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Background: Airborne particulate matter (PM), particularly PM₂.₅, poses a growing 

threat to cardiovascular health, especially among older adults. With intensified 

urbanization and industrial activities, PM₂.₅ has become a major factor 

contributing to ischemic heart disease (IHD), a leading cause of global 

mortality. These fine particles can penetrate pulmonary defenses, enter 

circulation, and trigger inflammatory and oxidative pathways that accelerate 

vascular damage. The elderly, whose physiological resilience declines with age, 

are particularly susceptible. While PM exposure’s link to IHD is established, 

patterns by sex and age in older populations remain underexplored. This study 

assesses global, regional, and national shifts in PM-related IHD burden between 

1990 and 2021, identifies disparities across demographics, and examines the 

influence of socioeconomic development. It also forecasts trends to 2040, 

providing insights to guide public health interventions for aging societies.

Methods: Using the Global Burden of Disease study (GBD 2021), we analyzed 

mortality and disability-adjusted life years (DALYs) from 1990 to 2021 across 

global, regional, and national levels. We calculated age-standardized rates 

(ASRs) and estimated annual percentage changes (EAPCs). Future trends were 

projected using a Bayesian age–period–cohort (BAPC) model. Modelling was 

performed in R, disaggregated by sex and age, linked with PM exposure and 

socioeconomic development.

Results: Overall IHD due to PM declined globally from 1990 to 2021. The largest 

reductions occurred in high-SDI regions. Burden increased in low- and middle- 

income areas in Asia and Africa. Globally, IHD burden from PM was negatively 

correlated with sociodemographic index (SDI). Men had higher burdens than 

women, with differences increasing by age. Although BAPC projections 

indicate a continued decline, a potential rise in pollution around 2035 may 

slow the rate of decrease or temporarily flatten the downward trajectory.

Conclusion: Although global declines have been observed, the burden of 

ischemic heart disease (IHD) attributable to ambient particulate matter 

pollution remains persistently high in Southeast Asia and Africa. Forecasts 

suggest that elderly individuals, particularly men, will continue to experience 

disproportionate health impacts in the coming decades. Targeted public 

health initiatives focused on reducing particulate matter exposure, especially 

among vulnerable aging populations, are essential to mitigate future 

cardiovascular risks and promote healthy aging worldwide.
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1 Introduction

Ischemic heart disease (IHD) is one of the most lethal 

cardiovascular diseases globally, caused mostly by decreased 

coronary blood supply, which causes myocardial hypoxia, 

angina, or myocardial infarction (1). Based on Global Burden of 

Disease (GBD) 2021 evidence, IHD is still one of the major 

causes of death worldwide, with its high prevalence and death 

rates constituting a long-standing challenge to health systems 

(2). In 2021, approximately 8.7 million deaths, which accounted 

for 16.2% of all deaths globally, were attributed to ischemic 

heart disease (IHD) (2). Development and progression of IHD 

are in*uenced by an interplay of factors that includes genetic 

predisposition, unhealthy lifestyle behaviors (such as smoking, 

poor diet, and physical inactivity), long-standing health status 

(such as hypertension and diabetes), and environmental factors 

(3, 4). Over the last few years, there has been a significant 

amount of evidence that has pinpointed environmental pollution 

—namely, ambient particulate matter (PM) pollution—as an 

important causative factor for IHD (5). Fine particulate matter 

(PM2.5), a major component of ambient particulate pollution, is 

characterized by its extremely small size and complex 

physicochemical properties. PM2.5 particles are small enough to 

reach the deepest parts of the lung and move into the 

bloodstream, where they can damage cardiovascular health (6). 

Ongoing exposure raises the risk of ischemic heart disease 

(IHD) through multiple biological pathways. It triggers 

in*ammation, with higher levels of interleukins and C-reactive 

protein (7), and causes oxidative stress that weakens endothelial 

function and vessel stability (8), speeding up atherosclerosis. It 

also affects body systems more broadly: PM exposure activates 

the sympathetic nervous system, increasing heart rate, narrowing 

blood vessels, and raising blood pressure, while also disturbing 

glucose metabolism, which adds to cardiovascular risk (9). 

