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ABSTRACT

Hypertensive disorders in pregnancy (HDP) are a major contributor of maternal and perinatal mortality and
morbidity. Although ambient ozone (O3) and temperature have been individually associated with increased HDP
risk, their combined effects remain unclear. In this multicenter retrospective cohort study involving 173,644
women, we assessed the independent and interactive relationships of O3 and temperature on HDP risk using
logistic regression and distributed lag non-linear models (DLNM). Temperature was categorized by percentiles as
extreme cold (<5™), moderate cold (>5™ to <10™), moderate (>10™ to <90™), moderate hot (>90™ to <95™),
and extreme hot (>95™). For DLNM analyses, the 10" and 90™ percentiles of temperature were used to represent
low and high temperature, respectively. Compared with moderate temperatures, preconception exposure to
extreme cold conditions (OR: 1.37, 95 % CI: 1.21-1.54) and moderate hot during the first 20 weeks of pregnancy
(OR: 1.14, 95 % CI: 1.01-1.29) were associated with higher HDP risk. Each 10 pg/m? increase in O3 concen-
tration elevated HDP risk during the 13 weeks before pregnancy (OR: 1.10, 95 % CI: 1.08-1.12) and the first 20
weeks of pregnancy (OR: 1.04, 95 % CI: 1.01-1.07). Temperature-related HDP risk increased significantly at O3
concentrations above 60 pg/m® and was markedly amplified beyond 110 pg/m®, where extreme temperatures
nearly doubled the risk (OR: 2.00, 95 % CI: 1.35-2.96). Critical susceptibility windows were identified at weeks
9-12 before pregnancy for O3 exposure and gestational weeks 13-20 for high temperature. These findings
provide novel evidence of pre-pregnancy Os-sensitivity windows, stage-specific bidirectional temperature as-
sociations, and significant Os—temperature interactions, underscoring the need for targeted environmental in-
terventions during preconception and early pregnancy.

1. Introduction

approximately 5 %-10 % of pregnancies are affected by HDP (Li et al.,
2021a), with reported incidence rates in China ranging from 4.5 % to 10

Hypertensive disorders of pregnancy (HDP) are the most prevalent
pregnancy complications worldwide and represent a substantial global
public health concern. HDP encompasses a spectrum of conditions,
including  chronic  hypertension,  gestational  hypertension,
preeclampsia-eclampsia, and chronic hypertension with superimposed
preeclampsia (Sinkey et al., 2020; Wu et al, 2023a). Globally,
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% (Chen et al., 2025; Li et al., 2021b). HDP substantially increases
maternal mortality and morbidity (Sinkey et al., 2020) and poses serious
risks to fetal outcomes, including intrauterine growth restriction, pre-
term birth, low birth weight, and stillbirth (Nawsherwan et al., 2023; Fu
et al.,, 2023). Moreover, women affected by HDP are at heightened
long-term risks of persistent hypertension, cardiovascular disease, and
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renal dysfunction later in life (Kristensen et al., 2019; Oliver-Williams
et al., 2022).

While established risk factors for HDP include advanced maternal
age, obesity, multifetal gestation, and a family history of hypertension
(Umesawa and Kobashi, 2017), mounting evidence has drawn attention
to environmental exposures—particularly air pollution and temperature
extremes—as potential contributors to HDP risk (Part et al., 2022; Hu
et al., 2017). Among air pollutants, ozone (O3), a secondary pollutant
resulting from industrial activities and meteorological conditions, has
emerged as one of the most concerning environmental pollutants
worldwide, second only to particulate matter (Tang et al., 2021).
Epidemiological studies have consistently linked O3 exposure to respi-
ratory and cardiovascular diseases, as well as adverse pregnancy out-
comes (Zhang et al., 2024a; Xu et al., 2024). Additionally, pregnancy
induces profound physiological changes—such as increased cardiac
output, blood volume expansion, and altered respiratory patterns—that
may heighten maternal vulnerability to environmental stressors (Hu
et al.,, 2014). Although several studies have explored the relationship
between O3 exposure and HDP, findings remain inconsistent: some
report an elevated HDP risk associated with first-trimester O3 exposure
(Cai et al., 2016; Pedersen et al., 2014), whereas others observe no
significant association (Yan et al., 2022). These discrepancies may be
attributable to differences in population characteristics, exposure
assessment methodologies, and regional climatic conditions, high-
lighting the need for more systematic and region-specific investigations.

In parallel, ambient temperature has recently emerged as another
significant environmental risk factor for HDP. Exposure to extreme cold
and hot may elevate HDP risk by triggering sympathetic nervous system
activation, oxidative stress, and subsequent exacerbation of maternal
hypertension (Stewart et al., 2017; Bennett, 2010). With global climate
change leading to increased frequency and intensity of extreme tem-
perature events, understanding the temperature-related HDP risk has
become increasingly urgent (Sun et al., 2023a). Furthermore, according
to Rothman’s pie model, an interaction between two risk factors may
occur when their pathogenic pathways converge (Rothman, 1995),
suggesting potential synergistic relationships between temperature and
O3 on HDP risk. Given the well-established environmental correlation
between O3 and ambient temperature, as well as their potential syner-
gistic relationships on pregnancy outcomes (Chen et al., 2023a; Pan
et al., 2023), it is plausible that concurrent exposure to these two factors
could jointly amplify HDP risk. However, existing evidence remains
fragmented, with most studies focusing on the independent effects of
either temperature or Os. Therefore, a notable research gap persists
regarding the systematic evaluation of their joint impacts on HDP
development, necessitating further comprehensive investigations.

To address these knowledge gaps, the present study aimed to sys-
tematically evaluate both the independent and synergistic associations
of ambient O3 and temperature exposure on HDP risk during specific
windows before and during early pregnancy. In addition, we sought to
identify critical periods of heightened susceptibility to these environ-
mental exposures and characterize high-risk subpopulations, thereby
providing robust scientific evidence to support targeted environmental
interventions and public health strategies aimed at mitigating environ-
mental impacts on maternal-fetal health.

2. Methods
2.1. Study population

This multicenter retrospective cohort study utilized medical records
from 568 healthcare facilities across Sichuan Province, China, covering
the period from April 2013 to December 2022. Eligible participants
included pregnant women with singleton gestations receiving antenatal
care between April 2013 and December 2018. We excluded participants
meeting the following criteria: maternal age <18 years, gestational age
>42 weeks, multiple pregnancies, absence of a valid residential address,
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residence outside Sichuan Province, and documented histories of in-
fectious diseases or chronic non-communicable diseases (e.g., HIV,
diabetes mellitus, chronic hypertension). After applying these criteria,
173,644 pregnant women were included in the final analysis.

