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BACKGROUND: Previous studies have reported that ambient temperature may affect perinatal outcomes. However, whether extreme temperature affects
the risk of preterm birth (PTB) remains controversial. Studies on the associations of extreme temperature with PTB subtypes are lacking.

OBJECTIVES: We aimed to investigate the associations of extreme climate events with the risks of PTB and its subtypes, discerning possible
modifiers.

METHODS: Data on all singleton deliveries were obtained from the China Labor and Delivery Survey (CLDS), a nationwide investigation imple-
mented in 2015 and 2016. PTB was defined as gestational weeks <37 and then categorized as early (24-34 wk) and late PTBs (35-36 wk), and clini-
cal subtypes [spontaneous PTB, preterm premature rupture of the fetal membranes (PPROM), iatrogenic PTB]. Ambient temperature data were
provided by the China National Weather Data Sharing System. Five heat indexes and five cold indexes were used to define heat waves and cold
spells. Generalized linear mixed models with a random term by hospital unit were used to assess the associations of short-term prenatal extreme tem-
perature exposure. The Cox proportional hazard regression model was applied to assess the nonlinear associations of low- or high-temperature expo-
sure at the whole and different trimesters of pregnancy with the risk of PTB. Stratified analyses were conducted to assess the possible modification by
geographic region and fetal sex.

RESULTS: A total of 70,818 singleton births from 96 hospitals in China were included, among which 4,965 (7.01%) were PTBs. Exposure to extreme
cold events 1 wk before delivery was associated with an increased PTB risk, with an adjusted odds ratio (aOR) [95% confidence intervals (Cls)] of
1.07 (95% CI: 1.04, 1.10) and 1.06 (1.04, 1.09) for the total days when the daily average temperature below the fifth percentile (fifth-days) and the
10th percentile (10th-days), 1.18 (1.04, 1.34) for the cold spells when the daily average temperature below the fifth percentile for two consecutive
days (fifth-2D), 1.09 (1.03, 1.16) and 1.12 (1.06, 1.19) for the cold spells when the daily average temperature below the 10th percentile for three and
two consecutive days (10th-3D and 10th-2D), respectively. Results of extreme temperature exposure during 2 weeks before delivery showed similarly
significant associations. The association between cold spells and PTB tended to be stronger for late PTB than for early PTB. Cold spells were mainly
associated with spontaneous PTB and late PPROM. A stratified analysis indicated that pregnant women in western and northern regions tended to be
more sensitive to cold spells, and pregnant women with a female fetus appeared to be at a higher risk of PTB when exposed to cold spells. Pregnant
women in late pregnancy were more susceptible to extreme temperatures. No significant or stable association was found between heat waves and pre-
term birth.

Discussion: Exposure to cold spells was associated with an increased risk of PTB, especially late, spontaneous PTB and PPROM. The associa-
tions appeared to be more pronounced in the north and west regions and in pregnancies with female fetuses. https://doi.org/10.1289/EHP10831

Associations of prenatal exposure to environmental factors,
such as extreme climate, air pollution, and environmental endo-

Introduction
Preterm birth (PTB), defined as delivery before 37 wk of gestation, is

a major cause of neonatal mortality and child health.! It can also
increase the risk of metabolic disorders and immune and respiratory
diseases in later life.>® Every year, 10.6% (more than 15 million) of
all births are preterm worldwide, of which 1.2 million were con-
tributed by China.* The etiology of PTB is complex and varies by
region. Although some factors, such as previous PTB history,
multiple pregnancies, pregnancy complications, and infections,
have been well established, specific causes of most PTBs remain
ambiguous.’
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crine disruptors with adverse birth outcomes, especially PTB, have
received increasing attention.®” In the context of global warming
and growing concerns about extreme weather events, the
impacts of these factors on health might have universal public
health interest.® Recent studies suggest that maternal exposure
to extremely high temperatures may pose a potential risk of
PTB.? For example, studies in the United States and Australia
have found that increases in ambient temperature and heat
waves could increase the PTB risk and decrease the gestational
length.'%!" In comparison with the extensive studies on the
impacts of maternal heat exposure on PTB, studies on the associa-
tions of extremely low temperature with PTB are limited. Ha et al.
and He et al. found that extremely cold temperature exposure may
induce PTB.!>!3 One possible explanation is that stress induced by
maternal extreme temperature exposure might trigger early labor.'#

However, the results were far from consistent.!>!® Two multi-
center studies in the United States also showed the regional hetero-
geneity of the association between extreme temperature and
PTB.'2!7 This discrepancy may be because of the spatial heteroge-
neity of the climate and some uncontrolled confounding. Besides,
various definitions of heat and cold waves constitute another
source of heterogeneity.'® Taking into account the sensitivity of
different extreme temperature indicators, using multiple definitions
to explore the impact of extreme temperature on PTB may help to
discern the possible association in different regions, which can
also avoid the limitations of the generalizability of single-city
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studies. Exploring the associations of temperature exposure with
PTB across different pregnancy stages can help determine the criti-
cal window and formulate intervention policies. More large-scale,
multicenter studies covering different climatic and geographic con-
ditions are warranted.

Further, PTB has a diverse etiology. It can be divided into
different etiological subtypes, such as spontaneous PTB, pre-
term premature rupture of the fetal membranes (PPROM), and
iatrogenic PTB.'"” Growing evidence suggests that maternal
environmental exposure during pregnancy (e.g., phthalate, phe-
nols, and per- and polyfluoroalkyl substances) may be related to
spontaneous PTB.?%22 But to our knowledge, the associations of
extreme temperature exposure with spontaneous PTB have not
been fully explored. PPROM can be caused by a variety of mater-
nal factors, such as amniotic membrane infection, increased pres-
sure in the amniotic cavity, and nutritional deficiencies.?> Maternal
environmental exposure such as extreme temperature exposure
may also trigger PPROM.?* Unfortunately, most of the previous
studies on the current topic examined the total PTB without
excluding iatrogenic PTB, which is less relevant to ambient
temperature. The inclusion of such PTB may underestimate the
true effect size because it may dilute the association strength of
extreme temperatures.?>-2°

Our study aimed to explore the associations of cold and hot
temperature exposure on the risk of PTB and its subtypes at dif-
ferent time windows using data from a multicenter survey. We
further explored whether the associations of the extreme climate
might be modified by the maternal sociodemographic status,
region, and fetal sex.

