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Extreme heat exposure — defined as sustained ambient temperatures
exceeding local thresholds — has been associated with several
adverse pregnancy outcomes, including preterm birth, stillbirth,
gestational diabetes and small for gestational age. However, the
mechanisms linking environmental heat to these outcomes, and the
biological markers that signify individual vulnerability, are not well
understood. We present the protocol for a prospective cohort study
within the Heat in Pregnancy-India consortium (HiP-India). This study
aims to characterise the physiological and pathophysiological
responses of the mother, placenta, and fetus to varying levels of
temperature, humidity, and air pollution exposure, and to identify the
critical windows and mechanisms of heat-related risk during
pregnancy.

Methods

600 women with singleton pregnancies, with confirmed gestational
age by ultrasound between 11-14 weeks, will be recruited
prospectively from three distinct climate zones in India: Gurugram,
Delhi NCR ‘semi-arid’; Bilaspur, Chhattisgarh ‘humid sub-tropical and
tropical wet and dry’; and Puducherry ‘tropical wet and dry'. Each
participant will have their level of exposure to heat, humidity and air
pollution measured for 24 hours each trimester in their home and/or
workplace using individual and area monitoring devices. Perceived
heat stress will be captured using a modified HOTHAPS questionnaire,
while physiological heat strain will be measured through urinary
specific gravity, core body temperature, heart rate and blood
pressure. Within 48 hours of environmental monitoring, maternal
haemodynamic parameters will be assessed non-invasively. Fetal
ultrasound will be performed to evaluate growth and fetal-placental
blood flow, and maternal blood samples collected to evaluate
circulating biomarkers of placental function and stress.
Cardiotocography will be conducted in the third trimester only.
Delivery outcomes for both mothers and neonates will be extracted
from hospital records and interviews. In a subset of 100 women,
markers of lactation physiology will be recorded during the first 2
weeks after delivery.

Ethics and dissemination of results

All necessary ethical approvals from relevant committees at
participating institutions have been obtained. Written informed
consent will be obtained from all participants. The findings from this
study are expected to inform climate adaptation strategies and
emergency response policies to protect pregnant populations from
the impacts of extreme heat, both within India and in other similarly
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affected regions globally. Results are aimed for journal publication,
communicate findings to participants in plain language, disseminating
information at conferences and events of similar nature.
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1147834 Amendments from Version 1

We have provided more information regarding the outcome
hierarchy, heat exposure representativeness and measurement
error. Addressing temporal confounding in the statistical
framework, and adding a directed acyclic graph (DAG). We have
added a sentence about the effect of fixed air conditioning, and
added paragraphs about abnormal thresholds for outcomes
and quality control. Finally, we have addressed the =unmeasured
mediator-outcome confounding issue and exposure/mediator
measurement error that may stem from our statistical
framework.

Any further responses from the reviewers can be found at
the end of the article

Background

Pregnant women residing in tropical climates, particularly
from low- and middle-income countries (LMICs) are some of
the most vulnerable to the effects of climate change'. Expo-
sure to extreme heat, defined as ambient temperatures exceed-
ing locally adapted thresholds, has been linked to a range of
adverse pregnancy outcomes, including preterm birth, still-
birth, gestational diabetes, small for gestational age, and
preeclampsia®’. These adverse outcomes contribute to infant and
under-5 mortality and morbidity, exacerbating existing health
inequities in LMIC settings.

India has reported a marked rise in the intensity, frequency,
and duration of heatwaves over the last half century’. The
years 2022 and 2024 were documented to be the hottest since
1901, as per the records of the Indian Meteorological Depart-
ment (IMD). Recent studies have revealed a spatiotemporal
shift in heat wave events over India, resulting in the identifica-
tion of three distinct heat wave hotspots in the country: North-
western, Central, and South-Central India*’. Rekha et al. have
documented the heightened risk of mothers working in high-
temperature settings in India with adverse pregnancy outcomes’.
However, the biological mechanisms that mediate these
effects — including maternal thermoregulation, placental
perfusion, and fetal development — remain poorly characterised.

The Heat in Pregnancy-India (HiP-India) consortium aims to
understand how extreme heat exposure affects maternal, pla-
cental, fetal, and lactation physiology, and how these changes
result in adverse pregnancy outcomes, to help identify who is
most vulnerable during extreme heat events, and future inter-
ventions to protect pregnant women and babies. The con-
sortium is adopting an ambispective study design, utilising
both retrospective data (from the GARBH-Ini cohort/, and a
large nationally representative, anonymised database of fetal
heart rate monitoring), and prospective data from a novel cohort
of women recruited from three different climate zones in India.
Parallelly, the study will assess women’s experiences and pro-
tective mechanisms against extreme heat in the three sites, as
part of the qualitative and community engagement part of
the research. The retrospective and qualitative branch of the

Wellcome Open Research 2025, 10:472 Last updated: 10 JAN 2026

study are not specified in this paper. This manuscript presents
the profile and methodology of the prospective cohort arm.

Objectives

Study hypothesis

It is hypothesised that environmental heat exposure during
pregnancy adversely affects maternal, placental, fetal, and lac-
tational physiology through disruptions in haemodynamics,
placental function, and thermoregulatory mechanisms. These
physiological alterations may lead to measurable changes in
biomarkers, fetal growth trajectories, and birth outcomes. Refer
to Figure 1.

Primary objective

To determine the effect of exposure to environmental heat,
humidity, and air pollution on maternal, fetal, and placen-
tal biological and physiological parameters during pregnancy
and identify putative pathways leading to adverse pregnancy
outcomes in Indian women.

Secondary objectives
1. To identify biomarkers and clinical factors associated with
heat exposure and adverse pregnancy outcomes.

2. To explore the mechanistic pathways linking environmental
heat exposure to adverse pregnancy outcomes.

3. To identify potential confounders and effect modifiers of
the associations

Study design

This will be a multicentre prospective cohort study enrolling
pregnant women at 11-14 weeks of gestation and following
them up until two weeks after birth. The study aims to capture
detailed environmental, clinical, physiological, and biochemical
data across key gestational windows, enabling a comprehensive
assessment of the maternal and fetal response to heat exposure
over time.

Study setting

The three study locations were selected to represent distinct
climate zones across India, each with unique environmen-
tal exposures relevant to maternal and child health. Guru-
gram is located within the Delhi National Capital Region
(NCR) and experiences a semi-arid climate, characterised by
extreme temperature variations, with scorching summers, cold
winters, and limited rainfall, resulting in prolonged dry spells
and frequent heatwaves. Chhattisgarh represents a humid sub-
tropical to tropical wet and dry climate, marked by high
humidity, hot summers, and a well-defined monsoon season,
creating conditions of alternating intense heat and moisture.
Puducherry, situated along the southeastern coast, exemplifies a
tropical wet and dry climate, with persistently high tempera-
tures, elevated humidity, and pronounced monsoon periods, par-
ticularly during the northeast monsoon. These diverse climatic
conditions provide a natural contrast in thermal environments,
enabling the study to capture a range of heat exposures and
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Figure 1. Overall HiP-India Study overview and prospective cohort study highlighted under the red dashed circle. WP= Work
Package. The prospective cohort described in this paper encompasses WP 2a-e.

their differential impacts on pregnancy-related outcomes
across varying ecological contexts.

Site 1: Gurugram

Gurugram Civil Hospital (GCH) is a secondary-care hospital
that serves a rural and semi-urban population of 1.5 million peo-
ple in the Gurugram district in Haryana, Northern India. GCH
is a referral hub for 22 primary health centres and every month,
an average of 900 women attend the antenatal clinics, and
500 infants are delivered in the hospital. Safdarjung Hospital
(SJH) is the referral institution for GCH for high-risk
pregnancies. The enrolled participants are provided with
standard care by the physicians at both GCH and SJH.

