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Abstract
Many populations experience high seasonal temperatures. Pregnant women are considered vulnerable to extreme heat because 
ambient heat exposure has been linked to pregnancy complications including preterm birth and low birthweight. The physi-
ological mechanisms that underpin these associations are poorly understood. We reviewed the existing research evidence to 
clarify the mechanisms that lead to adverse pregnancy outcomes in order to inform public health actions. A multi-disciplinary 
expert group met to review the existing evidence base and formulate a consensus regarding the physiological mechanisms 
that mediate the effect of high ambient temperature on pregnancy. A literature search was conducted in advance of the meet-
ing to identify existing hypotheses and develop a series of questions and themes for discussion. Numerous hypotheses have 
been generated based on animal models and limited observational studies. There is growing evidence that pregnant women 
are able to appropriately thermoregulate; however, when exposed to extreme heat, there are a number of processes that may 
occur which could harm the mother or fetus including a reduction in placental blood flow, dehydration, and an inflamma-
tory response that may trigger preterm birth. There is a lack of substantial evidence regarding the processes that cause heat 
exposure to harm pregnant women. Research is urgently needed to identify what causes the adverse outcomes in pregnancy 
related to high ambient temperatures so that the impact of climate change on pregnant women can be mitigated.
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Background

Pregnant women and the fetus are increasingly recognised 
as being particularly vulnerable to the effects of extreme 
heat (Roos et al. 2021). There is mounting epidemiologi-
cal evidence that high ambient temperatures are associated 
with pregnancy complications and adverse fetal and neo-
natal complications and outcomes including preterm birth, 
stillbirth, low birthweight (Zhang et al. 2017; Chersich 
et al. 2020), congenital anomalies (Haghighi et al. 2021), 
pre-eclampsia (Shashar et al. 2020), gestational diabetes 
(Pace et al. 2021) and emergency hospital admissions dur-
ing pregnancy (Kim et al. 2019). There is also accumulating 

evidence of high temperatures negatively impacting the men-
tal health of pregnant women, as well as altering their behav-
iour (Lin et al. 2017). Heat can be perceived as a barrier 
to engaging in outdoor activities (Caperchoine et al. 2009) 
and may deter women from physical activity. Additionally, 
many women have to work in high temperatures until late 
in their pregnancy (Spencer et al. 2022). However, there is 
a lack of evidence on the pathophysiological mechanisms 
and outcomes that are needed to inform clinical practice 
and public health strategies to manage heat risks and reduce 
impacts on mothers and babies.

Experimental animal studies, studies on cell lines and 
stem cells, are suitable for basic research of human physiol-
ogy and the fetomaternal thermal relationship is thought to 
be similar across all mammals (Laburn 1996). Animal stud-
ies indicate that an elevation of maternal core temperature 
by 1.5 to 2 °C above the baseline, equivalent to 39 °C in 
humans, is a threshold above which there are teratogenic 
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consequences for the fetus (Gericke et al. 1989; Ravanelli 
et al. 2018). These include neural tube defects, oro-facial 
anomalies and cardiovascular defects, among others (Gra-
ham 2020). The first trimester is considered a particularly 
vulnerable period for heat insult and the risk of congenital 
anomalies (Bell et al. 1986; Miller et al. 2002; Ravanelli 
et al. 2018). Due to the long gestation period in humans, 
and the complex interaction of different exposures through-
out pregnancy, it can be difficult to discern the high risk 
exposures, including the timing of the exposure, that cause 
adverse birth outcomes (Chersich et al. 2020).

Several hypotheses have been proposed to describe the 
physiological mechanisms by which high ambient tempera-
tures cause clinical complications for the mother and fetus, 
and these will be discussed later in the article; however, cur-
rently there is very limited definitive evidence (Roos et al. 
2021). Ethical considerations prevent interventional stud-
ies that examine harmful effects during pregnancy and will 
continue to do so. Therefore, evidence must be extrapolated 
from animal models, in vitro experiments and a limited num-
ber of observational studies.

The Earth’s climate is changing; average global sur-
face temperatures are continuing to increase at a rate of 
0.2 °C ± 0.1 °C per decade, resulting in higher seasonal 
temperatures and more frequent and intense heat waves 
(Hoegh-Guldberg et al. 2019). Extreme heat has the great-
est effects in low resource settings where access to cooling 
may be limited for the poorest households and working in 
high ambient temperatures can be difficult to avoid (King 
and Harrington 2018). Populations in temperate climate 
zones are being exposed to more atypical hot weather, and 
with housing and behaviours that are not well adapted to the 
heat. In order to protect pregnant women and the fetus from 
the damaging effects of heat exposure, it is crucial that we 
establish a better understanding of the physiological mecha-
nisms involved.

Objectives

This evidence statement, based on a literature search and 
the findings of an interdisciplinary expert workshop, aims to 
examine how exposure to high ambient temperature affects 
the pregnant woman and fetus. The evidence surrounding 
thermoregulation in pregnancy will be reviewed, the effect 
of environmental heat load during pregnancy, childbirth 
and delivery will be explored, and current hypotheses that 
explain how heat exposure may trigger adverse birth out-
comes, including low birth weight and preterm birth, will 
be examined.

The aim is to build a consensus on how high ambient 
temperatures impact women and the fetus during pregnancy 
and childbirth, based on the current scientific evidence. 

Additionally, this paper aims to identify the gaps in cur-
rent knowledge and practise, and highlight areas that would 
benefit from future work.

Methods

An expert group was formed of experts in thermal physiol-
ogy, animal physiology, exercise physiology, maternal physi-
ology, maternal and environmental epidemiology, neonatol-
ogy and obstetrics.

In advance of the expert meeting, an exploratory review 
of the literature took place. A search was performed in April 
2021 using the synonyms ‘pregnancy’ OR ‘pregnant’ OR 
‘gestation’ OR ‘labour’ OR ‘maternal’ AND ‘heat’ OR 
‘temperature’ OR ‘climate change’ OR ‘heatwave’ OR ‘sea-
sonal’ OR ‘heat stress’ AND terms related to the condition 
under study (e.g., ‘preterm birth’, ‘foetal distress’). PubMed, 
Cochrane and Google Scholar were searched. Only references 
in the English language were included. In addition, the refer-
ence lists of existing clinical guidelines and identified arti-
cles were manually searched. From these results, relevant 
information was extracted to formulate an initial schematic of 
hypotheses and evidence to be discussed at the expert meet-
ing, which was circulated for review by the working group.

The expert meeting reviewed the evidence for the follow-
ing questions: (1) Is thermoregulatory control impaired in 
pregnant women? (2) Does exposure to extreme tempera-
tures reduce blood flow to the placenta? (3) How does expo-
sure to extreme heat cause preterm birth? (4) Does a high 
ambient temperature affect normal childbirth? The expert 
meeting took place virtually on 14th of June 2021 to discuss 
the findings, and shortly after the meeting, a full consensus 
draft was written collaboratively by the working group. 

Results

Thermoregulation in pregnancy

Core body temperature in adults is maintained within 
narrow margins and is dependent on the balance between 
internal heat production, capacity for heat loss to the 
environment and environmental heat load (Kurz 2008). 
Pregnancy induces numerous physiological changes in 
women in addition to changes in body mass. Cardiovascu-
lar changes occur gradually throughout pregnancy so that 
by the third trimester, plasma volume and cardiac output 
increase by almost 50% (Hytten 1985). The increase in 
cardiac output is initially due to increased stroke volume 
but by the end of the second trimester, a raised heart rate 
is the main component of this increase (Hall et al. 2011). 
Placental blood flow reaches 600–700 ml/min by the end 
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of pregnancy and is not autoregulated; it is dependent on 
cardiac output and varies directly with systemic maternal 
blood pressure (Wang and Zhao 2010).

