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SYSTEMATIC REVIEW AND META-ANALYSIS
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Ischemic Heart Dlsease and Stroke Events:
Review and Meta-Analysis
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BACKGROUND: Fine particulate matter <2.5 pm in diameter (PM, ) has known effects on cardiovascular morbidity and mortality.
However, no study has quantified and compared the risks of incident myocardial infarction, incident stroke, ischemic heart
disease (IHD) mortality, and cerebrovascular mortality in relation to long-term PM, ¢ exposure.

METHODS AND RESULTS: We sought to quantitatively summarize studies of long-term PM, 5 exposure and risk of IHD and stroke
events by conducting a review and meta-analysis of studies published by December 31, 2019. The main outcomes were myo-
cardial infarction, stroke, IHD mortality, and cerebrovascular mortality. Random effects meta-analyses were used to estimate
the combined risk of each outcome among studies. We reviewed 69 studies and included 42 studies in the meta-analyses. In
meta-analyses, we found that a 10-pug/m? increase in long-term PM, . exposure was associated with an increased risk of 23%
for IHD mortality (95% Cl, 15%—-31%), 24% for cerebrovascular mortality (95% Cl, 13%—-36%), 13% for incident stroke (95% ClI,
11%-15%), and 8% for incident myocardial infarction (95% ClI, —1% to 18%). There were an insufficient number of studies of
recurrent stroke and recurrent myocardial infarction to conduct meta-analyses.

CONCLUSIONS: Long-term PM, ¢ exposure is associated with increased risks of IHD mortality, cerebrovascular mortality, and
incident stroke. The relationship with incident myocardial infarction is suggestive of increased risk but not conclusive. More
research is needed to understand the relationship with recurrent events.
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particulate matter <2.5 pm in diameter (PM, )

increases the risk of cardiovascular events and
death, as concluded by the American Heart Association
(AHA) scientific statement on particulate matter air pol-
lution and cardiovascular disease in 2010." Moreover,
that report also concluded that long-term exposures
(eg, >1 year) posed an even greater risk to cardio-
vascular mortality than short-term exposures (eg, a
few days).! While a number of different cardiovascu-
lar disease (CVD) event end points have been studied
in relation to long-term PM, , exposure, there are few
quantitative summaries available that synthesize and
compare the magnitudes of these effects.

There is substantial evidence that exposure to fine

Early studies of long-term PM, ; exposure examined
all-cause mortality, lung cancer mortality, and cardio-
pulmonary mortality.? Subsequent studies of mortality
end points have focused on cardiovascular mortality
specifically®=® and subtypes such as ischemic heart
disease (IHD) mortality® and stroke mortality.” While
many studies have focused exclusively on mortal-
ity end points, some studies have examined incident
cardiovascular events®'° or recurrent events among
populations with preexisting CVD.""'? However, many
studies of long-term PM, ; exposure and cardiovascu-
lar end points have published null or inconsistent find-
ings,®3719 which is a key reason to conduct a review
and meta-analysis.
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CLINICAL PERSPECTIVE
What Is New?

e FEvidence among 69 studies shows a clear re-
lationship between long-term particulate air
pollution exposure and increased risk of cardio-
vascular events.

* The largest risks were found for ischemic heart
disease mortality and cerebrovascular mortality.

e The association with incident myocardial infarc-
tion was suggestive of increased risk but not
conclusive.

What Are the Clinical Implications?

e Particulate air pollution exposure is a modifiable
risk factor for cardiovascular events and should
be considered along with other lifestyle and be-
havioral risk factors.

e Populations at high risk for cardiovascular dis-
ease may be recommended to change behav-
iors to reduce personal exposure to particulate
air pollution.

Nonstandard Abbreviations and Acronyms

AHA American Heart Association

IHD ischemic heart disease

PM, 5 fine particulate matter <2.5 pm in
diameter

REGARDS Reasons for Geographic and Racial

Differences in Stroke

Many studies have been published in the past de-
cade, making a recent review important for under-
standing the current evidence. Furthermore, early
studies of long-term PM,; exposure focused more
on the United States and Europe,'®2°-?* whereas in
the past decade more studies have been published in
other regions including China, Taiwan, Korea, Israel,
Canada, and Australia.”'?141925-41 There may also be
differences in how cardiovascular end points are de-
fined, such as using self-reported outcomes, medical
records, death certificate data, or different combina-
tions of International Classification of Diseases (ICD)
codes. While previous reviews have synthesized
the overall evidence of PM, ; and reviewed plausible
mechanisms,#24% there is no recent quantitative me-
ta-analysis that compares the risks of IHD mortality,
cerebrovascular mortality, incident stroke, and incident
myocardial infarction in relation to long-term PM, , ex-
posure. Without this quantitative summary and com-
parison between CVD event types, it is difficult to
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determine which of these particular cardiovascular
events have the greatest risk in relation to long-term
PM, . exposure. Furthermore, this information will help
guide future studies needed to address research gaps.
We sought to quantitatively summarize the stud-
ies of long-term PM, . exposure and risk of IHD and
stroke events, including incident acute myocardial in-
farction (AMI), recurrent AMI, IHD mortality, incident
stroke, recurrent stroke, and cerebrovascular mortality
via meta-analyses. This quantitative summary vyields
insight into which cardiovascular end points have the
strongest associations in relation to long-term PM, .
exposure. Secondary objectives were to determine the
consistency of the definitions used for the event end
points and to identify gaps in the current knowledge.

METHODS

The authors declare that all supporting data are avail-
able within the article and its supplementary files.

Search Process

To identify publications of long-term ambient PM, ¢
exposure and IHD and stroke events, SEA con-
ducted a search of the National Library of Medicine’s
MEDLINE database through December 31, 2019, using
PubMed.** Search terms included “air pollution,” “par-
ticulate matter,” “cohort,” “long-term,” “annual,” “cardi-
ovascular,” “CVD,” and “mortality.” X.L. independently
reviewed the reference lists of several previous review
articles'#%48 and identified relevant publications. Our
inclusion criteria required articles to be peer-reviewed,
original, and empirical articles published in English.

"o«

Ischemic Heart Disease and Stroke
Events

We restricted our review to studies of incident AMI, re-
current AMI, IHD mortality, incident stroke, recurrent
stroke, and cerebrovascular mortality. In a supple-
mentary analysis, we also provided an updated meta-
analysis of overall cardiovascular mortality. This review
does not include more general mortality end points
such as all-cause mortality, natural-cause mortality,
cardiometabolic mortality (combining cardiovascular
and diabetes mellitus mortality), or cardiopulmonary
mortality (combining cardiovascular and lung disease
mortality).

