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Abstract 

Introduction

Epidemiological evidence linking heat exposure to adverse maternal 
and child health outcomes is compelling. However, the biological and 
social mechanisms underlying these associations remain poorly 
understood. Understanding the pathways explaining these 
associations is important given rising global temperatures, and the 
urgent need for developing and testing adaptive interventions.

Methods

This transdisciplinary study in Johannesburg, South Africa, will 
monitor a cohort of 200 women from their second trimester until one-
year postpartum, alongside their infants. Heat exposure and 
environmental factors will be tracked using personal, community and 
facility-level temperature monitors and geospatial data. Data will be 
collected on social conditions, medical and obstetric history, heat 
stress and adaptation, hydration, mental wellbeing, and sleep quality. 
Clinical data includes physical measurements, ultrasound, 
cardiotocography, and biological specimens (blood, urine, saliva) 
analysed for inflammatory markers, RNA, metabolic indicators, renal 
function and hormonal levels. Placental and cord blood analyses will 
assess foetal stress. Infant data will include medical history, hospital 
visits, neurodevelopment, anthropometric measurements, vital signs, 
and urine analysis. Three nested sub-studies (20–50 participants) will 
explore specific aspects: Sub-study 1 will use wearable devices to 
monitor sleep, activity, and heart rate in high-risk women; Sub-study 2 
will involve qualitative interviews; and Sub-study 3 will assess 
breastmilk composition and volume.

Planned analyses

Our primary aim is to document linkages between heat exposure and 
inflammatory pathways that precede preterm birth. The hypothesis 
that heat exposure triggers maternal inflammation will be tested by 
analysing epigenetic changes associated with inflammatory cytokine 
protein and gene expression. We will investigate thermoregulation 
and hydration during labour. Using isotope techniques, we assess 
whether heat exposure alters breastmilk composition and volume. 
Conceptual frameworks and graphical causal models will be 
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developed to delineate pathways of vulnerability and protective 
mechanisms.

PLAIN LANGUAGE SUMMARY  
Climate change is causing global temperatures to rise, leading to 
more frequent and intense heatwaves. This extreme heat can have 
health risks for pregnant women and their babies such as preterm 
birth and low birth weight. However, we do not yet fully understand 
how pregnant women’s body’s respond to heat, or why these health 
risks occur. Gaining this knowledge will help us to protect mothers 
and babies as the world gets warmer.  
 
The Bio-HEAT study will follow 200 pregnant women from an 
underserved urban community in Johannesburg, South Africa. Heat 
exposure in the area is worsened by the Urban Heat Island effect 
where buildings, road and industry trap heat. Many people in this 
community don’t have access to cooling systems like air conditioning, 
and some use solid fuels like wood and coal for cooking, which makes 
their homes hotter. These conditions make them especially vulnerable 
to heat.  
 
Our main goal is to understand how heat exposure might trigger 
inflammation and other changes in the body and lead to preterm 
birth. Women will be followed from their second trimester through to 
one year postpartum, along with their infants. Researchers will collect 
information through questionnaires, biological samples (like blood, 
urine and saliva), ultrasound scans, and wearable devices that 
measure heat exposure. Placenta and cord blood will be assessed for 
the effects of heat on babies before birth. The babies growth and 
health will also be monitored.  
 
The study includes three smaller sub-studies: one to monitor activity, 
sleep and heart rate; another to gather personal experiences, and a 
third to explore how heat affects breastfeeding.  
 
The findings from the study will help to inform strategies to reduce 
heat-related health risks for pregnant women and babies in similar 
urban settings globally.

Keywords 
Hot Temperature, Inflammation, Pregnancy, Premature birth, 
Maternal health, Breastfeeding, Infant health, Epigenetics, Biological 
markers, South Africa
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Introduction
Climate change, driven by anthropogenic greenhouse gas emis-
sions, is one of the greatest threats to global health1. Rising  
global temperatures are one of the most concerning manifes-
tations of climate change, resulting in higher seasonal tem-
peratures and more frequent, intense heatwaves2. According to 
NASA, 2024 was the warmest year on record, approximately  
1.47°C above the pre-industrial average3. Global temperatures 
are projected to rise substantially further by 2070, potentially 
exposing one-third of the global population to mean annual 
temperatures exceeding 29°C – conditions currently limited  
to 0.8% of the Earth’s land surface4.

Recently, pregnant women, foetuses and neonates have been 
identified as particularly vulnerable to the increasing ambient  
temperatures5. Humans regulate their core temperature within 
a narrow range of 35.5–37.5°C6, by balancing heat loss 
through behavioural and physiological mechanisms, with heat 
gain from metabolic (internal) and environmental (external)  
sources7. Physiological and anatomical changes during preg-
nancy may impair normal thermoregulation, increasing suscep-
tibility to heat-related stress5. Heat exposure during pregnancy 
has been linked to several adverse pregnancy outcomes includ-
ing hypertensive disorders of pregnancy8,9, pre-term birth8,10, low  
birthweight8,10, reduced foetal growth8,11, stillbirths8,10, and con-
genital anomalies8,12. Heat exposure in utero has also been asso-
ciated with a range of detrimental health and social outcomes 
across the life-course13. Underlying biological mechanisms 
have not yet been characterised, but are hypothesised to include 
elevated maternal core temperatures14, endocrine dysfunction14,  
inflammation14, epigenetic changes7, dehydration7,14, disrupted 
breastfeeding15,16, and compromised placental development7,10,14. 
High ambient temperatures and adverse pregnancy outcomes 
are of particular concern in climate change hotspots, such as  
sub-Saharan Africa1,17. Despite some progress in recent dec-
ades, Africa ranks among the regions with the highest rates of 
maternal mortality, preterm births and other adverse pregnancy 
outcomes worldwide18,19, carrying significant implications for  
health and development.

Africa is disproportionately vulnerable to the effects of cli-
mate change, owing to its warm and dry climate with variable 
rainfall patterns, and low adaptive capacity20. Southern Africa,  
in particular, is a climate-change hotspot, with temperatures ris-
ing at about twice the global rate and more frequent heatwaves 
of unprecedented intensity2,21. In a future with low mitigation 
efforts, the region is projected to become significantly hot-
ter and drier, with even more variable rainfall22–24. Furthermore,  
sub-Saharan Africa remains a region with persistently high birth 
rates25, and projections indicate that the paediatric population 
will be the largest in the world by 2055, surpassing 1 billion. 
Rapidly rising temperatures and other climate-related hazards  
threaten to exacerbate these challenges, further straining  
maternal and child health programs26–28.

Current global efforts to reduce emissions fall significantly 
short of the scale and pace required to avert dangerous climate  
change29. Between 2030 and 2050, climate change is expected  

to cause approximately 250 000 additional deaths per year from 
malnutrition, malaria, diarrhoea and heat stress30. Implement-
ing adaptation measures alongside mitigation efforts is there-
fore crucial to reduce climate change-related mortality and  
morbidity. However, increased understanding of the biological 
effects of heat in humans is essential for designing effective, tar-
geted adaptive interventions to protect vulnerable populations  
such as pregnant women, foetuses and neonates8,14.

Research aims
The Bio-HEAT study aims to explore the underlying associa-
tions between heat exposure and the biological and social path-
ways that contribute to preterm birth, influence intrapartum  
outcomes, and impact breastfeeding.

Hypotheses
The primary hypothesis of the Bio-HEAT study is that expo-
sure to high ambient temperatures during pregnancy is associ-
ated with elevated pro-inflammatory cytokine levels, such as 
interleukin-6 (IL-6) and other inflammatory markers, driven by  
heat-induced changes in gene expression, such as transcriptomic 
and epigenetic signatures. Figure 1 below demonstrates the  
plausible pathways we are investigating.

We have four secondary hypotheses:
•   �Heat and systematic changes: High ambient temperatures 

are hypothesised to disrupt endocrine function, enhance 
oxidative stress and inflammation, and increase the  
release of heat-shock proteins during pregnancy.

