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Abstract

Rationale: Individuals with asthma–chronic obstructive pulmonary
disease (COPD) overlap syndrome (ACOS), have more rapid
decline in lung function, more frequent exacerbations, and poorer
quality of life than those with asthma or COPD alone. Air pollution
exposure is a known risk factor for asthma andCOPD; however, its
role in ACOS is not as well understood.

Objectives: To determine if individuals with asthma exposed to
higher levels of air pollution have an increased risk of ACOS.

Methods: Individuals who resided in Ontario, Canada, aged 18 years
or older in 1996 with incident asthma between 1996 and 2009 who
participated in the Canadian Community Health Survey were
identified and followed until 2014 to determine the development of
ACOS.Data on exposures tofine particulatematter (PM2.5) and ozone

(O3) were obtained from fixedmonitoring sites. Associations between
air pollutants and ACOSwere evaluated using Cox regressionmodels.

Measurements andMain Results:Of the 6,040 adults with incident
asthmawhocompletedtheCanadianCommunityHealthSurvey,630were
identified asACOScases.Comparedwith thosewithoutACOS, theACOS
population had later onset of asthma, higher proportion of mortality,
and more frequent emergency department visits before COPD diagnosis.
The adjusted hazard ratios of ACOS and cumulative exposures to PM2.5

(per 10 mg/m3) and O3 (per 10 ppb) were 2.78 (95% confidence interval,
1.62–4.78) and 1.31 (95% confidence interval, 0.71–2.39), respectively.

Conclusions: Individuals exposed to higher levels of air pollution
had nearly threefold greater odds of developing ACOS. Minimizing
exposure to high levels of air pollutionmaydecrease the risk ofACOS.
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environmental exposures

(Received in original form October 2, 2015; accepted in final form March 7, 2016 )

Supported by the Canadian Respiratory Research Network (CRRN) and the Canadian Institutes for Health Research. The CRRN is supported by grants from the
Canadian Institutes of Health Research (CIHR) - Institute of Circulatory and Respiratory Health, Canadian Lung Association/Canadian Thoracic Society, British Columbia
Lung Association, and Industry Partners Boehringer-Ingelheim Canada Ltd., AstraZeneca Canada Inc., and Novartis Canada Ltd. Funding for training of graduate
students and new investigators within the network was supported by the above funding sponsors and by GlaxoSmithKline Inc. Health data were provided by the Institute
for Clinical Evaluative Sciences (ICES), and air pollution data were provided by the Ministry of the Environment and Climate Change (MOECC). K.L. received a
Postdoctoral Fellowship, in part, through the Hospital for Sick Children Research Training Centre and the CRRN. A.G. holds a New Investigator Career Award from CIHR
and is the recipient of a 2015 Early Career Achievement Award of the Assembly on Behavioral Science and Health Services Research, American Thoracic Society.

The funders had no role in the study design, data collection and analysis, or preparation of the manuscript. Neither ICES nor the MOECC had any role in study
design, analysis, interpretation of data, or writing of the report. The opinions, results, and conclusions presented in this report are those of the authors and are
independent from the funding sources. No endorsement by ICES or the MOECC is intended or should be inferred.

Author Contributions: T.T. initiated and designed the study, interpreted findings, and drafted the manuscript. J.Z. conducted all statistical analyses. K.L., J.S.,
L.F., K.R., and D.W. conducted a search of the literature, summarized relevant study findings, and reviewed the manuscript. A.G., M.D.L., C.L., H.C., P.J.V.,
E.C., Y.S., M.S., and C.C. interpreted findings and reviewed and commented on drafts. All authors have seen and approved the final version.

Correspondence and requests for reprints should be addressed to Teresa To, B.Sc., M.Sc., Ph.D., The Hospital for Sick Children, Child Health Evaluative
Sciences, 686 Bay Street, Toronto, ON, M5G 0A4 Canada. E-mail: teresa.to@sickkids.ca

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org

Am J Respir Crit Care Med Vol 194, Iss 4, pp 429–438, Aug 15, 2016

Copyright © 2016 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201510-1932OC on March 7, 2016

Internet address: www.atsjournals.org

To, Zhu, Larsen, et al.: Is Air Pollution a Risk Factor for ACOS? 429

 

mailto:teresa.to@sickkids.ca
http://www.atsjournals.org
http://dx.doi.org/10.1164/rccm.201510-1932OC
http://www.atsjournals.org


