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Background: Few studies have focused on the region-specific relationship
between cardiovascular disease (CVD) and low temperature worldwide.

Objective: We aimed to provide an overview of trends in mortality and
disability-adjusted life years (DALYs) for CVD and its subtypes attributable to low
temperature over the past 30 years in 204 countries and regions, along with the
associations of these trends with age, period, and birth cohorts.

Methods: Data on the estimated burden of CVDs (including ischemic heart
disease, hypertensive heart disease, and stroke) attributable to low temperature
were obtained from the Global Burden of Disease Study 2019. We utilized an
age-period-cohort model to estimate overall annual percentage changes in
mortality (net drifts), annual percentage changes from 15~19 to 81~ 85years
(local drifts), and period and cohort relative risk (period/cohort effects) between
1990 and 2019.

Results: Among noncommunicable diseases, CVDs had the highest mortality
rate and DALY loss attributable to low temperature worldwide and has increased
from 65.7 to 67.3%, which is mainly attributed to the increase in East Asia and
Pacific region. In terms of the level of economic and social development, an
inverted U-shape was found in the age-standardized mortality rates (ASMR) due
to low-temperature across different sociodemographic indices (SDI) regions.
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Both high CVD mortality (19.45, 95% CI[14.54, 24.17%]) and a decreasing mortality
rate related to low temperature (from 1990 to 2019, net drift, —3.25% [-3.76,
2.73%] per year) was found in high SDI countries or territories, with opposite
outcome found in low SDIs regions. The older adults (70+) and men share the
highest rate of CVD ASMR and DALY attributed to low temperature across all
regions, especially in North America and Europe and Central Asia.

Conclusion: Mortality and DALY loss from CVD attributable to low temperature
showed an overall decreasing trend globally except for East Asia and Pacific
region. SDI, sex, age and geographic location contributed to the diversity of
the CVD disease burden associated with low temperature worldwide. More

attention should be given to the older adults, men, and low SDI regions.
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Introduction

Cardiovascular disease is a leading cause of death and morbidity
globally (1). It is known that heart attack can be triggered by short-
term exposure to environmental factors such as non-optimal ambient
temperature. Previous studies have found U- or J-shaped associations
between temperature and mortality risks from cardiovascular causes
(2-4). However, low temperature has a greater overall effect on
cardiovascular mortality than does high temperature (5). In many
temperate countries, mortality and hospitalization rates for coronary
heart disease and stroke are greater in winter than in summer, and
mortality rates for certain diseases can reach as high as 70% in winter
as in summer (6). Globally, in the past 30years from 1990 to 2019,
cardiovascular disease (CVD) deaths attributable to cold temperatures
increased globally from 812,230 (652,280, 975,870) to 1,104,200
(897,780, 1,326,970), representing a 35.9% increase (7). Due to the
wide heterogeneity in climate, socioeconomic development and health
all over the world, there may be spatial heterogeneity in temperature-
attributable mortality across different countries and regions, and this
significant variations have undoubtedly become a major challenge for
human health (7). Moreover, in the present context of global conflicts
(Russo-Ukrainian war, Israeli-Palestinian conflict, et al), energy crisis
and energy mix reform (8), and climate change, the health effects of
low temperature should receive more attention.

A study explored the relationship between low temperature and the
burden of noncommunicable diseases (NCDs) on a global scale (9).
Some national-level studies of low temperature and CVDs have also
been conducted (10, 11). However, global burden analyses of CVDs
attributable to low temperature are lacking. The above studies did not
distinguish between the relative contributions of age, period, or cohort
to mortality or between specific disease types. Analysis of mortality and
disability-adjusted life year (DALY) trends, particularly their

Abbreviations: APC, age-period-cohort; ASMR, age-standardized mortality rates;
Cl, confidence interval; CVD, cardiovascular disease; DALY, disability-adjusted life
years; GBD, Global Burden of Disease; LMICs, low- and middle-income countries;
MENA, Middle East and North Africa; NCD, noncommunicable disease; SDI,

sociodemographic index; Ul, uncertainty interval.
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relationships with age, period, and cohort effects, has the potential to
evaluate the success of the current health care system versus its
inadequacy in clarifying the direction of improvement (12, 13). These
analyses provide an important basis for developing disease prevention
and control strategies specific to each country and region. In-depth
analysis of temporal trends in mortality and DALY for all countries is
necessary to obtain relevant information on disease prevalence and to
prioritize health care resources. The “low temperature” factor is strongly
influenced by geography and the climatic environment. Therefore, the
analysis of disease burden should be conducted in conjunction with
sociodemographic index (SDI) levels (14) and geographic information.

To our knowledge, this is the first study to use Global Burden of
Disease (GBD) Study 2019 data and age-period-cohort (APC) models
to explore trends in mortality, DALYs and their subtypes (ischemic
heart disease, hypertensive heart disease, and stroke) attributable to
low temperature in 204 countries and regions from 1990 to 2019. This
manuscript was produced as part of the GBD Collaborators Network
in accordance with the GBD protocol.

Materials and methods
Data and definitions

The GBD Study uses deidentified data; therefore, a waiver of
informed consent was obtained from the University of Washington
Institutional Review Board. The GBD 2019 edition provides the most
recent estimates of descriptive epidemiologic data for 369 diseases and
injuries in 204 countries and regions over 30 years from 1990 to 2019.
Each of these events (morbidity, mortality, health loss, etc.) is attributed
to a unique and mutually exclusive underlying cause (including all
types of diseases and injuries) (7). The GBD Study assigns an SDI to
each country, which is a composite of per capita income, average years
of schooling, and fertility rate for women under 25 years of age. The
SDI ranges from 0 to 1, with higher values indicating higher
socioeconomic levels. All countries are divided into five categories
according to SDI values from highest to lowest. In addition, the GBD
Study divides the globe into seven super regions and 21 regions (World
Bank criteria). We analyzed changes in disease burden globally and in
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each region separately and compared the results with those of the
SDI-based analysis to explore the impact of the physical environment
and the level of economic and social development on the burden of
CVD and its subtypes attributable to low temperature. The term “low
temperature” in the study refers to temperatures below the theoretical
minimum risk exposure level (TMREL) for the given location and year
in the GBD Study, and the daily averages of temperature for each
location were obtained from the European Center for Medium-Range
Weather Forecasts. In the GBD studies, TMREL means the temperature
associated with the lowest mortality risk for all included causes
combined, was estimated for a given location and year (15). Given
varying TMREL for different regions and countries, years, and
diseases, the GBD study 2019 employed both spatially and temporally
varying to estimate TMREL and are not using a globally uniform
TMREL (16, 17). Exposure to non-optimal low temperature is defined
as the same-day exposure to ambient temperature that is colder than
the temperature associated with the minimum mortality risk. Specific
information on the data sources can be obtained from the official GBD
website. The data used in the study were obtained directly from the
GBD database. The reliability of the data has been demonstrated in
previous studies (9, 18).

