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Abstract

Rationale: People with chronic obstructive pulmonary disease
(COPD) have an increased risk of cardiovascular disease and may
be more susceptible to air pollution exposure. However, no study
has examined the association between long-term fine particulate
matter exposure (<2.5 lm in aerodynamic diameter) and risk of
cardiovascular events in this potentially vulnerable population.

Objectives: To estimate the association between long-term fine
particulate matter and risk of cardiovascular events among adults
with COPD.

Methods: This retrospective cohort study included 169,714 adults
with COPDwhowere members of the Kaiser Permanente Northern
California health plan during 2007–2016. Electronic health record
data were linked to 1 km modeled particulate matter <2.5 lm in
aerodynamic diameter exposure estimates. We fit Cox proportional
hazard models, adjusting for age, sex, race/ethnicity, calendar year,

smoking, body mass index, comorbidities, medications, and
socioeconomic status. In low exposure analyses, we examined
effects below the current regulation limit (12 lg/m3).

Measurements and Main Results: Among adults with COPD, a
10-lg/m3 increase in 1-year mean fine particulate matter exposure
was associated with an elevated risk of cardiovascular mortality
(hazard ratio, 1.10; 95% confidence interval [CI], 1.01–1.20). Effects
were stronger in low exposure analyses (hazard ratio, 1.88; 95% CI,
1.56–2.27). Fine particulate matter exposure was not associated
with acute myocardial infarction or stroke in overall analyses.

Conclusions: Long-term fine particulate matter exposure was
associated with an increased risk of cardiovascular mortality among
adults with COPD. Current regulations may not sufficiently protect
those with COPD.
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Chronic obstructive pulmonary disease
(COPD) is a group of progressive lung
diseases including emphysema and chronic
bronchitis. COPD is a leading cause of
morbidity and mortality in the United States.
Annual medical costs for patients with
COPD are nearly twice as high as costs for
patients without COPD, after adjusting

for comorbidities (1), and the CDC
estimates that total U.S. medical costs
attributable to having COPDwill be $49.0
billion in 2020 (2). Individuals with COPD
have higher hospitalization rates (1)
and higher risks of cardiovascular disease
(CVD) events including cardiovascular
mortality (3, 4).

Air pollution, especially particulate
matter<2.5 lm in aerodynamic diameter
(PM2.5), is a modifiable risk factor related to
both COPD and CVD. Short-term air
pollution exposure has been associated with
COPDexacerbations(5)andwithCVDevents
(6–8). Long-termPM2.5 exposure is associated
with a larger increase in risk for cardiovascular
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mortality than short-termPM2.5 exposure (9).
Given the importance of long-term PM2.5

exposure as a modifiable risk factor for
cardiovascular events andmortality, it is
particularly important to study these
associations in sensitive populations, such as
those with COPDwho already have an
increased riskofCVDevents.However, only a
small number of studies (10–16) of long-term
PM2.5 exposure and CVD events have
included subjects with COPD, and no studies
have analyzed the effect of long-term PM2.5

exposureontheriskofCVDeventsspecifically
among adults with COPD.

This study examines the relationship
of long-term average PM2.5 exposure and risk
of cardiovascular events in a large cohort of
adults with COPD. This study provides
clinicians with relative risk estimates for air
pollution exposure so that this modifiable risk
factor canbeconsidered ina clinical context in
relation to other risk factors that need to be
managed. We also examined low
concentrations of exposure to determine
whether there isevidencethat long-termPM2.5

exposure affects CVD risk when exposure
concentration is below the current regulation
limitof12.0lg/m3 for1-yearaverageexposure
(17, 18). Understanding the cardiovascular

health effects of PM2.5 exposure among
sensitive populations is important for
determining regulatory actions for PM2.5 and
forshapingindividual-level recommendations
for behaviors that could reduce personal
exposure to PM2.5.

