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Summary
Background Climate change, in particular the exposure to heat, impacts on human health and can trigger diseases.
Pregnant people are considered a vulnerable group given the physiological changes during pregnancy and the
potentially long-lasting consequences for the offspring. Evidence published to date on higher risk of pregnancy
complications upon heat stress exposure are from geographical areas with high ambient temperatures. Studies
from geographic regions with temperate climates are sparse; however, these areas are critical since individuals
may be less equipped to adapt to heat stress. This study addresses a significant gap in knowledge due to the
temperature increase documented globally.

Methods Birth data of singleton pregnancies (n = 42,905) from a tertiary care centre in Hamburg, Germany, between
1999 and 2021 were retrospectively obtained and matched with climate data from the warmer season (March to
September) provided by the adjacent federal meteorological station of the German National Meteorological Service to
calculate the relative risk of heat-associated preterm birth. Heat events were defined by ascending temperature
percentiles in combination with humidity over exposure periods of up to 5 days. Further, ultrasound data
documented in a longitudinal prospective pregnancy cohort study (n = 612) since 2012 were used to identify
pathophysiological causes of heat-induced preterm birth.

Findings Both extreme heat and prolonged periods of heat exposure increased the relative risk of preterm birth (RR:
1.59; 95% CI: 1.01–2.43; p = 0.045; RR: 1.20; 95% CI: 1.02–1.40; p = 0.025). We identified a critical period of heat
exposure during gestational ages 34–37 weeks that resulted in increased risk of late preterm birth (RR: 1.67; 95% CI:
1.14–1.43; p = 0.009). Pregnancies with a female fetus were more prone to heat stress-associated preterm birth. We
found heat exposure was associated with altered vascular resistance within the uterine artery.

Interpretation Heat stress caused by high ambient temperatures increases the risk of preterm birth in a geographical
region with temperate climate. Prenatal routine care should be revised in such regions to provide active surveillance
for women at risk.
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Research in context

Evidence before this study
Pregnancy leaves women especially vulnerable to external
stressors. Climate change therefore poses a significant risk of
maternal and fetal health. Recently, an increasing number of
studies indicate that high temperatures and subsequent heat
stress increases the risk of pregnancy adversities such as
preterm birth, stillbirth, and low birth weight. Still, the
majority of studies were conducted in geographical regions
with high average temperatures, leaving a blind spot to the
effects of heat periods in regions with temperate climate.
Also, even though the harmful effects of excessive heat
exposure during pregnancy have been demonstrated, no
pathophysiological mechanism has been reported that
triggers premature birth following heat stress.

Added value of this study
Although the number of studies addressing the consequences
of heat stress in the context of pregnancy is slowly picking up,
data originating from regions with temperate climate are still
sparse, even though individuals lack acclimatization to high
temperatures. We address this gap by investigating the effect
of heat exposure on pregnancy outcome in Hamburg,
Germany, a northern European city. In order to meet the
ambiguity of published heat stress definitions, our study

provides the direct comparison of the maximum temperature
and apparent temperature, which includes humidity as a
factor. Additionally, we depict temperature intensity based on
ascending temperature percentiles for varying exposure
intervals, which allows to draw conclusion on the effects of
both heat intensity and exposure duration. Our study uses
data provided by a single clinical centre, which results in a
high homogeneity and quality of data acquisition especially
relevant in the field of pregnancy care. Finally, by using
ultrasound data, our study seeks to provide a starting-point
for the identification of pathophysiological causations related
to heat-associated pregnancy adversities.

