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Abstract

The purpose of this review is to describe recent clinical and epidemiological studies examining the 

adverse effects of urban air pollution on the central nervous system (CNS). Air pollution and 

particulate matter (PM) are associated with neuroinflammation and reactive oxygen species 

(ROS). These processes affect multiple CNS pathways. The conceptual framework of this review 

focuses on adverse effects of air pollution with respect to neurocognition, white matter disease, 

stroke, and carotid artery disease. Both children and older individuals exposed to air pollution 

exhibit signs of cognitive dysfunction. However, evidence on middle-aged cohorts is lacking. 

White matter injury secondary to air pollution exposure is a putative mechanism for 

neurocognitive decline. Air pollution is associated with exacerbations of neurodegenerative 

conditions such as Alzheimer’s and Parkinson’s Diseases. Increases in stroke incidences and 

mortalities are seen in the setting of air pollution exposure and CNS pathology is robust. Large 

populations living in highly polluted environments are at risk. This review aims to outline current 

knowledge of air pollution exposure effects on neurological health.

Keywords

Air pollution; PM; Cognitive dysfunction; White matter disease; Stroke; Carotid artery disease

Introduction

The adverse effects of ambient air pollution on respiratory and cardiovascular health are 

firmly established. However, impact on the central nervous system (CNS) was first described 

only a decade ago.[1] A significant number of clinical and epidemiological studies indicate 
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adverse associations between air pollution and neurological disease, but mechanistic 

pathways remain elusive.

Ambient air pollution is a mixture of gases and particulate matter released into the 

surrounding air by stationary (industrial and household etc.) and mobile (vehicles, trains, 

ships etc.) sources.[2] The gaseous mixture is primarily composed of Carbon Monoxide 

(CO), Ozone (O3), Nitrogen dioxide (NO2) and Sulfur dioxide (SO2).[2] These chemical 

constituents are all implicated in human pathophysiology. However, studies suggest 

particulate matter <250 nm (PM2.5) as a principal antagonist due to small aerodynamic 

diameter and ability to traverse the alveolar region of the respiratory system.[3] Of relevance 

to the present review, PM2.5 is also the component most consistently implicated in adverse 

neurological processes.[4]

Air pollution and particulate matter are persistent sources of neuroinflammation and reactive 

oxygen species (ROS); processes strongly related to the pathogenesis of CNS diseases.[4–6] 

Air pollution exposure is associated with exacerbated cognitive dysfunction and enhanced 

progression of neurodegenerative processes underlying Alzheimer’s (AD) and Parkinson’s 

diseases (PD). Further, studies demonstrate evidence of structural brain effects such as white 

matter injury. Exposure is also associated with adverse vascular effects. The relationship 

between stroke and air pollution has been established over the past decade. Growing 

evidence supports a role in facilitating the process of atherosclerosis, particularly carotid 

artery disease. Air pollution exposure strongly influences CNS development and disease. 

This review aims to examine clinical and epidemiological effects of air pollution and its 

association with CNS pathologies to better set the stage for further investigation.

Study identification

The database used in the preparation of this review was PubMed, accessing dates between 

2004 and 2017. Search criteria were based off the four following primary sections: cognitive 

dysfunction, stroke, carotid artery disease and white matter damage (Table 1). A total of 482 

articles were identified.

Inclusion criteria:

1. Clinical and epidemiological studies including human subjects.

2. Studies including all known constituents of air pollution.

3. Studies examining cognitive dysfunction, stroke, carotid artery disease, white 

matter damage.

Exclusion criteria:

1. All animal studies.

Publications were only included if they met inclusion criteria. Initial screening included 

screening title and abstract of articles with further screening of article text in certain cases. 

243 articles were included in the initial screen. 95 relevant articles were included in the 

writing of this review (Figure 1).
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Air pollution and Cognitive Dysfunction

An association between air pollution and CNS impairment was first reported in the year 

2000 in a small cohort of men exposed to diesel exhaust.[1] Ever since, studies of the 

relationship between air pollution and cognitive function have been a point of focus. 

