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Summary: Gestational hypertension (GH) is a common complication during pregnancy. GH is
regarded as a potential public health challenge for pregnant women and infants. Limited evidence
has linked ambient air pollution to an increased GH risk. However, most of the studies were
conducted in developed countries, with inconsistent results obtained. The present study was
performed to explore whether exposure to particulate matters with an aerodynamic diameter <
2.5 (PM,;) and ozone (O;) was related to elevated odds of GH in a Chinese population. This
population-based cohort study involved 38 115 pregnant women in Wuhan, China. All information
was collected from the Wuhan Maternal and Child Health Management Information System,
using standardized quality control. The daily air pollutant data for PM, s and O, were obtained
from the 20 monitoring stations of the Wuhan Environmental Monitoring Center during 2014. The
nearest monitor approach was applied to individual exposure assessment of PM, s and O, for each
participant. After adjusting for major confounders and other air pollutants, a 10 pg/m’ increase in
PM, 5 and O, concentrations was found to correlate to a 1.14-fold [95% confidence interval (95%
CI): 1.09, 1.20] and a 1.05-fold (95% CI: 1.02, 1.07) increase in GH risk, respectively. Additionally,
stronger relationships between GH risk and PM, 5 and O, exposure were observed in women who
conceived in winter and summer, respectively. These findings suggest that air pollutants may
contribute to the development of GH.

Key words: air pollution; fine particulate matter; ozone; hypertensive disorders of pregnancys;
gestational hypertension

Hypertensive disorders of pregnancy (HDP)
are a group of the most common obstetric diseases
characterized by elevated blood pressure (BP)
during pregnancy, affecting about 6%—10% of all
pregnancies!!l. Pregnancy is a relatively sensitive
period in the life. The changes in intravascular plasma
volume and other physiological characteristics during
pregnancy can increase the cardiovascular burden in
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pregnant women and lead to cardiovascular diseases,
including HDP™!. According to the National High Blood
Pressure Education Program Working Group on High
Blood Pressure in Pregnancy, HDP are divided into four
categories: a) chronic hypertension, b) preeclampsia-
eclampsia, c) preeclampsia superimposed on chronic
hypertension, and d) gestational hypertension (GH)?!.
HDP can exert adverse effects on both mothers and
their babies. The World Health Organization (WHO)
estimates that approximately 1 in 10 maternal deaths
in Africa and Asia are related to HDP, and a quarter
of maternal deaths in Latin America can be attributed
to hypertensive complications during pregnancy™. In
addition, there is evidence that HDP might increase
the risks of cardiovascular diseases, liver and kidney
diseases, and diabetes mellitus for mothers later in
lifeP ", Newborns of women with HDP have been
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found to possess an increased risk of adverse birth
outcomes (i.e., stillbirth, small for gestational age
and low birth weight), neurodevelopmental disorders,
type 2 diabetes, and elevated BP'2, However, the
underlying etiology of HDP is not yet fully understood.

In recent decades, emerging evidence has linked
ambient air pollution to the elevation of BP levels
during pregnancy, as well as the risk of GH or
HDP!*-Y1 For example, Lee et al'"' and van den
Hooven et all'” concluded that air pollutant exposure
during pregnancy was significantly associated with
elevated BP during pregnancy. A cohort study of 34
705 participants using birth records from 1997 to
2002 in Allegheny County observed that exposure
to particulate matters with an aerodynamic diameter
<2.5 (PM, ) could increase GH risk, while ozone (O,)
exposure showed no significant association with GH
risk!™. Another study investigating the relationship
between ambient air pollution and the risk of GH found
that exposure to PM, , particulate matters with an
aerodynamic diameter <10 (PM, ), and sulfur dioxide
(SO,) were significantly associated with increased risk
of GH, but the association between O, exposure and GH
risk was not significant™. Findings from the Florida
birth record showed significantly positive associations
between exposure to five criteria air pollutants [PM, ,
nitrogen dioxide (NO,), SO,, carbon monoxide (CO),
and O,] and increased risk of HDP!"* ¥, Additional
findings from a case-control study conducted in the U.S.
and a register-based study conducted in Japan were in
accordance with the above results!'® 2. However, null
or even inverse associations have also been reported
in previous literature®! 22, Recently, two similar meta-
analyses summarized the ambient air pollution effects
on HDP, and obtained conflicting conclusions about
the associations of HDP with PM, _ and O,/***%. Of the
included studies, only three of them have investigated
the relationship between air pollution and GH risk.
Several underlying biological mechanisms have been
proposed for the association, including oxidative stress,
endothelial dysfunction, systemic inflammation and
autonomic nervous system imbalance, which might be
plausible mechanisms of GH commonly shared*2¢!,