Overall temporal trend analysis of mortality
and DALYs

Temporal trends in mortality or DALYs were assessed by
age-standardized rates (ASR) and the relative percentage change
between 1990 and 2019. ASR were calculated using global
age-standardized population data from the GBD 2019 (19). The
population was divided into six age groups (15-39, 40-49, 50-59,
60-69, 70-79, and 80+), and the proportion of deaths or DALYs in
each age group was calculated. Additionally, due to the small number
of CVD deaths among individuals aged under 15 in many countries
and territories, it is challenging to achieve statistical significance when
conducting age-period-cohort analysis for these age groups. Therefore,
we only included individuals between the ages of 15 and 80+ years in
our APC model analysis. The detailed methods for calculating
mortality and DALY are available in several publications (14, 18).

Age-period-cohort modeling and analysis

In this study, the APC model was used to analyze potential trends
in mortality and DALY by age, period, and birth cohort. The APC
model aims to reveal the contribution of age-related biological factors
as well as technological and social factors to disease trends, which is
difficult to achieve with traditional epidemiological analysis methods
(20). APC modeling has been used in the epidemiological analysis of
certain chronic diseases (e.g., CVDs and tumors) (20, 21). The age effect
refers to the change in the probability of occurrence of an outcome
event with changes in age factors, reflecting the effect of demographic
changes on the outcome event. The period effect refers to the impact on
the probability of outcome events because different studies were carried
out in different years, reflecting the effect of social, economic, and
cultural factors in a certain period, such as the effect of public health
interventions. The cohort effect refers to the impact on the probability
of outcome events due to different birth cohorts with different exposures
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to certain factors, such as differences in educational attainment,
nutritional status, and other factors among people in different birth
cohorts. Cohort effects are an important part of the APC model and
play a prominent role in cancer and chronic disease occurrence or
mortality trends (20). Typically, APC models fit log-linear Poisson
models on Lexis plots of observed rates and quantify the additive effects
of age, period, and birth cohorts. Estimating the statistically
independent effects of age, period, and cohort is not possible due to the
perfect linearity of the relationships between the three variables (birth
cohort=period-age), i.e., the so-called identification problem. The
present study circumvents this problem by generating estimable APC
parameters and functions without imposing arbitrary constraints on the
model parameters. APC methodology was carried out through a freely-
available user-friendly web tool' and Software R, version 4.2.2, and epiR
package, version 2.0.59, were used to perform the analysis.

In the present study, the APC model input data included population
data and mortality and DALY estimates for CVD patients for each
country/region from 1990 to 2019. Age and period intervals must
be equal in a typical APC model. However, GBD data are generated in
an unequal interval format (five-year age groups with annual data).
Therefore, mortality, DALY, and population data were divided into
consecutive 5-year periods from 1990 to 2019 (1990-1994 [1992],
1995-1999 [1997] ... 2015-2019 [2017]), and the age intervals for each
period were 15-19years, 20-24 years ... 75-79years, and 80years and
older. The sample consisted of 19 consecutive cohorts, including those
born between 1908 and 1912 (median, 1910) to between 1998 and 2002
(median, 2000), while the cohort born between 1953 and 1957
(median, 1955) served as the reference group. The fitted APC model
estimated the overall time trends in mortality and DALY's by combining
age, period, and cohort effects and presented them using net drift
(annual percentage change obtained after accounting for the above
effects). The net drift was jointly determined by the trend components
attributable to calendar time and trend components attributable to the
continuous cohort. In addition, to reflect the trend in birth cohort
effects, the APC model estimated the time trend in mortality within
each age group, expressed as the annual percentage change in
age-specific mortality (i.e., the local drift in mortality in percent per
year). Relative risk was calculated as the ratio of age-specific rates
within each period (cohort) relative to the reference period (cohort).
Both period (cohort) rate curves contained the entire value of the net
drift. The choice of the reference period (cohort) was arbitrary and did
not affect the interpretation of the results. The significance of the
annual percentage change trend was tested by the Wald chi-square test.
Statistical tests were two-way; p<0.05 was considered to indicate
statistical significance. All analyses were performed in R (version 4.2.2).

Results

Global burden of CVDs attributable to low
temperature between 1990 and 2019

In 2019, the number of NCD deaths attributable to cold
temperatures was estimated to be 1.64 million worldwide (95%

1 http://analysistools.nci.nih.gov/apc/
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FIGURE 1

CVD is the leading cause of global mortality attributed to low temperatures from NCDs in the population worldwide. (A) The number of deaths from
NCDs due to low temperature in 2019 and cardiovascular diseases accounted for the largest population. (B) Changes in the proportions of CVD-
related deaths across different regions from 1990 to 2019. CVD, cardiovascular disease; NCD, noncommunicable disease.

uncertainty interval [UI]=1.41-1.90 million; Figure 1A). CVDs
accounted for the largest share of these deaths, at more than 67%
(1.10 million [0.90-1.33 million]). Globally, the share of CVD-related
deaths attributable to cold temperature among NCDs increased from
65.7 t0 67.3% between 1990 and 2019 (Figure 1B). An increase was
observed only in East Asia and the Pacific, with a net increase of 14.4%
(from 51.3 t0 65.7%). A decreasing trend was found in all of the areas
except East Asia and the Pacific, with the fastest decreases occurring
in North America, Latin America and the Caribbean (net decreases of
16.5 and 13.8%, respectively). A slight decrease was observed in South
Asia and sub-Saharan Africa. The change in DALY's was similar to the
change in mortality (Supplementary Figure S1), and South Asia, the
Middle East and North Africa (MENA), and the East Asia and Pacific
regions were the three regions with the greatest increases in DALY's
(percentage change, 118.42% [76.00, 218.00], 71.57% [47.00, 98.00],
and 40.53% [19.00, 66.00], respectively).

Global and regional trends in CVD-related
deaths and DALY losses attributable to low
temperature from 1990 to 2019

Tables 1, 2 and Figure 2 show the net drift in population, total
deaths, all-age mortality, age-standardized mortality rates (ASMR),
and mortality number. Over the past 30years, the number of CVD
deaths attributable to low temperature increased from 812 thousand
(652-976 thousand) to 1,104 thousand (898-1,326 thousand)
worldwide, representing an increase of 35.9%. South Asia, the Middle
East, North Africa, and East Asia and the Pacific had the greatest
changes in percentage of CVD deaths. However, Europe, Central Asia,
and North America presented negative or slight increases in the
percentage of CVD deaths attributed to low temperature (Table 1).
The age-standardized mortality rates attributed to low temperature
showed a decreasing trend, and the net drift in mortality for the entire
population ranged from —2.87 (—3.01, —2.74) in Latin America and
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the Caribbean to —0.72 (—0.89, —0.55) in South Asia per year from
1990 to 2019. The disease burden profile shows different trends across
regions, and interregional differences may be increasing. For example,
Latin America and the Caribbean had a smaller disease burden and
showed significant improvement in subsequent years. The MENA
region and the European and Central Asian regions had relatively
greater disease burdens attributed to low temperature but showed a
stronger decreasing trend. Despite the smaller disease burden in South
Asia, improvement was also slower. In terms of the level of economic
and social development, an inverted U-shape was found in the ASMR
in 2019 (Table 2), with the lowest in high-SDI countries (9.0 [6.85-
11.15] per 100,000) and low-SDI countries (9.68 [6.4, 12.77] per
100,000) and the highest in high-moderate-SDI countries (9.68 [6.4,
12.77] per 100,000). A decreasing trend was found in the net drift in
mortality across the five SDI groups, ranging from —3.25% (95% CI:
—3.76, —2.73) per year in high-SDI countries to —1.05% (95% CI:
—1.15, —0.94) in low- and medium-SDI countries. Thus, countries
with higher SDIs tend to have lower mortality rates, with a more
pronounced improvement trend. Supplementary Table S1 and
Supplementary Figure S2 show age-standardized rates and net drift
for DALYs, with trends essentially identical to mortality trends.

