nature medicine

Article

https://doi.org/10.1038/s41591-024-03245-7

A time-stratified, case-

crossover study of

heat exposure and perinatal mortality from
16 hospitalsinsub-Saharan Africa

Received: 24 December 2023

Accepted: 9 August 2024

Published online: 3 September 2024

W Check for updates

Claudia Hanson ® 23"
Maria del Rosario Alsina', Federica Nobile*®, Nathalie Roos®, Peter Waiswa’,
Andrea Pembe® 2, Jean-Paul Dossou®, Effie Chipeta', Lenka Benova",
Hussein Kidanto®, Cherie Part ®2, Massimo Stafoggia®, Veronique FilippiZ &
Petter Ljungman ®*"

, Jeroen de Bont**, Kristi Sidney Annerstedt,

Growing evidence suggests that extreme heat events affect both pregnant
women and their infants, but few studies are available from sub-Saharan
Africa. Using data from 138,015 singleton births in 16 hospitals in

Benin, Malawi, Tanzania and Uganda, we investigated the association
between extreme heat and early perinatal deaths, including antepartum
and intrapartum stillbirths, and deaths within 24 h after birth using a
time-stratified case-crossover design. We observed an association between
anincrease fromthe 75th to the 99th percentile in mean temperature 1 week
(lag 0-6 d) before childbirth and perinatal mortality (odds ratio (OR) =1.34
(95% confidence interval (CI) 1.01-1.78)). The estimates for stillbirths were
similarly positive, but Cls included unity: OR =1.29 (95% C1 0.95-1.77) for

all stillbirths, OR =1.18 (95% CI1 0.71-1.95) for antepartum stillbirths and

OR =1.64 (95% C10.74-3.63) for intrapartum stillbirths. The cumulative
exposure-response curve suggested that the steepest slopes for heat for
intrapartum stillbirths and associations were stronger during the hottest
seasons. We conclude that short-term heat exposure may increase mortality
risks, particularly for intrapartum stillbirths, raising the importance of
improved intrapartum care.

Globally, every year 1.9 million infants are stillborn—that is, born
dead'. There are an additional 2.3 million newborn deaths: these
are babies who are born alive but die within the first 28 d of life—the
neonatal period. Intrapartum stillbirths, babies dying during labor,
comprise roughly 50% of the stillbirth burden in sub-Saharan Africa.
Reducingthe high burden of stillbirth and neonatal mortality is amain
objective of the UN Sustainable Development Goals and the World
Health Organization’s Every Newborn Action Plan*?. Although, in
recent years, some progress has been seen in perinatal health and
survival, hard-won gains could be further hampered by the effects
of climate change®.

Temperatures arerising globally®. In Africa, average rates of warm-
ingincreased from+0.2 °C per decade between1961and1990to +0.3 °C
per decade during the 1991-2022 period®. Emerging evidence suggests
that highambient air temperatureis associated with anincreased risk
of stillbirth” 2,

Scholars have hypothesized pathophysiological pathways, mainly
informed by animal studies, broadly categorizing (1) indirect and
(2) direct pathways (Fig. 1). Indirect pathways include macro-level
factors, such as the negative effects of heat on health system respon-
siveness due to healthcare workers” exhaustion or on agriculture
affecting nutrition. Direct pathways include embryogenetic and fetal
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Fig.1|Hypothesized physiological, environmental and health system
pathways of the effect of extreme heat on perinatal outcomes. Direct effects

of heat may include placental changes and embryogenic/fetalimpacts. These
may lead to epigenetic changes, imprinting and other molecular effects. In the
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second and third trimester, these changes may lead to physiological effects, such
as fetal growth restriction, resulting in stillbirth and neonatal deaths. Inaddition,
indirectimpacts may have an effect through health system responsiveness or
through psychological factors, including stress and nutrition.

impacts as well as placental changes™. Physiological adaptation to
high temperaturesinvolves cellular changes and altered hormonal and
immune systems that generate placental changes. This mightincrease
the risk of hypertensive disorders®*'* and placental abruption™' or
trigger contractions'®" that directly affect survival of the fetus. Heat
canleadto epigenetic changes or altered imprinting that could result
inbirth defects'®, aknownrisk factor for stillbirth and neonatal death®.

Mechanisms at birth may include overwhelmed thermoregulation,
which may reduce central blood flow, resulting in placental hypoperfu-
sion'”?°, dehydration, hypovolemia and other physiological effects”.
Reduced placental capacity, oxidative stress and heat shock proteins
may trigger pretermbirth—thatis, birth before 37 weeks of gestational
age””. Preterm birth is a major risk factor for stillbirth and neonatal
mortality”’. Furthermore, heat stress may impair placental develop-
mentand spiral artery remodeling and increase the risk of hypertensive
disorders, another key risk factor for stillbirths>*', Placental abruption
hasalso been associated withambient temperature, directly affecting
survival of the fetus™¢.

Epidemiological studies conducted in high-income countries
suggest that the risk of stillbirth is due to the acute effect of ambient
temperature during the week before birth*>?*, It is important to note
that the underlying and immediate causes of stillbirth differ between
settings, which is why the evidence from high-income countries can
neither be generalized to sub-Saharan Africanor fully informthe devel-
opment of interventions for mitigation. In high-income countries,
most stillbirths occur in the antepartum period—that is, before labor
starts** . Causes of antepartum stillbirths are often multifactorial,
and nosingle underlying condition or cause may explain the death®.In
contrast, intrapartum stillbirths—the predominant type of stillbirth in
sub-Saharan Africa—are more often caused by direct obstetric compli-
cations, such as prolonged labor or acute fetal distress. However, only
two studies, both witha very limited number of intrapartum stillbirths
and both from high-income countries, have evaluated the effect of heat
by timing or causes of such deaths. The findings from these two studies
were inconclusive”?, Thus, there isinsufficient evidence on the effects

of heat onstillbirths as well as deaths immediately after birth specifi-
cally addressing the sub-Saharan African context”".

Insummary, current understanding of the impacts of extreme heat
on perinatal mortality isinsufficient””, and disaggregating the effects
of heat by time of death is crucial for designing specific public health
interventions. Forinstance, if women and their infants are most vulner-
ableduringbirth, infrastructural and operational changes in childbirth
facilities will need to be prioritized to address the increased risk".

