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• We estimated the association of O3 expo-
sure with HDPs across 454 US counties.

• Maternal exposure to O3 was associated
with higher risk of GH and eclampsia.

• The critical exposure windows were 2 to
4 months after conception.
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Background: Exposure to ambient ozone during pregnancy may be linked with hypertensive disorders in pregnancy,

but evidence is largely unknown. We aimed to estimate the association between maternal exposure to ozone and
risk of gestational hypertension and eclampsia in the contiguous United States (US).
Methods: We included 2,393,346 normotensive mothers aged from 18 to 50 years old who had a live singleton birth
documented in the National Vital Statistics system in the US in 2002. We obtained information on gestational hyper-
tension and eclampsia from birth certificates. We estimated daily ozone concentrations from a spatiotemporal ensem-
ble model. We used distributed lag model and logistic regression to estimate the association between monthly ozone
exposure and risk of gestational hypertension or eclampsia after adjusting for individual-level covariates and county
poverty rate.
Results: Of the 2,393,346 pregnant women, there were 79,174 women with gestational hypertension and 6034 with
eclampsia. A 10 parts per billion (ppb) increase in ozone was associatedwith an increased risk of gestational hyperten-
sion over 1–3 months before conception (OR = 1.042, 95 % CI: 1.029, 1.056), 2–3 months after conception (OR =
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1.058, 95%CI: 1.040, 1.077), and 3–5months after conception (OR=1.031, 95%CI: 1.018, 1.044). The correspond-
ing OR for eclampsia was 1.115 (95 % CI: 1.074, 1.158), 1.048 (95 % CI: 1.020, 1.077), and 1.070 (95 % CI: 1.032,
1.110), respectively.
Conclusions: Exposure to ozone was associated with an increased risk of gestational hypertension or eclampsia, espe-
cially during 2 to 4 months after conception.
1. Introduction

Hypertensive disorders in pregnancy (HDPs) are among the most seri-
ous pregnancy complications, affecting approximately 5–10 % of pregnant
women worldwide (Sears et al., 2018; Shah, 2020). HDPs contribute to the
leading morbidity and mortality for maternal and offspring health
(Endeshaw and Berhan, 2015; Yoder et al., 2009). For example, HDPs are
associated with an increased risk of cardiovascular diseases (Ying et al.,
2018), liver and kidney diseases (Barrett et al., 2020), and diabetes for
mothers (Jiang et al., 2022), and are also associatedwith a higher risk of ad-
verse birth outcomes for offspring, including preterm birth and low birth
weight (Liu et al., 2021). The risk factors for HDPs include a history of hy-
pertension during pregnancy, a family history of hypertension, and old age
(Hinkosa et al., 2020).

Air pollution was the fourth leading risk factor for global premature
mortality and disease burden (Brauer et al., 2016). Exposure to air pollution
increased the risk ofmortality andmorbidity from cardiovascular and respi-
ratory disease (Brauer et al., 2021), adversely affected fetal growth (Sun
et al., 2022), and triggered preterm birth (Ghosh et al., 2021). Exposure
to air pollution may be associated with an increased risk of HDPs
(Pedersen et al., 2014). Among air pollutants, ozone is closely related to
anthropogenic emissions, and levels of ozone are expected to be increasing
with global warming. A large amount of evidence suggested that exposure
to ozone could induce systemic inflammation and oxidative stress (Brook
et al., 2004; Jauniaux et al., 2006), causing placental malfunction, and
thus leading to HDPs and preeclampsia/eclampsia. For example, a recent
meta-analysis documented five studies that examined the association be-
tween ozone exposure and gestational hypertension and preeclampsia/
eclampsia (Pedersen et al., 2014), and reported a marginally significant
association between ozone exposure and gestational hypertension or
preeclampsia/eclampsia. However, the results of the included five studies
were heterogeneous, subjected to a small number of cities, or applied
different model choices, making the generalizability of these findings
uncertain.