Methods

Study Cohort
This retrospective cohort study includes
169,714 adults with COPDwho were
members of the Kaiser Permanente Northern
California (KPNC) health plan during
2007–2016. KPNC is a large, integrated
healthcare system that provides
comprehensive medical services to over 4
million members through a nonprofit health
plan and nonprofit hospitals and outpatient
clinics. To be included in the study cohort,
each subject must meet the following criteria:
1) a clinical diagnosis of COPD (discharge
codes for COPD: International Classification
of Diseases–9, 491 492 496; International
Classification of Diseases–10, J41, J43, J44); 2)
be an adult (age 181); 3) at least 1 year of
KPNC health plan membership and one
outpatient use; 4) lived in the 35-county
Northern California region for at least 1 year
(see Figure E1 in the online supplement); and
5) a home address that was successfully
geocoded and linked to the air pollution
exposure data. Study follow-up began on
January 1, 2007, with subjects entering the
study on the first day that all inclusion criteria
were met. Follow-up continued to the first of
the following dates: end of membership,
relocation out of study region or to an address
that couldnotbe successfully geocoded,death,
orDecember31,2016.Theinstitutionalreview
board at the Kaiser Foundation Research
Institute approved this study.

Air Pollution Exposures
Daily PM2.5 exposures were obtained from a
validated state-of-the-art ensemble model
with a resolution of 1 km3 1 km across the
entire study region from January 1, 2007, to
December 31, 2016 (19). The ensemblemodel
integrated three machine learning algorithms
and combined discrete PM2.5 daily ground
monitoringdatawithmore than100predictor
variables including satellite-based aerosol
optical depth measurements, absorbing
aerosol index data, satellite-based surface
reflectance data, Goddard Earth Observing
System (NASA) chemical transport model
outputs,meteorologic data, and land-use data.

The ensemble model was validated and
performed extremely well, with an R2 of 0.86
fordailyPM2.5predictionsandanR

2of0.89for
1-year PM2.5 predictions using 10-fold cross-
validation (19).

We constructed individual-level time-
varying 1-year average PM2.5 exposures for
every study subject. Exposures were updated
monthly from baseline through the end of
follow-up and accounted for moving.
Complete residential address history 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. Each address
was geocoded to the latitude and longitude
coordinates using ArcGIS (Esri) and
coordinates were linked with the PM2.5

exposure data.

Cardiovascular Event Outcomes
We examined three primary cardiovascular
event endpoints: acute myocardial infarction
(AMI), stroke, and cardiovascular mortality.
We also considered a combined endpoint
defined as having any of those cardiovascular
events. Cardiovascular event data were
obtained from the electronic health record
(EHR) system and from death records, and
eventsweredefinedusingpreviously validated
methods(20,21).AnAMIeventwasdefinedas
an inpatient hospitalization with a principal
discharge diagnosis of AMI based on
International Classification of Diseases (ICD)
(ICD-9 and ICD-10) codes (ICD-9: 410.x;
ICD-10: I21.x-I23.x). A stroke event was
defined as an inpatient hospitalization with a
principaldischargediagnosisofstroke(ICD-9:
431.x-434.x, 436.x; ICD-10: I60.x, I61.x, I63.x,
I64.x). Mortality data were compiled from
several sources: official state of California
death certificates, health plan in-hospital
mortality, Social Security Administration
Death Files, and theNationalDeath Index (see
online supplemental material for details).
Cardiovascularmortalitywasdefinedbycause
of death codes (ICD-9: 400.x-440.x; ICD-10:
I10.x-I70.x). As secondary endpoints, we also
examined ischemic heart disease (IHD)
mortality (ICD-9: 410.x-414.x; ICD-10: I20.x-
I25.x) and cerebrovascular disease mortality
(ICD-9: 430.x-438.x; ICD-10: I60.x-I69.x).

Validation of COPD Diagnosis
A total of 100 cohort members with COPD
were randomly selected for medical record
review. The full Kaiser Permanente medical
record for each subject was reviewed to
identify 1) COPDmedication use, 2)

At a Glance Commentary
Scientific Knowledge on the
Subject: Long-term fine particulate
matter exposure is a known risk factor
for cardiovascular mortality in the
general population.

What This Study Adds to the Field:
Our study adds to the field by
providing risk estimates of the
association between long-term
exposure to particulate matter <2.5
lm in aerodynamic diameter and
cardiovascular events among adults
with chronic obstructive pulmonary
disease (COPD). Our findings
generally suggest that long-term
exposure to particulate matter
<2.5 lm in aerodynamic diameter is
an important modifiable risk factor
that should be considered in addition
to other traditional cardiovascular risk
factors. Furthermore, we found that
the current regulation level of
12 lg/m3 for 1-year mean exposure
does not appear to be sufficiently
protective of adults with COPD.

