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Abstract

Poor air quality accounts for more than 9 million deaths a year globally according to recent 

estimates. A large portion of these deaths are attributable to cardiovascular causes, with evidence 

indicating that air pollution may also play an important role in the genesis of key cardiometabolic 

risk factors. Air pollution is not experienced in isolation but is part of a complex system, 

influenced by a host of other external environmental exposures, and interacting with intrinsic 

biologic factors and susceptibility to ultimately determine cardiovascular and metabolic outcomes. 

Given that the same fossil fuel emission sources that cause climate change also result in air 

pollution, there is a need for robust approaches that can not only limit climate change but also 

eliminate air pollution health effects, with an emphasis of protecting the most susceptible but 

also targeting interventions at the most vulnerable populations. In this review, we summarize 

the current state of epidemiologic and mechanistic evidence underpinning the association of air 

pollution with cardiometabolic disease and how complex interactions with other exposures and 

individual characteristics may modify these associations. We identify gaps in the current literature 

and suggest emerging approaches for policy makers to holistically approach cardiometabolic 

health risk and impact assessment.
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Globally, poor air quality accounts for >6 million deaths per year according to the Global 

Burden of Disease in 2019 although recent estimates have suggested that this number may 

actually be above 9 million.1 Air pollution accounts for 2.9 fewer years of life on average 

worldwide compared with 2.2 years for tobacco smoking, highlighting the importance of 

ambient air pollution as a global risk factor.2 In 2019, the total economic cost of air 

pollution equated to over $8 trillion, which is equivalent to over 6.1% of the global 

annual GDP.2 In setting new aspirational global guidelines for air quality with an annual 
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average for particulate matter <2.5 μm (PM2.5) of 5 μg/m3, the World Health Organization 

acknowledges that over 99% of the world’s population lives in an area with harmful levels of 

air pollution.2,3

There is a large body of epidemiological evidence indicating that air pollution–mediated 

effects on global mortality and morbidity are predominantly driven by its effects on 

atherosclerotic cardiovascular disease (CVD). Growing evidence also links air pollution 

to cardiometabolic risk factors including obesity, diabetes, and hypertension that may 

represent important pathways to clinical atherosclerotic CVD events.1,4 It has also 

become increasingly clear that air pollution is seldom experienced in isolation from other 

environmental factors but occurs and is influenced by exposures such as the built and 

natural environment and interacts with a variety of extrinsic, as well as intrinsic biological 

factors including intrinsic susceptibility, in a complex system to impact cardiovascular health 

(Figure 1).5 Persistent disparities in air pollution health impacts and new sources of air 

pollution attributable to climate change, have renewed the urgency to better understand 

sources, characterize health effects, and disseminate this information for personal protection 

and policy impact.6

An integrated understanding that requires a shift in a one-exposure-at-a-time approach to 

a systems framework is much needed. In 2005, Wild7 introduced the term exposome to 

encompass the totality of exposures from a variety of external and internal sources over 

a complete lifetime. Current epidemiological studies are focusing on operationalizing the 

concept of the exposome, at least with regard to a list of important exposures, to improve 

our understanding of the effects of multiple factors in the external environment, experienced 

concurrently.8 Additionally, research has focused on identifying vulnerable populations, 

defined by age, sex, race, and socioeconomic factors. This integrated understanding is 

important for policymakers, health care providers, and public health professionals to help 

facilitate integrated solutions that may mitigate the effects of air pollution, especially 

among the most vulnerable subgroups, and to develop health impact assessment tools. 

In this review, we summarize the current state of the epidemiological evidence of the 

association of air pollution with cardiovascular health, the mechanisms by which air 

pollution affects cardiovascular health often together with other exposures, and how these 

complex interactions and individual characteristics may modify these associations. Finally, 

we suggest current challenges and opportunities in the field. In this review, the use of the 

word exposome is limited to exposures in the external environment and their health impact 

on atherosclerotic cardiovascular outcomes.

AIR POLLUTION SOURCES AND CONSTITUENTS

The sources of air pollution and its complex chemistry have been reviewed extensively 

in prior reviews, but, briefly, both natural and anthropogenic sources emit primary air 

pollutants comprising of particulate and gaseous components, such as particulate matter 

(PM), sulfur dioxide, and nitrogen oxides (NOx).9,10 Primary pollutants are formed and 

emitted directly from sources, while secondary pollutants are those that are formed as part 

of atmospheric chemistry and include secondary NOx gases, ozone, secondary nitrates, 

and sulfate particles. The Environmental Protection Agency sets National Ambient Air 
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Quality Standards for 6 principal criteria air pollutants—NOx, sulfur oxides, PM, carbon 

monoxide, O3, and lead—all of which have been shown to be harmful to public health and 

the environment. In February 2024, the EPA finalized revisions to the annual health–based 

National Ambient Air Quality Standard for fine PM (PM2.5) from a level of 12 to 9 μg/

m3.11 The EPA estimates that this revision alone will prevent up to 4500 premature deaths, 

yielding up to $46 billion in net health benefits in 2032.

