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Abstract 

Background Several studies have reported that climate change elevates heat exposure in pregnant women 
and high temperatures during pregnancy are associated with preterm births (PTBs). Although the association might 
be disproportionate, related evidence remains sparse. We evaluated the disproportionate risk of PTB associated 
with ambient temperature during pregnancy by individual and regional characteristics in South Korea.

Methods We collected data on birth certificates and daily mean temperatures during the period from 2011 to 2019. 
A time-stratified case-crossover design was used to investigate the association between temperature and PTB 
and stratified analyses were conducted to examine the effect modification of individual and regional characteristics.

Results A total of 160,067 singleton PTBs were recorded in Korea from 2011 to 2019. A 5℃ increase in the mean 
temperature during the last four weeks before delivery was associated with an increased risk of PTB with an odds ratio 
(OR) of 1.03 (95% confidence interval [CI]: 1.02, 1.05), and the association was more evident in mothers aged ≥35 years 
(OR: 1.06 [95% CI: 1.03, 1.10]) and with low education levels (OR: 1.04 [95% CI: 1.02, 1.05]). Additionally, the estimated 
risk was evident in districts with lower medical resources and more prominent disparities were shown by individual 
and regional characteristics in rural areas than in urban areas.

Conclusions This study provides evidence that the risk of PTB related to ambient temperature is disproportionate 
by individual and regional characteristics and suggests the need for public health policies to alleviate the disparities, 
especially in rural areas.
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Introduction
Global warming has been considered a threat to human 
health as well as an environmental emergency leading to 
concern for the necessities of life [1, 2]. Increasing tem-
perature is associated with women`s health and pregnant 
women are an especially at-risk population vulnerable to 
the adverse health effects [3, 4]. Emerging evidence sug-
gests that high ambient temperatures are also associated 
with adverse pregnancy outcomes such as preterm birth 
(PTB) and low birthweights [5–7].

Among the adverse birth outcomes, PTB, defined as the 
birth of an infant before less than 37 completed weeks, 
is a leading global cause of neonatal mortality and mor-
bidity in children under five years of age [8]. The World 
Health Organization has estimated that in 2019 nearly 1 
in 10 births were preterm, which equated to almost 13.4 
million births worldwide [9]. Sequelae of PTB, such as 
respiratory distress syndrome and bronchopulmonary 
dysplasia, can create cascading and interrelated neurode-
velopmental disability, social and emotional problems, 
learning difficulties, and cognitive impairment through-
out childhood continuing even into adulthood, thereby 
leading to high incurred cost burdens for care [8].

Since it is important to identify the determinants of 
PTB for prevention and control, previous studies have 
tried to establish a causal association between potential 
risk factors and PTB. Although previous studies have 
investigated the associations between PTB and high 
ambient temperature, discrepancies remain across these 
studies [4, 10–12]. These varying results could be related 
to numerous contributing factors (at the individual or 
regional level), which modify the effect of ambient tem-
perature on PTB, including maternal age, maternal socio-
economic status, regional urbanicity, and greenness. Only 
a few studies have investigated the role of greenness and 
medical resources as an effect modifier on associations 
between heat exposure during pregnancy and PTB, but 
their findings were inconclusive [13–16]. Furthermore, 
women living in rural areas are more likely to face health 
disparities compared to those in urban areas because of 
the geographical isolation, limited healthcare resources, 
and limited job opportunities in rural areas [17]; thus, the 
disproportionate risk of PTB associated with the ambi-
ent temperature needs to be investigated within both 
rural and urban areas. To the best of our knowledge, the 
effect modification of medical resources in the associa-
tion between temperature and PTB has been rarely inves-
tigated in previous studies and there is no research on 
the individual and regional disparities concerning tem-
perature-related PTB risk within each rural and urban 
area. Thus, identifying potential effect modifiers in the 
association between ambient temperature and PTB and 
examining the related disparities within rural and urban 

areas can provide meaningful evidence for public health 
to manage PTB-related inequality.

Therefore, the aim of this study is to estimate the asso-
ciation between ambient temperature during pregnancy 
and PTB by applying a time-stratified case-crossover 
design using a nationwide registry and to identify indi-
vidual and regional characteristics leading to disparities 
in the risk of PTB associated with the ambient temper-
ature within the rural and urban areas of South Korea 
(hereafter, Korea).

Methods
Study design and population
This study applied a time-stratified case-crossover design 
to investigate the association between exposure to ambi-
ent temperature during pregnancy and PTB in Korea. 
This design is a case-only within-person comparison; 
therefore, there is no need to adjust for unmeasured 
time-invariant individual characteristics [18]. Each PTB 
case was matched to three or four controls on the same 
day of the week in the same month (Fig. S1).

We collected birth certificate data from the Korea 
National Statistical Office from January 1, 2011 to 
December 12, 2019. The data included the date of each 
birth, the mother’s residential address, the infant’s sex, 
gestational age, parity, maternal age, and education level. 
Of the total 3,659,637 births in Korea during the study 
period, we restricted the study participants to 3,315,268 
singleton births where the nationality of the parents was 
Korean. PTB was defined as a live birth whose gestational 
age was between ≥ 20 weeks and < 37 weeks. Overall, 
160,067 PTBs were included in the analysis (Fig.  1). In 
addition, we defined the following sub-categories of PTB 
based on gestational age: late (34 to 37 weeks), moderate 
(32 to 34 weeks), very (28 to 32 weeks), and extreme (20 
to 28 weeks) PTB [19].

