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ARTICLE INFO ABSTRACT
Keywords: Background: Evidence suggests that maternal exposure to heat might increase the risk of preterm birth (PTB), but
Urban heat island no study has investigated the effect from urban heat island (UHI) at individual level.

Heat exposure
Individual-level
Preterm birth

Aims: Our study aimed to investigate the association between individual UHI exposure and PTB.

Methods: We utilized data from the ongoing China Birth Cohort Study (CBCS), encompassing 103,040 birth re-
cords up to December 2020. UHI exposure was estimated for each participant using a novel individual assessment
method based on temperature data and satellite-derived land cover data. We used generalized linear mixed-
effects models to estimate the association between UHI exposure and PTB, adjusting for potential confounders
including maternal characteristics and environmental factors.

Results: Consistent and statistically significant associations between UHI exposure and PTB were observed up to
21 days before birth. A 5 °C increment in UHI exposure was associated with 27 % higher risk (OR = 1.27, 95 %
confident interval: 1.20, 1.34) of preterm birth in lagged day 1. Stratified analysis indicated that the associations
were more pronounced in participants who were older, had higher pre-pregnancy body mass index level, of
higher socioeconomic status and living in greener areas.

Conclusion: Maternal exposure to UHI was associated with increased risk of PTB. These findings have implications
for developing targeted interventions for susceptible subgroups of pregnant women. More research is needed to
validate our findings of increased risk of preterm birth due to UHI exposure among pregnant women.

Abbreviations: API, application programming interface; BMI, body mass index; CI, confidence interval; GIS, geographical information system; GLMER, generalized
linear mixed-effects model; HIV, human immunodeficiency virus; MODIS, moderate resolution imaging spectroradiometer; NDVI, normalized difference vegetation
index; OR, odds ratio; PM, s, particulate matter < 2.5 pm in diameter; PTB, preterm births; SD, standard deviation; SES, socioeconomic status; UHI, urban heat island.
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X. Xiao et al.
1. Introduction

The urban population has grown rapidly during the past decades and
approximately 68 % of the total population is projected to lead their
lives in urban areas worldwide by 2050 (United Nations, 2018). Rapid
urbanization has inevitably altered the urban environment, including
loss of vegetation and the increase of concrete and roads, which leads to
the urban heat island (UHI) effect (Seto et al., 2012). The term urban
heat island (UHI) refers to the higher temperatures of cities compared
with surrounding areas. In a warming, urbanizing world, the UHI effect
could exacerbate extreme heat exposure by increasing the intensity and
duration of heat waves, especially among urban dwellers (Ward et al.,
2016). The UHI can pose potential health risks by altering the meteo-
rology, air pollutant emission rates, pollutant transport, and photo-
chemistry (Ulpiani, 2021).

Previously published literature, including several national and multi-
country studies, has suggested associations between heat exposure and
morbidity and mortality (Gasparrini et al., 2015; Gronlund et al., 2014;
Ma et al., 2015; Son et al., 2016; Ye et al., 2012). However, pregnant
women, who might be more vulnerable to temperature extremes (i.e.,
cold and heat extremes) (Bekkar et al., 2020), have received compara-
tively less attention (He et al., 2016; Son et al., 2022). More recent
studies have revealed that exposure to temperature extremes during
pregnancy could trigger the occurrence of preterm birth (PTB; defined as
less than 37 complete weeks of gestation), which is a well-documented
risk factor for both acute infant morbidity and mortality, and long-term
physical, behavioral and cognitive development problem (Saigal and
Doyle, 2008).

Despite the potential health risk due to UHIs, very few studies have
investigated the associations between UHI effects and health outcomes.
The UHI effect is typically measured by the temperature difference be-
tween urban and rural areas, known as UHI intensity (i.e., the excess
temperature exposure). The UHI effect leads to excess temperature in-
crease in urban areas, resulting in higher intensity and longer duration
of heatwaves in cities (Ward et al., 2016). The UHI can affect almost
every urban area (Stewart and Oke, 2012), and furthermore, recent
studies also demonstrated that UHI varies within cities due to differ-
ences in land use pattern and population density (Ho et al., 2023; Shi
et al.,, 2018). However, it can be challenging to accurately measure
individual-level exposure to UHIs within a city. The lack of intra-city
exposure assessment can pose difficulties for epidemiological studies
attempting to identify potential associations, particularly in small
studies involving a limited number of cities, partially due to an insuffi-
cient exposure gradient and a potentially high possibility of exposure
misclassification and confounding.