Implications of all the available evidence
Our study highlights the increased risk of late preterm births
due to heat stress in a geographical region with temperate
climate. This emphasizes the need of health care professionals
such as obstetricians to address heat-induced health
adversities in regions of the geographical north. Also, we
illustrate the importance of an adequate heat stress
definition, since the observed effects highly depends on the
heat intensity, duration and multifactorial parameters, e.g.,
humidity.
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Introduction
Pregnancy is often compared to a ‘stress test’ given the
physiological changes that occur such as increased res-
piratory rate and cardiac output1,2 and hence, it is not
surprising that the course of pregnancy can be easily
jeopardized by environmental challenges. Challenges
assessed over the last decades mostly focused on
maternal infections, distress, disadvantageous socio-
economic status and others, which could all be linked
to adverse birth outcomes.3,4 In the context of the
climate crisis, exposure to high ambient temperatures
and consequential heat stress now has to be considered
among the challenges that may interfere with pregnancy
progression and birth outcomes.5

Strikingly, pregnant women have largely been un-
derrepresented in studies assessing the effect of heat
stress carried out to date.6 Yet, it has been proposed that
25,000 infants per year experience a reduction in
gestational length in the US as a direct consequence of
maternal heat stress.7 Similarly, a recent study
concluded that from 2010 to 2020 13,000 preterm births
in China were caused by heatwaves.8

Insights emerging from studies focusing on
geographical areas world-wide with high average tem-
peratures highlight that heat stress is related to an
increased risk of pregnancy complications.9–13 Clearly,
the women assessed in these studies were mostly fully
acclimatized to high ambient temperatures,14–19 whereas
studies from geographical regions with temperate
climate remain sparse.20–23 Pregnancy complications that
these studies focused on include low fetal weight, still-
birth and preterm birth, the latter defined as delivery of
the baby before 37 completed weeks of gestation.11,24,25

Preterm birth affects approximately 11% of all
pregnancies worldwide and is one of the most common
causes for infant morbidity and mortality. Despite
ongoing medical progress, a reduction of preterm birth
incidence could not be achieved over the last decade.
Therefore, a possible risk perpetuation that may be
caused by the ongoing climate crisis must be urgently
evaluated.26,27

The aim of the study we here present was to identify
the impact of heat exposure on the risk of preterm birth
in Hamburg, Germany, a northern European city with
temperate climate. We utilized registry data on birth
outcomes documented over the last two decades in the
University Medical Centre Hamburg-Eppendorf, a ter-
tiary care centre in northern Germany. We evaluated the
maximum as well as the apparent temperature, which
also considers humidity, to enable a direct comparison
to results from studies which solely focused on one of
these criteria. Since extreme temperatures can affect the
circulatory system during pregnancy due to difficulties
in heat dissipation and thermoregulation,28–31 we lever-
aged ultrasound data documented in the PRINCE study
(Prenatal Identification of Children’s Health), a longi-
tudinal prospective pregnancy study performed in
Hamburg since the year 2012, to identify heat stress-
www.thelancet.com Vol 93 July, 2023
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associated vascular pathogenesis of pregnancy
complications.
Methods
Description of study populations
Registry study
Our analysis of heat exposure and preterm birth was
based on data on pregnancy outcome retrospectively
retrieved from the central electronic patient registry of
the Department of Obstetrics and Fetal Health, Uni-
versity Medical Centre Hamburg-Eppendorf; an urban
university hospital providing tertiary medical care for
more than 497,000 patients per year. We included
anonymized data from singleton live births docu-
mented between the years 1999 and 2021 (n = 42,905)
by the attending physicians. The size of our cohort is
determined by the availability of documented patient
data in the electronic clinic data base, which was
implemented in 1999. The data base query was per-
formed in December 2021 by an authorized clinician.
Gestational age (GA) was determined in weeks by the
last menstrual period and corrected by first trimester
ultrasound, if applicable. We restricted our analyses on
birth data obtained during the warmer season of each
year, between March and September, as no heat
exposure periods occurred outside this seasonal time-
span. This restriction resulted in a final study size of
n = 25,624.

PRINCE study
The effect of heat stress-associated vascular pathogen-
esis during pregnancy was determined using data
documented in the PRINCE study. This is a prospective
longitudinal pregnancy study initiated in 2011 at the
Department of Obstetrics and Prenatal Medicine of the
University Medical Centre Hamburg-Eppendorf. The
PRINCE study included women at an age ≥18 with a
viable pregnancy at 12–14 weeks of gestation. Women
with chronic infections, known drug or alcohol abuse,
multiple pregnancies or pregnancies induced by assis-
ted reproductive technology were excluded. In this
study, maternofetal ultrasound was performed at GA of
12–14, 24–26 and 34–36 weeks. At the time point of
analysis, PRINCE involved n = 612 study participants, of
whom n = 386 gave birth between March and
September of the respective year.