2.2. Outcome definition

HDP were defined according to the International Society for the
Study of Hypertension in Pregnancy guidelines (Wu et al., 2023b).
Specifically, HDP was defined as new-onset hypertension after 20 weeks
of gestation in women without preexisting chronic hypertension, char-
acterized by systolic blood pressure >140 mmHg and/or diastolic blood
pressure >90 mmHg. Blood pressure measurements and HDP diagnoses
at various gestational stages were retrieved from standardized obstetric
examination records in hospital electronic medical record systems. All
clinical diagnoses were confirmed by board-certified obstetricians with
extensive clinical experience.

2.3. Exposure assessment

2.3.1. Exposure time window

To account for the timing of HDP onset, which typically occurs after
20 weeks of gestation, exposure windows were defined based on the last
menstrual period. The following exposure periods were evaluated: the
13 weeks preceding pregnancy (pre-pregnancy exposure) and the first
20 gestational weeks, further divided into three physiologically relevant
phases: weeks 1-4 (embryo implantation and placental development),
weeks 5-12 (vascularization and placentation), and weeks 13-20 (post-
placentation) (Aplin et al., 2020). For each window, average exposure
levels of ambient temperature and air pollutants were calculated.

2.3.2. Ambient temperature and O3 exposure assessment

Daily ground-level maximum 8-h average Os concentrations,
average ambient temperatures, and particulate matter (PMy 5 and PM1()
ata 1 km x 1 km spatial resolution were obtained from the China High
Air Pollutant (CHAP) dataset (Wang et al., 2024a; Wei et al., 2022; Yang
et al., 2025). This dataset integrates ground-based monitoring, satellite
remote sensing, atmospheric reanalysis, and artificial intelligence
modeling to capture spatiotemporal variations in air pollution. Addi-
tionally, daily concentrations of sulfur dioxide (SO3), nitrogen dioxide
(NO>), and carbon monoxide (CO) at a 10 km x 10 km resolution were
also obtained from the CHAP dataset (2013-2019) for use in sensitivity
analyses, and relative humidity data were extracted from the 1 km
High-resolution Atmospheric Moisture Index Collection over China
dataset (Zhang et al., 2024b). Exposure assignments for each participant
were based on residential addresses, enabling spatially precise exposure
estimates for each defined exposure window (Liu et al., 2024).

To reflect local acclimation patterns, ambient temperature was
categorized into five groups based on percentile cut-offs specific to the
study population (Yu et al., 2023): extreme cold (<5th percentile,
<6.0 °C), moderate cold (>5™ to <10™ percentile, 6.0-6.9 °C), mod-
erate (>10th to §90th percentile, 6.9-25.9 °C), moderate hot (>90th to
§95th percentile, 25.9-27.1 °C), and extreme hot (>95th percentile,
>27.1 °C).

2.4. Statistical analysis

We first summarized participant demographics and environmental
exposures using descriptive statistics. Multivariable logistic regression
models were then employed to evaluate the associations between HDP
risk and exposures to ambient O3, average temperature, and categorized
extreme temperatures across predefined exposure windows (13-weeks
preceding pregnancy and gestational weeks 1-4, 5-12, 13-20 and
1-20).

For categorized temperature exposures (extreme cold, moderate
cold, moderate, moderate hot, extreme hot), moderate temperature
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served as the reference group. Odds ratios (ORs) and 95 % confidence
intervals (CIs) were calculated to quantify associations. All regression
models were adjusted for the following potential confounders: maternal
age (<25, 25-34, >35 years), pre-pregnancy body mass index (BMI:
<18.5, 18.5-24.9, 25.0-29.9, >30 kg/mz), maternal ethnicity (Han,
others), educational level (primary or middle school, high school,
Bachelor’s degree and above, others), folic acid supplementation (none,
initiated during pregnancy, initiated before pregnancy), season of
conception (warm season: May—October; cold season: November—April),
and relative humidity. O3 models were additionally adjusted for tem-
perature. Multicollinearity was evaluated using variance inflation fac-
tors (VIFs), with all covariates demonstrating acceptable collinearity
(VIF <5).

To explore potential nonlinear exposure-response relationships be-
tween Os, ambient temperature, and HDP risk, logistic regression
models incorporated restricted cubic splines (RCS) with three knots
placed at the 25th, 50th, and 75th percentiles of each exposure
distribution.

To investigate time-resolved exposure-lag-response relationships,
distributed lag non-linear models (DLNMs) were constructed to evaluate
weekly associations of O3 and ambient temperature with HDP risk.
Exposure-lag-response relationships were estimated continuously from
13 weeks pre-pregnancy to gestational week 20 using natural cubic
splines with three degrees of freedom for both exposure and lag di-
mensions (Wang et al., 2020, 2021). For DLNM interpretation, the 90th
percentile of O3 concentrations (134.1 pg/m®) represented high O3
exposure, whereas the 10t (6.9 °C) and 90th (25.9 °C) percentiles of
ambient temperature represented low and high temperature exposures,
respectively.

We further evaluated potential interactions between O3 and tem-
perature on HDP risk by introducing an interaction term in generalized
linear models. O3 was modeled linearly, and temperature was modeled
nonlinearly using natural cubic splines (three degrees of freedom), with
exposures considered over a short-term lag of 0-1 week (de Bont et al.,
2025). This lag period was selected based on evidence from previous
literature highlighting short-term lag effects of environmental exposures
on health outcomes (Lin et al., 2019; Chen et al., 2023b).

Based on these modeling frameworks, we estimated HDP risk per 10
pg/m?> increase in O3 across temperature percentiles and examined how
HDP risk associated with an increase in temperature (from the 501 to
90 percentile) varied by Oz concentration (range: 40-160 pg/mS;
based on data distribution, Fig. S1). Wald tests evaluated the statistical
significance of interaction terms (de Bont et al., 2025). Statistical sig-
nificance defined as a two-sided p-value <0.05.

Subgroup analyses were conducted to evaluate whether maternal
characteristics (age and pre-pregnancy BMI categories) modified asso-
ciations between exposures (ambient temperature and Os) and HDP risk.

Sensitivity analyses were performed to verify robustness. First, two-
pollutant models were constructed by individually adjusting for PM s,
PM;g, SO2, NO,, and CO. Second, we further adjusted O3 and temper-
ature models for the year of conception, and re-examined temperature
associations after removing relative humidity from the models. Third,
alternative lag structures covering the entire exposure window (13
weeks pre-pregnancy through gestational week 20) were evaluated,
recalculating effect estimates for the Os-temperature interactions.
Finally, we further explored interactions between low temperature and
O3 exposure on HDP risk across different lag periods.

Statistical analyses were performed using R software (version 4.4.2).
Major packages included mgcv (version 1.8-1.9.1), dlnm (version 2.4.7),
splines (version 4.4.2), and ggplot2 (version 3.5.1).