Given the health consequences of HDPs and the projected increase in
levels of ozone in the context of global warming, we sought to examine
the association of maternal exposure to ozone with gestational hyperten-
sion and eclampsia among over 2.3 million mother-infant pairs in 2002
across 454 counties in the US.

2. Methods

2.1. Study population

We obtained data on US live singleton births from the US Centers for
Disease Control and Prevention's National Centre for Health Statistics
(NCHS, 2003). Given the availability of the county of maternal resi-
dence and data-coding consistency between years, we used the 2002
birth data only. Data were only available for pregnant women living in
counties with a population of ≥100,000. We restricted our analysis to
births at ≥20 weeks gestation and to births born to mothers aged be-
tween 20 and 50 years old. We excluded births with a missing value
for maternal residence, last menstrual period, race/ethnicity, educa-
tional attainment, parity, and starting months of prenatal care. We fur-
ther excluded births born to mothers with pre-existing hypertension,
resulting in 2,393,346 mother-infant pairs in our analytical data set
(Fig. S1).
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2.2. Outcome definition

Gestational hypertension and eclampsia were reported on birth certifi-
cates, eachwith a checkbox (CDC, 2000). Gestational hypertension was de-
fined as an increase in blood pressure of at least 30 mmHg systolic or
15 mmHg diastolic on two measurements taken 6 h apart after the 20th
week of gestation. Eclampsia was defined as the occurrence of convulsions
and/or coma unrelated to other cerebral conditions in women with signs
and symptoms of preeclampsia.

2.3. Air pollution assessment

Daily concentrations of 8-hour maximum ozone and 24-hour average
fine particulate matter (PM2.5) were estimated from spatiotemporal ensem-
ble models developed by Di et al. (2019) and Requia et al. (2020). The
models incorporated three machine learning models, including neural net-
work, random forest, and gradient boosting. The models combined ground
monitoring data from the US Environmental Protection Agency air quality
system, remote sensing data, meteorological conditions, such as ambient
temperature, relative humidity, and wind speed, chemical transport
model simulations, and land-use variables, such as road intensity. Based
on the models, daily air pollutant concentrations were estimated at every
1 km × 1 km grid cell in the contiguous US. The model demonstrated
good performance by comparing predicted values with monitored data,
with a ten-fold cross-validated of 0.91 for ozone and 0.86 for PM2.5. Daily
county-level population-weighted ozone and PM2.5 data were calculated
by summing the predictions of air pollution concentrations falling within
the 2002 US census tract by multiplying the corresponding proportion of
the county population. Based on the last menstrual period, we calculated
the monthly average ozone exposure for each birth and calculated the aver-
age PM2.5 from 3 months before to 5 months after conception (Table S1).

2.4. Ambient temperature assessment

We obtained 4 km × 4 km gridded estimates of daily ambient tempera-
ture and relative humidity from the Parameter-elevation Relationships on
Independent Slopes (PRISM) model (Spangler et al., 2019; Sun et al.,
2019a, 2019b, 2021).We calculated daily population-weighted ambient tem-
perature and relative humidity for each county as we did for the air pollution
assessment. We calculated the average ambient temperature and relative hu-
midity from 3 months before to 5 months after conception for each birth.

2.5. Statistical analysis

We used logistic regression to estimate the association between mater-
nal exposure to monthly ozone and risk of gestational hypertension or
eclampsia. In the models, we adjusted for maternal age (18–24, 25–29,
30–34, 35–50 years), race/ethnicity (Non-Hispanic White, Non-Hispanic
Black, Hispanic, other), marital status (married versus not married), educa-
tional attainment (lower than high school, high school, higher than high
school), prenatal care initiation time (no prenatal care, first trimester, sec-
ond trimester, third trimester), infant sex (male versus female), parity (0,
1, ≥2), smoking during pregnancy (yes, no, unknown), alcohol drinking
during pregnancy (yes, no, unknown), and county poverty rate defined as
the percentage of 2002 county residents below the federal poverty line
(<10 %, 10 %–14.9 %, ≥15 %) (Bureau, 2022). We applied a distributed
lag model to fit the exposure-response and time-response functions for the
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relationship between ozone exposure and gestational hypertension or
eclampsia. We used a linear function to model the association between
monthly ozone exposure and gestational hypertension or eclampsia. We
modeled the lag function using a natural cubic function with knots placed
at equal intervals on the scale of lags up to 5 gestational months after con-
ception (Wilson et al., 2017). To ensure an equal length of ozone exposure
among all women, we set the maximum lag as 5 gestational months after
conception. We conducted sensitivity analyses by varying the key parame-
ters for the time-response function (Figs. S2& S3) and selected the number
of knots for the lag function based on theminimumAkaike Information Cri-
terion (Table S2). To explore nonlinearity, we used a natural cubic spline
with 3 degrees of freedom to model the association between monthly
ozone exposure and gestational hypertension or eclampsia.

