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Background: Particulate matter (PM) pollution is a significant risk factor for

ischemic heart disease (IHD). This study evaluates the global, regional, and

national burden of IHD attributable to PM pollution from 1990 to 2021, quantifies

key contributing factors, and projects trends to 2044, with a focus on regional

disparities and population aging.

Methods: Using data from the Global Burden of Disease (GBD) 2021 study,

we analyzed trends in IHD-related disability-adjusted life years (DALYs) and

mortality attributable to PM pollution. Joinpoint regression assessed long-term

trends, Age-Period-Cohort modeling evaluated demographic drivers, and

decomposition analysis identified the contributions of population growth, aging,

and epidemiological changes. Frontier analysis compared observed DALY rates

with the lowest achievable rates based on socio-demographic index (SDI). Future

trends were projected using the Nordpred model.

Results: From 1990 to 2021, global age-standardized DALY rates for IHD

attributable to PM pollution decreased by −1.51% annually, but absolute DALYs

increased due to population aging and growth. High SDI regions saw significant

declines in DALY rates (−4.75% annually), while Low SDI regions experienced

negligible change (0.01%). Population growth contributed to a 183.57% increase

in global DALYs, but epidemiological improvements reduced the burden by

89.29%. Frontier analysis revealed substantial unrealized potential for reducing

the IHD burden, particularly in Middle SDI regions. Projections to 2044 indicate

that while DALY rates will decline, total DALYs will increase among individuals

aged over 70, especially in Low and Low-middle SDI regions.

Conclusions: This study highlights substantial progress in reducing the IHD

burden attributable to PM pollution, particularly in High SDI regions. However,

disparities remain, especially in Low and Low-middle SDI regions, where

the aging population and insu�cient healthcare infrastructure exacerbate the

burden. The rising IHD burden among the older adult underscores the need
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for targeted interventions, including stricter air quality regulations, enhanced

healthcare access, and policies that specifically address vulnerable populations.

Strengthening healthcare systems and air pollution controls in these regions is

critical to mitigating the growing IHD burden in the coming decades.

KEYWORDS

ischemic heart disease, global burden of disease, particulate matter pollution, disability

adjusted life years (DALYs), age-period-cohort, socio-demographic index

1 Introduction

Ischemic heart disease (IHD) is one of the leading causes of
death and disability worldwide (1, 2), with its burden increasingly
linked to environmental risk factors, including particulate matter
(PM) pollution (3). PM pollution, particularly fine particulate
matter (PM2.5), has been widely recognized as a significant
contributor to cardiovascular diseases (4), with numerous studies
demonstrating its association with increased morbidity and
mortality due to IHD (5–7). The adverse health effects of PM
pollution arise from its ability to penetrate the respiratory and
circulatory systems (8), triggering systemic inflammation (9),
oxidative stress (10), and endothelial dysfunction (11), which
collectively accelerate the development of atherosclerosis (12, 13)
(a major precursor of IHD). PM2.5 refers to particulate matter that
is 2.5µm or smaller in diameter, which can deeply penetrate the
lungs and enter the bloodstream, whereas PM10 includes particles
with a diameter of 10µmor smaller (14). Both of these particle sizes
have been linked to cardiovascular diseases, though their health
effects may vary due to differences in their ability to reach the
circulatory system. However, PM2.5 rarely exists in isolation and
often interacts with other pollutants such as PM10, nitrogen dioxide
(NO2), and ozone (O3), further exacerbating the risk of IHD (15).
Studies have shown that combined exposure to these pollutants
leads to synergistic effects, enhancing the inflammatory response,
oxidative stress, and vascular dysfunction. For example, long-
term exposure to both PM2.5 and O3 in Tehran has been linked
to an increased burden of IHD, with PM2.5 alone contributing
significantly to mortality from IHD, as estimated to account for
19.8–24.1% of IHD-related deaths. Additionally, the combined
exposure to PM2.5 and O3 was associated with increased mortality
rates from cerebrovascular diseases and respiratory conditions (16).
This complex interplay of pollutants contributes to a heightened
cardiovascular burden, making it crucial to consider the combined
exposure to multiple air pollutants in understanding the full extent
of the IHD risk attributable to air pollution.

