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Abstract 

Background  With global climate change, the health threats of ambient high temperature have received widespread 
attention. However, latest spatio-temporal patterns of the non-communicable diseases (NCDs) burden attributable 
to high temperature have not been systematically reported. We aimed to analyze vulnerable areas and populations 
based on a detailed profile for the NCDs burden attributable to high temperature globally.

Methods  We obtained data from the Global Burden of Diseases (GBD) Study (2019) to describe the temporal 
and spatial patterns of NCDs burden attributable to high temperature globally from 1990–2019. Then we analyzed 
the differences by region, sex, and socio-demographic index (SDI). Finally, the age‑period‑cohort (APC) model was uti-
lized to explore the age, period, and cohort effects of NCDs mortality caused by high temperature.

Results  In 2019, the number of deaths and Disability-adjusted life years (DALYs) from high-temperature-related NCDs 
was about 150,000 and 3.4 million globally, of which about 70% were in South Asia and North Africa and Middle East, 
and the burden was higher in men. Among 204 countries and territories, the highest age-standardized mortality rate 
(ASMR) and age-standardized DALY rate (ASDR) were observed in Oman and United Arab Emirates, respectively. The 
global burden showed an upward trend from 1990 to 2019, with an EAPC of 3.66 (95%CI: 3.14–4.18) for ASMR and 3.68 
(95%CI: 3.16-4.21) for ASDR. Cardiovascular diseases were the main contributors to the global burden of high-tem-
perature-related NCDs in 2019. The age and period effect in APC model showed an increasing trend globally. There 
was a significant negative correlation between SDI and both ASMR (r = -0.17) and ASDR (r = -0.20) from 1990 to 2019.

Conclusion  There was an increasing trend of the global burden of high-temperature-related NCDs. The burden 
was likely to be higher in males and the elderly, as well as in countries and regions with less economically and socially 
developed and in tropical climates. Surveillance and prevention measures should be implemented with a focus 
on these vulnerable areas and susceptible populations.

Keywords  Non-communicable diseases (NCDs), Climate change, High temperature, Disease burden

Background
Non-communicable diseases (NCDs) are the leading 
cause of ill health and premature death globally, charac-
terized by long duration of illness, high morbidity and 
high mortality. Globally in 2016, about 40.5 million peo-
ple died from NCDs, accounting for about 70% of deaths 
worldwide, with more than 80% of NCDs occurring in 
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low-and middle-income countries [1, 2]. NCDs burden 
has become an important global health problem, result-
ing in global health inequalities across the world. How-
ever, NCDs are largely preventable, and after the 2011 
UN High-Level Meeting on non-communicable diseases, 
Member States of the WHO adopted “The reduction by a 
third of premature non-communicable disease mortality 
by 2030” as the target of Sustainable Development Goals 
(SDGs) [3]. Therefore, it is necessary to explore the risk 
factors for NCDs and develop targeted strategies to pre-
vent NCDs and reduce the disease burden.

In recent decades, global climate change has intensi-
fied, and the fluctuation range of ambient temperature 
has increased significantly [4]. The World Meteorologi-
cal Organization (WMO) reported in the State of the 
Global Climate 2023 that 2023 was the warmest year 
since the 174-year observational record. The global 
average near-surface temperature was 1.45 ± 0.12  °C 
above the pre-industrial average, with severe heatwaves 
occurring around the world [5]. Extreme weather and 
climate events pose a threat to the natural environ-
ment and social economy, and health problems caused 
by extreme heat are of increasing concern [6–9]. Sub-
stantial epidemiological evidence consistently indicated 
that high temperature was associated with an increased 
risk of many NCDs. Liu C et al. concluded that extreme 
heat exposure directly affects human cardiovascular 
health by altering thermoregulatory mechanisms [10]. 
A study from Augsburg, Germany, found an increasing 
relative risk of heat-related myocardial infarction in the 
population between 1987–2014 [11]. G. Brooke Ander-
son et al. found an average increase in chronic obstruc-
tive pulmonary disease (COPD) hospitalizations of 
4.3% for every 10°F increase in average outdoor tem-
perature in the U.S. [12]. A cross-case study in the UK 
reported that patients with diabetes were significantly 
more likely to consult their general practitioner during 
hot weather [13]. A study using data on specific causes 
of cardiovascular death in 27 countries from 1979 to 
2019, estimated that 1.6 deaths per 1000 stroke deaths 
could be attributed to extreme heat [4]. Researchers in 
China noted that hot weather contributes to a greater 
burden of hypertensive disease [14]. In addition, the 
increased risk of NCDs such as chronic kidney disease 
(CKD) and ischemic heart disease has also been found 
to be associated with extreme heat [15, 16]. Moreover, 
the frequency of extreme heat events and heat waves 
will continue to increase [17], which will greatly affect 
human life and the risk of NCDs. However, studies on 
the burden of disease attributable to climate change are 
limited to a particular disease, such as COPD or CKD, 
some studies have been conducted only in selected 
countries and regions, especially lacking in low-income 

countries. Others have focused only on the impact of 
low temperature on the burden of NCDs and lack a sys-
tematic description of the burden of high-temperature-
related NCDs in a global perspective.

