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Rationale: Theeffectof indoorairpollutantson respiratorymorbidity
amongpatientswith chronic obstructivepulmonary disease (COPD)
in developed countries is uncertain.
Objectives: The first longitudinal study to investigate the indepen-
dent effects of indoor particulate matter (PM) and nitrogen dioxide
(NO2) concentrationsonCOPDmorbidity inaperiurbancommunity.
Methods: Former smokers with COPD were recruited and indoor
air was monitored over a 1-week period in the participant’s bed-
room andmain living area at baseline, 3 months, and 6months. At
each visit, participants completed spirometry and questionnaires
assessing respiratory symptoms. Exacerbations were assessed by
questionnaires administered at clinic visits and monthly tele-
phone calls.
MeasurementsandMainResults: Participants (n¼84)hadmoderateor
severeCOPDwithameanFEV1of 48.6%predicted.Themean(6SD)
indoor PM2.5 and NO2 concentrations were 11.4 6 13.3 µg/m3 and
10.86 10.6 ppb in the bedroom, and 12.26 12.2 µg/m3 and 12.26

11.8 ppb in themain living area. Increases in PM2.5 concentrations in
the main living area were associated with increases in respiratory
symptoms, rescue medication use, and risk of severe COPD exacer-
bations. Increases inNO2concentrations in themain livingareawere
independently associated with worse dyspnea. Increases in bed-
room NO2 concentrations were associated with increases in noctur-
nal symptoms and risk of severe COPD exacerbations.
Conclusions: Indoor pollutant exposure, including PM2.5 and NO2,
was associated with increased respiratory symptoms and risk of
COPD exacerbation. Future investigations should include interven-
tion studies that optimize indoor air quality as a novel therapeutic
approach to improving COPD health outcomes.

Keywords: indoor air; chronic obstructive pulmonary disease; particu-

late matter; nitrogen dioxide; exacerbations

Chronic obstructive pulmonary disease (COPD), the third lead-
ing cause of death in the United States and the fifth leading cause

worldwide, is expected to become increasingly prevalent in
upcoming decades (1, 2). Most COPD is caused by environmen-
tal exposures; in developed countries, this exposure is primarily
cigarette smoke. After COPD begins, evidence indicates that it
can be worsened by other environmental exposures. For exam-
ple, outdoor particulate matter (PM) concentrations have been
associated with an increase in COPD hospitalizations and mor-
tality (3, 4). Similarly, outdoor nitrogen dioxide (NO2) exposure
has been linked to worse COPD morbidity, including higher
rates of exacerbations (4–6).

Although substantial evidence shows that outdoor air pollu-
tants impact COPD, there is much less evidence for the impact of
indoor air on COPD, especially in developed countries. Al-
though the Global Initiative for Chronic Obstructive Lung Dis-
ease guidelines identify indoor air pollution resulting from
burning wood and other biomass fuels as a major risk factor
for COPD (7), exposures under these conditions are two to
three orders of magnitude higher than in developed country
households. In the United States, indoor air quality is important
because Americans spend most of their time indoors (8), and
individuals with COPD spend more time at home than their
age-matched counterparts: approximately 82% of their time is
spent indoors in their own home (9). It is critical to determine if
the impact of indoor air quality on COPD is harmful, because
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The Global Initiative for Chronic Obstructive Lung Disease
(GOLD) guidelines identify indoor air pollution resulting
from burning wood and other biomass fuels as a major risk
factor for chronic obstructive pulmonary disease (COPD);
however, exposures under these conditions are significantly
higher than in developed country households. Lower-level
pollutant exposure in homes may have adverse health ef-
fects in susceptible individuals, such as those with COPD;
however, these effects remain largely unknown.

What This Study Adds to the Field

The present study addresses a significant gap in the current
evidence base by investigating longitudinal health effects
of indoor air quality in patients with COPD in a periurban
community. Our results show that despite overall relatively
low pollutant burden, indoor pollutant exposures, including
particulate matter and nitrogen dioxide, were associated with
increased respiratory symptoms and increased risk of COPD
exacerbations. These results suggest that future studies in-
vestigating the effectiveness of environmental interventions
aimed at reducing indoor pollutant concentrations in homes
of patients with COPD are warranted.
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feasible interventions, such as the placement of high-efficiency
particulate air cleaners (10), could be used to improve in-home
air quality.