Residential proximity to a major roadway is a commonly accepted method for determining 

long-term air pollution exposure. Ranft et al. found that older individuals (ages 68–79), who 

lived near a major roadway for greater than 20 years, had an increased incidence of mild 

cognitive impairment. Authors also found a dose-response relationship between air pollution 

exposure and test performances.[7] A population based cohort study of 2.2 million 

individuals demonstrated an association between near-major-roadway residence and 

dementia incidence.[8] This finding was further supported by the U.S. Department of 

Veteran Affairs Normative Aging Study.[9] Major roadway proximity was associated with 

diminished verbal learning/memory, psychomotor speed, language, and executive 

functioning.[10] However, no associations are found for depressive symptoms.[11]

Particulate matter is an important element of near-roadway air pollution. Age and sex 

adjusted models suggest associations between particulate matter and cognitive dysfunction.

[12, 13] A subset analysis of the Nurses’ Health Study Cognitive Cohort demonstrated 

significant cognitive decline in elderly women exposed to PM2.5.[14] A longitudinal study 

of a northern Sweden population conducted by Oudin et al. found an association between 

local traffic pollution and AD/vascular dementia.[15] Ailshire et al., still found an 

association between PM2.5 and cognitive dysfunction after adjusting for social and economic 

factors (Table 2).[16]

Air pollution is linked to the pathogenesis of neurodegenerative diseases such as PD and 

AD, which are associated with pronounced cognitive dysfunction. This was first observed by 

Ritz et al., who demonstrated a 9% increase in risk of developing PD among individuals 

living in Copenhagen when compared to rural residents.[17] Exposure time period is an 

important factor. Long-term exposure (>12 years) to PM is associated with an increased risk 

for AD in the elderly (>60 years old).[18] Increases in annual PM2.5 exposure are associated 

with time to first hospitalization for common neurodegenerative diseases (dementia, AD, 

and PD).[19] The associations between densely populated urban cities, poor socioeconomic 

environments, and high stress living conditions could potentially confound these 

relationships. Older adults with dementia demonstrate exacerbations with PM2.5 exposure 

and high stress living conditions.[20] Calderon-Garciduenas et al., suggest that carriers of 

the APOE4 allele, an independent risk factor for AD, are at higher risk of developing AD by 

living in a polluted environment.[21] Air pollution causes neuroinflammation and 

accumulation of AB42 and alpha-synuclein in the brain, providing a potential mechanism 

for neurodegeneration.[21, 22] Sex steroid hormones modulate multiple inflammatory 

pathways (APOE4, obesity, air pollution) involved in the pathogenesis of AD.[23] For 

example, the Estrogen Receptor-2 (ESR2) allele is implicated in gene-environment 

interactions.[24]

Ozone (O3) is strongly implicated in the pathophysiological influence of air pollution.[25] 

Substantial evidence supports respiratory health effects of O3,[26–28] but more recent 
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studies show an association between O3 exposure and dementia. Many factors can affect the 

severity of cognitive dysfunction due to O3 exposure. Known influences include gender, 

body mass index (BMI), and presence of the APOE4 allele.[29] Epidemiological studies 

have examined the effects of O3 on cognition. Long term O3 exposure (14-years) is 

associated with increased risk for vascular dementia in the elderly.[18] Further, reduced 

exposure to O3 is associated with decreased hospital admissions.[30] A study in Taiwan 

demonstrated that high O3 concentration and particulate matter exposure were associated 

with a 211% and 138% increased risk of AD onset, respectively.[31] When considering 

populations susceptible to O3, those with dementia due to neurodegenerative diseases are at 

risk for further exacerbation. Of note, other components of air pollution, such as NO2 and 

CO are also associated with increased dementia risk.[32]

Discrete components of air pollution and their functional effects on cognition have been 

examined, albeit in a limited capacity. A single study demonstrated that PM is associated 

with lower verbal learning performance, NO2 is inversely associated with logical memory 

abilities, and O3 exposure is associated with lower executive functioning.[33]

