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Abstract

Background Extreme heat events (EHEs), driven by anthropogenic climate change, exacerbate the risk of cardiovascu-
lar disease (CVD), although the underlying mechanisms are unclear. A possible mechanism leading to heat-related CVD
is disturbances in sleep health, which can increase the risk of hypertension, and is associated with ideal cardiovascular
health. Thus, our objective was to systematically review the peer-reviewed literature that describes the relationship
between EHEs, sleep health, and cardiovascular measures and outcomes and narratively describe methodologies, evi-
dence, and gaps in this area in order to develop a future research agenda linking sleep health, EHEs, and CVD.

Methods A comprehensive literature search was performed in the following databases from inception—June

2023: Ovid MEDLINE, Ovid Embase, CINAHL, Web of Science, and the Cochrane Library. Studies retrieved were then
screened for eligibility against predefined inclusion/exclusion criteria. Then studies were described qualitatively

in relation to study design, findings, and the evidence linking the relationship between sleep health, EHEs, and CVD.

Results Of the 2035 records screened, only three studies met the inclusion criteria. In these three studies, EHE

was measured as absolute temperatures (greater than 30 °C) or relative temperatures (i.e., 90th percentile daily maxi-
mum temperature within the region). Cardiovascular (CV) measures described included blood pressure (BP), heart

rate (HR), and HR variability (no CVD outcomes were described), and objective and subjective measurements of sleep
health outcomes included sleep duration, calmness, ease of falling asleep, ease of awakening, freshness after awaken-
ing, and sleep satisfaction. Two studies were controlled trials, and one was a cohort study. During EHEs, individuals slept
for shorter periods of time and less efficiently, with greater degrees of HR variability in two of the three studies lasting
at most 1-2 days; BP (both systolic and diastolic) significantly decreased during EHEs in two of the studies. No formal
assessment of a mediating relationship between EHE exposure, sleep outcomes, and CV measures was undertaken.

Conclusions Few studies examine the link between CVD, sleep, and extreme heat as a possible mechanism of ele-
vated CVD risk during EHEs, despite a strong physiological rationale. Our findings highlight an important gap in the lit-
erature that should be closely examined as EHEs become more frequent and their harmful impacts of health increase.
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Background

Extreme heat events (EHEs) are periods of unusually
high temperatures, which are increasing in frequency,
intensity, and duration as a result of anthropogenic
climate change [1]. While no single definition of EHEs
exists [2], since 1950, the number of heatwave days
(defined as at least three consecutive days above the
90th percentile of daily maximum temperature) is esti-
mated to have increased by 2.26 °C per decade glob-
ally, while the cumulative heat (i.e., the extra heat
produced by a heatwave over a given season) increased
by 2.84 °C per decade [3]. Heat exposure is associated
with adverse cardiovascular (CV) events, with every 1
°C rise in ambient temperature significantly raising the
risk of cardiovascular disease (CVD)-related morbid-
ity and mortality [4]. While the heightened risk of CVD
associated with EHEs is well-documented in existing
literature, the underlying mechanisms contributing to
heat-related CVD morbidity outcomes remain insuffi-
ciently understood [5].

Existing research hypothesizes several pathways to
heat-related CVD. For example, studies have described
surges in cardiac output and hyperventilation during
EHEs, yet how these physiological changes during EHEs
increase the risk of myocardial infarction, heart fail-
ure exacerbations, or stroke have not been fully deline-
ated at a physiological level [6—8]. Furthermore, as EHEs
become more frequent due to a changing climate, these
mechanisms become more important to understand.
Recently, sleep health has been recognized as a critical
determinant of ideal cardiovascular health [9]. There is a
well-known association between poor sleep health, and
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CVD, driven by a wide range of factors. Thus, a potential
mechanism linking EHEs and CVD is sleep disruption.
Rising temperatures have been associated with shorter
sleep duration and poorer sleep quality, as has the after-
math of weather phenomena impacted by climate change
like hurricanes, floods, and wildfires [10-13]. Multiple
dimensions of sleep health, including insufficient sleep
duration, irregular sleep schedules, and poor sleep qual-
ity, can increase cardiometabolic risk and predisposition
to CVD [14]. For instance, poor sleep has been linked to
a higher risk for hypertension [15, 16], obesity [17], and
type 2 diabetes [18] via theorized mechanisms includ-
ing inflammation [19, 20], glycemic dysregulation [21],
and increased sympathetic tone via increases in noctur-
nal catecholamines [22]. Thus, this connection suggests
a possible mechanism explaining the adverse impact of
EHEs on CVD, with sleep as a mediating factor, as illus-
trated in Fig. 1.