Outcome assessment
Preterm and term births were the defined outcomes;
whereby preterm birth was defined as GA less than 37
weeks at delivery. Cases of preterm birth were further
subdivided into late preterm birth (GA 34+0–36+6),
early preterm birth (GA 28+0–33+6) and very early
preterm birth (GA 24+0–27+6). Spontaneous delivery
was defined by excluding all patients with a code for a
Caesarean section, as listed in Table S1.
www.thelancet.com Vol 93 July, 2023
From the available feto-maternal ultrasound mea-
surements performed at GA 34–36 in the PRINCE
study (n = 612), we used the pulsatility index (PI) of
the uterine and umbilical arteries for our analyses.
For the uterine artery, the arithmetic mean of the PI
of the left and right artery was determined. The PI
provides information on the peripheral vascular
resistance. With regard to the uterine artery, the PI
serves as a proxy for uterine blood flow from mother
to fetus, whereas the PI of the umbilical artery allows
to deduce information on fetal blood flow back to the
placenta/mother. Both are of great interest since
compromised placental blood flow is known to
contribute to preterm birth.28

Exposure assessment
Heat stress, also referred to as heat exposure, was
defined as heat events during the week preceding de-
livery. This exposure window was chosen based on
previously published epidemiologic studies on the as-
sociation of pregnancy outcomes upon heat stress in
high ambient temperature environments.16,32,33

In order to standardize the definition of heat
stress, we applied two parameters to define heat
events: (a) the daily maximum temperature and (b)
the daily apparent temperature, which also includes
the daily average relative humidity as a factor.11 The
apparent temperature was approximated by Thom’s
Discomfort Index (DI)34 to evaluate heat stress in
humans and has been applied since in various studies
to monitor thermal discomfort.35–37 In our study, we
used a definition of DI38 adapted for relative humidity
as shown in Equation (1):

DI (◦C) =Ta − 0.55 × (1 − 0.01 ×RH) × (Ta − 14.5) (1)

Ta = daily average air temperature (◦C);
RH= daily average relative humidity (%)

Data on daily temperature as well as relative humidity
were obtained from the federal German National Mete-
orological Service (Deutscher Wetterdienst) from the
meteorological monitoring station Hamburg-Fuhlsbüttel,
situated 5 km from the clinic. Temperatures are relatively
stable across the city owing to the uniform topography at
sea level.

Heat events were identified by applying relative
thresholds (the 90th, 95th, 98th and 99th percentile)
occurring during the period between March and
September for each year. For a heat event, at least 2, 3, 4
or 5 consecutive heat days were taken into consider-
ation. The variation in percentiles representing different
heat intensities and exposure duration allows the vali-
dation of a possible dose–response relationship between
heat and preterm birth and were chosen in accordance
to a published study.16
3
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To investigate whether thermoregulation affects the
blood flow to the placenta, we focused on heat events
defined by the apparent temperature based on the 90th
and 95th percentile at 2, 3 or 4 consecutive heat days
prior to the ultrasound assessment.