Exposure variables
We obtained data on the daily mean temperature for all 
229 districts (corresponding ZIP code spatial resolution 
of the USA) of Korea for the period of 2011–2019 from 
the Korean Meteorological Office. Real-time hourly tem-
perature data were provided at the level of “dong,” which 
is a smaller administrative region than a district. The 
daily mean temperature was averaged across all dongs for 
each day in each of our study districts. We also collected 
the particulate matter ≤10μm  (PM10) concentration from 
the Korea Ministry of Environment to adjust for in the 
model, because an increased risk of PTB was associated 
with exposure to  PM10 [20]. The  PM10 concentration was 
measured hourly from single or multiple monitoring sta-
tions for each district. For districts with multiple moni-
tors, we averaged monitor-specific values to generate 
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district-level concentrations. Daily  PM10 concentrations 
were averaged across the monitoring station for each day.

District‑level indicators
We collected six district-level indicators during the study 
period. These variables partly explain the (1) urbanization 
(population density), (2) greenness (park area per person 
and enhanced vegetation index [EVI]), and (3) medical 
resource (# obstetrics and gynecology [OB/GYN] spe-
cialists per 1,000 persons, emergency room [ER] utiliza-
tion rate within standard time, and delivery room [DR] 
utilization rate within standard time) of each district. 
Using a population density variable, we defined rural and 
urban areas based on a median value of the population 
density according to previous studies [21]. We chose EVI 
as a greenness indicator instead of a normalized differ-
ence vegetation index (NDVI) in this study because the 
EVI is similar to the NDVI, but it additionally corrects 
for some atmospheric conditions and canopy background 
noise [22]. We could not obtain an EVI of three island 
districts because there were limitations in collecting reli-
able remote sensing data. The park area per person was 
included in the study as a means of measuring the actual 
available greenspace. The ER and DR utilization rates 
within standard time (%) were specified as the percentage 
of utilization within standard time (60 minutes) out of the 
total ER and DR utilization by the local residents, respec-
tively. The lower the utilization rate within the standard 
time, the more vulnerable it was. Detailed descriptions 
of the definition and data sources are presented in Table 
S1 . All district-level indicators were averaged across the 
study period.

Statistical analysis
The case-crossover design was conducted using a condi-
tional logistic regression model within the same subjects. 
To estimate the association between temperature and 
PTB, the moving average of the daily mean temperature 
during the last four weeks before delivery was linearly 
included in the model individually and the results were 
presented as the odds ratio (OR) for a 5℃ increase in the 
moving average of temperature. In addition, the current 
day’s  PM10 concentration was linearly included in the 
model.

To examine the disproportionate association between 
ambient temperature and PTB by individual and regional 
characteristics, we performed sub-population and sub-
district analyses by repeating the main model for each 
subgroup. The study population was divided into sub-
populations using maternal age (<35 years or ≥35 years), 
parity (primiparity or multiparity), maternal education 
level (≤ college or > college), and classification of pre-
maturity (late to moderate preterm or very to extreme 
preterm). We also categorized regional indicators: the 
population density was used to specify urbanization 
(rural or urban) based on the median value and the rest 
of the five district-level indicators which partly explain 
greenness and medical resources were divided into three 
categories (low, mid, and high) based on the 33.3 and 66.6 
percentile for each variable. In addition, we conducted 
double stratification as follows: urbanization (rural and 
urban) × individual characteristics (maternal age, parity, 
maternal education level, and classification of prematu-
rity) and urbanization × regional characteristics (green-
ness and medical resources). For the double stratification, 
greenness and medical resources were categorized into 

Fig. 1 Flow chart of this study
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two sub-districts (low and high) as above or below the 
median.

To evaluate the robustness of our results, we also con-
ducted sensitivity analyses. First, we applied different 
exposure periods to the ambient temperature (three or 
five weeks before delivery). Second, we performed the 
model without adjusting for  PM10 concentrations. All 
statistical analyses were conducted using the R statistical 
software, version 4.1.0.

Results
A total of 160,067 singleton PTBs were recorded and 
the proportion of PTBs among the total number of sin-
gleton births was 4.8% during the period of 2011–2019 
in Korea (Table 1). The proportion was higher in moth-
ers aged ≥35 years, multiparity, and low education levels 
compared to mothers aged <35 years, primiparity, and 
high education levels, respectively. The time trend of the 
proportion of PTBs (Fig. S2) showed increasing incidence 
over the study period and a seasonal pattern of PTB. 
The mean temperature was 12.81℃ in Korea during the 
study period and it ranged from 8.84℃ to 16.45℃ among 
229 districts (Table S2). The spatial distribution of the 
district-level mean temperature and  PM10 concentration 
during the study period is presented in Fig. S2. More than 
half of the PTBs occurred in urban areas (n = 132,378) 
as compared to the rural areas (n = 27,689) (Table S3). 
The number of PTBs according to individual and regional 
characteristics in the rural and urban areas are presented 
in Table S4.

