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Is breathing our polluted air a risk factor
for stroke?
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Abstract
The conference ‘‘Climate change, air pollution and health’’ was held at the Pontifical Academy of Sciences. The data
presented highlighted that air pollution is a major, under-recognized and modifiable risk factor for stroke and heart
disease. Air pollution causes 7.6% of all deaths making it the fifth cause of death globally, and this figure is expected to
increase by 50% by 2050. Particulate matter causes endothelial dysfunction and induces thrombosis by altering reactive
oxygen species, nitric oxide, insulin resistance, and lipid levels. Thirty-three articles published since 2002 were reviewed
to assess the relation between air pollution and stroke with age, geographical location, particulate and gaseous matter
type, duration of exposure, previous stroke, and comorbidities. It remains to be defined if air pollution has pathophysiological effects that preferentially predispose individuals to ischemic or hemorrhagic stroke. There is ample evidence
showing an association between acute and chronic exposure to PM2.5 or gaseous pollutants with stroke. This potentially
avoidable scenario and its dramatic consequences are heavily under-recognized by health professionals and the wider
public. Preventive measures in people at high vascular risk are warranted. Procrastination in implementing efforts to stop
the current worldwide course of worsening air pollution is the seed of a potential global health catastrophe.
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‘‘Knowing is not enough; we must apply. Willing is not
enough; we must do.’’
Johann Wolfgang von Goethe

The workshop ‘‘Climate Change, Air Pollution and
Health’’ was held from 2–4 November 2017 at the
Vatican Pontiﬁcal Academy of Sciences founded by
Galileo Galilei in 1603. Presentations were made by a
range of experts, including two Nobel Prize laureates,
and spanned a diverse variety of ﬁelds including chemistry, physics, energy, epidemiology, anthropology, philosophy, economics, biodiversity, medicine, and
biology. A statement has been released with the conclusions of the workshop, along with a message from Pope
Francis, signed by all attendees.1 The presentation on
air pollution and cardiovascular disease at the aforementioned workshop prompted the following review
on air pollution and stroke.

Cardiovascular disease
Cerebrovascular and coronary heart diseases are the
leading causes of death worldwide accounting for

a third of all deaths.2 The burden is greatest in developing and emerging regions where 85% of all vascular
events occur and the number of events has doubled
over the last decade.3,4 Critically, vascular events
could be decreased by 80% simply by following available vascular disease guidelines and adopting healthy
lifestyle habits (good nutrition, regular exercise and
smoking avoidance).5,6 However, in practice this is far
from being the case, with epidemiological studies showing increases of 25% in stroke and 53% in ischemic
heart disease between 2005 and 2016.7 Surprisingly,
one crucial controllable factor that is rarely taken
into consideration is air pollution. Abundant robust
data shows it is a signiﬁcant factor associated with cardiovascular disease.
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Epidemiology of cardiovascular disease
and air pollution
Vascular risk factors for stroke between 1990 and 2013
were analyzed in 188 high and low-income countries.8
More than 70% of the population-attributable fraction
of vascular disease was secondary to metabolic and
behavioral factors. Air pollution accounted for close
to a third of the population-attributable fraction
(34% in low-income, 10% in high-income countries).
During 2015, close to six million people died due to
air pollution (one in eight deaths), 60% due to cardiovascular disease.9 Ninety percent of those aﬀected come
from low and middle-income countries.10
Cohen et al.10 studied deaths related to air
pollution between 1990 and 2015 accounting for
79 risk factors in 195 countries. Because of non-linear
exposure-response curves which show a greater
response at lower particulate matter (PM) concentrations and lower response at higher PM concentrations,
only a modest decrease in disease burden will occur in
highly polluted areas. However, even this limited reduction will have signiﬁcant health implications. Cognitive
consequences of cerebrovascular disease should be
included when measuring the burden of air pollution.11,12 Air pollution has been recognized as a
vascular disease risk factor by the American Heart
Association (AHA), the European Cardiology
Association, and the WHO.13,14

