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Abstract
Background and Objectives
Stroke attributable to nonoptimal temperature needs more attention with dramatic climate change.
The aim of this study was to estimate the global burden and distribution characteristics of the burden.

Methods
In this ecological study, we collected data from the Climate Research Unit Gridded Time Series, the
World Bank databases, and the Global Burden of Diseases study to estimate the distribution of
burden. We used the joinpoint model, decomposition analysis, age-period-cohort model, panel data
analysis, and health inequality analysis to assess the different types of stroke burden attributable to
different climatic conditions.

Results
The burden of stroke attributable to nonoptimal temperature continued to grow, and agingwas a key factor
in this increase. In 2019, 521,031 (95% uncertainty interval [UI] 402,433–663,996) deaths and 9,423,649
(95% UI 7,207,660–12,055,172) disability-adjusted life years [DALYs] attributable to stroke due to
nonoptimal temperature were recorded globally. Globally, men (age-standardized mortality rate [ASMR]
7.70, 95% UI 5.80–9.73; age-standardized DALY rate [ASDR] 139.69, 95% UI 102.96–178.54 in 2019)
had a heavier burden thanwomen (ASMR5.89, 95%UI 4.50–7.60; ASDR96.02, 95%UI 72.62–123.85 in
2019). Central Asia (ASMR 18.12, 95% UI 13.40–24.53; ASDR 327.35, 95% UI 240.24–440.61 in 2019)
had the heaviest burden at the regional level. In the national level, NorthMacedonia (ASMR32.97, 95%UI
20.57–47.44 in 2019) and Mongolia (ASDR 568.54, 95% UI 242.03–1,031.14 in 2019) had the highest
ASMR/ASDR, respectively. Low temperature currently contributes to the main burden (deaths 474,002,
95% UI 355,077–606,537; DALYs 8,357,198, 95% UI 6,186,217–10,801,911 attributable to low tem-
perature vs deaths 48,030, 95% UI 5,630–104,370; DALYs 1,089,329, 95% UI 112,690–2,375,345 at-
tributable to high temperature in 2019). However, the burden due to high temperature has increased
rapidly, especially among people aged older than 10 years, and was disproportionately concentrated in low
sociodemographic index (SDI) regions such as Africa. In addition, the rapid increase in the stroke burden
due to high temperature in Central Asia also requires special attention.

Discussion
This is the first study to assess the global stroke burden attributed to nonoptimal temperature. The
dramatic increase in the burden due to high temperature requires special attention, especially in low-
SDI countries.
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Introduction
Stroke is a common cardiovascular disease, especially in the
elderly, and may be accompanied by severe complications and
sequelae. According to the Global Burden of Disease study
(GBD), there were 12.2 million incident strokes and 6.55
million deaths due to stroke in 2019.1 Stroke ranked 3rd in
2019 among causes of disability-adjusted life years (DALYs).2

Dramatic temperature changes in recent years have seriously
affected human health and have caused widespread concern.3

Among them, the correlation between stroke and nonoptimal
temperature has receivedmuch attention. Previous studies have
noted that extreme temperatures increase stroke burden.4,5

This may be because abnormal temperature interferes with
some physiologic activities to increase stroke risk. For instance,
the body cools itself by sweating and evaporation at high
temperatures. This physiologic response may lead to a hyper-
coagulable state of the blood, which promotes thrombosis and
causes stroke.6 Dehydration can activate the sympathetic ner-
vous system, increasing the metabolic demands of the heart,
which may lead to a mismatch between supply and demand,
triggering an ischemic event and ultimately a stroke attack.7

The cold environment activates the sympathetic nervous sys-
tem, which promotes vasoconstriction of the body’s blood
vessels, leading to increased blood pressure and blood viscosity,
which may also increase the risk of stroke.8,9

