
Articles
Effects of extreme temperature on the risk of preterm
birth in China: A population-based multi-center cohort
study
Meng Ren,a,b,c,# Qiong Wang,a,# Wei Zhao,d,# Zhoupeng Ren,e,# Huanhuan Zhang,f Bin Jalaludin,g Tarik Benmarhnia,h

Jiangli Di,d** Huanqing Hu,d Ying Wang,i John S. Ji,i Wannian Liang,i,j and Cunrui Huang i,j*

aSchool of Public Health, Sun Yat-sen University, Guangzhou, China
bShanghai Key Laboratory of Meteorology and Health, Shanghai Meteorological Service, Shanghai, China
cShanghai Typhoon Institute, China Meteorological Administration, Shanghai, China
dNational Center for Women and Children's Health, Chinese Center for Disease Control and Prevention, Beijing, China
eState Key Laboratory of Resources and Environmental Information System, Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences, Beijing, China
fSchool of Public Health, Zhengzhou University, Zhengzhou, China
gSchool of Population Health, University of New South Wales, Sydney, Australia
hDepartment of Family Medicine and Public Health & Scripps Institution of Oceanography, University of California San Diego,
La Jolla, California, USA
iVanke School of Public Health, Tsinghua University, Beijing, China
jInstitute of Healthy China, Tsinghua University, Beijing, China
Summary
The Lancet Regional
Health - Western Pacific
2022;24: 100496
Published online 31 May
2022
https://doi.org/10.1016/j.
lanwpc.2022.100496
Background Extreme temperatures are associated with the risk of preterm birth (PTB), but evidence on the effects of
different clinical subtypes and across different regions is limited. We aimed to evaluate the effects of maternal expo-
sure to extreme temperature on PTB and its clinical subtypes in China, and to identify effect modification of regional
factors in dimensions of population, economy, medical resources and environmental factors.

Methods This was a prospective population-based cohort of 210,798 singleton live births from 16 counties in eight
provinces across China during 2014-2018. We used an extended Cox regression with time-varying variables to evalu-
ate the effects of extreme heat and cold on PTB and its subtypes in the entire pregnancy, each trimester, the last ges-
tational month and week. Meta-analysis and meta-regression were conducted to estimate the pooled effects of each
city and effect modification by regional characteristics.

Findings Exposure to heat and cold during the entire pregnancy significantly increased the risk of PTB. The effects
varied with subtypes, for medically indicated and spontaneous PTB, hazard ratios were 1¢84 (95% CI: 1¢29, 2¢61)
and 1¢50 (95% CI: 1¢11, 2¢02) for heat, 2¢18 (95% CI: 1¢83, 2¢60) and 2¢15 (95% CI: 1¢92, 2¢41) for cold. The associa-
tions were stronger for PTB less than 35 weeks than those during weeks 35-36. The effects varied across locations,
and GDP per capita (b=�0¢16) and hospital beds per 1000 persons (b=�0¢25) were protective factors for the effects.
Interpretation Extreme temperature can increase the risk of medically indicated and spontaneous PTB, and higher
regional socio-economic status may moderate such effects. In the context of climate change, such findings may have
important implications for protecting the health of vulnerable groups, especially newborns.
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Research in context

Evidence before the study

We searched PubMed for studies published until January
2022, using the key terms “preterm birth”, “gestational
age”, “climate change”, “temperature”, and “weather”.

Previous epidemiologic studies have reported that
maternal exposure to extreme temperature may
increase the risk of preterm birth. Evidence from experi-
mental studies have further indicated that extreme tem-
perature may induce different clinical subtypes of
preterm birth through different pathways. Therefore,
clarifying the effects of extreme temperature on pre-
term birth subtypes may help understand the underly-
ing mechanisms. However, the evidence from
epidemiological studies still remains limited. In addition,
the impacts of extreme temperature on preterm birth
may vary across regions because of multiple climatic
characteristics, socio-economic status and etc. However,
most studies were conducted in a single region. There-
fore, identifying regional heterogeneity and potential
modifying factors for the impacts of extreme tempera-
ture on preterm birth will help promote regional man-
agement strategies to reduce the risk of preterm birth,
which is imperative for China, a large country with obvi-
ous regional climate and economic disparities.

Added value of this study

To the best of our knowledge, this is the first study to
investigate the impact of extreme temperature on pre-
term birth and its clinical subtypes in China. In this
large-scale and population-based multi-center prospec-
tive cohort, we identified positive associations between
the risk of preterm birth, medically indicated preterm
birth, and spontaneous preterm birth and extreme heat
during the entire pregnancy, with the HRs of 1¢63, 1¢84
and 1¢50, respectively. Similar increased risks were
found for extreme cold, with the HRs of 2¢16, 2¢18 and
2¢15, respectively. Additionally, the effects varied across
cities (I2>50%), and higher GDP per capita (b=�0¢16),
as well as more hospital beds per 1000 persons
(b=�0¢25) contributed to mitigate such effects.