Pediatric exposure to air pollution is of unique concern due to its adverse effect during 

critical years of central nervous system development. Young children in Mexico City 

exposed to PM and O3 concentrations above the current USA standards exhibit vascular and 

perivascular damage in the prefrontal white matter region. The Neurovascular units (NVU), 

comprised of tight junctions in endothelial cells, basement membrane, and perivascular glial 

sheets, were compromised in these children. NVU stability is important for maintaining 

brain health, whereas disruption is linked to neurodegenerative diseases including AD.[34] 

Children with lifetime air pollution exposures demonstrate significant increases in serum 

high affinity antibodies to tight junctions and neural proteins. Importantly, exposed urban 

children have CSF antibodies for myelin basic protein.[35] Cyclooxygenase-2 (COX2) and 

interleukin-1B (IL-1B) are also unregulated in the olfactory bulb and frontal cortex.[36] 

Further, the children exhibit astrocytic build up of B-amyloid peptide (AB42) in the frontal 

cortex.[36] Air pollution leads to olfactory bulb pathology in young healthy individuals, 

with greater vulnerability in carriers of the APOE4 allele. Collectively, these findings 

suggest strong proinflammatory and immune-upregulating capacities of air pollution; which 

may contribute to the pathogenesis of neurodegenerative disease.

Substantial evidence suggests that inflammatory mechanisms contribute to cognitive 

impairment secondary to air pollution exposure.[5, 37] Deregulation of fasting blood 

glucose may represent an additional risk factor. PM exposure is associated with higher 

fasting blood glucose (FBG; an independent risk factor for dementia) levels in non-diabetic 

individuals. Studies suggest that air pollution exposure upregulates ICAM-1 expression due 

to reduced epigenetic methylation secondary to high FBG.[38] This, in turn, may increase 

the ability for inflammatory mediators to penetrate the blood-brain barrier, leading to 

increased CNS inflammation.

Metabolic and structural brain alterations are observed in individuals exposed to air 

pollution. Children with prenatal and lifetime exposures to particulate matter demonstrate 

decreased hippocampal metabolite ratios; biomarker changes associated with mild cognitive 

Babadjouni et al. Page 4

J Clin Neurosci. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



impairment in mouse models of AD. This effect is exacerbated in APOE4 carriers.[39] 

Elevated levels of PM likely accelerate brain atrophy typically associated with aging.[40] 

Higher levels of PM exposure among community dwelling women >65 years of age are 

associated with significantly diminished white matter volumes on structural brain magnetic 

resonance imaging.[41]

Functional and structural CNS changes have been documented in both pediatric and elderly 

cohorts exposed to air pollution, however, little is known about mid-life exposures.

Air Pollution and White Matter Injury

Air pollution is associated with white matter injury, which can manifest as neurocognitive 

dysfunction. Voxel-based morphometry, a magnetic resonance imaging (MRI) technique that 

measures regional brain volumes and tissue concentration,[42] indicates that PM2.5 exposure 

is associated with smaller white matter volumes in the subcortical areas of the external 

capsule, extreme capsule, and calcarine cortex of older women. Interestingly, no clear 

associations were found between PM2.5 exposure and hippocampal volume, suggesting 

white matter damage as the primary insult.[43] Residence in a highly polluted environment 

is associated with white matter damage in children.[37, 44] A cohort of children living in 

Mexico City demonstrated subcortical and prefrontal white matter hyperintense lesions 

compared to aged matched controls.[37] These findings are further supported by 

experimental evidence in dogs.[37] Children carrying the APOE4 alleles demonstrated 

reductions in the right frontal white matter (Table 3).[45]

Air Pollution and Stroke

The impact of air pollution on ischemic/hemorrhagic stroke is under-recognized, yet 

substantial. The Global Burden of Disease Study 2013 found 29.2% of the global stroke 

burden was attributable to air pollution.[46] Satellite reconstruction of PM2.5 concentrations 

across China reveals changes in spatial distribution over time. Strikingly, the 3.25% annual 

growth rate in stroke mortality is attributable to increased stroke incidences in areas of 

highest outdoor exposure to PM2.5.[47] A recent study suggests that PM2.5 increases stroke 

mortality rate, number of hospital admission days, and related healthcare costs.[48]

Meta Analyses of Air Pollution and Stroke

To date, several meta-analyses examining the association between air pollution and stroke 

incidence have been conducted. A recent meta-analysis of 20 epidemiological studies 

examined the association between stroke incidence/mortality and long-term exposure to PM. 

