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Background: A systematic relational assessment of the global, regional, and national Ischemic heart disease (IHD) burden and its
attributable risk factors is essential for developing more targeted prevention and intervention strategies.

Methods: The GBD 2021 comparative risk assessment framework was employed to evaluate stroke burden attributable to environ-
mental, behavioral, metabolic, and dietary risk factors, and a total of 25 risk factors were included. Specifically, we used the joinpoint
regression model, decomposition analysis, and systematic fixed-effects analysis to reveal the global, regional, and national burden of
[HD attributable to these 25 risk factors and their exposure value across 204 countries and territories with different socio-demographic
index (SDI) levels from different perspectives.

Results: Joinpoint regression revealed similar trends in summary exposure value (SEV) and attributable burdens for 25 IHD risk
factors. From 1990 to 2021, SEV rankings increased for 12/25 risk factors, decreased for 10/25, and remained unchanged for 3/25.
Decomposition analysis indicated that from 1990 to 2021, low SDI countries experienced the most significant increase in IHD burden
attributable to 25 risk factors due to population growth, while upper-middle and high SDI countries were most affected by population
aging, and high SDI countries demonstrated the greatest reduction in IHD burden attributed to epidemiological changes. Panel data
analysis elucidated the impact of SEV, SDI, and quality-of-care index (QCI) on attributable IHD burden.

Conclusion: This study emphasizing the critical role of risk factor control. Tailored interventions and exploration of country-specific
factors are crucial for effectively reducing the global IHD burden.
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Introduction

Cardiovascular diseases, particularly ischemic heart disease (IHD), constitute a formidable challenge to global health
systems in the 21st century. As a leading contributor to mortality and morbidity worldwide, IHD accounted for
approximately 182 million 9.14 million quality-adjusted life years (QALYs) and deaths globally in 2019, exerting
a profound impact on both individual well-being and societal resources.'
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The etiology of IHD is intricately linked to a constellation of modifiable risk factors. Recent epidemiological studies
have elucidated that a significant proportion of the global IHD burden is attributable to well-defined risk factors. These
include, but are not limited to, hypertension, dyslipidemia, diabetes mellitus, tobacco use, and obesity.” The population
attributable fractions (PAFs) associated with these risk factors underscore the considerable potential for disease
prevention.’ Notably, the prevalence and intensity of exposure to these risk factors within populations exhibit a strong
correlation with IHD incidence rates. Preliminary modeling suggests that comprehensive strategies aimed at mitigating
these risk factors could potentially avert a substantial proportion of IHD events within a relatively short timeframe.*

Economic analyses have revealed a striking disparity between healthcare expenditures allocated to managing IHD-
related complications and those directed towards primary prevention and risk factor control.’® This misalignment of
resources suggests that a paradigm shift towards preventive strategies could yield significant economic benefits and
alleviate the burden on healthcare systems. The landmark INTERHEART study further reinforced this notion by
demonstrating that approximately 90% of the attributable risk for acute myocardial infarction is associated with nine
potentially modifiable risk factors.” This finding underscores the critical importance of public health interventions
targeting these risk factors.

The burden of IHD is further compounded by demographic transitions occurring globally. Population growth and
aging have contributed substantially to the increasing prevalence of IHD, albeit with varying impacts across different
regions and socioeconomic strata.® Many nations have witnessed a surge in IHD-related DALY, attributable not only to
an expanding population base but also to a shifting age structure skewed towards older demographics.’

Disparities in IHD burden are starkly evident when comparing countries across the economic spectrum. Low- and
middle-income countries (LMICs) bear a disproportionate share of global IHD morbidity and mortality, with the rate of
increase in disease burden outpacing that observed in high-income countries (HICs).'® This inequity may be partially
attributed to variations in the quality and accessibility of acute cardiac care, as well as differences in the implementation
of preventive strategies.''

To quantify and compare these disparities, researchers have employed metrics such as the Socio-Demographic Index
(SDI) and the quality-of-care index (QCI). The SDI serves as a valuable tool for stratifying populations based on
socioeconomic factors, enabling the identification of variations in risk factor prevalence and disease burden across
diverse contexts.” This stratification facilitates the development of tailored health interventions that address the specific
needs of different populations. Complementarily, the QCI provides insight into the performance of healthcare systems in
managing IHD. High-quality care, as reflected by superior QCI scores, has been associated with reduced mortality rates,
extended life expectancy, improved quality of life, and decreased disease incidence.'?

In light of these complex interactions between risk factors, demographics, socioeconomic conditions, and
healthcare quality, our study aims to elucidate the multifaceted determinants of IHD burden. We employ
a decomposition analysis to quantify the contributions of population growth and aging to the changing landscape
of IHD. Furthermore, we utilize panel analysis models to examine the relationships between the intensity of
attributable ITHD burden (adjusted for demographic effects) and key variables including risk factor summary
exposure values (SEVs), national SDI, and QCI. Additionally, leveraging longitudinal data spanning several decades,
we construct fixed-effects models to capture country-specific factors that influence IHD burden. This comprehensive
approach allows us to explore the impact of both measurable indicators and less tangible country-specific char-
acteristics on the evolving patterns of IHD burden globally.

Methods

Overview

Data from the 2021 GBD study was obtained via the Global Health Data Exchange (GHDx) query tool (https://vizhub.
healthdata.org/gbd-results/). The 2021 GBD study assessed 371 diseases and injuries along with 88 risk factors.'* The
methodological framework for data acquisition, processing, and analysis in the 2021 GBD study has been thoroughly

documented in prior publications. Informed consent forms were not required as the GBD utilizes deidentified aggregate
data. In the GBD classification system, diseases and injuries are organized into four levels of causes. IHD is classified as
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a level 3 cause under noncommunicable diseases (level 1) and cardiovascular diseases (level 2). In this study, we
extracted the annual number of cases, their corresponding 95% uncertainty intervals (Uls), and age-standardized rates
(ASRs) for the prevalence, incidence, DALY, and deaths associated with IHD from the GBD 2021 dataset.

Definition

The GBD database encompasses 204 countries or territories, categorized by the quintiles of the socio-demographic index
(SDI)."* The SDI regional classification can be obtained from the Institute for Health Metrics and Evaluation (https://
ghdx.healthdata.org/search/site/SDI). The SDI ranges from 0 to 100, reflecting a country’s overall social and economic

development by integrating per capita income, total fertility rate (for those under 25), and average education level (for
those aged 15 and above).