National death and DALY loss trends in
patients with CVD attributable to low
temperature from 1990 to 2019

There were 105 countries with at least 500 deaths in 2019 out of
204 countries and regions worldwide. China (392,404 [95% UL
31400-484,000]), Russia (86,634 [47053-142,993]), India (73,282
[36,147-110,735]), the United States (66,378 [53,143-80,904]), and
Ukraine (34,007 [21,812-49,277]) reported the greatest number of
deaths, accounting for 59.1% of global deaths. In addition, 21
countries showed a rising trend (net drift >0.0%) or stagnation and
decline (> —0.5%) in mortality. Of these, seven countries and regions

4 frontiersin.org
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TABLE 1 Trends in CVD mortality attributed to low temperature across different regions, 1990-2019.

Global East Asia and Pacific = Europe and Central = Latin America and Middle East and South Asia Sub-Saharan Africa
Asia Caribbean North Africa
201 1990 20 1990 1990 2019 1990 2019 1990 20 1990 2019
Deaths
Number, 812.23 1104.2 263.65 462.45 349.46 327.73 29.66 374 32.72 64.37 72.28 74.32 45.75 107.9 17.63 28.45
nx 1,000 (652.28,975.87) (897.78,1326.97) (218.18,312.99) (375.43,560.28) (251.41,458.55) (242.1,427.99) (23.57,36.23) (29.01,46.03) (23.88,41.63) (46.62,81.77) (55.74,89.6) (58.23,90.55) (22.19,68.01) (58.69,156.18) (12.54,22.92) (19.79,37.57)
Percentage of
100 100 32.46 41.88 43.02 29.68 3.65 3.39 4.03 5.83 8.9 6.73 5.63 9.77 2.17 2.58
global, %
Percent
change in 35.95 754 —6.22 26.1 96.72 135.88 61.34
2.82(-3.0,8.0)
deaths (25.0,48.0) (50.0,105.0) (-12.0,1.0) (16.0,37.0) (73.0,122.0) (92.0,241.0) (45.0,82.0)
1990-2019, %
All-age mortality rate
Rate per 15.18 14.27 14.06 19.65 40.95 35.63 6.76 5.76 12.62 14.04 25.73 20.39 4.06 5.78 3.45 2.54
100,000 (12.19,18.24) (11.6,17.15) (11.64,16.7) (15.95,23.8) (29.46,53.74) (26.32,46.53) (5.37,8.26) (4.47,7.09) (9.21,16.06) (10.17,17.83) (19.84,31.9) (15.97,24.84) (1.97,6.04) (3.15,8.37) (2.45,4.48) (1.77,3.36)
Percent
-12.99 —14.81 =20.77 —26.24
change in rate —6(—14,2) 39.7 (19,63) 11.19 (-2,26) 42.41 (16,106)
(-19,-6) (=22,-7) (-25,-16) (—34,-17)
1990-2019, %
Age-standardized mortality rate, ASMR
Rate per 24.47 14.38 24.67 16.19 33.92 18.86 12.89 5.81 32.66 24.55 19.8 10.8 9.95 8.42 9.66
7.55(5.3,9.93)
100,000 (19.42,29.51) (11.72,17.29) (20.55,28.98) (13.08,19.56) (24.4,44.6) (13.9,24.76) (10.25,15.82) (4.51,7.15) (24.06,41.38) (17.98,30.99) (15.29,24.53) (8.51,13.09) (4.91,14.89) (4.59,12.19) (6.95,12.52)
Percent
—41.25 —34.37 —44.39 —54.92 (-58, —24.84 —45.47 —15.39 -21.9
change in rate
(—46, —36) (—44, —24) (—48, —4) —51) (—33,-16) (—48, —43) (-3,21) (-3,-12)
1990-2019, %
APC model estimates*
Net drift of
—2.19 (—-2.34, —2.04 (—2.23, —2.58 (—2.98, —2.87 (=3.01, —2.18 (-2.26, 2.5 (=291, —0.72 (~0.89, —1.97 (-2.07,
mortality y, %
—2.05) —1.85) -2.17) —2.74) -2.1) —2.09) —0.55) —1.86)

per year

*Age range for APC model, 15-80+.
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TABLE 2 Trends in CVD mortality attributed to low temperature across sociodemographic index quintiles, 1990-2019.

% per year

Global High SDI (N = 41) High-middle SDI Middle SDI (N = 40) Low-middle SDI Low SDI (N =41)
(N =41) (N =41)
2019 1990 2019 1990 2019 1990 2019 1990 2019 1990 2019
Deaths
Number, 812.23 1104.2 224.89 197.14 320.08 389.37 183.56 345.36 61.21 129.82 2228 4223
nx 1,000 (652.28,975.87) | (897.78,1326.97) | (164.86,286.66) | (147.31,244.95) = (247.57,405.27) = (305.08,491.98) | (152.83,215.57) | (280.94,410.11) = (41.94,79.03) = (93.61,165.47) (14.84,29.32) (27.81,55.54)
Percentage
100.0 100.0
of global, % 27.69 17.85 39.41 35.26 22.6 31.28 7.54 11.76 2.74 3.82
Percent
change in —12.34
35.95 21.65 88.14 112.1 89.56
deaths (—484.28,
(25.0,48.0) (11.71,31.19) (65.05,114.63) (88.17,154.2) (61.87,135.15)
1990-2019, —4.84)
%
All-age mortality
Rate per 15.18 27.36 19.45 27.82 27.22 10.69 14.41 3.74
14.27 (11.6,17.15) 542(3.71,7) | 7.36(5.31,9.38)  4.22(2.81,5.55)
100,000 (12.19,18.24) (20.06,34.87) (14.54,24.17) (21.52,35.23) (21.33,34.39) (8.9,12.56) (11.72,17.11) (2.46,4.92)
Percent
change in —6 (—13.5, —28.89 (—34.44, -2.16 34.77 35.83 -11.3
rate 1990 2.45) —22.81) (-10.16,5.51) (18.23,53.75) (20.5,62.79) (—24.25,10.03)
2019, %
Age-standardized mortality rate, ASMR
Rate per 24.47 14.38 21.6 35.52 19.82 22.67 16.52 12.77 11.51 9.68
9 (6.85,11.15) 10.9 (7.9,13.83)
100,000 (19.42,29.51) (11.72,17.29) (15.86,27.56) (27.59,44.98) (15.52,25.04) (18.91,26.58) (13.49,19.58) (8.88,16.43) (7.7,15.15) (6.4,12.77)
Percent
change in —41.25 (—45.88, —58.31 (=61.15, —44.2 (—48.47, —27.16 (=35.63, —14.66 -15.91
rate 1990 —35.82) —54.86) —39.93) —17.56) (—23.74,0.9) (—27.55,3.45)
2019, %
APC model estimates*
Net drift of
—2.19 (-2.34, —3.25(-3.76, —2.83 (-3.13, —1.82 (-1.92, —1.05 (-1.15, -1.13 (-1.21,
mortality y,
—2.05) —2.73) —2.53) -1.71) —0.94) -1.04)