Within the context of (1) rapidly rising temperatures in Africa, (2)
extremely high burden of perinatal mortality in sub-Saharan Africa
and (3) lack of studies to investigate the effect of extreme heat on
intrapartum stillbirths, our study investigated the association between
heat exposure in the final week of pregnancy and perinatal deaths,
disaggregated by timing of death (before and during labor). We com-
bined ambient temperature data with alarge clinical datasetincluding
births from 16 hospitals in Benin, Malawi, Tanzania and Uganda, and
we performed case-crossover analyses disaggregating associations
between heat exposure and perinatal mortality and antepartum and
intrapartum stillbirths.

Results

Population characteristics

This study included 138,015 singleton births from four sub-Saharan
African countries between 1July 2021 and 31 December 2023 (Table 1
and Supplementary Fig.1). Perinatal deaths included all stillbirths and
neonatal deaths occurring during the first 24 h of life (5,542; 4.0%).
Stillbirths constituted 4,886 (3.5%) of all births, of which 2,734 (56.0%)
were classified as antepartum and 2,152 (44.0%) as intrapartum, based
onskinappearance. The largest sample size of births was obtained from
Malawi (accounting for 36.6% of the total sample), whereas Tanzania
had the lowest sample size (17.3%). Benin had the highest rate of still-
births and perinatal deaths, accounting for 7.2% and 8.0% of all births,
respectively. Benin and Malawi showed the highest and lowest weekly
mean temperature before birth of 26.9 °C and 20.1 °C, respectively
(Table 1and Supplementary Fig. 2). Tanzania recorded the highest
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Table 1] Childbirth population (number of births) characteristics of 16 hospitals of Benin, Malawi, Tanzania and Uganda (July

2021to December 2023)
Benin Malawi Tanzania Uganda
(n=26,390) (n=50,491) (n=23,811) (n=37,323)
n/(%)
Outcomes
Stillbirth 1,893 (7.2) 944 (1.9) 369 (1.5) 1,680 (4.5)
Antepartum stillbirth 1,101(4.2) 469 (0.9) 159 (0.7) 1,005 (2.7)
Intrapartum stillbirth 792 (3.0) 475 (0.9) 210 (0.9) 675 (1.8)
Perinatal deaths 2,110 (8.0) 1,285 (2.5) 469 (2.0) 2,016 (5.4)
Population characteristics
Gestational age (mean, s.d.) 38.2(2.4) 37.8(1.6) 38.7(2.2) 38.4(21)
Maternal age (235 years) 3,943 (14.9) 4,424 (8.8) 3,792 (15.9) 3,340 (9.0)
Referred to hospital during childbirth 14,191(53.8) 4,629 (9.2) 1,133 (4.8) 5,246 (14.2)
HIV positive 353 (1.6) 1,658 (3.8) 730 (3.1) 1,191(3.4)
Hypertensive disorders 5,032 (19.1) 877(1.7) 1129 (4.7) 1,815 (4.9)
Two or more pregnancies 19,100 (72.4) 27,542 (54.6) 15,325 (64.4) 24,760 (66.4)
Sex (female) 13,866 (52.6) 26,033 (51.6) 12,022 (50.5) 18,595 (49.8)
Preterm births 4,432 (17.0) 5,284 (10.6) 3197 (13.5) 3,935 (11.1)
Low birth weight (<2,500g) 4,982 (19.0) 6,262 (12.4) 2,652 (11.1) 3,415 (9.2)
Prolonged/obstructed labor 1,617 (6.1) 4,210 (8.3) 2,390 (10.0) 2,540 (6.8)
Delivery mode
Spontaneous vaginal 13,578 (51.5) 41171 (81.5) 16,887 (70.9) 26,852 (72.0)
Cesarean 12,477 (47.3) 8,561(17.0) 6,758 (28.4) 10,347 (27.7)
Assisted vaginal birth 332(1.3) 759 (1.5) 165 (0.7) 120 (0.3)
Antepartum hemorrhage 740 (2.8) 350 (0.7) 170 (0.7) 663 (1.8)
Temperature indicators®
Mean temperature, °C (s.d.) 26.9(1.2) 201(2.9) 24.8 (1.6) 221(0.8)
Minimum temperature, °C (s.d.) 25.0 (1.1) 15.3 (3.1) 20.3(2.0) 18.8 (0.8)
Maximum temperature, °C (s.d.) 29.8(1.8) 25.2(3.0) 30.2(2.2) 25.9 (1.4)

Values are mean (s.d.) for continuous normal distributed variables, median (interquartile range) for continuous non-normal distributed variables and percentage for categorical variables.

“Mean values, week before birth (lag 0-6d).

average maximum temperature of 30.2 °C, and Benin had the highest
average minimum temperature of 25.0 °C.

Association between temperature and perinatal mortality
We observed an association (odds ratio (OR) =1.34, 95% confidence
interval (CI): 1.01-1.78, * = 0%) between heat exposure and perinatal
mortality withanincrease from the 75th to the 99th percentileinmean
temperature 1 week (lag 0-6 d) before childbirth (Fig. 2 and Supple-
mentary Table 2). We found similar positive risk estimates for stillbirths
with Cls including unity: OR =1.29 (95% C1 0.95-1.77, = 0%) for all
stillbirths; OR =1.18 (95% C10.71-1.95, I = 0%) for antepartum stillbirths
and OR =1.64 (95% C10.74-3.63, I = 63%) for intrapartum stillbirths.
Associations were stronger during the six hottest months of the year
with OR =1.91(95% CI1.13-3.25) for stillbirths and OR =1.96 (95% CI
1.33-2.89) for all perinatal deaths (Extended Data Fig. 1). Tanzania,
whichhad the smallest sample size, demonstrated more unstable effect
estimates with wide Cls for antepartum and intrapartum stillbirths.
Country-specific associations were otherwise consistent and showed
positive associations, with the exception of antepartum stillbirths in
Benin, whichincluded one tertiary hospital with very high referral rates.
Exploring the influence of modeling different exposure duration
periods during the last week of pregnancy on the associations between
temperature and birth outcomes, we observed similar associations