Data and Methods

Study Population

The China Labor and Delivery Survey (CLDS) was a large-scale
multicenter study conducted in the period 2015-2017, aiming to
describe the current status of obstetric practice in China and to
identify the key determinants for cesarean section. Hospitals with
at least 1,000 deliveries a year were potentially eligible to partici-
pate. They included secondary and tertiary, general, and maternity
hospitals. All hospitals were asked to provide basic information on
their obstetric practice if they expressed interest in participating in
the CLDS project. Because the annual delivery volume varied
widely from hospital to hospital, a random sample of births was
selected in each hospital. For large hospitals with >6,000 births
annually, 6 wk within a consecutive 12-month period were ran-
domly selected for each hospital, whereas for smaller hospitals
with <6,000 births a year, 10 wk were randomly selected for each
hospital. This strategy was to ensure that every hospital had suffi-
cient statistical power to provide a set of basic obstetric and perina-
tal statistics. This methodology and questionnaire used were
adopted from previous large surveys.?’

All births with gestational age >24 wk or >500 grams in the
selected weeks were eligible. Medical records were retrieved and
extracted by trained research nurses. Included was information
on maternal demographic characteristics, reproductive history,
disease history, pregnancy complications, assessment at labor
and delivery admission, delivery summary, and neonatal condi-
tions. Logic checks were built into the database to detect data
entry errors and missing values for quality control during data
collection. More details on this project have been described else-
where.28 Given that only anonymous information was recorded
from medical records for research, no individual written consent
by the patients was required. Ethical approval was obtained from
all participating hospitals.
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For the CLDS project, we calculated the average number of
deliveries per hospital and our surveyed sample size based on the
total population, the number of births, and the number of different
kinds of hospitals in each province as recorded in the China
Health Statistics Yearbook 2015, 2016, and 2017 (Table S1).>° A
total of 191 hospitals across different levels participated, and
82,221 deliveries from 28 provinces nationwide were submitted to
our data management system. We then excluded the ineligible hos-
pitals, such as hospitals with low completion rates and dropout
hospitals, and finally, a total of 75,132 births in 96 hospitals from
24 provinces were selected, covering most regions of China
(Figure S1).3° Gestational age was estimated based on the date of
the last menstrual period, and 940 cases were excluded because
the gestational age, date of the last menstrual period, or birth date
was missing. We excluded births whose maternal age was <15 y or
>49 y (n=96), the gestational week was <24 or >44 wk (n=27),
and birth weight was <500 grams (n =1). We further restricted to
singleton births (excluding 1,876 records). Stillbirths and births
with unknown outcomes (n=1,384) were also excluded. Finally,
70,818 pregnancies remained in our analysis (Figure S2).

Outcome Definition

We defined PTB as births with gestational age of <37 com-
pleted weeks, and further categorized PTB into different sub-
types: early (early-PTB, 24-34 wk) and late PTBs (late-PTB,
35-36 gestational weeks), and spontaneous PTB, PPROM, and
iatrogenic PTB.3!32 A list of medical or obstetric complica-
tions, including chronic/pregnancy—induced hypertension, pree-
clampsia, diabetes, placenta previa, placental abruption, etc.,
was considered to define iatrogenic PTB.2® PPROM was
defined as the cases with the fetal membrane rupture before the
onset of labor and without medical indications. The remaining
PTB were classified as spontaneous PTB.

Exposure Assessment

Meteorological data during the study period was accessed freely
from the National Meteorological Data Center,?® and the daily
average, maximum and minimum temperature, relative humidity,
and wind speed were included for analysis. The geographic coor-
dinate was used to calculate the distance between the hospital
and each neighboring meteorological station, and the nearest sta-
tion was selected as the source of meteorological data. We further
matched the meteorological data to each day of pregnancy. In
this study, the fifth, 10th, 90th, and 95th percentiles of the daily
mean temperature of the hospital-located regions during the study
period were selected as the cutoff values to assess the extreme
temperature. A total of 10 temperature indices (5 cold indices and
5 heat indices) were created to represent extreme cold and hot
weather scenarios per previous studies.?*3* In addition, fifth-days
and 10th-days represent the total number of days when the daily
mean temperature was lower than the fifth and 10th percentiles,
respectively, within a certain exposure window. The cold spell
event in this study was defined as the daily average temperature
below the fifth percentile for 2 consecutive days or the daily aver-
age temperature below the 10th percentile for 2 or 3 consecutive
days. The variables “fifth-2D,” “10th-2D,” and “10th-3D” repre-
sented the number of cold wave events experienced within a cer-
tain period. Accordingly, 90th-days and 95th-days represented
the total number of days when the daily mean temperature was
higher than the 90th and 95th percentiles, respectively. A heat
wave event was defined as the daily average temperature above
the 95th percentile for 2 consecutive days or the 90th percentile
for 2 or 3 consecutive days, expressed as 95th-2D, 90th-2D, and
90th-3D, respectively. We further calculated the cold and heat
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indexes and average daily mean temperature for different time
windows (the entire pregnancy; the first, second, and third trimes-
ters; and 1, 2, 3, and 4 wk before delivery) to evaluate their asso-
ciations of temperature exposure with PTB. Because the home
address of each participant was not obtained by the survey for
confidentiality, the average exposure estimates were made by
geocoded matching based on the hospital location to represent
the exposure level of pregnant women who gave birth in that
hospital.

Air pollution measures were also used as potential confound-
ers. The data were freely accessed from a 6-y air pollution estima-
tion data set in China from 2013 to 2018.3% Developed by the
Chinese Academy of Sciences, this data set assimilated informa-
tion from more than 1,000 surface air quality monitoring sites and
the Nested Air Quality Prediction Modeling System. This product
could provide six conventional air pollutants [i.e., particulate mat-
ter (PM) with aerodynamic diameter <2.5 pum (PM;5), PM with
aerodynamic diameter <10 pm (PM;9), SO,, NO,, carbon mon-
oxide (CO), and O3] in China with spatial and temporal resolu-
tions: 5 km and 1 h, respectively,3*3® the cross-validation R>
of which was 0.52-0.81, root mean square error (RMSE) was
0.54 mg/m3 for CO, and RMSE were 16.4-39.3 ug/m? for the
other pollutants on an hourly scale. The quality of this data set has
also been cross-validated with other independent data sets, such as
the U.S. Department of State Air Quality Monitoring Program over
China with R?> =0.74-0.86 and RMSE = 16.8-33.6 ug/m? in dif-
ferent cities, which indicates that this data set is reliable and has
higher spatial resolutions than most other similar data sets with
regarding the surface concentrations of air pollutants in China.>
More details have been described elsewhere.” A recent review has
shown that PM, 5 and Oz might affect PTB, whereas the associa-
tions of other air pollutants were not stable. Therefore, in the present
study, we estimated the average PM; s and O3 concentrations of
individual exposure during the first, second, and third trimesters, the
entire pregnancy, and the 1 and 2 wk before delivery to control for
their confounding effects.

