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Purpose: Stroke is a leading cause of mortality worldwide, and air pollution is the third largest contributor to global stroke bur- \
den. Existing studies investigating the association between long-term exposure to particulate matter (PM) and stroke incidence have
been mixed and very little is known about the associations with medium-term exposures. Therefore, we wanted to evaluate these
associations in an cohort of male health professionals.

Methods: We assessed the association of PM exposures in the previous 1 and 12 months with incident total, ischemic, and hemor-
rhagic stroke in 49,603 men in the prospective US-based Health Professionals’ Follow-up Study 1988-2007. We used spatiotempo-
ral prediction models to estimate monthly PM less than 10 (PM, ) and less than 2.5 (PM, ), and PM, . - at all mailing addresses. We
used time-varying Cox proportional hazards models adjusted for potential confounders based on previous literature to estimate haz-
ard ratios (HRs) and 95% confidence intervals (Cls) for each 10-pg/m? increase in exposure in the preceding 1 and 12 months. We
explored possible effect modification by age, obesity, smoking, aspirin use, diet quality, physical activity, diabetes, and Census region.
Results: We observed 1,467 cases of incident stroke. Average levels of 12-month PM, , PM, . ., and PM, . were 20.7, 8.4, and
12.3 pg/m?®, respectively. In multivariable adjusted models, we did not observe consistent associations between PM and overall or
ischemic stroke. There was a suggestion of increased risk of hemorrhagic stroke (12-month PM, ; multivariable HR: 1.13 [0.86, 1.48];
PM,. . 1.12[0.78, 1.62]; PM, .:1.17 [0.76, 1.81], all per 10 pg/m®). There was little evidence of effect modification.

2.5-10"
Conclusions: We observed only weak evidence of an association between long-term exposure to PM and risks of overall incident

stroke. There was a suggestion of increasing hemorrhagic stroke risk.
Keywords: Stoke; Incidence; Particulate matter; Air pollution; Cohort study

Introduction

Stroke is a leading cause of mortality in the United States and
worldwide, with death rates of 45 and 110 per 100,000 inhabi-
tants, respectively.> About 30% of strokes have been attributed
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to air pollution, making it the third largest contributor to global
stroke burden.® In the last decade, a series of epidemiological
studies have studied the association between short-term expo-
sure to particulate matter (PM) and stroke incidence.** However,
fewer studies to date have investigated the effect of medium- or
long-term air pollution on stroke incidence, and the current
evidence is inconsistent. Although higher risks were found in
some studies,”'® other studies have been null."”""” As noted in
a pair of recent meta-analyses, the inconsistency in results may
be from the lack of well-defined outcomes or poorly measured
confounding factors, such as smoking status and socioeconomic
status (SES), although tests for heterogeneity in the more recent
meta-analysis did not detect statistically significant differences
between previous studies.?®*! In the more recent meta-analysis,
after excluding a study identified as an outlier, the relative risk
(RR) of incident stroke studies was 1.13 (95% CI: 1.11, 1.15)
per 10 ug/m?® increase in particulate matter less than 2.5 um

What this study adds

Previous studies have identified associations between long- and
medium-term exposures to particulate matter (PM) air pollution
and stroke. However, results have been somewhat inconsistent,
especially by stroke subtype, and a recent meta-analysis called
for papers with the ability to improve control for confounding.
Even fewer studies have been able to examine associations for
long- and medium-term exposures in the same cohort. These
analyses were able to replicate previous work and assess stroke
subtypes, all with extensive time-varying control for potential
confounders. We were also able to assess a number of individu-
al-level demographics and behaviors as effect modifiers.
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diameter (PM, ). In a subset of six studies that explored associa-
tions with stroke subtypes, the RR for ischemic stroke was 1.18
(95% CI: 1.14, 1.22) and the RR for hemorrhagic stroke was
1.10 (95% CI: 1.05, 1.16), with little evidence of heterogeneity.
Results from studies published after the meta-analysis'*'¢ have
more consistently demonstrated positive associations between
exposures to PM and stroke; however, these studies did not
explore associations by stroke subtype.

