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Background: Stroke was the third leading cause of global deaths in 2021, 
linked to air pollution, especially particulate matter (PMP). Research shows that 
ischemic strokes are more affected by air pollution than hemorrhagic strokes. 
This study aims to evaluate the disease burden, trends, and future projections of 
ischemic stroke associated with PMP using the latest data.

Methods: We used data from the 2021 Global Burden of Disease study to analyze 
the burden of ischemic stroke attributable to PMP from 1990 to 2021. Joinpoint 
regression was used to assess the trends (Average Annual Percentage Change, 
AAPC). Meanwhile, the Bayesian Age – Period – Cohort modeling method was 
used to project the burdens until 2050.

Results: Globally, PMP-related ischemic stroke caused 905,600 deaths and 
18.3 million DALYs in 2021, the highest levels in the past three decades PMP-
related ischemic stroke deaths increased by 32.94% (1990–2021), yet ASDR 
declined by 46.65% (AAPC: −2.09, 95% CI: −2.45 to −1.72). Ambient particulate 
matter pollution (APMP) accounted for 66.6% of the burden in 2021 (vs. 45.9% 
in 1990), disproportionately affecting middle- and high-SDI regions. Conversely, 
household air pollution (HAP)-related burden declined but remained 
concentrated in low-SDI regions (80–82.5% in 2021). East Asia, South Asia, 
and Southeast Asia bore the highest absolute burdens, while Western Europe 
achieved the steepest ASR declines (AAPC for deaths: −6.55%). Projections to 
2050 indicate rising ASRs. There was a negative correlation between SDI and 
ASRs, with APMP rising in middle-SDI nations and HAP persisting in low-SDI 
areas. Significant gender differences exist in the disease burden of PMP  – 
induced ischemic stroke. Males generally have higher mortality rates and DALYs 
than females across most age groups, and the peak male mortality has been 
delayed over the past 30 years.

Conclusion: This global analysis underscores the urgent need for targeted 
pollution control strategies to address the dual burden of ischemic stroke 
driven by APMP in high- and middle-income regions and HAP in low-resource 
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settings, emphasizing the critical role of tailored interventions to mitigate health 
disparities and achieve sustainable development goals.
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1 Introduction

Stroke was the third leading cause of global mortality in 2021, 
resulting in approximately 7.14 million deaths worldwide (1). When 
considering disability-adjusted life years (DALYs), stroke ranked 
fourth, accounting for around 160.4 million DALYs in 2021 (2). 
Ischemic stroke, which makes up 60–70% of all stroke cases, was 
responsible for an estimated 3.59 million deaths globally in 2021, 
marking a 55% increase from 1990. Concurrently, the DALYs 
attributed to ischemic stroke increased by 223%, surpassing 70.4 
million in 2021 (3). This substantial rise underscores the growing 
global burden of ischemic stroke and underscores the need for 
targeted intervention strategies.

Risk factors for stroke can be categorized into non-modifiable and 
modifiable factors. It is estimated that nearly 90% of strokes are linked 
to modifiable risk factors, making their reduction a crucial strategy for 
preventing ischemic stroke (4). Extensive research has demonstrated 
a strong correlation between exposure to air pollution, regardless of 
duration, and the risk of stroke (5, 6). The evidence indicates that 
ischemic strokes are more significantly affected by air pollution 
compared to hemorrhagic strokes (7, 8). In recent years, the rapid 
industrialization and urbanization have exacerbated air pollution. The 
adverse effects of fine particulate matter (PM2.5) on human health have 
become a global concern. The detrimental impacts of PM2.5 on human 
health are mainly mediated through the following mechanisms: 
induction of oxidative stress, cytokine release, deoxyribonucleic acid 
(DNA) damage, altered gene expression, immune toxicity, 
inflammatory responses, and apoptosis (9).

As a prevalent form of air pollution, particulate matter pollution 
(PMP) is divided into ambient particulate matter pollution (APMP) 
and household air pollution (HAP). Globally, approximately 92% of 
the population lives in areas where PM2.5 concentrations exceed the 
WHO’s air quality guideline of 10 μg/m3 (10). In 2019, environmental 
PMP was the fourth leading contributor to the global stroke burden, 
accounting for 20.2% of the total burden (11). According to the GBD 
2021 Risk Factors Collaborators, PMP was the leading contributor to 
the global disease burden in 2021, responsible for 8.0% of total DALYs 
(12). While HAP burden has decreased significantly, it remains a 
major risk, particularly in sub-Saharan Africa and South Asia (13).

Given PMP’s status as the top contributor to global disease burden 
in 2021, there is an urgent need to use the latest GBD 2021 data to 
assess the effects, trends, and future projections of ischemic stroke and 
its disease burden across different countries, regions, genders, and age 
groups. Liu et al. (8) conducted a study on the association between 
particulate matter pollution and stroke based on 2019 data, employing 
the Estimated Annual Percent Change (EAPC) instead of the Average 
Annual Percent Change (AAPC), The EAPC concisely quantifies long-
term trends through a single percentage value, combining statistical 
robustness with cross-population comparability, making it an ideal 
tool for assessing linear trends. For analyzing the association between 
particulate matter pollution and ischemic stroke, the AAPC integrates 

heterogeneous fluctuations and multi-phase intervention impacts, 
more accurately capturing the complex effects of pollution exposure. 
When temporal trends exhibit non-linearity (e.g., phased 
implementation of pollution policies or pronounced seasonal 
variations), the AAPC provides a global annual average by weighting 
segmental change rates, rendering it more suitable than the EAPC for 
such environmental health studies (8).

Consequently, this study aims to: (1) evaluate the global disease 
burden (mortality and DALYs) of ischemic stroke attributable to 
particulate matter pollution (both APMP and HAP) using the latest 
GBD 2021 data; (2) analyze temporal trends from 1990 to 2021 utilizing 
the AAPC to robustly capture complex patterns; (3) project the future 
burden of PMP-attributable ischemic stroke up to 2035; and (4) 
characterize these burdens and trends across countries, regions, 
genders, and age groups. By providing this comprehensive, up-to-date, 
and methodologically refined analysis, our study fills a significant 
knowledge gap and offers crucial evidence to inform global and national 
strategies for mitigating the impact of air pollution on ischemic stroke.

2 Methods

2.1 Data sources

In 2024, the GBD introduced the updated GBD 2021 database (2). 
This research presents findings on the incidence, prevalence, mortality, 
DALYs, years lived with disability (YLDs), and years of life lost (YLL) 
for 371 diseases across 204 countries and regions, incorporating data 
on 88 risk factors from 1990 to 2021, along with the associated 
uncertainty intervals (UIs). Detailed descriptions of the original data 
and the methodology employed in the GBD 2021 study have been 
published previously (1, 2, 12). Data on the impact of PMP on 
ischemic stroke were retrieved from the Global Health Data Exchange 
(GHDE) using the GBD Results Tool1. In this study, we compiled data 
on the number and age-standardized rates of deaths, DALYs, YLDs, 
and YLLs for ischemic stroke related to PMP from 1990 to 2021, 
including their 95% UIs. We  also collected sex, age, the Socio-
Demographic Index (SDI), and geographic location information from 
GHDE to perform a more thorough analysis. Additionally, 
we  obtained rates of deaths, YLDs, DALYs, and YLLs related to 
ischemic stroke caused by PMP, categorized by age group.

2.2 Definition

In the GBD 2021, PMP is categorized into two types: APMP and 
HAP. APMP is defined as the population-weighted annual average 

1 http://ghdx.healthdata.org/gbd-results-tool
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mass concentration of particles with an aerodynamic diameter of less 
than 2.5 micrometers (PM2.5) per cubic meter of air. HAP is assessed 
based on factors such as the population using solid fuels in households 
and the concentration of particulate matter. Data on PMP were 
collected from both national and regional monitoring stations, as well 
as various environmental pollution databases (12). An ischemic stroke 
refers to a sudden episode of neurological impairment that results 
from an infarction, which is the death of tissue due to a lack of blood 
supply. According to the 10th revision of the International 
Classification of Diseases (ICD-10), ischemic stroke can be categorized 
under several codes, including G45–G46.8, I63–I63.9, I65–I66.9, 
I67.2–I67.848, and I69.3–I69.4 (14).

Age-standardized rates (ASRs) are calculated per 100,000 
individuals, using a standard age distribution to allow fair comparisons 
between regions. DALYs serve as a measure of the disease burden, 
incorporating both the YLL and the YLD, with detailed definitions 
previously published (15). The SDI quantifies development by 
integrating income, education, and fertility metrics, categorizing 
regions into five stages: low (0–0.4658), low-middle (0.4658–0.6188), 
middle (0.6188–0.7120), high-middle (0.7120–0.8103), and high SDI 
(0.8103–1), mirroring population affluence and educational 
attainment. We utilized these pre-existing SDI values corresponding 
to the locations and years in our ischemic stroke burden dataset. The 
detailed SDI methodology is described in the GBD 2021 capstone 
publications and foundational SDI methodology papers (12, 16).

The SDI is a composite index of socio-demographic development 
status strongly correlated with health outcomes. It represents the mean 
education level for those aged 15 years or older, the geometric mean 
of 0 to 1 indices of the total fertility rate in those under 25 years old, 
and lag-distributed income per capita. It is crafted to assess and 
compare socio-economic development levels across various regions, 
countries, or populations. The 204 countries and territories are 
categorized into five SDI quintiles ranging from low to high and are 
also divided geographically into 21 GBD regions (17).

2.3 Statistical analysis

The study compared the death, DALYs, YLL and YLDs between 
the sexes, age, SDI (five categories), regions (21 GBD regions), and 
countries (204 countries and territories). The temporal trend was 
evaluated using the Join point Regression Program (Version 5.0.2), 
and the average annual percent change (AAPC) was calculated during 
1990–2021 with default parameters. To investigate the factors 
influencing PAP, the association between ASRs and SDI, it was 
assessed at the national level using generalized linear model (GLM) 
and the Pearson test was used to determine statistical significance. 
Statistical analyses and the visualization of results were conducted 
using the R software (version 4.3.1, R Core Team).