ORIGINAL ARTICLE

160 American Journal of Respiratory and Critical Care Medicine Volume 204 Number 2 | July 15 2021



spirometry measurements, and 3) COPD
symptoms of chronic cough, exertional
dyspnea, wheezing, chest tightness, and/or
excessive sputum production noted in the
medical record. COPDmedication use was
determined based on pharmacy records for
filled prescriptions. COPDmedications
included inhaled anticholinergic agents,
inhaled b-adrenergic steroids, inhaled
corticosteroids, combination inhaled
medications, and methylxanthine agents.
Spirometrymeasurements includedFEV1and
FVCmeasurements. Airflow obstruction
determined through spirometry was defined
as an FEV1/FVC ratio,70% predicted, based
on the Global Initiative for Chronic
Obstructive Lung Disease criteria (22).

COPD symptoms were noted in the
medical record for the majority of subjects:
chronic cough (78%), exertional dyspnea
(70%),wheezing (59%), chest tightness (54%),
andexcessive sputumproduction(41%).Most
subjects (89%) had at least one of the
symptoms above. We found that 83% of
subjects had filled prescriptions for one or
more COPDmedications. Spirometry was
performed inonly35%of the subjects; of those
with spirometry, airflow obstruction was
found in 74%.

Covariates
Dataonage, sex,race/ethnicity, smoking,body
mass index (BMI), comorbidities, insurance
type, andmedication use were obtained from
the KPNC EHR. BMI was categorized as
defined by theWorld Health Organization:
underweight (,18.5 kg/m2), normal
(18.5–24.9 kg/m2), overweight (25.0–29.9
kg/m2),andobesity(>30kg/m2)(23).Missing
categories were included for unknown race/
ethnicity (N=3,133; 1.9%)andunknownBMI
(N=2,785; 1.6%). We excluded four subjects
with missing sex. Comorbidities (diabetes,
hypertension, hyperlipidemia, and history of
stroke or AMI) were determined from the
KPNC EHR. Diabetes was determined from
the previously validated KPNCDiabetes
registry (24, 25), which combines diagnoses,
medications, and laboratory results
documented in the KPNC EHR (26).
Hypertensionwas determined from diagnosis
codes (ICD-9: 401.x-404.x; ICD-10: I10.x-
I15.x).Usingpharmacydata,hypertensiveand
statin medication use at baseline were defined
ashavingat leastoneprescriptionfill in the last
120 days. Hypertensive medication use
(angiotensin-converting enzymeinhibitors,
angiotensin antagonists, antiadrenergics,
b-adrenergic blockers, calcium channel

blockers, chlorthalidone, diuretics,
metolazone, and vasodilators) was obtained
forthosediagnosedwithhypertensionbecause
somemedications could be prescribed for
other clinical purposes. Neighborhood high
school education was obtained from Census
American Community Survey data at the
block group level and used as a measure of
neighborhood socioeconomic status (SES).
Medicaid insurancewasusedasanindicatorof
low SES at the individual level.

Statistical Analysis
We fit Cox proportional hazards models to
quantify the relationship between long-term
PM2.5 exposure and each cardiovascular
health outcome.We used the time on study as
the timescale andflexibly controlled for ageby
fitting models stratified by age in 5-year
intervals, allowing separate baseline hazards
for each age group. All models were adjusted
for covariates chosen a priori on the basis of
previousepidemiologic studiesof airpollution
andCVDevents (27–29).Wefit a set of nested
models with increasing levels of adjustment.
Model 1 (minimally adjustedmodel) adjusted
for age, sex, race/ethnicity, and calendar year.
Model 2 additionally adjusted for smoking,
BMI, baseline comorbidities, and medication
use. Model 3 (fully adjusted model)
additionally adjusted for neighborhood
education andMedicaid insurance. We
assessed departures from the proportional
hazards assumption by including interaction
terms between covariates and time (30).