To date, numerous studies have employed sophisticated techniques
to create high spatiotemporal resolution (e.g., 0.5 ~ 1 km) grid tem-
perature data (Zhang et al., 2022) and land use data (Sulla-Menashe
et al., 2019). These datasets enable researchers to quantify the tem-
perature differential between residential addresses at individual level
within cities. In addition, using individual-level UHI exposure could be
of great importance and will advance our understanding of the adverse
impacts of UHIs on human health at a more granular level. The infor-
mation can be helpful in identifying vulnerable populations within cities
and informing targeted urban policies and public health interventions to
adapt to those risks. To date, to the best of our knowledge, no such study
investigating individual UHI exposure and PTB has been conducted.

In this study, we aimed to develop standardized methods to assess
individual-level UHI intensity and further explore the potential associ-
ation between UHI intensity and PTB using a nationwide birth cohort
database in China.
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2. Methods
2.1. Study population

The nationwide prospective birth cohort, China Birth Cohort Study
(CBCS), aimed at investigating risk factors for birth defects and devel-
oping strategies for their reduction. (Supplementary Materials,
Figure S1). Detailed information has been published elsewhere (Yue
et al., 2022). Briefly, pregnant women who visited the hospitals were
invited to this study, and those who agreed to participate provided
informed consent and completed questionnaires on demographic char-
acteristics, socioeconomic status (education and income level), lifestyle,
living environments, housing, and neighborhood information (including
residential address). After recruitment to the study, the participants had
at least one additional follow-up during the remaining period of their
pregnancy. After delivery of the newborns, trained investigators con-
ducted the final follow-up to obtain the most recent information related
to residential surrounding environments and reproductive history. Birth
records were obtained through the registry systems. The study was
conducted in accordance with the Declaration of Helsinki and in
accordance with local statutory requirements. The cohort study protocol
was approved by the Ethics Committee of Beijing Obstetrics and Gyne-
cology Hospital, Capital Medical University (Approval no.: 2018-KY-
003-02). Details about the recruitment process are presented in
Figure S2 (Supplementary Materials).

2.2. Address geocoding

Residential addresses in this study were organized based on the
official administrative divisions established by the government. Prior to
admission to the hospital, participants were required to provide detailed
and properly formatted residential addresses for the hospital registra-
tion system. During pregnancy, residential addresses were obtained at
each follow-up visit and then confirmed at the time of delivery. We
utilized an Application Programming Interface (API) provided by Auto
Navi Map, which is equivalent to Google Maps in China, to geocode
addresses. The geocodes of these addresses (i.e., geographical co-
ordinates) were further used as point locations in the assessment of UHI
intensity.

2.3. PTB definition

PTB was defined as < 37 completed gestational weeks (WHO, 2012).
Gestational age was measured in days using the date of the last men-
strual period in combination with confirmatory ultrasound
examinations.

2.4. Temperature and land cover datasets

We retrieved temperature and land use datasets for the entire study
period of 2017 to 2020. The daily temperature data at a resolution of 1
km were obtained from Zhang et al. (2022), who used a spatiotemporal
gap-filling framework to generate a seamless global 1 km daily land
surface temperature dataset (mid-daytime and mid-nighttime) from
2003 to 2020. This dataset was based on standard MODIS products such
as MOD11A1 and MYD11A1. The details have been previously described
elsewhere (Zhang et al., 2022). This globally seamless temperature data
were available at two time points (namely, 1:30 AM and 1:30 PM local
time), and we used mid-daytime temperature data (i.e., 1:30 PM local
time) for our analysis.

Land cover data at a resolution of 500 m from 2017 to 2020 were
retrieved from MODIS land use products (MCD12Q1) (Sulla-Menashe
and Friedl, 2018), using the online Data Pool tool at the NASA Land
Processes Distributed Active Archive Center. We adopted the IGBP (In-
ternational Geosphere Biosphere Program) global vegetation classifica-
tion scheme, which defined urban areas as those with at least 30 %
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impervious surface area, including building materials, asphalt, and ve-
hicles. The land cover data were pre-processed (e.g., reprojection and
resampling) using the nearest-neighbor method (Raptis et al., 2003) to
ensure consistency in grid size and spatial reference across all the
retrieved datasets.