Although some studies have provided information about the
relationship between nonoptimal temperature and stroke,
fewer studies have assessed the burden and distributional
characteristics of stroke due to nonoptimal temperature
across different countries and territories, which is the aim of
this study.10,11 Data on the stroke burden attributable to
nonoptimal temperature were collected from the GBD 2019.
In GBD 2019, the disease burden attributable to nonoptimal
temperature is the sum of the burdens due to both low and
high temperatures. High-temperature and low-temperature
associations are associated with associations above and below
the theoretical minimum risk exposure level (TMREL).12

In this study, we first estimated the global, regional, and na-
tional burden and trends of stroke attributed to nonoptimal
temperature and predicted global trends in the future. Then,
we explored the driving factors of disease burden variation
and the effects of age, period, and cohort on burden. Next, we

revealed the effects of national-level indicators on burden.
Previous studies revealed that the distribution of the disease
burden attributable to nonoptimal temperature may have
great heterogeneity by the socioeconomic level.13 To reveal
socioeconomic-related health inequalities in the distribution
of stroke burden attributable to nonoptimal temperature, that
is, the difference in the distribution of burden between people
with low and high socioeconomic levels, we further explored
the relationship between the sociodemographic index (SDI)
and the burden of disease by health inequality analysis. Fi-
nally, we provided a comprehensive landscape of the burden
attributed to nonoptimal temperature in 3 subtypes of stroke.
In general, our study assesses the burden and distributional
characteristics of stroke attributable to nonoptimal tempera-
ture, which can assist policy makers in developing targeted
policies to reduce the disease burden.

Methods
Data Sources
In this ecological study, the number and rate of stroke deaths and
DALYs attributable to nonoptimal temperature were extracted
from GBD 2019 for different SDI quintiles, regions, countries,
and territories; age groups; and sexes from 1990 to 2019.14

Details about GBD 2019 were published elsewhere and in the
supplemental methods (eMethods).2 We obtained land tem-
perature information for a 0.5° latitude by 0.5° longitude grid
from 1990 to 2019 from the Climate Research Unit Gridded
Time Series.15 We then calculated the following metrics for
winter (December-January in the Northern Hemisphere and
June-August in the Southern Hemisphere) and summer (June-
August in the Northern Hemisphere and December-January in
the Southern Hemisphere) for the different countries and ter-
ritories: the monthly mean daily mean temperature (TMP), the
monthly mean daily minimum temperature (TMN), and the
monthly mean daily maximum temperature (TMX). Data on
other national indicators among different countries and territo-
ries from 1990 to 2019 were extracted from the World Bank
databases. Detailed information on these indicators can be found
in the eMethods and the World Bank databases.16

Estimation of the Burden of Nonoptimal
Temperature-Related Stroke
A 3-step process was used to estimate the burden of stroke
attributable to nonoptimal temperature. (1) Data collection:

Glossary
a-p-c = age-period-cohort; ARC = annualized rate of change; ASDR = age-standardized DALY rate; ASMR = age-standardized
mortality rate; DALY = disability-adjusted life year; GBD = Global Burden of Disease study; IA = intracerebral hemorrhage;
IS = ischemic stroke;MPC =mean percent change per year; SAH = subarachnoid hemorrhage; SDI = sociodemographic index;
TMN = the monthly mean daily minimum temperature; TMP = the monthly mean daily mean temperature; TMX = the
monthly mean daily maximum temperature; TMREL = theoretical minimum risk exposure level; TOAST = Trial of ORG
10172 in Acute Stroke Treatment; UI = uncertainty interval.
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GBD collaborators obtained temperature estimates for each
place from the European Centre for Medium-Range Weather
Forecasts and then calculated daily averages of temperatures
for use in burden estimation. Individual patient death in-
formation was collected from vital registration data sources in
the GBD cause of death database. Stroke is a tertiary cause of
death associated with nonoptimal temperature. (2) Exposure-
response modelling: TMRELs of temperature were estimated
as the temperatures with the lowest mortality risk for each
location and year. High-temperature exposure refers to ex-
posure to temperatures above the TMREL, and low-
temperature exposure refers to exposure to temperatures
below the TMREL. Temperature zones are defined by mean
annual temperature. The robust meta-regression framework
implemented through the MR-Bayesian, Regularized, Trim-
med tool was used to estimate cause-specific mortality
according to the temperature zone and average daily tem-
perature. (3) Calculation of disease burden indicators: stroke-
specific death and DALY data were estimated according to
internationally recognized standard methods. Detailed
methods are described in previous studies.2,12

