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ABSTRACT: Despite recent advances in treatment and prevention, stroke remains a leading cause of morbidity and mortality. 
There is a critical need to identify novel modifiable risk factors for disease, including environmental agents. A body of evidence 
has accumulated suggesting that elevated levels of ambient air pollutants may not only trigger cerebrovascular events in 
susceptible people (short-term exposures) but also increase the risk of future events (long-term average exposures). This 
review assesses the updated evidence for both short and long-term exposure to ambient air pollution as a risk factor for 
stroke incidence and outcomes. It discusses the potential pathophysiologic mechanisms and makes recommendations to 
mitigate exposure on a personal and community level. The evidence indicates that reduction in air pollutant concentrations 
represent a significant population-level opportunity to reduce risk of cerebrovascular disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Despite recent advances in treatment and prevention, 
stroke remains the second leading cause of death 
and third leading cause of death and serious long-

term disability combined.1,2 Conventional cardiovascular 
risk factors such as hypertension, diabetes, sedentary 
behavior, and smoking do not account for all of the varia-
tions in stroke risk.3,4 In addition, traditional risk factors 
are primarily associated with long-term risk and do not 
account for short-term risk or a triggering event (ie, the 
reason why an event occurs at a particular point in time, 
despite risk factors being present for years).

In the search for novel modifiable risk factors, there 
is growing interest in the adverse health effects of envi-
ronmental agents; among the most pervasive is ambient 
air pollution. Over 99% of the world’s population lives in 
areas where pollution levels exceed the World Health 
Organization Global Air Quality Guidelines.5 Ambient par-
ticulate matter (PM) air pollution is a leading cause of 
global disability and accounts for an estimated 2.9 million 
deaths per year.2 Accumulating evidence demonstrates 
that both short-term (hours to days) and long-term 
(months to years) exposure to air pollution is a risk factor 
for cerebrovascular disease. An earlier analysis by Global 

Burden of Disease Investigators reported that ambient 
air pollution was a leading cause of global stroke-related 
disability-adjusted life-years, accounting for an estimated 
16% of all stroke-related disability-adjusted life-years.3

This review provides an overview of the sources of air 
pollution, assesses the updated evidence for the asso-
ciation between air pollution and stroke, and discusses 
potential pathophysiologic mechanisms. Finally, potential 
strategies for risk mitigation in both the personal and 
clinical settings are discussed.

AMBIENT AIR POLLUTION
Ambient air pollution consists of a mixture of solid, liq-
uid, and gaseous components, including over 40 toxic 
substances from a variety of man-made and natural 
sources. There are 6 principal air pollutants regulated 
explicitly under the Clean Air Act (Table  1).6,7 Often 
considered the most widespread threat is PM, itself a 
mixture of solid and liquid aerosol from fossil fuel com-
bustion, transportation, industry, resuspended mate-
rial, and episodic sources such as wildfire smoke and 
volcanic eruptions.6 PM is categorized by the mean 
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aerodynamic diameter of particles into PM10 (aerody-
namic diameter, <10 μm); coarse particles (PM2.5–10, 
aerodynamic diameter between 2.5 and 10 μm); fine 
particles (PM2.5, aerodynamic diameter <2.5 μm); and 
ultrafine particles (aerodynamic diameter <100 nm). 
Although all sizes of PM are considered harmful, par-
ticles <2.5 μm are more likely to penetrate deep into 
the lung, where they may deposit, interact with host 
defense mechanisms, or pass directly into the circula-
tory system and be distributed throughout the body.8,9 
Oxides of nitrogen (collectively “NOx”) including nitric 
oxide (NO) and nitrogen dioxide (NO2) are generated 
from the combustion of fossil fuels and increase expo-
nentially on major roadways in urban areas. NO is rap-
idly oxidized to nitrogen dioxide (NO2), and both NO2 
and NOx are often considered when assessing traffic-
related air pollution.6,10 Ozone is created through a 
series of chemical reactions involving chemical reac-
tions of volatile organic chemicals and nitrogen oxides 
and solar UV irradiation. Ozone is of particular health 
concern when air is stagnant for several days, as often 
occurs in areas surrounded by mountains like Los 
Angeles and Mexico City.6 Although concentrations of 
many components of air pollution have decreased due 
to regulatory successes, ground ozone levels continue 
to increase.10

Although the health effects of these individual pollut-
ant components are often reported seperately, exposure 
to ambient air pollution in the real world is mixed. Pollut-
ant components may interact to either augment or coun-
teract disease processes. This can make disentangling 
the effect of isolated pollutants difficult, particularly in 
epidemiologic studies.