Exposure to air pollution has been
associated with compromised pulmonary
immune defense mechanisms in both
animals and humans (1, 2). Adverse health
effects from acute (hours to days) and
chronic (months to years) exposure to air
pollution range from minor irritation of the
upper respiratory system to impacting the
morbidity of chronic respiratory diseases
(asthma, chronic obstructive pulmonary
disease [COPD]), heart disease, diabetes,
hypertension, lung cancer, and death (3–8).
More specifically, both acute and chronic
exposure to fine particulate matter (PM2.5)
has been shown to induce a systemic
inflammatory response, which can increase
the risk of cardiorespiratory morbidity
(9–11). PM2.5 consists of particles with a
median aerodynamic diameter of 2.5 mm or
less, small enough to invade even the
smallest airways, and is associated with
adverse health impacts. It generally results
from activities that burn fossil fuels, such as
operating fuel-powered automotive engines,
smelting, and metal processing. The World
Health Organization has estimated that in
2010, PM2.5 accounted for 3.1 million
deaths and approximately 3.1% of the
global disability-adjusted life years
(DALYs) (12). In Canada, ambient
particulate matter pollution was associated
with 3.2% of total deaths and 1.58% of the
total DALYs (13). Research has shown that
short-term exposure (hours, days) and
long-term exposure (months, years) to

PM2.5 was associated with aggravation of
asthma, respiratory symptoms, and
increased hospital admissions (12). Similarly,
ground-level ozone (O3) or ambient O3

pollution is another major source of air
pollution that is also associated with adverse
health impacts. The World Health
Organization has estimated that 0.1% of the
global DALYs in 2010 were attributed to O3

exposure (14). Research has shown that
short-term exposure to O3 was associated
with decreased lung function (15) and
increased hospitalizations for COPD
(16–19), whereas long-term exposure to O3

was associated with increased respiratory
mortality (20) and increased mortality
among persons with COPD (21).

According to the Government of
Canada, Canadians rank air pollution
among their main environmental concerns
(22). More than half of Canadians live in
areas where air pollution levels sporadically
exceed healthy guidelines, where the Air
Quality Health Index (AQHI; a composite
measure of changes in NO2, O3, and
PM2.5) exceeds 3, signifying low to
moderate health risk (23). In the last
decade, associations between air pollution
exposure and acute health outcomes have
been demonstrated in a number of studies
(3, 24–28). Researchers have found that,
in addition to increasing mortality risks
(1.2% increase in mortality per unit
increase in AQHI) (24–26), air pollution
also increases morbidity, especially in those
with asthma and/or COPD (3, 27, 28).
Using Ontario population data, our
previous research estimated that each
unit increase in AQHI was associated with
a 6% increase in asthma outpatient visits,
2% increase in hospitalizations on Day 0
(with peak exposures to air pollution), and
1.3% increase in emergency department
(ED) visits (on Day 2) (29).

It is well established that individuals
with both asthma and COPD (or
asthma–COPD overlap syndrome
[ACOS]) have more frequent exacerbations,
more rapid decline in lung function, and
worse quality of life than those with asthma
or COPD alone (30–33). Although it has
been accepted that air pollution exposure
is a risk factor for asthma and COPD
exacerbations, its role in the natural
history of those with ACOS is not well
described. The objective of this study was
to use population-based epidemiological
data to measure the association between
cumulative exposure to different markers

of pollution and the development of related
exacerbations of COPD in the asthma
population.

Some of the results of this study have
been previously reported in the form of an
abstract and poster presentation at the
American Thoracic Society Annual
Conference in 2015 (34).

Methods

This study was set in Ontario, Canada,
the province representing the largest
population in the country, with more
than 13 million residents. Ontario includes
major urban areas, such as the Greater
Toronto Area and National Capital Region
of Ottawa, along with a diverse rural
environment. A cohort approach was
used to model the effect of markers of air
pollution on the development of COPD in
the Ontario asthma population aged 18
years or older in 1996. Individuals with
ACOS may consist of various phenotypes
(35–37): (1) asthma precedes COPD, (2)
COPD precedes asthma, or (3) both are
diagnosed at the same time. In this article,
our focus was on those who have already
had confirmed asthma and to determine
the risk of subsequent development (or
progression) of COPD and its association
with cumulative exposures to two different
markers of pollution: PM2.5 and O3. For
simplicity, we hereafter refer to this subtype
of asthma–COPD overlap syndrome as
ACOS. To examine spatial variation in
ACOS and markers of pollution, while
protecting the anonymity of respondents,
we examined data at the Census Division
(CD) level throughout Ontario (Figure 1).
Forty-nine CDs divide the province and
vary in size (from approximately 663 km2

to 439,000 km2) and population density
(from approximately 13,000 to 2.6 million
people per CD or 0.1 to 4,150 people per
square kilometer).