The Global Burden of Disease (GBD) Study (2019) 
published data on the attributable burden of disease for 
87 risk factors at global, regional, and 204 countries and 
territories levels for 1990–2019, including the data on 
disease burden attributable to high temperature [18]. In 
this study, we extracted data of the deaths and DALYs 
for high-temperature-related NCDs in GBD 2019, aim-
ing to comprehensively analyze the burden of NCDs and 
cause-specific diseases attributable to high temperature 
globally in 2019 and the temporal and spatial patterns 
during 1990–2019. Age-period-cohort (APC) mod-
eling was used to explore the age, period, and cohort 
effects on NCDs mortality caused by high temperature. 
In addition, we summarized the burden differences by 
sex and SDI. Our findings may help health policy mak-
ers and researchers to identify vulnerable populations 
and susceptible countries and regions of high-temper-
ature-related NCDs and to better cope with the health 
problems caused by climate change.

Methods
Study data
GBD 2019 is the world’s most comprehensive and sys-
tematic epidemiologic database of risk factors and dis-
ease burden [19]. GBD 2019 added high temperature as a 
risk factor to the database for the first time and estimated 
the distribution of exposure and disease burden by loca-
tion, sex, age and year [20]. In order to assess the bur-
den of high-temperature-related NCDs globally in 2019 
and its spatial and temporal patterns from 1990 to 2019, 
and to assess the differences in disease burden among 
populations and regions, we will use data on deaths and 
ASMRs, DALYs and ASDRs of NCDs attributable to 
high temperatures as well as SDI for secondary analyses. 
The GBD study divides the world into 21 regions based 
on geographic location and epidemiological characteris-
tics [19, 21], and the 2019 data include all World Health 
Organization member states [18]. Meanwhile, the GBD 
team divided the 204 countries and territories into 5 SDI 
regions according to the SDI index, which represents the 
level of socioeconomic development: low SDI (< 0.46), 
Low-middle SDI (0.46–0.60), Middle SDI (0.61–0.69), 
High-middle SDI (0.70–0.81), and high SDI (> 0.81) [18, 
21]. Socio-demographic index (SDI) is a composite indi-
cator covering per capita income, years of schooling, 
and fertility of women under 25 years of age, which can 
be used to measure the position of health-related socio-
demographic development in a region [18].
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Definitions of high temperature exposure and NCDs
Estimates of high temperature exposure for each site in 
the GBD study were obtained and calculated from the 
European Centre for Medium-Range Weather Forecasts 
(ECMWF) [22]. According to GBD study, the minimum 
value of the average cause-specific exposure–response 
curves is the theoretical minimum risk exposure level 
(TMREL) [18]. Considering the differences in response to 
high temperature exposure across locations, diseases and 
years, the TMREL for high temperature in the GBD study 
was not globally consistent but was the temperature asso-
ciated with the lowest risk of death for all diseases with 
the same etiology in the same year and location. High 
temperature were defined as ambient temperature above 
the TMREL [23]. Information of data sources on high 
temperature exposure is available at  http://​ghdx.​healt​
hata.​org/​gbd-​2019/​data-​input-​sourc​es.

GBD study classified the risk factors and the causes of 
death or DALY into four levels [18], where NCD was at 
the first level, the causes of leve2 were sub-causes with 
level 1, containing three types of diseases: cardiovascu-
lar diseases, diabetes and kidney and chronic respiratory 
diseases, while the level 3 of etiology is a more detailed 
cause of the level 2, which contains ischemic heart dis-
ease, stroke, hypertensive heart disease, COPD, CKD and 
diabetes mellitus, and level 4 is the more detailed causes 
of level 3 [18, 22]. We mainly discussed the burden of 
level 1 to 3 in this study. A classification of NCDs can be 
found at: https://​vizhub.​healt​hdata.​org/​gbd-​resul​ts/.

