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Background: This study assesses the worldwide cardiovascular disease (CVD) burden attributed to air pollution, utilizing data from the Global Burden of Disease Study 2021.

Methods: We explored the impact of air pollution on CVDs globally, regionally, and nationally, while considering correlations with age, gender, and socio-demographic index (SDI). A decomposition analysis was conducted to discern the contributions of aging, population growth, and epidemiological shifts to the changes in disability-adjusted life years (DALYs) from 1990 to 2021. Additionally, an ARIMA model was used to forecast the future CVD burden through 2050.

Results: In 2021, air pollution was responsible for approximately 2.46 million deaths and 58.3 million disability-adjusted life years (DALYs) attributable to CVDs, with a discernible decrease over the period studied. The greatest impacts were observed in individuals aged 75–79 and over 80, particularly among males. The decomposition analysis indicated that shifts in epidemiology were the primary factors driving these changes. Future projections suggest potential increases in mortality and DALY rates in regions with low and high-middle SDI, alongside rising age-standardized death and mortality rates in high SDI areas.

Conclusion: These findings underscore the urgency of implementing targeted CVD prevention and air pollution control strategies to mitigate the impact on public health.
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GRAPHICAL ABSTRACT
 



1 Introduction

Air pollution, a complex mixture of particulate matter and gases, is associated with approximately 8.8 million additional deaths annually. Nearly half of these deaths are linked to external environmental pollutants, while the remainder result from indoor pollution, substantially increasing the global health burden (1, 2). According to the World Health Organization (WHO) and the Global Burden of Disease Study, air pollution ranks as the fourth leading global cause of death and disease, just behind high blood pressure, tobacco use, and dietary risks (3). While the effects of air pollution on respiratory health are well-known, it is important to emphasize that cardiovascular diseases (CVDs) account for half of the deaths associated with air pollution (2). Additionally, solid evidence worldwide shows that approximately 20% of CVD deaths are related to exposure to air pollutants such as PM2.5, PM10, ozone (O3), and nitrogen dioxide (NO2) (4, 5). Beyond traditional risk factors, the impact of environmental factors like ambient air pollution is increasingly recognized as critical (6).

Extensive epidemiological studies demonstrate that air pollution aggravates cardiovascular risk factors including hyperlipidemia, hypertension, atherosclerotic changes, and diabetes, thus elevating the risk of cardiovascular conditions such as ischemic heart diseases, heart failure, and strokes (7–9). Several mechanisms, including oxidative stress induction, inflammation, disturbances in autonomic and neuroendocrine functions, increased vasoconstriction and coagulation, and particulate matter penetration into the bloodstream, are proposed to explain the connection between air pollution and CVDs (10, 11). Consequently, the link between air pollution and cardiovascular health has emerged as a critical issue in environmental and public health, necessitating comprehensive research to effectively identify and address this challenge.

In this research, we examined the impact of air pollution on the cardiovascular health burden, analyzing trends in mortality and DALYs across different age groups, genders, and socio-demographic indices from 1990 to 2021. We also projected future trends using the autoregressive integrated moving average (ARIMA) model, validated by multiple prior studies (12, 13). These results are intended to aid in decision-making regarding the prevention of cardiovascular diseases and the management of air pollution.



2 Method


2.1 Study data

Data for our study were obtained from the Global Burden of Disease Study (GBD) 2021, which is available at http://ghdx.healthdata.org/gbd-results-tool. The GBD 2021 provides a comprehensive assessment of 369 diseases and injuries, along with 87 risk factors across 204 countries spanning from 1990 to 2021 (2).

The specific methodologies employed to calculate the burden of cardiovascular diseases (CVDs) are elaborated in additional references [14, 15]. This summary describes the approach adopted in GBD 2021. Sources for CVD mortality data included vital registration systems, surveillance data, and verbal autopsies. This vital registration data was then refined to enhance accuracy, addressing data gaps and miscoding issues (16). These adjusted datasets were analyzed using the Cause of Death Ensemble model (CODEm), which generated estimates of CVD mortality segmented by location, year, age, and gender (15, 17). Furthermore, a comparative risk assessment was conducted to identify principal risk factors for CVDs. The population attributable fraction (PAF) was computed to quantify the contribution of air pollution to the CVD burden. Estimates for CVD mortality and disability-adjusted life years (DALYs) related to air pollution were derived by applying these specific PAFs to the mortality and DALY figures across different demographics (2).