Statistical Analysis

We conducted a meta-analysis for all outcomes that
were analyzed in at least 4 studies. For sensitivity
analyses examining subgroups of the main outcomes,
we only required 3 studies to conduct meta-analyses.
When multiple studies examined the same outcome
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using the same cohort, we included only 1 study per
cohort. We selected the largest study with the most
years of follow-up and the most recent air pollution
estimates that reported the association for the main
effect of long-term average PM, . exposure (ie, not an
interaction effect, effect modification, or an associa-
tion of PM, . components). All study effect estimates
were converted to represent a change of 10 ug/m3.
We quantified heterogeneity by the /° statistic” and
random effects meta-analysis was used to account for
heterogeneity.*® We assessed outliers and publication
bias using funnel plots. We also used the Newcastle-
Ottawa Scale for cohort studies to assess the risk of
bias for individual studies.*® For studies that were ex-
treme outliers, we computed the meta-analysis twice,
where the primary meta-analysis excluded the ex-
treme outlier study and the secondary meta-analysis
included the extreme outlier in order to understand the
sensitivity of the results on the extreme outlier study.

RESULTS

Articles Identified

Article identification is summarized using the PRISMA
flow diagram (Figure S1). The MEDLINE database
search using PubMed resulted in 2138 potentially
relevant publications. X.L. independently identified
29 relevant publications from reference lists of pre-
viously published review articles.!*%46 After record
screening, 165 full-text articles were assessed for
eligibility. Our final list included 69 studies that exam-
ined the relationship between long-term PM, ; expo-
sure and incident AMI, recurrent AMI, IHD mortality,
incident stroke, recurrent stroke, and/or cerebrovas-
cular mortality among 37 unique cohorts or consor-
tia. These cohorts or consortia represented different
international populations: United States (14 cohorts),
Europe (9 cohorts and 1 consortia of cohorts), Asia
(6 cohorts), Canada (6 cohorts), and Australia (1 co-
hort). The year of publication of the identified articles
is illustrated in Figure S2. Notably, 62 of these 69
studies (90%) have been published in the past dec-
ade, after the 2010 AHA scientific statement on PM,, 4
exposure and CVD risk.

Cardiovascular Event End Points

Our first objective was to determine which of the car-
diovascular event end points have been studied the
most. We found that IHD mortality was the most fre-
quently studied cardiovascular end point (45 studies),
followed by cerebrovascular mortality (27 studies),
stroke (23 studies; includes incident and recurrent
events), and AMI (20 studies; includes incident and re-
current events).
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Study Characteristics

The Table presents characteristics of the 69 stud-
ieg*810-36,38-40.50-80 gxamining the association be-
tween long-term PM, ; exposure and CVD events.
All studies appropriately controlled for basic demo-
graphics such as age and sex, and most studies ac-
counted for race and calendar time such as year of
study enrollment. Nearly all studies controlled for so-
cioeconomic status (SES) and many studies also in-
cluded marital status. Education and income were the
most common SES variables used and were meas-
ured on individual or neighborhood levels depend-
ing on data availability in studies. Numerous studies
controlled for variables related to health and lifestyle,
including body mass index, smoking, alcohol con-
sumption, diet, and relevant comorbidities such as
diabetes mellitus, hypertension, and hyperlipidemia.
Additionally, some studies controlled for personal or
family history of risk factors and diseases (history of
myocardial infarction, stroke, or coronary heart dis-
ease), medication use (blood pressure medication,
statins, or aspirin), or revascularization procedures
(percutaneous coronary intervention or coronary ar-
tery bypass grafting).

IHD Mortality

IHD mortality was the most studied outcome, analyzed
in 45 studies among 24 cohorts.* Nearly all studies (37
of 45) defined IHD deaths by the same set of /ICD
codes (ICD, Ninth Revision [ICD-9]. 410-414; ICD,
Tenth Revision [ICD-10]: 120—-125) with data on death
obtained from a national database of death records
(Table). Some studies obtained data on deaths from
medical records, proxy reports, and/or church records
often with death certificate review by a certified nosol-
ogist or physician adjudicator. One study described
these IHD deaths as “coronary heart disease deaths,”
defined by the same set of ICD codes.®® Two studies
used a slightly broader definition of IHD mortality: 1
study added deaths caused by “CVD unspecified”
(ICD-9: 429.2) and 1 study added deaths caused by
“certain sequelae of myocardial infarction not else-
where classified” (/CD-9: 429.7).!4'° Last, 3 studies
used narrower definitions, with 1 study®® excluding
causes of death from “angina pectoris” and “other
forms of chronic ischemic heart disease” (ICD-9: 413—
414, ICD-10: 123-125), 1 study® defining IHD deaths
using a code only for “chronic ischemic heart disease”
(ICD-10: 125), and another study® only defining death
from myocardial infarction (ICD-10: 121-122).

Funnel plots indicated no extreme outlier studies
and no evidence of publication bias for IHD mortality
(Figure S3). Figure 1 illustrates the meta-analysis of

*References 4, 6, 7, 13-24, 26-30, 34, 35, 37, 39-41, 51, 53, 56, 58-60, 63-65, 67-70,
72-74,76, 79, 80
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Cohort = 94.4% HR [95% CI]

AHS, Weichenthal 2014 : 2.68[1.05, 6.87]
AHSMOG, Chen 2005 ——— 1.14[0.73,1.78
California Teachers, Lipsett 2011 ir— 1.20[1.02, 1.41
Canadian Community Health, Pinault 2016 o 1.29[1.13,1.48
CanCHEC, Cakmak 2018 HL ] 1.25[1.21,1.29
China, Yin 2017 i 1.09[1.06, 1.12
Civil Servants Taiwan, Tseng 2015 —_— 0.76 [0.31, 1.84]
CNBSS, Villeneuve 2015 P—— 1.34[1.08, 1.66
CPS-ll, Jerrett 2017 i . 1.20[1.16,1.24
EFFECT, Chen 2016 D —— 1.43[1.12,1.83
England CPRD, Carey 2013 —e— 1.05[0.86, 1.29
ESCAPE, Beelen 2014 — 0.96 [0.55, 1.69
Health Professionals U.S., Puett 2011 —_ 0.98[0.70, 1.36
Hong Kong Elderly Health, Wong 2015 P 1.42[1.17,1.73
Medicare, Pun 2017 : . 1.64[1.62, 1.66
NHIS, Parker 2018 gl 1.13[1.01, 1.26
NIH-AARP, Hayes 2019 L] 1.16 [1.10, 1.22
Nurses Health Study, Puett 2009 P—_— 2.02[1.08,3.78
REGARDS, Loop 2018 et 1.57[0.71, 3.48
RoLS Rome, Badaloni C 2017 .- 1.06[1.01, 1.11
Truckers U.S., Hart 2011 H—— 1.18[0.91, 1.54]
Vancouver, Gan 2011 -—~—- 1.07 [0.83, 1.36
WHI, Miller 2007 P 2.21[1.17, 4.16
Random Effects Meta-Analysis ie 1.23[1.15,1.31)
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Figure 1. Meta-analysis of the relative risk of ischemic heart disease mortality per 10-pg/m?

increase in long-term fine particulate matter <2.5 pm in diameter exposure, combining the effects
of 23 studies."

