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ORIGINAL RESEARCH

Particulate Air Pollution and Risk of 
Cardiovascular Events Among Adults With 
a History of Stroke or Acute Myocardial 
Infarction
Noelle S. Liao , MPH; Stephen Sidney, MD, MPH; Kamala Deosaransingh, MPH;  
Stephen K. Van Den Eeden , PhD; Joel Schwartz, PhD; Stacey E. Alexeeff , PhD

BACKGROUND: Previous studies have found associations between fine particulate matter <2.5 µm in diameter (PM2.5) and in-
creased risk of cardiovascular disease (CVD) among populations with no CVD history. Less is understood about susceptibility 
of adults with a history of CVD and subsequent PM2.5-related CVD events and whether current regulation levels for PM2.5 are 
protective for this population.

METHODS AND RESULTS: This retrospective cohort study included 96 582 Kaiser Permanente Northern California adults with a 
history of stroke or acute myocardial infarction. Outcome, covariate, and address data obtained from electronic health records 
were linked to time-varying 1-year mean PM2.5 exposure estimates based on residential locations. Cox proportional hazard 
models estimated risks of stroke, acute myocardial infarction, and cardiovascular mortality associated with PM2.5 exposure, 
adjusting for multiple covariates. Secondary analyses estimated risks below federal and state regulation levels (12 µg/m3 for 
1-year mean PM2.5). A 10-µg/m3 increase in 1-year mean PM2.5 exposure was associated with an increase in risk of cardio-
vascular mortality (hazard ratio [HR], 1.20; 95% CI, 1.11–1.30), but no increase in risk of stroke or acute myocardial infarction. 
Analyses of <12 µg/m3 showed increased risk for CVD mortality (HR, 2.31; 95% CI, 1.96–2.71), stroke (HR, 1.41; 95% CI, 1.09–
1.83]), and acute myocardial infarction (HR, 1.51; 95% CI, 1.21–1.89) per 10-µg/m3 increase in 1-year mean PM2.5.

CONCLUSIONS: Adults with a history of CVD are susceptible to the effects of PM2.5 exposure, particularly on CVD mortality. 
Increased risks observed at exposure levels <12 µg/m3 highlight that current PM2.5 regulation levels may not be protective for 
this susceptible population.
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Cardiovascular disease (CVD) continues to be one 
of the leading causes of morbidity and mortal-
ity in the United States. Fine particulate matter 

<2.5 µm in diameter (PM2.5) has been demonstrated to 
contribute to cardiovascular morbidity and mortality.1 
Furthermore, long-term exposures (eg, ≥1 year) have 
been shown to pose an even greater risk to cardiovas-
cular mortality than short-term exposures.1

Despite the substantial advances in research to un-
derstand the cardiovascular health effects of long-term 

exposure to PM2.5, few studies specifically look at the 
cardiovascular health effects of long-term PM2.5 expo-
sure among individuals with a history of CVD events.2–4 
Three relevant studies on the cardiovascular health 
effects of long-term PM2.5 exposure have focused on 
individuals with a history of acute myocardial infarc-
tion (AMI), and no studies have focused on individu-
als with a history of stroke. In addition, none of these 
related study populations is within the United States, 
so studying a population within the United States is 
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important because health care varies from country to 
country for those with preexisting CVD. To note, there 
are other studies of the effects of long-term air pollu-
tion exposure among populations with a history of CVD 
events, but these studies do not have information on 
cause of death4–12 and/or do not specifically look at 
PM2.5 as the air pollution source.5,7–10,12 Adults with a 
previous AMI or stroke are the highest risk groups for 
further coronary and cerebral events,13 making it par-
ticularly important to quantify the cardiovascular health 
effects of long-term PM2.5 exposure in this susceptible 
population.

In the United States, federal and state governments 
set air pollution regulations for long- and short-term ex-
posures. Currently, 1-year mean PM2.5 exposure is set 
at a limit of 12.0 µg/m3 by both the US Environmental 
Protection Agency14 and the California Environmental 
Protection Agency.15 It is important for research to ad-
dress whether harmful health effects of 1-year mean 

PM2.5 exposure are observed at levels below the cur-
rent regulation limits. Federal and state governments 
are required to account for the effects of air pollution 
exposure on vulnerable populations to inform policy 
decisions,16,17 yet the limited research available on 
those with a previous stroke or AMI makes it difficult 
to determine whether current regulations are suffi-
ciently protective of this population. Thus, research 
on the cardiovascular health effects of PM2.5 exposure 
among those with a previous stroke or AMI is infor-
mation needed for setting the goal health standards 
for PM2.5 regulation, local program planning to control 
and reduce air pollution, and shaping individual-level 
recommendations for behaviors that could reduce per-
sonal exposure.

This study addresses these research gaps by 
studying the cardiovascular health effects of long-
term PM2.5 exposure in a large, diverse cohort of 
adults in California with a history of AMI and/or stroke. 
Furthermore, this study also measures risk below the 
current regulatory level for PM2.5 to assess whether 
current regulations are sufficiently protective for this 
population. These new contributions will guide future 
research toward discovering more about individuals 
with a history of CVD and their risk of PM2.5-related 
cardiovascular events, particularly within lower expo-
sure levels often measured in the United States.

METHODS
Data created for the study contain protected health in-
formation and are not available to outside researchers.

Study Subjects
This retrospective cohort study included adults with 
a documented medical history of AMI and/or stroke 
who were members of Kaiser Permanente Northern 
California (KPNC) during January 1, 2007, to December 
31, 2016. KPNC is a large, integrated healthcare sys-
tem that provides comprehensive medical services to 
>4  million members who are broadly representative 
of Northern California’s diverse population.18 To be 
included in the study cohort, a subject was required 
to meet the following criteria: (1) be an adult (aged 
≥18 years), (2) have a minimum of 1 year of KPNC mem-
bership and 1 outpatient use, (3) have had a prior stroke 
(International Classification of Diseases, Ninth Revision 
[ICD-9], codes 431.x–434.x and 436.0; International 
Classification of Diseases, Tenth Revision [ICD-10], 
codes I60.x–I61.x and I63.x–I64.x) and/or AMI (ICD-9 
code 410.x; ICD-10 codes I21.x–I23.x) documented 
in the electronic health record, (4) have lived in the 
Northern California study region for 1 year, and (5) have 
a home address that was successfully geocoded and 
linked to the air pollution exposure data. Prior stroke or 

CLINICAL PERSPECTIVE

What Is New?
•	 Particulate air pollution (fine particulate matter 

<2.5  µm in diameter [PM2.5]) was associated 
with increased risk of cardiovascular mortality 
in a population of adults with a history of acute 
myocardial infarction or stroke.

•	 The largest effect of PM2.5 on cardiovascular 
mortality risk was found among those living in 
neighborhoods of low socioeconomic status.

•	 Particulate air pollution posed an increased risk 
of cardiovascular events, even when PM2.5 was 
below the regulation limit of 12 µg/m3 for a 1-
year average.

What Are the Clinical Implications?
•	 Because patients living in areas with PM2.5 levels 

below the regulation limit are still at increased 
risk, public health practitioners and clinicians 
can suggest individual-level recommendations 
for behaviors that could reduce exposure.

•	 Studying populations with a history of cardio-
vascular events is vital as more patients with 
cardiac conditions are surviving because of 
healthcare improvements.

Nonstandard Abbreviations and Acronyms

IHD	 ischemic heart disease
KPNC	 Kaiser Permanente Northern California
PM2.5	 fine particulate matter <2.5  µm in 

diameter
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AMI events were obtained from data in the electronic 
health record, including data recorded in inpatient and 
outpatient settings, which increases the sensitivity of 
capturing adults with underlying CVD; available inpa-
tient diagnosis dates before study start date were col-
lected as well. The Northern California study region 
included 35 counties where KPNC members reside 
(Figure 1). Study follow-up began on January 1, 2007, 
with a follow-up period of up to 10 years, to December 
31, 2016. Each subject began the study on his or her 
index date, defined as the first day that all inclusion 
criteria were met. Follow-up continued to the first of 
the following dates: death, end of KPNC membership, 
moving to an address out of the study region or to an 
address that cannot be successfully geocoded, or 
December 31, 2016. The institutional review board of 
the Kaiser Foundation Research Institute approved this 
study, and no informed consent was required.