•   �Interacting factors: We hypothesise that multiple inter-
acting factors, such as oxidative stress, altered cytokine  
profiles and psycho-social stressors contribute to the 
risk of preterm birth. Our analysis will account for these 
variables, assessing how they may mediate the relation-
ship between heat exposure, and adverse maternal and  
neonatal outcomes. Furthermore, as psychosocial fac-
tors may evolve over pregnancy, we hypothesize that 
these fluctuations could influence health outcomes, such 
as preterm birth, and that these links may be accentuated  
by heat exposure.

•   �Pathophysiological mechanisms in labour: Heat expo-
sure during labour is hypothesised to increase labour 
duration due to dehydration, and interventions such as  
hydration and cooling could reduce these effects.

•   �Breastfeeding and heat exposure: We hypothesise that 
heat exposure will reduce breastfeeding duration and fre-
quency, and increase the sodium content of breastmilk 
primarily due to dehydration and discomfort experienced  
by both mother and infant during breastfeeding.

Global health relevance of this study
Understanding the biological mechanisms and social vulner-
abilities underpinning heat-health associations in pregnancy  
is critical in the context of rising global temperatures and 
the need for adaptive interventions. Adverse pregnancy out-
comes, such as preterm birth, significantly influence health and  
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developmental trajectories throughout the life course. By eluci-
dating the links between heat exposure, inflammatory pathways, 
and preterm birth—and identifying actionable factors to mitigate  
these risks—this research has the potential to yield substantial  
public health benefits.

Additionally, examining how heat exposure affects hydration  
status and adverse outcomes during labour, and evaluating  
interventions to address these concerns, is essential. Breastfeeding,  
a cornerstone of child health, also warrants investigation to  
determine how climate-induced heat exposure may impact  
breastfeeding patterns and breastmilk composition. Figure 2 
depicts three mechanistic pathways that we hypothesise contribute  
to the biological vulnerability of infants to dehydration.

Bio-HEAT will deliver detailed research findings on the  
relationships between heat exposure and biological vulnerabilities,  
with a focus on preterm birth, heat stress during labour, and  
breastfeeding. These insights will inform the development 
of conceptual frameworks that integrate the perspectives of 
affected women, ultimately guiding interventional research to  
address key modifiable factors in these pathways.

Methods
Study setting
The study will be conducted at a public regional hospital in  
Johannesburg which offers specialised maternal and paediatric 

care. The study site is situated in a high-density urban envi-
ronment characterised by an Urban Heat Island effect, where  
temperatures can be significantly higher than the surround-
ing areas. Most residents in this area lack access to air condi-
tioning, active or passive cooling systems, and urban greenery,  
exacerbating their heat vulnerability. Additionally, indoor  
cooking practices that involve combustion of solid fuels may  
augment heat exposure and degrade indoor air quality, com-
plicating the health risks associated with high temperatures.  
Against this backdrop, Bio-HEAT is well-positioned to pro-
vide valuable insights into the causal pathways underpinning 
heat-health impacts in pregnant women and infants that may be  
generalisable to similar urban environments globally.

Study design and participants
Bio-HEAT is a prospective cohort study designed to col-
lect comprehensive data on heat exposure and its biological  
impacts on pregnant women and infants. Participants will be 
recruited from the regional hospital’s antenatal clinic, target-
ing women attending their 12-week nuchal translucency scan. 
Additional participants may also be recruited from the gynae-
cology ward, and other antenatal clinics in the catchment  
area as needed.

Participants will be followed from week 12–16 of pregnancy 
through to 12 months postpartum. The study comprises an 
overarching cohort and three nested sub-cohorts, purposively 

Figure 1. Proposed biological pathways linking heat exposure to preterm birth. Hypothesised mechanisms linking high ambient 
temperatures and heat waves (Variable X) to adverse maternal and neonatal outcomes, specifically preterm birth (Variable Y).
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recruited from the overall cohort, each addressing specific 
research questions. Sample sizes as well as inclusion and  
exclusion criteria, are detailed below.

Overall cohort: Biological impacts of heat exposure on preg-
nant and postpartum women and their infants (N=200). Inclusion  
criteria for the overall cohort are as follows:

•   �Gestational age of 12–16 weeks at enrolment based on  
ultrasound assessment of gestation

•   Aged 16 years or older

•   Resident in the hospital catchment area (hospital surrounds)

•   �Intending to give birth at the study site and remain in the  
catchment area for the duration of the study

•   Able and willing to give informed consent

•   �Agrees not to enrol in another study that may interfere with  
the results and interpretation of findings in this study

Exclusion criteria include:

•   �Critical illness at enrolment, defined as hospital admission  
or at the discretion of the research doctor

•   Planning to deliver at an alternative maternity facility

•   Multiple pregnancy

•   �Pregnancy with suspected or confirmed congenital anomaly 
prior to enrolment

Sub-cohort 1: Enhanced individualised activity and heat expo-
sure among the highest-risk women (N=50) will include women  
with two or more of the following risk factors:

•   �High heat exposure: Resides in low-cost housing, or has 
occupational heat exposure (e.g., working in kitchens or  
outdoor labour) 

•   Any two of the following:

○   �Pre-existing maternal health condition, including chronic 
hypertension, diabetes, renal dysfunction, autoimmune 
diseases, thyroid dysfunction, obesity (BMI>=30) or  
HIV infection

○   �Maternal age–teenage pregnancy (age<20) or primiparous 
at ≥35 years old

Sub-cohort 2: Psychosocial factors along the pathway from 
heat exposure to prematurity (N=20–25). Serial qualitative 
interviews involving two groups of women, with final sample  
determined by data saturation:

•   �Antepartum group: 10–15 women between 12–16 weeks  
gestation

•   �Postpartum group: Up to 10 women who have had a preterm 
birth

Figure 2. Proposed biological pathways from heat exposure to infant dehydration. Hypothesised mechanisms through which high 
ambient temperatures and heat waves (Variable X) may contribute to infant dehydration (Variable Y).
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Sub-cohort 3: Heat exposure and breastfeeding (N=50).

•   �Participants will be conveniently sampled from the overall  
cohort with no additional selection criteria applied.

Sample size considerations
Biological pathways analyses involve consideration of a wide 
range of outcomes. We calculated sample size to test the primary 
hypothesis using binary outcomes as a conservative approach. 
Continuous outcomes will offer considerably greater statistical  
power.

The primary inflammatory outcome interleukin-6 (>1000pg/ml)  
is strongly linked with preterm birth. With 200 women, two 
measures per participant, and an assumed 15% specimen loss, 
the study has >80% power to detect an 8% difference in the pri-
mary outcome. This calculation assumes that 5% of women 
exposed to the lowest quartile of maximum temperatures at a  
0–2 day lag will exhibit raised interleukin-6 levels.

Heat exposure monitoring
Monitoring heat exposure involves three components:

•   �Facility Monitoring: The study site will be equipped with 
indoor temperature sensors (HOBOnet wireless sensor) to 
monitor the environments where the participants receive care,  
including the antenatal clinic and labour ward.

•   �Community Monitoring: An outdoor weather station (HOBO 
MicroRX), covering the entire catchment area, will be 
installed on the premises of the facility to accurately capture  
temperature exposure in the area.

•   �Personal Monitoring: Participants will wear wrist-mounted 
thermometers (ibuttons) throughout the study to unobtrusively 

and continuously record temperature and humidity exposure,  
delivering real-time, individual-level environmental data. To 
supplement this, geolocation of home addresses and pinned 
locations will be used to confirm housing types. Geolocated 
addresses will be securely linked with our existing geospa-
tial grid data in Johannesburg, including economic sta-
tus, vegetation indexes, temperature, air pollution, noise,  
ozone and other exposure variables.