Covariates

In this study, maternal age, ethnicity, education, insurance, child
sex, parity, conception year, and season were extracted from the
electronic medical record and used as covariates. Gross domestic
product (GDP) per capita, geographic region, PM, s [per inter
quantile range (IQR) increase, pg/m?], and O3 (per IQR increase,
pg/ m?) were also controlled. Covariates except for PM; 5 and O3
were included as categorical variables, the definition of which
were as follows: a) maternal age was grouped in 5-y increments; b)
ethnicity was categorized as Han, minority, and unknown; ¢) mater-
nal education was classified as lower than high school, high school,
less than college (<4 y), college graduate (>4 y), or higher, and
unknown; d) maternal insurance type was grouped into three catego-
ries: health insurance, self-pay, and unknown; and e) child sex
included male, female, and unknown groups. The conception season
was created as four groups to control for seasonality: spring (March—
May), summer (June—August), Autumn (September—November),
and winter (December—February). The conception year was also
included to control for long-term trends. Furthermore, we collected
census district (county)-level average annual GDP per capita from
the statistical yearbook published by the local government and
linked it to each hospital where the woman gave birth. GDP per cap-
ita was grouped into quantiles for each year. The classification of
regions was first made according to the China National Bureau
of Statistics, as follows: South, North, East, Central, Southwest,
Northwest, and Northeast. Considering the study sample size, we
reclassified the study area into four regions according to geographi-
cal and climatic characteristics (West, including Southwest and
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Northwest, because both are inland; North, including North,
Northeast, and part of the central region in the north of the Huai
River; East; South, including South, and part of the central region
in the south of the Huai River).* Potential confounders were
selected based on prior knowledge and a directed acyclic graph
(DAG)®13:17:41-45 (see Supplementary Figure S3).

Statistical Analysis

The distribution of covariates, climate, and air pollution indicators
was first assessed. Categorical covariates were reported as num-
bers and percentages, whereas continuous variables such as cli-
mate and air pollution indicators were reported as the median and
IQR, or mean and standard deviation (SD). Differences in charac-
teristics and environmental variables between PTB and non-PTB
groups were tested using the chi-squared test or Wilcoxon’s rank
sum test where appropriate. A logistic regression model with the
hospital as a random item using generalized linear mixed models
(GLMMs) was applied. Hospitals served as second-level units to
minimize the potential bias caused by the variation of the quality
of medical information and the possible incomplete independ-
ence among individuals. In this model, we explored the associa-
tions of exposure to extreme weather events 1 and 2 wk before
delivery with PTB subtypes, respectively. Tolerance was used to
assess the collinearity among covariates. We further applied the
Cox proportional hazard regression to estimate the associations
of the entire pregnancy and trimester-specific temperature expo-
sure with the risk of PTB. The exposure—response associations
of each long-term exposure window (entire pregnancy, first, sec-
ond, and third trimesters) were modeled while adjusting for tem-
perature exposure from the other 2 trimesters, simultaneously, to
avoid potential bias.*® Gestational age was fitted as the time
scale, and PTB could be treated as a time-to-event outcome with
term births censored at week 37. The average daily temperature
of the whole pregnancy and different trimesters were fitted as
time-independent variables, respectively. To further fit the possi-
ble nonlinear relationship between temperature and PTB, we
constructed a penalized cubic spline with 5 knots (fifth, 25th,
50th, 75th, and 95th percentiles) to estimate the nonlinear expo-
sure-response associations. Linear hypotheses test for nonlinear
association was examined by Wald chi-square. All models were
adjusted for maternal age, maternal ethnicity, maternal educa-
tion, insurance type, child sex, parity, GDP per capita, geo-
graphic region, conception season, conception year, PM; s, and
O3. Individuals with missing information were classified into one
category and treated as dummy variables in all models. Stratified
analyses were performed for different PTB subtypes (early and
late PTB, spontaneous PTB, PPROM, and iatrogenic PTB) to
discern the true relationship between extreme temperature and
PTB and for the geographic region and child sex to identify
high-risk women.

In addition, several sensitivity analyses were conducted to
assess the robustness of the results. First, extreme temperature
events were evaluated using daily average temperature, but we
felt that it may not be an ideal indicator to reflect the environmen-
tal temperature that the human body endures. Thus, we used the
average apparent temperature (AT) and daily maximal and mini-
mal temperatures to calculate heat and cold indexes, respectively.
AT is a comprehensive index that integrates average temperature,
relative humidity, and wind speed and can better reflect the tem-
perature that the human body endures.*’ Second, considering the
possible delayed and cumulative effects of short-term tempera-
ture exposure on health, we further extended our exposure win-
dows to 3 and 4 wk before delivery to assess the association
changes of different time windows. Third, to more accurately
capture the associations of extreme temperatures on PTB and
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avoid confounding by seasonality, we restricted the study period
to the warm (1 May-31 October) and cold (1 November—30 April)
seasons based on the month of birth. Fourth, we further excluded
subjects with PTB history to avoid possible confounding. Fifth,
some women, especially women with high-risk pregnancies, may
travel outside of their local area to attend specialist care. We,
therefore, excluded subjects with severe maternal diseases (diabe-
tes, hypertensive disorders, nephropathy, and toxemia). Sixth, we
further analyzed the effects of extreme weather events after addi-
tional adjustment for background temperature, considering its
potential effect on the gestational length. Background temperature
was calculated from the averaged ambient temperature during
each exposure window. Finally, the main analysis in this study
treated the missing variable as a separate category in the regres-
sion, which might introduce bias. Thus, multiple imputations with
the fully conditional specification method were used to validate
the robustness of the main results. A total of 10 imputed data sets

were created, and the results were pooled to get the final estimated
parameters based on Rubin’s rules.*® This method can specify the
type of multivariate imputation model on a variable-by-variable
basis and offer a principled yet flexible method to address missing
data.** All statistical analyses were conducted in SAS (version
9.4; SAS Institute Inc.) and R (version 3.6; R Development Core
Team). Two-sided oo =0.05 was set for the confidence level of the
hypothesis testing.

Results

The demographic characteristics of the study population are pre-
sented in Table 1. A total of 4,965 (7.01%) women had PTB.
Among them, the number of spontaneous PTB, PPROM, and
iatrogenic PTB were 2,454 (3.47%), 1,358 (1.92%), and 1,153
(1.63%), respectively. The mean maternal age was 28.7 y old.
In addition, 95.3% of women were of Han ethnicity. Almost
half of the women had some college (<4 y) or higher level of

Table 1. Characteristics of the study population in China Labor and Delivery Survey, 2015-2017 (n=70,818).

