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A B S T R A C T

Background: Preterm birth is a major determinant of adverse health consequences, and early term births are also
associated with increased risk of various outcomes. In light of climate change, the effect of ambient temperature
on earlier delivery is an important factor to consider. Several studies have focused on associations of ambient air
temperature (Ta) on preterm birth, but few have examined associations with early term births.
Aims: To investigate the association of prenatal exposure to Ta with preterm birth (< 37 completed gestation
weeks) and with early-term birth (< 39 completed gestation weeks) in a semi-arid climate.
Methods: All singleton deliveries at the Soroka Medical Center from the Southern district of Israel, with esti-
mated conception dates between May 1, 2004 and March 31, 2013 (N = 62,547) were linked to prenatal Ta
estimates from a spatiotemporally resolved model, with daily 1 km resolution. We used time-dependent Cox
regression models with weekly mean Ta throughout gestation, adjusted for calendar month and year of con-
ception, ethnicity, census-level socio-economic status and population density.
Results: Ta was positively associated with late preterm birth (31 + 0/7 – 36 + 6/7 weeks), with increased risk
in the upper Ta quintile as compared to the third quintile, hazard ratio (HR) = 1.31, 95% confidence interval
(CI) = 1.11–1.56. Ta also associated with early term birth (37 + 0/6 – 38 + 6/7), with increased risk in the
upper Ta quintile as compared to the third quintile, HR = 1.24, 95% CI = 1.13–1.36.
Conclusion: Exposure to high ambient temperature during pregnancy is associated with a higher risk of preterm
and early term birth in southern Israel.

1. Introduction

Preterm birth is a major determinant of adverse health con-
sequences, both short and long term, and the biggest contributor to the
infant mortality rate (Lawn et al., 2006; Romero et al., 2006). Often, the
specific cause of preterm birth is unclear. However, there are known
risk factors of different types – genetic, behavioral, socioeconomic and
environmental. Of interest is the inverse association between maternal
cortical releasing hormone (CRH) and the timing of delivery also known
as placental clock (Romero et al., 2006).

Recent studies have shown that early term births, defined as be-
tween 37 and 39 weeks of gestation, are also associated with higher
risks of infant death and neonatal morbidity compared with full term
births (gestation weeks 40–41) (Helle et al., 2016; Zhang and Kramer,
2009). Early term births are associated with long term inferior cognitive
outcomes when compared with full term births, and although the

absolute risk is smaller than for preterm births, early term births ac-
count for about 15–30% of all births (Delnord et al., 2018) and there-
fore even small risks can constitute a substantial public health burden.

In recent years, the influence of ambient near-surface air tempera-
ture (Ta) on adverse pregnancy outcome was studied. Several recent
reviews reported that most, but not all, studies supported an association
between high Ta and preterm birth (Carolan-Olah and Frankowska,
2014; Linn B. Strand et al., 2011; Zhang et al., 2017). However, the
variability in results indicates the need for more studies. One source of
variability is the exposure assessment method. Previous studies have
typically used data from air temperature stations. Only a few used
spatio-temporal model-predicted Ta, which provides a more accurate
measure (Kloog et al., 2015; Sun et al., 2019). Another source of
variability is the different climates being studied. Definitions of extreme
hot and extreme cold can vary greatly across geographic areas. Studies
are needed in diversified populations and climate zones in order to

https://doi.org/10.1016/j.envint.2020.105824
Received 18 February 2020; Received in revised form 1 May 2020; Accepted 18 May 2020

⁎ Corresponding author.
E-mail address: raanan.raz@mail.huji.ac.il (R. Raz).