EPIDEMIOLOGIC STUDIES

Short-Term Exposure to Ambient Air Pollution 
and Stroke
The first studies of the impact of air pollution on stroke 
focused on the short-term or triggering effects of expo-
sure, with an increasing number of studies being pub-
lished over the last 10 years. The bulk of evidence 
demonstrates that short-term pollution exposure is a sig-
nificant risk factor for stroke hospitalization and mortality. 
There is still some ambiguity regarding which specific pol-
lutants trigger stroke, critical lag times between exposure 
and stroke onset, and magnitude of risk (Table 1).11–14 In 
particular, studies of the association between short-term 
pollution exposure and stroke mortality may be limited by 
significant exposure misclassification, as well as misclas-
sification of the timing of the stroke event. In compari-
son with other acute outcomes, such as incident acute 
coronary syndrome, the time between stroke onset and 
mortality may have significant variability, ranging from 
minutes to days or months. This makes identifying the 
correct window of short-term pollution exposure difficult.

A large meta-analysis by Shah et al of over 94 studies 
and 6.2 million events found small but significant associa-
tions between exposure to a wide range of air pollutants 
and a combined outcome of stroke hospitalization and mor-
tality.13 Increased concentrations of pollutants over periods 
encompassing the week prior to event were associated 
with increased risk of admission to hospital for stroke, or 
mortality from stroke for PM2.5 (relative risk [RR], 1.011 
per 10 μg/m3; [95% CI‚ 1.011–1.012]), carbon monox-
ide (RR, 1.015 per 1 ppm; [95% CI‚ 1.004–1.026]), sulfur 

Table 1.  Sources of Air Pollution and Evidence for Its Effect on Stroke

Pollutant 
EPA  
standard 

Averaging 
time Dominant sources 

Evidence for short-term 
effect on stroke incidence 

Evidence for long-term 
effect on stroke incidence 

Known effect on stroke 
risk factors 

PM2.5 35 µg/m3

12 µg/m3

24 h
Annual

•  Fuel combustion from automobiles
•  Industrial processes
•  Power plants
•  Wood burning
•  Diesel-powered vehicles

Overall: ++++ Ischemic: 
+++ Hemorrhagic: ++

Overall: ++++ Ischemic: 
+++ Hemorrhagic: ++

• � Accelerated athero-
sclerosis

• � Elevated blood pres-
sure

•  Hypertension
•  Arrhythmias
•  Diabetes
• � Congestive heart 

failure

PM10 150 µg/
m3

24 h •  Coal and Petroleum Combustion
•  Vehicles
•  Industry
•  Surface dust suspension

+++ ++ • � Exacerbation of isch-
emic heart disease

Nitrogen 
dioxide (NO2)

100 ppb
53 ppb

1 h
Annual

•  Motor vehicles
•  Coal and petroleum combustion
•  Industry

++ ++  

Ozone (O3) 0.07 ppm 8 h • � Secondary formation from NO2 
and hydrocarbons

++ ++  

EPA indicates Environmental Protection Agency; and PM‚ particulate matter.
++++Causal relationship: Pollutant has been shown to result in health effects at relevant exposure based on multiple lines of evidence.
+++Suggestive of, but not sufficient to infer: Evidence is generally supportive but not entirely consistent or is limited overall.
++Inadequate to infer the presence or absence of causal influence: Insufficient quantity, quality, consistency, or statistical power of results.
+Not likely to be causal: Studies consistently show no effect.
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dioxide (RR, 1.019 per 10 ppb; [95% CI, 1.011–1.027]), 
and NO2 (RR, 1.014 per 10 ppb; [95% CI, 1.009–1.019]).  
Most of the included studies were based in higher income 
countries, such as Europe and the United States, where 
pollutant levels are substantially lower than the rest of the 
world. The associations were stronger in low- and middle-
income countries than high-income countries for NO2 but 
not for the other pollutants.

Several recent studies have focused on countries 
with higher pollutant concentrations. In particular, recent 
independent studies out of China have shown a sig-
nificant relationship between a wide range of pollutants 
including PM2.5, PM10, SO2, NO2, and ozone, and risk of 
all-cause stroke hospitalization in the first 3 days after 
exposure.15–18 On days of high PM2.5 pollution in Beijing, 
China (PM2.5 concentration > 150 μg/m3), the odds of 
hospitalization for ischemic stroke were 7.1% higher 
(OR, 1.071; [95% CI‚ 1.053–1.090]) than on days with 
lower PM2.5 levels.19 In Shenyang, China, significant asso-
ciations were found between PM2.5 (RR per 10 μg/m3 
1.012; [95% CI‚ 1.003–1.096])‚ PM10 (RR per 10 μg/
m3 1.02; [95% CI‚ 1.002–1.083])‚ ozone (RR per 10 μg/
m3 1.178; [95% CI‚ 1.014–1.352]) and risk of all-cause 
stroke hospitalizations in the first 3 days after exposure.16

