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Abstract

Background: Exacerbations of chronic obstructive pulmonary disease (COPD) contribute greatly to increased
morbidity, mortality and diminished quality of life. Recent studies report moderately strong positive associations
between exposures to several air pollutants and COPD-related emergency department (ED) visits and hospital
admissions (HA). Studies that use clinically defined exacerbations rather than counting ED visits and HA may be
more sensitive to environmental triggers like air pollution, but very few such studies exist. Participants in a COPD
disease management group living in an area of low air pollution and who were followed closely for the earliest
signs of an exacerbation provided an opportunity to study associations between air pollution and COPD exacerbation.

Methods: Associations between short term exposures to air pollutants, including sulfur dioxide (SO2), nitrogen dioxide
(NO2), and particulate matter < 2.5 microns (PM2.5), and COPD exacerbation were assessed among 168 patients
residing in central Massachusetts, a region with air pollution levels well below USEPA National Ambient Air
Quality Standards (NAAQS). Case-crossover analyses and multivariate conditional logistic regression were used
to estimate associations between 7-day average concentrations of each air pollutant, as measured at central site
monitors, and COPD exacerbation experienced in the patients’ homes during the period 2012–2013, while
controlling for temperature and self-reported influenza.

Results: We found that short-term exposures to SO2 were associated with an increase in COPD exacerbation risk
(odds ratio (OR) = 2.45, 95 % CI: 1.75–3.45 per 1 ppb increase) after adjustment for PM2.5. Short-term exposures to
NO2 concentrations showed a weaker association, (OR = 1.17, 95 % CI: 1.05–1.30 per 1 ppb increase) after
adjustment for PM2.5. An unexpectedly modest negative association was seen for short-term exposures to PM2.5.

Conclusions: Despite living in an area with air pollution concentrations below current USEPA NAAQS, these
COPD patients appeared to suffer increased risk of COPD exacerbation following short-term exposures to
increased concentrations of SO2 and NO2. An unexpected negative association with PM2.5 may result from the
complex air chemistry of low level PM in this region.

Keywords: Air pollution, Sulfur dioxide, Nitrogen dioxide, Particulate matter, Chronic obstructive pulmonary
disease, Case-crossover

Background
Chronic obstructive pulmonary disease (COPD), char-
acterized by irreversible airflow obstruction, is one of
the leading causes of morbidity, mortality and health-
care costs in the United States. Exacerbations of existing
COPD, defined as short-term episodes during which the
normal inflammatory process is enhanced [1, 2], contrib-
ute greatly to increased morbidity and diminished quality

of life among COPD patients, with higher exacerbation
frequencies associated with poorer health status, increased
hospitalizations, and increased costs [1–3]. In the United
States, the estimated direct and indirect costs of COPD
are $29.5 billion and $20.4 billion, respectively, with ex-
acerbations accounting for the largest proportion of the
total economic burden [1]. The economic burden of
COPD is likely to be comparable in other developed
countries. Well known risk factors for these acute exac-
erbations include bacterial and viral infections, as well
as exposures to tobacco [2] and some workplace dusts
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and fumes [1]. Recent literature also suggests that cer-
tain weather and air quality conditions may trigger an
exacerbation of COPD symptoms [4–6]. COPD exacer-
bations are studied epidemiologically in a variety of
ways; the air pollution literature has tended to count
emergency department (ED) visits, hospital admissions
(HA), or mortality, while studies of risk factors like infec-
tion and alternative disease management strategies have
used clinical definitions such as increased respiratory
symptoms or increased use of steroids and antibiotics.
USEPA has set National Ambient Air Quality Standards

(NAAQS) for six criteria air pollutants considered harmful
to public health [7]. Four of these are of particular concern
to respiratory health and include particulate matter (PM),
sulfur dioxide (SO2), nitrogen dioxide (NO2), and ozone
(O3). PM is a complex mixture of solid particles and liquid
droplets suspended in air and is primarily produced
during combustion of fossil fuels by transportation and
stationary sources [8]. NAAQS have been set for two
particle size fractions; PM10 which includes inhalable
particles of 10 micrometers or less, and PM2.5 which
includes fine inhalable particles of 2.5 micrometers or
less. SO2 is primarily produced from combustion of
fossil fuels by electric utilities and industry, while less
so by transportation related sources [9]. NO2 typically
forms from incomplete combustion of nitrogen-containing
chemicals, with the largest sources in the US being mo-
bile sources, electric generating units, and industrial/
commercial/residential fuels [10]. O3 is created in the
atmosphere by chemical reactions between volatile organic
compounds (VOCs) and oxides of nitrogen (NOx) [7]. In-
dividuals with pre-existing respiratory disease (for example,
COPD) are potentially susceptible to low concentrations of
these four outdoor air pollutants. This study focuses on
short-term exposures to SO2, NO2, and PM2.5; O3 was
excluded since this pollutant is not measured continu-
ously throughout the year in our study area.
Outdoor air pollutants (PM2.5, NO2, and SO2) are well-