2.4 Projection analysis

The projection analysis is designed to implement Bayesian 
age-period-cohort models, with a specific emphasis on projections. 
Bayesian age-period-cohort models (BAPC) employ integrated nested 
Laplace approximations (INLA) to facilitate comprehensive Bayesian 
inference (18). This study adopts the BAPC model due to its capability 

to effectively disentangle the independent effects of age, period, and 
cohort, aligning with the interaction mechanisms of historical exposure 
accumulation and demographic changes in environmental health issues. 
By integrating the INLA algorithm, the BAPC model efficiently handles 
complex random effects within the Bayesian framework and quantifies 
uncertainties in long-term projections. Compared to traditional models 
(e.g., ARIMA and Nordpred) or machine learning approaches, the 
BAPC model is more suitable for mechanism-driven policy simulations, 
balancing interpretability and extrapolation robustness (19, 20).

In our study, we implement a BAPC model, integrated with the 
INLA method, to decompose temporal trends into age, period, and 
cohort effects. This is achieved using fifth-order B-splines (gf = 5) and 
intrinsic Gaussian Markov Random Field priors, with a Poisson 
likelihood assumption and INLA for efficient posterior estimation. 
To ensure the model’s robustness, we  conducted retrospective 
comparisons (1990–2021), performed Geweke diagnostics to assess 
convergence, and carried out sensitivity analyses using alternative 
priors. For the projection phase (2022–2050), we  applied World 
Health Organization (WHO) population weights to standardize age 
structures. The BAPC model not only generates age-specific incidence 
and mortality rates but also produces age-standardized projected 
rates. This capability is particularly advantageous for adjusting 
differences in population age structures, thereby facilitating more 
accurate comparisons across time and diverse populations.

3 Results

3.1 Global disease burden of ischemic 
stroke attributable to PMP from 1990 to 
2021 and projections from 2022 to 2025

Globally, the number of deaths attributed to ischemic stroke 
related to total PMP rose by 32.94% from 1990 to 2021, increasing 
from 681,180 to 905,600 deaths. In contrast, the ASDR for ischemic 
stroke due to total PMP decreased by 46.65%, declining from 20.65 
per 100,000 population in 1990 to 11.01 per 100,000 in 2021, with 
an AAPC of −2.09% (95% CI: −2.45 to −1.72) (Table 1). Similarly, 
the number of DALYs increased by 29.79%, rising from 14.1 million 
in 1990 to 18.3 million in 2021. Meanwhile, the age-standardized 
rates of DALYs, YLLs, and YLDs due to ischemic stroke attributable 
to PMP decreased by 21.70, 46.66, and 21.1%, respectively, with 
AAPCs of −1.94 (95% CI: −2.29 to −1.58), −2.05 (95% CI: −2.22 
to −1.87), and −0.82 (95% CI: −0.93 to −0.71) (Figure 1A and 
Supplementary Tables S1–S3). It is particularly noteworthy that the 
global numbers of deaths, DALYs, YLLs, and YLDs associated with 
both APMP and HAP in 2021 were higher than past 5  years 
(Figure 1 and Supplementary Figures S1–S3).

Furthermore, the global numbers of ischemic stroke deaths, 
DALYs, YLLs, and YLDs attributable to HAP increased from 1990, 
peaked around 2003–2004, and subsequently declined until 2021, 
with a slight rise thereafter (Figure 1B and Supplementary Figures S1B, 
S2B, S3B). In contrast, the global numbers associated with APMP 
peaked in 2016–2017, followed by a gradual decline until a slight 
increase in 2021 (Figure 1C and Supplementary Figures S1C, S2C, 
S3C). Additionally, compared to 1990, the global proportion of 
ischemic stroke burden (measured in terms of deaths and all-cause 
DALYs) attributable to APMP increased from 45.9 to 66.6% in 2021, 
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whereas the contribution from HAP decreased from 54.1 to 33.4% 
(Figure 2 and Supplementary Figures S4–S6).

Global projections for the period from 2022 to 2050 indicate that 
age-standardized rates of deaths, DALYs, YLLs, and YLDs attributable 
to ischemic stroke related to total PMP are expected to continue rising 
(Figure 3).

3.2 Global disease burden of ischemic 
stroke attributable to PMP from 1990 to 
2021 by SDI

The burden of ischemic stroke attributed to total PMP reveals 
significant variations across different SDI regions regarding deaths, 

DALYs, YLLs, and YLDs. Among these, high-middle, low-middle, and 
middle SDI regions represent most of the disease burden (Figure 1A and 
Supplementary Figures S1A, S2A, S3A). In 1990, high-middle SDI 
regions reported the highest figures for deaths, DALYs, and YLLs. 
However, by 2021, middle SDI regions had overtaken high-middle SDI 
regions in all three metrics. Meanwhile, YLDs were consistently highest 
in middle SDI regions for both 1990 and 2021. Conversely, low SDI 
regions exhibited the least severe rates for these metrics in 1990, while 
high SDI regions showed the least severe rates in 2021 for deaths, 
DALYs, YLLs, and YLDs (Figures 2A, B; Supplementary Figures S4–S6; 
Table  1; Supplementary Tables S1–S3). From 1990 to 2021, the 
age-standardized rates of deaths, DALYs, YLLs, and YLDs associated 
with ischemic stroke attributable to PMP declined across all SDI 
subgroups, with the most substantial declines observed in high SDI 

TABLE 1 Number and age-standardized death rates of ischemic stroke attributable to particulate matter pollution, with temporal trends from 1990 to 
2021.

Characteristics 1990 2021 1990–2021

Number of 
deaths no. × 103 

(95% UI)

Age-standardized 
deaths rate per 

100,000 (95% UI)

Number of deaths 
no. × 103 (95% UI)

Age-
standardized 

deaths rate per 
100,000 (95% UI)

AAPC 
(95% CI)

Global 681.18 (537.1–836.7) 20.65 (16.22–25.54) 905.6 (694.79–1144.79) 11.01 (8.44–13.96) −2.09 (−2.45–1.72)

Female 368.26 (290.15–464.4) 19.1 (14.95–24.08) 438 (341.91–558.39) 9.34 (7.3–11.91) −2.4 (−2.63–−2.17)

Male 312.92 (243.36–385.2) 22.68 (17.65–28.14) 467.6 (352.73–593.16) 13.18 (9.97–16.74) −1.78 (−2.04–−1.51)

Low SDI 42.97 (33.19–56.17) 28.47 (22.04–36.75) 83.16 (65.38–106.74) 23.7 (18.67–30.13) −0.58 (−0.69–−0.48)

Low-middle SDI 115.54 (89.85–142.88) 26.37 (20.38–32.22) 222.69 (177.83–272.12) 19.43 (15.4–23.66) −1.06 (−1.17–−0.95)

Middle SDI 199.47 (158.51–246.22) 27.17 (21.51–33.58) 331.72 (244.4–435.83) 14.57 (10.74–19.19) −2.07 (−2.4–−1.73)

High-middle SDI 230.6 (167.49–300.33) 28.35 (20.42–37.17) 215.07 (159.89–283.03) 11.1 (8.24–14.6) −3.01 (−3.44–−2.58)

High SDI 91.57 (61.27–129.88) 8.21 (5.47–11.67) 52.22 (37.75–68.85) 2.08 (1.53–2.74) −4.35 (−4.59–−4.1)

Australasia 0.38 (0.01–1.12) 1.76 (0.06–5.18) 0.47 (0.27–0.72) 0.7 (0.4–1.07) −2.78 (−3.52–−2.05)

Oceania 0.34 (0.24–0.46) 20.81 (14.95–27.5) 0.73 (0.52–1.02) 16.24 (11.5–22.33) −0.8 (−0.85–−0.76)

East Asia 209.47 (163.69–264.57) 35.24 (27.65–43.96) 366.84 (265.78–483.72) 19.21 (13.98–25.3) −1.99 (−2.39–−1.58)

Central Asia 8.16 (4.62–12.14) 20.23 (11.39–30.17) 9.56 (7.07–12.49) 15.02 (11.05–19.63) −1.07 (−1.78–−0.35)

South Asia 84.03 (63.49–110.07) 21.2 (16.08–27.44) 184.32 (144.13–239.03) 15.84 (12.45–20.15) −0.98 (−1.69–−0.26)

Southeast Asia 59.22 (45.81–71.9) 32.89 (25.52–39.91) 89.44 (60.31–122.86) 17.92 (12.17–24.51) −2.02 (−2.25–−1.79)

High-income Asia Pacific 11.72 (3.25–23.82) 6.84 (1.86–14) 12.13 (7.02–18.32) 1.75 (1.03–2.6) −4.33 (−4.7–−3.97)

Eastern Europe 84.08 (41.99–130.48) 34.91 (17.31–54.21) 29.05 (18.16–44.01) 8.03 (5.02–12.17) −4.67 (−5.31–−4.02)

Central Europe 46.8 (27.53–65.65) 36.48 (21.47–51.21) 22.87 (16.88–32.69) 9.36 (6.91–13.38) −4.36 (−4.63–−4.09)

Western Europe 56.67 (27.34–93.86) 9.34 (4.49–15.49) 14.89 (9.92–21.25) 1.15 (0.77–1.64) −6.55 (−6.96–−6.14)

High-income North America 10.32 (3.96–18.35) 2.77 (1.06–4.92) 4.01 (1.98–6.73) 0.53 (0.26–0.89) −5.14 (−5.65–−4.63)

Andean Latin America 2.33 (1.76–2.93) 13.55 (10.25–17.12) 2.05 (1.33–2.97) 3.71 (2.41–5.38) −4.06 (−4.46–−3.67)

Central Latin America 6.62 (4.31–9.08) 10.27 (6.63–14.07) 6.09 (4.12–8.81) 2.65 (1.79–3.83) −4.26 (−4.58–−3.94)

Southern Latin America 4.17 (2.26–6.36) 10.27 (5.53–15.67) 2.35 (1.43–3.55) 2.52 (1.54–3.82) −4.48 (−4.77–−4.2)

Tropical Latin America 12.15 (7.25–18.17) 17.94 (10.72–26.6) 7.3 (4.24–11.25) 3.02 (1.76–4.66) −5.63 (−5.87–−5.39)

Caribbean 3.07 (2.1–4.42) 13.38 (9.12–19.26) 4.34 (2.94–6) 7.99 (5.42–11.04) −1.6 (−1.93–−1.27)

North Africa and Middle East 38.1 (29.03–47.95) 30.99 (23.59–38.83) 68.28 (51.43–83.57) 19.45 (14.79–24.12) −1.57 (−1.7–−1.43)