In contrast, several recent studies based in the United 
States found no significant associations between PM20 
or traffic-related air pollutants (PM2.5, NOx, and black car-
bon)21 and all-cause stroke mortality. A study from Vietnam 
also found no consistent associations between pollutant 
exposure and stroke hospitalizations.22,23 Another meta-
analysis incorporating all studies of ambient PM and 
stroke events from 1966 to 2014 showed no evidence 
of an association between PM and stroke hospitalization, 
but did find positive trends with stroke mortality (RRPM2.5, 
1.014; [95% CI‚ 0.9–1.9%]‚ and RRPM10, 1.005; [95% CI‚ 
0.3–0.7%]) per 10 μg/m3 increase in pollution.14

It is unclear whether the inconsistencies between 
these studies are due to variability in pollution exposure, 
differences in sample size, or misclassification of the time 
between pollutant exposure and the outcome. Estimates 
from meta-analyses may also mask important hetero-
geneity between studies. This highlights the importance 
of individual, well-designed observational studies when 
interpreting the evidence for an association between pol-
lution exposure and stroke incidence.

An additional explanation for differences in study find-
ings may be attributable to the lumping of stroke into a 
single outcome. Stroke is an etiologically diverse disease, 
and air pollution may have a differential effect on stroke 
subtypes. As highlighted in a recent review article, most 
of the studies that have examined the effect of ambient 
air pollution on stroke subtypes report stronger asso-
ciations between air pollution and ischemic rather than 
hemorrhagic stroke.15,24–33

Hemorrhagic stroke was more strongly associated 
with PM2.5 in only 1 study,34 whereas there were numerous 

studies that saw no association between ambient air 
pollution and hemorrhagic stroke risk, including several 
large studies in Europe.35,36 These findings speak to the 
need to further investigate potential mechanisms behind 
the impact of short-term spikes in air pollution and trig-
gering of stroke subtypes.

Long-Term Exposure to Ambient Air Pollution 
and Stroke
A growing body of literature demonstrates that long-term 
exposure to ambient air pollution, measured over months 
to years, is also a risk factor for cerebrovascular events. 
Similar to the evidence regarding short-term exposure 
to pollution, results of studies looking at the association 
between long-term exposure to ambient air pollution and 
stroke events are somewhat mixed. Despite some null 
studies,11,37 the preponderance of evidence supports a 
causal association between long-term exposure to pol-
lutants, stroke incidence, and mortality.

A meta-analysis of 20 studies‚, including over 10 mil-
lion people, found a significant association between PM 
(PM10 and PM2.5) (hazard ratio [HR] per 10 μg/m3, 1.061; 
[95% CI‚ 1.018–1.105]) and overall stroke events, and a 
positive but not significant association between PM and 
stroke mortality (HR‚ 1.080; [95% CI‚ 0.992‚ 1.177]). 
When stratified by continent, they found stronger asso-
ciations between PM10 and stroke events in studies done 
in North America and Europe when compared with that 
in Asia.37 A more recent meta-analysis limited to PM2.5 
studies confirmed these findings, reporting a 13% 
increased risk for incident stroke per 10 µg/m3 (95% 
CI, 11–15%), and a 24% for cerebrovascular mortality 
(95% CI, 13–36%).38

Large cohort studies in North America,39–43 Europe,44–50 
and Asia51–54 have provided updated evidence around 
the relationship between long-term exposure to ambi-
ent air pollution and stroke mortality and incidence. One 
of the largest studies to date, the European ESCAPE 
study (Evaluation Study of Congestive Heart Failure and 
Pulmonary Artery Catheterization Effectiveness) of 22 
pooled cohorts found increased risk of cerebrovascular 
disease deaths with exposure to higher levels of PM2.5 
(HR, 1.21 per 5 μg/m3; [95% CI‚ 0.87–1.69])‚ PM10 (HR 
per 10 μg/m3 1.22; [95% CI‚ 0.91–1.63])‚ and coarse 
PM (HR 1.17 per 5 μg/m3; [95% CI‚ 0.90–1.52]).48 In 
the multinational PURE study, the largest prospective 
cohort study on this topic to date, which included par-
ticipants from low-, middle-, and high-income countries, 
the authors found a HR for incident stroke of 1.07 (95% 
CI, 1.05, 1.10) per 10 μg/m3 increase in ambient fine 
particles (PM2.5).

