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A B S T R A C T

Background: Most evidences regarding ambient PM2.5 or PM10 (particulate matter of median aerodynamic
diameter ≤2.5 μm or ≤10 μm) and preterm birth (PTB) come from western countries which has relatively low
PM pollution exposure, and the results are still inconsistent. This study aims to examine whether exposure to
high concentrations of PM2.5 or PM10 was associated with PTB (< 37weeks) and near term birth (37–38weeks).
Method: We established a birth cohort with 1,280,524 singleton pregnancies who delivered from Dec 1st, 2013
to Nov 30th, 2014 and matched their home address to PM2.5 and PM10 concentrations which were predicted with
machine learning methods based satellite remote sensing, meteorological and land use information. Cox pro-
portional hazard regression models were used to analyze the associations between PTB and exposure of PM2.5 or
PM10, after controlling for individual level covariates.
Results: Exposure to PM2.5 or PM10 during pregnancy increases the risk of PTB and near term birth [e.g., Hazard
ratios: 1.09 (95% CI: 1.09, 1.10), 1.08 (95% CI: 1.07, 1.08), 1.01 (95% CI: 1.01, 1.02), and 1.09 (95% CI: 1.08,
1.10) for each 10 μg/m3 increase in PM2.5 for the 1st, 2nd, 3rd trimester and over the entire pregnancy, re-
spectively]. The effects appeared to be stronger among women who come from rural areas, worked as farmers,
were overweight before conception, whose mate was smoking during pregnancy, and conceived in autumn.
Conclusion: This study provides clear evidence that exposure to PM2.5 or PM10 during pregnancy increases the
risk of PTB and near term birth. Public policies regarding improvement of air quality would produce great health
benefit by reducing the burden of preterm birth.

1. Introduction

There were> 15 million premature births in the world in 2010,
which accounts for 10% of the yearly total births (Dimes, 2012). It is
well documented that preterm birth (PTB) is not only responsible for

most of the perinatal mortality but also lead to lifelong morbidity in-
cluding a range of neurologic, pulmonary and circulatory outcomes
(Shapiro-Mendoza et al., 2016), which have leaded to more than $26
billion medical costs in United States alone in 2010 (Chernausek,
2012). Given the irreversible damage and the substantial personal and
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societal burden of PTB, it is imperative to identify its etiology and
preventive strategy. A great body of studies tried to explore the etiology
of PTB, but it is still not clear (Dimes, 2012). Meanwhile, it is hy-
pothesized that environmental factors such as air pollution might play
significant roles.

It is known that particulate matters with aerodynamic diameters
≤10 μm (PM10) or ≤2.5 μm (PM2.5) could invade human's airway,
leading to the creation of reactive oxygen species, resulting in oxidative
stress and inflammation, and then cause cell damage, DNA damage,
alterations in cellular signaling (Backes et al., 2013). It may interfere
with placental development and disturb normal processes of gestation,
and then trigger premature birth (Wu et al., 2009). Previous study had
observed that PM exposure in early pregnancy substantially modified
DNA methylation levels in placental tissues (Janssen et al., 2013). As
the placenta plays a pivotal role in nutrient transfer of the embryo, the
alteration of placenta function in early pregnancy may result in ab-
normal embryonic development, which has been linked to adverse
pregnancy outcomes as well as non-communicable disease across the
lifespan according to the Developmental Origins of Health and Disease
(DoHaD) theory (Haugen et al., 2015; Janssen et al., 2013; Zhong et al.,
2017). As preterm term birth is one of adverse pregnancy outcomes, the
epigenetic modifications in early pregnancy may underlie the associa-
tion between air pollution on preterm birth.

A growing number of studies have linked air particulate matter
pollution during pregnancy to PTB, but the evidence is still limited,
with results varying from weakly positive to null or even negative (Gray
et al., 2014; Hao et al., 2016; Johnson et al., 2016; Rappazzo et al.,
2015; Stieb et al., 2016; Yi et al., 2010). Most previous studies were
conducted in developed countries (e.g., the United States and Canada),
with relatively low and invariable PM pollution exposure (usually
under the air pollution standards of World Health Organization, annual
PM2.5 < 25 μg/m3, PM10 < 40 μg/m3) (Brauer et al., 2008; Hao et al.,
2016; Johnson et al., 2016; Pereira et al., 2014; Stieb et al., 2016).
Furthermore, some of them failed to adjust important confounders such
as history of preterm birth, maternal socioeconomic status (SES), body
mass index, smoking and alcohol use (Hao et al., 2016; Stieb et al.,
2016). Meanwhile, limited evidence is known about which subgroup is
vulnerable to the effects of PMs. The limitation of the variability of data
source, exposure assessment, geographic scale and analysis methods in
previous studies preclude us from concluding a result.

According to the latest definition of the American College of
Obstetricians and Gynecologists (ACOG), near term birth (birth be-
tween 37weeks through 38weeks) also shows higher risk of adverse
neonatal outcomes (e.g., respiratory morbidity) (The American College
of Obstetricians and Gynecologists Committee on Obstetric Practice
Society for Maternal-Fetal Medicine, 2013), but few data exist on the
impacts of PMs on this gestational subgroup.

