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Background: Associations between non-optimal temperatures and cardiovascular
disease (CVD) mortality risk have been previously reported, yet the trends of CVD
mortality attributable to non-optimal temperatures remain unclear in China. We
analyzed trends in CVD mortality attributable to non-optimal temperatures and
associations with age, period, and birth cohort.

Methods: Data were obtained from the Global Burden of Disease Study (GBD) 2019.
Joinpoint regression analysis was used to calculate annual percent change (APC) and
average annual percent change (AAPC) from 1990 to 2019. We used the age-period-
cohort model to analyze age, period, and cohort effects in CVD mortality attributable
to non-optimal temperatures between 1990 and 2019.

Results: The age-standardized mortality rate (ASMR) of CVD attributable to non-
optimal temperature generally declined in China from 1990 to 2019, whereas ischemic
heart disease (IHD) increased slightly. Low temperatures have a greater death burden
than high temperatures, but the death burden from high temperatures showed steady
increases. Joinpoint regression analysis showed that CVD mortality decreased in all
age groups except for IHD, and the decreases were greater in females than in males.
The mortality of CVD attributable to non-optimal temperatures of males was higher
than females. The mortality rate showed an upwards trend with age across all CVD
categories. Period risks were generally found in unfavorable trends. The cohort effects
showed a progressive downward trend during the entire period.

Conclusion: Although there have been reductions in CVD mortality attributable to
non-optimum temperatures, the mortality of IHD has increased and the burden from
non-optimal temperatures remains high in China. In the context of global climate
change, our results call for more attention and strategies to address climate change
that protect human health from non-optimal temperatures.

cardiovascular diseases, myocardial ischemia, stroke, mortality, non-optimal temperatures,
age-period-cohort model
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1. Introduction

Cardiovascular disease (CVD), principally ischemic heart disease
(IHD) and stroke, are the leading causes of death and disability-
adjusted life years (DALYs) globally in 2019, especially in low-
income and middle-income countries (1-3). As the Global Burden
of Disease 2019 Study reported, there were ~523 million cases and
18.6 million deaths worldwide caused by CVD in 2019 (2, 4). With
the largest population in the world, China had always experienced
a heavy health and economic burden of CVD due to population
aging and the increasing prevalence of many risk factors (5, 6). In
1990, stroke and IHD were ranked as the 3rd and 7th leading causes
of DALYs in China; in 2017, they rose higher to the 1st and 2nd
leading cause, respectively (5). CVD is caused by various risk factors,
mainly including metabolic factors (i.e., lipids, diabetes, obesity,
and hypertension), behavioral factors (i.e., tobacco use, alcohol,
diet quality, and physical activity), socioeconomic and psychosocial
factors (i.e., education, depression), and environmental factors (i.e.,
air pollution, ambient temperatures) (7-9).

Climate change will become the biggest health threat of the 21st
century and an urgent problem to be solved, the Lancet Countdown
to climate change has warned (10). In recent years, there are more
and more extreme heat and cold waves around the world due to
climate change, and it affects human health directly by increasing
exposure to extreme temperatures. According to the GBD 2019 study,
non-optimal temperatures are among the top 10 causes of death
globally (11). There were 1.69 million deaths would attributable to
non-optimal temperature globally in 2019, and low temperature has
a greater overall effect on mortality than does high temperature
(12). The epidemiological evidence suggests a U- or J-shaped
association between ambient temperatures and the risk of death from
cardiovascular and cerebrovascular, which means both low and high
temperatures may increase the risk of mortality (13-15). Recently, a
study reported that 399.7 thousand deaths who were diagnosed with
CVD were attributed to non-optimal temperatures across China in
2019, indicating a substantial burden of CVD due to non-optimum
temperatures (16). However, there are only 3 years left to achieve the
target of reducing CVD mortality in China by 15% by 2025 compared
with 2015, which was adopted in the document Medium- to Long-
Term Plan for the Prevention and Treatment of Chronic Diseases
(2017-2025) (17). In this context, understanding the CVD death and
trends attributable to non-optimum temperatures in China is key to
guiding CVD prevention and control efforts under climate change.

To date, previous analyses have focused on the association
between CVD and non-optimal temperatures in China (18-20).
None of the existing studies explore the long-term trends of CVD
mortality attributable to non-optimal temperatures between different
age groups and gender, and there is a lack of comprehensive analyses
of the possible causes underlying the long-term trends. Therefore, in
this study, we examine the effects of age, period, and cohort on CVD
mortality attributable to non-optimal temperatures and the temporal
trends from 1990 to 2019 in China, using data from the GBD 2019.