Environment International 142 (2020) 105824

0160-4120/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2020.105824
https://doi.org/10.1016/j.envint.2020.105824
mailto:raanan.raz@mail.huji.ac.il
https://doi.org/10.1016/j.envint.2020.105824
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2020.105824&domain=pdf


further understand the association between Ta and early delivery.
The timing of exposure used in the studies also varied: average Ta

over the entire pregnancy (Guo et al., 2018; Ha et al., 2017b), trimester
average (Zheng et al., 2018), immediately preceding the birth (Avalos
et al., 2017; Cox et al., 2016; Mathew et al., 2017; Vicedo-Cabrera et al.,
2015) were some of the windows used. Alternatively, some of the stu-
dies were focused on extreme short-term exposure or heat waves only
(Auger et al., 2014; Dadvand et al., 2011; Wang et al., 2013). In order to
avoid bias, studies of premature birth should consider that pregnancies
have varying lengths, and that the chances of delivery increase with
increasing gestational age. Considering entire pregnancy exposure for
preterm births compared to ongoing pregnancies with exposure limited
to the same length of gestation (Guo et al., 2018; Ha et al., 2017a)
would avoid these biases, but would result in a substantial loss of sta-
tistical power.

The current study population is from the Southern District of Israel,
characterized by a semi-arid climate zone with long, hot summers.
Many of the women in our population are of lower socioeconomic
status and may be more susceptible to heat. Two previous studies in this
region examined the trends and rates of preterm delivery: One study
found that the incidence of preterm delivery actually precedes sharp
changes in maximum temperature by three days (Yackerson et al.,
2008), and the other one found significant seasonal variation in preterm
incidence, with the highest incidence during the summer period
(Walfisch et al., 2017). Our aim in the current study is to examine as-
sociations between Ta and risk of preterm and early term births in this
region.

2. Methods

2.1. Study population

Our study examines the association of Ta with preterm and early
term birth. The study population included all singleton live births in
Soroka University Medical Center (SUMC) with estimated conception
dates between May 1, 2004 and March 31, 2013, of women from the
Southern District of Israel who are Clalit Health Services members. We
have limited the study population by conception dates (as determined
in hospital, based on date of last menstrual period, if available, and
ultrasonographic measures), in order to avoid a fixed cohort bias (Linn
Beate Strand et al., 2011). SUMC is the only hospital providing tertiary
services to the residents of the southern region of the country, which
include the largest obstetrical emergency department in the country.
Clalit Health Services is the largest health care provider in the area,
covering approximately 70% of the population in the South. Under the
National Health Insurance Law, every Israeli citizen is entitled to health
care services and has the right to choose from four similar health
maintenance organizations without limitations (Ministry of Health,
2015). Births missing data on gestational age were excluded (n = 72),
resulting in a total of N = 62,547 singleton births included in this
study.

2.2. Exposure data

Ta is usually measured by sensors inside meteorological monitoring
stations that provide very accurate data. However, they can be sparsely
distributed in urban areas, thus not capturing most of the inter-city
spatial variability of Ta. In addition, the monitors tend to be located in
urban areas thus leaving spatial coverage gaps across rural areas which
leads to increased exposure misclassification. Satellite based measure-
ments provide daily surface temperature (Ts) data with high spatial and
temporal resolution. We used a hybrid model that generated estimates
of average daily Ta at 1 km resolution across Israel. For generating the
daily estimates, we used linear mixed effect models, IDW (inverse dis-
tance weighted) interpolations and thin plate splines (using a smooth
nonparametric function of longitude and latitude) to first calibrate

between Ts and Ta in those locations where we have available data for
both and used that calibration to fill in neighboring cells without sur-
face monitors or missing Ts. Out-of-sample ten-fold cross validation
(CV) was used to quantify the accuracy of our predictions. Our model
performance was excellent for both days with and without available Ts
observations for both Aqua and Terra (CV Aqua R2 results for min
0.966, mean 0.986, and max 0.967; CV Terra R2 results for min 0.965,
mean 0.987, and max 0.968) (Rosenfeld et al., 2017). Average Ta va-
lues over the entire study period are shown in a map in Supplemental
Fig. 1. Maternal residence was geocoded according to address at the
date of birth and Ta during each gestation week was assessed by
averaging mean daily Ta over that week using the exposure model, date
of birth and gestational age.

2.3. Statistical methods

We used time dependent Cox proportional hazard regression models
to estimate associations between exposure to Ta and risk of preterm
birth, as well as early term birth. We considered gestational age (by
week) as time-to-event data, and weekly mean Ta as a time dependent
exposure variable. Mean weekly Ta was categorized into five quintiles,
with the middle category set as the reference. Additional models also
considered mean weekly Ta as a continuous variable modeled with
natural splines with a priori knots located in Ta tertile breaks (16.8 and
24.18 ℃), to observe a more detailed exposure-response curve. The
exposure examined in the main models was the exposure during the
week of birth. In addition, in order to account for a delayed effect, we
also considered two-week moving average Ta exposure.