Risk Factors

GBD risk factors are categorized into four levels, ranging from Level 1, which is the broadest category (environmental,
behavioral, dietary, and metabolic), to Level 4, which is the most specific (such as household air pollution from solid
fuels).'> In this study, 25 risk factors were included in risk estimation for IHD. Specifically, Risk factors for THD include
environmental risks, ie ambient particulate matter pollution, household air pollution from solid fuels, high temperature,
low temperature, and lead exposure; Behavioral risks, ie low physical activity, smoking, and secondhand smoke; Dietary
risks, ie diet low in fruits, diet low in vegetables, diet low in whole grains, diet high in red meat, diet high in processed
meat, diet high in sugar-sweetened beverages, diet low in fiber, diet low in polyunsaturated fatty acids, diet high in
sodium, diet low in legumes, diet low in nuts and seeds, and diet low in seafood omega-3 fatty acids; Metabolic risks, ie
high fasting plasma glucose, high LDL cholesterol, high systolic blood pressure, high body-mass index, and kidney
dysfunction. Our analysis incorporated data on IHD-related DALY's and deaths attributable to these factors, stratified by
region to highlight geographical variations. Additionally, the age-standardized SEV summarizes the population’s
exposure distribution to these 25 risk factors.

Statistics

We utilized the joinpoint regression model (JRM) to analyze the time trends of [HD-attributable risk factors and the time
trends of SEV for each attributable risk factor from 1990 to 2021.'° We then computed the average annual percent
change (AAPC). The AAPC was calculated as the weighted average of the slope coefficients of the JRM, with weights
corresponding to the duration between each pair of connecting points within a predetermined time interval.'” This
weighted average was subsequently converted into a percentage change. The advantage of JRM lies in its ability to assess
the statistical significance of changes across different time periods, thereby reducing the subjectivity inherent in
traditional trend analysis when interpreting linear trends.

We performed a decomposition analysis to comprehensively understand the factors influencing changes in DALYs
and deaths due to IHD from 1990 to 2021, considering population, aging, and epidemiological change. Additionally, we
conducted a decomposition analysis to elucidate the epidemiological changes associated with each IHD-attributable risk
factor over consecutive two-year periods.

Finally, we explored the relationship between country-level indicators (SDI, SEV, and QCI) and the epidemiological
changes of each ihd-attributable risk factor over two consecutive years using panel data analysis.'® In this study, we
derived four secondary indicators from six main indicators to comprehensively evaluate the quality of care parameters:
(1) mortality to incidence ratio, (2) prevalence to incidence ratio, (3) mortality to incidence ratio, and (4) years of life lost
to years lived with disability ratio. We employed principal component analysis (PCA) to aggregate these four indicators
into separate components, with the first component extracted from PCA being QCL'® The QCI score ranges from 0 to
100, where 100 represents the highest quality of care in the sample.?® A fixed-effects model was utilized in this study to
reduce the likelihood of multiplicity in the constructed model and to provide a more conservative estimate. The fixed
effects were used as the standard for comparing the burden of IHD and its attributable risk factors across different
countries. World maps were generated based on quintiles of effect values from 204 countries and territories, and Sankey
plots were used to depict the relationships between various regions and the fixed effects quintiles of DALY's and deaths.
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All statistical analyses were conducted using R software (version 4.3.3). A p-value of less than 0.05 was considered
statistically significant.

Results

Overall IHD Burden

In 2021, there were 31.87 million (95% UI 26.28-38.27) incident IHDs and 254.28 million (221.45-295.49) prevalent
IHDs, 188.36 million (177.04—198.15) DALYs due to IHD, and 8.99 million (8.26-9.53) deaths from IHD (Table 1).
Although the ASR of IHD deaths, DALYs, prevalence, and incidence declined from 1990 to 2021, the absolute number
of died, remained disabled, survived, or new IHD from IHD substantial increased. The results of the decomposition
analysis revealed that population growth and aging were the main catalysts for the absolute number of IHD-related
deaths, DALYs, prevalence, and incidence (Figure 1). We also found that whether IHD-related deaths, DALYs,
prevalence, or incidence, the region with the best control of percent change of epidemiology change was high SDI,
while the region with the worst control of percent change of epidemiology change was Low-middle SDI (Figure 1). In
addition, the burden of IHD still mainly attributed to risk factors (Table S1). Specifically, in 2021, all risk factors
contribute 91.67% (88.44% to 93.36%) and 92.27% (88.88% to 93.95%) of the IHD deaths and DALYs, respectively.

Global Exposure to Risk Factors

Figure 2 shows the trends in risk exposure for each risk factor included in this study globally over two time intervals: the
entire study period from 1990 to 2021. Figure 2A and B illustrate the distribution of SEVs for various risk factors across
different SDI regions in 1990 and 2021, respectively.Based on this figure, we can divide risks into three groups according
to the changes in global SEV rankings in 1990 and 2021: increases group (ambient particulate matter pollution, high
temperature, low physical activity, diet high in sugar-sweetened beverages, diet high in red meat, diet high in sodium,
diet low in whole grains, diet low in fruits, high fasting plasma glucose, high systolic blood pressure, high LDL
cholesterol, and high body-mass index), declines group (household air pollution from solid fuels, lead exposure,
smoking, secondhand smoke, diet high in processed meat, diet low in vegetables, diet low in fiber, diet low in legumes,
diet low in nuts and seeds, and diet low in seafood omega-3 fatty acids), and the remainder risks with no changes (low
temperature, diet low in polyunsaturated fatty acids, and kidney dysfunction). Figure 2C shows how SEV exposure trends
and percentage change of SEV has led to marked changes in risk rankings from 1990 to 2021. In 1990, the top five risk
factors of SEVs were diet low in polyunsaturated fatty acids (78.22), diet low in seafood omega-3 fatty acids (49.24),
high LDL cholesterol (46.78), lead exposure (46.70), and diet low in fruits (45.33). By 2021, all of these factors have
shown varying degrees of decline in SEVs. The top five risk factors of SEVs in 2021 were diet low in polyunsaturated
fatty acids (75.64), high LDL cholesterol (45.30), diet low in whole grains (43.75), diet low in fruits (40.90), and diet
high in sodium (39.97). Other notable shifts include the large increase in percentage change of SEV and rank for high

body-mass index, high fasting plasma glucose, and high temperature, and high systolic blood pressure.

