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Abstract

Background: Ambient air pollution can contribute to the development and exacerbation of COPD. However, the
influence of air pollution on objective COPD phenotypes, especially from imaging, is not well studied. We
investigated the influence of long-term exposure to air pollution on lung function and quantitative imaging
measurements in a Korean cohort of participants with and without COPD diagnosis.

Methods: Study participants (N = 457 including 296 COPD cases) were obtained from the COPD in Dusty Areas
(CODA) cohort. Annual average concentrations of particulate matter less than or equal to 10 μm in diameter (PM10)
and nitrogen dioxide (NO2) were estimated at the participants’ residential addresses using a spatial air pollution
prediction model. All the participants underwent volumetric computerized tomography (CT) and spirometry
measurements and completed survey questionnaires. We examined the associations of PM10 and NO2 with FVC,
FEV1, emphysema index, and wall area percent, using linear regression models adjusting for age, gender, education,
smoking, height, weight, and COPD medication.

Results: The age of study participants averaged 71.7 years. An interquartile range difference in annual PM10

exposure of 4.4 μg/m3 was associated with 0.13 L lower FVC (95% confidence interval (CI), − 0.22- -0.05, p = 0.003).
Emphysema index (mean = 6.36) was higher by 1.13 (95% CI, 0.25–2.02, p = 0.012) and wall area percent (mean =
68.8) was higher by 1.04 (95% CI, 0.27–1.80, p = 0.008). Associations with imaging phenotypes were not observed
with NO2.

Conclusions: Long-term exposure to PM10 correlated with both lung function and COPD-relevant imaging
phenotypes in a Korean cohort.
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Introduction
Air pollution is an important risk factor for the mortality
and morbidity of cardiorespiratory diseases globally [1].
Global estimates of premature deaths and disability-
adjusted life-years from COPD by air pollution are 0.86
and 16.8 million in 2015 [2]. Increased short-term expos-
ure to ambient air pollution for a few days is associated
with respiratory mortality and exacerbation of respiratory
diseases leading to hospital admission [3–5]. Long-term
exposure to ambient air pollution for years has been asso-
ciated with reduced lung function and also can contribute
to the development and exacerbation of COPD [6–9].
These studies focused on concentrations of traffic-related
air pollutants such as particulate matter less than or equal
to 10 or 2.5 μm in diameter (PM10 or PM2.5) and nitrogen
dioxide (NO2). In recent years, more refined methods have
been developed to adequately estimate individual-level air
pollution concentrations at residential addresses [10].
Recent advances in computed tomography (CT) meas-

urement lead to understanding of the clinical implications
of emphysema severity and airway wall thickening. Emphy-
sema is an important structural feature of COPD and is as-
sociated with adverse outcomes with or without COPD [11,
12]. Airway wall thickening measured by CT was associated
with cigarette smoking and disease severity [13]. However,
only few studies have examined the effects of air pollution
on these imaging phenotypes so far [14–16]. Previous stud-
ies were performed in Western countries. Genetic factors
and nature of the PM may differ across regions. Studies
based on a well-designed cohort including COPD patients,
diverse environmental exposure data, and imaging mea-
sures can clarify the effects of air pollution on imaging phe-
notypes as well as lung function [17].
The COPD in Dusty Areas (CODA) cohort in South

Korea was constructed focusing on the people living near
cement plants in Gangwon and Chungbuk provinces, South
Korea [18–20] and employed a recently-developed air pol-
lution prediction model for improved exposure assessment
at the individual level [21]. We investigated the association
between traffic-related air pollution and both lung function
and quantitative imaging phenotypes including emphysema
severity and airway measurements. Some of these results
have been previously presented as an abstract [22].

Methods
Study population
A total of 504 subjects who resided in areas near cement
plants were recruited in the CODA cohort between 2012
and 2017 in South Korea. We recruited participants from
affected administrative districts that were selected by the
National Institute of Environmental Research of Korea
based on the distances and wind direction to cement plants.
We mailed an invitation and then subsequently called each
subject whose address was located within our pre-defined

area of study. Subjects include those having or not having
airflow limitations based on spirometry. The protocols of
data collection in the CODA cohort were previously de-
scribed in detail [23–25]. In brief, we obtained data on
demographic characteristics, medical history, and environ-
mental exposures from participant questionnaires.