Exposure to PM10 (which included results from PM2.5) resulted in pooled hazard ratios of 

1.061 (95% CI, 1.018–1.105) and 1.080 (0.992–1.177) for stroke events and stroke 

mortality, respectively. A high degree of heterogeneity was found when results were 

stratified by continent. A positive correlation between long term PM10 exposure and stroke 

events was evident in Europe and North America, however results were more ambiguous in 

Asia.[49] A meta-analysis of 94 studies found stroke hospital admissions to be associated 

with high concentrations of CO, SO2 and NO2. Hospital admissions with subsequent 

mortality due to stroke were primarily associated with increases in PM2.5 and PM10, with 
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weaker, but still significant, effects with O3.[50] Additional inconsistencies and non-

significant associations are documented for analyses examining hospital admissions of 

certain stroke sub-types.[51] While greater caution should be exercised when interpreting 

these conclusions, they may prove informative for future studies. A 2014 meta-analysis 

including 34 studies examined the transient effects of air pollution. Findings suggest 

increased risk for hospitalization and subsequent stroke mortality following a transient 

increase in the following constituents: PM2.5, PM10, SO2, CO and NO2. Further, this study 

found a stronger association with ischemic versus hemorrhagic stroke.[52] The European 

Study of Cohorts for Air Pollution Effects (ESCAPE) project reported that small increases 

(5 um/m3) in PM2.5 were associated with 19% increased risk in stroke. Robust findings were 

manifest in those greater than 60 years of age and among never-smokers (Table 4).[53]

Air Pollution and Stroke Admissions

Levels of air pollution directly correlate with the number of ischemic stroke admissions to 

the emergency department.[54] Positive associations exist for both ischemic and 

hemorrhagic stroke. Studies examining the effect of air pollution on cerebrovascular hospital 

admissions likely underestimate the strength of associations due to study design.[55] As 

evidenced throughout this section, many of these relationships are more pronounced within 

specific demographic subgroups.

Ambient temperature may influence air pollution and associated hospital admissions for 

stroke. PM2.5 is associated with increased hemorrhagic stroke admissions on both warm 

(>23 C) and cold (< 23 C) days.[56] Further, PM2.5 increases the relative risk of hospital 

admissions caused by ischemic stroke by 11% on warm days (>23 C) and by 4% on cold 

days (<23 C) in Taiwan.[57] Warm temperature (>13.5 C) was associated with increased 

hospital admissions for ischemic and hemorrhagic stroke during short-term exposure to 

PM2.5, PM2.5–10 and PM10 individually.[58] Increased NO2 exposure is positively 

associated with stroke admissions during the cold season in Wuhan, China, where air 

pollution concentrations are 50% greater in the winter.[59]

Specific constituents of PM2.5 (nitrate, sulfate, organic carbon and elemental carbon) are 

individually associated with emergency room visits for hemorrhagic stroke.[60] Increases in 

same day 03 exposures are associated with a 1.9% higher total stroke hospitalization risk.

[61] Men are more sensitive to the adverse effects of O3,[61] and risk of hemorrhagic stroke 

hospitalization is higher among African American individuals than European Americans.

[62] There is also a positive correlation between stroke admissions and NO2 levels,[63] with 

long-term exposure increasing the risk of subsequent 30-day mortality.[64] Same day 

exposure to PM, SO2, and O3 are all associated with an increased risk of hospitalization due 

to stroke (Table 5).[65]

The effects of CO exposure on acute stroke remain unclear and potentially paradoxical. At 

low concentrations, CO may be neuroprotective, a phenomenon reinforced by experimental 

and clinical studies.[66] Consistent with these findings, Tian et al., recently reported a 

negative association between short-term CO exposure and emergency stroke 

hospitalizations.[67] By contrast, a recent meta-analysis demonstrated increased hospital 

admissions secondary to CO exposure.[50] Further study is warranted.
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Air Pollution and Stroke Mortality

Exposures to PM10, SO2 and NO2 increase the risk of stroke mortality.[68] In 2013, 1.37 

million premature mortalities were associated with PM2.5 in China, with 688 thousand of 

these mortalities attributed to stroke.[69] Air pollution is associated with stroke mortality, 

however specific subtypes of PM2.5 that are attributable to this burden have yet to be 

ascertained.