2. Materials and methods

2.1. Data source

The attributable burden of CVD data was obtained from
the GBD 2019 study, which was provided by the Institute for
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Health Metrics and Evaluation (IHME). The GBD 2019 study used
DisMod-MR 2.1, a Bayesian meta-regression tool as the primary
method to comprehensively estimate disease burden (e.g., incidence,
prevalence, mortality, and DALYs) for 369 diseases and injuries
and 87 risk factors in 204 countries and territories from 1990
to 2019 (2, 11). Details of the data, methodology to enhance
data quality and comparability, and statistical modeling for the
GBD 2019 have been explained previously. All anonymized data
have been publicly available on the website of THME and can
be accessed online (http://ghdx.healthdata.org/gbd-results-tool). The
University of Washington Institutional Review Board reviewed and
approved the informed consent. Original data of CVD mortality in
China were mainly from Disease Surveillance Points, Maternal and
Child Surveillance System, Chinese Center for Disease Control and
Prevention Cause of Death Reporting System (21). IHD and stroke
cases were classified using the International Classification of Diseases
and Injuries, 10th Revision.

In the GBD 2019 study, the daily averages of temperature for each
location were obtained from the European Center for Medium-Range
Weather Forecasts. The theoretical minimum risk exposure level
for temperature (TMREL), which meant the temperature associated
with the lowest mortality risk for all included causes combined, was
estimated for a given location and year. Given varying TMREL for
different regions (e.g., higher in warm regions than colder locations),
years, and diseases, the GBD study 2019 employed both spatially and
temporally varying to estimate TMREL and are not using a globally
uniform TMREL (11, 13, 22). Exposure to non-optimal temperature
is defined as the same-day exposure to ambient temperature that is
either warmer or colder than the temperature associated with the
minimum mortality risk (11). High-temperature exposure is defined
as exposure to temperatures warmer than this TMREL and low-
temperature is defined as temperatures colder than this TMREL.
The population attributable fraction (PAF) is defined as the meaning
that, if the exposure to a risk factor is reduced to the theoretical
minimum exposure level, then the proportion of associated disease or
death in the population would decrease (i.e., the proportion of cause-
specific deaths attributable to high or low daily temperatures). The
PAF associated with non-optimal temperature is an aggregate of high-
temperature and low-temperature PAFs in each location and year. We
computed PAF by age-sex-location-year using the following general
formula for a continuous risk:

%7P; (RR; — 1)

PAF = — i 1% 7
SIP; (RR; — 1) + 1

(1)

where P; is the percentage of the population exposed to level i
of high or low temperature, # is the total number of exposure level.
RR; is the relative risk as a function of exposure level i of high or
low temperature, and was estimated based on 81 published systematic
reviews, whose specific methods have been outlined previously (11).

The number of attributable deaths (ADs) was calculated by
multiplying the PAFs with the number of CVD death cases (N) (23).
It can be expressed as follows:

AD = PAF*N )

(ASMR) and the 95%
uncertainty intervals (Uls) was calculated using the GBD 2019

Age-standardized mortality rate

global standard population. The detailed methods were introduced
in GBD 2019 report and the official website.
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2.2. Statistical analysis

The rate of mortality with 95% UI of the CVD is reported
according to age and gender. All the rates are reported per 100,000
population. Identifying changes in the secular trend is critical
to analyzing disease mortality data. Joinpoint regression analysis
was used to determine temporal trend changes of CVD mortality
attributable to non-optimal temperature from 1990 to 2019. Annual
percent change (APC) and 95% confidence interval (CI) were
calculated for each mortality trend, and Average annual percent
change (AAPC) and 95% CI were calculated for the full range
of period analyzed. The APC and AAPC were used to describe
the temporal trends of CVD mortality. Significant changes of the
time points were tested using a Monte Carlo substitution method.
The hypothesis test was whether AAPC/APC was significantly
different compared to zero. An increasing trend was defined as
APC/AAPC > 0, and a decreasing trend was defined as APC/AAPC
< 0, vice versa. The analysis was carried out by the Joinpoint
Regression Program software (version 4.9.0.1; Statistical Research
and Applications Branch, National Cancer Institute).