between stillbirths and all perinatal deaths with exposure during
the last two (lag 0-2) and the last seven (lag 0-6) days before birth
(Extended Data Fig.2). We observed the strongest evidence of an asso-
ciation using lag 0-2 d for antepartum stillbirths (OR =1.50 (95% CI
1.04-218)) and lag 0-6 d for intrapartum stillbirths. By incorporat-
ing two or three knots at higher percentiles, we found results that
were consistent with our primary approach (as shown in Extended
Data Fig. 3). However, with fewer knots at lower-percentile locations
(that is, less flexibility at high temperatures), we were unable to ade-
quately capture the effects of heat. We found very similar associa-
tions using maximum and minimum temperatures 1 week before birth
(Supplementary Table 2) but slightly stronger associations using
minimum temperatures for all stillbirths and maximum tempera-
tures for intrapartum stillbirths. When excluding births of women
whowere notreferred, thus probably more similar toageneral birthing
populationinthe countries, results remained largely consistent, except
for stillbirths, where the effect estimate was reduced, although the Cls
overlapped with those of the main model results (Extended Data Fig. 4).
In other sensitivity analyses, we observed similar associations using
the 50th percentile as centered values (Supplementary Table 3), and,
additionally, the effect estimates of temperature and perinatal mortal-
ity did not change after adjusting for relative humidity (Extended Data
Fig.5).Finally, we observed almostidentical estimates using the higher
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Fig.2| Country-specificand pooled estimates showing the associations of an
increase of temperature the week before birth (lag 0-6 d) fromthe 75th to
the 99th percentile and perinatal mortality of 16 hospitals in Benin, Malawi,
Tanzania and Uganda. This figure depicts the country-specific and pooled
estimates presented as ORs and 95% Cls (mean +1.96 x s.e.m.) obtained from
conditional logistic regression models. The estimates show the association of an
increase in temperature (from the 75th to the 99th percentile) the week before
birth (lag 0-6 d) onsstillbirths (n = 4,886) (a), antepartum stillbirths (n = 2,152)
(b), intrapartum stillbirths (n =2,734) (c) and perinatal deaths (n = 5,880) (d).
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Inthe case-crossover design, each case serves as its own control. We defined
control days as the same day of the week within the same month as childbirth.
The datawere obtained from 16 hospitals in four different countries, including
Benin (four hospitals), Malawi (four hospitals), Tanzania (four hospitals) and
Uganda (four hospitals). The vertical dashed line represents the value of the OR
obtained from the meta-analyses, and the size of the square corresponds to the
weight contribution to the meta-analyses. Estimates with smaller Cls had larger
squares and contributed with more weight to the meta-analyses.

(9 km x 9 km) and the lower (28 km x 28 km) resolution temperature
models (Extended Data Fig. 6). Finally, we observed that an increase
in mean temperature from the 75th to the 99th percentile in the third
trimester was associated with a higher hazard ratio for stillbirths and
perinatal mortality. No associations were found for the firstand second
trimesters (Extended Data Fig. 7).

Exposure-response curve

In the meta-regression, we observed a wide U-shaped exposure-
response curve between mean temperature and stillbirths and all peri-
natal deaths, indicating an elevated risk of stillbirths going from the
75th (around 25 °C) percentile until the highest temperatures (Fig. 3).
The steepest slope and highest risk were observed for intrapartum
stillbirths. Consistent cumulative exposure-response curves were
found using maximum and minimum temperatures, indicating that
the strongest associations were for intrapartum stillbirths for both
extreme sides of temperature (Extended Data Figs. 8 and 9).

Effect modification

Ineffect modification analyses, we found slightly stronger associations
between mean temperature and the different stillbirth outcomes in
babies of younger women (<35 years) and multiparous women and in
preterm births (Extended Data Fig. 10). Furthermore, the effect esti-
mates for HIV-positive women, women with hypertensive disorders
and women who gave birth to a preterm baby and extreme heat were
higher for stillbirths, intrapartum stillbirths and all perinatal deaths
combined but with wide Cls.

Discussion

Among 138,015 hospital-based singleton births in four sub-Saharan
African countries, we observed evidence to support associations
between heat exposure in the week leading up to the birth and peri-
natal mortality. Anincrease in mean temperature fromthe 75th to the
99th percentile was associated with a 34% increased risk of perinatal
mortality. Effect estimates for stillbirths were in the same direction
although did not reach statistical significance but suggested the
steepest increase for intrapartum stillbirth. Stronger associations

were observed for stillbirths and perinatal mortality during the six
hottest months of the year, further supporting these results. This study
had a high number (44%) of stillbirths that occurred during labor. Our
study adds evidence to a recent narrative review reporting positive
associations between heat and stillbirth in19 of 20 published studies"
and previous systematic reviews’?, increasing the number of studies
reporting on the effectin sub-Saharan Africa to a total of four studies.

The present study took place in countries with high perinatal
mortality. We included larger district or referral hospitals that bear a
larger share of births with obstetric complications although with wide
variations among the countries. The hospitalsin Benin had the highest
share of cases that were referred and had obstetric complications, thus
ahigh-risk case mix. The hospitals of Malawi, Tanzania and Uganda had
lower complication patterns, suggesting a more unselected case mix.
A comparative study using population-based datadescribed that about
30% of all live births take place in hospitalsin Benin, 33% in Malawi, 32%
in Tanzaniaand 37% in Uganda®®, supporting the relevance of our find-
ings despite the distinct case mix and higher-risk birthing population.

Comparing our effects of ambient temperature on stillbirth
mortality with other estimates is challenging as studies are hetero-
geneous in terms of exposure metric, unit change and time period
of effect. Generally, evidence is stronger for an acute effect of heat
(that is, in the last weeks or trimester of pregnancy)®>° than for a
delayed effect occurringin the first or second trimester?*°, Few stud-
ies have evaluated associations between temperature in the week
before birth and stillbirths, as we did. A recent systematic review and
meta-analysis’ included two studies from high-income countries using
the same analysis method (lag 0-6 d). This study reportedan OR =1.24
(95% CI1.12-1.36) increased risk of stillbirth for extreme heat exposure
in the week before birth, which is consistent with our estimate for
all stillbirths’.