Mechanisms of cardiovascular damage
due to air pollution toxins
Fossil fuel and biomass combustion generate 100% of
gaseous toxins (CO, SO2, NO2, and O3) and 85% of air
particle toxins.15 Particles up to 2.5 mm in diameter,
termed PM2.5, can cross the alveoli-endothelial barrier,
reaching the circulation by direct translocation through
the alveoli and vessel walls or by incorporation into
macrophages that cross the lung-vessel barrier.16,17
Alterations in sympathetic tone may induce vasoconstriction, increased vascular resistance, and reduced
cerebral blood ﬂow.18 Increased blood viscosity and a
hypercoagulable state have been also associated with
air pollution.14,19,20 A meta-analysis of studies with
short and long-term exposure to air pollutants revealed
an increased risk for hypertension, and another study
showed that particulate pollution blunted the nocturnal
blood pressure dip.21,22

Is there a safe PM2.5 concentration?
The concentration of PM2.5 considered safe by the
WHO is 10 mg/m3, the Global Burden of Disease
study accepts 8.8 mg/m3, and a more recent calculation
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estimates 4.2 mg/m3 as safe.9,23 If the latter is accurate,
then the number of calculated deaths attributable to air
pollution is even higher than published ﬁgures, which
are based on the WHO and Global Burden of Disease
levels.24 Like smoking, it is diﬃcult to deﬁne an innocuous particle concentration level since cardiovascular
risk in general and stroke in particular occur below
the threshold considered safe.18 Most countries have
average PM2.5 values that range from two to three
times to >100 times higher than the previously mentioned safe levels.10 Close to 99% of all inhabitants in
Asia are exposed to unsafe levels of PM2.5 versus 20%
of the population in North America.25 It is not uncommon for values to reach 1000 mg/m3 peaks in large cities
in India and China. In 2017, in New Delhi, schools
were closed, air, train and truck transportation
halted, and construction cancelled, while hospital consultations for lung, vascular, and eye disease rose steeply.26 Highly polluted cities pose a signiﬁcant risk for
acute events, although a decrease in the risk of stroke is
possible by wearing N95 or other certiﬁed masks and
using air ﬁlters. Three billion people cook and heat
their homes by burning biomass, exposing themselves
to severe health eﬀects associated with air pollution.27
Ironically, these same individuals who generate only
5% of the world’s pollution, are those most aﬀected
by the pollution coming from the richest segment of
the world’s population. The signiﬁcance of this is
apparent in a US study of 61 million people showing
a 7.3% increase in mortality per 10 mg/m3 increase in
PM2.5, with a stronger correlation between PM2.5 and
death in Hispanic and non-Hispanic black Medicare
members.28 Conversely, improvement in air quality
has also been shown to increase life expectancy.29
Also, decreased pollution can result in signiﬁcant economic beneﬁts. In the US, GDP has increased more
than two-fold since the 1970 Clean Air Act, while production decreases by 6% for every 10 mg/m3 increase of
PM.30 Air pollution accounts for 7% of health expenses
in emerging countries.9

Links between particulate matter, gaseous toxins,
and atherosclerosis
A double-blind cross-over study was performed in
Shanghai in 55 healthy students exposed for nine days
to ﬁltered indoor air or sham ﬁlters.31 Subjects breathing ﬁltered air had a 50% reduction in their average
PM2.5 concentrations. A signiﬁcant improvement in
all biomarkers and blood pressure was noted in subjects
breathing puriﬁed air despite that pollutant levels
(mean of 24 mg/m3) were still well above those considered safe by WHO. Animal models have also shown the
atherogenic eﬀects of air pollution. In one study, mice
were fed a high or normal-fat diet and exposed to PM2.5
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or ﬁltered air.32 Signiﬁcantly, greater atherosclerosis
and inﬂammation were found in the aortas of mice
fed with the normal and high-fat diets and exposed to
PM compared to the ﬁltered air groups. Exposing
healthy subjects to O3 and PM resulted in a signiﬁcant
increase in diastolic blood pressure within minutes of
exposure compared to controls.33 In another doubleblind randomized experiment, subjects exposed to
diesel exhaust or ﬁltered air for 2 h had a rapid and
signiﬁcant increase in systolic blood pressure.34
The multi-ethnic multicenter US study of atherosclerosis and air pollution (MESA) showed a signiﬁcantly higher calciﬁcation load in the coronary
arteries of individuals exposed to higher PM concentrations reﬂecting an accelerated atherosclerotic process.
The response was more signiﬁcant in older and hypertensive patients. In addition, there was an increase in
carotid artery intima-media thickness conﬁrming a
double pathogenic eﬀect of air pollution on both the
endothelium and the vessel wall.35,36 Earlier studies
have also recognized the link between air pollution
and atherosclerosis progression, arrhythmias, congestive heart failure, and sudden death.13,14,37–41