Eastern Sub-Saharan Africa 12.37 (9.44–16.15) 25.91 (20.25–33.71) 25.18 (19.52–31.4) 22.61 (17.48–28.18) −0.43 (−0.54–−0.32)

Central Sub-Saharan Africa 4.07 (2.96–5.37) 31.31 (23–40.91) 8.14 (5.52–11.78) 25.92 (17.42–37.82) −0.61 (−0.75–−0.47)

Southern Sub-Saharan Africa 3.11 (2.21–4.05) 14.98 (10.6–19.67) 5.71 (4.14–7.51) 13.57 (9.77–18.02) −0.26 (−0.72–0.19)

Western Sub-Saharan Africa 24 (17.68–31.89) 37.69 (27.64–49.78) 41.87 (31.96–53.45) 30.96 (23.68–39.26) −0.63 (−0.75–−0.5)
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FIGURE 1

Global deaths from ischemic stroke attributable to particulate matter pollution, categorized by five levels of Socio-demographic Index (SDI), and 
presented by both number (bar plot) and age-standardized rate (line plot) from 1990 to 2021. (A) Total particulate matter pollution. (B) Household air 
pollution. (C) Ambient particulate matter pollution.
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countries. Specifically, the AAPC for deaths was −4.35 (95% CI: −4.59 
to −4.10), for DALYs, it was −3.75 (95% CI: −4.00 to −3.50), for YLLs, 
it was −4.22 (95% CI: −4.51 to −3.94), with an AAPC for YLDs of −1.70 
(95% CI: −1.77 to −1.63) (Table 1 and Supplementary Tables S1–S3).

The analysis of ischemic stroke attributable to HAP revealed a 
decreasing trend in age-standardized rates of deaths, DALYs, YLDs, and 
YLLs across all SDI subgroups. The highest rates were observed in low 
SDI regions, followed by low-middle, middle, high-middle, and 
eventually high SDI regions, which exhibited the lowest rates (Figure 1B 

and Supplementary Figures S1B, S2B, S3B). Conversely, when examining 
ischemic stroke linked to APMP, a different pattern emerged. The rates 
of deaths, DALYs, and YLLs decreased in high-middle and high SDI 
regions, while they increased in low-middle, middle, and low SDI regions 
(Figure 1C and Supplementary Figures S1C, S3C). Moreover, YLD rates 
for ischemic stroke due to APMP rose until peaking in 2015 and then 
declined by 2021 in low and high-middle SDI regions, whereas high SDI 
regions exhibited a continuous decline (Supplementary Figure S2C). By 
2021, high and high-middle SDI regions shouldered the predominant 

FIGURE 2

Contribution of mortality figures and percentage due to household air pollution and ambient particulate matter pollution, on a global scale and by 
region, from 1990 to 2021 (A) Death, (B) DALYs.
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burden of ischemic stroke attributable to APMP, accounting for 92 to 
99.5% of the total PMP (Figure 2 and Supplementary Figures S4–S6). In 
contrast, low SDI regions primarily contended with the burden of HAP 
-related ischemic stroke, representing 80 to 82.5% of the total PMP in 
2021 (Figure 2 and Supplementary Figures S4–S6).

3.3 Global disease burden of ischemic 
stroke attributable to PMP from 1990 to 
2021 by GBD regions

Among the 21 GBD regions, East Asia, South Asia, and Southeast 
Asia were the top three regions with the highest number of deaths, 
DALYs, YLLs, and YLDs attributable to PMP in 2021. In East Asia, the 
primary contributor in 1990 was HAP, whereas in 2021, it shifted to 
APMP (Figure 2 and Supplementary Figures S4–S6).

High SDI regions, including Western Europe, Australasia, High-
income Asia Pacific, and High-income North America, were primarily 
facing an ischemic stroke burden attributable to APMP, accounting for 
more than 98% of the total PMP in both 1990 and 2019 (Figure 2 and 
Supplementary Figures S4–S6). In High-Income North America, the 
ischemic stroke burden due to PMP was entirely caused by APMP in 
both years. Low SDI regions, including Sub-Saharan Africa and Oceania, 
were predominantly affected by HAP related to ischemic stroke during 
the same years (Figure 2 and Supplementary Figures S4–S6).

The age-standardized rates of ischemic stroke burden related to 
total PMP demonstrated a decreasing trend across the 21 GBD regions. 

Western Europe exhibited the most substantial decreases. The AAPC 
values for the total PMP were −6.55 (95% CI: −6.96 to −6.14) for 
deaths, −6.18 (95% CI: −6.51 to −5.85) for DALYs, −6.81 (95% CI: 
−7.15 to −6.47) for YLLs, and −3.43 (95% CI: −3.50 to −3.36) for 
YLDs (Table  1 and Supplementary Tables S1–S3). Conversely, the 
smallest decreases were observed in Southern and Eastern Sub-Saharan 
Africa. In Southern Sub-Saharan Africa, the AAPC values for the total 
PMP were −0.26 (95% CI: −0.72 to −0.19) for deaths and −0.32 (95% 
CI: −0.80 to −0.15) for YLLs. Eastern Sub-Saharan Africa recorded 
AAPC values for the total PMP of −0.45 (95% CI: −0.54 to −0.36) for 
DALYs and −0.27 (95% CI: −0.28 to −0.26) for YLDs.

In 2021, a significant negative correlation was observed between 
the SDI level and the age-standardized rates of deaths, DALYs, YLDs, 
and YLLs across 21 GBD regions (r = −0.74, p < 0.001; r = −0.76, 
p < 0.001; r = −0.76, p < 0.001; r = −0.66, p < 0.001) (Figure 3). The 
age-standardized rates of ischemic stroke burden attributable to total 
PMP generally decreased as the SDI increased. However, between SDI 
values of approximately 0.62–0.7, there was a brief increase in these 
rates before they declined again (Figure 4).

3.4 Global disease burden of ischemic 
stroke attributable to PMP from 1990 to 
2021 by countries

In 2021, China reported the highest numbers of deaths, DALYs, 
YLDs, and YLLs attributable to ischemic stroke due to PMP, with 

FIGURE 3

Global projections for the period from 2022 to 2050, indicating that the age-standardized rates of deaths, DALYs (Disability-Adjusted Life Years), YLLs 
(Years of Life Lost), and YLDs (Years Lived with Disability) attributable to ischemic stroke are associated with total particulate matter pollution.
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approximately 357,000 deaths (95% UI: 257,600–472,460), 7.1 million 
DALYs (95% UI: 5,143,360–9,309,020), 1.2 million YLDs (95% UI: 
796,990–1,684,360), and 5.9 million YLLs PMP (95% UI: 4,224,270–
7,884,670). At the same year, there were 96 countries with ASDRs for 
ischemic stroke due to total PMP above the global level of 11.01 (95% 
UI: 8.44–13.96). The majority of these countries are located in Africa 
and Asia (Supplementary Table S4). The highest ASDRs for ischemic 
stroke related to total PMP were observed in several African countries 
(e.g., Egypt, Guinea-Bissau, Ghana, Gambia, Mozambique, Sierra 
Leone, Togo), as well as in Europe (North Macedonia) and the 
Caribbean region of North America (Haiti) (Supplementary Table S4). 
Conversely, the lowest ASDRs for ischemic stroke related to total PMP 
were observed in Europe (e.g., Iceland, Finland, Sweden, Norway, 
Ireland, Switzerland) and North America (e.g., Puerto Rico, Canada, 
United  States of America, Bermuda) (Supplementary Table S4). 
Similar patterns appeared in age-standardized DALYs, YLDs, and 
YLLs (Supplementary Tables S4–S7). From 1990 to 2021, the AAPC 
in most countries showed a decreasing trend in the burden of ischemic 
stroke due to total PMP (Figure 5 and Supplementary Figure S7). 
Estonia exhibited the largest decreasing trend, with an AAPC for both 
death rates at −9.88 (95% CI: −10.63 to −9.13) and DALYs at −9.45 
(95% CI: −10.12 to −8.77). The Maldives showed the largest 
decreasing trend for YLD with an AAPC of −6.2 (95% CI: −6.35 to 
−6.05), while Singapore recorded the largest decreasing trend for YLL 

with an AAPC of −9.1 (95% CI: −10.41 to −7.77) 
(Supplementary Tables S4–S7). A negative correlation was observed 
between the SDI level and the age-standardized rates of deaths, 
DALYs, YLDs, and YLLs across 204 countries (r = −0.74, p < 0.001; 
r = −0.76, p < 0.001; r = −0.76, p < 0.001; r = −0.75, p < 0.001) 
(Figure 6 and Supplementary Figure S8).

3.5 Global disease burden of ischemic 
stroke attributable to PMP from 1990 to 
2021 by age and sex

In 1990, ischemic stroke mortality attributable to PMP was 
higher in males than in females up to the age group of 70–74 years. 
Peak mortality occurred at 75–79 years for males (237.78, 95% UI: 
185.23–291.53) and at 80–84 years for females (359.06, 95% UI: 
280.34–449.40). By 2021, this pattern had shifted: male mortality 
rates remained higher up to the age group of 75–79 years, and 
both genders peaked at 80–84 years (males: 232.85, 95% UI: 
173.89–295.61; females: 184.30, 95% UI: 140.85–234.65) 
(Figure 7).

DALYs followed a slightly different trend. In 1990, males had 
higher DALYs than females up to the age group of 65–69 years, and 
this extended to 75–79 years by 2021. Post-peak ages saw a reversal: 

FIGURE 4

Correlation between age-standardized mortality rates (A) DALYs (B) YLLs (C) and YLDs (D) for ischemic stroke linked to particulate matter pollution and 
the Socio-demographic Index across Global Burden of Disease (GBD) regions in 2021.
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females peaked at 75–79 years in 1990 (3,500.10, 95% UI: 2,763.58–
4,370.90) and at 70–74 years in 2021 (1,328.08, 95% UI: 1,048.42–
1,673.67), while males peaked at 70–74 years in both years.

Female death and DALY rates increased linearly in both 1990 and 
2021, whereas male death rates decelerated at ages 90–94 years, and 
DALY rates decelerated at ages 85–90 years in 2021 and 90–94 years 
in 1990 (Supplementary Figure S9). YLLs showed a similar pattern to 
deaths, while YLDs exhibited a distinct trend. Females consistently 
had higher YLDs than males across all age groups, peaking at 
65–69 years in both 1990 and 2021 (Supplementary Figures S10, S11). 
Males, however, shifted their peak YLDs from 65 to 69 years in 1990 
to 70–74 years in 2021. The YLD rate between females and males 
followed a gradual reverse U-shaped trend (Supplementary Figure S10).