PM is a blend of solids and liquids that arise from natural (desert dust, sand, wildfires, 

and salt) and anthropogenic sources (burning fossil fuels). PM can be categorized by 

size into thoracic particles (PM10—aerodynamic diameter <10 μm), fine particles (PM2.5

—aerodynamic diameter <2.5 μm), and ultrafine particles (UFPs or PM0.1—aerodynamic 

diameter <0.1 μm). The size of PM determines its final destination within the body; PM10 

is filtered by the respiratory tract, while PM2.5 and PM0.1 can migrate from the lungs, 

eliciting systemic inflammatory and prothrombotic effects. The toxicity of air pollutant 

components is directly related to characteristics of its physicochemical characteristics 

including composition, size/morphology, oxidative stress potential, charge, solubility, 

surface area, particle count, and lung deposition. Meteorologic conditions such as wind 

speed, humidity, temperature, and diurnal changes can alter the composition and propagation 

of air pollution, affecting the size of the population exposed.9,12

Both anthropogenic and nonanthropogenic sources may contribute to PM2.5 in urban 

environments.13,14 Differences in air pollutant concentrations within cities or regions are 

greater for primary (ie, directly emitted) pollutants, such as nitrogen dioxide (NO2) and 

UFPs, compared with secondary pollutants, such as ozone and a portion of PM2.5.1,15 

Anthropogenic PM2.5 is directly emitted from sources such as power plants, traffic, 

factories, transportation, and port activities but can be secondarily formed in the atmosphere 

from myriad sources and chemical interactions.13 Desert dust, sand, wildfires, and salt are 

common sources of nonanthropogenic PM2.5. Biomass burning due to forest fires, dust 

derived from construction, crustal material, tire wear and road dust, and secondary organic 

aerosols may dominate PM2.5 mass in some environments and its oxidative potential.13,16

The evidence to date suggests that the cardiovascular toxicity of nonfossil fuel sources may 

not be any less deleterious, and, in the case of wildfire PM2.5 toxicity, there is evidence 

that the cardiovascular and respiratory toxicity may even be higher.16 The sources of PM2.5 

have a major impact on its composition and consequent health effects.17,18 Traffic-related air 

pollution is often composed of a large component of organic aerosols. Ultrafine components 

in the particulate phase are particularly prevalent in vehicular exhaust and include volatile 

organic compounds that change dramatically in size, composition, and oxidative potential, 

both spatially and temporally. Hence, with quantification and characterization of traffic-

related air pollution and its health impact, an emerging and important area of research may 

mandate high spatial resolution and more sophisticated chemical speciation approaches.19,20

NOx is a group of highly reactive gases formed primarily from the combustion of fossil fuels 

and may serve as a surrogate for traffic-related air pollution and other reactive components 

such as volatile organic compounds.21,22 NO2 is created during combustion not only from 

coal, oil, methane gas, or diesel from cars and other vehicles, power plants, and off-road 
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equipment but also from biomass burning. In urban areas, stationary power generation and 

traffic are the dominant sources. Sulfur oxides are generated in a similar manner as NOx, 

from fuels high in sulfur content such as coal. Sulfates and nitrate salts are generated 

via complex photochemical reactions initiated by intermediate free radicals catalyzed by 

metals and dependent on atmospheric humidity. Haze episodes in winter are dominated by 

drastically elevated concentrations of PM2.5 containing high levels of nitrate and sulfates. 

Ambient SO42– formation is also chemically linked to NOx and volatile organic compounds 

through the intermediate formation of reactive oxygen species and, thus, is dependent on 

NOx levels.

Multiple aspects of the physical and social environment can also modify the health effects 

of air pollution exposure, including poor housing, lack of green space, poor diet, and access 

to health care.23–26 Household air pollution encompasses a range of pollution from diverse 

sources, including solid fuels used for cooking and heat, and remains a considerable problem 

globally. In countries with high levels of ambient air pollution, penetration of outdoor 

particles is well known to determine indoor air pollution levels and health effects.27

AIR POLLUTION AND CARDIOMETABOLIC RISK EPIDEMIOLOGY

An extensive body of epidemiological literature exists on the adverse cardiovascular 

and metabolic effects of both short- and long-term exposures to air pollution.1,19,28–31 

Specifically, there is substantial evidence of association with CVD mortality, ischemic heart 

disease incident acute myocardial infarction and stroke (ischemic and hemorrhagic), heart 

failure hospitalizations or death, mortality in heart transplant recipients, hypertension, and 

dyslipidemia. These studies have been compiled and interpreted in many recent reviews.32–

35

In a recent umbrella analysis of systematic reviews and meta-analyses, a total of 56 

reviews (10 systematic reviews and 46 meta-analyses) were identified.34 Nearly 21 studies 

(4 systematic reviews and 17 meta-analyses) were published between 2010 and 2020, 

therefore representing rather recent trends in air pollution levels across the globe. Both 

short- and long-term associations of PM2.5 were robustly associated with cardiovascular 

mortality.34 The meta meta-analytic estimates for cardiovascular mortality ranged from 

