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Physiological and biological response to heat exposure in
pregnancy: a systematic review and meta-analysis
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Summary

Background Pregnant women are vulnerable to extreme heat due to physiological adaptations that alter thermo-
regulation and metabolism; however, the underlying physiological mechanisms remain inconclusive. This system-
atic review and meta-analysis synthesises the effects of environmental heat on maternal, placental, and fetal
physiology, identifying key biophysiological pathways.

Methods We searched PubMed and Embase from database inception to Jan 13, 2025, for studies of pregnant women
exposed to heat. Observational and experimental studies conducted in laboratory or field settings were included. Grey
literature was not included. Alterations in typical physiological functions resulting from heat exposure across
maternal, placental, or fetal responses were considered outcomes. AB and AAMQ screened and extracted data
independently. Random-effects meta-analyses and meta-regression were applied to examine associations between
heat stress exposure parameters and physiological responses. The study was registered with PROSPERO
(CRD42024511153).

Findings The analysis included data from 201906 pregnant women from 27 studies. Meta-analyses of physiological
changes before and after heat exposure found mean increases of 38 beats per min (bpm) in maternal heart rate
(95% CI 29-3-45-8; I* 91%; seven studies), 0-5°C in maternal core temperature (0-5-0-6; 84%; 12 studies), 1-9°C in
maternal skin temperature (0-4-3-4; 99%; six studies), and 13 bpm in fetal heart rate (8-8-16-5; 78%; seven studies).
On meta-regression, increased core temperature was associated with higher intensity activities and increased heat
stress and inversely associated with gestational age. There were inconsistent changes in uterine and umbilical artery
blood flow. However, a higher susceptibility to impaired uteroplacental blood flow was observed among pregnant
women with hypertension or pre-eclampsia.

Interpretation We found consistent acute physiological stress responses to heat exposure, with evidence that these
responses were worse in pregnant women with pre-eclampsia. The paucity of available data highlights the need for
more research to identify the underlying biological mechanisms that mediate pregnancy outcomes with high heat
exposure.

Funding Wellcome Trust.

Copyright © 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction body—combined with the shift in maternal body surface

Anthropogenic climate change has resulted in an alarming
rise in global temperatures.'? Heat exposure has become a
crucial global health concern, with projections indicating a
worsening upward trend.>* This shift is intensifying the
frequency, duration, and severity of extreme heat events,
with serious health consequences for pregnant people.””
The impacts of these extreme heat events are compounded
in low-income countries, where exposures are more diffi-
cult to avoid and health systems might not be equipped to
deal with the challenges brought about by the climate
crisis.®

Pregnancy is marked by extensive physiological adapta-
tions. These changes include metabolic, cardiovascular,
endocrine, and immunological shifts, which are reflected
in elevated metabolic rate, increased blood volume and
heart rate, and weight gain.>"" Exposure to extreme heat
that exceeds the thermoneutral zone of the human
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area ratio—can affect these adaptive processes and
thermoregulatory capacities, inducing physiological strain
on the fetal-maternal systems.!2'3

Heat stress exposure has been linked to increased risk of
pregnancy complications across all trimesters and adverse
birth outcomes."” These complications and outcomes
include miscarriages,'® congenital anomalies,'** hyperten-
sive disorders,” gestational diabetes,” preterm birth,*?* low
birthweight,* small-for-gestational age,” and stillbirth.*
Although epidemiological links are increasingly recognised,
understanding of the underlying pathophysiological
mechanisms remains poor.

Humans maintain a typical core body temperature of
between 37°C (SD 0-2) through autonomic responses (eg,
sweating and peripheral vasodilation), and behavioural
adaptations (eg, seeking shade or reducing activity).>*
During pregnancy, thermoregulation becomes more
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Research in context

Evidence before this study

Extreme heat exposure during pregnancy has been associated
with adverse pregnancy and birth outcomes, including congenital
anomalies, pre-eclampsia, gestational diabetes, preterm birth,
low birthweight, fetal growth restriction, and stillbirth. However,
underlying physiological mechanisms—particularly those
involving maternal, placental, and fetal responses to
environmental heat stress—remain poorly understood. To
address this gap, we searched PubMed and Embase from database
inception to Jan 13, 2025, using combinations of terms such as
"heat stress", "temperature", "pregnancy", "maternal", "placental”,
“fetal", and related physiological outcomes. Eligible studies were
primary research that assessed the effects of environmental heat
exposure on maternal, placental, or fetal physiology during
pregnancy. Although some reviews have begun to explore the
effects of heat exposure on maternal and fetal physiology, no
review has systematically examined the underlying pathways and
biological mechanisms—including changes in maternal
thermoregulation, placental function, and fetal responses to heat,
nor undertaken a meta-analysis of these responses.

Added value of this study

This systematic review and meta-analysis synthesises biological
responses to heat exposure during pregnancy, identifying acute
thermal strain in both mothers and fetuses (especially changes in
maternal core and skin temperatures), and maternal and fetal
heart rate. We highlight novel insights from meta-regression
showing that gestational age might modulate maternal heat
strain, with physiological strain decreasing as pregnancy

complex.*® Although some physiological adaptations help
to maintain thermal balance, such as increased plasma
volume, enhanced thermal heat capacity (ie, the amount of
heatrequired to raise the temperature by 1°C), and decrease
in the threshold temperature for sweating,*-** some adap-
tations (eg, changes in body mass composition, higher
metabolic rate, and altered body surface area ratio) make it
more difficult for both the mother and fetus to dissipate
heat. A key adaptation is the establishment of a
fetal-maternal temperature gradient, where the fetus
remains approximately 0-5°C warmer than the maternal
core temperature in the third trimester of pregnancy* and
dissipates heat via uteroplacental blood flow (85%) and
through amniotic fluid and the uterine wall (15%).%2
External thermal environments can be characterised by
ambient air temperature alone or through standardised
heat stress indices, such as the wet bulb globe temperature
(WBGT) and the universal thermal climate index. These
indices integrate multiple meteorological variables—ie, air
temperature, humidity, wind speed, and solar radiation—
to provide a composite estimate of heat stress.” Previous
studies have used both absolute and relative thresholds for
these indices, influencing how heat exposure and stress are
defined.'***” This variation affects how results are

progresses. Additionally, this systematic review uncovers
potential susceptibility among pregnant women with pre-
eclampsia or hypertension, where altered uteroplacental
responses and fetal distress were observed under heat exposure.
The study also highlights emerging evidence of placental gene
expression changes under heat and potential modulation by
nutrient pathways, suggesting potential mechanisms for heat-
related placental insufficiency. Despite growing literature, there is
a poor understanding of the molecular, inflammatory, and
epigenetic pathways that mediate heat-related pregnancy
outcomes.