In this prospective cohort study, we evaluated long- and medi-
um-term exposure to PM less than 10, less than 2.5, and between
2.5 and 10 um in diameter (PM,, PM, ., PM, ), and total,
ischemic, and hemorrhagic stroke incidence in the US-based
nationwide, prospective, Health Professionals’ Follow-up Study
(HPES). Importantly, using the detailed information available in
HPFS, we were able to control for, and assess effect modification
by each of a variety of time-varying individual-level character-
istics, including smoking status, body mass index (BMI), physi-
cal activity, diet quality, current medication use, and individual
and area-level socioeconomic status. Finally, to date, with the
exception of our previous work in HPFS, most of the US-based
studies of the impacts of long-term PM exposure on stroke risk
have been conducted in cohorts only (or mostly) composed of
women, so exploring these associations in a cohort of US men
is novel.

Methods

Study population

The HPFS is an ongoing cohort composed of 51,529 male den-
tists, pharmacists, optometrists, osteopath physicians, podia-
trists, and veterinarians in the United States, who responded to
a mailed questionnaire in 1986. The participants were 40 years
of age through 75 years at enrollment. Follow-up questionnaires
including questions about demographics, diagnosed diseases,
medical history, and lifestyle factors are mailed to participants
every 2 years, and questionnaires collecting detailed diet infor-
mation are administered every 4 years. The response rate is gen-
erally above 90% for each cycle. For this analysis, we restricted
the study population to those participants whose addresses were
in the conterminous United States during the follow-up and had
no history of stroke or myocardial infarction (MI) before the
start of follow-up. This study was approved by the Harvard T.H.
Chan School of Public Health Human Subjects Committee and
the Brigham and Women’s Hospital Institutional Review Board,
and consent was implied through return of the questionnaires.

Outcome assessment

The primary endpoint was defined as the first occurrence of
fatal or nonfatal stroke (International Classification of Disease,
Ninth (ICD9) Edition codes of 430-437). Strokes were self-re-
ported by participants on each biennial questionnaire and fur-
ther confirmed using a standardized approach. For participants
who gave consent, medical records were reviewed by study phy-
sicians who were blinded to exposure. Diagnoses were made on
the basis of the National Survey of Stroke criteria when there
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was a neurologic deficit with sudden or rapid onset persisting
for more than 24 hours duration or until death.?> Confirmed
strokes were then classified as ischemic, hemorrhagic, or
unknown type accordingly.?? Fatal events were confirmed by
searches of the National Death Index or reporting from next of
kin, coworkers, or postal authorities.?> Cases for which medical
records or death certificates were not available were classified as
stroke of unspecified type.

Exposure assessment

The mailing addresses for each questionnaire were geocoded
to obtain latitude and longitude. Addresses were an unknown
mix of work and residential addresses, as participants were able
to receive their questionnaires at the address of their choice.
Spatiotemporal generalized additive mixed models (GAMMs)
were used to estimate the long-term exposure to ambient par-
ticulate matter at each mailing address in the conterminous
United States from January 1988 to December 2007. Details of
these models have been provided elsewhere.* Briefly, the mod-
els were based on PM monitoring data obtained from US EPA
and various other sources, such as the Interagency Monitoring
of Protected Visual Environments (IMPROVE) network, and
included time-varying spatial smooths of monitoring site geo-
graphic coordinates, GIS-based time-invariant geographical
covariates, and time-varying meteorological covariates to pre-
dict monthly average outdoor concentrations of PM,  and
PM, . The geographical covariates included urban land use
within 1 km, elevation, distance to nearest road by road class
(A1-A3), tract- and county-level population density, and point-
source emissions density, whereas the meteorological covariates
included monthly average wind speed, temperature, percentage
of stagnant days, and monthly total precipitation. Because they
included GIS-based time-invariant geographical covariates,
the spatial resolution of the models was high, with areas near
roadways exhibiting spatial gradients down to several to tens of
meters. Separate models for PM, ; were created for 1988-1998
and 1999 onward with different methods to account for the
availability of PM, ; monitoring data. Thus, PM, | levels from
1988 to 1998, PM, | levels from 1999 to 2007, and PM levels
from 1988 to 2007 were predicted from three separate mod-
els (due to availability of monitoring data). PM, . levels were
then calculated by subtracting predicted PM, , from predicted
PM, . The models have been shown to have moderate to high
predictive accuracy assessed with cross-validation R? of ranging
from 0.58 to 0.77, from models leaving out 10% of the data.
The monthly spatiotemporal predictions were used to create 1-
and 12-month moving average exposures for each participant
throughout the study.

