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Abstract

Objective The objective is to evaluate the temporal trends in the burden of cardiovascular diseases attributable
to metabolic risk factors from 1990 to 2021 and to project the burden over the subsequent 30 years.

Methods A joinpoint regression model was employed to estimate the annual percentage change in cardiovascular
disease mortality attributable to metabolic risk factors, utilizing data from the Global Burden of Disease (GBD) 2021.
An age-period-cohort analysis was conducted to evaluate the effects of age, period, and cohort. A frontier analysis
was employed to investigate the correlation between the prevalence of cardiovascular disease attributable to meta-
bolic risk factors and socio-demographic trends. An autoregressive integrated moving average (ARIMA) model

was subsequently constructed to forecast future cardiovascular disease burden.

Results Between 1990 and 2021, the global age-standardized mortality rate (ASMR) of cardiovascular diseases
attributable to metabolic factors exhibited a consistent decline (Average Annual Percent Change (AAPC)=-1.28, 95%
ClI[-142,-1.14], P<0.01). However, the absolute number of deaths increased from 8.326 million to 13.595 million. The
most substantial reduction in ASMR was observed in the High Socio-Demographic Index (SDI) region (AAPC=-2.98,
95% CI [-3.10, -2.86], P< 0.01), whereas the reductions were relatively smaller in the Low-middle SDI and Low SDI
regions. The ARIMA model predicts a decline in global cardiovascular disease mortality over the next three dec-
ades, with the most pronounced decrease anticipated in the high-middle SDI region and smaller declines expected
in the middle SDI and low SDI regions.

Conclusion Notwithstanding a global decline in age-standardized mortality and disability-adjusted life year (DALY)
rates, the burden of cardiovascular diseases attributable to metabolic factors remains significant worldwide. Targeted
interventions must be implemented without delay, particularly for males and populations in low and middle SDI
regions, to mitigate the impact of metabolic factors on public health.
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Introduction

Cardiovascular disease (CVD) represents the most sig-
nificant cause of mortality and morbidity worldwide,
accounting for 32.9% of non-communicable disease-
related deaths globally and approximately 18 million
deaths annually [1-3]. The number of deaths from CVD
increased by approximately 19% between 2010 and 2020
on a global scale. The annual economic burden of cardio-
vascular disease is considerable, with the economic bur-
den on the European economy exceeding €200 billion per
year [4]. The United Nations has established a target of
reducing premature mortality from CVD by 25% by 2025,
primarily through early detection and enhanced preven-
tion strategies [5]. Metabolic risk factors, insofar as they
constitute risk factors for CVD, have emerged as the larg-
est contributors to the CVD burden. This suggests that
an in-depth understanding of metabolic risk factors is
necessary for subsequent prevention and control efforts
[6].

Modifiable risk factors, including human behavior and
metabolic risk, represent the primary contributors to the
burden of CVD and may be preventable [7-9]. Target-
ing the reduction of modifiable risk factors represents a
powerful and indispensable strategy for preventing poor
health outcomes and premature mortality caused by dis-
eases and injuries [10, 11]. Over the past several decades,
metabolic risk has been identified as the most critical
contributor to cardiovascular disease mortality [12—14].
Despite the pivotal role of metabolic risk in the devel-
opment of cardiovascular disease, there is a dearth of
research globally that examines the burden and classifica-
tion of cardiovascular disease associated with metabolic
risk factors, including high fasting glucose, high low-
density cholesterol, high systolic blood pressure, high
body mass index, low bone mineral density, and renal
insufficiency.

Accordingly, this study employs the most recent data
from the GBD 2021 to elucidate the long-term trends
in the burden of cardiovascular diseases attributable to
metabolic risks over the past 30 years. The study aims
to: Characterize the burden of metabolic risks contrib-
uting to CVD at both global and regional levels from
1990 to 2021 and examine trends in CVD incidence
driven by specific metabolic risk factors globally, includ-
ing elevated fasting plasma glucose, dyslipidemia, high
systolic blood pressure, and increased body mass index.
Furthermore, the study aims to elucidate the long-
term trends in the burden of cardiovascular diseases

attributable to metabolic risks over the past 30 years. In
order to achieve this, the following factors will be con-
sidered: plasma glucose, dyslipidemia, high systolic blood
pressure, increased body mass index, low bone mineral
density, and impaired renal function. Finally, the study
will endeavor to forecast future trends in CVD mortality
attributable to metabolic risk factors from 2022 to 2050.

Materials and methods

Study population and data collection

The Global Burden of Disease Study 2021 employs the
latest epidemiological data sources and refined stand-
ardization methods to comprehensively assess health
impairments in 204 countries and territories, uncover-
ing health damages attributable to 369 diseases and inju-
ries as well as 88 risk factors. The GBD database utilizes
sophisticated methods to address missing data and adjust
for confounding factors [15]. In this study, we obtained
and analyzed GBD study data, encompassing global,
regional, and national levels of cardiovascular disease
mortality and DALYs attributable to metabolic factors.
The Socio-Demographic Index (SDI) serves as a compos-
ite measure of educational, economic, and fertility lev-
els, comprising five tiers corresponding to SDI quintiles
(i-e., low, low-middle, middle, high-middle, and high). All
data from this study are accessible at http://ghdx.healt
hdata.org/gbd-results-tool. Additionally, the Institutional
Review Board of the University of Washington waived
the requirement for informed consent for accessing GBD
data. This study adheres to the Guidelines for Accurate
and Transparent Health Estimates Reporting (GATHER)
[16].

Statistical analysis

The study design and methodology of the GBD study
have been comprehensively detailed in previously pub-
lished GBD literature. In the present analysis, 95% uncer-
tainty intervals (Uls) were computed for each variable [8,
17]. All rates are expressed per 100,000 population. Sta-
tistical analyses were two-tailed, with a P-value of <0.05
considered indicative of statistical significance.

This study utilized the Joinpoint software (version
5.3.0) developed by the U.S. National Cancer Institute
to perform Joinpoint regression analysis on trends in
the burden of cardiovascular diseases attributable to
metabolic risk factors [18]. The Joinpoint regression
model identifies multiple"joinpoints"in time-series
data, representing significant changes in trends, such as
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a shift from an increasing trend to a decreasing trend or
vice versa. Between each joinpoint, the model applies
linear regression to fit the data, segmenting the entire
time series into several intervals, each characterized
by its own linear trend. Additionally, the study calcu-
lated the Average Annual Percent Change (AAPC),
which was derived as a weighted average of the slope
coefficients from the joinpoint regression model. The
weights were proportional to the length of each seg-
ment within the interval. The final step involved con-
verting the weighted average of the slope coefficients
into an annual percent change. The 95% confidence
intervals (CIs) were obtained through the linear regres-
sion model. When the AAPC value and its 95% CI were
greater than zero, the corresponding age-standardized
rate (ASR) was interpreted as exhibiting an increasing
trend, whereas a negative AAPC indicated a decreas-
ing trend. If the 95% CI of the AAPC included zero, the
ASR was considered stable over time [19].