The age-period-cohort model is a common statistical model
to extract information hidden in mortality, including the risk of
death experienced by the population in a given year and the
accumulation of health risks since birth. This model allows the
analysis of the independent effects of age, period, and cohort on
temporal trends in the mortality of CVD. It has been used in
the descriptive epidemiology of certain chronic diseases, including
cardiovascular disease (24). The age effect represents the different
risks in various age groups (25). Period effect reflects changes over
time affecting non-optimal temperature-attributable CVD mortality
in all age groups, presumably arising from changes in social, cultural,
economic, or physical environments. Birth cohort effects reflect the
characteristics of individuals with the same birth year and consider
the risk factors and exposure to environmental factors present in early
life. For age-period-cohort analyses, we arranged the mortality and
population data into successive 5-year age groups from 25-29 years
to 80-84 years, consecutive 5-year periods from 1990 to 2019, and
correspondingly consecutive 5-year birth cohort groups starting from
1910-1914 to 1990-1994. The estimated coeflicients of parameters
(perfect collinearity of the age, period, and cohort variables) were
obtained by the age-period-cohort analyses with intrinsic estimator
method (26). These coeflicients were converted to the exponential
value [exp (coef.) = ecoef.] representing the RRs of CVD mortality
for a given age, period, or birth cohort relative to the average level
of all ages, periods, or birth cohorts combined. Age-period-cohort
analysis was performed using STATA 15.0 software (StataCorp,
College Station, TX, United States). The Wald’s chi-square test was
adopted to assess the significance of the estimable parameters and
functions. All statistical tests were 2-sided and P-values <0.05 were
considered statistically significant.

3. Results

3.1. Descriptive analysis
The mortality of CVD attributable to non-optimal temperature

in China from 1990 to 2019 is shown in Figure 1. Deaths due to
the non-optimal temperature were dominated by low temperature.
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Generally, the ASMR of CVD and stroke attributable to non-optimal
temperature showed a downward trend in China from 1990 to
2019. However, slight increments were observed in THD among both
sexes. For CVD, stroke, and IHD, the annual ASMR in males were
significantly higher than those in females during the observation
period. The ASMR of CVD, stroke, and THD attributable to non-
optimal temperature by age group in China in 2019 were shown
in Table 1. In 2019, the ASMR of CVD attributable to non-optimal
temperature in China were 31.38 (95% UI 24.69 to 38.81) and
18.82 (95% UI 14.59 to 23.76) per 100,000 population of males
and females, respectively. The ASMR of stroke attributable to non-
optimal temperature was 16.80 (95% UI 12.44 to 21.94) in males and
9.66(95% UI 7.07 to 12.59) in females, and 12.23 (95% UI 8.63 to
16.29) in males and 7.53 (95% UI 5.18 to 10.11) in females for IHD,
respectively, per 100,000 population.

Figures 2A-C showed the increased mortality of CVD, stroke,
and THD attributable to non-optimal temperature with age group,
and the rate accelerated after the group aged 65-69 years. Meanwhile,
a declining trend was observed in mortality between 1990 to 1994 and
2015 to 2019. As Figures 2D-F showed, the mortality of CVD and
stroke attributable to non-optimal temperature showed a decreased
trend across birth cohorts, whereas mortality of THD first showed
a decrease, then an increase, and finally decreased again across all
age groups, suggesting a relatively lower risk of mortality in those
born later. Because the cohort variation could be confounded by age
and period, and unable to assess the net cohort effect. Therefore,
age-period-cohort analyses were used to address this limitation.

3.2. Joinpoint regression analysis

The APC and AAPC by joinpoint regression analysis are listed
in Table I and Figure 3. From 1990 to 2019, the ASMR of CVD
attributable to non-optimal temperature in China decreased by 0.90%
(95% CI0.31-1.48, Figure 3A) in males and 1.77% (95% CI 0.91-2.62,
Figure 3B) in females. The ASMR of stroke decreased by 1.53% (95%
CI 0.81-2.25) in males (Figure 3C) and 2.54% (95% CI 1.94-3.13)
in females (Figure 3D), whereas the ASMR of IHD rose by 0.69%
(95% CI 0.30-1.07) in males (Figure 3E) and 0.13% (—0.80 to 1.07)
in females (Figure 3F). Moreover, there were marked sex differences
in the AAPC of CVD, stroke, and IHD across all age groups, with less
improvement in mortality in males than in females.

3.3. Age-period-cohort analysis

The estimated RR of age, period, and cohort effects of CVD
mortality attributable to non-optimal temperature for both sexes
were shown in Table 2 and Figure 4. Age effects of CVD mortality
showed an expected exponential distribution for both sexes in China.
After adjustment for period and cohort deviations, the age effect on
CVD mortality increased from 0.08 (95% CI 0.04-0.17) in the group
aged 25-29 to 10.35 (95% CI 8.92-12.01) in the group aged 80-
84 for males, and from 0.10 (95% CI 0.04-0.26) in the group aged
25-29 to 14.18 (95% CI 11.12-18.08) in the group aged 80-84 for
females (Figure 4A). The period effects of the mortality risk showed
a slight increase from 0.85 (95% CI 0.75-0.96) in 1990 to 1.24 (95%
CI 1.10-1.39) in 2019 for males, whereas the period effects were flat
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FIGURE 1
The trends of age-standardized mortality rate (ASMR) for CVD (A), stroke (B), and IHD (C) mortality attributable to non-optimal temperatures during
1990-2019 and the corresponding 95% ClI.

for females, indicating no improvements for the whole population
during the study period (Figure 4B). The cohort effects for both
sexes continuously decreased, which means the later birth cohorts
experienced a relatively lower mortality risk compared to the earlier
cohorts (Figure 4C).