Spirometry and imaging procedures
Lung function was measured before and after administrat-
ing 400 μg of salbutamol using EasyOne (NDD, Zurich,
Switzerland) and pulmonary function measures were se-
lected according to ATS/ERS criteria [26]. We focused on
FEV1 and FVC as the two lung function outcomes in this
study. COPD status was defined as a post-bronchodilator
FEV1/FVC less than 0.7 at baseline. CT measurements were
obtained using a dual-source CT scanner (Somatom Defin-
ition, Siemens Healthcare, Forchheim, Germany) at full in-
spiration and expiration in the supine position. Emphysema
index was calculated as the percentage of lung area below
− 950 HU threshold, while wall area percent was defined as
(100 x wall area/total bronchial area) to assess airway thick-
ness and was measured near the origin of the right apical
and left apicoposterior segmental bronchi using in-house
software and the two measurements were averaged [25, 27,
28]. Functional small airway disease was calculated as a per-
centage of lung area between ≥ −950HU at inspiration
and < −856HU at expiration after image co-registration of
inspiratory and expiratory CT using an Aview® system
(Coreline Soft Inc., Seoul, South Korea). Written informed
consent was given by each participant. This study received
ethical approval from the Kangwon National University
Hospital IRB (KNUH 2012–06-007, clinical trial registra-
tion number KCT-0000552).

Air pollution exposure assessment
Annual average concentrations of PM10 and NO2 at par-
ticipants’ home addresses were estimated from a
previously-developed air pollution prediction model. The
details of this model have been described previously [21].
Based on the air quality monitoring data for 2010 in South
Korea, this model estimated annual average concentra-
tions at any location in South Korea using a universal kri-
ging framework that consists of summary predictors of
about 300 geographic variables and spatial correlation of
air pollution concentrations. The cross-validated R2 values
indicating the prediction ability of the model were 0.45
and 0.82 for PM10 and NO2, respectively. This model per-
formance was comparable to those of national-scale pre-
diction models in North America and Europe [29–31].

Statistical analyses
To investigate the association of PM10 and NO2 with
FEV1, FVC, emphysema, and wall area percent, we per-
formed linear regression analysis adjusting for individual
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characteristics. Separate models were applied to each
pair of two pollutants and four outcomes. We used two
models to examine the sensitivity of our results to the
progressively-added confounding variables. In model 1,
we adjusted for age, gender, education, smoking, height,
weight, occupation, and medication for COPD to our
primary model. Smoking was identified as smoking sta-
tus and smoking amount in pack-years. We analyzed job
in 3 groups: cement worker (regular and higher dust ex-
posure); farmer (less frequent and lower dust exposures),
all other jobs (no dust exposure). Model 2 additionally
included the calendar year of pulmonary function test-
ing, and asthma history and COPD status were added in
model 3. We presented the effect estimate for an inter-
quartile increase (IQR) in each pollutant concentration
to allow the comparison given the different scales of the
two pollutants. We also performed subgroup analyses
stratified by gender, the status of COPD, smoking, and
overweight/obesity, and underwent statistical tests of
interaction using product terms with PM10 or NO2.
Smoking status was categorized to never vs. ever (com-
bining former and current) smokers. Overweight/obesity
was defined as a BMI ≥ 23 kg/m2, according to the
World Health Organization Asia–Pacific criteria [32].

All statistical analyses were performed using SAS version
9.4 (SAS Institute Inc., Cary, NC). The p value < 0.05
was defined as indicating statistical significance.

Results
Characteristics of the CODA cohort participants
There were 457 participants included in our study.
(Fig. 1) The mean age was 71.7 years and the mean BMI
was 23.5 kg/m2. There were 165 never (36%), 194 former
(43%), and 98 current smokers (21%). Among the partic-
ipants, 170 subjects (38%) had an occupational history of
a cement factory worker and 149 subjects had a history
of a farmer. The average post-bronchodilator FEV1 and
FVC were 1.96 and 3.02 L, respectively (Table 1). The
average emphysema index was 6.36 and the mean wall
area percent was 68.8%. Among all, 296 subjects (65%)
were COPD patients and 161 subjects were non-COPD.