This study utilized the Age-Period-Cohort (APC) anal-
ysis tool developed by the U.S. National Cancer Institute
(https://analysistools.nci.nih.gov/apc). This tool imple-
ments a set of easily interpretable estimable APC func-
tions and corresponding Wald x2 tests within R code.
Parameter identification employs an intrinsic estimation
method capable of analyzing open-ended data to con-
struct regression models for computational analysis [20].
Age groups were categorized into 5-year intervals for this
study. To enhance the stability of estimations and facili-
tate the construction of the age-period-cohort model, the
data were grouped into 5-year age intervals and 5-year
birth cohorts. The APC analysis tool provided key param-
eter estimates, including net drift and local drift.Net drift
represents the overall linear trend in mortality rates after
adjusting for period and cohort effects. It is expressed as
the annual percentage change in the logarithm of mortal-
ity rates. In contrast, local drift reflects the linear trend
in mortality rates for each age group, adjusted for period
and cohort effects, and is presented as the annual per-
centage change in the logarithm of mortality rates for dif-
ferent age groups.

This study employed frontier analysis to further evalu-
ate the relationship between the burden of cardiovas-
cular diseases attributable to metabolic risk factors and
sociodemographic development. The frontier represents
the lowest achievable burden determined by the level
of development and was generated using a nonlinear
approach. Non-parametric data envelopment analysis
(DEA) was utilized, with methodological details refer-
enced from previous studies [21]. To project the trends in
cardiovascular disease mortality attributable to metabolic
risks over the next 30 years globally and across the five
SDI regions, an autoregressive integrated moving average
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(ARIMA) model was constructed. ARIMA, a widely used
time series analysis method, facilitates forecasting of
future values. In the ARIMA modeling process, this study
employed the differencing method to stabilize the time
series data. The auto.arima() function was subsequently
used to identify the optimal model based on the Akaike
Information Criterion (AIC) [22]. All statistical analyses
and visualizations were conducted using R software (ver-
sion 4.2.3). A two-tailed P-value of <0.05 was considered
statistically significant.

Results

The global and regional burden of CVD due to metabolic
risks

From 1990 to 2021, the total number of deaths attribut-
able to metabolic factors leading to cardiovascular dis-
eases increased significantly (Tables 1 and 2). Globally,
although the ASMR of cardiovascular diseases attributa-
ble to metabolic factors declined, the absolute number of
deaths steadily rose from 8.33 million (95% UI: 7.43-9.13
million) in 1990 to 13.60 million (95% UI: 12.01-15.14
million) in 2021 (Table 1). Between 1990 and 2021, while
the number of deaths decreased in the High SDI region,
it increased in the other four SDI regions. Among these,
the High SDI region exhibited the most pronounced
decline in ASMR, decreasing from 200.80 per 100,000
population (95% UI: 176.84-220.08) in 1990 to 79.08 per
100,000 population (95% UI: 68.06—88.93) in 2021. Nota-
bly, the Low-Middle SDI and Low SDI regions showed
only minimal declines in ASMR during the same period.
Regional data revealed that South Asia, Southeast Asia,
and Southern Sub-Saharan Africa experienced increas-
ing ASMR trends, while Central Europe demonstrated
the fastest decline, from 408.96 per 100,000 population in
1990 to 213.01 per 100,000 population in 2021. The high-
income Asia Pacific region recorded the lowest ASMR at
44.05 per 100,000 population in 2021 (Fig. 1). It is worth
noting that although ASMR declined in Eastern Europe
and Central Asia, these regions still maintained relatively
high levels.

Figure 2 Global Burden of Cardiovascular Diseases
Attributable to Metabolic Risks in 2021: Deaths, DALYs,
and Age-Standardized Rates. A and C. Age-specific
deaths and DALYs: The number of deaths due to cardio-
vascular diseases attributable to metabolic risks dem-
onstrates a positive correlation with age, with a sharp
increase after 60 years, particularly in females. Among
those aged 80 and older, the number of deaths signifi-
cantly exceeds that of males, peaking in the 80-84 age
group. Similarly, DALYs increase with age. Males bear
a heavier disease burden than females below 80 years,
particularly between 60 and 80 years, while females
show a higher burden in the 80 +age group. B and D.
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Table 1 Cardiovascular disease deaths and age-standardized mortality rates attributable to metabolic risk factors in 1990 and 2021

Location 1990 2021
Number of deaths (no. Age-standardized Number of deaths (no. x 10%) Age-standardized
% 10%) (95% UI) incidence per 100,000 (95% UI) incidence per 100,000
population (95% UI) population (95% UI)
Global 8326.49(7425.09,9132.38)  245.17(216.92, 268.95) 13,594.58(12,010.53,15,134.77) 164.25(145.27,183.25)
Sex
Male 4048.66(3558.76,4457.21)  270.97(238.64,297.77) 7100.70(6286.84,7957.68) 194.13(171.45,217.36)
Female 4277.83(3774.74,471539)  221.70(193.72,244.73) 6493.88(5589.18,7297.31) 138.78(119.58,155.90)
SDI
High SDI 2212.89(1956.28,2419.16)  200.80(176.84,220.08) 1911.40(1611.15,2168.78) 79.08(68.06,88.93)
High-middle SDI 2561.36(2285.69,2794.59)  306.81(271.67,335.43) 3661.29(3187.74,4147.793) 189.88(165.54,215.11)
Middle SDI 1984.40(1725.51,2223.83)  242.76(211.42,271.99) 4542.34(4002.37,5138.05) 191.15(167.79,216.14)
Low-middle SDI 1147.43(1000.22,1278.82)  222.77(193.72,249.67) 2654.94(2353.24,2924.94) 209.36(186.21,231.01)
Low SDI 407.22(353.19,458.69) 219.74(188.60,249.25) 809.94(705.82,913.42) 195.37(170.05,220.11)
Region
Central Europe 547.65(497.40,587.24) 408.96(370.86,440.81 506.73(450.72,558.95) 213.01(190.22,235.01
Eastern Europe 1060.05(951.61,1144.80) 1107.99(976.12,1240.92)

Central Asia
Caribbean

Andean Latin America
Central Latin America
Tropical Latin America

North Africa and Middle
East

South Asia

Southeast Asia

East Asia

Oceania

Central Sub-Saharan Africa
Eastern Sub-Saharan Africa

Southern Sub-Saharan
Africa

Western Sub-Saharan Africa
High-income Asia Pacific
Australasia

Southern Latin America

High-income North
America

Western Europe

157.74(140.79,171.44)
54.89(48.72,60.44)
20.34(17.17,23.45)
115.08(104.23,124.39)
178.83(158.64,194.43)
521.28(461.44,575.12)

917.32(782.66,1036.20)
541.81(465.74,612.88)
1571.13(1297.50,1832.40)
6.31(5.06,7.76)
49.27(39.93,58.15)
120.07(102.24,138.30)
39.94(34.75,45.17)