This study sought to analyze the daily concentrations of PM2.5 and
PM10 at a resolution of 10 km×10 km in a birth cohort across main-
land China that includes detailed personal characteristics. The primary
objective of the study was to estimate whether high exposure to PM2.5

and PM10 concentrations in each trimester and over entire pregnancy
were related to increased risk of PTB and near term birth. We also
aimed to examine modification effect of maternal characteristics on the
associations by PMs and preterm birth.

2. Methods

2.1. Study population

National Free Preconception Health Examination Project (NFPHEP)
has been launched by the Chinese National Health and Family Planning
Commission and Ministry of Finance since 2010. The NFPHEP provides
free health examinations and follow-up of early gestation and post-
partum for young couples throughout the mainland China. All nulli-
parous couples of childbearing ages are eligible to participate in this

program. The detailed information of the project has been described
elsewhere (Liu et al., 2016; Zhang et al., 2015). Base on the NFPHEP,
we established a birth cohort for all the 1,535,545 nulliparous women
who delivered between Dec. 1st, 2013 and Nov. 30th, 2014. The data
includes the information of their preconception, early gestation and
postpartum examination and follow-up. The main exclusion criteria
included multiple-gestation pregnancies, key information missing (e.g.,
parity, date of delivery and last menstrual period), multiparas, ethnic
minorities (the other 55 ethnic groups in China except Han ethnicity),
lack of detailed home address, self-reported or diagnosed pre-preg-
nancy diseases [e.g., history of anemia, cancer, chronic nephritis, dia-
betes, heart disease, hypertension, thyroid disorder, tuberculosis,
sexually transmitted disease and infections (only diagnosed by the
health examination of NFPHEP project)], moved during pregnancy, still
birth, aged<18 or> 45 years at delivery, gestational age<20weeks
or> 42weeks, other delivery mode and exposure data unavailable (see
eFig. 1 and eTable 1 in the Supplemented file for additional information
regarding the exclusion procedure). The final cohort includes 1,240,978
singleton live births. All participants provided written informed con-
sent.

2.2. Outcome definition

We defined PTB as having a gestational age< 37 completed weeks
(WHO, 1977). We assessed gestational age based on the first day of the
last menstrual period (LMP). Women's LMP times were recorded at the
early gestation follow-up visit (no later than 12weeks after conception)
by an obstetrician. Each woman's gestational age was checked again at
the postpartum follow-up visit (no later than six weeks after delivery),
and then gestational age was determined (Doctor would decide when
the two records were different). We further grouped PTB into moderate
or later preterm birth (MLPTB, 32 to< 37 completed weeks), very
preterm birth (VPTB, 28 to< 32 completed weeks) and extremely
preterm birth (ExPTB,< 28 completed weeks). According to the latest
definition of the ACOG, we also defined near term birth (birth between
37weeks through 38weeks), and then compared them with full term
birth (birth after 39 weeks through 42weeks) (The American College of
Obstetricians and Gynecologists Committee on Obstetric Practice
Society for Maternal-Fetal Medicine, 2013).

2.3. Assessment of exposure

Daily PM2.5 and PM10 concentrations for China during the time-
frame of the present study was predicted at a spatial resolution of
10 km×10 km based on satellite remote sensing, meteorological, and
land use information, with a machine learning method. The results of
10-fold cross-validation showed R2 for daily prediction were 83% for
PM2.5 and 78% for PM10. The Root Mean Squared Error (RMSE) for
daily prediction was 18.0 μg/m3 for PM2.5 and 31.5 μg/m3 for PM10.
The detailed information of the prediction has been published else-
where (Chen et al., 2018a; Chen et al., 2018b). Women's home ad-
dresses before, during and after pregnancy were extracted from the
preconception, early gestation and postpartum follow-up records at
township level (24,444 of the 41,636 township-level units in mainland
China were covered in the present study, which average size of 200 km2

for each unit), respectively, then we compared the three addresses and
excluded those women who moved during pregnancy. We extracted the
exposure of PM2.5 and PM10 for each woman by matching the centroid
of the township in which their home is located and predicted PM2.5 and
PM10 concentrations via the longitude, latitude and the time of preg-
nancy. We calculated trimester-specific moving average exposure using
the daily concentrations. The exposures were defined as that in trime-
ster 1 (1–13weeks), trimester 2 (14–26weeks), trimester 3 (weeks 27
till delivery, variable length, up to around 42weeks for full term birth)
and the entire pregnancy.
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2.4. Covariates

Following previous literatures, variables were considered to have
biological importance to preterm birth or potential confounding effects
were included as adjustments. We adjusted women's age (≤25 years,
26–35 years,> 35 years), registration areas (rural/urban), educational
time (≤9 years, 10–12 years,> 12 years), employment status (farmers,
workers or others), pre-pregnancy body mass index (18.6–23.9, ≤18.5,
≥24 kg/m2) from bassline data of the birth cohort. We included wo-
men's organic solvent/heavy metals/pesticide exposure (yes/no),
drinking and smoking (yes/no) and mate smoking (yes/no) during
pregnancy and conception season (summer: June–August; fall:
September–November; winter: December–February; spring:
March–May) from early gestation follow up data. We also adjusted
mode of delivery (vaginal delivery/Cesarean section), baby's sex (male/
female) from postpartum follow-up data (Greenland et al., 1999; Li
et al., 2017; Slama et al., 2014). Trimester-specific average temperature
was calculated with the same spatial resolution to PM2.5/PM10 based on
meteorological data of China Meteorological Data Sharing Service
System and adjusted in our analyses (Chen et al., 2018a).