Study Populations
The Ontario Asthma Surveillance
Information System (OASIS), funded by the
Government of Ontario, is a registry of all
Ontario residents with asthma (2.1 million).
The registry is generated using a previously
validated case definition of one
hospitalization or two or more ambulatory
care claims for asthma in 2 years, yielding
89% sensitivity and 72% specificity in
children (aged 0–17 yr), and 84% sensitivity

At a Glance Commentary

Scientific Knowledge on the
Subject: Although there is a
significant body of evidence linking air
pollution to asthma or chronic
obstructive pulmonary disease
(COPD) exacerbations, the link
between air pollution and the
asthma–COPD overlap syndrome
(ACOS) is not well understood.

What This Study Adds to the
Field: ACOS is a newly recognized
diagnosis gaining attention due to the
significant morbidities associated with
the disease. Understanding the effects
of modifiable risk factors, such as air
pollution, has the potential to decrease
morbidity and mortality associated
with ACOS.
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and 76% specificity in adults (aged> 18 yr)
(38–41). Individuals aged 18 years or
older in 1996 with incident asthma between
April 1, 1996, and March 31, 2009, were
identified from OASIS.

Canadian Community Health Survey
Individuals with incident asthma identified
in the OASIS registry were linked to the
Canadian Community Health Survey
(CCHS) to obtain data on potential risk
factors (i.e., smoking history and obesity
measured by body mass index [BMI]),
which were not available in the health
administrative databases. The CCHS is a
cross-sectional survey of Canadians aged
12 years and older that was completed every
2 years from 2000 to 2007 and annually
thereafter (42). This voluntary, self-report
survey collects information over the phone
and in person about health status, health
determinants, and behaviors. The same
questions were used across surveys,
providing consistency. The response rates
varied slightly depending on the year of the
survey. In 2010, the overall response rates
of the surveys were 72.3 and 70.0% in
Canada and Ontario, respectively (43).
The surveys have previously been used in
health research to estimate the burden of
diabetes and cardiovascular diseases in
Canada (44, 45). Multiple cycles of CCHS
(2000–2010) were used in this study. For

individuals who participated in multiple
cycles of CCHS, the most recent years of
data were used.

Outcome
This study uses the physician diagnosis of
COPD in the population of adults with
asthma as the outcome. The case definition
used in this study, of one hospitalization
or three or more ambulatory care claims
for COPD in 2 years, has been validated,
yielding a sensitivity of 85.0% and a
specificity of 78.4% in adults aged 35 years
and older (46). To distinguish incident cases
from prevalent cases, a minimum 5-year
asthma- or COPD-free observation period
before the incidence date was required.
Individuals aged 18 years or older in
1996 with incident asthma between April 1,
1996 and March 31, 2009 who were
identified from OASIS and completed the
CCHS were followed until March 31,
2014 to determine who developed COPD
(and thus, ACOS). The follow-up period
for ascertainment of COPD was between
April 1, 1996 and March 31, 2014,
giving a minimum follow up of 5 years
to a maximum of 18 years (for individuals
with asthma incidence in 1996).

Ontario has a universal health care
system that covers all physician and hospital
services. Health service claims captured by
the province provided individual-level

outcome measures used in this study. Our
primary outcome measures included:
incidence of COPD and cumulative
exacerbations (measured by ED visits
and hospital admission with the main
diagnosis being COPD). Data were available
from four health administrative databases:
(1) The Ontario Health Insurance Plan
Database, containing information on all
fee-for-service billings for physician
services as well as ED visits in Ontario,
including diagnosis; (2) the Canadian
Institute for Health Information’s
Discharge Abstract Database, recording
the primary diagnosis and up to 15
secondary diagnoses for all patients
discharged from acute-care hospitals before
2002 and up to 24 secondary diagnoses
after 2002; (3) the National Ambulatory
Care Reporting System, containing visits to
all hospital-based EDs; and (4) the Ontario
Registered Persons Database, capturing
information on sex, date of birth, residence
postal code, and date of death. When an
individual moved, the change of address or
postal code was captured in the Registered
Persons Database, allowing us to reassign
exposures accordingly. Those who moved
out of the province and/or died were
censored using their last date of contact
as the end date of follow up. These
databases were then linked on an individual
level using an encrypted unique health

Figure 1. Example of air pollution interpolation in Ontario by Census Division.
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card number given to all Ontario residents.
Such linkage allows for protection of the
identities of individuals while examining
their health services use across health
administrative databases.