Statistics
Frequencies (%) of maternal and fetal characteristics of
the registry study as well as maxima, minima, median
and interquartile ranges of PI values from the PRINCE
study were described. Further, means, maxima and
minima of the environmental conditions for each heat
event definition averaged for the entire study period
were calculated. For the analysis of the risk of heat-
induced preterm birth, the annual number of heat-
and non-heat-associated preterm and term births was
computed for each heat event definition. Subsequently,
we entered the frequency distributions in a contingency
table for the four variables “heat-exposed”, “non-heat-
exposed”, “term” and “preterm”. In order to test the null
hypothesis, postulated as no association between heat
exposure and preterm delivery exists, Pearson’s chi-
squared independence test (Pearson χ2 test) was car-
ried out, with the condition that the underlying as-
sumptions were fulfilled. Relative risks (RR) and 95%
confidence intervals (95% CI) for preterm birth after
heat exposure for the entire study period were
computed. For calculation of 95% CI, the Koopman
asymptotic score was used according to published
methodologies.39,40 The risk of heat-induced preterm
birth was also independently calculated for the sub-
groups ‘very early’, ‘early’ and ‘late’ preterm birth, as
outlined above. Additionally, we evaluated the influence
of fetal sex on heat stress-induced preterm birth. Here,
we divided our study population in female and male
offspring and calculated the RR for preterm birth after
heat exposure for each sex separately. Again, Pearson χ2
test was carried out to test the null hypothesis. Further,
we excluded all births which did not match the criteria
of spontaneous delivery (specified below) and evaluated
the RR for preterm birth upon heat exposure. In a last
step, we considered widely accepted risk factors for
preterm birth, such as maternal age, and parity, as
possible confounders and performed a multiple modi-
fied Poisson regression analysis as suggested by Zou
et al. 2004.41 Preterm respectively term births were
defined as the dependent variable and heat exposure as
well as maternal age (dichotomized indicating a preg-
nancy at risk of preterm birth for women aged under 20
and above 44) were entered in the regression models as
binary variables, whereas parity was defined as a
continuous covariate. Two-way interaction terms be-
tween heat events and age as well as heat events and
parity were assessed. Since no significant interactions
were identified, we excluded interaction terms from the
reported model. We depict the adjusted RR for the effect
of heat exposure on the risk of a preterm birth.
To statistically analyse the data obtained from ultra-
sound examinations, we first performed Shapiro–Wilk
test to evaluate if the sampled data follow a Gaussian
distribution. To approach Gaussian distribution, we
decided to logarithmically (log 10) transform PI values.
For the group of non-heat exposed individuals, we
follow the assumption of the Central Limit Theorem,42

which postulates normal distribution of data with large
sample sizes. Additionally, F-Test was used to evaluate
the homogeneity of variance between the two groups
(non-heat-exposed vs. heat-exposed). This allowed com-
parison by unpaired t-test for normally distributed data.

Interactions of outcome and exposure parameters
with mediators and confounders are illustrated in a
causal directed acyclic graph (Fig. S1).

Details on sample size determination as well as
exclusion and inclusion criteria can be found within the
method section in the description of study populations.
Randomization and blinding of participants was not
applicable for this study.

Ethics
The PRINCE study was approved by the ethics com-
mittee of the Hamburg Chamber of Physicians under
the registration number PV3694, all participants have
signed the informed consent forms. Registry data pro-
vided by the University Medical Centre Hamburg-
Eppendorf were analysed using anonymized data. Ano-
nymization was achieved via the institutional data trust
and transfer office. Appropriate safeguards for protect-
ing the confidentiality of registry data were developed
and balanced against the risks and benefits of the
anticipated research outcomes. The Registry study was
filed under the registration number 2023-300330-WF at
the Hamburg Chamber of Physicians.