To determine whether common indoor air pollutants repre-
sent an adverse effect on COPD health, we conducted a longitu-
dinal study investigating the effects of indoor air quality on
COPD health, including respiratory symptoms and exacerba-
tions. Some of the results of these studies have been previously
reported in the form of an abstract (11, 12).

METHODS

Participant Recruitment

Former smokers with COPD were recruited from the Baltimore area.
Inclusion criteria included (1) age greater than or equal to 40 years; (2)
post-bronchodilator FEV1 less than or equal to 80% predicted; (3)
FEV1/FVC less than 70%; and (4) more than 10 pack-years smoking,
but having quit more than 1 year before enrollment and exhaled carbon
monoxide level less than or equal to 6 ppm (13). Exclusion criteria are
presented in the online supplement. Participants provided written in-
formed consent and the Johns Hopkins Medical Institutional Review
Board approved the protocol.

Clinical Evaluation

Clinic visits occurred at baseline, 3 months, and 6 months. Validated
questionnaires assessed quality of life (St. George’s Respiratory Ques-
tionnaire [SGRQ]) (14); dyspnea (Medical Research Council [MRC]
dyspnea scale) (15); and respiratory health (modified American Tho-
racic Society [ATS]-Division of Lung Disease) (16). Presence of cough
and sputum was determined by the following questions from the ATS-
Division of Lung Disease: “Do you usually have a cough”? and “Do you
usually bring up phlegm from your chest” at each visit and was dichot-
omized to “yes” or “no.” Frequency of wheeze in the last 4 weeks was
assessed as “almost every day, several days a week, a few days a month,
only with respiratory infections, or not at all.” Nocturnal symptoms de-
fined as coughing or breathing that disturbs sleep was dichotomized to
“yes” or “no.” Frequency of rescue medication use (0, 1, 2, 3, or.4 times
daily) was assessed by daily diary. Responses were averaged over each 1-
week monitoring period. Spirometry, before and after albuterol, was
performed according to ATS criteria (17, 18).

Exacerbations were assessed by questionnaires at each clinic visit
and by monthly telephone calls. Any exacerbation was defined as
worsening respiratory symptoms requiring antibiotics, oral steroids,
or an acute care visit. Severe exacerbations were defined as worsening
respiratory symptoms leading to an emergency department visit or
hospitalization (19).

Air Quality Assessment

A home inspection was conducted by a trained technician. Air sampling
was performed for 1 week at baseline, 3 months, and 6 months in the
participant’s bedroom and the main living area, identified as an addi-
tional room where the participant reported spending the most time.
Indoor air sampling for PM2.5 (PM with aerodynamic size < 2.5 mm)
and NO2 was conducted as described previously and in the online
supplement (20). The limit of detection for PM2.5 was 0.64 mg/m3.
NO2 was measured using a passive sampler (Ogawa badge) (21) and
the limit of detection was 0.52 ppb. Secondhand smoke (SHS) exposure
was assessed by air nicotine at baseline and hair nicotine at all visits
(10, 22), with a limit of detection of 0.02 mg/m3 and 0.025 ng/mg,
respectively. Any sample with detectable nicotine was considered ev-
idence of SHS exposure.

Analysis

Descriptive statistics were analyzed using Spearman correlations, chi-
square tests, and t tests, as appropriate. At each time point, the PM2.5

and NO2 concentrations were used as exposure variables in gener-
alized estimating equations models (23) to account for the correla-
tion arising from repeated measures of the outcomes over time,

adjusting for age, sex, education, season, and % predicted FEV1.
To evaluate the effect of pollutants on respiratory health, continuous
outcomes and binary outcomes (i.e., nocturnal symptoms, exacerba-
tions) were analyzed using negative binomial and logistic regression
models, respectively, with PM2.5 and NO2 included as continuous
predictors. Both PM2.5 and NO2 were included in models simulta-
neously, and interaction between pollutants was tested. Interactions
between pollutants and sex were also tested. Models were run sep-
arately to determine effects of exposure from the bedroom and the
main living area. Additional analyses were conducted to include air
or hair nicotine as confounding variables. To tease apart whether the
adverse health effect of pollutant levels was caused by overall
high pollutant burden or whether changing levels within a home
contributed to morbidity, joint models estimating the combined
effect of variability and mean level of exposure were fit by includ-
ing both exposure metrics into the model simultaneously (see
online supplement).