Covariates

We hypothesized several a priori risk factors for stroke or pre-
dictors of exposure may potentially confound the association
between long-term PM and stroke incidence, including cur-
rent age, race (White vs. non-White), body mass index (BMI
[<25 kg/m?, 25-29.9kg/m?, and >30kg/m?], alcohol consump-
tion [0, 0.1-4.9, 5.0-14.9, or >15g/day], physical activity [<3
metabolic equivalent of task (MET)-hrs/wk, 3-9 MET-hrs/wk,
9-18 MET-hrs/wk, 18-27 MET-hrs/wk, and >27 MET-hrs/wk],
smoking status [never, current, and former], total pack-years
[continuous], diet quality [continuous Alternate Healthy Eating
Index, AHEI] not including alcohol?), neighborhood and indi-
vidual-level socioeconomic status, season (spring, summer, fall,
winter), comorbidities (yes/no for each of diabetes, hyperten-
sion, and hypercholesterolemia), current medication use (yes/
no for each of aspirin, antidepressants, antihypertensive, and
cholesterol lowering medication), and family history of stroke,
MI, or any cardiovascular disease.!%!1:181926 Census tract-level
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median household income (continuous) and median home
value (continuous) were included as measures of neighborhood
socioeconomic status. Census tract population density (rural,
suburban, urban), and region (Northeast, Midwest, West, and
South) were included to adjust for large-scale spatial patterns
in exposure and risk. Marital status (married yes/no) and living
arrangement (alone or with others), employment status (full-
time employed, part-time employed, and retired/unemployed/
on disability leave, and occupation (dentist, pharmacist, optom-
etrist, osteopath physician, podiatrist, or veterinarian) were
included as measures of individual-level socioeconomic status.
Missing indicators were created to adjust for missing data in
each potential confounder. Time-varying potential effect mod-
ifiers were selected based on the literature. These included age
(in S-year groups), obesity, smoking status, current aspirin use,
diet quality (AHEI tertiles), physical activity, diabetes, Census
tract median income (in tertiles), and Census region (Northeast,
Midwest, West, South).

Statistical analysis

Individuals contributed person-months of follow-up from 1988
through the end of follow-up, month of incident stroke or other
cardiovascular event, death, loss to follow-up, or the end of this
study (December 2007), whichever came first. As noted earlier,
individuals who died or had a cardiovascular event before the
start of follow-up were excluded. We used time-varying Cox
proportional hazards models stratified by age (in months) and
calendar year (continuous) to estimate hazard ratios (HRs) and
95% confidence intervals (CIs) for the association between
time-varying averages of each size fraction of PM and stroke
incidence. Deviations from linearity were examined using cubic
splines. The analyses were performed separately for the different
time-varying exposure windows (1 and 12 months) and results
are reported for a 10-pg/m?® increase in each PM metric to facil-
itate comparisons with previous studies.

The basic model was adjusted for age, race, calendar year,
season, and Census region. In multivariable models, we further
included all potential confounders listed earlier. To determine
the impact of specific confounders, or groups of confounders,
on the exposure-response functions, we added them to the basic
models. We tested each potential effect modifier by adding a
multiplicative interaction term to the multivariable model and
calculating strata-specific estimates.

To determine the robustness of our findings to different out-
come definitions, we included sensitivity analyses restricting our
analyses of total stroke to only those cases where a subtype was
known, and to stroke cases where all requested medical records
were available and the case was classified as definite.

All analyses were conducted with SAS software (SAS Institute,
Inc., version 9.4), and we considered an alpha level of 0.05
when determining statistical significance of the main effects or
interaction terms.

Results

During follow-up, a total of 49,603 HPFS participants were
eligible for analysis. Among those men, 1,467 developed stroke
during 9,178,732 person-months of follow-up, including 848
ischemic and 230 hemorrhagic strokes. Age-standardized
characteristics of the study population overall and by tertile
of 12-month moving average PM and PM, | are presented
in Table 1.

During follow-up, participants were 64.2 (SD = 10.3) years
old on average and were predominantly White, married, den-
tists, or veterinarians, and most were never or former smokers.
Most (82%) lived in nonrural areas and were distributed across
the different regions of the United States (eFigure S1; http://
links.Iww.com/EE/A165). More than half of the men reported
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moderately high or high levels of exercise; however, 56% were
overweight or obese. Comorbidities and medication use related
to hypertension and hypercholesterolemia were common among
participants.

Participants who were exposed to higher levels of ambient
PM were more likely to be unmarried and living alone, have
more pack-years of cigarette smoking, consume less alcohol,
perform less intense exercise, and have fewer comorbidities and
medication use, but overall most individual characteristics were
similar across all exposure categories. The differences in neigh-
borhood characteristic distributions across all exposure groups
were more pronounced: men in high exposure groups were
more likely to live in urban areas with lower median household
income and higher median home value.