Together, these mechanisms put lasting strain on the 

cardiovascular system and increase the likelihood of IHD. These 

effects weigh more heavily on older adults, who commonly face 

declining immunity, coexisting chronic diseases, and a gradual 

reduction in physiological reserve with age (9). As industries 

expand and cities grow, particulate matter (PM) levels in the air 

have risen, adding to the burden of ischemic heart disease 

(IHD) linked with pollution (10). The main sources of PM are 

not the same everywhere. In low- and middle-income countries, 

industrial emissions and the burning of solid fuels for cooking 

or heating are key contributors. In wealthier regions, traffic and 

power generation are the leading sources. This trend stands out 

in low- and middle-income countries, where outdoor PM 

exposure remains elevated and plays a major role in both illness 

and death linked to IHD (11). As populations age and pollution 

grows more severe, tracking how the IHD burden from PM 

changes across places and over time has become vital. Such 

evidence can help shape timely and effective public health actions.

This work looks at how the burden of ischemic heart disease 

(IHD) linked to particulate matter pollution has shifted over 

time, considering differences across regions, ages, and sexes 

between 1990 and 2021. It also looks ahead, projecting future 

trends to provide evidence that can guide public health 

strategies in the coming decades. Through presenting strong 

evidence regarding the prolonged effects of particulate pollution 

on IHD, the study intends to guide the creation of more 

efficient global public health strategies, facilitate targeted 

measures to reduce pollution-associated cardiovascular risks, 

and ultimately assist in lessening the worldwide burden of IHD.

2 Method

2.1 Data source

All empirical data used in this study were obtained from the 

Global Burden of Disease Study 2021 (GBD 2021). This cross- 

scalar archive supplies harmonised estimates of mortality and 

disability-adjusted life years (DALYs) from 1990 to 2021, 

resolved at global, regional and national horizons. Within the 

dataset, health metrics are further disaggregated by aetiology, sex 

and age cohort, and the epidemiological imprint of 87 

recognised risk factors is apportioned across these same strata. 

The modeling framework and validation protocols underlying 

these estimates have been comprehensively described in previous 

studies (12, 13). Brie*y, we applied a Bayesian age-period-cohort 

(BAPC) model using integrated nested Laplace approximations 

(INLA) for parameter estimation. This approach accounts for 

temporal trends across age, period, and cohort dimensions, and 

has been validated through out-of-sample prediction and 

internal consistency checks in prior research.

This study focuses on quantifying the burden of ischemic 

heart disease (IHD) attributable to ambient particulate matter 

pollution in the elderly population. We obtained relevant data 

through the Global Health Data Exchange (GHDx) platform 

(https://vizhub.healthdata.org/gbd-results/), covering all GBD- 

defined regions and individuals aged 60 years and older between 

1990 and 2021, with ambient particulate matter pollution 

specified as the exclusive exposure source.

To account for differences in age structure across countries 

and regions, disease burden indicators were age-standardized 

using the global reference population distribution adopted by 

GBD 2021. The method used to calculate age-standardized rates 

(ASRs) is provided in (Equation 1):

ASR ¼

Pn
i¼1 aiwiPn

i¼1 wi
(1) 

Within the standardisation equation, the subscript i serves as an 

indexical marker that distinguishes each age cohort, while n 

registers the total count of those cohorts. For any given cohort, 

xi corresponds to the pertinent health measure—typically an 

age-specific rate—whereas wi denotes that cohort’s share of the 

reference population employed in age-standardisation procedures.

To re*ect social and demographic conditions, we used the Socio- 

demographic Index (SDI) created by the Global Burden of Disease 

(GBD) project. The SDI brings together three measures—average 
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schooling years, fertility rate, and income per person adjusted for 

in*ation—into one summary indicator (14). Countries and regions 

are then divided into five groups: low, low-middle, middle, high- 

middle, and high. This approach helps compare regions more 

directly and reveals differences in health and development.

In the GBD 2021 study, ischemic heart disease (IHD) is 

defined by both death and disability outcomes, including 

clinically confirmed and self-reported cases. A Bayesian 

modeling framework is used to combine data from many 

sources, spanning countries, age ranges, time periods, and health 

systems. This makes it possible to estimate disease burden even 

where local information is limited. Each estimate is reported 

with a 95% uncertainty interval (UI), based on the 2.5th and 

97.5th percentiles of the posterior distribution. Wider UIs point 

to greater uncertainty, especially in data-poor regions.