Most of the previous studies have been carried out
in developed countries with limited and inconsistent
findings. The outcomes of interest were restricted
to preeclampsia, eclampsia or HDP. However, air
pollution in developing countries is more severe than
in developed countries. Based on the inconsistent
conclusions of previous studies and given the lack
of evidence in Asian populations, relevant studies
are urgently needed to examine the relationships of
air pollutants with GH. In order to fill these gaps,
this cohort study in Wuhan, China was conducted to
explore the two concern-specific pollutants, PM, ; and
O,, with the risk of GH.

1 MATERIALS AND METHODS

1.1 Study Population and Outcome Assessment
This population-based cohort study consisted
of 38 115 participants identified from the Wuhan
Maternal and Child Health Management Information
System (WMCHMIS) throughout 2014. The aim was
to examine the relationships between air pollution and
the risk of GH in Wuhan, China. As the capital city of
Hubei Province, Wuhan is one of the largest cities in
the central part of China with a high population density
and severe air pollution problems. The WMCHMIS
is a comprehensive health care system across Wuhan
established by the Wuhan Medical and Health Center
for Women and Children in 2003. Its goal is to improve
the quality of perinatal care and reduce adverse
pregnancy outcomes. The standardized, computer-
based database from the WMCHMIS collected critical
information on demographic characteristics [i.e.,
maternal age, education level, gestational age at the
diagnosis of hypertensive conditions, body mass index
(BMI) before pregnancy, and season of conception],
medical and reproductive history at baseline (parity,
gravidity), pregnancy tests, deliveries, and postnatal
follow-up of pregnant women and infants. Pregnant
women were considered to be enrolled in this study
using the following inclusion criteria: (1) participants
were permanent residents in Wuhan; (2) participants
who had their last menstrual period between December
1, 2013 and November 30, 2014 underwent prenatal
examinations in the obstetrics departments of Wuhan
by December 31, 2014; (3) participants had no history
of hypertension, diabetes, cardiovascular disease, any
other disease, or abnormal pregnancy (i.e., abortion,
ectopic pregnancy, stillbirth, etc.); (4) participants
delivered singleton live births without birth defects; (5)
the participants had residential addresses marked with
latitude and longitude using Baidu Maps in Wuhan.
Furthermore, pregnant women who had missing or
incomplete information on air pollutant exposure, BP
measurements, or demographic data were excluded.
Available data from all participants were extracted
from the WMCHMIS during each prenatal care visit.
During routine pregnancy tests for all pregnant
women, standardized BP measurements were obtained
using an electronic sphygmomanometer at least twice
on the same arm after 5 min of rest in sitting position.
The average values of repeated BP measurements were
assigned to systolic blood pressure (SBP) and diastolic
blood pressure (DBP). HDP was mainly composed of
preeclampsia-eclampsia, preeclampsia superimposed
on chronic hypertension, and GH, with elevated BP
during pregnancy. In the present study, only GH was
included. GH was defined as SBP of >140 mmHg and/
or DBP of >90 mmHg, without proteinuria during
pregnancy. All participants with GH, as diagnosed
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by clinicians, were identified from electronic medical
records of the WMCHMIS using the International
Classification of Diseases, Tenth Revision (ICD-10).
The study protocol was reviewed and approved by the
Ethics Committee of the Wuhan Women and Children
Health Care Center.
1.2 Exposure Assessment

With air pollution becoming an increasingly
serious problem, the Wuhan Environmental Monitoring
Center, since 2013, has established 20 automatic air
quality monitoring stations (10 national and 10 urban)
across most of the districts of Wuhan. The objective is
to obtain the distribution of background air pollution
levels. In strict accordance with the ambient air quality
monitoring standards of China, these air quality
monitoring stations are located away from traffic roads,
industrial emission sources, residential area emission
sources, and electromagnetic interference sources.