Distributions of the exposures of interest throughout fol-
low-up and correlations between each of them are presented in
eTables S1 and S2; http:/links.lww.com/EE/A165. The median
(12.22 pg/m?) and mean (12.27 pg/m?) levels of 12-month mov-
ing average PM, . were close to the current US EPA annual aver-
age standards (12 pg/m?),”” and there were wide distributions
of each of the size fractions. Correlations between the 1- and
12-month moving averages were around 0.7 to 0.8 for each size
fraction. Within each exposure window, PM,  and PM, . - were
strongly correlated (r = 0.8), PM,; and PM, ; were moderately
correlated (r = 0.6), and PM, . |, and PM, . were weakly cor-
related (r ~ 0.1).

The HRs and 95% ClIs for incident stroke for a 10 ug/m?
increase in each of the PM exposures are summarized in Table 2.
We observed no evidence of nonlinearity for the associations
between the 1- and 12-month time-varying averages of each size
fraction of PM and all types of stroke (eFigure S2; http:/links.
Iww.com/EE/A165), and therefore present linear exposure-re-
sponse results. In basic models adjusted for age, race, calen-
dar year, season, and Census region of residence, there was no
evidence of associations between any of the PM size fractions
with overall stroke or ischemic stroke. There was little evidence
of confounding, comparing the basic and multivariable model
results (Table 2), or the impact of including individual con-
founders (e.g., BMI) or groups of confounders (e.g., individual
and neighborhood level SES) to the basic model (Figure 1). We
observed suggestive positive associations between hemorrhagic
stroke and each size fraction of PM exposure over the last 12
months in multivariable models (HR: 1.13, 95% CI: 0.86, 1.48
for PM, ; HR: 1.12, 95% CI: 0.78, 1.62 for PM, . ; HR: 1.17,
95% CI: 0.76, 1.81 for PM, ,). Patterns were similar in models
for 1-month exposures, although the associations for hemor-
rhagic stroke were attenuated.

The tests for interaction showed little evidence of effect mod-
ification (eTable S3; http:/links.lww.com/EE/A165). Among the
stratified models examined, only participants with a prior his-
tory of diabetes appeared to be at a greater risk of total stroke.
In sensitivity analyses, results were similar in models restricted
to stroke cases with known subtypes and in models restricted to
definite cases (eTable S4; http://links.lww.com/EE/A165).

Discussion

In this prospective cohort study, we did not find evidence sup-
porting the presence of associations between long-term expo-
sure to PM and incident stroke. In analysis restricted to specific
stroke subtypes, there was some suggestion of a higher risk
associated with hemorrhagic stroke, but the estimates were
imprecise and equally consistent with the null hypothesis of no
association. The results were consistent across PM size fractions
and time periods.

Our findings are generally consistent with several previ-
ous studies. However, our HR = 1.05 (95% CI: 0.88, 1.25)
for 12-month average PM, ; and total stroke is lower than a
recent meta-estimate (RR = 1.13, 95% CI: 1.11, 1.15)?! of other


http://links.lww.com/EE/A165
http://links.lww.com/EE/A165
http://links.lww.com/EE/A165
http://links.lww.com/EE/A165
http://links.lww.com/EE/A165
http://links.lww.com/EE/A165
http://links.lww.com/EE/A165