DALYs serve as an inclusive metric of disease impact, combining years lost due to premature mortality (YLLs) and years lived with disability (YLDs). YLLs were calculated by multiplying the number of deaths from cardiovascular diseases in each age group by the remaining life expectancy for that age group. YLDs were determined by multiplying the prevalence of CVDs by the severity-adjusted disability weights (DWs) (16). The Socio-Demographic Index (SDI), a composite indicator ranging from 0 (worst) to 100 (best), was derived from three factors: the total fertility rate for individuals under 25 years old (TFU25), average educational attainment for those over 15 years old (EDU15+), and adjusted per capita income. Based on the SDI, the 204 countries and territories were classified into five categories: low SDI, low-middle SDI, middle SDI, high-middle SDI, and high SDI (16).



2.2 Risk factor estimate

In the Global Burden of Disease (GBD) study, the estimation of risk factors is guided by the comparative risk assessment (CRA) framework. This approach begins by determining the relative risk (RR) of specific health outcomes associated with exposure to risk factors, utilizing meta-regression and systematic reviews. Subsequent steps involve Bayesian statistical models, such as spatio-temporal Gaussian process regression (ST-GPR) and disease model meta-regression (DisMod-MR), to estimate the levels and distribution of exposure for each risk factor. Additionally, theoretical minimum risk exposure levels (TMREL) are established. These represent the exposure levels that would ideally minimize health risks. Based on these assessments, population attributable fractions (PAF) and summary exposure values (SEV) are calculated. These metrics indicate the potential changes in health outcomes that could result if exposures were reduced to TMREL. These calculations are essential for assessing the disease burden attributable to various risk factors.



2.3 Statistical analysis

Age-standardized rates (ASR) were utilized to normalize mortality and DALY rates across nations with varying age distributions and demographic profiles. A linear model was applied to the natural logarithm of these rates over time, formulated as y = α + βx + ϵy, where xxx represents the year, and y is the natural logarithm of the rate. The estimated annual percentage change (EAPC) was calculated as 100 × (eβ − 1)100, along with a 95% confidence interval (95% CI). An increase in ASR was identified when both the EAPC and the lower boundary of the 95% CI were positive. Conversely, a decrease was noted if the EAPC and the upper boundary of the 95% CI were negative. If neither condition was met, ASR was considered stable during the study period (18, 19).

The relationship between ASR and the socio-demographic index (SDI) was examined using a Gaussian process regression framework with Loess smoothing and assessed through Spearman rank order correlation tests (18, 20). A decomposition analysis quantified the impacts of aging populations, population growth, and epidemiological shifts on overall DALY changes from 1990 to 2021, with methodologies detailed in earlier publications (21).

Additionally, the ARIMA model was employed to evaluate the influence of air pollution on CVD trends and forecast global, regional, and national trends from 2020 to 2050. Known formally as the “integral moving average autoregressive model,” the ARIMA model integrates differential, integral, moving average, and autoregressive components. In the ARIMA model (p, d, q), “AR” signifies autoregressive, with ppp denoting the number of autoregressive terms; “MA” represents the moving average component, with qqq as the number of moving average terms; and ddd refers to the number of differencing steps to achieve stationarity (22). Model selection was optimized using the Akaike information criterion (AIC) and the Bayesian information criterion (BIC).

A 95% uncertainty interval (UI) was calculated for all measurements. Rates were expressed per 100,000 individuals. Data management, analysis, and visualization were performed using R software version 4.3.2.