Daily air pollutant concentrations of PM,
and O, were obtained from the 20 environmental
monitoring stations during 2014. These measurements
were performed using standardized air pollutant
analysis methods and quality assurance by the Wuhan
Environmental Monitoring Center, as described
elsewhere?”!. The study excluded the abnormal hourly
values, and calculated the 24-h average concentrations
of PM,.. The average concentrations of O, were
assessed for 8-h intervals (between 10:00 a.m. and
6:00 p.m.) at each monitoring station. The exposure
levels of PM, ; and O, for each study participant were
assessed using the nearest monitor approach. The
nearest monitoring station to the pregnant woman’s
home address was identified using spherical distance,
calculated by latitude and longitude. Then, available
data from the nearest monitoring station was applied
to estimate the concentrations of air pollutants for
individual participants during the study period. The
diagnostic dates for GH in participants were extracted
from the WMCHMIS database and the exposure
assessments of air pollutants were conducted for a one-
month period before diagnosis. One-month average
concentrations of air pollutants for each participant
were calculated from the daily average concentrations
of PM, ; and the 8-h average concentrations of O,.
1.3 Statistical Analysis

Descriptive analyses were conducted to summarize
the demographic characteristics of pregnant women and
the concentration distributions of air pollutants in this
study. Differences in the demographic characteristics
of pregnant women were analyzed based on the status
of GH (normotensive or GH) using the student’s ¢-test
and the chi-square test. The potential associations
of PM,, and O, with GH risk were examined using
several multivariate logistic regression models. The
concentrations of PM,, and O, were used as both
continuous and categorical variables in these models.

Odds ratios (ORs) and 95% confidence intervals (Cls)
were calculated per 10 ug/m’ increase in average PM,
and O, concentrations. The average values of these air
pollutants were also categorized into quartiles. First,
PM, ; and O, were assigned as independent variables to
enter into single-pollutant logistic regression models,
without adjustments for any confounders. Then, some
confounders were introduced to the first multivariable
logistic regression model to consider their potential
effects on BP. Based on previous evidence and the
characteristics of the study population, the following
variables were considered as potential confounders:
maternal age, pre-pregnancy body mass index (BMI),
gestational age at diagnosis, maternal education level
(middleschool orbelow, high school, college, bachelor’s
or higher degree), parity (1, >2), gravidity (1, >2),
season of conception (spring: March—-May; summer:
June—August; autumn: September—November; and
winter: December—February)!'* 1. Age, pre-pregnancy
BMI, and gestational age at diagnosis were treated as
continuous variables; maternal education level was
regarded as an ordinal category variable; parity and
gravidity were assigned to be dichotomous variables;
and season of conception was considered for entering
into the final models as a dummy variable. Though
smoking and drinking have important impacts on BP,
this study did not adjust for maternal smoking and
drinking during pregnancy due to the low smoking
and drinking rates shown in previous data. PM,
and O, were also added to the second multivariable
logistic regression model simultaneously to adjust for
each other, as well as other confounders mentioned
above. Lastly, these analyses were extended to the third
multivariable logistic regression model by additionally
controlling for the potential confounding effects of
other air pollutants (PM, , NO,, SO,, and CO), based on
the second model, in order to determine an independent
effect assessment of PM, ; and O, on GH. In addition,
a subgroup analysis stratified by season of conception
was conducted to estimate the associations of PM, .
and O, exposure with GH. Sensitivity analyses were
also applied to test the robustness of the findings by
excluding pregnant women of age >40 years and <18
years (n=283) and pregnant women with pre-pregnancy
BMI > 28 kg/m? (n=450), as these groups are known to
have a higher GH risk.

All data analyses were conducted using SAS,
version 9.4 (SAS Institute, Inc., USA), with a two-
sided P<0.05 of statistical significance.

2 RESULTS

2.1 Characteristics of the Study Population

The participants’ characteristics by status of
GH are summarized in table 1. There were 38115
pregnant women enrolled in this study and, of these,
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Table 1 Maternal characteristics by gestational hypertension status in Wuhan, China, during 2014 (»=38 115)

Variables Normotensive (=36 339)  Gestational hypertension (n=1776) P
Maternal age (years), mean (+SD) 26.9 (£4.2) 26.9 (£4.3) 0.997
Pre-pregnancy BMI (kg/m?), mean (+SD) 20.6 (+2.3) 21.3 (£3.0) <0.001
Gestational age (weeks) at diagnosis, mean (+£SD) 29.7 (9.4) 31.1 (+8.2) <0.001
Maternal education level (%) 0.085
Middle school or below 12 648 (34.8) 640 (36.0)
High school 7513 (20.7) 395 (22.2)
College 7129 (19.6) 313 (17.6)
Bachelor’s or higher degree 9049 (24.9) 428 (24.1)
Parity (%) <0.001
1 27 067 (74.5) 1395 (78.5)
>2 9272 (25.5) 381 (21.5)
Gravidity (%) <0.001
1 18 700 (51.5) 1000 (56.3)
>2 17 639 (48.5) 776 (43.7)
Season of conception (%) <0.001
Winter (December—February) 10 497 (28.9) 613 (34.5)
Spring (March—May) 13 361 (36.8) 895 (50.4)
Summer (June—August) 7425 (20.4) 220 (12.4)
Autumn (September—November) 5056 (13.9) 48 (2.7)

