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ELIGIBILITY CRITERIA FOR SELECTING STUDIES
Clinical studies on associations between high
environmental temperatures, and preterm birth, birth
weight, and stillbirths.

RESULTS

14880 records and 175 full text articles were
screened. 70 studies were included, setin 27
countries, seven of which were countries with low
or middle income. In 40 of 47 studies, preterm
births were more common at higher than lower
temperatures. Exposures were classified as
heatwaves, 1°C increments, and temperature
threshold cutoff points. In random effects meta-
analysis, odds of a preterm birth rose 1.05-fold (95%
confidence interval 1.03 to 1.07) per 1°Cincrease
in temperature and 1.16-fold (1.10 to 1.23) during
heatwaves. Higher temperature was associated
with reduced birth weight in 18 of 28 studies, with
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WHAT IS ALREADY KNOWN ON THIS TOPIC

Physiological and anatomical changes in pregnancy compromise a woman’s
ability to thermoregulate, potentially raising risks of adverse pregnancy
outcomes

Increases in global temperatures heighten concerns about heat impacts

on health, especially in vulnerable groups with limited physiological or
socioeconomic ability to respond

Previous systematic reviews have summed evidence of associations between
exposure to high temperatures and pregnancy outcomes, but have included few
studies and have not assessed variations across population groups and by type
of heat exposure

WHAT THIS STUDY ADDS

This systematic review collates evidence that exposure to high temperature is
associated with an increase in adverse pregnancy outcomes, especially preterm
birth and stillbirth, and among women in lower socioeconomic groups

The study shows the potential effects on health of continued increases in mean
global temperatures and of the frequency of heatwaves
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considerable statistical heterogeneity. Eight studies
on stillbirths all showed associations between
temperature and stillbirth, with stillbirths increasing
1.05-fold (1.01 to 1.08) per 1°Crise in temperature.
Associations between temperature and outcomes
were largest among women in lower socioeconomic
groups and at age extremes. The multiple temperature
metrics and lag analyses limited comparison between
studies and settings.

CONCLUSIONS

Although summary effect sizes are relatively small,
heat exposures are common and the outcomes

are important determinants of population health.
Linkages between socioeconomic status and study
outcomes suggest that risks might be largest in low
and middle income countries. Temperature rises with
global warming could have major implications for
child health.

SYSTEMATIC REVIEW REGISTRATION
PROSPERO CRD 42019140136 and CRD
42018118113.

Introduction

The frequency and intensity of heatwaves and other
extreme weather events is increasing rapidly owing
to climate change and is set to escalate in the coming
decades.! Heatwaves and rising mean temperatures
both present major health threats, especially for
populations with limited physiological ability or
socioeconomic means to respond or adapt to high
temperatures.’

Pregnant women have only recently been included
among the groups most vulnerable to heat stress,’>
and it will take time for that recognition to translate
into action. Studies in 2011 and 2015, for example,
showed that the large majority of heatwave response
plans in European Union countries had not identified
pregnant women as a high risk group.” ® The public also
appears largely unaware of the risks of heat exposure
during pregnancy.’

Several factors could account for the relative neglect
of maternal and newborn health in research and
policies on the impacts of, and adaptation to, climate
change. Perhaps most notably, challenges with the
measurement of exposures and adverse outcomes
in maternal and newborn health make it difficult to
attribute a single cause, such as heat exposure, to
an outcome. This complexity is heightened by the
lag times between heat exposure in pregnancy and
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adverse outcomes, which can be several months with
congenital anomalies, for example, as these anomalies
might become apparent only at birth. Additionally,
lag times can even be decades, with outcomes that
manifest in adulthood.®*° Much of the research on
climate change and health in low and middle income
countries has centred on infectious diseases such as
malaria, and in high income countries, the focus has
been on heat related mortality among groups such as
elderly people or those with chronic conditions.

Pregnancy raises the vulnerability of women to
environmental hazards, including exogenous heat.
The physiological and anatomical changes that occur
during pregnancy pose particular challenges to
thermoregulation.'" Internal heat production rises with
fetal and placental metabolism, and with increased
body mass and the resulting physical strain.'? Equally,
pregnancy could bring social vulnerabilities to the fore,
especially in low and middle income countries, where
women often continue to perform household chores
during pregnancy (eg, fetching wood and water, and
subsistence farming). Exposure to high temperatures
in agricultural and other outdoor work, could occur
before the pregnancy is recognised,'® ' and, even late
in pregnancy, poorer women might work beyond their
heat tolerance limits to avoid losing pay.*

Systematically documenting the association of
heat exposure with maternal and newborn health
is important for quantifying the overall burden of
climate related conditions, especially as adverse
birth outcomes, such as prematurity, contribute many
person years lost to these estimates.'® Measuring
disease burden, in turn, is key to increasing the
resources allocated to adaptation services for
pregnant women, for tracking progress over time, and
for supporting arguments for mitigation of climate
change. Moreover, in order to design interventions to
avoid the effect of heat on health, we need a clearer
understanding of the different pathways from exposure
to outcomes, and how these vary across settings and
between population groups. Previous systematic
reviews have summed the evidence for associations
between exposure to high temperatures and maternal
and newborn health outcomes.!” > We update those
reviews, with a focus on temperature connections
with preterm birth, birth weight, and stillbirth. In
particular, we examine the extent to which varying
heat exposures (including heatwaves, increments per
1°C, and temperature threshold effects) affect these
outcomes.