3. Results
3.1. Characteristics of study participants and exposure

The baseline characteristics of the 173,644 pregnant women
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included in the analysis are summarized in Table 1. The mean (SD)
maternal age was 27.09 (4.86) years, and the mean (SD) maternal pre-
pregnancy BMI was 22.18 (3.53) kg/mz. Most participants were be-
tween 25 and 34 years old (60.1 %), had a normal pre-pregnancy BMI
(69.0 %), took folic acid during pregnancy (65.8 %), and were of Han
ethnicity (96.5 %). Descriptive statistics for ambient O3 and temperature
across different exposure windows are provided in Table S1. During the
13-week pre-pregnancy period, the mean Og exposure was 85.46 pg/m>,
with the average temperature was 16.69 °C. In the first 20 weeks of
pregnancy, the mean O3 exposure was 90.55 pg/mB, with an average
temperature of 17.44 °C. We observed negative correlations between
exposures to Os, temperature, and other air pollutants within the
defined exposure windows, with Pearson correlation coefficients
ranging from —0.36 to —0.74 for O3, and from —0.26 to —0.84 for
temperature (Table S2-S3).

3.2. Associations between O3 and ambient temperature and risk of
hypertensive disorders of pregnancy

Exposure to both O3 and ambient temperature was significantly
linked to HDP risk (Fig. 1). Each 10 pg/m3 increase in O3 concentration
was associated with higher HDP risk during the preconception period
(OR: 1.10, 95 % CI: 1.08-1.12) and the first 20 weeks of pregnancy (OR:
1.04, 95 % CI: 1.01-1.07). Ambient temperature during the precon-
ception period was inversely associated with HDP risk (OR: 0.96, 95 %
CI: 0.95-0.97), whereas elevated temperatures during the first 20 weeks
of pregnancy were linked to increased risk (OR: 1.04, 95 % CI:
1.03-1.05). This positive association between higher temperatures and
HDP risk persisted across gestational weeks 1-4, 5-12, and 13-20.

Analyses of extreme temperature exposures revealed consistent
patterns (Fig. 2). Compared with moderate temperatures, exposure to
extreme cold during the preconception period increased HDP risk (OR:
1.37, 95 % CIL: 1.21-1.54). In contrast, during the first 20 weeks of
pregnancy, extreme cold (OR: 0.69, 95 % CI: 0.59-0.80) and moderate
cold (OR: 0.66, 95 % CIL: 0.57-0.77) exposures were associated with
reduced HDP risk, while moderate hot exposure elevated the risk (OR:
1.14, 95 % CIL: 1.01-1.29); extreme hot exposure may have also
increased the risk, but the association was not statistically significant
(Fig. 2).

Table 1
Characteristics of study participants (n = 173,644).
Characteristics HDP Non HDP Total
n = 5023 n = 168,621 n=173,644

Maternal age, years

<25 1337 (26.6) 53908 (32.0) 55245 (31.8)

25-34 2885 (57.4) 101546 (60.2) 104431 (60.1)

>35 801 (15.9) 13167 (7.8) 13968 (8.0)
Pre-pregnancy BMI, kg/m?

<18.5 346 (6.9) 19947 (11.8) 20293 (11.7)

18.5-24.9 2858 (56.9) 116941 (69.4) 119799 (69.0)

25.0-29.9 1371 (27.3) 27244 (16.2) 28615 (16.5)

>30.0 448 (8.9) 4489 (2.7) 4937 (2.8)
Folic acid

Not taken 522 (10.4) 15746 (9.3) 16268 (9.4)

During pregnancy 3388 (67.4) 110824 (65.7) 114212 (65.8)

Before pregnancy 1113 (22.2) 42051 (24.9) 43164 (24.9)
Race

Han nationality 4874 (97.0) 162779 (96.5) 167653 (96.5)

Minority nationality 149 (3.0) 5842 (3.5) 5991 (3.5)
Education

Junior or primary school 1473 (29.3) 46600 (27.6) 48073 (27.7)

High school 2280 (45.4) 76117 (45.1) 78397 (45.1)

Bachelor’s degree and above 1241 (24.7) 45005 (26.7) 46246 (26.6)

Other 29 (0.6)
Season of conception

Cold (Nov-Apr)

Warm (Mar—Oct)

899 (0.5) 928 (0.5)

2730 (54.3)
2293 (45.7)

92510 (54.9)
76111 (45.1)

95240 (54.8)
78404 (45.2)

Abbreviation: HDP, Hypertensive disorders of pregnancy; BMI, Body mass index.
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Exposure Window OR (95% CI) P

Ozone P13 1.10 (1.08-1.12) —— <0.001
Wwi-4 1.08 (1.06-1.10) —— <0.001
W5-12 1.06 (1.05-1.08) —— <0.001
W13-20 0.97 (0.95-0.99) —— 0.012
WI1-20 1.04 (1.01-1.07) — 0.014

Temperature P13 0.96 (0.95-0.97) - <0.001
Wwi-4 1.03 (1.02-1.03) - <0.001
Ws-12 1.03 (1.03-1.04) - <0.001
W13-20 1.03 (1.03-1.04) - <0.001
WI1-20 1.04 (1.03-1.05) - <0.001

Fig. 1. Odds ratio (95 % CI) for HDP for associated with ozone and ambient temperature exposure during pre-pregnancy and pregnancy.

Note: ORs (95 % CIs) were calculated per 10-ug/m® increase in ozone concentration or 1 °C increment in ambient temperature across specified exposure windows.
The models were adjusted for maternal age, pre-pregnancy body mass index, maternal educational level, maternal race, season of conception, folic acid supple-
mentation, and relative humidity. Ozone models were additionally adjusted for temperature.Exposure windows were illustrated as follows: (1) P13: 13 weeks before
pregnancy; (2) W1-4: Gestational weeks 1-4; (3) W5-12: Gestational weeks 5-12; (4) W13-20: Gestational weeks 13-20; (5) W1-20: Gestational weeks 1-20.
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Fig. 2. Odds ratio (95 % CI) for HDP for associated with extreme temperatures exposure during pre-pregnancy and pregnancy.

Note: The models were adjusted for maternal age, pre-pregnancy body mass index, maternal educational level, maternal race, season of conception, folic acid
supplementation, and relative humidity. Error bars correspond to 95 % confidence intervals, center for the error bars correspond to points estimate of ORs. Black stars
denote p < 0.05. ORs and 95 % ClIs for extreme cold, moderate cold, moderate hot, and extreme hot exposures, each compared with moderate temperature (reference
category). Since moderate temperature was used as the reference group in all models, no ORs are displayed for this category. Exposure windows were illustrated as

follows: (1) P13: 13 weeks before pregnancy; (2) W1-4: Gestational weeks 1-4; (3) W5-12: Gestational weeks 5-12; (4) W13-20: Gestational weeks 13-20; (5)
W1-20: Gestational weeks 1-20.