The higher susceptibility toward heatin the third trimester and the
last few weeks of pregnancy®***"** motivated us to specifically examine
the last week before birth. The time-stratified case-crossover design
adjusts forindividual-level confounders that change slowly over time
(such as maternal age, wealth, gestational age, education, lifestyle and
socioeconomic conditions) as well as potential confounding by season
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Fig.3| Cumulative exposure-response curve between mean temperature
1 week before childbirth (lag 0-6 d) and perinatal mortality with 95% Cls.
The figure depicts the cumulative OR of stillbirths (n = 4,886) (a), antepartum
stillbirths (n =2,152) (b), intrapartum stillbirths (n = 2,734) (c) and perinatal
deaths (n=5,880) (d) and 95% CIs (mean + 1.96 x s.e.m.) (gray shadings). In the
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case-crossover design, each case serves as its own control. We defined control
days as the same day of the week within the same month as childbirth. The
figure represents the OR of temperature against the cumulative 75th percentile
of annual mean temperature. The corresponding 75th percentile temperature
values of each country can be found in Supplementary Table 2.

and day of the week. This design is particularly efficient at capturing
triggered health effects from short-term exposures and on outcomes
thatare temporally well defined. This might explain why we found the
strongest effect on intrapartum stillbirth where we have the highest
confidence of timing of death and, thus, least risk of exposure misclas-
sification. The stronger effect may also reflect indirect effects of heat
impacts on quality of healthcare delivery. However, our design did not
allow analysis of longer-term windows of susceptibility to ambient tem-
perature (for example, multiple weeks) as only short lags can be used
with confidence in case-crossover analyses?. Thus, our methodology
was not suited to capture the effect of heat in early pregnancy, such as
on epigenetic changes, imprinting and direct placental changes, nor
on prenatal effects of long-term exposure to temperature (Fig.1)*. In
our sensitivity analyses, we observed that longer-term exposure during
the third trimester was associated with perinatal mortality, supporting
thefocusontheexposure during the last part of pregnancy. However,
the long-term results should be interpreted with caution because
we lacked key confounders, such as smoking, wealth and education,
among others, that are important to adjust for when using analytical
methods, such as time-to-event analyses of long-term exposure. Addi-
tionally, because we had no information on the residential addresses
of the pregnant women, considering longer periods of exposure will
introduce a high risk of exposure misclassification due to a lack of
spatial contrast in exposure. Despite this, it isimportant to note that

vulnerabilities that accumulate at birth—for example, placenta insuf-
ficiency caused by heat stress in early pregnancy—may be worsened
by acute heat stress causing perinatal mortality.

We observed stronger estimates for associations between extreme
temperature and intrapartums stillbirths compared to antepartum still-
births or perinatal deaths. To our knowledge, only two previous stud-
ies, both from high-income countries, have attempted to report heat
effects by timing of fetal death, and findings were inconclusive?*®, Ha
etal.®reported similar effect sizes of extreme heat on antepartum ver-
susintrapartumstillbirths across 12 clinical centers across the United
States. Auger et al.” examined the effect of heat by cause of stillbirthin
Canadaand found some evidence that heat was more strongly associ-
ated withan ‘undetermined’ cause of death, which is more commonly
seen for antepartum stillbirths?. However, this study also reported
weak evidence of an association between extreme heat and maternal
complications, such as premature rupture of membranes—a complica-
tion leading more often to intrapartum stillbirth”. Furthermore, ina
study conducted in the United States, the risk of stillbirth associated
withthe effect of elevated temperature was higher among women with
placental abruption'. In our stratified analysis, we found no evidence
of an association between heat and women with antepartum hemor-
rhage, a possible sign and symptom of placental abruption. Inaddition,
we also found no evidence of an association between heat and pro-
longed labor, another frequent cause of intrapartum stillbirths, thus
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notsupporting the hypothesis that physical exhaustion and prolonged
labor may be an important pathway. However, it is important to note
that obstetricrisk factorsareinterrelated. For example, hypertensive
disorders, depending on severity, may lead to partial or full placental
abruption, which may cause either an antepartum or an intrapartum
stillbirth. Although recognizing the large uncertainty reflected by
the wide Cls, we observed a tendency for higher risks related to heat
on overall perinatal deaths, stillbirth and antepartum stillbirth in
women with hypertensive disorders, supporting previous evidence
of a potential causal mechanism®'*, However, it isimportant to note
that our results consider heat effects only in late pregnancy. Some
previous studies supported the hypothesis that heat exposurein very
early pregnancy increases the risk of preeclampsia, which may then
increase the risk of perinatal death (Fig. 1)*>". Our results point to an
additional effectin the last week of pregnancy, further increasing the
fetal vulnerability to heat exposure. Results disaggregating the effect
by HIV status were inconclusive in contrast with a study from Botswana
thatreportedincreased vulnerability to seasonal temperature changes
in HIV-positive women*’.

The main methodological strength of our study was the inclusion
of alarge number of stillbirths and perinatal deaths from an overall
population of 138,015 singleton births. The observations were col-
lected from diverse settings, including private and public facilities
and community, district and referral hospitals from four countries in
two different regions of sub-Saharan Africa with very different back-
grounds. We used a prospective design to analyze the associations
between extreme heat exposure and stillbirth and very early neonatal
mortality from sub-Saharan Africa. The prospective nature reduces
the misclassification error in determining the outcome and made it
possible to disaggregate antepartum and intrapartum stillbirths and
to expand the analysis to perinatal mortality. Although the data collec-
tion started in 2021 during the coronavirus disease 2019 (COVID-19)
pandemic, we think that the pandemic had no majorimpact. First, our
datashowed no changeinthe average number of births per hospitals—a
patternalso reported by others*. Second, there were limited changes
incarein our study hospitals, as reported elsewhere*’.

This study conducted in sub-Saharan Africa disaggregated
antepartum and intrapartum stillbirths and perinatal mortality to
examine the effect of extreme heat. Intrapartum stillbirths have
become rare in most high-income settings because of appropriate
obstetric management, but they contribute to almost half of all still-
birthsinsub-Saharan Africa, whichis why we think that our analysisis
of particular relevance®.

However, our study also had limitations. First, this is a hospital-
based study and, thus, includes a selected birthing population with a
relatively high proportion of childbirth complications. In Benin and
Uganda, 53.8% and 14.5% of women were referred, respectively, sug-
gestingavery highrisk of adverse events. Other analyses of this sample
highlight the association between obstetricrisk factors and perinatal
mortality*’. Considering that our study includes births taking place
only in hospitals, but not in lower-level health centers or at home, we
caution against generalizing our findings to wider populations. Our
analysis is representative of only about 30-40% of all births that take
place in hospitals, and studies from sub-Saharan Africa indicate that
poorer women livingin remote and rural areas, as well as those women
with many children, are underrepresented in hospital birthing popula-
tions****. However, such women may be more vulnerable to heat stress.