We separately analyzed the risk of birth at three distinct stages of
pregnancy: Early preterm (23 – 30 + 6/7 weeks), late preterm
(31 + 0/7 – 36 + 6/7 weeks), and early term (37 + 0/7 – 38 + 6/7
weeks). In each of these models, only the relevant population at risk
and relevant exposure periods were considered. For example, in the
model analyzing the risk of birth during the gestational period of
31 + 0/6 – 36 + 6/7 weeks, exposure and births during those weeks
only were considered, with the population being all births with gesta-
tional age ≥31. Similarly, all pregnancies that have reached complete
37 weeks (term) are included in the early term (37 + 0/7 – 38 + 6/7)
analysis, with censoring occurring at complete 39 weeks.

We used a Directed Acyclic Graph (DAG) (Greenland et al., 1999;
Textor et al., 2017) to identify the minimum set of factors that we need
to adjust for in our model, in order to eliminate potential confounding
of the association between Ta and early delivery (Supplemental Fig. 2).
Accordingly, we added to the model calendar conception month and
calendar year, ethnicity (Jewish / non-Jewish), census level socio-
economic status (SES, as a proxy for individual SES) and population
density. Information for the latter two variables was obtained from the
Israel Central Bureau of Statistics (ICBS, 2019) and each one was ca-
tegorized into five levels.

Possible effect modifications by ethnicity, maternal age or child sex
were explored by models stratified by these factors. Sensitivity analyses
were performed by fitting models that included only those for whom
addresses were geocoded at the house or street level or were in small
rural areas as well as models that excluded newborns who were small
for gestational age. All analyses were conducted in R, version 3.6.1 (R
Core Team, 2018), with the survival models fitted and tested for vio-
lations of proportionality assumption (by interaction terms with time)
using the survival package (Therneau, 2015). Continuous models were
fitted using the function ns() (formerly in R package splines), and
plotted using R package Greg (Gordon and Seifert, 2020).

3. Results

Our analysis included 62,547 singleton births, with mean gesta-
tional age of 38.9 weeks, 7.8% preterm births, and 10.6% of the pre-
term births before 31 completed weeks of gestation (Table 1). Our
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population is composed of 40% Jewish and 51% male newborns, with
entire pregnancy Ta ranged 12.6–29.1 °C, with mean of 19.8 (± 12.6)
°C. The weekly mean Ta ranged 4.6–36.5 °C.

We observed no association between Ta and risk of birth before 31
completed weeks (Fig. 1, left). Among late preterm deliveries, however,
preterm birth was associated with higher Ta, with HR = 1.31 (95%
CI = 1.11–1.56) and HR = 1.13 (95% CI = 0.98–1.29) for the 5th and
4th Ta quintiles respectively, in comparison to the middle quintile
(Fig. 1, center). Heat was also associated with early term birth, with
exposure to highest Ta quintile (HR = 1.24, 95% CI = 1.13–1.36) as
well as the 4th Ta quintile (HR = 1.16, 95% CI = 1.07–1.25) (Fig. 1,
right). Further analysis of the risk of late preterm or early term birth
with Ta as a continuous variable is shown in Fig. 2.

An analysis of the association of Ta with early delivery using two-
week moving average exposure instead of 1-week exposure yielded very
similar results (Supplemental Fig. 3). A sensitivity analysis excluding
newborns who were small for gestational age yielded slightly stronger
results for association of Ta and late preterm birth, but similar results
for early term birth (Supplemental Fig. 4). A second sensitivity analysis
excluding newborns living in urban areas for whom residential ad-
dresses were geocoded at the locality level only, did not alter the main
results (Supplemental Fig. 5). Models stratified by newborn sex, eth-
nicity and maternal age are reported in supplemental Figs. 6–9, re-
spectively. These models do not show strong evidence of effect mod-
ification by any of these factors. However, a modification of the Ta
effect on late preterm birth by sex is suggested, with the effect of heat
being stronger in females than in males.