Physiological changes of pregnancy include adaptations 
that affect thermoregulation (Bonell et al. 2020; Dervis 
et al. 2021). Numerous protective adaptive measures exist 
including a reduction in core temperature, lower sweating 
threshold, an increase in plasma volume and skin blood 
flow and an increase in thermal heat capacity due to a 
rising body mass. These enable pregnant women to main-
tain their core temperature within normal limits (Clapp 
1991; Lindqvist et al. 2003; Bonell et al. 2020) despite 
the physiological changes of pregnancy which would oth-
erwise act to impede a pregnant women’s ability to dis-
sipate heat to the environment such as increased body 
mass and increased fat deposition, a change in the sur-
face area-to-mass ratio of the woman and an increase in 
endogenous heat production as a result of the metabolic 
effort of the fetus and placenta (Abrams et al. 1970; Clapp 
1991; Bonell et al. 2020). Theoretically, these protective 
mechanisms could be overwhelmed during exposure to 
extreme heat resulting in an increased risk of heat strain 
in pregnancy (Wells 2002; Bonell et al. 2020).

Fetal core temperature is maintained at approximately 
0.5  °C above maternal core temperature (Randall et  al. 
1991) and is dependent on maternal temperature, placental 
blood flow and fetal metabolism (Lindqvist et al. 2003). The 
majority of fetal heat dissipation occurs across the placenta 
and a lesser amount through the amniotic fluid and uterine 
wall (Wells 2002). An increase in maternal core temperature 
will affect the fetal-maternal temperature gradient and influ-
ence the transfer of heat to the fetus (Walker et al. 1969).

Studies have shown that short-term exposure to heat 
through exercise or in a sauna or hot bath does not raise a 
pregnant woman’s temperature over the teratogenic thresh-
old of an increase in 1.5 °C; Ravanelli et al. (2018) dem-
onstrated in a review paper that pregnant women can use 
a hot bath of 40 °C or a dry sauna of 70 °C for 20 min and 
maintain their temperature within safe limits. Furthermore, 
Smallcombe et al. (2021) recently demonstrated no system-
atic alteration in thermoregulatory capacity among pregnant 
women in the second or third trimester performing moderate 
intensity exercise for up to 45 min in the heat (32 °C, relative 
humidity 45%) as compared to non-pregnant controls. How-
ever, whether there are adverse effects of prolonged exercise 
or physical labour in a hot environment is not yet known 
and the temperature thresholds at which adverse effects may 
occur are not well described. It can be assumed that the 
effects of heat are worse in hot environments with high rela-
tive humidity where increased absolute water vapour pres-
sure restricts evaporative cooling; it remains to be deter-
mined whether pregnant women are more vulnerable to such 
conditions than other adult populations.

High ambient temperature and intrapartum 
maternal fever

Childbirth is a physically strenuous process that normally 
causes a slight increase in core temperature as a result of 
endogenous heat production; approximately 0.2 °C over 10 h 
(Frölich et al. 2012). Intrapartum maternal fever is defined 
as a temperature over 38 °C during labour. It can result 
from infectious or noninfectious causes, and is associated 
with a number of poor foetal and neonatal outcomes, and 
an increased operative delivery rate (Burgess et al. 2017).

A hot delivery room has been suggested by several 
authors to contribute to maternal fever (Apantaku and Mulik 
2007; Frölich et al. 2012; Burgess et al. 2017). However, 
evidence from observational studies is lacking. The working 
group judged that there is insufficient evidence to conclude 
that pregnant women may develop an intrapartum fever as a 
result of high ambient temperatures during delivery. Further 
studies are needed to investigate this hypothesis and develop 
guidance regarding optimum delivery room temperatures. It 
is important to ensure that the temperature of the delivery 
room is appropriate for not only the mother, but also the neo-
nate, who is at risk of developing neonatal hypothermia; a 
major cause of neonatal morbidity and mortality in resource 
poor settings where maintaining specific delivery room tem-
peratures may be difficult (Kumar et al. 2009). Although 
WHO recommend room temperatures between 25 and 28℃ 
for delivery (WHO 1997), there has been no formal evalua-
tion of the evidence to support this. The indoor temperature 
range should reduce heat loss in the infant whilst remaining 
a comfortable temperature for the labouring woman.

Heat exposure and reduced placental blood flow

Adults maintain normothermia during heat exposure or exer-
cise by sweating and increasing blood flow to the skin. The 
resulting rise in skin temperature increases heat loss via con-
vection and radiation and also enhances evaporative capacity 
of the skin wetted by sweat. Part of this blood flow is redi-
rected from the visceral organs to the skin (Crandall et al. 
2008). Under extreme heat stress, this results in competition 
for available cardiac output which may have adverse effects 
(González-Alonso et al. 2008); for example, non-pregnant 
athletes have been shown to risk kidney damage during high 
workloads in the heat as a result of low renal perfusion rates 
(Omassoli et al. 2019) and workers exposed regularly to 
heat have an increased incidence of acute or chronic kidney 
disease (Flouris et al. 2018). The placenta is an end-organ 
similarly reliant on cardiac output for perfusion, and it has 
been hypothesised that during extreme heat exposure, pla-
cental perfusion may become reduced to allow increased 
blood flow to the skin (Wells 2002; Bonell et al. 2020). A 
chronic reduction in uteroplacental blood flow can result in 
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foetal growth restriction and low birth weight (Krishna and 
Bhalerao 2011).

Animal studies investigating the response of uterine 
blood flow to heat exposure are inconclusive; chronic and 
extreme heat exposure in sheep and cows has been demon-
strated to result in reduced uterine blood flow by up to 30% 
with an associated reduction in placental weight (Reynolds 
et al. 1985; Dreiling et al. 1991). However, other studies in 
sheep have shown an increase in uterine blood flow dur-
ing exogenous heat stress, likely as a result of vasodilation 
(Laburn 1996). Evidence for the effect in humans is lim-
ited and mixed. Uterine vascular resistance has been shown 
to increase in response to heat stress in a small number of 
hypertensive pregnancies but not in healthy pregnancies 
(Pirhonen et al. 1994) and moderate heat stress from a sauna 
has been shown not to affect umbilical artery blood flow 
(Vähä-Eskeli et al. 1991a, b) or cardiac output in pregnancy 
(K. K. Vähä-Eskeli et al. 1991a, b). Studies examining the 
effect of a short but intense period of exercise, rather than 
heat stress, have demonstrated both a decrease in uterine 
blood flow (Erkkola et al. 1992), no change in placental 
blood flow (Rauramo and Forss 1988) and an increase in 
uterine blood flow when exercising (Jeffreys et al. 2006). 
The effect of heat exposure for pregnant women and the 
foetus who may be undertaking regular physical activity in 
a hot climate remains unclear.

The working group considers that although theoretically 
plausible, more work is required to establish whether pla-
cental blood flow is reduced during heat stress in humans, 
and whether the effect varies as the demands for placental 
perfusion increase with gestation. Additionally, it would 
be important to understand whether placental blood flow 
changes as a function of heat stress severity in order to 
identify whether there is a dose-dependent relationship and 
whether critical environmental thresholds exist.