*Age range for APC model, 15-80+.

e

6/6¥T¥T202'uand}/6855 0T


https://doi.org/10.3389/fpubh.2024.1414979
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lietal 10.3389/fpubh.2024.1414979

Age-standardized mortality rate in
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FIGURE 2

Al
The all-age mortality in 2019 (A) and net drift of mortality attributed to low temperature during 1990-2019 (B) for CVDs in 204 countries and territories.
(A) World map of all-age mortality for CVD patients. In 2019, the global all-age mortality was 14.27 (95% Ul 11.6-17.15) per 100,000 people. (B) World
map of the net drifts for CVD mortality, i.e., estimated annual percentage change in mortality from the age-period-cohort model. Net drift captures
components of the trends attributable to calendar time and successive birth cohorts. The global net drift of CVD mortality was —2.19 [95% Cl 2.34 to
—2.05]. CVD, cardiovascular disease.
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showed a clear upward mortality trend (net drift >1.0% per year).
Every 1% increase in net drift per year implies a 10, 18, and 26%
increase in mortality in the populations of these countries and regions
in the next 10, 20, and 30years, respectively. The Philippines (3.54%,
[95% CI: 2.75, 4.34]), Zimbabwe (2.24%, [95% CI: 1.36, 3.12]), Kiribati
(2.21%, [95% CIL: —12.3, 19.13]), Lesotho (2.09%, [95% CI: 0.85,
3.35]), and Mozambique (1.83%, [95% CI: 1.04, 2.62]) were the five
fastest-rising countries. Most of these countries and regions have low
or medium-low SDI levels. In terms of DALY losses in 2019, similar
trends were found, and China (7,003,989 [5,554,315-8,713,804]),
India (1,7,575,580 [859,443-2,665,342]), Russia (1,471,259 [788,354—
2,479,253]), the United States (1,023,066 [822,912-1,230,926]), and
Ukraine (585,039 [374,937-857,500]) experienced the greatest losses.
As the only region with increased CVD deaths attributed to low
temperature, East Asia and the Pacific accounted for 41.88% of the
global CVD deaths, of which 84.8% occurred in China. For DALYs,
in South Asia, India accounted for 66.8% of the overall DALYs; in the
MENA region, Egypt, Iran, Morocco and Iraq accounted for 66.8% of
the overall DALYs; and in East Asia and the Pacific, China accounted

10.3389/fpubh.2024.1414979

for 85.7% of the overall DALYs. Since all of these countries belong to
the low-middle and middle SDI categories, the number of deaths and
DALY losses are influenced by various factors, such as the level of
economic development, geographic location, and population. The
distributions and changes in ASMR and DALY in 204 countries with
different SDI levels are shown in Supplementary Tables S2, S3,
respectively.

Temporal trends in the population
distribution of CVD deaths and DALYs
among different age groups

Figure 3 shows the temporal trends in the age distribution of
deaths and DALYs in patients with CVD attributable to low
temperature, which is an indirect marker of patient survival. Over the
past 30 years, there has been a gradual shift in deaths toward older age
groups (80+) globally, and this trend has particularly occurred in East
Asia and the Pacific and Latin America and Caribbean regions. For
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the European, Central Asian and North American regions, the death
rate showed positive U-shaped or inverted U-shaped changes with a
slight increase. In 2019, more than half of the deaths occurred in the
older age group in these two regions, which is far greater than in other
regions. In South Asia and Saharan Africa, deaths attributed to low
temperature are still concentrated in people under 80years of age
(>75%), and this trend has not improved significantly in the past
30vyears. A similar trend was observed for the distribution of DALY's
(Figure 3B). The male population dies at a younger age than does the
female population for CVD across all regions. Supplementary Figure S3
shows that men have higher CVD age-standard mortality and DALY
rates attributed to low temperature than women in all regions. A more
favorable decrease in mortality was found in females than in males in
all of the regions except North America. Therefore, health concerns
for the male population should be raised and strengthened.

Effects of age, period, and cohort factors
on death and DALY loss

Figure 4 shows the local drift in mortality for each age group in
different regions and different sex categories, highlighting significant
differences across the globe and in the seven regions. A greater decrease
was detected in females than in males. A flat trend in the mortality
decline rate for all age groups was observed in Europe, Central Asia and
North America, with similar trends between different sex categories. An
increasing trend of local drifts across different ages was found in the
East Asia and Pacific and Sub-Saharan Africa regions, and a “U-shaped”
trend was observed in the Latin America and Caribbean and Middle
East and North American regions. However, an inverted U-shaped
trend in the local drift of CVD mortality attributed to low temperature
was found in South Asia, with the middle-aged group (35-50years old)
exhibiting the slowest or even stagnant trend.

A similar pattern of age effects was found across regions, with the
risk of CVD death increasing with age. The disease burden was more
severe in East Asia, the Pacific, and the MENA region for those aged
70years or older than in other regions. The period effect generally
showed a declining risk of CVD mortality across different regions,
except for South Asia. Females presented a higher CVD mortality risk
attributed to low temperature in the period from 1990 to 2004, and a
lower risk was found thereafter. Globally, there was an overall
declining risk in successively younger birth cohorts. Similar to period
effects, declining cohort effects were more noticeable in North
America. The mortality in North America progressively improved in
those born after the 1900s, whereas the risk in the Sub-Saharan Africa
region did not significantly decrease until after the 1925 cohort.

In addition, the effects of age, period, and cohort factors on trends
in DALY and local drift changes were essentially the same as the
trends in mortality, as detailed in Supplementary Figure S4.

Age-period-cohort effect for
representative countries

Several representative countries were selected from the 204
countries and regions with different ASR risks (2019) to better depict
the main trends in CVD mortality and DALY loss globally through
age-period-cohort effects. Figure 5 illustrates the age distribution of
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the population, the local drift and age-period-cohort effects of
mortality for CVD and its subtypes attributable to low temperature in
eight representative countries (high-SDI countries, such as the
United States and Italy; high-middle-SDI countries, such as Argentina;
middle-SDI countries, such as China and Brazil; low-middle-SDI
countries, such as India; and low-SDI countries, such as Ethiopia and
Bangladesh). The main trends of DALY in these countries are shown
in Supplementary Figure S5.