All analyses were performed with StataSE statistical software, ver-
sion 11.0 (Stata Corp, College Station, TX). Statistical significance was
defined as P less than 0.05.

RESULTS

Participant Characteristics

All participants (n ¼ 84) had moderate or severe COPD with
a mean baseline FEV1 % predicted of 48.6% (Table 1). The
mean baseline SGRQ total score and MRC score (6 SD) were
39.4 (6 18.0) and 2.5 (6 1.1), respectively. At baseline, 26% of
participants reported nighttime awakenings caused by COPD;
36% and 43% of participants reported usual cough and phlegm,
respectively; and 18% reported wheeze at least several days
a week. Thirty-six (43%) participants reported having an exac-
erbation in the previous year, with a total of 39 moderate and 16
severe exacerbations.

Participants reported spending 92% of time indoors, of which
80% was in their own home, including an average of 9.3 hours in
their bedroom and 7.5 hours in the main living area where the
monitors were placed.

Pollutant Concentrations

The mean (6 SD) indoor PM2.5 concentrations for the bedroom
and main living area were 11.4 (13.3) and 12.2 (12.2) mg/m3,
respectively. The median (interquartile range) PM2.5 concentra-
tions were 8.3 (4.9, 14.4) and 8.3 (4.8, 15.1) mg/m3, respectively.
The mean (6 SD) indoor NO2 concentrations for the bedroom
and main living area were 10.8 (10.6) and 12.2 (11.8) ppb, re-
spectively. The median (interquartile range) NO2 concentra-
tions were 6.8 (4.2, 14.5) and 8.0 (5.2, 16.1) ppb, respectively.
No statistical differences existed in PM2.5 or NO2 concentra-
tions between baseline, 3-month, or 6-month visits or by season.
Indoor pollutant concentrations were higher in row homes. In-
door NO2 concentrations were higher in homes with a gas stove,
gas furnace for heating, and homes that were closer to the street
and in front of an arterial street. Indoor PM concentrations
were higher in homes with detectable air nicotine and lower in
homes that had central air conditioning or were rated as being in
above-average condition (see Table E1 in the online supplement).

At baseline, 14 participants (17%) reported having a smoker
living in their home; however, approximately half of homes had
detectable air nicotine in the bedroom (44%) and main living
area (54%). Of those with detectable levels, the mean air nico-
tine concentration was 0.25 (SD 0.44) and 0.26 (SD 0.57) mg/m3

in the bedroom and main living area, respectively. Most partic-
ipants provided hair samples (92%); of these, 28% and 47% of
participants showed evidence of nicotine exposure at baseline
or at any of the three visits, respectively.
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Association of Indoor Pollutant Concentrations

and Respiratory Health

Bivariate analyses. Higher PM2.5 concentrations in the main liv-
ing area were associated with increased respiratory symptoms.
Each 10 mg/m3 increase in PM2.5 was associated with worse
dyspnea assessed by modified MRC score (b ¼ 0.18; P ¼
0.01); more wheeze (b ¼ 0.27; P ¼ 0.001); higher risk of having
nocturnal symptoms (odds ratio [OR], 1.44; P ¼ 0.02); and an
increase in rescue medication use (b ¼ 0.13; P ¼ 0.02). Each
10 mg/m3 increase in PM2.5 also tended to be associated with
higher risk of severe exacerbations (OR, 1.38; P ¼ 0.05) and
worse quality of life (SGRQ b ¼ 1.63; P ¼ 0.05). PM2.5 concen-
trations were not associated with cough, phlegm production, or
lung function. Bedroom PM2.5 concentrations were not associ-
ated with any measured respiratory outcomes.