Based on the biological rationale of critical windows for HDPs (Kroener
et al., 2016), we selected the following four timewindows: 3months before
conception, 1 month after conception (embryo implantation), 2–3 months
after conception (vascularization and placentation), and 3–5months of ges-
tation (after placentation). We reported odds ratios (ORs) and 95 % confi-
dence intervals of gestational hypertension or eclampsia per 10 parts per
billion (ppb) increase in ozone concentration.We also performed sensitivity
analyses by additionally adjusting for average PM2.5, ambient temperature,
or relative humidity from 3 months before to 5 months after conception to
assess potential confounding by air pollution and meteorological factors.

We conducted subgroup analysis to identify potential susceptible sub-
groups. We assessed whether the associations varied by maternal age,
Table 1
Demographic characteristics of pregnant women in 454 US counties, 2002.

Characteristics Total Nor

Total population 2,393,346 (100.0) 2,30
Infant sex

Male 1,224,449 (51.2) 1,18
Female 1,168,897 (48.8) 1,12

Parity
0 946,919 (39.6) 899
1 792,585 (33.1) 772
≥2 653,842 (27.3) 637

Maternal age (years)
18–24 745,344 (31.1) 718
25–29 655,672 (27.4) 632
30–34 624,947 (26.1) 604
35–50 367,383 (15.4) 353

Maternal race/ethnicity
Non-Hispanic White 1,260,554 (52.7) 1,21
Non-Hispanic Black 352,178 (14.7) 337
Hispanic 617,624 (25.8) 601
Other 162,990 (6.8) 159

Marital status
Married 1,646,224 (68.8) 1,58
Not married 747,122 (31.2) 720

Education level
Lower than high school 150,018 (6.3) 146
High school 1,020,365 (42.6) 985
Higher than high school 1,222,963 (51.1) 1,17

Timing of initiation of prenatal care
No prenatal care 17,499 (0.7) 16,9
1st–3rd month 2,036,691 (85.1) 1,96
4th–6th month 280,933 (11.7) 271
7th–final month 58,223 (2.4) 56,5

Smoking during pregnancy
Yes 174,980 (7.3) 168
No 1,807,463 (75.5) 1,73
Unknown 410,903 (17.2) 403

Alcohol drinking during pregnancy
Yes 16,135 (0.7) 15,4
No 1,965,895 (82.1) 1,89
Unknown 411,316 (17.2) 403

County poverty ratea

<10 % 865,255 (36.2) 833
10 %–14.9 % 974,795 (40.7) 939
≥15 % 553,296 (23.1) 536

a The percentage of people in a county below the federal poverty line.
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maternal race/ethnicity, infant sex, and county poverty rate. A Wald statis-
tic was used to test the heterogeneity across subgroups (Rothman et al.,
2008).

We performed all statistical analyses with R software (version: 3.5.1).
We used the “survival” package (version 2.42-6) for the logistic regression
and the “dlnm” package (version: 2.4.7) for the distributed lag models.