Table  2 shows the association between the ambient 
temperature and PTBs by individual characteristics. The 
OR for PTB associated with a 5℃ increase in the mov-
ing average of the temperature during the last four weeks 
before delivery was 1.03 (95% confidence interval [CI]: 
1.02, 1.05). The association was more evident in mothers 
aged ≥35 years (OR: 1.06) and with a low education level 
(OR: 1.04) than in mothers aged <35 years (OR: 1.02) and 
with a high education level (OR: 1.00). As we altered the 
exposure time window of the ambient temperature to 
three or five weeks before delivery, the results were gen-
erally consistent (Table S5) and these findings were also 
robust when the  PM10 was excluded from the model 
(Table S6).

Figure 2 displays this association by regional charac-
teristics. The association between the ambient temper-
ature during pregnancy and a PTB was higher in rural 
areas compared to urban areas: OR for PTB associated 
with a 5℃ increase in the moving averaged-tempera-
ture during the last four weeks before delivery was 1.06 
(95% CI: 1.01, 1.12) in rural areas and 1.03 (95% CI: 
1.01, 1.05) in urban areas. In addition, the risk of PTB 
associated with temperature was prominent in districts 

with low medical resources (OB/GYN specialists per 
1,000 persons and ER/DR utilization rate within stand-
ard time).

When we examined the disproportionate association 
between the ambient temperature and a PTB by indi-
vidual characteristics within rural and urban areas, the 
risk of PTB in older mothers (≥35 years) and primipar-
ity in rural areas was much higher than that of other 
populations (Table 2). In addition, the risk of PTB was 
not prominently different by prematurity classifica-
tion in urban areas, while the risk of late to moderate 
PTB (OR: 1.08) was more evident than that of very to 
extreme PTB (OR: 0.97) in rural areas. We also inves-
tigated the association according to regional greenness 
and medical resources within rural and urban areas 

Table 1 Baseline characteristics of the study population (preterm 
births, PTBs) during 2011–2019 in South Korea

a Column percent
b Proportion of PTB was calculated by dividing the number of PTB by total 
number of singleton births.
c Classification of prematurity was specified based on gestational age: late (34 to 
37 weeks), moderate (32 to 34 weeks), very (28 to 32 weeks), and extremely (20 
to 28 weeks) preterm birth.

PTB (%)a Proportion 
of PTB (%)b

Overall 160,067 (100) 4.83

Year
 2011 19,046 (11.90) 4.42

 2012 20,192 (12.61) 4.57

 2013 18,426 (11.51) 4.64

 2014 18,762 (11.72) 4.75

 2015 19,311 (12.06) 4.84

 2016 18,109 (11.31) 4.92

 2017 16,819 (10.51) 5.22

 2018 15,171 (9.48) 5.19

 2019 14,231 (8.89) 5.30

Maternal age
 <35 years 112,324 (70.2) 4.46

 ≥35 years 47,743 (29.8) 6.00

Parity
 Primiparity 80,319 (50.2) 4.61

 Multiparity 79,748 (49.8) 5.07

Maternal education level
 ≤ College 148,106 (92.53) 4.85

 > College 10,970 (6.85) 4.48

 Unknown 991 (0.62) 5.26

Classification of prematurityc

 Late 127,962 (79.9) -

 Moderate 14,708 (9.2) -

 Very 12,362 (7.7) -

 Extreme 5,035 (3.1) -
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(Table  3). We found a higher risk of PTB in districts 
with higher greenness and lower medical resources 
in rural areas, while the risk showed no difference by 
greenness and medical resources in urban areas.

Discussion
With a nationwide registry including 160,067 PTBs out 
of 3,315,268 singleton births in Korea between 2011 and 
2019, we identified a positive association between mater-
nal exposure to ambient temperature and PTB, which 
was more evident in mothers aged ≥35 years and with a 
low educational level. Furthermore, the disproportion-
ate association was observed by regional characteristics; 
a higher risk of PTB due to an increase in ambient tem-
perature in rural areas and districts with low medical 
resources was seen. Compared to urban areas, the risk 
was more disproportionate by individual and regional 
characteristics in rural areas.

We found that an increase in ambient temperature was 
associated with PTB, which was consistent with evidence 
from the previous study [23]. Previous literature has 
reported the impacts of heat or heat wave exposure dur-
ing pregnancy on PTB. One study from a city in China 
suggested that a sharp increase in temperature could be 
a risk factor for PTB independent of the mean daily tem-
perature [23]. The association between exposure to high 
temperature during pregnancy and the risk of PTB can 
be explained through several biological mechanisms. 
High temperature-related dehydration increases blood 

viscosity, elevates cholesterol levels and reduces uterine 
blood flow in pregnant women, which can induce uter-
ine contractions and the onset of labor [24, 25]. In addi-
tion, animal studies have shown that heat exposure may 
increase the secretion of proinflammatory cytokines, 
such as prostaglandin F2a (PGF2a), and oxytocin to 
induce labor [26].