Methods

The review forms part of a larger systematic mapping
survey of the impacts of high temperatures and
adaptation interventions on health.” In the mapping
review, we identified heat exposure studies, defined
as articles that assessed the effect on health of
exposure to high temperatures, but did not include
an intervention. We also identified heat adaptation
studies, which assessed the outcomes of interventions
aiming to counter the impacts of heat exposure.
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In brief, in September 2018 we searched Medline
(PubMed), Science Citation Index Expanded, Social
Sciences Citation Index, and Arts and Humanities
Citation Index (supplementary file 1).> The search
identified studies on exposure to high temperatures
and not those that examined the impacts of low
temperatures. Screening of titles and abstracts was
done independently in duplicate, with any differences
reconciled by a third reviewer or the principal
investigator (MFC).

All studies that were classified as heat exposure
studies or heat adaptation studies were then screened
to identify papers that reported the association
between heat in pregnancy and the review outcomes
(preterm Dbirth, birth weight, and stillbirth). An
additional search using simplified search terms was
done on Medline (PubMed) in September 2019 to
locate articles published since the date of the initial
search (supplementary file 1).** Reference lists of
included articles were also screened.

We included studies only on humans, published in
Chinese, English, German, or Italian, and studies on
heat related to weather and not heat sources such as
saunas and hot baths. No date restrictions were applied.
All study designs were eligible except systematic
reviews, and studies that modelled the potential or
hypothetical associations between heat exposure
and the review outcomes. EPPI-Reviewer version 4
software?® provided a platform for management of
articles, screening of titles, abstracts, and full text
articles, and for data extraction. No contact was made
with authors to obtain additional information.

Preterm birth was defined as a live birth before 37
completed weeks of gestation,?® but we also included
studies reporting on the duration of gestation as a
continuous variable. We incorporated studies that
reported either birth weight in live births as a binary
variable, low birth weight (weight <2500 g),%® or
as a continuous variable. Studies that assessed
temperature associations with death of a fetus after
more than 20 weeks’ gestation were included in the
stillbirth analyses.?®

Data extraction

Eligible articles were extracted independently
in duplicate and all reconciled by the principal
investigator. Data were extracted on the following study
characteristics: study location, dates when outcomes
were measured, study design, and the way in which the
temperature metrics had been used (supplementary
tables 1a-c). Data extracted on outcomes included
assessments of different lag periods and results in
population subgroups (supplementary tables 2a-c).
We did not extract data on the impacts of humidity, air
pollution, or low temperatures (except in assessments
of the shape of associations). Finally, single reviewers
completed the critical appraisal checklist for analytical
cross sectional studies developed by the Joanna Briggs
Institute to assess the risk of bias (supplementary table
1d).? Studies that were scored “yes” on six or fewer of
the eight itemswere considered at high risk of bias.?®
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Data synthesis

We describe patterns in study characteristics over time
and between study settings. We paid specific attention
to analysing studies in low and middle income
countries, and outcomes in population subgroups.
We attempted to identify particular critical gestational
periods or windows when exposure to heat might have
had the largest impacts.

We classified temperature metrics into four groups.
Firstly, heatwaves defined as two or more days with
temperatures above a predefined threshold. Where
multiple significant outcomes were reported, we
used the effect size of a two day heatwave, with
temperatures at or above the 90th centile. Secondly,
changes in frequency of the outcome per 1°C rise in
temperature, where we used effect estimates of lags on
individual days (or date of birth) or of periods up to four
weeks. The last two groups consisted of temperatures
dichotomised as above and below a threshold level
to assess the impacts of temperature on the whole of
pregnancy or a full trimester (the third group); or in
shorter periods, such as individual days or up to four
weeks (fourth group).

In the third and fourth groups of temperature metrics,
owing to considerable diversity in the way in which
time and lag variables were used, we report the average
combined effect (odds ratio) of the occurrence of the
outcome at high versus low temperatures and are unable
to provide specific temperature cutoff points for these.
The high threshold level signals temperatures above the
75th, 90th, and 99th centile, for example, depending
on individual studies. Fourteen studies did not report
outcomes in any of these four categories and were not
included in forest plots or summary measures.””*