Total births

Term births Preterm births

Characteristics n=70,818 n==65,853 n=4,965 p-Value
Maternal age [n (%)] — — — <0.001
15-19y 1,021 (1.4) 887 (1.3) 134 (2.7) —
2024y 10,496 (14.8) 9,783 (14.9) 713 (14.4) —
25-29y 33,026 (46.6) 31,056 (47.2) 1,970 (39.7) —
30-34y 18,301 (25.8) 16,958 (25.8) 1,343 (27.0) —
35-49y 7,974 (11.3) 7,169 (10.9) 805 (16.2) —
Maternal ethnicity [n (%)] — — — 0.019
Han 67,507 (95.6) 62,816 (95.6) 4,691 (94.9) —
Minority 3,134 (4.4) 2,882 (4.4) 252 (5.1) —
Unknown 177 155 22 —
Maternal education [n (%)] — — — <0.001
Less than middle school 15,976 (25.1) 14,495 (24.5) 1,481 (33.1) —
High school 12,654 (19.9) 11,729 (19.8) 925 (20.7) —
College (<4 y) 15,639 (24.6) 14,661 (24.8) 978 (21.9) —
College graduate or higher (>4 y) 19,319 (30.4) 18,232 (30.8) 1,087 (24.3) —
Unknown 7,230 6,736 494 —
Insurance type [n (%)] — — — <0.001
Health insurance 41,422 (60.5) 38,794 (60.9) 2,628 (55.8) —
Self-pay 27,016 (39.5) 24,938 (39.1) 2,078 (44.2) —
Unknown 2,380 2,121 259 —
Child sex [n (%)] — — — <0.001
Male 37,826 (53.5) 34,963 (53.2) 2,863 (57.9) —
Female 32,872 (46.5) 30,789 (46.8) 2,083 (42.1) —
Unknown 120 101 19 —
Parity [n (%)] — — — <0.001
0 39,726 (56.2) 37,148 (56.6) 2,578 (52.2) —
>1 30,900 (43.8) 28,538 (43.4) 2,362 (47.8) —
Unknown 192 167 25 —
GDP per capita [n (%)] — — — <0.001
Q1 (~50,000 CNY) 12,729 (18.0) 11,874 (18.0) 855 (17.2) —
Q2 (5,000 ~ 80,000 CNY) 19,826 (28.0) 18,242 (27.7) 1,584 (31.9) —
Q3 (8,000 ~ 120,000 CNY) 16,837 (23.8) 15,654 (23.8) 1,183 (23.8) —
Q4 (120,000 ~ CNY) 21,426 (30.3) 20,083 (30.5) 1,343 (27.0) —

Geographic region [n (%)] — — — —
North 19,927 (28.1) 18,823 (28.6) 1,104 (22.2) <0.001
East 23,640 (33.4) 22,120 (33.6) 1,520 (30.6) —
South 13,192 (18.6) 12,152 (18.5) 1,040 (21.0) —
West 14,059 (19.9) 12,758 (19.4) 1,301 (26.2) —

Conception season [n (%)] — — — 0.054
Spring 15,216 (21.5) 14,128 (21.5) 1,088 (21.9) —
Summer 20,578 (29.1) 19,167 (29.1) 1,411 (28.4) —
Autumn 16,712 (23.6) 15,475 (23.5) 1,237 (24.9) —
Winter 18,312 (25.9) 17,083 (25.9) 1,229 (24.8) —
Spontaneous PTB [n (%)] 2,454 (3.47) — — —
PPROM [n (%)] 1,358 (1.92) — — —
Tatrogenic PTB [n (%)] 1,153 (1.63) — — —

Note: Term birth: gestational age >37 wk. Preterm birth: gestational age <37 wk. Unknown refer to the missing value of each variable, which was included in all analyses as a missing
category. Differences between groups were analyzed using the chi-square test. p-Value was derived from the chi-squared test and p < 0.05 represents a significant difference between
preterm and term births. —, no data; CNY, Chinese yuan; GDP, gross domestic product; PPROM, preterm premature rupture of the fetal membranes; PTB, preterm birth.
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education. The majority had health insurance (58.5%), 53.4% of
pregnant women had a male child, and 56.1% were nulliparous.
PTB and non-PTB women were similar in conception season
but differed significantly in maternal age, maternal ethnicity,
maternal education, health insurance, child sex, parity, GDP per
capita, and geographic region (p <0.001).

The basic exposure characteristics of average temperature and
air pollution by outcome and time windows are shown in Table S2.
The average exposure temperature during pregnancy was 15.9°C,
and the average temperature in different trimesters was similar.
The average PM; 5 concentrations in the whole pregnancy and dif-
ferent trimesters were >50 pg/m?, which was much higher than the
World Health Organization (WHO) standard of 15 pg/m? (24 h) for
PM; 5. On the other hand, the median O3 level was slightly lower
than 60 pg/m? of the WHO standard for O3 (peak season). Average
temperature, PM; 5, and O3 levels were similar in the preterm and
nonpreterm groups during the 1 and 2 wk before delivery.

The temperature distribution by the hospitals and geographic
regions is shown in Table S3. Overall, our study population covered
most parts of China (Figure S1), and the variation in average temper-
ature was large. The average temperature ranged from 3°C to 26.1°
C for the whole pregnancy, 1.3°C-26.1°C for the first trimester,
—3.5°C —29.2°C for second trimester, —14.3°C — 26.1°C for third
trimester, —11.3°C —27.6°C and —13.3°C — 27.5°C for 1 and 2 wk
before delivery, respectively. The characteristics of extreme climate
indices are shown in Table S4. Extreme cold indexes such as fifth-
days, fifth-2D, 10th-days, 10th-2D, 10th-3D, and extreme heat
indexes such as 95th-2D were significantly higher in the PTB
women for 1 and 2 wk before delivery (p < 0.05).

The associations between prenatal extreme temperature and
the risk of PTB are illustrated in Figure 1. Cold spell was signifi-
cantly associated with an increased risk of PTB after adjustment

for covariates. For fifth-days and 10th-days during 1 wk before
delivery, the number of days when the temperature was below the
fifth percentile and 10th percentile was positively associated with
PTB, with OR =1.07 (95% CI: 1.04, 1.10) and 1.06 (95% CI: 1.04,
1.09), respectively. For fifth-2D, 10th-3D, and 10th-2D during 1
wk before delivery, the number of cold spell events was associated
with increased PTB risk, with OR=1.18 (95% CI: 1.04, 1.34),
1.09 (95% CI: 1.03, 1.16) and 1.12 (95% CI: 1.06, 1.19), respec-
tively. Similarly, exposure to cold spell events 2 wk before delivery
was also significantly associated with an increased risk of PTB, but
the association intensity appeared smaller than that of exposure
1 wk before delivery. The association of heat waves with PTB was
unstable. The 95th-2D had a positive association with PTB
whereas 90th-days and 90th-3D showed inverse associations.
Associations of 90th-2D and 95th-days with PTB during 1 and 2
wk before delivery were nonsignificant.