Implications of all the available evidence

Our findings confirm that heat exposure during pregnancy
triggers acute maternal and fetal physiological stress responses
and that pregnant women with hypertensive disorders might be
at higher risk. However, the current evidence base is narrow, with
few studies exploring endocrine and hormonal, inflammatory, or
molecular mechanisms, and an understanding of the mechanisms
remains blurred. Our findings call for standardised primary studies
that include biomarker and mechanistic endpoints to unravel how
heat impacts maternal and fetal health across pregnancy stages.
From a planetary health perspective, addressing the intersection
of climate exposure, undernutrition, and health system inequities
is essential to protect pregnant women in climate-vulnerable
regions. Future research needs to bridge these gaps and guide
context-specific policy to safequard maternal and newborn health
in an increasingly warming world.

interpreted, as factors such as acclimatisation and local
climate conditions can change the physiological effects of a
given thermal load.

Although increased maternal core temperature could
contribute to adverse pregnancy outcomes (eg, stillbirth)
through heat-induced cellular stress and inflammation,® it is
unlikely that maternal core temperature is the sole mechan-
ism. Other factors, such as oxidative stress' and placental and
endocrine disruption,® could also contribute to these out-
comes. This systematic review and meta-analysis assesses the
effect of an increased exposure to environmental heat stress
in pregnant women on maternal, placental, and fetal physi-
ology compared with low or no environmental heat stress. It
investigates evidence from three pathways—maternal, pla-
cental, and fetal heat strain. Heat strain was defined as any
biological response deviating from typical physiological
function due to heat exposure. For example, maternal heat
strain was defined as conditions arising from alterations in
maternal physiology, activation of inflammatory pathways, or
disruptions in thermoregulatory responses. Placental heat
strain was defined as changes in placental blood flow, gene
expression, or changes in circulating placental biomarkers.
Fetal heat strain was defined as an alteration in fetal
physiology, heart rate or fetal movements.
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Methods

Search strategy and selection criteria

In this systematic review and meta-analysis, PubMed and
Embase were searched for studies published between
database inception and Jan 13, 2025.% Included studies met
the following criteria: involved pregnant women; evaluated
maternal, placental, or fetal exposure to heat; defined the
source of heat exposure (eg, included ambient temperature,
relative humidity, solar radiation, or physical activity); and
had been granted ethics approval and were peer reviewed.
The following predefined outcomes were also included:
maternal, placental, or fetal cardiovascular changes;
maternal temperature changes; hydration status; thermal
perception; inflammatory or placental markers; and
maternal hormonal changes or placental alterations.*
Studies were excluded if published in languages other than
English, or were reviews, modelling studies, animal stud-
ies, or studies where heat exposure was due to fever or
infection, as these involved potentially different pathophy-
siological pathways. Grey literature was excluded. The
detailed method is provided in the protocol.*

Alist of seven benchmark studies, identified by a subject
expert (AB), was used to validate the search algorithm
developed by a second researcher (LGI), which successfully
retrieved all seven studies. The full search strategies for
both databases are detailed in the protocol.* The reference
lists of all included studies and related reviews were
manually screened to identify additional relevant studies
and reduce the risk of publication bias.

All records retrieved from database searches were
imported into Microsoft Excel for de-duplication and
screening. Two reviewers (LT and LGI) independently
screened titles and abstracts against predefined inclusion
and exclusion criteria, and any disagreements were
resolved through discussion and moderation by a third
reviewer (AB). Full-text articles were obtained for all studies
deemed potentially eligible and were assessed in duplicate
for final inclusion, with discrepancies resolved through
discussion and consultation with the third reviewer.

Data analysis

Data were extracted independently using a standardised
Microsoft Excel-based data extraction template developed
and finalised by AB and AAMQ. Extracted variables inclu-
ded: study title, authors, year of publication, country and
city, climate zone, study aim, study design, sample size,
maternal age, gestational age, BMI, occupation, inclusion
criteria, exclusion criteria, exposure measurement and
definition, exposure duration, timing of exposure by ges-
tational age, outcome definition, outcome measurement,
key findings, pregnancy outcomes, confounding variables
considered, and funding sources. Discrepancies in data
extraction were resolved by consensus between AB and
AAMQ, and resolved by JKD. No attempts were made to
contact study authors for additional information.
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AB and AAMQ evaluated the risk of bias using the Risk of
Bias in Non-randomized Studies-of Exposures (ROBINS-E)
and the Risk of Bias in Non-randomized Studies-of Inter-
ventions (ROBINS-I) tools as appropriate.”** The seven key
domains were risk of bias due to: confounding, measure-
ment of exposure, participant selection, post-exposure
interventions, missing data, measurement of outcome, and
reported results. Each domain was rated using standard
categories (ie, low risk, some concerns, high risk, or very high
risk) and then collated to an overall score for risk of bias
(appendix p 12).

A meta-analysis was done to quantify acute differences in
maternal, placental, and fetal outcomes before and after
heat exposure, where sufficient data were available. For
studies reporting data in graphical form, numerical values
were extracted using WebPlotDigitiser (version 4.5, 2021).
In studies where WBGT was not reported, WBGT was
calculated using the Liljegren method from the reported air
temperature and relative humidity.” Meta-regression was
applied to examine the associations between exposure
parameters (eg, WBGT, metabolic equivalent task [MET],
and gestational age) and the pooled physiological responses
across the studies included in the meta-analyses. We used
unstandardised mean differences to present findings in
original measurement units for both meta-analyses and
meta-regression, which allowed for the more tangible
interpretation of physiological changes across studies using
consistent outcome measures. For missing standard devi-
ations, we imputed values using the average coefficient of
variation that was calculated from complete cases within
the dataset.“* Random-effects models were applied to
account for between-study variability related to participant
characteristics, exposure intensities, and environmental
conditions. Heterogeneity was assessed using the I? index
and further explored through meta-regression and sub-
group analyses. Funnel plots were examined visually for
publication bias and, where the number of studies in the
meta-analysis exceeded ten, Egger’s test was used to indi-
cate the probability of asymmetrical data. Subgroup ana-
lyses of sauna-only studies allowed for isolation of the
effects of external heat exposure by excluding the effect of
endogenous heat production from exercise. Sensitivity
analysis was undertaken to evaluate whether studies with
imputed variances influenced the pooled estimate for core
temperature through a leave-one-out analysis. Data ana-
lyses were undertaken in SPSS version 29.0.2.0, and meta-
analyses were conducted using Python code built on the
NumPy version 2.1.3 and SciPy version 1.15.3 libraries.

The study protocol is available online* and is registered
with PROSPERO (CRD42024511153).

Role of the funding source

The funder had no role in study design, data collection,
data analysis, data interpretation, manuscript writing, or
decision to submit for publication.

See Online for appendix
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Results

The initial search identified 4290 studies, which were
imported into EndNote, and 3020 were screened after
de-duplication (figure 1). 2990 studies were excluded after
title and abstract screening, 30 were selected for full-text
screening, and 27 were included for data extraction and
analysis.