Statistical analysis
First, we used the number and age-standardized rate 
of deaths and DALYs to describe the burden of NCDs 
attributable to high temperature in 1990 and 2019, and 
applied the estimated Annual Percentage Change (EAPC) 
to assess the temporal trend from 1990 to 2019. Previous 
studies have used the EAPC to describe trends of age-
standardized rate (ASR) in a specific time period [24, 25]. 
The natural logarithm of ASR can be fitted to a regression 
line using the model ln(ASR) = α + βx + ε , where x was 
the calendar year, EAPC = 100 ∗ (exp(β)− 1) , and the 
95% confidence interval (CI) for EAPC can be calculated 
from the regression model. The temporal trend was con-
sidered to be in an upward trend when the EAPC and its 
95% CI lower bound were both > 0, conversely, it was con-
sidered to be in a downward trend when both the EAPC 
and the upper bound of its 95% CI were < 0. Otherwise, 
the ASR could be considered stable [26].

Second, based on the data of ASMR and ASDR in dif-
ferent countries and regions around the world in 2019, 
we demonstrated the burden of NCDs attributable to 
high temperature by using map construction. In addition, 

we showed differences in the burden of NCDs and cause-
specific by sex, and verified the correlation of SDI with 
ASMR and ASDR using Pearson correlation coefficients.

Finally, in order to avoid errors caused by linear cor-
relation (cohort = period-age), APC model was used to 
further explore the age, period and cohort effect trends 
of NCDs mortality caused by high temperature. APC 
model can capture the information of age, period and 
cohort contained in mortality trends, and it has been 
widely used in previous studies to estimate the impact 
of net age, period and cohort on disease morbidity and 
mortality [27]. Age effect can reflect changes in disease 
mortality with age. Period effect can reveal the influence 
of various events on the change of disease mortality over 
time, such as advances in disease diagnostic technology 
or the implementation of effective treatments. Cohort 
effect refers to the differences in disease mortality among 
generations due to the exposure levels of risk factors 
or changes in behavior and lifestyle [28]. APC model is 
a log-linear model based on the Poisson distribution as 
follows:

�(a · p) represents the age-specific ratio for age a and 
period p ; f (a) , g(P) , and h(c) refer to the age, period, and 
cohort effects of the observation unit respectively; µ and 
ε refer to the intercept and random error [29]. This study 
analyzed the age, period and cohort effects of disease 
burden using the APC Web Tool developed by the US 
National Cancer Institute website (https://​analy​sisto​ols.​
cancer.​gov/​apc/). Considering the usage requirements of 
the APC Web Tool and the data characteristics of NCDs 
attributable to high temperature in GBD 2019, the age 
groups used to reflect the age effect in the APC model 
were 15 consecutive 5-year age groups ranging from 
20–24 to 90–94  years, corresponding to birth cohorts 
ranging from 1900–1904 to 1995–1999, as well as 6 con-
secutive 5-year period groups from 1990–1994 to 2015–
2019. All statistical analyses were performed using R 
software (version 4.2.3) except for the analysis of the APC 
model. p < 0.05 was considered statistically significant.

Results
NCDs burden attributable to high temperature from 1990 
to 2019 globally
As shown in Table  1, there were 151312.45 (95% UI: 
79214.61, 224816.6) deaths and 3400461.56 (95% UI: 
1762998.32, 5033020.83) DALYs of NCDs attributable 
to high temperature globally in 2019. The global ASMR 
increased from 0.56 (95% UI: -2.72, 1.84) in 1990 to 1.9 
(95% UI: 0.99, 2.83) in 2019, with an EAPC of 3.66 (95% 
CI: 3.14, 4.18), whereas the ASDR increased from 11.87 
in 1990 (95% UI: -65.96, 40.1) to 41.45 (95% UI: 21.49, 

log[�(a · p)] = µ+ f (a)+ g(P)+ h(c)+ ε

http://ghdx.healthata.org/gbd-2019/data-input-sources
http://ghdx.healthata.org/gbd-2019/data-input-sources
https://vizhub.healthdata.org/gbd-results/
https://analysistools.cancer.gov/apc/
https://analysistools.cancer.gov/apc/
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61.36) in 2019 and the EAPC was 3.68 (95% CI: 3.16, 4.21) 
(Table 1). Both the EAPC for ASMR and ASDR and their 
lower bound of the 95% CI were > 0, indicating that the 
global ASMR and ASDR of NCDs caused by high tem-
perature showed an increasing trend from 1990 to 2019.

