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Background
Preterm birth (PTB) is defined as a live birth before 37
gestational weeks [1]. The consequences of PTB include
not only fetal and neonatal morbidity and mortality but
also potentially lifelong morbidity, including neurologic,
pulmonary, and circulatory outcomes [2, 3], which collect-
ively places a substantial burden on affected families, as
well as on health and social services [4]. Multiple factors
have been suggested to be associated with PTB, including
multiple pregnancies, infection, chronic diseases, maternal
behavior, and socioeconomic characteristics [5]. Further-
more, ambient environmental factors, such as air pollu-
tion, may play an important role in PTB [6, 7].
In recent years, numerous studies have reported the ef-

fects of long-term or short-term air pollutant exposure on
PTB [8, 9], especially the impact of maternal fine particu-
late matter (PM2.5, aerodynamic diameter < 2.5 μm) expos-
ure on PTB, which has become an intriguing research
topic [10–12]. Due to its specific characteristics, including
large surface area, small diameter, and extended suspen-
sion time in the air [13], PM2.5 can be inhaled into the
deep regions of the lungs. Oxidative stress and inflamma-
tion may be one mechanistic pathway through which ex-
posure to PM2.5 triggers the onset of preterm labor [14]. A
previous study found that different subtypes of PTB, de-
fined by gestational age, have been associated with different
risk factors, including air pollution [15]. Therefore, it is ne-
cessary to divide PTB into three categories and examine
the relationships between prenatal PM2.5 exposure and
PTB subtypes. However, very few studies have investigated
the association between air pollution and PTB subtypes
[16]. Additionally, although researchers have explored the
trimester-specific association between PM2.5 exposure and
PTB [11, 12, 17], the results regarding the most susceptible
exposure window have been inconsistent and remain con-
troversial [18]. The inconsistent results among these stud-
ies may be attributed to many factors. Aside from the
heterogeneity of study areas and populations, the different
methods of exposure assessment are also an important rea-
son for the estimate bias, which cannot be ignored [19].
To date, most PM2.5-PTB studies in China have based

on air pollution data from fixed monitors for the exposure
assessment; however, this method is limited in spatial rep-
resentativeness and might cause exposure misclassification.
Interpolated air pollution data from a land use regression
(LUR) model can address this weakness by considering
additional factors, such as land use, emission, traffic, and
population. Although a LUR model has been adopted in
some previous PM2.5-PTB studies, most of them were con-
ducted in developed countries with low pollution levels [9,
11]. The health effect of particulate matters varies by areas
[20], which may be attributed to the differences in chem-
ical composition and population characteristics [21]. Con-
sidering the substantial disparity that exists between China

and developed countries (for example, chemical composi-
tions of PM2.5 and characteristic of population), the results
from previous studies regarding air pollution and PTB in
developed countries cannot be extended to areas with
higher PM2.5 concentrations. Therefore, we aimed to use a
LUR model to assess individual exposure, and further ex-
plore the association between trimester-specific exposure
to PM2.5 and the risk of premature birth in Wuhan, China.

Methods
Study population
Women who gave birth at one of the 3A hospitals in
Wuhan between November 1, 2013 and May 31, 2014;
between January 1, 2015 and August 31, 2015 were
retrospectively enrolled in this study. Birth records and
maternal information used in this study were obtained
from the Obstetrics Department in this 3A hospital. This
hospital is one of the best hospitals in Hubei province, it
has the most advanced medical technology and better
health care. So, women in poor physical conditions pre-
fer to deliver at this hospital. Based on inclusion and ex-
clusion criteria in previous researches [12, 22], we
excluded multiple pregnancies, stillbirths, birth defects,
neonates with an extreme birth weight (< 500 g or >
5000 g), and neonates whose gestational age were less
than 20 weeks or more than 42 weeks. Pregnant women
whose permanent addresses were not located in Wuhan
and whose addresses could not be geocoded were also
excluded. To protect the privacy of the individuals, this
study only marked the locations of the subjects on the
map, without showing accurate longitude and latitude
on the map. Finally, a total of 2101 births that met the
inclusion criteria were enrolled in this study (Fig. 1).
The covariates were collected from medical records

documented by doctors and nurses after the deliveries.
The original data were recorded in medical report books
and then transformed into electronic form. The collected
variables included maternal age, years of education, gra-
vidity, parity, date of birth, gestational age, delivery mode,
sex of infant, and maternal physical conditions during
pregnancy, including gestational hypertension and gesta-
tional diabetes. The date of conception and gestational
age were calculated based on the first day of the last men-
strual period (LMP), which was recorded on the registra-
tion of delivery.