Statistical Analysis
Identifying changes in disease trends can help to analyze stroke
mortality and DALY data attributable to nonoptimal tempera-
ture. Time trends of disease burden were estimated using join-
point regression models, a set of statistical linear models. The
Bayesian Information Criterion is calculated in the joinpoint
regression model to identify change points in trends in the data
set. The annual percentage change of each identified trend was
then calculated by fitting the regression line to the natural log-
arithm of the rates using calendar year as the regression
variable.17,18 To further predict future trends in the Global
Burden of Disease, we applied a Bayesian age-period-cohort (a-
p-c) model, which calculates hypothetical probability distribu-
tions based on 3 factors—age, period, and cohort—by applying
the Bayesian formula and combines prior information with
sample data to derive posterior information.19 Then, we used an
a-p-c model framework to analyze the underlying trends in
burden by age, period, and birth cohort.20,21 The a-p-c model
estimated mean percent change per year in age-specific rates,
longitudinal age-specific rates (i.e., age effects), and period/
cohort effects, expressed as the relative risk of rates by period/
cohort. A decomposition analysis with aging, epidemiologic
change, and population growth was used to explore the driving
factors of stroke burden change from 1990 to 1991–2019. To
explore potential national-level indicators (including tempera-
ture, demographic indicators, and economic indicators) that
may be associated with the burden of stroke attributable to
nonoptimal temperature, we conducted a fixed-effect panel
data analysis. In addition, we explored SDI-related health in-
equalities in disease burden. The slope index was used to
characterize absolute inequalities. The concentration index was
used to characterize relative inequalities. The flowchart of the
analysis process is illustrated in Figure 1. All analyses men-
tioned abovewere conducted in R (version 4.1.3) and joinpoint
software (version 4.9.1). p < 0.05 was considered significant.

Details of the method described above and the interpretation
of other variables appearing in the manuscript are given in the
eMethods.

Standard Protocol Approvals, Registrations,
and Patient Consents
All data used in this study did not contain identifiable personal
or medical information. For GBD 2019, a waiver of informed
consent was reviewed and approved by the Institutional Re-
view Board at the University of Washington. All information
on ethical standards is available through the official website.22

Therefore, no additional ethical approval was required for this
study. Consent to participate was not required for this study.

Data Availability
The data for this study are available on request from the
corresponding author.

Results
Stroke Burden Attributed to
Nonoptimal Temperature

Burden and Its Trend
Globally, 521,031 (95% uncertainty interval [UI]
402,433–663,996) deaths and 9,423,649 (95% UI
7,207,660–12,055,172) DALYs attributable to stroke due
to nonoptimal temperature were recorded in 2019 (eTable 1).
The age-standardized mortality rate (ASMR) and age-
standardized DALY rate (ASDR) of stroke attributable to
nonoptimal temperature decreased continuously globally (an-
nualized rate of change [ARC] in ASMR −0.43% per year, 95%
UI −0.49% to −0.36%; ARC in ASDR −0.45% per year, 95%UI
−0.51% to −0.36%) (Figure 2 and eFigure 1). Men (ASMR
7.70, 95%UI 5.80–9.73; ASDR 139.69, 95%UI 102.96–178.54
in 2019) had a heavier burden than women (ASMR 5.89, 95%
UI 4.50–7.60; ASDR 96.02, 95% UI 72.62–123.85 in 2019)
globally. Similar patterns are shown in our prediction until
2030 (eFigure 2, A and B). Moreover, most disease burdens in
places with different SDIs displayed a declining trend. High-
middle–SDI countries consistently had the highest burden,
with high-SDI countries having the lowest burden in recent
years. In 2019, the top 3 stroke burdens in 21 regions occurred
in Central Asia (ASMR 18.12, 95% UI 13.4–24.53; ASDR
327.35, 95% UI 240.24–440.61), Eastern Europe (ASMR
15.71, 95% UI 9.34–25.13; ASDR 268.96, 95% UI
159.42–430.71), and East Asia (ASMR 12.48, 95% UI
9.48–15.95; ASDR 210.56, 95% UI 158.19–273.44). From
1990 to 2019, the stroke burden in most regions decreased
(Figure 3 and eTable 2). At the national level, the top 3 stroke
ASMRs were noted in North Macedonia (32.97, 95% UI
20.57–47.44), Mongolia (27.85, 95% UI 11.82–50.58), and
Montenegro (27.85, 95% UI 11.82–50.58), while Mongolia
(25.1, 95% UI 17.37–34.97), North Macedonia (475.61, 95%
UI 293.57–691.66), and Tajikistan (441.44, 95% UI
235.67–711.17) had the top 3 stroke ASDRs (eFigure 3 and
eTable 3).

