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Abstract
Intrapartum-related asphyxia (IRA) is a major cause of neonatal mortality and long-term
neurodevelopmental impairment, yet little is known about the role of environmental stressors. Using
clinical cohort data from 13,803 births in The Gambia and Burkina Faso linked to ERA5 temperature data,
we applied a time-stratified case-crossover design to investigate the short-term effects of heat exposure
on IRA. Exposure to extreme daytime heat in the days preceding delivery was associated with increased
odds of IRA, with stronger associations observed at higher temperature thresholds and longer exposure
durations. Among live births, the most extreme multi-day heat events nearly doubled the odds of IRA. No
associations were observed for minimum temperatures. These findings suggest that extreme heat may
act as an acute trigger of intrapartum complications and highlight the need to strengthen maternal and
newborn health systems in regions facing increasing heat exposure.

Introduction
Intrapartum-related asphyxia (IRA), resulting from inadequate oxygen transfer during labour, is a major
cause of stillbirth, neonatal mortality, and long-term neurodevelopmental impairment1–5. The burden is
disproportionately concentrated in low- and middle-income countries, especially in sub-Saharan Africa
(SSA)3,4,6–9, where consistent access to timely and high-quality obstetric and neonatal care remains
limited3,10.

Despite its importance, the determinants of IRA remain poorly understood. Studying IRA requires
detailed antepartum, intrapartum, and immediate postnatal information collected at or immediately after
delivery, including indicators of fetal distress and neonatal resuscitation. However, these indicators are
often unavailable or inconsistently recorded in routine facility data. As a result, many studies rely on
proxy measures such as Apgar scores, which are themselves rarely available from large population-
based datasets or even in routine facility data. This scarcity of high-quality standardized intrapartum
data has constrained large-scale analyses of IRA and its risk factors.

Heat exposure during pregnancy has been increasingly associated with adverse perinatal outcomes,
including preterm birth, stillbirth, and neonatal mortality11–14. However, evidence on whether acute heat
exposure can trigger intrapartum complications leading to asphyxia remains limited. This question is
particularly relevant in SSA, where both climate vulnerability and health system constraints are
substantial8,14–16. The region has experienced faster warming than the global average, alongside an
increasing frequency and intensity of extreme heat events17,18. At the same time, access to high-quality
intrapartum care remains inadequate in many settings19–21. This is particularly the case in West and

Central Africa, which bear the highest burden of stillbirths and neonatal mortality globally22,23.

In this study, we investigate the association between ambient heat exposure in the days preceding
delivery and the risk of IRA using clinical delivery data from three maternal cohorts in The Gambia and
Burkina Faso. By linking individual birth records to high-resolution temperature estimates and applying a
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time-stratified case-crossover design, we estimate the short-term effects of extreme heat exposure and
explore heterogeneity across population subgroups.

Results

Baseline characteristics
We analysed 14,252 births from three maternal cohorts conducted in The Gambia and Burkina Faso
between 2013 and 2022. Birth records were linked to ERA5 temperature data, and associations between
short-term heat exposure and IRA, defined as a 1-minute Apgar score <7 including intrapartum stillbirths,
were estimated using a time-stratified case-crossover design.

Of 14,252 births available for analysis, we excluded births with missing information on date of birth, 1-
minute Apgar score, or place of delivery (n=289; Figure 1). We also excluded: (i) births with congenital
anomalies (n=137) because such conditions may independently affect neonatal outcomes and Apgar
scores through non-hypoxic pathways, potentially introducing misclassification of IRA; and (ii)
macerated stillbirths (n=23), as they indicate antepartum fetal death that may have occurred days before
delivery and therefore likely fall outside the exposure window of interest. Among the 13,803 births
included in our study population, we identified 491 cases of IRA (3.6%), of which 408 were among live
births and 83 cases were stillbirths (17% of IRA cases). 

Among the 491 IRA cases, the time-stratified case-crossover design identified 1,674 referent days (ratio
1:3.4). Exposure frequencies and temperature thresholds corresponding to each heat definition are
shown in Supplementary Table S1.