Particle size and chemical constituents of PM may contribute to mortality associated with 

both ischemic and hemorrhagic strokes.[70] Among the chemical components of PM2.5, Lin 

et. al demonstrated that exposures to organic carbon, elemental carbon, sulfate, nitrate, and 

ammonium are significantly associated with stroke mortality.[70] Long-term exposure to 

PM2.5 was associated with an increased hazard of death up to 5 years after stroke, with 

trends favoring the ischemic subtype.[71] Residential proximity to a major roadway, a 

marker for air pollution, is associated with an increase in mortality rate among stroke 

survivors. The strongest association exists among individuals living within 100 meters from 

a major roadway.[72] A national multi-city time series study found that a 10 ug/m3 increase 

in 2-day averaged PM2.5 exposure is associated with a 1.76% increase in stroke incidence as 

well as an 1.18% increase in all cause mortality. A subset analysis found smoking and 

alcohol consumption were associated with greater PM2.5 effects.[73] PM<10, SO2 and NO2 

exposures are significantly associated with total stroke, ischemic stroke, and hemorrhagic 

stroke mortalities. Further, individuals with co-morbid cardiac disease have an increased risk 

of ischemic stroke mortality when exposed to increased NO2 levels (Table 6).[74]

Air pollution and cardiovascular risk factors for stroke

It is proposed that cardiovascular risk factors/mechanisms may play a critical role in the 

increases in stroke incidences evident on highly polluted days in urban cities. Elevations in 

daily maximum heart rate, heart block frequency, and atrial fibrillation are associated with 

O3, NO2 and PM.[75] Premature atrial contractions are also associated with long-term PM2.5 

exposure.[76] Short-term exposure (7 days) to PM10 and SO2 is associated with 

cardioembolic stroke.[77] Qin et al. report that obese (BMI ≥ 30 kg/m2) and overweight 

individuals (BMI 25–29 kg/m2) may experience enhanced effects of air pollution and 

increased stroke risk.[78]

Public Policy and Health effects of Air Pollution on Stroke

The Environmental Protection Agency (EPA) sets policy and federal law to protect the 

American public from the health effects of air pollution. However, levels of air pollution 

generally found safe by the EPA are associated with increases in the risk of ischemic stroke 

within hours of exposure.[79] Epidemiological studies concerning the health effects of air 

pollution have principally focused on large population cities, with studies of rural 

populations lacking. Communities that meet the EPA’s safe PM2.5 standard still experience 

increases in overall mortality. Selection and information bias may contribute to gross 

underestimates of exposure levels.[80] In an effort to minimize the adverse health effects of 

air pollution, some states have passed smoke-free air laws. An 18.1% reduction in 

hospitalization due to stroke was seen in Florida due to such legislature.[81] Overall, smoke-

free air laws are effective policy tools to reduce the incidence of stroke.
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The Confounding effect of Asian Dust

Dust blown from the deserts of China and Mongolia comprise a natural phenomenon known 

as “Asian Dust.” PM10 is thought to be the primary constituent in Asian dust storms.[82] 

Storms are associated with increased risk of stroke hospital admissions that persists for two 

days following dust storms.[83] Asian studies must adjust their analysis for the confounding 

effect of Asian dust. Accounting for this adjustment, hemorrhagic and ischemic stroke 

mortality in Japan between the years of 2005 and 2010 were still increased due to same-day 

spikes in suspended particulate matter.[84]

Effects of Noise and Air Pollution on Stroke

Urban noise pollution potentially confounds the association between air pollution and 

stroke, however results are still ambiguous. A 2015 study by Hoffmann et al., demonstrated 

that long-term exposure to PM is associated with an increased risk of stroke, regardless of 

the subject’s exposure to noise.[85] However, another study that adjusted for these variables 

found road traffic noise is associated with ischemic stroke, while air pollution is not. Further 

investigations are needed.[86]

