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Background: Preterm birth (PTB) has been linked with ambient particulate matter
(PM) exposure. However, data are limited between physiological development of
PTB and PM exposure.

Methods: Trimester and season-specific PM exposure including PM,s and
PM;, was collected from Jiaxing between January 2014 and December 2017.
Information about parents and 3,054 PTB (gestational age <37 weeks) outcomes
such as weight (g), head circumference (cm), chest circumference (cm), height
(cm) and Apgar 5 score were obtained from birth records. We used generalized
linear models to assess the relationship between PTB physiological developmental
indices and PM, s, PM;y and their combined exposures. A binary logistic regression
model was performed to assess the association between exposures and low birth
weight (LBW, < 2,500 g).

Results: Results showed that there were 75.5% of low birth weight (LBW) infants
in PTB. Decreased PM, s and PMy, levels were found in Jiaxing from 2014 to 2017,
with a higher PMy, level than PM,s each year. During the entire pregnancy, the
highest median concentration of PM,s and PM;, was in winter (61.65+ 0.24 vs.
91.65+ 0.29 pg/m°) followed by autumn, spring and summer, with statistical
differences in trimester-specific stages. After adjusting for several potential
factors, we found a 10 pg/m? increase in joint exposure of PM,5 and PM,, during
the entire pregnancy associated with reduced 0.02 week (95%Cl: —0.05, —0.01)
in gestational age, 799 (95%Cl: —13.71, —2.28) in birth weight, 0.8 cm in height
(95%ClI: —0.16, —0.02), 0.05cm (95%CI: —0.08, — 0.01) in head circumference, and
0.3 (95%ClI: —0.04, —0.02) in Apgar 5 score, except for the chest circumference.
Trimester-specific exposure of PM,s and PM,;, sometimes showed an opposite
effect on Additionally, PM,s (OR = 1.37, 95%Cl: 1.11, 1.68) was correlated with LBW.

Conclusion: Findings in this study suggest a combined impact of fine particulate
matter exposure on neonatal development, which adds to the current
understanding of PTB risk and health.

PM, s, PMy,, birth outcomes, low birth weight, preterm birth
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1. Introduction

Preterm birth (PTB) is defined as a live birth less than 37
completed weeks of gestation and has become a global health problem.
An estimated 15million PTB infants in 2014, and over 1 million
children die each year because of PTB complications, which account
for 16% of all deaths and 35% of neonate deaths in 2019 (1). Research
shows that in China, the incidence of PTB has ascended in the past
three decades with a range from 5.36% in 1990-1994 to 7.04% in
2015-2016 (2). Due to the immature organs on structure and function,
PTB increases short-term or long-term adverse impacts, such as poor
growth, acute morbidity, respiratory illnesses, neurocognitive
disorders, or chronic diseases in adulthood, leading to heavy social
and economic burdens (3).

The causes of PTB are complex. It can be directly launched by
multiple mechanisms such as hormonal disorders, intrauterine
infection and inflammation, uteroplacental ischemia and hemorrhage,
and other biological processes (4). The inducing factors, like uterine
overdistension and cervical insufficiency, or epidemiological risk
factors such as ethnicity, low socio-economic status, maternal weight,
smoking, and periodontal status have been involved in PTB
development (5). There is a wealth of population-based studies
demonstrating that ambient air pollutants can increase PTB risk in the
last two decades, even though the evidence of causal relationship is
insufficient. In regards to specific pollutants, particulates seem the
most important for infant deaths, of which PM, s and PM,, are mostly
concentrated (6). Though particulate matter (PM) exposure has been
considered as an important risk factor, but the evidence is variable.
Qian et al. (7) showed that PM, s, PM,,, CO, and O; were associated
with increases in the risk of PTB, while no critical exposure windows
were identified consistently. Most studies have focused on birth
weight, indicating that higher exposure to PM,,, NOx, SO, and VOC
is associated with reduced birth weight (8), and elevated PM,;
concentration over the entire pregnancy and in the first trimester
inversely correlates with low birth weight (LBW) (9). Several studies
conclude inverse or null associations of PM, s with small for gestational
age or term LBW (10, 11). Therefore, studies are essential to investigate
this causal relationship of air pollutant exposure with PTB, as well as
associations between combined exposure and neonatal developmental
outcomes. Thus we aimed to monitor the PM,; and PM in Jiaxing, a
city in eastern China, and examine the relationship between exposures
and birth outcomes of physiological development in PTB. This study
could provide a further understanding of neonatal birth outcomes and
PTB risk following PM exposure.

2. Methods
2.1. Population and birth outcomes

This was a retrospective study, and subjects in a fixed hospital
affiliated to Jiaxing University were enrolled between January 2014
and December 2017, and Jiaxing University stood in the near center
part of the Jiaxing city. The inclusion criteria mainly included: (i)
gestational age < 37 weeks, and LBW was less than 2,500 g; (ii) mothers
lived in Jiaxing city at least for 1 year or above. The exclusion criteria
were listed: (i) Parental races were Han, and there was no
consanguineous marriage; (ii) No genetic diseases; (iii) Denied
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medicine or food allergic history; (iv) There were no records of
cardiovascular and cerebrovascular diseases, lung, liver, kidney,
endocrine and other important organ disorders. A total of 3,054 PTB
infants were recruited. Clinic records including general information
such as maternal education, father education, parental smoking, etc.,
as well as clinical delivery information such as placenta abnormality,
maternal history and delivery times were obtained. PTB physiological
development indices including weight (g), head circumference (cm),
chest circumference (cm), height (cm), and Apgar 5 score were
collected from the electronic medical records system. This study was
approved by the Human Ethical Committee of Jiaxing University
Medical College (JUMC-IRB-2019).