Despite extensive research, critical knowledge gaps persist
regarding the global, regional, and national burden of IHD
attributable to PM pollution. While short-term exposure to PM
pollution has been shown to exacerbate cardiovascular events,
the long-term effects of sustained exposure, particularly to fine
particulate matter (PM2.5), have not been fully understood. Long-
term PM2.5 exposure has been linked not only to respiratory
diseases and cardiovascular issues but also to neurological
disorders (17).

The rationale for this study stems from the urgent need
to address the unequal distribution of the IHD burden across

different socio-demographic index (SDI) regions. Factors such
as continued global population growth, aging, and urbanization
are likely to exacerbate PM pollution exposure in many parts
of the world (18, 19). Furthermore, while high-income regions
have made significant progress in reducing air pollution levels and
improving cardiovascular health (20), low-income and middle-
income countries continue to face severe pollution challenges (20,
21), compounded by weaker healthcare systems and less stringent
environmental regulations. Thus, a comprehensive analysis of the
global, regional, and national burden of IHD attributable to PM
pollution, as well as projections of future trends, is vital for
informing public health strategies and policy interventions aimed
at reducing this preventable disease burden.

This study aims to provide a comprehensive analysis of the
burden of IHD attributable to PM pollution by quantifying global,
regional, and national trends in IHD-related disability-adjusted life
years (DALYs) and mortality from 1990 to 2021, identifying the
contributions of population growth, aging, and epidemiological
changes to the observed burden, evaluating the unrealized potential
for reducing IHD burden by comparing observed DALY rates
with the lowest achievable rates based on SDI using frontier
analysis, and forecasting future trends in IHD burden attributable
to PM pollution through 2044 to inform targeted public health
interventions. By addressing these objectives, this study seeks to fill
critical evidence gaps, provide actionable insights for policymakers,
and support the development of equitable strategies to mitigate the
burden of IHD globally.

2 Materials and methods

2.1 Overview

This study utilized comprehensive data from the Global Burden
of Disease (GBD) 2021 study, managed by the Institute for Health
Metrics and Evaluation (IHME). The GBD study provides annual
updates on global healthmetrics, including a wide range of diseases,
mortality, DALYs, and associated risk factors, covering global,
regional, and country-specific trends (22, 23). This study focuses
on the burden of IHD attributable to PM pollution, analyzing data
from 1990 to 2021 and projecting future trends through 2044.

2.2 Data sources

We extracted data on IHD-related mortality and DALYs from
the Global Burden of Disease Collaborative Network and GBD
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Study 2021 results, publicly available through the IHME’s online
data visualization tool (https://vizhub.healthdata.org/gbd-results/).
These datasets provide detailed information on age-standardized
mortality and DALYs related to IHD, categorized by age group,
sex, year, and SDI region. Our analysis specifically focused on
IHD attributable to PM pollution from 1990 to 2021, with
future projections to 2044. Additionally, country-level data were
used to explore regional disparities and trends, enabling us to
assess differences in IHD burden across various SDI categories
and geographic regions, highlighting areas with the highest and
lowest burden.

2.3 Analytical methods

To investigate temporal trends, regional variations, and
projections for the future burden of IHD attributable to
PM pollution, we employed the following statistical and
modeling techniques:

(1) Joinpoint regression analysis: This method was used to
identify significant changes in the trends of IHD-related
DALYs and mortality attributable to PM pollution over
time. Joinpoint regression identifies specific points, known
as joinpoints, where a significant shift in the annual percent
change (APC) occurs, indicating periods of acceleration or
deceleration in the burden. The method also calculates the
average annual percent change (AAPC) across the entire study
period to provide a comprehensive understanding of long-
term trends. We applied this analysis both at the global level
and across different SDI regions to capture regional disparities
in burden growth.