Site 2: Puducherry

Pondicherry Institute of Medical Sciences (PIMS) is a multi-
speciality hospital and teaching Institute in the Union Terri-
tory of Puducherry, South India. The hospital is funded by the
Madras Medical Mission, a charitable organisation that offers
healthcare services at subsidised rates. PIMS laboratory is
National Accreditation Board for Testing and Calibration Lab-
oratories (NABL) accredited in medical testing for Clinical
Biochemistry, Clinical Pathology, Haematology, Histopathology,
Microbiology & others. PIMS has established the Demographic
Developmental Environmental Surveillance Site (DDESS)
funded by the Department of Biotechnology, Government of
India which consists of a population of over 56,000 across
24 villages in the districts of Pondicherry and Tamil Nadu.
Approximately 90 women attend the antenatal clinic daily

with 100 deliveries conducted monthly. Study participants
will be recruited from these villages through community-based
screening.

Site 3: Chhattisgarh

Chhattisgarh Institute of Medical Sciences is a multispe-
cialty hospital and the second largest public medical college in
Bilaspur in Chhattisgarh. The department of Obstetrics and
Gynaecology runs a busy clinical service with 70 to 80 women
attending each antenatal outpatient clinic, daily admissions of
25 to 30 pregnant women and approximately 600 deliveries
each month. The department also draws a large number of
emergency referrals from rural areas of the district as well as
neighbouring districts. The department of radiodiagnosis per-
forms 15 ultrasound scans per day, with other cases performed
in the private sector. Diagnostic services in imaging, biochem-
istry, pathology, and microbiology are available on-site, with
approximately 15 antenatal ultrasound scans performed daily.
Study participants will be recruited from the antenatal
outpatient clinics at CIMS.

Inclusion criteria
Pregnant women fulfilling the following inclusion criteria will
be considered eligible if they have:

¢ Confirmed singleton pregnancy

e Gestational age between 11 and 13+6 weeks at the time
of recruitment, determined by ultrasound-based crown-
rump length measurement
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e Recruitment during predefined seasonal windows

corresponding to site-specific climatic extremes:

o Gurugram: warm season (April-July) and cool
season (November—February)

o Puducherry: warm season (March—June) and
cool season (November—February)

o Chhattisgarh: warm season (March—June) and
cool season (November—February);

e Elevated risk of heat exposure based on occupational
or household factors, including employment in agri-
culture, construction, factories, or street vending;
residence in poorly ventilated homes, homes with metal
roofing, or use of traditional biomass stoves (chulhas)

e Willingness and ability to provide informed consent and
participate in all study assessments, including home- and
workplace-based environmental monitoring throughout
pregnancy

Exclusion criteria
Pregnant women will be excluded if they:

e Are aged below 18 years

e Regular use of fixed air conditioning at home or
workplace (use of fans or coolers is permitted)

e Have an underlying severe medical condition (e.g.
end-stage renal failure, cardiac disease, cancer, severe
mental health problems, severe anaemia, severe endocrine
and metabolic disorders)

e Intention to relocate from the study area prior to delivery

e Evidence of active vaginal bleeding at the time of
recruitment

e Suspected chromosomal or structural fetal anomalies
incompatible with life, identified on first trimester
ultrasound

Recruitment

Potential participants will be identified by clinic staff deployed
at each hospital antenatal care centre and community health
workers from surrounding villages. Recruitment will be
supported by routine screening during antenatal visits, com-
munity outreach, and engagement with local health workers
to ensure adequate enrollment and timely identification of
eligible women to meet the target sample size. The project
staff will approach potential participants and provide ver-
bal information about the project, along with the participant
information sheet. To supplement the information about the
project, the team will provide pamphlets at each site, briefly
describing its aims and overall outline, including details about
the home visits. For those with low literacy or a preference
for oral or visual information, a short video will be shown to
convey the same information in the local language, which can
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be viewed on the project member’s tablet computer. The par-
ticipant information sheet will describe the project, outline the
activities involved if they participate, and detail any poten-
tial risks and benefits. Participation in the study will not influ-
ence clinical care delivery in each site; however, if clinical
conditions are suspected during any of the study assessments,
women will be referred to the local obstetric team for review.
Participants will have an opportunity to ask questions to the
study team members.

An orientation to the study will also be conducted for the
landlords for the participants who stay in rented accommodations
to explain the nature of the environmental assessments.

For women who are willing to participate, a dating ultrasound
will be arranged within the next 7 days to confirm her preg-
nancy is (i) viable and the inclusion criteria as mentioned
above. If the dating ultrasound report indicates a gestation
period of less than 10 weeks, the participant will be invited
back for another scan within the enrolment window period of
11- 1346 weeks of gestation. The participant will be asked to
provide written informed consent to participate in the study
after confirmation of the inclusion criteria. It will be made
clear that she can withdraw her consent at any time during the
study, with the option also to remove any data collected up to
that point if she wishes. As all participants at the GCH site will
also be enrolled in the GARBH-Ini Cohort’, participation in
this study will require a separate consent.

The informed consent will include participation for home/
workplace climate and heat strain assessments, ultrasound
scans conducted at each trimester, maternal haemodynamic
assessments, blood tests taken in each trimester, CTG in
the third trimester, and for outcomes at birth to be extracted
from her medical records and those of her baby either at site (if
delivery done at site) or from after delivery through a planned
home visit. A subset of women at the GCH site will also be
consented for lactation samples and an additional blood sample
to measure serum prolactin levels.

Biospecimen and data collection methods

Each site will have a separate dedicated team of research physi-
cians, study nurses, clinical & laboratory technicians and field
workers. These site teams along with site and project manag-
ers will form a cumulative clinical research unit (CRU), who
would be responsible for implementing all study-related
procedures at the three sites.

Sample and data collection at the study sites, during home vis-
its, or by telephone interviews will be conducted by the study
nurses using electronic forms under the supervision of medi-
cally qualified and trained research physicians. The field workers
are responsible for ensuring that participants adhere to the study
follow-up schedule. A separate trained research team ensures
compliance to follow-up schedules. Local research laboratory
teams will collect all biospecimens, pre-processing will be
carried out at each of the three study sites respectively and
transported to THSTI for long term archival at the ISO20387
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accredited biorepository facility following standard operating
protocols to ensure sample integrity and quality.

After confirmation of eligibility and recruitment, women will
undergo assessments at three time points during pregnancy
corresponding with the three trimesters summarised in Table |
and Table 2 respectively.

Measurement of potential confounders

To adjust for potential confounding factors, comprehen-
sive baseline information will be collected from all partici-
pants at enrolment and updated at each subsequent visit. This
includes socio-demographic details (e.g., maternal age, educa-
tion, occupation, household income, type of housing material,
and access to cooling resources), medical and obstetric history
(e.g., parity, prior adverse pregnancy outcomes, chronic health
conditions), and social factors (e.g., marital status, family
support, and migration status). Dietary intake will be assessed
using site-specific Food Frequency Questionnaires (FFQs),
adapted and validated for the local population where pos-
sible along with physical activity using the International

Wellcome Open Research 2025, 10:472 Last updated: 10 JAN 2026

Physical Activity Questionnaire (IPAC)®. These FFQs will cap-
ture habitual intake of major food groups and specific nutrients
relevant to pregnancy and heat vulnerability. Housing structure
and ventilation characteristics, source of water and sanitation, and
presence of cooling appliances (e.g., fans, air conditioners) will
also be recorded through structured interviews and home visit
observations. These variables will be used in subsequent analyses
to adjust for confounding and assess effect modification in
the relationship between environmental exposures and maternal
or neonatal outcomes.