2.2. PM,; and PM,, data monitoring

The sampling area (30°77’ N, 120°76" E) was from Jiaxing city,
which located in the northern part of Zhejiang province, China. Air
pollution indicators including PM, s and PM,, exposure were collected
from the National Environmental Monitoring Center." In this study,
the length of exposure for participants was divided based on seasons
(spring, summer, autumn and winter) and pregnancy time (first
trimester, second trimester, and the last trimester).

2.3. Statistical analyses

Continuous variables were expressed as mean * standard deviation
(SD), and categorical variables were described as the number of cases
(%). PM, 5 and PM,, levels were skew distributed and presented as
median+SEM (standard error of the mean; min~max), and the
comparison between multiple groups was performed by the Kruskal-
Wallis H test with a further comparison by post hoc test. Generalized
linear models were made to explore the relationship between PTB
physiological indicators and PM, s, PM,, and joint exposure. With
regards to the joint exposure, we created a new variable calculated by
the product of PM, s and PM,, (PM,5*PM,;). Studies have shown that
interaction on a multiplicative scale or an additive scale indicates that
the joint effect of the two exposures is larger/smaller than the product
or sum of their individual effects (12). In the models, birth indicators
were dependent variables, and the subject number was placed as the
main variable in the random effect model, with confounding factors
adjusted. These confounders were mother education level (1 =Primary
school or below; 2=Middle school; 3=High school; 4=college or
above), mother smoking (1= Yes; 2=No), father smoking (1 =Yes;
2=No), maternal age (1< 18 years; 2=19~35 years; 3> 35 years),
mother alcohol consumption (1=Yes; 2=No), delivery times and
gestational age (w), which were considered because they have been
commonly verified to be associated with preterm birth or neonatal
development (13). Factors and covariates were included in the main
effects of the fixed model, with the model effect test to determine
whether it was statistically significant (B; 95% confidence). The beta
coeflicient indicated a unit change in birth indicators caused by a
1 pg/m’ increase in exposures. The binary logistic regression model

1 http://www.cnemc.cn/
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was performed to assess the association between exposures and LBW
(categorized by less than 2,500 g in all PTB) as the dependent variable,
and models were adjusted for confounding factors of mother
education level, mother smoking, father smoking, mother alcohol
consumption, neonate gender, gestation, maternal age, delivery times
and delivery way. An OR value represented the risk of a unit change
in LBW for an increase of 1 pg/m?® of exposure level. Microsoft Excel,
Graphpad Prism5 and SPSS22.0 software were applied to manage and
analyze the data. A p-value <0.05 or 0.01 in a two-tailed test was
considered to be statistically significant.

3. Results

3.1. General characteristics of the study
population

There were 3,054 childbearing women with PTB enrolled from
2014 to 2017 (Table 1). The mean maternal age was 28.7 (£5.1) years.
The mean gestation week was 34.2 (+1.6), and male neonates
accounted for 55.7%. Maternal education was more frequent in college
or above. The frequency of the mother smoking was less than that of
the father. Pregnancy-related clinical records were presented. The PTB
physiological indicators of birth weight, head circumference, chest
circumference, height and Apgar 5 score were shown in the table, with
a proportion of 75.5% low birth weight (LBW) infants.

3.2. Profiling of PM, s and PMy, distributions

PM,, presented a remarkable higher concentration than PM, 5
(Figure 1A). The median levels (Median + SEM) of PM, ; and PM,, in
Jiaxing presented a significant decrease in order for 2014 (51 +1.58 vs.
72+2.24pg/m?), 2015 (45+1.56 vs. 68 +2.02 pug/m?), 2016 (38+1.28
vs. 60.5+1.78 ug/m’) and 2017 (36+1.27 vs. 59+1.71 pg/m?; all
p<0.001). Compared to other adjacent cities such as Hangzhou,
Shaoxing, Ningbo, Zhoushan, Wenzhou, etc., the average levels of
PM,; and PM,, in Jiaxing were moderate in 2017 (Figure 1B).

To acquire detailed change of PM,s and PM,, exposure,
we categorized the exposure level via seasons during the year before
birth as well as different periods of pregnancy (Table 2). The median
level of PM,; was the highest in the winter (61.65+0.24 pg/m?),
followed by spring (47.34+0.07 pg/m?), autumn (36.36+0.13 pg/m?),
and summer (30.44 £0.09 pg/m’; all p<0.001). Likewise, the median
level of PM,, in the winter (91.65+0.29 pg/m®) was higher than that
in the spring (74.01 +£0.08 pg/m®), autumn (61.31 +£0.12 pg/m*) and
summer (51.10+0.07 pg/m?; all p<0.001). The median concentrations
of PM, 5 and PM, in the entire pregnancy were 43.37 and 68.82 pug/m’,
respectively, with the highest level of PM, 5 (46.39+0.26) and PM,,
(73.98£0.31; both p <0.001) for the last trimester of pregnancy.

3.3. Associations between PM,; and PM,,
exposure and PTB physiological indicators

We assessed the relationships of PM, s and PM,, exposure in

different periods of pregnancy with neonatal physiological indicators
in PTB by linear regression models with adjustment for potential
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TABLE 1 Characteristics of the study population and physiological
indicators (N = 3,054).