The estimated RR of age, period, and cohort effects of stroke
mortality attributable to non-optimal temperature for both sexes
were shown in Supplementary Table 1. With regard to stroke, the
mortality risk also increased markedly with age, regardless of sex
(Figure 4D). Periods have a non-significant effect on stroke mortality
attributable to non-optimal temperature. Estimated period effects
showed an upward trend in males during the entire period. In
contrast, the females have seen a slight improvement in stroke
mortality (Figure 4E). The cohort effects for both sexes also showed
downward trends, which were similar to CVD (Figure 4F).

The estimated RR of age, period, and cohort effects of IHD
mortality attributable to non-optimal temperature for both sexes
were shown in Supplementary Table 2. The mortality risk caused by
IHD attributable to non-optimal temperature increased markedly
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with advancing age for both sexes (Figure 4G). Period effects were
greater for IHD mortality than on stroke across the study period
(Figures 4E, H). The period effects of the mortality risk caused by
IHD for both sexes showed an upward trend between 1990 and 2019.
It increased from 0.77 (95% CI 0.62-0.94) in 1990 to 1.44 (95% CI
1.19-1.75) in 2019 for males, and from 0.99 (95% CI 0.74-1.32) in
1990 to 1.20 (95% CI 0.91-1.59) in 2019 for females. For cohort
effects, it showed downward trends for both sexes, which were similar
to CVD and stroke (Figure 4I).

4. Discussion

This study comprehensively estimated on temporal trends in
CVD deaths attributable to non-optimal temperature from 1990
to 2019 in China. Although a downward trend of the ASMR was
observed for CVD mortality attributable to non-optimal temperature
among males and females, the death burden remains substantial, with
stroke being the main burden of temperature-related deaths from
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TABLE 1 Sex- and age-specific mortality rates of CVD, stroke, and IHD attributable to non-optimal temperature in China in 1990 and 2019 and their average
annual percentage changes (AAPC) from 1990 to 2019.