The United States is a typical North American and high-SDI country
with a shift in CVD mortality toward the older (80+) age group. This
trend was particularly pronounced in the female cohort. The risk of
death rapidly increased after the age of 70. However, there was an overall
favorable period in the birth cohort. Italy is a typical high-SDI country
in the European region with age-period-cohort effects similar to those
in the United States, and a much larger proportion of deaths occurred in
older age groups. In the context of the energy crisis, the health status of
the population in European countries in winter should receive more
attention. Argentina, China, and Brazil are high-middle-SDI and
middle-SDI countries. As shown in Figure 5, similar age distributions of
death and APC effects were observed in these three countries. The death
rate in Argentina was greater in the older population than that in China
and Brazil, and the distribution of deaths across age and APC effect was
close to that in high-SDI countries. China accounts for more than 35%
of the CVD deaths attributed to low temperature globally, and there has
been a relatively rapid shift in the distribution of CVD-related deaths
toward older age groups in the last 30 years. However, deaths in China
are still more concentrated among people under 80years of age, as in
other middle- and low-SDI countries, unlike in high-SDI countries. This
may imply a rigorous disease burden profile in the future. India, Ethiopia
and Bangladesh were examples of typical low-middle- and low-SDI
countries. In Ethiopia, which is the most populous low-SDI country in
East Africa, the trend of the age distribution of deaths and APC effects
was similar to that in China, with a relatively rapid shift in the
distribution of deaths toward older age groups. However, in India, a
low-middle-SDI country, the APC effects and local drifts were more
similar to those in Bangladesh (a low-SDI country), which has a similar
geography and climate, and presented a relatively slow shift in the
distribution of deaths toward older age groups and a gradual decline in
period and cohort risk. The main trends in CVD mortality and DALY
loss through age-period-cohort effects for all countries showed similar
trends and are presented in Supplementary Figure S5.

Mortality levels in countries and regions
with different SDI levels and geographic
locations

Figure 6 and Supplementary Figure S6 show the distributions of
mortality and DALYs in 21 GBD regions and 204 countries with
different SDI levels for CVD and its subtypes, respectively. Eastern
Europe, Central Europe, and Central Asian countries with higher SDI
levels had higher CVD mortality rates, and countries in Saharan Africa
with lower SDI levels had lower CVD mortality rates attributed to low
temperature. Those countries in East Asia, North Africa and the Middle
East had both moderate SDI levels and CVD mortality attributed to low
temperature. The distribution of mortality among the 204 countries
suggests that SDI levels have a limited effect on the risk of CVD
mortality attributable to low temperature. Geographic location and

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1414979
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lietal

10.3389/fpubh.2024.1414979

A Local drifts

Global-Cardiovascular Gseases

I )

East Asa & Pacilic - WE-Cardiovascular disoases

= ok S P

Europe & Cenlral Asia - WE-Cardiovascular disvasos

= A e Pk o bk

Fercent par Year
Fercent per Vear

Latin America & Car bbean - WE-Cardiovascular diseases

P e ]

Middle East & North Atrica - WB~Cardiovascular disaas:

= Dt = erul o= e

EEED

ER KRR
Age

North America-Cardiovascular diseases

Gl = Fwnan o e

T om T m

EIEE )

T = %
Age

South Asia - WE-Cardiovascular diseases

Db = Foesks = M

v

R EFEEEEEID
ge
‘Sub-Saharan Africa - WB-Cardicvascular diseases

Ty = Ferule =t

- By e Rovwis -

A

g

4

g

2

Rate (per 100.00C person yearsi
g
Rl {per 10950 peraon o]

s - famae = Mac

'
- -] ?kkk '
] 1B T X % k]
3 ITRESRS 5
g AN TW B~ I
H 17 IR
- -
| -1
FTTETEAILS TR RAAS rFIFASAFIEREFTIR THFFEFTRDEIRTRRE TIiFTRR SRS AR RA G R
sae o 2o sa0
B Age effects
Global-Cardiovasaular disesses Esst Asia 8 Paciic - WB-Cardiovascular diseases Europe & Cental Asa - WB-C diseases  Latin America & Cariboean - WB-C: diseases

- R o Rl - ek

]

E]

R (2 100000 pomos o)

3

Rate (per 100,000 person years)

- e - owe = W

EABEES ERE NGB0

Niddie East & NunhAvnca WB-Cardiovascular diseas

o Doy = orwie == e

L3E3

EEEEE]

RS

North Amenca-Cardiovescular discases

o el - Cwman - Mae

BRI

EEEEE RN R

South Asia - WB-Cardmvascuav discases

o D = Terrsks o bk

3

e
Age

Sub-Saharen Africa - W3-Cardiovascular diseases

~ Dot == e -

o

Rate (per 100,000 person years)

et por 10000 person yeors)
ko por 100,000 porsen yeamy
Rat por 10000 parson yearsy
< 3 3 8
& &

TR R

C Period effects
CGlobal-Cardiovascular disesses

- Duth = Tl o= bk

BTE® BB

[P DR

Esst Asia & Pacific - WE-Cardiovascular disaases

- Tk Cwres - e

T W %

- WB-Carciovascular diseases

Europe & Central Asa

Do eeals e Mk

Latin Amarica & Canibbean - WB-Cardiovascular diseasas.

o Dt = Fanan o e

EE O )

B3
Pariod
Middle East & North Africa - WB-Cardiovascular diseas.

- e e ew:

E3

3

T T

Foriod

North America-Cardiovascular diseases

o - -imac = e

[EEIE R R TR T TR

South Asia - WB-Cardiovascular diseases.

o wn a bereis - bl

LR
Poriod
Sup-Saharan Africa - W3- Cardiovascular diseases.

o e bema - e

2
211
2
2

2

e S TR
Period.
D Cohort effects
Global-Cardiovascular diseases East Asia 8 Pacific - WB-Cardiovascular diseases Europe & Cenval Asa - WB-Carciovascular diseases. Latin America & Cariboean - WB-Cardiovascular diseases
55 rien 53 e (55 2 e 5 e 5 = e ol 5 e B e [ s B e

p
5
3
2

- o == e - Lo

-t = emae - e

- oy = Fercis -tk

o o
£ T Om W% G 10 10n 10 10 2o 5 9 9 10% (T 105 OE 197 06 63 300 TR 10N DE 19m v 1T 10m (B 10 WX 2 T 0% A W0a (G Vs 0e 1% 200
Beth Canort Bith Cohort Bifth Cobart
Widdle East & North Afiica - WB-Cardiovascular diseas  North America-Cardiovascular dissases South Asia - WB-C: disoas Arca - diseasas

- o = feme - e

TR T T T T T T T

Brth Canort

FIGURE 4

(LR DR

T o
Btk Cohort

S e

ST T T T

Birth Canort

T DT TR T T T TR
Beth Cohert

W

Local drifts (A), age (B), period (C), and cohort effects (D) on CVD mortality attributed to low temperature across different regions.