2.5. UHI assessment

According to its definition, UHI effect can be quantified by the
temperature difference between central urban areas and surrounding
suburban or rural areas. In this study, we have taken a pioneering step
by introducing an individual-level UHI assessment approach. This
unique method involves quantifying the individual-specific temperature
variance between a participant’s urban residence and the adjacent
suburban or rural areas. To further detect the UHI effect at individual
level, we implemented a novel framework by using the Geographical
Information System (GIS) tools in R and ArcPy. The algorithm frame-
work is shown in Fig. 1.

Briefly, we geocoded the residential addresses of study participants
and classified them as urban or non-urban based on land cover data from

Temperature data
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MODIS. We then created two separate circular buffers (initially, within
1.5 km radius and 15 km radius, respectively) to represent the actual
temperature that affects people and its surrounding temperature, and
labeled all temperature data grids as either urban or non-urban. If the
number of identified grids within each buffer was less than 9 and 81 (i.e.,
3 x 3and 9 x 9 grids), respectively, an iteration program was applied to
enlarge the radius by the step of 0.1 km and 1 km, respectively, at one
time until a sufficient number of labeled grids were identified. This was
done to ensure that the data used to calculate the results was not
dominated by just a few temperature grids. Within the urban buffer, we
used only temperature data grids that fell into the ‘urban’ class to
calculate the average temperature, and similarly within the non-urban
buffer, only ‘non-urban’ temperature data grids were used to calculate
the average non-urban temperature.

For an urban address, the average temperature in the smaller buffer
was considered as urban temperature (T,), and that in the larger buffer
was considered as corresponding surrounding non-urban temperature
(Tp). A similar procedure was followed for non-urban addresses, except
that T, was calculated using the smaller buffer and T, was calculated
using the larger buffer. Finally, the individual-level UHI intensity was

Landcover data

Resampling and labeling

Residential
addresses

]
1
Geocoding ->i
1

Repeated Lag 0~20 day

Fig. 1. Flowchart of individual Urban Heat Island exposure assessment.
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calculated as the difference between T, and T, Each individual’s
exposure to UHI was meticulously calculated through the labeling of
temperature grids, precise geo-referencing using land cover datasets,
and potentially additional iterations to ensure a sufficient number of
temperature grids were available for a robust assessment. For each
recorded birth, the UHI intensity was computed using the aforemen-
tioned procedure for every day leading up to the onset date of birth, with
a retrospective window of 21 days (i.e., lag 0d to lag 20d), which was
limited by the substantial computational overhead associated with the
calculation of UHI intensity. The average level of UHI during one, two
and three weeks prior to birth (i.e., lag 1w to lag 3w) was also
calculated.

2.6. Statistical analyses

We estimated the association between PTB and UHI intensity using
generalized linear mixed-effects models (GLMER). To account for po-
tential unmeasured clustering in our data, province was used as the
random effect term in the GLMER models. For the dichotomous birth
outcome PTB, we used logit link functions in the model, as done in
previous studies (Bravo and Miranda, 2022; Cai et al., 2020; Luo et al.,
2022; Xiao et al., 2022).

To adjust for potential confounding variables, we included a range of
covariates in the models, such as: 1) maternal characteristics, including
age (years), pre-pregnancy body mass index (pre-BMI) (kg/m?), income
level (CNY per year), education level (High school or lower vs, higher
education), ethnicity (Hans vs. others), environmental tobacco smoke
exposure (Yes vs. No); 2) sex of the child (male or female) and month of
birth; 3) residential neighborhood variables, including residential type
(urban vs. non-urban), living within 100 m of main roads (proximity to
main roads; yes vs. no), household use of air purifier (yes vs. no), self-
reported residential noise disturbance (yes vs. no); 4) average normal-
ized difference vegetation index in 500 m radius buffer (NDVILsoom),
temperature (°C) and particulate matter < 2.5 um in diameter (PMj s5)
levels (ug/m®) during the third trimester of pregnancy. We adjusted for
temperature and PMj 5 exposure during the third trimester because our
previous findings (Xiao et al., 2023) suggested significant associations
between exposure to temperature and air pollutants during the third
trimester of pregnancy. By adjusting for these variables, our intention
was to isolate the specific effect of UHI exposure on PTB and minimize
the potential confounding.