Air Pollution Exposure
PM2.5 exposure estimates were obtained from a so-
phisticated ensemble model that combined satellite 

data, land-use data, meteorological data, chemical 
transport model predictions data, and ground moni-
tor data.19 Specifically, the ensemble model integrated 
3 machine learning algorithms (neural network, ran-
dom forest, and gradient boosting) and incorporated 
>100 predictor variables (satellite-derived aerosol 
optical depth [AOD], other satellite-based measure-
ments, chemical transport model predictions, land-
use variables, meteorological variables, such as air 
temperature and specific humidity, and many others) 
to estimate daily average PM2.5 exposures at a resolu-
tion of 1×1  km across the contiguous United States 
from 2000 to 2016. Figure 1 in Di et al19 displays a 
flowchart of the PM2.5 model training process. Briefly, a 
neural network, random forest, and gradient boosting 
were trained on all predictor variables, and predicted 
PM2.5 was obtained from each learner, after which a 
weighted generalized additive model was used to get 
a combined PM2.5 estimation. Then, spatially and tem-
porally lagged PM2.5 predictions from nearby monitor-
ing sites and neighboring days were calculated and 
used as input variables, along with the existing pre-
dictor variables, and fit to the same models described 
above to get a final PM2.5 estimation. The ensemble 
model was validated with 10-fold cross-validation, and 
had outstanding predictive performance, with an R2 of 
0.86 for daily PM2.5 predictions and an R2 of 0.89 for 
1-year PM2.5 predictions. Complete residential address 
histories of all cohort members from 1 year before the 
index date to the end of follow-up were obtained from 
the KPNC historical and current residential address 
databases. We linked geocoded residential address 
histories of all cohort members to the PM2.5 exposure 
data using latitude and longitude coordinates. We 
constructed time-updated, 1-year average PM2.5 ex-
posures that accounted for address changes for each 
study subject from the index date through the end of 
follow-up.

Cardiovascular Event Outcomes
We examined 3 primary cardiovascular event end 
points: AMI, stroke, and cardiovascular mortality. AMI 
and stroke events were defined using hospitalization 
records and ICD-9 and ICD-10 codes. An AMI event 
was defined as an inpatient hospitalization with a prin-
cipal discharge diagnosis of AMI (ICD-9 code 410.x; 
ICD-10 codes I21.x–I23.x). A stroke event was defined 
as an inpatient hospitalization with a principal dis-
charge diagnosis of stroke (ICD-9 codes 430.x–432.x, 
433.x1, 434.x1, and 436.x; ICD-10 codes I60.x–I63.x). 
We chose to use more restrictive stroke codes for fol-
low-up compared with baseline to increase the speci-
ficity of capturing stroke events, consistent with other 
stroke studies among KPNC members.20–22 Prior stud-
ies among KPNC members have demonstrated the 

Figure 1.  Kaiser Permanente Northern California (KPNC) 
study region and 2007 1-year average fine particulate matter 
<2.5 µm in diameter (PM2.5) levels.
The KPNC study region includes 35 counties: Alameda, Amador, 
Butte, Calaveras, Colusa, Contra Costa, El Dorado, Fresno, Glenn, 
Kings, Lake, Madera, Marin, Mariposa, Mendocino, Merced, 
Monterey, Napa, Nevada, Placer, Sacramento, San Benito, San 
Francisco, San Joaquin, San Mateo, Santa Clara, Santa Cruz, 
Solano, Sonoma, Stanislaus, Sutter, Tulare, Tuolumne, Yolo, and 
Yuba.
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validity of discharge diagnostic codes for AMI23,24 and 
stroke.20–22 As secondary end points, we analyzed AMI 
and stroke subtypes: ST-segment–elevation myocar-
dial infarction, non–ST-segment–elevation myocardial 
infarction, ischemic stroke, and hemorrhagic stroke 
(Data S1).

Mortality data were compiled from several 
sources: official state of California death certifi-
cate data, health plan in-hospital mortality, Social 
Security Administration Death Files, and data from 
the National Death Index. Cardiovascular mortality 
was defined by ICD-9 or ICD-10 codes for the un-
derlying cause of death (ICD-9 codes 400.x–440.x; 
ICD-10 codes I10.x–I70.x). As secondary end points, 
we analyzed ischemic heart disease (IHD) mortality 
(ICD-9 codes 410.x–414.x; ICD-10 codes I20.x–I25.x) 
and cerebrovascular disease mortality (ICD-9 codes 
430.x–438.x; ICD-10 codes I60.x–I69.x). These defi-
nitions have been used in many previous studies of 
air pollution mortality.25–27

Covariates
We measured multiple covariates at baseline, in-
cluding age, sex, race/ethnicity, comorbidities, 
body mass index (BMI), smoking, revascularization 
procedures, medication use, and indicators of so-
cioeconomic status (SES). Age, sex, race/ethnicity, 
BMI, and smoking status were obtained from KPNC 
electronic health records. Comorbidities included 
hypertension, hyperlipidemia, and diabetes mel-
litus: hypertension was determined from diagnosis 
codes (ICD-9 codes 401.x–404.x; ICD-10 codes 
I10.x–I15.x); hyperlipidemia was determined from 
diagnosis codes (ICD-9 code 272.x; ICD-10 code 
E78.x); and diabetes mellitus was determined from 
the KPNC Diabetes Registry. Medication use data 
were extracted for statins and for use of any hyper-
tension medications (angiotensin-converting enzyme 
inhibitors, angiotensin antagonists, antiadrenergics, 
β adrenergic blockers, calcium channel blockers, 
diuretics, vasodilators, and combination antihyper-
tensive medications); hypertension medication use 
was only included for those individuals with a hy-
pertension diagnosis because some medications 
can be used for other clinical purposes and many 
patients with AMI are often treated with β-blockers. 
Revascularization procedures included percuta-
neous coronary intervention and coronary artery 
bypass grafting. For both percutaneous coronary in-
tervention and coronary artery bypass grafting, ICD-
9-Clinical Modification (ICD-9-CM) procedure codes 
and Current Procedural Terminology codes were 
obtained from the following sources (Cheetham et 
al,28 Iribarren et al,21 and Fisher et al29), and ICD-10-
Clinical Modification (ICD-10-CM) procedure codes 

were obtained from Fishman et al.30 Neighborhood 
high school education attainment and median 
household income were measured from the US 
Census 2010 5-year American Community Survey 
(ACS) Summary file at the block group level, where 
participants resided (missing values were obtained 
at the tract level) and used to capture neighborhood 
SES, and Medicaid insurance was used to capture 
aspects of SES at the individual level.