0.64% to 1.00%/10-μg/m3 increase in PM2.5. The estimates for myocardial infarction with 

short-term increases in PM2.5 ranged from 1.2 to 2.4, while that for stroke ranged from 0.8 

to 2.2 for every 10-μg/m3 increase in PM2.5. These estimates are broadly consistent with 

prior meta-analytical estimates where short-term exposure (over hours to days) increases 

the risk for cardiovascular mortality, myocardial infarction, stroke, heart failure, and sudden 

death, each by about 1% to 2% per 10 μg/m3.10 Long-term exposure over months to years 

amplifies these risks by nearly an order of magnitude for cardiovascular mortality.19 Results 

for cardiovascular mortality, stroke, and myocardial infarction with chronic exposures in 

the umbrella review were broadly consistent with prior estimates of 5% to 10% per 10 

μg/m3.10,34 In contrast, the long-term effect of PM2.5 and NOx on heart failure demonstrated 

uninformative associations with large CIs.34 The equivalent estimates for NO2 with regard 

to cardiovascular mortality were 0.88 to 1.62 and 3 to 23 for each 10-μg/m3 increase 

in short- and long-term exposures, respectively.34 In contrast to the relatively robust 
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associations between PM2.5 and stroke and myocardial infarction, few studies have noted 

stable associations between the long-term effects of NOx. This may partly relate to the fact 

that short-term changes in NOx, which are typically influenced by traffic, are substantial and 

could account for a large proportion of the short-term attributable risk. In contrast, long-term 

levels may not vary as much. Biological explanations, relating to the potent chemistry of 

NOx (highly reactive in the short term but may be less potent in the longer term), may 

be plausible. Studies on the impact of long-term exposure to PM2.5 and peripheral arterial 

disease are scarce.36 In a population-based study in Germany, an increase in PM2.5 exposure 

was associated with abnormal ankle-brachial index (high or low; odds ratio, 1.59 [95% 

CI, 1.01–2.51]).37 There is also growing evidence of associations between air pollutants 

and multiple surrogate markers for atherosclerosis including arterial stiffness, endothelial 

function, coronary artery calcium score, and carotid artery intima thickness.19 Although 

there are emerging data suggesting that UFPs may exert potent cardiovascular effects, the 

epidemiology of UFPs continues to evolve. One challenge is the accurate quantification 

of these particles. In the National Particle Component Toxicity research program, fossil 

fuel combustion source categories were most consistently associated with both short- and 

long-term adverse effects of PM2.5 exposure.38 From a source perspective, traffic sources 

and industrial and power categories result in residual oil combustion and are most closely 

associated with short-term effects and components, with coal combustion closely associated 

with long-term effects.39

There is substantial geographic variability across the globe in health effects attributable 

to air pollution due to differences in concentrations, exposure sources, and susceptible 

subpopulations.34,40 The Global Burden of Disease exposure-response function derived 

from many of the same studies included in the umbrella review helps understand how 

even low concentrations of air pollution have a cardiovascular impact. In the Global 

Exposure Mortality Model, involving only ambient air pollution cohorts (41 cohorts from 

16 countries, including China, allowing a broad range of exposures), the global burden 

of deaths attributable to PM2.5 was 8.9 million deaths with >50% from ischemic heart 

disease and stroke.41 The shape of this dose-response curve for ischemic heart disease 

mortality is nearly linear, with little evidence of flattening across current global pollutant 

levels and no lower concentration threshold, below which exposures can be considered safe 

at the population level. Air pollution is well known to cross national boundaries and has 

substantial cross-boundary and even cross-continental impacts. A prior study demonstrated 

that about 12% of air pollution attributed to PM2.5 was emitted in a region of the world 

other than that in which the death occurred, and about 22% were associated with goods and 

services produced in 1 region for consumption in another.42

Air pollution has been extensively implicated in the pathogenesis of hypertension.30,31 A 

recent study estimated the extent of global blood pressure (BP) elevation attributable to air 

pollution above the World Health Organization recommended safe threshold of 5 μg/m3 for 

PM2.5 assuming a mean global annual population-weighted PM2.5 exposure of 42.6 μg/m3 

(Figure 2).29 PM2.5 levels above the World Health Organization Air Quality Guidelines of 

5 μg/m3 in 2019 was associated with 2.4 and 1.2 mmHg increase in systolic and diastolic 

BP, respectively (Figure 3). Countries with the highest excess BP levels (in millimeters 

of mercury) included India (4.9/2.4), Nepal (4.9/2.4), Niger (4.7/2.3), Qatar (4.5/2.2), and 
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Nigeria (4.1/2.0). Given relatively low PM2.5 levels in the United States (7.7 μg/m3), the 

associated excess BP was small (0.2/0.1).29

A recent review has extensively detailed the impact of air pollution on insulin resistance and 

diabetes including underlying mechanisms.28 The Global Burden of Disease investigators 

found that 20% of all diabetes-related deaths and disability-adjusted life-years globally 

were attributed to PM2.5 (≈13.5% ambient and 6.5% household air pollution).43 Several 

nationwide cohort studies in adults in China have also demonstrated a link between air 

pollution, obesity, and other metabolic syndrome components particularly at higher levels 

of air pollutants.44 In a meta-analysis to estimate the effects of childhood exposure to air 

pollutants, obesity and body mass index (BMI) were both associated with PM10, PM2.5, and 

PM0.1.45 Longitudinal studies examining links between PM2.5 and obesity have been largely 

negative at lower annual PM2.5 concentrations (median ≤20 μg/m3).46–48

In summary, evidence supports a link between air pollution and clinical CVD, as well as 

multiple key cardiometabolic risk factors that may be important in driving CVD risk.