2.5. Statistical analyses

Chi-square test and t-test were used to estimate potential differences
in population characteristics by outcome. Cox proportional hazard re-
gression models were used to estimate the associations between tri-
mester-specific and entire pregnancy PM2.5 or PM10 exposure and PTB
and near term birth. We fitted gestational age as the time scale and
defined spontaneous PTB and near term birth as event. Exposure of
trimester 1 and trimester 2 were handled as time-independent variables
in the models, while exposure of trimester 3 and the entire pregnancy
were handled as time-dependent variables, as the duration of exposures
differed between preterm births and term births for the 3rd trimester
and the entire pregnancy (Hao et al., 2016).

First, we architected crude models with single pollutant by only
including PM2.5 or PM10 and a random intercept for each province
(Zhang et al., 2015). Then we added women's age, registration areas,
educational time, employment status, pre-pregnancy body mass index,
organic solvent/heavy metals/pesticide exposure, drinking and
smoking, mate smoking, conception season, mode of delivery, baby's
sex and ambient temperature to build the adjusted models. Ambient
temperature was fitted by a smooth spline to capture its potential no-
liner effect. We explored trimester-specific associations between PTB
and near term birth and exposure in separate models, respectively. We
also examined the effects of PM2.5 and PM10 on VPTB and ExPTB by
using same method, respectively.

We conducted stratified analyses for the variables considered as
possible moderators, and interaction term was used to evaluate whether
the effect modifications are statistically significant or not. We also re-
built the Cox models with time-varying coefficient by adding an in-
teraction of time variable with PM exposure, in order to examine the
proportional hazard assumption and the potential trend of hazard risk
over gestational age. We additionally adjusted for the random intercept
for each city as sensitivity analyses. Women's registration areas, edu-
cational time, and employment status could have potential confounding
effects on the associations of PM exposure with preterm birth. However,
they may be correlated as they are all associated with social economic
status. Thus, we conducted sensitivity analysis by only adjusting for
their employment status as the proxy of social economic status in the
main model to check the robustness of the estimated associations.

All analyses were performed by using R 3.4.2 software (R Core
Team, 2018). Results were reported by 95% confidence intervals of the
hazard ratios (HRs) related to a 10 μg/m3 increase in PM2.5 or PM10. p
values < 0.05 were considered statistically significant.

3. Results

After exclusion, we finally included 1,240,978 nulliparous women
who had a singleton live birth at the gestational age of 20–42weeks in
our analyses. The sample covered 324 of the 344 prefecture-level ad-
ministrative units (including both urban and rural areas) from the 30
provinces (excluding Tibet, where Han ethnicity is the minority) of
mainland China (eTable 2 and eFig. 2 in the Supplemented file). There
were 100,433 (8.1%) births who were PTBs. We found there were ap-
preciable differences in prevalence of PTB by women and infants'
characteristics (Table 1). Women who have an older age at conception,

Table 1
Maternal and fetal characteristics of the term and preterm births included in the
birth cohort.

Characteristic Term birth Preterm
birtha

p valueb

Gestational age (weeks)c 39.3 (1.1) 33.8 (2.9) < 0.01
Age, yearsc 26.3 (3.7) 26.4 (3.8) < 0.01
Registration areas
Rural 1,075,904

(91.9)
95,318 (8.1) < 0.01

Urban 64,635 (92.7) 5115 (7.3)
Educational time (years)
≤9 720,834 (91.4) 67,398 (8.6) < 0.01
10–12 230,646 (92.7) 18,170 (7.3)
> 12 169,990 (93.0) 12,796 (7.0)

Employment status
Farmers 844,867 (91.6) 77,577 (8.4) < 0.01
Workers 195,448 (93.0) 14,715 (7.0)
Othersd 77,855 (93.0) 5816 (7.0)

Pre-pregnancy body mass index (kg/
m2)

≤18.5 168,830 (92.0) 14,639 (8.0) < 0.01
18.6–23.9 809,277 (92.1) 69,434 (7.9)
≥24.0 151,671 (90.8) 15,362 (9.2)

Organic solvent/heavy metals/
pesticide exposure during
pregnancy

Yes 7121 (92.1) 614 (7.9) 0.616
No 1,133,424

(91.9)
99,819 (8.1)

Maternal smoking during pregnancy
Yes 11,763 (90.8) 1191 (9.2) < 0.01
No 1,120,479

(92.0)
97,861 (8.0)

Mate smoking during pregnancy
Yes 269,267 (92.0) 23,614 (8.1) 0.645
No 862,816 (92.0) 75,396 (8.0)