AHS indicates Agricultural Health Study; AHSMOG, Adventist Health Study on the Health Effects of
Smog; CanCHEC, Canadian Census Health and Environment Cohort; CNBSS, Canadian National Breast
Screening Study; CPRD, Clinical Practice Research Datalink; CPS-Il, American Cancer Society Cancer
Prevention Study-Il; EFFECT, Enhanced Feedback For Effective Cardiac Treatment; ESCAPE, European
Study of Cohorts for Air Pollution Effects; HR, hazard ratio; NHIS, National Health Interview Survey; NIH-
AARP, National Institutes of Health—AARP Diet and Health Study; REGARDS, Reasons for Geographic
and Racial Differences in Stroke; RoLS, Rome Longitudinal Study; and WHI, Women’s Health Initiative.

the relative risk (RR) of IHD mortality associated with
long-term PM, , exposure, combining effects of 23
studies. Fifteen of the 23 studies reported a statisti-
cally significant increased risk in IHD mortality, while
8 studies reported a Cl that included the null. The
combined estimate of the RR of IHD mortality among
studies was 1.23 (95% Cl, 1.15-1.31) per 10-ug/m?3
increase in long-term PM, ;. There was substantial
heterogeneity among studies (°=94.4%).

Incident Myocardial Infarction

We identified 17 studies* of long-term PM, ; exposure
and incident AMI events in study populations of adults
without a previous AMI. Most studies included inci-
dent events that may be fatal or nonfatal, while 4 stud-
ies!245770 focused specifically on incident nonfatal
AMI events. Of the 17 studies of AMI, five?!2561.62,65

"References 6, 7, 13-19, 21, 24, 27, 28, 34, 39, 41, 53, 59, 64, 65, 70, 74, 76.

*References 8, 9, 17, 21, 24, 25, 33, 50, 52, 54, 56, 57, 62, 65, 66, 70, 71.

restricted the definition of AMI to codes explicitly for
AMI (ICD-9: 410; ICD-10: 121). Two studies®®° used a
broader definition of AMI that also included diagnoses
for “subsequent ST-segment—elevation myocardial in-
farction and non-ST-segment-elevation myocardial
infarction” and “certain current complications follow-
ing ST-segment-elevation myocardial infarction and
non-ST-segment-elevation myocardial  infarction”
(ICD-10: 122-123), and 2 additional studies further
broadened the definition of AMI by adding diagnoses
of “unstable angina and other acute and subacute is-
chemic heart diseases” (ICD-9: 410; ICD-10: 120.0,
124).954 Two studies did not examine AMI directly but
instead examined the broader end point of incident
IHD.%%7" In most of these studies, ICD codes were ob-
tained from a combination of hospitalization records,
medical records, and a national database of death re-
cords. Six studies used self-report or proxy report to
define AMI with confirmation by medical records and
did not list specific ICD codes used to define the out-
come (Table).

J Am Heart Assoc. 2021;10:e016890. DOI: 10.1161/JAHA.120.016890 11
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Figure 2 illustrates the results of the meta-analy-
sis pooling results among 11 studies* for incident
AMI. Four of the 11 studies reported a statistically
significant increased risk of incident AMI, while 6
studies reported a ClI that included the null, and 1
study (REGARDS [Reasons for Geographic and
Racial Differences in Stroke] trial, 2018) reported a
decreased risk. The combined RR of incident AMI in
the meta-analysis was 1.08 (95% CI, 0.99-1.18) per
10-pg/m? increase in long-term PM, .. Funnel plots
indicated no evidence of publication bias but did
identify 1 extreme outlier study (Kim et al, 2017)38,
which was excluded from the primary meta-analysis
(Figure S3). The REGARDS trial, which reported a
decreased risk of AMI, did not appear to be an out-
lier. The extreme outlier study of patients in Seoul,
Korea, reported an RR of 21.65 (95% CI, 5.49-
85.36) per 10-pug/m?® increase in long-term PM, .33
In a sensitivity analysis, we recomputed the me-
ta-analysis with the outlier study included, which
resulted in a combined RR of 1.09 (95% CI, 0.99-
1.20). Thus, the meta-analysis results were not sen-
sitive to the inclusion or exclusion of this extreme
outlier study.

Recurrent Myocardial Infarction

Two studies''? looked at recurrent AMI events in a
population of adults with previous AMI. Koton et al'?
reported an RR of 1.7 (95% ClI, 0.9-2.9) per 10-ug/m?3
increase in long-term PM, . exposure. Tonne et al'

Review of Long-Term PM, ; Exposure and CVD Events

measured risk for a combined outcome of recurrent
AMI events with all-cause mortality and found an RR
of 1.94 (95% ClI, 0.51-6.98) per 10-ug/m?3 increase
in exhaust PM, ; and 2.68 (95% CI, 0.72-13.01) for
nonexhaust PM, .. Another study examined hospital
admissions for AMI, yet patient history of a previous
AMI was unknown so hospitalizations included both
incident and recurrent events.®' Since there were only
2 studies of recurrent AMI events, we did not conduct
a meta-analysis for the association of long-term PM, .
exposure and recurrent AMIL.

Cerebrovascular Mortality

The relationship between long-term PM, . exposure
and cerebrovascular mortality was analyzed in 27
studies among 17 cohorts.® Most studies (19 of 27)
defined cerebrovascular deaths by the same set of
ICD codes (ICD-9: 430-438; ICD-10: 160-169) ob-
tained from a national database of death records.
Some studies obtained data on death from medical
records, proxy reports, and/or postal officials with
death certificate review by physician adjudicators.
One study looked only at fatal strokes (/CD-9: 430—
431, 433.x1, 434.x1, 436; ICD-10: 160-161, 163-164).%'
For consistency between ICD-9 and ICD-10 codes, 1
study explicitly excluded “transient cerebral is-
chemia” from the list of /ICD-9 codes (ICD-9: 435),
which in ICD-10 is now listed as G45, within diseases
of the nervous system.?® Other definitions of cerebro-
vascular mortality were similar but excluded some

Cohort I’ =84.0% HR [95% CI]

California Teachers, Lipsett 2011 v-«—- 0.98[0.83, 1.16]
Cleveland Clinic, Hartiala 2016 3.71[1.16,11.81)
England CPRD, Atkinson 2013 ——— 0.90[0.74, 1.10]
ESCAPE, Wolf 2015 —— 1.28 [0.96, 1.69]
Health Professionals U.S., Puett 2011 1.16 [0.81, 1.64]
ltalian Longitudinal Study, Gandini 2018 . 1.15[1.12, 1.18]
Nurses Health Study, Puett 2009 e 0.73[0.48, 1.12]
ONPHEC, Bai 2019 ie 1.15[1.12, 1.18]
REGARDS, Loop 2018 —_— 0.55[0.31, 0.96]
WHI, Miller 2007 —_ 1.06 [0.84, 1.34]
Worcester Heart Attack, Madrigano 2013 | 1.59[1.00, 2.53]
Random Effects Meta-Analysis - 1.08[0.99, 1.18]

[ I I ]
02 1 2 4 12
Relative Risk

Figure 2. Meta-analysis of the relative risk of incident acute myocardial infarction per 10-ug/m?
increase in long-term fine particulate matter <2.5 pm in diameter exposure, combining the effects

of 11 studies.’?