established risk factors for COPD exacerbation [1, 4],
although most studies evaluating these relationships
have been conducted in regions with high levels of out-
door air pollution (such as southern California and
Hong Kong). Less is known regarding the association
between low levels of these outdoor air pollutants and
acute exacerbations of COPD that do not result in EDs
or HAs. Two epidemiologic studies were identified in
published literature that specifically evaluated outdoor
air pollution and COPD exacerbations experienced in the
patients’ homes [11, 12]. Both studies were completed in
London; one reporting increased and the other reporting
decreased risk of exacerbation following exposures at
comparable concentrations.
This study quantified the association between short

term exposures to low levels of outdoor SO2, NO2, and

PM2.5 and COPD exacerbation among a group of patients
residing in central Massachusetts over a 15-month study
period, using a case crossover study design. A major
advantage of this study design was that many of the im-
portant potential subject-level confounders that remain
constant throughout the study period (i.e., age, gender,
housing characteristics, co-morbities, and smoking his-
tory) were controlled by design (in a case-crossover study,
each subject can be seen as “serving as their own control”)
[13, 14]. This study also had the benefit of controlling for
a number of potential subject-level confounders that vary
over time but have rarely been considered in published
literature (i.e., respiratory infections, time spent outdoors,
health status prior to the event, and physical activities).
This robust control for confounding coupled with our
sensitive case definition of COPD exacerbation allowed us
to detect effects that may not have been captured in some
of the larger time series studies that evaluated COPD-
related ED/HA, particularly those in regions with higher
levels of air pollution.

Methods
Study population
The study population was drawn from a COPD disease
management group (DMG), maintained by a large medical
practice located in Worcester County, Massachusetts. The
city of Worcester, located in central Massachusetts, is the
third largest city in New England with a population of
approximately 180,000 and an estimated population of
6 million within a 50 mile radius [15]. Outdoor air pol-
lution throughout this region is relatively low, with long
term annual average concentrations of all primary pol-
lutants consistently falling well below their respective
USEPA NAAQS. All recruited participants had received
a physician diagnosis of COPD and had no other lung
disease (such as interstitial lung disease or lung cancer),
with the exception of asthma. All study materials and
protocols were approved by the Reliant Medical Group
Institutional Review Board.

Data collected
The data were gathered in a prospective case crossover
study designed to evaluate the relationship between in-
door and outdoor environmental triggers and exacerba-
tion of existing COPD. Cases were defined as periods of
worsening symptoms, which were confirmed by a nurse
to require additional oral steroids or antibiotics. During
a 15-month study period (January, 2011 to March, 2012),
enrolled participants were instructed to call clinic nurses
when, following their prescribed DMG treatment plan,
they had begun to use their pre-filled medications to treat
worsening respiratory symptoms. On this telephone call, a
nurse confirmed whether the patient was in fact experien-
cing an exacerbation and then asked a standard series of
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questions concerning the patient’s daily living behaviors
and activities in the previous week, referred to here as the
“exposures questionnaire”. These data, collected at the
time of exacerbation (or shortly after), represented the
participants’ case periods. The same exposures question-
naire was also administered via telephone at one to three
randomly identified times when the participants were
not experiencing symptoms of an exacerbation. These
data, collected during “healthy weeks”, represented the
participants’ control periods. A baseline questionnaire
was also administered upon recruitment to gather in-
formation on demographics, health status, smoking his-
tory, occupational history and housing characteristics.
This paper reports findings of associations between

COPD exacerbation and exposures to outdoor air pol-
lutants; a second paper covers results of investigations
of household exposures, and activities of daily living.
As discussed further below, this division was feasible
because we found no evidence of confounding or effect
modification of the air pollution risks by any of these risk
factors. Temperature and humidity, and colds and flu
exposures were also investigated and are discussed here.

Exposure data: air pollution, weather and influenza
Real-time continuous outdoor air measurements, reported
as hourly averages, were available from USEPA’s Air Qual-
ity System (AQS) for SO2, NO2 and PM2.5 at the nearby
Worcester (EPA monitor # 025-027-0023), Ware (EPA
monitor #025-014-4002) and Springfield (EPA monitor
# 025-013-0016) central site monitors [16]. 24-h daily
average concentrations were extracted for each pollu-
tant and monitor combination. PM2.5 data were avail-
able at all three monitors as 24-h mass based and 1-h
continuous measurements. For this study, we chose to
use continuous monitoring data for PM2.5 because it
resulted in the richest dataset and is consistent with
recent air pollution studies. However, since there is
some debate regarding the accuracy of these types of
continuous measurements, we verified that continuous
measurements were appropriate to use for our study
period and locations with USEPA’s PM2.5 Continuous
Monitor Comparability Assessment online application,
prior to this decision [17].
Data for important meteorological variables (i.e., tem-

perature and humidity) were exported as 24-h daily
averages from the National Oceanic and Atmospheric
Administration’s (NOAA) National Climatic Data Center
(NCDC) for the Worcester Regional Airport meteoro-
logical site [18]. Data on regional trends of influenza were
obtained from the US Outpatient Influenza-like Illness
Surveillance Network (IliNet), available from the Center
for Disease Control’s (CDC) FluView application [19]. The
percent of weekly outpatient visits, recorded across all
of New England, for influenza-like-illness (defined as

fever (temperature of 100 °F or greater), cough, and/or
sore throat) was extracted and served as a proxy for re-
gional flu trends. Self-reports of respiratory infections
in the prior week were also available from the expo-
sures questionnaire, and we compared the two sources
of cold/flu data.