Environmental Epidemiology

Xu et al. e Environmental Epidemiology (2021) 00:e178

(panunuoy)
(7 54 (54 6¢ a4 9 a4 ellWajolalsejoyaIadiy
Ge 9e Ge iI£9 9e 8¢ 9¢ uojsuapiadiy
/ 9 9 9 9 YA 9 sajageld
% ‘SahIpliowo)
4! 4! L Ll 4! 4} 4! % ‘AN Jo Moisiy Ajieq
L'LLF 86y CLLF L6y CLLF66Y ELL+86h LLLFG6Y CLLF66h CLLF86h 81008 [HY
Ge 8¢ 44 .8 8¢ 0% 8¢ (uby) 22z
¢l ¢l L ¢l ¢l ¢l ¢l (YB1y Ajeresspow) /-8
Gl Gl vl Gl it it it (ere1apow) 81-6
vl 4! L el 4! L 4! (moy fjayesapow) 6-¢
LE 0l 6 0l 0l 6 0k (mo]) >
(%) Ymys1u-13IN ‘Auanae [eaishyd
L ¢l L 0l L gl L (8s800) 08
(54 9t 514 (9% Gb 9 Gb (ybemianc) 6'62-G¢
or 68 o oy oy 8¢ 6 (lewwouyBramiapun) Ge>
(%) /By ‘xapul ssew Apog
€¢ o4 12 174 Ge 9¢ Ge (uby) G1=
9 12 92 G 14 12 92 (8y19pOW) 617 1-0'G
Ge €¢ [ €¢ 144 €¢ €¢ (Mo)) 6'%—1'0
G¢ e Ge e 144 €¢ 144 (Buou) 0
(%) p/B ‘uondwinsuod [0Yod|y
78l 8LLFGLL vILFOLL 98L* ¢l L'8LF07¢L 691+ 20} 6'LLF9LL SIeaf-349Bd
v 874 )4 87 4% 074 L Jawlio4
/ 9 9 9 9 g 9 juaung
6¢ 6¢ 04 (7 8¢ 6¢ 6¢ JanaN
9% ‘sme1s Bupows
9l 0¢ 14 6l 0¢ 4 0¢ UeLleutislan
14 € 14 ¢ ¢ ¢ ¢ istijelpod
14 14 14 14 14 14 14 uejisfyd yyedosiso
A A A A / yA yA 1suewoldo
8 8 9 / / 8 YA Isioeweyd
| | L L L L L 1sioeuLieyd [e}dsoH
19 /G GG 6G 8G 9g 8G ishuag
% ‘UoNednado al10ads
Gh A4 0S Ly 8t 8t 8y Ringesip uo/pefojduisun/painey
0l 6 6 6 6 6 6 pefojduws awn-Lied
514 144 % 144 (9% (94 94 pafkojdwie awi-|In4
% ‘Snie1s JuswAhojdw3
el 6 6 it 0l YA 0k % ‘ouofe BUIAI
89 0L L. 69 0L 0L 69 % 'PaLLIEN
68 26 26 06 16 26 16 ANUM
9, ‘a0ey
¢0L¥67¢9 ¢0LFG19 v'0lL ¥¢69 €0L¥229 7OLF L'Y9 86 F 99 €0LF219 LA ‘abe Juaing
116650 8/6'650'¢ 116'650'¢ 116'650'¢ 8/6'650'¢ 116'650'¢ 2€.'8/1'6 SUjuoW-uosiad
06¢'2¢ 989'8¢ v12'8¢ Gee'le 7G6' Ly 6G2'1E £09'6 N ‘siuediofed
€ a|aL [AIEE] N 1 apiaL € 9|3l [A: I ECTN I ajaL
““Ind 1usiquie afielane Buinow yuow-g | 95714 JusIquie abielane Buinow yuow-z |

““INd pue

AN d 01 @insodxa juaique abeiane

Buinow Yuow-Z|. 40 aj1s) Aq pue jjeano (1002-8861) dn-mojjo Inoybnoiy) (S3dH) Apms dn-mojjod s|euoissajold YiesH oy Jo sjuedioied g09°6 JO SONSLIRORIRYD pazipiepue)s-aby