CPRD indicates Clinical Practice Research Datalink; ESCAPE, European Study of Cohorts for Air Pollution
Effects; HR, hazard ratio; ONPHEC, Ontario Population Health and Environment Cohort; REGARDS,
Reasons for Geographic and Racial Differences in Stroke; and WHI, Women’s Health Initiative.
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Cohort I*=94.4% HR [95% CI]

AHS, Weichenthal 2014 —_— 1.78[0.72, 4.42]
California Teachers, Lipsett 2011 H—— 1.16 [0.92, 1.46]
Canadian Community Health, Pinault 2016 —— 1.24[0.98, 1.57]
CanCHEC, Pinault 2017 o4 1.11[1.00, 1.23]
China, Yin 2017 ‘e 1.14[1.12, 1.16]
Civil Servants Taiwan, Tseng 2015 —_—— 0.84[0.35, 2.04]
CNBSS, Villeneuve 2015 —— 1.31[0.96, 1.78]
CPS-ll, Turner 2016 —— 1.50[1.20, 1.87]
England CPRD, Carey 2013 —— 1.00[0.77,1.29]
ESCAPE, Beelen 2014 —_— 1.46[0.75, 2.86]
HIMS, Dirgawati 2019 —_— 0.61[0.30, 1.25]
Hong Kong Elderly Health, Wong 2015 —o—i 1.24[1.00, 1.53]
Medicare, Pun 2017 . 1.73[1.68, 1.78]
NHIS, Pope 2019 gl 1.26 [1.11, 1.43]
NIH-AARP, Hayes 2019 e 1.14[1.02, 1.27]
Rome Census, Cesaroni 2013 L] 1.08[1.03, 1.13]
WHI, Miller 2007 —_— 1.83[1.12,3.00]
Random Effects Meta-Analysis - 1.24[1.13, 1.36]

[ | | |
0.2 1 2 4 12
Relative Risk

Figure 3. Meta-analysis of the relative risk of cerebrovascular mortality per 10-ug/m? increase
in long-term fine particulate matter <2.5 pm in diameter exposure, combining the effects of 17

studies.”

AHS indicates Agricultural Health Study; CanCHEC, Canadian Census Health and Environment Cohort;
CNBSS, Canadian National Breast Screening Study; CPRD, Clinical Practice Research Datalink; CPS-
Il, American Cancer Society Cancer Prevention Study-Il; ESCAPE, European Study of Cohorts for Air
Pollution Effects; HR, hazard ratio; HIMS, Health in Men Study; NHIS, National Health Interview Survey;
NIH-AARP, National Institutes of Health—AARP Diet and Health Study; and WHI, Women’s Health Initiative.

causes of death such as death from “subarachnoid
hemorrhage” (ICD-9: 430, ICD-10: 160). The narrow-
est definition of cerebrovascular mortality, used in 1
study, included only “nontraumatic intracerebral
hemorrhage” (ICD-70: 161) and “cerebral infarction”
(ICD-10: 163)." Two studies did not list specific /ICD
codes used to define the outcome (Table). No studies
of cerebrovascular mortality examined ischemic
stroke mortality separately from hemorrhagic stroke
mortality.

Figure 3 illustrates the results of the meta-analysis
for cerebrovascular mortality, combining results
among 17 studies.” Funnel plots indicated no extreme
outlier studies and no evidence of publication bias for
cerebrovascular mortality (Figure S3). Nine of the 17
studies reported a statistically significant increased
risk in cerebrovascular mortality, while 8 studies re-
ported a Cl that included the null. The combined RR
of cerebrovascular mortality was 1.24 (95% ClI, 1.13-
1.36) per 10-pyg/m? increase in long-term PM, .. There
was substantial heterogeneity among studies
(P=94.4%).

Incident Stroke

We identified 20 studies of long-term PM, . exposure
and incident stroke with study populations restricted to
patients without a previous stroke.l Of these 20 stud-
ies, 3 studies®%%8 defined stroke events narrowly, only
including “nontraumatic intracerebral hemorrhage”
(ICD-10: 161) and *“cerebral infarction” (/ICD-10: 163)
(Table). Two studies broadened this definition to also
include other cerebrovascular disease diagnoses such
as “other and unspecified nontraumatic intracranial
hemorrhage” (/CD-10: 162)% or “nontraumatic suba-
rachnoid hemorrhage” (ICD-10: 160).38 Multiple studies
used a wider definition, with 1 study using codes ICD-
10 160-169,%2 another study3® using codes ICD-9 430-
436, and 4 studies using slightly varied versions of the
latter definition: 1 study?' excluded “transient cerebral
ischemia” (ICD-9: 435), 1 study®' excluded “other and
unspecified intracranial hemorrhage” (ICD-9: 432), and
2 studies’”” excluded “subarachnoid hemorrhage”
(ICD-9: 430). In total, 4 studies included transient cer-
ebral ischemia attack events (ICD-9: 435; ICD-10: G45)
in their definition of stroke®""77 and no studies

"References 6, 7, 14-16, 21, 31, 34, 35, 39, 41, 51, 59, 65, 75, 76, 80.
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examined transient cerebral ischemia attack events as
a separate outcome. Two studies only included nonfa-
tal incident strokes."5” ICD codes were obtained from
a combination of hospitalization records, medical re-
cords, and a national database of death records. Eight
studies used self-report or proxy report to define stroke
events with confirmation by medical records, and 4 of
those studies did not list specific ICD codes used to
define the outcome.

Figure 4 illustrates the meta-analysis for incident
stroke, combining effects among 14 studies.® The RR
of an incident stroke in the random effects meta-anal-
ysis was 113 (95% Cl, 1.11-1.15) per 10-pug/m? in-
crease in long-term PM, .. Funnel plots indicated no
evidence of publication bias but did identify 1 ex-
treme outlier study, which was excluded from the pri-
mary meta-analysis (Figure S3). The outlier study of
patients in Seoul, Korea, reported an RR of 21.65
(95% Cl, 5.49-85.36) per 10-pg/m? increase in long-
term PM,..%® As a sensitivity analysis, we recom-
puted the meta-analysis with the outlier study
included, which resulted in an RR of 1.28 (95% ClI,
0.92-1.78), a substantial change. Thus, the me-
ta-analysis results were sensitive to the inclusion or

Review of Long-Term PM, ; Exposure and CVD Events

exclusion of this extreme outlier study, where inclu-
sion of this outlier study caused both the combined
effect estimate and width of the CI to increase sub-
stantially. This increase in variability was also reflected
in the heterogeneity estimate, where /? increased
from 0% to 99.4% when the extreme outlier study
was included.