Neurology.org/N Neurology | Volume 102, Number 9 | May 14, 2024 3

http://neurology.org/n


Drivers of Burden Change: Aging, Epidemiologic
Change, and Population Growth
Both global stroke deaths and DALYs attributable to non-
optimal temperature were larger in 2019 than in 1990. To
explore the extent to which the forces of aging, population
growth, and epidemiologic change influenced changes in
stroke burden attributable to nonoptimal temperature over
the 30-year period, we conducted a decomposition analysis of
burden change by population, age structure, and age and
population standardized rates referred to here as epidemio-
logic change. The analysis showed that aging and population
growth promoted an increase in burden and that epidemio-
logic change promoted a reduction in burden (eFigures 4A
and 5A). Across different SDI quintiles, stroke deaths and

DALYs have increased sharply since 1990, except in high-SDI
and high-middle–SDI countries. The contribution of aging
and population growth to burden changes generally increased
over the study period (eFigures 4, B–F and 5, B–F).

Time Trends for Different Age Groups
For each 5-year age group, the mean percent change per year
(MPC) in stroke death and DALY rates are shown in
Figure 4A and eFigure 6A. Globally, stroke death and DALY
rates attributed to nonoptimal temperature decreased across
all age groups (MPCs for all groups <0% per year), and the
largest decline occurred in the group with the youngest
population (MPC for 0–4 years group: death −5.19% per year,
95% CI −5.87% to −4.51%; DALY −5.22% per year, 95% CI

Figure 1 Flowchart of Analysis

SDI = sociodemographic index.
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Figure 2 Age-Standardized Death Rate of Stroke Attributable to Nonoptimal Temperature by SDI Quintiles for Both Sexes
(A), Male Population (B), and Female Population (C), 1990–2019

APC = annual percentage change; SDI = socio-
demographic index.
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−5.70% to −4.74%). The absolute values of MPC tended to be
smaller in the older group than in the younger group, implying
that the downward trend in the burden over 30 years was
smaller in the older group than in the younger group. The
degree of burden decrease was often lower in male than in
female population. In addition, the decline in burden across
age groups was generally greatest in the high-middle–SDI
areas and least in the low-SDI areas. There was an increase in
the proportion of stroke deaths and DALYs in the elderly
population, especially in high-SDI countries and territories
(Figure 4B and eFigure 6B).

Individual Age, Period, and Cohort Effect of Stroke
Burden
eFigures 7 and 8 present the effects of individual age, cohort,
and period on stroke death and DALY rates by a-p-c analysis.
Generally, age was a risk factor for disease burden. The burden
tended to be greater for men than for women, and the dif-
ference in burden between the higher and lower age groups

was also generally greater for men than for women, especially
in high-SDI and high-middle–SDI areas. For period and co-
hort effects, declining trends were observed over the study
period.