4 Discussion

We studied the trends of PMP globally and in various nations. 
From 1990 to 2021, ischemic stroke deaths and disease burden 
linked to total PMP increased, but the age-standardized mortality 
rate decreased. Global projections for 2022 to 2050 suggest that 
age-standardized rates of deaths, DALYs, YLLs, and YLDs 
connected to ischemic strokes and total PMP will keep rising. The 
role of APMP in ischemic strokes is becoming more significant, 
while HAP’s impact is reducing. High-middle and middle SDI 
regions faced heavier health burdens, but age-standardized 
indicators generally declined across all SDI regions. Low SDI was 
mainly affected by HAP, while high-middle and high SDI were more 

FIGURE 5

Global distribution of the average annual percent change (AAPC) in Age-Standardized Death (A) and DALYs (B). Rates from ischemic stroke associated 
with total particulate matter pollution, 1990–2021.

https://doi.org/10.3389/fpubh.2025.1599541
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Wu et al. 10.3389/fpubh.2025.1599541

Frontiers in Public Health 10 frontiersin.org

FIGURE 6

Correlation between age-standardized mortality rates and DALYs for ischemic stroke linked to particulate matter pollution and the Socio-demographic 
Index across 204 countries in 2021 (A) Age-standardized mortality rates, (B) Age-standardized DALYs rate.
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impacted by APMP. East Asia, South Asia, and Southeast Asia had 
the highest ischemic stroke burden due to PMP in 2021. High SDI 
regions, like Western Europe and North America, mainly attributed 
their ischemic strokes to APMP. China had the highest ischemic 
stroke burden due to PMP in 2021. Also, 96 countries had higher 
age-standardized ischemic stroke mortality rates than the global 
average, mostly in Africa and Asia. Male mortality rates due to 
ischemic strokes from PMP were higher than females only in older 
age groups, while females had higher YLDs across all ages. A 

negative correlation was found between SDI levels and the stroke 
burden across 204 countries and 21 GBD region.

4.1 Epidemiological study of ischemic 
stroke related to PMP

Over the past three decades, epidemiological studies, 
including meta-analyses, have unequivocally demonstrated that 

FIGURE 7

Age-specific death number (bar chart) and age-adjusted death rates (line chart) due to particulate matter pollution for the years 1990 (A) and 2019 (B), 
categorized by sex.
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the primary cause of disease and death linked to air pollution 
exposure is heart disease, rather than lung ailments. Notably, 
several investigations have substantiated a close association 
between long-term exposure to air pollution and the incidence of 
strokes. For instance, the Rome longitudinal study revealed an 8% 
increase in stroke mortality for every 10 μg/m3 elevation in PM2.5 
(21). The ESCAPE study indicated a 19% rise in stroke mortality 
per 5 μg/m3 increment of PM2.5 (22). A meta-analysis conducted 
in 2013 showed that for every 10 μg/m3 increase in PM2.5, there 
was a 6% increase in the risk of all-cause mortality and an 11% 
increase in the risk of cardiovascular mortality (23). Similarly, a 
2014 study found that for every 10 μg/m3 increase in NO2 
concentration, there was a 13% increase in cardiovascular 
mortality (24).

Furthermore, a comprehensive meta-analysis encompassing 28 
countries and over 6.2 million events underscored a significant 
association between stroke admissions or deaths and increased 
PM2.5 concentrations. Specifically, for every 10 μg/m3 rise in PM2.5, 
the hazard ratio for stroke admission or death escalated by 1.011 
(25). The study also highlighted a stronger correlation in low- and 
middle-income countries, suggesting the need for policy reforms 
in these highly polluted regions to reduce individual exposure to 
air pollutants. Globally, 716 million people living on less than 
$1.90 per day are directly exposed to unsafe PM2.5 concentrations. 
Among them, 405 million (57%) reside in Sub-Saharan Africa, and 
275 million are exposed to harmful PM2.5 levels. Countries where 
poverty and unsafe air pollution coexist also score low in terms of 
healthcare accessibility and quality, thereby exacerbating 
vulnerability. Approximately one in 10 people exposed to unsafe 
air pollution levels lives in extreme poverty (26). Dominici et al. 
(67) discovered that for every 10 μg/m3 increase in same-day 
PM2.5, there was a 0.81% rise in hospital admissions due to 
cerebrovascular disease in the United States (27). Leiva et al. (28) 
identified that in Chile, where the mean PM2.5 concentration is 
over twice as high at 31 μg/m3, cerebrovascular disease 
hospitalizations increased by 1.29% for every 10 μg/m3 increment. 
Additionally, Lokken et  al. (7) observed that in cases of acute 
ischemic stroke, symptoms often manifest the day before hospital 
admission. This delay in seeking medical attention could 
potentially underestimate the overall association between 
pollution exposure and strokes.

4.2 Physiological mechanisms linking air 
pollution and stroke

Although the specific physiological mechanisms linking air 
pollution and stroke have not been fully elucidated, research 
indicates that air pollution can trigger several physiological 
responses associated with stroke risk (29). The first possible 
mechanism involves inflammation, oxidative stress, and lipid 
modification. Inhalation of particulate matter induces lung 
inflammation, and inflammatory factors enter the systemic 
circulation, indirectly affecting the cardiovascular system. This 
inflammation, combined with oxidative stress, amplifies the 
pathophysiological effects of pollutants. Oxidative stress reduces 
the availability of nitric oxide (NO) in vascular endothelium, 
impairing endothelium-dependent vasodilation, and can lead to 

elevated blood pressure. Additionally, particles promote 
low-density lipoprotein oxidation and the production of 
atherosclerotic factors, further damaging endothelial function 
(30–32). The second mechanism involves the translocation of 
nanoparticles. Due to their small size, these particles can cross the 
alveolar-capillary barrier into the systemic circulation, directly 
affecting blood vessels and circulating blood cells (33). They 
activate pro-inflammatory responses in endothelial cells and 
upregulate adhesion molecules, promoting atherosclerosis (34, 35). 
Nanoparticles also disrupt tight junctions between endothelial 
cells, increasing permeability and leading to endothelial barrier 
dysfunction (36). Moreover, these particles might enter the central 
nervous system via the nasal route, affecting neurological or 
vascular systems (37, 38). The third mechanism is vasoconstriction 
and autonomic dysfunction. Inhalation of particles or subsequent 
lung inflammation can stimulate nerve receptors on alveolar 
surfaces, altering autonomic functions and affecting cardiovascular 
stability (39). Numerous studies show that PM2.5 exposure reduces 
heart rate variability, a marker of cardiac autonomic dysfunction, 
associated with poor outcomes in heart disease patients and the 
general population (40, 41). Exposure to urban and diesel exhaust 
particles increases arrhythmia incidence, linking air pollution to 
cardioembolic stroke (42, 43). The fourth mechanism, 
thrombogenicity, involves findings that inhalation of diluted diesel 
exhaust enhances platelet activation and coagulation. This 
potentially explains the association between combustion-related air 
pollution and acute cardiovascular events. Further research is 
needed to clarify the specific mechanisms leading to increased 
thrombosis (44). The fifth mechanism is atherosclerotic plaque 
instability. Pollutants promote the formation, progression, and 
rupture of atherosclerotic plaques via oxidative stress and 
inflammatory pathways, leading to vascular injury and endothelial 
activation and stimulating monocyte migration to vascular sites 
(29). Long-term pollutant exposure relates to increased plaque 
instability, higher lipid content, vascular inflammation, and 
oxidative stress, potentially worsening intracranial atherosclerosis. 
Acutely, these cellular responses can trigger ischemic stroke onset, 
while chronically, they may contribute to cerebrovascular disease 
risk factors such as diabetes, hypertension, cardiac arrhythmia, and 
accelerated atherosclerosis.

4.3 The role of population aging and 
environmental factors in increasing stroke 
burden

Even though between 1990 and 2021, deaths and DALYs from 
ischemic stroke attributable to total PM exposure increased, the 
corresponding age-standardized rates and AAPC showed 
decreases. However, global projections from 2022 to 2050 reveal 
a continuous rise in age-standardized rates of deaths, DALYs, 
YLLs, and YLDs attributable to ischemic stroke linked to total 
PMP. Notably, the global figures for deaths, DALYs, YLLs, and 
YLDs associated with both APMP and HAP have surpassed those 
of the past 5 years. This upward trend could be partly explained 
by global population growth and aging, which have contributed 
to a higher incidence of stroke. As the population ages, there is an 
escalation in the prevalence of risk factors such as hypertension, 
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diabetes, and obesity, which are further exacerbated by air 
pollution. The United Nation’s medium variant predicts a 47% 
increase in the population of less developed regions by 2,100, from 
6.5 billion to 9.6 billion, compared to a 2% decrease in more 
developed regions (45). This population growth exacerbates risks 
like flooding and water stress, particularly in less developed 
countries where people are more vulnerable to climate risks and 
disproportionately exposed to climate impacts (46). As the 
population ages, there is an escalation in the prevalence of risk 
factors such as hypertension, diabetes, and obesity, which are 
further exacerbated by air pollution. Statistical analysis shows that 
older populations have higher risk estimates for particulate 
matter-related total and stroke mortality compared to younger 
populations (47). According to a United Nations report, the 
population aged 65 and older is expected to double from 0.7 
billion in 2019 to 1.5 billion in 2050 (48). This demographic shift 
necessitates significant healthcare reforms to address a projected 
55% increase in global disability-adjusted life years among those 
aged 60 and older by 2030 (49). Furthermore, between 1990 and 
2017, the global proportion of individuals aged 65 and older rose 
from 6.1 to 8.8%, accounting for 27.9% of total global deaths in 
2017. The primary disease-specific contributions to deaths from 
population aging during this period were ischemic heart disease 
and stroke, resulting in 3.2 million and 2.2 million deaths, 
respectively (50). Alongside air pollution, high temperatures have 
also been linked to an increased risk of stroke. The contribution 
of high temperatures to stroke-related health issues has risen 
significantly, indicating that environmental factors play a crucial 
role in the growing burden of stroke (51).