Six studies of incident stroke further analyzed isch-
emic and hemorrhagic strokes separately.!'”82:33,36.38.85
Therefore, we conducted separate meta-analyses of
incident ischemic stroke and incident hemorrhagic
stroke. Our meta-analyses included 5 studies; the ex-
treme outlier study from the overall incident stroke me-
ta-analysis above was excluded. The RR of an incident
ischemic stroke in the random effects meta-analysis
was 1.18 (95% CI, 1.14-1.22), with low heterogeneity
among studies (°=11.8%). The RR of an incident hem-
orrhagic stroke in the random effects meta-analysis
was 110 (95% ClI, 1.05-1.16), with no heterogeneity
among studies (°=0.0%). The excluded outlier study??
reported an RR of 41.08 (95% CI, 14.88-117.02) for
ischemic stroke and 7.30 (95% CI, 1.63-33.33) for
hemorrhagic stroke per 10-pg/m® increase in long-
term PM,, ;.

Cohort 1’ =0% HR [95% Cl]

California Teachers, Lipsett 2011 |--| 1.14[0.98, 1.32]
China-PAR project, Huang 2019 . 1.13[1.09, 1.17]
Cleveland Clinic Cohort, Hartiala 2016 4 1.34[0.23,7.93]
England CPRD, Atkinson 2013 it 0.90[0.76, 1.06]
ESCAPE, Stafoggia 2014 ——— 1.42[0.76, 2.62]
Health Professionals U.S., Puett 2011 -———i 0.69[0.39, 1.21]
HIMS, Dirgawati 2019 —— 1.06 [0.73, 1.54]
Hong Kong Elderly Health, Qiu 2017 bt 1.14[1.02, 1.27]
Italian Longitudinal Study, Gandini 2018 gn 1.15[1.10, 1.20]
Nurses Health Study, Hart 2015 n—-—- 1.18 [0.96, 1.45]
ONPHEC, Shin 2019 im 1.12[1.08, 1.16]
London Stroke Register, Crichton 2016 : 1.00[0.31, 3.21]
Sweden cohorts, Ljungman 2019 v—-—l 1.05[0.78, 1.42]
WHI, Miller 2007 —— 1.28[1.02, 1.61]
Random Effects Meta-Analysis & 1.13[1.11,1.15]

| T 1 |
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Figure 4. Meta-analysis of the relative risk of incident stroke per 10-ug/m? increase in long-term
fine particulate matter <2.5 pm in diameter exposure, combining effects of 14 studies."

China-PAR indicates Prediction for Atherosclerotic Cardiovascular Disease Risk in China; CPRD, Clinical
Practice Research Datalink; ESCAPE, European Study of Cohorts for Air Pollution Effects; HR, hazard
ratio; HIMS, Health in Men Study; ONPHEC, Ontario Population Health and Environment Cohort; and WHI,

Women’s Health Initiative.

J Am Heart Assoc. 2021;10:e016890. DOI: 10.1161/JAHA.120.016890
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Recurrent Stroke

No studies examined recurrent stroke directly, al-
though several studies included recurrent strokes.
For example, 3 studies™®'8" examined stroke hospi-
talizations where patient history of a previous stroke
was unknown; therefore, these hospitalizations could
include both incident and recurrent events. One of
these studies™ examined stroke hospitalizations
among a cohort of patients with a previous AMI and
found an RR of 1.1 (95% ClI, 0.5-2.5) per 10-ug/m?
increase in long-term PM,,. The other 2 studies
were among Medicare beneficiaries: 1 study®! re-
ported an RR of 1.36 (95% Cl, 1.34-1.36) per 10-ug/
m? increase in long-term PM, ., and the other study?®’
specifically examined ischemic stroke hospitaliza-
tions and reported an RR of 1.04 (95% ClI, 0.97-1.11).
Since these stroke hospitalizations could be incident
or recurrent, we did not include these 3 studies in the
meta-analysis for the association of long-term PM, »
exposure and incident stroke, and we were unable to
conduct a meta-analysis of recurrent stroke because
of an insufficient number of studies.

Cardiovascular Mortality

In a supplementary analysis, we also provide an up-
dated meta-analysis of overall cardiovascular mortal-
ity by combining the effects of 28 studies." We found
an RR of 1.14 (95% ClI, 1.08-1.21) per 10-ug/m?3 in-
crease in long-term PM, ;. Details are provided in
Figure S4.

Heterogeneity Among Studies

We found high heterogeneity in the estimated asso-
ciations among studies for 3 of the study outcomes
(P=94.4% for IHD mortality, 94.4% for cerebrovascu-
lar mortality, 84.0% for incident AMI), and no hetero-
geneity (’=0%) for incident stroke. There are many
factors that may have contributed to heterogeneity
among studies, including differences in the age, sex,
race, and SES of study participants; adjustment of
covariates; follow-up period; country and region of
exposure; and variability in the /ICD codes used to
define each outcome as described above and in the
Table. Newcastle-Ottawa Scale rankings and details
are also provided in Table S1. Overall, studies rated
from 7 to 9, which demonstrates that studies used
in our meta-analyses generally had low risk of bias
according to the scale. More attention should be
placed on the finer differences between studies such
as sample size, covariates adjusted for, /ICD codes
used, and sources of outcome data provided in the
Table. We analyzed which studies contributed most

HReferences 3, 5-7, 12, 14-18, 21, 28, 34, 35, 39, 41, 53, 59, 64, 65, 75, 76, 82-87.
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to the heterogeneity of each meta-analysis. For IHD
mortality and cerebrovascular mortality, Pun’® per-
formed a study of 18.9 million Medicare beneficiar-
ies, which was most influential; when this study was
removed, /? changed from 94.4% to 73.0% for IHD
mortality and from 94.4% to 42.1% for cerebrovas-
cular mortality. Pun reported an RR of 1.64 (95% ClI,
1.62-1.66) for IHD mortality and 1.73 (95% CI, 1.68-
1.78) for cerebrovascular mortality per 10-pg/m? in-
crease in long-term PM, ., with a narrow Cl because
of the large size of the study. This study included
Medicare beneficiaries among the United States who
were 65 years and older, used zip code—level rather
than address-level PM, . exposure, and adjusted
for age, sex, race, calendar time, and county-level
variables for smoking, diabetes mellitus, body mass
index, alcohol consumption, asthma, and median
income because of lack of data on personal health
characteristics. These factors likely contributed to
the heterogeneity of results found in this study.