In studies that reported several significant outcomes,
we selected the measure with the highest effect size.
Given that the lag or temperature threshold at which
impacts are largest is unknown and will probably vary
between populations, the highest estimate might be
the true highest level, rather than the result of multiple
testing. As studies had assessed outcomes in a range
of ways, we used the available statistics to convert
effect measures to a common measure, allowing us to
calculate an average combined effect, where possible.
We attempted to explain statistical heterogeneity,
including using meta-regression, to identify effect
modification. We used random effects meta-analysis
to describe the average exposure effect of temperature,
with the summary statistic presented as an odds ratio.**
The decision on whether meta-analysis was appropriate
was based on statistical heterogeneity as measured by
the I statistic, and the direction and magnitude of
the effect sizes. In instances where there were major
outlier studies, we present the meta-analysis measures
with and without the outlier studies and propose
possible explanations for variations between studies.
If meta-analysis was deemed inappropriate, we
summarise the effect estimates, providing information
on the magnitude and range of effects (median and
interquartile range).”® Data syntheses do not assume
that associations between absolute temperature levels
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and the outcomes are the same for different areas,
but rather that the setting specific relative changes in
temperature are sufficiently similar to combine into a
synthesis measure (eg, comparing the preterm birth
rate when the temperature is above and below the 90th
centile in different settings). Low quality studies were
included in the summary measures as their exclusion
had little or no impact on the findings.

For analyses of differential impacts by socioeconomic
status, we classified women with low education levels
as having a low socioeconomic status if income data
were missing. We aimed to assess changes in heat
sensitivity over time, by comparing outcomes of studies
conducted in the same area over time, or in studies that
had stratified their findings by time period. The climate
in each study site was classified into K&ppen-Geiger
climate zones, and studies ordered by latitude in the
forest plot figures.*

Patient and public involvement

Patients were not involved in the development of the
research question or its outcome measures, conduct of
the research, or preparation of the manuscript owing
to funding constraints and as the research involved
review of published data.

Results

The search in the mapping review identified 14880
non-duplicate articles (PRISMA flowchart, fig 1).
None of the 919 studies coded as heat intervention
studies included data on pregnant women and were all
excluded. Overall, 2273 articles were classified as heat
exposure studies, and 175 of these selected for full
text screening (7.7%). In total, 70 studies were eligible
for this review (13 presented data on more than one
review outcome). Most studies covered impacts of heat
exposure on preterm birth (n=47), 28 presented data
on birth weight, and eight on stillbirth (supplementary
table la-c). Most studies were time series analyses
using population registries or birth records from
facilities (n=58), 10 used case crossover methods, and
two employed a case-control design.

The number of studies per year increased markedly
over time, from only two studies before the year
2000, to 22 from 2000 to 2015, and to 46 thereafter
(66% of the 70 eligible studies). The studies covered
24 countries, seven of which were low and middle
income countries, consisting of none in lower income
countries, one in lower middle income countries, and
six in upper middle income countries). Most studies
were set in North America (20), the European Union
(17), or Australia and New Zealand (n=7). Two studies
were done in sub-Saharan Africa. Six articles reported
studies in China, all published since 2016. Articles
were published a median of six years after the birth
of the infants, and only three studies reported data on
births that had occurred since 2015 (4%).

Temperature and lag windows were classified in a
number of ways. In total, 33 (70%) of 47 papers on
preterm birth were classified as high quality, as were
14 (50%) of 28 studies on birth weight, and seven
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Fig 1 | PRISMA flow diagram
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(87.5%) of eight on stillbirths (supplementary table
1d). Weaknesses in research quality pertained mostly
to the lack of a detailed description of the study
population and setting (23 (33%) of 70 studies) and
use of inappropriate analytical methods (18 (26%) of
70 studies). In most cases the study inclusion criteria
and outcomes were well defined (65 (93%) and 66
(94%) of 70 studies, respectively).

Preterm births analysis

The median preterm birth rate of the included studies
was 5.6% (interquartile range 5.0-7.9; range 2.6-15.5;
supplementary table 2a). Of the 47 studies on preterm
births, 40 documented an association between high
temperatures and preterm birth. In meta-analysis of six
studies, the odds of a preterm birth during a heatwave
were 1.16-fold higher than on non-heatwave days (95%
confidence interval 1.10 to 1.23; I*=44.7%; table 1,
fig 2). Although there was considerable heterogeneity
in estimates of the odds of preterm birth for each 1°C
increase in temperature (I°=87.7%), all estimates
showed significant effects in the same direction. Meta-
analysis of this outcome showed an average odds of a
preterm birth increased by 1.05 for each 1°C increase
in temperature (95% confidence interval 1.03 to 1.07;
fig 3). The summary measure of associations between

exposure to high temperatures over a trimester or all
of pregnancy was odds ratio 1.14 (95% confidence
interval 1.11 to 1.16; 1°=88.2%; supplementary fig 1).
An analysis that excluded a study in Shenzhen, China
that reported a protective effect of high temperatures,*®
reduced the heterogeneity, but the overall estimate was
similar. The authors of that study ascribed their findings
to the high use of air conditioning in the study area,
which had reduced exposure to high temperatures. The
median odds ratio for preterm birth after exposure to
high temperatures over short periods (<4 weeks) was
1.07 (interquartile range 1.05-1.16; supplementary
fig 2). This value was slightly larger than the estimate
in a meta-analysis involving 19 studies that excluded
the Shenzhen study, and another in London where
women had been exposed only to mild temperatures
(odds ratio 1.0; 95% confidence interval 0.99 to 1.0;
fig 4).%°%” The odds ratio in the meta-analysis involving
all 21 studies was 1.01, but the finding here was
dominated by the London study, which accounted for
59.9% of the weighting of the overall estimate.