4.4 Differential impact of APMP and HAP 
on the global stroke burden analysis

Moreover, our study found that between 1990 and 2021, the global 
proportion of the ischemic stroke burden attributable to APMP 
increased to 66.6%, while the contribution from HAP decreased 
to 33.4%.

This trend was particularly evident in high SDI regions, where 
APMP was the primary factor. This trend may be attributed to the 
continuous decline in household PM2.5 levels over recent decades in 
high SDI regions, driven by advancements in combustion technology 
and a global shift toward cleaner energy sources like liquefied 
petroleum gas and electricity (52). Consequently, APMP from 
persistent sources inherent to high-SDI economies—such as 
transportation, industry, energy production, and intensive 
agriculture—becomes the predominant and more intractable air 
pollution challenge (53). The burden of stroke related to air pollution 
was disproportionately higher in low- and middle-income countries, 
and predominantly linked to HAP. According to the study, in 2010, 
Africa and Southeast Asia had the highest proportions of households 
using solid fuels at 77 and 61%, respectively, while Europe and the 
Americas had the lowest usage at under 20%. Notably, the Western 
Pacific and Eastern Mediterranean regions were mid-range, and high-
income countries reported less than 5% usage, with Asia experiencing 
the most significant declines in usage. Furthermore, by 2010, while 
Africa and the Eastern Mediterranean saw increases in solid fuel use 
exposure, with Africa reaching a 77% prevalence, Southeast Asia 

experienced a decline in prevalence from 95 to 61% despite stable 
exposure numbers due to population growth. This contrasts with 
Europe, the Americas, and the Western Pacific, where both prevalence 
and exposure declined (54).

4.5 Global disparities in stroke burden and 
environmental performance: challenges 
and progress

In 2021, 96 countries, mostly in Africa and Asia, had a ASDRs 
from PMP related to ischemic stroke higher than the global average. 
The 2024 Environmental Performance Index reveals that Vietnam 
and several other developing nations in Southeast and Southern Asia, 
including Pakistan, Laos, Myanmar, and Bangladesh, rank lowest in 
terms of greenhouse gas emissions. This underscores the pressing 
need for international collaboration to pave a path toward 
sustainability for these struggling countries (55). Conversely, 
European countries such as Iceland, Finland, Sweden, Norway, 
Ireland, and Switzerland exhibited the lowest ASDRs for ischemic 
stroke linked to overall PMP. Notably, Estonia, Finland, Greece, 
Timor-Leste, and the United Kingdom have successfully reduced 
their GHG emissions over the past 10 years, aligning with the rate 
required to attain net-zero emissions by 2050. Estonia demonstrated 
the most significant downward trend in both death and DALYs, with 
an AAPC. Since 1990, Estonia has impressively cut its greenhouse gas 
emissions by 59%, according to the 2024 Environmental Performance 
Index. Looking ahead, the energy sector is poised to play a pivotal 
role in further emission reductions, aiming to achieve 100% 
renewable electricity consumption by 2030. Over the past decade, 
emissions have dropped by 40%, primarily due to the shift from oil 
shale power plants to cleaner energy sources. Currently, Estonia is 
developing plans to establish a CO2-neutral energy sector and public 
transport network in major cities by 2040 (55). In 2021, China 
reported the highest numbers of deaths, DALYs, YLDs, and YLLs 
attributable to ischemic stroke due to PMP, with approximately 
357,000 deaths, 7,095,510 DALYs, 1,187,750 YLDs, and 5,907,760 
YLLs. In recent decades, China has made significant strides in 
mitigating atmospheric pollutant emissions, as evidenced by data 
published by the Ministry of Ecology and Environment. This progress 
is reflected in the improved air quality observed in most of the 
country’s cities, where standard pollutants now adhere to established 
standards and guidelines. Despite these advancements, PM2.5 
continues to pose a significant challenge, particularly in regions 
characterized by dense industrial activity and high population 
density (56).

4.6 Age and sex differences in the impact 
of air pollution on ischemic stroke risk

From 1990 to 2021, the impact of PMP on ischemic stroke 
mortality reveals notable age and sex-related differences. 
Specifically, ischemic stroke mortality rates due to PMP are higher 
in males only at more advanced ages, and peak mortality rates 
have increased for both sexes during this period. Additionally, 
females consistently exhibit higher YLDs across all age groups 
than males, while trends in DALYs show different growth patterns 
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for both sexes. Males exhibited consistently higher mortality rates, 
while females bore a greater burden of YLDs. This aligns with 
broader global health trends where males experience higher 
premature mortality and lower life expectancy, whereas females 
often survive longer but with higher morbidity and poorer health-
related quality of life in later years. The research suggests that as 
people age, the mortality and incidence rates associated with 
pollution exposure increase. This is primarily because the older 
adult have a heightened susceptibility to the health impacts of air 
pollution due to the decline in physiological functions and the 
high prevalence of chronic diseases (57). In 2019, globally, the 
age – standardized mortality rate of males due to air pollution was 
1.5 times higher than that of females, and this gender disparity 
was present across most age groups (58). Chen et al. (68) and Shin 
et al. (60) discovered that exposure to specific PM2.5 components 
was associated with a higher mortality rate in males, potentially 
attributable to their smoking habits (59, 60). However, studies in 
Japan and other regions found that there was a significant 
correlation between PM2.5 exposure and asthma in females, while 
no such association was observed in males (61). These differences 
highlight the complex interplay between sex, age, and stroke type 
incidence. A study from Canada indicated that women under 30 
have a higher risk of ischemic stroke compared to men, whereas 
middle-aged men are at higher risk than women (62). By the age 
of 80, stroke risk becomes more equal between genders, but in 
those above 85, women might experience a higher incidence than 
men (63, 64). A scoping review in Cureus highlights that older 
individuals and those with pre-existing conditions such as 
diabetes are particularly vulnerable to the negative effects of 
particulate matter exposure. Interestingly, studies examining the 
sex influence on PM-related stroke risk find inconsistent results; 
some suggest a stronger association in women, while others 
indicate no significant differences (65). However, a specific 
longitudinal study involving 155,410 postmenopausal women over 
15 years demonstrated that long-term exposure to fine particulate 
matter (PM2.5, PM10) and nitrogen dioxide (NO2) significantly 
increases the risk of cerebrovascular events. Notably, the strength 
of these associations was consistent across different stroke 
etiologies (66). Those insights underscore the need for nuanced 
evaluation of environmental risk factors in stroke prevention 
strategies, considering gender and age-specific differences. Public 
health policies should focus on improving air quality to mitigate 
stroke risks, particularly in vulnerable populations such as older 
adults and those with pre-existing health conditions.

4.7 Limitations

(1) Data quality and heterogeneity: the reliance on the GBD 2021 
database introduces potential biases due to variations in data 
completeness and accuracy across regions, particularly in low- and 
middle-income countries where surveillance systems may 
be underdeveloped. For instance, misclassification of ischemic stroke 
subtypes (e.g., underreporting of HAP-related cases in regions with 
limited household air pollution monitoring) could skew burden 
estimates. Additionally, PM2.5 exposure assessments, derived from 
modeled estimates rather than direct individual-level measurements, 
may not fully capture localized or microenvironmental variations in 

pollution exposure. The pollution does not contain PM2.5; it also 
includes other pollutants like PM₁₀, NO₂, O₃, and SO₂. These pollutants 
can either act independently or in combination to affect the disease 
burden. Although the GBD 2021 has achieved some progress in 
incorporating pollutant data, the combined and interactive impacts of 
multiple pollutants on disease burden assessment remain largely 
unexplored. (2) Model Assumptions and Residual Confounding: The 
BAPC model assumes linear additive effects of age, period, and cohort, 
which may oversimplify complex interactions between demographic 
shifts and pollution exposure dynamics. While the model accounts for 
socio-demographic factors via SDI, residual confounding from 
unmeasured variables (e.g., genetic predisposition, access to acute 
stroke care, or co-exposure to other pollutants) could influence the 
observed associations. Furthermore, Joinpoint regression assumes 
abrupt trend changes at specific years, potentially masking gradual or 
non-linear transitions in pollution policies or healthcare interventions. 
(3) Projection uncertainties: long-term projections (2022–2050) are 
contingent on the stability of current trends in pollution control, 
population aging, and healthcare infrastructure—factors that may 
be  disrupted by unforeseen events (e.g., pandemics, geopolitical 
conflicts, or climate crises). The BAPC model’s reliance on WHO 
population weights also assumes uniform age-structure 
standardization, which may not reflect future demographic disparities. 
Finally, while the study highlights shift in APMP- and HAP-related 
burdens, it does not explicitly quantify the contribution of overlapping 
or synergistic effects between these two PMP subtypes, limiting policy-
specific insights.

5 Conclusion

This global analysis reveals a critical dual burden of ischemic 
stroke attributable to PMP: APMP has emerged as the dominant 
driver in high- and middle-income regions, HAP remains a persistent 
threat in low-resource settings. Despite a 46.65% decline in global 
age-standardized death rates (1990–2021), rising absolute numbers 
of deaths and DALYs underscore the urgency of pollution control 
amidst population growth and aging. Striking disparities were 
observed: APMP-related burdens peaked in high-SDI regions (e.g., 
Western Europe) but are now shifting to middle-SDI countries (e.g., 
China and South Asia), while HAP disproportionately affects 
sub-Saharan Africa.

The study advances methodological rigor by integrating BAPC 
modeling with Joinpoint regression, demonstrating that APMP’s 
impact is tightly coupled with industrial activity and urbanization, 
whereas HAP reflects delayed progress in clean energy transitions. 
Projections to 2050 warn of escalating burdens unless targeted 
interventions—such as APMP mitigation in rapidly urbanizing 
regions and accelerated HAP reduction in low-SDI nations—
are prioritized.