Within the overall design of the study, expert work groups
have been convened to design and oversee the capture of key
exposure and outcomes, which are given below. This protocol
will outline the aims of each component and methods for
sample/data capture.

Individual environmental exposures

Heat events in this study are defined using three approaches:
(1) the India Meteorological Department (IMD) definition
of a heatwave; (2) threshold exceedance of wet bulb globe

Table 1. List of procedures and assessments at three time points during pregnancy
corresponding with the three trimesters for the study participants.

Start
Timepoint t,
RECRUITMENT
Eligibility screen X
Informed consent X
Gestational age confirmation by ultrasound X
Confirmation of viable singleton pregnancy X

ASSESSMENTS
Clinical history
Food frequency questionnaire

Heat exposure and indoor pollution
measurements

Modified HOTHAPS questionnaire
Urine specific gravity

Maternal Haemodynamic assessment
Fetal Ultrasound

(@€

Maternal blood sample

Birth and newborn outcomes

Lactation study (100 women only in GCH)

Close out
N=600 N=600 N=600 N=600 N=100
t t t t t

11-14 18-22 30-34 birth 0-16 days
weeks weeks weeks PN

X X X X
X X X
X X X X
X X X
X X X
X X X
X X X
X
X X X
X
X X
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Table 2. List of planned clinical samples with their processing methods and planned future course of analysis.

The sample Time of Method of Immediate Transportation time to Long Studies*
collection, collection collection processing at storage at biorepository term
processing study site storage
methods are
summarized
in Table 4:
Biospecimen
Maternal Blood -5 11-14 weeks Venepuncture 1. Stored as buffy In liquid nitrogen (-196 ° C) / Deep Biobanking,
ml (EDTA tube) 18-22 weeks coat within 8 hours for GCH site and  freezers  biochemistry,
-75°C
30-34 weeks Ziazrr%;essed 0 in Dry Ice for other two sites ( )
Time of Delivery P
Maternal Blood 11-14 weeks Venepuncture Processed to sera In liquid nitrogen (-196 ° C) / Deep Biobanking,
(plain tube) - 5 ml  18-22 weeks within 8 hours for GCH site and freezers biochemistry,
30-34 weeks in Dry Ice for other. two study  (-75 °C)
Time of Delivery sites
15 days post
delivery (pre and
post feed)
Breast milk Firstand 15 days Manual Stored in 0.5 In liquid nitrogen (-196 ° C) / Deep Biobanking,
post delivery expression ml aliquots within 8 hours for GCH site and freezers biochemistry
up to a total in Dry Ice for other. two study  (-75 °C)
volume of 5 ml sites
temperature (WBGT) values based on international occu- by workers/participants describing workload, using a ‘“clo”

pational safety guidelines’; and (3) statistical exceedances,
including continuous measures and the 95" percentile of local
temperature distributions. This multi-pronged definition allows
us to capture both acute and chronic heat stress relevant to
maternal and foetal outcomes. The full list of terms is given as
a glossary at the end of the manuscript.

To determine ambient heat exposure, satellite-based tem-
perature via global positioning system (GPS) coordinates and
humidity data, with microenvironmental measurements, will be
integrated. For home-based assessments, data will be captured
over 24 hours once per trimester using ground-based
instruments (EL-USB-2-LCD+ data logger, and iButton
Hygrochron) and 4-5 heat exposure measurements using
Questemp©34 3M WBGT Monitor. A sub-study with repeated
assessments (48—72 hours) will be conducted in ~10% of par-
ticipants at each site. This will allow estimation of within-
and between-day variance, supporting regression calibration
or other error-modelling approaches. Additionally, if the
woman is working, workplace exposure will be captured dur-
ing an 8-hour shift (pre-shift, multiple during the shift, and
post-shift) each trimester, American Conference of Govern-
mental Industrial Hygienists (ACGIH) screening limits (i.e.,
preliminary heat exposure thresholds used to identify potential
health-related health risks in the workplace) and a professional
Industrial Hygienist’s judgement will determine the pregnant
woman’s workload category (Heavy or moderate job type).
The Threshold Limit Value (TLV) will be calculated by obtain-
ing spot readings during the work shift/working time and

factor of 0.6 for summer work uniforms. This “clo” component
contributes to a WBGT correction factor. Since no such
standards exist for the general population, the same ACGIH
standards will be applied to the general population as the study
participants include both working mothers and non-working
mothers who perform moderate to heavy-intensity household
activities such as cooking, cleaning, and childcare, making
the activity relevant to occupational standards appropriate for
our context.

These measurements will be spatially and temporally linked
to satellite-derived meteorological data via GPS and times-
tamps, allowing for triangulation of heat exposure levels,
adjustment for spatial variability, and improved resolution.
The satellite-based temperature and humidity data retrieved
for the entire pregnancy will be incorporated to complement
individual-level measurements, supporting a more comprehen-
sive assessment of cumulative heat exposure. By combining
home and workplace measurements, this approach holistically
captures heat exposure and its health impacts, ensuring a
complete assessment of each woman’s complete environmental
burden.

Personal heat exposure measurements will be captured using
EasyLog USB temperature and humidity data loggers and
wearable devices validated against the gold-standard Quest
Temp©34 3M WBGT Monitor to calculate the WBGT heat
index. The EasyLog USB data loggers will be deployed
in a fixed location in the participant’s home for 24 hours to
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capture continuous area-level data. These devices are not worn;
instead, they remain stationed in a participant’s key microen-
vironment throughout the monitoring period and are retrieved
after for data download. Wearable devices in this study include
the Fitbit Sense 2 smartwatch and iButton sensors. The Fitbit
tracks maternal heart rate while the iButtons, one mounted
below and another above the strap, measure the skin temperature
and personal microclimate or ambient temperature, respec-
tively. The iButtons are validated tools for capturing ambient
temperature exposure in field settings and have been widely
used in heat stress research'’. They measure temperature at
5-second intervals for 24 hours to assess individual thermal
exposure and provide a low-burden, non-invasive method for
continuous monitoring. Combined, these wearables provide a
detailed profile of the interaction between environmental con-
ditions and maternal physiology during daily routines. Area
heat exposure will also be recorded with the Quest Temp°®34
monitor. The WBGT Heat Index was selected over other indi-
ces due to its practicality and wide usage in occupational and
environmental health studies. WBGT is an internationally
recognised index for assessing occupational heat stress and aligns
with ISO standards, particularly in settings where radiant heat
and humidity are significant. The exposure data obtained will
be used for the calculation of the WBGT heat index using the
standard formula (ACGIH 2021). The Quest Temp°34 3M
WBGT Monitor will serve as the field reference instrument.
All devices will undergo pre-deployment bench checks across
expected temperature and humidity ranges. The EasylLog data
logger and iButton devices will be co-located with QuestTemp
WBGT for > 24 hours to characterise bias and precision. A
rotating panel of devices will be deployed across sites quarterly
to detect drift or site-specific bias. Correction equations (lin-
ear or GAM) will be derived from co-location data. Devices
will be flagged for recalibration if bias means exceed 0.5°C or
limits of agreement exceed = 1.5°C; data failing QC will be
excluded or imputed using measurement-error-aware methods.

Physiological heat strain will be captured via urine specific
gravity measures, temperature, heart rate, and blood pres-
sure measurements. Urinary specific gravity will be measured
during a home visit in each trimester using the ATC
(REC-200 ATC) clinical handheld refractometer and Dirui
H10 urine dipstick. Blood pressure will be measured with the
participant seated comfortably, from the brachial artery meas-
ured at the level of the heart, using an Omron HEM 7120
sphygmomanometer once per home visit and pre-shift and
post-shift in working pregnant women. Core body temperature
via tympanic membrane will be measured using a Rossmax
RA600 infrared thermometer once per visit. Heart rate will be
measured using Fitbit Sense 2 watches.