IHD Burden Attributable to Risk Factors

In 2021, the five leading specific risk factors contributing to IHD deaths were high systolic blood pressure (4692.86
thousand [3799.89-5515.76] attributable deaths; 56.94% [51.99-61.99] of all IHD deaths]), high LDL cholesterol
(2709.81 thousand [1803.80-3683.80]; [32.88% [24.68—41.40]), ambient particulate matter pollution (1729.55 thousand
[1212.50-2286.98]; 20.98% [16.59-25.70]), kidney dysfunction (1398.57 thousand [976.44-1778.40]; 16.97% [13.36—
19.99]), and smoking (1346.29 thousand [1143.83—-1571.73]; 16.33% [15.65—17.66]; Table S2). The five leading specific
risk factors contributing to IHD DALYs were high systolic blood pressure (93.96 million [75.57-110.79] attributable
DALYs; 54.06% [48.03-59.51] of all IHD DALYs]), high LDL cholesterol (66.75 million [47.51-86.99]; [38.40%
[30.19-46.72]), ambient particulate matter pollution (36.52 million [25.5448.13]; 21.01% [16.23-25.85]), smoking
(35.48 million [30.53—40.70]; 20.42% [19.40-21.86]), and diet low in whole grains (27.13 million [16.85-36.70];
15.61% [10.71-19.71]; (Table S3).
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Table 1 Absolute Number and Age-Standardised Rates per year of Incident and Prevalent IHDs, Deaths From IHD and DALYs Due to IHD in 2021, and Percentage Change Globally
for 1990-2021, by SDI Regions

Incidence (95% Ul)

Deaths (95% UI)

Prevalence (95% Ul)

DALYs (95% UI)

100,000 people
High SDI

Absolute number, millions

Age-standardised rate, per
100000 people
High-middle SDI

Absolute number, millions

Age-standardised rate, per
100000 people
Middle SDI

Absolute number, millions

Age-standardised rate, per
100000 people
Low-middle SDI

Absolute number, millions

Age-standardised rate, per
100000 people
Low SDI

Absolute number, millions

Age-standardised rate, per
100000 people

(307.95 to 444.19)

(-12.28 t0 ~10.83)

3.99 5.88% (5.22 to 6.1)
(33810 471)
195.63 ~43.05%

(164.52 to 231.53)

7.87

(6.46 t0 9.45)

404.44

(33192 to 480.98)

(4343 to —43.12)

85.6%
(82.25 to 87.61)
~12.6%
(-14.17 to ~11.96)

10.5 187.27%
(857 to 12.7) (185.67 to 188.89)
403.84 5.12%
(33037 to 481.69) (475 to 5.5)
7.29 133.37%
(6.12 t0 8.7) (128.68 to 137.78)
515.6 -3%
(433.64 to 614.95) (-3.57 to —1.55)
219 (1.81 to 2.67) 118.14%
(116.16 to 121.92)
4446 ~5.68%
(362.9 to 537.75) (-6.09 to ~5.51)

(99.6 to 115.38)

139 (122 to 1.49)

5845
(52.18 to 61.92)

245 (2.22 to 2.65)

1275
(115.03 to 137.72)

281 (2.56 to 3.02)

11871
(107.23 to 127.8)

1.83 (1.7 to 1.96)

142.1
(131.3 to 151.87)

0.49 (045 to 0.54)

11641
(10521 to 127.69)

~19.63%

(2351 to ~17.17)
—6291%

(-6381 to —62.22)

52.69% (45.23 to 59.67)

~3426%
(-36.83 to ~31.35)

170.57% (162.1 to 174.79)

~6.57% (~9.4 to ~5.31)

143.6% (143.24 to 144.12)

0.79% (041 to 1.19)

115.67% (112.83 to 121.42)

—2.59% (-3.59 to —0.98)

(2572.69 to 3424.32)

34.23 (30.15 to 39.2)

1671.6
(1475.88 to 1910.43)

63.83 (55.67 to
74.56)
3217.58

(2814.34 to 3742.18)

85.37
(73.61 to 100.12)
32263
(2806.67 to 3798.24)

55.2 (48.04 to 63.65)

3941.42
(3448.94 to 4577.03)

1542
(1331 to 17.82)
3162.53
(2763.3 to 3679.6)

35.58% (34.7 to 38.64)

~26.42%
(-26.97 to —24.76)

107.59% (103.69 to 116.51)

0.63% (~1.52 to 4.49)

205.84% (199.39 to 215.97)

12.48% (11.07 to 17.35)

156.74% (152.42 to 163.04)

6.03% (4.76 to 9.31)

132.92% (125.69 to 139.55)

2.01% (-0.04 to 5.81)

2021 Percentage Change, 2021 Percentage Change, 2021 Percentage Change, 2021 Percentage Change,
1990-2021 1990-2021 1990-2021 1990-2021
Global
Absolute number, millions 31.87 101.55% 8.99 (8.26 to 9.53) 67.53% (62.79 to 71.34) 254.28 126.69% (122.75 to 135.02) 188.36 58.07% (54.55 to 60.51)
(26.28 to 38.27) (99.42 to 103.02) (221.45 to 295.49) (177.04 to 198.15)
Age-standardised rate, per 3729 =11.12% 108.73 —31.57% (—32.77 to0 —30.2) 2946.38 1.43% (-0.13 to 5.43) 2212.16 —-28.81%

(2075.54 to 2327.61)

23.55 (21.45 to 24.74)

1134.02
(1053.56 to 1186.53)

44,54
(41.13 to 48.04)
2301.49
(2122.97 to 2482.46)

61.24 (56.96 to 65.53)

235121
(217484 to 2514.63)

46.06 (42.69 to 49.49)

313858
(2912.65 to 3360.62)

12.78 (11.57 to 14.12)

2464.12
(2235.87 to 2725.2)

(-30.03 to ~27.77)
~26.43%
(-29.27 to ~24.76)
~61.16%
(~61.87 to —60.48)

32.69% (27.38 to 38.42)

~35.89%
(-38.21 to ~33.14)

130.87% (126.79 to 133.49)

—9.34% (—11.13 to —8.41)

122.77% (122.06 to 123.78)

~2.58% (-2.7 to ~2.24)

106.27% (103.05 to 112.42)

~7.67% (-8.16 to —5.31)

Notes: Absolute numbers in millions, age-standardised rates per 100000 people and percentage change are presented to two decimal places.