Our primary analysis modeled PM2.5

exposure as a continuous, time-updated
variablewith a linear effect. To assess potential
nonlinearity in the shape of the association
betweenPM2.5 and risk of each cardiovascular
event type,weusedrestrictedcubic splinesand
formally tested for any evidence of a nonlinear
relationshipusingaWald test for the statistical
significance of the spline terms. We assessed
effect modification by age (,65 vs.>65), sex,
race/ethnicity, and neighborhood education.
We conducted two analyses to understand the
effects of PM2.5 exposure concentrations
below 12 lg/m3. First, we fit PM2.5 exposures
categorically, using the following categories:
low (,9.0 lg/m3), moderate (9.0–11.9 lg/
m3), and high (>12.0 lg/m3). The low
exposure cut point was chosen as the lowest
level supported by the distribution of our data
because only 8.1% of subjects had PM2.5

exposures,8 lg/m3 at baseline. Second, we
modeled the linear association between PM2.5

exposure and cardiovascularmortality among
subjects with PM2.5 exposures,12 lg/m3 for

the entire follow-up.We conducted several
sensitivity analyses: excluded subjects with a
previous stroke or AMI, baseline 1-year
average PM2.5, and imputed missing data. A
level of a=0.05 was used to determine
statistical significance. All analyses were
conducted using SAS software, version 9.4
(SAS Institute).

Results

This retrospective cohort study included
169,714 KPNC adults with COPD. The
characteristics of the study cohort at baseline
are given inTable 1.Adults in this cohortwere
generally older (meanage=60.8 yr; SD=15.6)
andmostly female (56.2%), and the cohort was
diverse (65.5% white and 34.5% other race/
ethnicity groups). Many subjects were
overweight (32.9%) or obese (38.1%), and
hypertension (53.1%) and hyperlipidemia
(47.4%) were common comorbidities. Some
subjects had diabetes (17.9%), and a smaller
number had a history of stroke (8.9%) or AMI
(6.5%).Most subjects had1-year averagePM2.5

exposures that were below the current
regulationlimitof12lg/m3atbaseline(81.3%).

Subjectswere followed for amaximumof
10 years, with more than 1 million total
person-years of follow-up in the analyses and
an average follow-up time of 6.5 years per
person. A total of 17,770 subjects (10.5%) had
at least one CVD event during follow-up. The
most commonCVDeventwas cardiovascular
mortality (10,169 events), followed by AMI
(5,970 events), IHDmortality (5,309 events),
stroke (4,269 events), and cerebrovascular
mortality (917 events). Most AMI
hospitalization events were nonfatal (94%)
andmost stroke hospitalization events were
also nonfatal (89%).

Table 2 shows the hazard ratios (HRs)
representing the relative risk for each
cardiovascular event per 10-lg/m3 increase in
1-year average PM2.5 exposure. The strongest
association was with increased risk of
cardiovascular mortality, with an HR of 1.27
(95% confidence interval [CI], 1.17–1.38) in
the minimally adjusted model and an HR of
1.10 (95% CI, 1.01–1.20) in the fully adjusted
model. The outcomes of AMI, IHDmortality,
and the combined endpoint of any
cardiovascular event were associated with
long-term PM2.5 exposure in minimally
adjusted models but not in fully adjusted
models. Stroke and cerebrovascular mortality
were not associated with PM2.5 exposure in
any of the models. We found no violations of
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the proportional hazards assumption and no
evidence of nonlinearity in the association of
1-year average PM2.5 exposure and
cardiovascularmortalitywhenwe assessed the
relationship using restricted cubic splines (P
value for nonlinearity 0.344) (Figure E2). In
sensitivity analyses, we found that resultswere
similarwhenwe restricted analyses to subjects
with no known history of AMI or stroke, and
when we imputed missing covariate data
instead of using missing categories; results
were slightly stronger when we used baseline
PM2.5 exposures instead of time-updated
PM2.5 exposures (Tables E1 and E2).

Figure 1 illustrates the results of our
analysis of effect modification.We found
statistically significant differences between
men and women (P=0.007), in which risks

were increasedamongmen(HR,1.21; 95%CI,
1.08–1.36) but not women (HR, 0.98; 95% CI,
0.87–1.11). We also found stronger effects in
low-SES neighborhoods than in high-SES
neighborhoods (P=0.034). We found no
differences by age (P=0.393) or by race/
ethnicity (P=0.975).