3. Results

3.1. Participants characteristics

A total of 2,393,346 pregnant women across 454 US counties were in-
cluded in the analysis (Table 1 & Fig. 1). Among them, 2,309,765
(96.5%) pregnant women were normotensive, 79,174 (3.3%) women had
gestational hypertension, and 6034 (0.3%) had eclampsia. Most women
with HDPs were Non-Hispanic White (59.0 %), married (67.9 %), had re-
ceived higher education levels than high school (53.8 %), and started pre-
natal care in the first trimester (86.5 %). Women had gestational
hypertension or eclampsia tended to be nulliparous, non-Hispanic Black,
and unmarried (Table 1).

3.2. Ozone exposure and risk of gestational hypertension or eclampsia

We found a positive and nonlinear exposure-response relationship be-
tween ozone exposure and risk of gestational hypertension or eclampsia.
motensive women Gestational hypertension Eclampsia

9,765 (96.5) 79,174 (3.3) 6034 (0.3)

1,080 (96.5) 41,090 (3.4) 3096 (0.3)
8,685 (96.6) 38,084 (3.3) 2938 (0.3)

,431 (95.0) 44,927 (4.7) 3539 (0.4)
,451 (97.5) 19,081 (2.4) 1399 (0.2)
,883 (97.6) 15,166 (2.3) 1096 (0.2)

,726 (96.4) 24,923 (3.3) 2277 (0.3)
,742 (96.5) 21,788 (3.3) 1563 (0.2)
,494 (96.7) 19,488 (3.1) 1334 (0.2)
,803 (96.3) 12,975 (3.5) 860 (0.2)

1,205 (96.1) 47,086 (3.7) 3208 (0.3)
,154 (95.7) 13,899 (3.9) 1458 (0.4)
,737 (97.4) 15,039 (2.4) 1137 (0.2)
,669 (98.0) 3150 (1.9) 231 (0.1)

9,471 (96.6) 54,071 (3.3) 3760 (0.2)
,294 (96.4) 25,103 (3.4) 2274 (0.3)

,652 (97.8) 3172 (2.1) 249 (0.2)
,145 (96.5) 33,077 (3.2) 2875 (0.3)
7,968 (96.3) 42,925 (3.5) 2910 (0.2)

60 (96.9) 495 (2.8) 65 (0.4)
4,382 (96.4) 68,576 (3.4) 5120 (0.3)
,878 (96.8) 8535 (3.0) 709 (0.3)
45 (97.1) 1568 (2.7) 140 (0.2)

,847 (96.5) 5812 (3.3) 443 (0.3)
7,909 (96.2) 65,559 (3.6) 5485 (0.3)
,009 (98.1) 7803 (1.9) 106 (0.0)

88 (96.0) 610 (3.8) 50 (0.3)
0,872 (96.2) 70,743 (3.6) 5878 (0.3)
,405 (98.1) 7821 (1.9) 106 (0.0)

,523 (96.3) 30,194 (3.5) 2182 (0.3)
,439 (96.4) 33,503 (3.4) 2511 (0.3)
,803 (97.0) 15,477 (2.8) 1341 (0.2)



Fig. 1. Annual average concentration of ozone by US county in 2002.
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Whenwe applied a linear function for the exposure-response curves, we ob-
served an elevated OR before conception and 2–4 months after conception
for both gestational hypertension and eclampsia, with a peak identified in
the 3rd month after conception (Fig. 2).

We next presented results for each critical exposure window (Table 2).
Inmodels after adjusting for individual-level covariates and county poverty
rate, the OR of gestational hypertension per 10 ppb increase in ozone was
1.042 (95 % CI: 1.029, 1.056) for 3 months before conception, 0.994
(95 % CI: 0.982, 1.006) for 1 month after conception, 1.058 (95 % CI:
1.040, 1.077) for 2–3 months after conception, and 1.031 (95 % CI:
1.018, 1.044) for 3–5 months after conception. The corresponding OR for
eclampsia was 1.115 (95 % CI: 1.074, 1.158) for 3 months before
Fig. 2. The exposure-response curves for the association between maternal exposure
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conception, 1.003 (95 % CI: 0.983, 1.023) for 1 month after conception,
1.048 (95 % CI:1.020, 1.077) for 2–3 months after conception, and 1.070
(95 % CI:1.032, 1.110) for 3–5 months after conception. Results were sim-
ilar when additionally adjusted for PM2.5, ambient temperature, or relative
humidity (Table 2).