Table 1: Description of the study population. 
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Characteristic Overall  
 (N=13,803)

IRA 
 (N=491)

non-IRA 
 (N=13,312)

p-value3

  n  n (%) n (%)  

Country 0.01

Burkina Faso 5,346 163 (3.0) 5,183 (97)

The Gambia 8,457 328 (3.9) 8,129 (96.1)

Residence <0.001

Rural/peri-urban 6,219 184 (3.0) 6,035 (97)

Urban 7,584 307 (4.0) 7,277 (96)

Season of birth 0.9

Dry 8,978 318 (3.5) 8,660 (96.5)

Wet 4,825 173 (3.6) 4,652 (96.4)

Time of birth1 <0.001

Day 6,648 281 (4.2) 6,367 (95.7)

Night 6,711 201 (3.0) 6,510 (97)

Unknown 444 9 435

Birthweight category2 <0.001

Low 1,292 75 (5.8) 1,217 (94.2)

Normal 12,487 411 (3.3) 12,076 (96.7)

Unknown 24 5 19

Delivery mode <0.001

Cesarian section 280 47 (17) 233 (83)

Vaginal birth 13,513 441 (3.3) 13,072 (96.7)

Unknown 10 3 7

Birth outcome <0.001

Live birth 13,720 408 (3.0) 13,312 (97)

Stillbirth 83 83 (100) 0 (0)  

Notes: 1 Daytime hours were defined as 07:00–18:00 and nighttime hours as 18:00–07:00; 2 low
birthweight was defined as <2.5 kg. 3 P-values are based on Pearson’s Chi-squared test.
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IRA and extreme heat
Figure 2 summarizes associations between heat exposure and IRA across multiple temperature
thresholds and exposure durations. Among all IRA cases (including both live births and stillbirths),
increased odds of IRA were observed for extreme heat exposure defined as maximum daily temperature
above the 90th percentile sustained for at least three consecutive days (OR = 1.80; 95% CI: 1.08–2.98;
Figure 2, Panel A). More generally, effect estimates tended to increase with both higher temperature
thresholds and longer exposure durations. No association or trend was observed between IRA and heat
exposure based on daily minimum temperature (Figure 2, Panel C).

Among IRA cases restricted to live births, associations were stronger and more consistent. Increased
odds of IRA were observed for heat events defined as maximum daily temperatures above the 85th
percentile (OR = 1.68; 95% CI: 1.03–2.72; Figure 2, Panel B). Effect estimates increased with both higher
temperature thresholds and longer durations of exposure. The largest effect was observed for
temperatures above the 95th percentile sustained for three or more consecutive days (OR = 1.97; 95% CI:
0.99–3.90; Figure 2, Panel B). As in the full sample, no association or trend was found between IRA and
daily minimum temperature among live births (Figure 2, Panel D).

Subgroup differences in the association between heat exposure and IRA

Results from the subgroup analyses restricted to live births are presented in Figure 3. Associations
between heat exposure and IRA were generally stronger among nighttime than daytime deliveries,
particularly for heat events defined using maximum temperatures above the 80th percentile. For
exposure on the day of delivery, the odds of IRA were elevated among nighttime deliveries (OR 1.88, 95%
CI 1.01–3.52), whereas no association was observed among daytime deliveries (OR 0.64, 95% CI 0.37–
1.09; p-interaction=0.01). Similar heterogeneity was observed for heat events lasting two consecutive
days, with ORs of 2.02 (95% CI 1.10–3.72) and 0.75 (95% CI 0.44–1.28) for nighttime and daytime
deliveries, respectively (p-interaction=0.02). However, these differences were not evident at higher
temperature thresholds.

Some heterogeneity was also observed by delivery mode. Associations tended to be stronger among
births delivered by caesarean section than among vaginal deliveries, with a statistically significant
interaction for heat exposure above the 85th percentile on the day of delivery (p-interaction=0.02).
Although effect estimates were generally larger during the dry season than the wet season, interaction
tests provided no evidence that these differences were statistically significant. Likewise, no statistically
significant heterogeneity was observed by country, residence, or birthweight.

Analyses based on minimum daily temperature showed little evidence of effect modification across
subgroups. The only statistically significant interaction was observed for nighttime deliveries exposed to
minimum temperatures above the 80th percentile for three or more consecutive days (OR 2.15, 95% CI
1.09–4.21), compared with daytime deliveries (OR 0.77, 95% CI 0.43–1.40; p-interaction=0.03).
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These findings should be interpreted cautiously. The observed patterns were not consistent across
alternative heat definitions, and the number of exposed observations within some subgroup-specific
heat categories was small (Supplementary Tables S2–S7), limiting statistical power and increasing the
possibility that some findings reflect chance variation rather than true effect heterogeneity.

Robustness analysis
We observed modest associations between heat exposure and the occurrence of birth in both the non-
IRA sample and the full cohort, particularly at extreme maximum temperatures above the 95th percentile
(Supplementary Figure S1). However, these effect sizes were substantially smaller than those observed
for IRA. Among the full sample, ORs ranged from 1.09 (95% CI: 1.02-1.16) for at least one day with
maximum daily temperatures above the 85th percentile to 1.14 (95% CI: 1.02-1.28) for temperatures

above the 95th percentile sustained for at least two consecutive days. Additionally, we found no
consistent association between post-delivery heat exposure and IRA (Supplementary Figure S2) in our
second robustness analysis. 