SD, standard deviation; BMI, body mass index

1776 participants were identified to have GH. The
incidence of GH during pregnancy was 4.7% in this
study. Maternal age in the normotensive group and the
GH group was consistent, with mean values of 26.9
years [standard deviation (SD)=4.2 years] and 26.9
years (SD=4.3 years), respectively. Compared with the
normotensive group, pregnant women with GH tended
to have higher pre-pregnancy BMIs (mean=21.3 kg/m?;
SD=3.0 kg/m?, P<0.001), as well as longer gestational
age at diagnosis of GH (mean=31.1 weeks; SD=8.2
weeks, P<0.001). The similar distributions of maternal
education level in both the normotensive and the GH
groups were observed with no significant difference
noted. The GH group was more likely to be nulliparous
(P<0.001) and to conceive in winter and spring than
the normotensive participants (P<0.001).
2.2 Distribution of Air Pollutant Levels

Table 2 presents the distribution of air pollutant
levels for a one-month period at the 20 monitoring
stations in Wuhan during 2014. The mean (£SD)
concentrations of PM, , and O, were 83.4 (£28.6) pg/
m? and 72.2 (+32.0) pg/m?, respectively, with wide
ranges (PM, .: 33.0-202.6 ug/m’; O,: 25.5-183.9 ng/
m?). According to China’s national ambient air quality
standard (GB 3095-2012) and the WHO guidelines, the
average concentrations of PM, _ significantly exceeded

the reference value. This highlights the serious PM, .
pollution in Wuhan. However, O, average levels met
the recommended value.
2.3 Association of Exposure to Fine Particulate
Matters and Ozone with GH

Table 3 exhibits the crude and adjusted ORs for
GH per 10 pg/m? increase in both PM, , and O, levels
in several multivariate logistic regression models. The
negative association of PM, , levels with the risk of GH
was found in the crude model (OR=0.87, 95% CI: 0.85,
0.88), the first adjusted model (OR=0.93, 95% CI:
0.93, 0.97), and the second adjusted model (OR=0.96,
95% CI. 0.93, 0.98). However, this association
became positive, with significant difference found,
after adjusting for major confounders and other air
pollutants (PM,;, NO,, SO,, CO, and O,) in the third
model (OR=1.14, 95% CI: 1.09, 1.20). Compared with
the reference group, pregnant women with the highest
quartile of PM,, exposure had higher odds of GH
(OR=1.59, 95% CI: 1.18, 2.14) in the third model. The
exposure levels of O, were observed to have a positive
correlation with the risk of GH in the crude model, with
an OR of 1.11 (95% CI: 1.09, 1.12). The effect of O,
on GH was weak, but the association was statistically
significant, after adjustments for major confounders
in the first model (OR=1.06, 95% CI: 1.03, 1.08) and

Table 2 Distribution of air pollutants levels during the study period in Wuhan, China, during 2014

Variables (pg/m?) Mean SD Minimum P25 Median P75 Maximum NS” WHO*
PM, | 83.4 28.6 33.0 64.6 79.5 98.3 202.6 75 25
(0] 72.2 32.0 25.5 455 61.8 98.0 183.9 160 100

3

SD: standard deviation; P25: the percentile of 25; P75: the percentile of 75.

*China national ambient air quality standard (GB 3095-2012).
*WHO 2005 air quality guidelines
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additional adjustments for PM, , in the second model
(OR=1.05, 95% CI: 1.03, 1.07). Further adjustments
for other air pollutants (PM, , NO,, SO,, and CO) did
not drastically change the results in the third model. An
increase, per 10 ug/m’, in O, was related to the increased
risk of GH, with an OR of 1.05 (95% CI: 1.02, 1.07).
Meanwhile, pregnant women in the 2nd, 3rd, and 4th
quartile of O, levels possessed a significantly increased
risk of GH in the third model, with ORs of 1.96 (95%
CI: 1.63, 2.36), 1.71 (95% CI: 1.39, 2.11), and 1.94
(95% CI: 1.52, 2.49), respectively.
2.4 Association of Exposure to Fine Particulate
Matters and Ozone with GH Stratified by Season
of Conception