(2) Age-Period-Cohort (APC) modeling: This method was
utilized to disentangle the distinct contributions of aging,
specific time periods, and birth cohorts to trends in IHD
incidence and mortality attributable to PM pollution. APC
models allow for the separation of three key effects: age
effects, which represent the influence of aging on disease
risk; period effects, which reflect changes in disease risk
over time due to factors such as environmental conditions,
healthcare improvements, and societal changes; and cohort
effects, which capture variations in risk among individuals
born in different time periods. By applying this method
globally and across various SDI regions, we were able to
evaluate how demographic shifts, healthcare advancements,
and environmental factors contributed to changes in IHD
burden. This approach provided insight into the temporal and
cohort-specific drivers of disease risk.

(3) Decomposition analysis: This method was employed to
quantify the relative contributions of population growth,
aging, and epidemiological changes to the increase in IHD-
related DALYs attributable to PM pollution. Epidemiological
changes encompass factors such as urbanization and changes
in lifestyle. The analysis was conducted globally and further
stratified by SDI regions, enabling an examination of how
these factors differed across various socio-economic contexts.
By disaggregating the contributions, this approach provided

insights into the primary drivers behind the increasing IHD
burden linked to PM pollution.

(4) Frontiers analysis: This method was used to assess the
unrealized potential for reducing IHD-related DALYs
attributable to PM pollution based on each country’s SDI. The
frontier represents the lowest achievable DALYs rate for a
given SDI, serving as a benchmark for comparison. Countries
were plotted based on their actual DALY rates and SDI levels,
and the gap between the frontier and a country’s observed
DALYs rate indicated the potential for improvement. We
categorized countries with the largest gaps from the frontier
to highlight those with the most significant room for reducing
IHD burden. This analysis was applied globally and across SDI
regions to evaluate how much a country’s IHD burden could
be reduced if it achieved frontier performance. Additionally,
we identified countries in Low SDI regions that were closest
to the frontier, indicating that they were already maximizing
their potential given their current socio-economic status, as
well as countries in High SDI regions that still had significant
room for improvement despite higher development levels.

(5) Nordpred prediction model: To forecast the future burden
of IHD attributable to PM pollution through the year 2044,
we employed Nordpred prediction model. These models
utilize historical data to predict future trends, incorporating
both current and projected changes in demographic factors
such as population aging and growth. In addition, shifts
in epidemiological risk factors, such as lifestyle changes
and improvements in healthcare, were also accounted for.
The projections provide estimates of the future number of
DALYs and DALY rates, broken down by age group, sex,
and SDI levels. A particular focus was placed on the older
adult population (those aged 70 and above), as this group is
expected to experience the sharpest increase in IHD burden
over time.

2.4 Socio-demographic index (SDI)

The SDI is a composite metric that reflects a region’s
development level, incorporating income per capita, educational
attainment, and fertility rates (24, 25). It is calculated using
these three key indicators, allowing countries and regions to be
classified into five SDI categories: Low, Low-middle, Middle, High-
middle, and High. This classification facilitates comparisons of
disease burden and health trends across regions with varying
levels of socio-economic development, offering a more precise
understanding of global health disparities.

2.5 Statistical analyses

To account for the variability in DALY rates and model
predictions, we assumed that these rates followed log-normal
distributions. To estimate the uncertainty of the predicted increases
in DALYs and mortality rates, we employed bootstrap resampling
methods, generating 1,000 draws to calculate 95% confidence
intervals (CIs). All statistical analyses were performed using Python
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version 3.7.3, with a significance threshold set at p< 0.05. Details of
all of the above methods can be found in Supplementary material 1.

3 Results

3.1 Deaths and DALYs of IHD attributable to
PM pollution in 2021

In 2021, the global distribution of deaths related to IHD
attributable to PM pollution exhibited significant regional
disparities (Figure 1A). Based on death rate, countries were
categorized into five groups, ranging from fewer than 136.92 deaths
per 100,000 to as high as 2,010.66 deaths per 100,000. Countries
with the lowest death rate (<136.92/100,000) included Spain,
France, Norway, and Switzerland. Countries with slightly higher
but still relatively low death rate (136.92/100,000–389.17/100,000)
included Chile, Peru and Mexico. The middle-range death
rate category (389.17/100,000–795.87/100,000) encompassed
countries such as Poland, Guyana, and Namibia. Higher death
rate (795.87/100,000–1,072.91/100,000) was observed in countries
like Morocco, China, and Mali, while the highest death rate
(1,072.91/100,000–2,010.66/100,000) was found in countries such
as Samoa, Cambodia and Gambia.