3 Result


3.1 Spatiotemporal patterns of CVD attributable to air pollution

In 2021, CVD led to about 19.41 million deaths and 428.33 million disability-adjusted life years (DALYs). Among them, air pollution led to approximately 2.46 million deaths and 58.30 million DALYs due to cardiovascular diseases (CVDs), with an age-standardized mortality rate (ASMR) of 53.62 (95% UI, 42.70–64.57) and an age-standardized DALY rate (ASDR) of 1161.77 (95% UI, 939.61–1380.37) per 100,000 population. Over the last thirty years, the CVD burden from air pollution has shown a significant decline (Tables 1, 2; Supplementary Table S1).



TABLE 1 Global and regional deaths and DALYs of CVDs attributable to air pollution in 1990 and 2021 in 27 global regions and different genders.
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TABLE 2 Global and regional deaths and DALYs of CVDs in 1990 and 2021 in 27 global regions and different genders.
[image: Table2]

Regarding socio-demographic index (SDI) regions, higher SDI regions experienced a notably lower CVD burden due to air pollution. In contrast, the low, low-middle, and middle SDI regions observed substantial increases in CVD burdens linked to air pollution. All SDI regions recorded slight reductions in both ASMR and ASDR due to air pollution. This spatiotemporal pattern of CVD burden was aligned with this (Table 1; Supplementary Table S1; Table 2, and Figure 1).
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FIGURE 1
 Temporal trends of ASMR and ASDR of CVDs attributable to air pollution (a,b) and total CVD burden (c,d) from 1990 to 2021 in different SDI regions.


Regionally, East Asia, Southeast Asia, and East Asia reported the highest CVD burdens from air pollution, marked by the greatest numbers of deaths and DALYs. Conversely, Oceania, Central Sub-Saharan Africa, and Western Sub-Saharan Africa recorded the highest rates of ASDR and ASMR. While increases in ASMR due to air pollution were noted across all regions, decreases were seen in the European and American regions, except in Central Latin America. Similarly, ASDR trends generally increased, except in high-income Asia Pacific and Australasia where decreases were observed (Tables 1, 2). This spatiotemporal pattern of CVD burden was aligned with this.

Nationally, in 2021, the ASDR of CVDs related to air pollution varied widely worldwide, with the highest rates noted in countries across North Africa, the Middle East, and Central Asia (Figure 2). From 1990 to 2019, most nations saw a decline in ASDR linked to air pollution, with the exception of 15 countries including Honduras [Estimate (95% UI): 0.1202 (0.3439, −0.1029)], Libya [Estimate (95% UI): 0.7887 (1.1774, 0.4014)], United Arab Emirates [Estimate (95% UI): −0.7593 (−0.2459, −1.2701)], Kenya [Estimate (95% UI): 0.4531 (0.6890, 0.2178)], Mozambique [Estimate (95% UI): 0.9241 (1.1264, 0.7222)], Lesotho [Estimate (95% UI): 2.1309 (2.6863, 1.5785)], Zimbabwe [Estimate (95% UI): 1.9544 (2.5467, 1.3656)], Burkina Faso [Estimate (95% UI): 0.0403 (0.1177, −0.0370)], Cameroon [Estimate (95% UI): 0.0070 (0.4280, −0.4121)], Chad [Estimate (95% UI): 0.1475 (0.3563, −0.0608)], Gambia [Estimate (95% UI): 0.1015 (0.2334, −0.0303)], Guinea [Estimate (95% UI): 0.3354 (0.4689, 0.2021)], Sierra Leone [Estimate (95% UI): 0.0179 (0.2127, −0.1765)], Northern Mariana Islands [Estimate (95% UI): 0.1044 (0.7569, −0.5440)], and Palau [Estimate (95% UI): 0.0144 (0.8653, −0.8294)]. The spatial and temporal trends of ASMR paralleled those of ASDR (Table 1; Supplementary Table S1, and Figures 2, 3). This spatiotemporal pattern of CVD burden was aligned with this.
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FIGURE 2
 Global distribution of ASMR (a) and ASDR (c) of CVDs for both sexes in 2021 in 204 countries and territories. EAPC of ASMR (b) and ASDR (d) of CVDs from 1990 to 2021 in 204 countries and territories.
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FIGURE 3
 Global distribution of ASMR (a) and ASDR (c) of CVDs attributable to air pollution for both sexes in 2021 in 204 countries and territories. EAPC of ASMR (b) and ASDR (d) of CVDs attributable to air pollution from 1990 to 2021 in 204 countries and territories.