3.3. Subgroup analysis

We conducted subgroup analyses to assess whether the association of
gestational hypertension or eclampsia with ozone exposure varied by ma-
ternal age, maternal race/ethnicity, infant sex, and county poverty rate
(Table 3). We found that the association was more pronounced among
to ozone and gestational hypertension and eclampsia in the United States, 2002.



Table 2
Odds ratios of gestational hypertension and eclampsia associated with 10 parts per billion increase in ozone exposure by exposure windows in the United States, 2002.

Models Exposure windows Gestational hypertension Eclampsia

OR (95 % CI) OR (95 % CI)

Main modela 1–3 months before conception 1.042 (1.029, 1.056) 1.115 (1.074, 1.158)
1 month after conception 0.994 (0.982, 1.006) 1.003 (0.983, 1.023)
2–3 months after conception 1.058 (1.040, 1.077) 1.048 (1.020, 1.077)
3–5 months after conception 1.031 (1.018, 1.044) 1.070 (1.032, 1.110)
1–5 months after conception 1.085 (1.069, 1.101) 1.125 (1.077, 1.175)
3 months before to 5 months after conception 1.130 (1.112, 1.149) 1.254 (1.179, 1.334)

Main model + PM2.5
b 1–3 months before conception 1.048 (1.035, 1.062) 1.119 (1.078, 1.162)

1 month after conception 0.999 (0.986, 1.011) 1.011 (0.991, 1.031)
2–3 months after conception 1.059 (1.041, 1.078) 1.048 (1.020, 1.077)
3–5 months after conception 1.038 (1.025, 1.051) 1.076 (1.038, 1.116)
1–5 months after conception 1.098 (1.081, 1.114) 1.141 (1.092, 1.192)
3 months before to 5 months after conception 1.151 (1.132, 1.170) 1.277 (1.201, 1.358)

Main model + temperaturec 1–3 months before conception 1.053 (1.040, 1.067) 1.099 (1.057, 1.143)
1 month after conception 1.000 (0.987, 1.012) 0.991 (0.970, 1.011)
2–3 months after conception 1.064 (1.045, 1.083) 0.997 (0.968, 1.027)
3–5 months after conception 1.035 (1.022, 1.048) 1.070 (1.031, 1.110)
1–5 months after conception 1.100 (1.083, 1.118) 1.057 (1.007, 1.109)
3 months before to 5 months after conception 1.159 (1.139, 1.179) 1.162 (1.085, 1.243)

Main model + relative humidityd 1–3 months before conception 1.059 (1.046, 1.072) 1.109 (1.068, 1.151)
1 month after conception 0.994 (0.982, 1.006) 0.999 (0.980, 1.018)
2–3 months after conception 1.063 (1.045, 1.081) 1.054 (1.027, 1.081)
3–5 months after conception 1.046 (1.033, 1.059) 1.072 (1.033, 1.113)
1–5 months after conception 1.105 (1.088, 1.122) 1.128 (1.078, 1.181)
3 months before to 5 months after conception 1.170 (1.150, 1.191) 1.251 (1.171, 1.337)

Abbreviations: OR = odds ratio; CI = confidence interval; PM2.5 = fine particulate matter.
a Models were adjusted for maternal age, race/ethnicity, marital status, education level, smoking during pregnancy, alcohol drinking during pregnancy, parity, timing of

initiation of prenatal care, infant sex, and county poverty rate.
b Main models with additionally adjusted for PM2.5.
c Main models with additionally adjusted for mean ambient temperature from preconception to second trimester using natural cubic splines with 3 degrees of freedom.
d Main models with additionally adjusted for mean relative humidity from preconception to second trimester using natural cubic splines with 3 degrees of freedom.
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women living in counties with a higher poverty rate. For example, a 10 ppb
increase in ozone was associated with an OR of 0.933 (95 % CI: 0.829,
1.050) among women living in counties with a poverty rate <10 % com-
pared with 1.724 (95 % CI: 1.527, 1.946) among women living in counties
with a poverty rate≥15 % for eclampsia.