Table 4 shows the adjusted associations between
PM, , and O, levels and the risk of GH stratified by
season of conception. For PM, ; exposure, the pregnant
women with conception in spring, summer, autumn,

and winter were found to have ORs for GH of 1.08
(95% CI: 1.01, 1.15), 1.14 (95% CI: 1.01, 1.29), 0.97
(95% CI: 0.78, 1.21), and 1.46 (95% CI: 1.28, 1.67),
respectively. The OR of 1.46 for GH was significantly
higher in participants with conception in winter than
the overall estimate of 1.14 in all participants, as well
as in these pregnant women with conception in other
seasons. As for O, exposure, the ORs for GH for
pregnant women with conception in spring, summer,
autumn, and winter were 1.11 (95% CI: 1.06, 1.16),
1.13 (95% CI: 1.04, 1.24), 1.14 (95% CI: 0.86, 1.52),
and 1.07 (95% CI: 1.03, 1.12), respectively. The
increased GH risk for O, exposure in pregnant women
with conception in spring, summer, and winter were
slightly stronger than the estimated risk of GH in all
participants, in which the association among women
with conception in summer was the most obvious. No
significant associations were found between PM,

Table 3 Association between air pollution and the risk of gestational hypertension in the multivariable logistic regression models in Wuhan,

China, during 2014 (»=38 115)

Variabl Crude Model Adjusted model 1" Adjusted model 2* Adjusted model 3™
arianies OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
PM, , (continuous) 0.87 (0.85, 0.88) 0.95(0.93,0.97) 0.96 (0.93, 0.98) 1.14 (1.09, 1.20)
Quartile 1 Reference Reference Reference Reference

Quartile 2 0.75 (0.67, 0.85) 0.98 (0.86, 1.11) 1.02 (0.89, 1.16) 1.05 (0.90, 1.24)
Quartile 3 0.58 (0.51, 0.66) 0.77 (0.67, 0.83) 0.83(0.72, 0.95) 1.12 (0.91, 1.38)
Quartile 4 0.36 (0.31, 0.42) 0.69 (0.58, 0.82) 0.81 (0.68, 0.96) 1.59 (1.18, 2.14)
O, (continuous) 1.11 (1.09, 1.12) 1.06 (1.03, 1.08) 1.05 (1.03, 1.07) 1.05 (1.02, 1.07)
Quartile 1 Reference Reference Reference Reference
Quartile 2 1.97 (1.67,2.31) 2.26 (1.91, 2.68) 2.16 (1.82, 2.56) 1.96 (1.63, 2.36)
Quartile 3 2.05 (1.74, 2.40) 1.94 (1.62,2.31) 1.87 (1.56, 2.24) 1.71 (1.39, 2.11)
Quartile 4 2.96 (2.54, 3.45) 2.06 (1.69, 2.52) 1.98 (1.61, 2.43) 1.94 (1.52, 2.49)

"Adjusted for maternal age, pre-pregnancy BMI, gestational age at diagnosis, maternal education level, parity, gravidity, and season of
conception

“Adjusted for maternal age, pre-pregnancy BMI, gestational age at diagnosis, maternal education level, parity, gravidity, season of
conception, and O, or PM,

"Adjusted for maternal age, pre-pregnancy BMI, gestational age at diagnosis, maternal education level, parity, gravidity, season of
conception, PM, , NO,, SO,, CO, and O, or PM,

10?

Table 4 Adjusted OR (95% CI) for the relationships between the risk of gestational hypertension and exposure to the air pollution
stratified by season of conception

Variabl Spring Summer Autumn Winter
arabies OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
PM, _ (continuous)’ 1.08 (1.01, 1.15) 1.14 (1.01, 1.29) 0.97 (0.78, 1.21) 1.46 (1.28, 1.67)
Quartile 1 Reference Reference Reference Reference

Quartile 2 1.07 (0.87, 1.32) 1.44 (0.94,2.23) 0.85(0.36,2.01) 0.97 (0.74, 1.26)
Quartile 3 0.87 (0.68, 1.12) 1.97 (1.01, 3.84) 0.70 (0.23, 2.13) 1.81 (1.21, 2.69)
Quartile 4 1.09 (0.76, 1.57) 1.71 (0.81, 3.60) 0.46 (0.08, 2.78) 0.98 (0.97, 0.99)
O, (continuous)” 1.11 (1.06, 1.16) 1.13 (1.04, 1.24) 1.14 (0.86, 1.52) 1.07 (1.03, 1.12)
Quartile 1 Reference Reference Reference Reference
Quartile 2 2.01 (1.57,2.57) 1.52(0.92,2.52) 3.09 (1.16, 8.23) 0.97 (0.74, 1.28)
Quartile 3 2.04 (1.56, 2.63) 2.22(1.32,3.73) 1.97 (0.67, 5.79) 1.07 (0.81, 1.42)
Quartile 4 2.94 (2.13,4.04) 2.48 (1.34,4.59) 1.50 (0.48, 4.63) 1.53 (1.18, 2.00)

"Adjusted for maternal age, pre-pregnancy BMI, gestational age at diagnosis, maternal education level, parity, gravidity, PM

S0O,, CO, and O,

“Adjusted for maternal age, pre-pregnancy BMI, gestational age at diagnosis, maternal education level, parity, gravidity, PM
SO,, CO, and PM,

10°

10°
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and O, exposure and GH risk in pregnant women with
conception in autumn.