Characteristics VAR Mean + SD (Min-
Max)

Neonate gender

Male 1,700 (55.7)

Female 1,350 (44.2)

Maternal age (years) 28.7+5.1 (14-47)

<18 41(1.3)

19~35 2,668 (87.4)

>35 324 (10.6)

Gestational age (Weeks)® 34.2+1.6 (28-36)

Mother education level

Primary school or below 76 (2.5)

Middle school 131 (4.3)

High 559 (18.3)

College or above 2,269 (74.3)

Mother smoking 25(0.81)

Father smoking 2,103 (68.9)

Mother alcohol consumption 159 (5.2)

Delivery mode

Eutocia 1,172 (38.4)

Cesarean 1,874 (61.4)

Placenta abnormality

No 2,645 (86.6)

Yes 373 (12.2)

Maternal history*

No 3,011 (98.6)

Yes 40 (1.3)

Delivery times

1 1,352 (44.3)

2 1,146 (37.5)

>3 555 (18.1)

Weight (g) 3,039 (99.5) 2238.9 +£440.4 (730.4-4840.6)

Low birth weight 2,294 (75.5)

Normal birth weight 745 (24.5)

Head circumference (cm) 3,035 (99.4) 31.5+5.4 (20.5-48.7)

Chest circumference (cm) 3,034 (99.3) 30.0+7.9 (19.5-49.0)

Height (cm) 3,034 (99.3) 44.9+4.4 (27.0-59.0)

Apgar 5 score 3,025 (99.1) 8.1+1.4 (5.0-10.0)

*An n (%) is indicative of actual number of subjects equal to the total number (N), and some
missing values were out of calculation;

"Gestational age is less than 37 weeks calculated by clinic criteria in which 7 days mean a
week and if less than 5 days, it will not be calculated for a week;

“Maternal history indicates the occurrence of jaundice without any history of surgical
trauma, infectious diseases, blood transfusion, vaccination, allergy of medicine and food,
cardiovascular, cerebrovascular, lung, liver, kidney, endocrine and other important organ
diseases.

confounding factors or not (Figure 2). After adjusting for mother
education level, father smoking, maternal age and delivery times,
gestational age was positively associated with PM, 5 exposure (=0.18,
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the degree of pollution. * p<0.05; ** p<0.001.

Air pollutant concentrations of Jiaxing city in 2014-2017. (A) The box plot of PM, 5 and PM,, concentrations in different years. The upper and lower bars
were the minimum and maximum values. (B) PM, s and PM,, concentration distributions compared with near cities in 2017. The color scheme indicates
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95%CI: 0.05, 0.31) for the entire pregnancy, and weakly correlated
with joint PM exposure (f=-0.002, 95%CI: —0.005, —0.001;
Figure 2A). However, an opposite effect was observed in the
association of trimester-specific PM,s and PM,, exposures with
gestational age whether adjusted or not.

A reduced 0.79g of birth weight was associated with a joint
exposure of PM,s and PM,, (95%CI: —1.371, —0.228; p=0.006;
Figure 2B). After stratifying the pregnancy period, we found PM,, was
negatively correlated with birth weight whereas increased weight was
associated with PM, s exposure in both the first and second trimesters,
suggesting exposure to different pollutant in different window periods
may bring about different effects on neonatal developmental outcomes.

In terms of the whole pregnancy, a 0.08cm (95%CI: —0.016,
—0.002; p=0.008) reduction of birth height was associated with joint

Frontiers in Public Health

PM exposure, while 0.57cm (95%CI: 0.243, 0.914; p=0.001) and
0.58cm (95%: 0.051, 1.113; p=0.032) increases of height were
correlated with PM,s and PM,, after adjustment, respectively
(Figure 2C). With respect to different trimesters, decreased height was
found to be associated with PM,, exposure in both first (95%CI:
—0.168, —0.064; p<0.001) and second (95%CIL: —0.245, —0.134;
p<0.001) trimesters.

A 10 pg/m’ increase of joint PM exposure was associated with
a 0.05cm decrease of head circumference (95%CI: —0.084,
—0.010; p=0.012), whereas per unit increase of PM, ; exposure
was positively correlated with a 0.35cm increment of head
circumference (95%CI: 0.167, 0.543; p<0.001; Figure 2D).
Trimester-specific of PM,, exposure was correlated with lowered
head circumference, while increased head circumference was
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TABLE 2 Descriptives of PM, s and PM,, in terms of seasonal change 1 year before birth and in different time periods of pregnancy.

Category

Median + SE Median + SE
Seasons
Spring 47.34+0.07 43.60-48.08 74.01+0.08 73.24-74.38
Summer 30.44+0.09 30.21-37.58 51.10+0.07 50.92-56.28
Autumn 36.36£0.13 35.4-47.32 61.31£0.12 60.2-68.95
Winter 61.65+0.24 53.49-72.43 91.65+0.29 82.12-100.84
p-value <0.001
Pregnancy time
First trimester 44.31+0.19 37.88-51.31 70.18+0.24 58.80-79.78
Second trimester 42.46+0.22 34.67-50.38 65.44+0.27 55.88-77.92
Last trimester 46.39+0.26 33.22-53.89 73.98+0.31 56.45-82.25
Entire pregnancy 43.37+0.11 40.67-51.43 68.82+0.10 66.88-74.86
p-value <0.001

Kruskal-Wallis H-test was performed between multiple groups with a further pairwise comparison, showing a statistical significance between every two groups (e.g., Spring vs. Summer).

found to be correlated with PM,; exposure in the first and
second trimester.

Whether the chest circumference was associated with PM
exposure was examined in this study. After being adjusted for
confounding factors, neither PM, 5 and PM,, nor the joint exposure
in the entire pregnancy was significantly correlated with chest
circumference (Figure 2E). Increasing PM, s exposure in the first
trimester was associated with elevated chest circumference (=0.06,
95%CI: 0.002, 0.123), while PM,, exposure in the last trimester was
associated with reduced chest circumference (f=-0.04, 95%CI:
—0.063, —0.015).

We further found that lowered Apgar 5 score (p=—-0.03, 95%CI:
—0.038, —0.025) was associated with co-exposure of PM, 5 and PM,,,
while increased Apgar 5 score was correlated with PM, s (f=1.60,
95%CI: 1.506, 1.697) and PM,, (B=1.69, 95%CI: 1.546, 1.850) by
adjusting for confounding factors (Figure 2F). Trimester-specific
exposure to PM, s or PM,, was found to be associated with Apgar
5 score.