Statistical analysis
Associations between short-term exposures to outdoor
air pollution and COPD exacerbation were quantified
with conditional logistic regression in SAS, Version 9.3.
Exacerbations were first modeled for single pollutants,
with each pollutant serving as the main explanatory
variable and COPD exacerbation as a dichotomous out-
come (conditional on the individual subject IDs), and
then for various combinations of multiple pollutants.
Model building was accomplished by adding new vari-
ables into the regression model manually based on the
−2 log likelihood (−2LL) and strength of association.
Main effect estimates were expressed as odds ratios
(OR) for a one micro per cubic meter (ug/m3) or part
per billion (ppb) increase in pollutant concentration.
Pollutant concentrations were modeled as the one-to-

seven-day average of daily 24-h average concentrations,
as reported in Worcester, Ware, and Springfield, MA.
This spatial-temporal exposure metric was selected after
completing a sensitivity analysis which investigated single
day lags (up to a maximum of seven days) and multi-day
averages (0–1 days, 1–2 days, 1–3 days, 1–5 days and 1–7
days) using various combinations of the three monitors
[4]. In brief, concentrations were averaged across all three
monitors because this aggregation of data provided the
best fitting models and the strongest effect estimates. This
approach is also consistent with the residential location of
study participants and typical east-to-west wind patterns
observed in this region [18], as well as supported in the
USEPA Integrated Science Assessment document for
PM [8]. Daily concentrations were averaged across the
seven previous days because this metric resulted in the
best fitting models, strongest effect estimates and was
consistent with our exposure questionnaire, in which
participants were asked to recall exposures in the previous
week. A multi-day averaging time was also appropriate for
this study since the exact date of exacerbation was defined
by the day that patients contacted the nurses to say their
symptoms had worsened. Patients may have been sick a
few days before they called; the nurses took patients’
calls during normal working hours (7 am-5 pm, Monday
through Friday).
Confounding was evaluated by adding variables into

the model and observing changes in effect size. Potential
confounders were identified a priori in published literature
and include meteorological variables (such as temperature
and humidity), self-reported information from the
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exposures questionnaire (such as hours spent outdoors, ex-
ercise, respiratory and non-respiratory infections) and sea-
son. All confounders were evaluated using the same seven
day averaging time as the air pollutants, where applicable.
Two chronic COPD factors were investigated as possible

effect modifiers of the association between outdoor air
pollution and risk of exacerbation: COPD severity and the
presence/absence of asthma as a co-condition. The Global
Initiative for Chronic Obstructive Lung Disease (GOLD)
defines a widely-used COPD severity classification scheme
based on the forced expiratory volume in one second
(FEV1) [1]. GOLD classifies severity of airflow limitation
among COPD patients as “mild” to “very severe” as fol-
lows; mild = FEV1 ≥ 80 % predicted, moderate = 50 % ≤
FEV1 < 80 % predicted, severe = 30 % ≤ FEV1 < 50 % pre-
dicted, and very severe = FEV1 < 30 % predicted [1]. All
participants were dichotomously classified with either
mild-moderate or severe-very severe COPD using this
GOLD classification scheme. A co-condition of asthma
was defined using self-reported history of ever receiving
a doctor diagnosis of the disease.
Potential non-linear relationships between air pollu-

tant concentrations and COPD exacerbation were evalu-
ated by plotting univariate restricted cubic splines (RCS).
RCS provide a flexible nonparametric approach to study
the shape of the association, while replacing the linear
function of the exposure with a smooth non-linear func-
tion [20, 21]. We used the SAS macro “lgtphcurv9”, which
implements natural cubic spline methodology to fit po-
tential non-linear response curves in logistic regression
models for case-control studies [22]. A number of dif-
ferent splies with varying knots were investigated, with
ORs plotted on the y axis and pollutant concentrations
on the x axis. All splines were completed while maintain-
ing the match between study subjects and with exposure
reference levels set to the first quartile concentration of
each pollutant. RCS were also developed for temperature
and humidity, with reference values represented by as-
sumed “comfortable” or low risk conditions (such as a
temperature of 70 °F). Likelihood ratio tests were per-
formed to test for linear relations and model fit was
compared between the linear and spline models.