SUSCEPTIBLE SUBPOPULATIONS

Increased susceptibility defines individuals (eg, elderly adults, diabetics) who are at higher 

risk for adverse health effects than the general population when facing the same level of 

exposure.49 Vulnerability from an epidemiological and policy standpoint generally refers to 

a broader construct of populations who face disproportionately high exposures and, hence, a 

greater burden of health effects either because of their built, social, or natural environment 

(Figure 1). The Clean Air Act requires the US EPA to identify and protect not only the 

general public but also the most vulnerable populations to guide interventions and inform 

regulatory policy.50 The World Health Organization specifies vulnerable populations based 

on both innate and acquired environmental, social, or behavioral factors.51 This has been 

a growing area of emphasis in the air pollution and cardiovascular literature, driven by 

the increased emphasis on environmental justice.49,50,52 In the following, we highlight key 

vulnerable subgroups consistently examined in the literature—specifically defined by age, 

sex, race, and socioeconomic status (SES).

Age

Given the progressive nature of the atherosclerotic disease, cardiovascular risk due to 

exposure to air pollution has generally been found to be highest in older populations53–

55 These populations have higher CVD risk even in the absence of air pollution, but air 

pollution has been shown to worsen cardiovascular health by accelerating atherosclerotic 

change.56 In the European Study of Cohorts for Air Pollution Effects (ESCAPE) project, 

a meta-analysis of 11 European cohorts consisting of 100 166 participants, the highest air 

pollution-related cardiovascular risk was among those over 60. The study found that for 

every 5-μg/m3 increase in long-term PM2.5 exposure, nonfatal acute coronary event risk 

increased by 13% among this population.57 In many large US cohorts, age continues to 

represent one of the most important determinants of air pollution health effects.54,55
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Sex

There has been long-term interest in understanding sex differences in air pollution/CVD 

associations. In one recent review of over 100 studies, researchers found a stronger 

association between PM2.5 and CVD morbidity in women compared with men.58 In a 

separate review and meta-analyses of studies that included 3.6 million ischemic heart disease 

(IHD) and 1.3 million stroke cases among 63.7 million participants, researchers found that 

a higher level of PM2.5 exposure was associated with an increased risk of IHD in women 

than in men; similar differences were not observed for stroke.59 Consistent sex differences 

have not been identified in all studies, and the mechanism for these differences is not clear. 

Therefore, additional research is needed to understand whether air pollution is a sex-specific 

risk factor for CVD and the underlying causal processes in the association.

Race/Ethnicity/Nativity

It is well-documented that racial/ethnic minorities, particularly in the United States, are at 

a higher risk of CVD due to air pollution.55,60–62 In other parts of the world, where the 

social construct of race is not as applicable, these disparities play out more frequently by 

nativity.60,63,64 There are 2 hypotheses driving these disparities, either that the populations 

themselves are more susceptible due to chronic disadvantage or they have higher risks 

because of increased exposures.65,66 Also, often, it is difficult to disentangle the effects of 

minority status from differences in SES.

Environmental racism refers to the fact that environmental exposures disproportionately 

impact disadvantaged individuals and communities.67 These adverse exposures at least in 

the United States are often rooted in environmental policies and decisions throughout history 

that has disproportionately impacted marginalized groups and placed them at increased 

risk for health outcomes.67–70 A recent report showed that, on average, Black, Asian, and 

Hispanic or Latino populations have higher exposures to PM2.5 than their white counterparts 

in the United States,71 with similar patterns playing out around the world.72–75 Conversely, 

the pollution reduction benefits are also likely to be unevenly distributed within a population 

and require additional knowledge on which subgroups may derive preferential benefit.65

Socioeconomic Status

SES has been shown to be associated with both levels of exposure to air pollution 

and the magnitude of the association of air pollution with CVD risk. A review of 37 

studies found that economically disadvantaged communities in North America, Asia, and 

Africa may experience higher levels of air pollution, but this relationship is less clear 

in Europe.23 A 2012 analysis of long-term exposures over 6 years in 215 US Census 

tracts found that individuals with less than a high school education had 6.2% higher 

PM2.5 exposure concentration than individuals with a college education.76 Similar results 

were found in studies on populations in New Zealand, Hong Kong, Ghana, and Europe.77–

79 The association between low SES and air pollution was noted several decades ago 

and, indeed, had been shown to worsen the adverse effects of short- and long-term 

exposures to air pollution.54,80–82 More recently, researchers have begun to use indices 

capturing multiple domains of SES and deprivation as modifiers. In US population-level 

studies, these social deprivation indices have been found to modify the association between 
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ambient air pollution and cardiovascular mortality.83–85 Social deprivation is a construct 

that may reflect an increased risk for adverse health outcomes that are dependent on 

many factors, including income, education, employment, access to transportation, and 

housing. Validated indices such as the social deprivation index or the social vulnerability 

index compute a score using a mix of factors that reflect living conditions, education, 

income, and access to services. Higher CVD mortality has been noted in counties with 

high social vulnerability, measured using the Centers for Disease Control and Prevention/