Abbreviations: Ul, uncertainty interval; SDI, socio-demographic index; DALY, disability adjusted life-year.
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Figure | Changes in deaths, DALYs, prevalence, and incidence of IHD according to aging, population growth and epidemiological change from 1990 to 2021. (A) deaths. (B)
DALYs. (C) prevalence. (D) incidence.
Abbreviation: DALYs, disability-adjusted life years.

Figures 3 and 4 respectively illustrate the deaths and DALY risk factor burden of IHD in 2021, along with the
proportion of burden of different SDI regions in each risk factor. High systolic blood pressure, high LDL cholesterol, and
ambient particulate matter pollution rank among the top three risk factors of deaths and DALYs burden, with the
proportion of risk burden of high systolic blood pressure even exceeding 50% (Figures 3A and 4A). For the risk burden
of deaths, High SDI, High-middle SDI, Middle SDI, and Low-middle SDI have the highest burden proportions in diet
high in processed meat (58.68%), diet high in red meat (39.29%), ambient particulate matter pollution (40.50%), and
household air pollution from solid fuels (48.85%), respectively (Figure 3B). While for the risk burden of DALYs, the
distribution of the highest risk burden proportion in each SDI region is consistent with the distribution of deaths risk
burden (Figure 4B).

The pattern of risk-factor-attributable burden varied considerably by SDI and over time, as shown in Figure 5 and
Figures S1-S5, which includes arrows plots for global combined and for five SDI regions (High SDI, High-middle SDI,
Middle SDI, Low-middle SDI, and Low SDI). These figures illustrate specific risk factors at Level 4 of the risk factor
hierarchy. Figure 5 demonstrates how trends in risk exposure and underlying changes in disease numbers and rates have
led to marked changes in risk rankings from 1990 to 2021. In 1990, the leading risk factors were high systolic blood
pressure, high LDL cholesterol, and smoking, all of which have changed hardly in terms of percentage of attributable
deaths and rank by 2021 (Figure 5A). The leading risks in 2021 were high systolic blood pressure, high LDL cholesterol,
and ambient particulate matter pollution. Other notable shifts include the large increase in percentage of attributable
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Figure 2 The SEV distribution of various risk factors. (A) Distribution of SEV in 1990. (B) Distribution of SEV in 2021. (C) The changes in global SEV rankings in 1990 and 2021.

Abbreviation: SEV, summary exposure value.
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Figure 3 The deaths risk factor burden of IHD in 2021. (A) The proportion of attributable risk factors for IHD related deaths. (B) The proportion of risk factor burden of
deaths of different SDI regions in each risk factor.
Abbreviation: SDI, sociodemographic index.
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deaths and rank for diet high in sodium, high body-mass index, and high temperature. From 1990 to 2021, the top three
risk factors with the largest percentage change in number of DALYs were high temperature (222.36%), high fasting
plasma glucose (130.37%), and ambient particulate matter pollution (102.06%), while the top three risk factors with the
largest percentage change in the ASR of DALY's were diet high in processed meat (—70.92%), household air pollution
from solid fuels (—53.86%), and high temperature (51.50%) (Figure 5B). Notably, high temperature was the only risk
factor that shows a positive percentage change in the ASR of DALYs. Figures S1-S5 respectively illustrate the changes
in terms of percentage of attributable deaths and DALY's and rank of all these risk factors across five SDI regions.

Environmental Risks

Joinpoint regression analysis revealed that the global change in SEV of ambient particulate matter pollution showed an
upward trend from 1990 to 2015 and a downward trend from 2015 to 2021 (APC = —1.86%; 95% CI: —2.46% to —1.26%)
(Figure 6A). The overall trend in the ASRs of deaths (AAPC = —0.70%; 95% CI: —1.05% to —0.36%) and DALYs
(AAPC =-0.41%; 95% CI: —0.79% to —0.04%) were minor from 1990 to 2021 (Figure 6B and C). From 1990 to 2021,
aging, population growth and epidemiological change accounted for 59.20%, 72.52%, and —28.21% of the global
increase in IHD related Deaths, and 45.32%, 71.71%, and —14.96% of the global increase in IHD related DALYs,
respectively (Figure 6D and G). Whether deaths or DALY's, most Low SDI countries and territories were concentrated in
the level 5-fixed effects interval, while the 1-level fixed effects interval mainly comprised Middle SDI countries and
territories (Figure 6E and H). The top five countries and territories with the best fixed effects of deaths were Russian
Federation, United States of America, Germany, United Kingdom, and Italy, while Russian Federation, United States of
America, Germany, United Kingdom, and Iran (Islamic Republic of) were the top five countries and territories with the
best fixed effects of DALYs (Figure 6F and I). The detailed results of the remaining environmental risks (household air
pollution from solid fuels, high temperature, low temperature, and lead exposure) were presented in Figures S6-S9.

Behavioral Risks

Among behavioral risks, the risk factor burden of IHD was mainly attributed to smoking. Similarly, SEV (AAPC =
—1.22%; 95% CI: —1.24% to —1.21%), the ASR of deaths (AAPC = —1.72%; 95% CI: —1.89% to —1.55%), and ASR of
DALYs (AAPC =—1.69%; 95% CI: —1.85% to —1.53%) were all exhibited global downward trends (Figure 7A—C). From
1990 to 2021, aging, population growth and epidemiological change accounted for 37.51%, 58.79%, and —65.68% of the
global increase in IHD related deaths, and 29.28%, 57.18%, and —62.32% of the global increase in IHD related DALY,
respectively (Figure 7D and G). Interestingly, whether deaths or DALYs, most low SDI countries and territories were
concentrated in the level 1-fixed effects interval, while most high SDI countries and territories were concentrated in the
level 5-fixed effects interval (Figure 7E and H). The top five countries and territories with the best fixed effects of deaths
were United States of America, India, Brazil, Myanmar, and Bangladesh, while India, United States of America, Brazil,
China, and Myanmar were the top five countries and territories with the best fixed effects of DALY (Figure 7F and I).
The detailed results of the remaining behavioral risks (low physical activity and secondhand smoke) were presented in

Figures S10 and S11.