For the incident AMI meta-analysis, Atkinson et al®
was most influential; when this study was removed,
the /2 changed from 84.0% to 0%, and the combined
effect estimate changed from an RR of 1.08 (95%
Cl, 0.99-1.18) to an RR of 115 (95% CI, 1.13-1.17)
per 10-pg/m? increase in long-term PM, .. Atkinson
and colleagues included 836 557 patients aged 40
to 89 years in England; adjusted for all key covariates
including age, sex, smoking, body mass index, dia-
betes mellitus, hypertension, and SES; had a short
follow-up period of 5 years (2003 through 2007); used
a mean annual PM, . exposure of 12.9 pg/m?® and a
small interquartile range of 1.9 pg/m?3; and did not
include any model performance statistics for PM, .
exposures. The study also reported a large change in
the effect estimate caused by control for SES (hazard
ratio [HR] of 1.12 [95% CI, 0.92-1.36] without SES
and 0.90 [95% CI, 0.74-1.10] with SES) per 10-pg/
m? increase in long-term PM, .. These factors likely
contributed to the heterogeneity of results found in
this study.

We also considered differences in effects by world
region by conducting separate meta-analyses for
IHD mortality and cerebrovascular mortality by world
region: North America, Europe, and Asia. Meta-
analysis results are reported per 10-ug/m?® increase
in long-term PM, ; exposure. For IHD mortality, we
found the highest risk in North America (combined
HR, 1.27; 95% Cl, 1.18-1.38 [’=93.2%)]; 17 stud-
ies), moderately increased risk in Asia (combined
HR, 1.18; 95% CI, 0.93-1.50 [/’=73.0%]; 3 studies),
and the smallest increases in risk in Europe (com-
bined HR, 1.06; 95% Cl, 1.01-1.11 [’=0%)]; 3 stud-
ies). For cerebrovascular mortality, we also found the
highest risk in North America (combined HR, 1.32;
95% Cl, 1.17-1.49 [’=85.1%)]; 10 studies), moderately
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increased risk in Asia (combined HR, 1.14; 95% ClI,
112-1.16 [°=0%)]; 3 studies), and the smallest in-
creases in risk in Europe (combined HR, 1.08; 95%
Cl, 1.03-1.13 [’=0%); 3 studies).

DISCUSSION

This study reviewed 69 published articles examining
the effect of long-term PM, . exposure on risks of IHD
and stroke events. We found that IHD mortality and
cerebrovascular mortality were the most frequently
studied end points and that these end points had the
greatest increases in risk. In meta-analyses, we found
that a 10-ug/m® increase in long-term average PM, 5
exposure was associated with a 23% increased risk
of IHD mortality and a 24% increased risk of cerebro-
vascular mortality. We found that these 2 mortality
outcomes were the most frequently studied cardio-
vascular end points, and that the definitions (primarily
ICD codes) used to define these mortality end points
have generally been consistent, although not identical
among every study. Our meta-analyses found more
modest associations between long-term PM, . expo-
sure and increased risk of incident stroke and inci-
dent AMI: 13% and 8% increased risk per 10-pg/m?®
increase in long-term average PM, ; exposure, respec-
tively. These outcomes have not been studied as ex-
tensively as the mortality outcomes. Furthermore, we
were unable to conduct any meta-analyses for recur-
rent AMI and stroke events because of an insufficient
number of studies, indicating that more research is
needed. Further research on recurrent events is crucial
for assessing whether current PM, ; regulatory stand-
ards are protective of populations with a history of car-
diovascular events.

While there have been a number of qualitative re-
views of long-term cardiovascular effects of PM,,
including the AHA statements,*®® the Environmental
Protection Agency integrated science assessment,®®
and other journal review articles,*?*3 there have been
relatively few meta-analyses. To our knowledge, this is
the first meta-analysis that quantifies and compares
the effect of long-term PM, , on the risks of both inci-
dent AMI and IHD mortality. Notably, we found a sub-
stantial difference in these risks, with a 23% increased
risk of IHD mortality and an 8% increased risk of inci-
dent AMI per 10-ug/m?3 increase in long-term average
PM, 5 exposure.

There is only 1 previous meta-analysis of the ef-
fect of long-term PM,; on the risks of nonfatal
stroke’™ and 1 of incident stroke and stroke mortal-
ity.?9 Noticeably, Yuan et al®® included only 6 studies
in the meta-analysis for stroke mortality, overlooking
9 studies+ that we identified and were published by

+HReferences 6, 7, 14, 15, 34, 35, 39, 51, 76.
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December 2018 (the cutoff for inclusion in their me-
ta-analysis); thus, our meta-analysis is not only more
up-to-date, including 3 more studies published in
2019,31:5975 put also much more fully representative
of the published literature by including many more
relevant studies. Comparing results per 10-pg/m? in-
crease in long-term average PM,, exposure, our
finding of a 13% increased risk of incident stroke is
smaller than the 23% increase in risk (95% Cl, 10%—
37%) reported by Yuan et al in 2019%° and larger than
the 6% increase in risk of nonfatal stroke (95% ClI,
0%-13%) reported by Shin et al in 2014.”® Notably,
the stronger association in Yuan et al was largely
driven by 2 studies that we excluded because they
did not study incident stroke: To and colleagues®
studied the prevalence of a previous stroke diagnosis
and Lin et al®? published a cross-sectional associa-
tion between average PM, . and self-reported stroke
in the past year. Additionally, the meta-analysis
pooled risk ratios for long-term PM, ; exposure re-
ported by Shin et al were only among 4 studies.

Our supplementary analysis of overall cardiovas-
cular mortality demonstrated a 14% increase in risk
of cardiovascular mortality per 10-ug/m?3 increase in
long-term PM, .. This is consistent with the AHA 2010
statement that “a 10-ug/m?3 increase in long-term av-
erage PM, ; exposure is associated with an ~10% in-
crease in all-cause mortality and a similar or greater
increase in the risk of cardiovascular death,”® and is
slightly larger than the 2013 meta-analysis that found
a 11% increase in risk of cardiovascular mortality per
10-pug/m® increase in long-term PM, ..*°