Associations of extreme temperature with PTB subtypes are
shown in Figure 2. The impact of a cold spell on late PTB
tended to be stronger than early PTB during 1 wk before deliv-
ery, with OR=1.09 (95% CI: 1.05, 1.13) and 1.08 (95% CI:
1.05, 1.12) for fifth-days and 10th-days, and 1.26 (95% CI:
1.08, 1.48), 1.13 (95% CI: 1.05, 1.22), and 1.17 (95% CI: 1.09,
1.25) for fifth-2D, 10th-3D, and 10th-2D, respectively (See
Table S5 for the corresponding numeric data). The pattern of
the associations for 2 wk before delivery was similar, but the
association intensity appeared smaller. In early PTB, only 10th-
days were found to be positively associated with early PTB,
with OR=1.04 (95% CI: 1.00, 1.08) for 1 wk before delivery.
The associations of extreme heat exposure with PTB subtypes
were inconsistent. The 95th-2D exposure during 1 wk before
delivery had a positive impact on late PTB, but 90th-days and
90th-3D showed inverse associations.

Heat waves and cold spells

B 1 week before delivery

1 week before delivery

2 weeks before delivery

2 weeks before delivery

fifth-days 1.07 (1.04, 1.10) g 1.03 (1.01, 1.05)
fifth-2D 1.18 (1.04, 1.34) e 1.07 (1.03, 1.11)
10th—days 1.06 (1.04, 1.09) b 1.03 (1.01, 1.04)
10th-3D 1.09 (1.03, 1.16) U 1.08 (1.03, 1.14)
10th-2D 1.12 (1.06, 1.19) = 1.05 (1.02, 1.09)
90th—days 0.97 (0.94, 0.99) o 0.99 (0.97, 1.01)
90th-3D 0.92 (0.87, 0.98) e 0.98 (0.93, 1.04)
90th-2D 0.97 (0.92, 1.03) in) 0.98 (0.95, 1.02)
95th-days 0.98 (0.95, 1.02) it 1.00 (0.97, 1.02)
95th-2D 1.08 (1.02, 1.15) e 0.99 (0.94, 1.03)
Mrrrrni
091 111.2

OR and 95% confidence interval

Figure 1. Associations of extreme climate events with the preterm birth in China Labor and Delivery Survey (n=70,818). Note: Generalized linear mixed model
was used to examine the associations. ORs represent a 1-unit increase in extreme weather events and are presented with a 95% CI. All models were adjusted for
maternal age, maternal ethnicity, maternal education, insurance type, child sex, parity, GDP per capita, geographic region, conception season, conception year,
PM, 5, and O3. CI, confidence interval; GDP, gross domestic product; OR, odds ratio; PM, s, particulate matter with aerodynamic diameter <2.5 pum.
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Heat waves and cold spells stratified by PTB subtype
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Figure 2. Associations of extreme climate events with the early and late preterm births in 1 and 2 wk before delivery in China Labor and Delivery Survey.
(See Table S5 for corresponding numeric data). Note: Generalized linear mixed model was used to examine the associations. ORs represent a 1-unit increase in
extreme weather events and are presented with a 95% CI. All models were adjusted for maternal age, maternal ethnicity, maternal education, insurance type,
child sex, parity, GDP per capita, geographic region, conception season, conception year, PM, s, and O3. CI, confidence interval; GDP, gross domestic product;

OR, odds ratio; PM, s, particulate matter with aerodynamic diameter <2.5 pm.

The associations of extreme temperature with PTB subtypes
are shown in Table 2. Cold spell was positively associated with
spontaneous PTB and PPROM but had no association with iatro-
genic PTB. Fifth-days and 10th-days were associated with
increased risks of spontaneous PTB, with OR=1.07 (95% CI:
1.03, 1.12) and 1.06 (95% CI: 1.03, 1.10), and increased PPROM
risk, with OR =1.10 (95% CI: 1.04, 1.16) and 1.10 (95% CI: 1.05,
1.15), respectively. Cold spell event in 10th-3D and 10th-2D was
associated with increased spontaneous PTB risks, with OR =1.15
(95% CI: 1.06, 1.24) and 1.13 (95% CI: 1.05, 1.22), respectively.
Fifth-2D and 10th-2D were also positively associated with
PPROM, with OR =1.40 (95% CI: 1.12, 1.75) and 1.16 (95% CIL
1.05, 1.29), respectively. Cold spells during 2 wk before delivery
had a similar association with spontaneous PTB and PPROM and
no significant association was found with iatrogenic PTB. A similar
difference in the associations of cold spells on early and late
PTB was found for different PTB subtypes (Table S6). The cold
spell could increase the risk of late spontaneous PTB but had a
stronger association with late PPROM. A 95th-2D exposure
during 1 wk before delivery could increase the risk of spontane-
ous PTB, with OR=1.16 (95% CI: 1.06, 1.26), but 90th-days
and 90th-3D during 1 and 2 wk before delivery showed inverse
associations with PPROM. The associations of 90th-2D during
1 wk before delivery, 95th-2D during 2 wk before delivery, and
95th-days during 1 and 2 wk before delivery with PTB were not
significant.

Stratified analyses show that the impact of cold spells on PTB
had substantial regional heterogeneity. Pregnant women in the
West tended to be the most affected population by cold spells and
heat waves, followed by people in the North (Figure 3 and Table S7).
As a whole, both extreme cold and extreme hot might increase the
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risk of PTB in the West. However, for pregnant women in the north-
ern regions, extreme cold significantly increased the risk of PTB, but
heat waves had an inverse association. We also found that pregnan-
cies with female fetuses tended to be at a higher risk than those with
male fetuses for both cold spells and heat waves (Figure 3; Table
S8). Almost all indicators of extreme cold and heat exposure could
increase the risk of PTB in female children, but only the fifth-days,
10th-days, and 10th-2D during 1 wk before delivery increased the
risk of PTB in male children.

We fitted the exposure-response relationships between the
daily mean temperature and PTB risk during the entire pregnancy
using Cox proportional hazard model (see Figure 4; Table S9).
Opverall, there was an inverted J-shaped relationship between ambi-
ent temperature and the risk of PTB. The exposure-response rela-
tionship was nonlinear (p < 0.001). Both relatively low and high
temperatures may increase the PTB risk, and the association of
low-temperature exposure was more pronounced. The exposure—
response relationship by trimester shows that the association of
extreme temperature with PTB was mainly manifested in the third
trimester (Figure S4). Despite the significance of the nonlinear
relationship test during first and second trimesters, the exposure—
response relationship appears to be unstable and biologically less
plausible.

In the sensitivity analyses, we used apparent temperature and
daily maximal and minimal temperature to define extreme tem-
perature events. The results remained the same (Table S10).
When extending the exposure window to 3 and 4 wk before
delivery, the results showed that extreme cold exposure still sig-
nificantly increased the risk of PTB, although the association was
attenuated compared with that during 1 and 2 wk before delivery
(Table S11). The associations of the cold spell were more
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Table 2. Associations of extreme climate events with preterm birth, stratified
by clinical subtypes in China Labor and Delivery Survey (n=70,818).