Role of funders
The funders had no role in designing this study, data
acquisition, analysis and interpretation, and decision to
publish or prepare this manuscript.
Results
Description of study population, ultrasound
measurements and exposure data
Among the 25,624 cases of birth included in the registry
analysis, 91.49% were classified as term births and
8.51% as preterm birth (Fig. 1a). Among the latter, late
preterm births accounted for the majority of preterm
birth cases (65.11%), followed by early (27.69%) and
very early preterm births (7.20%). These proportions are
comparable to other studies investigating the prevalence
of preterm birth in Germany.26,43,44 The frequency of
preterm birth was higher in mothers of an age <20 and
>45 years. Further characteristics of the study popula-
tion are described in Table S2. Ambient temperatures
from March to September in Hamburg are around
www.thelancet.com Vol 93 July, 2023
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Fig. 1: Overview of births and preterm births, course of ambient temperature, the city of Hamburg with the meteorological station, and
schematic overview of the experimental design of the analysis, utilizing data from the registry and PRINCE study. (a) Total number of
births (grey bars, left Y axis) and percentage of preterm births (solid black line, right Y axis) per year, documented at the University Medical
Centre Hamburg-Eppendorf between 1999 and 2021. (b) Average maximum temperature between March and September in Hamburg, Ger-
many during the period 1999–2021 (black line) and heat map depicting the increase in maximum ambient temperatures. Insert: course of
average maximum temperature increase (March–September) per year between 1936 and 1998. The colour codes of the heat maps depict the
deviation from the mean for each year. (c) The city of Hamburg with the exact location of the University Medical Centre Hamburg-Eppendorf
and the federal meteorological monitoring station. Grey circles represent varying distances from the monitoring station. Percentages indicate
the residential addresses of registry study participants. (d) Overview of the study design and schematic depiction of the methodological work
flow of the two main analyses.
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20 ◦C and can therefore be considered as temperate.
However, the recording of the ambient temperatures
from 1936 to 2021 highlight a steady increase (Fig. 1b).
Study participants live in close proximity to the clinic
and the federal meteorological monitoring station.
Analysis of residential addresses document that 71.8%
of study participants live within a radius of 10 km to the
federal meteorological monitoring station and 83.4%
live within a radius of 15 km (Fig. 1c). This strongly
suggests that the majority of women included in this
study were exposed to heat as deduced from the data
provided by the federal meteorological monitoring sta-
tion. The methodological work flow used for the ana-
lyses of these study populations is schematically
summarized in Fig. 1d.

Among the participants of the PRINCE study, avail-
able ultrasound examinations conducted between March
www.thelancet.com Vol 93 July, 2023
and September from 2012 to 2021 resulted in a final
dataset of n = 386, which is 63.1% of all PRINCE study
participants. Characteristics of this study subpopulation
are provided in Table S3. The PI, an indicator for pe-
ripheral resistance and uterine perfusion, varied from a
minimum of 0.56 to a maximum of 1.66 for the umbilical
artery with a median of 0.90. The PI of the uterine artery
ranged from a minimum of 0.32 to a maximum of 2.00
with a median of 0.65 as listed in Table S4. The absolute
values for the environmental conditions, maximum
temperature and humidity related to the registry and
PRINCE study are summarized in Table S5.

Periods of heat stress increased the relative risk of
preterm birth
The RR increased with both, the duration and intensity
of the heat events. Especially with regard to intense heat
5
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events—defined by the 98th percentile and 3 consecu-
tive exposure days—a relevant effect of heat can be
assumed, given a RR of 1.59, a 95% CI of 1.01–2.43 and
p = 0.045 [Pearson χ2 test] (Fig. 2a; Table S6). When
considering the apparent temperature, the RR was
generally higher (Fig. 2b; Table S7). Here, the overall
increase in the RR, based on the intensity of heat events
as well as the exposure period, was reproduced and
suggests a dose–response effect. Noteworthy, prolonged
heat events of 5 consecutive days in the 90th percentile
resulted in an increased RR of 1.20 with positive 95% CI
of 1.02–1.40 and p = 0.025 [Pearson χ2 test]. For the
apparent temperature, the absolute number of heat-
associated preterm births were higher, which enabled
the statistical evaluation of the 99th percentile, where
exposure for 2 consecutive days was linked to a 1.45
increase in the RR for preterm birth (95% CI: 1.04–2.00;
p = 0.029 [Pearson χ2 test]).