Implications of all the available evidence

Our findings highlight the importance of clarifying the
effects on PTB subtypes in informing plausible mecha-
nisms of PTB, and also the significance of identifying
region-specific risk and potential effect modifiers for
the development of more targeted and effective inter-
vention strategies.
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Besides, potential effect heterogeneity may exist
across geographical contexts because of climatic char-
Introduction
Preterm birth (PTB), defined as the birth of an infant
less than 37 completed weeks, is a complex syndrome
and a significant global public health problem. The
global number of PTB in 2014 is approximately
14¢84 million, while China ranks second with
1¢17 million PTBs (6¢9% of all births).1 PTB and its com-
plications are the leading cause of neonatal death,1 and
have been associated with neurodevelopmental disabil-
ity, social and emotional problems as well as learning
difficulties persisting into adult life,2 which ultimately
lead to a heavy psychological and financial burden for
the family and society.3 While the severe consequences
of PTB are of great concern and have been extensively
studied, the etiology of PTB is not fully understood.
Potential risk factors that have been identified include
genetic, sociodemographic, behavioral, psychological,
socio-economic, and environment factors.4,5

Recently, there has been an emerging interest in
examining the effects of ambient temperature on the
risk of PTB. The most recent systematic review,6 com-
bining 47 studies from all over the world, found that the
risk of PTB increased 5% per 1°C increase in tempera-
ture and 16% during heatwaves (using various context-
specific definitions). It also indicated that PTB was
more often associated with heat than cold with 40 out
of the 47 studies identifying an association with hot
temperatures.6 While the frequency and intensity of
extreme temperature are increasing rapidly due to cli-
mate change, more epidemiological studies are needed
to better understand the relationship between extreme
temperature exposure and PTB and to help find preven-
tive methods.

Based on clinical presentation, preterm birth can be
classified into medically indicated preterm birth (MI-
PTB) and spontaneous preterm birth (S-PTB).7 MI-PTB
was medically indicated induction of labor or cesarean
delivery,8 while S-PTB was PTB with premature rupture
of membranes (PROM) or preterm labor.9 Maternal
exposure to extreme temperature may trigger PTB
through different pathways. Extreme temperature may
induce MI-PTB by affecting potential indications for
intervention such as preeclampsia,10 fetal growth
restriction,11 etc. Besides, extreme temperature may also
elevate the secretions of oxytocin or stimulate rupture of
the membranes to induce spontaneous preterm
labor.12,13 However, epidemiological evidence on the
effects of maternal exposure to extreme temperature on
different clinical subtypes of PTB remains limited.

Additionally, most previous studies on the effects
of extreme temperature on PTB used time-series or
case-crossover designs rather than cohort study based
on individual data.12,14,15 Thus, some important indi-
vidual factors (for example, pre-pregnancy BMI, etc.)
were not included, which may cause potential biases.

acters and socioeconomic levels.16 Most previous
studies were conducted in a single site and selected
study population from specific areas,12,15,17,18 which
may cause sample selection biases and restrict the
external validity.
www.thelancet.com Vol 24 Month July, 2022
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Given the knowledge gap, the present study sought
to estimate the association between maternal exposure
to extreme temperature and preterm birth in a popula-
tion-based birth cohort with detailed individual charac-
teristics in eight cities of China. The primary objective
of the study was to clarify the effects of extreme temper-
ature on different clinical subtypes of preterm birth.
The study also aimed to identify potential effect modifi-
cation of regional population, economy, medical
resource, and environment determinants.
Methods

Study design and participants
We obtained data from the National Maternal and New-
born Health Monitoring Project.19 This project was con-
ducted by the National Center for Women and
Children's Health, Chinese Center for Disease Control
and Prevention, mainly aiming at monitoring the qual-
ity of women's and children's health care prospectively
and dynamically, and to understand and improve the
health of mothers and infants. It systematically collected
a wide range of prospective data, including information
on maternal characteristics, prenatal care, delivery as
well as information on newborns. Based on the selec-
tion criteria including climatic character, socioeconomic
level, and management of maternal and perinatal health
care, 16 communities in eight cities (Anshan, Shijiaz-
huang, Huanggang, Yueyang, Heyuan, Xiamen,
Zigong, Yuxi) that can well represent China were
Figure 1. Spatial distribution of 16 study
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selected (Figure 1). All pregnant women living in the 16
communities were prospectively monitored throughout
their pregnancy from March 6, 2013, at the first antena-
tal care, until the delivery date of December 31, 2018. A
total of 271,720 pairs of “pregnant women and baby”
were included in our analyses.

Since the monitoring project was in the process of
continuous improvements at the initial stages of the
study period, we selected the study period when the
database was relatively complete, from March 11, 2014
to December 31, 2018. More than 220,000 pairs of
“pregnant women and baby” were included, and then
we established the prospective birth cohort. After
excluding stillbirths (n=314), multiple births (n= 6803),
women with gestational age <20 or >44 weeks (n=123)
and women aged <13 years or >50 years (n=4409)
(Figure S1), 210,798 singleton live births remained in
the study sample (Figure S1).

Maternal information including maternal residence
address, age, education level, behavioral risk factors (an
indicator of any of the factors including smoking, drink-
ing, drugs, toxic and harmful substances, radiation, and
others) during pregnancy, parity, last menstrual period
(LMP) were collected by qualified nurses using struc-
tured questionnaires in face-to-face interviews. Other
characteristics of women, such as weight and height
before pregnancy as well as gestational week, were col-
lected through physical examinations and ultrasound
examinations. Neonates’ information including date of
birth, delivery mode, infant sex were obtained by follow-
up investigation for all participants. A strict quality
sites in eight provinces across China.
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control on monitoring data was carried out, including
specialized training for healthcare personnel, standard-
ized questionnaire survey, standardized operation proce-
dures of examinations and calibration of measurement
tools, and double questionnaire data entry.