3.4. Associations of exposures to PM, s and
PM,, with LBW

It has been identified that LBW is correlated with ambient air
pollutant exposure. In this study, we checked this association (Table 3).
After adjustment for mother education level, mother smoking, father
smoking, mother alcohol consumption, neonate gender, gestation,
maternal age, delivery times and delivery way, LBW was found to
be associated with PM, 5 exposure (OR=1.37, 95%CI: 1.11, 1.68) in
the entire pregnancy. No significant correlation was found for specific-
trimester exposure. Given the impact of placental abnormalities,
we analyzed by this stratification (Supplemental Table 1). For no
placenta abnormality group, PM, s and PM,, exposure was somewhat
correlated with LBW for the first trimester, last trimester and entire
pregnancy, whereas this association disappeared after adjusting
covariates of mother education level, mother smoking, father smoking,
mother alcohol consumption, neonate gender, gestation, maternal age,
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delivery times and delivery way. There was no significant association
between PM exposure and LBW for placenta abnormality group.

4. Discussions

Environmental pollutants are associated with preterm birth, and
many studies have assessed the individual PM component with
PTB. In this study, we performed a retrospective study among preterm
birth infants in Jiaxing city, China, and evaluated level trends of PM, 5
and PM,, in 2014-2017, and associations of PM, 5, PM,, and combined
exposure with neonate developmental outcomes. We found decreasing
levels for PM, s and PM,, in 2014-2017. This might be a result of
environmental expenditures on air quality and to a certain extent the
effectiveness of local environmental policies in China, as evidenced by
He et al. (14) that they find a 1% increase in environmental
expenditure associated with a decrease of 0.0773, 0.0125, 0.0965, and
0.0912% in the air quality index for Beijing, Taiyuan, Chongqing, and
Lanzhou cities in China from the period 2007-2015. In the local,
levels of PM, s and PM,, were moderate, which still exceed the annual
standard recommended by the world health organization guidelines
(WHO IT-1 for PM,.s=35pg/m’* WHO IT-2 for PM;,=50 pg/m®)
(15, 16). Therefore, mild pollution for the fine particulate matter
continuously exists in Jiaxing, which should be supervised, and
further studies upon the pollution sources and other pollutant
constituents may be alerted. We further analyzed changes of PM, s and
PM,, in different seasons and periods of pregnancy and found that
winter or the last trimester of pregnancy was the highest for both
PM, s and PM,,. Results were similar with a previous study that they
find the average PM, s concentrations of different air samples in
Jiaxing during the winter and spring seasons are more severe than
those in the summer and autumn, and the source may be the
secondary aerosols pollution (17). Differences in pregnancy periods
indicate that individuals are exposed to varying degrees of PM, and
there is trimester-specific effect on PTB.

Currently, many studies regard gestational age as a confounding
factor adjusted in the correlation of birth outcomes with PM exposure,
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FIGURE 2
An estimated change of every 1ug/m? increment of PM,s, PMy, and joint exposure for physiological indicators during different pregnancy periods.
(A) Gestational age; (B) Weight; (C) Height; (D) Head circumference; (E) Chest circumference; (F) Apgar 5 score. The joint exposure indicated the
interaction effect of PM,s and PM,o, which was calculated by the product of PM,5 and PM,, concentrations (PM,s * PMy) to evaluate the additive effect.
Models for gestation were adjusted for covariates of mother education level, father smoking, maternal age, delivery times, and other models were
adjusted for mother education level, father smoking, gestational age, maternal age and delivery times. The blue and red line presents unadjusted and
adjusted models, respectively.

few have measured this association with PM exposure. In our study,  early pregnancy. Opposite to PM,, exposure, gestational age is reduced
we adjust several factors related with gestational age, demonstratinga by 0.89 days per 10 pg/m’ increment in PM, ; exposure and is also
combined effect of PM, s and PM,, on reduced gestational age, butan  impacted by black carbon, organic matter and nitrate (19). Though the
opposite effect was observed in the association of trimester-specific ~ study result is similar to other studies, the contradictory phenomenon
PM,; and PM,, exposures with gestational age. Han et al. (18) found = may be associated with the exposure level in different periods of
that trimester-specific PM,, exposure is positively associated with ~ pregnancy or specific pollutant. In our study, a combined exposure of
gestational age, and O; exposure is linked to gestational age only in ~ PM, s and PM,, was associated with 0.79 g reductions in birth weight
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TABLE 3 Odds ratios (OR) of low birth weight (LBW) associated with PM, 5
and PM,, exposure during pregnancy periods were assessed by binary
logistic regression models.

Crude models

Pregnancy Adjusted models
time OR 95%Cl  OR  95%Cl

Entire pregnancy

PM,; 1.37 (1.11, 1.68)** 1.32 (1.06, 1.64)*
PM,, 1.24 (0.91, 1.69) 1.25 (0.89, 1.74)
Joint 1.09 (0.98, 1.10) 1.02 (0.99, 1.07)
First trimester

PM,; 1.09 (1.03, 1.16)** 1.06 (0.99, 1.13)
PM,, 0.97 (0.94, 0.99)* 0.98 (0.95,1.01)
Joint 1.00 (0.99, 1.00) 1.00 (0.99, 1.00)
Second trimester

PM, 5 1.00 (0.96, 1.05) 0.97 (0.92,1.01)
PM,, 0.97 (0.94, 1.00) 0.98 (0.95,1.01)
Joint 1.00 (0.99, 1.00) 1.00 (0.99, 1.00)
Last trimester