55 When results of the PURE study (Pro-
spective Urban and Rural Epidemiological) were limited 
only to low- and middle-income countries with high con-
centrations of PM2.5 (>35 μg/m3), the effects of PM2.5 on 
incident stroke were similar.55
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Recent studies have begun to look at the effects of 
long-term exposure to ambient air pollution on differ-
ent stroke subtypes to untangle the contrasting results 
between studies assessing all-cause stroke risk. In most 
studies, the strongest effects of long-term exposure to 
pollution were seen on incident ischemic stroke.45,52,56 In 
the Danish Nurses Cohort, a nationwide sample of over 
23,000 nurses, PM2.5 (per IQR) was more strongly asso-
ciated with incident ischemic stroke (HR, 1.13; [95% CI‚ 
1.01–1.26]) than incident hemorrhagic stroke (HR, 1.07; 
[95% CI‚ 0.80–1.44]).45 A similar pattern of results was 
seen in a pooled sample of cohorts from Norway and the 
UK,56 and the Danish Diet, Cancer, and Health Cohort.49 
The results of these studies of long-term exposure are 
similar to the studies assessing the effects of short-term 
spikes in air pollution, with stronger and more consistent 
associations observed in ischemic than in hemorrhagic str
oke.15,24,26–29,51,57 It should be noted that despite these find-
ings being compelling, the results of studies that have tried 
to look at hemorrhagic versus ischemic stroke have not 
been entirely consistent, though at least some of this is due 
to weakness in outcome classification in research, espe-
cially that which relies on administrative sources of data.

PATHOPHYSIOLOGICAL MECHANISMS OF 
AIR-POLLUTION–ASSOCIATED STROKE
The precise pathophysiologic mechanisms that link 
ambient air pollution to stroke are still unknown. Exten-
sive research across in vitro, animal, and human studies 
demonstrates that exposure to air pollution induces pro-
cesses with a central role in triggering acute cerebrovas-
cular stroke such as systemic inflammation, enhanced 
thrombogenicity, atherosclerotic plaque vulnerability, 
vasoconstriction, and alteration in cardiac rhythm.58,59 In 
addition, there is robust evidence showing that chronic 
pollution exposure is associated with traditional risk fac-
tors for stroke, including accelerated atherosclerosis, 
diabetes, high-density lipoprotein dysfunction, hyperten-
sion, endothelial dysfunction, and cardiac arrhythmias.59 
Emerging literature also suggests that some pollutants 
may directly cause neurotoxicity and neuronal damage.60 
Through these interconnected mechanisms, acute expo-
sure to pollution may trigger the molecular and cellular 
pathways that precipitate stroke onset, while chronic 
exposure to pollutants may contribute to a predisposition 
to cerebrovascular accidents (Figure 1).

Initiating Pathways
Inhaled pollutants are hypothesized to cause damage 
through 3 initial pathways of injury. The inflammatory 
pathway is one of the key mechanisms of injury, result-
ing from localized oxidative stress and inflammation in 
the respiratory tract with spillover effects into systemic 
circulation.59 Inhaled particulates are avidly phagocytized 

by macrophages, which causes an inflammatory cascade 
with release of leukocytes, TNF-α, interleukin-6, c-reac-
tive protein, fibrinogen, and other pro-inflammatory mark-
ers. Both surface markers on particulates and oxidant 
gases generate reactive oxygen species, which deplete 
antioxidant defenses and stimulate intracellular media-
tors of inflammation. These initial responses are further 
enhanced through epigenetic mechanisms, such as DNA 
methylation and histone modification of noncoding DNA-
mediated gene regulation.61 Activation of inflammatory 
and reactive oxygen species-mediated pathways have 
diverse tissue responses, which promote coagulation, 
vascular dysfunction, atherogenesis, metabolic derange-
ments, and hypertension.

Inhaled pollutants also activate sensory receptors in 
the lung to disrupt autonomic nervous system homeosta-
sis and activate the hypothalamic-pituitary axis. The stimu-
lation of nocioceptive and noradrenergic receptors leads 
to rapid release of catecholamines, increased sympa-
thetic tone, and upregulation of vasoconstrictor pathways. 
Autonomic nervous system dysfunction is thought to be 
responsible for the acute rise in systemic blood pressure, 
increased vascular resistance, and cardiac autonomic 
dysfunction that has been repeatedly demonstrated in 
human controlled exposure studies of diesel exhaust and 
other pollutants.62,63 Autonomic nervous system–mediated 
changes to heart rate parameters and cardiac blood flow 
also precipitate cardiac arrhythmias or ischemia, a domi-
nant mechanism in ischemic strokes due to cardio-embo-
lism. The acute activation of vasoconstrictor pathways may 
be of more importance in hemorrhagic strokes or ischemic 
strokes due to small vessel occlusion.