Those without a valid health card
number for data linkage, missing residence
postal code, age of COPD diagnosis less than
35 years, with a COPD diagnosis before
asthma, or with an asthma and COPD
diagnosis at the same time were excluded
from this study. Those with incident COPD
less than or equal to 2 years from the
incidence of asthma were also excluded, to
minimize false-positive ACOS that might
have occurred because an initial asthma
diagnosis was later changed to COPD.

Exposure Data
Air quality data provided hourly and daily
measurements of markers of pollution
(PM2.5 and O3) from January 1, 1996, to
December 31, 2013, from 49 continuous
fixed-site monitors in Ontario. Continuous
hourly data for PM2.5 were only available
from 2003 to 2013. All air pollution data
were aggregated to mean monthly
maximum for each monitoring station.
Although land-use regression models have
been used to characterize air pollution
exposure and health effects for individuals
residing within urban areas, we did not
have accurate province-wide traffic data
and land use data to expand the land-use
regression approach to the provincial
level. Thus, we applied inverse distance-
weighted (47–49) interpolation to the air
pollution data from the continuous fixed-
site monitors to create a monthly air
pollution surface for Ontario. Mean
monthly values were assigned for each
CD in Ontario, on the basis of the mean
values. Using O3 as an example, Figure 1
illustrates the assignment of the O3 levels to
the 49 CDs on the basis of the O3 surface
generated using inverse distance weighting.
Long-term exposures were calculated based
on mean daily maximum of markers of
pollution measured from time of asthma
incidence to COPD incidence or end of
study for the group without ACOS.

Statistical Analysis
The hazard ratios (HRs) of COPD in
the asthma population in association
with cumulative exposure to markers of
pollution were estimated using the Cox
proportional hazards regression. Single-
pollutant regression models (PM2.5 and

O3 individually) and two-pollutant
regression models were assessed separately.
We adjusted for potential confounding
variables in our multivariable regression
analysis. These variables included: age at
asthma incidence (10-year age groupings),
sex, rural residence, neighborhood-level
socioeconomic status (SES), coexisting
morbidities, smoking status, and BMI. To
assess neighborhood-level SES, we used
material deprivation quintiles by
incorporating multiple census-based
measures (proportions of high school
graduation, lone-parent families,
government transfers, unemployment, low
income, homes needing major repairs) (50,
51). Rural living was determined using
postal code and was defined as living in a
town or municipality with fewer than
10,000 people. Nine chronic diseases and
conditions were included as comorbidities

(acute myocardial infarction, angina,
congestive heart failure, diabetes,
hypertension, ischemic heart disease,
stroke, cancers). Details on the
International Classification of Diseases
codes used to define these conditions are
included in Table E1 in the online
supplement. Smoking history was
classified using CCHS data as: daily,
occasional, past, or never smoker. BMI was
calculated based on self-reported body
weight and height using the formula:
BMI = weight/height2. The calculated BMI
is divided into four categories: underweight
(,18.4), healthy body weight (>18.4 and
,25.0), overweight (>25.0 and ,30.0),
and obese (>30.0).

Results of the Cox proportional hazards
regression analysis were presented as
HRs with 95% confidence intervals (CIs)
per unit (10 mg/m3) increase in PM2.5 and

Table 1. Demographic Characteristics of Study Population with and without
Asthma–Chronic Obstructive Pulmonary Disease Overlap Syndrome

Characteristic

ACOS
(n = 630)

Non-ACOS
(n = 5,410)

P ValueNo. % No. %

Age at asthma incidence, yr ,0.001
18–29 8 1.3 799 14.8
30–49 40 6.3 1,299 24.0
40–49 94 14.9 1,129 20.9
50–59 150 23.8 989 18.3
60–69 180 28.6 690 12.8
70–79 125 19.8 397 7.3
80–99 33 5.2 107 2.0

Mean age6 SD 59.916 12.96 48.456 15.61 ,0.001
Sex 0.014
Female 394 62.5 3,647 67.4
Male 236 37.5 1,763 32.6