Area level heat metrics, from WBGT and Easy Log USBs, and
personal exposure data from iButtons are synchronised with
physiological parameters such as heart rate, core body tem-
perature, and Urine Specific Gravity. This enables a composite
understanding of external heat stress and internal physiological
heat strain. All devices are time-synchronised upon start-
ing and periodic calibration and QC procedures described
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above will be implemented to maintain data quality, and finally
data are analysed jointly to determine how environmental
conditions translate into physiological responses during
pregnancy.

Quantitative data on women’s perceptions of heat stress impacts,
hydration, and productivity will be gathered using a modi-
fied High Occupational Temperature Health and Productivity
Suppression (HOTHAPS) questionnaire. The original HOT-
HAPS tool was developed for occupational settings to
assess heat stress impacts on health and work capacity. This
version includes pregnancy-specific items and contextual
modifications relevant to Indian conditions, such as household
labour, rest patterns, clothing, and heat-adaptive behaviours®.

To capture air pollution also exposure, indoor PM 2.5 meas-
urements will be taken along with the heat stress parameters
using an indoor monitor (Aurassure Care Real Time Personal
Air Particulate Matter Monitor), calibrated to the local pollution
monitoring station corresponding to the three clinical sites for a
continuous period of 1 week to account for daily variations.

Quality Control (QC) monitoring for environmental exposure
assessment will be done contemporaneously throughout the
study using a decentralised data transfer pipeline to facilitate
the cleanup and verification of the exposure assessment data
collected from all three sites. This digital platform will help
to limit travel needed for the exposure assessment team (based
in Chennai) and will thus help to reduce our study-associated
carbon footprint.

Maternal haemodynamic assessment

It is hypothesised that the effects of heat exposure on the mater-
nal circulation may depend on the gestational age at expo-
sure. Specifically: (i) early pregnancy maternal hemodynamic
disruptions will directly impact early placental development
and increase the risk of preeclampsia and other hypertensive
disorders of pregnancy, whilst (ii) mid-to-late pregnancy hemo-
dynamic changes may influence cardiovascular load, leading
to maternal cardiovascular maladaptation, which could lead
to changes in the uteroplacental circulation.

Maternal hemodynamic status, including pulse, blood pres-
sure, Cardiac output (CO), and total peripheral vascular
resistance (TPVR), will be measured each trimester using
the USCOM 1A® pulsed wave monitor. The USCOM 1 A
is a non-invasive, portable machine that utilises continuous
wave Doppler technology and it has been validated for use in
pregnancy'’.

All examinations will be undertaken under standardised con-
ditions using the same equipment in each site. Women will
be asked to sit quietly for 5 minutes before the commence-
ment of the investigations. A brachial blood pressure reading
will be recorded using the appropriate cuff size from the right
arm of the participant. Participant height (cm) will be measured
during enrolment, and weight (kg) will be recorded at the
time of each assessment. Two USCOM readings will be
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taken at an interval of 1 minute apart, with the average of the
two readings used for analysis. Participants with abnormal
hemodynamic results will be referred to a hospital physician
for appropriate care, facilitated by the study staff.

Fetal and placental ultrasound and CTG assessments

It is also hypothesised that ambient heat exposure could alter
Uterine Artery (UtA) flow, which in the first trimester could
lead to poor trophoblast invasion, and increased risk of preec-
lampsia and other placental disorders'’, whilst later in preg-
nancy could alter umbilical artery Doppler readings. This
reduction in perfusion could lead to lower fetal oxygen lev-
els, causing blood redistribution to vital organs, which is
detectable as changes in the middle cerebral artery (MCA)
Doppler and the cerebroplacental ratio (CPR). The latter is a
key predictor of perinatal morbidity and mortality in fetuses
at risk for growth restriction'*". Chronic exposure to heat
with fetal blood flow redistribution could lead to reduced fetal
growth'>',

The detailed imaging protocol is reported elsewhere’, but in brief
the study will use trasnadominal two-dimensional ultrasound
to obtain the key ultrasound parameters of the following:

At 11-14 weeks of gestation

- Crown-rump length (CRL) for pregnancy dating'’-
conducted between 9 to <14 weeks and is used for
all subsequent analyses, including preterm birth
classification.

At each subsequent ultrasound assessment

- Biparietal diameter (BPD), head circumference (HC),
abdominal circumference (AC) and femur length (FL) for
biometry

- Estimated fetal weight (EFW)
- Amniotic fluid index easurement (AFI)
- Maternal cervical length

- Blood flow assessment using color flow Doppler of the
Uterine artery at 18-22 and 30-34 weeks of gestation

- Umbilical artery at 30-34 weeks of gestation

- MCA and calculation of CPR at 30-34 weeks of gestation

In addition to the routine, detailed fetal anatomical survey
performed at the second-trimester scan according to stand-
ard protocol, we will confirm that a basic structural assess-
ment is conducted to identify any major congenital anomalies.
At the same examination, placental characteristics—including
location, morphology and biometric measurements—will
be recorded to ensure we capture any exposure-related vascular
or placental changes.
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Gestational age-based reference ranges for the pulsatility index
in the umbilical artery, fetal middle cerebral artery, and the
cerebroplacental ratio will be used to analyse and interpret
the doppler-based placental blood flow indices. The doppler
assessments will be conducted once in the third trimester
(30-34 weeks of gestation) for study purposes. Repeat
measurements for clinical care purposes will be as per the
institutional standard of care as decided upon by the treating
fetal medicine physician'®.

Fetal well-being is further assessed in the third trimester using
non-invasive cardiotocography (CTG), which enables con-
tinuous monitoring of fetal heart rate (FHR) and uterine con-
tractions, providing dynamic insights into fetal autonomic
regulation and potential effects of heat-related stress. Abnormal
CTG patterns—such as reduced variability, late decelerations,
or tachycardia—may indicate fetal compromise and are evalu-
ated alongside concurrent heat exposure data to explore
potential associations.

Each participant undergoes CTG recording for at least 20 minutes
during their third-trimester antenatal review to ensure suffi-
cient data collection. CTGs are initially assessed in real-time
during the participant’s visit using standard clinical proto-
cols at each site. The CTG devices employed in the prospec-
tive study automatically analyse recordings using built-in
computerised thresholds based on NICE and FIGO guidelines
for fetal heart rate monitoring. If an abnormal result is
detected, the clinician is alerted, prompting further assess-
ment and monitoring of the mother and fetus by the hospital’s
obstetrics team.

All CTG records are also transferred to a central database for
further analysis using the Dawes-Redman algorithm, a vali-
dated and gold-standard method that calculates and extracts
key FHR features and assesses them against the Dawes-Red-
man ten-point safety criteria. This automated approach

minimises inter-observer variability, eliminating the need
for additional inter-rater reliability checks or adjudication
procedures.

All ultrasound procedures will follow a standardized imag-
ing protocol and strict image quality control (QC) procedures
drawing from previous similar protocols of INTERGROWTH
& GARBH-INi using the same machine General Electric
Healthcare (Illinois, USA) Voluson E8 machine’. QC for CRL,
biometry and Doppler will be conducted on 10% of images,
randomly sampled, to identify any sonographers not adher-
ing to protocol, with targeted retraining provided as needed.
This QC process will be managed by an experienced team that
will independently review images based on predefined criteria,
ensuring high inter-rater reliability.

QC for CRL, biometry and Doppler, based on established

criteria'®?’, will be conducted on 10% of images, randomly
sampled, to identify any sonographers not adhering to protocol,
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with targeted retraining provided as needed. This QC process
will be managed by an experienced team that will independently
review images based on predefined criteria, ensuring high
inter-rater reliability.