PM,; 1.02 (0.99, 1.06) 1.00 (0.96, 1.04)
PM,, 0.99 (0.97,1.02) 0.99 (0.97, 1.02)
Joint 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)

Covariates of mother education level, mother smoking, father smoking, mother alcohol
consumption, neonate gender, gestation, maternal age, delivery times and delivery way were
included in adjusted models. *p <0.05; **p <0.01.

after adjusting for confounding factors. By stratifying the pregnancy
period, PM,, presented a negative correlation with birth weight, while
a positive correlation with the first and second trimesters for PM, 5.
Studies have demonstrated a correlation of decreased birth weight
with single ambient PM, 5 or PM,, exposure whatever using linear
regression or quantile regression models for different levels of
exposure (20), or satellite-based models (21). However, conclusions
may vary in the association between exposures and the outcome due
to different levels or the specific period time of PM exposure. Li et al.
(22) observe that ambient air pollutant concentrations during
pregnancy are not associated with reduced term birth weight, but
PM, s concentration in the 6th gestational month is associated with a
—20.4 g reduction in term birth weight among Hispanic women.
Similar to our result, a prior study from North Carolina indicates
positive associations of PM, 5 and O; exposure with term low birth
weight (10). Though the reason causing this side effect on birth weight
is not definitely clear, some biological mechanisms have been
identified that PM exposure induces sustained oxidative stress and
inflammation. Changes in expressions of IL-17 and EGF are linked
with air pollution-associated shifts in birth weight (23). Epigenetic
modifications, for example, DNA methylation, have been proved to
affect several biological mechanisms with marked effects during
susceptible life stages such as pregnancy (24). Therefore, apart from a
single pollutant of PM, 5 or PM,,, multiple sources of exposure should
be considered during in utero development.

With respect to birth height, a combined exposure of PM, s and
PM,, in the whole pregnancy was correlated with 0.08 cm decrease in
birth height, while PM, 5 and PM,, showed an opposite effect, with
PM,, levels in the first and second trimester associated with decreased
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height. In this study, PM, s and PM,, levels were different in different
seasons and periods of pregnancy, which may have different
restrictions on birth height. Spears et al. assesses the association
between early-life ambient PM, s and subsequent height-for-age,
showing a 0.24 cm height deficit among an average 5 year old girl, and
exposure in the first few months of life is significantly associated with
child height deficits, indicating that exposure to PM, ;s at different
developmental stages could produce reduced or null effect (25).
Another study from Poland presents that mean height decreases with
growing PM,, and PM,; levels, and significant differences are observed
both in absolute and relative height (expressed as percentage of mean
stature of both parents) due to levels in place of residence during
childhood and adolescence (26). Our results add to the evidence
regarding the adverse joint effect of PM,, and PM, s on fetus height. In
this study, we found a 0.05cm decrease in head circumference
associated with a joint exposure, while PM, 5 presented an opposite
effect. Increased PM, s exposure is significantly associated with a
0.04 cm reduction in head circumference, which might be associated
with aberrant changes in DNA methylation profile of placenta genome
leading to disordered energy metabolism and immune response (27).
However, one study from Tanzania shows that PM, 5 exposure is not
significantly associated with head circumference, though they enroll
239 women in their study (28). Therefore, results may distinguish
between studies as the exposure level is different as well as the sensitive
time window during in utero development. In addition, PM,, is also
an influencing factor contributing to the reduced head circumference.
PM,, exposure can induce sustained oxidative stress and inflammation
and causes autonomic nervous system activation (29). So a combined
exposure should be alerted.

Moreover, we checked the association of chest circumference with
PM exposure. For the whole pregnancy, no correlation of chest
circumference with PM exposure was found, while increased PM, s in
the first trimester was positively correlated with chest circumference,
and PM, in the last trimester was negatively correlated with chest
circumference. Other studies find that PM exposure during the whole
pregnancy exhibits no correlation with chest circumference (30, 31).
This suggests a potential influence of different sources of exposure and
exposure time during pregnancy on chest circumference. Apgar 5
score has been a useful indicator providing prognostic information
about neonatal survival among preterm infants (32). In our study,
lowered Apgar 5 score was associated with co-exposure of PM, s and
PM,,, while single PM,s or PM,, exposure showed difference.
Increased Apgar 1 score has been reported to be associated with
trimester-specific exposure to soil dust (33). This indicates that
abnormal Apgar score may be associated with PM exposure levels in
different trimesters. Most studies have shown the correlation of PM, 5
exposure with LBW (34). In our study, after adjusting the covariates,
PM, 5 was associated with LBW, while no trimester-specific effect was
found. Studies have found that a higher short-term exposure of PM, 5
is associated with LBW in developmental children (35). A recent study
on large scale from Spain demonstrates that PM,, (OR=1.104) and
NO, (OR=1.091) during the entire pregnancy, rather than PM, ; (not
measured), was associated with elevated risk of LBW (36). PM,;
exposure in different gestational week is associated with adverse birth
outcomes in infants (37). By stratifying placental abnormalities,
though PM, s or PM,, exposure was somewhat correlated with LBW
for the first trimester, last trimester and entire pregnancy, we found no
associations between PM exposure and LBW after adjusting
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confounding factors. These results suggest that LBW is a result of
complex exposure and biological mechanism during pregnancy.