Due to their small size, ultrafine particles, and nanopar-
ticles can directly translocate across epithelial border, 
enter the systemic circulation, and impact remote sites. 
Ultrafine particles have been shown to upregulate adhe-
sion molecules, such as intercellular adhesion molecule-1 
and vascular adhesion protein-1, on endothelial cells 
which promotes perivascular migration of monocytes and 
is the initiating step of atherosclerosis.64 There is growing 
evidence that some ultrafine particles also directly reach 
the central nervous system, by altering the blood brain 
barrier permeability or passing through the olfactory epi-
thelium and olfactory bulb.65 Once in the brain, particles 
may accumulate in areas of vascular inflammation and 
have direct neurotoxicity. The link between stroke risk 
and whether particles themselves reach the brain remains 
rather uncertain, though evidence is accumulating that 
pollutant-related neuroinflammation can combine with 
vascular insults to create white matter injury.66

Subclinical Manifestations
Chronic or repeated stimulation of these initial pathways 
is associated with the development and progression of 
atherosclerosis, endothelial dysfunction, hypertension, 
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metabolic derangements, and cardiac arrhythmias. These 
subclinical manifestations are well-described intermedi-
aries in the development of cerebrovascular disease 
and may represent the underlying mechanisms for the 
observed association between air pollution and stroke.

The association between air pollution and stroke may 
be partially ascribed to hypertension and altered vascular 
resistance, a common risk factor for most cerebrovascu-
lar subtypes. The vascular dysfunction related to pollution 
exposure is thought to be driven by autonomic nervous 
system activation with release of vasoconstrictors, reac-
tive oxygen species, and pro-inflammatory markers. Air 
pollution has repeatedly been shown to cause short-
term elevations in blood pressure, even in young and 
healthy individuals.62 In older adults, short-term PM2.5 
exposure is associated with higher cerebrovascular 
resistance and lower cerebral blood flow.67 These acute 
changes in hemodynamics might contribute to cerebral 
hypoperfusion and subsequent cerebrovascular events, 
particularly in susceptible individuals with underlying 
disease. Repeated exposure may result in chronic eleva-
tion of systemic arterial blood pressure, with structural 

maladaptation of the microvasculature. Systemic reviews 
and meta-analyses have shown a consistent association 
between long-term exposure to pollution and chronic 
elevation in blood pressure, with increased prevalence 
and incidence of hypertension.13,68 Animal studies sug-
gest that chronic exposure to PM leads to an observed 
increase in systolic blood pressure, systemic inflamma-
tion, and increased incidence of cerebral microbleeds.69

Atherosclerosis is one of the major causes of isch-
emic stroke and a well-established outcome of pollutant 
exposure. Pollution can contribute to the formation, pro-
gression, and rupture of atherosclerotic plaques through 
oxidative stress and inflammatory pathways. Pollutant-
induced vascular injury and endothelial activation stimu-
lates perivascular migration of monocytes, the initiating 
step in atherosclerotic plaque formation. Chronic exposure 
to pollution is associated with increased plaque instability 
through the accumulation of oxidized lipids and weaken-
ing of the fibrinous cap.70 In particular, the identification 
of ultrafine particles in atherosclerotic lesions suggest 
that particles may contribute to plaque inflammation and 
instability. Studies in mice with metabolic disorders show 

Figure 1. Pathophysiologic mechanisms of exposure to air pollution.
CAD indicates coronary artery disease; and CVA, cerebrovascular accident.
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that long-term exposure to PM2.5 in contrast to filtered air 
is associated with increased atherosclerotic plaque, lipid 
content, vascular inflammation, and oxidant stress.71 One 
recent study using Sprague-Dawley rats demonstrated 
that the pro-atherogenic effects of pollutants extend to the 
cerebral vasculature and also cause worsening of intracra-
nial atherosclerosis.72 Epidemiologic studies further confirm 
these findings from toxicologic and animal studies: cross-
sectional and longitudinal studies demonstrate that chronic 
pollutant exposure is associated with progression of ath-
erosclerosis as assessed by carotid intimal medial thick-
ness, coronary and abdominal aortic calcium scores.73,74

Pollutant-induced cardiac arrhythmias have been 
proposed as another important cause of cerebrovascu-
lar accidents, and specifically atrial fibrillation-related 
strokes. Heart-rate variability, cardiac electrical instabil-
ity, and repolarization abnormalities have been reported 
in association with pollutant exposure with mixed results. 
Mechanistic studies implicate autonomic nervous system 
dysregulation and systemic inflammation as the primary 
drivers of these associations. Vascular dysfunction and 
hypercoagulability can lead to transient occlusion of coro-
nary arteries with accompanying myocardial ischemia and 
arrhythmogenic potential. Epidemiologic studies show 
a modest association between pollution exposure and 
new onset of atrial fibrillation,75 with a parallel increase 
in stroke admission.39 In addition, by increasing the risk 
of decompensated heart failure, exposure to air pollution 
may further augment the risk of a cardioembolic event.