Dietary Risks

Among dietary risks, the risk factor burden of IHD was mainly attributed to diet low in whole grains. The overall trend in
SEV was minor from 1990 to 2021 (AAPC = 0.14%; 95% CI: 0.13% to 0.15%) (Figure 8A). For the ASR of deaths, diet
low in whole grains showed the most notable decline during the 2003-2007 period (APC= —2.50%; 95% CI: —3.32% to
—1.68%), while for the ASR of DALYSs, diet low in whole grains showed the most notable decline during the
1994-1998 period (APC= —2.29%; 95% CI: —3.16% to —1.40%) (Figure 8B and C). From 1990 to 2021, aging,
population growth and epidemiological change accounted for 45.79%, 62.74%, and —58.22% of the global increase in
IHD related deaths, and 32.91%, 60.80%, and —50.51% of the global increase in IHD related DALYs, respectively
(Figure 8D and G). Figure 8E and H shown the correspondences between different SDI regions and fixed effects quintiles
of deaths and DALY, respectively. The top five countries and territories with the best fixed effects of deaths were United
States of America, Russian Federation, Afghanistan, Morocco, and Turkey, while Russian Federation, United States of
America, Turkey, Morocco, and Afghanistan were the top five countries and territories with the best fixed effects of
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Figure 6 Summary of analysis results for ambient particulate matter pollution. (A) The joinpoint regression analysis on SEV. (B) The joinpoint regression analysis on the ASR of deaths. (C) The joinpoint regression analysis on the ASR of
DALYs. (D) Changes in deaths according to aging, population growth and epidemiological change from 1990 to 2021. (E) Changes in DALY according to aging, population growth and epidemiological change from 1990 to 2021. (F) The
correspondence between different regions and fixed effects quintiles of stroke related deaths. (G) The correspondence between different regions and fixed effects quintiles of stroke related DALYs. (H) The fixed-effects of deaths of 204
countries and territories. (I) The fixed-effects of DALYs of 204 countries and territories.

Abbreviations: SEV, summary exposure value; ASR, age-standardized rate; DALYs, disability-adjusted life years.
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Figure 7 Summary of analysis results for smoking. (A) The joinpoint regression analysis on SEV. (B) The joinpoint regression analysis on the ASR of deaths. (C) The joinpoint regression analysis on the ASR of DALYs. (D) Changes in
deaths according to aging, population growth and epidemiological change from 1990 to 2021. (E) Changes in DALYs according to aging, population growth and epidemiological change from 1990 to 2021. (F) The correspondence
between different regions and fixed effects quintiles of stroke related deaths. (G) The correspondence between different regions and fixed effects quintiles of stroke related DALYs. (H) The fixed-effects of deaths of 204 countries and
territories. (I) The fixed-effects of DALYs of 204 countries and territories.

Abbreviations: SEV, summary exposure value; ASR, age-standardized rate; DALY, disability-adjusted life years.
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Figure 8 Summary of analysis results for diet low in whole grains. (A) The joinpoint regression analysis on SEV. (B) The joinpoint regression analysis on the ASR of deaths. (C) The joinpoint regression analysis on the ASR of DALYs. (D)
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Abbreviations: SEV, summary exposure value; ASR, age-standardized rate; DALYs, disability-adjusted life years.

|e 32 ue|



Tan et al

DALYs (Figure 8F and I). The detailed results of other dietary risks (diet low in fruits, diet low in vegetables, diet high in
red meat, diet high in processed meat, diet high in sugar-sweetened beverages, diet low in fiber, diet low in poly-
unsaturated fatty acids, diet high in sodium, diet low in legumes, diet low in nuts and seeds, and diet low in seafood
omega-3 fatty acids) were shown in Figures S12 and S22.

Metabolic Risks

In fact, taken together, metabolic risks were the most associated with IHD burden among the four categories of risks.
High systolic blood pressure has the highest proportion of risk factor burden of deaths and DALY risk burden among all
25 risk factors. Joinpoint regression analysis revealed that the global change in SEV of high systolic blood pressure
showed a downward trend from 1997 to 2002 (APC = —0.14%; 95% CI: —0.21% to —0.08%) and an upward trend from
2002 to 2021 (Figure 9A). The ASR of deaths (AAPC = —1.31%; 95% CI: —1.50% to —1.12%), and ASR of DALY
(AAPC = —1.15%; 95% CI: —1.31% to —0.99%) were all exhibited global downward trends (Figure 9B and C). From
1990 to 2021, aging, population growth and epidemiological change accounted for 54.70%, 65.69%, and —55.81% of the
global increase in IHD related deaths, and 42.66%, 64.16%, and —47.21% of the global increase in IHD related DALY,
respectively (Figure 9D and G). Whether deaths or DALY, most low SDI countries and territories were concentrated in
the level 1-fixed effects interval, while most high SDI countries and territories were concentrated in the level 5-fixed
effects interval (Figure 9E and H). The top five countries and territories with the best fixed effects of deaths were United
States of America, Germany, Russian Federation, United Kingdom, and Japan, while United States of America, Russian
Federation, Germany, United Kingdom, and Brazil were the top five countries and territories with the best fixed effects of
DALYs (Figure 9F and I). The detailed results of the remaining metabolic risks (high fasting plasma glucose, high LDL
cholesterol, high body-mass index, and kidney dysfunction) were presented in Figures S23—-S26.

IHD Attributable to All Risk Factors

In total, the absolute number of all risks-attributable deaths from 5.37 million (95% UI 5.08-5.56) in 1990 to
8.99 million (95% UI 8.26-9.53) in 2021, a 67.41% increase from 1990 to 2021, while the absolute number of all
risks-attributable DALYs from 119.16 million (95% UI 114.55-123.45) in 1990 to 188.36 million (95% UI
177.04-198.15) in 2021, a 58.07% increase from 1990 to 2021. From 1990 to 2021, aging, population growth
and epidemiological change accounted for 52.87%, 65.64%, and —53.29% of the global increase in IHD related
deaths, and 39.31%, 63.46%, and —46.01% of the global increase in IHD related DALY, respectively (Figure 10A
and B). Whether DALY's or deaths, most low SDI countries and territories were concentrated in the level 1-fixed
effects interval, while most high SDI countries and territories were concentrated in the level 5-fixed effects
interval (Figure 10C and D). The top five countries and territories with the best fixed effects of deaths were United
States of America, Russian Federation, Germany, United Kingdom, and Brazil, while United States of America,
Russian Federation, Germany, China, and United Kingdom were the top five countries and territories with the best
fixed effects of DALYs (Figure 10E and F). The top five countries and territories with the worst fixed effects of
deaths were Ukraine, San Marino, Monaco, India, and Indonesia, while Ukraine, San Marino, Monaco,
Luxembourg, and Iceland were the top five countries and territories with the worst fixed effects of DALYs
(Figure 10E and F).