The 27 studies were published between 1961 and 2024
(table 1), and included 201906 pregnant women, with a
median of 25 women per study (IQR 14-313). Geograph-
ically, the studies were distributed across diverse climatic
zones (figure 2), including tropical rainforest, tropical
savannah or monsoon, humid subtropical, desert, and
temperate regions. Most studies were conducted in high-
income countries in Europe, North America, and Ocea-
nia. Specifically, the studies were undertaken in Sweden,*
Finland,*#51-5355  France,” Germany,® Norway,® the
USA 24748505457 Aystralia, ' New Zealand,** and
China.®*¢7%7° In contrast, four studies originated from low-
income and middle-income countries: India,*® Pakistan,”
and The Gambia.®** Figure 2 presents the global distribu-
tion of studies, overlaid with climate zones categorised
using the Koppen—Geiger climate classification, and shows
a concentration of research in humid subtropical and
steppe regions. Few studies are available from arid desert
zones (eg, Middle East and north Africa and the south-
western USA), tropical zones (both rainforestand savannah
and monsoon), or from Mediterranean climates, despite
their  high heat vulnerability and projected
temperature rise.”

Studies were broadly defined as heat chamber (nine
Smdies)y32,47,48,50,54,56,58,61,69 sauna (S]_X Smdies)y%,49,51753,55 and
field-based studies (12 studies).?”*”%%©62¢70 [n the 15 heat
chamber and sauna studies, women were exposed to con-
trolled exercise, heat, or both, with physiological measure-
ments taken before, during, and after exposure. The
duration of exposure varied from 15 min to 60 min
with heat stress ranging from 15°C to 52°C WBGT, and
METs varying from 1 (sitting at rest) to approximately
13 (interval training at 92% maximum oxygen consump-
tion [VO, max]). Of the field-based studies, ten were
prospective pregnancy cohorts”**¢*%7° and two were cross-
sectional.”*° Heat exposure was either measured acutely
(six studies);?” 67 3 combination of within 1 week of the
outcome of interest (four studies),””***< allocated by tri-
mester (five studies),”*****”° or whole pregnancy averages
(three studies);*®7 or determined using extreme percen-
tiles (two studies).®® In total, there were 355 792 pregnant
women across all 27 studies. Maternal physiological
response was the most frequently studied outcome,
reported in 22 studies,?324¢-5058606163-6567.6970 fgllowed by
placental outcomes (nine studies)?s"535557:59606266 and fetal
outcomes (nine studies).#51:55:5658.626465.68

Maternal heart rate, core body temperature, skin tempera-
ture, and fetal heart rate were the most reported outcomes
(appendix pp 2-8). Of the 16 studies that reported these out-
comes using measurements taken before and after heat
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Figure 1: Study selection