In our study, we focused on the temperature rise dur-
ing four weeks before delivery. Previous studies have sug-
gested the critical exposure window for high temperature 
exposure and PTB, but have not identified consistent 
exposure time frames [27–30]. A recent study conducted 
in a city in China on the evaluation of time windows 
reported associations between extremely and moderately 
high temperatures and PTB during the 4-week time win-
dow but not the 1-week time window [28].

We observed that the association between ambient 
temperature and PTB was more evident in pregnant 
women ≥35 years of age and with a low education level. 
An increased risk of PTB among older women (≥35 
years) is induced by medically indicated PTB, consider-
ing that advanced maternal age is a contributing factor 
for medical conditions, such as preeclampsia and fetal 
growth restriction, whereby the impact of exposure to 
high temperature is potentially suggested in the literature 
[6, 31]. On the other hand, given that advanced mater-
nal age (≥35 years) was suggested as an independent 
risk factor for spontaneous preterm labor, mechanisms 
for spontaneous PTB, such as infection, stress, uterine 

Table 2 Association between ambient temperature during the last four weeks before delivery and preterm birth by individual 
characteristics

ORs were presented as those for 5℃ increase in moving averaged-temperature during the last four weeks before delivery. Urban and rural were categorized using 
median of population density.
a Classification of prematuriy was specified based on gestational age: late to moderate preterm (32 to 37 weeks) and very to extreme preterm (20 to 32 weeks).

CI confidence interval, OR odds ratio

OR (95% CI)

Overall Rural Urban

Overall 1.03 (1.02, 1.05) 1.06 (1.01, 1.12) 1.03 (1.01, 1.05)

Maternal age
 <35 years 1.02 (1.00, 1.04) 1.04 (0.98, 1.10) 1.02 (1.00, 1.04)

 ≥35 years 1.06 (1.03, 1.10) 1.12 (1.02, 1.23) 1.06 (1.02, 1.09)

Parity
 Primiparity 1.03 (1.01, 1.06) 1.11 (1.03, 1.19) 1.02 (1.00, 1.05)

 Multiparity 1.03 (1.01, 1.06) 1.01 (0.93, 1.10) 1.03 (1.00, 1.06)

Maternal education level
 ≤ College 1.04 (1.02, 1.05) 1.06 (1.01, 1.12) 1.03 (1.01, 1.05)

 > College 1.00 (0.94, 1.07) 1.09 (0.87, 1.36) 0.99 (0.93, 1.06)

Classification of prematuritya

 Late to moderate preterm 1.03 (1.01, 1.05) 1.08 (1.02, 1.13) 1.03 (1.01, 1.05)

 Very to extreme preterm 1.03 (0.98, 1.08) 0.97 (0.83, 1.12) 1.04 (0.99, 1.10)
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overdistension, decidual senescence, cervical disease, 
vascular disorders, and breakdown of maternal-fetal tol-
erance, should not be excluded [32, 33]. Moreover, our 
findings showed that the maternal education level can 
modify the association between temperature and PTB. 
Previous studies have provided consistent evidence of 
an increased risk of PTB from heat in mothers with low 
socioeconomic statuses (e.g., household income and edu-
cation) [13, 34]. Consequently, we postulated that preg-
nant women with low socioeconomic status might be 
more susceptible to heat due to a lack of adequate nutri-
tion or low access to medical care.

In addition, individual and regional disparities related 
to the association between ambient temperature and PTB 
were more prominent in rural than urban areas. In rural 
areas, the risk was higher in the sub-populations of prim-
iparity and late to moderate PTB compared to multipar-
ity and very to extreme PTB, while the risk differences by 
these individual characteristics were not considerable in 

urban areas. There might be different underlying mecha-
nisms in early, very, and extreme preterm, like intraam-
niotic infection or inflammation, vascular placental 
diseases and others [35]. Recent evidence has indicated 
that the rates of morbidity and mortality are greater in 
late preterm newborns compared to those in term ones 
[36, 37]. Therefore, we hypothesized that an appropriate 
treatment for late to moderate PTB is important; how-
ever, as resources for this are insufficient in rural areas, 
the risk of late to moderate PTB due to ambient tempera-
ture is higher in rural areas. On the other hand, several 
very to extreme PTBs may have led to stillbirths; thus, 
we could not identify the case from the birth certificate 
data, which resulted in an underestimation of the risk of 
very to extreme PTBs attributable to temperature in this 
study. Taken together, a healthcare focus on prematurity 
should also consider late-to-moderate preterm births.