Discussion

This study provides a comprehensive analysis of the SEV of 24 risk factors and the attributable burden of IHD across 204
countries and regions from 1990 to 2021. Although the mortality rates, DALY, prevalence, and incidence rates related to
IHD declined from 1990 to 2021, the absolute numbers significantly increased, primarily due to population growth and
aging. In 2021, IHD burden decreased across all SDI regions, with the most significant progress observed in high SDI
areas. Risk factors continue to be the primary contributors to IHD mortality and DALY, accounting for 91.67% and
92.27%, respectively. Globally, the trends in risk factor exposure from 1990 to 2021 indicate a duality of progress and
challenges. Certain risk factors, such as household air pollution and smoking, have significantly decreased, likely due to
improvements in SDI. In contrast, other factors, particularly dietary and metabolic issues like high body mass index and
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sugar-sweetened beverage consumption, have surged at concerning rates, emphasizing the urgent need for enhanced
public health interventions. During the same period, the DALY associated with IHD were influenced by the complex
interactions of various risk factors. High temperature, high fasting plasma glucose, and ambient particulate matter
pollution were found to significantly increase DALYs, while household air pollution and dietary factors led to
a notable decrease in these years. In 2021, the most impactful risk factors contributing to DALYs related to IHD
included high systolic blood pressure, high LDL cholesterol, ambient particulate matter pollution, smoking, and a diet
low in whole grains. This underscores the critical roles of metabolic, dietary, behavioral, and environmental risks in the
IHD burden.

Environmental Risks

The study demonstrates a positive correlation between SEV for environmental particulate pollution and the burden
of IHD across different Socio-Demographic Index (SDI) levels. In countries with high SDI, SEV have significantly
declined from 1990 to 2021, highlighting substantial improvements in governance and developmental policies.
However, many low and middle SDI countries are experiencing rising exposure rates, largely attributable to the
accelerated pace of industrialization and urbanization.?'"** In terms of IHD burden from particulate pollution, high
SDI countries have consistently maintained the lowest levels, while upper-middle SDI countries have shown
a steady reduction since 1990, reflecting advances in healthcare. In contrast, countries with medium and low SDI
levels are witnessing an increase in both exposure rates and disease burden, underscoring the persistent challenge
of balancing environmental pollution control with public health initiatives.*?

The study indicates that household air pollution and lead exposure, along with their burden on IHD, are inversely
correlated with the SDI levels of countries. This downward trend is observed across all SDI groups. However, countries
with low and lower-middle SDI levels continue to experience higher exposure rates and health burdens, posing ongoing
significant challenges.***’

Similarly, high-temperature exposure and its burden on IHD are also inversely correlated with SDI levels. While
fluctuations in exposure and disease burden are seen across all SDI groups, there is no clear upward or downward
trend. Countries with low and lower-middle SDI levels are at greater risk of high-temperature exposure and its
associated THD burden, which is closely related to geographical factors.”® Tropical and subtropical regions—
typically countries with lower SDI levels—face higher risks of heat exposure, whereas temperate and polar regions
(including some countries with medium SDI levels) are more vulnerable to cold exposure. In contrast, the risk of
cold exposure remains relatively low in both high and low SDI countries, suggesting that the relationship between
climate change and geographical location significantly affects the disparities among countries with varying SDI
levels.?’

Behavioral Risks

Smoking, secondhand smoke exposure, and their attributable burden on IHD are positively correlated with SDI levels
across countries, yet show a decreasing trend across all SDI groups. In high SDI countries, secondhand smoke exposure
rates have significantly declined and are only slightly higher than those in low SDI countries, likely due to the
implementation of robust tobacco control policies.”® Furthermore, the IHD burden from smoking and secondhand
smoke is lowest in high SDI countries, reflecting their substantial advantages in the prevention and control of IHD.?
Upper-middle SDI countries also demonstrate a preventive advantage, with a significant reduction in the IHD burden
from smoking and secondhand smoke, now lower than that of middle SDI countries.*

The prevalence of low physical activity is also positively correlated with SDI levels across countries, with an
increasing trend in all SDI groups. As economies grow, the incidence of low physical activity tends to rise, possibly
due to lifestyle changes and socio-cultural factors. In terms of the IHD burden, high SDI countries experience the lowest
burden from low physical activity, while other countries show a positive correlation between IHD burden and SDI
levels.*! However, across all SDI groups, the IHD burden due to low physical activity has decreased. This suggests that
despite higher lifestyle-related risk factors in high SDI countries, their advanced healthcare resources and effective health
interventions may have successfully mitigated the THD burden.*
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Dietary Risks

Studies indicate that high sodium diets, high consumption of sugar-sweetened beverages, diets low in legumes, and high
intake of red and processed meats are positively correlated with the SDI levels of countries. However, compared to other
nations, high SDI countries exhibit significantly lower IHD burdens attributable to these dietary factors, reflecting their
superior disease treatment capabilities.*

In terms of trends, high sodium intake has remained relatively stable across all SDI countries, yet the overall [HD
burden attributable to sodium has declined, likely due to improvements in treatment.** Although global consumption of
sugar-sweetened beverages continues to rise, the IHD burden associated with these beverages has decreased in high
middle and high SDI countries, while it has continued to increase in other regions, underscoring the disparities in
healthcare services and health interventions between nations.> In high middle and high SDI countries, red and processed
meat consumption remains relatively high, but the attributable IHD burden has significantly declined, suggesting an
increased awareness of dietary health. In contrast, exposure rates and IHD burdens in middle and lower SDI countries
have shown no significant changes, likely due to lower industrialization and less diverse dietary patterns.*®

Additionally, low intake of fruits and vegetables, low consumption of seafood omega-3 fatty acids, and polyunsatu-
rated fatty acids are generally negatively correlated with SDI levels, as is the IHD burden, highlighting global health
inequities. This suggests that lower SDI countries need to enhance control of these dietary risk factors.®’