Study schedule
The study schedule, summarised in Figure 3, includes a screen-
ing and enrolment visit, followed by antepartum follow-up  
visits every four weeks during pregnancy (at 16, 20, 24, 28, 32, 
36, and 41 weeks- for those still pregnant) and an intrapartum 
visit. Postpartum follow-up visits will occur at 1, 3, 6, 9, and  
12 months. Whenever possible, study visits will be coordi-
nated with routine antenatal care appointments or baby wellness 
checks. The research unit is conveniently located near the hospi-
tal labour and gynaecology wards, ensuring easy access for par-
ticipants. A window of +/- 14 days will apply to all scheduled  
visits, except during heat waves, defined as a maximum tem-
perature >95th percentile for 2 or more consecutive days, when 
an additional study visit will be scheduled for selected partici-
pants within a 2-day window of the heatwave. Participants will  
be provided with a contact number for the study staff for ques-
tions, complaints or to inform the study staff of labour or  
any complications or adverse events.

Enrolment visit
Overall cohort. Following enrolment, participants will be 
asked questions on a range of sociodemographic factors, medi-
cal and obstetric history, behaviours related to heat adaptation 
and hydration (e.g., access to water and cool spaces, hydration  

Figure 3. Summary of Participant Visit Schedule. Schedule of visits showing key assessments and unique sample collection across 
the antepartum, intrapartum, and postpartum periods for the overall cohort and the three sub-cohorts (Overall cohort- white; Sub-cohort  
1- orange; Sub-cohort 2- green; Sub-cohort 3- blue).
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practices, heat-related behaviours), mental health conditions 
and habits (substance use and activity levels). We will use 
validated tools including an Adapted Timeline Alcohol Use 
Calendar and the Alcohol Use Disorders Identification Test  
(AUDIT) to assess alcohol use31, the Whooley antenatal depres-
sion and anxiety screening tool, the Edinburgh Postnatal 
Depression Scale (EPDS), the Primary Care Post Traumatic  
Stress Disorder (PTSD) screening tool to assess mental well-
being, and the Pittsburgh Sleep Quality index to assess sleep. 
Each of these tools are available for use without further permis-
sions required. Other relevant data will be extracted from the  
maternity case record to reduce participant burden.

The participant will be examined clinically, including blood 
pressure measurements, weight and height, and a general and 
system-specific examination, followed by a foetal ultrasound. 
If not already conducted at the antenatal clinic, blood will be 
drawn to test for renal function, thyroid function, HBA1c, a  
full blood count, and infections (HIV and syphilis). Cotinine 
testing will be done to assess nicotine exposure. A mid-stream 
urine sample will be collected to test for markers of dehydration,  
specifically osmolarity and urine-specific gravity.

Women will be given a personal wearable thermometer  
(ibuttons mounted on silicone wrist bands) and will be encour-
aged to regularly complete a WhatsApp based digital heat and  
sleep diary on their phones.

Sub-cohort 1: High-risk women with individualised activity 
and heat exposure monitoring. The participants included in 
this sub-study will be additionally equipped with a wearable 
fitness device (Garmin Vivosmart 5) to facilitate continuous  
measurement of heart rate, activity, sleep, and other metrics.

Sub-cohort 2: Psychosocial factors. Women in this sub-
cohort will complete their first in-depth interview at a conven-
ient time after their enrolment visit and before the 2nd study 
visit. The interviews will be structured around three key areas:  
1) socio-economic circumstances, 2) psychological circum-
stances, and 3) experience of weather and heat. These aspects 
will be explored initially and reassessed at subsequent inter-
views, with a focus on changes over time, weather, and the  
post-birth period. The interview guide is designed to be flex-
ible, enabling questions to be repeated or further explored  
during each interview. Interviews will be audio-recorded and 
transcribed continuously for ongoing analysis. The research team 
will meet weekly to review transcripts and ensure data satura-
tion is reached. Each participant will have a file containing writ-
ten notes and transcripts for the team to review in advance of  
each interview.

Antepartum study visits
Overall cohort. As described above, antepartum study vis-
its will take place 4-weekly between 16 and 41 weeks. At each  
visit we will repeat the questionnaires on heat adaptation and  
hydration as well as the sleep quality index. Mental health 
screening will also be conducted at visit 5 through the use of the  
following publicly available tools: The Patient Health  

Questionnaire (PHQ-9), the General Anxiety Disorder ques-
tionnaire (GAD-7), the World Health Organisation Disabil-
ity Assessment Schedule (WHODAS-12). Each of these tools 
assess different aspects of mental wellbeing, complementing the 
other tools administered at enrolment and offer a multidimen-
sional and holistic assessment of mental wellbeing. Study staff 
will review the data from wearables, and sleep diaries, assessing  
completeness, accuracy and quality.

Blood samples will be taken to test for HIV and syphilis if 
not already done at the antenatal clinic. At 16-and 28 weeks’  
gestation, additional blood samples will be collected for inflam-
matory markers and RNA-Seq gene expression and stored for 
future analysis. Between 24–28 weeks, an oral glucose toler-
ance test will be performed, and samples collected to assess  
adrenaline metabolites (metanephrine and Vanillylmandelic Acid 
(VMA)). Participants will also provide an early morning 
saliva sample for cortisol and a midstream urine sample to 
assess dehydration markers (osmolarity and specific gravity).  
If dehydration is indicated, participants will be advised to 
increase fluid intake. A mid-trimester ultrasound will be con-
ducted between weeks 20–24 and follow up growth scans at 
28, 32, and 36 weeks. Additional scans may be conducted if  
clinically indicated.

Sub-cohort 2: Psychosocial factors. Women in this sub-cohort 
will be interviewed again in their last trimester to provide 
insights into the changing nature of psychosocial circumstances 
and relationships, as well as how climate may have influenced  
these.

Intrapartum study visit
Overall cohort. During labour, the participant will be encour-
aged to continue wearing their personal wearable temperature 
monitoring device. Study staff will document the participant’s  
hydration practices and measure hydration status through urine 
osmolarity, urine specific gravity and blood tests (urea, creati-
nine and electrolytes). In addition, a vaginal and rectal swab to 
test for group B streptococcus colonisation will be conducted 
during labour. Lastly, the women and their foetus will be moni-
tored continuously using a cardiotocograph as part of the routine  
standard of care and within the confines of the available  
resources within the labour ward at the hospital. Labour progress, 
mode of delivery, maternal and foetal morbidity, Apgar scores, 
foetal weight, length, and head circumference, and additional 
relevant information from the maternity case records and  
cardiotocograph will be documented.

Following labour, placentas will be collected according to  
site-specific standard operating procedures (SOPs). Placen-
tas will be sent for histological analysis using the Amsterdam 
classification system which defines four major patterns of pla-
cental injury, namely: maternal vascular malperfusion, foetal 
vascular malperfusion, acute chorioamnionitis, and villitis of 
unknown aetiology. Placental membranes will also be sent for  
microscopy, culture and sensitivity analysis (MC&S). Where 
feasible, a sample of cord blood will be collected to test for  
biochemical markers of foetal stress.
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Sub-cohort 1: High-risk women with individualised activity and 
heat exposure monitoring. During labour, this sub-cohort will 
also wear core body thermometers attached to the chest, if clini-
cal care permits. Alternatively, repeated core body temperature  
measurements will be recorded within the standard of care  
during labour, for instance, during theatre procedures where 
all electronic devices must be removed. The neonate will have a 
core body temperature surrogate measurement (e.g. tympanic 
temperature) taken immediately post-delivery, and at 15-minute 
intervals thereafter for an hour after delivery. This will be used 
to inform the likely intrauterine temperature, due to limitations  
in measuring intrauterine temperature.