To examine the prevailing literature that links sleep
health, CVD, and EHEs, in this scoping review, we sys-
tematically examined the peer-reviewed literature that
examined the relationship of EHEs with sleep health, CV
measures, and CVD outcomes to identify gaps in the lit-
erature to develop a future research agenda.

Methods

This study was performed following the Preferred
Reporting Items for Systematic reviews and Meta-Anal-
yses-Scoping reviews (PRISMA-ScR) [23]. In adherence
to this statement, a protocol was registered with the

International Prospective Register of Systematic Reviews
(PROSPERO; CRD42023432124).

Mediator
Poor sleep
Confounder/
Exposure Stratified Analysis Outcome

Daily max
temperature
Heat wave

Blood
pressure

SES
characteristics

Fig. 1 Hypothesized model of relationship between EHEs, sleep quality, and CV health. Abbreviations include SES, which stands for socioeconomic

status
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Search strategy

A medical librarian (M. R. D.) performed comprehensive
searches to identify studies that examined the effect of
EHEs (heat waves) on sleep health and CVD.

Searches were completed on June 14, 2023, in the fol-
lowing databases: Ovid MEDLINE (ALL —1946 to pre-
sent); Ovid Embase (1974 to present), CINAHL (EBSCO),
Web of Science (Core Collection — Clarivate), and the
Cochrane Library (Wiley). The search strategy included
all appropriate controlled vocabulary and keywords for
the concepts of “heat,” “sleep,” and “cardiovascular” The
full search strategies for all databases are available in the
supplement. In order to limit publication bias in our ini-
tial search strategy, there were no language, publication
date, or article type restrictions on the search strategy.

Study selection

Retrieved studies were screened for inclusion using Covi-
dence systematic review software. Titles and abstracts
were reviewed against predefined inclusion/exclusion
criteria by two independent reviewers. Discrepancies
were resolved by consensus (N. A., S. W., R. A, M. R. D,,
M. C., A. K. G.). For final inclusion, the full text was then
retrieved and also screened by two independent review-
ers. Our inclusion criteria were articles that included the
following: (1) EHEs, as defined by manuscript-specific
definitions; (2) reported sleep measures: sleep health
disruptions (e.g., sleep duration <7 h, irregular sleep, dif-
ficulty falling asleep, symptoms of sleep disorders, and/
or daytime sleepiness); (3) CV measures (e.g., blood
pressure, heart rate) and CVD events/diagnoses (e.g.,
diagnosis of hypertension, coronary artery disease, and
peripheral arterial disease or acute CVD events such
as myocardial infarction, stroke, and heart failure exac-
erbations); and (4) adult participants (>=18 years).
Excluded studies were as follows: (1) Non-English; (2)
review articles, commentaries, viewpoints, editorials, or
case reports; (3) insufficient CV measures or outcomes;
(4) insufficient measure of sleep defined; or (5) lack of
EHE or equivalent or lack definition of EHE. For articles
selected for inclusion in this study, reference lists and cit-
ing articles were pulled from Scopus (Elsevier) and also
screened. The full PRISMA flow diagram outlining the
study selection process is presented in Fig. 2.

Data extraction

Data extraction was performed by team members (N. A.,
S. W, M. C, R. A, A. K. G, M. R. D) independently in
duplicate with predefined, standardized templates. We
extracted the following information for each study: year,
study location, study design, population under study,
description of EHE/exposure, sleep outcome(s) evalu-
ated, CV measure(s)/outcome(s) evaluated, and results.
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The studies that met our inclusion and exclusion criteria
were then described and qualitatively assessed according
to the definitions used for sleep health, EHEs, and CVD,
and the results of these papers were described in relation
to the links between EHE, CVD, and sleep health.

Results

Summary of articles

Three studies, summarized in Table 1, met the criteria for
inclusion in the analysis.

Study design

Two studies were controlled trials [24, 26], while one was
an observational cohort study [25]. Huang et al. recruited
participants (n=41) into one of three intervention groups
or a control group to assess the effect of these interven-
tions (subsidies for air-conditioning, education about
health and environmental heat, and use of sprinklers to
cool home exteriors) on sleep quality and CV measure-
ments during a heat wave [24]. Yan et al. performed a
controlled, crossover trial, placing participants (n=16)
in one of four room permutations, with rooms either 27
°C or 30 °C and either employing mechanical ventilation
systems to circulate filtered outdoor air or not [26]. Kim
et al. observed the effects of a heat wave on elderly resi-
dents of rural communities in South Korea (n=104) [25].