This study was approved by the Institutional Review
Board of the School of Public Health, Sun Yat-sen Uni-
versity, and informed consent was provided by all partic-
ipants at enrollment in the project.
Outcome definition
Preterm birth was defined as birth less than 37 com-
pleted weeks of gestation. Gestational age at birth was
determined according to an ultrasound examination in
the first or second trimester. If the ultrasound examina-
tion was unavailable, the date of the last menstrual
period (LMP) was used to calculate the gestational age.
In this study, there were 202470 (96%) births deter-
mining gestational age by ultrasonography, 8328 (4%)
births by LMP.

Besides, we classified preterm birth into two clinical
subtypes,7,8 including medically indicated preterm birth
(MI-PTB) and spontaneous preterm birth (S-PTB).
Additionally, we further categorized PTB into four
mutually exclusive groups according to gestational age-
less than 34 completed weeks, 34 to before 35 completed
weeks, 35 to before 36 completed weeks, and 36 to
before 37 completed weeks.
Exposure assessment
We collected daily mean (Tmean), maximum (Tmax) and
minimum (Tmin) temperature as well as daily relative
humidity (RH) between 2014 and 2018 from the 680
weather stations of the China Meteorological Data Ser-
vice Center (http://data.cma.cn/). We then used the
Inverse Distance Weighting (IDW) interpolation tech-
nique to determine the daily temperature and relative
humidity for communities that were not covered by the
weather stations at a resolution of 1km £ 1km. In consid-
eration of spatial autocorrelation among exposure obser-
vations, IDW assumes that the value of a given location
affected by observations from surrounding monitoring
stations, and the effects decrease with increasing dis-
tance. Thus, based on the distance between a given loca-
tion and monitoring stations, IDW estimates the value of
a given location by weighted average of observations
from monitoring stations within a specific search win-
dow.20 Finally, we assigned exposures of daily tempera-
ture and relative humidity for each pregnant woman
according to residential addresses.

We used the estimated date of conception to deter-
mine the start and end date of each gestational week for
each pregnancy. Exposures were assessed using average
Tmean in the following six exposure windows: the first
trimester (week 1-12), second trimester (week 13-27), third
trimester (week 28-delivery for PTB, week 28-37 for term
birth), the entire pregnancy (week 1-delivery for PTB,
week 1-37 for term birth), one week prior to delivery, and
four weeks prior to delivery.21 We also used the same
approach to estimate exposures to relative humidity.

To reflect regional acclimation, we categorized our
temperature exposure using local temperature distribu-
tions among study participants for each pregnancy win-
dow.16 For each city and for each exposure window, we
created a temperature distribution, then defined expo-
sures based on the following cut-offs: cold (< 5th percen-
tile of Tmean), hot (> 95th percentile of Tmean), and
non-extreme temperatures (5−95th percentile of Tmean).

We also used IDW to interpolate daily concentrations
of particulate matter<2¢5 mm in aerodynamic diameter
(PM2¢5), PM<10 mm in aerodynamic diameter (PM10),
carbon monoxide (CO), nitrogen dioxide (NO2), sulfur
dioxide (SO2), and ozone (O3) (daily maximum 8-h aver-
age level) at the same resolution of 1km £ 1km based on
the data at 1,597 stations from the China National Envi-
ronmental Monitoring Centre (http://www.cnemc.cn/).
We then estimated average values of air pollutants for
each woman in the following six exposure windows,
including (1-3) three trimesters, (4) the entire preg-
nancy, (5) one week before delivery and (6) four weeks
before delivery.
Regional characteristics
To identify potential regional effect modifiers, we con-
sidered four dimensions, including population, econ-
omy, medical resource, and environment determinants.
In each dimension, several city-level factors were
obtained from the Statistical Bulletin on National Eco-
nomic and Social Development in each city during the
period. The population dimension included population
number (ten thousand people) and population density
(people/km2). For the economy, factors including GDP
per capita (CNY), Engel coefficient (%), and unemploy-
ment rate (%) were obtained. We selected the number
of health institutions (n), hospital beds per 1000 per-
sons (n), and physicians per 1000 persons (n) to repre-
sent levels of medical resource. Good air quality (% of
excellent or good air quality days per year) was selected
to reflect environmental conditions. Besides, we also
assessed greenness exposure of each participant by
using the NDVI on every sixteen-day MODIS products
with a spatial resolution of 250m £ 250m, which was
obtained from the Geospatial Data Cloud (http://www.
gscloud.cn). We selected a buffer of 250m around each
maternal residential address to extract the average of
NDVI as previous studies did.22,23 Then we calculated
city-level exposures by averaging the NDVI measure-
ments for each participant during the entire pregnancy.
www.thelancet.com Vol 24 Month July, 2022
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Statistical analyses
We applied an extended Cox regression with time-vary-
ing variables separately to examine the effects of mater-
nal exposure to extreme temperature in each trimester,
the entire pregnancy, one week before delivery, and
four weeks before delivery on PTB. We also stratified
the effects in PTB subtypes and gestational age. We
then examined and pooled the effects of each city to
evaluate heterogeneity. Further, meta-regression was
used to identify potential regional modifiers.