Spontaneous PTB PPROM Tatrogenic PTB
Variables [OR (95% CD)] [OR (95% CI)] [OR (95% CD)]
1 wk before n=2454 n=1,358 n=1,153
delivery
Sth-days 1.07 (1.03, 1.12) 1.10 (1.04, 1.16) 1.02 (0.95, 1.08)
5th-2D 1.13 (0.95, 1.35) 1.40 (1.12, 1.75) 1.04 (0.80, 1.36)
10th-days 1.06 (1.03, 1.10) 1.10 (1.05, 1.15) 1.02 (0.96, 1.07)
10th-3D 1.15 (1.06, 1.24) 1.10 (0.98, 1.23) 0.94 (0.82, 1.08)
10th-2D 1.13 (1.05, 1.22) 1.16 (1.05, 1.29) 1.06 (0.94, 1.19)
90th-days 0.99 (0.95, 1.03) 0.92 (0.87, 0.96) 0.96 (0.91, 1.01)
90th-3D 0.94 (0.87, 1.02) 0.86 (0.77, 0.96) 0.94 (0.84, 1.05)
90th-2D 1.00 (0.92, 1.08) 0.90 (0.81, 1.01) 0.98 (0.87, 1.10)
95th-days 1.00 (0.95, 1.04) 0.97 (0.91, 1.03) 0.96 (0.90, 1.03)
95th-2D 1.16 (1.06, 1.26) 1.07 (0.95, 1.20) 0.94 (0.83, 1.08)
2 wk before n=2454 n=1,358 n=1,153
delivery
Sth-days 1.04 (1.01, 1.06) 1.05 (1.02, 1.08) 1.00 (0.97, 1.04)
5th-2D 1.08 (1.02, 1.13) 1.09 (1.02, 1.17) 1.02 (0.94, 1.11)
10th-days 1.03 (1.01, 1.05) 1.05 (1.02, 1.08) 1.00 (0.97, 1.03)
10th-3D 1.09 (1.02, 1.16) 1.17 (1.07, 1.28) 0.99 (0.89, 1.10)
10th-2D 1.06 (1.02, 1.10) 1.09 (1.03, 1.15) 1.01 (0.95, 1.08)
90th-days 1.00 (0.98, 1.03) 0.96 (0.93, 0.98) 0.99 (0.96, 1.03)
90th-3D 1.02 (0.95, 1.10) 0.88 (0.80, 0.98) 1.02 (0.92, 1.12)
90th-2D 1.01 (0.96, 1.05) 0.93 (0.87, 0.99) 0.99 (0.92, 1.05)
95th-days 1.01 (0.99, 1.04) 0.97 (0.93, 1.01) 0.98 (0.94, 1.03)
95th-2D 1.03 (0.96, 1.09) 0.94 (0.86, 1.03) 0.95 (0.86, 1.04)

Note: Generalized linear mixed models were used to examine the associations. All models
were adjusted for maternal age, maternal ethnicity, maternal education, insurance type,
child sex, parity, GDP per capita, geographic region, conception season, conception year,
PM, 5, and Os. Fifth-days, 10th-days, 95th-days, and 90th-days represent the total number
of days when the daily mean temperature was lower than the Sth or the 10th percentile or
higher than the 95th or the 90th percentile, respectively. Fifth-2D, 10th-3D, 10th-2D,
95th-2D, 90th-3D and 90th-2D represent the total number of extreme weather events.
An extreme weather event can be defined as the daily mean temperature below the
fifth percentile or higher than the 95th percentile for 2 consecutive days or the daily
mean temperature below the 10th percentile or higher than the 90th percentile for 2 or
3 consecutive days. GDP, gross domestic product; PM; s, particulate matter with aero-
dynamic diameter <2.5 um; PPROM, preterm premature rupture of the fetal mem-
branes; PTB, preterm birth.

pronounced for late PTB. When restricting the study period to
the cold and warm seasons, we found a similar pattern, with
cold spells having a stronger impact (Table S12). The associa-
tion tended to be stronger for late PTB. But the impact of heat
waves during the 2 wk before delivery on PTB was statistically
significant.

Tables S13 and S14 show the associations of extreme temper-
ature exposure with PTB and PTB subtypes after excluding cases
with a history of PTB and cases with severe maternal disease.
Overall, the results were highly stable, showing that cold spells
significantly increased the risk of PTB, whereas the associations
of heat exposure with PTB tended to be null. These associations
differed between early and late PTB. The results of the associa-
tion analysis with the additional inclusion of background temper-
ature were consistent with the results in Figure 1, Table 2, and
Table S4, indicating that the results without controlling back-
ground temperature were robust (Table S15). The results with
multiple imputations for missing values were consistent with
those in which the missing information was treated as a separate
category (Table S16). Similarly, the extremely cold exposure
imposed a higher risk for PTB, especially for late PTB.

Discussion

In this study, we estimated the associations of extreme tempera-
ture exposure with PTB and PTB subtypes at different time win-
dows by analyzing nationwide survey data in China. These
results add to the growing literature linking climate change and
PTB. We found that exposure to extreme cold temperatures
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during pregnancy increased the PTB risk, particularly for late
PTB, spontaneous PTB, and PPROM. Further, the associations
were more pronounced in the western and northern regions, and
women with female fetuses.

An increasing number of studies have linked extreme temper-
ature with PTB. A national retrospective study in mainland China
found that gestational exposure to relatively low or high tempera-
tures could significantly increase the PTB risk, but the association
with heat waves was more prominent.*> The association with
high temperature was mainly concentrated in the first and second
trimesters, whereas the association with low temperature was in
the third trimester. This finding partly supports the results of our
study, especially the association with low temperature, but that
study focused on the association of long-term temperature expo-
sure with PTB. Considering the adaptability of the human body
to temperature change, our study focused on the associations of
extreme temperature exposure with PTB and further shortened
the exposure period from the third trimester to 1-4 wk before
delivery, which is helpful to discover the sensitivity window. A
retrospective cohort study in Guangzhou, China, found that the
relationship between temperature and PTB was U-shaped or
inverted J-shaped, which is consistent with our results.!® In com-
parison with single-city studies, we included delivery data from
24 provinces with different temperature ranges across the coun-
try, and the results are more representative and generalizable.
Similarly, a multicenter birth cohort of the U.S. Consortium on
Safe Labor (U.S. CSL) found that cold temperature during gesta-
tional weeks 1-7 may increase the early and late PTB risks.'?