Air pollution as a risk factor for stroke
The ﬁrst studies drawing attention to the association
between air pollution and cardiovascular disease were
published more than 25 years ago.42 Since then, a
wealth of well-designed studies have been published
supporting this association.43–46 Shah et al.47 performed a meta-analysis of the association between air
pollution, stroke admissions, and death from stroke.
The authors reviewed studies including a total of
6.2 million stroke events across 28 countries that
showed a strong correlation of stroke admissions and
death with PM exposure and with CO, SO2, and NO2.
Although a small proportion of studies originated in
low- and middle-income countries, these countries
showed the greatest proportion of stroke burden associated with pollution. Since both stable pollution levels
and rapid changes (over a period of hours) in pollutant
concentrations correlate with vascular events, it is
important to consider the date of onset of symptoms
(not the date of hospital admission or death) to correctly assess causal exposure to pollution.48 In a study
of 1000 stroke patients, the probability of ﬁnding a
signiﬁcant association increased by using the day of
symptom onset which occurred a median of one day
before admission. When the hospitalization date was
used, there was a 60–66% bias towards the null hypothesis.49 The signiﬁcant methodological disparities
between studies evaluating the interaction between air
pollution and stroke limit the validity of inter-study
comparisons (Tables 1 to 5).47
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Ischemic versus hemorrhagic stroke
Data relating to subtypes of ischemic stroke are rarely
reported and there are few reports of a
correlation between air pollution and hemorrhagic
stroke.51,53,54,56–58 This could be due to the smaller proportion of patients having hemorrhagic stroke and to
the pathophysiological mechanisms underlying it.
Vascular malformations are unlikely to be aﬀected by
air pollution. However, an acceleration of small vessel
lipohyalinosis could lead to hypertensive vascular
changes, namely Charcot–Bouchard aneurysms, and
intracerebral hypertensive hemorrhage. A study in
Taiwan found a strong correlation between PM2.5,
PM10, and NO2 with intracerebral hemorrhage in the
middle-aged and elderly.62 Some studies have suggested
an increased risk of small vessel disease, others have
noted a higher prevalence of large vessel disease, and
a higher proportion of embolic strokes (likely mediated
by a higher risk of atrial ﬁbrillation) has also been
reported.52,55,56,59

The influence of age on pollution-related stroke
The eﬀect of air pollution on strokes according to
age varies. A study in the Israeli desert found a
correlation with ischemic strokes for adults younger
than 55 years, as well as a same-day increase in
the average concentration range for both PM10 and
PM2.5.60 The authors propose that a healthy
vasculature in younger people may be more susceptible
to an acute reaction with increased vascular
resistance leading to stroke compared to the vessels
with atherosclerosis in older persons. Misclassiﬁcation
by age is likely since older people spend more time
indoors, and in some cultures tend to use masks
more frequently than younger individuals. There
are conﬂicting reports in terms of susceptibility to
air pollution, with some arguing for an association
with advanced age while others argue that
advanced atherosclerosis protects arteries rendering
younger people more vulnerable.14,63–65 One study
showed a signiﬁcant association with ischemic stroke
for individuals between 65 and 79 years of age, and
other studies have shown the elderly to be more
vulnerable.58,50

Geographical location and stroke
Not surprisingly, studies of diﬀerent geographical
regions report an interaction between strokes and pollution in terms of the weather. Overall, stroke rates are
higher in winter but mortality is more frequent in hot
weather.71–73 Air pollution adds a complex and as yet
not completely understood interaction in terms of
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Table 1. The relationship between air pollution and stroke subtypes
References

Pollutant types

No. of subjects

Outcome

Hong, et al.50

CO, NO2, O3, SO2, TSP

IS: 7137

>IS with NO2, SO2, CO, O3

HS: 11,868

>HS with TSP

IS: 155,503

>IS

HS: 19,314

HS no association

150,000

O3 > LV/TIA >in men

Wellenius, et al.51

Henrotin, et al.52

CO, NO2, PM10, SO2

CO, NO2, O3, PM10, SO2

HS no association
Andersen, et al.