There are also some limitations in this study. First, the components
of air pollutants are complex, and there are other air pollutants or
factors that may influence preterm birth such as CO, SO,, NO,, Os,
temperature and humidity (38). There are also other influencing
factors like socioeconomic factors of single parent families, maternal
occupation and family income, as well as nutritional and medical
factors (13, 39). As this information is unavailable, we could not
include the impact of these factors when assessing the associations of
PM exposure and preterm birth indicators. Secondly, exposure levels
of PM, s and PM,, are incompletely accurate representing the maternal
and infant exposures, which may bring some biases for the assessment
of exposure-response, particular for the varying effects of joint
exposure and the individual exposure of PM, 5 or PM;,. The interaction
of PM,; and PM,, may also have an impact as they are highly
correlated, and the weight of the two pollutants may be considered
(40). Thirdly, this is a retrospective study for PTB, and we did not
recruit the healthy babies to overall evaluate the prevalence of PTB
and the adverse birth outcomes. Again, there are many aspects of
adverse birth outcomes, including the physical examinations, diseases
or lesions, such as inflammation, malformation of the cardiovascular
system, respiratory distress, the application of drug therapy, and small
changes in blood biochemical indicators of newborns. Such
information might be considered to find more detailed health
problems linking with local air pollutants. The strength of the evidence
is not strong enough to reflect the newborn development, especially
for the impact of development in their later life. Whatever from the
study design, real-time exposure levels or susceptible population,
future studies should be continuously encouraged to evaluate the
relationship between exposure of different air pollutants in utero and
health outcomes.

5. Conclusion

In total, we find mild contamination of fine particulate matter in
atmospheric environment in Jiaxing, with season-specific changes.
This alteration increases the risk of reduced neonatal development
in utero, especially the combined exposure of PM,; and PM,,,
whereas the results are sometimes opposite under individual
exposure of PM, s or PM,, at different pregnancy periods, suggesting
a time-window and pollutant-specific effect. Findings from this
study could provide clues for the policy maker to take certain
measures to control the local air pollution. Future studies are needed
to focus on the health assessment for such vulnerable populations
impacted by fine particulate matter.

References

1. MaR, Luo Y, Wang J, Zhou Y, Sun H, Ren X, et al. Ten-year time trends in preterm
birth during a sociodemographic transition period: a retrospective cohort study in
Shenzhen, China. BMJ Open. (2020) 10:e037266. doi: 10.1136/bmjopen-2020-037266

2. Jing S, Chen C, Gan Y, Vogel ], Zhang J. Incidence and trend of preterm birth in
China, 1990-2016: a systematic review and meta-analysis. BMJ Open. (2020) 10:e039303.
doi: 10.1136/bmjopen-2020-039303

3. Wang L, Fang L, Fang Z, Zhang M, Zhang L. Assessment of the association between
prenatal exposure to multiple ambient pollutants and preterm birth: a prospective
cohort study in Jinan, East China. Ecotoxicol Environ Saf. (2022) 232:113297. doi:
10.1016/j.ecoenv.2022.113297

Frontiers in Public Health

10.3389/fpubh.2023.1146283

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

BH: data collection and writing the draft. JT: data input
management. GX: data supervision and resource support. DS and HH:
data resources and collection. JL, HC, JC, LZ, SC, and BS: data
collection and input. LJ: conceptualize the idea and writing. LX:
conceptualize the idea, statistical analysis, funding acquisition, and
writing and editing. All authors contributed to the article and
approved the submitted version.

Funding

This work was financially supported by National Natural Science
Foundation of China (22206059) and Medical Health Science and
Technology Project of Zhejiang Provincial Health Commission under
Grant (2023RC101).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1146283/
full#supplementary-material

4. Lu C, Cao L, Norback D, Li Y, Chen J, Deng Q. Combined effects of traffic air
pollution and home environmental factors on preterm birth in China. Ecotoxicol Environ
Saf. (2019) 184:109639. doi: 10.1016/j.ecoenv.2019.109639

5. Couceiro J, Matos I, Mendes JJ, Baptista PV, Fernandes AR, Quintas A.
Inflammatory factors, genetic variants, and predisposition for preterm birth. Clin Genet.
(2021) 100:357-67. doi: 10.1111/cge.14001

6. Lavigne E, Burnett RT, Stieb DM, Evans GJ, Godri Pollitt KJ, Chen H, et al. Fine
particulate air pollution and adverse birth outcomes: effect modification by regional
nonvolatile oxidative potential. Environ Health Perspect. (2018) 126:077012. doi:
10.1289/EHP2535

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1146283
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1146283/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1146283/full#supplementary-material
https://doi.org/10.1136/bmjopen-2020-037266
https://doi.org/10.1136/bmjopen-2020-039303
https://doi.org/10.1016/j.ecoenv.2022.113297
https://doi.org/10.1016/j.ecoenv.2019.109639
https://doi.org/10.1111/cge.14001
https://doi.org/10.1289/EHP2535

Hu et al.

7. Qian Z, Liang S, Yang S, Trevathan E, Huang Z, Yang R, et al. Ambient air pollution
and preterm birth: a prospective birth cohort study in Wuhan, China. Int ] Hyg Environ
Health. (2016) 219:195-203. doi: 10.1016/j.ijheh.2015.11.003

8. Li S, Peng L, Wu X, Xu G, Cheng P, Hao J, et al. Long-term impact of ambient air
pollution on preterm birth in Xuzhou, China: a time series study. Environ Sci Pollut Res
Int. (2021) 28:41039-50. doi: 10.1007/s11356-021-13621-2

9. Tapia VL, Vasquez BV, Vu B, Liu Y, Steenland K, Gonzales GE. Association between
maternal exposure to particulate matter (PM2.5) and adverse pregnancy outcomes in Lima,
Peru. ] Expo Sci Environ Epidemiol. (2020) 30:689-97. doi: 10.1038/s41370-020-0223-5

10. Vinikoor-Imler LC, Davis JA, Meyer RE, Messer LC, Luben TJ. Associations
between prenatal exposure to air pollution, small for gestational age, and term low
birthweight in a state-wide birth cohort. Environ Res. (2014) 132:132-9. doi: 10.1016/j.
envres.2014.03.040