Statistical Analysis
We used Cox proportional hazards regression to 
model the association between 1-year average PM2.5 
exposure and risk of each outcome. We assessed de-
partures from the proportional hazards assumption 
by interaction terms with the natural logarithm of the 
time variable. For all models, we used time on study 
as the time scale and flexibly controlled for the effect 
of age by stratifying the baseline hazards by 5-year 
age groups, allowing each age category to have its 
own baseline hazard. We controlled for covariates that 
we selected a priori based on previous epidemiologic 
studies of air pollution and CVD events.31–33 We fit a 
series of models to examine how increasing levels of 
adjustment influenced the effect estimates. Model 1 
(minimally adjusted model) controlled for basic demo-
graphics and accounted for calendar time: sex, race/
ethnicity (Hispanic White, non-Hispanic White, Black, 
American Indian/Alaska Native, Asian/Pacific Islander, 
or multiple races), and study start year (2007, 2008–
2010, 2011–2013, or 2014–2016). Model 2 controlled 
for all covariates in model 1 plus relevant comorbidities 
(hypertension, hyperlipidemia, and diabetes mellitus), 
BMI, smoking (never, former, or current smoker), and 
CVD history (history of both AMI and stroke, history 
of only AMI, or history of only stroke). Model 3 con-
trolled for all covariates in model 2 plus revasculariza-
tion procedures (coronary artery bypass grafting and 
percutaneous coronary intervention) and medication 
use (hypertension medications and statin medica-
tions). Model 4 (fully adjusted model) controlled for all 
covariates in model 3 plus variables reflecting neigh-
borhood SES (neighborhood high school education) 
and individual SES (Medicaid insurance). We chose to 
use high school education instead of median house-
hold income to account for neighborhood SES be-
cause the variable was available from Census data for 
nearly every census block group and because it was a 
slightly stronger confounder in our preliminary models. 
In extended analyses, we provide hazard ratios (HRs) 
for model 4 using median household income instead of 
high school education as a measure of neighborhood 
SES (Data S1). For missing data, we used “unknown” 
categories for smoking status, BMI, and race/ethnicity 
in our data analyses.
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We modeled 1-year average PM2.5 exposure as a 
continuous, time-updated variable. We estimated the 
HR for the linear association between 1-year average 
PM2.5 exposure and each outcome and reported re-
sults per increase of 10 µg/m3 in exposure. To assess 
potential nonlinearity in the shape of the association 
between PM2.5 exposure and risk of cardiovascular 
events, we used restricted cubic splines to flexibly 
model the association between PM2.5 and cardiovas-
cular mortality, and formally tested for any evidence of 
a nonlinear relationship using a Wald test for the statis-
tical significance of the spline terms.

Effect modification of the PM2.5 associations was 
examined by age, sex, race/ethnicity, education, 
smoking, CVD history, and hypertension and statin 
medication use. We first fit stratified models by each 
potential effect modifier and then modeled these re-
lationships using interaction terms and tested for the 
statistical significance of each interaction.

Several analyses were conducted to assess the 
health effects of 1-year average PM2.5 at levels below 
the current regulation limit of 12.0  µg/m3. First, we 
modeled the time-updated 1-year average PM2.5 expo-
sures categorically at levels of <8.0, 8.0 to 9.9, 10.0 to 
11.9, and ≥12.0 μg/m3. We chose these PM2.5 catego-
ries based on the distribution of 1-year average PM2.5 
exposures: 8.18% of 1-year average PM2.5 exposures 
were <8 μg/m3 at baseline, and 22.75% of all 1-year av-
erage PM2.5 exposures were <8 μg/m3 over the entire 
follow-up period. Second, we examined the linear as-
sociation between PM2.5 exposure and each outcome 
at levels below the current regulation limit by restricting 
the cohort to 54  878 individuals who had PM2.5 ex-
posures <12 µg/m3 for the entire study (low-exposure 
analysis).

We conducted several sensitivity analyses to as-
sess modeling assumptions. We examined whether 
1-year average PM2.5 exposure estimates at baseline 
produced different risk estimates than our primary 
model using time-varying PM2.5 exposure estimates. 
We assessed our choice of time scale by fitting al-
ternate models using age as time scale. We strati-
fied the baseline hazard function by study start year 
(2007, 2008–2010, 2011–2013, or 2014–2016). To as-
sess the impact of healthy survivors, we conducted 
stratified analyses by time since previous inpatient 
diagnosis of an AMI or stroke event (<5 years from 
study start date, ≥5 years from study start date, or 
unknown inpatient diagnosis date). We addressed 
death as a competing risk for all 3 main outcomes. 
Last, we fit a Cox regression model with mixed ef-
fects (ie, a frailty model) using random intercepts 
for each county to account for county-level cluster-
ing.34 For all statistical tests, a level of α=0.05 was 
used to determine statistical significance. Analyses 
were conducted using SAS software, version 9.4 

(SAS Institute) and R software, version 3.5.1 (The R 
Foundation for Statistical Computing).

RESULTS
Study Subjects and PM2.5 Exposure
A total of 96 582 KPNC members were included in 
the study cohort, with 33% having a history of AMI 
only, 57% having a history of stroke only, and 10% 
having a history of both AMI and stroke. Cohort char-
acteristics at baseline are provided in Table 1. There 
were more men than women (55% versus 45%); most 
individuals were aged ≥65  years (65%) and non-
Hispanic White race/ethnicity (63%); and the mean 
neighborhood-level percentage of subjects with less 
than a high school education was 14%. For other life-
style and clinical risk factors among subjects, 15% 
were current smokers, and 42% were former smok-
ers; 36% were overweight, and 32% were obese; 
and 81% were diagnosed with hypertension, 80% 
were diagnosed with hyperlipidemia, and 31% were 
diagnosed with diabetes mellitus.

Figure 2 displays the distribution of 1-year average 
PM2.5 exposure among study subjects at baseline. The 
mean and median PM2.5 exposures were 10.4 and 
10.2 µg/m3, respectively, with an interquartile range of 
2.0 µg/m3, a minimum of 2.2 µg/m3, and a maximum 
of 24.3  µg/m3. Baseline 1-year average PM2.5 levels 
were highest among subjects living in the South Central 
Valley in counties such as Fresno (mean, 16.2 µg/m3), 
Kings (mean, 16.7 µg/m3), and Tulare (mean, 16.1 µg/
m3); average PM2.5 exposures among subjects were 
somewhat lower in the Bay Area or North Central Valley, 
where most subjects lived, in counties such as Alameda 
(mean, 9.8 µg/m3), Santa Clara (mean, 10.6 µg/m3), and 
Sacramento (mean, 11.7  µg/m3). All 35 counties in-
cluded in the study region, along with 1-year average 
PM2.5 exposures in 2007, are displayed in Figure 1.

Subjects were followed up for a maximum of 
10 years, with a total of 566 986 person-years in the 
analyses and an average follow-up time of 5.9  years 
per person. During follow-up, there were a total of 
13  385 cardiovascular deaths, of which 7563 (57%) 
were from IHD and 1718 (13%) were from cerebrovas-
cular disease. Frequencies of death subtypes of car-
diovascular mortality and IHD mortality are provided 
in Tables S1 and S2. Most IHD deaths (69%) were at-
tributable to chronic IHD (ICD-10 code I25.x), with the 
most common subcode of atherosclerotic heart dis-
ease of native coronary artery (ICD-10 code I25.1). AMI 
deaths (ICD-10 code I21.x) accounted for 31% of the 
IHD mortality events. Most of the IHD deaths occurred 
among subjects who were aged ≥65  years (85% of 
AMI deaths and 89% of atherosclerotic heart disease 
of native coronary artery deaths).
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There were 7682 AMI events and 5663 stroke 
events during follow-up. Most AMI events were non–
ST-segment–elevation myocardial infarction (85%) and 
nonfatal (90%), and most stroke events were ischemic 
strokes (82%) and nonfatal (88%). Recurrent and in-
cident AMI and stroke events by CVD history group 
are detailed in Table S3. Among subjects with a history 
of only AMI, 10% had a recurrent AMI event and 4% 
had an incident stroke event during follow-up. Among 
those with a history of only stroke, 7% had a recurrent 
stroke event and 6% had an incident AMI event during 
follow-up. Among those with a history of both AMI and 
stroke, 14% had a recurrent AMI event and 7% had a 
recurrent stroke event during follow-up. We found no 

Table 1.  Characteristics of the AMI Stroke Cohort at 
Baseline

Characteristic

AMI Stroke Cohort (N=96 582)

No. %

Sex

Women 43 242 44.77

Men 53 340 55.23

Age, y

18–39 3086 3.20

40–64 30 444 31.52

≥65 63 052 65.28

Race/ethnicity*

White, non-Hispanic 60 547 62.69

Hispanic White 8735 9.04

Black 8108 8.39

American Indian/Alaska 
Native

511 0.53

Asian/Pacific Islander 10 001 10.35

Multiple races 7979 8.26

Hispanic (any race) 11 157 11.55

Neighborhood education, % with less than high school diploma

Mean (SD) 13.8 12.2

Neighborhood median household income, $

<15 000 277 0.29

15 000–29 999 3806 3.94

30 000–49 999 19 453 20.14

50 000–74 999 30 427 31.50

75 000–99 999 22 416 23.21

100 000–149 999 17 277 17.89

≥150 000 2923 3.03

Medicaid insurance

Yes 1962 2.03

No 94 620 97.97

Smoking†

Never 38 883 40.26

Former 40 047 41.46

Current 14 707 15.23

BMI‡

Underweight (<18.5 kg/m2) 1975 2.04

Normal weight (18.5–24.9 
kg/m2)