Similarly, the 2021 distribution of DALYs, which reflect
both mortality and morbidity, showed marked regional
differences (Figure 1B). Countries with the lowest DALYs
(<1,791.34/100,000) included Iceland, France, and Canada.
Countries with slightly higher DALYs (1,791.34/100,000–
5,458.94/100,000) included Thailand, Poland, and Mexico, while
the middle-range category (5,458.94/100,000–12,011.13/100,000)
included Fiji, Morocco, and Tonga. Countries with
moderately high DALYs (12,011.13/100,000–17,068.27/100,000)
included Oman, Nepal, and Burundi. The highest DALYs
(17,068.27/100,000–31,384.07/100,000) were observed in Sudan,
Cameroon, and Samoa. The specific information of deaths in
Supplementary material 2. The specific information of DALYs in
Supplementary material 3.

3.2 Trends in DALYs of IHD attributable to
PM pollution from 1990 to 2021 across SDI
levels

At the global level, there has been a consistent decline in
the age-standardized DALY rates due to IHD attributable to
PM pollution, with an overall average annual percentage change
(AAPC) of −1.51%. Two distinct periods of change can be
observed: from 1990 to 2014, the annual percentage change (APC)
was−1.10%, followed by a steeper decline from 2014 to 2021, where
the APC reached−2.90% (Figure 2A).

In the Low SDI region, the trend was less consistent. The overall
AAPC was 0.01%, indicating minimal change across the full-time
span. A slight decrease was noted between 1990 and 2010 (APC
−0.06%), followed by a sharp increase in the burden between 2010
and 2014 (APC 3.53%), and a subsequent decline from 2014 to 2021
(APC−1.74%; Figure 2B). The Low-middle SDI region exhibited a
complex trend with an overall AAPC of−0.18%. The initial period
from 1990 to 1997 saw a moderate increase (APC 0.43%), which

was followed by a decrease from 1997 to 2000 (APC −1.70%). An
increase occurred between 2000 and 2014 (APC 0.45%), followed
by another decline in the final period from 2014 to 2021 (APC
−1.40%; Figure 2C).

The Middle SDI region experienced a relatively stable trend
with an overall AAPC of −0.7%. Between 1990 and 2000, the
burden decreased slightly (APC −0.35%) before experiencing a
sharp increase between 2000 and 2004 (APC 1.78%). From 2007
to 2014, the trend was largely stable (APC 0.20%), but a notable
decrease occurred between 2014 and 2019, with an APC of−3.98%
(Figure 2D).

In the High-middle SDI region, the overall burden of IHD
attributed to PM pollution steadily declined, with an AAPC of
−2.06%. The period from 1994 to 2021 witnessed a continuous
decline, with the most substantial reduction occurring between
2014 and 2019 (APC −5.03%). However, a smaller decline was
observed in the final years, with an APC of −1.10% from 2019
to 2021 (Figure 2E). The High SDI region showed the most
significant and consistent decline in IHD burden attributable to
PM pollution, with an overall AAPC of−4.75%. The rate of decline
was greatest between 2004 and 2011 (APC −6.18%), and although
the trend remained negative throughout the study period, the
rate of decline slowed slightly in recent years, with an APC of
−0.44% between 2019 and 2021. This consistent downward trend
highlights the effectiveness of interventions and policies aimed at
reducing air pollution and its associated health impacts in higher-
income regions (Figure 2F). The specific information of AAPC
in Supplementary material 4. The specific information of APC in
Supplementary material 5.