Three imperatives emerge: (1) high/middle-SDI regions require 
stricter PM2.5 emission controls and climate-resilient urban planning, 
while low-SDI areas need subsidized clean cooking technologies. (2) 
Stroke prevention programs must incorporate real-time pollution 
exposure alerts, particularly for aging populations in high-burden 
regions. (3) Future studies should resolve PMP’s synergistic effects 
with non-communicable diseases and leverage individual-level 
exposure data to refine risk stratification.
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By contextualizing PMP’s evolving role in cerebrovascular 
disease, this work provides a benchmark for evaluating the 
WHO’s Air Quality Guidelines and informs the UN 
Sustainable Development Goals (SDGs) on health equity and 
environmental sustainability.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Ethics statement

The studies involving humans were approved by The GBD 
adheres to the Guidelines for Accurate and Transparent Health 
Estimates Reporting statement. The Institute for Health Metrics and 
Evaluation, which is responsible for administering the GBD, 
provides only de-identified and aggregated data. All research 
adhered to the tenets of the Declaration of Helsinki. There 
requirement for informed consent was waived because of the 
retrospective nature of the study. The studies were conducted in 
accordance with the local legislation and institutional requirements. 
Written informed consent for participation was not required from 
the participants or the participants’ legal guardians/next of kin 
because The GBD adheres to the Guidelines for Accurate and 
Transparent Health Estimates Reporting statement. The Institute for 
Health Metrics and Evaluation, which is responsible for 
administering the GBD, provides only de-identified and aggregated 
data. All research adhered to the tenets of the Declaration of 
Helsinki. There requirement for informed consent was waived 
because of the retrospective nature of the study.

Author contributions

EW: Conceptualization, Writing – original draft, Investigation. 
RS: Investigation, Visualization, Writing – original draft. TT: Formal 
analysis, Writing – original draft. JL: Writing – original draft. MM: 
Data curation, Writing – original draft. YL: Formal analysis, Writing – 
original draft. GZha: Writing  – original draft, Methodology. ML: 
Methodology, Writing – original draft. YZ: Writing – original draft, 
Methodology. GZhu: Conceptualization, Investigation, Writing  – 
original draft. DG: Writing – review & editing, Project administration.

Funding

The author(s) declare that no financial support was received for 
the research and/or publication of this article.

Acknowledgments

We value the contributions made by the GBD 2021 Risk 
Factors Collaborators.

Conflict of interest

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

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.1599541/
full#supplementary-material

SUPPLEMENTARY FIGURE S1

Global DALYs from ischemic stroke due to particulate matter pollution (1990-
2021), by Socio-demographic Index (SDI) levels, shown as numbers and 
age-standardized rates. Includes total, household, and ambient pollution.

SUPPLEMENTARY FIGURE S2

Global YLDs from ischemic stroke due to particulate matter pollution (1990-
2021), by SDI levels, shown as numbers and age-standardized rates. Includes 
total, household, and ambient pollution.

SUPPLEMENTARY FIGURE S3

Global YLLs from ischemic stroke due to particulate matter pollution (1990-
2021), by SDI levels, shown as numbers and age-standardized rates. Includes 
total, household, and ambient pollution.

SUPPLEMENTARY FIGURE S4

Contribution of DALYs (numbers and percentages) from household and 
ambient pollution, globally and by region (1990-2021).

SUPPLEMENTARY FIGURE S5

Contribution of YLDs (numbers and percentages) from household and 
ambient pollution, globally and by region (1990-2021).

SUPPLEMENTARY FIGURE S6

Contribution of YLLs (numbers and percentages) from household and 
ambient pollution, globally and by region (1990-2021).

SUPPLEMENTARY FIGURE S7

Global distribution of the Average Annual Percent Change (AAPC) in age-
standardized YLD (A) and YLL (B) rates from ischemic stroke linked to total 
pollution (1990-2021).

SUPPLEMENTARY FIGURE S8

Correlation between age-standardized YLLs and YLDs for ischemic stroke due 
to pollution and the Socio-demographic Index across 204 countries in 2021.

SUPPLEMENTARY FIGURE S9

Age-specific DALYs (bar chart) and age-adjusted DALYs rates (line chart) due 
to pollution in 1990 (A) and 2019 (B), by sex.

SUPPLEMENTARY FIGURE S10

Age-specific YLDs (bar chart) and age-adjusted YLDs rates (line chart) due to 
pollution in 1990 (A) and 2019 (B), by sex.

SUPPLEMENTARY FIGURE S11

Age-specific YLLs (bar chart) and age-adjusted YLLs rates (line chart) due to 
pollution in 1990 (A) and 2019 (B), by sex.

https://doi.org/10.3389/fpubh.2025.1599541
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1599541/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1599541/full#supplementary-material


Wu et al. 10.3389/fpubh.2025.1599541

Frontiers in Public Health 16 frontiersin.org

References
 1. GBD 2021 Causes of Death Collaborators. Global burden of 288 causes of death 

and life expectancy decomposition in 204 countries and territories and 811 subnational 
locations, 1990-2021: a systematic analysis for the global burden of disease study 2021. 
Lancet. (2024) 403:2100–32. doi: 10.1016/S0140-6736(24)00367-2

 2. GBD 2021 Diseases and Injuries Collaborators. Global incidence, prevalence, years 
lived with disability (YLDs), disability-adjusted life-years (DALYs), and healthy life 
expectancy (HALE) for 371 diseases and injuries in 204 countries and territories and 
811 subnational locations, 1990-2021: a systematic analysis for the global burden of 
disease study 2021. Lancet. (2024) 403:2133–61. doi: 10.1016/S0140-6736(24)00757-8

 3. Hou S, Zhang Y, Xia Y, Liu Y, Deng X, Wang W, et al. Global, regional, and national 
epidemiology of ischemic stroke from 1990 to 2021. Eur J Neurol. (2024) 31:e16481. doi: 
10.1111/ene.16481

 4. Hilkens NA, Casolla B, Leung TW, de Leeuw F-E. Stroke. Lancet. (2024) 
403:2820–36. doi: 10.1016/S0140-6736(24)00642-1

 5. Deng B, Zhu L, Zhang Y, Tang Z, Shen J, Zhang Y, et al. Short-term exposure to 
PM2.5 constituents, extreme temperature events and stroke mortality. Sci Total Environ. 
(2024) 954:176506. doi: 10.1016/j.scitotenv.2024.176506

 6. Yang X, Zhang L, Chen X, Liu F, Shan A, Liang F, et al. Long-term exposure to 
ambient PM2.5 and stroke mortality among urban residents in northern China. 
Ecotoxicol Environ Saf. (2021) 213:112063. doi: 10.1016/j.ecoenv.2021.112063

 7. Lokken RP, Wellenius GA, Coull BA, Burger MR, Schlaug G, Suh HH, et al. Air 
pollution and risk of stroke. Epidemiology. (2009) 20:137–42. doi: 
10.1097/EDE.0b013e31818ef34a

 8. Liu S, Lv Y, Zhang Y, Suo H, Wang F, Gao S. Global trends and burden of stroke 
attributable to particulate matter pollution from 1990 to 2019. Ecotoxicol Environ Saf. 
(2024) 274:116205. doi: 10.1016/j.ecoenv.2024.116205

 9. Sangkham S, Phairuang W, Sherchan SP, Pansakun N, Munkong N, Sarndhong K, 
et al. An update on adverse health effects from exposure to PM2.5. Environ Adv. (2024) 
18:100603. doi: 10.1016/j.envadv.2024.100603

 10. Brauer M, Amann M, Burnett RT, Cohen A, Dentener F, Ezzati M, et al. Exposure 
assessment for estimation of the global burden of disease attributable to outdoor air 
pollution. Environ Sci Technol. (2012) 46:652–60. doi: 10.1021/es2025752

 11. Feigin VL, Brainin M, Norrving B, Martins S, Sacco RL, Hacke W, et al. World 
stroke organization (WSO): global stroke fact sheet 2022. Int J Stroke. (2022) 17:18–29. 
doi: 10.1177/17474930211065917

 12. GBD 2021 Risk Factors Collaborators. Global burden and strength of evidence for 
88 risk factors in 204 countries and 811 subnational locations, 1990-2021: a systematic 
analysis for the global burden of disease study 2021. Lancet. (2024) 403:2162–203. doi: 
10.1016/S0140-6736(24)00933-4

 13. GBD 2021 HAP Collaborators. Global, regional, and national burden of household 
air pollution, 1990-2021: a systematic analysis for the global burden of disease study 
2021. Lancet. (2025) 405:1167–1181. doi: 10.1016/S0140-6736(24)02840-X

 14. He Q, Wang W, Zhang Y, Xiong Y, Tao C, Ma L, et al. Global, regional, and national 
burden of stroke, 1990-2021: a systematic analysis for global burden of disease 2021. 
Stroke. (2024) 55:2815–24. doi: 10.1161/STROKEAHA.124.048033

 15. Murray CJLGBD 2021 Collaborators. Findings from the global burden of disease 
study 2021. Lancet. (2024) 403:2259–62. doi: 10.1016/S0140-6736(24)00769-4

 16. Li X-Y, Kong X-M, Yang C-H, Cheng Z-F, Lv J-J, Guo H, et al. Global, regional, 
and national burden of ischemic stroke, 1990-2021: an analysis of data from the global 
burden of disease study 2021. EClinicalMedicine. (2024) 75:102758. doi: 
10.1016/j.eclinm.2024.102758

 17. Ding Q, Liu S, Yao Y, Liu H, Cai T, Han L. Global, regional, and national burden 
of ischemic stroke, 1990-2019. Neurology. (2022) 98:e279–90. doi: 
10.1212/WNL.0000000000013115

 18. Riebler A, Held L. Projecting the future burden of cancer: Bayesian age-period-
cohort analysis with integrated nested Laplace approximations. Biom J. (2017). 
59:531–549. doi: 10.1002/bimj.201500263

 19. Knoll M, Furkel J, Debus J, Abdollahi A, Karch A, Stock C. An R package for an 
integrated evaluation of statistical approaches to cancer incidence projection. BMC Med 
Res Methodol. (2020) 20:257. doi: 10.1186/s12874-020-01133-5

 20. Knoll M, Furkel J, Debus J, Abdollahi A, Karch A, Stock C. An R package for an 
integrated evaluation of statistical approaches to cancer incidence projection. Res Square. 
(2020). 20:257. doi: 10.21203/rs.3.rs-34369/v2

 21. Cesaroni G, Badaloni C, Gariazzo C, Stafoggia M, Sozzi R, Davoli M, et al. Long-
term exposure to urban air pollution and mortality in a cohort of more than a million 
adults in Rome. Environ Health Perspect. (2013) 121:324–31. doi: 10.1289/ehp.1205862