Most studies reported dose-response associations,
where rates of preterm birth rose progressively with
increasing levels of temperature or with longer
durations of heat exposure (supplementary table 2a).
Positive associations were detected in all lag windows,
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Table 1 | Meta-analysis results by outcome and temperature metric

No of No of studies in Average effect size
studies  Synthesis method summary measure (OR (95% Cl)) 12 (%)
Preterm birth:
0dds of preterm birth during heatwaves 6 Meta-analysis 6 1.16 (1.10t0 1.23) 44.7
1.05 (1.03 to 1.07);
0dds of preterm birth per 1°C temperature increase 6 Meta-analysis 6 5% increase per 1°C rise (3% to 87.7
7‘%))
0dds of preterm birth during high versus low temperatures 9 - 9 1.14 (1.11t0 1.16) 88.2
(exposure over a trimester or all of pregnancy) 8* 1.15(1.13t0 1.18) 65.2
1 T — 21 1.01 (1.01 t0 1.02) 89.8
0dds of preterm birth during high versus low temperatures with 19t 1.05 (1.04 to 1.05) 83.6
exposure period <4 weeks 21 Summary of effect 51 Median OR=1.07
estimates (IQR 1.05-1.16; range 0.99-1.94)
Birth weight:
0dds of low birth weight during high versus low temperatures 9 Summary of effect st Median OR 1.09
(exposure over a trimester or all of pregnancy) estimates (IQR 1.04-1.47; range 1.01-2.49)
Changes in birth weight at high versus low temperatures 6 isgqmma?gys of effect 4§ '(\f::;”_i';eﬁgcflig)‘s g _
Stillbirth:
0dds of stillbirth during heatwaves 1 — 1 1.46 (1.09 to 1.96) —
0dds of stillbirth per 1°C temperature increase 3 Meta-analysis 3 1.05 (1.01 to 1.08) 81.3
0dds of stillbirth dgrmg high versus low temperatures 5 e 5 3.39 (2,33 10 4.96) 278
(exposure over a trimester or all of pregnancy)
0dds of stillbirth during high versus low temperatures with exposure 4 Meta-analysis 4 1.24 (112 10 1.36) 531

period <1 week

IQR=interquartile range; OR=0dds ratio.

*Excludes Liang (2016).*

tExcludes Lee (2008)*7 and Liang (2016).%°
+MacVicar (2017)“® reported a non-significant association, but effect estimates not provided.
§Madsen (2010)* and Bruckner (2014)°° reported non-significant associations, but effect estimates not provided.

including five with heat exposure in the month of
conception,®® or preconception®® (supplementary
fig 7a). In low and middle income countries, five
studies documented heat associations with preterm
birth in the first and second trimester, while only three
detected these effects in the last week of pregnancy.
Conversely, in the European Union and Central Asia
region only one study documented heat vulnerability
in the first trimester, and eight did so in the last week
of pregnancy, mostly at lag zero to three days before
childbirth. Similarly, in North America only two studies
noted associations in the first or second trimester,
whereas six did so in the final week of pregnancy.

Six studies reported null findings, three of which
were of low quality.’® “* >® One study set in Brishane,
Australia found no association between heat exposure
and gestation length,’’ but, in a separate analysis,

did detect an association when the outcome was
dichotomised as preterm birth.”> Another study
in Canada did not detect an association between
temperature and preterm birth, but reported that
during heatwaves, early term births at 37-39 weeks
were considerably more common than births above
40 weeks.”® As mentioned above, a study in London,
United Kingdom, where maximum daily temperatures
were below 25°C on almost all days, had null findings.*”
One study in Shenzhen, China reported an apparent
protective effect of heat exposure, which could be due
to high air conditioning use in the study area, as noted
above.*® Similarly, a study in northern California noted
the effect sizes were lowest in the areas that had the
highest use of air conditioning.*’

Few studies reported the shape of association,
though, of note, five studies, all in humid subtropical

Study Odds ratio Weight Odds ratio
(95% CD) %) (95% CD)
Wang 2013 S — 192 1.13(1.03t01.24)
Wang 2019 —— 182 1.29(1.17t0 1.42)
Kent 2014 ——— 177 112(1.01t01.23)
Mohammadi 2019 o 146 1.21(1.08t01.37)
Schifano 2013 —le—— 179 1.19(1.0810 1.32)
Auger 2014 —e : 124 1.03(0.90t0 1.18)
Overall: P=0.11; 12=44.7% - 1000 1.16(1.10t0 1.23)
08 10 15