In addition, the burden of high-temperature-related 
NCDs varied between sexes. Global ASMR and ASDR in 
2019 were 1.61 (95% UI: 0.87–2.41) and 34.53 (95% UI: 
18.50–50.79) for females, respectively, whereas males 
were higher than females at 2.25 (95% UI: 1.13–3.40) and 
49.12 (95%UI: 22.20–74.57) (Table 1). Quantitatively, the 
number of deaths from NCDs attributable to high tem-
perature increased more than sixfold over the 30  years 
from 1990 to 2019 globally, with a nearly sixfold increase 
in females, compared with a faster increase of nearly 

sevenfold in males. The number of DALYs increased 
nearly sixfold, with a more than fivefold increase in 
females and an approximately 6.5-fold increase in males. 
From 1990 and 2019, the EAPC for ASMR was higher 
in males (3.64, 95%CI: 3.09–4.19) than in females (3.58, 
95%CI: 3.09–4.06), and similarly, the EAPC of ASDR in 
males (3.8, 95%CI: 3.24–4.37) was also higher than that 
of females (3.46, 95%CI: 2.97–3.94), indicating that both 
sexes showed an increasing trend in ASR and the increase 
was faster in males (Table 1).

The NCDs burden attributable to high temperature 
varied across countries and regions. Figure  1 illustrates 
the spatial distribution of ASMR and ASDR in 2019. 
Among the 21 GBD regions in 2019, the highest ASMR 
of high-temperature-related NCDs was found in South 

Fig. 1  The spatial distribution of ASMR (A) and ASDR (B) of NCDs attributable to high temperature in 2019. ASMR, age-standardized mortality rate; 
ASDR, age-standardized DALY rate
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Asia (7.1, 95% UI: 3.27–11.21), followed by North Africa 
and Middle East (4.69, 95%UI: 2.13–7.37), while West-
ern Europe had the lowest ASMR (0.04, 95%UI: 0.02–
0.08) (Table  1). South Asia also had the highest ASDR 
(141.22,95% UI: 68.05–218.26) and Western Europe 
also had the lowest (0.58, 95% UI: 0.24–1.09) among 21 
GBD regions in 2019 (Table  1). From 1990 to 2019, the 
ASMR and ASDR among 21 GBD regions around the 
world, except in Australasia and high-income North 
America, showed an increasing trend, especially in East-
ern Sub-Saharan Africa, which has the fastest rise, with 
EAPC of 28.31 (95% CI: 18.14–39.36) for ASMR and 
24.8 (95% CI: 14.59–35.91) for ASDR (Table  1). ASMR 
and ASDR declined slightly in Australia with an EAPC 
of -2.08 (95% CI:-2.51–1.65) for ASMR and -2.43 (95% 
CI:-2.88–1.98) for ASDR, as did ASMR in High-income 
North America (Table 1). In 2019, among the 204 coun-
tries and territories in the world, Oman had the highest 
ASMR of NCDs due to high temperature in 2019 (27.79, 
95%UI: 11.02–40.77), followed by Qatar (26.78, 95%UI: 
10.99- 43.43) and United Arab Emirates (26.32, 95%UI: 
12.78–39.51) (Table  S1; Fig.  1). The top of three coun-
tries with the highest ASDR were United Arab Emirates 
(483.64, 95%UI: 231.83–739.71), Oman (453.03, 95%UI: 
190.67–668.63) and Mali (373.46, 95%UI: 202.09–551.94) 
(Table 1). Among the five SDI regions, Low-middle SDI 
regions had the highest ASMR (5.39, 95%UI: 2.19–8.4) 
and ASDR (107.73, 95%UI: 46.48–163.06), followed by 
Low SDI regions in 2019; ASMR and ASDR were lowest 
in High SDI regions with 0.33 (95% UI: 0.18–0.48) and 
8.22 (95% UI: 4.55–12.11). The fastest growth in disease 
burden during the period 1990–2019 was in Low SDI 
regions, ASMR and ASDR were the fastest growing in the 
Low SDI regions over the period 1990–2019, with EAPC 
for ASMR and ASDR of 5.55 (95%CI: 4.68–6.43) and 6.49 
(95%CI: 5.39–7.6), respectively (Table 1).

Impact of high temperature on cause‑specific NCDs by sex
As shown in Fig. 2, among the level 2 cause-specific dis-
eases attributable to high temperature globally in 2019, 
cardiovascular diseases had the highest ASMR (1.17,95% 
UI: 0.13–1.98) and ASDR (25.59, 95% UI: 2.07–44.17), 
and stroke had the highest ASMR (0.60, 95% UI: 0.07–
1.30) and ASDR (13.31, 95% UI: 1.40–28.97) among the 
NCDs of level 3, which was one of the specific causes 
of cardiovascular diseases (Table  2). ASMR and ASDR 
of NCDs for both level 2 and level 3 cause-specific dis-
eases show an upward trend from 1990 to 2019. In 
terms of mortality, the disease with the highest EAPC 
was hypertensive heart disease (30.17, 95% CI: 17.97–
43.63), and comparatively, stroke had the lowest EAPC 
for ASMR (0.97, 95% CI: 0.63–1.31) (Table 2). Similarly, 
the fastest and slowest rise in DALY rates was also seen 

in hypertensive heart disease and stroke, with EAPCs 
of 32.26, (95% CI: 17.82–48.48) and 0.91 (95% CI: 0.59–
1.24) for ASDR, respectively (Table  2). In terms of sex, 
among these 9 cause-specific NCDs, ASMR and ASDR 
were higher in males than females, except for hyperten-
sive heart disease (Fig. 2; Table S2).