An extended Cox regression with time-varying varia-
bles was applied to determine the hazard ratios (HRs)
and 95% confidence intervals (CIs) of PTB associated
with extreme temperature exposures during the above
exposure windows, adjusting for the following covari-
ates. Eq. (1) summarizes the model fitted:

h GA; PTBð Þ ¼ h0ðGAÞexpðb1X1 þ bdtXi þ btemptXtemptÞ
ð1Þ

where, GA is the gestational age, PTB is the outcome
variable (PTB=1, TB =0); h0(GA) is the baseline hazard
function, indicating the hazard function for an individ-
ual with all variables equal to zero; Xtempt is a categorical
variable indicating exposure to extreme temperature
(extreme heat=1, extreme cold=2, optimal tempera-
ture=0) in the window t. Xi is defined as the values of
the time-varying covariates, including long-term gesta-
tional air pollution and relative humidity exposure,
defined as the exposure across the entire
pregnancy.12,14,18 Due to the high correlations between
PM2¢5 and other pollutants except for O3, finally, we
only controlled for PM2¢5 and O3 in the model to avoid
collinearity. Besides, for effects in the week before deliv-
ery and in four weeks before delivery, we controlled for
long-term average temperature as a natural cubic spline
with three degrees of freedom (dfs), defined as the expo-
sure across the entire pregnancy except for the last week
or month.15

X1 refers to the values of time-independent covariates
during pregnancy, mainly including maternal and fetal
characteristics: maternal age, mother's education

(≤6 years, 7-9 years, 10-12 years, >12 years), parity (pri-
miparous, multiparous), pre-pregnancy body mass
index (BMI) (<18¢5, 18¢5-23¢9, >23¢9 kg/m2), season of
conception (spring, summer, fall, winter), delivery
mode (vaginal, cesarean), maternal behavioral risk fac-
tors during pregnancy (yes, no; history of exposure to
smoking, alcohol drinking, drugs, toxic and harmful
substances, radiation, or others), infant sex (male,

female), and the community where participants resided.
According to the recommendations of the Guidelines
for Pre-pregnancy and Pregnancy Health care (2018) in
China,24 the Adequacy of Prenatal Care Utilization
index (APNCU) was determined for each woman. The
APNCU index was the ratio of actual prenatal care visits
to recommended prenatal care visits, and it was divided
www.thelancet.com Vol 24 Month July, 2022
into four categories: Inadequate (< 50%), Intermediate
(50-79%), Adequate (80-109%) and Adequate Plus
(≥110%). The APNCU index was also included in the
model.14

We then implemented stratified models for the two
types of PTB (MI-PTB and S-PTB), and for gestational
age (less than 34 completed weeks, 34 to before 35 com-
pleted weeks, 35 to before 36 completed weeks, and 36
to before 37 completed weeks).

Meta-analysis methods have been used to pool
results in previous multi-city studies.25 Similarly, we
applied a Cox regression model for each city to exam-
ine the effects of MI-PTB and S-PTB, and then used
meta-analysis to generate the pooled estimates and
investigated heterogeneity across cities. The coeffi-
cient of inconsistency (I2) describes the percentage of
heterogeneity across cities and was tested by using
Cochran's Q x2 test. Results are presented as hazard
ratios (HR) and associated 95 percent confidence
intervals (CI).

The impact of the extreme temperature may vary
across cities due to the variation in regional characteris-
tics, resulting in heterogeneity of findings. Thus, a
meta-regression was implemented to identify factors
that could potentially affect the magnitude of the effects
across cities. We incorporated each factor in the above
four dimensions of regional characteristics separately
into the meta-regression model. Eq. (2) summarises the
model fitted:

Yi ¼ b0 þ bkXki þ ei ð2Þ
where, Yi is the estimated log HR for city i. Xki is the
value of factor k for city i, and bk is the regression coeffi-
cient of factor k. b0 is the coefficient of the intercept. ei
refers to the residual term of the model.
Sensitivity analyses
We performed several sensitivity analyses to ensure the
robustness of our findings. These analyses involved: a)
defining exposures based on the different cut-offs and
examining the effects: cold days (lower than 1th, or 10th,
or 25th percentile of Tmean), hot days (higher than
99th, or 90th, or 75th percentile of Tmean), and non-
extreme days (1th−99th, or 10th−90th, or 25th−75th per-
centile of Tmean); b) using Tmax and Tmin to define
exposures based on the same cut-offs with Tmean and
examining the effects; c) evaluating the effects of
extreme hot (95th-Tmean) and cold (5th-Tmean) on the
risk of preterm birth by excluding births determining
gestational age only by LMP.

This study is reported following the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) guideline (STROBE-checklist). All analyses
were conducted in R 3¢4¢2 with the “survival” package
and “meta” package (R Foundation for Statistical Com-
puting, Vienna, Austria).
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Role of the funding source
The funding source had no role in study design, data
collection, data analysis, data interpretation, or manu-
script preparation. The corresponding authors had full
access to all data in the study and had final responsibil-
ity for the decision to submit for publication.
Results
The demographic characteristics of the study population
are shown in Table 1. A total of 210,798 singleton live
births were included in this study. Among them, 8587
(4¢07%) were PTB, 4050 (1¢92%) were MI-PTB, and
4537 (2¢15%) were S-PTB. Compared with the mothers
of S-PTB, those of MI-PTB had a slightly higher per-
centage in higher maternal age, higher pre-pregnancy
BMI, and education of high school and above (Table
S3). Besides, mothers of MI-PTB tended to be multipa-
rous and had a slightly higher percentage with APNCU
up to 50% (Table S3). The distributions of the season of
conception, maternal behavioral risk factors were simi-
lar between MI-PTB and S-PTB (Table S3). Table S1
describes the distribution of temperature and relative
humidity by pregnancy windows. In the whole preg-
nancy, the median of Tmean, Tmax and Tmin were
17¢02°C, 21¢87°C and 13¢42°C, respectively (Table S1).