Exposure to air pollution
The summary statistics of the individual-level air pollu-
tion concentrations are shown in Table 2. Annual aver-
age concentrations of PM10 and NO2 predicted at 457
CODA cohort participants’ homes in 2010 were 43.1 ±
2.9 μg/m3 was 13.6 ± 2.1 ppb, respectively. These were

Fig. 1 Flowchart for study participation in the COPD in Dusty Areas (CODA) cohort study
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lower than the South Korean national air quality stan-
dards for annual average concentrations of PM10 and
NO2 (50 μg/m3 and 30 ppb, respectively). The correl-
ation coefficient between the two pollutants was 0.44.

Association between air pollution and lung function
Higher PM10 was significantly associated with lower
FVC in all models; in our primary analysis adjusting for
individual characteristics, a 4.4 μg/m3 IQR increase in
PM10 concentration was associated with 0.13 L lower
FVC (95% confidence interval (CI) = − 0.22 - -0.05, p =
0.003) (Table 3). The effect estimate for FEV1 was also
negative but statistically non-significant in our primary
model (regression coefficient = − 0.04, 95% CI = − 0.11 -
0.03, p = 0.29). Higher NO2 was significantly associated
with lower FVC (regression coefficient = − 0.09, 95% CI =
− 0.17 - -0.01, p = 0.035), while FEV1 was not associated
with NO2 (Table 3).
There were no significant interactions with the COPD

status for the associations between either pollutant and
lung function (Table 4). For PM10, there was a signifi-
cant interactions with smoking status for FVC with asso-
ciation only in ever smokers, (P interaction = 0.011,
Table 5) and with sex with associations existing only in
the larger group of men (n = 335) (P interaction = 0.021,
Table 6). We found no interaction with overweight/
obesity.

Association between air pollution and CT features
For CT features, both the emphysema index and wall
area percent were significantly associated with PM10. For
an IQR increase in PM10, the emphysema index in-
creased by 1.13 (95% CI = 0.25–2.02, p = 0.012) and the
wall area percent increased by 1.04 (95% CI = 0.27–1.80,
p = 0.008, Table 3) in our primary model. However,
there was no association between NO2 and the CT phe-
notypes. We repeated the analysis by including the cal-
endar year of the pulmonary function measurement and
history of asthma or COPD as a covariate and the asso-
ciations for PM10 remained significant with the emphy-
sema index, but not with the wall area% (Table 3). We
also performed analysis on functional small airway dis-
ease and did not find any significant association (regres-
sion coefficient = 0.26, 95% CI = − 2.10 - 2.62, p = 0.83).

Table 1 Participant characteristics at baseline in the Korean
CODA cohort (n = 457)

All (n = 457) Non-COPD
(n = 161)

COPD
(n = 296)

Gender

Male 335 (73.3) 97 (60.2) 238 (80.4)

Female 122 (26.7) 64 (39.8) 58 (19.6)

Age 71.7 ± 7.3 70.8 ± 7.7 72.2 ± 7.1

44 ~ 59 yr 29 (6.3) 15 (9.3) 14 (4.7)

60 ~ 69 yr 113 (24.7) 42 (26.1) 71 (24.0)

70 ~ 79 yr 260 (56.9) 91 (56.5) 169 (57.1)

80 ~ 96 yr 55 (12.0) 13 (8.1) 42 (14.2)

Education

< Elementary school 143 (32.0) 43 (27.7) 100 (34.2)

Elementary school 169 (37.8) 67 (43.2) 102 (34.9)

Middle school 65 (14.5) 23 (14.8) 42 (14.4)

≥ High school 70 (15.7) 22 (14.2) 48 (16.4)

Income (x104won)

≤ 49 280 (63.9) 95 (62.5) 185 (64.7)

50–99 70 (16.0) 22 (14.5) 48 (16.8)

≥ 100 88 (20.1) 35 (23.0) 53 (18.5)

Job

Cement factory 170 (37.2) 55 (34.2) 115 (38.9)

farmer 149 (32.6) 62 (37.9) 87 (29.3)

Others 138 (30.2) 44 (27.3) 94 (31.8)

Smoking

Never-smoker 165 (36.1) 87 (54.0) 78 (26.4)

Former-smoker 194 (42.5) 52 (32.3) 142 (48.0)