High ambient temperatures and preterm birth

Preterm birth is one of the leading causes of neonatal and 
under-five mortality, and in addition to low birthweight can 
have adverse effects both on neonatal outcomes and out-
comes later in life (Saigal and Doyle 2008). A recent meta-
analysis demonstrated that with every 1 °C rise in ambi-
ent temperature, the risk of preterm birth increased (OR 
1.05), an effect that was even greater during a heatwave 
(Chersich et al. 2020). However, there is no clear consen-
sus as to the pathophysiological mechanism by which this 
occurs and a number of theories were identified during the 
literature search which likely coincide. Furthermore, high 
ambient temperature has been associated with a number of 
pregnancy complications such as gestational diabetes (Pace 
et al. 2021) and pre-eclampsia (Shashar et al. 2020), which 

are independently considered risk factors for preterm birth 
(Behrman 2007).

Oxytocin and prostaglandin release

Prostaglandins (hormone-like peptides with various physi-
ological functions) and oxytocin (a neurotransmitter and 
hormone) are both known to be involved in the initiation of 
childbirth (Blanks and Thornton 2003; Olson 2003). Animal 
studies have shown that heat stress triggers an increase in 
oxytocin secretion (Dreiling et al. 1991) and prostaglandin 
F2α release (Wolfenson et al. 1993). Consequently, it has 
been hypothesised that any rise in oxytocin and prostaglan-
dins resulting from heat stress in humans could initiate child-
birth (Dadvand et al. 2011). To our knowledge, no research 
has yet been conducted among pregnant women examining 
whether heat stress induces release of prostaglandins and 
oxytocin.

Oxidative stress and release of inflammatory markers

Heat strain in animals and non-pregnant adults can cause 
oxidative stress and the release of endotoxins, cortisol, 
adrenaline, cytokines and other inflammatory markers 
(Dreiling et al. 1991; McMorris et al. 2006; Selkirk et al. 
2008; Wang et al. 2015). It has been suggested that this 
inflammatory cascade could trigger preterm labour as a 
result of inflammation at the maternal-foetal interface (Pel-
tier 2003; Schifano et al. 2013), or a subsequent increased 
foetal and placental prostaglandin release (Gronlund et al. 
2020) although this has not yet been confirmed in heat 
stressed pregnant women.

Heat shock proteins

Whilst present in low levels in normal conditions, exposure 
to heat stress and other noxious stimuli upregulates produc-
tion of numerous heat shock proteins in all animals, includ-
ing humans. Their main function is to enhance protection 
and recovery of heat-stressed cells (Hromadnikova et al. 
2015). Whilst an exhaustive exploration of the family of 
heat shock proteins is beyond the scope of this manuscript, 
there are some important considerations to note. Certain 
heat shock proteins have been linked to a number of preg-
nancy complications including fetal growth restriction and 
preeclampsia, though their role in these pathologies is not 
fully understood (Fukushima et al. 2005). Other heat shock 
proteins have been shown to be involved in the regulation 
of myometrial contractility (Lajinian et al. 1997; MacIntyre 
et al. 2008) and raised levels of Hsp70 have been detected 
in women with preterm birth (Fukushima et al. 2005). It 
has been hypothesised that Hsp70 may induce the release 
of proinflammatory cytokines which are proteins that cause 
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inflammation. Such inflammation at the maternal-fetal inter-
face in utero may initiate preterm birth (Peltier 2003; Dad-
vand et al. 2011).

Dehydration

Heat exposure resulting in dehydration has been proposed 
as another trigger for preterm birth (Lajinian et al. 1997; 
Schifano et al. 2013; Gronlund et al. 2020). In addition to 
hampering evaporative heat loss and thereby exacerbating 
heat stress, two potential mechanisms for dehydration as a 
trigger have been suggested; the first is that the reduction in 
vascular volume associated with dehydration causes a reduc-
tion in uterine blood flow which may destabilise placental 
decidual lysosomes (cell organelles that contain hormones) 
and trigger prostaglandin release resulting in preterm birth 
as previously described (Guinn et al. 1997).

The second relates to antidiuretic hormone (ADH), 
a hormone involved in the retention of water to prevent 
dehydration (Lajinian et al. 1997; Gronlund et al. 2020). 
Dehydration is known to trigger a release of ADH from the 
posterior pituitary gland (Thornton 2010). In certain situ-
ations, oxytocin, produced by the same gland, is released 
simultaneously. It has been hypothesised that this could trig-
ger preterm labour as previously described (Theobald 1959; 
Guinn et al. 1997). However, research to date has not dem-
onstrated any benefit of providing intravenous fluids, which 
would theoretically hydrate and halt the production of ADH, 
to women with threatened preterm birth (Stan et al. 2013).

Uterine contractility

Heat stress acting as a direct trigger of uterine contractions 
has been suggested as another contributor to preterm labour 
mechanisms (Dadvand et al. 2011). A study in pregnant 
baboons demonstrated an increase in uterine activity in 
response to heat stress (Morishima et al. 1975), and two 
studies in pregnant women have shown that heat exposure 
causes a slight increase in uterine activity; however, this was 
not sufficient to trigger regular uterine contractions or labour 
(Morishima et al. 1975; K. Vähä-Eskeli et al. 1991a, b).

The working group reviewed the evidence for these mech-
anisms which largely come from theories extrapolated from 
studies in animals or non-pregnant adults. It is possible that 
a number of mechanisms overlap to trigger preterm birth 
following heat exposure; however, the expert group judged 
that there is currently insufficient evidence to accurately 
determine the processes involved.

Heat and hypercoagulability in pregnancy

Heat strain has been shown to lower central blood volume 
and activate coagulation pathways in non-pregnant adults; 

therefore, hypercoagulability is induced in response to 
elevated body temperature (Strother et al. 1986; Crandall 
et al. 2008; Meyer et al. 2013). Pregnancy is a hypercoagu-
lable state that increases the risk of thrombosis and other 
complications with resulting morbidity, and in severe cases, 
maternal death (James 2009). It can thus be speculated 
that pregnant women could be at a higher risk of develop-
ing thromboembolic complications following exposure to 
extreme heat. Furthermore, sympathetic activity increases 
during heat strain leading to lower central blood volume 
that impacts on blood perfusion dynamics and pressure 
(Franke et al. 2003; McMorris et al. 2006). Catecholamines 
are expected to modulate the coagulation system which may 
add to complications in pregnancy and impact on the foetus’ 
development. Complications in the parturient include pla-
cental abruption which is the commonest cause of dissemi-
nated intravascular coagulation (DIC), whereas amniotic 
fluid embolism is a commonly fatal obstetric complication 
caused by introduction of amniotic fluid into the maternal 
circulation. Both these conditions may be linked to hyper-
coagulability and a proposed increased risk due to elevated 
body temperature in heatwaves and periods of extreme heat. 
These associations have not been investigated. In addition, 
infection and systemic inflammatory syndrome (SIRS) in 
the pregnant or delivering woman, in a hot environment, can 
reduce the central blood volume (Wade et al. 2011; Niven 
et al. 2012). Sparse information exists on the effects of ele-
vated body temperature and reduced central blood volume 
and hypercoagulability isolated from severe infections (Levi 
and van der Poll 2010).