Odds of preterm birth during heatwaves

Note: Weights are from random effects analysis

Fig 2 | Odds of preterm birth during heatwaves. Study details are given in supplementary table 2a
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Study Odds ratio Weight Odds ratio
(95% CI) (%) (95% CI)

Wu 2019 —& 8.3 1.05(1.01to 1.10)
Walfisch 2016 —;—0— 15.1 1.06(1.04 to 1.08)
Ha 2017 +0— 16.7 1.06(1.04t01.07)
Schifano 2016 Barcelona 3 * 114 1.07(1.04t0 1.11)
Schifano 2013 —— i 171 1.02(1.01t0 1.03)
Avalos 2017 —_— i 16.3 1.02(1.01t01.04)
Schifano 2016 Rome § —_— 15.2 1.07(1.05to 1.09)

Overall: P=0.000; I>=87.7% e 1000 1.05(1.03t0 1.07)

100 1.02 1.04 112

Odds of preterm birth per degree increase in temperature

Note: Weights are from random effects analysis

Fig 3 | Odds of preterm birth per degree increase in temperature. Study details are given in supplementary table 2a

Study Odds ratio Odds ratio
(95%CI) (95%CI)
Liang 2016 < 0.99(0.97 to 1.00)
He 2016 —o— 1.10 (1.03t0 1.18)
Weng 2018 & 1.05(1.02t0 1.08)
Strand 2012 —— 1.20 (1.00 to 1.40)
Wu 2019 L 2 1.42(1.08 to 1.87)
Ward 2019 coast —o- 1.07(1.00t0 1.13)
Ward 2019 mountain —o- 1.12(1.04t0 1.19)
Ward 2019 Piedmont —o- 1.04(0.97t0o 1.11)
Guo 2018 -o- 1.07(1.01t0 1.13)
Mohammadi 2019 — 1.53(1.33t0 1.76)
Basu 2010 < 1.05(1.03 to 1.06)
Sun 2019 @ 1.02(1.01 to 1.04)
Son 2019 & 1.04 (1.01 to 1.06)
Vicedo-Cabrera 2014 —_—— 1.23(1.00 to 1.52)
Arroyo 2016 —— 1.11(1.04t0 1.19)
Schifano 2016 Barcelona —_—— 1.08 (0.95 to 1.20)
Schifano 2016 Rome —o— 1.45(1.34 t0 1.56)
Asta 2019 Rome & 1.06 (1.03 t0 1.10)
Schifano 2013 —— 1.21(1.09 to 1.34)
Asta 2019 Palermo —— 1.02 (0.95to 1.09)
Kloog 2015 L 4 1.05(0.74 to 1.55)
Asta 2019 Bologna —_— 1.09 (0.90 to 1.32)
Asta 2019 Turin —&- 1.03(0.97 t0 1.07)
Asta 2019 Venice * 1.94 (1.32 t0 2.85)
Avalos 2017 -&- 1.06(1.02t0 1.11)
Asta 2019 Trieste —_— 1.06 (0.95 to 1.20)
Cox 2016 —— 1.16 (1.05t0 1.28)
Lee 2008 < 1.00 (0.99 to 1.00)
Vicedo-Cabrera 2015 - 1.05(1.00to 1.11)
0.7 08 1.0 1.5 2.0 25 30

0Odds of preterm birth at high viow
temperature (periods <4 weeks)
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Fig 4 | Odds of preterm birth at high versus low temperature (periods less than or equal to four weeks). Study details
are given in supplementary table 2a
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Author

Preterm births

Zhong 2018

Wu 2019

Wang 2013

Son 2019

Cox 2016

Schifano 2013

Asta 2019*

Sun 2019

Basu 2010

Basu 2017

Ngo 2016

Birth weight

Andalon 2016

Ngo 2016

Basu 2018

Stillbirth

Basu 2016 e [Pl

<1718 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 241

Maternal age (years)

Fig 5 | Analysis of associations between temperature and outcome by age of women during pregnancy. Purple
shading indicates period of highest risk in studies that analysed with multiple age categories. Orange shading
indicates studies with age as a binary variable, limiting the assessment of risk period. Data on whether differences
between subgroups were significant were not provided for most comparisons. Only studies that showed a significant
association between temperature and the outcome are included. “Only in Rome, one of six sites in the study. Study

details are given in supplementary tables 2a, 2b, and 2c

areas, detected U shaped associations, with the base
covering a range from 18 to 25°C**** (supplementary
table 2a). Three studies found that the size of diurnal
fluctuations in temperature or the level of temperature
during the night were more predictive of preterm births
than levels during the day,?” ® ® and another study
found stronger associations in areas that had high
night time temperatures.®’

A study in Israel disaggregated findings by
induced and spontaneous preterm births, and noted
associations only with spontaneous births (induced