Agency for Toxic Substances and Disease Registry social vulnerability index, with similar 

results among subgroups of CVD mortality.32 In a US study that linked county-level 

cardiovascular mortality with PM2.5 levels, both PM2.5 (β [SE], 7.584 [0.938]; P<0.001) 

and social deprivation index scores (β [SE], 0.591 [0.140]; P<0.001) were independently 

associated with age-adjusted cardiovascular mortality (R2=0.341). The association between 

PM2.5 and cardiovascular mortality was stronger among counties with the highest social 

deprivation index (Pinteraction=0.012). The Environmental Justice Index developed using 

data from the US Census Bureau, the US Environmental Protection Agency, the US Mine 

Safety and Health Administration, and the US Centers for Disease Control and Prevention 

provides additional information beyond the social vulnerability index by accounting for 

environmental factors.1

FROM MULTIPLE EXTERNAL EXPOSURES TO THE EXPOSOME

Increasingly, researchers and policymakers have begun to explore the interactions between 

multiple components of the exposome on the risk of CVD.15,86 This is vitally important 

because exposures are not experienced in isolation and, especially now due to climate 

change, these interactions between exposures may be changing in complex ways with 

unforeseen consequences. Additionally, as the world explores climate change mitigation and 

adaptation strategies, considering the potential impacts on other exposures and health is vital 

to maximize potential cobenefits.

A growing number of studies, especially from Europe, have conducted analyses exploring 

the independent and joint associations between transportation-related noise and air 

pollution on cardiovascular outcomes.87,88 The rationale behind exploring these exposures 

simultaneously is the common exposure source of transportation. In many studies, noise 

appears to modestly attenuate air pollution associations. For example, Héritier et al89 

conducted an analysis in a nationwide study in Switzerland with the aim of understanding 

the concurrent risks of air pollution (PM2.5 and NO2) and transportation noise sources (road, 

railway, and aircraft) on myocardial infarction mortality in the Swiss National Cohort. The 

hazard ratios (HRs) for both PM2.5 (HR per 10 μg/m3, 1.02 [95% CI, 1.01–1.04]) and NO2 

(HR per 10 μg/m3, 1.05 [95% CI, 1.01–1.09]) were attenuated by noise (PM2.5: HR, 0.99 

[95% CI, 0.97–1.02]; NO2: HR, 1.02 [95% CI, 0.97–1.07]).89 In a study in Germany, noise 

slightly attenuated associations of PM2.5 with hypertension from an odds ratio of 1.15 (95% 

CI, 1.02–130) to 1.11 (95% CI, 0.98–1.27) for each 1-μg/m3 increase.90

A smaller number of studies have started to explore interactions between air pollution 

and the built and natural environment.5 The built environment refers to places built 

or designed by humans including parks, buildings, transportation infrastructure, and man-
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made green spaces.91 The natural environment and green spaces have been shown to 

modulate cardiovascular and metabolic risk factors and have been previously reviewed 

in a policy review from the American Heart Association.92 Similar to the rationale for 

exploring interactions with transportation noise, many aspects of urban design and land use 

characteristics may directly influence air pollution exposure, as well as directly impacting 

cardiometabolic health including mobility, housing, transport mode, and recreational and 

natural tree covers.93 For example, car-centric infrastructure reduces active mobility and 

physical activity, simultaneously leads to higher levels of environmental stressors, such 

as air pollution, noise, and heat islands, and increases cardiovascular morbidity and 

mortality. In contrast, green residential communities, active transportation, and community 

layouts that reduce air pollution exposure while promoting social interactions may help 

attenuate the cardiovascular health effects of air pollution.5 There is good evidence that 

individual components of urban design can reduce disparate environmental exposures 

through synergistic impacts. In a study in rural China, the negative associations of PM1 

on cardiac conduction parameters were mitigated with increasing greenness surrounding the 

residence.94 Similar attenuations have been observed in studies of other cardiac outcomes 

around the world.95–97

Driven by an interest in how associations with air pollution may change under climate 

change and reflecting differences in air pollution sources and components in different 

seasons, many studies have explored associations between various air pollutants and 

climatic components (eg, temperature [especially extremes], humidity) with a variety of 

cardiovascular outcomes.98,99 In a time-series study in Hong Kong, the detrimental effects 

of air pollution on emergency IHD admissions were highest in the cool and dry season.100 

In another study in Lanzhou city, China,101 the associations of air pollution with coronary 

heart disease hospitalizations were also greater during the cold season. However, the bulk of 

the literature to date focuses on the impacts of air pollution on the effects of temperature as 

opposed to the other way around.