Geographies covered and study settings

The three studies analyzed here report data from China
[24, 26] and South Korea [25]. One of these studies was
at the regional level [25], while two were at the city level
[24, 26].

Extreme heat event definitions

Definitions of EHEs varied greatly. In the Xinyi study,
EHEs were defined as heat waves using the 90th per-
centile daily maximum temperature [24]. In the South
Korean study, the criteria for heatwave were more than
two consecutive days with a maximum temperature of
more than 33° C [25]. Finally, the Shanghai controlled
trial used indoor temperatures of 27 °C and 30 °C to
model extreme heat exposure (Table 2) [26].

Sleep outcomes evaluated

Sleep outcomes used in the studies were both self-
reported and objective. Subjective outcomes reported
were self-assessed sleep duration [25], self-assessments of
calmness, ease of falling asleep, ease of awakening, fresh-
ness after awakening, and sleep satisfaction [26]. Objec-
tive outcomes were total sleep duration (split into deep
sleep duration and light sleep duration) as measured by a
smart band [24] and total sleep time, sleep efficacy (ratio
of time asleep to time in bed), sleep onset latency (the
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Studies included in review Non-English (n=2)

(n=3)

Fig. 2 PRISMA-ScR flow diagram. From Page et al. [23]. For more information, visit http://www.prisma-statement.org/

time between turning off lights and falling asleep), time
awake and duration of sleep stages (NREM sleep of stages
N1, N2, and N3 and REM sleep), measured using electro-
encephalogram (EEG), bilateral electrooculogram (EOG),
and chin electromyogram (EMG) [26].

Cardiovascular measures and outcomes evaluated
No CVD outcomes were evaluated in these studies. How-
ever, CV measurements were assessed. All CV meas-
urements were assessed with objective data. These data
included systolic (SBP) and diastolic blood pressure
(DBP) [24, 26, 25] measured with a sphygmomanometer
and HR [24] and HR variability [26] measured with an
electronic wrist monitor or ECG, respectively.

Qualitative synthesis

None of the studies included in this review directly
evaluated measures of sleep health as a mediator or con-
founder in the relationship between EHEs and CVD or
CV measures. However, indirectly, Yan et al. showed
a significant mean difference (MD) in HR variability
(MD=0.7 beats per minute [bpm]; P=0.02) between
27 and 30 °C room at the same time as a significant
decrease in total sleep time (MD=39.1 min, P=0.01),
sleep efficiency (MD=8%, P=0.01), and REM sleep time
(MD=3.3 min, P=0.05), and increase in time awake
(MD=38.1 min, P=0.01) in rooms lacking mechanical
ventilation (i.e., fans to bring in filtered outdoor air), as
well as a decrease in sleep efficiency of 0.2% per increased
bpm (P=0.04) and an increase in time awake of 2.39 min
per increased bpm (P=0.04) [26].
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Table 2 Study definitions of extreme heat events

Page 8 of 10

Study Definition

Huang, 2022 [24]
Kim, 2020 [25]
Yan, 2022 [26]

The 90th percentile daily maximum temperature as a relative threshold to define a heat wave
More than two consecutive days with a maximum temperature of more than 33 °C
Indoor temperatures of 27 °C or 30 °C with exposure over five nights, with a 3-day interval

between any two consecutive nights

Kim et al. [25] present findings suggestive of a rela-
tionship between extreme heat and both sleep and CV
measures; however, these neither reached statistical sig-
nificance nor implied that sleep played a mediating role
between EHEs and CV measures. DBP decreased signifi-
cantly (p<0.001) in subjects with hypertension, with a
1 °C increase in indoor temperature decreasing DBP by
0.44 mmHg (95% CI: 0.04—0.84 mmHg). The association
between indoor temperature and SBP was positive but
not significant. The number of hours of sleep decreased
with indoor temperature by 0.036 h (95% CI:—0.138,
0.067 h); however, this result did not reach statistical sig-
nificance [25].

Similarly, Huang et al. [24] show an association
between EHEs and both sleep and CV measures, though
no causal mechanisms can be inferred. In the con-
trol group, DBP and SBP elevated from baseline dur-
ing the heat wave, with SBP increasing significantly
on days 1 and 2 by 5.33 mmHg (95% CI: 3.38-7.30;
P=0.01) and by 4.92 mmHg (95% CI. 2.74-7.09;
P=0.02), respectively. HR elevated from baseline and
on day 1 and lowered to near baseline by day 5. Deep
sleep duration decreased significantly in the first 3 days
by—-0.48 h (95% CI.—0.61,—0.34; P=0.00),—0.36 h
(95% CL.—0.51,—-0.21; P=0.01), and—0.25 h (95%
CI:—0.37,—0.12; P=0.05), respectively [24].