26 905 27.86

Overweight (25.0–29.9 kg/
m2)

34 505 35.73

Obese (≥30.0 kg/m2) 31 277 32.38

Comorbidities

Hypertension 77 923 80.68

Hyperlipidemia 77 132 79.86

Diabetes mellitus 29 471 30.51

Revascularization

PCI 20 006 20.71

 (Continued)

Characteristic

AMI Stroke Cohort (N=96 582)

No. %

CABG 13 189 13.66

History of CVD

AMI only 31 926 33.06

Stroke only 54 723 56.66

Both AMI and stroke 9933 10.28

PM2.5 exposure, µg/m3

<9  18 090 18.73

≥9 and <10  25 605 26.51

≥10 and <11  24 091 24.94

≥11 and <12  12 582 13.03

≥12  16 214 16.79

AMI indicates acute myocardial infarction; BMI, body mass index; 
CABG, coronary artery bypass grafting; CVD, cardiovascular disease; PCI, 
percutaneous coronary intervention; and PM2.5, fine particulate matter 
<2.5 µm in diameter.

*Unknown race/ethnicity: N=701 (0.73%).
†Unknown smoking status/history: N=2945 (3.05%).
‡Unknown BMI: N=1920 (1.99%).

Table 1.  Continued

Figure 2.  Distribution of 1-year average fine particulate 
matter <2.5 µm in diameter (PM2.5) exposure at baseline.
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violations of the proportional hazards assumption in 
Cox proportional hazards models.

Figure  S1 illustrates the cardiovascular mortality 
rate per 1000 person-years and 1-year average PM2.5 
exposure among study subjects at baseline in each 
county (displayed as county means). Cardiovascular 
mortality rates varied from 15.0 to 40.1 per 1000 
person-years. Some counties with higher cardiovas-
cular mortality rates were in rural areas and had mean 
1-year average PM2.5 levels well below the PM2.5 reg-
ulation limit (Butte: 40.1 per 1000 person-years, mean 
1-year average PM2.5=7.15 µg/m3; Lake: 31.5 per 1000 
person-years, mean 1-year average PM2.5=5.48  µg/
m3; and Yuba: 29.7 per 1000 person-years, mean 1-
year average PM2.5=9.40  µg/m3). Fresno county had 
both a high mean PM2.5 (16.20  µg/m3) and showed 
a higher cardiovascular mortality rate (29.5 per 1000 
person-years).

Overall Associations
Table 2 displays the estimated HRs for risk of cardio-
vascular events associated with an increase of 10 µg/
m3 in 1-year average time-varying PM2.5 exposure. We 
found clear evidence of increased risk of cardiovascular 
mortality and IHD mortality in both minimally adjusted 
and fully adjusted models. In the fully adjusted model, a 
10-µg/m3 increase in 1-year mean PM2.5 exposure was 
associated with a 20% increase in risk of cardiovascu-
lar mortality (95% CI, 11%–30%) and a 34% increase 
in risk of IHD mortality (95% CI, 21%–48%). We found 
no evidence of increase in risk for stroke or AMI events 
in the overall associations. Notably, the minimally ad-
justed model for AMI found a null effect (HR, 1.00; 95% 
CI, 0.91–1.11), and only after adding all covariates into 
the model did this become a statistically significant de-
crease in risk of AMI. The influence of adding each set 
of covariates to the models is shown in Table S4.

Figure  3 depicts the association between PM2.5 
exposure and cardiovascular and IHD mortality using 
restricted cubic splines. We can see that both curves 
appear to be extremely linear. We found no evidence 
of a nonlinear relationship for cardiovascular mortality 
(P=0.6969) or IHD mortality (P=0.9481).

Risk Below Current PM2.5 Regulation 
Levels
Increased risk of cardiovascular and IHD mortality per-
sisted below the current federal and California state 
regulation level of 12 µg/m3 for 1-year mean PM2.5 ex-
posure. When modeling categories of PM2.5 exposure, 
we found a 5.3% (95% CI, 0.5%–10.3%) and 6.3% 
(95% CI, 0.7%–12.3%) increase in risk of cardiovascu-
lar mortality for 1-year exposure of 8.0 to 9.9  µg/m3 
and of 10.0 to 11.9 µg/m3, respectively, relative to 1-
year exposure <8 µg/m3. For IHD mortality, we found Ta
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an 8.7% (95% CI, 2.1%–15.7%) and 13.0% (95% CI, 
5.1%–21.5%) increase in risk for 1-year exposure of 8.0 
to 9.9 µg/m3 and of 10.0 to 11.9 µg/m3, respectively, 
relative to 1-year exposure <8 µg/m3. Figure 4 displays 
risk of cardiovascular and IHD mortality by these ex-
posure ranges and shows a sharper slope of increas-
ing risk plus wider CI bands for IHD mortality (eg, from 
8.7% for 8.0–9.9 µg/m3 to 13.0% for 10.0–11.9 µg/m3; 
95% CI width for 8.0–9.9  µg/m3=13.6%) compared 
with cardiovascular mortality (eg, from 5.3% for 8.0–
9.9 µg/m3 to 6.3% for 10.0–11.9 µg/m3; 95% CI width 
for 8.0–9.9 µg/m3=9.8%).

In our low-exposure analyses (Table 2), we modeled 
the linear associations among those with 1-year mean 
PM2.5 exposures of <12 µg/m3. We found substantial 
increases in the risks of all CVD outcomes, that were 
much stronger than the overall results: cardiovascular 
mortality (HR, 2.31), IHD mortality (HR, 2.48), cerebro-
vascular mortality (HR, 1.70), AMI (HR, 1.51), and stroke 
(HR, 1.41) for a 10-µg/m3 increase in PM2.5 exposure. 
When rescaled for each 1-µg/m3 increase in PM2.5 ex-
posure, these estimates are as follows: cardiovascular 
mortality (HR, 1.09; 95% CI, 1.07–1.09), IHD mortality 
(HR, 1.10; 95% CI, 1.07–1.12), cerebrovascular mortality 
(HR, 1.05; 95% CI, 1.01–1.10), AMI (HR, 1.04; 95% CI, 
1.02–1.07), and stroke (HR, 1.03; 95% CI, 1.01–1.06). 
Risks for cardiovascular mortality and IHD mortal-
ity were notably higher than risks for AMI and stroke. 
The most appreciable differences between the full co-
hort analyses and the low-exposure analyses are the 
changes in risk for AMI, stroke, and cerebrovascular 
mortality, where all 3 outcomes have HRs above the 
null, indicating statistically significant increased risk per 
10-µg/m3 increase in PM2.5 exposure. The CIs are con-
siderably wider in the low-exposure analyses (eg, CVD 
mortality 95% CI=1.11–1.30 for full cohort analysis and 

95% CI=1.96–2.71 for low-exposure analysis; Table 2), 
which can be attributed to the smaller number of sub-
jects and events in these analyses.

Effect Modification
Figure 5 presents the results of our analysis of effect 
modification. We found evidence of effect modification 
by neighborhood education, where the largest effect 
of PM2.5 on cardiovascular mortality was found among 
those living in neighborhoods with the highest percent-
age of people having less than a high school education 
(interaction-term P value for trend=0.029). Interactions 
between PM2.5 and the other subgroup variables (age, 
sex, race/ethnicity, smoking, and CVD history) were 
not statistically significant (P>0.05). We also looked at 
effect modification of the association between PM2.5 
and IHD mortality for the same subgroups and found 
no statistically significant interactions (Figure  S2). In 
extended analyses, we looked at effect modification 
by hypertension medication use and statin medication 
use but found no statistically significant interactions 
(Data S1).