idemiology.com
) talepidem
ronmen

WWW.Eenvi
. 8

iology (2021) 00:e17
idemi
. tal Epidem

onmen
. ® Envir

Xu et al

¢ al.2% in the
tt e y .
ious study by Puef effect with a
revious s imates o lts still did
ithap er estim results _
edw larg the ara
dies. Compar d generally es; however, re also comp Ith
stu : observe more cases; ﬁndings a es’ Hea
FS. we iod and' . Our . e Nurs nth
© % HP I’.Study perio | Signlﬁcance women in th se in 12-mo R
SOLg longe ach StatISUCad cted amongo pg/m’ 1nCrZa from the 531(1;3
o= not re conduc ch 1 imated of 1.
Lo O le to a study c which ea PM, | (esti d with HRs 103
© L8L gpars b d (NHS); lnM and 2 associate 1 16), and .
o ™~ 107 as . 6 Som
) LS o8’ g“ o Stl;r;,ge PMloatEesé-;rllalYSess) (V;S% CIL O.?(fe,nt strokeg‘zw zssobut
% ™ — avi d in 1.0 r inci ! e 18,19,
E model usIe 099) 1'12)’respectiVely, lfotr()ke incl(‘ierl‘;c l’;’llc stroke
- (95% CI 0 92’ 115), isks for tota ;agic and isc efor hemor-
& o (95% CL: ly reported r ated hemorrffect eStimateSbserVed’ but
£ < studies on yalSO invesngd of larger e onsistently o the vari-
|5 ;’ g many haYS}z‘)—“ The tren n relative,ly ¢ hkely due to haracter-
2 N — es. . has bee X Wldely, lation ¢ isks
g 28 44 Subtypstroke risks have varied ds, and popu d higher rlsh
< LI I rhagic imates eriods, bserve ] ing the
® ~2f N o ffect estim. igns, lag p also o 233 Estimat
g SRR B the effe dy designs, ies have ke.32 is and other
] @ [og © : f stu y studie ic stroke. in this an
o | = ™ — tion o some rrhag ~ng n btype
S| e a ever, hemo Hengl to su
S| 5 .. How than n cha - eded _
2| 1stics. ic stroke has bee tion ne and hem
= . hemlc btypes . forma PM25 i te
S of isc oke su itional in 81) for . —estima
=] of str additi 0.76, 1. t meta 99
= g effects o the % CI: 0. recen = 0.
£ 22 studies, due to the 2 7% higher thlj“;ever, our IR = 0.9
g %) QOur K ew. 21. ho . troke 4
S e ses. 1S som 1.16)%% ischemic s - 1.1 5
£ C\: H ca ic Stroke I: 1‘05, nd 1sche 5% C :
] B SPE8 g4 orrhag 1.10, 95% 2C5) for PM, ; a (RR = 1.18, 9 .
- o ™ g % « %g (RR . 1 079, 1. eta-estimate 1 are weake
= Sos w2 (95% C a recent m iable models luded men.
£ ivari inclu
E - lowerztlhan our multlvars that also .lnc en of 113;
i z 1.22). sociations fFO:; cohort Stud~1§ent Strokezlzrtl)r;er 5 pg/m
2 S o inci
= The a revi for in 57.2. These
NS from p d HRs I: 0. ) ars.
se % CI: e )
3 Q'S— % thanktfh?t etal.’s repgc;r;id 1.13 (95 /:; over the last 50};1’1311 mn t}ﬁe
=< |2 € 2 sur for w ithin the
=g Stoc 56, 2. expo ed fo ithin
N — o % CI: 0. > d PMz.S observ oke w E)
(I = (95 %o inPM_ an those incident str ESCAP
QLI él-' == N ase 1n 10, er than for inci . Effects ( d
NS &2 S0 & incre ere low study 0! lution _ . an
2l vaoo mRe Sg 2 estimates 1Wse N Anothif rts for Air Porllu al PM,, PHM}{;;;% 1.11
gl g bame ana gtudY thco il?creases “L ?lncjdent Strokgl 0.90, 1.16,
= E] ean at - ith in LY : O, c-
= 3 Europ rved t ted wi 2 (95% %), respe
2 g Project obse e was aSSOClTO pg/m’), 1.062( per S pg/m ),19 In an
~ 5|2 exposu 36, per :0.88,1.62, ion by sex. d
g g2 PM(Z,/* CI: 0.90, 1'1 19 (95% CI- 'modiﬁcatlopn Ilution: A Stu Y
= PR (95% %), and 1. f effect 1 Air Pollut M, , wa
= o< |2 S pg/m?), idence o -Leve h sein P 2.5 Its
D N— |2 erd p . 0 evi of Low 3 increa resu
E Res H4 8 pivel}” with n f the Effe.CtS each § pg/m 01, 1.21), arl(ili dings
E ¥ NR=8 a4 z t s parto oject, cach - CL:1.01,1 ent findin
P IR N L g update a ELAPSE) pr 1.10 (95% The differ eptibility
g o Beo8= - e £ in EurOpZ(with an HR =n(;t presenteddfferences in susiic differ-
P — .
S £ = 1ate ere sex di ograp . ff r-
& kS ssoc 2 om e, ge diffe
=|® : seratificd by . may result gnediated Strokm’(gthod‘)logl? s have
s E between cohorts i rompoation. dics. Many sudics have
g 5| & ttect and ¢ studies. air p 34-36
E S8 | = to the e urces among -term 12,28,
- |5 in PM so ment n long en.
= 2|2 s in P assessme betwee wom te
1] N&o |2 ence k osure iations mong thl‘OCy
S N2 n exp ssocia omes a lower erythr of
£ © H 48 ences onger a Ith outc 1 and lo sition
q Nog L | = ed str healt irways r depo d
N S I8N 8|8 report > cular 1 aller a in ereate ¢ bloo
- 438 el diovas like sm ulting on on
- — 0 N < 0 — ® d car . tors 11 N d to res A Ollutl am-
@ T o2 ©r~ o an k ical fac hesize of air p that ex
= < - |5 olog hypot ffects f stroke : of
£ 5 Physi been hy nger e dies of s idence
D c have ) d stro studi any ev a
B g levels d particles an any of the’d not report yand Canada,
2 inhaled p er, m di . an
g nhaled 2 However, n by sex dies in Taiw
T2 iscosity.’ ificatio stu er
283 ined cffect | ger in men 154 ith 12-month aver
~o g 1n . . a nge + wi isten
o3| s dification, red stro 1ations is is consi ime
N2 mo e appea assocC This 1 ifferent ti
oA g tions onger le 2). : diffe
¢ NERR 4s = T ohaspg stronge ges (Tatbhave exammesdua“y ObserVEC;
© — |8 e g u . )
BrREY 2BKE R— o’\o" g \)svthan 1-monttiler studies thta effects V‘fffgﬁﬁs This mlglgf by
= > ©~ 2 a}%e ﬁndings of o the Strongei of years. ’1] characterize
® the here uple ally
o . S, W 5 st cCO e usu )
S wmdo“gs’ure in the ltaerm effects ar on may lm-pald
§ for eXPd since 1ong- lerosis.*” ich air pOlluUOn extensively
2 5 expecte ion of atheroshcrough Whlcdly have been ss. and ath};
-} = ress isms t 5 broa ; ive stre 5 d wit
o g |5 prog echanism e risk bre oxidati levate
< 5&a|g ] The m lar diseas ation, to be e older
- S D‘E N ular ; . amm own ) Ong
2 £3|s 2 cardlovas;,ﬂ Briefly, infl nsistently sh specially am w to the
5 SE|8% reviewed. is have been co ir pollution, ehen blood flo rrhagic
o
BN =] wn B é g % erosclerosis xposures to a;kes OCCUL,\IN the rarer hemo
- £ .8 - Wi S = ¢ ing e ic str ile
% 0w @ E_ga % Z Cg é _E 2 ; lncrlet:as;7’§)_44 Iscc}llebmlz blood C]ot, w
c 4—4-—90 OFH 9:5 Sz dus._ ire y
% %gég g %ﬁ%yg‘;gg %5 ;ainislmpalr
&) 55 f= o= = =353 S 5 r
S 3 E‘amg 5%gg9§82§§ s S
= © o o
= IR E_Emégw;_-%,_wzﬁ 3
] H:E:E%éng
OB s FE £S5 S 8
4 = EI< 3
O B E
B 3
438