Deprivation quintile (proxy measure of SES) 0.016
Q1 (least marginalized) 90 14.4 1,032 19.3
Q2 122 19.6 1,118 20.9
Q3 142 22.8 1,236 23.1
Q4 141 22.6 1,034 19.3
Q5 (most marginalized) 128 20.5 925 17.3

Rural residence 153 24.3 987 18.2 ,0.001
Coexisting chronic disease morbidity
Acute myocardial infarction 39 6.2 168 3.1 ,0.001
Angina 206 32.7 902 16.7 ,0.001
Congestive heart failure 97 15.4 306 5.7 ,0.001
Diabetes mellitus 161 25.6 1,106 20.4 0.003
Hypertension 401 63.7 2,484 45.9 ,0.001
Ischemic heart disease 268 42.5 1,390 25.7 ,0.001
Stroke 105 16.7 498 9.2 ,0.001
Lung cancer 11 1.7 38 0.7 0.006
Nonlung cancers 74 11.7 502 9.3 0.046

Deaths 174 27.6 362 6.7 ,0.001

Definition of abbreviations: ACOS = asthma–chronic obstructive pulmonary disease overlap
syndrome; SES = socioeconomic status.
All percentages are adjusted for missing data.
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(10 ppb) in O3. Proportionality
assumptions were checked and met in all
models presented in this study. Additional
analyses to evaluate the potential
overadjustment by including comorbidity
as a covariate were completed by repeating
the analysis without adjusting for
comorbidities. Results were summarized
and presented in Table E1. All analyses
were performed using SAS Enterprise
guide 6.1 (SAS Institute Inc., Cary, NC).

Results

Descriptive Statistics
The OASIS registry contained 414,568
individuals from Ontario aged 18 years
or older in 1996 with incident asthma
between 1996 and 2009. Approximately
1.5% (n = 6,040) of the study population
participated in the CCHS and provided
data on risk factors of interest. Of these
CCHS participants, 630 (10.4%) developed
COPD and were ACOS cases. Table 1
shows the demographic characteristics of

the study population stratified by those who
developed COPD (the ACOS group) and
those who did not (the non-ACOS group).
The ACOS group, when compared with the
non-ACOS group, was significantly older at
the time of asthma incidence (59.96 13.0
vs. 48.56 15.6 yr, P, 0.001). Both groups
had a higher proportion of women than
men (62.5 vs. 67.4%, P = 0.014). The
ACOS group also had more coexisting
major comorbid chronic diseases,
including angina, congestive heart
failure, diabetes, hypertension, ischemic
heart disease, stroke, acute myocardial
infarction, and lung and nonlung
cancers.

Exposure to PM2.5 and O3

Table 2 summarizes the mean daily
maximum levels of exposure to PM2.5

(mg/m3; from 2003 to 2013) and O3 (ppb;
from 1996 to 2013) in ACOS and non-
ACOS groups. There were no statistically
significant differences in the average of
maximum exposure levels between the two
groups. Information on lifestyle factors

(smoking status and BMI) was available
from the CCHS data. The level of exposure
to markers of pollution did not differ
between smokers and nonsmokers or
between those who were classified as obese
(BMI> 30) and underweight or healthy
body weight (BMI, 30).

Figure 2 shows the distributions of O3

from 1996 to 2013 and PM2.5 from 2003 to
2013. Although the level of PM2.5 showed a
steady decline over time, the level of O3

remained relatively stable.

Association between Exposure and
ACOS
Table 3 shows the level of health services
use in the ACOS and non-ACOS groups. In
general, the ACOS group had a higher
mean health service use per 100 persons per
year before COPD diagnosis, specifically for
ED visits (42 compared with 23 in non-
ACOS) and physician office visits (239,
compared with 155 in non-ACOS) for
asthma or asthma-related causes.

Table 4 shows results from the Cox
proportional hazards regression analysis.

Table 2. Mean Daily Maximum Exposure Levels to PM2.5 (2003–2013) and O3 (1996–2013) in Patients with and without
Asthma–Chronic Obstructive Pulmonary Disease Overlap Syndrome by Smoking Status and Body Mass Index

Groups No.