Labour ward intervention
We will collaborate with health workers to explore poten-
tial cooling and hydration interventions, guided by data from 
our ongoing and previous adaptation studies16. Intervention  
selection will involve a literature review and 2–3 consulta-
tive meetings between health workers in the maternal child 
health units, external experts and the study team. Interventions 
may include increased access to cool water from water cool-
ers installed in the ward, evaporative cooling technologies, such  
as fans with damp cloths, and installation of shading struc-
tures on the windows in the labour ward. Once the interventions 
have been selected, we will design an intervention evaluation 
detailing the interventions and the evaluation methodology. As 
part of the intervention evaluation, we plan to compare labour 
duration, women’s hydration levels and other relevant out-
comes in women who received the interventions against his-
torical data of labour outcomes in the facility prior to the study  
commencement.

Postpartum study visits
Overall cohort. During these visits, which will take place from 
month 1 and every 3 months post-delivery, the following ques-
tionnaires will be repeated: heat adaptation and hydration 
(every visit), substance use and activity levels (visits 1, 3, 5),  
and the sleep quality index. A questionnaire on breastfeed-
ing practices will also be completed at every visit. Study staff 
will collect measurements (e.g., height, weight, waist, hip, and 
mid-upper arm circumference) and vital signs. At month 1,  
socio-economic conditions, mental health, and medical his-
tory will be reassessed and a birth experience questionnaire 
will be administered. Blood will be collected to check the par-
ticipants’ haemoglobin and HIV status. Mental health screening 
will be repeated at months 6 and 12. Monitoring of digital heat 
and sleep diaries will continue throughout. Urine samples will  
be collected at every visit to check hydration levels.

Infant follow up: History of any infant episodes of gastroen-
teritis or hospital admissions, as well as milestone achieve-
ments will be obtained from the mother. Data on vaccinations,  
admissions and any other relevant information will be 
extracted from the Road to Health Card (child health record)  
during each visit. Weight, length and head circumference will 
be measured at each visit and body temperature measured 
using a non-invasive tympanic temperature monitoring device.  
At month 6, the Ages and Stages neurodevelopmental screening 

questionnaire will be completed. In addition, at month 12 a 
developmental assessment will be conducted for all children 
using the Bayley Scales of Infant and Toddler Development 
(BSID). HIV testing will be conducted as per the standard of care  
for HIV-exposed infants, and results extracted from the mater-
nity case record. In the case of a foetal/neonatal or infant 
death, the postpartum women will be offered to continue her  
follow-up and referred for counselling, if required.

Sub-cohort 1: High-risk women with individualised activ-
ity and heat exposure monitoring. Monitoring of the wearable 
activity device will continue throughout the postpartum period  
for these participants.

Sub-cohort 2: Psychosocial factors. Women will be inter-
viewed shortly after delivery and later during the first year of  
the infant’s life. Women can also engage with the study team at 
their other visits to provide further details about their experi-
ences or if any unforeseen events occur such as admissions, pre-
mature delivery or other unexpected pregnancy outcomes, if  
they wish to.

Sub-cohort 3: Breastfeeding. The dose-to-mother deute-
rium dilution method described below will be used in this  
sub-cohort at month 3 postpartum to assess breastmilk volumes 
and changes over time. Deuterium is a stable isotope of hydro-
gen that does not emit potentially harmful radiation32. Deuterium 
and other stable isotopes have been used extensively for over  
half a century in metabolic studies to assess body composi-
tion, energy expenditure and protein turnover32,33. The deute-
rium that will be consumed by mothers in this study will enrich 
body water to a maximum of 0.1% in the mother and less than 
half of this in her infant34. This is the same dose that has been  
used previously in several studies conducted in at least five  
African countries, which include Benin, Central African Repub-
lic, Morocco, Tanzania and South Africa. No adverse side 
effects have been reported at these low dose levels, and this 
method is not considered to be harmful for participating women  
or their infants.

The dose-to-mother deuterium dilution method involves the 
participant drinking a 30g dose of deuterium oxide, which  
mixes rapidly with her body water35. The participant will be 
asked to rotate a small ball of cotton wool around their mouth 
until it is completely soaked with saliva. The cotton ball will  
then be placed in a 10-mL sterile disposable syringe and the 
plunger depressed to transfer the saliva into a 3.6-mL sterile 
cryovial. Saliva samples from the infant will be collected by a  
trained technician using a cotton wool swab enhanced with 
additional cotton wool. The collection process involves allow-
ing the infant to suck on a dummy fitted with a cotton ball 
until it becomes fully saturated with saliva. Saliva samples 
will be taken from the mother and infant prior to the dose and  
self-collected by the mother over a 14 day period thereafter  
(day 1, 2, 3, 4, 13 and 14)35. Women will be given pre-
labelled cryovials with their unique participant identification 
number and dates. Women will be asked to record the time of  
sample collection on the cryovial.
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At each visit, approximately 10 mL of breast milk will be col-
lected from both breasts by maternal manual expression36. Sam-
ples will be collected into a sterile container and stored in a  
temperature-controlled environment (between 4 to -20℃) until 
analysis. Sodium and potassium concentrations will be meas-
ured in whole breast milk by flame photometry on a digital flame 
photometer (IL 943, Analytical Instruments, LLC, USA) using  
Filteau’s or similar method. Briefly, breast milk will be cen-
trifuged to separate the aqueous fraction, which will then be 
analysed for sodium and potassium levels. Equipment will be 
calibrated using standard solutions of known concentrations 
to ensure accuracy. All procedures will adhere to standardised  
protocols to minimise variability between measurements.

Additional study visits during heatwaves
Sub-cohort 1: High-risk women with individualised activ-
ity and heat exposure monitoring. Visits during heatwaves 
will involve assessment of heat adaptation, access to water and  
cool spaces, hydration practices, heat-related behaviours, men-
tal health screening and sleep quality. Physical examination will 
include height, weight, mid-upper arm circumference (MUAC) 
and foetal ultrasound. Bloods will be drawn for inflamma-
tory markers, RNA gene sequencing, renal function, adrena-
line and cortisol and urine collected for urine osmolarity, urine 
specific gravity. Temperature and activity data from wearable  
devices will also be reviewed. 

Sub-cohort 3: Breastfeeding. Breast milk will be collected as  
previously described.

Data analysis
Overall cohort. Analysis will account for clustering from 
repeated measures where relevant, and adjust for seasonal and 
sub-season patterns to reduce biases from acclimatisation or  
acclimation.

Individualised temperature and humidity exposures for women 
will be modelled from continuous measures of personal tem-
perature exposures as well as more complex climate measures 
such as wind speed and radiant temperature from household,  
maternity facility and community weather stations, allow-
ing calculation of cumulative heat stress exposure as well as 
identification of points of extreme heat stress exposure37,38. 
Heat stress exposure will be calculated using: Wet Bulb Globe  
Temperature (WBGT), Universal Thermal Climate Index 
(UTCI), and Apparent temperature (AT) which have been used 
extensively in Southern Africa21,39,40, as are appropriate for high 
incoming solar radiation, higher temperatures and average  
relative humidity conditions.

Biomarker analysis will be conducted using multivariate 
regression models to examine the association between heat 
exposure and inflammatory markers, adjusting for potential  
confounders. Inferential analysis of longitudinal data will 
include mixed-effects linear models. Our omics approach, to 
enhance precision, includes assessing maternal transcriptomic 
and epigenetic signatures, using serial RNA-Seq data, to track  
up-and down-regulated genes before-and- after heat extremes. 

The read-count matrix for differential gene expression and path-
way analyses will be produced through the nf-rnaSeqCount  
pipeline41, using the raw RNA-Seq data from the different time 
points. Similarities and differences between RNA-Seq sam-
ples will be assessed through Principal Component Analysis 
(PCA). Different tools, including DESeq2 and edgeR packages in  
R, will be used to identify significant gene expression changes 
related to heat exposure. To visualise the significantly differ-
entiated genes between the different time points, heatmaps 
and volcano plots will be created. Pathway analyses of the sig-
nificantly expressed genes will be carried out using gage and  
pathview packages in R. Analyses will be presented overall, and 
by prespecified population sub-groups (to identify groups for 
future targeted interventions). Bonferroni corrections will be  
applied to counteract potential multiple testing biases.