Air Pollution and Carotid Artery Disease

Carotid artery disease is a significant risk factor for stroke and cognitive impairment. In a 

2010 report, Kunzli et al. demonstrated that residential proximity to a major roadway is 

associated with increased carotid intima-media thickness (CIMT).[87] Results from 

screening over 300,000 residents of New York, New Jersey and Connecticut demonstrated 

that PM2.5 is an independent risk factor for carotid artery stiffness. When controlled for 

multiple cardiovascular risk factors, a 10 ug/mg3 increase in PM2.5 was associated with a 

two-fold increase in carotid artery stiffness.[88] African Americans living near a major 

roadway show a 6.67% increase in CIMT.[89] A meta-analysis, including 18,590 subjects in 

8 studies, found considerable heterogeneity in the amount of CIMT thickness after PM2.5 

exposure. However, results suggested a positive correlation with mean values within the 

range associated with adverse cardiovascular events.[90] Short-term elevations in black 

carbon exposure, even up to 8 hours prior to clinical assessment, are associated with carotid 

artery stiffness.[91] The European Study of Cohorts for Air Pollution Effects (ESCAPE) 

study found positive, but non-significant, associations between PM2.5 (as well as residence 

proximity to a major roadway) and increased CIMT.[92] A single 5-year prospective cohort 

study of 509 individuals did not find an association between long term exposure to air 

pollution and carotid artery atherosclerosis. However, the authors attribute these results to 

low ambient air pollution in the region of study and small study sample.[93] Air pollution is 

also linked to intracranial vascular disease. Among seniors, PM2.5 increases resting 

cerebrovascular resistance and decreases cerebral blood flow velocity.[94]

Prenatal PM2.5 and O3 exposure are associated with carotid artery stiffness[95] and 

increased CIMT[96], respectively. Further, children living near major roadways exhibit 

increases in carotid artery stiffness.[97] The Multi-Ethnic Study of Atherosclerosis and Air 

Pollution reports long-term exposure to PM2.5 is associated with increasing rates of CIMT 

progression. The authors also report that reductions in ambient air pollution lead to slowed 
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progression of carotid intima-media thickening.[98] Additional risk factors that may 

contribute to the effects of air pollution related to carotid-intima thickening include age, 

gender, and ethnicity. Elderly men[99] and those of Chinese ancestry[100] may exhibit 

greater CIMT when exposed to PM2.5 (Table 7).

Conclusion

Air pollution from urban environments affects the central nervous system in a multitude of 

ways. Exposures impact cognitive function, stroke risk, and carotid artery disease. Pediatric 

and elderly populations are highly vulnerable due to CNS development and aging processes. 

Compiling and contextualizing current evidence should provoke thought and future 

investigations focused on improving health outcomes.
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Highlights

• Clinical and epidemiological studies have established adverse effects of air 

pollution on the central nervous system.

• Air pollution is associated with cognitive dysfunction, Alzheimer’s Disease 

and Parkinson’s disease.

• Air pollution is associated with structural brain effects and white matter 

injury.

• Adverse outcomes in stroke and carotid artery disease are associated with air 

pollution.

• This review examines the clinical effects of air pollution on neurological 

health.
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Figure 1. 
Search strategy.
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Table 1

Search Criteria

Section Search Terms

Cognitive dysfunction

• “nPM” or “air pollution” and “dementia”

• “nPM” or “air pollution” and “Alzheimer’s”

Stroke

• “nPM” or “air pollution” and “stroke”

• “nPM” or “air pollution” and “hypoperfusion”

Carotid Artery Disease • “nPM” or “air pollution” and “carotid artery”

White Matter Damage • “nPM” or “air pollution” and “white matter injury”
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Table 3

Air Pollution and White Matter Injury

Author Study N Air Pollutants Summary

Casanova et al., 
2016 [43]

A Voxel-Based Morphometry Study 
Reveals Local Brain Structural 
Alterations Associated with Ambient 
Fine Particles in Older Women