APC model analysis of the NCDs mortality rate attributable 
to high temperature from 1990 to 2019
We applied APC model to estimate the age, period, 
and cohort effects on mortality of NCDs attributable to 
high temperature globally and in 5 SDI regions (Fig.  3; 
Table  S3-S5). Age effect of high-temperature-related 
NCDs globally showed a rising trend year by year from 
1990 to 2019, indicating that the mortality rate increased 
with age (Fig. 3A). Notably, at age 30 and beyond, males 
had a higher mortality rate than females, with an increas-
ing gap. Similarly, the trend of increasing mortality rate 
with age was observed in all SDI regions, with the slow-
est increase in the high SDI regions (Fig. 3D). Mortality 
rate of 70 and the later age groups in low SDI regions 
increased at the fastest rate of all SDI regions, from 
74.35 (95% CI: 71.19–77.65) in the 75–79 age group to 
468.22(95% CI: 433.24–506.03) in the 90–94 age group 
(Fig. 3D; Table S3).

From 1990 to 2019, the period effect of NCDs mortality 
attributable to high temperature showed a yearly increas-
ing trend, with the period risk ratio (RR) rising from 0.56 
(95% CI: 0.54–0.57) in 1990–1994 to 1.52 (95% CI: 1.50–
1.55) in 2015–2019 (Fig. 3; Table S4). Using the period of 
2000–2004 as the control group, the period effect of male 
mortality was slightly lower than that of females before 
that period, while the risk of death was higher in males 
after then. The mortality rate in all SDI regions showed a 
trend of increasing with year.

In terms of cohort effect, mortality of high-tempera-
ture-related NCDs showed an upward trend globally and 
in other SDI regions except for high SDI regions, which 
showed a decline in 1985–1990 (Fig. 3C; F). Globally, the 
death risk was lowest in the cohort of 1900–1904, with a 
RR of 0.21 (95%CI: 0.29–0.99) (Fig. 3; Table S5). The risk 
of death was highest in the cohort of 1995–1999, with a 
RR of 6.88 (95% CI: 4.43–5.33). The males and females 
born before 1955 had a similar risk of death, but the risk in 
males born in 1955 and later was higher than in females. 
The lowest risk of death was found among those born in 
1905–1909 in the low SDI regions, however, after 1950, 
low SDI regions became the areas with the highest RR.

Influence of sociodemographic transitions on ASRs 
of NCDs attributable to high temperature
Figure 4 shows the trends of ASMR and ASDR of NCDs 
attributable to high temperature in 5 SDI regions from 
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1990 to 2019. Overall, the trends of the curves fitted to 
SDI and ASMR and the curves fitted to SDI and ASDR 
were essentially consistent, with nonlinear correlations. 
Significant correlations were found between the SDI and 
both ASMR (r = -0.17, P < 0.001) and ASDR (r = -0.20, 
P < 0.001) (Fig. 4). ASMR and ASDR showed an increasing 
trend until the SDI value was about 0.4, then ASMR and 
ASDR peak at the SDI value near 0.4, and leveled off after 

the SDI value was about 0.7. The maximum values of both 
ASMR and ASDR were in the low-middle SDI regions, 
while the minimum values were all found in the high SDI 
regions (Fig. 4). Among the different GBD regions, except 
for Australasia and High-income North America, ASMR 
showed an upward trend. ASDR also increased in all 
regions apart from Australasia. South Asia had the great-
est changes in both ASMR and ASDR, while the changes 

Fig. 2  Global ASMR (A) and ASDR (B) of cause-specific NCDs attributable to high temperature by sex, 2019. ASMR, age-standardized mortality rate; 
ASDR, age-standardized DALY rate; NCDs, non-communicable diseases
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of ASMR in High-income Asia Pacific and ASDR in High-
income North America were the smallest.

Discussion
This study comprehensively analyzed the burden and 
temporal trends of NCDs caused by high temperature 
from 1990 to 2019 at the global, regions and countries 
levels, compared the differences in disease burden by 
sex, validated the relationship between SDI and ASMR, 
ASDR, and further analyzed the effects of age, period, 
and cohort on the mortality rate of high-temperature-
related NCDs using APC model. We aimed to highlight 

the significant burden of NCDs attributable to high tem-
perature globally, inform research priorities for environ-
mental health researchers and provide a reference for 
public health policy makers in identifying vulnerable 
populations and areas in need of early prevention.