Discussion
Using high-quality clinical cohort data and a time-stratified case-crossover design, we found that
exposure to extreme ambient heat on the day of delivery and the preceding days is associated with
increased odds of IRA in West Africa, with stronger and more consistent effects observed among live
births. Associations increased with both higher temperature percentiles and longer exposure durations,
consistent with a dose–response relationship. For the most extreme heat events sustained over up to
three consecutive days, the odds of IRA were nearly doubled. The smaller effect sizes observed in
analyses including stillbirths may reflect differences in the timing and mechanisms of fetal compromise,
as stillbirths could be influenced by heat exposure outside the short exposure window examined in this
study.

Our findings are consistent with the limited epidemiological evidence linking heat exposure to adverse
intrapartum outcomes. Two previous studies provide relevant evidence. A large population-based cohort
in northwest China reported a 13.9–47.0% increased risk of intrapartum severe asphyxia, defined as 5-
minues Apgar score ≤3, following exposure to extreme heat during late pregnancy39. The study was
based on 182,322 births of which 1575 had severely asphyxia according to the definition. Similarly, a
time-stratified case-crossover study in São Paulo, Brazil, using population-based birth registry data
(several million singleton births), found that exposure to high ambient temperatures (95th vs 50th
percentile) around the time of delivery was associated with an 8% increase in the odds of asphyxia,
defined as 5-minute Apgar score ≤7, among low-risk births40. The stronger effects observed in our study
may reflect the use of prospectively collected cohort data or potentially greater vulnerability to heat
exposure in West African settings. In addition, our use of 1-minute rather than 5-minute Apgar scores
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may capture more immediate intrapartum compromise, whereas 5-minute scores can be influenced by
neonatal resuscitation and post-delivery stabilisation.

Beyond these epidemiological studies, supporting evidence comes mainly from small physiological
studies. In rural Gambia, a cohort study of 92 pregnant subsistence farmers found that high
environmental heat was associated with signs of fetal strain, including elevated fetal heart rate and
altered umbilical artery resistance, suggesting compromised fetal circulation under heat stress41. Similar
alterations in placental blood flow under maternal heat exposure have been reported in both a field-
based study in The Gambia and a clinical cohort study in China 42,43. Several biological mechanisms
support a plausible link between acute maternal heat exposure and intrapartum fetal compromise. Heat
stress can impair placental function and reduce uteroplacental perfusion through cardiovascular strain,
dehydration, and thermoregulatory responses that redistribute maternal blood flow toward the skin41,44.
During labour, when uterine contractions intermittently reduce oxygen delivery45,46, this diminished
placental reserve may limit fetal tolerance to hypoxic stress, increasing the risk of adverse intrapartum
outcomes46–48. 

In addition to direct physiological pathways, behavioural and health-system factors may also contribute
to the observed associations49. Extreme heat may delay care-seeking during labour, particularly where
travel to facilities is physically demanding or transport infrastructure is limited. Evidence from India
suggests that heat exposure is associated with reduced maternal healthcare utilization during
pregnancy50. Heat may also affect the quality of intrapartum care by increasing fatigue, cognitive strain,
and reduced work capacity among healthcare workers, potentially compromising timely monitoring and
intervention during labour. These challenges may be especially important in low-resource West African
settings where staffing and facility capacity are already constrained. Because our analysis was restricted
to facility-based deliveries, the observed associations may underestimate the broader impacts of
extreme heat, particularly for women delivering at home or facing barriers to accessing skilled obstetric
care during heat events.

The observed heterogeneity in effects further supports a multifactorial pathway linking heat exposure to
IRA. Stronger associations among cesarean deliveries may reflect underlying obstetric complications,
such as fetal distress or obstructed labour52, which can increase susceptibility to hypoxic stress and
amplify the effects of acute heat exposure. Elevated associations during nighttime deliveries may reflect
impaired recovery from daytime heat exposure and cumulative thermal stress, compounded by poor
sleep, persistent indoor heat retention in poorly ventilated settings common in LMICs, and maternal
physiological strain associated with hot nights. Differences in labour management or reduced staffing
during night shifts may further contribute through less intensive monitoring or delayed obstetric
intervention. However, these sub-group findings were not consistent across all heat definitions and
should be interpreted cautiously.