Conclusions

Although there is increasing recognition that pregnant 
women may be more vulnerable to the effects of extreme 
heat, and exposure to high environmental heat has been 
shown to be associated with adverse pregnancy outcomes, 
there remains uncertainty regarding the key physiological 
mechanisms that cause adverse outcomes. Whilst numerous 
hypotheses exist, there is a paucity of supporting data. A 
better understanding of the physiological processes involved 
would aid in directing future research for prevention and 
targeted interventions, and furthermore assist in guiding the 
development of policy decisions.

Strenuous physical activity, whether for work or exer-
cise, in high temperatures entails a risk of heat injury in 
humans. Exercise in pregnancy is recommended due to its 
numerous beneficial effects including modifying placental 
development to increase placental blood flow during the 
first and second trimester (Jackson et al. 1995; Rodríguez 
and González 2014). The effect of prolonged exercise and 
chronic heat exposure that may occur among pregnant 
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women who work outdoors in hot countries is currently 
unknown and requires further study. Research evidence is 
so far consistent with current advice, such as that from the 
International Olympic Committee, that pregnant women can 
safely exercise for short periods of time in moderate tem-
peratures (Bø et al. 2016; Smallcombe et al. 2021).

Important questions remain to be investigated including 
what is the effect of chronic heat exposure during pregnancy; 
does heat exposure at different gestational ages cause dif-
ferent effects; can women at risk of heat strain be identi-
fied early; is there a predominant physiological mechanism 
that can be targeted for an intervention; do high ambient 
temperatures act synergistically in combination with other 
environmental risk factors, such as air pollution, on preg-
nant women; does heat-stress exposure exert an effect on 
pregnancy outcomes in a dose-dependent manner; and are 
women with pre-existing medical conditions or established 
pregnancy complications affected differently by extreme 
heat. It is important to understand the mechanisms by which 
babies are affected for interventions to avoid poor outcomes. 
Addressing these research gaps would have relevance for the 
clinical management of pregnant women in the heat.

Guidelines from obstetric representative bodies largely 
advise pregnant women to avoid exercising in the heat or 
prolonged use of hot tubs and saunas (CDC 2017; ACOG 
2015; NHS 2019); however, there is a lack of consistent 
information with regard to environmental heat exposure 
from these same organisations (Wells 2002; Graham 2020). 
Some professional bodies and governmental health depart-
ments offer generic advice to pregnant women regarding 
staying cool, using air conditioning and maintaining an 
appropriate fluid intake. However, there is a lack of specific 
advice as to the definition of a dangerously hot ambient tem-
perature, whether there is a length of safe exposure time, or 
whether there are vulnerable time points during pregnancy 
when women should be particularly alert to the dangers of 
heat exposure.

Current advice for pregnant women with regard to heat 
exposure is sparse, inconsistent and not evidence based. It 
is important that pregnant women, healthcare professionals 
providing their care and policymakers are informed of the 
risks of exposure to high ambient temperature during preg-
nancy and provide clear, evidence-based advice as to how 
to protect themselves and their unborn babies.

Acknowledgements We wish to thank the following experts who par-
ticipated in the workshop along with the authors: Lois Harden, Wits 
University; Veronique Filippi, London School of Hygiene & Tropi-
cal Medicine; Shakoor Hajat, London School of Hygiene & Tropical 
Medicine; Fiona Scorgie, Wits University; Becky Lucas, Birmingham 
University; Per Everhard Schwarze, National Institute of Public Health, 
Norway; Christofer Åström, Umeå University; Adelaide Lusambili, 
The Aga Khan University; Kadidiatou Kadio, Research Institute of 
Health Sciences, Ouagadougou; Yolanda Fernandez, London School 
of Hygiene & Tropical Medicine.

Funding This work was supported by the Natural Environment 
Research Council (NERC), Research Council of Norway (RCN), and 
The Swedish Research Council for Health, Working Life and Welfare in 
collaboration with the Swedish Research Council (Forte); coordinated 
through a Belmont Forum partnership.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abrams R et al (1970) Thermal and metabolic features of life in 
utero. Clin Obstet Gynecol 13(3):549–564. https:// doi. org/ 10. 
1097/ 00003 081- 19700 9000- 00005

ACOG (2015) ‘Physical activity and exercise during pregnancy and 
the postpartum period’ ACOG Clinical. Available at: https:// 
www. acog. org/ clini cal/ clini cal- guida nce/ commi ttee- opini on/ 
artic les/ 2020/ 04/ physi cal- activ ity- and- exerc ise- during- pregn 
ancy- and- the- postp artum- period. Accessed July 2021

Apantaku O, Mulik V (2007) Maternal intra-partum fever. J Obstet 
Gynaecol 27(1):12–15

Behrman (2007) Preterm birth: causes, consequences, and preven-
tion. Edited by R.E. Institute of Medicine (US) Committee on 
Understanding Premature Birth and Assuring Healthy Outcomes 
and A.S. Butler. Washington (DC): National Academies Press 
(US) (The National Academies Collection: Reports funded by 
National Institutes of Health). Available at: http:// www. ncbi. 
nlm. nih. gov/ books/ NBK11 362/. Accessed: 28 June 2021

Bell AW et al (1986) Effects of exercise and heat stress on regional 
blood flow in pregnant sheep. J Appl Physiol (Bethesda, Md.: 
1985) 60(5):1759–1764. https:// doi. org/ 10. 1152/ jappl. 1986. 
60.5. 1759

Blanks AM, Thornton S (2003) The role of oxytocin in parturition. 
BJOG: Int J Obstet Gynaecol 110(s20):46–51. https:// doi. org/ 
10. 1046/j. 1471- 0528. 2003. 00024.x

Bø K et al (2016) Exercise and pregnancy in recreational and elite 
athletes: 2016 evidence summary from the IOC expert group 
meeting, Lausanne. Part 2-the effect of exercise on the fetus, 
labour and birth. Br J Sports Med 50(21):1297–1305. https:// 
doi. org/ 10. 1136/ bjspo rts- 2016- 096810

Bonell A et al (2020) A protocol for an observational cohort study of 
heat strain and its effect on fetal wellbeing in pregnant farmers 
in The Gambia. Wellcome Open Res 5:32. https:// doi. org/ 10. 
12688/ wellc omeop enres. 15731.2

Burgess AP et al (2017) Risk factors for intrapartum fever in term 
gestations and associated maternal and neonatal sequelae. 
Gynecol Obstet Invest 82(5):508–516

1510 International Journal of Biometeorology (2022) 66:1505–1513

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1097/00003081-197009000-00005
https://doi.org/10.1097/00003081-197009000-00005
https://www.acog.org/clinical/clinical-guidance/committee-opinion/articles/2020/04/physical-activity-and-exercise-during-pregnancy-and-the-postpartum-period
https://www.acog.org/clinical/clinical-guidance/committee-opinion/articles/2020/04/physical-activity-and-exercise-during-pregnancy-and-the-postpartum-period
https://www.acog.org/clinical/clinical-guidance/committee-opinion/articles/2020/04/physical-activity-and-exercise-during-pregnancy-and-the-postpartum-period
https://www.acog.org/clinical/clinical-guidance/committee-opinion/articles/2020/04/physical-activity-and-exercise-during-pregnancy-and-the-postpartum-period
http://www.ncbi.nlm.nih.gov/books/NBK11362/
http://www.ncbi.nlm.nih.gov/books/NBK11362/
https://doi.org/10.1152/jappl.1986.60.5.1759
https://doi.org/10.1152/jappl.1986.60.5.1759
https://doi.org/10.1046/j.1471-0528.2003.00024.x
https://doi.org/10.1046/j.1471-0528.2003.00024.x
https://doi.org/10.1136/bjsports-2016-096810
https://doi.org/10.1136/bjsports-2016-096810
https://doi.org/10.12688/wellcomeopenres.15731.2
https://doi.org/10.12688/wellcomeopenres.15731.2