Although our data collection approach aimed to ensure quality
reporting of clinical risk factors, potential low reporting of factors,
such as milder hypertensive disorders, must be taken into considera-
tion. However, these limitations are not likely to confound our results
because the case-crossover design analyzes associations within indi-
vidual comparisons, but they might overlook differences in susceptibil-
itiesinsubpopulations. One of the assumptions of the individual-level
case—crossover design is invariance of the individual-level baseline

risk in the referent window (the month of birth, in our example). This
is usually considered a reasonable assumption with outcomes such
as mortality or hospital admissions, but it might not hold entirely for
stillbirths, whose risk is expected toincrease in the last weeks of gesta-
tion. Although we expect that the bi-directional approach of control
selection would partially minimize this risk, we cannot entirely rule out
residualbiasin our effect estimates*. Furthermore, we did not know the
exact time of death of the antepartum births, which might have intro-
duced misclassificationbias. The hospital-based data collection meant
that we must assume that the temperature in the hospital was similar
to the women’s home. Catchment areas of hospitals typically include
aradius of 10-30 km as we described, for example, in Tanzania*. The
granularity of the Copernicus Climate Dataused included both 28-km
and 9-km grids that gave similar results (https://cds.climate.coper-
nicus.eu/), and, thus, we think that the potential bias introduced by
using the hospital location instead of the mothers’ place of residence
is acceptable”. This is further supported by the fact that short-term
temperature changes have higher temporal variability compared to
spatial variability. In other words, relative changes in temperature
willbe similar acrossrather large areas. Moreover, mean temperature
hastypically been assumed to be the appropriate temperature metric
relevant to health effects; we tested that assumption in sensitivity
analyses and observed some evidence to indicate stronger effects
using the maximum temperature, similar to some previous studies® -,

Our findings are in line with previous studies and lead to an
increased understanding of the effect of extreme heat on perinatal
mortality; however, more research is required to understand the
pathophysiology behind effects of extreme heat onintrapartum still-
births versus antepartum stillbirths. Large datasets with clinical,
physiological, socio-demographic and behavioral data are required
for this type of analysis. Indirect pathways, although hypothesized,
have not been well established*. We do not know the effect of heat on
maternal stress or on health system functioning, both of which are
importantinsub-Saharan Africa. The effect of ambient temperature on
healthcare workers’ performance in sub-Saharan Africa has received
little attention but could also contribute to stillbirths. Arecent study
from Australia points to increased fatigue in surgeons exposed to
temperature of 31 °C even with limited exposure of 2-3 h (ref. 48).
Heat exposure of healthcare workers may, thus, exacerbate further
quality-of-care deficiencies in these settings where labor rooms are
not temperature controlled.

Our findings highlight the need to considerimproved protection
of pregnant and laboring women from adverse effects of rising tem-
peratures. Early warning systems and health promotion recommenda-
tions are warranted, such as use of shaded environments as outlined
by experts*". We would like to highlight that appropriate and timely
obstetric management has the potential to nearly eliminate intrapar-
tum stillbirths, which is why this study underscores the importance
of quality intrapartum care. In response, the concept of respectful,
responsive and high-quality intrapartum care is even more relevant
to mitigate heat-related deaths. Additional measures may include
re-designing clinics and labor wards to reduce heat impacts through
improved construction, allowingair flow and roof insulation, combined
with the creation of green spaces near the labor ward®.

Our results provide support for an increased risk of perinatal
mortality with heat exposure during the last week of pregnancy in
sub-Saharan Africa. Although our findings are not conclusive for all
estimates, we provide much-needed evidence fromaregion where, to
date, few empirical studies are published but where climate change and
increasing temperatures are of particular concern. Increased efforts
are needed to improve the quality of intrapartum care to ensure that
hard-won improvements in mortality in sub-Saharan Africa are not
reversingdueto heatexposure. Furthermore, implementation research
is needed to develop appropriate interventions to protect pregnant
women from the negative effects of extreme heat.
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Ethics and inclusion statement

The ALERT study was approved by local and national institutional
review boards with details provided in our protocol paper°. It was
approved by the following: Karolinska Institutet, Sweden (Etikproévn-
ingsmyndigheten—Dnr 2020-01587); Uganda National Council for
Science and Technology (UNCST)—(HS1324ES); Muhimbili University
of Health and Allied Sciences (MUHAS) Research and Ethics Commit-
tee, Tanzania (MUHAS-REC-04-2020-118); Aga Khan University Ethical
Review Committee, Tanzania (AKU/2019/044/fb); College of Medi-
cine Research and Ethics Committee (COMREC), Malawi—(COMREC
P.04/20/3038); Comité National d’Ethique pour laRecherche en Santé,
Cotonou, Bénin—(83/MS/DC/SGM/CNERS/ST); the institutional review
board at the Institute of Tropical Medicine Antwerp; and the Ethics
Committee at the University Hospital Antwerp, Belgium—(ITG1375/20.
B3002020000116).

Approval from all participating countries exempted the study
from requiring individual informed consent from women and their
fetus, as only routinely documented and abstracted data were col-
lected in the ALERT perinatal e-registry. This is a common approach
also done in high-income countries, such as Sweden®', to address dif-
ficulties to obtain consent during labor*’. Data were de-identified
and did not include any socio-demographic information of wealth,
education or place of living, which would have required consent. This
guaranteed meticulous protection of privacy and confidentiality for
all participants.

The ALERT consortium is committed to equitable inclusion and
authorship. The authorship listincludes all ALERT members who con-
ceptualized the trialand supported the data collection, including qual-
ity assurance and processing of the data. Authorship and contributions
arediscussed during monthly consortium meetings, whichincludeaall
members. All publications are internally reviewed before submission
asoutlined in our ALERT publication and data use policy. Authorship
ofkey analysis papersinvolving all four countries are discussed within
the ALERT steering committee meetings involving the country prin-
cipalinvestigators and work package leaders. Our ALERT consortium
includes three postdoctoral researchers, six PhD students and over
15 MSc students, supporting our strong capacity-building commit-
ment. Most MSc students, PhD students and postdoctoral fellows are
from low-resource settings and are female. Local knowledge is taken
into consideration throughout the study implementation through
co-design and work package meetings. An increasing number of
papersarebeing published onissues relevant to ALERT members—see
https://alert.ki.se/.