The present study explores how ambient particulate matter 

pollution is associated with ischemic heart disease (IHD) burden 

in populations aged 60 years and above. Key indicators assessed 

include mortality, disability-adjusted life years (DALYs), age- 

standardized mortality rate (ASMR), age-standardized disability 

rate (ASDR), and estimated annual percentage change 

(EAPC).These indicators allow for comparisons across time and 

regions. All data were obtained from the publicly available, de- 

identified Global Burden of Disease (GBD) database. The GBD 

protocol received ethical approval from the Institutional Review 

Board of the University of Washington, and individual informed 

consent was waived. As this study involves secondary analysis of 

anonymized data, no additional ethical approval was required.

2.2 Statistical analysis

All rate metrics reported in GBD 2021 are expressed per 

100,000 population and were age-standardized using the 

standardization formula described in (Equation 1), based on the 

GBD standard population structure.

To analyze trends in age-standardized mortality rate (ASMR) 

and age-standardized disability rate (ASDR) for ischemic heart 

disease (IHD) attributable to ambient particulate-matter exposure 

among persons sixty years of age and older, we engaged a series 

of ordinary-least-squares models over the 1990–2021 archive at 

global, regional and national scales. Treating calendar year as a 

temporal axis of inquiry, we regressed the natural logarithm of 

each age-standardized rate (ASR) against this measure, thereby 

deriving an Estimated Annual Percentage Change (EAPC) that 

indexes the pace and direction of epidemiological transformation. 

The algebraic specifications that scaffold these calculations are 

reproduced in (Equations 2, 3).

y ¼ aþ bx þ 1 (2) 

EAPC ¼ 100 � ( exp (b) � 1) (3) 

In this model, y is the natural logarithm of the age-standardized rate 

[ln(ASR)], × is the calendar year, and the slope β represents the 

average yearly change in ASR. If the estimated annual percentage 

change (EAPC) and the lower limit of its 95% confidence interval 

are greater than zero, the trend is interpreted as a significant 

increase. If the EAPC and the upper limit are both below zero, it 

indicates a significant decrease. If the confidence interval includes 

zero, the rate is considered relatively stable.

To better understand these epidemiological changes in 

relation to social and economic conditions, we analyzed how the 

burden of ischemic heart disease (IHD) from particulate matter 

exposure is associated with the Socio-demographic Index (SDI), 

a marker of regional development. We first calculated Pearson 

correlation coefficients between SDI scores and burden measures 

from 1990 to 2021, both worldwide and across the 21 GBD 

regions. We then modeled linear relationships between SDI and 

ASMR, ASDR, and their EAPCs for 204 countries and 

territories, allowing us to observe how disease patterns shift 

along different levels of socio-economic development.

To project future epidemiological trajectories, we mobilized a 

Bayesian age–period–cohort framework—implemented through 

Integrated Nested Laplace Approximations (INLA)—to trace 

sex-differentiated trajectories of ambient-PM-attributable IHD 

burden through 2040, an approach repeatedly celebrated for its 

long-range acuity in chronic-disease forecasting (15). All 

computational labour took place in R 4. 3. 2: datasets were 

curated with tidyverse/dplyr, age-standardized projections 

generated via the BAPC, nordpred and INLA engines, and 

graphical narratives composed in ggplot2. Statistical inference 

followed a two-tailed convention, honouring results whose 

probabilities fell below the 0. 05 threshold.

3 Result

3.1 Burden of elderly ischemic heart disease 
linked to ambient PM: global and regional 
trends (1990–2021)

Globally, particulate matter pollution progressively reduced 

impacts on cardiovascular disease in the elderly between 1990 

and 2021. Estimated annual percentage changes (EAPC) and 

their 95% confidence intervals trend decisively negative, attesting 

to a sustained contraction in particulate-attributable ischemic 

heart disease (IHD). Over these three decades the age- 

standardized mortality rate (ASMR, per 100 000) receded from 

296.414 (221.154–376.958) to 193.645 (143.121–243.059), while 

the age-standardized disability rate (ASDR) diminished from 

4895.955 (3716.006–6 187.073) to 3242.217(2424.715–4048.509). 