Placental circulating biomarkers

It is hypothesised that exposure to elevated environmental tem-
peratures may impair placental function, leading to measurable
alterations in circulating angiogenic and inflammatory biomar-
kers. A critical component of this dysfunction may involve
changes in the molecular cargo of placental small extracel-
lular vesicles (sEVs), which play a central role in mediating
cell-to-cell communication during pregnancy”>. Disruption
of this signalling network may adversely influence maternal
immune modulation, vascular function, and placental devel-
opment, ultimately contributing to complications such as
preterm birth, fetal growth restriction, and stillbirth. Building
upon findings from the retrospective GARBH-Ini cohort
(WP1la; Figure 1), this prospective study aims to validate key
placental biomarkers and elucidate mechanistic pathways impli-
cated in heat-induced pregnancy complications. Environmental
temperature exposure will be quantified using high-resolution
spatiotemporal models and stratified across participants from
rural and peri-urban settings in India.

Maternal venous blood samples collected at predefined gesta-
tional windows will be utilized to assess the cumulative and
time-specific effects of chronic heat exposure on placental
physiology. Distributed lag non-linear models (DLNM) and
generalized additive models (GAM) will be used to identify
critical windows of gestational vulnerability to heat exposure.
Based on model-derived exposure classifications, maternal
samples will be stratified into high and low exposure groups
to quantify surrogate markers of placental stress. Key sur-
rogate markers of placental stress will be quantified using
immunoassay-based platforms. These include angiogenic mark-
ers (sFlt-1*°, PIGF, VEGF”, PAPP-A”), hormonal markers
(progesterone), and inflammatory mediators (C-reactive pro-
tein [CRP], alpha-1-acid glycoprotein [AGP]***"). This multi-
marker approach will allow for a comprehensive assessment
of placental health in the context of heat exposure. In addition,
proteomic candidates previously identified in the retrospec-
tive GARBH-Ini dataset (WPla; Figure 1) will be evaluated
in this prospective cohort to confirm differential expression in
response to varying levels of heat exposure and various preg-
nancy outcomes. Additionally, functional validation of selected
protein candidates will be conducted using in vitro placen-
tal cell models to assess their role in stress-induced placental
dysfunction.

The outcomes of this investigation are expected to deepen
the mechanistic understanding of environmental heat stress
on pregnancy and support the development of predictive
biomarkers for early diagnosis and intervention in heat-related
adverse pregnancy outcomes.

Lactation assessment
Extreme heat exposure around birth is postulated to delay lac-
tation onset after childbirth, reduce milk volume, and alter
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lactation hormones such as prolactin’’*>. This sub-objective

will be investigated in a targeted subset of 100 women in the
lactation study (50 from the winter cohort and 50 from the
summer cohort) all recruited from the GCH site. Four charac-
teristics of lactation will be measured: (i) Timing of lactation
onset assessed daily using a validated breast fullness scale dur-
ing postpartum days 1-4, with a score of 3 or more indicat-
ing lactation onset™; (ii) Milk maturation will be monitored
daily/alternate days basis from days 1-16 by measurement of
milk Na* and K* using portable ion electrodes (Horiba Na*
and K+ laqua twin probes, Kyoto, Japan); (iii) The compo-
sition of colostrum, transitional milk, and mature milk will
be characterised using a mid-infrared spectroscopy-based
human milk analyzer, with foremilk and hindmilk nutrients
being specifically assessed, and samples stored at -80°C for
further analysis; (iv) Serum lactation hormones, particularly
prolactin, will be measured before and after breastfeeding on
postpartum days 15-16%. During the lactation assessment, at
least one measurement of heat stress and PM 2.5 in the home
will be captured.

Data management

Data will be collected using electronic case record forms
(e-CRFs) on the RedCap platform using either tablet comput-
ers or smartphones, leveraging the existing GARBH-Ini data
management system. The database has a two-factor authen-
tication and does not allow the storage of data on the local
device. The schematic of the data management plan is out-
lined below, and a detailed data management plan has been
formulated (Figure 2).

Quality management protocol

A well-structured and detailed quality management plan
has been developed, which includes of periodic monitor-
ing activities at regular 15-day intervals both at the -clini-
cal sites as well as the home/workplace area. This is done to
ensure that the quality and integrity of the data collected are
in accordance with the study protocol, Standard Operating
Procedures, Good Clinical Practice (GCP) guidelines, and appli-
cable regulatory requirements. It is also intended to ensure
consistency in the monitoring across all three sites. Additionally,
20% of the participants would also be contacted in a
random order to inquire about the conduct of the study staff
during the home visit process.

All study team members will be made familiar with and
adhere to the National Ethical Guidelines for Biomedical
and Health Research involving Human Participants, as well
as the relevant protocol, applicable Standard Operating Pro-
cedures (SOPS), and Good Clinical Practice guidelines. The
monitoring plan describes the tools to ensure the quality of the
study, including that the rights, safety and well-being of the
participants enrolled in the study are protected.

Sample size

This exploratory study will be powered primarily on multi-
ple physiological and biochemical outcomes, rather than on
clinical endpoints, many of which currently lack sufficient
preliminary data to enable formal power calculations at the 5%
significance level.
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Figure 2. Flow of data from clinical sites to centralized Data Management Centre at THSTI.

Primary Outcomes:

Physiological and biochemical measures include maternal core
body temperature, urine specific gravity, maternal cardiac out-
put (USCOM), heart rate variability, and angiogenic ratio
(sFlt-1/PIGF).  Clinical outcomes include preterm birth
(<37 weeks of gestation) and birth weight (grams).

Secondary Outcomes:
Secondary endpoints comprise gestational age (weeks), small
for gestational age (SGA), stillbirth, and additional placental
and fetal biomarkers.

A total of 700 pregnant women will be enrolled to account
for an anticipated attrition rate of approximately 15%, yield-
ing an expected final sample of about 600 mother—baby dyads
with complete follow-up. The majority of outcomes are con-
tinuous variables, which—following transformation to approxi-
mate normality, if required—will provide 80% statistical
power at a two-sided significance level of a = 0.05 to detect a
minimum difference of 0.23 standard deviations between high
versus low heat exposure groups. This detectable effect size
lies well within accepted thresholds for clinical relevance.

Statistical approach

The study team will implement a pre-specified Statistical
Analysis Plan (SAP), finalized and published prior to data-
base lock, to quantify associations between environmental
exposures—heat, humidity, and ambient PMZ_S—and maternal,
fetal, placental, and early lactational physiological outcomes

Analyses will follow a hierarchical framework (primary, sec-
ondary, exploratory) with clearly defined endpoints to man-
age multiplicity. Data will undergo standardized procedures for
cleaning, validation, and coding. Patterns of missingness will
be described, and multiple imputation will be applied where
appropriate. All model assumptions (normality, collinearity,
linearity) will be evaluated systematically.

Primary Analytical Framework — Mixed-Effects Models:

Given the longitudinal and multi-site design of the HiP-India
study, mixed-effects models (LME, GLMM, GAMM) will
constitute the core analytic approach.

Random effects: Site-level random intercepts will account
for geographic and climatic clustering across Gurugram,
Puducherry, and Chhattisgarh, while subject-level random
intercepts and slopes will capture individual differences in
heat-response trajectories.

Serial correlation: Autoregressive structures (e.g., AR(1))
will model correlations between repeated trimester-specific
measurements.

Time-varying exposures: Trimester-specific heat exposure esti-
mates will be modeled as time-varying covariates to assess

both immediate and cumulative effects.

Model flexibility: Linear mixed models will be used for con-
tinuous outcomes (e.g., physiological measures, biomarkers),
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generalized linear mixed models for binary outcomes (e.g.,
preterm birth, SGA), and generalized additive mixed models
where non-linear exposure—response patterns are expected.