Mechanisms

Mechanisms have been reviewed in detail in previous
review articles."#243 Briefly, oxidative stress and in-
flammation are key mechanisms by which PM, . acts
to increase risk of CVDs. Numerous in vitro studies
have demonstrated that exposure to particulate air
pollution activates pathways that generate reactive
oxygen species in both cultured cells and in pulmo-
nary and vascular tissue.?-°" Activation of reactive
oxygen species—dependent pathways can affect vas-
cular inflammation, atherosclerosis, basal vasomotor
balance, coagulation and thrombosis, and platelet
activation.'® Inflammatory cytokines are activated in
response to air pollution exposures, with evidence
of increased pulmonary inflammation and increased
levels of circulating proinflammatory mediators.'03-107
Similarly, epidemiologic studies have demonstrated
the relationship of particulate air pollution with inflam-
matory markers, as well as with atherosclerosis.!08.10°
Studies in mice have also demonstrated inhibited
vascular repair after PM, ; exposure via depletion of
circulating endothelial progenitor cells and functional
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impairment that prevents endothelial progenitor cell-
mediated vascular recovery."'® Furthermore, increas-
ing the antioxidant capacity of the lung prevented this
dysfunction, supporting the role of oxidative stress
in PM, .-induced cardiovascular injury.""® Another
mechanism that may underly the cardiovascular re-
sponses to air pollution is altered autonomic nervous
system balance.!"" Experimental studies have found
that air pollution exposure is associated with rapid
changes in autonomic nervous system balance,
marked by sympathetic nervous system activation
and parasympathetic withdrawal.'""""? The mecha-
nism of changes in autonomic nervous system bal-
ance is also supported by epidemiologic evidence
demonstrating associations between air pollution
exposure and changes in heart rate variability.31°
Notably, many epidemiologic studies have focused
on older populations, and it has been hypothesized
that the elderly are more susceptible to air pollution
effects.88 However, several epidemiologic and ex-
perimental studies have reported that PM, . is asso-
ciated with blood pressure,''" vasodilatation,® heart
rate variability,'""""® and ischemic stroke'® among
younger adults (aged 18-55 years).

We observed a noticeable difference in the risk of
IHD mortality (23% increased risk) compared with the
risk of incident AMI events (8% increased risk). These
differences in risk may be related to differences in
IHD and AMI survival. IHD morality is the leading
cause of death worldwide,'”® and most IHD deaths
occur before hospitalization and before a person is
able to seek medical attention.'®' Furthermore, adults
who are younger or who have no history of IHD are
more likely to have an IHD death that occurs before
hospitalization, although they have much less risk
of IHD death overall.”®" In contrast, the AMI fatality
rate among older adults who have been hospitalized
has decreased substantially over the past several
decades, and is now estimated to be ~7%."%? In ad-
dition, the increased risk observed for IHD mortality
could be driven in part by an increased risk of IHD
mortality among patients with a previous AMI event;
however, little research has been performed examin-
ing that at-risk population.

Notably, the differences in the strength of associ-
ation in IHD mortality and incident AMI were some-
times observed within the same cohort study. For
example, the REGARDS trial reported a statistically
significant decreased risk of AMI (HR, 0.55; 95% CI,
0.31-0.96) and a strong but not statistically significant
increased association with IHD mortality for the same
cohort (HR, 1.57; 95% ClI, 0.71-3.48).° Funnel plots in
Figure S3 indicated that this study did not appear to
be an outlier for incident AMI when compared with the
expected distribution of effect estimates and standard
errors. There is no obvious reason for the decreased
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HR in the REGARDS trial. The REGARDS cohort was
younger and more racially and geographically diverse
than many previous studies; however, the authors
found no evidence that results differed by race, sex, or
rural versus urban regions. The study did not account
for changes in residential address during follow-up,
and instead assumed that patients remained at their
baseline address for the duration of the study, which is
a common study limitation.

In analyses of incident stroke types, we found that
long-term PM, ; exposure may have a stronger asso-
ciation with risk of incident ischemic stroke (HR, 1.18;
95% Cl, 1.14-1.22) than hemorrhagic stroke (HR,
1.10; 95% ClI, 1.05-1.16). Ischemic strokes are the
most common stroke subtype, while hemorrhagic
strokes account for only 10% to 15% of all strokes.
Ischemic and hemorrhagic strokes have different
causes. Ischemic strokes occur when blood flow to
the brain is blocked by a blood clot, whereas hem-
orrhagic strokes occur when a weak blood vessel
bursts and bleeds into the brain. AMI is most often
caused by decreased blood flow to a portion of the
heart, typically caused by a blood clot in the epicar-
dial artery that supplies the heart muscle.'® Thus,
ischemic strokes and AMI share a common pathway,
where thrombosis is the most common underlying
mechanism of AMI and ischemic stroke. There are
also some differences in risk factors for ischemic
and hemorrhagic strokes, where hypertension is the
strongest risk factor for hemorrhagic stroke'®* and
older age, cigarette smoking, hypercholesterolemia,
and family history of stroke are more predictive of
ischemic versus hemorrhagic stroke.'?®

Gaps in Current Knowledge

Our final objective in this study was to identify gaps
in the current knowledge of the relationship between
long-term exposures to PM, ¢ and risk of cardiovas-
cular morbidity and mortality. Mortality outcomes
have been the most studied, and the meta-analyses
of these mortality outcomes showed clear, strong ef-
fects in relation to long-term exposures to PM, .. More
studies of nonmortality outcomes are needed to clarify
other effects, such as incident AMI events and recur-
rent AMI and stroke events.

Few studies have examined the effects of long-
term exposures to PM, ; among patients with a history
of CVD and measured their risk of recurrent cardio-
vascular events. The World Health Organization has
reported that patients with a previous myocardial in-
farction or stroke are the groups at highest risk for
further coronary and cerebral events.'?® Specifically,
the annual death rate of patients who experienced
an AMI is estimated to be 6 times that of same-
aged individuals without coronary heart disease.'?®
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Survivors of stroke have an increased risk of a sub-
sequent stroke of 7% per year compared with those
with no previous stroke.'?® Given the growing burden
of CVD globally, compounded by increased survival
rates among cardiac patients as a result of health-
care improvements, more research is needed to un-
derstand the health effects of long-term air pollution
exposure among these high-risk groups.

This review article focuses on PM, . mass, the total
exposure to PM, 5, which is the exposure measure most
commonly studied and the measure that is currently
regulated.8912128 Notably, PM, . is composed of nu-
merous elements, including organic carbon, black car-
bon, sulfate particles, metal oxides (aluminum, silicone,
potassium, calcium, titanium, iron, and zinc), and sea
salt (sodium and chorline).’®® Sources that contribute
to PM, , exposure include regional pollution, motor ve-
hicles, sea salt, crustal/road dust, oil combustion, and
wood burning.'?® PM, . composition varies regionally;
eg, rural areas have higher levels of crustal materials
(silicone and aluminum) driven by agricultural activities
and unpaved roads, urban areas have higher levels of
secondary aerosol (nitrate, sulfate, and ammonium) and
combustion (organic and black carbon), and industrial-
ized areas have higher levels of trace metals (iron, pal-
ladium, and zinc).'*® Recent research has also shown
differences in cardiovascular health effects related to
different PM, . components. For example, some PM, »
metals have been associated with increased levels of
inflammatory blood markers'™! and an increased risk of
coronary events.® Given this emerging research, differ-
ences in PM, . components may also contribute to dif-
ferences in findings among studies, and future research
is needed to better understand the role of PM, ; com-
ponents in cardiovascular health risk.