exposure, data were pooled for meta-analysis and additional
meta-regression where possible (table 2).324-#951525+565861,62646569
Studies reporting outcomes that could not be included in the
meta-analysis due to heterogeneity or where results were
reported in only one study are given according to the prede-
fined maternal and placental outcomes outlined in the
protocol (table 3).* These outcomes included maternal
hypertension, glucose control, placental hormones, uteropla-
cental blood flow, and placental gene expression. Among the
12 observational studies, confounding was the most common
source of bias, with six studies considered high risk due to
inadequate control over baseline or time-varying confounders
(appendix p 12).%7752¢63¢” The remaining 15 studies were rated
low risk or some concerns.?#56551% Exposure measurement
in all 27 studies was rated low risk or with some concerns.
Participant  selection raised moderate concerns in
11 studies,#565760626466-6570 egpecially where recruitment was
seasonal.® Meanwhile, missing data, outcome measurement,
and the selection of reported results consistently received low-
risk ratings. Overall, one study was categorised as low risk,” six
studies as some concerns,” 2457 and six studies as high risk
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Study design Location Study  Participants Gestational age at Temperature WBGT Metabolic  Outcome
setting  (N) exposure (weeks) (°C) (°Q) equivalents
Pystynen Experimental Helsinki, Finland Sauna 60 40 64 52 1 Change in maternal blood pressure and
(1961)* study electrolytes with sauna exposure in pregnant
women with severe pre-eclampsia, mild
pre-eclampsia, hypertension, or normal
pregnancy
ones and Longitudinal Pennsylvania, USA Heat 4 12, 24, and 32 Not given 23-8 10 Change in maternal heart rate, blood
J g Y 9 9
colleagues experimental chamber pressure, core temperature, oxygen
(1985)" study consumption, carbon dioxide production,
and respiratory rate under set exercise
conditions in a controlled heat chamber
Clapp and Longitudinal Vermont, USA Heat 10 20-5and 31-5 22 17 4-5 Change in maternal core temperature, blood
colleagues experimental chamber glucose, and lactate level under set exercise
(1987)*® study conditions in a controlled heat chamber
Vdha-Eskeli  Experimental Turky, Finland Sauna 23 365 70 50 1 Change in maternal core and skin
P g
and Erkkola  stud temperature, maternal heart rate, fetal heart
y P
(1991)*° rate, fetal movements, and uterine
contractility under sauna exposure
McMurray Longitudinal North Carolina, USA Heat 7 15, 25, and 35 30 NA, in  10-12 Change in maternal core and skin
and experimental chamber water temperature, heat storage, convective loss,
colleagues study and maternal heart rate under set exercise
(1990)*° conditions in a controlled heat chamber in
the air or water
Vaha-Eskeli Experimental Turku, Finland Sauna 17 365 70 50 1 Change in maternal heart rate, blood
and study pressure, uterine and umbilical pulsatile
colleagues index, fetal heart rate, and fetal movements
(1991)** under sauna conditions
Vaha-Eskeli Experimental Turku, Finland Sauna 32 13-5 and 36-5 70 50 1 Change in maternal core temperature, skin
and study temperature, mean arterial pressure, strove
colleagues volume, cardiac output, heart rate, and
(1991)> peripheral vascular resistance under sauna
conditions
Clapp Longitudinal Vermont, USA Heat 18 7,15,23,31,and 20 15-2 6 Change in maternal core temperature and
(1992)* experimental chamber 37 exercise intensity at different gestational
study ages under set exercise conditions in a
controlled heat chamber
Vaha-Eskeli  Experimental Turku, Finland Sauna 32 37 70 50 1 Change in serum concentrations of
and study progesterone, oestradiol, oestriol, 6-keto-
colleagues prostaglandin, and thromboxane B2 under
(1992)> sauna conditions
McMurray Experimental North Carolina, USA Heat 7 25.5 30 NA,in 6 Change in maternal heart rate, core
and study chamber water temperature, skin temperature, heat storage,
colleagues and convective heat loss under controlled
(1993)** exercise conditions in a heat chamber and
water chamber
Pirhonen and Experimental Turku, Finland Sauna 26 34-7 70 50 1 Change in maternal heart rate and blood
P g
colleagues study pressure, umbilical and uterine pulsatile
(1994)* index, fetal heart rate, and uterine
contractility under sauna conditions
O'Neill Experimental Auckland, New Zealand  Heat 11 355 223 223 5-6 Change in maternal heart rate, core
(1996)°° study chamber temperature, fetal heart rate, and incidence
of fetal heart rate accelerations under set
exercise conditions in a controlled heat
chamber
Sciscione and  Retrospective Baltimore, USA Field- 42 27-40 327 Not NA Change in amniotic fluid index as ambient
colleagues cross-sectional based given temperature increased
(1997)*7 study study
Lindqvistand  Longitudinal Malmé, Sweden Heat 14 8,15,22,29,and 22 22 7-8 Change in maternal core temperature, peak
colleagues experimenta chamber temperature difference, maternal heart rate,
lleag peri | hamb 36 P diff I'h
(2003)°® study fetal heart rate, and uterine activity at set
gestational ages under set exercise
conditions in a controlled heat chamber
(Table 1 continues on next page)
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Study design Location Study  Participants Gestational age at Temperature WBGT Metabolic ~ Outcome
setting  (N) exposure (weeks) (°C) (°Q) equivalents
(Continued from previous page)
Abraham Cohort study Nancy and Poitiers, Field- 668 Days 1, 2, and 3, 5-16 3-15 NA Ambient exposure linked to global
and France based and 1 month methylation levels and gene-specific
colleagues study before delivery methylation in placentas
(2018)>° (calculated
backwards from
birth), by trimester,
and whole
pregnancy
Shen and Secondary Brisbane, QLD, and Field- 2120 24-32 Average Not NA Gestational diabetes incidence, fasting
colleagues analysis of the Newcastle, based monthly given plasma glucose level, HbA, level, 1 and 2 h
(2019)60 HAPO cohort NSW, Australia study exposure plasma glucose level, HOMA-IR score,
15-4-25-3 umbilical cord C-peptide concentration, and
umbilical cord glucose level
Smallcombe  Experimental Sydney, NSW, Australia Heat 32 30-5 32 26 4-5 Change in maternal core and skin
and study chamber temperature, maternal heart rate and blood
colleagues pressure, whole-body thermal sensation,
(2021)%* metabolic rate, maternal oxygen uptake, and
VO, peak in pregnant and non-pregnant
participants in a controlled heat chamber
under weight-bearing and non-weight-
bearing exercise conditions
Bonell and Feasibility study West Kiang, The Field- 40 285 31 24 32 Change in fetal heart rate and umbilical artery
colleagues Gambia based resistance index during a normal working
2022 stu shift in outdoor subsistence farmers witl
( )% dy hift i d bsi f ith
directly measured heat exposure
Peng and Cross-sectional Guangzhou, China Field- 1043 Each antenatal visit 22-26 19-25 NA Thermal sensation vote by trimester and
colleagues study based ambient conditions measured in the waiting
2022 stu area of the obstetric department; preferre:
B dy f the obstetric dep: preferred
operative temperature by trimester
Bonell and Prospective West Kiang, The Field- 92 285 335 24-3 32 Change in maternal core temperature,
colleagues observational Gambia based maternal skin temperature, maternal heart
2022 cohort study study rate, fetal heart rate, and fetal strain durin
64 h d) d fetal h d fetal strain during
working outdoor shift with heat exposure
directly measured
Rekha and Prospective Tamil Naduy, India Field- 800 Directly measured  Not given 24-29 Notgiven  Outcomes included odds ratio of any adverse
colleagues observational based for1day in the first, birth outcome, heat-related illnesses, heat
2024 cohort study study second, and thir strain indicators, and birth defects in the
( )6 h d) d) d, and third in indi d birth defects in th
trimesters and children of pregnant women who had been
extrapolated to exposed to heat stress at work and pregnant
trimesters and women who had not been exposed to heat
whole pregnancy stress (based on standard WBGT cutoffs and
threshold limit values)*
Shankar and  Ancillary analysis ~ Thatta, Pakistan Field- 459 Averaged by Not given Not NA Outcomes included anthropometric
colleagues of a subcohort based trimester given measurements at birth, placental mRNA
(2023)” within a study expression, placental protein expression, and
randomised maternal metabolite levels
controlled study
Yizen and Secondary data Hamburg, Germany Field- 25624 7 days before Not given Not NA Relative risk of preterm birth with heat wave
colleagues analysis from based (registry delivery given exposure defined by different intervals
(2023)%¢ retrospective study study); 386 (registry study); pulsatile index of the uterine
cohort study (PRINCE and umbilical arteries linked to heat wave
(registry study); study) exposure (PRINCE study)
secondary data
analysis from
prospective
cohort study
(PRINCE study)
Wu and Cross-sectional Guangzhou, China Field- 723 Each antenatal visit 26-4 25 06-1 Thermal sensation by trimester, ambient
colleagues study based conditions, metabolic rate, and clothing
(2023)%7 study
Wang and Prospective Liaoning, Hebei, Hubei, Field- 162 407 4 weeks before Not given Not NA Preterm birth and fetal heart rate; mediation
colleagues observational Sichuan, Hunan, Fujian, based delivery, trimesters, given analyses to explore the role of fetal heart rate
(2024)%8 cohort study Yunnan, and study and whole as a mediator of the effects of heat exposure
Guangdong, China pregnancy and risk of preterm birth

(Table 1 continues on next page)
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Guangdong, China

limit value as set by the American Conference of Governmental Industrial Hygienists.

Study design Location Study  Participants Gestational age at Temperature WBGT Metabolic ~ Outcome
setting  (N) exposure (weeks) (°C) °C) equivalents
(Continued from previous page)
Brevik- Experimental Oslo, Norway Heat 15 30 20 16 11-13 Change in maternal core temperature, skin
Persson and  study chamber temperature, fluid loss, and thermal
colleagues sensation in pregnant and non-pregnant
(2024)% participants under set exercise conditions in a
controlled heat chamber
Wang and Prospective Liaoning, Hebei, Hubei, Field- 197 080 Trimester and Not given Not NA Hazard ratio of preterm birth risk and
colleagues observational Sichuan, Hunan, Fujian, based whole pregnancy given adjusted odds ratio of maternal hypertension
(2024)7° cohort study Yunnan, and study linked to maternal heat exposure at different

trimesters, weeks, and whole pregnancy

Experimental studies involved a defined heat exposure with or without exercise in a heat chamber with measurements taken before, during, and after heat exposure. Longitudinal experimental studies involved a
defined heat exposure with or without exercise in a heat chamber with measurements taken before, during, and after heat exposure, and repeated at different gestational ages on the same participants. Sauna studies
were conducted in a heat chamber that replicated the conditions of a sauna. Heat chamber studies were conducted in a heat chamber with a controlled and monitored heat exposure. Field-based studies were conducted
in a real-world setting. bpm=beats per min. HbA, =glycated haemoglobin. HOMA-IR=Homoeostatic Model Assessment for Insulin Resistance score. NA=not applicable. WBGT=wet bulb globe temperature. *Threshold

Table 1: Study details
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Figure 2: Map of studies with geographical spread and climate zone

Global distribution of the included studies by climate zone and geographical location. Each black circle represents one or more studies, with circle size scaled to reflect the

number of studies conducted at that location (range 1-5).

of bias.”*%6¢” Among the 15 heat chamber and sauna stud-
ies, there was low risk of bias related to exposure measure-
ment, outcome measurement, reporting or missing data. Six
studies rated as having some concerns related to participant
selection and control of confounding factors.*#:055 Qverall,
ten studies were classified as low risk,**5¢'¢ four studies as
having some concerns,”#%% and one study as at high risk of
bias.® There was moderate heterogeneity in methodological
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quality overall, with confounding being the main limitation
across all studies (appendix pp 12-13).