The idea of this study was born out of the increased recognition
andinterest of the effect of climate change and increasing temperature
withinthe ALERT consortium. Conceptualization and methodological
approaches of the present study were discussed during Zoom meetings
includingall authors and has sparked further discussions and develop-
ment of academic work.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41591-024-03245-7.
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Methods

Data source and study population

This study included singleton births from a prospective observational
studyin16 hospitalsin Benin, Malawi, Tanzaniaand Uganda, whichwere
collected as part of the Action Leveraging Evidence to Reduce perinatal
morTality and morbidity (ALERT) study*’. Benin, Malawi, Tanzania and
Uganda are low-income and lower-middle-income countries facing a
large perinatal mortality burden'. They are categorized as low-income
or lower-middle-income countries with real gross domestic product
per capita of between US$1,500 (Malawi) and US$3,300 (Benin) (Sup-
plementary Table1). Uptake to antenatal and childbirth care in facilities
isimproving, but health systems are weak. Childbirth care faces larger
out-of-pocket expenses, particularly in Benin and Uganda, restricting
preventive uptake of hospital care.

Ineach of the countries, four medium-size hospitals wereincluded
with more than 2,500 births per annum. Hospitals were typically dis-
trict or regional public and private-non-profit (faith-based) facilities,
although the national referral hospital in Cotonou, Benin, also took
part in the study. In this analysis, we included all mother-baby pairs
admitted for childbirth in any of the hospitals between 1 July 2021
and 31 December 2023. We excluded mother-baby pairs who were
referred to the hospitals after giving birth. Data were entered daily by
data clerks who were nurses or midwives in the maternity ward of each
hospital. Aninitial 2-day training, subsequent regular on-site supervi-
sionand a WhatsApp group supported the data collection. Data were
abstracted from standardized paper-based case notes and abstracted
into a pre-programmed harmonized perinatal e-registry using the
Research Electronic Data Capture (REDCap) platform. The applica-
tion had in-build checks for completeness, ranges and consistencies.
Initially weekly, later monthly, Zoom calls checked for completeness
of the data entry. Furthermore, prepared do-files preparing initial
analysis allowed the follow-up of alarger number of indicators to criti-
cally review face validity; protocol details are published elsewhere®.
Observations with missing outcome (n = 85) and exposure (n =145) data
were removed from the dataset (Supplementary Fig. 1).

ALERT isregistered (17June 2020) in the Pan African Clinical Trial
Registry at 202006793783148. The ALERT study was approved by the
Swedish Ethical Authority and in each participating country, with
details provided in our protocol paper®. Approval from all participat-
ing countries exempted the study from informed individual consent
from women and their fetuses, as only routinely documented and
abstracted data were used in the ALERT perinatal e-registry, and data
were de-identified.

Outcome assessment

Our main outcomes were stillbirths (including both antepartum and
intrapartum deaths) and very early neonatal deaths documented
in REDCap by nurses or midwives in each hospital®. Stillbirths were
defined as the death of a fetus before birth, weighing at least 1,000 g,
and which could not be resuscitated after birth. Perinatal deaths
included both stillbirths and deaths within the first 24 h (very early
neonatal deaths). We chose 24 h as a cutoff as mothers were usually
discharged the day after birth. Data collectors and nursing staff in
the study hospitals were trained to distinguish antepartum and intra-
partum stillbirth based on skin appearance rather than in relation to
onset of [abor. Because skin disintegrationis considered tobegin12 h
after death, macerated stillbirth is assumed to have occurred before
the onset of labor, and fresh stillbirth after, and these were used as a
proxy forantepartumand intrapartum stillbirth, respectively. Training
protocols followed national standards. Our investigation into the data
confirmed that dataare morereliable when using the physical appear-
ance. First, fetal heart rate is more often not reported for macerated
stillbirths; health providers may be unsure if the fetal heartrate is not
presentand then decide not to document at all. Second, women often
reach the hospital late inlabor, particularly if they are referred, which

iswhy anegative fetal heart beat atadmission cannotbe used as aclear
indication that the baby was already dead when labor started.

Other obstetric variables for stratified analysis

For the stratified analysis, we considered obstetric variables that were
collected as part of our perinatal e-registry. Information was abstracted
by nurses or midwives from antenatal care cards (for example, maternal
age and HIV status), retrieved from admission files (for example, com-
plications such as hypertensive disorders and antepartum bleeding)
or clinicalfiles (for example, babies’ sex and birth weight) and entered
into the electronic REDCap perinatal e-registry form®.

Exposure assessment

We obtained daily mean temperatures at2 mfromthe European Centre
for Medium-Range Weather Forecasts (ECMWF) at a 9 x 9-km resolu-
tion (0.1° x 0.1°). Data were freely downloaded from the Copernicus
Climate Datastore (https://cds.climate.copernicus.eu/). We linked the
daily mean temperatures at the specific grid of ECMWF within which
each hospital was located and estimated the daily mean temperature
for each day during the last week of each pregnancy (lag 0-6 d). We
further extracted 24-hourly data from the ECMWG to estimate the
mean, maximum and minimum values. In addition, we included daily
dew point temperature at 2 m obtained from the ECMWF to estimate
relative humidity using the Magnus formula, whichincorporates both
airand dew point temperatures®*.

Statistical analysis

Weestimated the association between multiple short-termair tempera-
ture metrics the week before birth (lag 0-6 d) and perinatal mortality
using a case-crossover design. This design has been widely used in
short-termstudies, including for the association between temperature
and perinatal mortality*. The major advantage of the case-crossover
designis that each case serves as its own control, allowing for precise
adjustment of individual-level confounders that remain constant or
change slowly over time, such as age and obstetric risk factors®. In
our study, we adopted a bi-directional asymmetrical time-stratified
strategy to select control days for each case that has been shown to
provide unbiased estimates®. This strategy involves defining control
days as the same day of the week within the same month as childbirth.
By employing this approach, we can effectively control for day of the
week and other short-term temporal trends, as the cases and controls
are closely matched in time. Additionally, the separation of cases and
controls by 7 d helps reduce serial autocorrelation in exposures and
outcomes®. We first applied country-specific distributed-lag non-
linear models with the conditional logistic regression to evaluate the
association between temperature metrics the week before birth (lag
0-6 d) and perinatal mortality. Previous studies found consistent
nonlinear relationships (U-shaped and J-shaped) between tempera-
ture and mortality outcomes®*”. To account for this nonlinearity,
we applied a natural cubic spline with three internal knots placed at
the 10th, 75th and 90th percentiles of country-specific temperature
distributions and the lag-response curve with a natural cubic spline
with three internal knots placed at equally spaced values in the log
scale. This selection was based on previous literature to capture the
effect of warm temperatures®°®, We then summarized therisk for heat,
computing the ORs and 95% Cls and comparing the 99th percentile
versus the 75th percentile of the annual temperature distribution. We
applied this percentile to accurately reflect the warm season, as the
estimated minimum mortality temperature (MMT) insome countries
was set at very low levels of the temperature distribution. The MMT
was evaluated as the lowest point in the temperature range from the
country-specific temperature—perinatal mortality curves®. We consid-
ered the week before the birth period (lag 0-6 d) as our reference expo-
sures because previous studies indicated this tobe the period of highest
susceptibility®?%*”*8 In the second stage, we applied arandom-effects
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meta-analytical model to pool the country-specific estimates of asso-
ciations of temperature and perinatal deaths. We applied meta-analyses
rather than pooled analysis to account for country-specific differences,
suchas demographic characteristics, socioeconomicstatus, healthcare
infrastructure, environmental conditions, cultural practices and levels
of perinatal mortality, all of which can influence the magnitude and
direction of the observed associations. We calculated / statistics and
used Cochran’s Q test to evaluate the between-country heterogeneity.
Toobtainthe overall shape of the association between temperature and
perinatal mortality, we applied amultivariate meta-regression to pool
the country-specific exposure response using a validated approach
used in previous studies®**°, Statistical analyses were performed using
Rsoftware (version 3.6.2).