3.2 Age and sex patterns

Figure 4 displays the age-specific global mortality and DALY rates for CVDs in 2021, along with their changes from 1990 to 2021. These rates demonstrate a J-shaped distribution, showing a rise in mortality and DALY rates among individuals under 75, with a notable escalation in the 75–79 and 80+ age brackets. In all age categories, males consistently exhibited higher mortality rates due to air pollution compared to females. Likewise, the DALY rates linked to air pollution were greater for all age groups. Similarly, it can be also found that for the total CVD burden, males also suffered more (Figure 5).
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FIGURE 4
 Age-specific rates of global deaths (a) and DALYs (b) of CVDs attributable to air pollution, by sex, in 2021 and the corresponding EAPC of global deaths (c) and DALYs (d) from 1990 to 2021.
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FIGURE 5
 Age-specific rates of global deaths (a) and DALYs (b) of CVDs, by sex, in 2021 and the corresponding EAPC of global deaths (c) and DALYs (d) from 1990 to 2021.


Across all SDI regions, males reported higher mortality and DALY rates, with the gender disparity persisting uniformly across these regions (Figure 6).
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FIGURE 6
 Sex disparity in CVDs burden attributable to air pollution across SDI regions.




3.3 Association with the socio-demographic index

Figure 7 illustrates the comparison between the observed and projected age-standardized DALY (ASDR) and mortality rates (ASMR) attributable to air pollution against socio-demographic index (SDI) values at both regional and national levels from 1990 to 2021. An inverse relationship was noted between ASDR and SDI, suggesting a decline in burden as SDI increased. Regions such as Eastern Europe, Oceania, Central Asia, Central Europe, North Africa, East Asia, the Middle East, and Southeast Asia displayed higher than expected ASDR during this period. Additionally, observed ASDR values exceeded projections in Central Latin America, Tropical Latin America, Southern Latin America, and the Caribbean. The pattern for observed versus expected ASMR based on SDI at regional levels mirrored the ASDR findings. Figure 7 also depict the observed versus expected ASDR and ASMR at the national level for 2019, showing a similar inverse correlation between these rates and SDI values, both regionally and nationally.
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FIGURE 7
 Correlations between ASMR (a,c) and ASDR (b,d) of CVDs attributable to air pollution and SDI at the regional level (a,b) and the national level (c,d).




3.4 Decomposition analysis of the change in DALYs

A decomposition analysis was conducted to assess the impact of three key factors: aging populations, demographic growth, and shifts in epidemiology, on the variation in DALYs from 1990 to 2021 (Figure 8). In tracking the trends of ASDR, shifts in epidemiological factors were identified as major contributors to the fluctuations in DALYs for CVDs linked to air pollution across various SDI regions.

[image: Figure 8]

FIGURE 8
 Decomposition analysis of the change in DALYS.




3.5 Forecasts for the mortality, DALYs rate, ASMR and ASDR of CVD attributable to air pollution in global (2022–2050)

Forecasts for mortality rates, DALY rates, ASMR, and ASDR of CVDs linked to air pollution are presented in Figures 9–11. At the regional level, increases are anticipated in both low and high-middle SDI regions for mortality and DALYs rate, whereas only the high SDI regions are expected to see rises in ASDR and ASMR. Nationally, the distribution is projected to remain consistent in 2030 and 2050. Nonetheless, the projected burden of CVDs due to air pollution is significantly greater in China compared to other countries for both 2030 and 2050.

[image: Figure 9]

FIGURE 9
 Estimated trends of mortality rate (a), DALYs rate (b), ASMR (c) and ASDR (d), 1990–2050 at the regional level.
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FIGURE 10
 Estimated trends of mortality rate (a,b) and ASMR (c,d) in 2030 (a,c) and 2050 (b,d) at the national level.
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FIGURE 11
 Estimated trends of DALYs rate (a,b) and ASDR (c,d) in 2030 (a,c) and 2050 (b,d) at the national level.