Analyses of Exposure Concentrations
below 12 lg/m3

Figure 2 shows the relative risk of
cardiovascular mortality when PM2.5

exposures were modeled in categories above
and below 12 lg/m3, overall and within the
high-risk subgroups identified in our effect
modification analyses. Compared with those
with low exposures (,9 lg/m3), we found an
increased risk of cardiovascular mortality at

PM2.5 exposures of 9.0–11.9 lg/m
3 among all

subjects (HR, 1.05; 95% CI, 1.00–1.10) and
amongmen (HR, 1.07; 95% CI, 1.01–1.14).
Results in the low-SES group were suggestive
butnot statistically significant (seeTableE3 for
numeric results).

Table 3 shows the low exposure analyses
for subjects with time-varying PM2.5 exposure
below 12 lg/m3 for the entire follow-up.We
foundmuchstronger linear associations for all
models and all outcomes. In fully adjusted
models, we found that 1-year average PM2.5

exposurewasassociatedwithincreasedrisksof
cardiovascular mortality (HR, 1.88; 95%
CI, 1.56–2.27), AMI (HR, 1.52; 95% CI,
1.17–1.96), IHDmortality (HR, 1.84; 95% CI,
1.42–2.39), and the combined endpoint of any
cardiovascular event (HR, 1.62; 95% CI,
1.40–1.88). Stroke and cerebrovascular
mortality associations were suggestive of
higher risk. We further explored the
differences between themain analyses and the
low exposure analyses in the online
supplementalmaterial (Figures E3 andE4 and
Table E4).

Discussion

In this largecohort studyofadultswithCOPD,
we found evidence that long-term PM2.5

exposure was associated with an elevated risk
of cardiovascular mortality. We also found
stronger associations amongmen and among
those living in low-SESneighborhoods. In our
low exposure analyses, we found evidence of
increased risk of cardiovascular events at
PM2.5 exposure concentrations lower than the
current regulation limit of 12lg/m3 for 1-year
mean exposure. Thus, current regulations do
not appear to be sufficiently protective of
adults with COPD.

This study provides clinicians with
relative risk estimates for PM2.5 exposure so
that this modifiable risk factor can be
considered in a clinical context in relation to
other risk factors that need tobemanaged. For
the traditional cardiovascular risk factors in
the general population, the risk of
cardiovascular disease is estimated to increase
by2.00 forhypertension,1.74 fordiabetes,1.64
for current smoking, and 1.31 for high
cholesterol (31). In our low exposure analyses,
we found increased risks for major
cardiovascular events (any cardiovascular
event, cardiovascular mortality, AMI, and
IHD mortality) ranging from 1.52 to 1.88
for a 10-lg/m3 increase in 1-year mean
PM2.5 exposurewhen exposureswere below

Table 1. Characteristics of the Study Cohort at Baseline

Characteristic Cohort [n (%)] (N=169,714)

Sex
F 95,350 (56.2)
M 74,364 (43.8)

Age, mean (SD), yr 60.8 (15.6)
Race/ethnicity*
White, non-Hispanic 109,157 (65.5)
Hispanic white 15,541 (9.3)
Black 12,838 (7.7)
American Indian/Alaska native 1,076 (0.7)
Asian/Pacific Islander 15,369 (9.2)
Multiple races 12,600 (7.6)
Hispanic ethnicity 19,501 (11.5)

Neighborhood education, mean (SD)
Percentage with less than high school education 14.0 (12.1)

Smoking*
Never 62,553 (37.60)
Former 62,259 (37.42)
Current 41,553 (24.98)

BMI*, kg/m2

Underweight (,18.5) 3,901 (2.3)
Normal (18.5–24.9) 44,448 (26.6)
Overweight (25.0–29.9) 54,964 (32.9)
Obese (>30.0) 63,616 (38.1)

Comorbidities
Hypertension 90,094 (53.1)
Hyperlipidemia 80,386 (47.4)
Diabetes 30,292 (17.9)