However, some studies failed to show any association between
extreme cold temperatures with PTB. For example, a study in
Israel found that gestational high-temperature exposure was associ-
ated with a higher risk of PTB and early PTB, but the association
of low temperature with PTB was not statistically significant.>
Geographical differences may explain the inconsistency of the find-
ings. Israel has a typical Mediterranean climate, characterized by
long, hot, drier summers and relatively short, cool, rainy winters,
making the country vulnerable to heat waves.>! A retrospective
study including 32 million U.S. singleton births found that cold
temperature had a negative association with PTB.!” Widespread
use of heating might be an important confounding factor. Thus,
more evidence is needed.

Previous studies paid more attention to the heat effects in the
context of global warming. Studies in Guangzhou (China), Brisbane
(Australia), and Alabama (United States) found that heat waves and
high temperatures could significantly increase the PTB risk.!043-52
A recent systematic review and meta-analysis showed that 40 of
47 studies on PTB demonstrated a significant association between
high temperature and PTB, despite considerable heterogeneity in
the magnitude of the associations.® A U-shaped association was
observed when using temperature as a continuous exposure metric,
which can be supported by most previous studies.'>>3 But the
associations of heat waves were inconsistent. This heterogeneity
may be attributed to the usage of heating and air-conditioning, cli-
matic zones, and socioeconomic status. We assume that people
may prefer to stay indoors and use indoor air conditioning more
frequently during heat waves, and housing factors could affect
heat vulnerability and heat-related illness, which partly explains
why we found a positive association of high temperatures with
PTB, but this effect size was attenuated.>*>> One study in
Shenzhen, China, reported an apparent negative association of
heat exposure with PTB, which was considered to be related to the
high air conditioning use in the study area.>® Shenzhen is the most
economically developed city in southern China. Similarly, our
study also found that the association of the heat waves with PTB
was weaker, or even became protective in southern and eastern
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Heat waves and cold spells stratified by geographical region
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Figure 3. Associations of extreme climate events with preterm births in 1 wk before delivery in China Labor and Delivery Survey, stratified by geographical
region and child sex. (See Tables S7 and S8 for corresponding numeric data.) Note: Generalized linear mixed model was used to examine the associations.
Numbers of cases/observations in each stratum were: North (1,104/19,927), East (1,520/23,640), South (1,040/13,192), and West (1,301/14,059) for the geo-
graphical region and male (2,863/37,826), and female (2,083/32,872) for child sex. ORs represent a 1-unit increase in extreme weather events and are presented
with a 95% CI. All models were adjusted for maternal age, maternal ethnicity, maternal education, insurance type, parity, GDP per capita, geographic region,
conception season/child sex, conception year, PM; 5, and Os. CI, confidence interval; GDP, gross domestic product; OR, odds ratio; PM; 5, particulate matter

with aerodynamic diameter <2.5 pum.

China because these two regions have better economic conditions
and well-established infrastructure. Another similar study in north-
ern California also noted that the effect sizes of heat exposure
were the smallest in the areas that had the highest use of air condi-
tioning.>” All these lend credence to our conjecture that the use of
air conditioning might distort the associations between high tem-
peratures and PTB.

The exposure window and extreme temperature indices used
may be other sources of heterogeneity on heat effect across
studies. Most previous studies focused on an acute exposure pe-
riod in the week prior to delivery, particularly the last 0-3 d,
and the findings could support the short-term effects shown in
this study.® We found a stronger association using the 95th
rather than the 90th as the cutoff for the heat-wave definition,
which was consistent with a study in Guangzhou, suggesting
that a higher cutoff temperature may be more sensitive.'?
Besides, green space and urbanization levels also had signifi-
cant interactions with associations of heat waves and air pollu-
tion with PTB.%® Race/ethnicity in different studies may be
another source for discrepant results. Four studies in the United
States indicated that Black and Hispanic women had higher
effect sizes than other races.’*=%2

The precise mechanisms by which extreme temperature expo-
sure may influence the PTB risk remain unclear. Maternal physi-
ological changes may alter the thermoregulation efficiency of
pregnant women. The increasing body surface area of pregnant
women may increase the ratio of body surface area to body
weight, which may reduce pregnant women’s capacity for heat
loss and increase the contact area of temperature exposure.!” A
few studies suggested that exposure to low temperature may lead
to increased blood viscosity, peripheral vasoconstriction, and
hypertension, which might alter uteroplacental perfusion and
adversely affect the developing fetus and, thus, induce PTB.%3
The low-temperature living environment might also bring about a
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series of unhealthy behaviors and lifestyles, such as indoor pas-
sive smoking, lack of exercise, and respiratory pathogen infec-
tions, which could further exacerbate PTB.0*63

In contrast, heat exposure may disturb hormone homeostasis of
the hypothalamic-pituitary-adrenal axis and increase the release of
cortisol and adrenocorticotropic hormone. These hormones may
activate myometrial function and increase uterine contractions,
potentially leading to an early delivery.®® In addition, dehydration
caused by heat stress can reduce a pregnant woman’s body fluid
and decrease uterine blood flow, induce uterine contraction, and,
consequently, contribute to the onset of labor.®® In addition, heat
stress may result in the release of cytokines such as prostaglandin,
oxytocin, and heat-shock proteins, which may disrupt the delicate
balance of cytokines at the maternal—fetal interface and then acti-
vate the parturition mechanism prematurely.57-68

The majority of previous studies on this topic did not separate
the subtypes of PTB, which may have masked the underlying
mechanisms of this association. We found that a cold spell may
increase the risk of late PTB, mainly through PPROM and spon-
taneous PTB. A multicenter study in the United States also
showed that both low and high temperatures could increase the
risk of PROM.?* Another population-based study showed that
high temperature was an independent risk factor for PPROM, and
PPROM was more subject to ambient temperature fluctuations
than was preterm labor.*® The human body can adapt to small
environmental changes through proper thermoregulation, but
PPROM may be triggered when the temperature changes exceed a
certain threshold. Both animal and human studies have shown that
high- and low-temperature exposures are associated with increased
oxidative stress and systemic inflammation.”®~’2 Programmed cell
death, activation of stress and inflammation-induced catabolic
enzymes, maternal inflection, and/or mechanical forces may trigger
the membrane rupture.”> Nonetheless, the pathogenesis of sponta-
neous PTB and PPROM remains poorly understood. Furthermore,
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Figure 4. The relationship between the average temperature exposed during the whole pregnancy and the preterm birth risk in China Labor and Delivery
Survey (n=70,818). (See Tables S9 for corresponding numeric data.) Note: Cox proportional hazard regression incorporated with penalized cubic spline
was used to examine exposure-response associations. HRs represent a 1-unit increase in extreme weather events and are presented with a 95% CI. All mod-
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season, conception year, PM; s, and Os. CI, confidence interval; GDO, gross domestic product; HR, hazard ratio; PM; s, particulate matter with aerody-

namic diameter <2.5 pm.

we cannot exclude the potential impact of differences in sample
size between PTB subgroups on the estimation of temperature
effects. More research is warranted.”*73

Our stratified analysis revealed that associations of tempera-
ture with PTB might be sex dimorphic. Pregnant women with
female fetuses appeared to be more sensitive, which was consist-
ent with studies from the United States, Korea, and Israel.>0->7-76
Several previous studies reported that exposure to prenatal stress
such as extreme ambient temperature may lead to a decrease in
the male-to-female live birth ratio, suggesting that pregnant
women may tend to selectively terminate male fetuses that ex-
hibit signs of weakness or vulnerability when experiencing sig-
nificant stressors.”’~7? Expressed X chromosome genes are more
abundant in female placentas, which may explain the varied
responses to stress in the maternal environment.8” The placenta
of the female fetus may exhibit a higher sensitivity to maternal
stress, which can be indicated by elevated levels of glucocorti-
coids in the mother.?!