Complementary Distributed Lag Non-Linear Models (DLNM):

DLNM will be employed to examine delayed and non-linear
exposure—response relationships across gestation.

Lag structure: Lags will extend from enrolment through outcome
ascertainment, capturing both short-term (<28 days) and longer-
term (up to ~20 weeks) effects.

Basis functions: Natural cubic splines with empirically derived
knots will model non-linear exposure and lag responses.

Temporal alignment: Exposure windows will be aligned primarily
by calendar date to preserve seasonal context, and secondarily
by gestational age to identify sensitive developmental periods.
Hybrid alignment approaches will also be considered.

Direct Acylic Graph (DAG)-Guided Confounder Control and
Effect Modification Strategy:

A tentative DAG has been developed to inform model speci-
fication and covariate adjustment (Figure 3). The minimal
sufficient adjustment set includes:
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Site (geographic clustering), maternal age, education level,
occupation type, family income/socioeconomic status, nutri-
tional status, housing quality (ventilation, overcrowding), season/
recruitment timing, parity, and indoor air pollution exposure
(biomass fuel use, passive smoke).

PM, ; Treatment Strategy:

Primary analysis: PM,, will be modeled as an effect modifier
(Heat x PM,  interaction).

Secondary analysis: If significant interaction is not detected,
PM, , will be adjusted as a confounder in sensitivity models.

Justification: Both exposures may exert synergistic biological
influences on maternal thermoregulation and hemodynamics.

Prespecified Interactions and Stratifications:

Interactions to be formally tested include:

Heat x PM, . (synergistic effects on maternal hemodynamics),
Heat x Site (climate adaptation differences), Heat x Season
(acclimatization effects), Heat x Occupation (differential
vulnerability by work environment), and Heat x Housing
Quality (thermal protection efficacy).

Stratified analyses will be conducted by site (Gurugram,
Puducherry, Chhattisgarh), recruitment season (warm Vvs. cool),
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occupation (high-risk vs. lower-risk), housing quality (traditional
vs. modern materials), and gestational timing (early vs. mid vs.
late pregnancy enrolment).

Mediation and Sensitivity Analysis Framework:

The study design facilitates mediation analysis through
temporally aligned data collection, with personalized expo-
sure monitoring, blood pressure measurement, biomarker sam-
pling, and clinical assessment conducted synchronously at
three points across pregnancy. This alignment strengthens the
exposure — mediator — outcome temporal sequence and
reduces bias from measurement misalignment.

To address unmeasured confounding, the analysis will con-
sider negative control approaches using biomarkers or outcomes
theoretically unrelated to the heat-hemodynamic pathway,
supplemented by mediational E-values to quantify the magni-
tude of unmeasured confounding required to alter results. The
multi-site structure enables leveraging geographic and seasonal
variation as natural experiments to test mediation assumptions.

To correct for measurement error, data from multiple exposure
and mediator sources (personal vs. area exposures, various
physiological and biomarker indices) will support formal
error correction procedures where feasible. Advanced meth-
ods will include longitudinal mediation models to address
time-varying confounding and Monte Carlo sensitivity analy-
ses to evaluate robustness under assumption violations. Over-
all, the analysis framework will balance methodological rigor
with practical constraints, transparently reporting assumptions
and limitations while ensuring clinically interpretable insights
into heat-mediated pathways influencing pregnancy outcomes.

Integration and Synthesis:

Findings from mixed-effects, DLNM, and mediation analyses
will together characterize trimester-specific, cumulative, and
mechanistic pathways linking heat exposure to maternal and
fetal outcomes. Model selection and validation will apply
AIC/BIC criteria and cross-validation for optimal parsimony
and performance. Confounder selection will remain DAG-
informed, with false discovery rate (FDR) adjustments in
high-dimensional biomarker analyses to control false positives.

Together, these analytic approaches will enable a nuanced
understanding of how maternal heat exposure shapes physi-
ological adaptation and pregnancy outcomes, while generating
evidence to inform targeted interventions and policy
frameworks aimed at protecting maternal and neonatal health
in a warming climate.

Ethics approval and study registration
The study has received ethics approval from the following
independent institutional ethics committees:

1. Translational Health Science and Technology, Institute,
Faridabad (THS 1.8.1/ (171)

2. Gurugram Civil Hospital (GCH/EC/2021/1826/8.12.2023
/28.1)
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3. Chhattisgarh Institute of Medical Sciences, Bilaspur
(327/C.I.M.S/LE.C/2024)

4. Pondicherry Institute of Medical Sciences, Puducherry
(RC/2024/08)

5. The George Institute for Global Health, India (Project
Number 31/2023)

6. Sri Ramachandra Institute of Higher Education and
Research (IEC/24/MAR/185/07)

Any important protocol modifications (e.g., changes in eli-
gibility criteria, outcomes, or data collection methods) will
be communicated to relevant parties, including the institu-
tional ethics committee, trial registry (if registered), and study
collaborators. Updated versions of the protocol will be archived
and shared through the selected data repository and included in
any subsequent publications.

Based on our experience with the ongoing large hospital-
based pregnancy cohort at Gurugram Civil Hospital, India
(GARBH-Ini)’, we anticipate an overall loss to follow-up of
10-15% (study completion rate 85-90%).

Mitigation measures include:

 verifying home addresses at enrolment;

* maintaining regular contact via phone/SMS/WhatsApp;

* leveraging a field worker network for tracing and counselling;

» providing transport support or arranging home visits when
hospital follow-up is not feasible.

Additional retention strategies include reimbursements for time/
travel, provision of pregnancy health education materials, and
facilitation of clinical care at study sites. To ensure adequate
power, we will over-enrol by 15-20% to compensate for
anticipated losses.

Real-time procedures for identifying and managing
hazardous heat exposure during monitoring

During the study follow-up, hospitals in our setting have estab-
lished protocols for managing heat stress and heat stroke. In
our study, all participants presenting with signs of heat stress
(e.g., dizziness, cramps, nausea, excessive sweating, confusion,
collapse) or heat stroke (e.g., high body temperature, altered
mental state, confusion, hot dry skin, rapid heartbeat, nausea,
headache, seizures, collapse) will be immediately referred to
the hospital physician for evaluation and management as per the
hospital’s standard of care.

Field staff will be trained to recognize early warning signs of
heat illness, provide initial support (rest in shaded/cool areas,
hydration with oral fluids), and facilitate prompt referral. Par-
ticipants will also receive information on recognizing heat stress
symptoms and a 24-hour contact number for emergencies. All
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heat-related events will be documented as part of ongoing safety
monitoring.

Discussion

The description of a novel cohort of pregnant women living in
three separate locations across India, representing different cli-
mate zones is being presented in this manuscript. This cohort is
one of eleven projects funded under the same call, “Biological
and Physiological Effects of Extreme Heat on Pregnancy and
Childhood,” which is supported by Wellcome. It is anticipated
that these cohorts together will advance our understanding
of this critical issue as we adapt to a warming world.

Pregnant women residing in low- and middle-income regions
are most susceptible, particularly in tropical environments™.
This study will address the lack of evidence and awareness
on the impact of ambient heat on the physiological processes
of mothers, fetuses, placentas, and during lactation. The team
expects that the findings will have wide applicability across
India and other similar countries, because of the multi-site
design, which includes several temperature zones across India,
such as humid subtropical and tropical Chhattisgarh, tropical
Puducherry, and semi-arid Gurugram, and attention to quality
control and standardisation across all study elements. This
will allow us to conduct reliable and reproducible analyses of
heat exposure under different environmental conditions.