PM2.5 (mg/m3) O3 (ppb)

Median Mean SD IQR Median Mean SD IQR

Overall 6,040 15.1 15.0 1.6 13.6–16.0 39.2 39.3 1.4 38.4–40.4
Smoking status
Smokers 3,135 14.8 14.9 1.6 13.6–16.0 39.3 39.3 1.4 38.5–40.3
Nonsmokers 2,905 15.4 15.0 1.5 13.8–16.0 39.2 39.3 1.5 38.3–40.4

Weight categories
Underweight and normal (BMI, 30) 4,101 15.2 15.0 1.6 13.7–16.0 39.2 39.3 1.5 38.3–40.3
Obese (BMI> 30) 1,504 14.8 14.9 1.6 13.6–16.0 39.3 39.4 1.4 38.6–40.3
Missing BMI 435 15.4 15.2 1.7 13.8–16.1 39.3 39.3 1.5 38.3–40.4

ACOS
Overall 630 15.4 15.2 1.7 13.8–16.2 39.3 39.5 1.4 38.6–40.5
Smoking status

Smokers 474 15.2 15.1 1.7 13.8–16.2 39.3 39.4 1.4 38.6–40.4
Nonsmokers 156 15.6 15.4 1.7 14.2–16.4 39.3 39.5 1.5 38.5–40.5

Weight categories
Underweight and normal (BMI, 30) 379 15.6 15.3 1.7 13.8–16.2 39.3 39.5 1.4 38.6–40.5
Obese (BMI> 30) 170 15.1 15.0 1.7 13.6–16.1 39.3 39.5 1.4 38.7–40.4
Missing BMI 81 15.2 15.3 1.8 13.9–16.3 39.3 39.4 1.4 38.3–40.2

Non-ACOS
Overall 5,410 15.1 14.9 1.6 13.6–16.0 39.2 39.3 1.5 38.3–40.3
Smoking status

Smokers 2,661 14.8 14.9 1.6 13.5–16.0 39.2 39.3 1.4 38.4–40.3
Nonsmokers 2,749 15.3 15.0 1.5 13.8–15.9 39.2 39.2 1.5 38.3–40.4

Weight categories
Underweight and normal (BMI, 30) 3,722 15.2 14.9 1.5 13.6–15.9 39.2 39.2 1.5 38.3–40.3
Obese (BMI> 30) 1,334 14.8 14.9 1.6 13.5–16.0 39.2 39.3 1.4 38.6–40.3
Missing BMI 354 15.4 15.2 1.7 13.8–16.0 39.2 39.3 1.6 38.3–40.4

Definition of abbreviations: ACOS = asthma–chronic obstructive pulmonary disease overlap syndrome; BMI = body mass index; IQR = interquartile range;
O3 = ozone; PM2.5 = particulate matter< 2.5 mm.
Smokers included those self-identified as an ever smoker, and obese individuals were those with calculated BMI> 30.
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All regression models were adjusted for age
at asthma incidence, sex, rural residence,
SES, and coexisting morbidities. Overall, the
HRs of PM2.5 and O3 were higher in the
single-pollutant regression models. Although
O3 was statistically significant in the single-
pollutant model, when adjusted by the levels
of PM2.5 in the two-pollutant model, its
coefficient was reduced and was no longer
statistically significant. The coefficient of
PM2.5 was also reduced in the two-pollutant
model but remained statistically significant.
Based on the two-pollutant model, the
estimated adjusted HR of ACOS and
cumulative exposures to PM2.5 (per 10
mg/m3) and O3 (per 10 ppb) were 2.78 (95%
CI, 1.62–4.78) and 1.31 (95% CI, 0.71–2.39),
respectively. Detailed HRs of all covariates
can be found in Table E2A.

Additional sensitivity analyses were
conducted to assess the potential

overadjustment by including comorbidity as a
covariate. The regression model without
adjusting for comorbidities yielded HRs
slightly higher than the adjusted model for
PM2.5 but showed relatively no change for O3.
For PM2.5 and O3, the HRs of the unadjusted
and adjusted models changed from 2.86 to
2.78 (2.8% change) and 1.30 to 1.31 (0.8%
change), respectively. The lower HRs after
adjustment indicated that a small fraction of
the risk of COPD could be attributed to
existing comorbidities. Coexistence of
congestive heart failure and angina showed
the highest HRs, albeit statistically
nonsignificant (see details in Table E2B).

Discussion

This study found the risk of developing
COPD in those with asthma was nearly

tripled when exposed to higher levels of
PM2.5 after adjusting for potential
confounders. Despite a decrease in levels
of air pollution, this population-based
study found an increase in the subsequent
development of COPD in the population
with asthma (ACOS) over time.
The ACOS group also had higher
health service use than the non-
ACOS group, which included more
frequent asthma- and COPD-related
hospitalizations and ED and physician
office visits.