Increasing NO2 concentrations in both the main living area
and the bedroom were associated with worse dyspnea and a
20-ppb increase in bedroom NO2 concentration was associated
with an increased risk of having any exacerbation (OR, 1.90;
P ¼ 0.03) and severe exacerbations (OR, 2.16; P ¼ 0.03). NO2

concentrations were not associated with other respiratory

symptoms or lung function. There were no effect modifications
between pollutants or by sex identified.
Multivariate analyses. In models including both pollutants of

interest (PM2.5 and NO2) and potential confounders, increasing
PM2.5 concentrations in the main living area continued to be
independently associated with increased wheeze, rescue medi-
cation use, and increased risk of nocturnal symptoms and severe
exacerbations (Table 2). Specifically, a 10 mg/m3 increase in
PM2.5 concentration in the main living area was associated with
a 50% higher odds of having a severe exacerbation (OR, 1.50;
P ¼ 0.03) (Figure 1). Higher PM2.5 concentrations in the main
living area had a borderline association with worse quality of
life (b ¼ 1.52; P ¼ 0.05), but were not associated with cough,
sputum production, or lung function. Within-person variability in
PM2.5 exposure remained an independent predictor of wheeze
and frequency of inhaler use, despite adjusting for mean concen-
tration of PM2.5 across all study visits. Similarly, a 10 mg/m3 in-
crease in PM2.5 concentrations between visits had a similar effect
(OR) on risk of nocturnal symptoms and severe exacerbations as
compared with a 10 mg/m3 difference in overall mean PM2.5 con-
centration between homes (see Table E2). Bedroom PM2.5 con-
centrations continued to demonstrate no association with any
measured respiratory outcomes (see Table E3).

Higher NO2 concentrations in the main living area were
associated with increased dyspnea and increased rescue medi-
cation use (Table 2). NO2 variability during the study period
seemed to be the more important predictor of dyspnea and
frequency of inhaler use as compared with overall mean NO2

concentration (see Table E2). Higher bedroom NO2 concentra-
tions were associated with increased risk of nocturnal awaken-
ings (OR, 2.54; P ¼ 0.03) and severe exacerbations (OR, 2.71;
P ¼ 0.04) (Figure 1; see Table E3). NO2 concentrations were not
associated with lung function.

There was no evidence of interaction between the two pollu-
tants in either location, and the association of pollutant concen-
trations with health outcomes was not significantly different after
adjusting for the presence of SHS exposure, as determined by the
presence of hair nicotine or baseline air nicotine (see Table E4).

DISCUSSION

In this U.S. population of former smokers with moderate-to-
severe COPD, higher indoor PM2.5 and NO2 concentrations
were associated with worse COPD health, including increased
respiratory symptoms and risk of severe exacerbations, suggest-
ing that indoor pollutants may be important drivers of COPD
morbidity. Specifically, in-home PM2.5 concentrations measured
in the main living area were independently associated with in-
creased respiratory symptoms, rescue medication use, and risk
of severe exacerbations. Higher NO2 concentrations measured
in these rooms were independently linked to increased dyspnea
and rescue medication use, and higher NO2 concentrations in
the bedroom were associated with increased risk of nocturnal
awakenings and severe exacerbations caused by COPD. The
consistent association between pollutant concentrations and re-
spiratory morbidity was evident despite an overall low pollutant
burden, suggesting that patients with COPD are particularly
susceptible to even low levels of exposure. In addition, our
results suggest that both overall pollutant burden within a home
and changing concentrations over time contribute to morbidity.
These findings suggest that indoor air pollution, a highly mod-
ifiable exposure, may play a substantive role in respiratory
health of patients with COPD.