Sensitivity Analyses
Results were robust to several sensitivity analyses 
we conducted (Table S5). We found that measuring 
risk using PM2.5 exposure at baseline did not sub-
stantially influence results. We found no considera-
ble difference in effects when age was used as time 
scale, when groups of calendar year of study start 
date were given their own baseline hazard, or when 
modeling death as a competing risk. Associations 
appeared to be similar among those with a more 
recent AMI or stroke event (<5  years before study 
start), those with a less recent AMI or stroke event 

Figure 3.  Restricted cubic splines of cardiovascular disease (CVD) mortality risk (A) and ischemic heart disease (IHD) 
mortality risk (B).
Hazard ratios from fully adjusted models using time-varying fine particulate matter <2.5 µm in diameter (PM2.5) exposures.
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(≥5 years before study start), and those whose exact 
date of prior AMI or stroke was unknown (Tables S6 
and S7). In assessing the potential impact of county-
level clustering in our Cox model for cardiovascular 
mortality, we found that the county-level variation 
was statistically significant (P<0.0001), but the es-
timated within-cluster correlation was small (cor-
relation, 0.0013). The estimated HR for PM2.5 was 
extremely similar in the Cox mixed effects model 
(1.21; 95% CI, 1.10–1.33) compared with the fully ad-
justed model (1.20; 95% CI, 1.11–1.30). Thus, with 
such a low correlation <0.01, the main models that 
consider people within clusters to be independent 
are reasonable.

DISCUSSION
In a retrospective cohort study of adults with a history 
AMI or stroke, we found an increased risk of cardio-
vascular mortality, particularly IHD mortality, in overall 
associations. Notably, increased risk of cardiovascular 
and IHD mortality persisted below the current federal 
and state regulation level for 1-year mean PM2.5 expo-
sure of 12 µg/m3. Furthermore, although we found no 
increased risk of stroke or AMI events in overall as-
sociations, we did find an increased risk of stroke and 
AMI events in low-exposure analyses. More important, 
these study findings suggest that the current regula-
tion levels may not be protective for individuals with a 
history of CVD events.

Comparison to Previous Literature
Our study is the first in a US cohort to examine the car-
diovascular health effects of long-term PM2.5 exposure 
among individuals with CVD history. Only 3 previous 
studies have examined the risk of cardiovascular events 
in association with long-term PM2.5 exposure among in-
dividuals with a history of AMI or stroke, all conducted 
in other countries. A small study2 of 8873 AMI survivors 
in Ontario, Canada, found increased risk of IHD mor-
tality (HR, 1.43; 95% CI, 1.12–1.83) and cardiovascular 
mortality (HR, 1.35; 95% CI, 1.09–1.67) per 10-µg/m3 
increase in long-term PM2.5 exposure; these are simi-
lar to our overall findings for risk of IHD mortality (HR, 
1.34) and cardiovascular mortality (HR, 1.20). In another 
study3 of 1120 AMI survivors in Israel, null results were 
reported for stroke hospitalizations and recurrent AMI in 
relation to long-term PM2.5, although this study may have 
been underpowered, with only 160 stroke events and 
341 AMI events during follow-up. Similarly, null results 
were found in a study4 among 18 138 AMI survivors in 
London, England, when measuring risk for a combined 
outcome of recurrent AMI events with all-cause mortal-
ity. Combining these 2 outcomes may have alleviated the 
low statistical power from measuring risk of recurrent AMI 
separately (n=390), yet this combined outcome over-
looks estimating risk of recurrent AMI and cardiovascular 
mortality specifically. None of these studies conducted a 
low-exposure analysis; however, exposures were lowest 
in the Canadian study2 (range, 2.2–16.5 µg/m3) and high-
est in the Israeli study3 (range, 17.0–26.6 µg/m3).

Figure 4.  Hazard ratios by fine particulate matter <2.5 µm in diameter (PM2.5) category ranges: cardiovascular disease 
(CVD) mortality (A) and ischemic heart disease (IHD) mortality (B).
Hazard ratios from fully adjusted models using time-varying PM2.5 exposures.
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When comparing the demographics of our study 
population with these 3 cohorts in other countries,2–4 
we see that all studies had populations of mostly men, 
which is reflective of the greater coronary heart dis-
ease prevalence in men.35 Most cohorts, including 
ours, had a mean age of >65 years. Our cohort was 
more diverse than the other cohorts and included mul-
tiple race/ethnicity groups. Only Tonne et al4 included 
>1 race/ethnicity (White versus non-White), with most 
subjects being White race/ethnicity.

A few studies of all-cause mortality are worth noting, 
despite looking at a more general mortality outcome, 
such that effect estimates cannot be directly compared 
with ours. One study among 154 204 AMI survivors in 
England and Wales looked at all-cause mortality and 
found a relative risk of 1.20 (95% CI, 1.04–1.38) per 
10-µg/m3 increase of 1-year average PM2.5 exposure.6 
Another study among 1800 stroke survivors in London 
looked at all-cause mortality and found a relative risk 
of 3.77 (95% CI, 1.51–9.84) per 10-µg/m3 increase of 1-
year average PM2.5 exposure.11 Last, a study of partic-
ulate matter less than 10-μm in diameter (PM10) among 
196 131 AMI survivors in the United States found a rel-
ative risk of 1.3 (95% CI, 1.2–1.5) for all-cause mortality 
and a relative risk of 1.4 (95% CI, 1.1–1.8) for recurrent 

AMI per 10-µg/m3 increase of 1-year average PM10 
exposure.5

Our study found a particularly strong association 
between PM2.5 and increased risk of IHD mortality, yet 
found no evidence of an increased risk of AMI in rela-
tion to PM2.5. We note that most (69%) of IHD deaths in 
this study population were attributable to chronic IHD 
(ICD-10 code I25.x), whereas 31% of IHD deaths were 
attributable to AMI (ICD-10 code I21.x). These data 
could imply that AMI may not be the primary mode in 
which patients in this cohort are dying from IHD, be-
cause chronic IHD deaths may or may not involve a 
concurrent AMI. Historical US vital statistics mortality 
data have also shown that IHD (ICD-9 codes 410–414) 
was the underlying cause of 62% of sudden cardiac 
deaths on death certificates.36 Most sudden cardiac 
deaths occur out of the hospital, whereas the AMI out-
come events in this study are solely inpatient hospital-
izations. To add, most inpatient AMI outcome events 
in this study were nonfatal (90%). Furthermore, our 
finding of higher risk for IHD mortality compared with 
AMI is aligned with a recent meta-analysis of long-term 
PM2.5 and IHD events in the general population that re-
ported a large statistically significant increased risk for 
IHD mortality per 10-µg/m3 increase in long-term PM2.5 

Figure 5.  Risk of cardiovascular mortality associated with an increase of 10 µg/m3 in 1-year mean fine particulate matter 
<2.5 µm in diameter exposure among adults with a history of acute myocardial infarction (AMI) and/or stroke, overall and 
by subgroup.
*P values are given for interaction. †Education P value: interaction effect as a trend. CVD indicates cardiovascular disease; Q, quartile; 
and SES, socioeconomic status.
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(HR, 1.23; 95% CI, 1.15–1.31), but only a suggestive 
smaller increased risk for incident myocardial infarction 
(HR, 1.08; 95% CI, 0.99–1.18).37