Associations Between the National Level Indicators
and Burden
Based on the analysis of the panel data model, for every 1-unit
increase in carbon dioxide emission and PM2.5 air pollution,
ASMR would increase by 0.15 (95% CI 0.12–0.19, p < 0.001)
and 0.16 (95% CI 0.13–0.19, p < 0.001), respectively. A lower
ASMR was observed in countries with lower population density
(β = −1.32E-03, 95% CI −1.76E-03 to −8.77E-04, p < 0.001),
GDP (β = −1.09E-04, 95% CI −1.15E-04 to −1.03E-04, p <
0.001), urban population (β = −0.12, 95%CI −0.14 to −0.11, p <
0.001), current health expenditure per capita (β = −1.09E-03,
95% CI −2.01E-03 to −1.79E-03, p < 0.001), physicians per
1,000 people (β = −0.48, 95%CI −0.62 to −0.34, p < 0.001), and
forest area (β = −0.09, 95% CI −0.12 to −0.07, p < 0.001)

Figure 3 Age-Standardized Death Rate and Its Annualized Rate of Change (A), Age-Standardized DALY Rate and Its An-
nualized Rate of Change (B) in Stroke Attributable to Nonoptimal Temperature by Region

DALY = disability-adjusted life year.
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(eTable 4). A similar relationship between these indicators and
ASDR was also observed (eTable 4).

Trends in Stroke Burden Attributed to Low and
High Temperatures

Burden and Its Trends
According to the classification of nonoptimal temperature, we
further analyzed the stroke burden situation attributable to high

and low temperatures. Globally, low temperature (deaths
474,002, 95% UI 355,077–606,537; DALYs 8,357,198, 95% UI
6,186,217–10,801,911) contributed more to stroke deaths and
DALYs than high temperature (deaths 48,030, 95% UI
5,630–104,370; DALYs 1,089,329, 95% UI 112,690–2,375,345)
in 2019 (eTables 5 and 6).

Since 1990, the ASMR and ASDR of stroke attributable to
high temperature have increased continuously globally.

Figure 4 Local Drifts of Mortality (A) and Age Distribution of Deaths (B) for Stroke Attributable to Nonoptimal Temperature
by SDI Quintiles From 1990 to 2019

SDI = sociodemographic index.

Neurology.org/N Neurology | Volume 102, Number 9 | May 14, 2024 7

http://neurology.org/n


Across different SDIs, it also generally displayed an increasing
trend except in high-middle–SDI countries and territories.
Lower SDIs were often accompanied by a higher burden of
disease. A greater disease burden occurred in men (eFigures 9
and 10). Notably, in the future, the stroke burden attributable
to high temperature may increase sharply (eFigure 2, C and
D). In 21 regions, South Asia had the highest stroke burden in
2019 (ASMR 2.02, 95% UI 0.37–3.6; ASDR 40.32, 95% UI
8.06–71.2). From 1990 to 2019, the stroke burden in most
regions increased (Figure 5 and eTable 7). Burden in Central
Asian showed dramatic increases over 30 years and required
special attention. At the national level, Mali had the top stroke
ASMRs (7.31, 95% UI 2.22–16.28), while Niger had the top
stroke ASDRs (141.34, 95% UI 43.19–303.14) in 2019
(eFigure 11 and eTable 8).

The ASMR and ASDR of stroke attributable to low temper-
ature decreased globally. Burden has also continued to decline
in all SDI places, except for low-SDI countries. Men had a
higher burden of disease than women (eFigures 12 and 13).

Moreover, the stroke burden attributed to low temperature
may continue to decrease in the future (eFigure 2, E and F).
Among the 21 regions, Central Asia stood out as having the
highest stroke burden in 2019 (ASMR 18.07, 95% UI
13.08–24.58; ASDR 326.14, 95% UI 235.53–440.11). Since
1990, the burden has declined sharply in almost all regions,
with the exception of Central Asia, where it has tended to
increase among men (Figure 6 and eTable 9). At the national
level, North Macedonia had the top stroke ASMR (833.66,
95% UI 513.58–1,212.00), while Mongolia had the top stroke
ASDR (14,275.23, 95% UI 6,087.67–26,191.04) in 2019
(eFigure 14 and eTable 10).