Evidence from international studies in developing countries
and several U.S. studies shows that high concentrations of air
pollution from indoor burning of biomass fuels cause and

TABLE 1. BASELINE PARTICIPANT CHARACTERISTICS

Participant Characteristics N ¼ 84

Age, mean yr (SD) 68.9 (7.4)

Sex, n (%) male 49 (58)

Race, n (%)

White 74 (88)

Black/African American 8 (10)

Other 2 (2)

Marital status, n (%)

Single 8 (10)

Married 39 (46)

Widowed 21 (25)

Separated or divorced 16 (19)

Education, n (%)

Less than high school 17 (20)

High school 17 (20)

Some college 27 (32)

Bachelor’s degree 10 (12)

At least some graduate school 13 (15)

Smoking history, mean (SD)

Pack-years 56.8 (28.7)

Years smoked 36.7 (10.7)

Last cigarette (years since) 13.1 (9.1)

Secondhand smoke exposure, n (%)

Reported smoking in the home 14 (17)

Presence of hair nicotine 21 (28)

Baseline lung function, mean (SD)

Pre-BD FEV1, L 1.34 (0.6)

Pre-BD FEV1, % predicted 48.6 (15.9)

Pre-BD FEV1/FVC, % 51 (10.2)

Post-BD FEV1, L 1.46 (0.6)

Post-BD FEV1, % predicted 52.8 (16.7)

Post-BD FEV1/FVC, % 52 (10.3)

Baseline health status

GOLD stage n (%)

II 38 (45)

III 35 (42)

IV 11 (13)

SGRQ, mean (SD) 39.4 (18.0)

MMRC, mean (SD) 2.5 (1.1)

Nocturnal symptoms, n (%) 22 (26)

Usual cough, n (%) 30 (36)

Usual phlegm, n (%) 36 (43)

Severe exacerbations previous year, n (%) 16 (19)

Definition of abbreviations: BD ¼ bronchodilator; GOLD ¼ Global Initiative for

Chronic Obstructive Lung Disease; MMRC ¼ Modified Medical Research Council;

SGRQ ¼ St. George’s Respiratory Questionnaire.
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exacerbate existing COPD (24). To our knowledge, few studies
have examined the effect of indoor air quality on COPD mor-
bidity in developed countries, where pollutant burden may be
substantially lower; in addition, these studies have focused on
quality of life or lung function and are limited by their small
sample size or cross-sectional study design, obscuring the effect
of indoor air quality on COPD health (22–28). For example,
results from a cross-sectional study by Osman and coworkers
(26) suggest that indoor PM2.5 concentrations are associated
with worse quality of life in patients with COPD. A study in-
cluding 35 subjects with COPD showed no association between
indoor air quality and lung function, with no assessment of
other clinical outcomes (27). Another small panel study includ-
ing 17 subjects with COPD showed no association between

PM2.5 and PM2.5–10 with lung function over 12 days (28). Our
study addresses a significant gap in the evidence by investigating
longitudinal health effects of indoor air quality in patients with
COPD with repeated comprehensive clinical assessments, in-
cluding lung function, respiratory symptoms, quality of life, and
exacerbations.

In our study, mean indoor PM2.5 concentrations were ap-
proximately 12 mg/m3 in the bedroom and main living area.
Although these PM concentrations are relatively low, studies
show that even low levels of exposure have clinical effects.
For example, outdoor PM2.5 concentrations were associated
with mortality with a linear concentration-response relationship
down to PM2.5 concentrations of 8 µg/m3 (29). Because Amer-
icans spend most of their time indoors, and individuals with

Figure 1. Particulate matter with aerodynamic size
less than or equal to 2.5 mm (PM2.5) and NO2 con-

centrations associated with severe exacerbations.

Adjusted models include adjustment for age, sex,

education, season of sampling, and baseline pre-
bronchodilator % predicted FEV1. PM2.5 and NO2

were included in models simultaneously to account

for independent effects of each pollutant. Bedroom
and main living area models run separately. Circles

represent odds ratios in the main living area;

squares represent odds ratios in the bedroom. Bars

represent 95% confidence intervals. *P , 0.05.