Recent studies highlight the necessity and challenges of a multiexposure framework to 

understand the environmental CVD burden.32 Poulsen et al102 used data from a nationwide 

Danish cohort and considered road traffic noise and green space together with air pollution 

exposures. To quantify the cumulative burden of multiple exposures, they calculated a 

cumulative risk index per interquartile range increase. In multipollutant models adjusted 

for individual and neighborhood sociodemographic covariates, PM2.5, noise, and lack of 

green space within 150 m of the residence were all independently associated with the 

risk of myocardial infarction. The cumulative risk index was 1.09 [95% CI, 1.08–1.10], 

and all 3 factors were statistically significant contributors.102 A cohort study in Denmark 

investigated the health effects of 4 air pollutants (PM2.5, ultrafine, elemental carbon, and 

NO2), traffic noise, and lack of green space within 150 and 1000 m from the residence.103 

The exposure assessments were sophisticated and obtained at high spatial and temporal 

resolutions. Combustion-related air pollution typified by UFPs and NO2, road traffic noise, 

and lack of green space were all independently associated with a higher risk of type 2 

diabetes with the estimated cumulative risk for all exposures, higher than for any single 

exposure. These studies, while being a step in the right direction, do not address multiple 

other exposures including those attributable to chemical pollution.
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To move from a limited framework of external exposures to a true exposomic framework 

will involve the incorporation of geospatial features of the natural and built environment, 

light pollution, and other chemical exposures in the environment in the air, water, and 

soil, constituting the pollutome and ultimately predictors in the internal environment 

such as genetic, metabolomic, radiomic, transcriptomic, epigenomic, and epitranscriptomic 

features.32

AIR POLLUTION PATHOPHYSIOLOGICAL MECHANISMS

The mechanistic pathways linking air pollution to cardiovascular outcomes have been 

well-described in prior studies.1,10,104 Mechanisms linking air pollution to CVD can be 

broadly summarized in 3 main pathways: (1) initial local response in the lung, (2) systemic 

transmission and dissemination, and (3) end-organ effector pathways.19 Many of these 

pathways intersect and may occur simultaneously and not necessarily in the same temporal 

sequence to produce complex effects on cardiovascular health. Upon exposure to PM, 

oxidative stress and local inflammatory response in the lungs and pulmonary vasculature 

trigger activation of both innate and adaptive immunity mechanisms.19 Inhaled PM2.5 may 

result in the release of inflammatory mediators that may result in the activation of pattern 

recognition receptors such as TLRs (toll-like receptors).105 Long-term exposure to PM2.5 

leads to upregulation of prothrombotic and inflammatory pathways.106 The rapidity of onset 

of changes in vasomotor tone together with changes in BP and autonomic tone strongly 

implicates activation of neural pathways that may transmit signals systemically.1,10,19 

Systemic effector pathways involved in atherosclerosis are also mediated by increased 

production of biological oxidative intermediates, all of which may lead to exaggerated 

inflammatory responses.107,108 Unlike larger PM, ultrafine PM can bypass pulmonary 

defenses and enter the systemic circulation more easily, where it can generate local 

inflammatory responses and cause direct cellular injury.106,109 These particles are also 

thought to cross the blood-brain barrier and upregulate central nervous system efferent 

inflammatory pathways, increasing sympathetic tone and arterial pressure.109 Ultrafine 

PM may disrupt the hypothalamic-pituitary-adrenal axis directly activating the sympathetic 

nervous system activation and contributing to insulin resistance.10 PM leads to pulmonary 

and peripheral platelet sensitization, increasing the potential for prothrombotic responses.10 

PM2.5 exposure in animal models results in circadian rhythm disruptions that may link 

long-term PM exposure to chronic cardiometabolic dysfunction.110 There is evidence of 

epigenetic changes after PM exposure as well, but additional research is required, and the 

pathophysiologic mechanisms are not well understood.10 In a retrospective, mechanistic 

evaluation of the combined effect of air pollution and noise, 474 individuals without active 

cancer or known CVD in Boston were imaged with clinical (18)F-FDG-PET/CT (2-deoxy-2-

[fluorine-18]fluoro- D-glucose integrated with computed tomography) for the evaluation of 

residual cancer. Arterial inflammation was measured as a secondary read out and linked to 

regional monitors reporting PM2.5 and transportation noise. Higher exposures were defined 

as noise >55 dBA (World Health Organization cutoff) and PM2.5 >median. Exposure to an 

increasing number of pollutants associated with higher arterial inflammation (standardized 

beta, 0.195 [95% CI, 0.052–0.339]; P=0.008) and >10-fold increased risk of major adverse 

cardiovascular events (MACE; relative to pollutant unexposed) in fully adjusted models 
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(11.844 [95% CI, 3.154–44.475]; P<0.001). In mediation analysis, arterial inflammation 

partially mediated the relationship between pollutant exposures and MACE (P<0.05).111

ALLOSTATIC LOAD IN RESPONSE TO ENVIRONMENTAL STRESSORS

Allostatic load is a concept that was introduced in 1993 by McEwen and Stellar112 as a way 

to explain how cumulative, chronic exposure to stressors (including SES and environmental 

exposures) may result in noncommunicable diseases. Today, the allostatic load concept 

provides a unified pathway of how simultaneous, chronic exposure to the exposome would 

lead to physiological stress and disturb baseline homeostatic functions. Cortisol levels 

have been used as a primary marker of allostatic load.113 As mentioned above, stress 

hormones and sympathetic activation result in circadian rhythm disruption. In a metanalysis 

of 6 studies, the allostatic load was associated with cardiovascular mortality (HR, 1.31 