Categories Males Females
Rates in 2019, 95% AAPC, 95% ClI Rates in 2019, 95% AAPC, 95% ClI (%,
Ul (per 100,000 (%,1990-2019) Ul (per 100,000 1990-2019)
population) population)
CVD
ASMR 31.38 (24.69 to 38.81) —0.90 (—1.48 to —0.31)* 18.82 (14.59 to 23.76) —1.77 (—2.62 to —0.91)*
25-29 years 0.88 (0.66 to 1.11) —0.82 (—1.65 t0 0.02) 0.30 (0.21 to 0.40) —3.12 (—4.82 to —1.39)*
30-34 years 1.81 (1.36 to 2.31) —0.51 (—1.35 t0 0.35) 0.53 (0.38 t0 0.72) —2.85 (—4.18 to —1.51)*
35-39 years 3.40 (2.52 to 4.42) —0.48 (—0.81 to —0.14)* 0.96 (0.69 t01.30) —3.47 (—3.82 to —3.12)*
40-44 years 6.11 (4.41 to 8.11) —0.74 (—1.49 t0 0.01) 1.96 (1.41 to 2.64) —3.47 (—3.81 to —3.14)*
45-49 years 8.69 (6.12 to 11.71) —1.42 (—2.01 to —0.82)* 3.31 (242 to 4.49) —3.45 (—4.69 to —2.20)*
50-54 years 15.02 (10.82 to 20.15) —1.88 (—2.21 to —1.55)* 6.56 (4.73 t0 8.91) —3.70 (—4.11 to —3.28)*
55-59 years 24.40 (17.39 to 32.70) —1.98 (—2.38 to —1.59)* 11.64 (8.46 to 15.71) —3.37 (—4.20 to —2.54)*
60-64 years 42.05 (30.79 to 55.68) —1.78 (—2.28 to —1.27)* 22.25 (16.64 to 29.83) —3.00 (—3.64 to —2.35)*
65-69 years 72.60 (55.42 to 94.96) —1.74 (—2.40 to —1.07)* 43.01 (32.71 t0 55.77) —2.59 (—3.56 to —1.62)*
70-74 years 143 (108.07 to 182.22) —1.43 (—2.15 to —0.70)* 89.82 (68.97 to 116.23) —2.16 (—2.66 to —1.65)*
75-79 years 256.45 (196.65 to 327.39) —1.10 (—1.74 to —0.46)* 168.25 (130.76 to 214.87) —1.80 (—2.31 to —1.30)*
80-84 years 495.54 (389.24 to 610.42) —0.74 (—1.50 to 0.02) 338.79 (262.76 to 426.06) —1.34 (—2.31 to —0.37)*
Stroke
ASMR 16.80 (12.44 to 21.94) —1.53 (—2.25 to —0.81)* 9.66 (7.07 to 12.59) —2.54 (—3.13 to —1.94)*
25-29 years 0.43 (0.29 to 0.59) —1.27 (—2.05 to —0.49)* 0.15(0.10 to 0.21) —3.39 (—5.11 to —1.63)*
30-34 years 0.88 (0.60 to 1.19) —0.97 (—1.78 to —0.15)* 0.26 (0.18 to 0.37) —3.26 (—4.58 to —1.91)*
35-39 years 1.70 (1.15 to 2.34) —0.88 (—1.63 to —0.12)* 0.52 (0.35 to 0.74) —3.81 (—4.13 to —3.49)*
40-44 years 3.17 (2.10 to 4.38) —1.33 (—1.70 to —0.95)* 1.13 (0.78 to 1.59) —3.97 (—4.27 to —3.66)*
45-49 years 4.69 (3.16 t0 6.59) ~1.97 (—2.56 to —1.38)* 1.98 (1.35 to 2.81) —3.92 (—5.16 to —2.67)*
50-54 years 8.38 (5.67 to 11.72) —2.56 (—2.90 to —2.21)* 4.09 (2.79 t0 5.72) —4.14 (—4.54 to —3.74)
55-59 years 14.01 (9.43 to 19.53) —2.51 (—2.86 to —2.15)* 7.17 (4.89 to 10.00) —3.94 (—4.60 to —3.27)*
60-64 years 24.99 (17.14 to 35.14) —2.21 (—3.03 to —1.38)* 13.40 (9.29 to 18.77) —3.56 (—4.06 to —3.06)*
65-69 years 44.10 (31.30 to 60.14) —2.05 (—2.83 to —1.26)* 25.71 (18.52 to 35.10) —2.96 (—3.87 to —2.05)*
70-74 years 86.96 (62.40 to 116.97) —1.80 (—2.40 to —1.19)* 52.50 (38.03 to 70.44) —2.65 (—3.18 to —2.12)*
75-79 years 152.44 (110.73 to 203.34) —1.61 (—2.28 to —0.95)* 94.66 (69.16 to 126.01) —2.44 (—2.93 to —1.95)*
80-84 years 268.48 (200.09 to 348.96) —1.24 (—2.23 to —0.25)* 174.61 (128.69 to 227.14) —2.03 (—2.64 to —1.41)*
IHD
ASMR 12.23 (8.63 to 16.29) 0.69 (0.30 to 1.07)* 7.53 (5.18 to 10.11) 0.13 (—0.80 to 1.07)
25-29 years 0.42 (0.28 to 0.57) —0.02 (—0.95 to 0.92) 0.14 (0.08 to 0.20) —2.53 (—4.16 to —0.87)*
30-34 years 0.87 (0.60 to 1.20) 0.26 (—0.68 to 1.20) 0.24 (0.15 to 0.35) —2.30 (—4.78 t0 0.25)
35-39 years 1.59 (1.06 to 2.23) 0.35 (—0.01 to 0.71) 0.40 (0.25 to 0.58) —2.53 (—2.95to —2.11)*
40-44 years 2.73 (1.79 to 3.86) 0.08 (—0.17 to 0.34) 0.74 (0.46 to 1.09) —2.31(—2.42 to —2.20)*
45-49 years 3.68 (2.32 t0 5.23) —0.30 (—0.99 to 0.41) 1.18 (0.74 to 1.71) —2.20 (—3.46 to —0.92)*
50-54 years 6.02 (3.85 to 8.57) —0.47 (—0.80 to —0.15)* 2.14 (1.34 to 3.10) —2.24 (—2.68 to —1.80)*
55-59 years 9.35 (5.93 to 13.26) —0.67 (—1.53 to —0.20) 3.86 (2.41 to 5.53) —1.87 (—2.81 to —0.81)*
60-64 years 15.07 (9.75 to 21.42) —0.50 (—0.98 to —0.01)* 7.62 (4.80 to 10.91) —1.53 (—2.16 to —0.90)*
65-69 years 24.62 (16.23 to 34.36) —0.44 (—1.26 t0 0.37) 14.63 (9.47 t0 20.34) —1.01 (—2.16 t0 0.15)
70-74 years 47.16 (31.69 to 65.39) 0.13 (—0.42 to 0.68) 30.97 (20.73 to 42.41) —0.16 (—0.64 to 0.33)
75-79 years 86.43 (59.68 to 117.20) 0.54 (—0.17 to 1.26) 60.19 (40.56 to 82.20) 0.02 (—0.96 to 1.01)
80-84 years 186.98 (130.56 to 248.56) 1.05 (0.24 to 1.86)* 133.90 (92.25 to 179.91) 0.78 (—0.18 to 1.75)