Definition of birth outcomes and exposure window
The entire pregnancy was defined as the conception date
to birth. The first trimester was defined as the concep-
tion date to 13 weeks, the second trimester as 14 weeks
to 27 weeks, and the third trimester as 28 weeks to birth
[16]. Pregnancy outcomes in this study included term
birth (gestational age ≥ 37 weeks and ≤ 42 weeks), PTB
(20 to < 37 gestational weeks) [1], extremely preterm
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the LUR models. In this study, LUR models performed well
and yielded high leave-one-out-cross-validation (LOOCV)
R2 value, which reached 0.808 and 0.910 for LUR-model 1
and LUR-model 2, respectively. The correlation coefficient
between measured and predicted values from the two LUR
models was 0.958 (Fig. 2c). Based on the estimated
average concentration of PM2.5 during the two pe-
riods, we generated the average surface PM2.5 concen-
tration from January 1, 2013 to August 31, 2015
across Wuhan city (Fig. 2b).
The Kriging interpolation method was used to transform

predicted PM2.5 data from monitors into concentration
maps. We extrapolated the average concentrations of PM2.5

for each time period to a daily level, following the method
described in previous studies [22, 24]. First, we geocoded
maternal addresses and assigned the period-specific average
PM2.5 concentration from the LUR models to each woman.
Second, daily PM2.5 concentration for each subject was ad-
justed by the ratio of daily-specific PM2.5 concentrations to
the estimated period-specific average PM2.5 concentration
at the nearest monitor. Finally, the average concentration of
PM2.5 was assigned to each subject in accordance with four

exposure periods—the entire pregnancy, first trimester, sec-
ond trimester, and third trimester.

Statistical analysis
The concentration of PM2.5 exposure was regarded as
both a continuous and categorical variable in our ana-
lysis. We performed a logistic regression model to exam-
ine the association between PTB and PM2.5 exposure
during the entire pregnancy and each trimester. First, we
built a crude model with only PM2.5 concentration as a
continuous independent variable. Then, we added ma-
ternal age (≤24, 25–29, 30–34, ≥35 years of age), years of
education (≤9, 10–13, ≥14 years), delivery mode (vaginal
or cesarean), gravidity (1 pregnancy or > 1 pregnancies),
parity (delivering their first-born or mother with a previ-
ous live birth), gestational diabetes (yes or no), gestational
hypertension (yes or no), season of conception [warm
(March–August) or cold (September–February)] [17], and
sex of infant (male or female) to build the adjusted
models. In addition to analyzing PTB as a single outcome,
we examined the birth outcome separately by subtypes, in-
cluding MLPTB, VPTB, and ExPTB. As there was a small

Fig. 2 Geographical location of Wuhan in China (a). Spatial distribution of mean PM2.5 estimations across Wuhan city from January 1, 2013 to
August 31, 2015 (b). A scatter plot correlating the measured and predicted PM2.5 values from 10 monitoring stations (c)
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sample size of ExPTB (< 28 completed weeks, n = 2) in
our sample, we did not include these births in the ana-
lyses. In these models, the results were showed by odd ra-
tio (ORs) and its 95% confidence intervals (CIs) related to
per 10 μg/m3 increase of PM2.5.
According to the quartiles of the distribution of PM2.5

concentration, we compared subjects in each higher ex-
posure quartile with those in the first quartile (first quar-
tile: <25th percentile; second quartile: 25th to 50th
percentile; third quartile: 50th to 75th percentile; fourth
quartile: >75th percentile) during the entire pregnancy
and in each trimester. We examined whether specific
subgroups were more vulnerable to the effect of mater-
nal PM2.5 exposure, subgroups were stratified by sex of
infant (male or female), years of education (≤9, 10–13,
≥14 years), and season of conception [warm (March–Au-
gust) or cold (September–February)]. Stratified analyses
were adjusted for maternal age, years of education, deliv-
ery mode, gravidity, parity, gestational diabetes, gesta-
tional hypertension, season of conception, and sex of
infant, without each categorized variable. All above stat-
istical tests were two-sided, and a p-value < 0.05 was
considered statistically significant. All of the analyses
were conducted using R 3.4.2 software (R Core Team,
2018).