We found exposure to extreme heat in the entire
pregnancy was associated with the risk of preterm birth
(PTB), medically indicated preterm birth (MI-PTB), and
spontaneous preterm birth (S-PTB) (Figure 2). The HRs
for PTB, MI-PTB and S-PTB were 1¢63 (95% CI: 1¢19,
2¢22), 1¢84 (95% CI: 1¢29, 2¢61) and 1¢50 (95% CI: 1¢11,
2¢02), respectively. An increased risk was also found for
MI-PTB in the 3rd trimester (HR 1¢26, 95% CI: 1¢01,
1¢56).

Exposures to extreme cold in the early (the 1st trimes-
ter), late (the 3rd trimester and the week prior to deliv-
ery), and entire pregnancy were associated with the risk
of PTB and its subtypes (Figure 2). The largest effects
were detected in the entire pregnancy, with HRs of 2¢16
(95% CI: 1¢93, 2¢41), 2¢18 (95%CI: 1¢83, 2¢60) and 2¢15
(95%CI: 1¢92, 2¢41) for PTB, MI-PTB and S-PTB,
respectively. Cold exposures in the 2rd trimester and
four weeks prior to delivery were also associated with an
increased risk of MI-PTB, with HRs of 1¢26 (95% CI:
1¢11, 1¢43) and 1¢39 (95% CI: 1¢02, 1¢89), respectively.

The effects of extreme temperature on both S-PTB
and MI-PTB decreased with increased gestational age
(Figure 3). The largest effects occurred in gestational
age less than 34 weeks for S-PTB, with HRs of 3¢26
(95% CI: 2¢15, 4¢94) for extreme heat and 6¢92 (95%
CI: 5¢18, 9¢24) for extreme cold. For MI-PTB, there was
an increased risk for extreme heat at 34-35 gestational
weeks (HR=3¢73, 95% CI: 2¢28, 6¢11). The effects of
extreme cold for MI-PTB were the largest in gestational
age less than 34 weeks, with HR of 7¢76 (95% CI: 5¢34,
11¢28).

City-stratified effects between extreme temperature
and PTB subtypes varied across cities (I2>50%)
(Figure 4). For the impact of extreme heat on MI-PTB,
we identified harmful effects in Anshan, Shijiazhuang,
Huanggang, and Yueyang, and the largest adverse
effects were found in Anshan and Huanggang with
HRs of 4¢41(95% CI: 2¢72, 7¢14) and 4¢41(95% CI: 3¢12,
6¢23), respectively. Adverse effects of extreme heat on S-
PTB were also detected in almost all cities except for
Xiamen, and the largest adverse effects were found in
Huanggang with HR of 5¢04 (95% CI: 3¢54, 7¢18). For
exposure to extreme cold, we found positive and precise
associations with MI-PTB in Anshan, Shijiazhuang,
Huanggang, Yueyang, Xiamen and Zigong, while
effects on S-PTB were detected in all cities except
Heyuan. The greatest effects were seen in Anshan (MI-
PTB: HR=4¢65, 95% CI: 3¢06, 7¢05; S-PTB=6¢55, 95%
CI: 3¢46, 12¢42).

The meta-regression indicated that several factors in
the dimensions of economy and medical resources
modified the effects of extreme temperature (Table 2).
Regarding the economy dimension, we found that
increase in GDP per capita decrease the effect of
extreme heat on S-PTB (b=�0¢16, 95% CI: -0¢30,
-0¢01). We also found medical resources captured via
the number of hospital beds per 1000 persons decrease
the association between extreme cold and MI-PTB
(b=�0¢25, 95% CI: -0¢50, -0¢01).

In the sensitivity analysis, when using 95th percen-
tiles of Tmax and Tmin to define heat exposures, similar
significant effects during the entire pregnancy were
found for PTB, MI-PTB and S-PTB. Additionally, when
heat was more extreme, the effects were larger. For
example, when using 90th or 99th percentiles of Tmean
to define heat, the HRs for PTB were 3¢48 (95%CI:
2¢19, 5¢51) and 1¢16 (95%CI: 0¢94, 1¢42), respectively
(Table S5). For sensitivity analysis of cold effects, when
using 5th percentiles of Tmax or Tmin to define cold,
similar susceptible windows including the 1st and 3rd tri-
mester, entire pregnancy, one and four weeks before
delivery were found. Additionally, the effects were larger
in the entire pregnancy when cold defined with smaller
cut-offs. For example, when using 1th or 10th percentiles
of Tmean to define cold, the HRs for PTB were 3¢48
(95%CI: 2¢19, 5¢51) and 1¢81 (95%CI: 1¢55, 2¢13), respec-
tively (Table S6).