We also determined that the risk was higher in dis-
tricts with high greenness and low medical resources in 

Fig. 2 Association between ambient temperature during the last four weeks before delivery and preterm birth by regional characteristics. Odds 
ratios (ORs) were presented as those for 5℃ increase in moving averaged-temperature during the last four weeks before delivery. Urban and rural 
were categorized using median of population density. OB/GYN=obstetrics and gynecology, ER=emergency room, DR=delivery room
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rural areas, while the risk difference by these residen-
tial characteristics was not considerable in urban areas. 
Currently, increasing evidence indicates that vegetation 
influences ambient temperature through transpiration, 
shading, and modified convection; green spaces may 
buffer heat islands within urban areas [13, 24, 38–41]. 
Apart from the role that greenness has in reducing 
ambient temperature, other possible pathways that may 
reduce the risk of PTB include the salutogenic effects 
provided by reducing stress, psychological restoration, 
and opportunities for increased physical activity. How-
ever, in rural areas, where island effects were unlikely 
to occur, we observed higher associations between 
temperature rise PTB in districts with high greenness 
(high park area per person and high EVI). For preg-
nant women living in rural areas, green spaces might be 
workplaces rather than places for rest and relaxation. 
Moreover, the association between ambient tempera-
ture during pregnancy and PTB was higher in medi-
cally vulnerable districts (i.e., districts with low OB/
GYN specialists per 1,000 persons and ER and DR utili-
zation rates within standard time) in rural areas, while 
the risk did not differ by medical resources in urban 
areas. This finding can justify the need for monitoring 
pregnant women in rural areas located far from health 

facilities that can provide medical services for the pre-
vention and treatment of preterm labor and thus PTB.

To the best of our knowledge, this study is the first 
study to examine the individual and regional disparities 
in the association between ambient temperature during 
pregnancy and PTB. The main strength of our study was 
the use of high-quality nationwide data on exposure and 
outcome, birth certificate data from the Korea National 
Statistical Office, data from the Korean Meteorological 
Office, and a database of community health outcomes 
and determinants distributed by the Korea Disease Con-
trol and Prevention Agency (KDCA). In this large-scale 
and population-based cohort study, we showed the main 
effect of ambient temperature increase during the last 
four weeks before delivery on PTB and comprehensively 
investigated the individual and regional disparities within 
rural and urban areas.

A few limitations should be considered when inter-
preting the findings of our study. First, exposures were 
assigned based on the maternal residential address 
reported on the infant birth certificate, which could 
increase exposure misclassification as we did not account 
for residential mobility and time-activity patterns of 
the mother. Future studies may include the maternal 
addresses prior to and throughout the pregnancy and use 
the global positioning system and personal monitors to 
examine real-time personal-level green space and air pol-
lution exposures. Another limitation of using the admin-
istrative dataset was the lack of information on detailed 
clinical characteristics, individual lifestyle and behavioral 
factors. To overcome this problem, we selected a case-
crossover design, which has been extensively applied in 
the literature to investigate the associations between 
short-term exposures to environmental determinants 
and health outcomes, including temperature and PTB. 
The key strength of the design was that each case served 
as its own control, which implies a perfect adjustment for 
the observed or unobserved individual-level confounders 
that do not vary, or vary slowly, over time, such as age, 
smoking habits, and socioeconomic deprivation. Finally, 
although the particulate matter ≤2.5μm  (PM2.5) was 
known to be associated with PTB, we could not adjust 
for  PM2.5 in the model because monitoring stations that 
measure  PM2.5 were not established until 2015 and the 
number of stations was not large enough to cover all 
229 districts in Korea. Thus, instead of using  PM2.5, we 
adjusted for the daily mean concentration of  PM10 to 
consider the potential confounding effect of air pollution.

Conclusion
We found that maternal exposure to increased ambi-
ent temperature during the four weeks before delivery 
may increase the risks of PTB. Additionally, our findings 

Table 3 Association between ambient temperature during the 
last four weeks before delivery and preterm birth by greenness 
and medical resources in rural and urban area

ORs were presented as those for 5℃ increase in moving averaged-temperature 
during the last four weeks before delivery. Urban and rural were categorized 
using median of population density. Greenness and medical resource indicators 
were categorized using median of each variable.

CI confidence interval, DR delivery room, ER emergency room, OB/GYN obstetrics 
and gynecology, OR odds ratio

OR (95% CI)

Rural Urban

Enhanced vegetation index
 Low 1.07 (1.00, 1.14) 1.03 (1.01, 1.06)

 High 1.09 (1.01, 1.17) 1.02 (1.00, 1.05)

Park area per person
 Low 1.04 (0.97, 1.11) 1.03 (1.01, 1.06)

 High 1.09 (1.02, 1.16) 1.03 (1.00, 1.05)

OB/GYN specialists per 1,000 persons
 Low 1.09 (1.00, 1.18) 1.03 (1.00, 1.05)

 High 1.05 (0.99, 1.16) 1.03 (1.01, 1.06)

ER utilization rate within standard time
 Low 1.07 (0.98, 1.15) 1.03 (1.00, 1.06)

 High 1.06 (1.00, 1.13) 1.03 (1.00, 1.05)

DR utilization rate within standard time
 Low 1.12 (1.04, 1.22) 1.03 (1.01, 1.06)

 High 1.03 (0.98, 1.10) 1.02 (1.00, 1.05)
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demonstrate that the risk of PTB related to increased tem-
perature can be disproportionate by the maternal indi-
vidual (age and education level) and regional (urbanicity, 
greenness, and medical resources) factors, and related 
disparities were evident in rural areas. This study provides 
evidence that climate change can affect PTB by exposing 
pregnant women to increasing heat exposure and suggests 
a need for public health policies to alleviate related dispari-
ties, especially in rural areas.