Participation in this study was intentionally restricted to “high
heat-risk” women without fixed air-conditioning to fulfill the
primary objective of elucidating biological mechanisms link-
ing heat exposure with adverse maternal outcomes. Including
women with continuous cooling access would have reduced
exposure contrast and potentially confounded estimates of
heat’s direct physiological effects, as air conditioning serves
as a known protective measure. By focusing on women lacking
continuous cooling, the study targets the most vulnerable group—
those at greatest biological and public health risk—thereby
enhancing causal inference and ensuring that findings
remain directly applicable to populations most in need of
evidence-based heat adaptation strategies.

This study’s strongest aspect is the multidisciplinary team,
which brings together experts in clinical obstetrics, environmen-
tal exposures and occupational hygiene, maternal haemodynam-
ics, fetal ultrasound, placental biology, lactation physiology
and epidemiology. The work enhances the field by examining
potential biomarkers and physiological indicators of heat-
related stress. It also offers valuable insights into the molecular
pathways that underlie the observed connections between heat
exposure and adverse pregnancy outcomes. Another objec-
tive of the study is to integrate advanced technologies such
as the USCOM 1A® device and portable ion conductivity
devices in three climatologically distinct zones. In addition,
while the study primarily focuses on heat exposure, we are also
considering the critical interaction with air pollution, a major
public health challenge in India.
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The findings will provide a foundation for future investigations
into targeted medicines, as well as guide the development of
public health interventions aimed at adaptations for heat expo-
sure during pregnancy. This study highlights the interconnect-
edness of maternal health, environmental health, and climate
change, and underscores the pressing need for adaptive
policies to protect vulnerable populations from the impacts
of increasing global temperatures.

Patient consent

Written informed consent will be obtained from all study par-
ticipants before enrollment. Informed consent will be obtained
in person by trained research staff at site. Staff will explain the
study objectives, procedures, and risks in the local language,
and participants will be given time to ask questions before
signing the consent form. All personal information will be col-
lected using encrypted tablets and stored on secure, password-
protected servers. Identifiable data will be accessible only to
authorized study personnel. De-identified datasets will be used
for analysis and sharing, ensuring confidentiality is maintained
throughout and after the study.

Study registration- clinical trial registry

The name of the trial is Effects of extreme heat on maternal,
placental and fetal physiology, lactation and newborn health
in India. The study has been registered with the Clinical Trials
Registry of India (CTRI)- (CTRI/2024/12/078527). Registered
on 24/12/2024 and it will open for 3 years.

Protocol version
Protocol version 10, dated e.g., 26 August 2025

Structured summary
° Public title: Heat in Pregnancy — India

° Scientific title: Effects of extreme heat on maternal,
placental and fetal physiology, lactation and newborn
health in India

° Study design: Prospective cohort study

° Study population: Pregnant women enrolled in the
first trimester in three sites: Gurugram, Chhattisgarh,
Pondicherry

° Setting: Mixed hospital and community-based recruit-
ment sites in Gurugram, Chhattisgarh, Pondicherry
during winter and summer months

° Target sample size: 600 participants (300 in the summer
group and 300 in the winter group)

° Intervention/exposure: Natural seasonal heat expo-
sure (participants recruited in summer vs. winter
months)

° Comparator/control:  Women recruited in winter

months serve as the comparator group
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° Primary outcomes: Incidence
(<37 weeks); birth weight

of preterm birth

° Secondary outcomes: Gestational age, stillbirth, and
other maternal/newborn health outcomes

° Key inclusion criteria: Pregnant women in 11-14 weeks,
aged 18-45 years, residing in the area for at least
6 months

. Key exclusion criteriaz: Women with pre-existing
chronic illnesses or those unlikely to remain in the area
during follow-up

° Study period: Expected recruitment from May 2023 to
March 2026

Ethics approval: Approved by

1. Translational Health Science and Technology, Institute,
Faridabad (THS 1.8.1/(171)

2. Gurugram Civil Hospital (GCH/EC/2021/1826/8.12.2023
/28.1)

3. Chhattisgarh Institute of Medical Sciences, Bilaspur
(327/C.I.M.S/LE.C/2024)

4. Pondicherry Institute of Medical Sciences, Puducherry
(RC/2024/08)

5. The George Institute for Global Health, India (Project
Number 31/2023)

6. Sri Ramachandra Institute of Higher Education and
Research (IEC/24/MAR/185/07)

e Trial registration: Clinical Trials Registry of India
(CTRD)-(CTRI/2024/12/078527), registered on 24/12/
2024 open for 3 years.

e Data sharing: De-identified participant data and meta-
data will be shared through Zenodo, a public repository:
10.5281/zenodo0.16421773

* Funding source: Supported by the Wellcome Trust

Glossary terms

Heat (or thermal) stress: Ineffective dissipation of metabolic
heat in hot environments and/or during physical exertion or
exercise®.

Ambient heat exposure: The exposure of an individual or popu-
lation to elevated outdoor environmental temperatures, typi-
cally measured through air temperature, radiant temperature,
humidity, and wind speed’.

Threshold Limit Value: Threshold Limit Value (TLV) is defined
by the ACGIH as the level of heat stress exposure, meas-
ured by Wet Bulb Globe Temperature, to which nearly all
acclimatised, adequately hydrated, healthy workers may be
exposed without adverse health effects’.

Physiological heat strain: The effect of environmental heat stress
on the body™.
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Data availability
No data associated with this article. Our data is available in
Zenodo: 10.5281/zenodo0.16421773
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Darshnika Lakhoo
University of the Witwatersrand, Johannesburg, South Africa

Thank you for the opportunity to review this manuscript. This is a relevant, well-designed and
rigorously described multicentre protocol addressing the physiological effects of extreme heat
exposure on pregnancy in LMIC settings. The proposed study integrates environmental and
individualised monitoring, biological measures, fetal imaging, biomarker testing, and a novel
lactation sub-study across three climatic regions. The multidisciplinary team, attention to QC, and
intention to link mechanistic and clinical outcomes significantly strengthens the work. The
manuscript is clear, logically structured, and improved through prior revisions.

Given the recruitment timeline (to March 2026), some suggestions may no longer be feasible to
implement. However, clarification of the points below remains important for transparency, and for
informing future studies.

o There is evidence to suggest that adolescents (<18 years) are at increased risk of heat
related adverse outcomes. Could the authors justify why this high-risk group is excluded?

> Are home births anticipated at any of the three sites? If so, how will this be handled? Will
these participants remain in the cohort and how will outcome data be obtained?

> In keeping with GCP, informed consent should be ongoing, rather than a once-off event as
prescribed in your study schedule. Could the authors confirm if participants will reaffirm
consent at each visit, even if a brief recorded confirmation?

o Could the authors justify the absence of intrapartum or postpartum measurements such as
hydration markers or maternal physiology? Given that heat stress is likely highest around
delivery, and dehydration may affect lactation onset, this appears to be a missed
opportunity.

o The ethics of sampling 5 ml of colostrum on postpartum day 1-2 are unclear, particularly for
primiparous women who may produce very small volumes. Could the authors clarify
whether smaller volumes were considered, or whether sampling might exclude those
reporting low supply?

> As Reviewer 1 highlighted, a single 24-hour exposure measurement per trimester risks
being unrepresentative. It remains unclear why this approach was selected and how it will
be triangulated with other exposure sources. Which measurements will take precedence if
devices disagree, and how will data loss be handled?
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o Wearable devices may introduce safety concerns. Could the authors indicate whether there
are mitigation strategies for device-related theft or stigma, and whether replacement
devices will be provided if lost or stolen?

> Itis unclear which pregnancy outcomes will be actively collected versus extracted from
routine care records (e.g., gestational diabetes, hypertension in pregnancy, anaemia, HIV).
Is there standardisation across sites for diagnosis and documentation of these outcomes?

o The manuscript references sensitivity analyses based on “gestational timing of exposure,”
yet all participants are enrolled at 11-14 weeks. Could the authors clarify what variation is
expected? Similarly, what is meant by “gestational age” as an outcome?