[95% CI, 1.10–1.57]; I2>90%).113 There is growing evidence that allostatic load increases 

with increasing exposure to air pollution, offering a potential way to assess cumulative 

impacts of the overall burden of stressor experienced.114,115 Prior experimental studies 

have demonstrated that circadian genes ranked among the top differentially expressed genes 

in response to air pollution exposure.116 Mice exposed to concentrated ambient PM2.5 

demonstrated insulin resistance, reduced energy expenditure, metabolism, thermogenesis, 

and dysregulated circadian genes, which reversed with cessation.116 In a study comparing 

exposure to PM2.5 exposure and light at night exposure, although PM2.5 and light at 

night induced an identical phenotype of insulin resistance and metabolic dysfunction, the 

transcriptional and epigenetic pathways, including differentially expressed circadian genes, 

seemed to differ between these 2 exposures. In humans, metabolic syndrome parameters, 

sleep deprivation, and depression (circadian syndrome) have been highly correlated with 

PM2.5 exposure.110 The cascade of circadian disruption is commonly associated with stress 

mediators such as catecholamines and cortisol. Cortisol levels indeed have been used as a 

primary marker of allostatic load. Increased secretion of corticosterone and catecholamines 

has been demonstrated in animal models and humans in response to both PM2.5 and ozone 

exposure.110,117–120 In a post hoc analysis of the MESA cohort, higher levels of annual 

NO2 (a traffic pollutant) and PM2.5 were associated with higher epinephrine and dopamine 

levels.121

FUTURE DIRECTIONS MEASURING AND QUANTIFYING AIR POLLUTION 

EXPOSURE LEVELS

While remote estimates of PM concentrations using satellites by aerosol optical depth, 

chemical transport models, and ensemble approaches have been transformative for research 

and policymaking purposes, accurate estimations of personal exposure based on such 

approaches may be challenging. Therefore, as technologies have become widely available, 

there has been a move towards deploying low-cost stationary and portable sensor systems 

to help provide data more accurate estimation of personal exposures and to extend the 

spatial and temporal resolutions of existing networks. To date, there has not been a study 

of sufficient size combining personal monitoring and CVD outcomes other than biological 

markers or BP/electrophysiology.122 Deploying personal monitoring is still not feasible for 
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large cohorts or for the decades needed to examine associations with CVD mortality, IHD, 

or stroke. A growing literature has combined personal monitoring in small subsamples 

with model predictions in the full sample to adjust effect estimates for measurement 

error.123–128 The availability of low-cost monitors embedded in the urban environments 

in multiple locations may be able to provide the next best solution to personal monitoring, 

but standardization of measurements and the challenge using of high temporal resolution 

data (eg, minutes or even hourly data) remain challenges.129

INTEGRATED TOOLS FOR CUMULATIVE HEALTH IMPACT

Integrated approaches that incorporate multiple exposures and their aggregate effects defined 

as the exposome have been proposed by us and others.32,86,130–132 Addressing that the sum 

totality of exposures is a departure from the current one exposure at a time framework 

to the simultaneous examination of multiple exposures is necessary as the impact of 

many aggregate exposures may not be linear or additive.80 The integration of climate, 

environmental, social, and health data into common platforms and the use of machine 

learning and artificial intelligence to explore climate and human health effects provides an 

unprecedented opportunity for Health Impact Assessment (HIA) and policy.133–135

In the field of exposure science, new sensor technologies in wearable monitors can capture 

multiple human microenvironments and offer the promise of true exposomic assessment. 

High-resolution mass spectrometry allows the measurement and identification of vast 

numbers of exogenous and endogenous chemicals in a single analytical run. High-resolution 

mass spectrometry methods can detect small molecules such as pharmaceuticals, pesticides, 

microbial metabolites, and other exogenous chemicals that may be present in the soil, 

water, or even in the human plasma and can be mapped at least at the census tract 

level for a start. Identification of chemical species is currently complicated, as chemicals 

undergo transformation. While computational tools can predict many transformations, 

predicting first-order reactions alone can be challenging, let alone second-order reactions. 

Approaches to reduce complexity and dimension reduction such as grouping chemicals 

by their sources into groups and grouping exposures, analogous to genotype variants, and 

linking their relationship to a phenotype of interest are increasingly being used. Additional 

complexities in the statistical toolset and assumptions, which assumes that all chemicals are 

randomly distributed and measured with equal precision, can be fallacious. Thus, identifying 

exposomic relationships from high-dimensional data comprising the pollutome poses major 

statistical and computational challenges.

Currently, most health risk–assessment tools are at the census tract level, which is not 

helpful for individual-level decision-making but can be important in population health 

interventions and policy. A good example of this type of integrated online mapper 

is the California Communities Environmental Health Screening Tool (CalEnviroScreen), 

developed by the California Office of Environmental Health Hazard Assessment. 