160.08(134.05,184.09)
251.14(218.28, 276.83)
45.10(39.96,49.41)
83.66(72.96,92.19)
682.24(597.89,746.80)

1202.55(1068.50,1313.20)

( )
430.48(384.73,467.75)
379.00(339.18/412.79)
231.29(205.58,255.34)

110.52(93.96,127.05)
163.96(147.51,177.74)
227.95(202.36,249.22)
(

383.10(335.39,422.97)

185.91(158.17,210.99)
252.64(216.62,287.50)
250.35(206.58,290.47)
261.95(213.39,314.50)
292.08(240.85,337.62)
199.66( )
( )

171.53

71.07,231.12
48.23,194.82

221.53(185.29,254.53)

142.44(122.61,157.53)
199.92(176.66,219.98)
198.61(172.99,219.76)
187.80(164.45,205.42)

201.38(178.31,220.21)

219.65(195.19,244.99)
86.22(73.58,100.00)
43.55(36.11,52.19)
288.15(253.86,326.81)
261.19(229.07,287.48)
1037.46(907.51,1170.25)

2443.76(2145.54,2717.81)
1289.30(1133.27,1442.31)
3688.58(3037.41,4428.87)
15.26(12.31,18.39)
103.14(81.89,127.38)
233.07(200.19,269.64)
95.60(86.02,105.55)

321.39(274.72,365.88)
272.01(208.38,318.91)
35.77(29.62,40.99)
80.01(70.19,88.21)
660.74(557.38,743.31)

805.00(659.53,914.57)

(
310.19(273.57,347.37
329.05(292.34,367.18
157.97(134.71,183.36
76.97(63.79,92.12)
121.13(106.38,137.38)
104.56(91.43,115.30)
278.14(243.46,311.91)

)
)
)
)

186.52(163.36,207.06)
226.49(199.62,253.19)
193.40(159.61,232.37)
237.97(194.44,284.55)
258.38(208.50,317.11)
172.62(148.12,199.86)
203.22(182.83,223.84)

208.19(179.71,234.63)
44.05(35.62,50.60)
57.65(48.20,65.64)
88.07(77.42,97.11)
93.36(79.47,104.28)

67.84(56.82,76.50)

Age-standardized mortality and DALY rates: Age-stand-
ardized mortality rates rise significantly with age, espe-
cially after 70 years, for both sexes. Across all age groups,
males consistently exhibit higher rates than females. The
trends in age-standardized DALY rates align with those
of mortality rates, showing a similar age-dependent
increase. E and F. Trends from 1990 to 2021 (Deaths,
ASMR, DALYs, and ASDR): ASMR and ASDR have
shown a consistent decline over the past three decades
for both sexes. However, males consistently report higher

rates than females annually. Despite these declines, the
absolute numbers of deaths and DALYs attributable to
metabolic risks have continued to rise, driven by global
population growth and aging. Summary: Fig. 2 high-
lights the age and sex disparities in the burden of car-
diovascular diseases attributable to metabolic risks, with
males exhibiting higher age-standardized rates across all
age groups. Despite global improvements in ASMR and
ASDR, the increasing total burden underscores the need
for intensified prevention and management strategies
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Table 2 Cardiovascular disease deaths and age-standardized mortality rates attributable to specific metabolic risk factors in 1990 and

2021

Location 1990

2021

Number of deaths (no.

Age-standardized

Number of deaths (no. Age-standardized incidence

% 103) (95% UI) incidence per 100,000 % 10%) (95% UI) per 100,000 population
population (95% Ul) (95% UI)
High systolic blood pressure  6419.61(5349.41,7341.45) 189.42(157.52,217.00) 10,376.44 (8784.05, 125.33(106.26,145.46)
12,032.76)

High fasting plasma glucose 1015.23(881.33,1167.78)
1312.39(1033.00,1571.48)
2452.01(1431.74,3504.93)

836.07(477.90,1316.55)

Kidney dysfunction
High LDL cholesterol

High body-mass index 2443(13.63,37.3)

30.77(26.46,35.41)
40.58(31.93,49.24)
70.51(39.71,103.61)
(

221298 (1911.64, 2525.67)
2095.80(1638.36,2562.75)
3646.00(2129.33,5262.17)
1904.24(1072.73,2864.24)

26.85(23.14,30.69)
25.55(19.84,31.36)
43.67(25.33,6343)
22.77(12.87,34.24)

CMR(/10%5)

0~84.06
84.06~97.82
97.82~115.00

115.00~178.20
178.20~196.29
196.29~232.93
232.93~276.19
276.19~284.05

284.05~323.45
323.45~572.00

/

Fig. 1 Age-standardized mortality rates of cardiovascular diseases attributable to metabolic risk factors in 204 countries, 2021

targeting metabolic risks, particularly among aging
populations.

Joinpoint Regression Analysis of ASMR

The joinpoint regression analysis of ASMR for cardio-
vascular diseases attributable to metabolic risks from
1990 to 2021, both globally and across the five Socio-
Demographic Index (SDI) regions, is presented in
Fig. 3 and Tables 3, 4 and 5. Global Trends: As shown
in Fig. 3A, the global ASMR attributable to metabolic
risks exhibited a consistent declining trend. According
to Tables 3, 4 and 5, the overall Average Annual Percent
Change (AAPC) for the global ASMR was — 1.28 (95%
CI: — 142, — 1.14; P< 0.01) during 1990-2021. SDI-
Specific Trends: High SDI region: The ASMR declined
most rapidly in this region, particularly between 2002
and 2007, with an Annual Percent Change (APC) of

— 4.48 (95% CI: — 4.90, — 4.06). The overall AAPC was
— 2.98 (95% CI: — 3.10, — 2.86; P< 0.01), indicating a
substantial reduction in mortality rates. High-middle
and Middle SDI regions: Despite some fluctuations,
ASMR showed a general downward trend throughout
the study period. Low-middle SDI region: For males,
ASMR exhibited an increasing trend, with an AAPC of
0.17 (95% CI: 0.11, 0.26; P< 0.01). For females, ASMR
showed a decreasing trend, with an AAPC of — 0.53
(95% CI: — 0.90, — 0.16; P< 0.01). Low SDI region:
Although ASMR declined overall, the reduction was
minimal, and mortality rates remained high, with an
AAPC of — 0.38 (95% CI: — 0.55, — 0.21; P< 0.01). Risk
Factor-Specific Trends: Globally, ASMR attributable to
high systolic blood pressure and high low-density lipo-
protein cholesterol (LDL-C) showed a declining trend.
However, in middle and low SDI regions, ASMR attrib-
utable to high fasting plasma glucose and high body
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Fig. 2 Global burden of cardiovascular diseases attributable to metabolic risks in 2021. A Age-specific number of deaths; B Age-standardized
mortality rates (ASMR); C Age-specific disability-adjusted life years (DALYs); D Age-standardized DALY rates; E Trends in deaths and ASMR (1990—
2021); FTrends in DALYs and age-standardized DALY rates (1990-2021). The black bars in Figure E and F represent the 95% confidence intervals (Cls)

for the respective data points

mass index (BMI) demonstrated an increasing trend.
Particularly in the Low-middle SDI region, males expe-
rienced rising ASMR due to high systolic blood pres-
sure, high BMI, high LDL-C, and high fasting plasma
glucose, contributing significantly to the cardiovascu-
lar disease burden (Table 5). These findings highlight

substantial disparities in the trends of ASMR across
SDI regions and risk factors. While High SDI regions
achieved significant reductions, Low and Low-middle
SDI regions face persistent challenges, particularly
among males, underscoring the need for targeted inter-
ventions to address specific metabolic risks.
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Fig. 3 Joinpoint regression analysis of age-standardized mortality rates (ASMR) for cardiovascular diseases attributable to metabolic risks (1990
2021). A Global ASMR; B High SDI Region; C High-middle SDI Region; D Middle SDI Region; E Low-middle SDI Region; F Low SDI Region