We first built the base model, which only included UHI exposure,
residential type and province-level random effects term. Furthermore,
we fitted a fully adjusted model in which all the confounders were
included. Residential greenness, which potentially modifies the expo-
sure to UHI, was further used as an effect modifier in the stratified
analysis, and effect modification was tested by including an interaction
term with UHI in the model. We also examined the confounding effect of
each covariate in the models by adding sets of covariates at a time until
reaching the fully adjusted model. To investigate whether UHI effects
may vary by season, we also stratified our analysis by cold/warm season.

All statistical analyses in this study were conducted in R software
(version 4.2.2), using the “lmer” package for generalized mixed-effect
regression. All statistical tests were two-sided, and P-values < 0.05
were considered statistically significant. We present effect estimates as
odds ratios (OR) with 95 % confidence intervals (CIs) for PTB associated
with a 5-degree Celsius increase in UHI intensity.

3. Results
3.1. Characteristics of participants

A total of 103,040 birth records were included in the analysis.
Table 1 summarizes the maternal covariates, including birth outcomes

and environmental exposures, stratified by PTB. The average gestational
age at delivery was 274.6 days (39.2 weeks), with 6.2 % (n = 6388) of
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Table 1
Characteristics of participants in the study.
Variable Mean + SD, n (%) P*
Total Term birth Preterm
birth
(n= (n= (n = 6388)
103040) 96652)
Mothers
Age (years) 30.7 £ 5.0 30.7 £ 5.0 31.2+ 4.9 <

0.001
Pre-pregnancy BMI (kg/ 21.8+ 3.6 21.8+3.6 22.1+3.7 <
m?) 0.001

Gestational age (days) 274.6 + 276.6 £7.9  243.7 + <
11.8 16.5 0.001
Ethnicity (Han) 85,943 80,574 5369 (84.0 0.16
(83.4 %) (83.4 %) %)
Education level <
0.001
Middle High school or 56,125 52,416 3709 (58.1
lower (54.5 %) (54.2 %) %)
Higher education 46,915 44,236 2679 (41.9
(45.5 %) (45.8 %) %)
Annual family income <
(CNY) 0.001
< 100,000 31,415 29,275 2140 (33.5
(30.5 %) (30.3 %) %)
100000 ~ 400000 61,352 57,673 3679 (57.6
(59.5 %) (59.7 %) %)
> 400,000 10,273 9704 (10.0 569 (8.9 %)
(10.0 %) %)
Environmental tobacco 41,270 38,632 2638 (41.3 0.037
exposure (40.1 %) (40.0 %) %)
Sex of newborn (boys) 53,650 50,085 3565 (55.8 <
(52.1 %) (51.8 %) %) 0.001
Environmental factors
Residential type (Urban) 90,504 85,119 5385 (84.3 <
(87.8 %) (88.1 %) %) 0.001
Use of air purifier (yes) 23,132 21,821 1311 (20.5 <
(22.4 %) (22.6 %) %) 0.001
Proximity to main road 32,685 30,670 2015 (31.5 0.764
(yes) (31.7 %) (31.7 %) %)
Noise disturbance (yes) 5924 (5.7 %) 5558 (5.8 366 (5.7 %) 0.966
%)
NDVLsp0m 0.31 £0.12 0.31 £0.12 0.30 £ 0.12 0.026
PM, s (pg/ms)"‘ 37.7 £17.9 37.8 £17.7 36.2 + 20.6 <
0.001
Temperature (°C)” 16.4 +£ 9.4 16.4 + 9.4 16.7 £ 9.7 0.001

Abbreviations: BMI, body mass index; CNY, Chinese yuan; NDVI, normalized
difference vegetation index; PM, s, particulate matter < 2.5 pm; SD, standard
deviation.

" P-values were derived using two-sample t-tests for continuous variables and
chi-squared test for categorical variables.

@ Exposure level in the third trimester of pregnancy.

newborns born preterm. Compared with term births, women who
delivered preterm were slightly older (P < 0.001), had higher pre-
pregnancy BMI (P < 0.001), and belonged to a lower socioeconomic
status (SES), such as income (P < 0.001) and education level (P <
0.001). Women who delivered preterm also had a slightly higher rate of
environmental tobacco exposure (P = 0.037). No significant differences
were observed in ethnicity (P = 0.160), self-reported proximity to main
road (P = 0.764) or self-reported noise disturbance (P = 0.966) between
the two groups of women.