TABLE 2. MULTIVARIATE ANALYSES OF ASSOCIATION OF INCREASING PM2.5 AND NO2

CONCENTRATIONS IN MAIN LIVING AREA WITH HEALTH OUTCOMES IN FORMER SMOKERS
WITH CHRONIC OBSTRUCTIVE PULMONARY DISEASE

Per 10 mg/m3 Increase in PM2.5 Per 20 ppb Increase NO2

b P Value 95% CI b P Value 95% CI

Lung Function

FEV1 % predicted 0.20 0.70 (20.82 to 1.22) 1.06 0.19 (0.54 to 2.66)

Respiratory Symptoms

MMRC (dyspnea) 0.11 0.06 (0.006 to 0.24) 0.42 ,0.001 (0.19 to 0.65)

Wheeze 0.27 0.001 (0.11 to 0.43) 20.19 0.24 (20.51 to 0.13)

Nocturnal symptoms (OR) 1.44 0.01 (1.08 to 1.93) 1.12 0.72 (0.59 to 2.14)

Usual cough (OR) 1.05 0.75 (0.79 to 1.39) 0.98 0.89 (0.56 to 1.65)

Usual phlegm (OR) 1.26 0.09 (0.96 to 1.64) 0.74 0.24 (0.44 to 1.22)

Rescue Medication Use

Frequency of inhaler use 0.11 0.01 (0.02 to 0.20) 0.18 0.02 (0.03 to 0.32)

Quality of Life

SGRQ 1.52 0.05 (20.00 to 3.04) 0.93 0.48 (21.67 to 3.53)

Exacerbations

OR P Value 95% CI OR P Value 95% CI

Any exacerbations 1.05 0.79 (0.73 to 1.50) 1.15 0.67 (0.61 to 2.17)

Severe exacerbations 1.50 0.03 (1.04 to 2.18) 1.86 0.16 (0.79 to 4.40)

Definition of abbreviations: CI ¼ confidence interval; MMRC ¼ Modified Medical Research Council; OR ¼ odds ratio; PM2.5 ¼
particulate matter with aerodynamic size less than or equal to 2.5 mm; SGRQ ¼ St. George’s Respiratory Questionnaire.

Adjusted models include adjustment for age, sex, education, season of sampling, and baseline prebronchodilator % predicted

FEV1. Lung function models do not adjust for baseline FEV1. PM2.5 and NO2 were included in models simultaneously to account

for independent effects of each pollutant.
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COPD spend more time at home than their age-matched coun-
terparts (9), it is critical to understand the health effects of
indoor pollutant exposure. Our results show a consistent asso-
ciation between PM2.5 concentrations in the main living area
and respiratory symptoms, including worse dyspnea, increased
risk of nocturnal symptoms, and increased frequency of wheeze
and rescue medication use. Higher PM2.5 concentrations also
had a borderline association with worse quality of life and, im-
portantly, higher PM2.5 concentrations were associated with in-
creased risk of severe exacerbations. For instance, a 10 mg/m3

increase in PM2.5 concentrations was associated with a 44%
higher odds of having nocturnal symptoms and a 50% higher
odds of having a severe COPD exacerbation. Based on the risk
of severe exacerbations in our study population of 38% per
year, we would predict that the risk of a severe exacerbation
would be 9.9% higher (range of error in that estimate being 1–
19%) if PM2.5 concentrations in a home were 10 mg/m3 higher.

We did not find an association between PM2.5 concentrations
in the bedroom and respiratory morbidity. The reason for the
difference in effect of exposure between rooms is not com-
pletely clear. One possibility is that the differing results between
rooms are a spurious finding caused by modest sample size. The
reason our study was explicitly designed to investigate the
health effect of pollutants from each room separately was that
we expected variations in pollutant concentrations between
rooms may exist, and people may spend varying amounts of
time within various rooms (30, 31). Despite overall similar av-
erage concentrations, it is possible that the PM characteristics
may differ between the bedroom and living areas. Furthermore,
the main living area may represent the location where subjects
are awake and active, therefore having higher minute ventila-
tion and increased particle deposition (32), and subsequently
increased susceptibility to adverse effects of pollutant exposure.
We found no link between pollutant concentrations and changes
in lung function, similar to results of previous studies showing no
clear association between indoor PM and lung function in few
patients with COPD (27, 28).

NO2, a by-product of combustion with indoor sources includ-
ing gas-burning appliances, may lead to worse respiratory health
through airway epithelial damage, or lowering the threshold for
viral-induced exacerbations (33, 34). A cross-sectional study by
Osman and coworkers (26) found no association between in-
door NO2 concentrations and worse quality of life in subjects
with COPD. Although our longitudinal study also did not show
a significant association between NO2 concentrations and qual-
ity of life, we found a link between indoor NO2 concentrations
in the main living area and increased dyspnea and higher rescue
medication use. Bedroom NO2 concentrations were also associ-
ated with higher risk of nocturnal symptoms and severe COPD
exacerbations, and this adverse effect of NO2 was independent
of PM exposure.