4. Discussion

Leveraging a nationwide study of 2,393,346mother-infant pairs, we es-
timated the association between maternal exposure to ozone and risk of
gestational hypertension or eclampsia. We found that exposure to ozone
during pregnancy was associated with an increased risk of gestational
Table 3
Odds ratios of gestational hypertension and eclampsia associated with 10 parts per billi
ception by personal characteristics in the United States, 2002.

Characteristics Gestational hypertension

Odds ratio (95 % CI) P for heter

Maternal age (years)
18–24 1.073 (1.042, 1.104) [Reference
25–29 1.162 (1.126, 1.199) <0.001
30–34 1.131 (1.094, 1.169) 0.019
35–50 1.152 (1.107, 1.198) 0.004

Maternal race/ethnicity
Non-Hispanic White 1.136 (1.110, 1.162) [Reference
Non-Hispanic Black 1.165 (1.119, 1.213) 0.287
Hispanic 1.099 (1.064, 1.134) 0.098
Other 1.047 (0.975, 1.124) 0.032

Infant sex
Male 1.127 (1.102, 1.153) [Reference
Female 1.134 (1.108, 1.161) 0.709

County poverty rate
<10 % 0.956 (0.926, 0.986) [Reference
10 %–14.9 % 1.236 (1.206, 1.268) <0.001
≥15 % 1.227 (1.187, 1.269) <0.001
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hypertension or eclampsia, especially during 2 to 4 months after concep-
tion. The association was more pronounced among women residing in
counties with a higher poverty rate.

Our findings of a significant association between ozone exposure and
risk of gestational hypertension or eclampsia were consistent with the pre-
vious literature (Michikawa et al., 2015; Michikawa et al., 2022; Pedersen
et al., 2014; Yan et al., 2022). For example, synthesizing five studies
among 258,985 pregnancies, the systematic review and meta-analysis re-
ported a marginally significant association between ozone exposure and
HDPs (OR=1.06; 95%CI: 0.99, 1.14 per 10 ppb increase in ozone) or pre-
eclampsia (RR=1.09; 95%CI: 0.98, 1.21 per 10 ppb increase in ozone). In
an analysis of 36,620 singleton pregnant women from Japan between 2005
on increase in ozone exposure during three months before to five months after con-

Eclampsia

ogeneity Odds ratio (95 % CI) P for heterogeneity

] 1.146 (1.037, 1.267) [Reference]
1.418 (1.256, 1.602) 0.008
1.246 (1.092, 1.422) 0.322
1.236 (1.050, 1.456) 0.440

] 1.298 (1.187, 1.420) [Reference]
1.105 (0.974, 1.255) 0.042
1.284 (1.130, 1.458) 0.891
1.394 (1.049, 1.852) 0.639

] 1.274 (1.169, 1.389) [Reference]
1.234 (1.130, 1.348) 0.612

] 0.933 (0.829, 1.050) [Reference]
1.234 (1.125, 1.352) <0.001
1.724 (1.527, 1.946) <0.001
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and 2010, Michikawa et al. (2015) found that exposure to ozone was asso-
ciated with an increased risk of hypertensive disorders (highest quintile vs.
lowest: OR = 1.20; 95 % CI:1.01, 1.42) during the first trimester
(Michikawa et al., 2015).

The potential biological mechanisms of gestational hypertension and
eclampsia caused by ozone remain unclear, but some plausible pathways
have been proposed in previous studies, such as systematic inflammation,
oxidative stress and vasoconstriction (Sanidas et al., 2017; Wong et al.,
2014). Exposure to ozone might induce systemic oxidative stress, promote
the release of inflammatory factors, and lead to vascular endothelial dys-
function, imbalance of the autonomic nervous system and vasoconstriction
(Sanidas et al., 2017). In addition, oxidative stress and inflammation may
cause vascular remodeling, raise blood pressure, and increase sympathetic
activity (Wong et al., 2014), all of whichmay increase the risk of gestational
hypertension or eclampsia.