This trend, however, varied significantly across the five SDI 

strata (Table 1). Using the middle-SDI group as the reference, 

higher-SDI regions show the lowest PM pollution levels, while 

lower-SDI areas carry the highest disease burden. Pockets of 

reversal persist: in low and low-middle SDI zones, older 

masculinities confront a rising burden despite the broader 

decline. Examination of the 21 GBD macro-regions reveals 

marked heterogeneity in trends (Figure 1). Positive EAPCs were 

observed in East Asia, South Asia, and both Western and 
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Eastern Sub-Saharan Africa, re*ecting rising risk in these areas. By 

contrast, most other regions displayed negative trajectories in 

ASMR and ASDR. High-income North America and Western 

Europe consistently recorded the lowest burden of particulate 

matter–attributable IHD across the study years.

3.2 Trends in national burden of elderly IHD 
due to ambient particulate matter 
pollution, 1990 to 2021

Using data from the 204 countries and territories included in 

the GBD archive, we generated a choropleth world map 

(Figures 2A,B) to illustrate the global distribution of ischemic 

heart disease (IHD) attributable to ambient particulate matter 

pollution. In 2021, the highest burdens were observed in 

Kyrgyzstan, Pakistan, Guinea-Bissau, and The Gambia, where 

the age-standardized mortality rate (ASMR) exceeded 400 per 

100,000 population and the age-standardized disability rate 

(ASDR) surpassed 5,000 per 100,000. The detailed numerical 

estimates supporting these visualizations are provided in the 

Supplementary Tables S1.

From 1990 to 2021, the majority of the 204 territorial units 

experienced a reduction in ischemic heart disease (IHD) 

attributable to particulate matter exposure. Nevertheless, this 

decline was heterogeneous. Lesotho, Zimbabwe, and Kenya 

recorded the highest positive estimated annual percentage 

changes (EAPCs) for both age-standardized mortality rates 

(ASMR) and age-standardized disability rates (ASDR), re*ecting 

a notable increase in burden contrary to the broader downward 

trend. A full roster of EAPC values for every polity is likewise 

archived in the Supplementary Tables S1.

3.3 Disparities in IHD burden due to 
ambient particulate matter pollution by age 
and sex in older adults

Globally, (Figure 3) demonstrates the impact of ambient 

particulate matter pollution on ischemic heart disease (IHD) in 

2021. This is assessed through mortality rates, disability-adjusted 

life year (DALY) rates, and their estimated annual percentage 

changes (EAPCs) across different age and sex categories. When 

considering age solely from a numerical perspective, mortality 

rates and disability-adjusted life year (DALY) rates among 

individuals aged 60 years and older are generally highest 

between the ages of 65 and 85 (Figures 3A–D). Age-specific 

rates show a steady increase with advancing age, peaking among 

those aged 95 years and older. In this oldest age group, the 

burden of ischemic heart disease (IHD) attributable to ambient 

particulate matter pollution is the most pronounced, indicating 

that very elderly individuals are particularly vulnerable to the 

cardiovascular effects of environmental exposure (Figures 3E–H). 

In terms of gender, older men generally experienced a higher 

IHD burden due to ambient particulate matter pollution 

compared to women, with the largest difference observed in the T
A
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85–94 age group. A comparison between 1990 and 2021 reveals a 

general reduction in disease burden across almost all age and sex 

groups by 2021 (Table 2). Nevertheless, in areas classified as low 

and low-middle SDI, a rising pattern persisted across different 

age groups, most notably among people aged 80 and above, who 

faced the highest ischemic heart disease (IHD) burden due to 

particulate pollution. Within these regions, older men consistently 

experienced a higher burden compared to women. Remarkably, 

in the low-middle SDI region, although the overall burden for 

individuals aged 80 and older continued to increase, the burden 

among females in this age group showed a declining trend. 

Furthermore, at the national level, we examined the correlation 

between gender and the EAPC values of disease burden 

indicators across countries and territories, and found a 

statistically significant association (Figures 4, 5).