Xu et al. e Environmental Epidemiology (2021) 00:e178 Environmental Epidemiology

Associations between medium- and long-term exposures to PM per 10 ug/m? increase and incident stroke 1988-2007 among 49,603
participants of the Health Professionals’ Follow-Up Study (HPFS), with 9,178,732 person-months of follow-up

PM,, (ng/m?) PM, . (ng/m?) PM,  (ng/m°)
Outcome 12 month 1 month 12 month 1 month 12 month 1 month
Total stroke (1,467 cases)
Basic model* HR (95% Cl) 1.02 0.99 1.02 1.02 1.03 0.95
(0.93,1.13) (0.92,1.07) (0.89,1.18) (0.92,1.14) (0.87,1.21) (0.84,1.07)
Multivariable modelt HR (95% Cl) 1.04 1.00 1.04 1.03 1.05 0.95
(0.93,1.15) (0.92,1.08) (0.90, 1.20) (0.92,1.16) (0.88,1.25) (0.84,1.08)
Hemorrhagic stroke (230 cases)
Basic model* HR (95% Cl) 1.12 1.04 1.15 1.00 1.13 1.10
(0.87,1.45) (0.85,1.28) (0.80, 1.65) (0.74,1.35) 0.74,1.71) (0.81, 1.50)
Multivariable modelt HR (95% Cl) 1.13 1.04 1.12 0.98 1.17 1.12
(0.86, 1.48) (0.84,1.28) (0.78,1.62) (0.73,1.33) (0.76,1.81) (0.82,1.53)
Ischemic stroke (848 cases)
Basic model* HR (95% Cl) 0.95 0.99 0.97 0.98 0.97 1.00
(0.83,1.08) (0.89,1.09) (0.78,1.20) (0.84,1.13) (0.78,1.20) (0.85,1.17)
Multivariable modelt HR (95% Cl) 0.96 1.00 0.99 0.99 0.99 1.01
(0.84,1.11) (0.90,1.11) (0.79,1.25) (0.85,1.15) (0.79,1.25) (0.86,1.19)

*Models adjusted for age (in months), race (White, non-White), calendar year (continuous), season (spring, summer, fall, winter), and Census region (Northeast, Midwest, West, South).