REDUCING RISK OF STROKE BY 
REDUCING AIR POLLUTANT EXPOSURES
With increasingly compelling evidence that air pollution 
exposure increases stroke risk, the focus for clinicians 

and policy makers needs to shift toward effective strat-
egies to mitigate risk. Although the modification in an 
individual’s risk of disease may be small, a decrease in 
pollutant levels may represent a large opportunity for 
stroke reduction when applied over the entire population. 
Furthermore, as no level of pollutant exposure has yet 
been shown to be without risk, the impact of interven-
tion may be beneficial across a wide range of settings, 
including areas where pollutant levels are regularly below 
regulatory standards.

There are multiple approaches to pollution reduction, 
from policy-level interventions targeting emissions to 
personal strategies aimed at decreasing individual expo-
sure (Table 2). Although improvement in community-wide 
air quality is the goal, personal-level interventions can be 
particularly important and effective for susceptible indi-
viduals or during high pollutant events, such as wildfires. 
There is a paucity of studies and specifically, clinical trials 
examining the efficacy of pollutant reduction on stroke 
incidence; however, several review articles have exam-
ined the strength of evidence for cardiovascular and 
respiratory end points, and these can be assumed to 
be applicable to stroke as well.76–79 Experts argue that 
although the evidence for substantial efficacy may be 
lacking, recommendations for intervention should still be 
made based on “the precautionary principle” to err on the 
side of health protection even when uncertainty exists, 
particularly when the proposed interventions have rea-
sonable costs and pose no additional health risks.77

Personal-level interventions typically include an 
awareness of pollution alerts and a change in behavior 
in response to predicted poor air quality. The Air Quality 
Index (AQI) is the primary communication tool used by 
governmental agencies to illustrate current pollutant lev-
els based on national air quality standards. The AQI is color 
coded into 6 categories, which represent increasing levels 

Table 2.  Personal Strategies to Mitigate Effects of Air Pollution Exposure

Intervention Examples Comments 

Monitor local air forecast • � ��  Automated air pollution networks that provide warn-
ings (eg, AirNow)

• � Personal pollution monitors

• � May be particularly helpful for susceptible populations

Activity modification to reduce 
exposure to pollutants

• � Stay indoors during high pollutant events
• � Reduce exercise in areas with high pollutants
• � Select transportation routes to avoid high pollutant 

zones

• � Consider variable infiltration of outdoor pollutants into buildings
• � Trade-off between health benefits of physical exercise and 

adverse health effects of pollution

Clean indoor air • � Portable air filters, such as high efficiency particulate 
air purifiers

• � Central air cleaning systems

• � Must be appropriately sized for room
• � Filters must be maintained
• � Can be expensive

Personal protective equipment •   �Negative pressure APR‚ such as N95
• � Positive pressure APR

• � Must have correct filter
• � Negative pressure APR must have appropriate seal/fit to be 

effective
• � May be uncomfortable or difficult for individuals with chronic 

cardiopulmonary disease to wear

Medications or dietary supple-
ments

• � Antioxidants
• � Omega 3-fatty acids
• � Targeted therapy to proposed pathophysiology

• � Mixed evidence of benefit
• � Not currently recommended

APR indicates air-purifying respirators; and N95, respirator that can reduce 95% of particles.
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of health concern: levels below 50 indicate good air qual-
ity, and levels over 300 correspond to hazardous air quality. 
Of note, the AQI has many limitations, which may restrict 
its usefulness in accurately predicting health risk. The AQI 
is a threshold metric based on a single pollutant-level that 
may not reflect levels of other, important co-pollutants. 
Because the AQI has typically been assigned based on 
measurements at a small number of regulatory monitors, it 
also may not accurately reflect exposures at an individual’s 
residential address, during their commute, in their indoor 
office, or in other places that define the microenvironment. 
Furthermore, although the AQI is widely used, different 
countries set their own level of concern based on their 
own regulatory standards; thus, a level that is considered 
“unhealthy” in one country, may be considered acceptable 
in another. Better communication tools are needed that 
incorporate increased exposure data at a finer scale, with 
uniform consistent messaging and recommendations.77 
That said, public health authorities typically make behav-
ioral recommendations based on the AQI, and we advise 
health providers to reinforce those recommendations 
when communicating with their patients.