Time Trends of Burden Across Different Age Groups
Globally, the young group (<10 years old) revealed a down-
ward trend in stroke death and DALY rates attributed to high
temperature over 30 years, with the opposite being true in the
group over approximately 10 years old. MPC exhibited an
increasing trend with age before approximately 40 years old,
followed by a reduction until approximately 60 years of age.

Figure 5 Age-Standardized Death Rate and Its Annualized Rate of Change (A), Age-Standardized DALY Rate and Its An-
nualized Rate of Change (B) in Stroke Attributable to High Temperature by Region

DALY = disability-adjusted life year.
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Moreover, across almost all age groups in low-SDI countries
and territories, there was an increasing trend of death and
DALY rates (eFigures 15A and 16A). Notably, the proportion
of stroke deaths and DALYs increased in the young pop-
ulation from high-SDI countries and territories (eFigures 15B
and 16B).

Under low temperature, MPC in stroke death andDALY rates
for each age group are shown in eFigures 17A and 18A.
Globally, stroke death and DALY rates attributed to low
temperature decreased across all groups. Notably, there was
an increase in the proportion of stroke deaths and DALYs in
the elderly population, especially in high-SDI countries and
territories (eFigures 17B and 18B).

Individual Age, Period, and Cohort Effect of Stroke
Burden
Individual age, cohort, and period effects on stroke death and
DALY rates attributable to high temperature are presented in

eFigures 19 and 20. Generally, the high-risk paralleled age
growth. The period effect indicated an increasing trend except
in high-middle–SDI countries and territories. The cohort ef-
fect first increased and then fell after approximately 1990. This
tendency was more obvious with increasing SDI.

eFigures 21 and 22 show individual age, cohort, and period
effects on stroke death and DALY rates attributed to low
temperature. In general, older people tend to have a greater
risk of stroke. This effect was more severe in men. Period and
cohort had declining effects on stroke burden over the study
period.

Correlation Between Temperature and Burden
As shown in eFigures 23 and 24, regardless of whether TMN,
TMX, or TMP was considered, the lower the temperature
was, the higher the burden attributed to low temperature.
Higher temperatures paralleled the heavier burden attributed
to high temperatures.

Figure 6 Age-Standardized Death Rate and Its Annualized Rate of Change (A), Age-Standardized DALY Rate and Its An-
nualized Rate of Change (B) in Stroke Attributable to Low Temperature by Region

DALY = disability-adjusted life year.
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SDI-Related Health Inequality in Stroke Burden
Attributed to High Temperature
Although no significant correlation was observed between
SDI and stroke burden attributable to nonoptimal or low
temperatures (Figure 2 and eFigures 1, 12, 13), a significant
negative correlation was found between SDI and burden
attributable to high temperature (eFigures 9 and 10).
Therefore, a health inequality analysis was conducted to
further explore this relationship. As shown in Figure 7, SDI-
related absolute health inequalities of the burden attribut-
able to high temperature, as measured by the slope index,
were significant and increasingly evident (slope index for
1990 ASMR −1.04, 95% CI −1.35 to −0.78; 1990 ASDR
−22.10, 95% CI −27.61 to −18.10; 2019 ASMR −1.18, 95%
CI −1.42 to −0.97, and 2019 ASDR −23.79, 95% CI −28.77
to −18.86), showing that countries with higher SDIs bear a
higher burden of disease than those with lower SDIs and that
this difference has been increasing over time. The concen-
tration index also confirmed the existence of significant
relative inequalities, with the burden disproportionately
concentrated in low-SDI countries (concentration index for
1990 ASMR −0.40, 95% CI −0.52 to −0.31; 1990 ASDR
−0.42, 95% CI −0.55 to −0.35; 2019 ASMR −0.35, 95% CI
−0.44 to −0.27; and 2019 ASDR −0.36, 95% CI −0.45
to −0.29).