Impact of age, period, and cohort on cardiovascular
disease mortality attributable to metabolic risks

The APC model was utilized to examine the effects of
age, period, and cohort on mortality from cardiovascu-
lar diseases attributable to metabolic risks. These effects
represent different dimensions of influence: Age effect:
Reflects changes due to biological and social aging pro-
cesses, such as the increased risk of cardiovascular dis-
eases with age, which is a critical determinant of disease

incidence. Period effect: Denotes changes resulting from
factors that impact all age groups simultaneously, such
as advancements in healthcare or economic recessions.
Cohort effect: Indicates variations in disease rates across
different generations due to differential exposure to risk
factors. Findings from Fig. 4: A. Relationship Between
Mortality and Age: Mortality rates increased with age
across all SDI regions, as shown in Fig. 4A. The smallest
increase in mortality with age was observed in the High
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Fig. 4 Age-Period-Cohort (APC) model analysis for cardiovascular disease mortality attributable to metabolic risks. A Longitudinal Age Curve (Age
Effect); B Cohort Relative Mortality (Cohort Effect); C Local Drifts with Net Drift (Temporal Trends); D Period Effect on Mortality (Period Effect)

A

location

Gloal

X8

Eastem Europe
High-income Asia Paciic Central Asia

North Afnca and

ASMR(per 100000

+  High-income North Amernica &
% Westem Europe = SoulAsia
© Australasia * SoutheastAsia

@ Andean Lalin America * EastAsia

Tropical Latin America Oceania

.

Central Latin America

Southern Lafin America Eastem Sub-Sal

v e

Caribbean

"

Central Europe Southem Sub-S:

Socio-Demographic Index

Westem Sub-Sal

Central Sub-San|

ASMR(per 100000

00~

050
Socio-Demographic Index
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Regions: ASMR vs. SDI Relationship (1990-2021); B Global and 204 Countries: ASMR vs. SDI Relationship (2021)

SDI region, reflecting better prevention and manage-
ment of metabolic risk factors in older populations. B.
Relationship Between Mortality and Birth Cohort: Using
the 1962-1967 birth cohort as the reference (set to 1),
Fig. 4B shows that mortality generally decreased with

more recent birth cohorts. High SDI regions exhibited
the most pronounced decline in mortality rates across
cohorts, while Low-middle SDI and Low SDI regions
showed only modest reductions, suggesting persistent
intergenerational disparities in exposure to metabolic
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Fig. 6 Frontier analysis of the relationship between socio-demographic index (SDI) and Age-Standardized Mortality Rate (ASMR). A SDI and ASMR
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risks. C. Temporal Trends in Age-Specific Mortality:
Using the APC model, Fig. 4C estimated the APC in
mortality for specific age groups, highlighting the influ-
ence of cohort effects. The global Net Drift (overall trend)
was less than 0, with statistically significant P-values (<
0.05), indicating a decline in mortality over time. Across
all age groups, mortality decreased annually in High SDI
and High-middle SDI regions. However, in Low-middle
SDI and Low SDI regions, mortality among individuals
aged 67.5 years and above increased annually, underscor-
ing the disproportionate burden in older populations in
these regions. D. Relationship Between Mortality and
Period: Using 2002-2017 as the reference period (set to
1), Fig. 4D demonstrates that mortality generally declined
over time across most SDI regions. The High-middle
SDI region experienced the steepest decline, while Low-
middle SDI and Low SDI regions showed minimal reduc-
tions, reflecting stagnation in mortality improvements
during recent years. The APC analysis reveals significant
temporal and intergenerational trends in cardiovascular
disease mortality attributable to metabolic risks. While
global mortality has declined over time, substantial
disparities remain across SDI regions. High and High-
middle SDI regions benefit from consistent reductions
in mortality across all age groups, driven by healthcare
advancements and reduced cohort-specific exposure to
metabolic risks. In contrast, older populations in Low-
middle SDI and Low SDI regions face rising mortality
rates, emphasizing the need for targeted interventions to

address age-specific and cohort-specific metabolic risk
burdens in these regions.

Relationship between cardiovascular disease burden
attributable to metabolic risks and socio-demographic
index (SDI)

Figure 5A Trends in ASMR and SDI (1990-2021). Dur-
ing 1990-2021, a parabolic relationship was observed
between ASMR and SDI across the 21 GBD regions and
globally. Between 1990 and 1998, the global ASMR attrib-
utable to metabolic risks exceeded expected levels based
on SDI but fell below expectations from 1999 onward.
Regions such as Eastern Europe, Central Europe, the Car-
ibbean, North Africa, and the Middle East consistently
exhibited ASMR above expected levels throughout the
study period. Conversely, regions like Australasia, High-
income North America, and Western Europe exceeded
expectations only in recent years. In regions with SDI
>0.7, the decline in ASMR over time was pronounced,
reflecting significant improvements in cardiovascular
health management. For regions with SDI <0.5, ASMR
reductions were relatively modest, indicating slower pro-
gress in mitigating cardiovascular disease burden in low-
SDI settings. Figure 5B: Relationship Between ASMR and
SDI in 204 Countries (2021). A negative correlation was
evident between ASMR and SDI, with higher SDI coun-
tries generally experiencing lower ASMR. Nauru showed
a disproportionately high ASMR attributable to meta-
bolic risks, significantly exceeding expectations based
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Fig. 7 Forecasted trends in cardiovascular disease mortality attributable to metabolic risks over the next 30 Years (Global and Five SDI Regions)

on its SDI level. Notably, some low-SDI regions, such  highlight the strong association between SDI and ASMR
as Ethiopia and Mali, maintained ASMR levels below for cardiovascular diseases attributable to metabolic
expected values, suggesting effective management of risks. While higher-SDI regions demonstrate substan-
metabolic risks despite limited resources. These findings  tial reductions in ASMR, disparities persist, with several
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lower-SDI regions continuing to face significant chal-
lenges. Nonetheless, certain low-SDI regions outperform
expectations, underscoring the potential for effective
interventions even in resource-limited settings.