Sensitivity analysis was conducted by excluding
births determining gestational age only based on LMP.
The results were similar to those of all births determin-
ing gestational age based on LMP or ultrasonography.
Increased risks of preterm birth were detected for heat
exposure in the entire pregnancy, and for cold exposure
in the 1st trimester, the 3rd trimester, the entire preg-
nancy and one week before delivery. (Table S7).
www.thelancet.com Vol 24 Month July, 2022



Characteristics All live births PTB MI-PTB S-PTB
Mean (SD)/ n (%) Mean (SD)/ n (%) Mean (SD)/ n (%) Mean (SD)/ n (%)

N 210,798 (100) 8,587 (4.07) 4,050 (1.92) 4,537 (2.15)

Gestational age (weeks) 39.0 (1.46) 34.7 (1.94) 34.8 (1.83) 34.7 (2.03)

Maternal age (years) 34.0 (6.54) 34.9 (7.04) 36.4 (6.74) 33.7 (7.08)

Pre-pregnancy BMI (kg/m2) 22.0 (3.35) 22.4 (3.58) 23.2 (3.78) 21.7 (3.23)

Mother’s education Primary and below 6,106 (2.90) 277 (3.23) 115 (2.84) 162 (3.57)

Junior high school 65,824 (31.23) 2,719 (31.66) 1,220 (30.12) 1,499 (33.04)

High school 64,805 (30.74) 2,368 (27.58) 1,160 (28.64) 1,208 (26.63)

College and above 66,953 (31.76) 3,003 (34.97) 1,457 (35.98) 1,546 (34.08)

Unknown 7,110 (3.37) 220 (2.56) 98 (2.42) 122 (2.68)

Maternal behavioral Yes 7,711 (3.66) 335(3.90) 164 (4.05) 171 (3.77)

risk factors a No 203,083 (96.34) 8,252 (96.10) 3,886 (95.95) 4,366 (96.23)

Unknown 4 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

Parity Primiparity 116,831(55.42) 4,586 (53.40) 2,083 (51.43) 2,503 (55.17)

Multiparity 93,967 (44.58) 4,001 (46.59) 1,967 (48.57) 2,034 (44.83)

Unknown 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

Delivery mode Vaginal 120,094 (56.97) 4,384 (51.05) 0 (0.00) 4,384 (96.63)

Cesarean 90,355 (42.86) 4,186 (48.75) 4,050 (100.00) 136 (3.00)

Unknown 349 (0.17) 17 (0.20) 0 (0.00) 17 (0.37)

Season of conception Spring (3-5) 53,108 (25.19) 1,975 (23.00) 895 (22.10) 1,080 (23.80)

Summer (6-8) 55,943 (26.54) 2,347 (27.33) 1,085 (26.79) 1,262 (27.82)

Fall (9-11) 53,178 (25.23) 2,172 (25.29) 1,062 (26.22) 1,110 (24.47)

Winter (12-2) 48,569 (23.04) 2,093 (24.37) 1,008 (24.89) 1,085 (23.91)

APNCU b <50% 56,906 (27.00) 946 (11.02) 395 (9.75) 551 (12.15)

50%-79% 70,706 (33.54) 2,013 (23.44) 977 (24.12) 1,036 (22.83)

80%-109% 41,985 (19.92) 2,782 (32.40) 1,403 (34.64) 1,379 (30.39)

≥110% 41,201 (19.55) 2,846 (33.14) 1,275 (31.48) 1,571 (34.63)

Infant Sex Males 111,514 (52.90) 4,808 (55.99) 2,217 (54.74) 2,591 (57.11)

Females 99,247 (47.08) 3,778 (44.00) 1,833 (45.26) 1,945 (42.87)

Unknown 37 (0.02) 1 (0.01) 0 (0.00) 1 (100.00)

Table 1: Summary statistics of all live births, preterm births, and subtypes of preterm birth in 16 study sites of eight provinces across
China (2014-2018).
Abbreviation: SD, standard deviation. BMI, body mass index. APNCU, Adequacy of Prenatal Care Utilization.

PTB, preterm birth. MI-PTB, medically induced preterm birth. S-PTB, spontaneous preterm birth.
a maternal behavioral risk factors: the history of exposure to smoking, drinking, drugs, toxic and harmful substances, radiation, or others during pregnancy.
b APNCU: According to the recommendations of the Guidelines for Pre-pregnancy and Pregnancy Health care (2018), APNCU Index is divided into four

categories: Inadequate (< 50%), Intermediate (50-79%), Adequate (80-109%) and Adequate Plus (≥110%).

Articles
Discussion
In this large-scale and population-based multi-center
prospective cohort study, we evaluated the effects of
maternal exposure to extreme temperature on the risk
of PTB and its clinical subtypes in China. We identified
positive associations between the risk of preterm birth
(PTB), medically indicated preterm birth (MI-PTB), and
spontaneous preterm birth (S-PTB) and extreme heat
during the entire pregnancy, as well as with extreme
cold during all exposure windows except the 2nd trimes-
ter. Additionally, we found that the effects of extreme
temperature on PTB subtypes decrease with the
increase of gestational age. Furthermore, the effects var-
ied across cities, and that higher GDP per capita, as well
as more hospital beds per 1000 persons contributed to
mitigate such effects.
www.thelancet.com Vol 24 Month July, 2022
Exposure to extreme heat in the entire pregnancy was
associated with increased risks of PTB in our study. Consis-
tent with our findings, similar adverse effects in the entire
pregnancy14,26,27 have been found in China,26 the United
States14 and Korea.27 Additionally, susceptible windows
were also detected in late pregnancy,17,25 early
pregnancy16,28 or even in the three months before preg-
nancy.26 The potential mechanisms by which exposure to
extreme heat may influence the risk of PTB remain
unclear. One possible mechanism is that heat exposure
may cause dehydration, in turn increasing blood viscosity,
elevating cholesterol levels and leading to constriction in
uterine blood flow, which can induce uterine contraction
and onset of labor.29 Animal models suggest that heat may
lead to an increase in the secretion of prostaglandin F2a
(PGF2a), oxytocin and that can induce labor.30
7