After excluding pregnant women of age >40
years and <18 years, and pregnant women with a pre-
pregnancy BMI >28 kg/m?, there were 37 832 and
37 665 participants included in the sensitivity analyses,
respectively. The crude and adjusted results of the
association in relation to O, exposure and GH were
similar to those from the total population, all of which
were statistically significant. The association between
PM, ; exposure and GH risk in the third adjusted model
was slightly attenuated, but it was not significantly
changed.

3 DISCUSSION

As one of the most common hypertensive disorders
during pregnancy, GH has been categorized as a
potential public health challenge for pregnant women
and their infants. This study used a cohort design to
explore the associations of exposure to PM, ;and O, with
GH risk in the Chinese population. Results indicated
that exposure to PM, ; and O, during pregnancy was
significantly associated with an elevated risk of GH,
even after considering for basic confounders and other
air pollutants. Additionally, stronger relationships of
GH risk with PM, , and O, exposure were observed
in pregnant women with conception in winter and
summer, respectively.

A growing body of literature has linked ambient
air pollution to hypertension and elevated BP
during pregnancy, although the findings have been
inconsistent!!? 14 16 19-21. 91 The positive correlation of
PM, , exposure with the risk of GH observed in this
study was in accordance with the findings from a recent
study investigating the associations between ambient
air pollutants and GH risk by Zhu et all". In further
support of these results, Lee et all'¥ conducted a cohort
study of 34 705 participants relying on birth records
from 1997 to 2002 in Allegheny County to determine
the associations between air pollution and GH risk.
They observed exposure to PM, ; was associated with
increased GH risk. Similar findings were obtained
from birth record data in North Carolina®). In addition,
a case-control study from Los Angeles showed that a
7 pg/m’ increase in PM, . during the first trimester
correlated to a nearly 4-fold risk of HDP!'®!. Recently,
a study from China examined the effect of air pollution
on preeclampsia and observed prenatal exposure to
PM,, and SO, increased preeclampsia risk, similar
with our findings®®. Unfortunately, they did not obtain
monitoring data of PM,  levels. Women with higher
O, exposure in the second trimester were more likely
to develop HDP!®!, Likewise, Savitz et al?!! used birth
certificates and hospital discharges from New York
City to assess the effects of PM, ; and NO, exposure

on HDP. Elevated risk of HDP was found to be related
to higher PM, ; exposure after standard adjustments
for demographic and reproductive characteristics,
socioeconomic deprivation, and BMI?!, However,
when additionally adjusted for delivery hospital, this
association became insignificant®". Other studies have
reported similar results about the relationships of PM,
exposure with an elevated risk of preeclampsial®" 3],
With regard to the effect of O, exposure on HDP risk,
a large sample study of 36 620 pregnant women from
Japan supported the results of this study by reporting that
high O, exposure during the first trimester could cause
increased odds of HDP™", Recently, the findings by Hu
et al"™ suggested a significant and positive association
between exposure to O, and the risk of HDP. Others
also observed higher O, exposure might lead to an
increase in the risk of preeclampsia®*34. Nevertheless,
it must be noted that some studies are inconsistent with
the findings of our study and reported null relationships
of air pollutants with GH or preeclampsia risk. For
instance, according to the nationwide cohort study
of labor and delivery, O, exposure during pregnancy
showed no significant association with an increased
GH risk, which was consistent with results from Lee
et al" "1, A large obstetric cohort from the U.S. found
that increased risk of preeclampsia was not associated
with PM, ; and O, exposure in any trimester among
pregnant women with or without asthmal®. Similar
conclusions were also observed in other studiesP®.
Despite some difficulties in comprehensively
comparing different studies, the discrepancies found
could be explained by the following reasons. First,
different exposure assessment methods for individual
exposure levels of air pollutants were used with
respective advantages in these studies, which might
give rise to exposure misclassification. These methods
included the inverse distance weighted method, space-
time ordinary kriging interpolation, and air quality
monitoring station data. Next, the actual background
exposure levels of air pollutants varied significantly
among different regions or countries. This was
especially true when comparing developing countries
and developed countries. In this study, levels of PM,
were much higher than those reported in the U.S.
(median values, 79.5 pug/m’ vs. 15.6 ug/m’), while O,
concentrations were comparable (28.8 ppb vs. 21.7
ppb)!'4. As a developing country, China has been faced
with serious PM, ; pollution for many years, giving
significant rise to its the background concentrations.
Also, exposure assessments of air pollutants were
carried out for different stages of pregnancy, resulting
in inconsistent causal relationships. To date, it
remains unclear which stage of pregnancy has the
greatest susceptibility to the adverse effects induced
by air pollution exposure. Further research is needed
to identify window-specific exposure effects of air
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pollution on GH or BP. In addition, the determination
of outcomes was inconsistent when comparing the
results of this study with others. The outcomes were
defined as GH in this study, while others restricted
their outcomes of interest to either GH, preeclampsia,
and eclampsia or the total HDP. It should be recognized
that the comparability among these findings was not
well to some extent. Finally, there were a great number
of unidentified and unknown confounding factors
that might bias these associations towards different
directions. Adjustment for covariates obviously varied
among these studies. Therefore, it was difficult to
distinguish the independent effect of each individual
air pollutant.