3.3 Net drift in IHD attributable to PM
pollution across SDI levels

In 2021, the global net drift in DALYs associated with IHD
attributable to PM pollution varied significantly across SDI levels
and between genders. Globally, the net drift for IHD-related DALYs
was −1.13% (95% CI, −1.27 to −0.98) in males and −1.85% (95%
CI,−1.93 to−1.77) in females, indicating amore significant decline
in females. Among SDI regions, the Low SDI region showed the
highest growth rate in males, at 1.11% (95% CI, 0.67–1.55), while
the High SDI region had the steepest decline, at −5.04% (95% CI,
−5.14 to −4.94). For females, the highest growth was observed in
the Low SDI region at 0.01% (95%CI,−0.22 to 0.25), and the largest
decline was in the High SDI region at −5.34% (95% CI, −5.41 to
−5.26). Overall, the combined net drift for both genders was 0.55%
(95% CI, 0.24–0.86) in the Low SDI region and −5.11% (95% CI,
−5.19 to −5.03) in the High SDI region (Figure 3). The specific
information of net drift in Supplementary material 6.

3.4 Age, period, and cohort e�ects on IHD
attributable to PM pollution incidence and
death rate, 1990–2021

(1) Age Effect: The age-specific rates of IHD attributable to PM
pollution show a clear increase with advancing age across all
SDI regions. Globally, and in the Low and Low-middle SDI
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FIGURE 1

Global distribution of deaths and DALYs due to IHD attributable to PM pollution in 2021. (A) Deaths of IHD disease burden attributable to PM pollution

in 2021 (per 100,000 persons). (B) DALYs of IHD disease burden attributable to PM pollution in 2021 (per 100,000 persons).
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FIGURE 2

Trends in DALYs for IHD attributable to PM pollution from 1990 to 2021 across di�erent SDI levels. (A) DALYs for both in Global. (B) DALYs for both in

Low SDI. (C) DALYs for both in Low-middle SDI. (D) DALYs for both in Middle SDI. (E) DALYs for both in High-middle SDI. (F) DALYs for both in High SDI.

regions, IHD rates rise significantly from ages 70 to 95 and
older, with males experiencing higher rates than females in all
age groups. In these SDI regions, the oldest age groups (90–
94 years and 95+ years) display a substantial increase in IHD
burden. In contrast, theHigh SDI regions show amore gradual
increase, with a slight peak in the 95+ age group (Figure 4A).
Globally, the risk ratio for IHD attributable to PM pollution
declines with age. The High and High-middle SDI regions
show the sharpest decline in risk ratios with advancing age,
indicating a lower relative risk of IHD in older populations in
these higher-income regions. However, the risk ratio in Low
SDI regions steadily increases with age, especially in males
(Figure 4B).

(2) Period Effect:The period effect, depicted in Figure 5A, reflects
the influence of environmental, healthcare, and social factors
on IHD incidence and death rate during specific time periods.
Globally, the period effects demonstrate a consistent decline
in the rate ratios for IHD attributable to PM pollution from
1990 to 2021. Both males and females exhibit a reduction
in rate ratios, with a steeper decline observed after 2016.
The High and High-middle SDI regions show the most
pronounced decrease, reflecting the impact of improved air
quality measures and healthcare advancements over time. The
Low SDI region, however, shows an initial period of stability,
followed by a slight increase in more recent years, especially
among males, suggesting a growing burden in this region.

(3) Cohort Effect: The cohort effect, as shown in Figure 5B,
captures the influence of birth cohort on the risk of IHD
incidence and death rate attributable to PM pollution,

representing the evolution of risk in individuals born during
specific time periods. Cohort effects show a marked decline in
risk ratios for IHD attributable to PM pollution, particularly
for cohorts born after 1922–1931 in most SDI regions.
Globally and in the High and High-middle SDI regions,
there is a consistent downward trend, with more recent birth
cohorts (e.g., 1942–1951) exhibiting significantly lower risk
ratios compared to earlier cohorts. In the Low and Low-
middle SDI regions, the risk ratios show less consistent
patterns, with some cohorts (e.g., those born between
1927 and 1936) showing stabilization or slight increases,
particularly among males, indicating that risk may persist in
these populations.