 22. Stafoggia M, Cesaroni G, Peters A, Andersen ZJ, Badaloni C, Beelen R, et al. Long-
term exposure to ambient air pollution and incidence of cerebrovascular events: results 
from 11 European cohorts within the ESCAPE project. Environ Health Perspect. (2014) 
122:919–25. doi: 10.1289/ehp.1307301

 23. Hoek G, Krishnan RM, Beelen R, Peters A, Ostro B, Brunekreef B, et al. Long-term 
air pollution exposure and cardio- respiratory mortality: a review. Environ Health. 
(2013) 12:43. doi: 10.1186/1476-069X-12-43

 24. Faustini A, Rapp R, Forastiere F. Nitrogen dioxide and mortality: review and meta-
analysis of long-term studies. Eur Respir J. (2014) 44:744–53. doi: 10.1183/09031936.00114713

 25. Taimuri B, Lakhani S, Javed M, Garg D, Aggarwal V, Mehndiratta MM, et al. Air 
pollution and cerebrovascular disorders with special reference to Asia: an overview. Ann 
Indian Acad Neurol. (2022) 25:S3–8. doi: 10.4103/aian.aian_491_22

 26. Rentschler J, Leonova N. Global air pollution exposure and poverty. Nat Commun. 
(2023) 14:4432. doi: 10.1038/s41467-023-39797-4

 27. Shah ASV, Lee KK, McAllister DA, Hunter A, Nair H, Whiteley W, et al. Short term 
exposure to air pollution and stroke: systematic review and meta-analysis. BMJ. (2015) 
350:h1295. doi: 10.1136/bmj.h1295

 28. Leiva GMA, Santibañez DA, Ibarra ES, Matus CP, Seguel R. A five-year study of 
particulate matter (PM2.5) and cerebrovascular diseases. Environ Pollut. (2013) 181:1–6. 
doi: 10.1016/j.envpol.2013.05.057

 29. Kulick ER, Kaufman JD, Sack C. Ambient air pollution and stroke: an updated 
review. Stroke. (2023) 54:882–93. doi: 10.1161/STROKEAHA.122.035498

 30. Lee KK, Miller MR, Shah ASV. Air pollution and stroke. J Stroke. (2018) 20:2–11. 
doi: 10.5853/jos.2017.02894

 31. Tsai D-H, Amyai N, Marques-Vidal P, Wang J-L, Riediker M, Mooser V, et al. 
Effects of particulate matter on inflammatory markers in the general adult population. 
Part Fibre Toxicol. (2012) 9:24. doi: 10.1186/1743-8977-9-24

 32. Brüske I, Hampel R, Baumgärtner Z, Rückerl R, Greven S, Koenig W, et al. Ambient 
air pollution and lipoprotein-associated phospholipase a₂ in survivors of myocardial 
infarction. Environ Health Perspect. (2011) 119:921–6. doi: 10.1289/ehp.1002681

 33. Oberdörster G, Sharp Z, Atudorei V, Elder A, Gelein R, Lunts A, et al. 
Extrapulmonary translocation of ultrafine carbon particles following whole-body 
inhalation exposure of rats. J Toxicol Environ Health A. (2002) 65:1531–43. doi: 
10.1080/00984100290071658

 34. Aung HH, Lame MW, Gohil K, He G, Denison MS, Rutledge JC, et al. Comparative 
gene responses to collected ambient particles in vitro: endothelial responses. Physiol 
Genomics. (2011) 43:917–29. doi: 10.1152/physiolgenomics.00051.2011

 35. Lee C-C, Huang S-H, Yang Y-T, Cheng Y-W, Li C-H, Kang J-J. Motorcycle exhaust 
particles up-regulate expression of vascular adhesion molecule-1 and intercellular 
adhesion molecule-1 in human umbilical vein endothelial cells. Toxicol In Vitro. (2012) 
26:552–60. doi: 10.1016/j.tiv.2012.01.021

 36. Sumanasekera WK, Ivanova MM, Johnston BJ, Dougherty SM, Sumanasekera GU, 
Myers SR, et al. Rapid effects of diesel exhaust particulate extracts on intracellular signaling 
in human endothelial cells. Toxicol Lett. (2007) 174:61–73. doi: 10.1016/j.toxlet.2007.08.014

 37. Hopkins LE, Laing EA, Peake JL, Uyeminami D, Mack SM, Li X, et al. Repeated 
iron-soot exposure and nose-to-brain transport of inhaled ultrafine particles. Toxicol 
Pathol. (2018) 46:75–84. doi: 10.1177/0192623317729222

 38. Balasubramanian SK, Poh K-W, Ong C-N, Kreyling WG, Ong W-Y, Yu LE. The 
effect of primary particle size on biodistribution of inhaled gold nano-agglomerates. 
Biomaterials. (2013) 34:5439–52. doi: 10.1016/j.biomaterials.2013.03.080

 39. Pope CA III, Verrier RL, Lovett EG, Larson AC, Raizenne ME, Kanner RE, et al. 
Heart rate variability associated with particulate air pollution. Am Heart J. (1999) 
138:890–9. doi: 10.1016/S0002-8703(99)70014-1

 40. Tsuji H, Larson MG, Venditti FJ Jr, Manders ES, Evans JC, Feldman CL, et al. 
Impact of reduced heart rate variability on risk for cardiac events. Circulation. (1996) 
94:2850–5. doi: 10.1161/01.CIR.94.11.2850

 41. La Rovere MT, Pinna GD, Maestri R, Mortara A, Capomolla S, Febo O, et al. Short-
term heart rate variability strongly predicts sudden cardiac death in chronic heart failure 
patients. Circulation. (2003) 107:565–70. doi: 10.1161/01.CIR.0000047275.25795.17

 42. Wang T, Lang GD, Moreno-Vinasco L, Huang Y, Goonewardena SN, Peng Y-J, 
et al. Particulate matter induces cardiac arrhythmias via dysregulation of carotid body 
sensitivity and cardiac sodium channels. Am J Respir Cell Mol Biol. (2012) 46:524–31. 
doi: 10.1165/rcmb.2011-0213OC

 43. Chung J-W, Bang OY, Ahn K, Park S-S, Park TH, Kim JG, et al. Air pollution is 
associated with ischemic stroke via cardiogenic embolism. Stroke. (2017) 48:17–23. doi: 
10.1161/STROKEAHA.116.015428

 44. Lucking AJ, Lundback M, Mills NL, Faratian D, Barath SL, Pourazar J, et al. Diesel 
exhaust inhalation increases thrombus formation in man. Eur Heart J. (2008) 
29:3043–51. doi: 10.1093/eurheartj/ehn464

 45. United Nations. Methodology of the United Nations population estimates and 
projections. In: Methodology of the United Nations population estimates and projections 
[internet]. [cited 10 Oct 2024]. Available online at: https://population.un.org/wpp/
Methodology/ (Accessed October 9, 2024).

 46. Bathiany S, Dakos V, Scheffer M, Lenton TM. Climate models predict increasing 
temperature variability in poor countries. Sci Adv. (2018) 4:eaar5809. doi: 
10.1126/sciadv.aar5809

 47. Bell ML, Zanobetti A, Dominici F. Evidence on vulnerability and susceptibility to 
health risks associated with short-term exposure to particulate matter: a systematic 
review and meta-analysis. Am J Epidemiol. (2013) 178:865–76. doi: 10.1093/aje/kwt090

https://doi.org/10.3389/fpubh.2025.1599541
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(24)00367-2
https://doi.org/10.1016/S0140-6736(24)00757-8
https://doi.org/10.1111/ene.16481
https://doi.org/10.1016/S0140-6736(24)00642-1
https://doi.org/10.1016/j.scitotenv.2024.176506
https://doi.org/10.1016/j.ecoenv.2021.112063
https://doi.org/10.1097/EDE.0b013e31818ef34a
https://doi.org/10.1016/j.ecoenv.2024.116205
https://doi.org/10.1016/j.envadv.2024.100603
https://doi.org/10.1021/es2025752
https://doi.org/10.1177/17474930211065917
https://doi.org/10.1016/S0140-6736(24)00933-4
https://doi.org/10.1016/S0140-6736(24)02840-X
https://doi.org/10.1161/STROKEAHA.124.048033
https://doi.org/10.1016/S0140-6736(24)00769-4
https://doi.org/10.1016/j.eclinm.2024.102758
https://doi.org/10.1212/WNL.0000000000013115
https://doi.org/10.1002/bimj.201500263
https://doi.org/10.1186/s12874-020-01133-5
https://doi.org/10.21203/rs.3.rs-34369/v2
https://doi.org/10.1289/ehp.1205862
https://doi.org/10.1289/ehp.1307301
https://doi.org/10.1186/1476-069X-12-43
https://doi.org/10.1183/09031936.00114713
https://doi.org/10.4103/aian.aian_491_22
https://doi.org/10.1038/s41467-023-39797-4
https://doi.org/10.1136/bmj.h1295
https://doi.org/10.1016/j.envpol.2013.05.057
https://doi.org/10.1161/STROKEAHA.122.035498
https://doi.org/10.5853/jos.2017.02894
https://doi.org/10.1186/1743-8977-9-24
https://doi.org/10.1289/ehp.1002681
https://doi.org/10.1080/00984100290071658
https://doi.org/10.1152/physiolgenomics.00051.2011
https://doi.org/10.1016/j.tiv.2012.01.021
https://doi.org/10.1016/j.toxlet.2007.08.014
https://doi.org/10.1177/0192623317729222
https://doi.org/10.1016/j.biomaterials.2013.03.080
https://doi.org/10.1016/S0002-8703(99)70014-1
https://doi.org/10.1161/01.CIR.94.11.2850
https://doi.org/10.1161/01.CIR.0000047275.25795.17
https://doi.org/10.1165/rcmb.2011-0213OC
https://doi.org/10.1161/STROKEAHA.116.015428
https://doi.org/10.1093/eurheartj/ehn464
https://population.un.org/wpp/Methodology/
https://population.un.org/wpp/Methodology/
https://doi.org/10.1126/sciadv.aar5809
https://doi.org/10.1093/aje/kwt090


Wu et al. 10.3389/fpubh.2025.1599541

Frontiers in Public Health 17 frontiersin.org

 48. United Nations Population Division. World population prospects 2019. New York: 
United Nations Department of Economic and Social Affairs. (2019).