Women between gestational age 34 and 37 were
particularly vulnerable to heat stress-induced
preterm birth
Premature onset of birth can be classified in very early,
early and late preterm birth. Whilst very early and early
www.thelancet.com Vol 93 July, 2023
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preterm births may increase neonatal mortality, chil-
dren born late preterm still face considerable health
inequalities throughout life, including a high risk of
infections, allergies and asthma, and neurocognitive
impairments.45,46 Therefore, we performed sensitivity
analyses for the distinct subgroups of very early, early
and late preterm birth. Strikingly, a higher RR for pre-
term birth was exclusively detectable in pregnancies
exposed to heat events between GA 34+0 and 36+6, ac-
counting for late preterm birth. Here, the most relevant
effect of heat can be assumed for heat events defined as
3 consecutive heat days, exceeding the 98th percentile
(RR: 2.00; 95% CI: 1.21–3.21; p = 0.007 [Pearson χ2
test]) (Fig. 2c; Table S8). When the apparent tempera-
ture was considered as heat stress, the increase of RR in
late preterm births was even more pronounced (Fig. 2d;
Table S9). Here, prolonged heat exposure exceeding the
90th percentile (min. 4 days: RR: 1.25; 95% CI:
1.05–1.48; p = 0.013 [Pearson χ2 test]; min. 5 days: RR:
1.29; 95% CI: 1.07–1.56; p = 0.008 [Pearson χ2 test]) and
heat days exceeding the 99th percentile (RR: 1.67; 95%
CI: 1.14–2.43; p = 0.009 [Pearson χ2 test]) were signifi-
cant. Increased CI observed here likely arise from the
decreased study subpopulation (late preterm birth
n = 1420). Analyses of early and very early cases of
preterm birth allowed to identify a decreased association
between heat exposure and preterm birth, suggesting a
pathogenesis unrelated to heat stress. However, the
sensitivity of these analysis was impaired due to lower
numbers (early preterm birth: n = 604; very early pre-
term birth: n = 157, data not shown).

Heat stress particularly affected pregnancies with a
female fetus
Since sex-specific differences in response to envi-
ronmental stressors are subject of intense research,
we also evaluated the risk of heat stress-associated
preterm birth by fetal sex. Our analysis revealed that
pregnancies with a female fetus were more vulnerable
for preterm birth upon heat stress, defined by the 90th
percentile, although statistical significance was
exclusively reached when the apparent temperature
was taken into account (min. 4 days: RR: 1.28; 95%
CI: 1.04–1.57; p = 0.021 [Pearson χ2 test] & min 5
days: RR: 1.31; 95% CI: 1.04–1.64; p = 0.022 [Pearson
χ2 test]) (Fig. 3a and b; Tables S10 and S11). Signifi-
cant heat stress-related effects were not detectable
when focusing on male offspring, although slight
increases in RR were identified (Fig. 3c and d;
Tables S12 and S13). In higher percentiles, we
observed a significant heat stress effect on preterm
birth rates in pregnancies with a male fetus in the
98th percentile (RR: 1.90; 98% CI: 1.12–3.07;
p = 0.018 [Pearson χ2 test]). However, the small
cohort size and corresponding low statistical power
needs to be taken into consideration with regard to
the biological significance of this observation.
www.thelancet.com Vol 93 July, 2023
Heat stress increases the risk of a spontaneous
onset of birth rather than a medically induced
preterm birth
Next, we restricted our analysis of the registry data to
cases with spontaneous onset of preterm labour. This
was accomplished by excluding all patients with a code
for a Cesarian section, as listed in Table S1. These an-
alyses highlight that heat stress indeed increases the risk
of a spontaneous onset of preterm birth rather than
medically induced preterm birth, e.g., in pregnancies
complications requiring immediate, premature delivery
via Cesarian section, e.g., in pre-eclampsia (Fig. S2a and
b; Tables S14 and S15).

Multiple modified Poisson regression analyses
confirmed that the observed heat-associated effects were
not confounded by maternal age or parity (Tables S16
and S17).

Heat events and ultrasound measurements; heat
stress is associated with an increased placental
perfusion and lower peripheral resistance of the
uterine artery
We next aimed to identify a pathogenesis through which
heat stress may trigger the onset of birth prematurely.
Given that exposure to high temperatures is met by an
acclimatization response of the cardiovascular system,
we focused on circulatory alterations affecting the uter-
ine and fetal blood flow during heat stress. Using the
data from ultrasound examinations in the PRINCE
study, we evaluated the PI of the uterine artery of the
mother as a proxy for uterine blood flow as well as the PI
of the umbilical artery for fetal blood flow. Whilst no
differences could be identified for the umbilical artery
PI between heat-exposed and non-heat-exposed preg-
nant women (Fig. 4a), the PI of the uterine artery was
decreased in pregnancies exposed to heat, reaching
levels of significance for 4 consecutive days exceeding
the 90th percentile (Fig. 4b). For heat events defined by
other percentiles, no significant alterations were
detectable (data not shown). Representative ultrasound
images of a high and low uterine artery PI taken at GA
34–36 are shown in Fig. 4c and d.
Discussion
A temperature increase up to 5 ◦C until the year 2100
has been projected not only for Hamburg, but also other
cities and regions with a temperate climate.47 This pro-
jection underscores the urgency of recognizing in-
dividuals which are highly vulnerable to the impending
heat stress. We here provide compelling evidence that
heat stress affects the progression of pregnancy by
increasing the risk of preterm birth. The uniqueness of
our study lies in the geographic region assessed, which
is under temperate climate.