3.2. Exposure to UHI and associated risks for PTB

Participants residing in urban areas were exposed to an average of
2.8 °C (standard deviation, [SD]: 2.6 °C) higher temperature than par-
ticipants living in non-urban areas (Table 2), and this pattern was
similar across different lagged days and lagged windows (Fig. 2). UHI
exposure was associated with vegetation index (NDVLsgom) (Supple-
mentary Material, Figure S3), socioeconomic status (income and
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Table 2
Results of UHI intensity stratified by residential type.

UHI intensity (°C) mean Overall Non-urban Urban P-test*

(SD)

lag 1w 2.58 —-3.54 2.80 < 0.001
(2.61) (2.54) (2.33)

lag 2w 2.58 —3.54 2.80 < 0.001
(2.58) (2.51) (2.30)

lag 3w 2.59 —-3.55 2.81 < 0.001
(2.57) (2.48) (2.28)

lag 1 ~ 2w 2.59 —-3.54 2.81 < 0.001
(2.60) (2.53) (2.32)

lag 2 ~ 3w 2.60 —3.58 2.82 < 0.001
(2.60) (2.52) (2.31)

lag 0d 2.61 —3.56 2.83 < 0.001
(2.83) (2.84) (2.57)

lag 1d 2.61 -3.61 2.84 < 0.001
(2.83) (2.81) (2.56)

lag 2d 2.61 —3.58 2.83 < 0.001
(2.83) (2.86) (2.56)

lag 3d 2.61 —3.61 2.83 < 0.001
(2.81) (2.83) (2.54)

lag 4d 2.61 —3.58 2.83 < 0.001
(2.81) (2.78) (2.54)

lag 5d 2.61 -3.61 2.83 < 0.001
(2.83) (2.85) (2.56)

lag 6d 2.62 -3.60 2.84 < 0.001
(2.82) (2.76) (2.55)

lag 7d 2.61 —-3.62 2.84 < 0.001
(2.82) (2.80) (2.55)

lag 8d 2.62 —-3.54 2.84 < 0.001
(2.81) (2.79) (2.54)

lag 9d 2.62 —3.56 2.84 < 0.001
(2.80) (2.80) (2.54)

lag 10d 2.62 -3.59 2.85 < 0.001
(2.80) (2.78) (2.53)

lag 11d 2.60 —-3.55 2.82 < 0.001
(2.82) (2.82) (2.56)

lag 12d 2.60 —3.51 2.82 < 0.001
(2.82) (2.91) (2.56)

lag 13d 2.60 —3.58 2.82 < 0.001
(2.81) (2.84) (2.55)

lag 14d 2.59 -3.57 2.81 < 0.001
(2.81) (2.83) (2.55)

lag 15d 2.61 —-3.55 2.83 < 0.001
(2.81) (2.88) (2.549)

lag 16d 2.60 -3.60 2.82 < 0.001
(2.80) (2.82) (2.53)

lag 17d 2.60 —3.54 2.82 < 0.001
(2.79) (2.73) (2.53)

lag 18d 2.60 —3.61 2.82 < 0.001
(2.80) (2.78) (2.53)

lag 19d 2.59 -3.61 2.82 < 0.001
(2.80) (2.79) (2.53)

lag 20d 2.61 -3.59 2.83 < 0.001
(2.81) (2.79) (2.54)

* P-tests were derived using two-sample t-tests.
“Abbreviations: SD, standard deviation; UHI, urban heat island.

education level), and self-report neighborhood variables, i.e., proximity
to main roads, residential noise disturbance and domestic use of air
purifier (Supplementary Material, Table S1). The associations between
UHI and PTB are shown in Fig. 3. UHI exposure in the 21 days leading up
to birth was associated with increased odds of PTB. Specifically, we
found that each 5-degree increment in UHI intensity was associated with
adjusted OR of 1.06 (95 % CI: 0.99, 1.14), 1.27 (95 % CI: 1.20, 1.34), and
1.23 (95 % CI: 1.15, 1.32) for lagged 0 day, lagged 1 day and lagged 1
week, respectively. We did not find a significant association for the day
of birth (lag 0).