Medications
Hypertensive medication† 86,695 (96.3)
Statin medication 68,591 (40.4)

History of CVD
Acute myocardial infarction 11,055 (6.5)
Stroke 15,158 (8.9)

1-yr average PM2.5 at baseline, lg/m3

,9.0 31,734 (18.70)
9.0–11.9 107,846 (63.55)
>12 30,134 (17.76)

Definition of abbreviations: BMI=body mass index; CVD=cardiovascular disease;
PM2.5 =particulate matter <2.5 lm in aerodynamic diameter.
*Missing data at baseline: race/ethnicity = 3,133; smoking=3,349; BMI=2,785.
†Hypertensive medication use among those with hypertension.
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Table 2. Relative Risk of Cardiovascular Events per 10-lg/m3 Increase in 1-Year Average PM2.5 Exposure among 169,714
Subjects with COPD

Outcomes Number of Events
Model 1* Model 2† Model 3‡

HR (95% CI) HR (95% CI) HR (95% CI)

Any cardiovascular event§ 17,770 1.18 (1.11–1.26) 1.07 (1.00–1.14) 1.01 (0.95–1.08)
Cardiovascular mortality 10,169 1.27 (1.17–1.38) 1.16 (1.07–1.26) 1.10 (1.01–1.20)
AMI 5,970 1.16 (1.04–1.30) 1.01 (0.90–1.13) 0.94 (0.84–1.06)
IHD mortality 5,309 1.32 (1.18–1.49) 1.18 (1.05–1.33) 1.09 (0.97–1.23)
Stroke 4,269 0.98 (0.86–1.12) 0.90 (0.79–1.03) 0.88 (0.77–1.02)
Cerebrovascular mortality 917 1.04 (0.78–1.39) 1.01 (0.76–1.35) 1.00 (0.74–1.34)

Definition of abbreviations: AMI =acute myocardial infarction; CI =confidence interval; COPD=chronic obstructive pulmonary disease; HR=hazard
ratio; IHD= ischemic heart disease; PM2.5 =particulate matter <2.5 lm in aerodynamic diameter.
*Model 1: Adjusted for age, sex, race/ethnicity, and calendar year.
†Model 2: Adjusted for age, sex, race/ethnicity, calendar year, smoking, body mass index, baseline comorbidities, and medications.
‡Model 3: Adjusted for age, sex, race/ethnicity, calendar year, smoking, body mass index, baseline comorbidities, medications, neighborhood
education, and Medicaid insurance.
§Any cardiovascular event includes AMI, stroke, or cardiovascular mortality.

0.5 1 1.5 2

Hazard Ratio (95% Cl) P ValueSubgroup

Sex

Male

Female

N Subjects (%)

74,364 (44)

95,350 (56)

1.21 (1.08–1.36)

0.98 (0.87–1.11 )

Smoking

Never

Former

Current

62,553 (38)

62,259 (37)

41,553 (25)

1.02 (0.87–1.18)

1.12 (1.00–1.26)

1.14 (0.94–1.36)

0.508

Neighborhood Education

Q1 (High SES)

Q2

Q3

Q4 (Low SES)

40,401 (24)

41,182 (24)

42,980 (25)

45,151 (27)

1.03 (0.92–1.14)

1.08 (0.97–1.19)

1.09 (0.99–1.20)

1.16 (1.05–1.29)

0.034

Race

Non-Hispanic White

Hispanic White

Black

Asian/Pacific Islander

American Indian/Alaska Native

Multiple Races

109,157 (64)

15,541 (9)

12,838 (8) 

15,369 (9)

1,076 (1)

12,600 (7)

1.10 (1.00–1.2 1)

1.15 (0.83–1.60)

1.19 (0.83–1.71)

1.14 (0.74–1.76)

1.19 (0.41–3.41)

0.98 (0.75–1.28)

0.975

0.007

Age
18–64
65 and older

97,729 (58)
71,985 (42)

Overall 169,714 (100) 1.10 (1.01–1.20)

1.21 (0.96–1.52)
1.08 (0.99–1.19)

0.393

Hazard Ratio

Hazard Ratios for Subgroups of Covariates

Figure 1. Relative risk of cardiovascular mortality per 10-lg/m3 increase in 1-year average exposure to particulate matter <2.5 lm in aerodynamic
diameter, overall and by subgroup. P values were computed using interaction terms, and the P value for neighborhood education was computed as
the interaction trend. CI =confidence interval; Q = quartile; SES=socioeconomic status.
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12 lg/m3. Though these risk estimates
cannot be directly compared, our findings
generally suggest that long-term PM2.5

exposure is an important modifiable risk
factor that should be considered in addition
to other traditional cardiovascular risk
factors.