1365 PM2.5 Significant association of PM2.5 exposure 
with smaller white matter volumes in the 
subcortical areas of the external capsule, 
extreme capsule, and calcarine cortex of 
older women

Calderon-
Garciduenas et al., 
2008 [37]

Air pollution, cognitive deficits and 
brain abnormalities: A pilot study with 
children and dogs

73 O3, PM10, SO2, 
NO2, CO, Pb

Significant association of highly polluted 
environment with white matter damage in 
children, namely the presence of subcortical 
and prefrontal white matter hyperintense 
lesions compared to aged matched controls

Calderon-
Garciduenas et al., 
2015 [45]

Decreases in Short Term Memory, IQ, 
and Altered Brain Metabolic Ratios in 
Urban Apolipoprotein 4 Children 
Exposed to Air Pollution

50 PM2.5, O3 Children carrying the APOE e4 alleles 
demonstrated reductions in the right frontal 
white matter
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Table 4

Meta Analyses of Air Pollution and Stroke

Author Study Number of studies Air Pollutants Summary

Scheers et al., 
2015 [49]

Long-Term Exposure to Particulate 
Matter Air Pollution Is a Risk Factor 
for Stroke: Meta-Analytical Evidence

20 studies PM2.5, PM10 Increase in stroke events and 
stroke mortality. Continental 
geographic variability shown

Shah et al., 2015 
[50]

Short term exposure to air pollution 
and stroke: systematic review and 
meta-analysis

94 studies PM2.5, PM10, SO2, 
CO and NO2

Increases in hospital admissions 
and mortality due to stroke

Wang et al., 
2014 [51]

Short-term changes in ambient 
particulate matter and risk of stroke: a 
systematic review and meta-analysis

45 studies PM2.5, PM10 Increases in total 
cerebrovascular disease 
mortality

Yang et al., 2014 
[52]

An evidence-based appraisal of global 
association between air pollution and 
risk of stroke

34 studies PM2.5, PM10, SO2, 
CO and NO2

Transient increases in air 
pollution increase risk of stroke 
hospitalization and mortality
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Table 5

Air Pollution and Stroke Admissions

Author Study N Air Pollutants Summary

Alimohammadi et al., 
2016 [54]

The Effects of Air Pollution on 
Ischemic Stroke Admission Rate

379 PM10, PM2.5, NO2, 
O3 and SO2

Air pollution levels 
correlate with ischemic 
stroke admission

Chiu et al., 2014 [56] Relationship between 
hemorrhagic stroke 
hospitalization and exposure to 
fine particulate air pollution in 
Taipei, Taiwan

2.64 million PM2.5 Air temperature influences 
air pollution and hospital 
admissions for stroke

Xiang et al., 2013 [59] Estimation of short-term effects 
of air pollution on stroke 
hospital admissions in Wuhan, 
China

10,663 hospital admissions NO2 NO2 levels during the cold 
season is associated with 
increase stroke admissions

Chen et al., 2014 [60] Increasing emergency room 
visits for stroke by elevated 
levels of fine particulate 
constituents

3,362 nitrate, sulfate, 
organic carbon and 
elemental carbon

Each individual constituent 
associated with 
hemorrhagic stroke

Xu et al., 2013 [61] Association between ozone 
exposure and onset of stroke in 
Allegheny County, 
Pennsylvania, USA, 1994–2000

26,210 O3 Same day O3 exposure 
associated with increase 
total stroke hospitalization 
risk

Montresor-Lopez et 
al., 2016 [62]

Short-term exposure to ambient 
ozone and stroke hospital 
admission: A case-crossover 
analysis

35,413 O3 O3 associated with 
increased stroke 
hospitalization for African 
Americans compared to 
European Americans
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Table 6

Air Pollution and Stroke Mortality

Author Study N Air Pollutants Summary

Chen et al., 2013 
[68]

Acute effect of ambient air pollution on 
stroke mortality in the China air pollution and 
health effects study

~45 million PM10, SO2 and NO2 PM10, SO2 and NO2 

increase the risk of stroke 
mortality

Liu et al., 2016 
[69]