Results
Characteristics of the participates
After exclusion, a total of 2101 deliveries were included in
our study. Out of the 2101 deliveries, 273 were PTB, and
the prevalence rate of PTB in this study was 13%. The
average age of the pregnant women in this study was 30
years old. We found that there were appreciable differences
in prevalence of PTB by maternal age, years of education,
delivery mode, gravidity, parity, gestational hypertension
and gestational diabetes. Among the PTB group, the per-
centages of women who were younger than 24 years old,
had less than 9 years of education, were pregnant before,
had gestational hypertension and gestational diabetes, and
who conceived during the cold season were significantly
higher than term birth group (Table 1).

Spatial distribution of PM2.5

The spatial distribution of the PM2.5 concentration in
this study period across Wuhan is presented in Fig. 2b,
with a spatial resolution of 1 km × 1 km. The average
concentration of PM2.5 during this study period was
81.30 μg/m3 in Wuhan. The concentration of PM2.5 was
high within the main urban areas while it was low within
the new urban areas (Fig. 2b). Most of the participants
lived within the main urban area. Monitors were located
on areas with a relatively high population density; there-
fore, the modeled values would be able to adequately
represent the population exposure (Fig. 2b).

During the whole pregnancy period, the average concen-
tration of PM2.5 exposure was 84.54 μg/m3, and the expos-
ure level ranged from 58.53 μg/m3 to 129.53 μg/m3. Since
there were two live births prior to 28 completed weeks of
gestation, they did not have exposure in the third trimester.
The exposure level of PM2.5 for pregnant women in the
first trimester (69.12 μg/m3) was lower than the exposure
level in the second trimester (92.28 μg/m3) and third tri-
mester (92.22 μg/m3; Table 2). The distribution of subjects’
average PM2.5 exposure during the whole pregnancy was
shown in Fig. 3. In addition, months of conception for most

Table 1 Characteristics of the study population, by term and
preterm births (Wuhan, China, November 1, 2013 to May 31,
2014; January 1, 2015 to August 31, 2015)

Covariates Preterm births Term births p
value a

n % n %

Maternal age, years 0.018

≤ 24 24 18.6 105 81.4

25–29 85 10.5 721 89.5

30–34 73 13.1 486 86.9

≥ 35 91 15.0 516 85.0

Years of education < 0.001

≤ 9 69 24.8 209 75.2

10–13 62 17.5 293 82.5

≥ 14 142 9.7 1326 90.3

Sex of infant 0.335

Male 151 13.7 954 86.3

Female 122 12.2 874 87.8

Delivery mode 0.030

Vaginal 97 11.1 776 88.9

Cesarean 176 14.3 1050 85.7

Gravidity

1 119 10.0 1076 90.0 < 0.001

≥ 2 154 17.0 752 83.0

Parity < 0.001

1 183 10.8 1504 89.2

≥ 2 90 21.8 322 78.2

Gestational hypertension < 0.001

Yes 39 37.1 66 62.9

No 234 11.7 1762 88.3

Gestational diabetes 0.019

Yes 18 21.4 66 78.6

No 255 12.6 1762 87.4

Season conceived 0.045

Warm 169 12.0 1243 88.0

Cold 104 15.1 585 84.9
a p value for Chi-square test for categorical variables
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of participants were distributed between May and
September.

Association between PM2.5 exposure and PTB
Compared with the results from the crude model, the ORs
for PTB, MPTB, and VPTB became larger during each
exposure window when the potential confounders were
adjusted in the model. Except for the third trimester, the
ORs for VPTB in other exposure windows were larger
than MPTB. For PTB and subtypes of PTB, the highest
ORs all appeared in the first trimester (OR and 95% CI:
1.169 [1.077, 1.262], 1.170 [1.071, 1.269], 1.265 [1.116,
1.417] for PTB, MPTB, and VPTB, respectively) (Table 3).
After adjustment of covariates, the risk of PTB, MPTB,