Last, more research on long-term exposure to
PM, . and cardiovascular health effects is needed
in Asian and Middle-Eastern countries, where am-
bient air pollution exposure is higher compared with
the rest of the world'® and where a large proportion
of the world’s population lives, such as in China and
India. Populations in East Asian countries have shown
higher risks of stroke mortality and lower risks of IHD
mortality compared with Western countries,'3® which
emphasizes the importance of studying these diverse
populations who may have different underlying health
risks compared with more frequently studied popula-
tions in Europe and North America. Some researchers
have also suggested that air pollution effects may be
greater in Asian countries.'®* However, our meta-anal-
ysis by world region found the highest risks in North
America, moderately increased risks in Asia, and the
smallest increased risks in Europe. Notably, there were
only 3 studies included from Asia, therefore more re-
search is needed to verify and better understand these
potential differences.
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CONCLUSIONS

Our study builds on previous work that has estab-
lished the causal link between PM, , exposure and
CVDs. Using meta-analyses, we provide quantitative
evidence of the strength of associations with specific
CVD event end points. We found a clear relationship
between long-term PM, 5 exposure and increased risk
of cardiovascular events, with larger effects for IHD
mortality and cerebrovascular mortality than incident
stroke and incident AMI. The relationship with incident
AMI was suggestive of a positive association but not
conclusive. More research is needed to better quan-
tify the relationships for incident AMI and for recurrent
stroke and recurrent AMI events.
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Figure S1. Article Identification flow chart following the PRISMA guidelines.'®’
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Figure S2. Number of publications by year reporting the association of long-term PMzs

exposure and CVD events.
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Figure S4. Meta-analysis of the relative risk of cardiovascular mortality per 10 pg/m?3

increase in long-term PMzs exposure, combining effects of 28 studies.
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Figure S4 shows the results of our meta-analysis for long-term PM2 s exposure and CVD
mortality, combining associations of 28 studies. We found that the combined relative risk of
CVD mortality was 1.14 (95% CI 1.08 to 1.21) per 10 pg/m? increase in long-term PMzs
exposure. The meta-analysis excluded one extreme outlier study of residents of Seoul, Korea
that reported a relative risk of 21.65 (95% CI: 2.95 to 158.88) per 10 ug/m? increase in long-term
PM2 s exposure (Kim et al. 2017). As a sensitivity analysis, we recomputed the meta-analysis
with this outlier study included, which resulted in a combined relative risk of 1.14 (95% CI 1.08
to 1.22). Thus, results of the meta-analysis were not sensitive to the inclusion or exclusion of

this extreme outlier study.



Table S1. Newcastle-Ottawa Scale” for assessing the quality of nonrandomized studies.

Sweden cohorts

Study, Cohort Selection® Comparability Outcome Total Stars
Atkinson 2013, *oEk ok *Ek 8
England CPRD

Badaloni 2017, * 3k ok * % * ok K 8
RoLS Rome

Bai 2019, ONPHEC ok k *k * %k 9
Beelen 2014, *kk *k *ok ok 3
ESCAPE

Cakmak 2018, *xx *% *kK 8
CanCHEC

Carey 2013, k¥ *% *kK )
England CPRD

Cesaroni 2013, *x* ok * kK 3
RoLS Rome

Chen 2005, *xx *% *kK 3
AHSMOG

Chen 2016, EFFECT | ** *k ok ok 7
Crichton 2016, ook ok ok *ok ok 9
London Stroke

Register

Dirgawati 2019, *** ok *kk 3
HIMS

Gan 2011, *okokok ** ® kK 9
Vancouver

Gandini 2018, ook ok ok ok o 9
Italian Longitudinal

Study

Hart 2011, Truckers | ** * ok ok ok 7
u.s.

Hart 2015, Nurses *okk *% *k K 8
Health Study

Hartiala 2016, *okok ok ok ok 3
Cleveland Clinic

Hayes 2019, NIH- *k *% *k K 7
AARP

Huang 2019, China- | **** * ok *okok 9
PAR project

Jerrett 2017, CPS-Il | ** * ok *okok 7
Lipsett 2011, kol *% *kK g
California Teachers

Ljungman 2019, *kokx * ok *k ok 9




Loop 2018, *EkK *% kK 9
REGARDS

Miller 2007, WHI *kk * ok ok ok 3
Parker 2018, NHIS Hokk * ok ok ok )
Pinault 2016, kol *% *k K 8
Canadian

Community Health

Pinault 2017, kol *% *k K 8
CanCHEC

Pope 2019, NHIS *kk * ok ok ok 3
Puett 2009, Nurses | *** *% *okk 8
Health Study

Puett 2011, Health | *** * ok * ok 3
Professionals U.S.

Pun 2017, *kok ** ® kK 3
Medicare

Qiu 2017, Hong ok *k ok ok 3
Kong Elderly Health

Shin 2019, ONPHEC | **** ok ok ok 9
Stafoggia 2014, ook ok * ok ok ok 9
ESCAPE

Tseng 2015, Civil *k ok ok ok 7
Servants Taiwan

Turner 2016, CPS-II | ** * % ok K 7
Villeneuve 2015, ok ok *ok ok 7
CNBSS

Weichenthal 2014, | ** ok *k* 7
AHS

Wolf 2015, ESCAPE | **** * % ®kk 9
Wong 2015, Hong *k *% *k K 7
Kong Elderly Health

Yin 2017, China *x * % ®kk 7

Table S1 displays the Newcastle-Ottawa Scale for cohort studies. Selection included 4 possible
stars (1. Representativeness of the exposed cohort, 2. Selection of the non-exposed cohort, 3.
Ascertainment of exposure, and 4. Demonstration that outcome of interest was not present at
start of study). Rankings for selection biases varied across studies, with differences mostly
driven by representativeness of the exposed cohort (selected groups were not given a star) and
demonstration that the outcome of interest was not present at the start of the study (incident
events). Comparability included two possible stars for the degree of comparability of cohorts on
the basis of the design or analysis. All studies received two stars for comparability as they

appropriately controlled for important covariates (specific details are provided in Table 1).



Outcome included three possible stars (1. Assessment of outcome, 2. Length of follow-up, 3.
Adequacy of follow up). Regarding the outcome section, all studies received a star for
assessment of outcome (reference to secure records and/or use of ICD codes), long enough
follow-up time, and adequacy of follow-up.

* The scale includes three categories (Selection, Comparability, and Outcome), each with numbered items ranking
the possibility for bias. Stars were given to each humbered item according to study design and quality, with a
maximum of 9 stars per study. One study (Madrigano et al. 2013) used a case-control study design and therefore
was not compared to the other cohort studies using NOS.

+ We gave every study a star for selection of non-exposed cohort (“drawn from the same community as the exposed
cohort”) and a star for ascertainment of exposure (“secure record”). For these air pollution studies, there are no
“unexposed” subjects but instead “less exposed” subjects drawn from the same cohort. All studies also used
sufficient sources of air pollution data.