1 3

Caperchoine C et al (2009) Addressing the challenges, barriers, and 
enablers to physical activity participation in priority women’s 
groups. J Phys Act Health 6(5):589–596. https:// doi. org/ 10. 
1123/ jpah.6. 5. 589

CDC (2017) ‘Heat - Reproductive Health’. The National Institute for 
Occupational Safety and Health (NIOSH). Available at: https:// 
www. cdc. gov/ niosh/ topics/ repro/ heat. html. Accessed: July 2021

Chersich MF, Pham MD, Areal A, Haghighi MM, Manyuchi A, 
Swift CP, Wernecke B, Robinson M, Hetem R, Boeckmann M, 
Hajat S, Climate Change and Heat-Health Study Group (2020) 
Associations between high temperatures in pregnancy and risk 
of preterm birth, low birth weight, and stillbirths: systematic 
review and meta-analysis. BMJ 371:m3811. https:// doi. org/ 10. 
1136/ bmj. m3811

Clapp JF (1991) The changing thermal response to endurance 
exercise during pregnancy. Am J Obstet Gynecol 165(6, Part 
1):1684–1689. https:// doi. org/ 10. 1016/ 0002- 9378(91) 90015-J

Crandall CG et al (2008) Effects of passive heating on central blood 
volume and ventricular dimensions in humans. J Physiol 586(Pt 
1):293–301. https:// doi. org/ 10. 1113/ jphys iol. 2007. 143057

Dadvand P et al (2011) Climate extremes and the length of gestation. 
Environ Health Perspect 119:1449–1453. https:// doi. org/ 10. 1289/ 
ehp. 10032 41

Dervis S et al (2021) Heat loss responses at rest and during exercise 
in pregnancy: a scoping review. J Therm Biol 99:103011. https:// 
doi. org/ 10. 1016/j. jther bio. 2021. 103011

Dreiling CE, Carman FS, Brown DE (1991) Maternal endocrine and 
fetal metabolic responses to heat stress. J Dairy Sci 74(1):312–
327. https:// doi. org/ 10. 3168/ jds. S0022- 0302(91) 78175-7

Erkkola RU, Pirhonen JP, Kivijärvi AK (1992) Flow velocity wave-
forms in uterine and umbilical arteries during submaximal bicycle 
exercise in normal pregnancy. Obstet Gynecol 79(4):611–615

Flouris AD et al (2018) Workers’ health and productivity under occu-
pational heat strain: a systematic review and meta-analysis. Lan-
cet Planetary Health 2(12):e521–e531. https:// doi. org/ 10. 1016/ 
S2542- 5196(18) 30237-7

Franke WD et al (2003) Cardiovascular and autonomic responses to 
lower body negative pressure: do not explain gender differences 
in orthostatic tolerance. Clin Auton Res: Off J Clin Auton Res Soc 
13(1):36–44. https:// doi. org/ 10. 1007/ s10286- 003- 0066-x

Frölich MA et al (2012) What factors affect intrapartum maternal 
temperature? A prospective cohort study: maternal intrapartum 
temperature. J Am Soc Anes 117(2):302–308

Fukushima A et al (2005) Changes in serum levels of heat shock pro-
tein 70 in preterm delivery and pre-eclampsia. J Obstet Gynae-
col Res 31(1):72–77. https:// doi. org/ 10. 1111/j. 1447- 0756. 2005. 
00244.x

Gericke GS et al (1989) Does heat damage fetuses? Med Hypotheses 
29(4):275–278. https:// doi. org/ 10. 1016/ 0306- 9877(89) 90111-4

González-Alonso J, Crandall CG, Johnson JM (2008) The cardiovas-
cular challenge of exercising in the heat. J Physiol 586(1):45–53. 
https:// doi. org/ 10. 1113/ jphys iol. 2007. 142158

Graham JM (2020) Update on the gestational effects of maternal hyper-
thermia. Birth Defects Res 112(12):943–952. https:// doi. org/ 10. 
1002/ bdr2. 1696

Gronlund CJ et al (2020) Time series analysis of total and direct asso-
ciations between high temperatures and preterm births in Detroit, 
Michigan. BMJ Open 10(2):e032476. https:// doi. org/ 10. 1136/ 
bmjop en- 2019- 032476

Guinn DA et al (1997) Management options in women with preterm 
uterine contractions: a randomized clinical trial. Am J Obstet 
Gynecol 177(4):814–818. https:// doi. org/ 10. 1016/ s0002- 9378(97) 
70274-6

Haghighi MM et al (2021) Impacts of high environmental temperatures 
on congenital anomalies: a systematic review. Int J Environ Res 
Public Health 18(9):4910. https:// doi. org/ 10. 3390/ ijerp h1809 4910

Hall ME, George EM, Granger JP (2011) The heart during pregnancy. 
Rev Esp Cardiol 64(11):1045–1050. https:// doi. org/ 10. 1016/j. 
recesp. 2011. 07. 009

Hoegh-Guldberg O, Jacob D, Taylor M, Guillén Bolaños T, Bindi M, 
Brown S, Camilloni IA, Diedhiou A, Djalante R, Ebi K, Engel-
brecht F, Guiot J, Hijioka Y, Mehrotra S, Hope CW, Payne AJ, 
Pörtner HO, Seneviratne SI, Thomas A, Warren R, Zhou G (2019) 
The human imperative of stabilizing global climate change at 
1.5°C. Science 365(6459):eaaw6974. https:// doi. org/ 10. 1126/ 
scien ce. aaw69 74

Hromadnikova I et al (2015) Assessment of placental and maternal 
stress responses in patients with pregnancy related complications 
via monitoring of heat shock protein mRNA levels. Mol Biol Rep 
42(3):625–637. https:// doi. org/ 10. 1007/ s11033- 014- 3808-z

Hytten F (1985) Blood volume changes in normal pregnancy. Clin 
Haematol 14(3):601–612

Jackson MR et al (1995) The effects of maternal aerobic exercise on 
human placental development: placental volumetric composition 
and surface areas. Placenta 16(2):179–191. https:// doi. org/ 10. 
1016/ 0143- 4004(95) 90007-1

James AH (2009) Venous thromboembolism in pregnancy. Arterio-
scler Thromb Vasc Biol 29(3):326–331. https:// doi. org/ 10. 1161/ 
ATVBA HA. 109. 184127

Jeffreys RM et al (2006) Uterine blood flow during supine rest and 
exercise after 28 weeks of gestation. BJOG: Int J Obstet Gynaecol 
113(11):1239–1247. https:// doi. org/ 10. 1111/j. 1471- 0528. 2006. 
01056.x

Kim J, Lee A, Rossin-Slater M (2019) What to expect when it gets hot-
ter: the impacts of prenatal exposure to extreme heat on maternal 
health (No. w26384). National Bureau of Economic Research