Although others suggested common
risk factors for asthma and COPD
(such as age, smoking, bronchial
hyperresponsiveness, etc.), the Dutch
hypothesis (35, 52) further postulated that
asthma and bronchial hyperresponsiveness
predispose individuals to the development
of COPD later in life and that asthma,
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Figure 2. Distribution of mean levels of markers of pollution in Ontario, 1996 to 2013. O3 = ozone; PM2.5 = particulate matter< 2.5 mm.
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COPD, chronic bronchitis, and emphysema
are different expressions of a single
airway disease. It is recognized that these
conditions or their expressions may be
influenced by both the host and
environmental factors (32), including
exposures to air pollution. To date, limited
epidemiological studies have actually
identified and/or quantified the risk of
ACOS. Our study adds evidence to research
that chronic exposure to air pollution may
contribute to significant morbidity and
contribute to the development of COPD in
individuals with preexisting asthma.
Better knowledge of the risk of
environmental exposures and ACOS may
help understand and develop preventative
strategies to modify the progressive

deterioration of lung function that leads
to COPD (32).

This study found that although
ACOS and non-ACOS groups were exposed
to similar mean maximum levels of air
pollution over time, those who were exposed
to higher absolute values of PM2.5 and O3

were at higher risk of developing ACOS.
Although the ACOS and non-ACOS
groups were exposed to similar levels of
air pollution, they differed significantly in
SES, age, and prevalence of coexisting
morbidities. Previous research has
suggested that healthy adults who were
exposed to air pollutants in a controlled
environment (i.e., in a clinical trial setting)
expressed much variability in the
observed or measured effects (53). This

suggests that the same environmental
exposures may influence variability in
disease (or health effect) risks depending
on host factors such as age, sex, early life
exposures, family history, and disease
comorbidities (54). The degree of sensitivity
to environmental exposures may vary
among different at-risk subpopulations
too. It has been suggested that host
factors such as atopy, nutritional status,
SES, and chronic stress may influence the
effects of air pollution on asthma (55–59).
There is also research that suggested a link
between chronic exposure to PM during
childhood and vulnerability to COPD in
adulthood (60). It is important for future
research to examine the interplay between
gene–environment interactions and the

Table 3. Health Services Use per 100 Person-Years in Patients with and without Asthma–Chronic Obstructive Pulmonary Disease
Overlap Syndrome

HSU ( per Person per Year )

ACOS (n = 630) Non-ACOS (n = 5,410)

No. People
with HSU Median Mean SD

No. People
with HSU Median Mean SD

Asthma specific
Hospitalization 62 14.0 21.5 19.6 275 8.0 12.0 11.7
ED visits 108 19.2 33.2 68.5 667 10.5 15.7 20.9
Physician office visits 573 45.0 82.4 115.3 5,065 22.7 40.3 61.6

Asthma related
Hospitalization 67 14.7 18.5 12.6 371 8.4 12.9 12.2
ED visits 274 22.7 34.2 44.5 1,955 12.7 20.5 22.8
Physician office visits 595 120.7 171.6 170.1 5,211 84.5 120.5 121.1

Asthma specific or asthma related
Hospitalization 117 15.7 22.0 18.4 596 8.8 13.6 13.4
ED visits 312 25.6 41.5 66.1 2,202 13.9 23.0 28.5
Physician office visits 626 178.5 238.6 226.5 5,384 115.1 154.6 144.1

Definition of abbreviations: ACOS = asthma–chronic obstructive pulmonary disease overlap syndrome; ED = emergency department; HSU = health service
use.
For ACOS, HSU was counted between asthma incidence and COPD diagnosis date. For non-ACOS, HSU was counted between asthma incidence and
the end of the study (March 31, 2014). Only people with HSU were included in the analysis. Asthma-related causes include: acute respiratory infections,
pneumonia and influenza, atopic dermatitis, gastroesophageal reflux disorder, heartburn, and allergic contact dermatitis.