53

CO, NO, O3, PM10, UFP

IS: 6798

>IS with UFP (most significant), and
with NO2, CO

HS: 687

>thrombotic (SV?) without AF
Most were mild strokes

Oudin, et al.

54

NO2, O3, PM10

O’Donnell, et al.55

PM2.5

IS: 11,267

>IS with PM10

HS: 1681

O3, NO2, no correlation with IS or HS

9202

LV and SV
Inverse association with CE

Wellenius, et al.56

CO, NO2, O3, PM2.5, SO2

IS: 1705

>IS LV and SV
Not CE

Villeneuve, et al.

57

Maheswaran, et al.58

Corea, et al.59

Sade, et al.60

CO, NO2, O3, PM2.5, SO2

NO2, PM10

CO, NO2, O3, PM10, SO2

PM2.5, PM10

5927

HS and TIA no association

(IS: 2804)

>IS (NO2 and PM2.5)

IS: 1832

>IS (only in age subgroup)

HS: 348

HS no association

781

PM10 > carotid circulation SV in men
and women.

(IS: 593, HS: 85,
TIA: 94)

SV and LV carotid in men

IS: 4353

>IS

HS: 484

HS no association

Maheswaran, et al.61

CO, NO2, O3, PM10, SO2

2590

NO2 association with SV

Chien, et al.62

NO2, O3, PM2.5, PM10

HS: 39,053

All pollutants correlated with HS
(PM2.5 and more with PM10)

IS: ischemic stroke; LV: large vessel; SV: small vessel; CE: cardioembolism; HS: hemorrhagic stroke; TIA: transient ischemic attack; AF: atrial
fibrillation; TSP: total suspended particles.

temperature. Studies in several countries in almost
200,000 patients provide evidence of a link between
stroke and air pollution in warmer weather, although
not all studies conﬁrm this.57,63,65,67–69 One possible
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explanation is people spending more time outdoors
during warm weather. One of the studies found a correlation for both ischemic and hemorrhagic strokes on
cold days.67
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Table 2. The relationship between air pollution and age at stroke onset
References

Pollutant types

No. of subjects

Outcome

Wellenius, et al.51

CO, NO2, PM10, SO2

IS: 155,503

>65 (Medicare)

HS: 19,314
63

Kettunen, et al.

CO, PM2.5, SO2, UFP

3265

<65 No correlation

Maheswaran, et al.58

NO2, PM10

IS: 1832

>IS 65–79
Not for 40–64

Ljungman, et al.64

Short-term exposure

Review

>Stroke elderly women
>Stroke in >60 years

Long-term exposure
Stafoggia, et al.46

NO2, PM2.5, PM10

99,446 in 11 cohorts:

PM2.5 stronger association
with IS in >65 years

(IS 3086)
Sade, et al.

60

PM2.5, PM10

Chien, et al.62

HS: 484

>IS in patients <55 years
(living within 75 m from
roads)

39,053

<25 No correlation

IS: 4353

All pollutants
NO2

25–44 >HS

NO2, PM2.5, PM10

>45–79 >HS

NO2

>80 >HS

Huang, et al.65

CO, O3, NO2, SO2

147,624

>Stroke in >65 years

Tian, et al.66

PM2.5

IS: 63,956

No difference between < and
> than 65 years

IS: ischemic stroke; LV: large vessel; SV: small vessel; CE: cardioembolism; HS: hemorrhagic stroke; TIA: transient ischemic attack; AF: atrial
fibrillation; TSP: total suspended particles.

Table 3. The relationship between geographic location, air pollution, and stroke
References

Pollutant types

No. of subjects

Outcome

Tsai, et al.67

CO, NO2, O3,
PM10, SO2

23,179

>IS and HS in warm weather

>IS in cold weather

CO
Kettunen, et al.63

Oudin, et al.54

CO, PM2.5, SO2, UFP

NO2, O3, PM10

1304 warm season
stroke deaths

>Stroke with PM2.5, UFP, CO in warm
season

1961 cold season
stroke deaths

No stroke death association in cold season

IS: 11,267

Lower risk in warm days, but:

HS: 1681

Cold/warm season no significant effect
(continued)
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Table 3. Continued
References

Pollutant types

No. of subjects

Outcome

Henrotin, et al.68

O3

1574

>Stroke in warm season, <in cold

CO

<Stroke in warm season,

O3

>in cold
>Stroke with no season difference

55

O’Donnell, et al.