King AD, Harrington LJ (2018) The inequality of climate change from 
1.5 to 2°C of global warming. Geophys Res Lett 45(10). Available 
at: https:// ora. ox. ac. uk/ objec ts/ uuid: 10095 2d4- 0411- 410c- a71f- 
ec995 1a8d0 cb. Accessed: 26 September 2021

Krishna U, Bhalerao S (2011) Placental Insufficiency and Fetal Growth 
Restriction. J Obstet Gynaecol India 61(5):505–511. https:// doi. 
org/ 10. 1007/ s13224- 011- 0092-x

Kumar V et al (2009) Neonatal hypothermia in low resource settings: 
a review. J Perinatol 29(6):401–412. https:// doi. org/ 10. 1038/ jp. 
2008. 233

Kurz A (2008) Physiology of thermoregulation. Best Pract Res Clin 
Anaesthesiol 22(4):627–644. https:// doi. org/ 10. 1016/j. bpa. 2008. 
06. 004

Laburn H (1996) How does the fetus cope with thermal challenges? 
Physiology 11(2):96–100. https:// doi. org/ 10. 1152/ physi ology 
online. 1996. 11.2. 96

Lajinian S et al (1997) An association between the heat-humidity 
index and preterm labor and delivery: a preliminary analysis. Am 
J Public Health 87(7):1205–1207. https:// doi. org/ 10. 2105/ ajph. 
87.7. 1205

Levi M, van der Poll T (2010) Inflammation and coagulation. Crit 
Care Med 38(2 Suppl):S26-34. https:// doi. org/ 10. 1097/ CCM. 
0b013 e3181 c98d21

Lin Y et al (2017) Association between temperature and maternal stress 
during pregnancy. Environ Res 158:421–430. https:// doi. org/ 10. 
1016/j. envres. 2017. 06. 034

Lindqvist P et al (2003) Thermal response to submaximal exercise 
before, during and after pregnancy: a longitudinal study. J Matern 
Fetal Neonatal Med 13:152–156. https:// doi. org/ 10. 1080/ jmf. 13.3. 
152. 156

MacIntyre DA et al (2008) Contraction in human myometrium is asso-
ciated with changes in small heat shock proteins. Endocrinology 
149(1):245–252. https:// doi. org/ 10. 1210/ en. 2007- 0662

McMorris T et al (2006) Heat stress, plasma concentrations of adrena-
line, noradrenaline, 5-hydroxytryptamine and cortisol, mood state 
and cognitive performance. Int J Psychophysiol: Off J Int Org 

1511International Journal of Biometeorology (2022) 66:1505–1513

https://doi.org/10.1123/jpah.6.5.589
https://doi.org/10.1123/jpah.6.5.589
https://www.cdc.gov/niosh/topics/repro/heat.html
https://www.cdc.gov/niosh/topics/repro/heat.html
https://doi.org/10.1136/bmj.m3811
https://doi.org/10.1136/bmj.m3811
https://doi.org/10.1016/0002-9378(91)90015-J
https://doi.org/10.1113/jphysiol.2007.143057
https://doi.org/10.1289/ehp.1003241
https://doi.org/10.1289/ehp.1003241
https://doi.org/10.1016/j.jtherbio.2021.103011
https://doi.org/10.1016/j.jtherbio.2021.103011
https://doi.org/10.3168/jds.S0022-0302(91)78175-7
https://doi.org/10.1016/S2542-5196(18)30237-7
https://doi.org/10.1016/S2542-5196(18)30237-7
https://doi.org/10.1007/s10286-003-0066-x
https://doi.org/10.1111/j.1447-0756.2005.00244.x
https://doi.org/10.1111/j.1447-0756.2005.00244.x
https://doi.org/10.1016/0306-9877(89)90111-4
https://doi.org/10.1113/jphysiol.2007.142158
https://doi.org/10.1002/bdr2.1696
https://doi.org/10.1002/bdr2.1696
https://doi.org/10.1136/bmjopen-2019-032476
https://doi.org/10.1136/bmjopen-2019-032476
https://doi.org/10.1016/s0002-9378(97)70274-6
https://doi.org/10.1016/s0002-9378(97)70274-6
https://doi.org/10.3390/ijerph18094910
https://doi.org/10.1016/j.recesp.2011.07.009
https://doi.org/10.1016/j.recesp.2011.07.009
https://doi.org/10.1126/science.aaw6974
https://doi.org/10.1126/science.aaw6974
https://doi.org/10.1007/s11033-014-3808-z
https://doi.org/10.1016/0143-4004(95)90007-1
https://doi.org/10.1016/0143-4004(95)90007-1
https://doi.org/10.1161/ATVBAHA.109.184127
https://doi.org/10.1161/ATVBAHA.109.184127
https://doi.org/10.1111/j.1471-0528.2006.01056.x
https://doi.org/10.1111/j.1471-0528.2006.01056.x
https://ora.ox.ac.uk/objects/uuid:100952d4-0411-410c-a71f-ec9951a8d0cb
https://ora.ox.ac.uk/objects/uuid:100952d4-0411-410c-a71f-ec9951a8d0cb
https://doi.org/10.1007/s13224-011-0092-x
https://doi.org/10.1007/s13224-011-0092-x
https://doi.org/10.1038/jp.2008.233
https://doi.org/10.1038/jp.2008.233
https://doi.org/10.1016/j.bpa.2008.06.004
https://doi.org/10.1016/j.bpa.2008.06.004
https://doi.org/10.1152/physiologyonline.1996.11.2.96
https://doi.org/10.1152/physiologyonline.1996.11.2.96
https://doi.org/10.2105/ajph.87.7.1205
https://doi.org/10.2105/ajph.87.7.1205
https://doi.org/10.1097/CCM.0b013e3181c98d21
https://doi.org/10.1097/CCM.0b013e3181c98d21
https://doi.org/10.1016/j.envres.2017.06.034
https://doi.org/10.1016/j.envres.2017.06.034
https://doi.org/10.1080/jmf.13.3.152.156
https://doi.org/10.1080/jmf.13.3.152.156
https://doi.org/10.1210/en.2007-0662


1 3

Psychophysiol 61(2):204–215. https:// doi. org/ 10. 1016/j. ijpsy cho. 
2005. 10. 002

Meyer MAS et  al (2013) Hypercoagulability in response to ele-
vated body temperature and central hypovolemia. J Surg Res 
185(2):e93-100. https:// doi. org/ 10. 1016/j. jss. 2013. 06. 012

Miller MW et al (2002) Hyperthermic teratogenicity, thermal dose 
and diagnostic ultrasound during pregnancy: implications of new 
standards on tissue heating. Int J Hyperth: Off J Eur Soc Hyper-
thermic Oncol North Am Hyperth Group 18(5):361–384. https:// 
doi. org/ 10. 1080/ 02656 73021 01468 90

Morishima HO et al (1975) Increased uterine activity and fetal dete-
rioration during maternal hyperthermia. Am J Obstet Gynecol 
121(4):531–538. https:// doi. org/ 10. 1016/ 0002- 9378(75) 90087-3

NHS (2019) ‘Is it safe to use a sauna or jacuzzi if I’m pregnant?’ NHS 
online, Available at: https:// www. nhs. uk/ common- health- quest 
ions/ pregn ancy/ is- it- safe- to- use-a- sauna- or- jacuz zi- if-i- am- pregn 
ant/. Accessed July 2021

Niven DJ et al (2012) Fever in the critically ill: a review of epide-
miology, immunology, and management. J Intensive Care Med 
27(5):290–297. https:// doi. org/ 10. 1177/ 08850 66611 402463