3.3. Exposure-response relationship between O3 and ambient temperature

relationship reversed during pregnancy (Fig. 3B). Exposure to low
and hypertensive disorders of pregnancy

temperatures was associated with a progressively higher HDP risk dur-
ing the 13" week before pregnancy, weeks 5-9, and gestational weeks

Higher O3 concentrations were associated with increased HDP risk 13-20, with the most pronounced relationships occurring at the 13th

during both the preconception period and the first 20 weeks of preg-
nancy, with particularly strong associations observed during three
critical windows: the 13-week pre-pregnancy period, gestational weeks
1-4, and gestational weeks 5-12 (Fig. 3A). The DLNMs further revealed
that O3 exposure from 12 weeks before pregnancy through 17 weeks
gestation was significantly associated with HDP risk, with the strongest
associations occurring at 9-12 weeks before pregnancy (Fig. S2).

For ambient temperature, HDP risk decreased with rising tempera-
tures during the 13-week preconception period; however, this

preconception week (Fig. S3A). Notably, during the first eight weeks of
pregnancy, low temperature exposure appeared protective. In contrast,
ORs for high temperatures exposure increased steadily throughout
pregnancy, peaking during gestational weeks 13-20 (Fig. S3B), although
heat-related associations were generally weaker than those observed for
cold exposure (Fig. S3).
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Gestational weeks 5-12; (4) W13-20: Gestational weeks 13-20; (5) W1-20: Gestational weeks 1-20. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

3.4. Interaction of Oz and ambient temperature on hypertensive disorders
of pregnancy

A significant interaction between ambient O3 and temperature ex-
posures was observed in relation to HDP risk (p < 0.001, Fig. 4). The
modifying effect of ambient temperature on the O3-HDP association
exhibited a nonlinear pattern (Fig. 4A). The ORs for each 10 pg/m?® in-
crease in O3 remained consistently above 1.015 across the entire tem-
perature distribution, exhibiting a slight reduction around the 50th
percentile and increasing slightly but statistically significantly at both
lower and higher temperature ranges (p for interaction <0.001). Further
analysis revealed that the risk associated with increasing temperature
(from the 50" to the 90™ percentile) rose progressively as Os concen-
trations increased (Fig. 4B). This trend indicates a synergistic

100

OR (93% CI) per 10 pg/m* Ozone Increase

3

Lot

E)
Temperature (percentiles)

2

3.5. Subgroup analysis

25 30

interaction, with the combined effect of temperature and O3 becoming
particularly prominent when O3 levels exceeded 110 pg/m®.

During the preconception period, the strongest associations between

it

i

m

[
Ozone (ug/m’)

Fig. 4. Odds ratio (95 % CI) of HDP for interactions between ozone and ambient temperature exposure.
Note: Fig. 4A: Association between Os (per 10 ug/m®) and HDP risk across temperature percentiles. Fig. 4B: Association between air temperature (an increment from
50th to the 90th percentile distribution) and HDP risk at different O3 levels. Different y-axis ranges were used across panels to optimize visual clarity, given the subtle
but statistically significant trends in Panel A and distinct modeling strategies across panels.The models were adjusted for maternal age, pre-pregnancy body mass
index, maternal educational level, maternal race, season of conception, folic acid supplementation, and relative humidity. p for interaction <0.001.

O3 exposure and HDP risk were observed among women aged 25-34
years (OR: 1.10, 95 % CI: 1.08-1.13) and those with underweight (OR:
1.15, 95 % CI: 1.07-1.24) (Table S4). During the first 20 weeks of
pregnancy, higher sensitivity to O3 exposure was noted among women
aged >35 years (OR: 1.12, 95 % CI: 1.04-1.20) and among those who
were overweight (OR: 1.12, 95 % CI: 1.06-1.19) or obese (OR: 1.11, 95
% CI: 1.01-1.22) (Table S5). Regarding temperature exposures,
increased vulnerability to non-optimal temperatures was evident among
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younger women (<25 years) and those with underweight or overweight
BMI (Table S4-5). Particularly, underweight women exhibited the
greatest susceptibility, with ORs of 2.31 (95 % CI: 1.60-3.35) during the
preconception period and 1.50 (95 % CI: 1.01-2.21) during pregnancy.
All subgroup-specific ORs were estimated independently within each
subgroup, as detailed in Table S4 and S5.

3.6. Sensitivity analysis

Sensitivity analyses confirmed the robustness of the main findings.
Adjustment for individual air pollutants (SOs, CO, NO,, PMy 5, and
PM;9) in two-pollutant models did not materially alter the associations
between O3, temperature, and HDP risk (Fig. S4-5). After additionally
adjusting the O3 and temperature models for the year of conception, and
removing relative humidity from the temperature models, our findings
remained robust (Fig. S6-S9). Moreover, effect estimates for the
Os-temperature interaction remained consistent when applying alter-
native lag structures covering the entire exposure window from 13
weeks before conception to 20 gestational weeks, with slightly stronger
associations observed under lower temperature conditions (Fig. S10A).
Additional analyses further exploring the risks associated with low
temperature and O3-HDP indicated that HDP risk related to a temper-
ature decrease from the 50™ to the 10™ percentile also increased
significantly with rising O3 concentrations, consistent with the pattern
observed under rising temperatures (Fig. S11).

4. Discussion

To the best of our knowledge, this study represents the first
comprehensive investigation of both the independent and joint associ-
ations of O3 and ambient temperature exposures during the precon-
ception and early pregnancy periods on the risk of HDP. In this large
multicenter retrospective cohort study conducted in Sichuan Province,
China, involving 173,644 pregnant women, we provide robust evidence
that higher Os exposure, preconception cold exposure, and early
gestational hot exposure were each independently associated with an
increased risk of HDP. Furthermore, we identified significant in-
teractions between O3 and ambient temperature, suggesting that non-
optimal temperature conditions may amplify the adverse effects of O3
on HDP, and conversely, higher O3 concentrations may also enhance the
adverse effects of temperature extremes.

We observed that O3 exposure during both the preconception period
and the first half of pregnancy was associated with an increased risk of
HDP, consistent with several previous studies (Hu et al., 2017; Michi-
kawa et al., 2015; Cheng et al., 2023). For example, Michikawa et al.
reported a significant association between early-pregnancy O3 exposure
and HDP among Japanese women (OR: 1.20, 95 % CI: 1.01-1.42)
(Michikawa et al., 2015). Likewise, Cheng et al. found that each 10
pg/m? increase in early gestational O3 was associated with a higher risk
of gestational hypertension in Shanghai (RR: 1.28, 95 % CI: 1.04-1.57)
(Cheng et al., 2023). Our findings further extend the current evidence by
highlighting a more pronounced association during the preconception
period—a critical window that has rarely been evaluated in prior
research. Nonetheless, some studies conducted in China have reported
no significant associations between O3 exposure during early or
mid-pregnancy and HDP (Zhang et al., 2024c; Jiang et al., 2023).
Similarly, a study in the United States identified conception months 2—4
as the critical exposure window for Osz-associated HDP risk (Yuan et al.,
2023). These discrepancies may be attributable to differences in popu-
lation characteristics, ambient O3 levels, exposure assessment method-
ologies, and regional climatic conditions.