3.3. Sensitivity analysis

We excluded the non-urban dwellers (approximately 12 percent of
the participants resided in non-urban areas) in the sensitivity analysis
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(Table S2 and Figure S4). The effect estimates from the adjusted models
attenuated slightly whereas the OR reached statistical significance for
the base model. When we included births in warm seasons only (i.e.,
May to October), we found that the associations observed in main
analysis were mainly driven by births in warm seasons, but we did not
find evidence of UHI mitigating the risk during colder periods. (Sup-
plementary Material, Table S3). In addition, we also used incremental
models to examine how the associations between UHI and PTB changed
with the inclusion of the other variables. Fig. 4 illustrates that the in-
clusion of maternal factors narrowed the confident interval significantly,
compared to the inclusion of residential factors, PMjy 5 and temperature
in third trimester.

3.4. Stratified analysis

The interaction of UHI exposure with maternal age, maternal edu-
cation and pre-pregnancy BMI were consistently statistically significant.
The results for lag 1 day are presented in Fig. 5, with the results of the
other lagged days in Supplementary Files (Figure S5-S11). We found
higher effect estimates of UHI exposure for mothers who were older,
with higher pre-pregnancy BMI level, higher education level and resided
in areas with higher vegetation index.

4. Discussion

In the study of a nationwide birth cohort with 103,040 participants
in China, we used standardized methods to assess individual-level
exposure to UHI and examined the association between UHI exposure
and the risk of PTB. We found that urban residents were exposed to an
average of 2.8 °C higher temperature than non-urban residents. A 5-de-
gree increment in UHI (lag 1d) was associated with a 27 % increased risk
for PTB. Higher effects were observed for mothers older than 30 years of
age, of higher SES and living in areas with higher NDVLsgom (greener
areas).

To the best of our knowledge, this is the first study that utilized in-
dividual exposure assessment approach to study the association between
UHI exposure and PTB. We performed additional analyses to investigate
the relationship between UHI exposure and urban and non-urban resi-
dence, as well as self-reported residential variables. Urban residents had
overall positive UHI values, while non-urban residents had negative UHI
values, indicating that our method was able to accurately identify the
UHI exposure among urban and non-urban participants. Additionally,
we found that UHI exposure was positively correlated with proximity to
main traffic roads and self-reported noise disturbance (Supplementary
File, Table S1). Specifically, participants living within 100 m of main
traffic roads had an average UHI exposure 0.4 degrees Celsius higher,
while those reporting noise disturbance tended to have an average UHI
exposure 0.5 degrees Celsius higher. Many health studies have also used
proximity to major roads as a proxy for urban environment (Cakmak
et al., 2019; Willis et al., 2021; Yao et al., 2021; Yu et al., 2021), and
noise exposure might also be associated with living in urban areas
(Rudolph et al., 2019). These findings suggest that UHI is associated
with these urban environment variables, further supporting the validity
of our individual exposure assessment method.

Numerous previous studies in China (Ren et al., 2022), the United
States (Son et al., 2022; Sun et al., 2020), Korea (Son et al., 2019) and
Italy (Asta et al., 2019) have suggested strong associations between
exposure to heat extremes during pregnancy and risk for PTB. Such as-
sociations have also been replicated in a global analysis of 14 low- and
middle-income countries (McElroy et al., 2022). A recent systematic
review from the United States reported that 4 studies in the US identified
increased risk (OR ranging from 1.086 to 1.21) of PTB (Bekkar et al.,
2020), and a meta-analysis of data from 27 countries concluded that a
1 °C increment in temperature was associated with an increased odds of
PTB (OR:1.05, 95 % CI: 1.03 to 1.07) (Chersich et al., 2020). Previous
studies also suggested that heat stress during pregnancy can lead to an
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Fig. 2. Distribution of lagged individual UHI exposure in urban and non-urban participants.
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Fig. 3. Associations between lagged individual UHI exposure and preterm birth. Footnote: Base model: Model was only adjusted for residential type and random
effect term (province). Adjusted model: Additionally adjusted for maternal age, pre-pregnancy BMI, month of birth, education level, ethnicity, environmental tobacco
exposure, residential NDVI, noise disturbance, proximity to main roads, home use of air purifier, average PM, s and temperature during the third trimester
of pregnancy.