Current-smoker 98 (21.4) 22 (13.7) 76 (25.7)

Pack-years 17.6 ± 23.4 12.0 ± 18.5 20.6 ± 25.2

Height (cm) 159.4 ± 9.3 157.8 ± 10.3 160.3 ± 8.6

Weight (kg) 59.7 ± 10.4 60.0 ± 10.6 59.6 ± 10.3

BMI (kg/m2) 23.5 ± 3.2 24.0 ± 3.3 23.2 ± 3.2

< 23.0 207 (45.3) 64 (39.8) 143 (48.3)

23.0 ~ 24.9 106 (23.2) 40 (24.8) 66 (22.3)

≥ 25.0 144 (31.5) 57 (35.4) 87 (29.4)

History of COPD medications

No 362 (79.2) 149 (92.5) 213 (72.0)

Yes 95 (20.8) 12 (7.5) 83 (28.0)

Asthma, history of disease

No 376 (83.9) 136 (87.7) 240 (81.9)

Yes 72 (16.1) 19 (12.3) 53 (18.1)

Pulmonary outcome at baseline visit, Post BDR

FVC, L 3.02 ± 0.81 2.88 ± 0.80 3.10 ± 0.81

FVC, % predicted 97.8 ± 19.1 96.9 ± 18.9 98.3 ± 19.3

FEV1, L 1.96 ± 0.60 2.19 ± 0.61 1.84 ± 0.56

FEV1, % predicted 87.3 ± 22.5 100.7 ± 21.1 80.0 ± 19.7

Table 1 Participant characteristics at baseline in the Korean
CODA cohort (n = 457) (Continued)

All (n = 457) Non-COPD
(n = 161)

COPD
(n = 296)

FEV1/FVC 0.65 ± 0.11 0.76 ± 0.05 0.59 ± 0.08

Emphysema index, n = 414 6.36 ± 6.66 3.35 ± 3.60 7.64 ± 7.23

Wall area %, n = 414 68.8 ± 5.2 67.5 ± 5.4 69.3 ± 5.0

Data are mean ± SD for continuous variables and n(%) for categorical variables
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Stratified analysis by COPD status showed a stronger
association of PM10 with the wall area percent among
individuals without COPD (P interaction = 0.037, Table
4) There was no significant interaction with smoking
status or gender (Tables 5 and 6).

Discussion
In this study, we found that PM10 was associated with
lung function, emphysema index, and wall area percent
in the Korean CODA cohort. Higher long-term PM10

exposure was related to lower FVC and this association
appeared to be limited to men or ever-smokers. We also
found significantly different associations between PM10

and wall area percent by COPD status. There was

significant association between NO2 and FVC. However,
there was no association between NO2 and imaging
phenotypes.
While most previous studies of long-term air pollution

and lung function in older adults were based on general
populations, the current study used a cohort including
healthy subjects as well as a substantial proportion of
COPD subjects and found that the association with FVC
was also significant in the COPD subgroup. Increased am-
bient air pollution including PM10 and NO2 was associated
with decreased lung function in healthy adults from the
Study on Air Pollution And Lung Disease In Adults in
Switzerland [33]. In middle-aged men and women from the
Atherosclerosis Risk in Communities study in the United
States, increased traffic-related air pollution was associated
with decreased FEV1 and FVC [34]. In middle- to old-aged
participants from the Framingham Heart study in the
Northeastern United States, long-term exposure to traffic
emission and PM2.5 was associated with decreased FEV1 as
well as FEV1 decline [35]. In Japanese women, living in
areas with a high level of air pollution was associated with
large FEV1 decline [36]. In the National Emphysema Treat-
ment Trial study, one of a few studies focusing on COPD
patients, an increase in PM2.5 was associated with a rapid
decline of FEV1 [37]. Our study suggests that the influence
of PM air pollution could be larger for COPD patients than
for the general population.
In the current study, a significant association of PM10

was observed with FVC, while no association was found
with FEV1. Some studies reported the consistent pat-
terns of stronger associations with FVC than FEV1, while
others found the reverse pattern. A recent paper in UK
reported higher effect estimates on FVC than FEV1 for
PM10, but higher estimates on FEV1 for PM2.5 [9].
Whether PM is associated differently with lung volume
or airflow limitation according to the size of the particles
should be further investigated.
NO2 is an important marker of traffic-related air pol-

lution and was associated with various endpoints includ-
ing COPD in previous studies, although we did not find
associations with imaging phenotypes. Our cohort of
fewer than 500 participants might have not provided suf-
ficient statistical power for detecting an association, al-
though our results showed an association of PM10 with
both lung function and CT measurements. Another