Of the 22 studies reporting on maternal
physiology,27,32,46—56,58,60,61,63—65,67,69,70 seven studies reported
changes in maternal heart rate and were included in the
meta-analysis.*#152%>566 The random effect model found
an increased pooled mean difference of 38 beats per min
(bpm; SE 4-4; 95% CI 29-3—45-8) immediately after heat
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Estimate (°C or bpm) SE 95% Cl p value
Change in maternal core temperature
Metabolic equivalents 0-091 0-0145 0-061 to 0-121 <0-0001
Gestational age -0-007 0-0027 -0-013 to -0-001 0-018
WBGT 0-009 0-0034 0-002 to 0-016 0-015
Change in maternal skin temperature
Metabolic equivalents 0-051 0-0275 -0-016 to 0-118 0-114
Gestational age -0-001 0-0093 -0-024 to 0-022 0-895
WBGT 0-174 0-0077 0-155 to 0-193 <0-0001
Change in maternal heart rate
Metabolic equivalents 5-320 4-8275 -5-601 to 16-240 0-299
Gestational age -0-375 0-3854 -1-247 to 0-496 0-356
WBGT -0-291 0-6578 -1-779 to 1-197 0-668
Estimate represents the change in core temperature, skin temperature, or maternal heart rate by increase in either
1 metabolic equivalent, 1-week gestational age, or 1°C WBGT. All studies from the meta-analysis are included. WBGT=wet
bulb globe temperature.
Table 2: Meta-regression of change in maternal physiology with heat stress exposure

exposure compared with baseline values (figure 3). There
was significant heterogeneity between the studies (I* 0-91),
reflective of the diverse methods and participant charac-
teristics of the studies. The funnel plot was symmetrical on
visual inspection, indicating that publication bias was
unlikely (appendix p 10). Five of the seven studies were
conducted under sauna conditions,***52* with two stud-
ies including women with hypertensive disorders of preg-
nancy.** One study was of pregnant elite athletes and
undertaken in a heat chamber on cycle ergometers,* and
one study was of occupational heat exposure in subsistence
farmers working in west Africa.**

Change in maternal core temperature was reported in
12 studies.’2##05256586164656 The pooled increase in core
temperature immediately post-exposure was 0-5°C (SE
0-045; 95% CI 0-5-0-6; I* 0-84) using a random effects
model (figure 3). Ten studies were heat chamber or sauna
studies,40-#0525450586160  where core temperature was
measured with a rectal thermometer, and two were field-
based studies,** where core temperature was measured
with a tympanic thermometer. Funnel plot and Egger’s test
(p=0-61) indicated no evidence of publication bias.

Change in maternal skin temperature was given in six
studies. #5254+ The overall estimate of change in skin
temperature post heat exposure was 1-9°C (0-66; 0-4-3-4).
Two studies conducted under sauna conditions (70°C, 15%
relative humidity for 20 min of exposure) found large
changes in skin temperature,”** whereas the remaining
studies (20-30°C, 38-61% reported humidity for 2040 min
of exposure),”***® which were conducted under heat
chamber and field conditions, had more modest changes
(figure 3). This was reflected in the asymmetry of the funnel
plot for this analysis and an I* of 99%.

Meta-regression, which allows for the investigation of
patient characteristics as moderators on the pooled effect,
was explored for all meta-analyses. There was a statistically
significant increase in change in maternal core tempera-
ture by both activity intensity (measured as MET) and

WBGT exposure (table 2, appendix p 2), indicating that
these parameters were statistically significantly moderating
the pooled increased core temperature. There was also a
statistically significant decrease in change in core tem-
perature with increasing gestational age. With each
increasing week of gestation, there was a 0-007°C decrease
in the change in core temperature with heat stress expos-
ure. This finding indicates that, as pregnancy progresses,
the core temperature response to heat stress exposure
reduces, contradicting general consensus over the com-
mon statement that thermoregulation is more difficult in
later pregnancy, which is often stated as fact."'® This find-
ing was also shown in the six studies that conducted lon-
gitudinal experiments throughout pregnancy,+s0s258
which showed that core temperature and changes in core
temperature reduced as gestational age progressed.:>* 5
However, only WBGT statistically significantly increased
maternal skin temperature, and none of the covariates were
statistically significantly associated with the change in
maternal heart rate (table 2, appendix pp 3-6).

Subgroup analyses of the sauna studies found pooled
mean differences of 29-4 bpm in maternal heart rate
(95% CI 23-1-35-8), 0-33°C in maternal core temperature
(0-24-0-42), 5-53°C in maternal skin temperature
(5-33-5-73), and 10-71 bpm in fetal heart rate (7-53-13-88)
before and after exposure (appendix pp 8-9).

Sensitivity analysis of the imputed variances by a leave-
one-out analysis lowered the pooled effect only slightly
(from 0-526°C to 0-493°C; A of 0-033°C). In the leave-one-
out analysis, removing each imputed-variance study indi-
vidually resulted in only minor shifts in the pooled estimate
(range: 0-514 to 0-535°C), with all studies remaining close
to the primary pooled effect with highly overlapping Cls.
Together, these findings indicate that the core temperature
results are robust, and no imputed-variance study exerted
undue influence on the overall effect.

Three studies included participants with either hyper-
tension or pre-eclampsia.***>”® Pirthonen and colleagues
compared two groups: 14 healthy pregnant women
(group 1), and ten pregnant women with pregnancy-induced
hypertension and two pregnant women with essential
hypertension (group 2), with both groups exposed to set-
tings similar to a sauna for 20 min (70°C, 15% reported
humidity).”> Group 2 showed a statistically significant
increase in uterine artery pulsatile index during exposure,
which was not observed in group 1.