There is no clear correlation between diets low in nuts and seeds, low in fiber, and low whole grain diets with SDI
levels. However, both exposure rates and attributable IHD burdens remain lower in high SDI countries, indicating their
advantages in prevention and treatment. The exposure rates and IHD burdens associated with low intake of nuts, seeds,
and fiber have been decreasing, suggesting that efforts to improve dietary habits are showing success. Although the
exposure rates for low whole grain diets are rising, the associated IHD burden continues to decline, signaling an overall
positive trend.>”

Metabolic Risks

High fasting plasma glucose, high LDL cholesterol, high systolic blood pressure, and high body-mass index are
positively correlated with the Socio-Demographic Index (SDI) levels of countries, as is the attributable burden of
ischemic heart disease (IHD). However, the burden of IHD attributable to these factors remains lowest in high SDI
countries, reflecting the superior treatment capabilities of these nations.”® Similar patterns have been observed in other
rapidly developing economies like India and Brazil, though China’s unique healthcare system and demographic transition
present distinct challenges in managing these cardiovascular risk factors.

In terms of trends, high fasting plasma glucose and high body-mass index have shown an upward trajectory, with the
IHD burden remaining constant in lower and lower-middle SDI countries, while declining in high middle and high SDI
countries, indicating the treatment advantage in more developed nations and underscoring the need for stronger
prevention efforts in less developed countries.>'%*° Except for high SDI countries, where exposure to high LDL
cholesterol is declining, other nations are experiencing increases. Nevertheless, the attributable ITHD burden has
decreased in high middle and high SDI countries, while remaining stable in others, suggesting overall improvements
in treatment but also emphasizing the need for enhanced prevention strategies.*' Systolic blood pressure exposure is
generally rising, yet the attributable IHD burden is decreasing, which reflects advancements in treatment while high-
lighting the ongoing need for better prevention efforts.'”

The prevalence of kidney dysfunction is inversely correlated with SDI levels, as is the burden of IHD, indicating
persistent health inequities.** Although the trend in kidney dysfunction remains relatively stable, the declining IHD
burden in upper-middle and high SDI countries suggests improved control, likely due to enhanced public health
interventions.

Population Growth and Aging

Between 1990 and 2021, decomposition analysis revealed that the increase in IHD burden in low SDI countries was
primarily driven by population growth. Low SDI countries generally have higher fertility rates and younger population
structures, leading to a rapid expansion of the potential patient base. This suggests that as these populations age into the
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high-risk period for IHD, the burden could increase significantly in the coming years.*® Therefore, public health policies
should focus on reproductive health and education in these countries to reduce future health burdens.

During the same period, the increase in IHD burden due to population aging was most prominent in high middle and
high SDI countries between 1990 and 2021. This demographic shift has particularly affected women in China, who face
unique cardiovascular challenges post-menopause and often have different healthcare-seeking behaviors than men. The
fundamental cause of this trend lies in demographic shifts: declining fertility rates and improved healthcare conditions
have extended life expectancy, increasing the proportion of elderly individuals.” As THD incidence rises significantly
with age, this trend is especially pronounced in middle SDI countries. The urban-rural divide in healthcare access
remains a critical challenge in China, with rural areas having limited access to advanced diagnostic tools and preventive
services compared to urban centers. Hence, long-term public health planning, which anticipates aging trends and
allocates healthcare resources accordingly, will be crucial in addressing future health challenges.

The reduction in IHD burden through prevention and control measures is most evident in high SDI countries. This can
be attributed to a higher level of health awareness and a deeper understanding of IHD risk factors and preventive
strategies among the population in these nations. Furthermore, high SDI countries generally possess advanced medical
technologies and resources, facilitating more effective prevention and treatment of IHD.'

Panel Data Models

The GBD study offers a comprehensive framework for analyzing the relationship between exposure to risk factors and
attributable burden. By employing relative risks (RRs) and PAFs, GBD links risk factor exposure directly to health
outcomes, supporting our hypothesis that variations in exposure rates can influence attributable burdens.

The GBD’s standardized methods, which cover 204 countries and territories, provide a reliable foundation for
international comparisons of risk factor exposure and disease burden. Notably, the use of age-standardized rates in
these estimations mitigates the impact of differing age demographics, ensuring that cross-national comparisons are both
valid and meaningful.

Additionally, incorporating the SDI and QCI as control variables is well-justified. These indices serve as proxies for
national development and healthcare infrastructure, allowing for a more nuanced analysis of how countries manage risk
factors by accounting for underlying disparities in development and healthcare systems.

The Fixed Effects Model

The fixed effects model in this analysis indicates that after controlling for SDI, QCI, and risk factor exposure, countries
with lower SDI present relatively stronger fixed effects for [HD-attributable burden, whereas higher SDI nations show
weaker fixed effects. This finding challenges the conventional expectation that higher SDI is associated with superior
health outcomes. Nevertheless, before adjusting for these variables, high-SDI countries exhibited a lower IHD-
attributable burden, underscoring the significance of SDI, QCI, and risk factors in shaping IHD outcomes while also
hinting at additional influential factors.

The fixed effects model captures the impact of each nation’s unique, relatively stable attributes on IHD burden,
demonstrating the need to account for factors beyond traditional health metrics. Factors such as stress, pace of life, and
environmental adaptation are not included in the GBD database but are essential to consider in cardiovascular health.
Although lower SDI countries might experience greater economic strain, the fast-paced lifestyles and occupational stress
prevalent in high SDI countries could exert a more detrimental effect on cardiovascular health.** Moreover, populations
in low SDI countries may possess physiological adaptations to certain environmental stressors, indirectly reducing IHD
risk, an ability that may have diminished in high SDI populations over time.*’

Furthermore, Low SDI countries may possess higher genetic diversity, potentially providing some protective genetic
variations against IHD, while populations in high SDI countries may have undergone genetic homogenization.*®
Additionally, low SDI countries have seen unexpected successes in implementing public health policies, whereas high
SDI nations often face diminishing returns as they near theoretical limits in improving public health indicators.*” In this
context, low SDI countries can effectively leverage the experiences of their high SDI counterparts to adopt public health
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policies more rapidly and cost-effectively. Furthermore, the ease of scaling innovative policies allows these nations to
leapfrog developmental stages, directly integrating more advanced technologies and strategies.*®

The study investigates the differences in the IHD attributable burden across multiple countries after accounting for
known factors such as risk exposure, SDI, QCI, population aging, and growth. It highlights the potential influence of
geographical factors on the IHD burden. By comparing countries with high IHD burdens—Ukraine, San Marino,
Monaco, Luxembourg, and Iceland—with countries with lower burdens such as the United States, Russia, Germany,
China, and the United Kingdom, several conclusions were drawn.