and VPTB increased with quartiles of PM2.5 exposure
during the entire pregnancy period. We observed a
219.4% (OR: 3.194; 95% CI: 1.078, 9.461), 81.4% (OR:
1.814; 95% CI: 1.168, 2.817), and 96.1% (OR: 1.961; 95%
CI: 1.300, 2.957) increase in the risk of VPTB, MPTB,
and PTB for women in the highest PM2.5 entire-
pregnancy exposure quartile, respectively. Except for the
first trimester, the effects of PM2.5 exposure on PTB and
MPTB in the highest quartile during the two trimesters
were statistically significant. For VPTB, although com-
pared with the first quartile of PM2.5 exposure, the
higher quartiles of PM2.5 exposure in each trimester not
significantly associated with the risk of VPTB. A trend
was found towards an increased risk of VPTB with in-
creased quartile of PM2.5 exposure (Fig. 4.).
The stratified analysis showed that the association be-

tween PM2.5 and PTB varied by maternal education, in-
fant sex, and season conceived (Table 4). The effect of
PM2.5 during the entire pregnancy appeared to be stron-
ger on women who received less than 9 years of educa-
tion. For the entire pregnancy, there was no difference
between women who delivered a male infant (OR: 1.257;
95% CI: 1.107, 1.409) and those who delivered a female
infant (OR: 1.250; 95% CI: 1.104, 1.398) in the health ef-
fect of PM2.5 exposure. Except for the third trimester,
women who conceived during the cold season were
more sensitive to PM2.5 exposure than those that con-
ceived during the warm season. Women who conceived

during the warm season were more susceptible to PM2.5

exposure during the third trimester than those that con-
ceived during the cold season.

Discussion
Our study adds to the growing body of evidence that
demonstrates that the risk of premature birth increases
with PM2.5 exposure during pregnancy. Maternal PM2.5

exposure was more strongly associated with VPTB than
MPTB. For VPTB and MPTB, PM2.5 exposure during
different time windows had a different effect on them.
These two subgroups of PTB had a different sensitivity
to the increase in PM2.5 exposure level.
In recent years, there has been increasing evidence

that maternal PM2.5 exposure increases the risk of PTB
[12, 25]. The results of most studies were consistent and
indicated that PM2.5 exposure during the entire preg-
nancy was associated with PTB, with the ORs ranging
from 1.01 to 1.87 for per 10 μg/m3 increment in PM2.5

[25–28]. Previous meta-analyses also found estimated
OR for PTB each 10 μg/m3 increment in PM2.5 exposure
during the entire pregnancy being 1.13 (95% CI: 1.03,
1.24) [19]. Compared with those previous studies, our
study observed a higher magnitude association between
PM2.5 exposure and PTB (OR: 1.263; 95% CI: 1.158,
1.368). The difference between our findings and those of
other studies might be due to the following possible rea-
sons: First, the information for mother-infant pairs in
this study was collected from a single hospital, and
women with a poor physical condition were more likely
to deliver in this hospital. Thus, the specificity of the
study population could lead to overestimate the hazard
of PM2.5 exposure on PTB. Second, the variability of ex-
posure assessment could be another possible reason.
Many studies used fixed-site measurements as individual
exposure, while our study used high-resolution LUR
model predictions. Third, the disparity in the propor-
tions of PTB with different gestational ages (MPTB,
VPTB, and ExPTB) among our study and previous stud-
ies also affected the estimation of the association.
In the subgroup analyses of PTB, we found that the haz-

ard of PM2.5 exposure during all exposure windows, ex-
cept the third trimester, on VPTB was stronger than
MPTB. Furthermore, the effects of PM2.5 exposure in the
first trimester on VPTB and MPTB appeared to be stron-
ger than in other two trimesters. These results were con-
sistent with those of previous studies. One study in
California found that exposure to local traffic-generated
pollutants (e.g., PM2.5, NOx) increased the risk of prema-
ture birth, and the risk of PM2.5 exposure was stronger for
VPTB than MPTB [16]. Previous studies in Hong Kong
and the Chinese mainland reported that the impact of
PM2.5 exposure during pregnancy was more significant on
PTB with a younger gestational age than PTB with an

Table 2 Average exposure level of PM2.5 in each time window
based on LUR model estimates of the study population in
Wuhan, China