11. Zou Z, Liu W, Huang C, Cai ], Fu Q, Sun C, et al. Gestational exposures to outdoor
air pollutants in relation to low birth weight: a retrospective observational study. Environ
Res. (2021) 193:110354. doi: 10.1016/j.envres.2020.110354

12.Ran J, Zhang Y, Han L, Sun S, Zhao S, Shen C, et al. The joint association of
physical activity and fine particulate matter exposure with incident dementia in elderly
Hong Kong residents. Environ Int. (2021) 156:106645. doi: 10.1016/j.envint.2021.106645

13. van Hoorn JE, Schoemaker MM, Stuive I, Dijkstra PU, Pereira FRT, Van der Sluis
CK, et al. Risk factors in early life for developmental coordination disorder: a scoping
review. Dev Med Child Neurol. (2021) 63:511-9. doi: 10.1111/dmcn.14781

14. He L, Wu M, Wang D, Zhong Z. A study of the influence of regional environmental
expenditure on air quality in China: the effectiveness of environmental policy. Environ
Sci Pollut Res Int. (2018) 25:7454-68. doi: 10.1007/s11356-017-1033-8

15. Srimuruganandam B, Nagendra SM. Chemical characterization of PM(1)(0) and
PM(2).(5) mass concentrations emitted by heterogeneous traffic. Sci Total Environ.
(2011) 409:3144-57. doi: 10.1016/j.scitotenv.2011.04.042

16.Ye H, Tang J, Luo L, Yang T, Fan K, Xu L. High-normal blood pressure
(prehypertension) is associated with PM2.5 exposure in young adults. Environ Sci Pollut
Res Int. (2022) 29:40701. doi: 10.1007/s11356-022-18862-3

17.Zhao Z, Lv S, Zhang Y, Zhao Q, Shen L, Xu S, et al. Characteristics and source
apportionment of PM2.5 in Jiaxing, China. Environ Sci Pollut Res Int. (2019)
26:7497-511. doi: 10.1007/s11356-019-04205-2

18. Han Y, Jiang P, Dong T, Ding X, Chen T, Villanger GD, et al. Maternal air pollution
exposure and preterm birth in Wuxi, China: effect modification by maternal age.
Ecotoxicol Environ Saf. (2018) 157:457-62. doi: 10.1016/j.ecoenv.2018.04.002

19. Han Y, Wang W, Wang X, Dong T, van Donkelaar A, Martin RV, et al. Prenatal
exposure to fine particles, premature rupture of membranes and gestational age: a
prospective cohort study. Environ Int. (2020) 145:106146. doi: 10.1016/j.
envint.2020.106146

20. Lamichhane DK, Lee SY, Ahn K, Kim KW, Shin YH, Suh DI, et al. Quantile
regression analysis of the socioeconomic inequalities in air pollution and birth weight.
Environ Int. (2020) 142:105875. doi: 10.1016/j.envint.2020.105875

21. Qiao P, Zhao Y, Cai ], van Donkelaar A, Martin R, Ying H, et al. Twin growth
discordance in association with maternal exposure to fine particulate matter and its
chemical constituents during late pregnancy. Environ Int. (2019) 133:105148. doi:
10.1016/j.envint.2019.105148

22. Wang JN, Yang Q, Yang C, Cai YT, Xing T, Gao L, et al. Smad3 promotes AKI
sensitivity in diabetic mice via interaction with p53 and induction of NOX4-dependent
ROS production. Redox Biol. (2020) 32:101479. doi: 10.1016/j.redox.2020.101479

23. Laine JE, Bodinier B, Robinson O, Plusquin M, Scalbert A, Keski-Rahkonen P,
et al. Prenatal exposure to multiple air pollutants, mediating molecular mechanisms,

and shifts in birthweight. Environ Sci Technol. (2020) 54:14502-13. doi: 10.1021/acs.
est.0c02657

Frontiers in Public Health

09

10.3389/fpubh.2023.1146283

24. Ferrari L, Carugno M, Bollati V. Particulate matter exposure shapes DNA
methylation through the lifespan. Clin Epigenetics. (2019) 11:129. doi: 10.1186/
513148-019-0726-x

25. Spears D, Dey S, Chowdhury S, Scovronick N, Vyas S, Apte J. The association of
early-life exposure to ambient PM2.5 and later-childhood height-for-age in India: an
observational study. Environ Health. (2019) 18:62. doi: 10.1186/s12940-019-0501-7

26. Klis K, Wronka I. Associations between childhood and adolescence exposure to
air pollution and adult height in polish women. Environ Res. (2020) 189:109965. doi:
10.1016/j.envres.2020.109965

27.Zhao Y, Wang P, Zhou Y, Xia B, Zhu Q, Ge W, et al. Prenatal fine particulate matter
exposure, placental DNA methylation changes, and fetal growth. Environ Int. (2021)
147:106313. doi: 10.1016/j.envint.2020.106313

28. Wylie BJ, Kishashu Y, Matechi E, Zhou Z, Coull B, Abioye Al, et al. Maternal
exposure to carbon monoxide and fine particulate matter during pregnancy in an urban
Tanzanian cohort. Indoor Air. (2017) 27:136-46. doi: 10.1111/ina.12289

29. Fiordelisi A, Piscitelli P, Trimarco B, Coscioni E, Iaccarino G, Sorriento D. The
mechanisms of air pollution and particulate matter in cardiovascular diseases. Heart
Fail Rev. (2017) 22:337-47. doi: 10.1007/s10741-017-9606-7

30. Arinola GO, Dutta A, Oluwole O, Olopade CO. Household air pollution, levels of
micronutrients and heavy metals in cord and maternal blood, and pregnancy outcomes.
Int ] Environ Res Public Health. (2018) 15:2891. doi: 10.3390/ijerph15122891