3.5 Driving factors of IHD attributable to
PM pollution, 1990–2021

From 1990 to 2021, there has been a global increase of
8.24 million DALYs attributable to IHD due to PM pollution.
Population growth is the largest contributor (183.57%), while
aging is also contributing to DALYs (5.73%). In contrast,
epidemiological changes have mitigated the burden (−89.29%).
In the High SDI region, the IHD burden has decreased by
1.53 million DALYs overall. This decline is primarily driven by
epidemiological changes (−232%). In the Low SDI region, the
IHD burden increased by 946,343 DALYs. Population growth was
the dominant factor (98.64%), while aging added 14,140 DALYs
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FIGURE 3

Net drift of IHD attributable to PM pollution by SDI regions and age groups. Net annual percentage change (% per year) in IHD attributable to PM

pollution across di�erent SDI regions and age groups, stratified by sex (male, female, and both combined).

(1.49%). Epidemiological changes had a negligible effect, reducing
only 1,297 DALYs (−0.14%; Figure 6). The specific information of
driving factors in Supplementary material 7.

3.6 Frontiers analysis of IHD DALY rates
relative to SDI, 1990–2021

Figure 7A illustrates the changes in IHD DALY rates (vertical
axis) over time (depicted by a color gradient from dark blue in 1990
to light blue in 2020) at different SDI levels (horizontal axis). As
countries experience economic development, DALY rates generally
decline over time. The solid black line represents the optimal
(frontier) DALY rate achievable at a given SDI level. Countries
that deviate further from this line exhibit greater unrealized health
gains, indicating that their performance is suboptimal relative to
their level of development. In Figure 7B, the frontier is delineated
by a solid black line, and countries and territories are represented as
dots. The 15 countries with the largest actual differences from the
frontier (largest IHD DALYs gap) are labeled in black, including
Yemen, Azerbaijan, Iraq, and Sudan. Five countries with Low SDI
but closest to the frontier, such as Somalia, Niger, Mozambique,
Ethiopia, and the Comoros, are marked in blue, indicating that
despite their low level of development, they are achieving the

best possible outcomes within their capacity. In contrast, five
countries with High SDI but the largest actual distance from
the frontier, including Austria, Netherlands, Republic of Korea,
Monaco, and Lithuania, are marked in red, signifying that while
they have achieved a high level of development, they have not
yet realized their potential in reducing DALY rates and should
reconsider how to leverage their advanced resources to further
lower these rates. Middle and High-middle SDI regions have
greater burden improvement potential. The specific information of
frontiers analysis in Supplementary material 8.

3.7 Predicted rise in IHD cases and
incidence rates from 1990 to 2044

The projections for the DALYs of IHD attributable to PM
pollution from 1990 to 2044 show a dramatic rise in the number of
DALYs across all age groups over 70 years. After 2020, the number
of DALYs is projected to increase significantly. The number of
DALYs in the older adult population, particularly those aged over
95, is also expected to rise substantially, although the absolute
numbers are smaller compared to younger older adult groups. Both
males and females are projected to follow similar patterns of growth
in DALY numbers (Figure 8A). In terms of DALY rates, projections
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FIGURE 4

Age e�ects of IHD attributable to PM pollution by SDI regions and age groups. (A) Age e�ects of IHD attributable to PM pollution (rate per 100,000

population) across SDI regions. (B) Risk ratio of IHD attributable to PM pollution across SDI regions by age groups.
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FIGURE 5

Period and cohort e�ects of IHD attributable to PM pollution by SDI regions. (A) Period e�ects of IHD attributable to PM pollution across SDI regions

by periods. (B) Cohort e�ects of IHD attributable to PM pollution across SDI regions by birth cohorts.
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FIGURE 6

Drivers of IHD attributable to PM pollution by SDI regions. The bar chart shows the relative contributions of aging, population growth, and

epidemiological change to the overall IHD burden globally and across di�erent SDI levels.

show a steady decline across all age groups after 2020, with the most
significant decline expected in the oldest population segment (those
over 95 years old; Figure 8B).