 49. Prince MJ, Wu F, Guo Y, Gutierrez Robledo LM, O’Donnell M, Sullivan R, et al. 
The burden of disease in older people and implications for health policy and practice. 
Lancet. (2015) 385:549–62. doi: 10.1016/S0140-6736(14)61347-7

 50. Cheng X, Yang Y, Schwebel DC, Liu Z, Li L, Cheng P, et al. Population ageing and 
mortality during 1990-2017: a global decomposition analysis. PLoS Med. (2020) 
17:e1003138. doi: 10.1371/journal.pmed.1003138

 51. Cicci KR, Maltby A, Clemens KK, Vicedo-Cabrera AM, Gunz AC, Lavigne É, et al. 
High temperatures and cardiovascular-related morbidity: a scoping review. Int J Environ 
Res Public Health. (2022) 19:11243. doi: 10.3390/ijerph191811243

 52. World Health Organization (2005). Air Quality Guidelines: Global Update 2005. 
World Health Organization. Available at:  https://iris.who.int/bitstream/
handle/10665/349878/WHO-EURO-2005-4244-44003-62046-eng.pdf?sequence=1

 53. Liu Q, Li D, Xu Z, Wang Y, Liu J. Disparities in global disease burden attributed to 
ambient particulate matter pollution and household air pollution from solid fuels. 
Ecotoxicol Environ Saf. (2025) 291:117908. doi: 10.1016/j.ecoenv.2025.117908

 54. Bonjour S, Adair-Rohani H, Wolf J, Bruce NG, Mehta S, Prüss-Ustün A, et al. Solid 
fuel use for household cooking: country and regional estimates for 1980-2010. Environ 
Health Perspect. (2013) 121:784–90. doi: 10.1289/ehp.1205987

 55.  2024 Environmental performance index: a surprise top ranking. In: EMERGING 
EUROPE [Internet]. [cited 10 Oct 2024]. Available online at: https://emerging-europe.
com/community-content/2024-epi-reveals-global-environmental-leaders-and-laggards-
estonia-takes-the-top-spot/#:~:text=Estonia%20leads%20the%20rankings%2C%20
largely%20due%20to,its%20significant%20reduction%20in%20greenhouse%20gas%20
%28GHG%29%20emissions (Accessed October 9, 2024).

 56. Ministry of Ecology and Environment the People’s Republic of China. Report on the 
state of the ecology and environment in China 2021. Available online at: https://english.mee.
gov.cn/Resources/Reports/soe/SOEE2019/202312/P020231206603419884030.pdf 
(Accessed October 9, 2024).

 57. Sethi Y, Moinuddin A, Biondi-Zoccai G. Advancing age and mortality due to 
pollution exposure: a comprehensive review. Minerva Med. (2025) 116:122–34. doi: 
10.23736/S0026-4806.24.09611-3

 58. Fang T, Di Y, Xu Y, Shen N, Fan H, Hou S, et al. Temporal trends of particulate 
matter pollution and its health burden, 1990-2021, with projections to 2036: a systematic 

analysis for the global burden of disease study 2021. Front Public Health. (2025) 
13:1579716. doi: 10.3389/fpubh.2025.1579716

 59. Clougherty JE. A growing role for gender analysis in air pollution epidemiology. 
Ciênc Saúde Colet. (2011) 16:2221–38. doi: 10.1590/S1413-81232011000400021

 60. Shin HH, Parajuli RP, Gogna P, Maquiling A, Dehghani P. Pollutant-sex specific 
differences in respiratory hospitalization and mortality risk attributable to short-term 
exposure to ambient air pollution. Sci Total Environ. (2021) 755:143135. doi: 
10.1016/j.scitotenv.2020.143135

 61. Hara A, Sato T, Kress S, Suzuki K, Pham K-O, Tajima A, et al. Sex-specific 
associations between air pollutants and asthma prevalence in Japanese adults: a 
population-based study. Int J Environ Health Res. (2025) 35:310–8. doi: 10.1080/09603123. 
2024.2352597

 62. Vyas MV, Silver FL, Austin PC, Yu AYX, Pequeno P, Fang J, et al. Stroke incidence 
by sex across the lifespan. Stroke. (2021) 52:447–51. doi: 10.1161/STROKEAHA. 
120.032898

 63. Gokhale S, Caplan LR, James ML. Sex differences in incidence, pathophysiology, 
and outcome of primary intracerebral hemorrhage. Stroke. (2015) 46:886–92. doi: 
10.1161/STROKEAHA.114.007682

 64. Petrea RE, Beiser AS, Seshadri S, Kelly-Hayes M, Kase CS, Wolf PA. Gender 
differences in stroke incidence and poststroke disability in the Framingham heart study. 
Stroke. (2009) 40:1032–7. doi: 10.1161/STROKEAHA.108.542894

 65. Lamorie-Foote K, Ge B, Shkirkova K, Liu Q, Mack W. Effect of air pollution 
particulate matter on ischemic and hemorrhagic stroke: a scoping review. Cureus. (2023) 
15:e46694. doi: 10.7759/cureus.46694

 66. Kulick ER, Eliot MN, Szpiro AA, Coull BA, Tinker LF, Eaton CB, et al. Long-
term exposure to ambient particulate matter and stroke etiology: results from the 
women’s health initiative. Environ Res. (2023) 224:115519. doi: 10.1016/j.envres.2023. 
115519

 67. Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger SL, et al. Fine 
particulate air pollution and hospital admission for cardiovascular and respiratory 
diseases. JAMA. (2006) 295:1127–34. doi: 10.1001/jama.295.10.1127

 68. Chen S, Liu D, Huang L, Guo C, Gao X, Xu Z, et al. Global associations between 
long-term exposure to PM2.5 constituents and health: a systematic review and meta-
analysis of cohort studies. J Hazard Mater. (2024) 474:134715. doi: 10.1016/j.
jhazmat.2024.134715

https://doi.org/10.3389/fpubh.2025.1599541
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(14)61347-7
https://doi.org/10.1371/journal.pmed.1003138
https://doi.org/10.3390/ijerph191811243
https://iris.who.int/bitstream/handle/10665/349878/WHO-EURO-2005-4244-44003-62046-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/349878/WHO-EURO-2005-4244-44003-62046-eng.pdf?sequence=1
https://doi.org/10.1016/j.ecoenv.2025.117908
https://doi.org/10.1289/ehp.1205987
https://emerging-europe.com/community-content/2024-epi-reveals-global-environmental-leaders-and-laggards-estonia-takes-the-top-spot/#:~:text=Estonia%20leads%20the%20rankings%2C%20largely%20due%20to,its%20significant%20reduction%20in%20greenhouse%20gas%20%28GHG%29%20emissions
https://emerging-europe.com/community-content/2024-epi-reveals-global-environmental-leaders-and-laggards-estonia-takes-the-top-spot/#:~:text=Estonia%20leads%20the%20rankings%2C%20largely%20due%20to,its%20significant%20reduction%20in%20greenhouse%20gas%20%28GHG%29%20emissions
https://emerging-europe.com/community-content/2024-epi-reveals-global-environmental-leaders-and-laggards-estonia-takes-the-top-spot/#:~:text=Estonia%20leads%20the%20rankings%2C%20largely%20due%20to,its%20significant%20reduction%20in%20greenhouse%20gas%20%28GHG%29%20emissions
https://emerging-europe.com/community-content/2024-epi-reveals-global-environmental-leaders-and-laggards-estonia-takes-the-top-spot/#:~:text=Estonia%20leads%20the%20rankings%2C%20largely%20due%20to,its%20significant%20reduction%20in%20greenhouse%20gas%20%28GHG%29%20emissions
https://emerging-europe.com/community-content/2024-epi-reveals-global-environmental-leaders-and-laggards-estonia-takes-the-top-spot/#:~:text=Estonia%20leads%20the%20rankings%2C%20largely%20due%20to,its%20significant%20reduction%20in%20greenhouse%20gas%20%28GHG%29%20emissions
https://english.mee.gov.cn/Resources/Reports/soe/SOEE2019/202312/P020231206603419884030.pdf
https://english.mee.gov.cn/Resources/Reports/soe/SOEE2019/202312/P020231206603419884030.pdf
https://doi.org/10.23736/S0026-4806.24.09611-3
https://doi.org/10.3389/fpubh.2025.1579716
https://doi.org/10.1590/S1413-81232011000400021
https://doi.org/10.1016/j.scitotenv.2020.143135
https://doi.org/10.1080/09603123.2024.2352597
https://doi.org/10.1080/09603123.2024.2352597
https://doi.org/10.1161/STROKEAHA.120.032898
https://doi.org/10.1161/STROKEAHA.120.032898
https://doi.org/10.1161/STROKEAHA.114.007682
https://doi.org/10.1161/STROKEAHA.108.542894
https://doi.org/10.7759/cureus.46694
https://doi.org/10.1016/j.envres.2023.115519
https://doi.org/10.1016/j.envres.2023.115519
https://doi.org/10.1001/jama.295.10.1127
https://doi.org/10.1016/j.jhazmat.2024.134715
https://doi.org/10.1016/j.jhazmat.2024.134715

	Global patterns and trends in ischemic stroke burden attributable to particulate matter pollution: changes from 1990 to 2021 and projections from 2022 to 2050
	1 Introduction
	2 Methods
	2.1 Data sources
	2.2 Definition
	2.3 Statistical analysis
	2.4 Projection analysis

	3 Results
	3.1 Global disease burden of ischemic stroke attributable to PMP from 1990 to 2021 and projections from 2022 to 2025
	3.2 Global disease burden of ischemic stroke attributable to PMP from 1990 to 2021 by SDI
	3.3 Global disease burden of ischemic stroke attributable to PMP from 1990 to 2021 by GBD regions
	3.4 Global disease burden of ischemic stroke attributable to PMP from 1990 to 2021 by countries
	3.5 Global disease burden of ischemic stroke attributable to PMP from 1990 to 2021 by age and sex

	4 Discussion
	4.1 Epidemiological study of ischemic stroke related to PMP
	4.2 Physiological mechanisms linking air pollution and stroke
	4.3 The role of population aging and environmental factors in increasing stroke burden
	4.4 Differential impact of APMP and HAP on the global stroke burden analysis
	4.5 Global disparities in stroke burden and environmental performance: challenges and progress
	4.6 Age and sex differences in the impact of air pollution on ischemic stroke risk
	4.7 Limitations

	5 Conclusion

	References