Pystynen examined four groups under sauna conditions:
healthy pregnancy (n=10), essential hypertension (n=4),
mild pre-eclampsia (n=26; defined by albuminuria, blood
pressure 140/90 mm Hg to 160/110 mm Hg with mild
oedema), and severe pre-eclampsia (n=20; with additional
symptoms such as headache, dyspnoea, or visual dis-
turbances).” Maternal heart rate increased most in the
healthy group, with a statistically significantly less reactive
heart rate in those with more severe pre-eclampsia. Blood
pressure dropped immediately post-exposure in partic-
ipants from both mild and severe pre-eclamptic groups,
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Country

Setting (exposure)

Sample size (n)

Gestational age at
exposure

Key findings

Maternal hypertension and pre-eclampsia

Pirhonen and  Finland
colleagues
(1994)*
Pystynen
(1961)%°

Finland

Wang and China
colleagues

(2024)7°

Maternal glucose control

Clapp and USA
colleagues

(1987)48

Shen and
colleagues
(2019)%°

Australia

Heat chamber and sauna study;
heat stress of 20 min, 70°C, and
15% relative humidity

Sauna study

Field study

Heat chamber, 20 min treadmill
running at 21-23 °C, 30-50%
relative humidity, and no wind

Field study, seasonal ambient
temperature

Placental hormones and metabolic markers

Vaha-Eskeli
and
colleagues
(1992)*

Finland

Heat chamber and sauna study;
heat stress of 20 min, 70°C, and
15% relative humidity

Uteroplacental blood flow

Vaha-Eskeli
and
colleagues
(1991)51
Pirhonen and  Finland
colleagues

(1994)*

Finland

Yuzen and
colleagues
(2023)%¢

Germany

West
Africa

Bonell and
colleagues
(2022)%2

Heat chamber and sauna study;
heat stress of 20 min, 70°C, and
15% relative humidity

Heat chamber and sauna study;
heat stress of 20 min, 70°C, and
15% relative humidity

Field study

Field study and occupational heat
exposure

Effect on placental gene expression

Shankar and
colleagues
(2023)7

Pakistan

Field study, seasonal ambient
temperature

14 healthy pregnant
women and 12 pregnant
women with hypertension

50 pregnant women
with pre-eclampsia and
10 normal pregnant women

133515 women from a
pregnancy cohort

10 recreational runners

2120 women from a
pregnancy cohort

Healthy pregnant women
(group 1 n=23, group 2 n=23)

17 healthy pregnant
women

14 healthy pregnant
women and 12 pregnant
women with hypertension

386 women from a
pregnancy cohort

40 women performing
manual labour

459 women from a
randomised controlled trial

Not specified

40 weeks

From conception until
20 weeks

2 months pre-
conception,
19-22 weeks, and
30-33 weeks

24-32 weeks

13-14 weeks (group 1)
and 36-37 weeks
(group 2)

36-37 weeks

Not specified

34-37 weeks

At least 28 weeks

Throughout
pregnancy

Uterine artery pulsatility index increased significantly during heat stress in
pregnant women with hypertension, but not in healthy controls; baseline
pulsatility index of 0-80 (SD 0-36) vs 0-47 (0-11), p=0-004

Blood pressure dropped immediately post-heat exposure in groups of
pregnant women with pre-eclampsia, but not in healthy pregnant women;
maternal heart rate response was highest in healthy pregnant women, and
decreased with increasing severity of pre-eclampsia (26 pregnant

women with mild pre-eclampsia and 20 pregnant women with severe
pre-eclampsia)

Heat stress during the first 20 weeks was associated with increased risk of
maternal hypertension and both spontaneous and medically indicated
preterm birth; mediation analysis showed 15-7% (spontaneous) and 33-9%
(medically indicated) of this effect was attributable to maternal
hypertension

At 20 weeks, no significant change in glucose after exercise-induced heat
stress, but by 32 weeks, a consistent drop was observed (5-3 mmol/L to
4-55 mmol/L; p<0-0001); lactate levels rose before pregnancy, but the
increase was reduced and did not reach statistical significance in late
pregnancy

Higher ambient temperatures were linked to lower maternal fasting
glucose (4:4 mmol/L vs 4-5 mmol/L; p<0-001), 1 h (p=0-002), and 2 h
glucose (p<0-001) after oral glucose tolerance test; HbA;. (p<0-001) and
HOMA-IR (p=0-014) declined in warmer months; umbilical cord C-peptide
inversely correlated with temperature (r=-0-153; p<0-001); umbilical cord
glucose was unchanged by temperature

Minor non-significant increase in oestradiol and oestriol, progesterone
unchanged; decreased thromboxane B2 in early pregnancy (p<0-005),
increased 6-keto-PGFla in late pregnancy (p<0-05); no change in uterine
artery or umbilical artery flow; no increase in fetal heart rate or signs of fetal
distress

No significant change in uterine artery or umbilical artery pulsatility index;
minor transient increase in uterine artery resistance index score in a few
cases linked to decreased maternal blood pressure

Baseline uterine artery pulsatility index was higher in pregnant women with
hypertension vs healthy pregnant women (0-80 [SD 0-36] vs 0-47 [0-11];
p=0-004); umbilical artery pulsatility index was also elevated (1-03[0-33] vs
0-82 [0-15]; p=0-037)

Heat exposure of >4 days exceeding 90th percentile of ambient
temperature was linked to a significant decrease in uterine artery pulsatility
index (f=-0-12; 95% Cl -0-20 to -0-04; p=0-004); no change in umbilical
artery pulsatility index

Umbilical artery resistance index score was consistently higher in women
with adverse pregnancy outcomes at all timepoints (ie, baseline 0-68 vs
0-65; mid-shift 0-69 vs 0-67; and end-shift 0-66 vs 0-65); heat stress
thresholds associated with placental insufficiency were a universal thermal
climate index score of >32°C and a WBGT of >30°C

Early pregnancy exposure significantly altered the expression of 995 genes
in the placenta (false discovery rate p<0-05); key gene changes were seenin
pathways involved in protein synthesis, stress responses, and nutrient
delivery important for fetal growth; specific stress-related genes (XBP1,
HSPAS5, and ERN1) were activated, indicating possible links to placental
insufficiency and pre-eclampsia; higher ambient temperature was
negatively associated with choline and positively associated with
glutamine, histidine, arginine, methionine, and symmetric
dimethylarginine levels (adjusted p<0-001)

(Table 3 continues on next page)

www.thelancet.com/planetary-health Vol 10 April 2026



http://www.thelancet.com/planetary-health

Articles

Country  Setting (exposure)

Sample size (n)

Gestational age at
exposure

Key findings

(Continued from previous page)

Abraham and  France
colleagues
(2018)>°

Field study, seasonal ambient
temperature

Effect on amniotic fluid

Sciscione and  USA
colleagues

Field study, seasonal ambient
temperature

668 women from a
pregnancy cohort

42 women
from record review

At least 24 weeks

27-40 weeks

6-keto-PGF1a=6-keto-prostaglandin F1 . HbA,=glycated haemoglobin. HOMA-IR=Homeostatic Model Assessment for Insulin Resistance score. WBGT=wet bulb globe temperature.