increase in the production of antidiuretic hormone (ADH) and oxytocin catabolic states, potentially leading to an increased risk of PTB (Wang
(OT), as well as dehydration (Dreiling et al., 1991; Stan et al., 2013). etal., 2020). Although not all of these studies used similar heat exposure
These physiological responses may contribute to a reduction in uterine metrics, collectively, the literature suggests a higher risk of PTB due to
blood flow and a shift in fetal metabolic pathways from anabolic to heat exposure. Moreover, it has been suggested that UHIs might



X. Xiao et al.

Lagged by Day

H

' 09-
13d

1d 7d

Environment International 183 (2024) 108356

Lagged by Week

Adjustment
- Base model
+ Personal factors
+ Residential factors
4 + Temperature
M +PM;s

' ' '
0~1w 0~2w 1~2w

Lagged UHI exposure (per 5°C increase)

Fig. 4. Associations between individual UHI exposure and preterm birth in accumulating adjusted models. Footnote: Personal factors include maternal age, pre-
pregnancy BMI, ethnicity, income, education level, environmental tobacco exposure and birth of month; Residential factors include residential NDVI, home use
of air purifier, proximity to main roads and noise disturbance; PM; s and temperature: average values in the third trimester of pregnancy.

Associations between UHI (lagged 1d) and PTB

Subgroup OR (95% ClI) P
Maternal age 0.0034
< 30 —=— 1.20 (0.87, 1.67)
= 30 —— 1.35(0.91, 1.98)
Pre-pregnancy BMI < 0.0001
=185 —— 1.12 (0.64, 1.96)
18.6 ~ 23.9 —— 1.11 (0.66, 1.90)
=24 —— 1.37 (0.99, 1.91)
Education level 0.0146
High school or lower == 1.13 (0.86, 1.49)
Higher education | = { 2.01(1.08, 3.74)
Residential NDVI 0.0005
< median —_ — 0.90 (0.36, 2.26)
> median - 1.31(1.01, 1.70)
T T T T
05 1 15 2 25 3 35

Fig. 5. Stratified associations between individual UHI exposure (lagged 1 day) and preterm birth. Footnote: *P-value for the interaction term. OR adjusted for
residential type and random effect term (province), maternal age, pre-pregnancy BMI, month of birth, education level, ethnicity, environmental tobacco exposure,
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intensify the adverse effects of high temperatures on health, thereby
increasing health risks in vulnerable populations (Iungman et al., 2023),
but to the best of our knowledge, no available literature has studied and
reported the risk directly associated with UHIL.

Our study brought to attention the potential alleviated risk of pre-
term birth resulted from UHI exposure. We found approximately 1.2-
fold odd of preterm birth per 5 °C increment in the assessed UHI in-
tensity. The effect was slightly attenuated but still statistically robust,
after we further excluded 12,891 participants living in non-urban areas.
The current climate crisis is projected to increase the global temperature
by around 4 — 4.5 °C by the end of this century (Masson-Delmotte et al.,
2018), and the UHI effect will exacerbate the impact of climate change
in urban settings (Chapman et al., 2017; Estrada and Perron, 2021),
potentially posing greater risks to human health in cities. By adjusting
our models with average temperature exposure during pregnancy, we
still observed association between UHI and PTB, which partially in-
dicates that the excess temperature increase due to UHI might even pose
additional risks to human health.

In line with previous research indicating associations between tem-
perature and PTB (He et al., 2016; Li et al., 2018; Zheng et al., 2018), our
study found that births occurring in warm seasons exhibited stronger
associations with PTB compared to the overall analysis. This observation
suggests that the effects we observed in our main analysis may be
dominated by births in warm seasons. One possible explanation for this
pattern is that UHI in warm seasons can exacerbate temperature con-
ditions, pushing them towards more extreme levels that have been
associated with adverse birth outcomes. In contrast, UHI in cold seasons
may modify temperatures towards more comfortable conditions,
potentially mitigating the risks of PTB. However, it is worth acknowl-
edging that neither the results for warm seasons nor cold seasons
reached statistical significance in our study, potentially due to the
limited statistical power resulting from dividing the dataset into sub-
groups, so that the aforementioned explanation is highly speculative.
One previous study found similar warm/cold season pattern (Zhong
et al., 2018), which is in line with our explanations. In addition, limited
by the computational overhead, we were unable to conduct the UHI
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assessment throughout the whole pregnancy, but some previous studies
have suggested that PTB might be associated with ambient temperature
during conception month and the third trimester (Zheng et al., 2018).
Therefore, further research with larger sample sizes and a specific focus
on seasonal variations and exposure window is needed to better un-
derstand the relationship between UHI, temperature extremes, and
preterm birth outcomes.