In recent years, the burden of NCDs caused by global 
high temperature has been considerable, with ASMR of 
1.9% and ASDR of 41.45% in 2019. During the 30-year 
period 1990 to 2019, furthermore, the global num-
ber of deaths of NCDs attributable to high temperature 
increased by more than 6 times, and the increasing trend 
in DALY was also evident, which has been reported in 

Table 2  ASMR and ASDR of cause-specific NCDs attributable to high temperature in 1990 and 2019 and the temporal trends from 
1990 to 2019

Characteristics Death DALY

1990ASMR 2019ASMR EAPC1 (%) 1990 ASDR 2019 ASDR EAPC2 (%)

Non-communicable diseases 
(NCDs)

0.56 (-2.72–1.84) 1.9 (0.99–2.83) 3.66 (3.14–4.18) 11.87 (-65.96–40.1) 41.45 (21.49–61.36) 3.68 (3.16–4.21)

Cardiovascular diseases 0.37 (-2.27–1.51) 1.17 (0.13–1.98) 3.43 (2.92–3.95) 7.84 (-53.68–33.1) 25.59 (2.07–44.17) 3.43 (2.92–3.95)

Ischemic heart disease -0.01 (-2.22–0.75) 0.54 (-0.53–1.2) 8.71 (6.92–10.53) -0.62 (-52.76–16.68) 11.84 (-12.71–26.8) 9.63 (7.45–11.85)

Stroke 0.41 (-0.89–1.63) 0.6 (0.07–1.3) 0.97 (0.63–1.31) 9.23 (-20.44–36.19) 13.31 (1.4–28.97) 0.91 (0.59–1.24)

Hypertensive heart disease -0.04 (-0.56–0.42) 0.02 (-0.2–0.24) 30.17 (17.97–43.63) -0.77 (-11.58–8.9) 0.44 (-4.24–4.94) 32.26 (17.82–48.48)

Diabetes and kidney disease 0.15 (-0.82–0.75) 0.52 (0.11–1.06) 3.96 (3.54–4.37) 3.51 (-23.01–21.24) 12.21 (1.51–24.89) 4.02 (3.57–4.46)

Diabetes mellitus 0.16 (-0.47–0.8) 0.41 (0.08–1.04) 3.11 (2.79–3.43) 3.84 (-11.64–19.87) 9.5 (1.75–24.16) 2.96 (2.64–3.28)

Chronic kidney disease (CKD) -0.01 (-0.74–0.44) 0.1 (-0.28–0.38) 9.73 (7.72–11.79) -0.32 (-21.66–12.66) 2.71 (-8.07–10.46) 11.21 (8.38–14.12)

Chronic respiratory diseases 0.04 (-1.26–1.02) 0.21 (-0.29–0.85) 4.378 (3.43–5.33) 0.52 (-24.77–19.68) 3.66 (-5.72–15.29) 4.679 (3.59–5.78)

Chronic obstructive pulmo-
nary disease (COPD)

0.04 (-1.26–1.02) 0.21 (-0.29–0.85) 4.38 (3.43–5.33) 0.52 (-24.77–19.68) 3.66 (-5.72–15.29) 4.68 (3.59–5.78)

Fig. 3  Age, period, cohort effects on mortality of cause-specific NCDs attributable to high temperature, globally (A-C) and in SDI regions (D-F), 
1990–2019. NCDs, non-communicable diseases; SDI, socio-demographic index
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previous studies [30–32]. Nevertheless, the burden of 
disease varied somewhat across regions and countries 
and in different age groups and sexes. In the context of 
global warming and the progressive increase in the bur-
den of NCDs attributable to high temperature, under-
standing the spatiotemporal and population differences 
is important for developing extreme heat adaptation plan 
and proposing targeted strategies for the early surveil-
lance, prevention and treatment of NCDs.

At the regional level, we found that South Asia and 
North Africa and Middle East were the regions with the 
highest burden of high-temperature-related NCDs in 
2019, and ASMR and ASDR were rising fastest in East-
ern Sub-Saharan Africa. Conversely, Western Europe 
had the lowest disease burden among the 21 GBD 
regions. The drivers of geographic variation in the bur-
den of high-temperature-related disease are complex and 
may be directly attributable to different climatic zones. 