Table 2 Summary statistics and Pearson correlation coefficient of individual-level PM10 and NO2 concentrations estimated at
participant homes in the Korean CODA cohort (n = 457)

Mean ± SD IQR Percentiles Correlation coefficient(r)

5th 25th 50th 75th 95th PM10 No2

PM10 (ug/m
3) 43.1 ± 2.9 4.4 38.4 41.0 43.1 45.4 47.4 - 0.44***

NO2 (ppb) 13.6 ± 2.1 3.0 10.2 12.3 13.5 15.3 17.2 -

***: p < 0.0001

Table 3 Effect estimates and 95% confidence intervals of FVC,
FEV1, emphysema index, and mean wall area % for interquartile
range increases in PM10 (4.4 μg/m3) and NO2 (3.0 ppb) in the
CODA cohort

All (n = 457)

PM10 NO2

β (95% CI) P β (95% CI) P

FVC, L

Model 1a −0.13 (− 0.22, − 0.05) 0.003 − 0.09 (− 0.17, − 0.01) 0.035

Model 2b − 0.13 (− 0.22, − 0.03) 0.011 − 0.10 (− 0.18, − 0.02) 0.017

Model 3c − 0.12 (− 0.22, − 0.02) 0.015 − 0.09 (− 0.17, − 0.01) 0.029

FEV1, L

Model 1a − 0.04 (− 0.11, 0.03) 0.294 0.00 (− 0.06, 0.07) 0.881

Model 2b − 0.02 (− 0.09, 0.06) 0.647 0.00 (− 0.07, 0.06) 0.950

Model 3c −0.07 (− 0.14, 0.01) 0.078 − 0.01 (− 0.07, 0.05) 0.741

Emphysema index

Model 1a 1.13 (0.25, 2.02) 0.012 0.35 (−0.48, 1.19) 0.406

Model 2b 1.08 (−0.08, 2.23) 0.068 0.35 (−0.49, 1.18) 0.412

Model 3c 1.13 (0.01, 2.25) 0.048 0.26 (−0.54, 1.07) 0.519

Mean wall area %

Model 1a 1.04 (0.27, 1.80) 0.008 0.37 (−0.35, 1.10) 0.311

Model 2b 0.58 (−0.42, 1.58) 0.253 0.37 (−0.35, 1.09) 0.317

Model 3c 0.51 (−0.46, 1.49) 0.302 0.32 (−0.38, 1.02) 0.373
aModel 1 was adjusted for age, gender, education, height, weight, smoking,
pack-years, medication use, and job
bModel 2 was adjusted for age, gender, education, height, weight, smoking,
pack-years, medication use, job and calendar year at PFT test
cModel 3 was adjusted for age, gender, education, height, weight, smoking,
pack-years, medication use, job, calendar year at PFT test, asthma and COPD
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possible explanation could be different features of pollu-
tion sources related to traffic between the two pollut-
ants. With respect to traffic, PM results from re-
suspended road dust generated by moving vehicles, tire
and brake wear, and tailpipe exhaust, whereas NO2 is
mainly emitted in vehicle exhaust. The low correlation
coefficient between the two pollutant concentrations
(0.44) also supports this explanation. The model per-
formance for NO2 was better than for PM10, which can
be explained by the large impact of local pollution
sources on NO2 as opposed to PM10 affected by regional
sources. The local sources are better characterized by
geographic variables which are major input data of our
prediction model. R2 values for PM10 are under 0.50 in
other national models.
The effects of air pollution and lung function may vary