4 Discussion

The results of this study highlight several critical insights
regarding the global burden of IHD attributable to PM pollution,
revealing notable trends and regional disparities that provide a
deeper understanding of how socio-economic factors, demographic
shifts, and environmental policies interplay in shaping health
outcomes. While the overall global decline in IHD-related DALY
rates attributable to PM pollution signals progress in managing
both air quality and cardiovascular health, the persistence of large
disparities across regions underscores the uneven distribution of
these improvements and the significant challenges that remain.

4.1 Global decline and regional disparities

The global decline in age-standardized DALY rates for IHD
attributable to PM pollution from 1990 to 2021 reflects, in part, the
success of international and national efforts to reduce air pollution
through stricter environmental regulations and public health
interventions (26). This progress is most evident in High and High-
middle SDI regions, where significant investments in air quality
control, healthcare access, and health education have yielded
substantial reductions in the burden of IHD (27). Countries in these

regions have benefited from improved healthcare infrastructure,
better access to advanced medical treatments for cardiovascular
disease, and robust public policies aimed at reducing emissions
from industrial activities, transportation, and energy production
(28–30). The accelerated decline in High SDI regions, particularly
from 2004 to 2011, highlights how coordinated efforts in policy and
healthcare can produce marked improvements in public health.

However, the contrasting trends in Low and Low-middle
SDI regions reveal a different narrative. In these areas, the
overall burden of IHD attributable to PM pollution has been
far less responsive to global progress. The slower or inconsistent
improvements reflect deep-rooted challenges in these regions,
including weaker enforcement of environmental regulations (31),
less access to healthcare services (32), and higher exposure to PM
pollution, particularly in rapidly urbanizing areas (20). The slight
periods of increases in IHD burden during the early 2000s in
some of these regions illustrate the detrimental effects of unchecked
urbanization and industrialization (33), where economic growth
has often occurred without corresponding improvements in air
quality management.

4.2 Driving forces: population growth,
aging, and epidemiological changes

One of the study’s most striking findings is the critical role
that population growth play in driving the overall burden of
IHD attributable to PM pollution. The decomposition analysis
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FIGURE 7

Frontier analysis based on SDI and IHD DALYs rate. (A) Frontier analysis based on SDI and IHD DALYs rate from 1990 to 2021. (B) Frontier analysis

based on SDI and IHD DALYs rate in 2021.
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FIGURE 8

Projecting the number and rate of DALYs due to IHD attributable to PM pollution to 2044. (A) Projecting the number of DALYs to 2044, by sex and age

groups. (B) Projecting the rate of DALYs to 2044 (per 100,000 population), by sex and age groups.
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reveals that population growth is the largest contributor to the
increase in DALYs globally, especially in Low and Low-middle
SDI regions, where population growth remains high. As these
populations continue to expand, more individuals are exposed
to the health risks associated with PM pollution, particularly in
densely populated urban areas where pollution levels are typically
higher (34, 35).

Aging is also a key factor driving the IHD burden, particularly
in Middle SDI regions. As life expectancy increases, the aging
population, especially those over 70, experiences heightened
susceptibility to cardiovascular diseases (36). The results show that
while overall DALY rates have declined, older age groups continue
to bear a significant portion of the burden.

In contrast, epidemiological changes, such as better
cardiovascular healthcare and reductions in smoking and
other risk factors, have played a crucial mitigating role (37, 38),
particularly in High SDI regions. These improvements have
significantly offset the negative impacts of population growth and
aging, contributing to the overall decline in DALY rates in these
regions. In Low SDI regions, the lack of significant epidemiological
changes means that the rising IHD burden cannot be adequately
mitigated, leaving these populations at heightened risk.