Abbreviations
PTB  preterm birth
PM10  particulate matter ≤10μm
EVI  enhanced vegetation index
OB/GYN  obstetrics and gynecology
ER  emergency room
DR  delivery room
NDVI  normalized difference vegetation index
OR  odds ratio
CI  confidence interval
PM2.5  particulate matter ≤2.5μm

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12940- 024- 01062-6.

Additional file 1:  Table S1. Detailed description on district-level indica-
tors. Table S2. Descriptive statistics of exposures and regional indicators in 
229 districts. Table S3. Number of preterm births by regional charac-
teristics. Table S4. Number of preterm births by individual and regional 
characteristics in rural and urban. Table S5. Sensitivity analysis with 
different time window of exposure to ambient temperature. Table S6. 
Sensitivity analysis without  PM10 adjustment in a conditional logistic 
model. Fig. S1. Time-stratified case-crossover design. Fig. S2. Time trend 
of proportion of preterm birth (PTB) during 2011–2019. Fig. S3. Spatial 
distribution of district-level mean temperature and  PM10 concentration 
during 2011–2019.

Acknowledgement
This research was supported by the Research Program funded by the Korea 
Centers for Disease Control and Prevention (fund code: 2022-12-303). This work 
was supported by the National Research Foundation of Korea(NRF) grant 
funded by the Korea government(MSIT) (No. 2022R1A2C2092353).

Authors’ contributions
Jieun Min: Conceptualization, Data curation, Formal analysis, Visualization, 
Writing – original draft. Whanhee Lee: Methodology, Writing – review & edit-
ing. Jongmin Oh: Methodology, Writing – review & editing. Youngrin Kwag: 
Writing – review & editing. Eunji Kim: Writing – review & editing. Joyce Mary 
Kim: Writing – review & editing. Kyung A Lee: Supervision, Writing – review & 
editing. Eunhee Ha: Supervision, Writing – review & editing.

Funding
This work was supported by the National Research Foundation of Korea(NRF) 
grant funded by the Korea government(MSIT) (No. 2022R1A2C2092353).

Availability of data and materials
The dataset analyzed during the current study are available in the Korea 
National Statistical Office repository (https:// kosis. kr/ index/ index. do), Korean 
Meteorological Office (https:// data. kma. go. kr/ cmmn/ main. do), and the Korea 
Diseases Control and Prevention Agency (KCDA) (https:// chs. kdca. go. kr/ chs/ 
main. do).

Declarations

Ethics approval and consent to participate
The Institutional Review Board of the Ewha Womans University Seoul Hospital 
(IRB number: SEUMC 2022-04-045) approved this study. The requirement for 
informed consent was waived because this study used de-identified database 
according to strict confidentiality guidelines.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Environmental Medicine, College of Medicine, Ewha Womans 
University, Seoul, Republic of Korea. 2 Graduate Program in System Health 
Science and Engineering, College of Medicine, Ewha Womans University, 
Seoul, Republic of Korea. 3 School of Biomedical Convergence Engineering, 
College of Information and Biomedical Engineering, Pusan National University, 
Yangsan, Republic of Korea. 4 Institute of Ewha-SCL for Environmental Health 
(IESEH), SCL for Environmental Health (IESEH), Ewha Womans University Col-
lege of MedicineEwha Womans University College of Medicine, Seoul, Repub-
lic of Korea. 5 Department of Human Systems Medicine, College of Medicine, 
Seoul National University, Seoul, Republic of Korea. 6 Department of Obstetrics 
and Gynecology, College of Medicine, Ewha Womans University, Seoul, Repub-
lic of Korea. 7 Department of Medical Science, Ewha Womans University School 
of Medicine and Ewha Medical Research Institute, Seoul, Republic of Korea. 

Received: 30 October 2023   Accepted: 6 February 2024

Reference
 1. Watts N, Amann M, Arnell N, Ayeb-Karlsson S, Belesova K, Berry H, Bouley 

T, Boykoff M, Byass P, Cai W, et al. The 2018 report of the Lancet Count-
down on health and climate change: shaping the health of nations for 
centuries to come. Lancet. 2018;392(10163):2479–514.

 2. Costello A, Abbas M, Allen A, Ball S, Bell S, Bellamy R, Friel S, Groce N, 
Johnson A, Kett M, et al. Managing the health effects of climate change: 
Lancet and University College London Institute for Global Health Com-
mission. Lancet. 2009;373(9676):1693–733.

 3. Rylander C, Odland JO, Sandanger TM. Climate change and the potential 
effects on maternal and pregnancy outcomes: an assessment of the most 
vulnerable–the mother, fetus, and newborn child. Glob Health Action. 
2013;6:19538.

 4. Bonell A, Sonko B, Badjie J, Samateh T, Saidy T, Sosseh F, Sallah Y, Bajo 
K, Murray KA, Hirst J, et al. Environmental heat stress on maternal 
physiology and fetal blood flow in pregnant subsistence farmers in The 
Gambia, west Africa: an observational cohort study. Lancet Planet Health. 
2022;6(12):e968–76.