Discussion
This scoping review identified three articles examining
the relationship between EHEs, sleep, and CV health.
These papers, while not elucidating a causal mechanism
linking EHEs to worsening CV measures or CVD, exam-
ined associations between these three factors.
Importantly, our review highlighted several current
research gaps linking EHEs, sleep health, and CVD
health. First, the studies reviewed suggest but do not
rigorously examine causal links between heat, sleep,
and CVD through physiological mechanisms. Second,
while duration and quality of sleep were examined,
future research could evaluate multiple dimensions of
sleep health and their relationship to EHEs and CVD.
Sleep health is a multidimensional process that consti-
tutes important subjective and objective measures [27].
Utilizing these multiple measures, as well as alternative

definitions of EHEs (including absolute measures and
relative measures) that both represent different aspects of
thermal comfort [2], is critical to understanding the rela-
tionship between EHEs, sleep health, and CVD. Third,
studies lacked the inclusion of participants from at-risk
populations including low-income individuals or other
socioeconomically vulnerable groups prone to both CVD
risk and heat-related illness. Research including these
populations could offer perspective on ways to aid those
most vulnerable to harm in a warming climate.

Furthermore, the existing studies were limited in their
geographic reach and lacked standardization of key ter-
minology such as the EHE definition. Given that all of
the studies reviewed were conducted in East Asia, our
analysis underscores the need for a broader geographic
representation in research on this subject. Further analy-
ses may show important regional variation: given that the
impacts and manifestations of climate change are so vari-
able, associations between EHEs, sleep, and CVD should
be investigated in different settings to inform interven-
tions and policy, and research conducted in specific
countries may find an association between EHEs, sleep,
and CVD more likely, particularly where CVD outcomes
are more prevalent [28]. The need for a uniform charac-
terization of what constitutes an EHE or heat wave is also
important in order to promote coherence and compara-
bility between studies [2]. This would facilitate a more
nuanced understanding of the broader implications of
EHEs on health on a global scale and allow comparisons
across regions and countries. Without such standardiza-
tion, the heterogeneity in EHE definitions across studies
complicates direct comparisons of findings, potentially
hindering the development of a cohesive research
approach. This inconsistency challenges efforts to draw
generalized conclusions about EHEs’ health impacts
and may impede the formulation of effective, evidence-
based strategies for mitigating CVD risks associated with
extreme heat.

Interestingly, the role of air-conditioning (AC) as a
potential confounder in the relationship between EHEs,
sleep health, and CVD is likely an area for further study.
In the studies conducted by Huang [24] and Yan [26], a
significant emphasis is placed on the role of interior room
temperature, positing it as a more important critical
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determinant of health outcomes than external tempera-
ture. Their findings suggest that regulating indoor tem-
peratures may enhance both sleep quality and CV health,
potentially mitigating some of the adverse effects of
EHEs. Notably, Huang’s research delineates that daytime
exposure to heat does not suffice to induce elevated SBP,
suggesting that nocturnal temperature levels particularly
may play a pivotal role — an area of future research [29].

Although we conducted a comprehensive review,
the final number of results is very small. We argue that
this underscores the early stage of research in this area,
highlighting the need for more extensive and in-depth
studies to build a robust body of evidence that seeks to
understand the physiological mechanisms linking the
impact of sleep health on CVD through EHEs. Only then
can potential interventions be used to address the clear
association between CVD and heat-related health risk,
not just today but into the future as EHEs become more
frequent.

We describe two limitations to our work. First, we did
not include non-English literature and therefore may
have missed important peer-reviewed manuscripts. This
is particularly noteworthy because of the three studies
that met inclusion criteria, and all were from countries
outside the English-speaking regions. Second, we did
not consider gray literature. However, given the nuanced
nature of our research question and the conceptual
framework we examined (Fig. 1), the peer-reviewed lit-
erature is the most likely source of empirical studies on
this topic.

Conclusion

In conclusion, this scoping review examined the
7v-reviewed literature that described the relationship
between EHEs, sleep health, and CV health to better
understand the mechanisms linking CVD with EHEs.
The existing literature, though limited, suggests associa-
tions between sleep health, CVD, and EHEs, but more
rigorous studies that can causally examine the links are
required. Understanding these dynamics and their causal
links, if found to hold true, may lead to better health-
related measures that mitigate the threat of EHEs on car-
diovascular health and overall well-being in general.
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