*Indicated the AAPC was significantly different from zero at the & = 0.05 level.
UI, uncertainty interval; CI, confidence interval; ASMR, age-standardized mortality rates; AAPC, average annual percent change.
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Age-specific mortality of CVD attributable to non-optimal temperatures from 1990 to 2019 and cohort-specific mortality of CVD attributable to
non-optimal temperatures from 1990 to 2019. (A-C) Survey years were arranged into consecutive 6-year periods from 1990 to 1994 (median, 1992),
1995 to 1999 (median, 1997), 2000 to 2004 (median, 2002), 2005 to 2009 (median, 2007), and 2010 to 2014 (median, 2012), and the CVD, stroke, and IHD
mortality attributable to non-optimal temperatures increased with age group. (D—-F), the data of CVD, stroke, and IHD mortality attributable to
non-optimal temperatures were arranged into 17 consecutive birth cohorts, including those born from 1910 to 1914 (median, 1912) to 1990 to 1994
(median, 1992), and successive 5-year age intervals from 25 to 29 years (median, 27 years) to 80 to 84 (median, 82 years) years of age.
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TABLE 2 Sex-specific relative risks of CVD death attributable to non-optimal temperatures in China due to age, period, and cohort effects.

Factor Mortality in males Mortality in females
RR (95% Cl) RR (95% Cl)
Age
25-29 0.08 (0.04-0.17) <0.001 0.10 (0.04-0.26) <0.001
30-34 0.14 (0.08-0.24) <0.001 0.14 (0.07-0.29) <0.001
35-39 0.24 (0.16-0.37) <0.001 0.20 (0.11-0.36) <0.001
40-44 0.42 (0.30-0.59) <0.001 0.33 (0.21-0.53) <0.001
45-49 0.58 (0.43-0.77) <0.001 0.50 (0.34-0.72) <0.001
50-54 0.89 (0.71-1.12) 0.310 0.80 (0.60-1.06) 0.120
55-59 1.28 (1.06-1.53) 0.009 1.10 (0.87-1.38) 0.440
60-64 1.81 (1.57-2.09) <0.001 1.69 (1.41-2.03) <0.001
65-69 2.66 (2.37-2.99) <0.001 2.71(2.31-3.17) <0.001
70-74 4.31 (3.87-4.80) <0.001 4.93 (4.19-5.79) <0.001
75-79 6.50 (5.76-7.33) <0.001 7.99 (6.57-9.72) <0.001
80-84 10.35 (8.92-12.01) <0.001 14.18 (11.12-18.08) <0.001
Period
1990-1994 0.85 (0.75-0.96) 0.011 1.10 (0.92-1.30) 0.292
1995-1999 0.85 (0.78-0.93) <0.001 0.93 (0.83-1.05) 0.242
2000-2004 0.96 (0.90-1.02) 0.174 1.00 (0.93-1.08) 0.980
2005-2009 0.99 (0.93-1.05) 0.741 0.96 (0.89-1.03) 0.270
2010-2014 1.18 (1.08-1.28) <0.001 1.01 (0.90-1.14) 0.813
2015-2019 1.24 (1.10-1.39) 0.001 1.00 (0.85-1.19) 0.961
Cohort
1910-1914 2.75 (2.18-3.47) <0.001 2.27 (1.63-3.17) <0.001
1915-1919 2.56 (2.11-3.09) <0.001 2.27 (1.71-3.01) <0.001
1920-1924 2.31(1.97-2.71) <0.001 2.23 (1.75-2.84) <0.001
1925-1929 2.08 (1.81-2.39) <0.001 2.19 (1.76-2.72) <0.001
1930-1934 1.82 (1.59-2.08) <0.001 2.05 (1.66-2.54) <0.001
1935-1939 1.60 (1.40-1.84) <0.001 1.85 (1.48-2.31) <0.001
1940-1944 1.33 (1.13-1.57) <0.001 1.61 (1.25-2.09) <0.001
1945-1949 1.14 (0.93-1.40) 0.205 1.43 (1.05-1.94) 0.024
1950-1954 0.97 (0.76-1.25) 0.834 1.27 (0.88-1.83) 0.198
1955-1959 0.81 (0.61-1.09) 0.173 1.02 (0.66-1.58) 0.922
1960-1964 0.68 (0.48-0.96) 0.030 0.80 (0.48-1.33) 0.383
1965-1969 0.64 (0.43-0.95) 0.027 0.69 (0.38-1.23) 0.208
1970-1974 0.54 (0.33-0.87) 0.011 0.57 (0.28-1.17) 0.127
1975-1979 0.46 (0.26-0.84) 0.011 0.45 (0.18-1.13) 0.090
1980-1984 0.45 (0.21-0.96) 0.040 0.35 (0.10-1.26) 0.110
1985-1989 0.44 (0.16-1.25) 0.124 0.30 (0.05-1.72) 0.177
1990-1994 0.39 (0.05-3.06) 0.372 0.24 (0.01-7.32) 0.411
P trend <0.001 <0.001
Deviance 0.33 2.43
AIC 3.32 5.47
BIC —170.74 —168.64