Low-burden countries (eg, the United States, Germany, and the United Kingdom) benefit from extensive geographic
diversity, which provides residents with a broader range of healthy lifestyle options and mitigates the negative effects of
social unrest and psychological stress, thereby reducing the THD burden.*” In contrast, high-burden countries (eg,
Ukraine, San Marino, Monaco, Luxembourg, and Iceland) face limitations due to smaller geographic areas, leading to
less diverse lifestyles, while socioeconomic instability and high occupational stress contribute to increased psychological
pressure, potentially elevating THD risk.** The experiences of high-burden countries suggest that geographic constraints
and increased social pressure elevate IHD risks. In contrast, geographic diversity and social stability offer effective
buffers in low-burden countries. Therefore, public health policies should account for the geographic and social environ-
mental differences across countries to develop more targeted strategies for cardiovascular disease prevention and
intervention.

This study, through stratified analysis, found that low SDI countries exhibit relatively better fixed effects regarding
several risk factors associated with ischemic heart disease (IHD). These factors include high fasting plasma glucose,
elevated LDL cholesterol, high systolic blood pressure, household air pollution from solid fuels, high temperatures, lead
exposure, smoking, secondhand smoke, low physical activity, insufficient fruit intake, low dietary fiber intake, low
seafood omega-3 fatty acids, and low polyunsaturated fatty acid intake. In contrast, high SDI countries show better fixed
effects concerning diet-related risk factors, such as low vegetable intake, high processed meat consumption, and high
intake of sugar-sweetened beverages. Given these findings, it is crucial to develop targeted intervention measures specific
to the SDI levels of different countries. In high SDI countries, public health policies should focus on controlling
traditional risk factors such as hypertension, diabetes, and smoking. In low SDI countries, improving dietary structures
by reducing the consumption of red meat, processed meats, and sugary drinks, while increasing vegetable intake, will
help further reduce the burden of IHD and other cardiovascular diseases.

This study also highlights the importance of considering country-specific risk factors in addition to conventional
socio-economic and healthcare quality indicators when assessing national IHD burdens. These factors may act indepen-
dently or interact, shaping the unique burden of IHD in each country. Therefore, future research should further investigate
these country-specific risk factors to better understand the global distribution of IHD burden and to inform the
development of more targeted prevention and intervention strategies.

Strengths and Limitations
The key strengths of this study are evident in several aspects. First, it utilized a joinpoint regression model to thoroughly
analyze the exposure rates and attributable burdens of 24 IHD risk factors, revealing trends and exploring their
correlations with the SDI, providing a comprehensive view of the dynamic changes in IHD risk factors. Second, the
study applied decomposition analysis to evaluate changes in IHD burden across countries with varying SDI levels from
1990 to 2021, quantifying the contributions of population growth and aging to these changes, offering crucial evidence
for developing targeted IHD prevention strategies. Third, panel data analysis was employed to assess the impact of risk
factor exposure rates, SDI, and the QCI on the attributable burden of IHD. This approach not only identified the relative
significance of these factors but also revealed country-specific effects by controlling for them, providing a novel
perspective for identifying determinants of IHD burden globally. Finally, the integration of multiple analytical methods
presents a holistic framework for understanding the complexity of IHD risk factors, advancing scientific knowledge of
the global IHD burden while offering empirical foundations for targeted public health interventions.

However, this study has several limitations. First, while the GBD study provides high-quality data, the potential for
measurement errors and estimation biases cannot be entirely excluded, which may affect the precision of the findings.
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Additionally, although fixed-effects models were employed to identify unique determinants of IHD burden across countries,
these models do not specify the nature of these determinants, requiring more in-depth, country-specific analyses. In the
decomposition analysis, changes in [HD attributable burden between consecutive years were modeled using risk factor exposure
rates, SDI, and QCI as independent variables, yet the time lag between risk factor exposure and disease onset could influence the
accuracy of the model. Despite these limitations, trends in risk factor exposure generally aligned with trends in IHD-attributable
burden, which is consistent with the Comparative Risk Assessment method used by the GBD database. Collectively, these
observations substantiate the inferences drawn from the panel analysis model, providing a rationale for its validity.

Conclusions

This study demonstrates a continuous decline in the burden of IHD, including major risk factors, from 1990 to 2021,
which correlates with a reduction in exposure to most of these risk factors. These findings underscore the critical
importance of managing risk factors to alleviate the global burden of IHD. The research also highlights the urgent need to
address rapidly growing risk factors, such as high body mass index and sugar-sweetened beverage consumption, in
addition to major contributors to IHD burden like high systolic blood pressure, high LDL cholesterol, ambient particulate
matter pollution, and smoking.

An analysis of the correlation between risk factors and SDI indicates that prevention strategies for IHD must be
tailored to a country’s level of development. Developing countries should prioritize risk factors positively correlated with
SDI to avoid the “develop first, treat later” dilemma faced by more developed nations. Conversely, low SDI countries
must address risk factors that negatively correlate with SDI to mitigate health disparities.

The impact of population dynamics on the IHD burden varies significantly depending on a country’s stage of
development. Low SDI countries face challenges associated with population growth, necessitating the strengthening of
primary healthcare infrastructure, while upper-middle and high SDI countries must enhance IHD prevention and
rehabilitation services for the elderly to address the challenges of an aging population.

Stratified analysis of country effect values highlights the necessity of formulating strategies based on specific
contexts. High SDI countries should focus on managing traditional risk factors such as hypertension, diabetes, and
smoking. In contrast, low SDI countries should improve dietary habits by limiting the intake of red meat, processed
meats, and sugar-sweetened beverages while increasing vegetable consumption. Furthermore, it is essential to explore
and address the unique factors contributing to IHD in each country. Such a differentiated and personalized strategy will
significantly contribute to efforts aimed at reducing the global burden of IHD.
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