Our robustness analyses suggest that the observed associations are unlikely to be driven solely by shifts
in the timing of delivery. Although heat exposure was modestly associated with birth timing, consistent
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with evidence linking heat to preterm labour34–38, these effects were substantially smaller than those
observed for IRA. Prematurity is an established risk factor for IRA54,55 and may increase susceptibility to
acute intrapartum stressors, including heat exposure. However, the stronger associations observed in
our study for IRA compared to overall birth timing suggest that preterm birth alone is unlikely to explain
our findings and that additional mechanisms are likely involved. The lack of consistent associations
between post-delivery heat exposure and IRA further supports the temporal specificity of the
relationship.

Our findings are particularly relevant for sSA, where rising heat exposure17,18 coincides with limited
access to high-quality intrapartum care, especially in rural areas10,16,20,21. Coverage of essential services
remains low, with only 15% of hospitals equipped to provide basic neonatal resuscitation10. The burden
is especially pronounced in West Africa, which has one of the highest stillbirth and neonatal mortality
rates globally22. Beyond early neonatal deaths, IRA is a major cause of long-term neurodevelopmental
impairment, including cerebral palsy and cognitive disability, imposing substantial lifelong social and
economic burdens in low-resource settings1,2,5. While therapeutic hypothermia improves outcomes in
high-income settings, trials in sSA and South Asia have not demonstrated benefit56, highlighting the
limited availability of effective treatments for IRA in these contexts.  As extreme heat events become
more frequent, the observed increased risks could translate into a considerable rise in preventable
mortality and disability, underscoring the urgent need to strengthen intrapartum care and develop
context-appropriate treatments for IRA in climate-vulnerable settings.

This study has several strengths. It uses high-quality clinical data with detailed information on perinatal
outcomes, enabling a more specific definition of IRA than is possible in most population-based datasets.
In addition, outcome data were collected in real time during labour by trained clinical staff, minimising
the potential for recall bias. The use of a time-stratified case-crossover design reduces confounding by
time-invariant individual characteristics and accounts for seasonality and long-term trends. The use of
location-specific temperature percentiles allows for comparability across climatically distinct settings.
However, some limitations should also be considered. First, the use of the 1-minute Apgar score as a
proxy for IRA may introduce some misclassification, as Apgar scores reflect overall neonatal condition
rather than a direct measure of hypoxia. However, this approach is widely used in settings where more
detailed clinical diagnostics are unavailable. Second, temperature exposure was assigned at the facility
level using gridded reanalysis data, which may not fully capture individual-level exposure, particularly
indoor conditions. 

In summary, our findings provide evidence that acute exposure to extreme heat in the days preceding
delivery increases the risk of IRA in West Africa. These results support the hypothesis that extreme heat
may act as a short-term trigger of intrapartum complications that compromise fetal oxygenation,
particularly in settings with limited capacity for continuous intrapartum monitoring and neonatal care. As
climate change intensifies the frequency and severity of heat events, heat-related intrapartum
complications may become an increasingly important contributor to neonatal morbidity and mortality.
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Strengthening intrapartum care, improving access to timely obstetric interventions and neonatal
resuscitation, and incorporating heat exposure into maternal health risk assessment and early warning
systems could help reduce preventable adverse birth outcomes.

Data and methods
Clinical data

This analysis uses data from three studies conducted in West Africa. 

i. The PregnAnZI-1 trial was a phase III, double-blind, placebo-controlled randomized clinical trial
conducted in The Gambia. Overall, 829 women were recruited during labour at a single urban health
facility between April 2013 and 2014. Clinical data were collected by study staff at delivery and
during the follow-up visits conducted up to 28 days postpartum. The intervention was given during
labour and did not have any effect on the Apgar score24.

ii. PregnAnZI-2 was conducted in The Gambia and Burkina Faso between October 2017 and May 2021,
with the same design as PregnAnZI-124,25. Approximately 12,000 women were recruited at the time
of labour across multiple health facilities in the two countries (urban in The Gambia and rural in
Burkina Faso). 

iii. The PRECISE study is a prospective pregnancy cohort established across three countries in sSA to
investigate placental disorders and adverse birth outcomes in low-resource settings26,27.
Recruitment took place between June 2019 and December 2022. Pregnant women were enrolled
during antenatal care and followed through delivery, with detailed clinical, demographic and
biological data collected to characterize maternal health, pregnancy complications, and perinatal
outcomes in both urban and rural populations. We used data from the Gambian study sites (rural
and peri-urban), as this analysis focuses on West African populations.

Eligible women provided written informed consent during antenatal care visits, and eligibility was
subsequently confirmed at the time of admission for delivery.