Frontiers in Public Health

10

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1414979
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lietal. 10.3389/fpubh.2024.1414979
United States of America, high SDI
Age distribution of deaths Local drifts Age effects Period effects Cohort effects
3 E
" 8
13 "8
- 1
T E S EX T E "'(74 CEEEEXD b % X D %
Italy, high SDI
Age distribution of deaths Local drifts Age effects Period effects Cohort effects
¥
i
¢ ! | ]
13455 2;15‘&&3 TR R o = =
Argentina, high-middle SDI
Age distribution of deaths Local drifts Age effects Period effects Cohort effects
! .
i g
‘ H
i
5 R % 5 C = s R e
ot
China, middle SDI
Age distribution of deaths Age effects Period effects Cohort effects
3
gu
o TEIvE O e N
Brazil, middle SDI
Age distribution of deaths Local drifts Age effects Period effects Cohort effects
; w :m
5. o o o T /
i : i //’/ 3 3
PN gl A i
H =44
" {TTREFF i g
¥ NEIBRRALIEN IR i
. . Tt T ooty oo Fnea w0
India, low-middle SDI
Age distribution of deaths Local drifts Age effects Period effects Cohort effects
ke 'im
H =
o ] ( § .
e .~A. £33 Zaww =z
Ethiopia, low SDI
Age distribution of deaths Local drifts Age effects Period effects Cohort effects
]
an g
R W G R
Bangladesh, low SDI
Age distribution of deaths Local drifts Age effects Period effects Cohort effects
g ol ‘
S 3 L. o4 L. .
£ £ 5
3 § g Ly
Eo &4 E
» E3ED t>v,'m'¢n\. " % y E) ® % A;am 3 3 ®
FIGURE 5
Age distribution of death and age-period-cohort effects attributed to low temperature on exemplar countries across SDI quintiles. SDI,
sociodemographic index.

Frontiers in Public Health

11



https://doi.org/10.3389/fpubh.2024.1414979
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lietal.

10.3389/fpubh.2024.1414979

60

40

20

Age-standardized Deaths Rate

0 High-income Asia Pacific v Tropical Latin America @ Eastern Europe ® EastAsia Southern Sub-Saharan Africa
A High-income North America ®  Central Latin America @  Central Asia 4 Oceania
location + Western Europe # Southern Latin America =  North Africa and Middle East + Western Sub-Saharan Africa
X Australasia @ Caribbean @ South Asia Eastern Sub-Saharan Africa
O Andean Latin America @ Central Europe = Southeast Asia Central Sub-Saharan Africa
8
e ®%g
P Y-
1] = L u =
] s%ms :‘: nanﬂ
] o °° . L] . (4
° i,

L
g® ® %80y, 5

PR LY

RS
et 000000000000 L, L0t a0t 4000

80

60

40

Age-standardized Deaths Rate

20

04 06 08
Social-demographic Index

L]
Usbekistn
Tamistan
Azetatn
1ngoks North aacedoria
L]
Atghanistan ./'7'
o manietan .
RAfmenhts Buga
Ukrane
oergin
. b Montznegre
torscco Syvrey AN Ayl Kazakhstin .
. B Russin Federaton
Lacatho Republic of Meldoa @
o t Romania
Democrate Peopie Republc KOs g o EQIPt  Bosnm and Herzegovim,

Algerts
Tuniels

Palasting
. -
Ecostini i (stamic Repubiic o R @ Cagchx

Bhutan Maurttnia

Finlan ,United Arab Emirates

p g

[}
Negsl Pakistan

.
@0 Peoples Democratic
—

Dybgut

Walawt

bdagisear
~5

Angsla

- .
.
3 . .
. ® LJ halla e Kitts and News. Andor
s ba e it and New Urited Staces irgTbidedigia > J3par Andoma
. » °
g g ALY me, Nerusiroi ;

FIGURE 6

Trends in age-standardized CVD mortality in 12 GBD regions by sociodemographic index (A) and age-standardized CVD mortality in 204 countries in
2019 (B). Each colored dot represents a country, with a solid black line depicting the non-linear fitting trend. Countries or territories were classified
according to the locations (A). CVD, cardiovascular disease; GBD, global burden of disease.

025 0.50 0.75
Social-demographic Index

climatic environment may have a greater effect on mortality. Similar  influential factors (Supplementary Figure S7). Despite the great
trends were seen in the distribution of DALYs. variations in the trend and magnitude of CVD burden attributable

to low temperature between different regions and countries (20),
steps have been taken for the prevention and control of CVDs in

Discussion the last 30 years. However, CVDs undoubtedly remain a significant

challenge for human health in the future. The intensification of the

Although low temperature is not one of the major risk factors  energy crisis (8) has further worsened the winter heating situation

for CVD mortality and DALYs, it is one of the most worldwide  in some countries and regions, causing a greater health burden.
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Therefore, increased attention should be given to the burden of
CVDs caused by low temperature.

Consistent with previous GBD publications and similar studies,
the present study suggested that older populations are experiencing
an increasing burden of CVDs (9). Despite achievements in disease
prevention and control over the past three decades, health disparities
in CVDs attributable to cold temperature appear to be widening
across the globe and will likely increase the global burden of CVDs.
Analysis of GBD mortality and DALY data suggested that countries
and regions with higher SDIs have higher disease mortality but also
faster rates of mortality decline. However, geographic location and
climatic environment may play a more significant role in shaping
mortality than economic development. In addition, men are at greater
risk of death than women are and die at a younger age. Therefore,
disease burden estimates need to consider all aspects—development
level, natural environment, age and sex—to develop individualized
prevention and control strategies for CVDs.

For the first time, we used an APC model to analyze temporal
trends in mortality and DALY’ for CVD and its subtypes attributable
to low temperature globally and in 204 countries. Compared with
previous GBD publications (9, 22), this study provides a more refined
understanding of CVD trends to generate insightful public health
perspectives. Temporal and cohort effects differentiate the sources of
mortality trends based on time periods and birth cohorts in each
country, thus informing the effectiveness of relevant health care
services (21, 23). Another important advancement, the estimation of
local drift values, allows capturing temporal trends in mortality for
each age group and adjusting for period effects (22, 24). Nevertheless,
the use of overall rates to assess changes in mortality and DALYs can
ignore important information about differences between age groups,
time periods, and birth cohorts. Therefore, APC models were used to
facilitate a deeper understanding of CVD incidence trends. The
combination of various factors, such as geographical location, SDI
level, disease subtype, and sex, facilitates the exploration of the causes
of mortality and DALY variations and suggests targeted prevention
and treatment strategies.

A distinctive feature of the burden analysis of CVD and its
subtypes attributable to low temperature is the high sensitivity to
geographical location and climatic environment. Therefore, natural
environmental factors need to be considered in addition to the level
of economic and social development. Most of the eight countries
within the South Asia region have low and moderate-low SDI levels.
Consequently, the mortality decline rate is slow in these countries (net
drift=—0.72 [-0.89, 0.55]). However, CVD mortality attributable to
low temperature in these countries is also much lower than the world
average due to their location in tropical and subtropical climate
regions with high annual temperatures (4, 25). The same phenomenon
has also been observed in Saharan Africa. In contrast, countries such
as Sweden, Finland, and Canada have relatively high mortality rates
due to higher dimensionality and colder winter climates (26).
However, higher levels of SDI in these countries have led to a rapid
decline in mortality over the last 30 years. Another important finding
is that the burden of CVD and its subtypes attributable to cold
temperature is greater in men than in women in countries and regions
with different SDI levels and natural environments. This finding is
consistent with the results of previous studies (27, 28). However, the
present study further disaggregates the various scenarios to make
these findings more applicable. Therefore, policy-makers should

Frontiers in Public Health

13

10.3389/fpubh.2024.1414979

be more concerned about the health risks associated with low
temperature for the male population. In addition, there was an
unfavorable trend in the period effect of hypertensive heart disease
due to cold temperatures in North America. Furthermore, birth
cohort effects have shown little improvement over the past 30 years.
However, European regions with similar natural environments and
levels of socioeconomic development showed favorable trends. This
suggests that medical resources for CVDs are underinvested in
some countries.