Trends of Subtypes of Stroke Burden
Attributed to Nonoptimal Temperature
Based on categories in the GBD database, we roughly
depicted the proportion of ASMR and ASDR of 3 stroke
subtypes, that is, subarachnoid hemorrhage (SAH), ischemic
stroke (IS), and intracerebral hemorrhage (IA). IA and IS
attributed to nonoptimal temperature accounted for the main
stroke deaths and DALYs (2019 death: 40.73% with IA and
53.67% with IS, 2019 DALY: 48.31% with IA and 44.1% with
IS). Notably, IA occupied the main part of stroke burden
attributed to high temperature (2019 death: 51.26% with IA,
2019 DALY: 58.25% with IA). Compared with 1990, the
proportion of IS burden in each temperature subtypes in-
creased obviously (eFigure 25).

Discussion
In this study, we assessed the global, regional, and national
burden and distributional characteristics of stroke due to
nonoptimal temperature. Although the ASMR and ASDR for
stroke burden have declined since 1990, their numbers have
continued to rise, and this upward trend is particularly evident
in low-SDI countries. Spatially, the burden is mainly con-
centrated in Eastern Europe, Central Asia, and East Asia. The
male and elderly populations have a greater stroke burden. In
temperature subtypes, while low temperature currently con-
tributes to the main burden, the burden attributable to high
temperature has been rising rapidly, especially among people
over 10 years, and will do so in the coming decades. The
dramatic increase in ASDR among women in Central Asia
requires special attention. In addition, the stroke burden due

to high temperature was disproportionately concentrated in
low-SDI countries.

The current burden of stroke due to nonoptimal temperature
is enormous. The mechanism for the association between
nonoptimal temperature and increased risk of stroke may be
as follows: low temperature stimulates the sympathetic ner-
vous system, resulting in high pressure.23,24 Cold exposure is
also related to thermogenesis and inflammation.25 In addition,
high temperature may cause dehydration, elevated blood
viscosity, and dyslipidemia.26,27

In recent years, the ASMR and ASDR of stroke burden at-
tributed to nonoptimal temperature decreased globally, which
may benefit from advanced medical management and acute
therapies.28,29 However, the increasing number of stroke deaths
and DALYs attributable to nonoptimal temperature cannot be
neglected, especially in low-SDI countries, which may place a
heavy burden on the public health system in the future.

Decomposition analyses of changes in the burden showed
that aging was an important driver of the increased burden.
The age effect exhibited by the a-p-c model also suggests that
older people tend to have greater death and DALY rates than
younger people. At the same time, while stroke death and
DALY rates attributable to nonoptimal temperature have
trended downward since 1990 for all age groups, the down-
ward trend has been slightest in the older age groups. A study
supported that temperature extremes cause increased mor-
tality risk in the elderly population compared with the young
population.30 Physiologic activity changes such as endothelial
cell dysfunction and abnormal immune responses attributable
to various geriatric diseases result in deterioration of micro-
vascular repair and infiltration of immune cells to increase
poor prognosis and death of stroke in elderly patients.31,32

Downward trends in the period effect may be related to hy-
giene improvement and social development since 1990. Re-
garding the cohort effect, advanced diagnosis, prevention, and
management contribute to the improvement in the disease
burden of young cohorts.33-35

Regarding sex, a heavier stroke burden attributed to non-
optimal temperature occurs in men. A Chinese study showed
higher stroke mortality in men than in women aged younger
than 80 years.36 Another study directly supported that ab-
normal temperature causes a greater stroke burden in men
than in women.37 This phenomenon is associated with dif-
ferent physiologic activities in different sexes. For instance,
estrogen-dependent protection was observed in female as-
trocytes in a stroke model in mice.38 In addition, men sweat
more and are at higher risk of electrolyte imbalance, which
may lead to a greater risk of stroke in men than in women
when temperatures rise.39

The panel data analysis confirms that increased air pollution is
closely associated with a rising burden of stroke. PM2.5
triggers oxidative damage in vessels and abnormal blood
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pressure responses, which may increase the risk of death from
stroke.40 Carbon dioxide emissions often mean more in-
dustrialization and more emissions of other air pollution,
which increases the stroke burden.41 Of interest, a study
pointed out that an urban population is a risk factor for
stroke.42 Another study emphasized urban characteristics as
risk factors for temperature-related mortality associated with
the urban heat island effect.43 However, better medical re-
sources and stroke prevention in urban areas decreased stroke
burden explained by a previous study.44 Enough forest area
can relieve the negative health effects of heat exposure.45,46 Its
protective effect on stroke patients was also reported in a
previous study.47 High coverage of greenness will decrease the
influence of air pollution and levels of sympathetic activation
and oxidative stress, which benefits patients with stroke.48