Table 4. Unadjusted and Adjusted Hazard Ratios of Asthma–Chronic Obstructive Pulmonary Disease Overlap Syndrome and
Exposures to Air Pollutants from Cox Regressions

Covariates

Single Pollutant: PM2.5 Single Pollutant: O3 Two Pollutants: PM2.5 and O3

Adjusted*
HR

95% CI Adjusted*
HR

95% CI Adjusted*
HR

95% CI

P ValueLower Upper P Value Lower Upper P Value Lower Upper

PM2.5, 10 mg/m3 3.06 1.86 5.04 ,0.0001 2.78 1.62 4.78 0.0002
O3, 10 ppb 2.05 1.17 3.60 0.0122 1.31 0.71 2.39 0.3851
Ever smoker 3.18 2.64 3.83 ,0.0001 3.13 2.60 3.78 ,0.0001 3.17 2.63 3.82 ,0.0001
BMI> 30 1.32 1.09 1.60 0.0043 1.30 1.08 1.58 0.0063 1.32 1.09 1.60 0.0042

Definition of abbreviations: BMI = body mass index; CI = confidence interval; HR = hazard ratio; O3 = ozone; PM2.5 = particulate matter< 2.5 mm.
*Other covariates included: age at asthma incidence, sex, socioeconomic status proxy measured by deprivation quintile, rural residence, other coexisting
chronic diseases morbidity.
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host response to environmental air
pollutants. Results may help to identify
susceptible subpopulations that are
vulnerable to air pollution and to target
preventive strategies.

This study also showed that those who
developed ACOS had higher levels of health
service use, including asthma-specific and
asthma-related hospitalizations and ED and
physician office visits. This higher frequency
of health service use is important to note, as
it may serve as a risk marker of developing
COPD due to poor asthma control, frequent
asthma exacerbations, and remodelling of
airways to a fixed airway disease.

In addition to increasing frequency of
health service use, it can be hypothesized
from previous research that these
individuals have more symptoms that affect
their daily living, are more likely to take
more time off from work, and have lower
health-related quality of life (30–33). The
public health message is not to reduce
outdoor activities but rather to revise the
schedule of these outdoor activities to avoid
maximum adverse health impact (e.g.,
avoid running during times when PM2.5 is
at its peak during traffic commute times).
Recent research (61) has begun to explore
the utility of mobile health applications and
real-time web portals that advise
individuals of current air pollutant levels.
Interventions such as these have the
potential to increase self-management and
enhance patient empowerment as air
quality fluctuates over time and across
different geographical regions.

This study has several strengths,
including the use of large-scale population-

based data covering an 18-year period and
well-defined geographic regions. Data were
also linked to multiple years of provincial air
pollution data and population survey data
to allow for a broader evaluation of the
impact of confounding and risk factors on
the development of COPD in the asthma
population. The study is also strengthened
by the adjustment of important health
risk factors, including smoking status and
BMI, in the analysis of the relationship
between air pollution and COPD.

Despite these strengths, a few
limitations should be noted. First, the use of
fixed exposure monitoring sites may lead to
potential misclassification, particularly in
the large northern CDs where there are a
limited number of monitors. However, it has
been shown that with exposure measured on
a numerical scale, it leads to minimal bias in
regression (62). In addition, although the
individual health administrative data
definitions of asthma and COPD have been
previously validated through chart
abstraction studies (38, 40, 46), the
definition of ACOS has not yet been
validated. Currently, a validated definition
of ACOS that can be applied to health
administrative data does not exist;
therefore, there is still a potential for
misclassifying asthma as COPD. Research
has suggested that exposure to air pollution
may increase airway remodelling in
individuals with asthma who then develop
chronic/fixed airflow limitation/obstruction
or COPD. By restricting our study
population to those with asthma, it allowed
us to estimate the probability of disease
“progression.” However, individuals with

asthma may be susceptible to develop
“COPD” from air pollution and therefore
they may have two diseases. Our study
based on health administrative data lacks
detailed clinical measures to either
differentiate phenotypes of ACOS or fully
study the natural history of ACOS.
Nonetheless, the use of population-based
data with large sample sizes allowed us to
adjust our Cox regression models to be fully
adjusted for multiple potential confounders
(i.e., age of asthma incidence, sex, SES,
coexisting morbidities, smoking history,
and BMI) when estimating the hazard risk
for COPD. As the overlap of asthma and
COPD are being recognized more
commonly, future research should consider
validating a health administrative definition
of ACOS that can be used globally to
identify individuals with ACOS and link
them to other health administrative data.

Conclusions
In conclusion, this study found that those
with asthma who were exposed to higher
levels of PM2.5 and O3 had a greater risk of
developing COPD (ACOS). The ACOS
group also had higher health service use
than the non-ACOS group. Future research
should consider validating a health
administrative definition of ACOS and
further exploring the interaction between
smoking, obesity, and other lifestyle risk
factors and exposures to air pollution on
the development of COPD in individuals
with asthma. n

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