Given the similarities between HDP and
cardiovascular diseases, it is plausible that HDP may
share common pathogenic pathways with cardiovascular
diseases induced by air pollutants®” 3. Toxicological
experiments have demonstrated that exposure to
air pollutants could trigger severe oxidative effects,
vascular endothelial dysfunction, system inflammation,
and the imbalance of the autonomic nervous system in
mice or Sprague Dawley rats?***. All of these have been
proposed as plausible mechanisms for the association
of exposure to air pollutants with cardiovascular
diseases %%, Of these biological mechanisms, systemic
inflammation reaction and oxidative stress caused by
air pollutants are suspected to increase sympathetic
nerve tension and cause vascular remodeling®!. The
elevated levels of circulating inflammatory cytokines
induced by oxidative stress can also lead to endothelial
dysfunction. Subsequently, an imbalance of vascular
homeostasis and total peripheral resistance occur,
resulting in elevated levels of BP™, In addition, the
autonomic imbalance and vasoconstriction directly
induced by air pollutants may be responsible for
increased BPM™1. Further experiments should be
conducted to understand the potential mechanisms of
the development of GH induced by air pollution.

Our study found there were stronger correlations of
GH risk with the exposure to PM, ; and O, for pregnant
women with conception in winter and summer, while
no significant association was observed in autumn.
Evidence from previous studies has indicated that
seasonal variation of conception is associated with
the risk of HDP. An investigation conducted in Hong
Kong examined the potential relationship of seasonal
variation with the incidence in preeclampsia, and
found that women with summer conceptions tended
to have a higher risk than women with autumn
conceptions™. Another investigation also suggested
that conceptions in summer had the highest risk of
preeclampsia™®. Recently, a report from Norway by
Weinberg et al*" found that higher preeclampsia risk
occurred in spring conceptions and lower risk occurred
in autumn conceptions, demonstrating that season of

conception was a potential driver for preeclampsia.
The inconsistencies across the above findings highlight
the need for more studies with a large sample size
and rigorous cohort design in the future. The results
of elevated risk of GH in both winter conceptions
and summer conceptions could be partially attributed
to seasonal variation of BP, physiological responses
to drastic temperature change, physical activity,
seasonal infections, and dietary pattern changes*. For
example, it has been observed that seasonal trends of
BP during pregnancy reached its peak in winter and
gradually dropped to the lowest point in summer*,
Cold could cause arteriolar constriction, increase
peripheral resistance and lead to apro-hypertensive
status that may be more vulnerable to external stimuli
such as air pollution®®. With an increase of 10°C in
daily temperature, SBP and DBP could decrease by the
mean value of 2.5 mmHgPY., However, high ambient
temperatures have been suggested to result in skin
blood flow increase and skin surface moistening,
which might further exacerbate the toxicity of exposed
chemicals from air pollutants®™ 1. Additionally,
the higher temperature and humidity during early
pregnancy might affect placental vascular development
and remodeling, which would produce a greater risk
of preeclampsia in pregnant women™!. Thus, we
could observe elevated risk effects of air pollution in
relatively low and high temperatures of conception
season. Another alternative explanation suggested
that dietary pattern during early pregnancy might
vary seasonally. As a consequence, maternal nutrition
status would be altered and immune function might be
reduced™®.