Figure 2. Hazard ratios of preterm birth and its subtypes associated with extreme heat and cold by pregnancy windows.
Abbreviation: PTB, preterm birth. MI-PTB, medically induced preterm birth. S-PTB, spontaneous preterm birth. Pre1w, one week

before delivery. Pre4w, four weeks before delivery.
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Our study found adverse effects of exposure to
extreme cold in early, late, and the entire pregnancy,
while similar adverse effects were found in Guangzhou
China,17 the United States16 and Iran.31 A possible
explanation may be that cold exposure could increase
blood viscosity and vascular constriction, which can
induce the onset of labor. Additionally, cold weather
may increase exposure to pathogenic agents and result
in complications during pregnancy, further increasing
the risk of PTB.8 However, protective effects of extreme
cold during pregnancy were also found in some studies
from the USA25 and China.26 It speculated that preg-
nant women might take more precautions in early or
late pregnancy, such as using central heating or altering
their behavior in response to cold to limit exposure.
Changes in physiological conditions associated with
pregnancy, such as an increase in fat deposition and a
decrease in the ratio of body surface area to body mass,
could make pregnant women less susceptible to cold.25

Future studies comparing different geographical con-
texts and quantifying the drivers of such heterogeneity
will be helpful to understand the inconsistent results of
cold effects on PTB. Moreover, the Urban Heat Island
(UHI), a well-studied phenomenon that temperatures
in urban centers are generally higher than in surround-
ing suburban and rural areas, can directly exacerbate
health effects during heat waves and bring health bene-
fits to urban areas during cold months.32 But in this
www.thelancet.com Vol 24 Month July, 2022



Figure 3. Hazard ratios of subtypes of preterm birth associated with extreme heat and cold in the entire pregnancy by gestational
weeks.

Abbreviation: MI-PTB, medically induced preterm birth. S-PTB, spontaneous preterm birth.

Articles
study, we did not consider the health effects of UHI,
which may need to be quantitatively estimated in future
research.

Similar to the results for PTB, harmful effects of
exposure to extreme heat on both MI-PTB and S-PTB in
the entire pregnancy were detected. For exposure to
extreme cold, susceptive windows for MI-PTB and S-
PTB were the same with PTB, including the early, late,
Figure 4. Hazard ratios of subtypes of preterm birth associated with
ces of China.

Abbreviation: HR, hazard ratios. CI, confidence interval. MI-PTB,
birth.

www.thelancet.com Vol 24 Month July, 2022
and entire pregnancy. Although the pathway by which
extreme temperature induces PTB is not fully under-
stood, the mechanism may vary with clinical subtypes
of PTB. For MI-PTB, maternal exposure to extreme tem-
perature may promote oxidative stress or inflammatory
response,33,34 damage vascular endothelial cells,35 and
affect the regulation of systemic vascular tone, thus
inducing preeclampsia.10 In addition, it may also affect
extreme heat and cold in the entire pregnancy in eight provin-

medically induced preterm birth. S-PTB, spontaneous preterm
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Extreme heat Extreme cold

Potential factors MI-PTB S-PTB MI-PTB S-PTB
b (95%CI) b (95%CI) b (95%CI) b (95%CI)

Population

Resident population (10,000 people) 0.22 (-0.34, 0.77) 0.09 (-0.18, 0.35) 0.06 (-0.13, 0.24) 0.09 (-0.10, 0.28)

Population density (people/km2) 0.11 (-0.20, 0.42) 0.05 (-0.40, 0.50) 0.06 (-0.11, 0.22) 0.07 (-0.10, 0.24)

Economy

GDP per capita (CNY) -0.13 (-0.43, 0.17) -0.16 (-0.30, -0.01) -0.06 (-0.24, 0.12) -0.05 (-0.57, 0.47)

Engel coefficient (%) 0.03 (-0.41, 0.48) 0.11 (-0.32, 0.53) 0.09 (-0.25, 0.42) 0.10 (-0.38, 0.59)

Unemployment rate (%) 0.02 (-0.49, 0.53) -0.07 (-0.70, 0.57) 0.07 (-0.15, 0.29) 0.13 (-0.26, 0.52)

Medical resource

Number of health institutions (n) 0.05 (-0.56, 0.66) -0.05 (-0.56, 0.47) 0.07 (-0.17, 0.32) -0.07 (-0.32, 0.18)

Hospital beds per 1000 people (n) -0.12 (-0.47, 0.23) -0.06 (-0.25, 0.13) -0.25 (-0.50, -0.01) -0.06 (-0.57, 0.46)

Physicians per 1000 people (n) -0.10 (-0.44, 0.24) -0.05 (-0.20, 0.09) -0.09 (-0.38, 0.21) 0.13 (-0.26, 0.51)

Environment

NDVI -0.06 (-0.59, 0.47) -0.32 (-0.14, 0.75) -0.08 (-0.45, 0.29) -0.11 (-0.28, 0.05)