Maternal drinking during pregnancy
Yes 12,941 (91.4) 1214 (8.6) 0.019
No 1,118,630

(92.0)
97,759 (8.0)

Mode of delivery
Cesarean section 340,095 (91.6) 31,216 (8.4) < 0.01
Vaginal delivery 800,450 (92.0) 69,217 (8.0)

Baby's sex
Male 596,664 (91.5) 55,432 (8.5) < 0.01
Female 543,122 (92.5) 44,121 (7.5)

Season of conception
Autumn 294,277 (92.2) 24,723 (7.8) < 0.01
Winter 248,928 (90.9) 25,069 (9.1)
Spring 297,310 (92.6) 23,862 (7.4)
Summer 300,030 (91.8) 26,779 (8.2)

Overall 1,140,545
(91.9)

100,433
(8.1)

–

a Term birth indicates a live birth with 37 to 42 gestational weeks; Preterm
birth indicates a live birth with 20 to< 37 gestational weeks.

b p value for chi-square test for categorical variable and t-test for continuous
variable.

c Expressed as mean (standard deviation).
d Other occupations included individual business, housewife or other un-

specific occupations.
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come from rural areas, had education< 9 years, whose occupation
were farmers, who were overweight before pregnancy, smoked or
drinking during pregnancy, delivered a boy and conceived in winter
had the higher proportion for preterm birth (p-value < 0.05).

Table 2 shows the exposure levels for all pregnant women. The
median of the PM2.5 and PM10 exposures over the entire pregnancy was
53.4 and 93.3 μg/m3, and the interquartile range was 20.8 and 41.3 μg/
m3. Fig. 1a and b shows the average PM2.5 and PM10 exposure over the
entire pregnancy for the pregnant women. We found that only the

women who living in some areas of Qinghai, western Sichuan, Yunnan,
Fujian, Xinjiang, Inner Mongolia and Heilongjiang meet the WHO limit
value of PM2.5 (< 25 μg/m3) or PM10 (< 40 μg/m3). Women living in
most areas of Eastern and Central China had the relatively higher ex-
posure level. Women living in Beijing, Tianjin and Hebei regions suf-
fered from the highest PM2.5 or PM10 exposure over the entire preg-
nancy (> 75 μg/m3 for PM2.5 and 115 μg/m3 for PM10).

Table 3 presents the crude and adjusted HRs (with 95% CIs) of PTB
associated with PM2.5 or PM10 exposure during pregnancy. In the crude

Table 2
Summary of estimated exposures by exposure period (μg/m3).

N Mean SD 5th 25th 50th 75th 95th IQR

PM2.5

Entire pregnancy 1,240,978 53.4 15.9 27.3 42.7 53.4 63.4 78.3 20.8
Trimester 1 1,240,978 51.0 21.2 21.1 34.8 48.4 65.4 87.3 30.7
Trimester 2 1,240,978 52.6 21.1 22.5 37.3 49.4 66.1 89.2 28.8
Trimester 3 1,237,616 52.5 21.7 22.3 37.4 48.8 65.3 91.0 27.9

PM10

Entire pregnancy 1,240,978 91.9 27.4 47.2 70.4 93.3 111.6 136.2 41.3
Trimester 1 1,240,978 88.7 34.3 38.3 61.8 85.3 114.2 147.0 52.4
Trimester 2 1,240,978 91.0 34.4 40.4 64.6 86.8 116.4 150.3 51.8
Trimester 3 1,237,616 90.3 34.7 39.9 64.5 85.1 114.6 152.2 50.1

PM2.5, particles with aerodynamic diameters ≤2.5 μm; PM10, particles with aerodynamic diameters ≤10 μm; SD, standard deviation; IQR, interquartile range. Births
with<27 gestational weeks did not have a exposure of trimester 3.
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Fig. 1. A: The distribution of the average exposure for PM2.5 over the entire pregnancy for the study women in prefecture-level cities in mainland China.
(324 of the 344 prefecture-level cities in mainland China were covered in the present study).
B: The distribution of the average exposure for PM10 over the entire pregnancy for the study women in prefecture-level cities in mainland China.
(324 of the 344 prefecture-level cities in mainland China were covered in the present study).
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analyses, we observed that women had increased risk of PTB associated
with exposure to PM2.5 or PM10 pollution in trimester 1, trimester 2,
and over the entire pregnancy. In the adjusted models, each 10 μg/m3

increase of PM2.5 exposures in trimester 1, trimester 2, trimester 3, and
over the entire pregnancy was still significantly associated with in-
creased risk of PTB, with HRs of 1.09 (95% CI: 1.09, 1.10), 1.08 (95%
CI: 1.07, 1.08), 1.01 (95% CI: 1.01, 1.02), and 1.09 (95% CI: 1.08,
1.10), respectively. We also found each 10 μg/m3 increase of PM10

exposures in trimester 1, trimester 2, and over the entire pregnancy was
significantly associated with an increased risk of PTB, with HRs of 1.06
(95% CI: 1.05, 1.06), 1.03 (95% CI: 1.03, 1.04), and 1.02 (95% CI: 1.02,
1.03), respectively.