The biological plausibility of the observed associations between O3
and HDP is supported by multiple mechanistic pathways. O3 inhalation
induces systemic oxidative stress and inflammatory responses, which
are well-established contributors to endothelial dysfunction and hy-
pertensive pathogenesis (Sanidas et al., 2017). These processes may
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impair endothelial function, disrupt autonomic nervous regulation, and
promote vasoconstriction—processes that are closely linked to the
pathophysiology of HDP (Yuan et al., 2023). Notably, early pregnancy
marks a critical period for trophoblast invasion and the establishment of
maternal-fetal circulation (Abumaree et al., 2014), during which
elevated exposure to air pollutants may hinder placental development
and contribute to the onset of HDP (Ghazi et al., 2021). Experimental
and animal studies further support these findings, demonstrating that Og
can elevate maternal blood pressure by amplifying sympathetic tone and
reducing vascular elasticity (Hunter et al., 2024), particularly during
early gestation—a key period for placental vascular remodeling and
cardiovascular adaptation (Aplin et al., 2020).

We observed a temporally distinct pattern in the association between
temperature and HDP. Specifically, cold exposure prior to pregnancy
and hot exposure during early gestation were associated with increased
HDP risk. This bidirectional effect aligns with findings from a large
Chinese cohort by Xiong et al., which reported increased HDP risk with
preconception cold and early-pregnancy heat exposure (Xiong et al.,
2020). A meta-analysis also suggested that hot and cold exposures exert
time-specific effects on HDP risk, with low temperatures being harmful
before conception and protective during early gestation (Mao et al.,
2023). However, not all studies have reported such associations. Evi-
dence from a United States cohort found no significant relationship
between ambient temperature and HDP across pregnancy stages (Howe
et al., 2024). Similarly, a study based on a Chinese birth cohort reported
that cold exposure during mid-to-late pregnancy was positively associ-
ated with elevated maternal blood pressure and a higher prevalence of
HDP (Sun et al., 2023b). These inconsistencies may be attributed to
regional differences in temperature ranges, exposure assessment
methods, study populations, climatic zones, and analytical approaches
(Part et al., 2022).

We further observed that gestational weeks 13-20 may represent a
period of increased sensitivity to cold exposure (Fig. 2, Fig. S3). This
finding highlights the potential importance of exposure timing and
accumulation patterns in shaping temperature-related health risks.
While early pregnancy cold exposure may transiently support vascular
adaptation, prolonged cold conditions beyond week 13 could exceed
maternal compensatory capacity, potentially contributing to HDP
development. Several plausible mechanisms may explain this pattern,
such as reduced placental perfusion, suboptimal uterine artery remod-
eling, and heightened maternal pressor responses to sustained cold
(Aplin et al., 2020; Wang et al., 2020; James et al., 2010). Moreover, in
the study region (Sichuan Province, China), centralized heating is
generally unavailable, and indoor heating remains limited, which may
increase vulnerability to cold exposure. Although air conditioning use
during hot seasons has become more common, coverage varies across
settings, especially in rural areas. These contextual factors could
partially influence the magnitude and direction of temperature-related
associations observed in this study.

Previous studies suggest that cold exposure may increase cardio-
vascular burden through activation of the sympathetic nervous system
and the renin-angiotensin system, subsequently increasing peripheral
vascular resistance and blood pressure (De Vita et al., 2024).
Cold-induced systemic inflammation and endothelial dysfunction may
further impair placental development and increase HDP risk (Sun et al.,
2023a). Conversely, while heat exposure is often associated with vaso-
dilation and reduced peripheral resistance, during pregnancy, the ca-
pacity to dissipate heat is compromised. Elevated metabolic demand and
impaired thermoregulation in early gestation may exacerbate maternal
heat stress, triggering compensatory cardiovascular responses and pro-
moting HDP development (Xiong et al., 2020). Animal studies support
this hypothesis, showing that heat exposure during pregnancy reduces
placental size and transport capacity, potentially disrupting mater-
nal-fetal hemodynamics (Qiu et al., 2020).

Importantly, we found that O3 and ambient temperature exerted
synergistic relationships on HDP risk. The magnitude of Os-related HDP
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risk increased at both low and high temperature percentiles, with the
stronger interactions occurring at O3 concentrations exceeding 110 pg/
m>. These results suggest that thermal extremes may amplify the car-
diovascular toxicity of Os—a finding with serious implications in the
context of climate change, where concurrent exposure to high O3 and
temperature extremes is increasingly common (Wang et al., 2024b).
Despite its importance, limited research has focused on temperature-Og
interactions in relation to HDP, with most studies emphasizing
heat-related risks, while evidence on cold exposure remains scarce. One
Chinese cohort reported significant Os-temperature interactions
affecting adverse birth outcomes (Chen et al., 2023c), while another
found that cold exposure amplified PM;-related HDP risk (Sun et al.,
2023c). Synergism between temperature and O3 has been more exten-
sively documented for cardiovascular mortality, with meta-analyses and
cohort studies demonstrating consistent interactions (Kazi et al., 2024;
Xu et al., 2024).

The interaction between O3 and ambient temperature may influence
HDP development via shared mechanisms, including oxidative stress,
vasoconstriction, and endocrine dysregulation (Wang et al., 2020;
Tomimatsu et al., 2019). Our percentile-based analysis suggests that
ambient temperature influences HDP risk via two pathways: first,
through direct physiological impacts (e.g., sympathetic activation,
endothelial dysfunction); and second, by modifying the effects of Os.
Experimental research supports this dual mechanism: animal and toxi-
cological studies have shown that co-exposure to heat and O3 induces
stronger oxidative stress and impairs cardiac autonomic function
compared to either exposure alone (Sanidas et al., 2017; Liang et al.,
2020). In addition, biological plausibility supports a synergistic effect
between cold and O3 exposure. Extremely cold temperatures may alter
pollutant concentrations and their chemical mixtures in ambient air
(Wine et al., 2022). Environmental physiology studies suggest that
marked changes in ambient temperature can modify individual physi-
ological responses to toxicants (Gordon, 2003). Epidemiological evi-
dence further indicates that prolonged cold exposure may elevate blood
viscosity and inflammatory markers (e.g., C-reactive protein), promot-
ing coronary thrombosis and increasing cardiovascular mortality risk
(Cheng and Kan, 2012; Halonen et al., 2010). Furthermore, toxicological
studies have reported enhanced cardiovascular responses to O3 exposure
under colder conditions, such as reductions in core body temperature
and heart rate (Watkinson et al., 2003). Thus, extreme temperatures
may plausibly amplify the cardiovascular impacts of Os exposure,
contributing to elevated HDP risk through similar pathophysiological
pathways, including impaired placental perfusion and vascular
instability.