Assessing temperature-related health effects and identifying
vulnerable populations and regions are necessary for the develop-
ment of targeted policies to improve public health. In this study, we
found that women living in northern and western China seem to be
more susceptible to cold exposure. The population susceptibility in
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different regions is not only affected by genetic factors but also
closely related to local climatic conditions and socioeconomic fac-
tors. A county-level modeling study across China characterized
several key factors (such as health status, aging rate, agricultural
population rate, education, ethnic structure, economic status, air
conditioner ownership rate, and the number of hospitals) of heat
vulnerability; each of the factors had different levels of importance
to the heat vulnerability of the counties with different urbanization
levels.®? The average temperature in northern China is low, and
cold waves are frequent. Although some areas provide heating in
winter, there are still some economically underdeveloped areas
that use traditional coal-fired heating or no heating equipment,
which makes this part of the population more vulnerable to extreme
cold weather events.®3%% In addition, solid fuel combustion pro-
duces a large amount of volatile organic compounds, which will
further affect maternal and fetal health.®> Furthermore, the econ-
omy in western China is less developed and the distribution of
medical resources is uneven and limited, leading to inaccessible
heating equipment and poor baseline health,#6-87 which may reduce
the adaptability of pregnant women to extreme temperatures.

Our study found that the association of temperature with PTB
was mainly concentrated in the third trimester, which is supported
by other studies.’®>® Although late PTB may be considered a less
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clinical problem, ample evidence has demonstrated in recent years
that even late PTB may have a long-term impact on the child as
well as adult health.®8-3° The associations of extreme cold tempera-
ture in the third trimester, especially with late PTB, suggest that it
may be an important time window for preventive intervention.
Thus, our findings may have important public health implications.

The present study has several strengths. It was based on a
nationwide survey and is so far one of the largest multicenter
studies conducted in developing countries. Wide coverage and
good representation can provide a good basis for assessing spatial
heterogeneity. Identifying the association difference of extreme
temperatures on different clinical subtypes of PTB makes this
study unique. The impact of extreme temperature at different
time scales during pregnancy on PTB and the modification of fe-
tal sex and geographic area were also considered. In addition, we
analyzed the associations using a survival approach and GLMMs,
which helps compare fetuses of the same gestational age, avoid
biases caused by different probabilities of giving birth at different
gestational ages, and address the internal correlation of multicen-
ter data.3%-%0

Still, our study has some limitations. First, the usage of air con-
ditioning and heating may mitigate the associations of extreme
temperature exposure with PTB. Previous studies have shown that
pregnant women spend most of their time indoors (more than an
average of 15 h/day), especially during the late stage of pregnancy,
and the time—activity patterns might affect the actual exposure
level.*!=23 Thus, using ambient temperature as a proxy may be bi-
ased. Unfortunately, we did not have information on the time
length of staying indoors and outdoors for pregnant women.
Hence, our findings may be an underestimation of the association
of extreme temperature exposure with PTB. Second, although we
assumed that most Chinese pregnant women chose the nearest hos-
pital for childbirth, measurement errors may arise when assigning
temperature based on the study hospital location. However, our
previous study based on two representative birth cohorts with
detailed home addresses showed that 75% of pregnant women
lived within 15-20 km of the delivery hospital.>*** A buffer analy-
sis for exposure assessment at different radii showed that spatial
variability had no significant association with the association
between air pollutants and gestational diabetes based on hospital
locations. The spatial variability of ambient temperature is actually
smaller when compared with air pollutants, and this study included
a larger sample. Thus, the bias introduced by exposure assessment
based on hospital address is likely to be limited.*>**® Therefore, we
would assume that using hospital location as a proxy for home
address may be reasonable, and the spatial variability may not sig-
nificantly impact the association in this study.

Third, errors in the gestational age estimation may have
influenced the incidence of PTB and led to inaccurate effect
estimates. Because the estimation of gestational age was
unlikely to be influenced by extreme temperature events, the
error in gestational age was mostly nondifferential, which may
have drawn the results toward the null. Fourth, the influence of
live birth bias on the associations cannot be ruled out. Previous
studies have found that heat waves might cause stillbirths.’
Environmental exposure causing miscarriage or stillbirth might
lead to a downward bias of the exposure—preterm birth associa-
tion, or even an inverse association.””-® It is also possible that
cold spell exposure induced miscarriage or stillbirth in low ges-
tational age fetuses, resulting in unobserved outcomes. Thus,
the effects of the heat waves on PTB and the effects of cold
spells on early PTB in this study might have been underesti-
mated and need further evaluation. Finally, our study is a retro-
spective cohort study, and fixed cohort bias may be a potential
issue. However, unlike a traditional cohort study, we randomly
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selected our study population in each participating hospital for
6—10 wk each year; i.e., our cohort had multiple starting and
ending time points in each hospital. The missed population
could be distributed at any time in a year. Thus, the potential
seasonal bias, if any, was spread across a year, and its impact
on the effect estimation would likely be limited.

Conclusions

Our study found that a cold spell during pregnancy was associ-
ated with an increased risk of PTB, particularly spontaneous
PTB, and PPROM. The associations of cold spells tended to be
more prominent in late pregnancy, in the North and West of
China, and in pregnancies with female fetuses. Therefore, preg-
nant women living in a cold climate and having a female fetus in
late gestation may be particularly vulnerable to PTB when
exposed to the cold spell. This information has important public
health implications in PTB prevention. Pregnant women should
be more aware of the potential adverse effects of extreme temper-
atures and try their best to protect themselves from exposure to
extreme temperatures to prevent PTB. Early temperature warning
and surveillance systems should be developed and tailored accord-
ing to the local climate to provide a guide to clinicians and other
health care providers on how to counsel women and benefit the
prevention of extreme temperature-related disease. Meanwhile,
local governments could consider improving building heating or
cooling systems, especially for low-income senior residents and
vulnerable populations, e.g., pregnant women.
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