Fig. 4  ASMR (A) and ASDR (B) of NCDs attributable to high temperature, globally and among 21 GBD regions, 1990–2019. ASMR, age-standardized 
mortality rate; ASDR, age-standardized DALY rate; NCDs, non-communicable diseases
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The climate of South Asia and North Africa and Mid-
dle East are predominantly tropical, with high tempera-
tures throughout the year. Countries in South Asia, such 
as India and Pakistan, are suffering from extreme high 
temperature and heat wave disasters in recent years [33, 
34], and extreme high temperature approaching 50  °C 
have been observed in North Africa on several occasions 
[35]. Many studies have consistently shown that extreme 
high temperature affects the increased risk of morbidity, 
exacerbation and mortality in NCDs, such as COPD [36], 
diabetes mellitus [17], CKD [37], ischemic heart disease 
[10], hypertensive heart disease [14] and stroke [38]. In 
addition, the burden of diseases caused by high tempera-
ture may be related to factors such as the level of socio-
economic development [39], the proportion of the elderly 
[40] and the rate of population growth [35] in regions and 
countries. Therefore, the rapid increase in the burden of 
NCDs attributable to high temperature in Eastern Sub-
Saharan Africa may be related to its continuous popula-
tion growth [41]. Oman and Qatar, which are located in 
the west of Asia, have the highest ASMR among the 204 
countries and territories, and the highest ASDR was in 
United Arab Emirates, followed by Oman. These 3 coun-
tries were in the regions with the highest disease burden 
as mentioned above. However, there are few records on 
the diseases burden attributable to high temperature in 
these vulnerable countries and regions [42], let alone 
studies on high-temperature-related NCDs. We expect 
more studies will to be reported in these areas, so that we 
can learn about their climate and demographic dynamics, 
provide early warning and take effective heat adaptation 
measures in advance. For example, building shading facil-
ities as needed, and adding emergency access in hospitals 
for heat-related illnesses when heat waves persist.

The results showed a negative correlation between SDI 
and the burden of NCDs attributable to high tempera-
ture, suggesting that areas with a high SDI had a lower 
burden of disease. Some studies indicated that people 
living in high-temperature environments have a higher 
heat stress tolerance compared to people living in suit-
able temperature for long periods of time [43]. However, 
our findings revealed that regions and countries located 
in areas with perennially high temperatures instead 
have the highest disease burden, such as South Asia and 
North Africa and Middle East, whose SDI values were 
not high. Therefore, we speculate that thermal adapta-
tion had a limited role in reducing the burden of high-
temperature-related NCDs, and factors such as economic 
and social development of the regions can greatly affect 
the NCDs burden caused by high temperature, which has 
been reported in previous studies [39, 44, 45]. Countries 
and territories with high levels of economic develop-
ment have better healthcare and prevention systems for 

NCDs, which can largely reduce the incidence and mor-
tality of high-temperature-related illnesses. In addition, 
government employees, the proportion of manual labor-
ers, and the number of low-income elderly people were 
also socio-economic reasons affecting the NCDs burden 
attributable to high temperature [46]. With regard to 
cooling strategies, the use of air conditioning is undoubt-
edly the most widely used method in the world. However, 
the use of air-conditioning not only weakens people’s 
thermal perception and adaptation functions, but also 
has the disadvantage of environmental unsustainability. 
For vulnerable people in economically underdeveloped 
areas, it is unaffordable to purchase air conditioners and 
pay for their electricity [47]. More attention and efforts 
are therefore urgent to reduce the NCDs burden attribut-
able to high temperature in countries that are in hot cli-
matic zones and less developed economically. We believe 
that economic and health technical assistance to these 
regions can be used to achieve short-term reduction of 
the rapidly increasing disease burden, and that long-term 
heat adaptation programs may need to be primarily based 
on sustainable individual cooling strategies and govern-
mental early warning and public health interventions.

Further analyzing the burden of cause-specific NCDs 
attributable to high temperature and their differences by 
sex, we found that the burden of disease for each of the 
six level 3 of NCDs showed an upward trend from 1990 
to 2019, and cardiovascular disease (including ischemic 
heart disease, stroke, and hypertensive heart disease) 
were the leading cause of high-temperature-related 
NCDs globally, with the greatest burden from stroke. 
Notably, ASMR and ASDR were rising fastest in hyper-
tensive heart disease, suggesting that timely measures 
should be taken to reduce the risk of death from it. Cur-
rent studies have confirmed that extreme high tempera-
ture would seriously damage cardiovascular health [10, 
48], and heat-mediated dehydration and heat stress were 
direct causes of cardiovascular damage [10, 49], while 
ambient temperature can indirectly influence cardio-
vascular disease mortality by affecting physical activity 
[50]. Moreover, health damage was found to be greater 
in male, which was consistent with the results of previ-
ous studies [32, 51]. In the 30 years from 1990 to 2019, 
the number of deaths and DALYs, as well as ASMR and 
ASDR, increased more rapidly in males than in females. 
In 2019, except for hypertensive heart disease, males had 
higher NCDs burden caused by high temperature than 
females in the all level 3 diseases. The reason may be 
that a higher proportion of male workers were engaged 
in jobs such as construction, open pit mining and out-
door farm work in hot weather [52–54]. Therefore, public 
health interventions should be implemented with atten-
tion to the relationship between the pattern and extent of 
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heat exposure and the incidence of non-communicable 
diseases among men. Additionally, in order to reduce 
the damage to health caused by hot work, it is neces-
sary to provide hot-workers with cooling guidance and 
allowances.