This study has several notable strengths. First, the large-scale,
multicenter retrospective cohort design (n = 173,644) provides robust
evidence regarding the associations between ambient temperature, O3
exposure, and HDP risk. Second, to our knowledge, this is the first
comprehensive investigation of joint associations of preconception and
prenatal Os-temperature effects on HDP. Third, diverging from con-
ventional trimester-based approaches, we adopted physiologically
informed exposure assessments specifically aligned with critical phases
of placental vascular development and maternal hemodynamic adap-
tation. Moreover, the availability of weekly-resolution exposure data
enabled precise identification of vulnerable windows.

Several limitations should be acknowledged. First, although we uti-
lized high-resolution exposure estimates, the absence of direct personal
exposure measurements or residential mobility information may intro-
duce some degree of exposure misclassification. However, this potential
bias is likely minimal, given the relatively low rates of residential
mobility during pregnancy (Warren et al., 2017). Second, although we
adjusted for multiple established confounders, residual confounding
from unmeasured factors (e.g., individual socioeconomic status, phys-
ical activity patterns, traffic noise exposure, smoking status and parity)
cannot be entirely ruled out. Third, antenatal records lacked information
on prior HDP diagnoses, limiting our ability to exclude women with
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previous HDP; nonetheless, given the generally low prevalence of HDP
and our large sample size, this limitation may minimally affect observed
associations. Finally, the generalizability of our findings may be limited
by the regional nature of the study population (Sichuan Province,
China), and caution is warranted when extrapolating these results to
other settings.

5. Conclusion

This study identified significant independent and synergistic asso-
ciations of ambient temperature and Og exposure on the risk of HDP
during both the preconception and early gestational periods. Our find-
ings underscore pregnancy as a critical window of environmental
vulnerability and highlight the compounded risks posed by concurrent
climatic and pollution stressors. In light of the escalating impacts of
climate change and persistent air pollution, further research is needed to
replicate and extend these findings across diverse populations and set-
tings, with the aim of informing effective prevention strategies and
protecting maternal-fetal health.

CRediT authorship contribution statement

Ning Ma: Writing — original draft, Visualization, Software, Meth-
odology, Investigation, Formal analysis. Jie Yin: Writing — review &
editing. Yangchang Zhang: Writing — review & editing, Methodology.
Wangnan Cao: Writing — review & editing. Chunrong Li: Writing —
review & editing, Data curation. Shengzhi Sun: Writing - review &
editing, Supervision, Conceptualization.

Declaration of generative Al and Al-assisted technologies in the
writing process

None

Funding

This study was financially supported by China Postdoctoral Science
Foundation (2024M752180), Postdoctoral Fellowship Program of CPSF
(GZC20241095).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2025.122668.

Data availability
The authors do not have permission to share data.

References

Abumaree, M.H., Alahari, S., Albrecht, C., et al., 2014. IFPA meeting 2013 workshop
report I: diabetes in pregnancy, maternal dyslipidemia in pregnancy, oxygen in
placental development, stem cells and pregnancy pathology. Placenta 35 (Suppl. 1),
S4-59.

Aplin, J.D., Myers, J.E., Timms, K., et al., 2020. Tracking placental development in
health and disease. Nat. Rev. Endocrinol. 16, 479-494.

Bennett, G.D., 2010. Hyperthermia: Malformations to Chaperones. Birth Defects Res. B.
Dev. Reprod. Toxicol. 89, 279-288.

Cai, Y., Zhang, B., Ke, W., et al., 2016. Associations of short-term and long-term exposure
to ambient air pollutants with. Hypertension 68, 62-70.


https://doi.org/10.1016/j.envres.2025.122668
https://doi.org/10.1016/j.envres.2025.122668
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref1
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref1
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref1
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref1
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref2
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref2
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref3
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref3
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref4
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref4

N. Ma et al.

Chen, J., Guo, L., Liu, H., et al., 2023a. Modification effects of ambient temperature on
associations of ambient ozone exposure before and during pregnancy with adverse
birth outcomes: a multicity study in China. Environ. Int. 172, 107791.

Chen, Q., Wang, Y., Tang, H.-R., et al., 2023b. Cumulative effects of temperature on
blood pressure during pregnancy: a cohort study of differing effects in three
trimesters. Sci. Total Environ. 859, 160143.

Chen, J., Guo, L., Liu, H., et al., 2023c. Modification effects of ambient temperature on
associations of ambient ozone exposure before and during pregnancy with adverse
birth outcomes: a multicity study in China. Environ. Int. 172, 107791.

Chen, Y., Wu, B., Zhang, H., et al., 2025. The incidence and influencing factors of
hypertensive disorders during pregnancy in hangzhou, China, between 2012 and
2021. Heliyon 11, e41680.

Cheng, Y., Kan, H., 2012. Effect of the interaction between outdoor air pollution and
extreme temperature on daily mortality in Shanghai, China. J. Epidemiol. 22, 28-36.

Cheng, Y., Wang, P., Zhang, L., et al., 2023. Ozone exposure during pregnancy and risk of
gestational hypertension or Preeclampsia in China. JAMA Netw. Open 6, €236347.

de Bont, J., Rajiva, A., Mandal, S., et al., 2025. Synergistic associations of ambient air
pollution and heat on daily mortality in India. Environ. Int., 109426

De Vita, A., Belmusto, A., Di Perna, F., et al., 2024. The impact of climate change and
extreme weather conditions on cardiovascular health and acute cardiovascular
diseases. J. Clin. Med. 13.

Fu, R., Li, Y., Li, X,, et al., 2023. Hypertensive disorders in pregnancy: global burden from
1990 to 2019, current research hotspots and emerging trends. Curr. Probl. Cardiol.
48, 101982.

Ghazi, T., Naidoo, P., Naidoo, R.N., et al., 2021. Prenatal air pollution exposure and
placental DNA methylation changes: implications on fetal development and future
disease susceptibility. Cells 10.

Gordon, C.J., 2003. Role of environmental stress in the physiological response to
chemical toxicants. Environ. Res. 92, 1-7.

Halonen, J.I., Zanobetti, A., Sparrow, D., et al., 2010. Associations between outdoor
temperature and markers of inflammation: a cohort study. Environ. Health : a global
access science source 9, 42.