Frontier analysis: evaluating the relationship

between disease burden and sociodemographic
development

Frontier analysis is a critical quantitative tool that uses
techniques such as Data Envelopment Analysis (DEA)
and Locally Estimated Scatterplot Smoothing (LOESS)
to evaluate and optimize health system performance. It is
particularly useful in analyzing the relationship between
disease burden and sociodemographic development by
identifying"frontiers"or optimal benchmarks of perfor-
mance. Findings from Fig. 6 A. Frontier Analysis of SDI
and ASMR (1990-2021): Visualization: The red solid
line represents the frontier (optimal practice bound-
ary). Points represent individual countries or regions,
with color gradients indicating progression over time
(from lighter shades in 1990 to darker shades in 2021).
Insights: As SDI increases, ASMR decreases, indicating
that higher sociodemographic development correlates
with lower cardiovascular disease burden attributable to
metabolic risks. Countries with lower SDI levels exhibit
greater potential for improvement in ASMR, suggest-
ing that targeted interventions could significantly reduce
their disease burden. B. 2021 SDI and ASMR Frontier
Analysis: Visualization: Each point represents a specific
country or region in 2021. The black solid line delineates
the frontier. The top 15 countries with the largest effec-
tive differences (deviation from the frontier) are marked
in black. Examples of countries with low SDI (< 0.5)
and low effective differences (e.g., Somalia, Niger, Mali,
Ethiopia, and Uganda) are marked in blue. Examples of
countries with high SDI and relatively high effective dif-
ferences (e.g., America, Monaco, Germany, Finland, and
Lithuania) are marked in red. Red points indicate coun-
tries where ASMR has decreased from 1990 to 2021,
while blue points indicate countries where ASMR has
increased. Insights: Effective differences generally decline
as SDI increases, highlighting the potential for substan-
tial burden reductions in lower-SDI countries. Frontier
countries (marked in blue) demonstrate effective man-
agement of metabolic risks relative to their development
level, offering models for replication in similar settings.
High-SDI countries with substantial effective differences
(marked in red) indicate areas where improvements in
metabolic risk management could further optimize out-
comes. Frontier analysis underscores the significant rela-
tionship between sociodemographic development and
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cardiovascular disease burden attributable to metabolic
risks. It highlights disparities in performance and identi-
fies opportunities for improvement, particularly in lower-
SDI countries with a high potential for burden reduction.
At the same time, even high-SDI countries can benefit
from targeted interventions to bridge gaps between cur-
rent outcomes and optimal benchmarks.

ARIMA model: predicting cardiovascular disease mortality
attributable to metabolic risks

The ARIMA model is a widely used time-series analy-
sis method for forecasting future trends. By integrat-
ing autoregression (AR), differencing (I), and moving
average (MA) components, ARIMA effectively captures
trends and seasonality in data. The model is denoted as
ARIMA (p, d, q): p (Autoregressive order): Indicates the
number of prior observations used to predict the cur-
rent value. d (Differencing order): Specifies how many
differencing operations are needed to make the data
stationary by eliminating trends or seasonality. q (Mov-
ing average order): Represents the number of prior error
terms used in predicting the current value. Findings from
Fig. 7 A. Global Trend (1990-2051): The red line shows
the observed trend in mortality rates from 1990 to 2021,
while the yellow dashed line and shaded region represent
the predicted trend and 95% confidence intervals (CI) for
the next 30 years. Globally, cardiovascular disease mor-
tality attributable to metabolic risks is projected to con-
tinue declining over the next three decades.

B-E. Trends Across SDI Regions (1990-2051): High-
middle SDI Region (Fig. 7C): This region is expected to
experience the most significant decline in mortality rates,
reflecting advancements in healthcare and effective man-
agement of metabolic risks. Middle and Low SDI Regions
(Fig. 7D and F): Mortality rates in these regions are pro-
jected to decline at a slower pace, indicating persistent
challenges in addressing metabolic risks. Low-middle
SDI Region (Fig. 7E): Unlike other regions, this region
is predicted to show almost no decline in mortality rates
over the next 30 years, highlighting a critical need for tar-
geted interventions and resource allocation. The ARIMA
model provides valuable insights into future trends in
cardiovascular disease mortality attributable to meta-
bolic risks. While global mortality rates are expected to
decline, disparities across SDI regions remain stark. The
most significant progress is anticipated in high-middle
SDI regions, whereas low-middle SDI regions face con-
siderable barriers, with virtually no projected improve-
ment. These findings underscore the importance of
tailored strategies to accelerate progress in regions with
slower reductions in mortality.
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Discussion
This study investigated the trends in the global bur-
den of cardiovascular diseases attributable to metabolic
risks over the past three decades, focusing on mortality,
DALYs, and age-standardized rates across different SDI
regions. Key Findings: Global Decline in ASMR: From
1990 to 2021, the global ASMR attributable to meta-
bolic risks decreased significantly (AAPC =— 1.28, 95%
CIL: — 1.42, — 1.14, P< 0.01), while the absolute number of
deaths increased from 8.33 million to 13.60 million. The
simultaneous rise in deaths despite declining ASMR can
be attributed to population growth, aging, and changes in
mortality proportions, underscoring the persistent bur-
den of cardiovascular diseases due to metabolic factors.
Age and Gender Disparities in Cardiovascular Dis-
ease Mortality Attributable to Metabolic Risks. Over-
all Trends in Mortality and DALY Rates: Both male and
female ASMR and DALY rates have shown a general
decline over the study period. Males consistently exhibit
higher ASMR and DALY rates compared to females,
which may be attributable to gender-based genetic and
biological differences [7]. Despite the decline in ASMR
and DALY rates, the absolute number of deaths and
DALYs continue to rise due to global population growth
and aging. Age is a critical factor, as ASMR increases sig-
nificantly with advancing age for both sexes, highlight-
ing the need for age-specific prevention strategies. Males
show persistently higher ASMR and DALY rates com-
pared to females across all SDI regions. The disparity is
particularly pronounced in middle and low SDI regions,
where male ASMR showed an increasing trend during
1990-2014 (APC =0.32, 95% CI: 0.27, 0.37, P< 0.05).
Contributing factors include greater gender differences
in lifestyle behaviors such as physical activity and smok-
ing in lower SDI regions, compared to more uniform
patterns in high SDI regions. These findings suggest the
need for targeted prevention strategies aimed at reduc-
ing the cardiovascular disease burden among men and
older populations. Gender-specific interventions, such as
promoting healthier lifestyles and addressing behavioral
risks (e.g., smoking cessation and physical activity pro-
motion), could play a significant role in mitigating dis-
parities [23—-25]. Further research is required to explore
additional factors driving gender disparities, particularly
in low and middle-SDI regions, where social, cultural,
and economic influences may exacerbate the burden
of metabolic risks among men. Tailored interventions
that address these region-specific and gender-specific
differences could help close the gap in cardiovascular
health outcomes. By focusing on age- and gender-spe-
cific prevention and treatment strategies, policymakers
and healthcare providers can make significant strides in
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reducing the global cardiovascular disease burden attrib-
utable to metabolic risks.