3.4 Relationship between SDI and the 
burden and temporal trends of elderly IHD 
attributable to ambient particulate matter 
pollution

Situated within a broader political-economic landscape, the 

particulate-related burden of ischemic heart disease (IHD) appears 

to track regional gradients of social development. To probe this 

relationship, we arrayed standardized mortality, disability, and 

trajectory metrics against the Socio-demographic Index (SDI) for 

the twenty-one GBD macro-regions over the 1990–2021 timespan, 

and, in parallel, mapped 2021 data for 204 countries and 

territories to capture present-day differentials (Figures 2C–6). 

Across both scales, a pronounced inverse association emerged 

(P < 0.05): higher SDI scores consistently coincided with lower 

IHD burdens, and the estimated annual percentage change 

(EAPC) likewise declined as SDI rose. Locally weighted regression 

lines, employed to detect departures from this general pattern, 

spotlighted several outliers whose observed burdens substantially 

exceeded SDI-based expectations. Most conspicuous were Andean 

Latin America and Southern Sub-Saharan Africa, where the 

particulate-attributable IHD load remains markedly higher than 

the developmental profile alone would predict.

3.5 Sex-based forecast of ambient PM– 
attributable IHD burden in older adults: a 
global outlook to 2040

Globally, a Bayesian age-period-cohort (BAPC) model was 

developed using data from 1990 to 2021. This model aimed to 

predict sex-specific trends in the burden of ischemic heart 

disease (IHD) caused by ambient particulate matter pollution 

among adults aged 60 and above for the years 2022 to 2040 

(Figure 7). The results suggest that for both genders, the age- 

standardized mortality rate (ASMR) and age-standardized 

disability rate (ASDR) are anticipated to decrease during the 

early part of the forecast period, followed by a possible 

resurgence around 2035, potentially surpassing current levels. 

FIGURE 1 

Regional distribution of temporal trends in ischemic heart disease (IHD) burden attributable to ambient PM2.5 pollution in 2021 across the 21 GBD 

regions. (A) Deaths, (B) Disability-adjusted life years (DALYs), (C) Years lived with disability (YLDs), and (D) Years of life lost (YLLs). Each panel presents 

the Estimated Annual Percentage Change (EAPC) in age-standardized rates per 100,000 population for the 21 Global Burden of Disease (GBD) 

regions. Positive EAPC values indicate increasing trends, while negative values indicate decreasing burdens of IHD linked to PM2.5 exposure.
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Conversely, the estimated annual percentage change (EAPC) for 

years lived with disability (YLDs) is expected to rise consistently 

throughout this timeframe. When analyzed by gender, ASMR 

and ASDR among males are projected to keep declining, while 

these rates among females are likely to remain fairly constant. 

Nevertheless, the upward trend in YLD-related EAPC is 

expected to persist in both males and females over time.

4 Discussion

During the past decade, recognition of the adverse health 

consequences of outdoor particulate matter (PM) exposure has 

increased considerably, with fine particles such as PM2.5 attracting 

particular concern. Older adults represent a population especially 

sensitive to such exposures due to age-related physiological 

decline. Ischemic heart disease (IHD), a leading global cause of 

mortality, arises from multiple interacting risk factors, and 

growing evidence implicates ambient air pollution as a major 

contributor to cardiovascular risk in the elderly. Drawing on 

estimates from the Global Burden of Disease (GBD) 2021, the 

present study evaluates temporal patterns in the burden of IHD 

attributable to PM among older populations.

Global and SDI-stratified analyses reveal an overall reduction in 

ischemic heart disease (IHD) linked to ambient particulate matter 

(PM) exposure, yet this decline is not uniform. Of the 204 

countries and territories examined, 38 exhibited either stable or 

increasing burdens. Such heterogeneity may be attributed to 

uneven implementation and effectiveness of environmental 

regulations and public health initiatives over the past decades. 

The obstacles are especially acute in lower- and middle-income 

settings, where urban expansion, inadequate investment in air 

quality management, and insufficient enforcement of standards 

continue to impede meaningful improvement. In many such 

settings, ambient PM2.5 levels frequently exceed World Health 

Organization (WHO) recommended thresholds. Primary 

contributors include industrial emissions, vehicular exhaust, 

agricultural burning, and the widespread use of solid fuels for 

household energy needs, particularly in urbanized areas with 

pronounced socioeconomic disparities.