Author Preterm births
Wang 2013
Mathew 2017
Porter 1999

Sun 2019
Carmichael 2014
Basu 2010

Basu 2017

Ngo 2016

Birth weight

MacVicar 2017
Ngo 2016
Basu 2018

Stillbirth

Rammah 2019
Basu 2016

Black Hispanic Indigenous White

Fig 6 | Analysis of associations between temperature and outcome by race of mother.
Purple shading indicates subgroups with the highest effect estimates. Orange shading
indicates those at lowest risk. Study details are given in supplementary tables 2a, 2b,
and 2c
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births incidence rate ratio 0.99, 95% confidence
interval 0.97 to 1.0).°® In the 11 studies on preterm
birth that stratified findings by age group, the
highest risks were noted in women under 25 (seven
studies)®* 7% or over 35 (two studies; fig 5).”” ’® In
two studies that did not fit this pattern, age had been
dichotomised, making it difficult to determine specific
risk bands.®” ®® Associations between exposure to heat
and preterm birth were strongest in low socioeconomic
groups in all six studies that reported this composite
variable (supplementary fig 8a).>> >® 7°72 7% In one
example, a study in South Korea, women with both
low education levels and low socioeconomic status
had a 1.1-fold increased hazard ratio of preterm birth
for each quartile increase in temperature, considerably
higher than that in other women in the study.”” In four
studies in the USA, black or Hispanic women had two
or more fold higher effect sizes than white women (fig
6).%> 7077 In one study where risks of preterm birth
associated with heat were higher in whites than in other
races, the differences in effect sizes were negligible.”*
Associations between heat and preterm birth were
highest in indigenous women in a study in the coastal
region of Australia,”® but in non-indigenous women
in the hot central region.”® Greater impacts of heat
on female than male fetuses were noted in six of nine
studies (supplementary fig 8b). Three studies found
that associations between temperature and preterm
birth were higher in women with chronic conditions
such as diabetes or depression.®* ®° 72

Overall, there was little evidence available on
whether relationship between temperature and
preterm birth had changed over time. A study in
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Brisbane, Australia, the only one that stratified
findings by time period, found that the hazard ratio of
preterm birth was lower in 2013 than in 1994 for the
same temperature exposure.®!

Birth weight

The median rate of low birth weights in the included
studies was 3.0% (interquartile range 1.8-6.4;
supplementary table 2b). Of the 16 studies that
provided data on the association of temperature with
low birth weight, 10 reported that risk increased
at higher temperatures, and only one reported the
converse (five had null findings). The median of the
observed effects of high temperatures on odds of low
birth weight was 1.09 (interquartile range 1.04-1.47;
table 1; supplementary figs 2 and 3). No meta-analysis
was done on any of the outcomes for birth weight given
the marked variation in magnitude and direction of
effect. We also did not present a summary measure
of changes in birth weight for each degree increase in
temperature given the high levels of methodological
diversity between these studies.

Of the 19 studies reporting birth weight as a
continuous variable, 12 noted decreases in birth
weight at higher temperatures, including two where the
direction of effect varied by trimester (supplementary
figure 7b),”° 8 three studies had non-significant
findings, and four noted that weight increased at higher
temperatures. Generally, the impacts of temperature on
weight were small, with most studies reporting changes
of under 10 g per change in degree, or under 20 g when
comparing high and low temperatures (supplementary
table 2b, supplementary fig 4). Changes in birth weight
were especially small in studies in low and middle
income countries.*® 8! Notably, in the lag measures,
high temperatures in the last four weeks of pregnancy
appeared to have little impact on birth weight, and were
even associated with an increase in birth weight in two
studies (supplementary fig 7b).*®®° Among studies that
showed an association between reduced weight and
high temperatures, the largest impacts were in women
aged less than or equal to 22 or above 40% 7*°; who
were black,”® indigenous,*® or Hispanic’; and of low
socioeconomic status®® ’*”? (fig 5, fig 6, supplementary
fig 8a).

Stillbirth

The median stillbirth rate was 6.2 per 1000 births
(interquartile range 4.4-6.4; supplementary table
2¢). All eight included studies detected an increase
in stillbirths at higher temperatures (table 1). In most
cases, associations between temperature and stillbirth
were most pronounced in the last week or month of
pregnancy (supplementary fig 7¢). Stillbirths increased
1.46-fold (95% confidence interval 1.09 to 1.96) in
the one study in Brisbane, Australia that reported this
outcome.> In meta-analysis, stillbirths increased by
1.05 (95% confidence interval 1.01 to 1.08) per 1°C
rise in temperature, by 1.24-fold (1.12 to 1.36) at
lags measured on individual days in the last week of
pregnancy,®® ® and by 3.39-fold (2.33 to 4.96) when

RESEARCH

temperature effects were examined over a trimester
or the whole pregnancy period® ® (supplementary
figs 5 and 6). In subgroup analyses, point estimates of
associations between heat and stillbirth were higher
in term than in preterm stillbirths,®” in black and
Hispanic women than white women,®® in younger
women,** male fetuses, and had reduced over time®!
(fig 5, fig 6, and supplementary fig 8b). Only one
study provided information on multiple pregnancies,
reporting associations similar to those with singleton
pregnancies.®? None of the eight studies were done in
low and middle income countries.