Results
A total of 246 COPD patients were enrolled in this
study; 75 were subsequently excluded since they did
not have at least one exacerbation over the course of
the study period and three were excluded because they
were hospitalized or in a long-term care facility within
the seven days prior to completing one of their exposure
questionnaires. The final sample population included
168 COPD patients, contributing information to 231
exacerbation and 389 control periods. In general, these
participants were predominantly white, over the age of

65, retired and with severe to very severe COPD
(Table 1). A majority of participants were ex-smokers
while 20 % still smoked at the start of the study. Nearly
half had received a doctor diagnosis of asthma. 65 % of
participants experienced one exacerbation over the
study period, while 30 % experienced two exacerbations
and 5 % experienced three exacerbations.
Average daily NO2 concentrations measured in Worcester,

Ware and Springfield ranged from 2.79 ppb to 40 ppb,
average SO2 concentrations ranged from 0.28 ppb to
7.51 ppb and average PM2.5 concentrations ranged from
0.45 ug/m3 to 37 ug/m3 (Table 2). These concentrations
are far below current National Ambient Air Quality
Standards (NAAQS), set at an annual concentration of
53 ppb for NO2, an annual concentration of 12 ug/m3

for PM2.5, and a one hour concentration of 75 ppb for
SO2 [7–10]. The mean concentration of PM2.5 was 71 %
of current NAAQS while the mean concentration of NO2

was 21 % of current NAAQS (Table 2). When SO2 is com-
pared to the previous 1971 NAAQS, which was based on
an annual mean concentration, the yearly mean in our
study location was 7 % of the standard. We did not com-
pare to current SO2 NAAQS, as this value is now based
on a 1 h maximum.
The concentrations of all three pollutants showed

typical patterns of higher and more variable concentra-
tions in the winter months (data not shown). Pollutant
concentrations were highly correlated with one another
in the winter (Table 3), while in spring and summer

Table 1 Demographics of sample population (n= 168 participants)

Age (mean years, SD) 70.1 (9.78)

Female, % (n) 60.1 (101)

Race, % (n)

White 97 % (163)

Black 1.2 % (2)

Other 1.8 % (3)

Disease Severity, % (n)a

Mild 1.8 % (3)

Moderate 23 % (38)

Severe 50 % (82)

Very Servere 18 % (30)

Normal FEV1/FVC with COPD symptoms 7.1 % (12)

Inadequate spirometry (missing) 1.8 % (3)

Doctor diagnosed asthma, % (n) 43 % (73)

Smoking Status, % (n)

Current smoker 19 % (30)

Ex smoker 81 % (131)

Never smoked 4.2 % (7)

Pack Years (mean, SD) 52 (30.89)
aDisease severity based on GOLD classification
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they were weakly correlated. Pollutant concentrations
tended to be poorly correlated with temperature and hu-
midity, with the exception of PM2.5 and temperature in
the spring (r = 0.52) and summer (r = 0.62).
Self-reported exposure to cold temperatures in the

previous week modestly increased the risk of exacerba-
tion (OR = 1.16, 95 % CI: 0.78–1.70), while self-reported
exposure to hot temperatures decreased the risk of

exacerbation (OR = 0.50, 95 % CI: 0.34–0.75). When
temperature was evaluated as a continuous linear term,
using the 1–7 day average of measurements recorded at
Worcester Regional Airport, a weak negative association
was observed (OR = 0.96, 95 % CI: 0.95–0.98), further
suggesting a decreased risk of exacerbation with increas-
ing temperatures. Similar effects were observed when
using the 1–2 day and 1–3 day averages of temperature
as linear terms. The RCS, however, identified a mark-
edly non-linear relationship between temperature and
exacerbation, and showed considerable improvement in
model fit over the linear model (−2LL = 384 and 443
for RCS and linear model, respectively) (Fig. 1). The
spline was therefore used to create a trichotomous vari-
able with cut points at the approximate inflection
points of 40 °F and 50 °F (4.4 °C and 10 °C). When this
categorical representation of temperature was included in
the conditional logistic regression model with cold-cool
temperatures set as the reference group, a strong positive
association was observed for moderate temperatures
and exacerbation (OR = 2.50, 95 % CI: 1.51–4.12), while
a strong negative association was found for the warm-
hot temperatures and exacerbation (OR = 0.55, 95 % CI:
0.36–0.81).
Humidity was only modestly correlated with temperature

(r = 0.27), but exhibited a similar non-linear relationship
with risk of exacerbation. Analogous to the approach just
described for temperature, a dichotomous relative humidity
variable was created from the spline (not shown), which

Table 2 Summary statistics for air pollutant and meteorological
variables

Pollutant or
meteorological
variable (units)a

Minimum Maximum Mean ± St. dev Mean as %
of NAAQSb

PM2.5 (ug/m
3) 0.45 37.0 8.56 ± 5.4 71 %

NO2 (ppb) 2.79 40.0 11.0 ± 5.0 21 %

SO2 (ppb) 0.28 7.51 1.99 ± 0.91 7 %

Relative
Humidity (%)