4 Discussion

This research evaluated the global burden of cardiovascular diseases (CVD) attributable to air pollution from 1990 to 2021, uncovering a significant decline over the period studied. The age groups most impacted were those below 75–79 and above 80, with males showing higher incidence rates. A decomposition analysis revealed that epidemiological shifts were the primary factors driving these changes. Predictions indicate increasing burdens in regions with low and high-middle socio-demographic index (SDI), along with rises in age-standardized death rate (ASDR) and age-standardized mortality rate (ASMR) in high SDI areas. To our knowledge, this is the first comprehensive assessment of the CVD impact from air pollution.

Key factors contributing to health-related adverse effects from air pollution include ozone and fine particulate matter. These pollutants affect bodily systems through mechanisms like oxidative stress, inflammation, and disturbances in endothelial and autonomic functions. The cardiovascular health impacts of air pollution can be traced from the initial physiological responses to pollutants, through their transmission, to their effects on target organs (23).

Primary reactions occurring in the lungs involve oxidative stress, local inflammation, and receptor activations initiated by pollutants such as PM2.5. These pollutants are ingested by alveolar macrophages through respiratory phagocytosis, leading to prolonged inflammatory responses in other tissues. The presence of pollutants activates inflammatory pathways involving NOD-like and Toll-like receptors, and the generation of reactive oxygen species (24–29).

Exposure to air pollution has been linked to systemic inflammation, primarily driven by the production of biological intermediates such as oxidized phospholipids and 7-ketocholesterol. These intermediates activate the TLR4, NOX2, and NCF1 pathways, leading to vascular and systemic inflammation (28). Furthermore, 7-ketocholesterol plays a role in promoting thrombosis, atherosclerosis, and endothelial dysfunction through CD36 pathways (30). Prolonged inhalation of PM2.5 escalates the production of reactive oxygen species (ROS) and inflammatory infiltration in the vasculature, potentially resulting in diastolic dysfunction, increased cardiac afterload, and compromised coronary reserve, which can culminate in cardiac complications such as left ventricular hypertrophy and fibrosis.

In vivo studies show that PM2.5 affects plasma tissue plasminogen activator levels, influencing thrombus formation. Variability in the composition and concentration of air pollution may explain discrepancies in research findings. PM2.5 also impacts the central nervous system, potentially causing autonomic dysfunction or adrenal activation through stimulation of the olfactory nerve (31–33). Exposure to ozone may similarly activate the adrenal axis (34), potentially leading to conditions like insulin resistance or hypertension. Moreover, while PM2.5 is known to induce thrombo-inflammatory responses and affect DNA methylation, its complete impact on genomic methylation and chromatin structure is yet to be fully elucidated (35, 36).

Chronic exposure to environmental pollutants can lead to lasting organ changes, thereby increasing vulnerability to cardiometabolic diseases such as diabetes, hypertension, and renal disease, while also accelerating atherosclerosis (37). Studies have linked even low-level, prolonged exposure to PM2.5 with a heightened risk of cardiovascular mortality, noting that increases in PM2.5 levels are associated with rising risks of cardiovascular death (38–41). In contrast, ozone exposure exhibits a weaker connection with CVD mortality (42). Additionally, prolonged exposure to PM2.5 correlates with greater carotid intima-media thickness, which suggests advancing atherosclerosis and elevated blood pressure, though these relationships remain subject to debate (23, 43–47). PM2.5 exposure also heightens the risk of severe cardiac events in individuals with pre-existing heart conditions and contributes to the development of diabetes and insulin resistance (29, 48–50).