Estimating adult mortality attributable to 
PM2.5 exposure in China with assimilated 
PM2.5 concentrations based on a ground 
monitoring network

* PM2.5 Increases in premature 
mortalities and stroke

Lin et al., 2016 
[70]

Differentiating the effects of characteristics of 
PM pollution on mortality from ischemic and 
hemorrhagic strokes

5.5 million organic carbon, elemental 
carbon, sulfate, nitrate, 
and ammonium

Increase in stroke mortality

Desikan et al., 
2016 [71]

Effect of Exhaust- and Nonexhaust-Related 
Components of Particulate Matter on Long-
Term Survival After Stroke

357,308 PM2.5 increase mortality risk up to 
5 years post stroke

Wilker et al., 
2013 [72]

Residential proximity to high-traffic 
roadways and post stroke mortality

1,683 Roadway proximity Highway proximity 
increases mortality rate 
among stroke survivors

Dai et al., 2014 
[73]

Associations of fine particulate matter species 
with mortality in the United States: a 
multicity time-series analysis

4,473,519 PM2.5 Increased risk of stroke and 
all-cause mortality

Qian et al., 2013 Epidemiological evidence on association 
between ambient air pollution and stroke 
mortality

13.8 million PM10, SO2 and NO2 Transient increases in air 
pollution associated with 
total, ischemic and 
hemorrhagic strokes
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Table 7

Air Pollution and Carotid Artery Disease

Author Study N Air Pollutants Summary

Kunzli et al., 2010 
[87]

Ambient air pollution and the progression of 
atherosclerosis in adults

1483 Road proximity and 
PM2.5

Increase in CIMT

Newman et al., 2015 
[88]

Particulate air pollution and carotid artery 
stenosis

307,444 PM2.5 An independent risk factor for 
carotid artery stiffness

Wang et al., 2016 
[89]

Residential Proximity to Traffic-Related 
Pollution and Atherosclerosis in 4 Vascular Beds 
Among African-American Adults: Results From 
the Jackson Heart Study

4,800 Road proximity African Americans show 
increase in CIMT

Akintoye et al., 
2016 [90]

Association between fine particulate matter 
exposure and subclinical atherosclerosis: A 
meta-analysis

11,947 PM2.5 CIMT values within range of 
adverse cardiovascular events

Provost et al., 2016 
[91]

Short-term fluctuations in personal black carbon 
exposure are associated with rapid changes in 
carotid arterial stiffening

54 Black carbon Short term elevations 
associated with carotid artery 
stiffness

Perez et al., 2015 
[92]

Air pollution and atherosclerosis: a cross-
sectional analysis of four European cohort 
studies in the ESCAPE study

9,183 Road proximity and 
PM2.5

Positive, but non-significant 
associations with increased 
CIMT

Gan et al., 2014 [93] Long-term exposure to traffic-related air 
pollution and progression of carotid artery 
atherosclerosis: a prospective cohort study

509 black carbon, fine 
particles, nitrogen 
dioxide and nitric 
oxide

No association with carotid 
artery atherosclerosis

Breton et al., 2016 
[95]

Prenatal Air Pollution Exposure and Early 
Cardiovascular Phenotypes in Young Adults

768 PM2.5 and O3 Prenatal exposure, increases in 
carotid artery stiffness

Breton et al., 2012 
[96]

Childhood air pollutant exposure and carotid 
artery intima-media thickness in young adults

861 PM2.5 and O3 Prenatal exposure, increases in 
CIMT

Iannuzzi et al., 2010 
[97]

Air pollution and carotid arterial stiffness in 
children

52 Road proximity Increases in carotid artery 
stiffness

Adar et al., 2013 
[98]

Fine particulate air pollution and the progression 
of carotid intima-medial thickness: a prospective 
cohort study from the multi-ethnic study of 
atherosclerosis and air pollution

5,660 PM2.5 Reductions slowed CIMT 
progression

Wilker et al., 2013 
[99]

Long-term exposure to black carbon and carotid 
intima-media thickness: the normative aging 
study

380 Black carbon Increase in CIMT in elderly 
men
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