First, the age effect in the APC model showed that 
the global mortality rate of NCDs attributable to high 
temperature increased with age, especially after the age 
group of 65–69  years. The incidence and mortality of 
NCDs in the elderly were much higher than that in young 
people because of organ aging and physiological function 
decline [55]; And the elderly were more sensitive to high 
temperature [56]; In addition, a study found that patients 
suffering from NCDs such as ischemic heart disease, dia-
betes mellitus, stroke, and hypertension were susceptible 
to extreme temperature [57], coupled with the increasing 
proportion of aging population in the world, the elderly 
were at higher risk of NCDs death due to high tempera-
ture. We found that mortality increased most slowly with 
age in high SDI regions, while those in low SDI regions 
had the fastest rate in the age group after 70–74  years. 
In addition to the special characteristics of the elderly 
in terms of physiological functioning, they are also dis-
advantaged in terms of access to economic and social 
resources related to heat adaptation [58]. Unhealthy life-
style and inadequate health resources may be important 
contributors to the higher burden among older adults 
in low SDI regions [59]. Consequently, it is necessary to 
develop health management plans for older adults in hot 
weather at the community level, such as comprehensive 
monitoring of potential health risk factors, assessment 
of the ability to adapt to high temperatures, health edu-
cation and NCDs intervention, and the establishment 
of public cooling places for the elderly [56]. Second, the 
results indicated that the period effect of NCDs mortal-
ity attributable to high temperature showed an increasing 
trend year by year globally. The technology of diagno-
sis and etiological determination of NCDs had become 
more mature, and the registration and reporting of vital 
health data had become timely over time, which may also 
explain the upward trend in period effect. Third, during 
the period of 1990 to 2019, the upward trend in cohort 
effect suggested that the global death risk of high-tem-
perature-related NCDs increased the further back in the 
birth year one went.

There are several limitations in this study. Data bias 
was inevitable even though GBD 2019 had explicitly cor-
rected the data by using methods such as standardiza-
tion and improved modelling. First, GBD 2019 did not 
estimate high-temperature exposure using a method that 
takes potential synergies between relative risk factors 
into account. In addition, the patterns of data availabil-
ity for high temperature exposure measurements were 

inconsistent across locations and time [18]. Second, the 
determination of the cause of death is complex, so bias 
in the attribution of death may occur. Regions with poor 
medical diagnosis technology are more likely to have data 
errors. Third, the limited number of specific diseases of 
NCDs included in GBD 2019 and data from areas with 
low healthcare accessibility may have led to an underes-
timation of NCDs detection rates [60]. These potential 
data sources and biases may affect the accuracy of the 
study results. Fourth, there are a lot of factors affecting 
NCDs, however, we only examined the effect of high 
temperature due to the limitations of the GBD 2019 data. 
Therefore, in the future, consideration should be given to 
using more comprehensive and detailed data to include 
factors such as air pollution, ethnicity, and behavioral 
lifestyle as control variables in the study. Moreover, in 
GBD 2019, people aged 95 years or older were combined 
into one age group, which did not meet the requirements 
of the framework in APC Web Tool, and the death num-
ber of some cause-specific NCD in people younger than 
20 years was small. Therefore, the age group we selected 
was 20–24 to 90–94 years old, 15 consecutive age groups 
of 5 years old. In addition, the types of NCDs included in 
our study may not be comprehensive enough due to the 
limited number of specific diseases of NCDs included in 
GBD 2019.

Conclusions
Overall, the burden of NCDs attributable to high tem-
perature had been increasing from 1990 to 2019. The 
disease burden was higher in males and the elderly and 
varies markedly across regions and countries. We found 
that the driving factors of regional differences may be cli-
matic zones in which they are located, socio-economic 
development level and demographic structure after ana-
lyzing. Therefore, it is significant to focus on the preven-
tion and treatment of NCDs caused by high temperature 
in males and the elderly, as well as to increase reporting 
and research in tropical and less developed regions. In 
addition, a range of climate change adaptation strategies, 
monitoring and early warning of extreme heat events, 
and policies targeting vulnerable populations and areas 
are needed to reduce the burden of NCDs attributable to 
high temperature.
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