With advancing age, diminished physiological resilience and a 

higher burden of chronic disease render older adults especially 

susceptible to particulate matter exposure. Sustained PM2.5 

FIGURE 2 

Global distribution of temporal trends in ischemic heart disease (IHD) burden attributable to ambient PM₂.₅ pollution from 2021. (A) Deaths, (B) 

Estimated Annual Percentage Change (EAPC) in deaths from 1990 to 2021, (C) Disability-adjusted life years (DALYs), (D) EAPC in DALYs from 

1990 to 2021.Each panel shows age-standardized rates per 100,000 population at the national level.
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exposure can elicit chronic, low-grade in*ammation that 

aggravates cardiovascular stress. The presence of concurrent 

metabolic disorders—including hypertension, dyslipidemia, and 

diabetes—further magnifies these adverse effects, hastening 

cardiovascular disease development. Mechanistic studies also 

show that PM2.5 drives oxidative stress and endothelial 

dysfunction, triggers apoptosis of vascular cells, and facilitates 

thrombotic processes by stimulating platelet activation and 

impairing fibrinolysis (16, 17). Involvement of central 

mechanisms has been reported as well: sympathetic nervous 

system activation and disruption of the hypothalamic–pituitary– 

adrenal axis alter neuroendocrine and cardiovascular 

homeostasis (18). Hypoxia-induced pathways may additionally 

promote hypertension and arrhythmogenesis (19).

In addition to its well-recognized cardiovascular impact, long- 

term PM2.5 exposure has been implicated in a range of aging- 

related conditions that intersect biologically with ischemic heart 

disease. In*ammatory and oxidative responses induced by PM2.5 

impair insulin sensitivity and promote insulin resistance, thereby 

elevating the risk of type 2 diabetes—a process that accelerates 

atherogenesis and worsens cardiac outcomes (5, 18). Evidence 

also links particulate pollution with chronic kidney disease, 

mediated by microvascular injury, renal in*ammation, and 

endothelial dysfunction; as CKD is a powerful amplifier of 

cardiovascular risk, this association compounds the IHD burden 

(20, 21). Within the central nervous system, PM2.5 may traverse 

the blood–brain barrier and initiate neuroin*ammation, 

microglial activation, and β-amyloid accumulation, pathological 

changes connected to dementia and cognitive decline (22, 23). 

Cognitive decline not only impairs daily functioning but also 

increases cardiovascular risk by reducing adherence to medical 

management. In addition, long-term exposure to PM2.5 has been 

linked to frailty in older adults, a condition likely driven by 

cumulative oxidative stress, chronic in*ammation, and reduced 

FIGURE 3 

Global burden of ischemic heart disease (IHD) attributable to ambient PM₂.₅ pollution among older adults in 2021, stratified by age. (A–D) Absolute 

number of cases: Deaths, DALYs, YLDs, and YLLs. (E–H) Age-specific rates per 100,000 population: Deaths, DALYs, YLDs, and YLLs. Panels reflect the 

distribution and intensity of IHD burden across age groups in older populations.
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physiological reserve. Frailty in turn predisposes individuals to 

cardiovascular complications and elevates the likelihood of 

adverse outcomes across multiple organ systems (24). In sum, 

research indicates that air pollution not only promotes the 

development of multiple chronic conditions in older adults but 

also adds to the overall cardiovascular disease burden.

We found that ischemic heart disease (IHD) from particulate 

matter exposure has generally declined in older adults (15). This 

improvement is likely tied to progress in healthcare, including 

better screening, quicker treatment, and stronger long-term 

control of chronic diseases such as hypertension, diabetes, lipid 

disorders, and IHD. As a result, many elderly people now live 

longer and enjoy better health even with multiple conditions. 