PM2.5

Winter: >IS with <temp

9202

Summer: <IS with >temp
Villeneuve, et al.57

CO, NO2, O3,
PM2.5, SO2

5927

>IS on warm season for NO2 and PM2.5
(which was inversely correlated with
temperature)

Xiang, et al.69

NO2, PM10, SO2

IS: 5422

>Stroke admissions in cold season with
NO2 and PM10

HS: 2225

Warm season and SO2: no correlation

IS: 4353

Spring only (average temp. 20.2 3.6 C)

Sade, et al.60

PM2.5, PM10

HS: 484
Huang , et al.

65

NO2, SO2

147,624

>stroke in warm than cold season

IS: ischemic stroke; LV: large vessel; SV: small vessel; CE: cardioembolism; HS: hemorrhagic stroke; TIA: transient ischemic attack; AF: atrial
fibrillation; TSP: total suspended particles.

Table 4. The relationship between air pollution and comorbidities
References

Pollutant types

No. of subjects

Outcome

Henrotin, et al.68

CO, NO2, O3, PM10, SO2

2590

No association with pre-existing RF’s

Oudin, et al.70

NO2

7244

>IS in patients with DM but not with other RF́s

O’Donnell MJ, et al.55

PM2.5

9202

>IS with DM

Villeneuve, et al.57

CO, NO2, O3, PM2.5, SO2

5927

>IS with NO2 and history of stroke, heart disease, hypertension and diabetes

Wellenius, et al.56

CO, NO2, O3, PM2.5, SO2

IS: 1705

No increases risk with history of stroke, hypertension, DM or AF

Maheswaran, et al.61

O3

1574

>IS with multiple RF’s
Highest with DM

IS: ischemic stroke; LV: large vessel; SV: small vessel; CE: cardioembolism; HS: hemorrhagic stroke; TIA: transient ischemic attack; AF: atrial
fibrillation; TSP: total suspended particles.

Air pollutant gases and duration of exposure
Various studies have assessed the relationship between
diﬀerent fractions of air pollutants and stroke,62
although to date, the combined eﬀects of PM2.5 and
International Journal of Stroke, 0(0)

PM10 have not been assessed. Moreover, until the
1990s, measuring PM2.5 concentrations posed technical
challenges, and studies mainly reported the eﬀects of
PM10. A cross-over study in Sweden with low average
levels of PM10 ambient pollution showed a 13%
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Table 5. The relationship between air pollution gases and duration of exposure
References

Pollutant types

No. of subjects

Outcome

Hong, et al.50

CO, NO2, O3, SO2, TSP

IS: 7137

>IS in same day exposure

HS: 11,868

Significant association also in 0–4 days
exposure

IS: 155,503

>IS admissions with same-day exposure

HS: 19,314

No correlation with HS 0–2 days before
admission

Wellenius, et al.51

CO, NO2, PM10, SO2

>Stroke admissions with short-term PM10
exposure (day before)
Andersen, et al.53

CO, NO2, PM10, UFP

IS: 6798

Seven-day exposure. IS correlated with high
PM10 on day of admission

HS: 687
Henrotin, et al.68

O3

1574

Five-day exposure studied: significant association with exposure four days before
admission

Oudin, et al.54

NO2, O3, PM10

IS: 11,267

No stroke correlation in 0–47 h before onset
(sensitivity analysis used six days lag)

HS: 1681
O’Donnell, et al.58

PM2.5

9202

IS correlated with a three-day lag

Corea,et al.59

CO, NO2, O3,
PM10, SO2

IS: 593

Maximal exposure: 4 days

HS: 85

>IS SO2 same day, NO2, CO 1 day lag, O3
3 day lag.