 5. Bekkar B, Pacheco S, Basu R, DeNicola N. Association of Air Pollution and 
Heat Exposure With Preterm Birth, Low Birth Weight, and Stillbirth in the 
US: A Systematic Review. JAMA Netw Open. 2020;3(6):e208243.

 6. Carlson JM, Zanobetti A. Ettinger de Cuba S, Poblacion AP, Fabian PM, 
Carnes F, Rhee J, Lane KJ, Sandel MT, Janulewicz PA: Critical windows of 
susceptibility for the effects of prenatal exposure to heat and heat vari-
ability on gestational growth. Environ Res. 2023;216(Pt 2):114607.

 7. Dalugoda Y, Kuppa J, Phung H, Rutherford S, Phung D. Effect of Elevated 
Ambient Temperature on Maternal, Foetal, and Neonatal Outcomes: A 
Scoping Review. Int J Environ Res Public Health. 2022;19(3):1771.

 8. Perin J, Mulick A, Yeung D, Villavicencio F, Lopez G, Strong KL, Prieto-
Merino D, Cousens S, Black RE, Liu L. Global, regional, and national causes 
of under-5 mortality in 2000–19: an updated systematic analysis with 
implications for the Sustainable Development Goals. Lancet Child Ado-
lesc Health. 2022;6(2):106–15.

 9. Ohuma E MA-B, Bradley E (In press): National, regional, and worldwide 
estimates of preterm birth in 2020, with trends from 2010: a systematic 
analysis. Lancet. 2023;402(10409):1261–71.

https://doi.org/10.1186/s12940-024-01062-6
https://doi.org/10.1186/s12940-024-01062-6
https://kosis.kr/index/index.do
https://data.kma.go.kr/cmmn/main.do
https://chs.kdca.go.kr/chs/main.do
https://chs.kdca.go.kr/chs/main.do


Page 9 of 9Min et al. Environmental Health           (2024) 23:23  

 10. Ren M, Wang Q, Zhao W, Ren Z, Zhang H, Jalaludin B, Benmarhnia T, Di J, 
Hu H, Wang Y, et al. Effects of extreme temperature on the risk of preterm 
birth in China: A population-based multi-center cohort study. Lancet Reg 
Health West Pac. 2022;24:100496.

 11. de Bont J, Stafoggia M, Nakstad B, Hajat S, Kovats S, Part C, Chersich M, 
Luchters S, Filippi V, Stephansson O, et al. Associations between ambi-
ent temperature and risk of preterm birth in Sweden: A comparison of 
analytical approaches. Environ Res. 2022;213:113586.

 12. McElroy S, Ilango S, Dimitrova A, Gershunov A, Benmarhnia T. Extreme 
heat, preterm birth, and stillbirth: A global analysis across 14 lower-mid-
dle income countries. Environ Int. 2022;158:106902.

 13. Son JY, Choi HM, Miranda ML, Bell ML. Exposure to heat during preg-
nancy and preterm birth in North Carolina: Main effect and disparities by 
residential greenness, urbanicity, and socioeconomic status. Environ Res. 
2022;204(Pt C): 112315.

 14. Agay-Shay K, Peled A, Crespo AV, Peretz C, Amitai Y, Linn S, Friger M, Nieu-
wenhuijsen MJ. Green spaces and adverse pregnancy outcomes. Occup 
Environ Med. 2014;71(8):562–9.

 15. Farley TA, Mason K, Rice J, Habel JD, Scribner R, Cohen DA. The relation-
ship between the neighbourhood environment and adverse birth 
outcomes. Paediatr Perinat Epidemiol. 2006;20(3):188–200.

 16. Kent ST, McClure LA, Zaitchik BF, Gohlke JM. Area-level risk factors for 
adverse birth outcomes: trends in urban and rural settings. BMC Preg-
nancy Childbirth. 2013;13:129.

 17. Committee on Health Care for Underserved Women: Health Disparities in 
Rural Women. The American College of Obstetricians and Gynecologists 
WOMEN’S HEALTH CARE PHYSICIANS. 2014(586).

 18. Barnett A, Dobson A: Analysing Seasonal Health Data. Springer; 2010.
 19. Preterm birth [https:// www. who. int/ news- room/ fact- sheets/ detail/ prete 

rm- birth]
 20. Zhao N, Qiu J, Zhang Y, He X, Zhou M, Li M, Xu X, Cui H, Lv L, Lin X, et al. 

Ambient air pollutant PM10 and risk of preterm birth in Lanzhou. China 
Environ Int. 2015;76:71–7.

 21. Lee W, Choi M, Bell ML, Kang C, Jang J, Song I, Kim Y-O, Ebi K, Kim H. 
Effects of urbanization on vulnerability to heat-related mortality in urban 
and rural areas in South Korea: a nationwide district-level time-series 
study. International Journal of Epidemiology. 2021;51(1):111–21.

 22. Son NT, Chen CF, Chen CR, Minh VQ, Trung NH. A comparative analysis of 
multitemporal MODIS EVI and NDVI data for large-scale rice yield estima-
tion. Agricultural and Forest Meteorology. 2014;197:52–64.