RR denotes the relative risk of CVD death in particular age, period, or birth cohort relative to the average level of all ages, periods, or birth cohorts combined.
RR, relative risk; CI, confidence interval; AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion.
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FIGURE 4
Parameter estimates of age, period, and cohort effects on CVD, stroke, and IHD mortality attributable to non-optimal temperatures from 1990 to 2019.
(A, D, G) Age relative risk of CVD, stroke, and IHD mortality attributable to non-optimal temperatures and the corresponding 95% ClI. (B, E, H) Period
relative risks of CVD, stroke, and IHD mortality attributable to non-optimal temperatures and the corresponding 95% Cl. The period relative risk was
adjusted for age and nonlinear cohort effects. (C, F, I) Cohort relative risks of CVD, stroke, and IHD mortality attributable to non-optimal temperatures
and the corresponding 95% CI. The cohort relative risk was adjusted for age and nonlinear period effects.

CVD. In addition, we found that the mortality of IHD caused by
non-optimal temperature showed an upward trend. Over the past
30 years, the CVD death burden attributable to low temperature was
higher than the high temperature, but it showed an increasing trend
attributable to high temperature.

Previous studies had generally found that the death burden
caused by low temperatures was higher than that of high
temperatures (12-14, 16, 27). A study in China showed that 8.86%
of CVD deaths were caused by low temperatures, and 0.17% were
caused by high temperatures (16). Another study including 272 main
Chinese cities reported that the PAFs attributable to low and high
temperatures were 11.62 and 2.71%, respectively (14). Our results are
consistent with previous studies. There are several possible reasons
for this phenomenon. First, the duration of cold waves is typically
greater than that of hot waves, which can lead to longer exposure
to low temperatures than to high temperatures (28). Second, to date,
the overall increase in ambient temperature is not very large, and the
annual mean temperature increases slowly so that the CVD death
burden due to high temperatures is relatively small. However, the
global temperature has increased by about 1.25°C over the 20th
century and the current emissions trajectory suggests that it will
exceed 1.5°C in <10 years (29). It means that future global warming
could exacerbate the adverse health effects of high temperature
and increase the burden of disease caused by high temperature. In
addition, one study showed a higher risk of myocardial infarction as
a consequence of heat exposure compared to cold exposure (30, 31).
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This may explain why the IHD death burden attributable to high
temperature has generally shown an increased trend among both
sexes since 1990. Overall, we should not only focus on the impact of
high temperatures on CVD under unavoidable global warming, but
also develop a better plan to reduce the CVD death burden due to
low temperatures.

We also found there were clear gender differences in CVD death
burden attributable to non-optimum temperatures, which was higher
in males regardless of high or low temperatures. In addition, we
can observe that the AAPC mortality of CVD for females decreased
greater than for males across all age groups from 1990 to 2019 in
Table 1. Previous studies have shown gender differences in mortality
risk patterns of CVD caused by non-optimal temperature; similar
between males and females (32), higher in females (33), higher in
males (34). The underlying reasons for these gender differences
remain unclear and should be explored in future prospective studies.
Some researchers argued that these differences may be related to
factors such as thermoregulation, physiological responses, culture,
and socioeconomic (35, 36). For example, influenced by economic
structure and culture in China, men generally engage in more
outdoor activities and physical labor in high or low temperature
environments, while women tend to engage in light labor indoors.
To some extent, this may explain the differences between males and
females that we observed in our analysis.

The results of the age-period-cohort effect analysis concluded
that age was a risk factor for CVD death, including THD and
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stroke, attributable to non-optimal temperature. Age effect showed
continuously increasing with age among males and females. Similar
to our findings, most previous studies consistently showed that
the elderly are more vulnerable to the effects of temperature than
younger populations (14, 33, 35, 37). This may be ascribed to
senescence, which leads to impairments of thermoregulatory capacity
and degeneration of physiologic functions, as well as the possibility of
the existence of multiple chronic diseases (31). The findings suggest
that as the population age, governments and health authorities should
focus on these elderly populations and develop targeted measures
to protect them from the effects of non-optimal temperature. For
example, strengthening the prediction and monitoring of early cold
and hot spells, timely issuing warnings to the public; giving full
play to the role of community health, popularizing the knowledge of
preventing non-optimal temperature to residents, and transforming
the knowledge into behavioral adaptation.