There currently are no directly
comparable studies of the association between
long-term PM2.5 and CVD events in a
population of adults with COPD. However,
our findings among people with COPD are
generally consistent results reported in the

general population. A 2013 meta-analysis
found that a 10-lg/m3 increase in long-term
PM2.5 was associated with an 11% increase in
the risk of cardiovascular mortality (32).
Notably, relative risks of cardiovascular
mortality have varied widely in individual
studies, with some studies reporting strong
effects with HRs of 1.76 (95% CI, 1.25–2.47)
(27), 1.48 (95% CI, 1.46–1.49) (33), and 1.54
(95% CI, 1.12–2.10) (34) and other studies
reporting much weaker or null effects (12,
35–37). Another related study of Medicare
beneficiaries with COPD examined a slightly

different exposure–outcome relationship
(long-term PM10 and all-causemortality) and
reportedanHRof1.22 (95%CI,1.17–1.27) for
an increase of 10 lg/m3 PM10 over the
previous 4 years (38).

Wecanalsocompareourresults foreffect
modification to thosereported instudiesof the
general population.We found evidence of
effectmodificationbysex,withstrongereffects
amongmen than among women. In the
general population, a few studies have
reported no effectmodification by sex (39, 40)
and a few have reported slightly stronger

Table 3. Low Exposure Analysis of Relative Risk of Cardiovascular Events per 10-lg/m3 Increase in 1-Year Average PM2.5

Exposure among 91,699 Subjects with COPD Who Have Time-Varying PM2.5 Exposure below the Current Regulation Limit of 12
lg/m3 for Entire Follow-Up

Outcomes Number of Events
Model 1* Model 2† Model 3‡

HR (95% CI) HR (95% CI) HR (95% CI)

Any cardiovascular event§ 9,594 1.99 (1.72–2.30) 1.75 (1.51–2.01) 1.62 (1.40–1.88)
Cardiovascular mortality 5,733 2.33 (1.93–2.80) 2.02 (1.68–2.43) 1.88 (1.56–2.27)
AMI 3,097 1.91 (1.48–2.46) 1.64 (1.27–2.12) 1.52 (1.17–1.96)
IHD mortality 2,968 2.42 (1.87–3.13) 2.02 (1.56–2.61) 1.84 (1.42–2.39)
Stroke 2,230 1.56 (1.16–2.10) 1.39 (1.03–1.88) 1.30 (0.97–1.76)
Cerebrovascular mortality 536 1.82 (0.99–3.34) 1.60 (0.87–2.94) 1.52 (0.82–2.81)

For definition of abbreviations, see Table 2.
*Model 1: Adjusted for age, sex, race/ethnicity, and calendar year.
†Model 2: Adjusted for age, sex, race/ethnicity, calendar year, smoking, body mass index, baseline comorbidities, and medications.
‡Model 3: Adjusted for age, sex, race/ethnicity, calendar year, smoking, body mass index, baseline comorbidities, medications, neighborhood
education, and Medicaid.
§Any cardiovascular event includes AMI, stroke, or cardiovascular mortality.
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Figure 2. Relative risk of cardiovascular mortality for categories of particulate matter <2.5 lm in diameter above and below the current regulation
limit of 12 lg/m3, overall and among high-risk subgroups. PM2.5 =particulate matter<2.5 lm in aerodynamic diameter; SES=socioeconomic status.
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associations amongmen than among women
(36, 41). A study of elderly adults with COPD
found stronger effects of long-term PM10

exposure on all-cause mortality amongmen
and among non-white subjects (38). We also
found stronger effects in low-SES
neighborhoods compared with high-SES
neighborhoods,consistentwithseveral studies
in the general population (42–44). We found
no effect modification by age, which was
consistent with several other studies (27, 36,
39). We also found no effect modification by
race/ethnicity.Most air pollution cohortshave
little diversity and areunable to assesswhether
susceptibilitydiffersbyrace,buta fewprevious
studies have reported stronger effects for
PM-induced cardiovascular mortality among
Hispanic, Black, and other non-white subjects
(40, 42). Our finding of no differences by race
may be because all study cohort participants
weremembersof the samehealthplanandhad
equal access to health care.