The decline is evident in lower disability-adjusted life years 

(DALYs) and more negative estimated annual percentage change 

(EAPC) values (24). Still, people aged 80 and older, though a 

smaller group, continue to show much higher baseline levels of 

disease burden than younger adults. Even relatively small 

improvements in healthcare—such as better drug management 

or more frequent check-ups—can bring large health benefits 

(25). In response to rapid population aging, many countries 

have directed more policy attention and resources toward older 

adults. Expanded health insurance, wider availability of 

community-based care, and rehabilitation services have all 

helped improve health outcomes and extend years of healthy life 

(26). When looking at sex differences, men consistently bear a 

heavier IHD burden related to particulate matter, particularly 

PM2.5, with higher rates of death and DALYs than women. This 

FIGURE 4 

Trends in age-standardized rates of ischemic heart disease (IHD) attributable to ambient PM2.5 pollution among older adults, by sex, from 1990 to 

2021.Age-standardized rates per 100,000 population are shown for (A) deaths, (B) DALYs, (C) YLDs, and (D) YLLs, disaggregated by males, females, 

and the total elderly population (aged ≥60 years). The figure illustrates long-term trends in IHD burden due to PM₂.₅ exposure across sex groups.
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difference likely re*ects the combined effects of biology, lifestyle, 

and environmental exposure. Biologically, males typically have 

larger lung volumes and higher minute ventilation, leading to 

greater particulate inhalation under the same exposure levels 

(27). Some evidence suggests that females may have more 

reactive airways, but males are more prone to deep lung particle 

deposition due to anatomical differences (28). Occupationally, 

men are more likely to work in high-exposure industries like 

construction, transport, manufacturing, and mining that have 

high exposure to particulate matter. Additionally, middle-aged 

men and men generally have a greater prevalence of 

cardiovascular and metabolic diseases such as hypertension, 

dyslipidemia, and diabetes than women. These comorbidities 

enhance susceptibility to environmental stressors, and long-term 

PM2. 5 exposure can intensify the development of these 

diseases, leading to increased mortality and DALYs in males (29).

Global trend analysis shows that the burden of ischemic heart 

disease (IHD) attributable to ambient particulate matter is closely 

related to socioeconomic development levels (8). In this study, the 

Sociodemographic Index (SDI) was used as a proxy for broader 

developmental progress. Drawing on three decades of mortality 

and DALY data disaggregated by country and region, we 

identified a significant inverse correlation between SDI and IHD 

burden (P < 0.05), reinforcing previous findings that populations 

FIGURE 5 

Trends in age-standardized rates of ischemic heart disease (IHD) attributable to ambient PM2.5 pollution among older adults across different SDI 

regions from 1990 to 2021.Age-standardized rates per 100,000 population are presented for (A) deaths, (B) DALYs, (C) YLDs, and (D) YLLs in five 

sociodemographic index (SDI) regions: low, low-middle, middle, high-middle, and high. The figure highlights disparities in the temporal evolution 

of IHD burden due to PM2.5 exposure among elderly populations across varying levels of socioeconomic development.
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in lower-income settings bear a disproportionate share of 

pollution-related cardiovascular risk (30). Several systemic 

factors may underlie this disparity, including outdated energy 

infrastructure, weak pollution control frameworks, and limited 

access to preventive health services. In many countries with low 

SDI scores, household energy needs are still met through 

traditional biomass. For example, in sub-Saharan Africa, more 

than 890 million people continue to rely on firewood, crop 

residues, and animal dung for daily cooking. This practice 

contributes to widespread and chronic indoor air pollution 

caused by particulate matter exposure (31). Meanwhile, ongoing 

urbanization and industrialization have intensified outdoor air 

pollution. In these regions, emissions from industrial facilities, 

vehicle exhaust, and coal-fired power plants have emerged as 

major contributors to ambient particulate matter pollution, 

leading to persistently high exposure levels.

In comparison, those countries with advanced levels of 

socioeconomic development have achieved significant reductions 

in air pollution. Adoption of clean energy programs, application 

of strict motor vehicle emission standards, and intensification of 

industrial emission regulations have all contributed to declining 

ambient PM2. 5 levels. These changes have consequently 

resulted in a significant reduction in particulate matter 

exposure-associated ischemic heart disease (IHD) burdens (32). 

More detailed examination of population attributable fraction 

(PAF) of IHD from particulate matter pollution indicated 

different patterns of exposure between different regions with 

different levels of development. In low-SDI countries, use of 

solid fuels in households is still the major source of pollution, 

but in high-SDI regions, industrial emissions and automotive 

emissions are major contributors of ambient particulate matter 

pollution. Additionally, there are usually severe limitations in 

cardiovascular disease screening, early detection, and treatment 

in low-income countries. Basic IHD-related primary prevention 

practices like preventive health care services and chronic disease 

management programs are also not adequately covered. 