This study provides an in-depth analysis of CVD trends using
GBD data. The APC model can also be applied to other NCDs to
analyze disease trends by age, period, and population to obtain a
clearer picture of the effectiveness of health system responses. This
approach is superior to traditional epidemiological indicators for
tracking progress toward sustainable development goals (SDGs) in
certain countries.

This study has several limitations. First, our analysis suffers from
the limitations derived from the GBD Study due to the limited
availability of raw data from low- and middle-income countries
(LMICs) and estimates from high-resource settings. Comprehensive
data on disease mortality and DALY loss in many LMICs are urgently
needed. Second, GBD studies have primarily focused on mutually
exclusive and individual causes of death. For middle-aged and older
adults with multiple risk factors, CVD deaths and DALY loss may not
be attributable to low temperature. Therefore, the actual mortality in
GBD studies may be underestimated. The real situation may be more
severe. Third, this study analyzed mortality at the national level and
did not capture local differences. A more refined analysis using local
data could identify trends that vary across regions within countries
due to their varying levels of development. Finally, due to the
unavailable data on latitude, average annual temperature, or annual
minimum temperature, the potential relationship between these
factors and low temperature on CVD mortality were not analyzed in
this article.

Conclusion

Mortality and DALY loss from CVDs attributable to low
temperature showed an overall decreasing trend globally, with
favorable trends in the period and birth cohorts. Countries or regions
with higher SDIs tend to have greater disease mortality but faster rates
of mortality decline. However, the disease burden profile is influenced
by both the level of economic and social development and the natural
environment. Therefore, individualized assessments and prevention
strategies are needed based on specific country conditions. Men have
a greater disease burden globally and die at a younger age than
women. These findings suggest that health disparities between sexes
and regions are widening, leading to a heavy disease burden. Health
authorities and policy-makers need to consider ways to better allocate
resources, increase access to health care resources, and control variable
risk factors in a timely manner.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found at: http://ghdx healthdata.org/gbd-2019.

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1414979
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
http://ghdx.healthdata.org/gbd-2019

Lietal.

Author contributions

XL: Writing - review & editing, Writing - original draft,
Visualization, Project administration, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. ZL: Writing —
review & editing, Writing — original draft, Supervision, Software,
Resources, Project administration, Methodology, Formal analysis,
Data curation. JX: Writing - review & editing, Writing - original draft,
Validation, Methodology, Data
Conceptualization. HS: Writing - review & editing, Software,

Formal analysis, curation,
Methodology, Investigation, Formal analysis. RX: Writing - review &
editing, Formal analysis, Data curation. YaL: Writing — review &
editing, Software, Methodology, Investigation, Formal analysis. YuL:
Writing - review & editing, Validation, Supervision, Resources,
Project administration, Funding acquisition, Conceptualization. XF:
Writing - review & editing, Visualization, Supervision, Methodology,

Conceptualization.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by the National High Level Hospital Clinical Research
Funding (Grant no. 2023-GSP-QN-25), the industry prospecting and
common key technology key projects of the Jiangsu Province Science
and Technology Department (Grant no. BE2020721), the National
Key Research & Development Plan of the Ministry of Science and
Technology of China (Grant no. 2018YFC1314900, 2018YFC1314901),
the Industrial and Information Industry Transformation and
Upgrading Special Fund of Jiangsu Province in 2021 (Grant no.

[2021]92), and the Industrial and Information Industry

References

1. Global burden of 369 diseases and injuries in 204 countries and territories,
1990-2019: a systematic analysis for the global burden of disease study 2019. Lancet.
(2020) 396:1204-22. doi: 10.1016/S0140-6736(20)30925-9

2. YangJ, Yin P, Zhou M, Ou CQ, Guo Y, Gasparrini A, et al. Cardiovascular mortality
risk attributable to ambient temperature in China. Heart. (2015) 101:1966-72. doi:
10.1 136/heartjnl—2015—308062

3. Yang L, Li L, Lewington S, Guo Y, Sherliker P, Bian Z, et al. Outdoor temperature,
blood pressure, and cardiovascular disease mortality among 23 000 individuals with
diagnosed cardiovascular diseases from China. Eur Heart J. (2015) 36:1178-85. doi:
10.1093/eurheartj/ehv023

4. Achebak H, Devolder D, Ballester J. Trends in temperature-related age-specific
and sex-specific mortality from cardiovascular diseases in Spain: a national time-
series analysis. Lancet Planet Health. (2019) 3:e297-306. doi: 10.1016/
$2542-5196(19)30090-7

5. Burkart KG, Brauer M, Aravkin AY, Godwin WW, Hay SI, He J, et al. Estimating
the cause-specific relative risks of non-optimal temperature on daily mortality: a two-
part modelling approach applied to the global burden of disease study. Lancet. (2021)
398:685-97. doi: 10.1016/50140-6736(21)01700-1

6. Wilmshurst P. Temperature and cardiovascular mortality. BMJ. (1994) 309:1029-30.
doi: 10.1136/bm;j.309.6961.1029

7. Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Murray CJL, et al.
Global burden of cardiovascular diseases and risk factors, 1990-2019: update from the
GBD 2019 study. ] Am Coll Cardiol. (2020) 76:2982-3021. doi: 10.1016/j.jacc.2020.11.010

8. Champagne SN, Phimister E, Macdiarmid JI, Guntupalli AM. Assessing the impact
of energy and fuel poverty on health: a European scoping review. Eur ] Pub Health.
(2023) 33:764-70. doi: 10.1093/eurpub/ckad108

9. Luan G, Yin P, Li T, Wang L, Zhou M. The years of life lost on cardiovascular disease
attributable to ambient temperature in China. Sci Rep. (2017) 7:13531. doi: 10.1038/
§41598-017-13225-2

Frontiers in Public Health

14

10.3389/fpubh.2024.1414979

Transformation and Upgrading Special Fund of Jiangsu Province in
2018 (Grant no. [2019]55).