(1997)*

No significant association found between seasonal ambient temperature
and DNA methylation for fetal side of the placenta; however,

13 differentially methylated regions mapping to eight genes were linked to
humidity

Higher ambient temperatures (especially 4-day mean) were significantly
associated with lower amniotic fluid index (r=-0-31; p<0-001)

Table 3: Summary of narrative findings on the effects of heat stress during pregnancy on maternal and placental outcomes

10

with no change in the healthy group. Fetal auscultation was
typical before exposure in all groups; however, post-
exposure fetal heart rate abnormalities were noted in six
(30%) of 20 with severe pre-eclampsia, nine (35%) of
26 with mild pre-eclampsia, and four (40%) of ten with
healthy pregnancies. One stillbirth occurred in the severe
pre-eclampsia group the following day.

Wang and colleagues’ study of 197 080 pregnant women
found that heat exposure in the first 20 weeks of gestation
was associated with increased risk of maternal hyperten-
sion and both spontaneous and medically indicated pre-
term birth.”” On mediation analysis, 15-7% of the effect of
heat on spontaneous birth and 33-9% of the effect of heat on
medically induced preterm birth was due to maternal
hypertension.

For the remaining maternal and placental outcomes, a
narrative synthesis of findings is given for cases where
meta-analysis was not feasible due to heterogeneity or
single-study reporting (table 3). These outcomes include
placental hormones,* glucose metabolism,** hyperten-
sion and pre-eclampsia,***” uteroplacental blood
flow,* 15592 placental gene expression,”* and amniotic
fluid levels (table 3).” Findings on changes in uteropla-
cental blood flow were inconsistent; however, two studies
reported elevated uterine artery pulsatile indices in women
with hypertension.*** High ambient temperatures were
associated with lower maternal fasting glucose, post-oral
glucose tolerance test levels, and glycated haemoglobin.
Two studies identified statistically significant changes in
placental gene expression,”* particularly in stress
response and nutrient transfer pathways, indicating
potential mechanisms of heatrelated placental
insufficiency.

Seven of the eight studies that monitored fetal heart
rate—including 201 pregnancies—presented data that
could be included in the meta-analysis.*51525556626+ The
overall increase in fetal heart rate immediately post-heat
stress exposure was 12-6 bpm (SE 1-79; 95% CI 8-8-16-5;
figure 3). There was substantial heterogeneity (I°=0-78),
which likely reflected the variety in exposures, as four
studies simulated sauna conditions, one included elite
athletes, and two were based on occupational heat expos-
ure. The funnel plot was symmetrical, indicating minimal

evidence of publication bias. Meta-regression did not show
any clear association between fetal heart rate change
and gestational age, MET, or WBGT exposure, but there
was a clear relationship with duration of exposure
(appendix pp 6-8).

A multicentre, prospective cohort study of
162014 pregnant women by Wang and colleagues exam-
ined fetal heart rate as a mediator in the pathway between
heat exposure and preterm birth.®® Participants had their
fetal heart rate measured 4 weeks before delivery. Com-
pared with term births, preterm birth was associated with
whole-pregnancy and early and later gestation heat expos-
ure, defined as temperatures exceeding the 90th percentile.
Heat exposure was associated with increased fetal heart rate
and, on mediation analysis, was associated with 5-14%
(third trimester) and 23-19% (entire pregnancy) of the
association between heat and preterm delivery.

Six studies monitored the fetus for evidence of fetal dis-
tress, defined by either reduced fetal movement, accel-
erations or decelerations in fetal heart rate, or increased
resistance index in the umbilical artery doppler during the
heat stress exposure.*#s156264 [ gtudies of healthy preg-
nancies, any alterations in fetal status were short-term and
resolved within 1 h of termination of the heat stress
exposure, except in one case, where there were persistent
changes and the baby was subsequently stillborn.

Discussion

This systematic review and meta-analysis describes the
current evidence on the physiological and biological path-
ways that have been observed in pregnant women exposed
to heat. Our findings suggest that available evidence is
growing, yet substantial gaps remain. Acute exposure
leading to maternal heat strain, as evidenced by a rise in
maternal core temperature and heart rate, has been shown
to occur in both field-based and laboratory-based studies. In
addition, when external heat exposure was isolated from
endogenous heat production, physiological changes
remained. Although the pooled change in maternal heart
rate dropped from 38 bpm to 29 bpm when only sauna
studies were included, this finding still represents a statis-
tically significant rise in physiological stress. When this
observation is contextualised within real-world extreme
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McMurray et al (1993)*; water

Rekha et al (2024)%

Pystynen (1961)*; severe pre-eclampsia

Pystynen (1961)*; mild pre-eclampsia

Pystynen (1961)*; essential hypertension
Pystynen (1961)*; healthy pregnancy

Viha-Eskeli and Erkkola (1991)*

Vaha-Eskeli et al (1991)°}; GA=13'5

Véha-Eskeli et al (1991)% GA=365

Viha-Eskeli and Erkkola (1991)*

Vidha-Eskeli et al (1992)%3

Pirhonen et al (1994)%; healthy pregnancy
Pirhonen et al (1994)%; hypertension in pregnancy
Bonell et al (2022)%; adverse pregnancy outcome
Bonell et al (2022)%; healthy pregnancy outcome
Bonell et al (2022)%

Clapp et al (1987)*; GA=31.5

Smallcombe et al (2021)%; non-weight bearing trial
O'Neill (1996)¢; test A

O'Neill (1996)5¢; test C

Smallcombe et al (2021)%; weight bearing trial
Clapp et al (1987)*%; GA=20-5

Clapp (1991)*; GA=7

Clapp (1991)*; GA=15

Clapp (1991)*; GA=23

Clapp (1991)*; GA=31

Clapp (1991)*; GA=37

McMurray et al (1993)*; land

O'Neill (1996)¢; test B

Lindqvist et al (2003)%; GA=15

Lindqvist et al (2003)%%; GA=22

Lindqvist et al (2003)%%; GA=29

Lindqvist et al (2003)%%; GA=36

Lindqvist et al (2003)°%; GA=8

Jones et al (1985)%; GA=12

Jones et al (1985)%; GA=24

Jones et al (1985)%; GA=32

Brevik-Persson et al (2024)%; completed 3 intervals
Brevik-Persson et al (2024)%; completed 4 intervals

Brevik-Persson et al (2024)%; completed 5 intervals
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Figure 3: Rainforest plot of maternal and fetal physiological responses to heat exposure during pregnancy
Each panel presents a separate outcome: maternal heart rate (blue), core temperature (orange), skin temperature (yellow), and fetal heart rate (purple). For each study, the width of the shape represents the
95% Cl of the mean difference between pre-exposure and post-exposure values: wider shapes indicate greater uncertainty, and taller shapes indicate greater contribution to the pooled estimate.

GA=gestational age. bpm=beats per min. MET=metabolic equivalent task.

12

heat exposure, where physical activity is necessary, we
believe the combined internal and external heat-load is
highly relevant. Of note, fetal distress appears to be a clear
pathological response to heat stress and is particularly likely
in pregnant women with pre-eclampsia.** However,
almost all other hypothesised pathways—including the
impacts of chronic exposure that could result in cumulative
strain, long-term inflammatory activation, oxidative stress,
or placental dysfunction—remain under-researched. These
findings differ from those presented in existing reviews,
which have mostly summarised the evidence on the impact
of heat on adverse pregnancy outcomes, rather than cap-
turing a contemporary understanding of mechanistic
pathways.