Olson DM (2003) The role of prostaglandins in the initiation of parturi-
tion. Best Pract Res Clin Obstet Gynaecol 17(5):717–730. https:// 
doi. org/ 10. 1016/ S1521- 6934(03) 00069-5

Omassoli J et al (2019) Variation in renal responses to exercise in 
the heat with progressive acclimatisation. J Sci Med Sport 
22(9):1004–1009. https:// doi. org/ 10. 1016/j. jsams. 2019. 04. 010

Pace NP, Vassallo J, Calleja-Agius J (2021) Gestational diabetes, 
environmental temperature and climate factors - from epidemio-
logical evidence to physiological mechanisms. Early Human Dev 
155:105219. https:// doi. org/ 10. 1016/j. earlh umdev. 2020. 105219

Peltier MR (2003) Immunology of term and preterm labor. Reprod 
Biol Endocrinol: RB&E 1:122. https:// doi. org/ 10. 1186/ 
1477- 7827-1- 122

Pirhonen JP et al (1994) Does thermal stress decrease uterine blood 
flow in hypertensive pregnancies? Am J Perinatol 11(5):313–316. 
https:// doi. org/ 10. 1055/s- 2007- 994542

Randall NJ et al (1991) Measuring fetal and maternal temperature dif-
ferentials: a probe for clinical use during labour. J Biomed Eng 
13(6):481–485. https:// doi. org/ 10. 1016/ 0141- 5425(91) 90094-N

Rauramo I, Forss M (1988) Effect of exercise on maternal hemody-
namics and placental blood flow in healthy women. Acta Obstet 
Gynecol Scand 67(1):21–25. https:// doi. org/ 10. 3109/ 00016 34880 
90041 62

Ravanelli N, Casasola W, English T, Edwards KM, Jay O (2019) Heat 
stress and fetal risk. Environmental limits for exercise and passive 
heat stress during pregnancy: a systematic review with best evi-
dence synthesis. Br J Sports Med 53(13):799–805. https:// doi. org/ 
10. 1136/ bjspo rts- 2017- 097914

Reynolds LP et al (1985) Effects of chronic environmental heat stress 
on blood flow and nutrient uptake of the gravid bovine uterus 
and foetus. J Agric Sci 104(2):289–297. https:// doi. org/ 10. 1017/ 
S0021 85960 00439 4X

Rodríguez I, González M (2014) Physiological mechanisms of vascular 
response induced by shear stress and effect of exercise in systemic 
and placental circulation. Front Pharmacol 5:209. https:// doi. org/ 
10. 3389/ fphar. 2014. 00209

Roos N et al (2021) Maternal and newborn health risks of climate 
change: a call for awareness and global action. Acta Obstet 
Gynecol Scand 100(4):566–570. https:// doi. org/ 10. 1111/ aogs. 
14124

Saigal S, Doyle LW (2008) An overview of mortality and sequelae of 
preterm birth from infancy to adulthood. Lancet 371(9608):261–
269. https:// doi. org/ 10. 1016/ S0140- 6736(08) 60136-1

Schifano P et al (2013) Effect of ambient temperature and air pollut-
ants on the risk of preterm birth, Rome 2001–2010. Environ Int 
61:77–87. https:// doi. org/ 10. 1016/j. envint. 2013. 09. 005

Selkirk GA et al (2008) ‘Mild endotoxemia, NF-kappaB transloca-
tion, and cytokine increase during exertional heat stress in trained 
and untrained individuals. Am J Physiol Regul Integrative Comp 
Physiol 295(2):R611-623. https:// doi. org/ 10. 1152/ ajpre gu. 00917. 
2007

Shashar S et al (2020) Temperature and preeclampsia: epidemiological 
evidence that perturbation in maternal heat homeostasis affects 
pregnancy outcome. PLoS ONE 15(5):e0232877. https:// doi. org/ 
10. 1371/ journ al. pone. 02328 77

Smallcombe JW, Puhenthirar A, Casasola W, Inoue DS, Chaseling 
GK, Ravanelli N, Edwards KM, Jay O (2021) Thermoregula-
tion during pregnancy: a controlled trial investigating the risk of 
maternal hyperthermia during exercise in the heat. Sports Med 
51(12):2655–2664. https:// doi. org/ 10. 1007/ s40279- 021- 01504-y

Spencer S, Samateh T, Wabnitz K, Mayhew S, Allen H, Bonell A 
(2022) The challenges of working in the heat whilst pregnant: 
insights from gambian women farmers in the face of climate 
change. Front Public Health 10:785254. https:// doi. org/ 10. 3389/ 
fpubh. 2022. 785254

Stan CM, Boulvain M, Pfister R, Hirsbrunner-Almagbaly P (2013) 
Hydration for treatment of preterm labour. Cochrane Database 
Syst Rev (11):CD003096. https:// doi. org/ 10. 1002/ 14651 858. 
CD003 096. pub2

Strother SV, Bull JM, Branham SA (1986) Activation of coagula-
tion during therapeutic whole body hyperthermia. Thromb Res 
43(3):353–360. https:// doi. org/ 10. 1016/ 0049- 3848(86) 90155-6

Theobald GW (1959) The separate release of oxytocin and antidiuretic 
hormone. J Physiol 149(3):443–461

Thornton SN (2010) Thirst and hydration: physiology and conse-
quences of dysfunction. Physiol Behav 100(1):15–21. https:// doi. 
org/ 10. 1016/j. physb eh. 2010. 02. 026

Vähä-Eskeli K et al (1991) Doppler flow measurement of uterine and 
umbilical arteries in heat stress during late pregnancy. Am J Peri-
natol 8(6):385–389. https:// doi. org/ 10. 1055/s- 2007- 999422

Vähä-Eskeli KK et al (1991) Haemodynamic response to moderate 
thermal stress in pregnancy. Ann Med 23(2):121–126. https:// doi. 
org/ 10. 3109/ 07853 89910 91480 35

Wade CE et al (2011) Admission hypo- or hyperthermia and survival 
after trauma in civilian and military environments. Int J Emerg 
Med 4(1):35. https:// doi. org/ 10. 1186/ 1865- 1380-4- 35

Walker D, Walker A, Wood C (1969) Temperature of the human fetus. 
BJOG: Int J Obstet Gynaecol 76(6):503–511. https:// doi. org/ 10. 
1111/j. 1471- 0528. 1969. tb058 70.x

Wang L et al (2015) Effect of acute heat stress on adrenocorticotropic 
hormone, cortisol, interleukin-2, interleukin-12 and apoptosis 
gene expression in rats. Biomedical Reports 3(3):425–429. https:// 
doi. org/ 10. 3892/ br. 2015. 445

Wang Y, Zhao S (2010) Placental Blood Circulation, Vascular Biology 
of the Placenta. Morgan Claypool Life Sci. Available at: https:// 
www. ncbi. nlm. nih. gov/ books/ NBK53 254/ (Accessed: 28 June 
2021).