by various factors such as gender, genetics, smoking sta-
tus, diet, medication, and obesity. Modification by these
factors is inconsistent according to the literature. In a
previous general population study in Taiwan, the associ-
ation between air pollution and lung function was stron-
ger in females, the obese, and nonsmokers [38].
However, in the current study, we saw some evidence
that men were more susceptible as found in previous
studies, possibly because men are likely to spend more
time outdoors [9, 39, 40]. However, our study had more
men than women to begin with, and more male subjects
smoked with a history of COPD, which may have af-
fected our findings. Our results showed a significant as-
sociation between PM10 and lung function in ever-
smokers, but not in never smokers. This is consistent
with the findings of the Framingham Heart study show-
ing that former smokers are more susceptible to air pol-
lution [35]. We did not find a significant interaction
with overweight in the association with PM10, although
there are reports that obesity is a risk factor for air pol-
lution susceptibility. The modifying effects differ accord-
ing to the population.
Recent studies have revealed that imaging features are

associated with adverse clinical outcomes in COPD [11].
To our knowledge, this is the first study to investigate
the association between air pollution and CT features in
COPD subjects. There were at least three studies based
on the general population. The Multi-Ethnic Study of
Atherosclerosis (MESA) including 6515 participants
showed only weak evidence of the association between
PM and NOx and percent emphysema from cardiac CT
scans [15]. The MESA study also showed significant as-
sociations between long-term exposure to air pollutants
and emphysema progression [16]. Among 2545 non-
smoking Framingham CT sub-study participants, there
was no evidence of the association between ambient air
pollution and radiographic measures of emphysema or
airway disease, whereas the odds of emphysema in

former smokers increased for living near major roads
[14]. In the current study, PM10 exposure was associated
with increased emphysema index and wall area percent
in participants with or without COPD. The depth of in-
spiration affects the results of the CT-derived airway
measurements. An increase in the depth of inspiration
results in a larger airway lumen and smaller airway
thickness [41]. The influence of the inspiration level in
the upper bronchus is significantly lower than that in
the lower bronchus [42]. Therefore, airways were mea-
sured in the right apical and left apicoposterior segmen-
tal bronchi in our study to standardize the assessment of
airway wall thickness, a measure of a chronic bronchitis
phenotype. The association with wall thickness differed
according to COPD status. PM10 exposure was associ-
ated with wall area percent especially in the non-COPD
group. Occupational dust/fume exposure was associated
with air trapping, and airway wall thickness in men [43]
and our previous study of biomass exposure showed an
association with wall area percent in smokers [44]. Our
current results suggest that ambient air pollution can
also influence airway thickening as well as worsen
emphysema.
Our study has some limitations to address. First, we

used modeled annul-average concentrations of air pollu-
tion at subjects’ home addresses at baseline as
individual-level long-term exposure to air pollution,
without incorporating early exposures in the life course.
Household exposure and exposure varying by time-
activities were not accounted for either. Future analyses
considering highly-resolved exposure estimates with lon-
gitudinal address information and time activity data may
address the impact of these limitations. We also used
annual-average concentrations in the year of 2010 and
applied to our cohort data started in 2012. We assumed
that the spatial distribution of air pollution concentra-
tions is consistent throughout the study period. Since
this is a cohort study which relies on the spatial contrast
of air pollution across participants, a change of concen-
trations over 5 years may not matter as much compared
to the change in spatial ranking of high and low pollu-
tion areas. Our previous study showed high correlation
(Pearson correlation coefficient = 0.94) between 4-year
averages for 2009–2012 and annual averages in 2010
across about 300 air quality regulatory monitoring sites
[45]. Annual average concentration of PM10 and NO2

were below the South Korean national air quality stand-
ard (50 μg/m3 and 30 ppb, respectively). However, these
are still higher than the average concentrations and the
air quality standards in the US and Europe where many
studies reported the associations with respiratory out-
comes. Secondly, as some previous epidemiological stud-
ies reported, PM2.5 may be strongly associated with
COPD compared to PM10 or NO2. It is not feasible to
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include PM2.5 to this study because national-scale PM2.5

regulatory monitoring data are available since 2015. The
sample size is relatively small. However, our strength
using standardized spirometry and quantitative CT
measurement using a single CT scanner could have
allowed us to detect the association. This cohort re-
cruited participants near cement plants, generalizability
to areas without such point source may be reduced.

Conclusions
In conclusion, both lung function and imaging pheno-
types (emphysema and airway wall thickening) were as-
sociated with PM10 exposure in this population of older
adults. We found evidence of differences in associations
by sex, smoking and COPD status.
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