The ongoing climatic shifts jeopardise recent advances in
reducing maternal, fetal, and neonatal morbidity and
mortality. Rooted in epigenetic and molecular mecha-
nisms, the Developmental Origins of Health and Disease
hypothesis suggests that environmental exposures during
periconceptual and fetal stages induce predictive epigenetic
adaptations that reprogramme gene expression and cellular
function, influencing long-term susceptibility to diseases.”
By disrupting the highly vulnerable stage of fetal develop-
ment, rising ambient temperatures could not only shape
the immediate course of pregnancy, but also silently
programme the biological blueprint of future generations.

There remains an urgent need to raise awareness of the
risks of heat exposure in pregnancy, both to the general
population and medical professionals. This recognition
could be reached by the acknowledgment of pregnant
people and their children as vulnerable groups in heat
action plans, specific guidelines, and education material
developed for health-care professionals and pregnant people
themselves. For example, pregnant people are not included
as a high-risk group in the WHO heat and health factsheet.
However, general advice given by WHO on behavioural
adaptations to heat can be applied to pregnant people and will
likely reduce adverse outcomes. These recommendations
include avoiding being outside at the hottest time of the day,
resting in cool and shaded places, wearing light and loose-
fitting clothing, use of cold water sprays and showers to
remain cool, and drinking cold water.”>”* Despite these
general recommendations, this systematic review and meta-
analysis highlights the knowledge gap that exists, which
prevents clear and evidence-based advice that is specific to
pregnancy.

Although we could not define an at-risk temperature
exposure at a physiological level, recent reviews of epi-
demiological literature indicate that temperature or heat
stress exposure above the 90th or 95th exposure percentile
is associated with increased risk of adverse birth outcomes.
This systematic review and meta-analysis indicates that

energy expenditure, coupled with heat exposure, worsened
maternal core temperature rise. Therefore, it can be sug-
gested that caution should be taken when pregnant women
exercise or engage in energy-expensive activities during
periods of high heat. A key priority for clinicians will be to
understand who the most vulnerable pregnant people and
infants are during heat events. The observation that the
uteroplacental circulation in women with hypertensive
pregnancy disorders might be particularly vulnerable to the
additional effects of external heat stresses is important, given
the increased risk of maternal and fetal complications in this
group. Therefore, there is an urgent need to investigate not
only fluid management under heat stress conditions, but
also behavioural interventions and alternative cooling strat-
egies to determine evidence-based interventions for this and
other potentially vulnerable groups.

Although there is a clear need for extensive human
studies in this field, much can be learnt from existing ani-
mal literature on the pathophysiology of heat stress in
pregnant mammals. The majority of studies in sheep, mice,
and rats have found that heat stress reduces both placental
and fetal weight and can alter uteroplacental blood
flow."**757¢ Furthermore, studies in pigs, mice, and sheep
consistently show statistically significant alterations in pla-
cental anatomy, suggesting that this could be a key mech-
anism in altering placental function and efficiency.””
Several studies have also found that placental mRNA
expression is altered, although long-term implications are yet
to be explored.®#!

Although there is little evidence on the role of the placenta
in mediating the impact of heat and inconclusive evidence
on the impact of heat on umbilical and uterine arterial
blood flow, animal studies would indicate that this is an
important area to focus on. Of note, the two field-based
studies both showed an impact of heat exposure (one on
the uterine artery pulsatility index® and the other on the
umbilical artery resistance index),”? whereas the sauna
study of women with typical pregnancies showed no
changes.** These differences could be due to several factors.
The sauna study was only 20 min exposure at 70°C with
15% reported humidity, whereas the field-based studies
defined exposure by either a full working shift or 4 or more
days exceeding the 90th percentile of ambient temperature.
The exposures in the field-based studies also differed, as
one was in Germany* and the other in The Gambia.®
Finally, the internal metabolic heat production was likely
different in the three studies: in the sauna study in
Finland,” participants remained seated; in the field-based
study in The Gambia,* participants worked outdoors; and
in the field-based study in Germany,* participants com-
pleted activities of daily living. Therefore, it would be
important to understand if there is a threshold effect (either
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temperature or duration of exposure), and whether this
effect varies with maternal factors or acclimatisation. There
is sparse evidence regarding the impact of heat on maternal
hormones, with two studies reporting reduced maternal
plasma glucose with increased heat exposure.*® We did
not find any studies that explored changes in inflammatory
markers, cytokines, or heat shock proteins with heat
exposure. Furthermore, there is no evidence on the differ-
ence between acute and chronic exposure and the likely
differing pathways and impacts. Preliminary evidence from
Shankar and colleagues?” indicates that the effect of
extreme heat on fetal growth could be attenuated by
micronutrient supplementation in the 3 months before
conception. This finding would suggest that improved
maternal nutrition might enhance resilience to environ-
mental stressors. This observation was also found in a study
by Bonell and colleagues®? in The Gambia, where no effect
of heat stress on fetal growth was found in the group that
received maternal supplementation with micronutrients in
the third trimester, but was found in the group with protein-
energy supplementation. Preliminary findings indicate
that there could be an interaction between nutritional status
and environmental stressors, although further studies are
needed for confirmation.

There was substantial heterogeneity in the study designs,
which minimised the ability to synthesise results. Thereis a
need for consensus on the gold standard exposure metric,
study design and reporting of risk, which would then allow
comparability and reproducibility in this field. 11 studies
did not report WBGT and so this had to be
calculated. 324048 4951.5255565861.69 15 gtydies explored pathways
other than maternal heat strain, limiting the overall
findings.?7#>s1s3s5-6062646568 The jmpact of air pollution,
nutritional status and seasonality in the larger epidemio-
logical studies was not always accounted for, despite evi-
dence of a synergistic effect of air pollution and heat
exposure in other studies®#* and the complexity of seasonal
effects. This limitation should not have affected the results
from the heat chamber studies, but could have under-
estimated or overestimated the effect of heat stress on the
cohort studies. In addition, we restricted the search to
English, which could have missed relevant literature
published in other languages.

This systematic review and meta-analysis found consist-
ent evidence that maternal exposure to environmental heat
results in physiological strain, characterised by increases in
maternal heart rate, core temperature, and fetal heart rate.
Women with hypertensive disorders might exhibit height-
ened susceptibility. Nonetheless, insufficient and hetero-
geneous data on biomarkers and inflammatory pathways
highlight the need for standardised, longitudinal research
to clarify the biological mechanisms underlying
heat-related pregnancy risks. Although heat-related health
outcomes are largely preventable through appropriate
interventions, existing disparities in women’s rights and
access to care exacerbate the existing global inequalities in
the response to this crisis. Therefore, despite the urgent
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need to address the gaps in the scientific understanding of
the physiological pathways, there is a broader need to
address climate injustice on a global scale.®
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