Several previous studies have conducted analy-
ses of PM2.5 risks below the current regulation level of 
12 µg/m3 in cohorts of subjects without a known his-
tory of stroke or AMI. Our findings of a 5.3% and 6.3% 
increase in risk of cardiovascular mortality for 1-year 
exposure of 8.0 to 9.9 µg/m3 and of 10.0 to 11.9 µg/
m3, respectively, relative to 1-year exposure <8 µg/m3 
are slightly greater but consistent with a recent study 
of 50- to 71-year-old individuals in the United States, 
which reported a 4% (95% CI, 0%–8%) increased risk 
of cardiovascular mortality in PM2.5 exposure ranges of 
8 to 12 µg/m3, relative to levels <8 µg/m3.38 Moreover, 
our finding of stronger effects in low-exposure analy-
ses were similar to findings reported in other studies 
with different outcomes and different populations.39,40 
A large study of Medicare beneficiaries in the United 
States reported an overall increase in all-cause mor-
tality risk of 7.3% (95% CI, 7.1%–7.5%) per 10-µg/m3 
increase of 1-year average PM2.5 and found that the 
risk nearly doubled to a 13.6% increased risk (95% 
CI, 13.1%–14.1%) when analyses were restricted to 
PM2.5 exposures <12  µg/m3.40 In addition, another 
large study of US Medicare beneficiaries measured 
risk of all-cause mortality per 10-µg/m3 increase of 1-
year average PM2.5; they reported HRs of 1.07 (95% 
CI, 1.06–1.07) in their Cox proportional hazard analysis 
and found a larger effect estimate when the analysis 
was restricted to PM2.5 exposures ≤12 µg/m3 (HR, 1.37; 
95% CI, 1.34–1.40).39 Although these 2 Medicare stud-
ies examined a different outcome, all-cause mortality, 
these findings of much higher increased risk when 
analyses were restricted to PM2.5 exposures <12 µg/m3 
are consistent with our study findings. These previous 
findings in conjunction with our new findings suggest 
that focusing on decreasing PM2.5 levels below the 
current regulation level of 12 µg/m3 may have signifi-
cant health benefits to certain susceptible populations, 
such as those with a clinical history of cardiovascular 
events.

In connection with low-exposure analyses, Pope 
et al41 examined the exposure-response relationship 
between fine particulate exposure and cardiovas-
cular mortality and concluded that the exposure-
response function is relatively steep at low levels 
of exposure and flattens at higher levels of expo-
sure.41 Similarly, Pappin et al42 found a supralinear 
concentration-response between PM2.5 exposure 
and risk of nonaccidental mortality. A potential ex-
planation of the supralinear concentration-response 
may be a saturation phenomenon where low levels 
of exposure can activate relevant biological path-
ways for CVD, and further increases in exposure only 
increase risk at a decreasing marginal rate.43,44 A 

recent review highlighted that there have been few 
long-term cohort studies at high levels of PM2.5 expo-
sure; thus, there is a need of more studies with high 
levels of PM2.5 exposure (such as in Asia) to explore 
the full shape of the dose-response curve on cardio-
vascular events.17 Yin et al found that increased risk 
for cardiovascular mortality persisted at high levels of 
PM2.5 exposure in China (average levels of 43.7 µg/
m3), with a relative risk of 9% per 10-µg/m3 increase 
in long-term PM2.5.

45 In addition, Makar et al found 
that increasing long-term PM2.5 exposure from lev-
els <12 µg/m3 to levels >12 µg/m3 causally increases 
circulatory hospital admission hazard rates by 6% 
(95% CI, 2%–9%) and increasing PM2.5 levels from 
<8  µg/m3 to >8  µg/m3 (but always <12  µg/m3 in a 
low-exposure subgroup) causally increases circula-
tory hospital admission hazard rates by 18% (95% CI, 
10%–27%).46 Risk of cardiovascular events appears 
to persist in high PM2.5 exposure settings, but pos-
sibly at a lesser degree than in lower PM2.5 settings.

Strengths and Limitations
Our study has many strengths. Given KPNC’s inte-
grated and comprehensive medical system, we are 
able to use clinical data rather than administrative or 
claims data, measure specific mortality outcomes as 
opposed to just all-cause mortality, minimize biases 
related to differences in health care across subjects 
and regions, avert significant recall bias when measur-
ing previous health events and clinical variables, and 
control for many potentially confounding factors at the 
individual level. Second, KPNC members are broadly 
representative of Northern California’s diverse popula-
tion.18 Compared with 2010 Census data,47 our cohort 
was 72% White race/ethnicity, the same proportion 
as California, versus 76% White race/ethnicity in the 
United States overall; further comparison by race/eth-
nicity and high school education is given in Table S8. 
Third, we used time-updated 1-year mean PM2.5 ex-
posures linked at residential addresses for our survival 
analyses, which accounted for residential relocation 
within the study region for the entire follow-up period. 
This is a significant improvement from previous air pol-
lution studies that measure risk using PM2.5 levels only 
from a single year,48–50 lack subject residential mov-
ing history,6,7,51,52 estimate PM2.5 exposure based on 
residential zip code/postal code,2,4,6 or estimate PM2.5 
exposure via linkage to air monitoring stations within 
a certain distance of participant residence.50,53 Hayes 
et al38 recently reported that California showed the 
greatest variability in PM2.5 exposure compared with 
other regions in the United States; thus, it is essential 
to capture individual exposure levels over time as ac-
curately as possible in highly variable regions, such as 
California.
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We acknowledge several limitations of our study. 
We do not measure risk of subsequent cardiovascu-
lar events starting from index hospitalization of AMI 
or stroke, which can provide some concern about 
healthy survivor bias or other underlying differences 
in patient characteristics between subjects diag-
nosed with a CVD event longer before study start 
date and subjects diagnosed more recently before 
study start. However, we provide a sensitivity anal-
ysis where we address the risk among those with 
inpatient diagnoses <5 years before study start and 
those ≥5 years of study start. Second, we did not ac-
count for physical activity, diet, alcohol use, or mar-
ital status in our models because complete data on 
these variables were not available in the electronic 
health record. However, we did include important 
comorbidities (hypertension, hyperlipidemia, and 
diabetes mellitus), BMI, smoking history, revascular-
ization procedures, medication use, and Medicaid 
insurance and found little evidence of confounding 
by any of those factors. Rather than excluding smok-
ers, our analyses controlled for smoking as a covari-
ate and examined effect modification by smoking. 
Previous studies of long-term PM2.5 and cardiovas-
cular events in the general population have reported 
significant effects of PM2.5 among current or former 
smokers,54–56 with some studies suggesting stron-
ger effects among never smokers.55,56 The strongest 
confounder that we controlled for in our models was 
neighborhood education (magnitude of confounding, 
7.0%), although this was still <10%. Many low SES 
neighborhoods in the United States are dispropor-
tionately exposed to higher levels of air pollution and 
thus have been found to have greater air pollution–
associated adverse health effects compared with 
higher SES neighborhoods.57 Research has also 
shown that area-level measures of SES can be more 
correlated with air pollution and can potentially re-
move the correlation between individual-level SES 
and air pollution exposure.2 Third, some validation 
studies58,59 have shown that death certificates can 
overestimate IHD deaths by 20% to 24%; however, we 
use health plan in-hospital mortality data in addition 
to death certificate information to determine cause 
of death. Fourth, we do not account for time activity 
patterns, such as time spent indoors (home or work) 
or outdoors, which are factors affecting an individ-
ual’s overall exposure to air pollution. Nevertheless, 
this limitation most likely results in nondifferential mis-
classification, and Californians aged >18 years have 
been shown to spend on average >65% of daily time 
at their home residence.60 Outdoor particles can also 
readily penetrate indoors, particularly in California, 
where ambient contributions of PM2.5 to indoor and 
personal concentrations appear to be similar and 
many homes lack air conditioning, causing higher air 

exchange rates between indoors and outdoors.61,62 
Fifth, low-exposure analyses were fit on a subset of 
the data; therefore, demographic or other covariate 
differences between the low-exposure group versus 
those excluded from the low-exposure group can 
influence differences in PM2.5 effects. Compared 
with the low-exposure group, we found that those 
excluded from the low-exposure group were more 
likely to be Hispanic ethnicity (13% versus 10%), 
be obese (35% versus 30%), have diabetes melli-
tus (32% versus 29%), live in a neighborhood with a 
median household income of <$50 000 (31% versus 
20%), and live in a neighborhood with a higher mean 
percentage of subjects with less than a high school 
education (16% versus 12%).