‘tModels additionally adjusted for smoking status (current, former, never) and pack-years (continuous), alcohol consumption ((0, 0.1-4.9, 5.0-14.9, or >15g/day), BMI (<25 kg/m?, 25-29.9 kg/m?, and
>30kg/m?), physical activity (<3, 3-8.9, 9-17.9, 29-26.9, >27 MET-hrs/week), diet quality (continuous Alternate Healthy Eating Index [AHEI] not including alcohol (McCullough and Willett, 2006), family
history of CVD (yes/no), comorbidities (yes/no for each of diabetes, hypertension, and hypercholesterolemia), current medication use (yes/no for each of aspirin, antidepressants, antihypertensive, and
cholesterol lowering medication), individual (marital status [married yes/na], living arrangement [alone, with others], employment status [full time, part time, retired/unemployed/disabled], and occupation),
and area-level socioeconomic status (Census tract median household income and median home valug), and Census tract population density.
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Figure 1. Impact of adding each confounder or group of confounders to the basic model on the risk of total stroke (cases = 1,467) with 12-month moving
average exposures to PM, , PM or PM, .. SES denotes the inclusion of both individual- and neighborhood-level SES variables.
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strokes occur when a blood vessel bursts, resulting in bleeding ~ subtypes. For example, air pollution may impact hemor-
in the brain. Thus, the mechanisms through which air pollu-  rhagic stroke through increases in blood pressure and hyper-
tion exposures may act is likely different for these different  tension, although impacts on ischemic stroke may be more
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likely to work through atherosclerosis and changes in blood
coagulation.?!37:43

Several limitations of this study should be mentioned.
Although we were able to predict PM levels at each address,
exposure misclassification could still be raised by our lack of
information on individuals’ time-activity patterns and building
characteristics that influence indoor infiltration of ambient PM.
Given that our exposure predictions are made at the address-
level, this may be a larger issue than it would be in studies where
predictions are made over a larger spatial scale that may more
fully cover each individuals’ activity space. Also, the HPFS mail-
ing addresses are a mix of work and home addresses, which
may add additional nondifferential exposure misclassification
and partially explain our generally nonstatistically significant
results. We also only have address information in adulthood
for these participants, which does not allow us to consider the
impact of exposures before enrollment into the cohort on risk of
stroke. The number of cases classified as unknown could poten-
tially induce bias in the subtype-specific models, if there are
geographic patterns to the availability of information needed to
assign subtypes. There may also be other geographically varying
predictors of stroke, or stroke subtypes, that we were unable
to control for in this study, as it has been shown that incidence
of ischemic and hemorrhagic stroke have different geographic
patterns.® Results from our sensitivity models excluding those
cases were similar, as were those from models restricted to defi-
nite cases, however, so this may not be a major weakness. We
also lacked information on important risk factors for stroke,
such as blood pressure measurements and incidence of atrial
fibrillation, which, along with other unmeasured factors, may
have resulted in unmeasured confounding. Another important
limitation to be considered is generalizability. The HPFS was
limited to men with relatively high socioeconomic status and
there are only a small percentage of minority participants.
Therefore, our results may not be generalizable to general pop-
ulations with more diverse characteristics or populations with
much higher or lower PM exposures.

Our study has some important strengths. The analysis used
high quality exposure estimates from high-resolution models
that incorporate geographic and meteorological predictors, as
well as well-validated cases of stroke incidence. Additionally, we
were able to collect information on a wide variety of time-vary-
ing covariates during the long time period of intensive follow-up,
allowing us to reduce the potential residual confounding and
perform stratified analyses to explore potentially susceptible
subpopulations.

In conclusion, in this prospective cohort study among men
in the US-based HPFS, we observed suggestive positive associ-
ations between long-term exposure to PM and risk of hemor-
rhagic, but not total or ischemic strokes. Overall, our study adds
to the growing literature on the associations between long-term
exposure to air pollution and risks of incident stroke, but the
findings, especially for specific stroke subtypes, still need more
investigation.
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