Inflammationandoxidativestressarekey
mechanisms by which PM2.5 acts to increase
the risk of cardiovascular disease. Reactive
oxygen species are generated in pulmonary
and vascular tissue when exposed to
particulate air pollution (45, 46). Activation of
reactive oxygen species–dependent pathways
can affect vascular inflammation,
atherosclerosis, basal vasomotor balance,
coagulation and thrombosis, and platelet
activation (47). Inflammatory cytokines are
also activated in response to air pollution
exposures, including increased levels of
circulating proinflammatory mediators (48,
49). Furthermore, these PM2.5-induced
increases in neutrophils, eosinophils, and
inflammatory cytokines and decreases in
antioxidant levels have also been
demonstrated in rats with preexisting COPD
(50). Given these mechanisms of oxidative

stress and inflammation, populations of
subjects with a history of COPDmay have
increased susceptibility to the effects of PM2.5

on cardiovascular events.

Strengths and Limitations
This study has a number of strengths and
limitations. Amajor strength of our study is
theuse of high-resolution, time-varyingPM2.5

exposures based on participants’ home
addresses, using detailed address histories and
accounting formoving.Manypreviousstudies
are limitedbyusing addressdata aggregated to
the ZIP code or census tract level, central site
monitoring, or low-resolution air pollution
estimates. The use of high-resolutionmodeled
PM2.5 estimates at the home address reduces
exposure misclassification compared with
central site monitoring (51). However, we do
not have data on time–activity patterns, time
spent outdoors, or indoor air pollution
exposuremeasurements. Californians over 18
years of age have been shown to spend on
average.65% of daily time at their home
residence (52). In addition, outdoor particles
can readily penetrate indoors in California,
where many homes lack air conditioning,
causing higher air exchange rates between
indoors and outdoors and often similar
ambient contributions of PM2.5 to indoor and
personal concentrations (53, 54).
Furthermore, indoor and outdoor particulate
matter differ in sources, chemical
composition, and temporal patterns, which
could lead to different health effects (55). Our
study focused on 1-year mean exposures
because that is the time window regulated in
bothCalifornia and theUnited States (17, 18).
Wedidnotexaminetimewindowslongerthan
1 year, which would be of interest in future
work.Wecouldnotadjustforpreviousyearsof
PM2.5 exposurebecauseof thehighcorrelation

of long-term averages at the same location,
which would cause multicollinearity. We did
nothavedataavailableonphysicalactivity,diet
(e.g., fruit andantioxidant intake), alcohol use,
marital status, or detailed smoking history
(e.g., lifetime pack-years, years quit), which
could be confounders. However, our study
controls for nearly all key confounders,
including BMI, clinical comorbidities, and
medication use, which are not available in
manypreviously studied air pollution cohorts.
We adjusted for these key covariates as
measured at baseline only because they could
be on the causal pathway between exposure
and outcome, to avoid overadjustment.
Another strength is the use of a large, diverse,
representative cohort with well-characterized
data available from electronic health records.
However, because subjects were not brought
into a research laboratory, we do not have
detailed spirometry measurements or COPD
severity data, which may also be important
factors in the susceptibility to air pollution
exposures among adults with COPD.

Conclusions
In this largecohort studyofadultswithCOPD,
long-termPM2.5 exposurewas associatedwith
an increased risk of cardiovascular mortality.
These risks were higher amongmen and
among those living in low-SES
neighborhoods. We also found evidence of
increased risk of cardiovascular events at
PM2.5 exposure concentrations lower than the
current regulation limit of 12.0 lg/m3 for
1-yearmean exposure, suggesting that current
regulations are not sufficiently protective of
adults with COPD.�

Author disclosures are available with the text
of this article at www.atsjournals.org.
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