The period effects showed an increasing trend in males CVD
death, including stroke, attributable to non-optimal temperature
across 30 years, whereas it was flat in females. The risk of
death for THD rises the most strikingly for both sexes in
period effects. Among all environmental risk factors attributable
to CVD mortality, the ranking and value of ASMR due to non-
optimal temperature in stroke decreased, while increasing in THD
(Supplementary Figures 1-3). In addition, the ranking of IHD
attributed to other risks also rose, such as poor diet, and an increasing
prevalence of hypertension. The decline in stroke mortality was
the main cause of the improvement in CVD mortality, largely
offsetting the increases in THD mortality. Previous studies reported
that out-of-hospital IHD mortality in China was high, with only 11%
receiving basic cardiopulmonary resuscitation when IHD occurred,
reflecting inadequate knowledge of health first aid (21, 38). The
irregularities of guideline-recommended treatments (e.g., B-blockers
and angiotensin-converting enzyme inhibitors) remained common
and had not significantly improved, which may also contribute to a
lack of improvements over time in IHD mortality (39).

The cohort effects showed continuously decreasing trends as
a whole, and the cohorts born later had lower mortality risk.
This may be relevant to improvements in healthcare coverage,
upgrades in early diagnosis of the disease, and advances in treatment
techniques and disease management, as well as improvements in
public health initiatives in CVD prevention. However, previous
studies reported that CVD risk factors were more prevalent in the
later birth cohort than in the earlier birth cohort such as air pollution,
traffic noise, and bad urban city planning (4, 31, 40). In addition,
modifiable risk factors for CVD death are increasing, including high
BMI, hypertension, hypercholesterolemia, and poor diet, which are
substantial gaps between recommended goals and warrant increased
policy and health system attention (21).

This study has some advantages. To the best of our knowledge,
this is the first study to investigate the temporal trends of CVD
mortality attributable to non-optimal temperatures in China. Besides,
data of the GBD 2019 uses the unified and standard methodology
to provide consistent estimates of age- and sex-specific all-cause
and cause-specific mortality for 369 diseases in 204 countries and
territories, which could reduce the potential for misclassification of
results and are comparable across time. Moreover, both alterations
over the entire period (assessed by the AAPC) and each segmental
period (assessed by the APC) were determined using a joinpoint
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regression model. Furthermore, the effects of age, period, and birth
cohort were explored, allowing for the analysis of particular time
periods on non-optimal temperature contribution to CVD mortality
rather than the risk carried by the birth cohort. Lastly, the main
clinical implications of this study were that patients with CVDs
should be advised to minimize exposure to non-optimal temperatures
and to enhance care for the target population, especially the elderly.

Our study has several limitations. First, the data of CVD death
attributable to non-optimum temperatures was only an estimate, and
temperature effects were defined as short-term effects that occur on
the day of exposure and did not consider the lagged and cumulative
effects, which may underestimate the burden of CVD associated
with non-optimum temperatures. Second, there may be ecological
fallacies because temperature exposure was assessed using ambient
temperature and not based on individual-level exposure. Thirdly,
due to the unavailability of data, we could not consider the effects
of socioeconomic status, air conditioning and heating usage, and
development levels of infrastructure and public health services on
CVD mortality, which also may underestimate the effects of non-
optimum temperatures on CVD death. Finally, the age-period-cohort
analysis, which was based on cross-sectional GBD data from 1990
to 2019 rather than a cohort study, is subject to an ecological
fallacy, since the interpretation of findings at the population level
may not hold up at the individual level. Therefore, Large cohort
studies are needed to confirm these findings in the future. Despite the
limitations, the results presented here provide valuable information
for public health policy by highlighting the secular trend in deaths
attributable to CVD from non-optimum temperatures compared
with other risk factors. It suggests that efforts to address vulnerability
should support, focus on target populations (e. g., older people)
and potential disease burden (e. g., IHD), or develop strategies
to reduce exposure (e. g., housing insulation, air conditioning) or
health education.

5. Conclusion

Although there have been reductions in CVD mortality
attributable to non-optimum temperatures during the past 30 years,
the mortality of IHD has increased in China, which indicates
the burden remains high. Low temperatures have a greater death
burden than high temperatures, but the death burden from high
temperatures showed an increasing trend. With a reduction in CVD
mortality attributable to non-optimum temperatures across all age
groups over time, but generally, the decreases were smaller in men
than in women and the death burden in men was greater than
in women. In addition, although the cohorts born later had lower
mortality risk, age and period effects showed unfavorable trends.
In the context of global climate change, our results call for more
attention and strategies to address climate change that protect human
health from non-optimal temperatures.
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