Exposure N Mean Min Percentiles of exposure Max

P25 P50 P75

Entire pregnancy 2101 84.54 58.53 75.39 79.27 95.49 129.53

Trimester 1 2101 69.12 30.49 50.20 65.59 86.60 147.83

Trimester 2 2099 92.28 33.03 68.71 89.80 107.69 188.16

Trimester 3 2099 92.22 21.90 61.05 87.96 114.94 207.17

Abbreviations: Min minimum, P25 25th percentile, P50 50th percentile, P75
75th percentile, Max maximum
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Fig. 3 Distribution of months of conception for participants and individual PM2.5 exposure in the specific trimester. Notes: The height of the bar
indicates the number of participants. The dot indicates the woman who exposure to a specific PM2.5 concentration. The density plot on the right
marginal of y-axis visualizes the distribution of the number of subjects over the PM2.5 concentration intervals

Table 3 Odd Ratios and 95% CIs of categorial PTB for per 10 μg/m3 increase in PM2.5 during each time window based on LUR
model estimates

N Crude model Adjusted model a

OR (95% CI) value p value OR (95% CI) value p value

PTB 273

Entire pregnancy 1.191 (1.097, 1.285) < 0.001 1.263 (1.158, 1.368) < 0.001

First trimester 1.127 (1.069, 1.185) < 0.001 1.169 (1.077, 1.262) < 0.001

Second trimester 1.039 (1.001, 1.077) 0.040 1.056 (1.015, 1.097) 0.007

Third trimester 1.001 (0.967, 1.036) 0.937 1.052 (1.002, 1.101) 0.041

MPTB 230

Entire pregnancy 1.183 (1.081, 1.286) < 0.001 1.230 (1.118, 1.344) < 0.001

First trimester 1.107 (1.044, 1.171) 0.001 1.170 (1.071, 1.269) 0.001

Second trimester 1.040 (1.000, 1.080) 0.052 1.051 (1.008, 1.094) 0.021

Third trimester 1.014 (0.977, 1.052) 0.460 1.053 (1.000, 1.106) 0.048

VPTB 41

Entire pregnancy 1.192 (0.963, 1.426) 0.101 1.496 (1.222, 1.778) < 0.001

First trimester 1.203 (0.963, 1.449) 0.098 1.265 (1.116, 1.417) < 0.001

Second trimester 1.036 (0.946, 1.127) 0.431 1.111 (1.005, 1.218) 0.040

Third trimester 0.924 (0.833, 1.157) 0.104 1.054 (0.925, 1.186) 0.413

Abbreviations: OR odds ratio, CI confidence interval, MPTB moderate preterm births (32–37 weeks), VPTB very preterm births (28–32 weeks)
a Logistic regression model, adjusted for maternal age, years of education, delivery mode, gravidity, parity, season of conception, gestational diabetes,
gestational hypertension, and sex of infant
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older gestational age, and the most susceptible exposure
window was the first trimester [19, 29]. One potential ex-
planation is that the first trimester is the critical stage for
embryo implantation and placenta formation [30], and the
production of free radicals induced by air pollution might
cause an inflammatory response, increasing blood viscos-
ity [30, 31]. Suboptimal placenta perfusion from blood vis-
cosity changes may cause adverse pregnancy outcomes,

including low birth weight and PTB. PM2.5-associated in-
flammation could artificially cause the placenta to age pre-
maturely and may partially explain why we observed that
VPTB had the greatest risk [32]. This finding was import-
ant because postnatal health impairments were greatest
for children born extremely premature [33]. Infants born
at the youngest gestational age not only had a greater risk
of mortality and morbidity but also had a greater risk of

Fig. 4 Adjusted odd ratios (95% CIs) of VPTB, MPTB, and PTB by entire pregnancy and trimester-specific exposure quartile. Logistic regression
models were adjusted for maternal age, years of schooling, delivery mode, gravidity, parity, season of conception, gestational diabetes, gestational
hypertension, and sex of baby. Abbreviations: OR, odds ratio; PTB, preterm births (<37 weeks); MPTB, moderate preterm births (32–37 weeks);
VPTB, very preterm births (28–32 weeks); 1st, the first quartile; 2nd, the second quartile; 3rd, the third quartile; 4th, the fourth quartile
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