4.3 Unrealized potential: frontier analysis
and policy gaps

The frontier analysis offers a revealing look at the unrealized
potential for reducing IHD-related DALYs attributable to PM
pollution, particularly in Middle and High-middle SDI regions.
Many countries in these regions, despite their relative economic
advancement, have not yet fully leveraged their development
potential to reduce IHD burden. For example, the Republic of
Korea has experienced rapid development and urbanization due
to significant economic growth, which has resulted in severe
air pollution (39). However, a study found that the emergency
reduction measures (ERMs) implemented in response to high
concentrations of particulate matter in Seoul were ineffective, and
the existing ERM policies in the Republic of Korea are insufficient
to effectively reduce PM2.5 levels (31).

The identification of countries operating near their frontier in
Low SDI regions, such as Somalia and Mozambique, suggests that
these countries are already maximizing their health outcomes given
their current socio-economic conditions. This finding emphasizes
the need for external support and investment in these regions to
bridge the resource gap and provide the necessary infrastructure
for further health improvements.

4.4 Future projections and policy
implications

The projections through 2044 offer a cautionary outlook.
Although DALY rates are expected to continue declining globally,
the absolute number of DALYs is projected to rise, driven by
population growth. This trend highlights a potential strain on
healthcare systems, especially in middle and low-income countries

that may lack the capacity to manage the growing older adult
population (40). Therefore, it is necessary to implement targeted
interventions for the older adult. These interventions, such as
regular cardiovascular screenings (41), increased indoor physical
activities, and stricter air quality control policies (42), can enhance
the older adult’s access to preventive healthcare. Policies aimed
at reducing PM pollution, such as transitioning to cleaner
energy sources (43), promoting sustainable urbanization (44), and
enforcing stricter air quality standards, are essential.

4.5 Limitations and future directions

While this study offers a comprehensive analysis of the global
burden of IHD attributable to PM pollution, it has several
limitations. First, the reliance on large-scale datasets such as the
GBD may introduce uncertainties, particularly in regions with
limited data availability or reporting inconsistencies. This can affect
the accuracy of the DALY estimates and the granularity of regional
analyses. Second, the study does not account for the potential
impacts of future technological advancements, policy changes, or
shifts in energy sources that could alter PM pollution levels and
health outcomes. Additionally, the models used for forecasting may
not fully capture the complex interactions between demographic
shifts, healthcare access, and environmental factors, especially in
Low and Low-middle SDI regions.

Future research should focus on improving the accuracy of
pollution exposure assessments, particularly in underrepresented
regions, and integrating real-time air quality data with health
outcomes. There is also a need to explore the long-term effects of
emerging pollution sources, such as wildfires and extreme weather
events, which could exacerbate IHD risks.

5 Conclusion

This study offers a comprehensive evaluation of the global,
regional, and national burden of IHD attributable to PM
pollution, emphasizing the crucial role of environmental factors in
cardiovascular health outcomes. Our findings highlight significant
progress in reducing the IHD burden in high SDI regions, where air
pollution control measures and healthcare improvements have led
to notable reductions in IHD-related DALYs. However, substantial
regional disparities remain, with low and low-middle SDI regions
experiencing slower progress. These regions face heightened
challenges due to factors such as rapid population growth,
aging populations, and insufficient healthcare infrastructure,
which exacerbate the burden of IHD. One of the most striking
findings of this study is the substantial unrealized potential
for further reductions in IHD burden in middle SDI regions.
These areas, despite having some economic development, still
show considerable room for improvement in both environmental
and healthcare policies. Strengthening healthcare systems and
implementing stricter air quality regulations are crucial steps
toward reducing the future burden of IHD in these regions.
Furthermore, the study reveals the potential for more equitable
health outcomes globally. By addressing the unique challenges
faced by low and low-middle SDI regions—particularly in terms

Frontiers in PublicHealth 13 frontiersin.org

https://doi.org/10.3389/fpubh.2025.1573599
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


He et al. 10.3389/fpubh.2025.1573599

of air pollution control and healthcare accessibility—this research
supports the development of policies that aim to reduce the
health disparities associated with PM pollution. To achieve
meaningful progress, it is critical to prioritize the most vulnerable
populations, including those in the older adult age group, and
to promote policies that target long-term reductions in air
pollution exposure.
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