Discussion

Principal findings

The systematic review findings—in particular, the size
and relative consistency of associations and dose-
response patterns, appear to support the hypothesis
that heat exposure increases the likelihood of adverse
pregnancy outcomes. Association with preterm
births and stillbirths in some analyses shows these
outcomes rising by about 1.05-fold per 1°C increase
in temperature, and the odds of a preterm birth to be
1.16-fold higher during heatwaves.

Associations of heat with preterm birth and stillbirth
appear to be stronger and more consistent than those
with birth weight. For example, only 18 of 28 studies
which assessed birth weight found an association,
compared with 40 of 47 preterm birth studies. This is
even more remarkable as measurement of gestation is
subject to a range of errors, which are probably non-
differential, biasing findings to the null, whereas one
might expect data on birth weight to be of higher quality.
In other studies the associations of heat exposure
with other measures of newborn anthropometry,
such as birth length, also appear small,? *° 8! and
no association was noted between temperature and
ultrasound measurements of fetal anthropometry in
an Australian study.®” Taken together, evidence for
heat sensitivity on birth weight is limited and most
studies reported only minor changes. It is important to
note, however, that even apparently minor decrements
in birth weight could have a major impact on public
health as exposure to high temperatures is common
and escalating.

We were unable to discern any clear windows of
vulnerability during pregnancy, except that heat
exposure in the final weeks of pregnancy appears
most important for preterm births and stillbirths.
Some evidence suggested that pregnant women in low
and middle income countries were vulnerable to heat
exposure throughout pregnancy, whereas vulnerability
among women in high income countries was largely
confined to the last weeks of pregnancy. Any effects on
birth weight seem to occur early in pregnancy.

It is also difficult to isolate which dimension(s)
of heat mediate the impacts noted. The evidence
was strongest and most consistent for heatwaves,
although the largest effect sizes were from measures
of the cumulative dose of heat over the whole of
pregnancy. Three studies reported sizable impacts
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of diurnal fluctuations in temperature.?” ¢ ¢ Clearly,
the complexity of thermoregulation in pregnancy
and the interactions between temperature and other
meteorological variables, make it difficult to isolate
which aspects of heat are responsible for each adverse
pregnancy outcome. A better understanding of these
complexities and how they vary by climate zone could
inform the design of adaption services. For example,
several studies pointed to a threshold temperature of
18-25°C, above which rates of preterm births escalate
and interventions might be needed. This cutoff point
might also explain why the London study had null
findings as the temperature was below 25°C on almost
all days in that study."’

The review was not designed to assess associations
between low temperature and birth outcomes, though
these were documented in several studies, most
of which reported U shaped associations between
temperature and outcomes,*® °1 61 62 6479 86 87 1 ip)g
between exposures to cold and other outcomes, such as
mortality, are well documented. Little attention is paid
to these links when climate change is discussed, even
though the changes in climate which are occurring
encompass both increases in temperatures and periods
of low temperature extremes.®®

Several health conditions in newborns, other
than those assessed here, have been linked to heat
exposure, including small for gestational age and
congenital anomalies.'”?*#° Sensitivity to heat might
also vary by sex of the fetus. A study in Japan, which
noted higher spontaneous abortions among male than
female fetuses after a period of heat exposure,” is
consistent with the study in our review. We found that
higher temperatures were associated with stillbirths
in male fetuses.® The preponderance of female
newborns in studies on preterm birth in the review
could be explained by this differential sensitivity.
Heat exposure is implicated in many conditions in
pregnant women, with evidence pointing to heat
effects on pre-eclampsia, prolonged labour, and
antepartum or postpartum haemorrhage.’? ' 2
During heatwaves, pregnant women might also have
higher rates of admission to hospital emergency
departments and increased cardiovascular events,
such as stroke and myocardial infarction.”® ** Some
studies have also linked emotional stress and sleep
disturbance in pregnancy to hot weather.” *° Group
B streptococcus colonisation of the vagina and cervix
of pregnant women could increase at higher ambient
temperatures,”’ raising risks for newborn sepsis.
Lastly, it is important to note that in utero exposure
to heat has been linked with a range of childhood
and adult conditions, and even long term economic
prospects.® 122899 Each of these topics warrants closer
study.

Associations between temperature and birth
outcomes appear especially pronounced among
women in low socioeconomic groups. This suggests
that pregnant women in low and middle income
countries could be at particular risk from heat
exposure. Women in low and middle income countries
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already have high rates of preterm birth (10.4% of
births in Asia are preterm and 12.0% in sub-Saharan
Africa),® about twice the rates of the studies in this
review. Preterm birth and low birth weight are both key
risks for neonatal mortality, which accounts for almost
half of all child deaths under five.'®* Heat related
risks might be especially high among subgroups of
pregnant women in low and middle income countries
who have reduced physiological ability to respond to
high temperatures, including women with multiple
pregnancy, obesity, malaria, HIV infection, or mental
health and other chronic conditions.®”” ° Many of
the protections that are afforded to these groups in
high income countries are unavailable in low and
middle income countries. As the world’s temperature
increases, risks for pregnant women in low and middle
income countries become even more concerning as
their ability to reduce heat exposure through space
cooling, for example, could be severely constrained.