We could unearth not only temperature-, but also
duration-dependent effects, as durations of a
7
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minimum of five consecutive days of heat stress
generally had higher effects on the risk of preterm
birth than between periods of a minimum of two days
on heat. In our analyses, we differentially evaluated two
parameters of heat stress on the risk of preterm birth,
temperature and humidity. Whilst both parameters
gave similar temperature- and duration-dependent ef-
fects, the impact of apparent temperature can be
considered as higher compared to defining heat stress
by the mere temperature alone. Since the definition of
apparent temperature also considers humidity, the
impeded ability to dissipate heat to the environment by
convection or evaporation may account for the higher
impact of the apparent temperature compared to tem-
perature alone.48

Interestingly, another study also carried out in
Germany focused on seasonality and birth and could
not detect an increased risk of preterm birth.49 This
suggests that assessment of seasonal patterns does not
suffice to identify such risk, as a definition of heat
stress must seem to require a clear-cut definition by
maximum or apparent temperature, as tested in our
study.

Studies conducted in regions where humid and dry-
winter subtropical climates are found, such as south-
ern China, California or eastern Australia, also revealed
www.thelancet.com Vol 93 July, 2023

www.thelancet.com/digital-health


lo
gP

IA
. u

m
bi

lic
al

is

0

0.3

0.2

0.1

-0.1

-0.2

-0.3
min.

2 days
min.

3 days
min.

4 days
non-heat-
exposed

heat-exposed

a b

c d

High PI (Gestational age 34-36) Low PI (Gestational age 34-36)

lo
gP

IA
. u

te
rin

a
non-heat-
exposed

heat-exposed

0.4

0.2

0

-0.2

-0.4

-0.6

p=0.038

min.
2 days

min.
3 days

min.
4 days

Fig. 4: Heat stress prior is associated with an increased placental perfusion and lower peripheral resistance of the uterine artery.
Logarithmized pulsatility index (logPI) of the umbilical (a) and uterine (b) artery from heat-exposed and non-heat-exposed pregnant women,
measured by ultrasound assessment (n = 386). Representative ultrasound images of high (c) and low PI (d), examined at GA 34–36. Scatter-
plots represent median + IQR; unpaired t-test.

Articles
a higher risk of preterm birth.16,18,20,32,50 Despite the
temperate climate to which the women in our study
were exposed, we here observed—at least in part—a
higher effect size. This may either be explained by the
lag of northern European populations acclimatizing to
increasing heat stress, or the high quality of clinical
data. Nonetheless, we did not consider possible cu-
mulative effects of heat stress, atmospheric ozone, and
air pollution by particulate matter during pregnancy.
Noteworthy, the relationship between temperature,
humidity and air pollutants underlies large variations
depending on geographical characteristics, the type of
air pollutant and seasonality—e.g., concentrations of
particulate matter 2.5 and 10 seem to be negatively
whereas ozone concentrations positively correlated
with temperature.51 When considering air pollution as
mediator, regional relationships of these variables
must be considered. Although air pollution in
Hamburg meets local regulations,52 association of air
pollution and heat exposure with adverse pregnancy
www.thelancet.com Vol 93 July, 2023
outcomes should be taken into account in future
assessments.53–55 Additionally, the relationship between
indoor and outdoor temperatures as well as physical
activity might modulate the risk of heat-associated
preterm birth. However, as they are tightly linked to
the complex topic of metabolic heat production, they
cannot be separately assessed from thermoregulation
through nutrition, which is out of the scope of this
study.56,57

We were intrigued by our finding that heat stress
particularly affects the risk of late preterm birth (GA
34–36). It can be hypothesized that the threshold for
triggering premature delivery by environmental expo-
sures is lowered in late preterm birth compared to
women earlier in gestation, since up to 4 weeks before
delivery molecular changes can be detected, which
induce a shift from pregnancy maintenance to a state of
prelabour.58–60

However, the smaller group sizes affected by early
and very early preterm birth must be considered as a
9
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limiting factor of the statistical power to detect a heat-
related effect.