4. Discussion

This study provides further evidence that short term exposure to
high ambient temperatures is associated with an increased risk of late
preterm birth and to a lesser extent for early term delivery. These re-
sults are consistent with most studies examining associations of Ta and
preterm delivery (Carolan-Olah and Frankowska, 2014; Zhang et al.,
2017). However, only few studies did not limit their analysis to a pre-
term outcome, and examined associations of heat and gestational age
for term pregnancies as well. A study from Chicago found no associa-
tion of a heat wave with gestational age (Porter et al., 1999). Another
study from Brisbane, Australia detected a significant association of heat
with late preterm birth only, but not early term (Strand et al., 2012a).
Finally, a study from Barcelona demonstrated an association of heat
with gestational age for the entire pregnancy, but did not examine
whether this association is different in different periods of gestation
(Dadvand et al., 2011). These studies, and especially the Australian
birth cohort, had relatively large sample sizes, but it is possible that the
lack of associations in these studies is a result of crude exposure as-
sessment methods based on several meteorological stations, without a
spatio-temporal model that would have reduce random exposure error.

The association of high ambient temperature and late preterm birth
seemed stronger in females, a finding that is consistent with a similar
tendency found in a study from Belgium (Cox et al., 2016). Studies have
shown that male sex is an independent risk factor for preterm birth with
the risk being strongest for very short duration pregnancies and de-
clining up to the 36th week, where it essentially disappears (Di Renzo
et al., 2007; Zeitlin, 2002). Therefore, it is possible that there are other
major causes for male preterm birth during 31 + 0/6 – 36 + 6/7 weeks
of gestation that weaken the relative observed effect of Ta in males
during this period. Fetal sex has been shown to modify associations of
various stressors with fetal survival and other pregnancy outcomes
(Catalano et al., 2013, 2006; Fukuda et al., 2014; Wainstock et al.,
2015). However, it is also possible that the differences we observed in
the associations between female and male fetuses are a result of random
variability and limited sample size.

We did not find an association of Ta with preterm birth during the
period of 23 + 0/7 – 30 + 6/7 weeks of gestation. This result is
contrary to a previous report, which had a much larger sample size,
suggesting that Ta exposure during this period increases the risk of
preterm birth (He et al., 2015). We may have lacked the power with our
sample size to detect such an association since the number of births in
earlier weeks was much smaller. An alternative explanation is that
there are different underlying mechanisms leading to early preterm
deliveries, such as intra-amniotic infection or inflammation, vascular

Table 1
Characteristics of the Study Population (N = 62,547).

Characteristic % (Number)/ Mean (SD)

Gestational Age (weeks) 39 (2.0)
Birth Weight (gr) 3179 (521)
Maternal Age 28.8 (5.7)
Ethnicity
Jewish 40% (25,120)
Non-Jewish 60% (37,427)
Female gender 49% (30,600)
Low Birth Weight (< 2500 gr) 7.9% (4966)
Preterm delivery 7.8% (4852)
Early preterm (23 – 30 + 6/7 weeks) 0.82% (516)
Late preterm (31 – 36 + 6/7 weeks) 6.9% (5336)
Early term delivery (weeks 37 – 38 + 6/7) 25% (15,630)

Fig. 1. Associations of exposure to ambient air temperature (Ta), taken as weekly mean, during the periods of 23 – 30 + 6/7 (left), 31 – 36 + 6/7 (center) and 37 –
38 + 6/7 weeks of pregnancy, with preterm birth or early term birth, modeled using Cox proportional hazard regressions. All models were adjusted for year of
conception, month of conception, ethnicity, population density and socioeconomic status. There were N = 62,547 pregnancies at risk of delivery from 23 to 30 + 6/
7 weeks and 516 events; N = 62,031 pregnancies at risk of delivery from 31 to 36 + 6/7 weeks and 4,336 events; and N= 57,695 pregnancies at risk of delivery and
15,630 events. Ta was modeled as a categorical variable using quintiles within the following ranges (°C): 4.6–13.5 (1), 13.6–17.2 (2), 17.3–22.1 (3), 22.2–25.4 (4),
25.6–36.5 (5). The third quintile (mild temperatures) was set as reference.
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placental diseases and others (Romero et al., 2014).
The mechanism by which exposure to extreme heat may cause early