We also found that the risk for PTB was higher for mothers older than
30 years of age. Advanced maternal age has been identified as a risk
factor for increased incidence of gestational diabetes mellitus (GDM)
(Lao et al., 2006; Lee et al., 2023; Li et al., 2020), hypertension (Car-
penter, 2007) and placental dysfunction (Lean et al., 2017). These fac-
tors could increase pregnant women’s susceptibility to the adverse
effects of UHI exposure. However, in contrast to previous studies that
found low SES could exacerbate poor pregnancy outcomes (Noelke et al.,
2019; Son et al., 2019), we found that higher SES participants might be
at higher risk pf PTB from UHI exposure. This discrepancy could be
partially explained by the fact that urban/rural status is highly corre-
lated with SES in China (Wang et al., 2012), and that people in higher
SES tend to live closer to prosperous areas of inner cities (Chen et al.,
2016). In this context, it could be anticipated that UHI as well as other
urban related health stressors could result in more adverse health out-
comes, especially in rapidly urbanized, low- and middle-income
countries.

We also found a stronger association between UHI for PTB in par-
ticipants living in greener areas. The current literature is inconsistent
regarding the ability of greener areas to modify the association between
UHI and PTB. Some studies have suggested that residential greenness
may contribute to lower associations between heat and preterm birth
(Sun et al., 2020), however, a study in Rome reported higher risk of
preterm birth from heat exposure in women living within 100 m from
green spaces compared to women living beyond 500 m (Asta et al.,
2019). A study in South Korea did not find significant difference of the
heat effect on PTB by residential greenness (Son et al., 2019). Although
it was suggested that greenness can influence ambient temperature
through cooling effects by transpiration, shading, and convection
(Kloog, 2019) and thus may mitigate the urban heat island, other
complex factors, such as the actual use of the green space in cities, and
behaviors (e.g., green space may relate with higher maternal outdoor
activities resulting in increased exposure to heat) could also underline
the observed differences (Son et al., 2022). As we did not collect infor-
mation on the actual use pattern of green spaces, we were unable to test
the proposed hypothesis. Future studies that collect the behavior pat-
terns related to green space in urban areas are warranted.

Our study has several strengths. It is the first study to utilize an in-
dividual exposure assessment approach to study the association between
UHI exposure and PTB. We developed and used standardized methods to
assess individual UHI by combining residential addresses and tempera-
ture datasets, which may have implications for future studies. In addi-
tion, the comparison of UHI effect was performed at individual level,
which could also minimize the likelihood of exposure misclassification.
This approach is also promising for conducting analysis within a single
city. However, the limitations of the study include the fact that, although
we adjusted for many covariates that may affect the observed associa-
tion between UHI and preterm birth, other unmeasured confounding
factors may remain. Second, even though we adjusted the models for
temperature exposure to minimize the potential confounding by tem-
perature, the observed associations between UHI and PTB might still be
affected, due to the uncontrolled residuals. Third, our analysis was un-
able to account for the potential influence of multiple births within the
same pregnancy, as the information indicating singleton or multiple
births is lacking. It is important to note, however, that multiple births
constitute a relatively small proportion of all births, estimated at less
than 5 % (Collins, 2007).Therefore, we believe its potential impact on
our results may be relatively limited. Forth, we were unable to perform
additional analysis to evaluate the critical exposure window throughout
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the whole pregnancy due to the vast data and computation overhead.
Future studies in smaller regions could consider the investigation of the
exposure window. In addition, we evaluated the association between
PTB and each lag separately, which might not adequately account for
potential non-linear exposure-response associations or relationships
between lag days.

5. Conclusion

In this nationwide cohort study, we employed an innovative
individual-level approach to assess UHI exposure and investigate its
associated risks for PTB. This study provides evidence that maternal
exposure to urban heat island effect in cities is associated with an
increased risk of preterm birth. Stronger effects were observed for
mothers older than 30 years of age, with higher SES and living in greener
areas. These findings have implications for developing targeted in-
terventions for susceptible subgroups of urban mothers. Better un-
derstandings of underlying mechanisms linking urban environment
structure to urban heat island is essential for adaptation. More research
is needed to validate our findings of the increased risk of preterm birth
due to UHI exposure among pregnant women.
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