Each 10 μg/m3 increase of PM2.5 exposures in trimester 1, trimester
2 and over the entire pregnancy was also significantly associated with
increased risk of VPTB, with HRs of 1.13 (95% CI: 1.11, 1.15), 1.07
(95% CI: 1.05, 1.09), and 1.12 (95% CI: 1.09, 1.15), respectively. Each
10 μg/m3 increase of PM2.5 exposures in trimester 1, trimester 2 and
over the entire pregnancy was significantly associated with an in-
creased risk of ExPTB, with HRs of 1.14 (95% CI: 1.11, 1.18), 1.09 (95%
CI: 1.06, 1.13), and 1.21 (95% CI: 1.16, 1.26), respectively. Limited
evidence was observed for the exposure of trimester 3. Similar asso-
ciations were found for PM10 (Table 4).

Compared to full term birth, we found each 10 μg/m3 increase of
PM2.5 exposures in trimester 1, trimester 2, trimester 3, and over the
entire pregnancy was significantly associated with increased risk of
near term birth, with HRs of 1.04 (95% CI: 1.03, 1.04), 1.04 (95% CI:
1.04, 1.05), 1.02 (95% CI: 1.02, 1.02), and 1.05 (95% CI: 1.04, 1.05),
respectively. We also found each 10 μg/m3 increase of PM10 exposures
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Fig. 1. (continued)

Table 3
Hazard ratios and 95% CIs of preterm birth for 10 μg/m3 increases in each
exposure window.

Outcomes 1st trimester 2nd trimester 3rd trimester Entire
pregnancy

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Crude modela

PM2.5 1.03 (1.03,
1.04)

1.02 (1.02,
1.03)

1.00 (1.00,
1.00)

1.04 (1.03, 1.05)

PM10 1.02 (1.02,
1.02)

1.01 (1.01,
1.02)

0.99 (0.99,
0.99)

1.00 (1.00, 1.01)

Adjusted modelb

PM2.5 1.09 (1.09,
1.10)

1.08 (1.07,
1.08)

1.01 (1.01,
1.02)

1.09 (1.08, 1.10)

PM10 1.06 (1.05,
1.06)

1.03 (1.03,
1.04)

0.99 (0.98,
1.01)

1.02 (1.02, 1.03)

a PM2.5, particles with aerodynamic diameters≤2.5 μm; PM10, particles with
aerodynamic diameters ≤10 μm; Cox proportional hazard regression model,
including the random intercept of province, there were 1,240,978 births in-
cluded in the crude model.

b Cox proportional hazard regression model, adjusted for maternal age, re-
gistration areas, education, occupation, pre-pregnancy BMI, organic solvent/
heavy metals/pesticide exposure, smoking, drinking, mate smoking, mode of
delivery, baby's sex, season, smooth spline of temperature and the random in-
tercept for each province, there were 1,226,999 births who had complete
covariables included in the adjusted model.
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in all trimesters and over the entire pregnancy was significantly asso-
ciated with an increased risk of near term birth, with HRs of 1.03 (95%
CI: 1.02, 1.03), 1.02 (95% CI: 1.02, 1.03), 1.01 (95% CI: 1.00, 1.02),
and 1.02 (95% CI: 1.02, 1.02), respectively (Table 5).

Fig. 2 shows the results of effect modification analyses for pregnant
women's age, education time, registration areas, occupation, pre-preg-
nancy body mass index, mate smoking and season of conception. The
effects of PM2.5 and PM10 appeared to be stronger for pregnant women
who come from rural areas (HR 1.09 95% CI: 1.08, 1.10 for PM2.5; HR
1.02 95% CI: 1.02, 1.03 for PM10) than those who come from urban
areas (HR 1.06 95% CI: 1.04, 1.08 for PM2.5; HR 1.01 95% CI: 1.00,
1.02 for PM10); For pregnant women working as farmers (HR 1.11 95%

CI: 1.09, 1.13 for PM2.5; HR 1.04 95% CI: 1.03, 1.05 for PM10) than
those working as workers (HR 1.08 95% CI: 1.07, 1.10 for PM2.5; HR
1.02 95% CI: 1.01, 1.03 for PM10); For pregnant women with pre-
pregnancy overweight (BMI≥ 24) (HR 1.11 95% CI: 1.09, 1.12 for
PM2.5; HR 1.03 95% CI: 1.03, 1.04 for PM10) than those with normal
weight (BMI 18.6–23.9) (HR 1.09 95% CI: 1.08, 1.10 for PM2.5; HR 1.02
95% CI: 1.02 1.03 for PM10). Pregnant women whose mate was
smoking during her pregnancy (HR 1.13 95% CI: 1.12, 1.14 for PM2.5;
HR 1.04 95% CI: 1.04, 1.05 for PM10) were more sensitive to the effects
of PM2.5 and PM10 than those whose mate did not smoke (HR 1.08 95%
CI: 1.07, 1.09 for PM2.5; HR 1.02 95% CI: 1.01, 1.02 for PM10). The
effects of PM2.5 and PM10 among pregnant women who conception in
autumn was stronger than other seasons. However, we did not find
consistent trend of PM2.5 and PM10 for pregnant women's age and
education time.