22.4 93.9 68.7 ± 13.9 –

Temperature (°F) 0.96 83.8 49.8 ± 17.1 –

Temperature (°C) −17.2 28.8 9.89 ± −8.3
aAir pollutants: based on daily averages measured in Worcester, Ware
and Springfield
Temperature and humidity: based on daily averages from Worcester
Regional Airport
bRelevant USEPA National Ambient Air Quality Standards (NAAQS)
PM2.5 = 12 ug/m3 annual mean, averaged over 3 years
NO2 = 53 ppb annual mean
SO2 = 30 ppb annual mean (based on USEPA 1971 value, which was revoked
in 2010 and replaced with a 1-h maximum)

Table 3 Correlation between air pollutant and meteorological variables

SO2
a NO2

a PM2.5
a Temperatureb

NO2
a Spring: 0.14 – – –

Summer: −0.03

Fall: 0.52**

Winter: 0.80**

PM2.5
a Spring: 0.30** Spring: 0.41** – –

Summer: 0.20* Summer: 0.45**

Fall: 0.39** Fall: 0.73**

Winter: 0.79** Winter: 0.83**

Temperatureb Spring: 0.34** Spring: 0.02 Spring: 0.52** –

Summer: 0.24** Summer: 0.15* Summer: 0.62**

Fall: 0.02 Fall: −0.04 Fall: −0.15*

Winter: −0.13 Winter: 0.09 Winter: 0.11

Relative Humidityb Spring: 0.09 Spring: 0.07 Spring: −0.01 Spring: −0.25**

Summer: −0.13 Summer: 0.02 Summer: −0.07 Summer: 0.22**

Fall: −0.14* Fall: −0.24** Fall: −0.28** Fall: 0.38**

Winter: −0.02 Winter: 0.03 Winter: 0.08 Winter: 0.22**

Values shown are Pearson Correlation Coefficients; * indicates p < 0.05 and ** indicates p <0.0001
a24-h average concentrations; Worcester, Ware and Springfield monitors from 2011 to 2012
b24-h average measurements; Worcester Regional Airport meteorological site from 2011–2012
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indicated a logical cut point at 65 % relative humidity.
The linear and dichotomous relative humidity variables
did not fit the COPD exacerbation risk as well as
temperature, and so humidity was not further evaluated.
Strong effects were also observed for season, with the
strongest risk of COPD exacerbation in the fall (OR =
6.64, 95 % CI: 3.83–11.5), followed by spring (OR = 2.59,
95 % CI: 1.55–4.35) and winter (OR = 2.38, 95 % CI: 1.37–
4.11). Since temperature was highly correlated, season was
not further evaluated.
Several different variables were investigated to study ef-

fects of respiratory infections on COPD exacerbation in-
cluding: self-reported respiratory infection, non-respiratory
infection, and sinus infection, as well as regional influ-
enza trends (Table 4). The strongest association, by far,
was found for self-reported respiratory infections (OR =
8.14, 95 % CI: 4.67–14.2). This effect was twice as strong
as that estimated with CDC’s indicator of flu (OR = 3.78,
95 % CI: 1.54–9.28), suggesting stronger effects when
using individual level rather than population level data.
Self-reported exercise and hours spent outdoors were

negatively associated with COPD exacerbation (Table 4).
This may be because those who exercised and spent time
outdoors were healthy enough to do so and therefore less
likely to exacerbate. It may also be that those soon to
exacerbate were aware of the impending exacerbation and
adjusted their behavior to intentionally avoid more
strenuous activities.
In single-pollutant models, SO2 and NO2 were found to

be positively associated with COPD exacerbation, OR =
2.78 (95 % CI: 2.08–3.70) and OR = 1.17 (95 % CI: 1.09–

1.25), respectively. Effect estimates were slightly weakened
for SO2 (OR = 2.28 (95 % CI: 1.64–3.19) and NO2 (OR =
1.06 (95 % CI: 0.98–1.16) when temperature and self-
reported respiratory infection were included in the model,
suggesting some confounding by these latter variables.
Unexpectedly, a small negative effect for PM2.5 and
COPD exacerbation was identified (OR = 0.93 (95 % CI:
.088–0.99), which was unaffected by temperature and
self-reported respiratory infection (Table 5). Self-reported
hours outdoors and exercise did not confound these asso-
ciations or improve model fit.
A positive linear association for both SO2 and NO2

and risk of COPD exacerbation was seen in univariate
restricted cubic splines (tests for linearity yielded
p values < 0.0001) while a negative linear association
was observed for PM2.5 and COPD exacerbation
(p = <0.0001). For all three pollutants, linear and RCS
models had comparable fits (−2LL improvement of less
than 1 %), suggesting that the use of a flexible smooth-
ing splines did not improve upon the more parsimoni-
ous linear models.
In order to gain insight into which individual pollut-

ants might influence COPD exacerbation independently
of the effects of other pollutants, multi-pollutant models
were explored (Table 5). In multi-pollutant conditional
logistic regression models, effect estimates were stronger
and model fit improved for SO2 and NO2 after adjustment
for PM2.5, and vice versa. When both SO2 and NO2 were
included in models, the positive effect observed for NO2

was removed entirely. When all three pollutants were
modeled together, stronger positive effects were observed