Sub-cohort 1: High-risk women with individualised activity 
and heat exposure monitoring. During the analysis, two compo-
nents related to heat exposure will be explored. Firstly, differen-
tial heat stress experienced in different environments, including  
the community, facility and other areas captured by the per-
sonal thermometers will be compared and contrasted using  
summary statistics as described in the overall cohort above. 
Wearable activity data will be post-processed to account for  
no-wear time, including thresholds on inactivity and discard-
ing steps not associated with heart rates. Linear mixed effects 
models will be used to assess the impact of heat exposure on 
1) activity (number of steps and % sedentary time) and 2) sleep  
(duration and quality)42,43. Second, overall heat stress and heat 
strain experienced by the individual will be modelled based 
on the integration of multiple data sources, including the vari-
ous environmental and physiological variables (e.g., using step 
counts and heart rate as surrogates), as well as the physiological 
vital signs such as core body temperature and heart rate of the  
individual. These inputs are vital in assessing common heat 
strain indices such as the Physiological Strain Index (PSI), which 
has been utilised in similar studies on biological pathways of  
heat exposure44, recorded by wearable devices and weather sta-
tions. This index can then be used as a reference in the statisti-
cal analysis of the biological end-points which are more detailed  
physiological responses to heat. 

Sub-cohort 2: Psychosocial factors. Data from in-depth inter-
views will initially be analysed separately, blinded to the 
quantitative data, using a non-positivist, phenomenological 
approach to explore the biopsychosocial experiences of pregnant 
women and construct pathways around pregnancy outcomes.  
Quantitative data (psychological and socioeconomic) will be 
analysed to identify associations and causal pathways. The 
qualitative and quantitative data will then be integrated, compar-
ing interview insights with questionnaire responses to validate  
the tools and identify gaps or discrepancies. Similarly, discus-
sions on heat experiences will be compared to quantitative  
thermal recordings to ensure robustness. Key aspects, includ-
ing mental health, social circumstances, food insecurity, rela-
tionships, biological events, and hospital interactions, will be  
cross-checked. A grounded theory approach will be used 
with an emphasis on avoiding assumptions about suspected 
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causal pathways. Analysis will take the form of coding the text  
and using a constant comparative method of analysis.

Sub-cohort 3: Breastfeeding. Deuterium enrichment levels in 
the saliva of both the mother and the infant will be analysed 
relative to their pre-dose samples using a Fourier Transform  
Infrared Spectrometer (FTIR). Model curves will be fitted to 
these values using the open-source statistical software R to  
estimate the infant’s breastmilk intake and, by extension, the  
mother’s breastmilk output.

Box and whisker plots will be used to give a graphical compar-
ison of the breast milk volume, for all women, but then also by 
different categories of temperature (e.g. quartiles). Multi-level  
regression analyses will be conducted to explore the relation-
ship between breast milk volume, and outdoor, household 
and personal temperature. Breast milk sodium and potassium  
levels will be assessed for normality. If data are close to sym-
metric, they will be summarised by measures of central ten-
dency. If they are skewed, they will be log transformed and 
summarised as geometric means. Multilevel regression models  
will be used to investigate whether the sodium content of breast 
milk is affected by ambient and personal temperatures, and to 
explore the relationship between self-reported breastfeeding and 
temperature. Analysis will account for potential confounding  
factors including maternal age and co-morbidities.

Participant safety
Research staff training
All staff will undergo comprehensive training before begin-
ning work on the study, covering ethics, informed consent,  
protocol-specific procedures, and any qualifications required for  
their specific roles.

Routine antenatal care and delivery
Study participants will be retained at the hospital site for routine 
antenatal care and delivery. Participants requiring emergency 
care or outpatient visits will be referred to the hospital.  
Continuous communication will be maintained between hospital  
and study staff throughout.

Risks
Participation in the study involves minimal risks and study  
participants remain under the care of the research hospital site  
throughout. Potential risks and mitigating strategies include:

•   �Psychological risks: Pregnancy and infant related studies have 
the potential for psychological stress, particularly if there has 
been an adverse outcome, e.g., preterm birth, miscarriage, 
stillbirth, or infant death. Research staff will be trained to  
recognise signs of psychological distress and will be 
instructed on how to assist participants in obtaining support. 
A distress protocol, aligned with the current practices in place,  
will be followed in these instances.

•   �Risk of vulnerability to theft with wearables: In South Africa, 
wearing an activity tracker on the wrist may increase the 
risk of becoming a target for theft. Based on our experience  
with a similar study outside of Johannesburg, participants 

did not encounter this issue. However, we appreciate the  
different study settings in Johannesburg. We will counsel the 
pregnant women about the risks and communicate with our  
Community Advisory Board about mitigating the risk.

•   �Physical risks: Study activities that involve any physical  
interventions or procedures (e.g., phlebotomy or ultrasound), 
will be performed by qualified personnel in a setting 
equipped to handle and respond to any adverse reactions.  
Regular monitoring will ensure that any signs of distress or 
adverse effects are quickly addressed.

Quality assurance
High standards of quality will be achieved by full adherence 
to SOPs. Any deviations from the protocol or instances of 
non-compliance with ethical standards or unanticipated  
problems will be recorded. The PI will be immediately informed 
and appropriate corrective and preventive actions will be  
implemented. A corrective and preventive action log will be 
maintained to track these actions and their outcomes, and these 
will be reported to our ethics board and the Wellcome Trust as  
appropriate.

Data management
We will follow International Council for Harmonisation-Good 
Clinical Practice (ICH-GCP) guidelines including using unique 
participant identification numbers, securely storing both hard 
copies and electronic versions of participant data and restricting 
access to trained research staff. The study will adhere  
to the Wellcome Trust regulations on data sharing and relevant 
local data protection laws, such as the South African Protection 
of Personal Information Act (POPIA). External access to 
the data collected in this study will be partly restricted – i.e.,  
the dataset will be shared only upon written application to the 
study PIs. Data to be used for other research studies, including 
studies on a different topic, may be shared subject to ethics and 
PI approval. This applies to additional research or analyses 
not mentioned in the study protocol or with collaborators not  
part of the protocol team.

Data collection
Data will be collected using a combination of electronic data 
capture systems and paper-based forms. This will include  
standardised questionnaires, automated logging of wearable 
data, WhatsApp-based diaries and digital recording devices.  
All equipment used in the study, including data collection  
and monitoring devices, will be regularly calibrated and main-
tained according to the manufacturer’s specifications to ensure  
accurate and consistent data collection. Range checks and 
automated validation rules will be implemented at the point 
of data entry to minimise errors. Additionally, electronic data 
will be cross-checked against source documents to ensure  
accuracy.

Data storage and backup
The electronic data will be stored in a secure, password-protected 
environment that adheres to international data protection stand-
ards, such as REDCap (Research Electronic Data Capture - 
https://project-redcap.org), Microsoft SharePoint, or Microsoft 
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Azure. Large RNA-Seq data will be stored (and analysed) 
on the University of the Witwatersrand Compute Cluster. 
Electronic data will be backed up on both onsite and offsite  
encrypted servers. Physical forms will be securely stored in 
locked cabinets within a restricted-access area at the study site.  
Upon conclusion of the study, all records will be retained for at 
least ten years per institutional and funding body guidelines.  
Deidentified data will be archived in a secure, encrypted format 
in institutional repositories for long-term preservation. At the 
same time, physical records will be securely shredded through 
certified destruction services to protect sensitive participant  
information.