When we rebuilt Cox models with time-varying coefficient by
adding an interaction of time variable with PM exposure to identify the
potential violation of the proportional hazard assumption, the newly
added interaction term was not statistically significant (p=0.51 for
PM2.5 and p=0.14 for PM10; eFigs. 3 and 4 in the Supplemented file).
When we additionally adjusted for the random intercept for each city in
the models, the results did not change substantially (eTable 3 in the
Supplemented file). We find women's registration areas, educational
time, and employment status were correlated (p < 0.05). When we
only adjusted for women's employment status as the proxy of their
social economic status in the main model, the results did not change
substantially (eTable 4 in the Supplemented file).

4. Discussion

The present study provided clear evidence that exposure to PM2.5 or
PM10 in all trimesters and over the entire pregnancy increase the risk of
preterm birth in a cohort of> 1.28 million births in China. To the best
of our knowledge, this is the first study that estimated the trimester-
specific effects of PM2.5 and PM10 exposure on PTB and near term birth
in both urban and rural pregnant women. Moreover, it is also the first
study reporting positive associations between PTB and each trimester's
exposure to PM2.5 or PM10 at national level. In addition, we took ad-
vantage of our large population and detailed personal characteristics to
examine the effect on various subgroups of PTB, including the newest
definition of ACOG, and the potential effect modifications. We found
that the effects appeared to be stronger for women who came from rural
areas, who worked as farmer, who were overweight before pregnancy,
whose mate was smoking during her pregnancy and who conceived in
autumn. This study results provided scientific evidence for developing
public health policies, especially for vulnerable populations in areas
with high levels of air pollution (e.g., Beijing-Tianjin-Hebei regions).

A recent systematic review reported that most of the studies on
PM2.5 and PTB were conducted in the western countries (Li et al.,
2017). To our knowledge, there was only one study in Canada which
estimated the effects of PM2.5 on pregnancy outcomes at the national
level including both urban and rural areas. They employed satellite-
based prediction of PM2.5 and birth records of the country and found a
significantly negative association (Odds Ratio: 0.96 95% CI: 0.93, 0.99)
between PM2.5 exposures and preterm birth after adjusting for maternal
age and marital status, parity, SES and season of birth (Stieb et al.,
2016). However, there are some studies reporting positive associations.
Rappazzo et al. analyzed the birth records of> 1.5 million births from
Pennsylvania, New Jersey and Ohio of United Sates and the PM2.5 data
from the Community Multiscale Air Quality model of Environmental
Protection Agency of United Sates. They found that PM2.5 exposure
during the fourth week of gestation was positively associated with
MLPTB, VPTB and ExPTB (Rappazzo et al., 2014). They also reported
that elemental carbon and sulfates might contribute to the associations
between PM2.5 and PTB (Rappazzo et al., 2015). Fleischer et al. re-
ported that PM2.5 did not associate with PTB among the global sample

Table 4
Hazard ratios and 95% CIs of very preterm birth and extremely preterm birth
for 10 μg/m3 increases in each exposure window.

Outcomes 1st trimester 2nd trimester 3rd trimester Entire
pregnancy

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

VPTB
PM2.5 1.13 (1.11,

1.15)
1.07 (1.05,
1.09)

0.99 (0.97,
1.01)

1.12 (1.09, 1.15)

PM10 1.07 (1.06,
1.08)

1.02 (1.01,
1.03)

1.00 (0.98,
1.02)

1.03 (1.01, 1.04)

ExPTB
PM2.5 1.14 (1.11,

1.18)
1.09 (1.06,
1.13)

1.00 (0.96,
1.04)

1.21 (1.16, 1.26)

PM10 1.09 (1.07,
1.12)

1.03 (1.01,
1.05)

0.99 (0.96,
1.02)

1.10 (1.08, 1.13)

VPTB, very preterm birth; ExPTB, extremely preterm birth; Cox proportional
hazard regression model, adjusted for maternal age, registration areas, educa-
tion, occupation, pre-pregnancy BMI, organic solvent/heavy metals/pesticide
exposure, smoking, drinking, mate smoking, mode of delivery, baby's sex,
season, smooth spline of temperature and the random intercept of province,
there were 1,226,999 births who had complete covariables included in the
adjusted model.

Table 5
Hazard ratios and 95% CIs of near term birth and preterm birth compared with
full term birth for 10 μg/m3 increases in each pollutant.