Systematic issues could further exacerbate health effects from 

ambient particulate matter pollution in these environments (29).

In conclusion, when considering individual sex-based 

predictions of ischemic heart disease (IHD) burden in the 

subsequent three decades (2022–2040), even though there is an 

overall projection of a declining trend, there is a suggestion of a 

temporary increase in burden attributed to ambient particulate 

matter pollution some time around 2035 (15). Given this 

possible future scenario, sustained interest remains in the public 

health effects of ambient particulate matter pollution. It is 

FIGURE 6 

EAPC of ischemic heart disease (IHD) burden attributable to ambient PM2.5 pollution among older adults across age groups and SDI regions. (A) 

Deaths, (B) DALYs, (C) YLDs, and (D) YLLs. Each panel shows the Estimated Annual Percentage Change (EAPC) of age-standardized rates from 

1990 to 2021 across different elderly age groups within six SDI levels (low, low-middle, middle, high-middle, high, and global). The figure 

illustrates disparities in IHD burden trends by age and regional development status.

Zeng et al.                                                                                                                                                              10.3389/fcvm.2025.1653870 

Frontiers in Cardiovascular Medicine 11 frontiersin.org



important to continue regularly reviewing and optimizing 

intervention strategies to effectively prevent a reversal of the 

declining trend and to address any possible upturn in IHD in 

future years (33).

This study constitutes the first attempt to undertake a 

meticulous spatiotemporal assessment of ischemic heart disease 

(IHD) caused by ambient particulate matter pollution in aging 

communities. It forms an important basis for evidence-based 

targeted public health policy in aging societies. Nevertheless, 

certain limitations must be considered. First, there remains a 

lack of data availability in poor and less-developed countries. 

Some areas, therefore, did not have enough primary data, so 

modeled estimations had to be used to fill these gaps, which 

may have increased the range of uncertainty. Second, IHD in 

the GBD 2021 dataset may not have strict laboratory 

confirmation, which could result in incorrect misclassification or 

underreporting of disease. Third, ambient particulate matter 

pollution characterization in GBD 2021 is fairly simplified and 

does not re*ect all heterogeneity of particulate constituents, 

e. g., chemical constituents or ultrafine particles, that may have 

an effect on health. Finally, health effects of ambient particulate 

matter pollution stem from an interplay of various factors such 

as exposure intensity, individual susceptibility, behavioral 

factors, socioeconomic status, and policy settings that were not 

all explored here (34). Additional research should continue to 

explore these multidimensional interactions in an attempt to 

advance knowledge of ambient particulate matter pollution’s 

contribution to IHD burden among vulnerable communities.

FIGURE 7 

Bayesian projections of ischemic heart disease (IHD) burden attributable to ambient PM₂.₅ pollution among older adults by sex from 1990 to 2040. 

(A) Deaths, (B) DALYs, (C) YLDs, and (D) YLLs. Each panel presents age-standardized rates per 100,000 population, separately for males, females, and 

the total elderly population. Solid lines represent observed trends from 1990 to 2021; dashed lines indicate projected estimates from 2022 to 2040, 

based on a Bayesian age–period–cohort (BAPC) model.

Zeng et al.                                                                                                                                                              10.3389/fcvm.2025.1653870 

Frontiers in Cardiovascular Medicine 12 frontiersin.org



5 Conclusion

Between 1990 and 2021, global trends show a decline in 

ischemic heart disease (IHD) burden associated with ambient 

particulate matter (PM) pollution among elderly populations. 

However, significant disparities persist, with lower-income 

regions, particularly in the Middle East and Africa, continuing 

to experience a high—and in some cases increasing—burden. 

Moreover, elderly males consistently exhibit a greater 

vulnerability to PM-related cardiovascular outcomes. These 

findings underscore the urgent need for targeted, equity-driven 

public health interventions aimed at strengthening the resilience 

of high-risk groups. Sustained efforts to reduce PM exposure are 

essential to mitigate the long-term cardiovascular risks faced by 

aging populations worldwide.
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