delivery is not clear. One suggested theory is that pregnant women may
become dehydrated with extreme heat exposure, which could decrease
uterine blood flow and increase secretion of antidiuretic hormones and
oxytocin, which would induce labor (Stan et al., 2002). However, this
has only been seen in animal models. Another proposed explanation is
that heat stress, like other stresses, causes elevated corticotropin-re-
leasing hormone concentrations which has been found to be associated
with preterm labor (Smith and Nicholson, 2007). High Ta may also
change the pregnant woman's exposure to other factors, possibly
through changing her behavior. For example, changes in Ta may
change the fraction of time spent indoors (and this by itself will change
exposure to various indoor and ambient air pollutants and to air con-
ditioning), physical activity, nutrition and other factors that may
mediate the effect of Ta. Inspection of such mechanisms may be ex-
plored in future studies that track the behavior of pregnant women
when Ta changes.

Our study has the advantage of being based on nonselective popu-
lation data. SUMC serves the entire population in the region and cap-
tures most of the births. It is a diverse population culturally and so-
cioeconomically. We included 70% of all deliveries taking place at
SUMC over a 9-year period, limiting only by health fund which should
not introduce bias. Another strength of our study is that we used a
spatially refined, satellite-based prediction model to more accurately
assess exposure compared to using data from weather stations. Air
temperature stations do not adequately capture the variability within
urban areas which may have heat islands, possibly leading to increased
exposure misclassification. These stations also have limited coverage,
particularly in rural areas. Use of a prediction model did not restrict us
to populations near monitoring sites which may not be representative of
the population as a whole.

Additionally, we analyzed the association using a survival approach
which has been recommended for the study of the association between
time dependent variables and preterm birth (O’Neill et al., 2003; Strand
et al., 2012b). In this way we compared fetuses of the same gestational
age and avoided bias caused by different probabilities of giving birth at
different gestational ages. We also looked at various stages of preg-
nancy and separately for male and female fetuses, suggesting a non-
uniform association throughout pregnancy and by sex that should be
reproduced in future studies.

Our study has several limitations. Unfortunately, we do not have
information on stillbirths in this population. This may result in live-
birth bias (Liew et al., 2015; Raz et al., 2018), a type of selection bias
that is related to the exposure in question affecting the chances of live
birth. For this bias to act, Ta must increase the risk of stillbirth as well

as preterm birth. Indeed, there is some evidence for associations of high
Ta and risk of stillbirth (Li et al., 2018; Wang et al., 2019). In addition,
for this bias to act there must be some other common cause of stillbirth
and preterm birth that is not considered in our study, e.g., genetic
factors. If this bias occurs, it is expected to preferentially deplete
pregnancies that were exposed to higher Ta from our births samples,
and thus bias our results towards the null. Since stillbirths is more
common before week 32 (MacDorman et al., 2015), the earlier period
may be more susceptible to this bias. In addition, we do not have in-
formation on maternal habits and behavior during pregnancy. The
usage of Ta from a spatiotemporal model, however (unlike, for ex-
ample, personal monitoring), generates exposure assessment that are
based only on timing and address, and are thus independent of maternal
behavior. Therefore, our results cannot be confounded by such vari-
ables (Weisskopf and Webster, 2017).

In summary, our study provides additional evidence for the possible
effects of increasing global temperatures on human health. Given the
rising concerns about climate change and the health problems asso-
ciated with earlier birth, our research highlights the need for more
awareness among health professionals, policy makers and pregnant
women on the potential adverse effects of extreme temperature, even
for term pregnancies, and further stresses the urgent need of climate
change mitigation.
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Fig. 2. Association between Ta exposure in gestational age periods of 31 – 36 + 6/7 weeks and 37 – 38 + 6/7 weeks and risk of early birth with Ta modeled as
natural spline. The Blue band represents 95% confidence interval and the gray area at the bottom of each graph represents the Ta distribution in the study population.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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