Outcomesa,b,c Full term birth Near term birth

N=914,673 N=261,488

HR (95% CI) HR (95% CI)

Trimester 1
PM2.5 1.0 (common ref) 1.04 (1.03, 1.04)
PM10 1.0 (common ref) 1.03 (1.02, 1.03)

Trimester 2
PM2.5 1.0 (common ref) 1.04 (1.04, 1.05)
PM10 1.0 (common ref) 1.02 (1.02, 1.03)

Trimester 3
PM2.5 1.0 (common ref) 1.02 (1.02, 1.02)
PM10 1.0 (common ref) 1.01 (1.00, 1.01)

Entire pregnancy
PM2.5 1.0 (common ref) 1.05 (1.04, 1.05)
PM10 1.0 (common ref) 1.02 (1.02, 1.02)

a PM2.5, particles with aerodynamic diameters≤2.5 μm; PM10, particles with
aerodynamic diameters ≤10 μm.

b Full term birth, ≥39 gestational weeks; near term birth, 37–38 gesta-
tional weeks.

c Cox proportional hazard regression model, adjusted for maternal age, re-
gistration areas, education, occupation, pre-pregnancy BMI, organic solvent/
heavy metals/pesticide exposure, smoking, drinking, mate smoking, mode of
delivery, baby's sex, season, smooth spline of temperature and the random in-
tercept of province.
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(Odds Ratio: 0.96 95% CI: 0.91, 1.02). But in subgroup analyses
for> 9000 women from Beijing, Zhejiang and Yunnan province of
China, they found each 10 μg/m3 increase of PM2.5 exposures over the
entire pregnancy was significantly associated with increased risk of PTB
(Odds Ratio: 1.11 95% CI: 1.04, 1.17) (Fleischer et al., 2014). Having
the advantage of the cohort with>1.24 million participants, our study
provided new reliable evidence that exposure to PM2.5 during preg-
nancy increases the risk of PTB.

Some studies also reported PM10 exposure during pregnancy was
associated with PTB, with the Odds Ratios ranged from 1.07 to 1.10 for
each 10 μg/m3 increase in PM10, which was confirmed by our study
(Balsa et al., 2016; Suh et al., 2009; Zhao et al., 2015). In addition, we
identified positive but less pronounced associations between PM10 and
PTB for unit increase, compared with PM2.5. Previous study reported
that PM10 and PM2.5 have a strong correlation, and nearly 65% of PM10

was accounted by PM2.5 in China (Zhou et al., 2016). Compared with
PM10, which can be intercepted by the cilia of airway, inhaled PM2.5

can penetrate to the gas exchange region of the lungs and invade blood
circulation, induce oxidative stress, cause DNA damage, which may
trigger premature birth (Sørensen et al., 2003). Therefore, PM2.5 may
play more important role than PM10 in the adverse effect of PMs on
PTB.

We observed the larger HRs for the associations between PM2.5 or
PM10 and preterm birth for women who came from rural areas, who
worked as farmer, who were overweight before pregnancy, whose mate
was smoking during her pregnancy or who conceived in autumn.
Women worked in agriculture were categorized as farmers, while those
worked as employee were categorized as workers in the present study.
The outdoor activity pattern could be different between workers and
farmers. Thus, explanation underlying this effect modification of rural,
farmer or autumn could be that rural or farmer women were busy with
more outdoor work, being lack of health care or self-protective mea-
sures (Yi et al., 2010), or having more harvesting work in autumn,
which may increase the exposure of PM2.5 or PM10 (Cheng and Yang,
2016). However, the higher pollution due to solid fuels using for
cooking and heating in rural areas in China could also be a potential
explanation. Secondhand smoke is an important risk factor of PTB
(Ashford et al., 2010). Women exposure to secondhand smoke during
pregnancy might be related to functional maternal and fetal anemia,
endocrine/paracrine changes, cell signaling alterations and restricted
placental blood flow (Ion and Bernal, 2015), which can be combined
with the oxidative stress and inflammation effect of PMs, and then
contribute to the enhanced risk of PTB (Ashford et al., 2010). Previous
studies indicated that pre-pregnancy overweight women might be more

0.95 1.00 1.05 1.10 1.15 1.20
HR for each 10 μg/m3increase of PM2.5

Summer
Spring
Winter
Autumn

Yes
No

≥ 24.0
<18.5
18.5−23.9

Others
Workers
Farmers

Urban
Rural

>12
10 − 12
<9

>35
31−35
26−30
≤ 25

−
<0.001
<0.001
<0.001

ref

<0.001
ref

<0.001
0.395

ref

0.043
0.005

ref

0.003
ref

0.197
<0.001

ref

0.036
0.144
0.001

ref

Subgroup P value of
interaction

Maternal age, y

Education time, y

Registration areas

Occuption

Body Mass Index

Passive smoking

Conception season

Overall

0.95 1.00 1.05 1.10 1.15 1.20
HR for each 10 μg/m3increase of PM10

Summer
Spring
Winter
Autumn

Yes
No

≥ 24.0
<18.5
18.5−23.9

Others
Workers
Farmers

Urban
Rural

>12
10 − 12
<9

>35
31−35
26−30
≤ 25

−
<0.001
<0.001
<0.001

ref

<0.001
ref

<0.001
0.234

ref

0.003
0.002

ref

0.033
ref

0.114
<0.001

ref

0.215
0.006

<0.001
ref

Subgroup P value of
interaction

Maternal age, y

Education time, y

Registration areas

Occuption

Body Mass Index

Passive smoking

Conception season

Overall

Fig. 2. Hazard ratios (and 95% CIs) associated with particulate matter exposure during pregnancy by individual characteristics.
PM2.5, particles with aerodynamic diameters ≤2.5 μm; PM10, particles with aerodynamic diameters ≤10 μm; body mass index was measured within six months
before conception; Passive smoking indicated partner smoking during pregnancy; Cox proportional hazard regression model, adjusted for maternal age, registration
areas, education, occupation, pre-pregnancy BMI, organic solvent/heavy metals/pesticide exposure, smoking, drinking, mate smoking, mode of delivery, baby's sex,
season, smooth spline of temperature and random intercept of province, without each categorized variable.
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sensitive to the inflammatory effects of air pollutants (Dong et al.,
2015), which could be a reason for the enhanced risk of PTB among
pregnant women being overweight before pregnancy.