Low 1-minute Apgar score (Apgar-1’ < 7) was used as a proxy for IRA. The Apgar score is a standardised
clinical assessment of a newborn’s condition after birth, based on five components (heart rate,
respiratory effort, muscle tone, reflex response, and skin colour) each scored from 0 to 2, with a total
score ranging from 0 to 10. Health facility staff were trained to assess and record Apgar scores at
delivery. We used the 1-minute Apgar score because it directly reflects the newborn’s condition
immediately after labour and delivery, and it is not influenced by neonatal resuscitation efforts, for which
detailed data were unavailable. 

Temperature data

Gridded daily maximum and minimum near-surface air temperature data were obtained from the ERA5
reanalysis dataset at a spatial resolution of 0.25° × 0.25°. The geographic coordinates of the
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corresponding health facilities were used to link the individual births with the temperature data. To
enable comparison across study populations located in climatically distinct regions, absolute
temperature values were converted into location-specific temperature percentiles using the long-term
temperature distributions for the period 2000–2021. Extreme heat exposure was defined using binary
indicators based on percentile thresholds of the local temperature distribution (80th, 85th, 90th, and 95th
percentiles) and exposure durations spanning the day of delivery and the two preceding days (lags 0-2). 

Estimation strategy

We apply a time-stratified case-crossover design, in which each IRA case day is matched to referent days
within the same day of the week, month, and year, thereby controlling for seasonality, long-term trends,
and time-invariant confounders. Associations between heat exposure and IRA were estimated using
conditional logistic regression, which accounts for the matched nature of the data. For example, if an
IRA case occurred on the first Monday of January 2021, the referent days for that case would be the
remaining Mondays in January 2021, resulting in three to four matched referent days per case. The
design compares exposure during the hazard period immediately preceding delivery with exposure
during referent periods for the same individual, allowing each case to serve as their own control. As a
result, all time-invariant characteristics, including maternal sociodemographic factors, underlying health
status, household conditions, and stable community-level characteristics, are inherently accounted for by
design, as these factors remain constant across the matched case and referent periods. This self-
matched design is widely used in environmental epidemiology to investigate the short-term effects of
transient exposures, such as temperature and air pollution, on acute health outcomes 28–33.

Assessment of effect heterogeneity

To investigate whether the association between heat exposure and IRA varied across population
subgroups, we fitted conditional logistic regression models including interaction terms between heat
exposure and country, residence (urban vs rural/peri-urban), season of delivery (dry vs wet), time of
delivery (daytime vs nighttime), birthweight (normal vs low), and delivery mode (cesarean section vs
vaginal birth). Statistical evidence of heterogeneity was assessed using Wald tests of the interaction
terms.

Robustness analysis

We evaluated the robustness of the analysis using two complementary approaches. First, to assess
whether the observed associations reflect a true increase in the risk of IRA rather than a shift in the
timing of delivery, we repeated the analyses among births without IRA (“healthy” cases) and in the full
cohort using the same modelling framework. This approach evaluates whether heat exposure is
associated with an increased likelihood of delivery on hot days—potentially driven by heat-induced
preterm or early labour—rather than a specific increase in intrapartum complications. Previous studies
have shown that exposure to high ambient temperatures can increase the risk of preterm birth34–38,
raising the possibility of selection effects in case-only analyses. 
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Second, we conducted a negative control analysis using post-delivery heat exposure (+4, +5, and +6 days
after the event), which cannot plausibly influence IRA. Any association observed in this analysis would
therefore indicate bias arising from unmeasured time-varying factors or misspecification of the temporal
structure of the model, rather than a causal effect. 

Ethics approval
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Committee. PregnAnZI-1 was approved by the joint Gambia Government/Medical Research Council
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Figure 1

Study population selection. The flow diagram shows the number of births assessed for eligibility,
exclusions due to missing outcome, missing birth date, missing birth location, or other exclusion criteria,
and the final analytic sample used in the case-crossover analysis of heat exposure and intrapartum-
related asphyxia (IRA).

Notes: IRA, intrapartum-related asphyxia. Referent days were selected using a time-stratified case-
crossover design matched on weekday, month, and year.
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Figure 2

Associations between heat exposure and intrapartum-related asphyxia (IRA) by temperature threshold
and exposure duration. Panels show maximum daily temperature for all births (A) and live births only (B),
and minimum daily temperature for all births (C) and live births only (D). ORs and 95% CIs are reported in
Supplementary Tables S8–S11.
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Figure 3

Associations between heat exposure and intrapartum-related asphyxia (IRA) among live births by
subgroup and heat definition. Asterisks indicate statistical significance (*p<0.05; **p<0.01).
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