Strikingly, in our study pregnancies with a female
fetus show a higher risk of heat stress-related preterm
birth, which is in accordance with results reported in a
study conducted in Changsha, China.61 It is well known,
that male and female fetuses react differently to intra-
uterine stress. Pregnancies with a male fetus are per se
considered to be at higher risk of complications, e.g.,
higher rates of preterm birth and stillbirth. This obser-
vation is often referred to as ‘male fragility’.62,63 However,
female fetuses have been shown to be more responsive to
intrauterine stress and adverse events, which is associ-
ated with alterations of fetal growth and placental size.64

However, the underlying pathogenesis of preterm birth
in pregnancies with a female fetus is still a matter of
speculation. Since a higher heart rate has been observed
in female fetuses,65 it is tempting to speculate that this
might account for a lower threshold for fetal distress in
female fetuses after exposure to heat stress, subsequently
triggering the onset of birth prematurely.

In healthy pregnancies, the PI is known to decrease
progressively towards term, whereas an abnormal PI
can indicate pregnancy adversities such as fetal growth
restriction or preeclampsia. In our analyses, we
observed that a prolonged exposure to heat stress of
26.6 ◦C over a period of at least 4 days prior to a fetal
ultrasound examination was associated with a lower PI
of the uterine artery indicating an increase in placental
perfusion. Blood flow to the placenta depends on the
systemic blood pressure.66 The systemic blood pressure
can be modulated during heat stress as a compensatory
mechanism to dissipate heat, e.g., through the skin.48,67

Our data indicate that heat stress may not only initiate
the redistribution of blood to the skin, but also to the
fetus. Noteworthy, the maintenance of a constant blood
pressure in the context of an increased placental
perfusion during heat stress periods burdens the car-
diovascular system, as reflected by a higher maternal
heart rate (Fig. S3).

The strength of our study lies on the usage of data
provided by a single clinical centre, which results in a
high homogeneity and quality of data acquisition.
Nevertheless, the retrospective character of our study as
well as the relatively low number of study participants
must be considered as limitation. Our study also bene-
fits from the close proximity between the residence of
study participants, the federal meteorological moni-
toring station and the hospital where all study partici-
pants gave birth. Thus, we can deduce that the vast
majority of cases included in these analyses were indeed
exposed to heat deduced from the data obtained from
the federal meteorological station.

The differences in statistical approaches applied in
studies assessing the effect of heat stress on health and
disease, including the risk of pregnancy complications,
limits the options to directly compare findings between
studies. The statistical approach we chose, which was
based on the Pearson χ2 test and Poisson regression
model, provided the RR as a robust and accessible
outcome measure. We also considered case crossover ap-
proaches, as these provide an additional level of robustness
towards individual confounding factors.68,69 However, these
statistical approaches are most appropriate in cohort
studies with a larger number of events of interest—in our
case women experiencing a heat associated delivery.70,71

Noteworthy, we refrained from including time series
analysis,72 although such statistical approach had been
used in studies on pregnancy adversities and heat
stress.13,15,49 Time series analyses provide important in-
sights on vulnerable exposure windows to heat stress
during pregnancy, whilst the scope of our study was based
on a specific exposure timeframe, the week preceding
delivery.

The ongoing climate crisis highlights the urgent
need to address the imminent heat stress-related health
risks in the highly vulnerable population of pregnant
women and their unborn children. Health care pro-
fessionals, such as obstetricians must not only be alerted
of such risks, but guidelines need to be developed to
propose behavioural adaptations and active surveillance
tools during heat events.73
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