31. Chen MM, Chiu CH, Yuan CP, Liao YC, Guo SE. Influence of environmental
tobacco smoke and air pollution on Fetal growth: a prospective study. Int ] Environ Res
Public Health. (2020) 17:5319. doi: 10.3390/ijerph17155319

32. Cnattingius S, Johansson S, Razaz N. Apgar score and risk of neonatal death
among preterm infants. N Engl ] Med. (2020) 383:49-57. doi: 10.1056/NEJMo0al915075

33. Wei H, Baktash MB, Zhang R, Wang X, Zhang M, Jiang S, et al. Associations of
maternal exposure to fine particulate matter constituents during pregnancy with Apgar
score and duration of labor: a retrospective study in Guangzhou, China, 2012-2017.
Chemosphere. (2020) 273:128442. doi: 10.1016/j.chemosphere.2020.128442

34.1i Z, Tang Y, Song X, Lazar L, Li Z, Zhao J. Impact of ambient PM2.5 on adverse
birth outcome and potential molecular mechanism. Ecotoxicol Environ Saf. (2019)
169:248-54. doi: 10.1016/j.ecoenv.2018.10.109

35. Khalili R, Bartell SM, Hu X, Liu Y, Chang HH, Belanoff C, et al. Early-life exposure
to PM2.5 and risk of acute asthma clinical encounters among children in Massachusetts:
a case-crossover analysis. Environ Health. (2018) 17:20. doi: 10.1186/s12940-018-
0361-6

36. Arroyo V, Diaz J, Salvador P, Linares C. Impact of air pollution on low birth weight
in Spain: an approach to a National Level Study. Environ Res. (2019) 171:69-79. doi:
10.1016/j.envres.2019.01.030

37.Yuan L, Zhang Y, Wang W, Chen R, Liu Y, Liu C, et al. Critical windows for
maternal fine particulate matter exposure and adverse birth outcomes: the Shanghai
birth  cohort study. Chemosphere. (2020) 240:124904. doi: 10.1016/j.
chemosphere.2019.124904

38.Jacobs M, Zhang GC, Chen S, Mullins B, Bell M, Jin L, 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. doi: 10.1016/j.
scitotenv.2016.11.100

39. Vogel JP, Chawanpaiboon S, Moller AB, Watananirun K, Bonet M, Lumbiganon P.
The global epidemiology of preterm birth. Best Pract Res Clin Obstet Gynaecol. (2018)
52:3-12. doi: 10.1016/j.bpobgyn.2018.04.003

40. Sun Y, Li X, Benmarhnia T, Chen JC, Avila C, Sacks DA, et al. Exposure to air
pollutant mixture and gestational diabetes mellitus in Southern California: results from
electronic health record data of a large pregnancy cohort. Environ Int. (2022)
158:106888. doi: 10.1016/j.envint.2021.106888

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1146283
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/j.ijheh.2015.11.003
https://doi.org/10.1007/s11356-021-13621-2
https://doi.org/10.1038/s41370-020-0223-5
https://doi.org/10.1016/j.envres.2014.03.040
https://doi.org/10.1016/j.envres.2014.03.040
https://doi.org/10.1016/j.envres.2020.110354
https://doi.org/10.1016/j.envint.2021.106645
https://doi.org/10.1111/dmcn.14781
https://doi.org/10.1007/s11356-017-1033-8
https://doi.org/10.1016/j.scitotenv.2011.04.042
https://doi.org/10.1007/s11356-022-18862-3
https://doi.org/10.1007/s11356-019-04205-2
https://doi.org/10.1016/j.ecoenv.2018.04.002
https://doi.org/10.1016/j.envint.2020.106146
https://doi.org/10.1016/j.envint.2020.106146
https://doi.org/10.1016/j.envint.2020.105875
https://doi.org/10.1016/j.envint.2019.105148
https://doi.org/10.1016/j.redox.2020.101479
https://doi.org/10.1021/acs.est.0c02657
https://doi.org/10.1021/acs.est.0c02657
https://doi.org/10.1186/s13148-019-0726-x
https://doi.org/10.1186/s13148-019-0726-x
https://doi.org/10.1186/s12940-019-0501-7
https://doi.org/10.1016/j.envres.2020.109965
https://doi.org/10.1016/j.envint.2020.106313
https://doi.org/10.1111/ina.12289
https://doi.org/10.1007/s10741-017-9606-7
https://doi.org/10.3390/ijerph15122891
https://doi.org/10.3390/ijerph17155319
https://doi.org/10.1056/NEJMoa1915075
https://doi.org/10.1016/j.chemosphere.2020.128442
https://doi.org/10.1016/j.ecoenv.2018.10.109
https://doi.org/10.1186/s12940-018-0361-6
https://doi.org/10.1186/s12940-018-0361-6
https://doi.org/10.1016/j.envres.2019.01.030
https://doi.org/10.1016/j.chemosphere.2019.124904
https://doi.org/10.1016/j.chemosphere.2019.124904
https://doi.org/10.1016/j.scitotenv.2016.11.100
https://doi.org/10.1016/j.scitotenv.2016.11.100
https://doi.org/10.1016/j.bpobgyn.2018.04.003
https://doi.org/10.1016/j.envint.2021.106888

	Combined exposure to PM2.5 and PM10 in reductions of physiological development among preterm birth: a retrospective study from 2014 to 2017 in China
	1. Introduction
	2. Methods
	2.1. Population and birth outcomes
	2.2. PM2.5 and PM10 data monitoring
	2.3. Statistical analyses

	3. Results
	3.1. General characteristics of the study population
	3.2. Profiling of PM2.5 and PM10 distributions
	3.3. Associations between PM2.5 and PM10 exposure and PTB physiological indicators
	3.4. Associations of exposures to PM2.5 and PM10 with LBW

	4. Discussions
	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