Wells JCK (2002) Thermal environment and human birth weight. J 
Theor Biol 214(3):413–425. https:// doi. org/ 10. 1006/ jtbi. 2001. 
2465

WHO (1997) ‘Thermoregulation in the newborn: a practical 
guide. Maternal Newborn Health. Available at: http:// apps. who. 
int/ iris/ bitst ream/ handle/ 10665/ 63986/ WHO_ RHT_ MSM_ 97.2. 
pdf? seque nce=1. Accessed: 28 June 2021

Wolfenson D et al (1993) Secretion of PGF2α and oxytocin during 
hyperthermia in cyclic and pregnant heifers. Theriogenology 
39(5):1129–1141. https:// doi. org/ 10. 1016/ 0093- 691X(93) 90012-T

Zhang Y, Yu C, Wang L (2017) Temperature exposure during preg-
nancy and birth outcomes: an updated systematic review of epi-
demiological evidence. Environ Pollut (Barking, Essex: 1987) 
225:700–712. https:// doi. org/ 10. 1016/j. envpol. 2017. 02. 066

1512 International Journal of Biometeorology (2022) 66:1505–1513

https://doi.org/10.1016/j.ijpsycho.2005.10.002
https://doi.org/10.1016/j.ijpsycho.2005.10.002
https://doi.org/10.1016/j.jss.2013.06.012
https://doi.org/10.1080/02656730210146890
https://doi.org/10.1080/02656730210146890
https://doi.org/10.1016/0002-9378(75)90087-3
https://www.nhs.uk/common-health-questions/pregnancy/is-it-safe-to-use-a-sauna-or-jacuzzi-if-i-am-pregnant/
https://www.nhs.uk/common-health-questions/pregnancy/is-it-safe-to-use-a-sauna-or-jacuzzi-if-i-am-pregnant/
https://www.nhs.uk/common-health-questions/pregnancy/is-it-safe-to-use-a-sauna-or-jacuzzi-if-i-am-pregnant/
https://doi.org/10.1177/0885066611402463
https://doi.org/10.1016/S1521-6934(03)00069-5
https://doi.org/10.1016/S1521-6934(03)00069-5
https://doi.org/10.1016/j.jsams.2019.04.010
https://doi.org/10.1016/j.earlhumdev.2020.105219
https://doi.org/10.1186/1477-7827-1-122
https://doi.org/10.1186/1477-7827-1-122
https://doi.org/10.1055/s-2007-994542
https://doi.org/10.1016/0141-5425(91)90094-N
https://doi.org/10.3109/00016348809004162
https://doi.org/10.3109/00016348809004162
https://doi.org/10.1136/bjsports-2017-097914
https://doi.org/10.1136/bjsports-2017-097914
https://doi.org/10.1017/S002185960004394X
https://doi.org/10.1017/S002185960004394X
https://doi.org/10.3389/fphar.2014.00209
https://doi.org/10.3389/fphar.2014.00209
https://doi.org/10.1111/aogs.14124
https://doi.org/10.1111/aogs.14124
https://doi.org/10.1016/S0140-6736(08)60136-1
https://doi.org/10.1016/j.envint.2013.09.005
https://doi.org/10.1152/ajpregu.00917.2007
https://doi.org/10.1152/ajpregu.00917.2007
https://doi.org/10.1371/journal.pone.0232877
https://doi.org/10.1371/journal.pone.0232877
https://doi.org/10.1007/s40279-021-01504-y
https://doi.org/10.3389/fpubh.2022.785254
https://doi.org/10.3389/fpubh.2022.785254
https://doi.org/10.1002/14651858.CD003096.pub2
https://doi.org/10.1002/14651858.CD003096.pub2
https://doi.org/10.1016/0049-3848(86)90155-6
https://doi.org/10.1016/j.physbeh.2010.02.026
https://doi.org/10.1016/j.physbeh.2010.02.026
https://doi.org/10.1055/s-2007-999422
https://doi.org/10.3109/07853899109148035
https://doi.org/10.3109/07853899109148035
https://doi.org/10.1186/1865-1380-4-35
https://doi.org/10.1111/j.1471-0528.1969.tb05870.x
https://doi.org/10.1111/j.1471-0528.1969.tb05870.x
https://doi.org/10.3892/br.2015.445
https://doi.org/10.3892/br.2015.445
https://www.ncbi.nlm.nih.gov/books/NBK53254/
https://www.ncbi.nlm.nih.gov/books/NBK53254/
https://doi.org/10.1006/jtbi.2001.2465
https://doi.org/10.1006/jtbi.2001.2465
http://apps.who.int/iris/bitstream/handle/10665/63986/WHO_RHT_MSM_97.2.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/63986/WHO_RHT_MSM_97.2.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/63986/WHO_RHT_MSM_97.2.pdf?sequence=1
https://doi.org/10.1016/0093-691X(93)90012-T
https://doi.org/10.1016/j.envpol.2017.02.066


1 3

Authors and Affiliations

Louisa Samuels1 · Britt Nakstad2,3 · Nathalie Roos4 · Ana Bonell5,6 · Matthew Chersich7 · George Havenith8 · 
Stanley Luchters9 · Louise‑Tina Day10 · Jane E. Hirst11 · Tanya Singh12 · Kirsty Elliott‑Sale13 · Robyn Hetem14 · 
Cherie Part6 · Shobna Sawry14 · Jean Le Roux14 · Sari Kovats6 

1 Department of Obstetrics and Gynaecology, Guy’s and St 
Thomas’ NHS Trust, London, UK

2 Division of Paediatric and Adolescent Health, Institute 
for Clinical Medicine, University of Oslo, Oslo, Norway

3 Department of Pediatrics and Adolescent Health, University 
of Botswana, Gaborone, Botswana

4 Department of Medicine, Clinical Epidemiology Division, 
Karolinska Institutet, Stockholm, Sweden

5 Medical Research Council Gambia at London School 
of Hygiene and Tropical Medicine, Fajara, The Gambia

6 Centre On Climate Change and Planetary Health, London 
School of Hygiene and Tropical Medicine, London, UK

7 Faculty of Health Sciences, Wits Reproductive Health 
and HIV Institute, University of the Witwatersrand, 
Hillbrow, Johannesburg 2001, South Africa

8 Environmental Ergonomics Research Centre, Loughborough 
Design School, Loughborough University, Loughborough, 
UK

9 Department of Population Health, Aga Khan University, 
East Africa, Nairobi, Kenya

10 Maternal, Adolescent, Reproductive & Child Health Centre, 
London School of Hygiene and Tropical Medicine, London, 
UK

11 Nuffield Department of Women’s and Reproductive Health 
and the George Institute for Global Health, University 
of Oxford, Oxford, UK

12 Climate Change Research Centre, University of New South 
Wales, Sydney, Australia

13 Department of Sport Science, Sport, Health and Performance 
Enhancement (SHAPE) Research Centre, Nottingham Trent 
University, Nottingham, UK

14 School of Animal, Plant and Environmental Sciences, 
Faculty of Science, University of the Witwatersrand, 
Johannesburg, South Africa

1513International Journal of Biometeorology (2022) 66:1505–1513

http://orcid.org/0000-0002-4823-8099

	Physiological mechanisms of€the€impact of€heat during€pregnancy and€the€clinical implications: review of€the€evidence from€an€expert group meeting
	Abstract
	Background
	Objectives
	Methods
	Results
	Thermoregulation in€pregnancy
	High ambient temperature and€intrapartum maternal fever
	Heat exposure and€reduced placental blood flow
	High ambient temperatures and€preterm birth
	Oxytocin and€prostaglandin release
	Oxidative stress and€release of€inflammatory markers
	Heat shock proteins
	Dehydration
	Uterine contractility

	Heat and€hypercoagulability in€pregnancy

	Conclusions
	Acknowledgements 
	References