To identify critical exposure windows, we examined the time course of
the association between ozone exposure and risk of gestational hyperten-
sion or eclampsia.We also estimated the association for four-timewindows:
3 months before conception, 1 month after conception (embryo implanta-
tion), 2–3 months after conception (vascularization and placentation),
and 3–5months of gestation (after placentation).We found that the impacts
of ozone on gestational hypertension or eclampsia were more pronounced
during 2–3 months after conception (vascularization and placentation)
and 3–5 months of gestation (after placentation) than that during
1 month after conception (embryo implantation), which indicates that pla-
cental dysfunction may play a key role in the pathogenesis of HDPs. Expo-
sure to ozone might induce placental inflammation and oxidative stress,
causing abnormal placentation (Kroener et al., 2016), and thus leading to
gestational hypertension or eclampsia.We found that exposure to ozone be-
fore conception was also associated with gestational hypertension or
eclampsia, which was consistent with studies that reported that ozone ex-
posure was associated with increased hypertension and blood pressure in
the general population (Coogan et al., 2017; Niu et al., 2022).

We found that the association was more pronounced among women liv-
ing in counties with a lower socioeconomic condition. To our knowledge,
we found no published studies to identify susceptible subpopulations for
ozone exposure and HDPs, and thus we cannot compare our findings with
others. Although the exact reasons explaining the identified susceptible
subgroups are unknown, we speculated that exposure to higher ozone con-
centrations and tendencies to experience poor health are the potential rea-
sons. Previous studies suggested that individuals living in areas with lower
socioeconomic conditions faced more physical and psychosocial stressors
and were consistently exposed to higher levels of air pollution than those
living in areas with higher socioeconomic conditions (Jbaily et al., 2022;
Morello-Frosch and Shenassa, 2006).

Our study has several potential limitations. First, we obtained informa-
tion on gestational hypertension and eclampsia from birth certificates, and
the accuracy of the outcome assessment is unclear. The assessment of gesta-
tional hypertension and eclampsiawas through regular prenatal care. In the
studied population, over 99 % of pregnant women received prenatal care,
and thus we expect the sensitivity of gestational hypertension and eclamp-
sia ascertainment to be high. Second, over 50 % of pregnancies in the US
are unplanned, and therefore screening for hypertension before conception
may not be done regularly. Althoughwe excludedwomenwith pre-existing
hypertension, it is still possible that some women with pre-existing hyper-
tension were undiagnosed and thus retained in the analysis. Third, we ad-
justed for a wide range of potential confounders; however, we cannot
exclude the possibility of residual confounding from unmeasured factors,
such as medication use. Fourth, we used ambient air pollution as a proxy
for personal exposure, which might introduce exposure misclassification.
We did not have information on residential mobility during pregnancy,
which might also introduce another source of exposure misclassification.
However, these two sources of exposure misclassification would be
nondifferential and tend to bias estimates toward the non-association
(Kioumourtzoglou et al., 2014). Fifth, pregnant women are exposed to
multiple air pollutants simultaneously. We only included PM2.5 in the
6

sensitivity analysis. We cannot rule out the possibility of confounding ef-
fects of other pollutants. Nevertheless, to our knowledge, our study is one
of the first nationwide studies to examine the association betweenmaternal
exposure to ozone and risk of gestational hypertension and eclampsia.

5. Conclusions

In summary, in this nationwide study of over 2.3 million mother-infant
pairs, we found that exposure to ozone was associated with a higher risk of
gestational hypertension or eclampsia, especially during 2 to 4months after
conception. Our findings suggest that ozone is a potential novel risk factor
for hypertensive disorders in pregnancy. Women during pregnancy should
be aware of the potential risk of exposure to ozone and seek to reduce expo-
sure to ozone.
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