Howe, C.M., Coull, B.A., Papatheodorou, S., et al., 2024. Relative humidity, temperature,
and hypertensive disorders of pregnancy: findings from the project viva cohort.
Environ. Res. 257, 119211.

Hu, H., Ha, S., Roth, J., et al., 2014. Ambient air pollution and hypertensive disorders of
pregnancy: a systematic review and meta-analysis. Atmos. Environ. 97, 336-345.

Hu, H., Ha, S., Xu, X., 2017. Ozone and hypertensive disorders of pregnancy in Florida:
identifying critical windows of exposure. Environ. Res. 153, 120-125.

Hunter, R., Wilson, T., Lucas, S., et al., 2024. Characterization of mild delayed
gestational hypertension in rats following ozone exposure. Cardiovasc. Toxicol. 24,
843-851.

James, J.L., Whitley, G.S., Cartwright, J.E., 2010. Pre-eclampsia: fitting together the
placental, immune and cardiovascular pieces. J. Pathol. 221, 363-378.

Jiang, W., Yu, G., Wang, C., et al., 2023. Exposure to multiple air pollutant mixtures and
the subtypes of hypertensive disorders in pregnancy: a multicenter study. Int. J. Hyg
Environ. Health 253, 114238.

Kazi, D.S., Katznelson, E., Liu, C.L., et al., 2024. Climate change and cardiovascular
health: a systematic review. JAMA cardiology 9, 748-757.

Kristensen, J.H., Basit, S., Wohlfahrt, J., et al., 2019. Pre-eclampsia and risk of later
kidney disease: nationwide cohort study. BMJ (Clinical research ed.) 365, 11516.

Li, F., Wang, T., Chen, L., et al., 2021a. Adverse pregnancy outcomes among mothers
with hypertensive disorders in pregnancy: a meta-analysis of cohort studies.
Pregnancy Hypertension 24, 107-117.

Li, F., Qin, J., Zhang, S., et al., 2021b. Prevalence of hypertensive disorders in pregnancy
in China: a systematic review and meta-analysis. Pregnancy Hypertension 24, 13-21.

Liang, T., Niu, J., Zhang, S., et al., 2020. Effects of high-temperature heat wave and
ozone on hypertensive rats. Int. J. Biometeorol. 64, 1039-1050.

Lin, Q., Lin, H., Liu, T., et al., 2019. The effects of excess degree-hours on mortality in
Guangzhou, China. Environ. Res. 176, 108510.

Liu, S., Liu, L., Ye, X., et al., 2024. Ambient ozone and ovarian reserve in Chinese women
of reproductive age: identifying susceptible exposure windows. J. Hazard Mater.
461, 132579.

Mao, Y., Gao, Q., Zhang, Y., et al., 2023. Associations between extreme temperature
exposure and hypertensive disorders in pregnancy: a systematic review and meta-
analysis. Hypertens. Pregnancy 42, 2288586.

Michikawa, T., Morokuma, S., Fukushima, K., et al., 2015. A register-based study of the
association between air pollutants and hypertensive disorders in pregnancy among
the Japanese population. Environ. Res. 142, 644-650.

Nawsherwan, Liu, Z., Le, Z., et al., 2023. The adverse effect of gestational diabetes
mellitus and hypertensive disorders of pregnancy on maternal-perinatal outcomes
among singleton and twin pregnancies: a retrospective cohort study (2011-2019).
Front. Endocrinol. 14, 1267338.

Oliver-Williams, C., Stevens, D., Payne, R.A., et al., 2022. Association between
hypertensive disorders of pregnancy and later risk of cardiovascular outcomes. BMC
Med. 20, 19.

Pan, W., Gong, S., Lu, K., et al., 2023. Multi-scale analysis of the impacts of meteorology
and emissions on PM; 5 and O3 trends at various regions in China from 2013 to 2020
3. Mechanism assessment of Os trends by a model. Sci. Total Environ. 857, 159592.

Part, C., le Roux, J., Chersich, M., et al., 2022. Ambient temperature during pregnancy
and risk of maternal hypertensive disorders: a time-to-event study in Johannesburg,
South Africa. Environ. Res. 212, 113596.

Environmental Research 285 (2025) 122668

Pedersen, M., Stayner, L., Slama, R., et al., 2014. Ambient Air Pollution and Pregnancy-
Induced Hypertensive Disorders. Hypertension. 64, 494-500.

Qiu, Y., Yang, T., Seyler, B.C., et al., 2020. Ambient air pollution and male fecundity: a
retrospective analysis of longitudinal data from a Chinese human sperm bank (2013-
2018). Environ. Res. 186, 109528.

Rothman, K.J., 1995. Causes. Am. J. Epidemiol. 141, 90-95.

Sanidas, E., Papadopoulos, D.P., Grassos, H., et al., 2017. Air pollution and arterial
hypertension. A new risk factor is in the air. J. Am. Soc. Hypertens. 11, 709-715.

Sinkey, R.G., Battarbee, A.N., Bello, N.A., et al., 2020. Prevention, diagnosis, and
management of hypertensive disorders of pregnancy: a comparison of international
guidelines. Curr. Hypertens. Rep. 22, 66.

Stewart, S., Keates, A.K., Redfern, A., et al., 2017. Seasonal variations in cardiovascular
disease. Nat. Rev. Cardiol. 14, 654-664.

Sun, Y., Zhang, M., Chen, S., et al., 2023a. Potential impact of ambient temperature on
maternal blood pressure and hypertensive disorders of pregnancy: a nationwide
multicenter study based on the China birth cohort. Environ. Res. 227, 115733.

Sun, Y., Zhang, M., Chen, S., et al., 2023b. Potential impact of ambient temperature on
maternal blood pressure and hypertensive disorders of pregnancy: a nationwide
multicenter study based on the China birth cohort. Environ. Res. 227, 115733.

Sun, Y., Zhang, M., Wu, W., et al., 2023c. Ambient cold exposure amplifies the effect of
ambient PM; on blood pressure and hypertensive disorders of pregnancy among
Chinese pregnant women: a nationwide cohort study. Sci. Total Environ. 897,
165234.

Tang, G., Liu, Y., Huang, X., et al., 2021. Aggravated ozone pollution in the strong free
convection boundary layer. Sci. Total Environ. 788, 147740.

Tomimatsu, T., Mimura, K., Matsuzaki, S., et al., 2019. Preeclampsia: Maternal Systemic
Vascular Disorder Caused by Generalized Endothelial Dysfunction due to Placental
Antiangiogenic Factors. Int. J. Mol. Sci. 20, 4246.

Umesawa, M., Kobashi, G., 2017. Epidemiology of hypertensive disorders in pregnancy:
prevalence, risk factors, predictors and prognosis. Hypertens. Res. 40, 213-220.