To evaluate the robustness of our results, we applied several sen-
sitivity analyses. First, we evaluated the effect of temperature 1 week
before birth (lag 0-6 d) onsstillbirths during the six consecutive hottest
months for each country to capture extreme heat events. Second, we
explored different lag patterns, including single lag of same day (lag0),
2-dlag (lag 0-1) and 3-d lag (Iag 0-2), to identify different windows of
vulnerability. Third, to validate our initial selection of knot placements
atthe10th, 75th and 90th percentiles, we conducted an evaluation of
the heat effect by applying a varying number of knots and adjusting
their locations (one knot at the 50th and 75th, two knots at the 25th and
50th, twoknots at the 50th and 75th, two knots at the 50th and 90th, two
knots at the 75th and 90th, three knots at the 10th, 50th and 90th and
threeknots at the 25th, 50th and 75th). Fourth, we evaluated the asso-
ciations of maximum and minimum temperature the week before birth
(lag 0-6 d) on perinatal mortality. Fifth, we excluded women who were
referred, as the patients may have traveled much greater distances. This
non-referred subpopulation may also be closer to the general birthing
population. Sixth, we used the 50th percentile as our reference value
(in comparison to the 75th value) to evaluate a consistent increase in
temperature across countries. Seventh, we adjusted for relative humid-
ity theweek beforebirth (lag 0-6 d). Eighth, we compared our 9 x 9-km
resolution temperature values with the coarser 28 x 28-kmresolution
model, also from the ECMWF, to account for alarger coverage area, as
we did not have information about the proximity where the mothers
were living from the hospital. Finally, because acute exposures may
potentially also be correlated with longer-term exposures, we further
evaluated the association between trimester-specific mean tempera-
ture exposure and the development of perinatal deaths by applying a
time-to-eventapproach considering gestational age as the time axis. We
applied aproportional Cox model adjusted for month of birth, year of
conception, sex of the child, maternal age and number of pregnancies.
We did not consider this as our main analysis, as our initial hypothesis
and analysis plan focused on short-term exposures.

We further stratified the analyses by some key effect modifiers
that could potentially modify the associations between short-term
exposure of ambient air pollution and still births. The key modifiers
included maternal age, HIV status, hypertensive disorders, number of
pregnancies, sex of the child, preterm births, low birth weight, labor
complication and antepartum hemorrhage.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The perinatal e-registry data will be made publicly available 3 years
after the finalization of the trial—thus, as of 31 December 2027—as
outlinedin our datamanagement planand publication policy. The data
are available earlier upon reasonable request, and any person want-
ing to use the data before this date will need to request to the ALERT
steering committee headed by the corresponding author. Access will
berestricted if ALERT members are carrying out or planning a similar

analysis. The ALERT steering committee will handle the request and
provide a response within 1 month. If the ALERT steering committee
gives a positive decision, datawill be released promptly. The tempera-
ture data are freely available from the Copernicus Climate Data store
(https://cds.climate.copernicus.eu/).

Code availability
The codes are uploaded on GitHub: https://github.com/jdebont/
Heat _stillbirth_Hanson_deBont_NatureMedicine_Rcodes.
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Extended Data Fig.1| Associations between mean temperature the and 95% confidence intervals obtained from conditional logistic regression
week before birth (lag 0-6) and perinatal mortality during the 6 hottest models. The estimates show the association of anincrease in temperature
consecutive months. Sensitivity Analysis: The figure depicts the pooled (from the 75" to the 99'" percentile) the week before birth (lag 0-6) onsstillbirths,
estimates for the whole year (grey line, main analysis) and during the 6 hottest antepartum stillbirths, intrapartum stillbirths, and perinatal deaths.

consecutive months (black line). The estimates are presented as odds ratio (OR)
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Extended Data Fig. 2| Associations between mean temperature the week intervals obtained from conditional logistic regression models. The estimates
before birth (lag 0-6) and perinatal mortality by different lags (0, 0-1, 0-2 show the association of an increase in temperature (from the 75" to the 99"
and 0-6). Sensitivity analysis: The figure depicts the pooled estimates for percentile) the week before birth (lag 0-6) onstillbirths, antepartum stillbirths,
increasing numbers of lags: 0, 0-1, 0-2, and 0-6 (with the last being our main intrapartumsstillbirths, and perinatal deaths.

approach). The estimates are presented as odds ratio (OR) and 95% confidence
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Extended Data Fig. 3| Associations between mean temperature and perinatal
mortality by number of knots and their location. Sensitivity analysis:

The figure depicts the pooled estimates evaluating heat effect by applying a
varying number of knots and adjusting their locations (1 knot at the 50" and

75, 2 knots at the 25" and 50", 2 knots at the 50" and 75", 2 knots at the 50* and
90™, 2 knots at the 75" and 90™, 3 knots at the 10, 50", and 90", and 3 knots at

the 25™, 50™, and 75"). Our main modelincluded 3 knots at the 10, 75" and 90"
percentile. The estimates are presented as odds ratio (OR) and 95% confidence
intervals obtained from conditional logistic regression models. The estimates
show the association of anincrease in temperature (from the 75" to the 99"
percentile) the week before birth (lag 0-6) on stillbirths, antepartumsstillbirths,
intrapartumsstillbirths, and perinatal deaths.
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Extended Data Fig. 4| Associations between mean temperature the week to the general birthing population The estimates are presented as odds ratio

before birth (lag 0-6) and perinatal mortality comparing the main exposure (OR) and 95% confidence intervals obtained from conditional logistic regression
model and excluding the referral births. Sensitivity analysis: The figure depicts =~ models. The estimates show the association of anincrease in temperature

the pooled estimates from our main analysis (black line) and excluding the (from the 75" to the 99'" percentile) the week before birth (lag 0-6) on stillbirths,
referral births (grey line). Women referred as the patients may have travelled antepartum stillbirths, intrapartum stillbirths, and perinatal deaths.