Dissemination
We will ensure that the results are accessible to all stakeholders, 
including the scientific community, participants, healthcare 
providers, and policymakers. Findings will be published in  
open-access, peer-reviewed journals and presented at scientific 
conferences and expert meetings to advance academic dis-
course and professional education. Public communications, 
such as press releases issued through the University of the  
Witwatersrand and other media channels, will help raise aware-
ness and understanding among the general public. Participants 
and local communities will receive simple, non-technical 
summaries of the findings, tailored to appropriate languages 
and formats, including leaflets, posters, and online content.  
These materials will be reviewed with the Community Advi-
sory Board to ensure relevance and clarity before distribution. 
Key stakeholders, including community leaders, advocacy 
groups, and professional organisations, will be actively engaged 
to ensure the findings inform policy development, advocacy  
efforts, and intervention strategies at local, national, and inter-
national levels. Fully de-identified data will be made available 
upon publication of the final manuscript planned within  
Bio-HEAT. These datasets may be placed in repositories, and 
will be made available upon reasonable written request includ-
ing confirmation of required ethical approval and completion 
of a Data Transfer Agreement. Code used for analysis will be  
shared with each manuscript as a supplementary file.

Ethics and consent
The study adheres to ethical guidelines outlined in the  
Declaration of Helsinki (https://www.wma.net/policies-post/
wma-declaration-of-helsinki-ethical-principles-for-medical-
research-involving-human-subjects/). Written informed consent 
will be obtained from all participants. Study staff will empha-
sise voluntary participation and assure participants that provision 
of routine antenatal care will not be affected. Participants will  
be encouraged to discuss their involvement with household 
members before making a decision. If a participant is unable 
to speak or understand one of the local languages available  
for the informed consent process, an impartial witness will be 
allowed to translate. Separate Informed Consent Forms (ICFs) 
will be provided for sample storage and genetic testing. For  
participants under 18, consent will be obtained from a parent 
or guardian, and the minor will complete an assent form.  
Participants will have the right to withdraw from the study at 
any time without any penalty. Further data will not be collected 
from a withdrawn participant, however data already collected  
will be retained.

Ethics approval
The study protocol has received ethical approval from the  
University of the Witwatersrand Human Research Ethics  
Committee (ethics ref 240804, dated 9th October 2024) as well 
as facility and district approval through the Hospital review 
committee (28th January 2025) and the Research Committee of  
Johannesburg Health District (18th November 2024). 

Data availability
No data are associated with this article.

Acknowledgements
During preparation of this manuscript, MMB used OpenAI’s 
ChatGPT (version GPT-4o)to improve readability and reduce 
word count in certain paragraphs where necessary. The authors 
reviewed all content and take full scientific responsibility  
for its accuracy and integrity.

References

1.	 IPCC: Climate change 2023: synthesis report. Contribution of 
working groups I, II and III to the sixth assessment report of the 
Intergovernmental Panel on Climate Change. [Core Writing Team, H. Lee 
and J. Romero (eds.)]. IPCC. Geneva, Switzerland, 2023. 

2.	 Hoegh-Guldberg O, Jacob D, Taylor M, et al.: The human imperative of 
stabilizing global climate change at 1.5°C. Science. 2019; 365(6459): 
eaaw6974.  
PubMed Abstract | Publisher Full Text 

3.	 NASA: Temperatures rising: NASA confirms 2024 warmest year on record. 
2025; [cited 2025 Jan 16].  
Reference Source

4.	 Xu C, Kohler TA, Lenton TM, et al.: Future of the human climate niche. Proc 
Natl Acad Sci U S A. 2020; 117(21): 11350–11355.  
PubMed Abstract | Publisher Full Text | Free Full Text 

5.	 USAID: Heat waves and human health: emerging evidence and experience 
to inform risk management in a warming world. 2019.  
Reference Source

6.	 Sessler D: Chapter 1: Thermoregulation and heat balance. In: Mayer S, 
Sessler D, editors. Therapeutic hypothermia. New York, 2004; 1–26.  
Publisher Full Text 

7.	 Bonell A, Part C, Okomo U, et al.: An expert review of environmental heat 
exposure and stillbirth in the face of climate change: clinical implications 
and priority issues. BJOG. 2024; 131(5): 623–31.  
PubMed Abstract | Publisher Full Text 

8.	 Lakhoo DP, Brink N, Radebe L, et al.: A systematic review and meta-analysis 
of heat exposure impacts on maternal, fetal and neonatal health. Nat Med. 
2025; 31: 684–694.  
PubMed Abstract | Publisher Full Text

Page 13 of 17

Wellcome Open Research 2025, 10:121 Last updated: 24 APR 2025

https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
http://www.ncbi.nlm.nih.gov/pubmed/31604209
http://dx.doi.org/10.1126/science.aaw6974
https://www.nasa.gov/news-release/temperatures-rising-nasa-confirms-2024-warmest-year-on-record/
http://www.ncbi.nlm.nih.gov/pubmed/32366654
http://dx.doi.org/10.1073/pnas.1910114117
http://www.ncbi.nlm.nih.gov/pmc/articles/7260949
https://www.preventionweb.net/publication/heat-waves-and-human-health-emerging-evidence-and-experience-inform-risk-management
http://dx.doi.org/10.3109/9780203997345-5
http://www.ncbi.nlm.nih.gov/pubmed/37501633
http://dx.doi.org/10.1111/1471-0528.17622
http://www.ncbi.nlm.nih.gov/pubmed/39500369
http://dx.doi.org/10.1038/s41591-024-03395-8


9.	 Part C, le Roux J, Chersich M, et al.: Ambient temperature during pregnancy 
and risk of maternal hypertensive disorders: a time-to-event study in 
Johannesburg, South Africa. Environ Res. 2022; 212(Pt D): 113596.  
PubMed Abstract | Publisher Full Text 

10.	 Chersich MF, Pham MD, Areal A, et al.: Associations between high 
temperatures in pregnancy and risk of preterm birth, low birth weight, 
and stillbirths: systematic review and meta-analysis. BMJ. 2020; 371: m3811. 
PubMed Abstract | Publisher Full Text | Free Full Text 

11.	 Bonell A, Vicedo-Cabrera AM, Moirano G, et al.: Effect of heat stress in the first 
1000 days of life on fetal and infant growth: a secondary analysis of the ENID 
Randomised Controlled Trial. Lancet Planet Health. 2024; 8(10): e734–43.  
PubMed Abstract | Publisher Full Text | Free Full Text 

12.	 Haghighi MM, Wright CY, Ayer J, et al.: Impacts of high environmental 
temperatures on congenital anomalies: a systematic review. Int J Environ 
Res Public Health. 2021; 18(9): 4910.  
PubMed Abstract | Publisher Full Text | Free Full Text 

13.	 Brink N, Lakhoo DP, Solarin I, et al.: Impacts of heat exposure in utero on 
long-term health and social outcomes: a systematic review. BMC Pregnancy 
Childbirth. 2024; 24(1): 344.  
PubMed Abstract | Publisher Full Text | Free Full Text 

14.	 Samuels L, Nakstad B, Roos N, et al.: Physiological mechanisms of the 
impact of heat during pregnancy and the clinical implications: review of 
the evidence from an expert group meeting. Int J Biometeorol. 2022; 66(8): 
1505–13.  
PubMed Abstract | Publisher Full Text | Free Full Text 

15.	 Part C, Filippi V, Cresswell JA, et al.: How do high ambient temperatures 
affect infant feeding practices? A prospective cohort study of postpartum 
women in Bobo-Dioulasso, Burkina Faso. BMJ Open. 2022; 12(10): e061297. 
PubMed Abstract | Publisher Full Text | Free Full Text 

16.	 Lusambili A, Khaemba P, Agoi F, et al.: Process and outputs from a community 
codesign workshop on reducing impact of heat exposure on pregnant and 
postpartum women and newborns in Kilifi, Kenya. Front Public Health. 2023; 
11: 1146048.  
PubMed Abstract | Publisher Full Text | Free Full Text 

17.	 King AD, Harrington LJ: The inequality of climate change from 1.5 to 2°C of 
global warming. Geophys Res Lett. 2018; 45(10): 5030–5033.  
Publisher Full Text 

18.	 Graham W, Woodd S, Byass P, et al.: Diversity and divergence: the dynamic 
burden of poor maternal health. Lancet. 2016; 388(10056): 2164–2175. 
PubMed Abstract | Publisher Full Text 