Last, with respect to air pollution, we focused 
only on PM2.5 and did not include other air pollutants, 
which could potentially have independent or inter-
acting effects with PM2.5. However, this was inten-
tional because (1) there is strong evidence that PM2.5 
is causally related to increased CVD risk,1 (2) little is 
known about cardiovascular health effects of PM2.5 in 
this potentially vulnerable population of people with 
a history of stroke or AMI, and (3) PM2.5 is the ex-
posure currently regulated by the US Environmental 
Protection Agency and by California. Our research 
adds to the current strength of evidence distinctively 
for PM2.5 and CVD risk to advance environmental 
regulatory and clinical decisions. Future research 
should examine source apportionment and compo-
sition of PM2.5 as well as mixtures of PM2.5 with other 
pollutants. We note that source apportionment and 
composition of PM2.5 may vary throughout our study 
region and differentially affect risk for cardiovascular 
events. For example, urban areas in California can 
acquire more direct particulate air pollution from on-
road mobile sources and off-road engines; the San 
Juaquin Valley and Sacramento Valley from agricul-
tural sources; urban residential areas from wood-
burning sources; and major coastal ports (such as in 
San Francisco) from shipping sources.63 Some pre-
vious mortality-source apportionment studies in the 
general population have found health effects associ-
ated with specific sources of particulate matter,64–67 
although evidence is mixed and inconclusive.

Mechanisms
There are several biological mechanisms that can 
be involved in the association between air pollution 
and cardiovascular morbidity and mortality: “(1) en-
dothelial barrier dysfunction and disruption; (2) inflam-
mation, involving both innate and adaptive immune 
components; (3) prothrombotic pathways; (4) auto-
nomic imbalance favoring sympathetic tone via af-
ferent pathways, the upper airways, and/or lung; (5) 
central nervous system effects on metabolism and 
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hypothalamic-pituitary adrenal axis activation; and (6) 
epigenomic changes.”17 Most short-term cardiovas-
cular events occur among individuals with underlying 
vulnerable substrate (eg, unstable plaques).1 Activated 
white blood cells and elevated cytokines can lead to 
atherosclerotic plaque vulnerability, enhanced coagu-
lation/thrombotic and arrhythmia potential, and im-
paired basal vasomotor balance, thereby increasing 
risk for subsequent cardiovascular events.1 Reduced 
heart rate variability has been associated with de-
creased survival of AMI as well as with particulate 
matter; in addition, studies have suggested that par-
ticulate matter may be associated with increased 
CRP (C-reactive protein), which is associated with 
mortality risk following an AMI.5 Furthermore, a stroke 
event may impair respiratory function and increase 
susceptibly to the effects of air pollution exposure.7 
We found no evidence of effect modification by CVD 
history type (history of AMI only, history of stroke only, 
or history of both AMI and stroke), which suggests 
that these 2 groups of patients with CVD may need 
to be studied together and compared further in future 
research to understand the specific biologic mecha-
nisms involved with the health effects of air pollution 
among patients with CVD.

As for mechanisms of low-exposure PM2.5 ef-
fects, one animal study exposed mice to low con-
centrations of PM2.5 for 6 months and found notable 
increases in atherosclerotic plaque, macrophage in-
filtration, and vasoconstrictor responses in the aortic 
arch compared with mice exposed to filtered air.68 
Also, a recently published controlled-exposure study 
of short-term PM2.5 effects found alterations in bio-
markers of vascular injury, cardiac electrophysio-
logical features, and lung function after exposing 20 
young, healthy volunteers for 4 hours to mean PM2.5 
concentrations of 37.8  µg/m3 (close to the 24-hour 
US National Ambient Air Quality Standard for PM2.5 
of 35 µg/m3).69 Their results suggest that similar bio-
logical pathways appear to be altered at both low and 
high PM2.5 concentrations, with high concentrations 
typically >100  µg/m3 in many controlled-exposure 
studies of PM2.5.

69 Although controlled-exposure 
studies of long-term PM2.5 exposure are not feasible 
in humans, more controlled-exposure studies of low 
levels of short-term PM2.5 exposure will be valuable 
for assessing the direct causal effect of low levels of 
PM2.5 exposure in humans.

CONCLUSIONS
In conclusion, this is the first study analyzing the 
relationship between long-term PM2.5 exposure 
and specific cardiovascular events in a US popula-
tion of individuals with a history of AMI and stroke. 
Furthermore, this study is the first of its kind to 

conduct low-exposure analyses, which is important 
for assessing risk in highly susceptible populations to 
guide environmental regulatory decisions. Estimated 
risks of cardiovascular mortality and IHD mortality 
persisted below the current federal and state regula-
tion level for PM2.5, and increased risks of AMI and 
stroke events were discovered in low-exposure anal-
yses. Given the growing CVD burden in the United 
States and worldwide, compounded by increased 
survival rates among patients with cardiac conditions 
because of healthcare improvements,70 studying 
long-term PM2.5 exposure as a modifiable risk factor 
in this susceptible population will become even more 
crucial these coming years.
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Supplemental Methods 

Cardiovascular Event Subgroups 

For AMI, we examined ST-segment elevation MI (STEMI) (ICD-9: 410.0x-410.6x, 410.8x; ICD-

10: I21.0x-I21.2x, I21.3, I22.0-I22.1, I22.8-I22.9) and non-ST-segment elevation MI (NSTEMI) 

(ICD-9: 410.7x, 410.9x; ICD-10: I21.4 and I22.2). For stroke, we examined ischemic stroke (ICD-

9: 433.x1; 434.x1; 436.x; ICD-10: I63.x) and hemorrhagic stroke (ICD-9: 430.x-432.x; ICD-10: 

I60.x-I62.x). 

 

Supplemental Results 

Overall Associations for Event Subgroups 

Results for subgroups of AMI showed protective effects, with increasing PM2.5 exposure 

associated with larger decreased risk of STEMI AMI [hazard ratio 0.72 (95% CI: 0.55, 0.95)] than 

NSTEMI AMI [hazard ratio 0.89 (95% CI: 0.79-0.99)].  Results for subgroups of stroke were not 

statistically significant: relative risk of ischemic stroke was 0.92 (95% CI: 0.81-1.06) and relative 

risk of hemorrhagic stroke was 0.93 (95% CI: 0.70-1.25).    

 

Extended Models 

In an extended fully-adjusted model using median household income instead of education as a 

measure of neighborhood SES, the hazard ratios were 1.22 (95% CI: 1.13, 1.32), 1.36 (95% CI: 

1.23, 1.50), 0.77 (95% CI: 0.61, 0.96), 0.92 (95% CI: 0.81, 1.04), and 0.87 (0.79, 0.97) for CVD 

mortality, IHD mortality, cerebrovascular mortality, stroke, and AMI, respectively, revealing no 

significant difference in results when compared to models using neighborhood education.  



 

Effect Modification  

We looked at effect modification by HTN medication use and statin medication use but found no 

statistically significant interactions: HTN medication interaction p-value=0.767 and statin 

medication interaction p-value=0.830.  In Figure S2, one race subgroup (American Indian/Alaska 

Native) had a very low relative risk of 0.41 (95% CI: 0.10-1.64), yet there were only 30 IHD 

mortality events in this group, which contributes to the wide confidence interval observed. 

 

 

 

 



Table S1. Cardiovascular (CVD) mortality event subtypes.  

CVD Mortality (ICD-10: I10.x–I70.x)  N = 13,385 events 

Event Subtype (ICD-10 code) N (% of CVD Mortality events) 

IHD Mortality (I20.x-I25.x) 7,563  (56.5%) 

Cerebrovascular Mortality (I60.x-I69.x)  1,718 (12.8%) 

Heart Failure  (I50.x)  1,126 (8.4%) 

Hypertensive Diseases (I10.x-I16.x) 1,026 (7.7%) 

Other CVD Mortality (I26.x-I28.x, I30.x-I49.x, I51.x-I52.x) 1,952 (14.6%) 

 

 



Table S2. Ischemic heart disease (IHD) mortality event subtypes. 