much greater distances. This non-referred sub-population may also be closer
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Extended Data Fig. 5| Associations between mean daily temperature the obtained from conditional logistic regression models. The estimates show the
week before birth (lag 0-6) and perinatal mortality adjusted by relative association of anincrease in temperature (from the 75" to the 99" percentile) the
humidity. Sensitivity analysis: The figure depicts the pooled estimates adjusting ~ week before birth (lag 0-6) onstillbirths, antepartumsstillbirths, intrapartum
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The estimates are presented as odds ratio (OR) and 95% confidence intervals
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Extended Data Fig. 6 | Associations between mean temperature the week as odds ratio (OR) and 95% confidence intervals obtained from conditional
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Extended Data Fig. 7| Associations between trimester-specific mean
temperatures (99" vs 75" percentile) during pregnancy and perinatal
mortality. Sensitivity analyses: The figure depicts the pooled estimates
comparing trimester-specific mean temperatures (99" vs 75" percentile) during
pregnancy and perinatal mortality. The estimates are presented as hazard ratios
(HR) and 95% confidence intervals obtained from a Cox proportional hazard

model. Models were adjusted for month of conception, year of conception,
sex of child, maternal age and number of pregnancies. The estimates show
the association of an increase in mean temperature (from the 75" to the
99" percentile) during the first, second and third trimester onsstillbirths,
antepartum stillbirths, intrapartum stillbirths, and perinatal deaths.
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temperature against the cumulative 75" percentile of annual mean maximum
temperature. The corresponding 75" temperature values of each country can be
found in Supplementary Table 2.
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low birthweight, labour complication and antepartum haemorrhage (APH).

The estimates are presented as odds ratio (OR) and 95% confidence intervals
obtained from conditional logistic regression models. The estimates show the
association of anincrease in temperature (from the 75" to the 99" percentile) the
week before birth (lag 0-6) onsstillbirths, antepartum stillbirths, intrapartum
stillbirths, and perinatal deaths.

Extended Data Fig. 10 | Stratified analyses of effect modifiersin the
associations between high temperature the week before birth (99" vs 75"
percentile) and perinatal mortality. The figure depicts the stratified pooled
estimates by some key effect modifiers that could potentially modify the
associations between short-term exposure of ambient air pollution and still
births. The key modifiers included maternal age, HIV status, hypertensive
disorders, number of pregnancies, sex of the child, pretermbirths,
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Recruitment We included all mother-baby pairs admitted for childbirth in any of the hospitals between 1st July 2021 and 31st December
2023. We excluded mother-baby pairs who were referred to the hospitals after giving birth.

Ethics oversight Karolinska Institutet, Sweden (Etikprovningsmyndigheten—Dnr 2020-01587). Uganda National Council for Science and

Technology (UNCST)— (HS1324ES). Muhimbili University of Health And Allied Sciences (MUHAS) Research and Ethics
Committee, Tanzania (MUHAS-REC-04-2020-118) and The Aga Khan University Ethical Review Committee, Tanzania
(AKU/2019/044/fb). College of Medicine Research and Ethics Committee (COMREC), Malawi—(COMREC P.04/20/3038).
Comité National d’Ethique pour la Recherche en Santé, Cotonou, Bénin—(83/MS/DC/SGM/CNERS/ST). The Institutional
Review Board at the Institute of Tropical Medicine Antwerp and The Ethics Committee at the University Hospital Antwerp,
Belgium—(ITG 1375/20. B3002020000116).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size was determined by the main trial. See https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-021-07155-z
We used all data available.

Data exclusions  We excluded multiple births. (approximately 1.6% of births). This was done as twin pregnancies face a very high mortality risk (4-6-fold
increase). In addition, the analysis is complicated by the clustering of birth on one mother, why most epidemiological studies exclude
multiples.

Replication We have included the analysis files.
Randomization  no randomization for this study

Blinding no blinding

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Clinical data

Involved in the study

Eukaryotic cell lines

n/a | Involved in the study

|Z |:| ChiIP-seq
|:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration ALERT is registered (June 17, 2020) in the Pan African Clinical Trial Registry at 202006793783148

Study protocol

Data collection

Qutcomes

Plants

https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-021-07155-z

This study included singleton births from a prospective observational study in 16 hospitals in Benin, Malawi, Tanzania and Uganda
collected as part of the Action Leveraging Evidence to Reduce perinatal morTality and morbidity (ALERT) study.50 Benin, Malawi,
Tanzania and Uganda are low- and lower middle-income countries, facing a large perinatal mortality burden.1 The countries are
categorised as low or lower-middle income countries with Real Gross Domestic Product per capita of between 1,500 (Malawi) to
3,300 (Benin) US dollar (Supplementary Table S1). Uptake to antenatal and childbirth care in facilities is improving but health systems
are weak. Childbirth care faces larger out-of-pocket expenses, particular in Benin and Uganda, restricting preventive uptake of
hospital care.

In each of the countries, four medium-size hospitals were included with more than 2500 births per annum. Hospitals were typically
district or regional public and private-for-nonprofit (faith-based) facilities, although the national referral hospital in Cotonou, Benin
also took part in the study. In this analysis, we included all mother-baby pairs admitted for childbirth in any of the hospitals between
Ist July 2021 and 31th December 2023. We excluded mother-baby pairs who were referred to the hospitals after giving birth.

Our main outcomes were stillbirths (including both ante- and intrapartum deaths) and very early neonatal deaths documented in
REDCap by nurse-midwives in each hospital. Stillbirths were defined as the death of a foetus before birth, weighing at least 1000
grams, and which could not be resuscitated after birth. Perinatal deaths included both stillbirths and deaths within the first 24 hours
(very early neonatal deaths). We chose 24 hours as a cut-off as mothers were usually discharged the day after birth.

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was upplied: ) )
Describe-any-atithentication-procedures for-each seed stock-tised-or-novel- genotype generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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