Fig. 1 Restricted Cubic Spline for Temperature. Notes: Reference exposure value set at 70 °F, including 5 knots. This figure displays a restricted
cubic spline from conditional logistic regression with temperature as the predictor and COPD exacerbation as the outcome
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Table 4 Non-chemical triggers and COPD exacerbation (Weather, flu, and physical activity)

Variable type Variable description Odds ratio 95 % confidence interval −2loglikelihood

Weather Spent time in cold air/cold weather in past weeka 1.16 0.78 1.70 468

Spent time in hot air/hot weather in past weeka 0.50 0.34 0.75 457

Local Temperature (linear 7 day average)b 0.96 0.95 0.98 445

Local Temperature (categorical)c

Cool/Cold 1.0 1.0 1.0 422

Moderate 2.50 1.51 4.12

Warm/Hot 0.55 0.36 0.84

Local Relative Humidity (linear 7 day average)b 0.98 0.96 1.01 471

Local Relative Humidity (categorical)c

High 1.0 1.0 1.0 471

Low 1.21 0.84 1.73

Season Season, ref = summer

Summer 1.0 1.0 1.0 417

Spring 2.59 1.55 4.35

Winter 2.38 1.37 4.11

Fall 6.64 3.83 11.5

Acute Illness Respiratory infection/cold in past weeka 8.14 4.67 14.2 396

Non-respiratory Illness in past weeka 1.65 0.67 4.05 422

Sinus infection in past weeka 2.55 1.20 5.44 461

Regional Flu Trends; New Englandd 3.78 1.54 9.28 463

Physical Activity Total hours spent outside of the homea, e 0.99 0.99 1.00 469

Exercised in past weeka 0.60 0.39 0.93 462
aBased on self-reports from exposure questionnaires
bBased on 7-day averages using data from NOAA collected at Worcester Regional Airport
cCategorical representation of variable based on cut-offs identified in restricted cubic splines
dRegional proxy of flu from CDC data; represented by percent of weekly outpatient visits for influenza-like-illness in New England
eEstimated as sum of “Hours Reported Outdoors”, “Hours Reported in a Vehicle”, and “Hours Reported Indoors but not at home”

Table 5 Single and multi-air pollutant models

Model Without adjustment With adjustmentb

OR (95 % CI)a -2 log likelihood OR (95 % CI)a -2 log likelihood

Single Pollutant Models

1. NO2 1.17 1.09 - 1.25 451 1.06 0.98 - 1.16 360

2. SO2 2.78 2.08 - 3.70 413 2.28 1.64 - 3.19 336

3. PM2.5 0.93 0.88 - 0.99 467 0.94 0.88 - 1.01 359

Multi-Pollutant Models

4. NO2 1.04 0.96 - 1.12 412 0.96 0.88 - 1.06 335

SO2 2.58 1.87 - 3.55 2.43 1.69 - 3.50

5. NO2 1.31 1.21 - 1.43 423 1.17 1.05 - 1.30 351

PM2.5 0.81 0.74 - 0.88 0.87 0.79 - 0.96

6. SO2 2.99 2.22 - 4.02 403 2.45 1.75 - 3.45 329

PM2.5 0.90 0.84 - 0.96 0.91 0.85 - 0.98

7. NO2 1.16 1.05 - 1.27 393 1.04 0.93 - 1.17 329

SO2 2.37 1.71 - 3.28 2.33 1.62 - 3.37

PM2.5 0.84 0.77 - 0.91 0.89 0.81 - 0.98
aOdds Ratios (OR) represent a one unit increase in pollutant concentration (ppb or ug/m3)
bAdjusted for temperature (categorical representation based on cut-offs from RCS) and self-reported respiratory infection
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for SO2 and stronger negative effects were observed for
PM2.5; there was no impact on NO2.
Based on these findings, a final predictive model was de-

veloped, which included SO2, PM2.5, and the two identified
confounders (temperature and self-reported respiratory
infection). NO2 was not included since inclusion of this
pollutant did not improve model fit or have any impact
on the pollutants, when including SO2 and PM2.5. In this
model, SO2 showed a strong positive effect (OR = 2.45,
95 % CI: 1.75–3.45) and PM2.5 showed a weak negative
effect (OR = 0.91, 95 % CI: 0.85–0.98). Both self-reported
respiratory infection (OR = 6.70, 95 % CI: 3.64–12.3)
and temperature (moderate temperature OR = 2.45, 95 %
CI: 1.37–4.38 and warm-hot temperature OR = 0.95, 95 %
CI: 0.57–1.57) also showed strong effects.
As noted in the methods section, we also investigated