Air quality (%) -0.11 (-0.31, 0.09) -0.08 (-0.24, 0.08) -0.05 (-0.21, 0.11) -0.06 (-0.28, 0.15)

Table 2: Effect modification by city-level characteristics for the association between extreme temperature and preterm birth.
Abbreviation: MI-PTB, medically induced preterm birth. S-PTB, spontaneous preterm birth. NDVI, Normalized Difference Vegetation Index.
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nutrition and oxygen delivery from the placenta to the
fetus, thereby causing fetal growth restriction11 and ulti-
mately inducing MI-PTB. For S-PTB, exposure to
extreme temperature may increase the risk of prema-
ture rupture of membranes.12 Besides, it can also induce
the hypersecretion of antidiuretic hormone and oxyto-
cin, decrease uterine blood flow and cause fetal intra-
uterine hypoxia, thus triggering preterm labor.13

So far, only three studies from Israel36,37 and the
United States12 clarified the impacts of extreme temper-
ature on PTB subtypes. A time-series study in Israel
found that exposure to extreme heat increased the risk
of S-PTB by 7% but not for MI-PTB.36 It speculated that
MI-PTB was generally associated with prevalent risk fac-
tors among childbearing women such as in vitro fertili-
zation (IVF), older maternal age, and higher maternal
body mass index (BMI). Therefore, no effect of extreme
temperature on MI-PTB was observed. Another retro-
spective cohort study in Israel37 only focused on S-PTB
and found that preterm premature rupture of mem-
branes (PROM) was more sensitive to heat than preterm
labor. Similar harmful effect for PROM was also
detected in a case-crossover study in the United States,12

and a 1°C increase was associated with 5% (95% CI: 3%,
6%) PTB risk in the week prior to delivery during the
warm season. It speculated that for PROM, physical
and physiological changes, as well as external mechani-
cal collision will lead to rupture of membranes.38 In
addition, genital tract infection and acute stimulation of
extreme temperature,12 may aggravate the above natural
process, thus triggering PROM. Clarifying effects by
subtypes may contribute to the research on the mecha-
nism of extreme temperature on PTB. More studies
related to the effects of extreme temperature on sub-
types are expected in the future.
The effect of extreme temperature on both S-PTB
and MI-PTB decreased with increase in gestational age.
Similar results were reported from a cohort study in
Guangzhou, China17 and a multi-center cohort study in
the United States.16 Besides, we also detected larger
effects of cold on PTB with gestational age less than 34
weeks. A possible explanation may be that PTB espe-
cially with smaller gestational age are immature in
respiratory, circulatory system, etc., making them more
susceptible to ambient environments. Besides, infection
is one of the most critical risk factors for PTB, especially
for early PTB. Maternal exposure to extreme cold may
aggravate infection through oxidative stress and inflam-
mation,34 and may also aggravate maternal complica-
tions,39 thus ultimately trigger early PTB. However,
studies conducted in Guangzhou,15 China, found the
extreme temperature effects increased as the gestational
age increased. The authors speculated that environmen-
tal factors might be more important for late PTB.

City-stratified associations showed the effects of
extreme temperature on both S-PTB and MI-PTB varied
across cities. Furthermore, higher GDP per capita and
more hospital beds per 1000 persons were found to sig-
nificantly mitigate the harmful effects of extreme tem-
peratures on PTB subtypes. GDP per capita and
hospital beds per 1000 persons are important indicators
of regional socio-economic status (SES). The potential
mechanisms whereby SES affects PTB have been previ-
ously published,27,40-43 and previous studies have sug-
gested that low regional SES is a marker for poor
pregnancy outcomes.40-42 It suggested that in areas
with low SES, a greater risk of job loss40 and subse-
quent amplified biological and psychosocial stress were
often found,42 which may be associated with a higher
risk of PTB. Besides, social and economic barriers could
www.thelancet.com Vol 24 Month July, 2022
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also increase the risk of inadequate prenatal care,44

which may also be associated with higher PTB risk. For
example, transportation costs to the hospital and the
cost of receiving medical care may be a sufficient bur-
den that restricts prenatal care in pregnant women liv-
ing in areas with low SES.43

A few limitations should be considered when inter-
preting the findings from our study. First, as an inher-
ent limitation of environmental epidemiology studies,
the study could only clarify an association between
extreme temperature and preterm birth, but could not
prove causality. Second, exposure assessment in our
study was established at a resolution of 1km £ 1km and
matched to the residential address for each pregnant
woman. Exposure misclassification could exist due to
lack of information on the maternal residence mobility,
work address and its mobility, activity pattern, use of air
conditioning or heating, and parameters affecting heat
transfer such as metabolism, and type of clothing.
Third, due to data unavailability, we cannot control for
other personal risk factors related to the risk of PTB,
such as prior history of preterm birth, medical compli-
cations, maternal physical activity and dietary intake
during pregnancy. Future studies are recommended to
consider these factors.

In conclusion, our study found that maternal expo-
sure to extreme heat in the entire pregnancy may
increase the risks of preterm birth and its subtypes,
while extreme cold in the early, late, and entire preg-
nancy may increase the risk. In addition, socioeconomic
conditions may affect the effects in different regions.
These findings may have important implications in a
comprehensive understanding of the health effects of
extreme temperatures, and protecting the health of vul-
nerable populations, particularly newborns, in the con-
text of climate change.
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