 23. Li C, Bloom MS, Lin S, Ren M, Hajat S, Wang Q, Zhang W, Ho HC, Zhao Q, 
Lin Y, et al. Temperature variation and preterm birth among live singleton 
deliveries in Shenzhen, China: A time-to-event analysis. Environ Res. 
2021;195:110834.

 24. Kloog I. Air pollution, ambient temperature, green space and preterm 
birth. Curr Opin Pediatr. 2019;31(2):237–43.

 25. Stan CM, Boulvain M, Pfister R, Hirsbrunner-Almagbaly P: Hydra-
tion for treatment of preterm labour. Cochrane Database Syst Rev. 
2013;4(11):CD003096.

 26. Sakai S, Hagihara N, Kuse M, Kimura K, Okuda K. Heat stress affects 
prostaglandin synthesis in bovine endometrial cells. J Reprod Dev. 
2018;64(4):311–7.

 27. Son JY, Lee JT, Lane KJ, Bell ML. Impacts of high temperature on adverse 
birth outcomes in Seoul, Korea: Disparities by individual- and commu-
nity-level characteristics. Environ Res. 2019;168:460–6.

 28. He JR, Liu Y, Xia XY, Ma WJ, Lin HL, Kan HD, Lu JH, Feng Q, Mo WJ, Wang P, 
et al. Ambient Temperature and the Risk of Preterm Birth in Guangzhou, 
China (2001–2011). Environ Health Perspect. 2016;124(7):1100–6.

 29. Strand LB, Barnett AG, Tong S. The influence of season and ambient tem-
perature on birth outcomes: a review of the epidemiological literature. 
Environ Res. 2011;111(3):451–62.

 30. Schifano P, Lallo A, Asta F, De Sario M, Davoli M, Michelozzi P. Effect of 
ambient temperature and air pollutants on the risk of preterm birth, 
Rome 2001–2010. Environ Int. 2013;61:77–87.

 31. Shashar S, Kloog I, Erez O, Shtein A, Yitshak-Sade M, Sarov B, Novack L. 
Temperature and preeclampsia: Epidemiological evidence that perturba-
tion in maternal heat homeostasis affects pregnancy outcome. PLoS One. 
2020;15(5):e0232877.

 32. Fuchs F, Monet B, Ducruet T, Chaillet N, Audibert F. Effect of mater-
nal age on the risk of preterm birth: A large cohort study. PLoS One. 
2018;13(1):e0191002.

 33. McIntyre SH, Newburn-Cook CV, O’Brien B, Demianczuk NN. Effect 
of older maternal age on the risk of spontaneous preterm labor: a 
population-based study. Health Care Women Int. 2009;30(8):670–89.

 34. Schifano P, Lallo A, Asta F, De Sario M, Davoli M, Michelozzi P. Effect of 
ambient temperature and air pollutants on the risk of preterm birth, 
Rome 2001–2010. Environment International. 2013;61:77–87.

 35. Romero R, Dey SK, Fisher SJ. Preterm labor: one syndrome, many causes. 
Science. 2014;345(6198):760–5.

 36. Tomashek KM, Shapiro-Mendoza CK, Davidoff MJ, Petrini JR. Differences 
in mortality between late-preterm and term singleton infants in the 
United States, 1995-2002. J Pediatr. 2007;151(5):450–6 456 e451.

 37. McIntire DD, Leveno KJ. Neonatal mortality and morbidity rates in 
late preterm births compared with births at term. Obstet Gynecol. 
2008;111(1):35–41.

 38. Sun Y, Sheridan P, Laurent O, Li J, Sacks DA, Fischer H, Qiu Y, Jiang Y, Yim 
IS, Jiang LH, et al. Associations between green space and preterm birth: 
Windows of susceptibility and interaction with air pollution. Environ Int. 
2020;142:105804.

 39. Villeneuve PJ, Lam S, Tjepkema M, Pinault L, Crouse DL, Osornio-Vargas 
AR, Hystad P, Jerrett M, Lavigne E, Stieb DM. Residential proximity to 
greenness and adverse birth outcomes in urban areas: Findings from 
a national Canadian population-based study. Environ Res. 2022;204(Pt 
C):112344.

 40. Dadvand P, de Nazelle A, Figueras F, Basagana X, Su J, Amoly E, Jerrett M, 
Vrijheid M, Sunyer J, Nieuwenhuijsen MJ. Green space, health inequality 
and pregnancy. Environ Int. 2012;40:110–5.

 41. Zhang L, Shi S, Wu S, Yang Y, Xu J, Zhang Y, Wang Q, Shen H, Yan D, et al. 
Effects of greenness on preterm birth. A national longitudinal study of 3.7 
million singleton births. Innovation (Camb). 2022;3(3):100241.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.who.int/news-room/fact-sheets/detail/preterm-birth
https://www.who.int/news-room/fact-sheets/detail/preterm-birth

	Disparities in the association between ambient temperature and preterm birth according to individual and regional characteristics: a nationwide time-stratified case-crossover study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study design and population
	Exposure variables
	District-level indicators
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgement
	References