Although SHS exposure has been associated with worse
COPD health and greater risk of COPD exacerbations (35,
36), it did not likely explain our findings. We showed a consistent
association with PM2.5 and NO2 concentrations with poor respi-
ratory health in homes where SHS exposure was relatively low.
Almost half of homes did not have detectable air nicotine levels
at baseline, and among the homes that had detectable levels of
air nicotine, average levels were relatively low (37). The lack of
correlation between reported SHS and airborne nicotine con-
centrations is consistent with literature suggesting that self-
report of SHS often has low reliability (37). In addition, in
our homes with detectable air nicotine, the concentrations were
quite low and were equivalent to what one would expect from
one to two cigarettes per day being smoked in the home (38).
These concentrations are not inconsistent with an occasional

visitor (nonresident) smoking in the house. In addition, hair nic-
otine estimates personal SHS exposure over the last 3 months,
and may represent exposures occurring outside the home. Hair
nicotine concentrations can vary depending on the amount of
time spent in the home when a smoker is present; time spent
around smokers outside the home; absorption of nicotine from
surfaces (so-called third-hand tobacco exposure); the race of the
participant; and the presence or absence of hair treatments
(38, 39). In our study we chose a comprehensive assessment of
potential exposure to SHS that included self-reporting; airborne
nicotine concentrations in the home; and a biomarker of exposure
(hair nicotine). Adjusting our analyses for SHS assessed by either
the presence of detectable hair or air nicotine did not materially
change our results.

The limitations of our study warrant consideration. Our
results are derived from a population in Baltimore City and sur-
rounding areas and the indoor environment may not be gener-
alizable to other communities. In addition, we did not measure
outdoor or personal exposure to PM and NO2; however, previous
results from Baltimore City homes show that although outdoor
PM and NO2 concentrations contribute to indoor concentrations,
indoor sources, such as smoking, cooking, combustion sources,
and cleaning practices, are the dominant determinants of indoor
pollutant concentrations (20, 40). To confirm a similar association
in our sample of homes of subjects with COPD, in a subgroup
(n ¼ 26) of our participants who lived within 3 miles of an out-
door monitoring station, we found that outdoor PM2.5 concen-
trations explained only 5% of the variance in indoor PM2.5

concentrations; outdoor NO2 concentrations explained approx-
imately 25% of the variance in indoor NO2 concentrations. A
small study of 10 subjects with COPD in Boston showed that
indoor PM concentrations explained between 40 and 91% of
the variability in personal exposures and were strongest for
PM2.5 (41). In addition, misclassification of personal exposure
would likely bias our results toward the null. Despite our modest
sample size, we found consistent results with PM2.5 concentra-
tions in the main living area and respiratory health, strengthening
the validity of our results.

To our knowledge, our study is the first longitudinal study spe-
cifically investigating the adverse respiratory health effects of in-
door air pollutant exposure on COPD morbidity in a developed
country. We show that indoor pollutant exposure, including
PM2.5 and NO2, is associated with increased respiratory symp-
toms and risk of COPD exacerbations in former smokers with
moderate to severe COPD. In addition, our data suggest that
overall pollutant burden within a home and changing concen-
trations over time contribute to morbidity. Current recommen-
dations for improving home indoor air quality focus mostly on
avoiding indoor SHS. However, our findings are likely indepen-
dent of SHS exposure, and there are other important modifiable
sources of indoor PM and NO2 (20, 40). Future studies investi-
gating the effectiveness of environmental interventions aimed at
reducing indoor pollutant concentrations in homes of patients
with COPD, such air cleaner intervention trials that have shown
reduction in indoor PM and improved symptoms in asthma (10),
are warranted as potential nonpharmacologic approaches to im-
proving COPD health. They may represent more cost-effective
and novel therapeutic arenas for a disease with limited treat-
ment options.

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