TIA: 94

>HS with TSP same day

IS: 5422

Lag one to two days also evaluated. None of
single pollutant models were associated
with admissions

Xiang, et al.69

NO2, PM10, SO2

HS: 2225
Stafoggia, et al.46

PM2.5, PM10, NO2

99,446 in 11 cohorts:

Significant association on day of event. One to
four days legged exposure tested

IS 3086
Sade, et al.60

PM2.5, PM10

>Stroke in same-day admissions

IS: 4353
HS: 484

Maheswaran, et al.61

CO, NO2, O3, PM10, SO2

2590

No correlation with 0–6-days exposure

Tian, et al.66

PM2.5

IS: 63,956

2.5 years exposure

IS: ischemic stroke; LV: large vessel; SV: small vessel; CE: cardioembolism; HS: hemorrhagic stroke; TIA: transient ischemic attack; AF: atrial
fibrillation; TSP: total suspended particles.

increase of ischemic stroke admissions for same and
previous-day exposure at >30 mg/m3 compared to
<15 mg/m3.54 After adjustment for PM2.5, PM10 did
not show a signiﬁcant association with vascular hospitalizations, suggesting that PM2.5 have more signiﬁcant
damaging eﬀects on the vascular system (due to their
chemical composition and longer air suspension time).

A study of Medicare patients showed increased stroke
admissions on the day of higher PM10 concentration.51
One study carried out over 10-years in London evaluated PM10 and gaseous pollutants in 2500 stroke
patients with ﬁrst-time strokes. With a six-day lag, no
correlation was found between exposure and stroke
subtypes except for lacunar strokes and NO2.
International Journal of Stroke, 0(0)
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The study was probably underpowered and PM2.5
eﬀects were not analyzed.58,61,74 Another study found
an association between O3 and recurrent stroke.
Although particle matter pollution was not studied,
the authors argued that gaseous toxins could be a
proxy to particle pollutants.68 In Italy, a study of 780
subjects evaluating the eﬀects of PM10 and gaseous
pollutants revealed an association between lacunar
strokes in men and women and for all carotid artery
territory strokes in men only.59 A Danish study among
7500 stroke admissions found a correlation between
exposure for three to four days to ultraﬁne particles
(<0.1 mm) with thrombotic strokes (non-cardioembolic),53 with a 21% increased risk for admission. A
study in Shanghai including 2426 stroke deaths,
found a signiﬁcant increase in relative risk with PM10
and NO2 pollution.75 A Korean study between 1991
and 1998 evaluated stroke mortality and air pollution,
conﬁrming increased mortality for each interquartile
same-day increase in PM10 and O3.50 Mortality also
increased with each interquartile range increase in
SO2, NO2, and CO. An interactive eﬀect among pollutants was conﬁrmed regarding death risk and the
elderly and women were more susceptible.
Most studies have shown that both short- and longterm exposure to air pollution is associated with
increased stroke risk,64 and most short-term exposure
shows a stronger association with small and large vessel
atherosclerotic disease.56,64 Tian et al.66 evaluated the
short-term eﬀect of air pollution in 63,956 stroke
admissions over 2.5 years in Beijing, although their
‘‘low concentration’’ of <100 mg/m3 corresponds to
10 times the PM concentration accepted by current
standards. Every 10 mg/m3 increase in PM was associated with a 0.31% (95%CI, 0.17–0.45) same-day
stroke risk increase. The association was observed up
to four days after exposure and across all age groups.
The exclusive evaluation of ﬁrst-time strokes may
explain the relatively lower stroke admission rate compared to other air pollution studies evaluating PM2.5
and PM10, since individuals with a history of cardiovascular disease, diabetes, or multiple vascular risk
factors are at greater risk of recurrence.14,55,64,76,77
Oudin et al.54,70,78 highlighted an increased risk for
PM10-related stroke exclusively in individuals with a
previous cerebrovascular event.

Conclusions
There is ample evidence showing an association
between acute and chronic exposure to PM2.5, and gaseous pollutants with stroke. This potentially avoidable
scenario and its dramatic consequences are underrecognized by health professionals and the wider
public. Stroke neurologists must accept air pollution
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as a major contributor to cryptogenic strokes and
most other manifestations of cerebrovascular disease.
Death from air pollution is mostly preventable and
depends on education generated by health professionals
and Government initiatives. The immense cost of air
pollution is hidden in most hospital admissions for
stroke and preventive measures in people at high vascular risk are warranted. Pope Francis provided a
powerful elaboration on the issue of climate change in
the Encyclical letter Laudato Si.79 This document provides valid and concrete data on the devastating consequences of climate change on ‘‘our common home.’’
Climate change and air pollution cannot be issues for
our future generations – they are about every one of us,
right here and right now.
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