Previous studies have highlighted significant variations in the CVD burden from air pollution across BRICS nations (51). In 2019, Brazil’s age-standardized rate of CVD attributable to air pollution was approximately five times lower than India’s. During the observation period, Brazil saw the most significant decrease in CVD burden from air pollution and household air pollution (HAP) from solid fuels. Brazilian authorities have implemented measures to reduce emissions from both stationary and mobile sources, leading to a noticeable decline in air pollutants from 1996 to 2009 (52, 53). Initiatives like the Family Health Program and integrated approaches to managing non-communicable diseases have also contributed to reducing the CVD burden (53, 54).

Russia has seen a notable reduction in the CVD burden, especially from ambient particulate matter pollution (51). Since 1990, the WHO European Centre for Environment and Health launched programs to improve air quality and control pollution, including monitoring its health effects in the European Region, which includes Russia (55). In 2005, WHO organized a workshop in Eastern Europe, the Caucasus, and Central Asia (EECCA) to develop strategies to mitigate air pollution’s health impacts in EECCA nations, including Russia (56).

Conversely, South Africa has experienced a rising trend in all-ages CVD fatalities and a slow decline in age-standardized CVD mortality linked to air pollution (51). A recent report highlighted that pollution continues to pose significant health and economic risks in low-and middle-income countries (LMICs), with ambient air pollution remaining the main cause of pollution-related illnesses and deaths in Africa. Consequently, the incidence of non-communicable disease (NCD) deaths related to air pollution is rising in many African nations (57–59).

To combat CVDs, controlling air pollution is critical. Governments should enforce air quality standards and establish mechanisms for monitoring, enforcing, and ensuring accountability in pollution management. Technological advances in industry and sustainable energy initiatives like solar power are essential. Researchers should focus on creating and evaluating methods to mitigate air pollution’s effects on cardiovascular health. Public education on pollution risks and personal health measures such as using air filters and consuming antioxidants are necessary. Future strategies might include integrating data from multiple environmental sources and fostering cross-disciplinary research to refine pollution risk assessments. Clinicians should guide those at risk to maintain a diet rich in antioxidants and fresh produce.

The COVID-19 pandemic’s lockdown measures significantly impacted air quality in various regions around the world. Research shows that due to reduced traffic flow and the suspension of certain industrial activities, many cities experienced a marked improvement in air pollution levels in a short period. For instance, in 2020, several major cities globally reported significant reductions in the concentrations of nitrogen oxides (NOx) and fine particulate matter (PM2.5). This improvement in air quality, particularly among the working-age population that is at high risk for cardiovascular diseases, may have helped reduce the incidence of cardiovascular events (60).

Further studies indicate a close association between improved air quality and the reduction in acute cardiovascular events. For example, during the pandemic, there was a decrease in emergency room visits and hospitalizations for various cardiovascular diseases, although this may also be influenced by changes in people’s healthcare-seeking behaviors during the pandemic. Additionally, the reduction in outdoor activities during the pandemic could have lessened the health risks associated with air pollution for individuals with respiratory and cardiovascular conditions (61).

However, the positive impacts brought about by the lockdown measures may be temporary. As economic activities gradually resume, air pollution levels could quickly return to pre-pandemic levels or even exceed them in some areas. Monitoring and researching air quality in the post-pandemic and post-pandemic periods will be crucial for understanding long-term trends and developing appropriate responses (62).

Our study faces a few significant limitations. First, there is a lack of primary data from underdeveloped regions, especially in Sub-Saharan Africa, where estimates were largely derived through mathematical models, resulting in broad uncertainty ranges. Second, air pollution consists of a complex blend of multiple components, each with distinct physicochemical characteristics and toxicological effects, which differ widely by geographic area and season.



5 Conclusion

This research conducted a detailed evaluation of the global CVD burden due to air pollution from 1990 to 2021, noting a substantial reduction in this burden over time. The most affected age groups were those under 75–79 and those over 80, with men experiencing a higher impact. The analysis indicated that changes in epidemiology were the primary drivers of these trends. Moreover, future projections suggest an increase in both ASDR and ASMR in low and high-middle SDI regions, with only high SDI regions expected to see rises.

This highlights a critical need for policymakers to develop and enhance targeted preventive strategies for specific demographic groups to mitigate the CVD burden linked to air pollution moving forward.
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