the risk of COPD exacerbation associated with self-reports
of common exposures experienced in everyday life (i.e., air
fresheners, barbequing, raking leaves, etc.). We found that
car and truck exhaust and scented laundry products were
associated with increased risk of exacerbation (Table 6 in
Appendix). These associations, which are explored further
in a separate publication currently in preparation, did not
confound any of the associations between air pollutants
and COPD exacerbation.
Nearly half (43 %) of the participants reported that

they had physician-diagnosed asthma as well as COPD.
A similar extent of co-occurrence (this has been termed
Asthma and COPD Overlap Syndrome (ACOS)) appears
to be common; a recent meta-analysis found the preva-
lence of ACOS ranging from 13 to 56 % among 9 pub-
lished population based COPD studies [23]. Our study
was not designed to investigate differences in air pollu-
tion effects in the presence or absence of an asthma
diagnosis, but with the available data we attempted to
evaluate the hypothesis that the presence of asthma as a
co-morbid condition might make COPD patients more
susceptible to risk of exacerbation from air pollutants. In
models stratified on asthmatic status, the only notable dif-
ference observed was that NO2 appeared to have a some-
what stronger effect among non-asthmatics (OR = 1.14,
95 % CI: 0.97–1.34) compared to asthmatics (OR = 0.94
(0.78–1.13)), although the smaller sample size in these sub-
groups resulted in wide confidence intervals. In an analo-
gous way, we evaluated the hypothesis that disease
severity might modify response to air pollution. Com-
paring mild and moderate to severe and very severe
COPD in the GOLD classification, there did not appear
to be important differences in the strength of the asso-
ciations between any of the air pollutants studied and
COPD exacerbation. We repeated all analyses after omit-
ting the 7 % of subjects who had normal FEV1/FVC with
COPD symptoms (Table 1); there were no important dif-
ferences in the results.

Discussion
This study provides evidence for effects of short term
exposures to relatively low levels of outdoor air pollution
on exacerbation of existing COPD among patients resid-
ing in central Massachusetts. The study found strong posi-
tive associations between short-term exposures to outdoor
SO2 and NO2 and COPD exacerbation. The estimate of
the effect of NO2 was reduced, however, in the presence
of SO2 suggesting confounding or that the two gaseous
pollutants may compete with one another in regression
models. Risk estimates for both pollutants were consider-
ably larger and found at lower concentrations than re-
ported in other studies of COPD-related ED visits, HA,
and mortality [4]. There are several possible explanations
for these findings. First, our study population of COPD
patients enrolled in a DMG and the case-crossover design
may have enabled us to detect earlier and milder cases of
exacerbation that would not have resulted in ED visits or
HA. Indeed, the goal of the DMG is precisely to intervene
early in the development of exacerbations to prevent these
costly outcomes. This is demonstrated by the fact that
only seven of the 231 exacerbations captured in this study
resulted in a hospitalization. Also, the close monitoring of
patients by study nurses made it possible to economically
and fairly non-intrusively gather data from patients at ran-
dom times when they were not experiencing exacerbations
(control periods), which provided essential comparison data
with which to compare the exposures immediately prior to
an exacerbation.
It is also possible that these findings were due to

chance or an un-identified bias. For example, the mea-
sured pollutants may actually represent surrogates for
another source of air pollution in this region, and the
findings may be an artifact of measurement error at
low level concentrations. Measurement error is espe-
cially problematic for SO2, since concentrations in this
region are often near USEPA’s level of detection (LOD),
concentrations for which there is well documented
measurement uncertainty [9]. On the other hand, these
results were robust upon adjustment by many different
potential confounders, including other criteria pollutants
and meteorological variables. It is possible that stronger
effects were observed here due to the more sensitive
method of identifying exacerbations or since this study
was able to control for important confounders on the
individual level, by design. This is one important advan-
tage of the case-crossover study; covariates which are
either fixed or change only very slowly with time cannot
confound the observed associations. Among these are age,
gender, smoking, and occupational exposure history.
An unexpected negative association was found for short-

term exposures to outdoor PM2.5 and COPD exacerbation.
While this is inconsistent with a majority of the published
literature concerning air pollution and COPD-related
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ED-HA, there are a number of possible explanations.
The chemical composition and therefore toxicity of PM
is highly variable across geographic areas and through
time, making it difficult to compare results from studies
conducted in different regions and in different seasons/
years. For example, PM constituents in the eastern US
are known to have higher sulfate concentrations than
much of the rest of the country [8]. Furthermore, in the
eastern US, the sulfate component of PM is higher in
the summer, when oxidation of SO2 occurs at a faster rate
than in the winter [8]. PM components are also known to
vary by temperature, relative humidity, and wind speed
[24]. A review of PM speciation data for USEPA fixed site
monitors located in Chicopee, MA (adjacent to Spring-
field) and Ware, MA demonstrated the complex temporal
and spatial nature of PM chemistry. In brief, the ratios of
sulfates and sulfur to total PM2.5 mass concentration were
relatively stable across the four seasons but consistently
higher in the urban area of Chicopee than in rural area of
Ware. The ratios of nitrates to total PM, on the other
hand, were similar at both locations but nearly two-folder
higher in winter and fall than in the spring and summer.
It is also possible our understanding of the effects of