19.	 Ohuma EO, Moller AB, Bradley E, et al.: National, regional, and global 
estimates of preterm birth in 2020, with trends from 2010: a systematic 
analysis. Lancet. 2023; 402(10409): 1261–1271.  
PubMed Abstract | Publisher Full Text 

20.	 Engelbrecht F, Monteiro P: The IPCC assessment report six working group 
1 report and Southern Africa: reasons to take action. S Afr J Sci. 2021; 
117(11/12).  
Publisher Full Text 

21.	 Garland R, Matooane M, Engelbrecht F, et al.: Regional projections of extreme 
Apparent Temperature days in Africa and the related potential risk to 
human health. Int J Environ Res Public Health. 2015; 12(10): 12577–604.  
PubMed Abstract | Publisher Full Text | Free Full Text 

22.	 Engelbrecht F, Adegoke J, Bopape M, et al.: Projections of rapidly rising 
surface temperatures over Africa under low mitigation. Environ Res Lett. 
2015; 10(085004).  
Publisher Full Text 

23.	 Lee J, Marotzke J, Bala G, et al.: Future global climate: scenario-based 
projections and near-term information. In: Climate Change 2021: The Physical 
Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. [Masson-Delmo, 2021.  
Publisher Full Text 

24.	 Ranasinghe R, Ruane A, Vautard R, et al.: Climate change information for 
regional impact and for risk assessment. In: Climate Change 2021: The 
Physical Science Basis. Contribution of Working Group I to the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change. [Masson-Delmotte, V. 
Cambridge University Press. Cambridge, United Kingdom and New York, NY, 
USA, 2021.  
Publisher Full Text 

25.	 United Nations Department of Economic and Social Affairs Population Division: 
World Population Prospects 2024: summary of results (UN DESA/POP/2024/
TR/No.9). United Nation, 2024.  
Reference Source

26.	 Chersich MF, Scorgie F, Filippi V, et al.: Increasing global temperatures 
threaten gains in maternal and newborn health in Africa: a review of 
impacts and an adaptation framework. Int J Gynecol Obstet. 2023; 160(2): 
421–429.  
PubMed Abstract | Publisher Full Text | Free Full Text 

27.	 Nakstad B, Filippi V, Lusambili A, et al.: How climate change may threaten 
progress in neonatal health in the African Region. Neonatology. 2022; 119(5): 
644–651.  
PubMed Abstract | Publisher Full Text 

28.	 UNICEF: A threat to progress: confronting the effects of climate change on 
child health and well-being. New York, 2024.  
Reference Source

29.	 Romanello M, Walawender M, Hsu SC, et al.: The 2024 report of the Lancet 
Countdown on health and climate change: facing record-breaking threats 
from delayed action. Lancet. 2024; 404(10465): 1847–1896.  
PubMed Abstract | Publisher Full Text | Free Full Text 

30.	 World Health Organization (WHO): Climate change and health. 2023; [cited 
2024 Nov 29].  
Reference Source

31.	 Babor TF, Higgins-Biddle JC, Saunders JB, et al.: Alcohol use Disorders 
Identification Test (AUDIT). World Health Organization, 2001.  
Reference Source

32.	 Jones PJ, Leatherdale ST: Stable isotopes in clinical research: safety 
reaffirmed. Clin Sci (Lond). 1991; 80(4): 277–80.  
PubMed Abstract | Publisher Full Text 

33.	 Davies PSW: Stable isotopes: their use and safety in human nutrition 
studies. Eur J Clin Nutr. 2020; 74(3): 362–5.  
PubMed Abstract | Publisher Full Text | Free Full Text 

34.	 Mulol H, Coutsoudis A: Association of 6 months of Exclusive Breastfeeding 
with higher fat-free mass in infants in a low-resource setting with high 
HIV prevalence in South Africa. Matern Child Nutr. 2017; 13(2): e12338.  
PubMed Abstract | Publisher Full Text | Free Full Text 

35.	 Murhima’Alika CC, Balemba GM, Lyabayungu PMB, et al.: Human milk 
output among mothers previously treated for Severe Acute Malnutrition 
in childhood in Democratic Republic of Congo. BMC Nutr. 2021; 7(1): 61. 
PubMed Abstract | Publisher Full Text | Free Full Text 

36.	 Richards AA, Darboe MK, Tilling K, et al.: Breast milk sodium content in 
rural Gambian women: between- and within-women variation in the 
first 6 months after delivery. Paediatr Perinat Epidemiol. 2010; 24(3): 255–61. 
PubMed Abstract | Publisher Full Text 

37.	 Hugo J, du Plessis C, Masenge A: Retrofitting Southern African cities: a 
call for appropriate Rooftop Greenhouse designs as climate adaptation 
strategy. J Clean Prod. 2021; 312: 127663.  
Publisher Full Text 

38.	 Kimemia D, Van Niekerk A, Annegarn H, et al.: Passive cooling for thermal 
comfort in informal housing. J Energy South Africa. 2020; 31(1): 28–39.  
Publisher Full Text 

39.	 Hugo JM: Heat stress: adaptation measures in South African informal 
settlements. Build Cities. 2023; 4(1): 55–73.  
Publisher Full Text 

40.	 Kapwata T, Gebreslasie MT, Mathee A, et al.: Current and potential future 
seasonal trends of indoor dwelling temperature and likely health risks in 
rural Southern Africa. Int J Environ Res Public Health. 2018; 15(5): 952.  
PubMed Abstract | Publisher Full Text | Free Full Text 

41.	 Mpangase PT, Frost J, Tikly M, et al.: nf-rnaSeqCount: a nextflow pipeline for 
obtaining raw read counts from RNA-seq data. S Afr Comput J. 2021; 33(2): 
830.  
PubMed Abstract | Publisher Full Text | Free Full Text 

42.	 Cheong SM, Gaynanova I: Sensing the impact of extreme heat on physical 
activity and sleep. Digit Health. 2024; 10: 20552076241241509.  
PubMed Abstract | Publisher Full Text | Free Full Text 

43.	 Milando CW, Black-Ingersoll F, Heidar L, et al.: Mixed methods assessment 
of personal heat exposure, sleep, physical activity and heat adaptation 
strategies among urban residents in the Boston area, MA. BMC Public 
Health. 2022; 22(1): 2314.  
PubMed Abstract | Publisher Full Text | Free Full Text 

44.	 Bonell A, Sonko B, Badjie J, et al.: Environmental heat stress on maternal 
physiology and fetal blood flow in pregnant subsistence farmers in The 
Gambia, west Africa: an observational cohort study. Lancet Planet Health. 
2022; 6(12): e968–76.  
PubMed Abstract | Publisher Full Text | Free Full Text 