Wang, J., Liu, X., Dong, M., et al., 2020. Associations of maternal ambient temperature
exposures during pregnancy with the placental weight, volume and PFR: a birth
cohort study in Guangzhou, China. Environ. Int. 139, 105682.

Wang, Q., Miao, H., Warren, J.L., et al., 2021. Association of maternal ozone exposure
with term low birth weight and susceptible window identification. Environ. Int. 146,
106208.

Wang, M., Wei, J., Wang, X., et al., 2024a. Reconstruction of all-sky daily air temperature
datasets with high accuracy in China from 2003 to 2022. Sci. Data 11, 1133.

Wang, J., Li, J., Li, X., et al., 2024b. Relationship between ozone and air temperature in
future conditions: a case study in sichuan basin, China. Environmental pollution
(Barking, Essex : 1987) 343, 123276.

Warren, J.L., Son, J.-Y., Pereira, G., et al., 2017. Investigating the impact of maternal
residential mobility on identifying critical windows of susceptibility to ambient air
pollution during pregnancy. Am. J. Epidemiol. 187, 992-1000.

Watkinson, W.P., Campen, M.J., Wichers, L.B., et al., 2003. Cardiac and
thermoregulatory responses to inhaled pollutants in healthy and compromised
rodents: modulation via interaction with environmental factors. Environ. Res. 92,
35-47.

Wei, J., Li, Z., Li, K., et al., 2022. Full-coverage mapping and spatiotemporal variations of
ground-level ozone (O3) pollution from 2013 to 2020 across China. Rem. Sens.
Environ. 270, 112775.

Wine, O., Osornio Vargas, A., Campbell, S.M., et al., 2022. Cold Climate Impact on air-
pollution-related Health Outcomes: a Scoping Review. Int. J. Environ. Res. Public
Health. 19, 1473.

Wu, P., Green, M., Myers, J.E., 2023a. Hypertensive disorders of pregnancy. BMJ
(Clinical research ed.) 381, e071653.

Wu, P., Green, M., Myers, J.E., 2023b. Hypertensive Disorders of Pregnancy, vol. 381,
e071653.

Xiong, T., Chen, P., Mu, Y., et al., 2020. Association between ambient temperature and
hypertensive disorders in pregnancy in China. Nat. Commun. 11, 2925.

Xu, R., Sun, H., Zhong, Z., et al., 2024. Ozone, heat wave, and cardiovascular disease
mortality: a population-based case-crossover study. Environ. Sci. Technol. 58,
171-181.

Yan, M., Liu, N., Fan, Y., et al., 2022. Associations of pregnancy complications with
ambient air pollution in China. Ecotoxicol. Environ. Saf. 241, 113727.

Yang, Z., Li, Z., Cheng, F., et al., 2025. Two-decade surface ozone (O3) pollution in China:
enhanced fine-scale estimations and environmental health implications. Rem. Sens.
Environ. 317, 114459.

Yu, G., Yang, L., Liu, M., et al., 2023. Extreme Temperature Exposure and Risks of
Preterm Birth Subtypes Based on a Nationwide Survey in China. Environ. Health
Perspect. 131, 087009.

Yuan, K., Sun, F., Zhang, Y., et al., 2023. Maternal exposure to ozone and risk of
gestational hypertension and eclampsia in the United States. Sci. Total Environ. 872,
162292,

Zhang, C., Yang, J., Wei, J., et al., 2024a. Individual ambient ozone exposure during
pregnancy and adverse birth outcomes: exploration of the potentially vulnerable
windows. J. Hazard Mater. 464, 132945.

Zhang, H., Luo, M., Zhan, W., et al., 2024b. HiMIC-Monthly: a 1 km high-resolution
atmospheric moisture index collection over China, 2003-2020. Sci. Data 11, 425.

Zhang, Y., Liu, J., Hu, M., et al., 2024c. The relationship between air pollution and the
occurrence of hypertensive disorders of pregnancy: evidence from a study in Wuhan,
China. Ecotoxicol. Environ. Saf. 284, 116933.


http://refhub.elsevier.com/S0013-9351(25)01920-6/sref5
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref5
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref5
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref6
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref6
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref6
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref7
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref7
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref7
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref8
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref8
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref8
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref9
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref9
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref10
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref10
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref11
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref11
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref12
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref12
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref12
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref13
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref13
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref13
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref14
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref14
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref14
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref15
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref15
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref16
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref16
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref16
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref17
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref17
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref17
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref18
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref18
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref19
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref19
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref20
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref20
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref20
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref21
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref21
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref22
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref22
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref22
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref23
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref23
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref24
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref24
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref25
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref25
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref25
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref26
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref26
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref27
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref27
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref28
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref28
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref29
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref29
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref29
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref30
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref30
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref30
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref31
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref31
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref31
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref32
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref32
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref32
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref32
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref33
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref33
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref33
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref34
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref34
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref34
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref35
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref35
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref35
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref36
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref36
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref37
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref37
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref37
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref38
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref39
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref39
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref40
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref40
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref40
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref41
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref41
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref42
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref42
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref42
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref43
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref43
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref43
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref44
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref44
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref44
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref44
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref45
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref45
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref46
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref46
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref46
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref47
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref47
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref48
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref48
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref48
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref49
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref49
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref49
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref50
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref50
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref51
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref51
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref51
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref52
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref52
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref52
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref53
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref53
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref53
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref53
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref54
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref54
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref54
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref55
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref55
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref55
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref56
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref56
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref57
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref57
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref58
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref58
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref59
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref59
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref59
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref60
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref60
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref61
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref61
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref61
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref62
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref62
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref62
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref63
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref63
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref63
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref64
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref64
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref64
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref65
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref65
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref66
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref66
http://refhub.elsevier.com/S0013-9351(25)01920-6/sref66

	Combined effects of ambient temperature and ozone exposure before and during pregnancy on hypertensive disorders of pregnan ...
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Outcome definition
	2.3 Exposure assessment
	2.3.1 Exposure time window
	2.3.2 Ambient temperature and O3 exposure assessment

	2.4 Statistical analysis

	3 Results
	3.1 Characteristics of study participants and exposure
	3.2 Associations between O3 and ambient temperature and risk of hypertensive disorders of pregnancy
	3.3 Exposure-response relationship between O3 and ambient temperature and hypertensive disorders of pregnancy
	3.4 Interaction of O3 and ambient temperature on hypertensive disorders of pregnancy
	3.5 Subgroup analysis
	3.6 Sensitivity analysis

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