Subtype-Specific Metabolic Risk

High systolic blood pressure (SBP) remains the leading
metabolic risk factor contributing to the global burden
of CVD across all SDI regions [26]. The ASMR due to
high SBP has shown a consistent decline globally, with
an AAPC of — 1.33 (95% CL: — 1.42, — 1.14, P< 0.05).
The age-standardized DALYs rate attributable to high
SBP decreased from 3668.45 in 1990 to 2513.43 in 2021.
These reductions highlight the significant global progress
in managing high SBP over the past decades. In 2020, the
International Society of Hypertension (ISH) introduced
global practice guidelines for managing hypertension
in adults aged 18 and older [27]. These guidelines were
developed through a comprehensive review of existing
evidence and are tailored for practical use across diverse
healthcare settings. Notably, the guidelines emphasize
applicability in both resource-rich and resource-limited
environments, providing evidence-based, adaptable care
standards to reduce the burden of hypertension world-
wide. The sustained global efforts in SBP management,
supported by guidelines such as those from the ISH, have
significantly contributed to the decline in the CVD bur-
den associated with high SBP. Expanding these initiatives,
particularly in low- and middle-income countries, where
access to care may be limited, will be critical in further
reducing the global impact of high SBP on cardiovascular
health. This success underscores the importance of inter-
national collaborations, evidence-based guidelines, and
targeted interventions in addressing high-priority meta-
bolic risks like elevated systolic blood pressure.

Impact of High BMI on Cardiovascular Disease Burden
Across SDI Regions. Diverging Trends Across SDI Regions
High BMlI-related CVD burden is decreasing in High
SDI and High-middle SDI regions, reflecting increased
attention to weight management and preventive health-
care in developed countries. In contrast, Middle SDI,
Low-middle SDI, and Low SDI regions exhibit significant
increases in the CVD burden attributable to high BMI,
highlighting growing public health challenges in these
settings. Advancements in High-SDI Regions: Devel-
oped countries have adopted comprehensive approaches
to weight management, including behavioral interven-
tions, pharmacological treatments, and surgical options,
as emphasized in CVD prevention guidelines [28]. These
efforts underscore the importance of promoting healthy
weight and mitigating obesity-related risks to reduce the
overall CVD burden. Challenges in Low- and Middle-
SDI Regions: The use of weight-loss medications remains
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limited due to restricted availability, safety concerns,
and public skepticism toward their efficacy [29]. Many
cardiovascular specialists in developing countries fail to
prioritize weight management for CVD prevention and
treatment, indicating a gap in clinical practice and pub-
lic health education. Public Health Implications of Obe-
sity: Obesity is a critical and widespread public health
issue, particularly in low-resource settings. Addressing
obesity through effective strategies represents one of
the most cost-effective approaches for preventing early-
onset CVD, particularly among younger populations.
These strategies include: Lifestyle Modifications: Promot-
ing healthy dietary habits, such as reducing the intake of
processed foods, salt, and sugar-sweetened beverages,
while encouraging the consumption of fruits, vegetables,
whole grains, and lean protein sources. Increased Physi-
cal Activity: Implementing tailored and structured pro-
grams, including aerobic exercise and strength training,
has been shown to be effective for weight management
when customized to individual needs.Behavioral Sup-
port: Interventions such as cognitive-behavioral therapy
(CBT), community support groups, and other structured
behavioral therapy approaches can assist in achieving
and maintaining long-term weight loss.Policy Measures:
Public health strategies, such as imposing taxes on sugar-
sweetened beverages, introducing nutrition labeling, and
improving access to healthy foods in underdeveloped
areas, can facilitate healthier choices on a broader scale.
Pharmacological Interventions: For individuals who fail
to achieve significant weight loss through non-pharma-
cological means, medical interventions such as pharma-
cotherapy or bariatric surgery may be considered under
the guidance of healthcare professionals.

For Low- and Middle-SDI Regions

Increase accessibility and affordability of safe and effec-
tive weight management interventions, including
pharmacological and surgical options. Promote com-
munity-based programs to encourage healthy lifestyles,
including balanced diets and regular physical activity.
Enhance awareness among healthcare providers about
the importance of weight management in preventing
and managing CVD, especially for high-risk patients. For
High-SDI Regions: Continue to prioritize weight man-
agement programs, emphasizing sustainable behavio-
ral and lifestyle modifications. Share best practices with
lower-SDI regions to help address disparities in obesity
management and reduce the global burden of CVD. The
increasing burden of high BMI-related cardiovascular
diseases in low- and middle-SDI regions underscores the
urgent need for effective public health strategies. While
high-SDI regions demonstrate the benefits of prioritiz-
ing weight management, addressing barriers to care and
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raising awareness in low-resource settings are crucial
steps to combat the growing obesity epidemic and its
impact on global cardiovascular health [26].