Behavior changes aimed at reducing the amount 
of time and activity spent in polluted areas are com-
monly recommended by public health groups, such as 
local health agencies and the Environmental Protection 
Agency.80 Examples of behavior changes include reduc-
ing exercise in more polluted urban areas, selecting travel 
routes that minimize near-road environments, or staying 
indoors during high, acute pollutant events. Although 
many of these interventions are low-cost and simple to 
implement, it is important to qualify recommendations in 
consideration of the burden, trade-offs, and efficacy of 
these modifications. For instance, while physical activ-
ity may increase the inhaled pollutant load by increas-
ing the rate and depth of inhalation, exercise also has 
well-recognized protective effects against cardiovascular 
disease‚ including stroke incidence. A recent nationwide 
cohort study from Korea demonstrated that moderate to 
vigorous physical activity decreased the risk of stroke in 
groups with both high and low pollutant exposure.81 Thus, 
for most people, the benefits of physical activity are likely 
to outweigh the risks of increased pollutant exposure 
except during extreme air pollution conditions.79

There is also accumulating evidence for the use of 
technological interventions, such as filters to clean indoor 
air in buildings, vehicles, and residential homes, as a 
means to reduce adverse pollutant-related outcomes. 
While pollutant levels are typically higher outdoors, 
indoor levels may vary widely depending on building 
structure, indoor sources of pollution, weatherproofing 
and ventilation. As most people, especially older indi-
viduals at the highest risk of stroke, spend most of their 
time indoors, it is particularly important to limit exposure 
to pollution in the indoor environment. High efficiency 
particulate air filters mechanically remove >99.9% of 

particles with a diameter of 0.3 µm from filtered air, and 
have been shown in well-designed studies to reduce PM 
concentrations between 40% and 70%.79 These filters 
can be used in portable air purifiers to clean individual 
rooms or placed in preexisting heating, ventilation, and 
air conditioning systems. Importantly, while many agen-
cies recommend the use of high efficiency particulate air 
filters, they caution against the use of ionizers or other 
ozone-generating air cleaners. Ozone generators inten-
tionally produce ozone and should never be used as an 
air cleaner in occupied rooms. Ion generators and some 
electronic air cleaners, use electrostatic forces to cap-
ture particles and may produce ozone as a byproduct.

Although there have been no studies with specific 
stroke-related outcomes, several studies have dem-
onstrated that the use of high efficiency particulate air 
filters is associated with a reduction in arterial blood 
pressure and inflammatory and thrombogenic biomark-
ers in young, healthy adults.82,83 In addition, modeling 
studies have estimated that the use of portable air clean-
ers during wildfire smoke events in California would be 
a cost-effective intervention in reducing mortality-related 
costs, particularly if the elderly population is targeted.84

Personal protective equipment, such as masks, is 
another commonly used method of reducing pollutant 
exposure that has been variably adopted in many parts of 
the world. Cloth and surgical masks are not recommended 
due to the lack of an airtight seal and uncertain filtering 
ability depending on mask material.76 Although negative 
pressure respirators, such as N95s (defined as being able 
to reduce 95% of particles <0.3 μm) and N99s (defined 
as being able to reduce 99% of particles <0.3 μm), can 
effectively reduce PM exposure, they are not effective 
against hazardous gases, such as ozone. In addition, they 
must have a tight-fitting seal, may be uncomfortable to 
wear (particularly in extreme heat), and may increase work 
of breathing for individuals with chronic cardiorespiratory 
disease. There have been no studies of respirator use in 
the prevention of stroke-related outcomes.

Various pharmacotherapy, vitamin supplementation, 
and dietary modification have also been proposed to 
decrease pollutant-related adverse health outcomes. 
These interventions target the hypothesized pathophysi-
ologic mechanisms, such as pollutant-mediated oxida-
tive stress and inflammation. Clinical trial of antioxidant 
supplementation with vitamin C and N-acetylcysteine 
have been mixed, with some studies even suggesting 
augmented pollutant-mediated vascular dysfunction.85 
Until more conclusive evidence of benefit is found, phar-
macologic intervention to prevent pollutant health effects 
should not be routinely recommended.

Clinical Implications and Guidelines
Although many agencies have produced risk communi-
cation and public health recommendations synthesizing 
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these pollution interventions, there is little clinical guid-
ance to help healthcare providers counsel patients. 
The American Heart Association recently published a 
“clinical framework” to address this need (Figure 2).77 
This algorithm incorporates both the patient’s health 
risks (susceptibility factors) and the patient’s acute 
and chronic exposure to pollution (vulnerability fac-
tors). Patients who may be at a higher risk for pollution-
attributable stroke includes individuals with advanced 
age, established atherosclerotic cardiovascular dis-
ease‚  diabetes, or chronic kidney disease with one 
additional traditional cardiac risk factors. The authors 
recommend personal-level interventions to reduce pol-
lutant exposure in high-risk patients when PM2.5 levels 
acutely exceed 35 µg/m3 or chronically exceed 12 µg/
m3, which corresponds to an AQI of 50.77

SUMMARY AND CONCLUSIONS
The current epidemiologic evidence suggests that expo-
sure to higher levels of ambient air pollution will increase 
the risk of stroke and stroke mortality, but inconsistencies 
in the research remain, and future research is needed.