IHD Mortality (ICD-10: I20.x-I25.x) N = 7,563 events 

Event Subtype (ICD-10 code) N (% of IHD Mortality events) 

Acute myocardial infarction (I21.x) 2,310 (30.5%) 

     Acute myocardial infarction, unspecified (I21.9)*  2,290 (30.3%) 

Chronic ischemic heart disease (I25.x) 5,185 (68.6%) 

     Atherosclerotic cardiovascular disease, so described (I25.0)* 399 (5.3%) 

     Atherosclerotic heart disease of native coronary artery (I25.1)* 4,318 (57.1%) 

     Ischemic cardiomyopathy (I25.5)* 254 (3.4%) 

Other IHD Mortality (I20.x, I22.x, I23.x, I24.x) 68 (0.9%) 
*Most common ICD subcodes of IHD event subtypes in this cohort 

 

 

 

 

 

 



Table S3. Recurrent and incident acute myocardial infarction (AMI) and stroke events by 

cardiovascular disease history group. 

Group N AMI events in follow-up Stroke events in follow-up 

History of 

AMI Only 31,926 3,229 Recurrent AMI events 1,278 Incident stroke events 

History of 

Stroke Only 54,723 3,086 Incident AMI events 3,645 Recurrent stroke events 

History of 

Both AMI 

and Stroke 9,933 1,367 Recurrent AMI events 742 Recurrent stroke events 

All 96,582 

7,682 Total AMI events 

3,086 Incident AMI events 

4,596 Recurrent AMI events 

5,665 Total stroke events 

1,278 Incident stroke events 

4,387 Recurrent stroke events 

 

 



Table S4. Risk of cardiovascular events associated with an exposure increase of 10 µg/m3 in 

the level of time-varying annual mean PM2.5 exposure among patients with a history of 

acute myocardial infarction (AMI) and/or stroke.  

Outcome Number of 

events (% 

of cohort 

N=96,582) 

Model 1* 

Hazard Ratio 

(95% CI) 

Model 2† 

Hazard Ratio 

(95% CI) 

Model 3‡ 

Hazard Ratio 

(95% CI) 

Model 4§ 

Hazard Ratio 

(95% CI) 

Acute Myocardial   

Infarction (Mostly 

non-fatal) 7,682 (7.95) 1.00 (0.91-1.11) 0.92 (0.83-1.02) 0.94 (0.85-1.04) 0.86 (0.77-0.96) 

Stroke 5,663 (5.86) 0.95 (0.84-1.07) 0.93 (0.83-1.05) 0.93 (0.82-1.05) 0.93 (0.82-1.05) 

CVD Mortality 

13,385 

(13.86) 1.35 (1.25-1.45) 1.31 (1.21-1.41) 1.29 (1.20-1.39) 1.20 (1.11-1.30) 

IHD Mortality 7,563 (7.83) 1.54 (1.39-1.70) 1.45 (1.32-1.60) 1.45 (1.31-1.60) 1.34 (1.21-1.48) 

Cerebrovascular 

Mortality 1,718 (1.78) 0.76 (0.61-0.95) 0.81 (0.65-1.01) 0.80 (0.64-1.00) 0.73 (0.58-0.92) 

*Model 1: Sex, race/ethnicity, study start year (3-yr groups) 

†Model 2: Basic Model + comorbidities (hypertension, hyperlipidemia, diabetes) + BMI + smoking + CVD history 

‡Model 3: Model 2 + revascularization (CABG and PCI) + medications (hypertension meds and statin meds) 

§Model 4: Model 3 + SES (neighborhood education + Medicaid insurance) 

||All models with baseline hazards by 5-year age categories 

 



Table S5. Sensitivity analyses using fully adjusted model with baseline PM2.5 exposure. 

 

Analyses 

CVD Mortality HR 

(95% CI) Stroke HR (95% CI) AMI HR (95% CI) 

Baseline analyses 1.23 (1.13-1.33) 0.92 (0.80-1.04) 0.91 (0.81-1.01) 

Age as time scale 1.23 (1.13-1.34) 0.92 (0.81-1.05) 0.91 (0.81-1.02) 

Strata by study start 

year 

1.22 (1.12-1.33) 0.92 (0.80-1.04) 0.91 (0.81-1.01) 

Death as competing risk 1.17 (1.07-1.27) 0.87 (0.76-0.99) 0.87 (0.78-0.98) 
*Hazard ratios from fully-adjusted model using PM2.5 exposure at baseline



Table S6. Risk of cardiovascular events associated with an exposure increase of 10 µg/m3 in the level of time-varying annual 

mean PM2.5 exposure among patients with a history of stroke, stratified by time since prior stroke event. 

 

 
Previous stroke event <5 years ago 

N=9,709 

Previous stroke event ≥5 years ago 

N=4,754 

Previous stroke event date unknown 

N=82,119 

Outcome 
Number of 

Events (%) 
HR (95% CI) 

Number of 

Events (%) 
HR (95% CI) 

Number of 

Events (%) 
HR (95% CI) 

AMI 532 (5.48) 0.90 (0.60-1.36) 329 (6.92) 1.17 (0.68-1.99) 6,821 (8.31) 0.85 (0.76-0.96) 

Stroke 987 (10.17) 0.90 (0.67-1.22) 419 (8.81) 0.75 (0.46-1.23) 4,257 (5.18) 0.95 (0.82-1.09) 

CVD Mortality 1,570 (16.17) 1.21 (0.96-1.53) 857 (18.03) 1.33 (0.95-1.85) 10,958 (13.34) 1.21 (1.11-1.32) 

*Hazard ratios from fully-adjusted model 

 



Table S7. Risk of cardiovascular events associated with an exposure increase of 10 µg/m3 in the level of time-varying annual 

mean PM2.5 exposure among patients with a history of acute myocardial infarction (AMI), stratified by time since prior AMI 

event. 

 

 
Previous AMI event <5 years ago 

N=18,014 

Previous AMI event ≥5 years ago 

N=10,284 

Previous AMI event date unknown 

N=68,284 

Outcome 
Number of 

Events (%) 
HR (95% CI) 

Number of 

Events (%) 
HR (95% CI) 

Number of 

Events (%) 
HR (95% CI) 

AMI 2,321 (12.88) 0.90 (0.74-1.10) 1,148 (11.16) 1.05 (0.79-1.38) 4,213 (6.17) 0.83 (0.72-0.96) 

Stroke 841 (4.67) 0.87 (0.63-1.20) 545 (5.30) 0.96 (0.64-1.44) 4,277 (6.26) 0.92 (0.79-1.06) 

CVD Mortality 2,681 (14.88) 1.10 (0.93-1.31) 1,561 (15.18) 1.37 (1.09-1.72) 9,143 (13.39) 1.22 (1.11-1.34) 

*Hazard ratios from fully-adjusted model 

 

 



Table S8. Race and neighborhood high school education comparison between cohort and 

2010 Census. 

 

Demographic Study Cohort California United States Overall 

White 72% 72% 76% 

Black 8% 7% 13% 

American 

Indian/Alaska Native 

1% 2% 1% 

Asian/Pacific Islander 10% 16% 6% 

Multiple Races 8% 4% 3% 

Hispanic/Latino (Any 

race) 

12% 39% 19% 

Percent with less than 

high school diploma 

14% 17% 12% 

 



Figure S1. Cardiovascular mortality rate and Kaiser Permanente Northern California 

(KPNC) county means of 1-year average PM2.5 exposure among study subjects at baseline.  

 

*CVD mortality rate per 1,000 person-years = (# of CVD deaths/total person-years of follow-up) x 1000 

†Only counties with >10 CVD mortality cases are displayed in graph 

 

 

 

 

 

 

 

 

 

 



Figure S2. Risk of ischemic heart disease (IHD) mortality associated with an exposure 

increase of 10 µg/m3 in the level of time-varying annual mean PM2.5 exposure among 

subjects with a history of acute myocardial infarction (AMI) and/or stroke by subgroup. 
 

 
*Hazard ratios from fully-adjusted model 

†P-values for interaction 

‡Education p-value: interaction effect as a trend 

 

 

 