We found a 9% increased risk of PTB and a 21% increased risk of
ExPTB with a 10 μg/m3 increase in PM2.5 exposure over the entire
pregnancy. We also found a 2% increased risk of PTB and a 10% in-
creased risk of ExPTB with a 10 μg/m3 increase in PM10 exposure over
the entire pregnancy. In addition, we also found exposure to PMs
during pregnancy also increases the risk of near term birth. Preterm
birth is not only the leading cause of infant mortality (GBD 2015
Mortality and Causes of Death Collaborators, 2016), but also has serious
long-term consequence such as asthma and metabolic disorders. Near
term birth is also highly related to adverse neonatal outcomes such as
respiratory morbidity. They have resulted in tremendous medical costs
and social burden worldwide (Dimes, 2012). There is a great number of
pregnant women in China living in areas with high PM pollution level,
which is far beyond the limit value of WHO (Annual PM2.5 < 25 μg/
m3, PM10 < 40 μg/m3). There were>13% pregnant women who were
overweight before pregnancy and> 15% pregnant women whose mate
was smoking after her conception in our cohort. We found they were
more sensitive to PM2.5 and PM10. It indicates that there is an urgent
need to improve the women's awareness and behaviors of self-protec-
tion (e.g., controlling body weight before pregnancy, wearing a mask,
using an air purifier, rejecting secondhand smoke during pregnancy)
from the adverse effect of air particulate matter, especially in rural
populations who are living in areas with serious air pollution. On an-
other front, public policy such as smoking prohibition regulation and
reducing PMs should be developed to prevent pregnant women from
the risk of PMs.

The present study had three major advantages over previous studies
examining the effect of PM2.5 or PM10 on PTB. First, this was a pro-
spective cohort study including nearly 1.24 million women from both
rural and urban areas of most regions of mainland China, which had a
relatively higher representativeness of Chinses general population. As
the prospective design, we minimized recall bias of LMP and birth date,
which ensured the accuracy of gestational age and the assessment of
PTB. Gestational ages were usually extracted from birth certificates in
most previous studies, which led to misclassification of gestational age
due to poor recall, post-conception bleeding, or menstrual irregularities
(Wu et al., 2009). We can also analyze detailed individual-level co-
variables such as occupation, pre-pregnancy BMI, and passive smoking,
allowing us to evaluate the impact of these factors on air pollution ef-
fect estimates and identify potential vulnerable subgroups. It is very
important for generating robust findings and guiding environmental
policies. The second major advantage is that the PM2.5 and PM10 data
was predicted by using an innovative machine learning model (random
forests model) based on satellite data, meteorological and land use in-
formation which showed a higher accuracy of prediction (R-
squared>80%) (Chen et al., 2018a; Chen et al., 2018b). Unlike most
previous studies that only used residence at birth records to assign
exposure for the whole pregnancy, we used the home address before,
during and after pregnancy of each woman to assign the exposure,
which minimized potential exposure misclassification by residential
mobility. Lastly, taking the advantages of our large cohort, we further
categorized PTB into various subgroups, and we also estimated the ef-
fect of PMs on near term birth, the new definition of ACOG, which
supplied novelty evidence for the adverse effect of PM on pregnancy
outcomes.

The study also had several limitations. First, there might be some
uncertainness in exposure assessment as the variabilities within the
township level unit (≈200 km2) or the mesh (≈100 km2) cannot be
captured by our exposure assessment method. The study was also
limited in its ability to disentangle the relative impacts of local, re-
gional, and background pollutants while the innovative machine
learning model was used to assess the whole exposure. However, the
street information was not available in the study population.

Meanwhile, maternal time-activity patterns and indoor pollutants could
also impact the estimated associations. Even if we adjusted the occu-
pation (farmer or worker) for considering the indoor or outdoor time
difference, there was still exposure misclassification. Second, compo-
nents of PM2.5 or PM10 are complex and we only estimated the health
effects of whole PM2.5 and PM10. A previous study reported specific
components such as organic carbon, nitrates and sulfates may have
different effect on PTB, but the results are mixed (Rappazzo et al.,
2014).

5. Conclusion

Exposure to PM2.5 or PM10 in trimester 1, trimester 2 and during
entire pregnancy increased the risk of preterm and near term birth in
China. The effects appeared to be stronger among the vulnerable
women coming from rural areas, working as famers, being overweight
before pregnancy, whose mate was smoking during her pregnancy and
having conception in autumn. Public policies should be developed to
prevent pregnant women from the impact of air pollution, especially
among those vulnerable pregnant women who live in areas with serious
air pollution.
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