doi.org/10.3390/jcdd3040032
http://dx.doi.org/10.3390/jcdd3040032
http://dx.doi.org/10.1016/j.jpeds.2018.08.040
http://dx.doi.org/10.15537/smj.2020.9.25275
http://dx.doi.org/10.3389/fcvm.2021.668252
http://dx.doi.org/10.1016/j.chemosphere.2020.127133
http://dx.doi.org/10.1016/j.ecoenv.2018.10.037
http://dx.doi.org/10.1016/j.envres.2021.111731
http://bmjopen.bmj.com/

	Ambient air pollutants in the first trimester of pregnancy and birth defects: an observational study
	Abstract
	Introduction﻿﻿
	Methods
	Patient and public involvement
	Study design, site and population
	Birth defects
	Exposure assessment
	Statistical analysis

	Results
	Discussion
	Strengths
	Limitations

	Conclusions
	References