In much of the research assessing the impact of air 
pollution on stroke, stroke is considered a composite 
end point that includes strokes of different event types 
(hospitalization, mortality) and subtypes (ischemic, hem-
orrhagic). This broad categorization of events may be 

masking considerable differences in true associations 
across both stroke subtype and event type.

Several large studies showed associations between 
air pollution and stroke mortality, but not stroke hospital-
izations.37,38 This could be related to methodologic limita-
tions such as misclassification of stroke hospitalizations 
because of diagnostic or coding errors or incorrect tem-
poral classification of initial stroke onset and hospital-
ization compared with death.86 These factors are likely 
not associated with exposure to air pollution; therefore, it 
is expected that these limitations are biasing estimates 
toward the null. Because stroke severity is the largest 
determinant of mortality, it is also reasonable to con-
sider mortality as a proxy for severity, potentially impli-
cating that exposure to air pollution may lead to more 
severe cerebrovascular outcomes. Future studies should 
take into consideration stroke severity when assessing 
the impact of air pollution on stroke events in order to 
understand whether exposure is more strongly related to 
stroke incidence or severity.

Multiple pathophysiological pathways have been 
implicated in the association between air pollution 
and stroke and is likely that different pathophysiologic 
mechanisms are more important for different stroke 
subtypes. Exposure to air pollution results in systemic 
inflammation, enhanced thrombogenicity, atheroscle-
rotic plaque instability, and vasoconstriction. Acutely, 
these cellular responses may trigger the onset of 

Figure 2. Framework for Personal-Level Protective Actions against Particulate Matter (PM) Air Pollution Exposure. 
ACS indicates acute coronary syndrome; ASCVD, atherosclerotic cardiovascular disease; AQI, The Air Quality Index; CKD, chronic kidney disease; 
COPD, chronic obstructive pulmonary disease; N95, respirator that can reduce 95% of particles; HVAC, heating, ventilation, and air conditioning; 
N99, negative pressure respirator that can reduce 99% of particles; and PAC, portable air cleaners. Reprinted from Rajagopalan et al77 with 
permission. Copyright ©2020, the American Heart Association, Inc.
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ischemic stroke, whereas chronically, they can contrib-
ute to the development of common risk factors for cere-
brovascular disease, including diabetes, hypertension, 
cardiac arrhythmia, and accelerated atherosclerosis. 
As hemorrhagic stroke has a different pathogenesis, 
combining ischemic stroke and hemorrhagic stroke 
into 1 outcome may underestimate the true associa-
tion between air pollution and ischemic stroke. Depend-
ing on the distribution of stroke type in a population, 
this could lead to much of the heterogeneity in results. 
Although these conclusions are informative, future 
research should focus on investigating specific patho-
genic stroke subtypes, such as large artery atheroscle-
rosis, small artery occlusion, or cardioembolic strokes.

Despite some remaining uncertainties in the scien-
tific literature, attention needs to shift toward identify-
ing effective ways to mitigate the impact of pollution 
exposure on stroke incidence and severity. Although 
policies that reduce emissions and improve air quality 
are the ultimate goal, interventions to reduce personal 
exposure to air pollution are important conjunctive 
measures, particularly when targeted at high-risk 
individuals. Although specific studies are lacking for 
stroke-related outcomes, there is growing evidence 
that individual interventions, such as activity modifica-
tion, use of indoor air cleaners, and respiratory personal 
protection, can reduce air pollution exposure with mea-
surable improvement in cardiopulmonary biomarkers. 
There is a need for a better framework for clinicians 
to help address the risk of air pollution exposure with 
their patients.

PUBLIC HEALTH AND POLICY 
IMPLICATIONS
The research continues to accumulate and support the 
role of ambient air pollutants in risk of cerebrovascular 
disease. These risks are associated with both short-
term and long-term exposures. Mitigating these risks 
at an individual level, as by use of air cleaners, may be 
reasonable for patients at high risk of stroke from any 
cause.77 However, the most effective route to lowering air 
pollution-related risk is through community- and society-
level interventions to reduce the emissions that result in 
elevated air pollutant concentrations. Recent statements 
from the American Heart Association, along with other 
cardiovascular societies worldwide have endorsed the 
need for improved air quality as a path to reduced vascu-
lar disease.87–89 Policy interventions that improve air qual-
ity can be expected to have numerous co-benefits; for 
example, a reduction in fossil fuel combustion will also 
reduce climate forcing agents. Policies that encourage 
active transport and increased use public transporta-
tion can lead to not only improved air quality but also 
increased physical activity. Even as the scientific data-
base continues to evolve and our understanding of the 

mechanisms of air pollutant effects grows, the evidence 
supports policies to reduce air pollutant exposures as a 
path to reducing risk of cerebrovascular disease.
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