There were several strengths of this study. First,
all the pregnant women who met the inclusion criteria
during the study period were recruited from a large,
metropolitan area (Wuhan), using a population-based
cohort design. The large sample size and decreased
population variability (using a single city) provided
higher statistical power and smaller possibility
for information bias. Also, all critical information
(i.e., demographic characteristics, medical history,
and reproductive history) was obtained from the
WMCHMIS, which provided more complete and
accurate data than those provided by reliance on
birth certificates. Additionally, the diagnosis date
of GH in the pregnant women was available, which
provided the possibility for this study to accurately
evaluate the exposure levels of air pollutants prior
to disease occurrence. Furthermore, other criteria
pollutants, such as PM, , SO,, NO,, and CO have been
demonstrated to have detrimental effects on maternal
BP during pregnancy. Daily average concentrations of
these air pollutants, as well as PM, ; and O,, could be
obtained from the Wuhan Environmental Monitoring
Center during the study period. This allowed for the
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identification of the relatively independent effects
of PM, ; and O, on GH risk after controlling for the
impact of the other pollutants.

Although this study proposes new evidence
on the relationships of air pollutants with GH risk,
there are some limitations worth mentioning when
making inferences. One of the main limitations was
the potential for exposure misclassification due to the
reliance on the data source of air quality monitoring
stations. Direct individual exposure measurement
methods are unlikely to be implemented for large-scale
cohort studies because of the restrictions of the research
conditions. Thus, the exposure levels of air pollutants
for each pregnant woman were assessed using the
nearest air monitor method, where daily air pollutants
data were provided by the Wuhan Environmental
Monitoring Center. This exposure assessment method
might suffer from some misclassifications induced
by information bias, individual daily mobility or
behavior patterns, and residential mobility. The air
quality monitoring stations could not capture the
spatial heterogeneity of air pollutants adequately
because the concentration distribution of atmospheric
pollutants was easily affected by weather, vegetation,
road traffic and other conditions. This increased the
chance of information bias. Usually, the space-time
ordinary kriging interpolation model provides better
spatial coverage, but it still depends on air monitors
and neglects atmospheric influences on the dispersion
of air pollutantst'*. Although Gaussian dispersion
model estimates local traffic-generated air pollutants
with better spatiotemporal variability, the results are
easily affected by residential mobility™?. Recently, the
land use regression (LUR) model is greatly developed
and often used, since it can characterize the small-scale
within-city variation of pollutant levels and has been
suggested to be an effective tool in predicting long-term
intra-urban variation of air pollution*!-*, However, the
LUR model requires that variables included in models
are temporally stable and are not transferable from one
urban area to another, and the results may be influenced
by the different buffering radius used in the model™,
It should be noted that there were the comparable
results between air pollution and preeclampsia when
exposure was assessed using dispersion model, LUR
model, or a more simplistic method such as nearest
air monitor as we used®*. Additionally, the actual air
pollution exposure may be significantly affected by
the fact that individual exposure might vary over time
spent at different places and daily activity patterns
during pregnancy. Unfortunately, like most similar
studies, the data on daily activity patterns were not
available for this present investigation. The fact that
residential mobility might occur during pregnancy was
not addressed, introducing the possibility of exposure
misclassification. However, residential mobility during

pregnancy was reportedly lower in China than in the
U.S., suggesting the possibility of a non-differential
bias®’. In this case, most of the effect estimates were
likely to attenuate and trend towards conservative
conclusions. Another limitation was that the synergistic
or cumulative effects of the simultaneous exposure to
other unknown environment pollutants might interfere
with these associations, leading to the increased chance
of false positive results. Humans are constantly exposed
to known or unknown environmental pollutants, which
restricts the generalization of this study’ conclusions.
Finally, although major covariates had been controlled
in the final models, there were still important
confounders that were inaccessible or unidentified due
to limited research conditions, such as socioeconomic
status and secondhand smoke.

In conclusion, this study examined the association
between exposure to PM, . and O, and risk of GH
with a large sample size in the Chinese population.
Exposure to PM, ; and O, during pregnancy was found
to be significantly associated with an elevated GH
risk after controlling for confounders and other air
pollutants. The relationships for PM, ; and O, exposure
were observed to be stronger in winter conception
and summer conception, respectively. Given the
public health challenge of air pollution in China, these
findings could serve as a platform for the establishment
of future policies aimed at addressing the impact of air
pollution on pregnancy. Further research is warranted
to confirm these findings and elucidate biologically
plausible mechanisms.
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