Future intervention and methodological
implications

The review highlights the need for research to identify
and study interventions to reduce problems due to heat
among pregnant women (no such studies were located
in the mapping review which preceded this review).
During pregnancy, a package of home based services
could be provided by community health workers
whose work already largely centres on pregnant
women and children. Many of the WHO recommended
interventions for health promotion in pregnant women
could be adapted for this purpose.'®® Heat reduction
in labour wards in low and middle income countries
might include optimising natural ventilation, making
fans and cold potable water available, and integrating
heat counselling within the services provided by health
workers, HIV counsellors, and birth companions.
These interventions warrant further investigation. It is
important to closely monitor maternal hydration when
temperatures are high. In the Paris heatwave of 2003,
for example, oligohydramnios, possibly caused by
maternal dehydration, was diagnosed in 17.5% of term
pregnancies, compared with 4.4% in the same week in
the previous year,'® consistent with a similar study
in the USA.'® Rates of dehydration and heat stress
might be high in women who give birth in facilities
that have little heat resistance, where temperatures
can be as much as 4°C higher than outdoors.'®® 1%
Lastly, cash transfers and other interventions which
build resilience could assist pregnant women to access
adaptive interventions such as cool, clean water, or
reduce their need to earn income in the final weeks of
pregnancy.'”’

Several observations on research methodology
should be mentioned. Standardising temperature
metrics, lag durations, and subpopulation analyses in
future studies would enable direct comparison between
studies, identification of windows of vulnerability, and
more robust estimates of overall size of associations.
Standardisation could also reduce selective reporting
of significant findings. Few studies examined whether
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temperature effects varied across subpopulations—
critical evidence that would inform the targeting of
specific groups of pregnant women. Many of these
limitations could be overcome by an individual
participant data meta-analysis that combined raw data
from several studies in a single analysis. Additionally,
the application of data science methodologies, such as
machine learning, could also offer new opportunities to
advance knowledge on this topic, and the association
of heat exposure with health more generally.

Strengths and limitations
Thereview included more studies than previous reviews
and covered three outcomes, allowing comparisons
among these outcomes and a more comprehensive
assessment of heat sensitivity in pregnancy. The
review has several limitations, however. Differences
in the ways that temperature and lag measures were
used meant that we had to develop decision rules for
classifying temperature metrics and other variables.
Additionally, about a third of studies were of low
quality, limiting analysis. Moreover, publication bias,
multiple testing, and selective reporting of positive
associations (eg, at different lag times) might have
been common, as with all observational research.
More generally, considerable challenges exist
in interpreting studies that examine impacts of
environmental exposures on birth outcomes,
especially spontaneous abortion or stillbirth. For
example, severely damaged embryos or major birth
defects from an environmental exposure could result
in spontaneous abortion, often before pregnancy
recognition.'® Heat related early pregnancy loss
might be difficult to detect, though studies of assisted
reproduction provide one way of doing so. In one such
study in Qatar, for example, spontaneous abortions in
hotter months were double those in cooler months.'®
Importantly, potential confounding by air pollution
could occur, and future reviews need to explicitly
examine this problem. Furthermore, adaptation
measures such as air conditioning use, and heat action
planning might attenuate the strength of associations
between heat exposures and adverse outcomes.® This
possibly explains the inconsistent findings of the study
in Shenzhen, China*® and the very low point estimates
in a study in Seoul, South Korea.”” Null findings might
be interpreted as the absence of an association, rather
than as the effectiveness of adaptation measures.
Given these complexities, we presented some meta-
analyses that excluded those studies which could
have been influenced by high levels of adaptation.
Major challenges exist in interpreting these findings,
however, and future reviews might consider stratifying
analyses by use of air conditioning, for example.

Conclusions

The studies included could be subject to a range of
measurement biases, but this review suggests that
exposures to high temperature might be associated
with birth outcomes, with evidence most consistent
and effect sizes largest for preterm birth and stillbirth.

Overall, the review highlights the need to identify
interventions targeting heat related conditions in
pregnant women, especially in women at the age
extremes and in lower socioeconomic groups, and to
determine their effectiveness. Pregnant women merit a
place alongside the groups typically considered as at
high risk for heat related conditions. Estimates of the
global burden of disease from heat effects on newborns
could be modelled from the evidence collated in this
review. These estimates are key for securing funding
for reducing heat exposure for pregnant women, for
demonstrating the health risks of climate change
more generally, and for supporting efforts to curtail
greenhouse gas emissions. Given increases in the
frequency and intensity of heatwaves, the number
of pregnant women exposed to these conditions
worldwide, and the significant individual and societal
burdens associated with preterm birth and stillbirth,
research and policy initiatives to deal with these
connections are a high priority.
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