Acknowledgments

We would like to express our deepest gratitude to our supervisor,
Naifeng Liu, for his invaluable guidance and support throughout
this research.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1414979/
full#supplementary-material

10. Knowles RL, Bull C, Wren C, Dezateux C. Mortality with congenital heart defects in
England and Wales, 1959-2009: exploring technological change through period and birth
cohort analysis. Arch Dis Child. (2012) 97:861-5. doi: 10.1136/archdischild-2012-301662

11. Rosenberg PS, Anderson WE. Proportional hazards models and age-period-cohort
analysis of cancer rates. Stat Med. (2010) 29:1228-38. doi: 10.1002/sim.3865

12.SuZ, Zou Z, Hay SI, Liu Y, Li S, Chen H, et al. Global, regional, and national time
trends in mortality for congenital heart disease, 1990-2019: an age-period-cohort
analysis for the global burden of disease 2019 study. EClinicalMedicine. (2022)
43:101249. doi: 10.1016/j.eclinm.2021.101249

13. Ferreira de Almeida DC, Calasans-Maia MD, Zimmermann D, Moraschini V. A
completely digital approach to replicating functional and esthetic parameters in
mandibular implant-supported complete-arch prostheses. J Prosthet Dent. (2021)
126:622-5. doi: 10.1016/j.prosdent.2020.05.041

14. Global age-sex-specific fertility, mortality, healthy life expectancy (HALE), and
population estimates in 204 countries and territories, 1950-2019: a comprehensive
demographic analysis for the global burden of disease study 2019. Lancet. (2020)
396:1160-203. doi: 10.1016/S0140-6736(20)30977-6

15. Global burden of 87 risk factors in 204 countries and territories, 1990-2019: a
systematic analysis for the global burden of disease study 2019. Lancet. (2020)
396:1223-49. doi: 10.1016/S0140-6736(20)30752-2

16. Gasparrini A, Guo Y, Hashizume M, Lavigne E, Zanobetti A, Schwartz J, et al.
Mortality risk attributable to high and low ambient temperature: a multicountry
observational study. Lancet. (2015) 386:369-75. doi: 10.1016/S0140-6736(14)62114-0

17.Yin Q, Wang J, Ren Z,LiJ, Guo Y. Mapping the increased minimum mortality
temperatures in the context of global climate change. Nat Commun. (2019) 10:4640. doi:
10.1038/541467-019-12663-y

18. Rosenberg PS, Anderson WE Age-period-cohort models in cancer surveillance
research: ready for prime time? Cancer Epidemiol Biomarkers Prev. (2011) 20:1263-8.
doi: 10.1158/1055-9965.EPI-11-0421

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1414979
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1414979/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1414979/full#supplementary-material
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1136/heartjnl-2015-308062
https://doi.org/10.1093/eurheartj/ehv023
https://doi.org/10.1016/S2542-5196(19)30090-7
https://doi.org/10.1016/S2542-5196(19)30090-7
https://doi.org/10.1016/S0140-6736(21)01700-1
https://doi.org/10.1136/bmj.309.6961.1029
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1093/eurpub/ckad108
https://doi.org/10.1038/s41598-017-13225-2
https://doi.org/10.1038/s41598-017-13225-2
https://doi.org/10.1136/archdischild-2012-301662
https://doi.org/10.1002/sim.3865
https://doi.org/10.1016/j.eclinm.2021.101249
https://doi.org/10.1016/j.prosdent.2020.05.041
https://doi.org/10.1016/S0140-6736(20)30977-6
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1016/S0140-6736(14)62114-0
https://doi.org/10.1038/s41467-019-12663-y
https://doi.org/10.1158/1055-9965.EPI-11-0421

Lietal.

19. Bell A. Age period cohort analysis: a review of what we should and shouldn't do.
Ann Hum Biol. (2020) 47:208-17. doi: 10.1080/03014460.2019.1707872

20.Falcaro M, Castafion A, Ndlela B, Checchi M, Soldan K, Lopez-Bernal J, et al.
The effects of the national HPV vaccination programme in England, UK, on cervical
cancer and grade 3 cervical intraepithelial neoplasia incidence: a register-based
observational  study.  Lancet.  (2021)  398:2084-92. doi:  10.1016/
S0140-6736(21)02178-4

21. Rosenberg PS, Check DP, Anderson WE. A web tool for age-period-cohort analysis
of cancer incidence and mortality rates. Cancer Epidemiol Biomarkers Prev. (2014)
23:2296-302. doi: 10.1158/1055-9965.EPI-14-0300

22. Wei ], Wang P, Xia E, Miao J, Zhou X, Yang Z, et al. Time trends in cardiovascular
disease mortality attributable to non-optimal temperatures in China: an age-period-
cohort analysis using the global burden of disease study 2019. Front Public Health.
(2022) 10:1075551. doi: 10.3389/fpubh.2022.1075551

23. Dimitrova A, Ingole V, Basagafia X, Ranzani O, Mila C, Ballester J, et al. Association
between ambient temperature and heat waves with mortality in South Asia: systematic
review and meta-analysis. Environ Int. (2021) 146:106170. doi: 10.1016/j.envint.2020.106170

Frontiers in Public Health

15

10.3389/fpubh.2024.1414979

24.Yang Z, Xie Z, Wang Z, Du Y, Chen S, Wu X, et al. Time trends in the incidence of
interstitial lung disease across Brazil, Russia, India, China and South Africa (BRICS)
from 1990 to 2019: an age-period-cohort analysis. Respirology. (2024) 29:888-96. doi:
10.1111/resp.14785

25. Huang HN, Li X, Peng Z, Liao YE, Li L, Nardocci AC, et al. Mortality risk and
burden of aortic aneurysm and dissection attributable to low temperatures: a nationwide
case-crossover analysis in Brazil, a predominantly tropical country. Environ Int. (2024)
190:108895. doi: 10.1016/j.envint.2024.108895

26. Hundessa S, Huang W, Zhao Q, Wu Y, Wen B. Global and regional cardiovascular
mortality attributable to nonoptimal temperatures over time. ] Am Coll Cardiol. (2024)
83:2276-87. doi: 10.1016/j.jacc.2024.03.425

27.Requia W], Vicedo-Cabrera AM, de Schrijver E, Amini H. Low ambient
temperature and hospitalization for cardiorespiratory diseases in Brazil. Environ Res.
(2023) 231:116231. doi: 10.1016/j.envres.2023.116231

28.Lee S, Lee E, Park MS, Kwon BY, Kim H, Jung DH, et al. Short-term effect of
temperature on daily emergency visits for acute myocardial infarction with threshold
temperatures. PLoS One. (2014) 9:¢94070. doi: 10.1371/journal.pone.0094070

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1414979
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1080/03014460.2019.1707872
https://doi.org/10.1016/S0140-6736(21)02178-4
https://doi.org/10.1016/S0140-6736(21)02178-4
https://doi.org/10.1158/1055-9965.EPI-14-0300
https://doi.org/10.3389/fpubh.2022.1075551
https://doi.org/10.1016/j.envint.2020.106170
https://doi.org/10.1111/resp.14785
https://doi.org/10.1016/j.envint.2024.108895
https://doi.org/10.1016/j.jacc.2024.03.425
https://doi.org/10.1016/j.envres.2023.116231
https://doi.org/10.1371/journal.pone.0094070

	Global, regional, and national temporal trends in mortality and disability-adjusted life years for cardiovascular disease attributable to low temperature during 1990–2019: an age-period-cohort analysis of the global burden of disease 2019 study
	Introduction
	Materials and methods
	Data and definitions
	Overall temporal trend analysis of mortality and DALYs
	Age-period-cohort modeling and analysis

	Results
	Global burden of CVDs attributable to low temperature between 1990 and 2019
	Global and regional trends in CVD-related deaths and DALY losses attributable to low temperature from 1990 to 2019
	National death and DALY loss trends in patients with CVD attributable to low temperature from 1990 to 2019
	Temporal trends in the population distribution of CVD deaths and DALYs among different age groups
	Effects of age, period, and cohort factors on death and DALY loss
	Age-period-cohort effect for representative countries
	Mortality levels in countries and regions with different SDI levels and geographic locations

	Discussion
	Conclusion

	References