Page 14 of 17

Wellcome Open Research 2025, 10:121 Last updated: 24 APR 2025

http://www.ncbi.nlm.nih.gov/pubmed/35661733
http://dx.doi.org/10.1016/j.envres.2022.113596
http://www.ncbi.nlm.nih.gov/pubmed/33148618
http://dx.doi.org/10.1136/bmj.m3811
http://www.ncbi.nlm.nih.gov/pmc/articles/7610201
http://www.ncbi.nlm.nih.gov/pubmed/39393375
http://dx.doi.org/10.1016/S2542-5196(24)00208-0
http://www.ncbi.nlm.nih.gov/pmc/articles/11462510
http://www.ncbi.nlm.nih.gov/pubmed/34063033
http://dx.doi.org/10.3390/ijerph18094910
http://www.ncbi.nlm.nih.gov/pmc/articles/8124753
http://www.ncbi.nlm.nih.gov/pubmed/38704541
http://dx.doi.org/10.1186/s12884-024-06512-0
http://www.ncbi.nlm.nih.gov/pmc/articles/11069224
http://www.ncbi.nlm.nih.gov/pubmed/35554684
http://dx.doi.org/10.1007/s00484-022-02301-6
http://www.ncbi.nlm.nih.gov/pmc/articles/9300488
http://www.ncbi.nlm.nih.gov/pubmed/36198451
http://dx.doi.org/10.1136/bmjopen-2022-061297
http://www.ncbi.nlm.nih.gov/pmc/articles/9535177
http://www.ncbi.nlm.nih.gov/pubmed/37719738
http://dx.doi.org/10.3389/fpubh.2023.1146048
http://www.ncbi.nlm.nih.gov/pmc/articles/10501312
http://dx.doi.org/10.1029/2018GL078430
http://www.ncbi.nlm.nih.gov/pubmed/27642022
http://dx.doi.org/10.1016/S0140-6736(16)31533-1
http://www.ncbi.nlm.nih.gov/pubmed/37805217
http://dx.doi.org/10.1016/S0140-6736(23)00878-4
http://dx.doi.org/10.17159/sajs.2021/12679
http://www.ncbi.nlm.nih.gov/pubmed/26473895
http://dx.doi.org/10.3390/ijerph121012577
http://www.ncbi.nlm.nih.gov/pmc/articles/4626987
http://dx.doi.org/10.1088/1748-9326/10/8/085004
http://dx.doi.org/10.1017/9781009157896.006
http://dx.doi.org/10.1017/9781009157896.014
https://desapublications.un.org/file/20847/download
http://www.ncbi.nlm.nih.gov/pubmed/35906840
http://dx.doi.org/10.1002/ijgo.14381
http://www.ncbi.nlm.nih.gov/pmc/articles/10087975
http://www.ncbi.nlm.nih.gov/pubmed/35850106
http://dx.doi.org/10.1159/000525573
https://ceh.unicef.org/events-and-resources/knowledge-library/threat-progress-confronting-effects-climate-change-child
http://www.ncbi.nlm.nih.gov/pubmed/39488222
http://dx.doi.org/10.1016/S0140-6736(24)01822-1
http://www.ncbi.nlm.nih.gov/pmc/articles/7616816
https://www.who.int/news-room/fact-sheets/detail/climate-change-and-health
https://iris.who.int/bitstream/handle/10665/67205/WHO_MSD_MSB_01.6a-eng.pdf?sequence=1
http://www.ncbi.nlm.nih.gov/pubmed/1851061
http://dx.doi.org/10.1042/cs0800277
http://www.ncbi.nlm.nih.gov/pubmed/32047289
http://dx.doi.org/10.1038/s41430-020-0580-0
http://www.ncbi.nlm.nih.gov/pmc/articles/7561496
http://www.ncbi.nlm.nih.gov/pubmed/27319398
http://dx.doi.org/10.1111/mcn.12338
http://www.ncbi.nlm.nih.gov/pmc/articles/6865950
http://www.ncbi.nlm.nih.gov/pubmed/34689835
http://dx.doi.org/10.1186/s40795-021-00467-7
http://www.ncbi.nlm.nih.gov/pmc/articles/8543795
http://www.ncbi.nlm.nih.gov/pubmed/20415755
http://dx.doi.org/10.1111/j.1365-3016.2010.01111.x
http://dx.doi.org/10.1016/j.jclepro.2021.127663
http://dx.doi.org/10.17159/2413-3051/2020/v31i1a7689
http://dx.doi.org/10.5334/bc.269
http://www.ncbi.nlm.nih.gov/pubmed/29755105
http://dx.doi.org/10.3390/ijerph15050952
http://www.ncbi.nlm.nih.gov/pmc/articles/5981991
http://www.ncbi.nlm.nih.gov/pubmed/35574063
http://dx.doi.org/10.18489/sacj.v33i2.830
http://www.ncbi.nlm.nih.gov/pmc/articles/9097006
http://www.ncbi.nlm.nih.gov/pubmed/38528970
http://dx.doi.org/10.1177/20552076241241509
http://www.ncbi.nlm.nih.gov/pmc/articles/10962040
http://www.ncbi.nlm.nih.gov/pubmed/36496371
http://dx.doi.org/10.1186/s12889-022-14692-7
http://www.ncbi.nlm.nih.gov/pmc/articles/9739346
http://www.ncbi.nlm.nih.gov/pubmed/36495891
http://dx.doi.org/10.1016/S2542-5196(22)00242-X
http://www.ncbi.nlm.nih.gov/pmc/articles/9756110


Open Peer Review
Current Peer Review Status:   

Version 1

Reviewer Report 24 April 2025

https://doi.org/10.21956/wellcomeopenres.26054.r121795

© 2025 Hanson C. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Claudia Hanson   
Karolinska Institutet, Stockholm, Sweden 

Thank you very much proving me with the opportunity to review this important protocol. The 
hypothesis is clearly stated and the sub-hypothesis as well. Understanding physiological 
mechanisms will be of major importance to develop the best interventions for mitigation. 
I am missing a bit a consideration of why which measurements. For example, why which markers 
in pregnancy, cord blood (which measurement).   
Further, I am missing a consideration of pregnancy complications including pre- / eclampsia, 
vaginal infection other then group B-streptococcus. Also, will you include information of 
complications at birth? 
The protocol is not well referenced, for example, there is no reference to the Amsterdam 
classification for placenta pathology. 
The quality assurance part does not go into sufficient details. You are collecting a large variety of 
variable, and different quality assurance mechanisms and SOPs will need to be applied. A similar 
concern is for the data processes and management. Probably a table on data management for the 
very different types of data may have been used. 
I am also not clear about patient involvement. I am happy to hear about the involvement of the 
labour room staff in respect to cooling, but I am less clear about patient involvement in the design 
of the study, eg. patients may raise additional important factors which are not yet included, such 
as work and commuting.
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University of Gothenburg, Gothenburg, Sweden 

Thank you for inviting me to review this interesting study protocol on biological pathway on heat 
exposure to preterm birth and other maternal and child health outcomes. This is a very valuable 
study to provide the epidemiological explanation on heat events to preterm birth 
This study aim to investigate the environmental exposure to high ambient temperature on 
preterm birth and the causal pathway to exposure. 
I have some comments on the hypothesis driven for the study 
- Non-optimal temperature either lower than 50th centile or higher than 50th centile has been 
associated to poor obstetric outcomes including preterm birth, still birth and neonatal 
mortality https://www.nature.com/articles/s41591-024-03245-7 and Ref:1 indicating that non-
optimal ambient temperature exposure has a corelation between heat and preterm birth. It would 
be worth to provide a note to it. 
 
- Even though there is a cumulative effect of non-optimal temperature to preterm birth, the lag 
effect i.e harvesting effect might be seen in preterm birth, can the researchers discuss about it 
 
-In the abstract researchers mention that "maternal inflammation will be tested by analysis the 
epigenetic changes associated with inflammatory cytokines protein and gene expression". Based 
on the studies from Genome wide association study and Mendenlian law, any genetic variant is 
always constant since conception, so the expression of cytokine is based on the dysfunction of the 
cytokine receptor dysfunction. https://doi.org/10.3390/ijms252011332. 
further not all peripheral inflammation will cause the trigger preterm labour, until the the 
inflammation cross the blood brain barrier, the inflammatory chain of reaction is required. 
Further, why is the focus on IL-6, there are a range of pro-inflammatory and anti-inflammatory 
cytokines which can cause BBB inflammation Ref:2 
 
Sample size estimation- I still did not get the basis of the sample size based on IL-6, has there 
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been a study to estimate IL-6 >1000pg/ml is linked with preterm birth. 
 
In hypotheses, the researchers mention that psycho-social stressor is a mediator of preterm birth, 
but does it not also link with the increase in pro-inflammatory or neuro-hormonal disturbance. 
Can it be that there is a reversal phenomenon that due to increased pro-inflammatory genetic 
expression and disturbance in neuro-hormonal gene expression, that the social stress can change 
the pyschological response and thus preterm birth. 
Thank you once again for inviting me to review the protocol 
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