Impact of Elevated Fasting Plasma Glucose on Car-
diovascular Disease Burden in Low- and Middle-SDI
Regions. Rising Trends in Low-SDI and Low-Middle
SDI Regions: The CVD burden attributable to elevated
fasting plasma glucose (FPG) is increasing in Low-mid-
dle SDI and Low SDI regions, contrasting with declin-
ing trends in high-SDI countries. Declining Burden in
High-SDI Regions: Developed countries have success-
fully reduced the CVD burden associated with high
FPG due to effective diabetes management programs,
improved healthcare access, and widespread public
health initiatives [30]. Challenges in Developing Coun-
tries: A large-scale study spanning 49 developing coun-
tries revealed that glycemic control among patients with
type 2 diabetes is suboptimal, reflecting gaps in diabetes
care and self-management practices [31]. Limited access
to healthcare services, inadequate diabetes education,
and insufficient resources hinder progress in control-
ling high FPG-related risks. Enhance Healthcare Acces-
sibility and Quality: Strengthen healthcare infrastructure
to improve access to diagnostic tools, medications, and
follow-up care for diabetes management in resource-
limited settings. Train healthcare providers in evidence-
based guidelines for managing diabetes and associated
cardiovascular risks. Promote Self-Management and
Patient Education: Increase efforts to educate patients
on the importance of blood glucose monitoring, medica-
tion adherence, and lifestyle modifications. Develop cul-
turally sensitive educational programs tailored to local
contexts, emphasizing the role of diet and exercise in
managing diabetes. Expand Public Health Campaigns:
Launch national campaigns to raise awareness about dia-
betes prevention, early detection, and the link between
elevated FPG and cardiovascular diseases. Engage com-
munities through outreach initiatives to empower indi-
viduals with knowledge and tools for effective diabetes
management. Leverage International Guidelines: Utilize
the 2022 consensus report by the American Diabetes
Association and the European Association for the Study
of Diabetes, which provides comprehensive guidance
on managing diabetes and preventing CVD in high-risk
populations [30]. The increasing burden of elevated fast-
ing plasma glucose on cardiovascular health in low-SDI
and low-middle SDI regions demands urgent action.
Enhancing healthcare accessibility, improving medical
education, and promoting public awareness are critical
for reversing these trends. Leveraging international best
practices while addressing local challenges can pave the
way for improved diabetes care and cardiovascular out-
comes in developing countries.
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The study identifies a nonlinear yet overall negative
correlation between a country’s Socio-Demographic
Index (SDI) and the CVD burden attributable to meta-
bolic risks. Higher SDI countries generally exhibit lower
ASMR, reflecting advanced healthcare systems and
better management of metabolic risk factors. Nauru
demonstrates an ASMR significantly exceeding expecta-
tions, highlighting unmet needs in addressing metabolic
risks despite its development level. Conversely, low-SDI
regions such as Ethiopia and Mali achieve ASMR below
predicted levels, showcasing effective health interven-
tions and risk management in resource-constrained envi-
ronments. The global pattern of CVD burden does not
adequately represent country-specific contexts, under-
lining the importance of national-level data in shaping
health policy and interventions. Evaluating health system
performance solely based on observed burden is insuf-
ficient. Instead, comparing actual burden with expected
burden, adjusted for development level, provides a clearer
picture of preventable causes and areas for improvement.
Countries exceeding expected burdens (e.g., Nauru)
require urgent investigation to address gaps in healthcare
delivery and metabolic risk management. Frontier coun-
tries (e.g., Ethiopia, Mali) can serve as models for effec-
tive health interventions in similar low-resource settings.
Health-related decision-making should prioritize coun-
try-specific patterns rather than relying solely on global
averages. Tailored strategies that account for local con-
texts are essential for effective burden reduction. Inves-
tigate factors contributing to disproportionately high
burdens in certain countries (e.g., Nauru) to identify pre-
ventable causes and implement targeted interventions.
Address systemic barriers in healthcare access, resource
allocation, and public health strategies. Study successful
approaches in low-SDI frontier countries (e.g., Ethiopia,
Mali) to identify scalable interventions and best practices
for other resource-limited settings. Encourage the use of
country-level data to inform health policies and prioritize
interventions tailored to national contexts, especially
in countries with high preventable burdens. This study
underscores the importance of comparing actual and
expected CVD burdens to evaluate health system perfor-
mance effectively. While higher SDI generally correlates
with lower burdens, outliers in both directions provide
critical insights into effective practices and areas requir-
ing immediate attention. Decision-making should be
grounded in national-level data to address disparities and
optimize outcomes.

According to ARIMA model predictions, over the next
three decades (2022-2051), CVD mortality attributable
to metabolic risk factors is projected to decline steadily.
This finding aligns with prior research reporting global
trends, where advancements in medical technologies,
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improved management of metabolic risk factors, and
public health measures targeting lifestyle modifications
have collectively contributed to significant reductions
in CVD mortality rates [6, 32]. Notably, the enhanced
screening and control of hypertension, diabetes, and dys-
lipidemia in high-income regions have likely been key
drivers of this decline [33]. However, the ARIMA model
also highlights that, despite declining mortality rates, the
absolute number of deaths remains alarmingly high due
to population growth and aging, consistent with other
time-series studies on global CVD trends [34].

In middle-to-high SDI regions (Fig. 7C), CVD mortal-
ity rates are projected to decrease substantially, which is
consistent with prior studies attributing this decline to
robust healthcare infrastructure, increased metabolic risk
screening, and the effective implementation of national
health policies [35, 36]. For instance, studies from regions
like Eastern Europe and East Asia have demonstrated
significant improvements in CVD outcomes following
strategies such as salt reduction initiatives, smoking ces-
sation programs, and the widespread use of statins and
antihypertensive medications [37]. The ARIMA predic-
tions further underscore the effectiveness of continued
investment in health interventions aimed at address-
ing metabolic risk factors [38]. In middle-to-low SDI
regions (Fig. 7D and F), the model predicts that the rate
of decline in CVD mortality will be significantly slower
compared to high-income regions. This aligns with exist-
ing literature, which identifies severe social, economic,
and infrastructural barriers that hinder the effective
prevention and management of metabolic risks in these
areas. Limited access to medications, insufficient aware-
ness of risk factors, and underdeveloped healthcare sys-
tems contribute to stagnated progress [37]. For example,
evidence from sub-Saharan Africa indicates that a large
proportion of individuals with hypertension and diabetes
remain undiagnosed or untreated, further exacerbating
CVD-related mortality [37, 38]. Particularly concerning
are the projections for certain middle-to-low SDI regions
(Fig. 7E), where negligible reductions in CVD mortality
are expected over the next three decades. This highlights
grave inequalities in the accessibility and effectiveness of
healthcare services. Studies conducted in parts of South
Asia and Latin America reveal that resource allocation
challenges, diagnostic delays, and poor treatment adher-
ence are key drivers of the high CVD burden [2, 38]. Our
findings emphasize the urgent need for targeted, long-
term public health interventions to prevent and manage
metabolic disorders in these vulnerable populations.

The results of the ARIMA analysis, which demon-
strate a global decline in age-standardized mortality rates
(ASMR) alongside a widening gap between higher and
lower SDI regions, support conclusions from previous
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studies on CVD trends. For example, the 2019 Global
Burden of Disease Study similarly concluded that pro-
gress has been uneven, particularly in resource-limited
settings. Collectively, these studies underline the need for
sustained international efforts to address the socioeco-
nomic determinants of health, including improving edu-
cation about metabolic risk factors, ensuring affordability
of medications, and strengthening primary healthcare
systems [39].

Insights from Frontier Analysis

Countries such as Somalia, Niger, Mali, Ethiopia, and
Uganda have achieved relatively low ASMR attribut-
able to metabolic risks, despite their limited resources.
These nations demonstrate effective strategies for man-
aging CVD burden, providing valuable models for other
low-resource countries with high CVD burdens. Con-
versely, countries like Egypt, Afghanistan, and Vanuatu
exhibit rising ASMR due to metabolic risks, far exceeding
expected levels based on their SDI. These trends indicate
systemic healthcare challenges and require immediate
attention. Exploring the success factors of low-SDI fron-
tier countries can help identify scalable interventions,
such as community-based programs, innovative resource
utilization, and robust public health campaigns. Coun-
tries with disproportionately high ASMR (e.g., Egypt,
Afghanistan, Vanuatu) highlight critical gaps in health-
care systems, requiring tailored solutions to address
unique challenges. Factors such as limited healthcare
access, inadequate public health education, and poor
management of metabolic risks may be driving these
trends. The rising ASMR in high-burden countries neces-
sitates international collaboration to mitigate dispari-
ties in health outcomes, focusing on resource allocation,
capacity-building, and knowledge transfer. Conduct in-
depth studies to identify key drivers of success in low-SDI
frontier countries, including cultural, policy, and systemic
factors. Disseminate these findings to other resource-
constrained nations for potential adoption and adapta-
tion. Develop customized action plans for high-burden
outliers, addressing specific barriers to effective CVD
management and prevention. Invest in strengthening
healthcare infrastructure, enhancing provider training,
and implementing evidence-based public health initia-
tives. Mobilize global resources to support countries with
rising ASMR, ensuring equitable healthcare access and
addressing socioeconomic determinants of health. Facili-
tate knowledge-sharing networks to spread best prac-
tices from frontier countries to those lagging. Low-SDI
frontier countries offer critical insights into achieving
positive health outcomes despite limited resources, serv-
ing as models for others. However, the alarming trends
in nations with rising ASMR underscore the urgency of
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addressing systemic inequities and healthcare deficien-
cies. International focus and collaboration are essential to
bridging these gaps and ensuring more equitable cardio-
vascular health outcomes globally.