In temperature subtypes, low temperature currently causes
the main stroke burden, but the rate gradually attenuated over
the study period, similar to the results of a previous study.49

Noticeably, the stroke burden attributed to high temperature

dramatically increased and will do so in the future. The process
of global warming may be the driver. At the regional levels, we
found a sharp upward trend in the ASDR of female population
due to high temperature in Central Asia. We hypothesize that
this situation may be related to unbalanced medical resources.
Compared with men, local women may not receive enough
medical treatment, which causes more DALYs.

No significant correlation was observed between the burden
of stroke due to low or overall nonoptimal temperatures and
SDI. However, the burden of stroke attributable to high
temperature was significantly concentrated in areas with a
lower SDI, and previous studies have reached similar con-
clusions.50 This may be related to lower medical levels, less air
conditioning, less awareness of health care, and higher poverty
rates in lower SDI places. In addition, most low-SDI places are
located at low latitudes, increasing heat exposure.51,52

Our study had several limitations. First, due to the features of
ecological studies, our study can only illustrate the association

Figure 7 SDI-Related Health Inequality Regression Lines (A, B) and Concentration Curves (C, D) for the Age-Standardized
Death and DALY Rates Due to Stroke Attributable to High Temperature, 1990 and 2019

DALY = disability-adjusted life year; SDI = sociodemographic index.
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between burden and related risk factors. We cannot explore
causality at the individual level. Meanwhile, limited by data
from theGBD database without relevant risk factors, we cannot
explore some classical cofounders affecting our results, such as
hypertension and high cholesterol levels. Third, limited by the
data source, we were only able to follow the GBD stroke
classification (IA, IS, and SAH) to explore stroke subtype
burden and were unable to study stroke subtype burden
according to other classification criteria, such as Trial of ORG
10172 in Acute Stroke Treatment (TOAST). We next plan to
collect epidemiologic data from other sources to assess the
burden of various TOAST subtypes of stroke and the re-
lationship between classical stroke risk factors and temperature.
Fourth, the data from low-SDI countries may not exactly reflect
the disease burden of stroke due to undeveloped public health
systems and volatile national situations.53,54

Our study has several advantages. First, we comprehensively
assessed the global burden and distribution of stroke attrib-
utable to nonoptimal temperature. Second, we not only
depicted the effect of total nonoptimal temperature but also
compared the burden from temperature subtypes and stroke
subtypes, which reminds us that countries with different cli-
mates should pay special attention to different stroke sub-
types. Third, we confirm the presence of health inequalities in
the burden and emphasize that increased attention should be
given to underdeveloped countries.

Further exploration of the effect of nonoptimal temperature on
stroke in older people and responses to it is essential in the
context of increasing aging trends. The burden is high in Central
Asia and Eastern Europe, but less research has been performed
for these regions, andmore attention is needed. More research is
also needed for low-SDI countries to determine the precise
disease burden and to target solutions to address health in-
equalities. It is more important that future research should aim to
reduce the threat of abnormal temperatures to human health,
such as searching for suitable and effective health policies.

Our ecological study provides various pieces of information
for clinical practice and public health work on reducing stroke
burden attributed to nonoptimal temperature. The burden
associated with high temperature has been gradually in-
creasing and will grow sharply in the future. Higher SDI re-
gions such as Central Asia and Eastern Europe need to
increase research on strokes attributed to low temperatures,
while low-SDI countries urgently need to focus on stroke
attributed to high temperature. Increasing vegetation cover-
age and reducing pollution are important measures that can
be concluded in making policy. Special prevention manage-
ment and treatment guidelines need to be considered for
special populations, such as male and elderly individuals.
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