PM2.5 may need to be adjusted to reflect long term
changes in air pollution levels. USEPA estimates that
PM2.5 concentrations dropped 10 % between 1999 and
2007 [8], and as pollutant concentrations continue to
decline and source contributions change, results esti-
mated from studies published across decades may not
be comparable in the same way that results across geo-
graphic areas and seasons may not be comparable.
The unexpected results for PM2.5 may also be due to

the selected exposure window. A majority of published
literature has evaluated shorter time periods of exposure
(such as one or two days) even though EPA recommends
including longer time spans when evaluating associa-
tions between PM and respiratory outcomes, in their
ISA documents [8]. Longer lag/averaging times are con-
sidered biologically plausible due to PM effects on aller-
gic sensitization and lung immune defenses, which have
been observed in controlled human exposure and animal
toxicological studies [8]. Still, it is not clear whether the
seven-day window that we chose to use was appropriate
and whether an even longer exposure period may have
been more suitable. When exploring temporal variation
in our sensitivity analyses, evidence for air pollutant
effects on COPD exacerbation was observed as far as
thirty days prior to the health event (data not shown).
Finally, these unexpected results raise the interesting

question of publication bias, which will occur if the pub-
lished literature is systematically unrepresentative of the
population of studies that were actually completed [25].
If other studies have been completed in areas of similar
concentrations but not published due to weak, null,

negative or “inconsistent” findings, it could lead to the
false conclusion that our results are inconsistent with
the general state of the science.
Consistent with existing literature, this study found that

temperature and season were associated with COPD ex-
acerbation, independent of air pollution, with higher risks
in colder seasons [26, 27]. This study also found that low
humidity increased the risk COPD exacerbation while
higher humidity appeared protective, although confidence
intervals were wide. Similar findings were reported by Qui
and colleagues in a recent time series study that evaluated
the impact of season and humidity on COPD hospitaliza-
tions in Hong Kong [28]. They reported stronger effects on
cold and dry days, hypothesizing that humid conditions
protect mucous membranes against toxic insults [28].
Since temperature and humidity are independent risk

factors for COPD exacerbation but also major drivers of
day-to-day fluctuations of air pollution concentrations,
teasing apart the “independent” effects of air pollution
and climate can be difficult. Correlations among pollut-
ants and meteorological variables varied considerably
across seasons and therefore models fit to data for an
entire year may retain important residual confounding
or result in over-fitting for some seasons [29].
This study quantified air pollution exposures using sec-

ondary data collected at USEPA fixed central monitors,
covering the catchment area of the study population. This
introduced the potential for exposure misclassification,
which may have biased results. This includes exposure
misclassification due to; 1) analytical measurement error
(which likely varies across pollutants and by season); 2)
day-to-day variability at the monitor versus day-to-day vari-
ability in the larger geographic region; and 3) discrepancies
between personal exposures and outdoor air pollution con-
centrations. We expect that the misclassification from these
sources was likely nondifferential with respect to COPD
exacerbations and thus on average would be expected
to result in an underestimation of the true association.
Although the case crossover study design has many ad-

vantages when studying acute outcomes, the matched na-
ture of this design could have introduced some bias. The
case crossover design is limited in its ability to explore effect
modification by variables that change through time (such as
season, temperature, and humidity). It is possible that we
might have found different results, particularly for PM2.5, if
we were able to look at risk separately within the different
seasons. This is especially true since the air pollution effect
estimates were small relative to the estimated effects of sea-
son. It is also possible that we might have observed different
effects if we had bidirectional control sampling, where con-
trol periods were assigned shortly before and after exacerba-
tion within the same season [30, 31]. However, this design is
difficult in practice for a debilitating outcome like COPD
exacerbation, which can last up to a month.
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Conclusions
This study found consistent positive effects of SO2 and
modest negative effects of PM2.5 on COPD exacerbation,
at concentrations below current USEPA NAAQS. The
magnitude of risk of COPD exacerbation from exposure
to outdoor SO2 was generally higher than reported in
other studies. This study also found a positive effect of
NO2; however, this effect was only significant when in-
cluded in models with PM2.5.
If supported by additional studies with better exposure as-

sessments, these findings may suggest risk of COPD exacer-
bation at lower air pollution concentrations than reported
for COPD-related ED, HA, and mortality. Characterization
of air pollution in the context of COPD exacerbation stud-
ied here (experienced in the persons’ home and therefore
not necessarily requiring a visit to the emergency room or
hospital) should be conducted in other locations with differ-
ent sources of pollutants and climate. This would improve
our understanding of the complex relationships between air
pollutant and meteorological variables and their influence
on risk of COPD exacerbation.
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