Describing winter-recruited participants as a comparator group may be misleading, as most
pregnancies traverse both hot and cooler periods. I suggest reframing as “lower exposure
periods” rather than a formal comparator group.

o Finally, and in keeping with Reviewer 1, the hierarchy of primary and secondary outcomes
remains inconsistent between the main text and the structured summary. Could the
authors harmonise these definitions across the document and trial registration?

Is the rationale for, and objectives of, the study clearly described?
Yes

Is the study design appropriate for the research question?
Yes

Are sufficient details of the methods provided to allow replication by others?
Partly

Are the datasets clearly presented in a useable and accessible format?
Not applicable
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5755), New Haven, Connecticut, USA

This article presents the protocol for a prospective cohort study on maternal and fetal
physiological responses to extreme climate conditions, particularly high heat exposure, across
India. The planned multicenter study spans three locations that differ by climate zone. The distinct
climate dynamics of each location are well-defined and differentiated from one another, which is a
limitation of existing studies that often lump several distinct climate zones under one "high-heat"
umbrella. Several techniques will be employed to collect environmental variables, from macro- to
micro- to physiological scale (i.e., heart rate and body temperature). Physiological and
psychosocial data will be collected related to heat strain and perception of heat stress.
Recruitment criteria and data collection schedules are also clearly defined. Statistical approaches
are appropriate to address study hypothesis and objectives.

The authors have a clear focus on biological mechanisms and specific physiological markers that
might mediate the relationship between climate conditions and pregnancy/postpartum outcomes.
Of particular focus is maternal haemodynamics, fetal and placental anatomy and physiology,
placental biomarkers, and milk assessment in postpartum. The authors present a detailed,
comprehensive set of physiological markers to be measured that will contribute profoundly to our
knowledge of physiological responses during pregnancy and lactation.

While I approve this article, I present a few points the authors may consider when implementing
this study. Firstly, is there an expectation to find underlying demographic and socioeconomic
differences between the three populations that might affect outcomes independent of climate
variables? Even if recruitment is based on elevated risk of heat exposure via occupational or
household factors, I would expect there to be more specific differences that could drive
differential outcomes. It is good to see that demographic and socioeconomic variables will be
included in the statistical models, but I'd like to see some discussion about possible known
population-level differences in lifestyle or circumstance, as well as prevalence of adverse
pregnancy outcomes, between the three populations.

Since recruitment will occur well into the first trimester--which is a valid strategy given the scope
and scale of this study--I suggest the authors consider the impact of maternal preconception
condition and exposure driving pregnancy outcomes. Recruitment for this study will occur in the
warm season for each location, but conception would have occurred in the previous cool season,
approximately 2-3 months prior. Recent pregnancy physiology literature has highlighted the
importance of maternal condition before conception shaping pregnancy trajectories, particularly
in terms of macronutrients (see for example, Kuzawa, 2020; Thayer et al., 2020). I do not think the
chronic vs. acute effects of extreme climate exposure are well understood in the context of
pregnancy and postpartum, but these effects may also be working on different timescales. It may
be appropriate to consider lagged variables or models (as already outlined in the statistical
approach section) in which the macro-climate conditions are extracted for the season in which
conception occurred, for example. While micro-climate conditions would not be available, existing
macro-climate data might provide some insight into maternal preconception effects, as a tertiary
objective.

Overall, this study is novel in its distinct focus on biological mechanisms, and its clinical relevance
for managing health concerns in a changing world. I look forward to reading indices resulting
from this study in the future.
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Thanks to the authors. The revisions have substantially strengthened the protocol description and
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adequately addressed main concerns raised in my previous report.

I have no further substantive comments. Only minor editorial issues remain (e.g. occasional typo
errors such as “plancental” instead of “placental”). I am happy to recommend approval of this
revised version.

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Environmental epidemiology; temperature-health relationships (heatwaves,
high temperature); exposure assessment & time-series/multi-location modelling; maternal-fetal
and perinatal health outcomes.
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? Huiqi Chen
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This is a well-conceived, multicentre prospective cohort on heat exposure in pregnancy spanning
three climatic zones in India. It integrates home/workplace environmental monitoring, wearable
physiological measures, standardized fetal ultrasound and Doppler, and maternal biomarkers,
with rigorous QC and data governance. The mechanistic framing, from exposure to maternal
haemodynamics and placental function to fetal blood flow, growth, and perinatal outcomes, is
clear and of public-health and translational relevance. However, there are important gaps in
outcome hierarchy and power alignment, exposure representativeness, repeated-measures
statistical framework, and issues of ethical handling.

Major comments

1. Primary outcomes and power alignment. The main text positions physiological/biochemical
endpoints as the “primary” focus, whereas the structured summary lists preterm birth and birth
weight as primary outcomes; the sample size is powered for continuous measures (~0.23 SD).
Please harmonise the outcome hierarchy (primary/secondary) across the manuscript and registry,
and provide power or minimum detectable effects for each primary outcome, including assumed
event rates and attrition.
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2. Exposure representativeness and measurement error. A single 24-h assessment per trimester
may not represent trimester-level exposure, and multiple instruments (QuestTemp WBGT,
EasyLog/iButtons/Fitbit) can introduce systematic differences. Please justify the 24-h strategy and
could add a small repeated-measurement sub-study (e.g., =48-72 h, or two 24-h sessions) to
estimate within- and between-day variance for regression calibration or explicit error models.
Describe field calibration against the gold-standard WBGT, cross-site drift control, and how
discrepant devices will be reconciled. Clarify the rationale and limits of applying ACGIH TLVs to the
general (non-occupational) population, and preferrably perform sensitivity analyses using
alternative indices (e.g., UTCI, Heat Index?).

3. Statistical framework for repeated measures. Given clustered, longitudinal data, mixed-effects
models (LME/GLMM/GAMM) should be the primary framework to account for site- and subject-
level random effects and serial correlation. For DLNMs, specify the lag structure, knot placement,
and how gestational time is aligned (calendar time vs gestational week) to avoid temporal
confounding.

4. Confounding and effect modification. Use a DAG to define the minimal sufficient adjustment set
(e.g., anaemia/nutrition, workload/physical activity, housing/ventilation, rest/hydration,
socioeconomic factors). Clarify whether PM2.5 is treated as a confounder or an effect modifier and
prespecify key interactions and stratifications (site, season, occupation, housing materials, fetal
sex).

5. Restricting to “high heat-risk” women and excluding those with fixed air conditioning may
inflate effect estimates and limit external validity. Please acknowledge and, if possible, quantify
this limitation.

6. Outcome and QC. Preterm birth classification should state how CRL-based dating is reconciled
with later GA assessments and thresholds for re-dating. Define abnormal thresholds and repeat-
measurement rules for Dopplers and placental indices, and describe CTG interpretation
procedures, inter-rater reliability checks, and adjudication.

7. Mediation analysis identifiability. The proposed mediation pathway ('heat —
haemodynamics/placenta — fetal growth/outcomes') requires strong assumptions. Please outline
approaches to address unmeasured mediator-outcome confounding and exposure/mediator
measurement error, and discuss the feasibility of negative controls or instrument-based strategies.

8. Ethical management of high risk. Please provide expected loss-to-follow-up and adherence
rates with mitigation plans. In the ethics section, detail real-time procedures for identifying and
managing hazardous heat exposure during monitoring.

Is the rationale for, and objectives of, the study clearly described?
Yes

Is the study design appropriate for the research question?
Yes

Are sufficient details of the methods provided to allow replication by others?
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Partly

Are the datasets clearly presented in a useable and accessible format?
Not applicable
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