CalEnviroScreen enables researchers, community groups, and the public to identify 

communities burdened by multiple sources of pollution and health and socioeconomic 

vulnerabilities136 The 2021 version of CalEnviroScreen is composed of 21 indicators, 13 

of which estimate exposures to different environmental pollutants and 8 of which identify 
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population characteristics that may increase vulnerability (eg, education, unemployment, 

poverty, comorbidities). These scores are combined to calculate an overall cumulative 

impact score.137 However, despite these limitations, the use of such tools may provide 

useful information for future policy recommendations. A recent study evaluated the impact 

of future climate emission mitigation scenarios, using the Climate and Economic Justice 

Screening Tool to identify disadvantaged communities and prioritize them for government 

programs and funding based on climate and environmental burdens and socioeconomic 

indicators.65 In the study, the Black population was the most exposed racial-ethnic group 

to PM2.5. Under the business-as-usual scenario for limiting fossil fuel emissions, exposure 

disparities to PM2.5 by race and ethnicity persisted and remained higher than average for 

Black, Hispanic, and Asian populations. The 2 scenarios with enhanced emission reductions 

eliminated absolute and relative disparities for disadvantaged communities and for low-

income populations but not the disparities by race or ethnicity. This finding underscores 

that new regulatory strategies for emission reduction (deviating from business-as-usual) are 

needed to also help address PM2.5 exposure disparities. Additional geospatial tools and 

artificial intelligence approaches can markedly enhance the ability to integrate features in 

the built environment to predict heart disease. In a recent article, we demonstrated that built 

environment features extracted from Google Street Views from 7 cities across the United 

States using deep learning predicted 63% of the census tract variation in coronary heart 

disease prevalence. The study obtained 0.53 million Google street views (GSV) images 

covering 789 census tracts in seven US cities (Cleveland, OH; Fremont, CA; Kansas City, 

MO; Detroit, MI; Bellevue, WA; Brownsville, TX; and Denver, CO). The addition of Google 

Street View features improved a model that included census tract level age, sex, race, 

income, and education or composite indices of social determinants of health. Google Street 

View images of seven US cities were associated with 63% of the variance in prevalence of 

coronary heart disease (CHD; Figure 4). Compared with a model including age, sex, race, 

income, education, and composite indices for social determinants of health, the addition of 

GSV features enhanced the association of CHD. Activation maps from the features revealed 

a set of neighborhood features represented by buildings and roads that were associated with 

high coronary disease prevalence.138 Systems science approaches such as community-based 

systems can additionally help resolve complex issues related to climate change, pollution, 

and health equity in a contextually rich approach that includes spatial relationships and 

community-based systems dynamic modeling.139,140

CONCLUSIONS

As we have summarized above, there is strong and consistent evidence that air pollution 

is a major driver of CVD and cardiometabolic risk factors based on robust mechanistic 

and epidemiological findings. However, there is an urgent need to incorporate additional 

domains of the external environment and, ultimately, the incorporation of measures of the 

pollutome and that of the internal environment. The successful implementation of a true 

exposomic framework remains a challenge and will need the satisfactory resolution of many 

issues. The toll of air pollution and environmental pollution at large disproportionately 

affects vulnerable populations defined by age, sex, race/ethnicity/nativity, and SES. It is also 

vital to identify other individual or area-level factors that increase resilience to pollutant 
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exposure. The integration of climate, environmental, social, and health data into common 

platforms and the use of machine learning and artificial intelligence to explore climate and 

human health effects provide an unprecedented opportunity for HIA and policy.
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Nonstandard Abbreviations and Acronyms

BP blood pressure

CVD cardiovascular disease

HR hazard ratio

NO2 nitrogen dioxide

NOx nitrogen oxides

PM particulate matter

PM2.5 particulate matter <2.5 μm

SES socioeconomic status

TLR toll-like receptor

UFP ultrafine particle
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Figure 1. 
The relationship between intrinsic susceptibility and extrinsic factors in the environment, 

which determines vulnerable environments and populations.
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Figure 2. Global relationship between excess blood pressure (BP) and particulate matter <2.5 μm 
(PM2.5) levels.
A, Geographic distribution of estimated excess BP associated with fine PM2.5 levels above 

the World Health Organization Air Quality Guidelines of 5 μg/m3 in 2019. B, World map 

showing excess systolic and diastolic BP (using the 2021 World Health Organization Air 

Quality Guidelines) in each country and by specific groupings (World Bank regions and 

sociodemographic index [SDI]). DBP indicates diastolic blood pressure; and SBP, systolic 

blood pressure.

Khraishah et al. Page 25

Circ Res. Author manuscript; available in PMC 2024 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Data science approaches to derive exposomic signatures.
CNN indicates convolutional neural network; DL, deep learning; and ML, machine learning.

Khraishah et al. Page 26

Circ Res. Author manuscript; available in PMC 2024 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Artificial intelligence–enabled approach to detect novel geospatial determinants of 
health.
AIC indicates Akaike information criterion; BIC, Bayesian information criterion; CHD, 

coronary heart disease; DSE, demographic, social and environmental (city + sex + age + 

race + income + education); GSV, Google street views; LMEM, linear mixed effects model; 

and LRT, likelihood ratio test.
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