This study utilized the 2021 GBD database, which is
widely employed for analyzing health burdens at global,
regional, and national levels. Recently, several studies
based on the same database have been published, pro-
viding relevant analyses on the burden of cardiovascu-
lar diseases and metabolic risk factors across different
populations [40-46]. While the aforementioned stud-
ies are also based on the GBD database, their objectives,
methodologies, and focal points differ from those of the
present study. The unique contribution of this study lies
in its comprehensive analysis of the cardiovascular dis-
ease burden across all age groups, augmented by the
incorporation of Joinpoint regression, APC analysis, and
ARIMA modeling, which provide a broader perspective
on historical trends and future projections. In defining
the study population, our analysis spans all age groups
and includes a detailed methodological description of
data stratification by five-year age intervals, as outlined in
the methods section. This study offers age-stratified data
analysis, which is particularly critical for understanding
the impact of metabolic risk factors on the cardiovascular
disease burden across different age groups.

The study by Chen et al. analyzed the global burden
of cardiovascular diseases attributable to metabolic risk
factors across 204 countries and territories from 1990
to 2021 [46]. While we acknowledge that the use of the
same database may introduce a degree of data over-
lap, the two studies differ significantly in their research
objectives, analytical approaches, and presentation of
results. This study integrates multiple quantitative ana-
lytical methods, including Joinpoint regression, ARIMA
modeling, and APC analysis, to provide a more com-
prehensive understanding of trends in cardiovascular
disease burden. Additionally, it offers predictive insights
to guide global and regional health policy formulation
over the next three decades. By addressing the potential
overlap and delineating the differences between the two
studies, this work further highlights its academic value
and practical significance. In contrast to Zhou XD et al.
[44], which focuses on adolescents and young adults aged
15-39, our study encompasses all age groups, highlight-
ing the unique burden across diverse age strata. Simi-
larly, while Zhang ] et al. [43] predominantly investigate
the burden and trends of metabolism-related ischemic
stroke, our analysis thoroughly assesses the broader
impact of metabolic risk factors on the full spectrum of
cardiovascular diseases. Additionally, Liang J et al. [40]
specifically address the effects of metabolic risk factors
on atrial fibrillation, whereas our study expands its scope
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to provide a comprehensive examination of the cardio-
vascular disease burden. We recognize the possible issues
regarding data overlap given the shared use of the GBD
database. Nonetheless, our study is distinct in analytical
scope and methodological approach. By integrating Join-
point regression, APC analysis, and advanced ARIMA
modeling, we further elucidate trends and anticipate
future trajectories of the cardiovascular disease burden,
thereby contributing a unique perspective to global pub-
lic health research. The synthesis of these sophisticated
methodologies with the comprehensive GBD dataset
significantly enhances the originality and relevance of
our findings. Our study delivers crucial insights into his-
torical trends and future patterns of cardiovascular dis-
ease burden, supplying an essential evidence base for the
development of targeted health interventions in regions
with varying SDI levels and specific metabolic risk
factors.

Study limitations

Data Quality and Availability

The accuracy of the estimates may vary due to differences
in the quality and availability of data across countries
and regions. In low- and middle-income countries, the
lack of reliable epidemiological data and underreporting
of cardiovascular disease cases could lead to an under-
estimation of the true burden. Modeling Assumptions
in GBD Methodology: The GBD methodology relies on
various assumptions and modeling techniques to esti-
mate disease burden. These assumptions may introduce
uncertainties in the estimates, particularly when extrapo-
lating data to regions with sparse or inconsistent report-
ing. Implications for Future Research: Strengthen data
collection and surveillance systems in low- and middle-
income countries to improve the accuracy of disease
burden estimates. Conduct sensitivity analyses to assess
the robustness of estimates and identify areas where data
improvements are most needed. Although the ARIMA
model is powerful, it has certain limitations: Assump-
tion of Linear Patterns: The ARIMA model assumes that
past trends (e.g., autoregressive components) and sea-
sonal behaviors can adequately predict future patterns.
However, unexpected nonlinear changes—such as the
effects of new interventions, pandemics, or economic
shifts—may compromise the accuracy of its predictions.
Dependence on Stationarity: To generate meaningful
outputs, ARIMA requires data to be stationary, necessi-
tating differencing (I) to eliminate trends or seasonality.
This preprocessing step may over-simplify some of the
complex dynamics inherent in real-world circumstances.
Lack of Causal Interpretation: While ARIMA identifies
temporal trends, it does not evaluate causal relationships
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between variables, limiting its utility in identifying the
underlying drivers of the observed patterns. Despite
these limitations, ARIMA remains a robust and effective
tool for forecasting epidemiological trends when applied
with careful interpretation and an acknowledgment of its
constraints.

Conclusion

In conclusion, despite the decline in age-standardized
prevalence, the absolute burden of cardiovascular dis-
ease due to metabolic factors remains relatively high,
with large variations between regions, countries, and SDI
areas. Between 2020 and 2050, global standardized mor-
tality rates are expected to decrease. However, low- and
middle-SDI regions are projected to see only minimal
improvements, underscoring the persistence of regional
inequities. In low-SDI regions, population growth and
aging are the primary drivers of this high absolute
burden.

To address these challenges, tailored strategies should
be prioritized in resource-limited settings. Efforts must
focus on expanding access to essential healthcare ser-
vices, strengthening healthcare infrastructure, and
improving care quality through evidence-based prac-
tices. Community-based programs that encourage
healthier dietary habits, increased physical activity,
and reduced use of tobacco and alcohol are vital. Addi-
tionally, tackling the underlying social determinants
of health and addressing socioeconomic disparities is
essential to fostering equitable conditions for disease
prevention and management.

Scaling up the most cost-effective prevention and
management strategies in high-burden regions is criti-
cal. Policies should be adapted to local contexts while
drawing on successful examples from similar settings.
Collaborative efforts to reinforce healthcare systems,
promote healthy lifestyles, and bridge gaps in health-
care access can substantially reduce the global burden
of CVD attributable to metabolic risks, particularly in
low-resource environments.
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