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The development of emphysema has been linked to air pollution; however, the

association of air pollution with the extent of lobar emphysema remains unclear. This

study examined the association of particulate matter <2.5µm in aerodynamic diameters

(PM2.5) (≤2.5µm), nitrogen dioxide (NO2), and ozone (O3) level of exposure with the

presence of emphysema in 86 patients with chronic obstructive pulmonary disease

(COPD). Exposure to the air pollution estimated using the land-use regression model

was associated with lung function, BODE (a body mass index, degree of obstruction,

dyspnea severity, and exercise capacity index) quartiles, and emphysema measured

as low-attenuation areas on high-resolution CT (HR-CT) lung scans. Using paraseptal

emphysema as the reference group, we observed that a 1 ppb increase in O3 was

associated with a 1.798-fold increased crude odds ratio of panlobular emphysema (p

< 0.05). We observed that PM2.5 was associated with BODE quartiles, modified Medical

Research Council (mMRC) dyspnea score, and exercise capacity (all p < 0.05). We

found that PM2.5, NO2, and O3 were associated with an increased degree of upper

lobe emphysema and lower lobe emphysema (all p < 0.05). Furthermore, we observed

that an increase in PM2.5, NO2, and O3 was associated with greater increases in upper

lobe emphysema than in lower lobe emphysema. In conclusion, exposure to O3 can be

associated with a higher risk of panlobular emphysema than paraseptal emphysema in

patients with COPD. Emphysema severity in lung lobes, especially the upper lobes, may

be linked to air pollution exposure in COPD.
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DEFINITION

Lobar percent emphysema, the voxel numbers <-950 Hounsfield
units (HUs) in a lung lobe field divided by the total voxel
numbers in that lung lobe field; centrilobular emphysema, low
attenuated areas (LAAs) located within the central portion of the
pulmonary lobe; paraseptal emphysema, LAA in the more distal
alveoli adjacent to the visceral pleura or interlobular septa; and
panlobular emphysema, diffuse LAA that distributes throughout
the pulmonary lobe.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is an irreversible
and progressive respiratory condition. COPD is currently the
chronic disease associated with one of the highest mortality in the
world, and also ranks fifth worldwide in terms of disease burden
(1, 2). In previous studies, air pollution has been associated
with increased risk of COPD and reduced lung function (3–
6). Specifically, a 5 µg/m3 increase in 1-year particulate matter
<2.5µm in aerodynamic diameters (PM2.5 concentrations has
been associated with 1.52-fold increased odds ratio (OR) of
COPD prevalence (95%CI: 1.42–1.62), while a 10µg/m3 increase
in 1-year nitrogen dioxide (NO2) concentrations was associated
with 1.12-fold increased OR of COPD prevalence (95% CI: 1.10–
1.14) (7). Therefore, air pollution can be considered as a risk
factor for the development of COPD by the Chronic Obstructive
Lung Disease (GOLD) guideline (8).

The hybrid kriging/land-use regression (LUR) combined
two methods (i.e., kriging interpolation and LUR) to detect
small-scale variation in air pollution. This model also takes
into consideration the local emission sources (i.e., temples and
restaurants) to achieve a more accurate prediction of annual NO2

variability (R2 = 0.90) (9). Another study in Taiwan captured 85%
of annual PM2.5 variation by using this method (10). Utilizing
estimates from the hybrid kriging/LUR, our previous study
showed that 0.99 µg/m3 increase in PM2.5 resulted in 0.011 kg
increase in right arm fat mass, whereas 2.45 ppb increase in NO2

resulted in 0.181 kg decrease in muscle mass (p < 0.05) (11).
Lung emphysema is characterized by the destruction of

alveolar septal structures and the loss of lung parenchyma (12).
Emphysema is categorized into three major subtypes based on its
distribution in secondary lung lobules: centrilobular, paraseptal,
and panlobular emphysema (13–15). Centrilobular emphysema
has been characterized as low attenuated areas (LAAs) in the
central portion of the pulmonary lobe, paraseptal emphysema as
LAA in the more distal alveoli adjacent to the visceral pleura or
interlobular septa, and panlobular as diffuse LAA that distributes
throughout the pulmonary lobe (14, 16, 17). Previous studies
have reported an association between smoking and increased risk
of centrilobular emphysema (14, 18).

Emphysema can be examined quantitatively on high-
resolution CT (HRCT) imaging by measuring the LAA of
the lung. The percentage of LAA (or percent emphysema)
on HRCT scans has been associated with the decrease in
lung function in patients with COPD (19). It was reported
that cigarette smoke affected emphysema preferentially in the

upper lobes (14, 20). Previous studies have demonstrated the
association of air pollution with emphysema severity of the
total lung (21, 22). However, the link between exposure to air
pollution and the degree of emphysema at the lobular level
has not been reported. We hypothesized that exposure to air
pollution was associated with the emphysema severity at the
lung lobular level. Meanwhile, lung function and BODE index
[a composite measure of body-mass index (BMI), degree of
obstruction, dyspnea severity, and exercise capacity (23)] were
considered clinical outcomes related to the severity of COPD
and emphysema. Therefore, we examined the association of 1-
year exposure to PM2.5, NO2, and ozone (O3) with the extent
of emphysema in different lung lobes of COPD subjects, while
also assessing the associations between 1-year exposure to air
pollutants with lung function and the degree of incapacity as
measured by the BODE index.

MATERIALS AND METHODS

Study Subjects
We conducted a retrospective cross-sectional study in 86 patients
with COPD recruited from the COPD clinic of a respiratory
department of a hospital in New Taipei, Taiwan. The patients
underwent HRCT of the thorax between April 2010 and October
2019. The inclusion criteria in this study were: (1) having
been diagnosed with COPD by a post-bronchodilator forced
expiratory volume in the first second (FEV1)/forced vital capacity
(FVC) ratio of <70% (1) and (2) being between 40 years old and
90 years old. The smoking statuses of the patients were collected
by oral questionnaire. Patients with a known malignancy,
progressive inflammatory condition (i.e., bronchiectasis, asthma,
or other non-COPD-related diseases), or exacerbation during the
3 months before the study were excluded. The Ethics Committee
of the Taipei Medical University-Joint Institutional Review Board
approved this study (Approval No. N202003075).

Ambient Air Pollution Exposure
Individual-level exposure to air pollutants (PM2.5, NO2, and
O3) was predicted by a hybrid kriging/LUR approach, which
was previously demonstrated (9, 10). Briefly, mean air pollutant
data were obtained from Taiwan Environmental Protection
Administration (EPA) air quality monitoring stations (https://
airtw.epa.gov.tw/). The Environment Resource Database, Point
of Interest, Land-use Investigation of Taiwan, Traffic Network
Digital Map, Digital Terrain Model, Industrial Development
Bureau Database, and Normalized Difference Vegetation Index
were included to build the model. The regression model takes
into consideration the traffic intensity, weather, population
density, industry emissions, elevation, vegetation distribution,
the number of temples, and the number of restaurants to calculate
residential air pollution levels. Daily PM2.5, NO2, and O3

levels were then accumulated into 1-year average concentrations.
Land-use predictors with a Spearman’s correlation coefficient
larger than 0.4 with an effect on air pollutants were entered
into a stepwise linear regression. Furthermore, to improve the
robustness of the LUR model, a set of pollutant levels was
created through a leave-one-out kriging interpolation and added
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to the model. Average individual exposure to air pollution was
estimated for 1 year before the HRCT assessment.

Lung Function
Lung function data were collected from each subject
retrospectively from the hospital records of the subject.
Spirometry was conducted according to the American Thoracic
Society/European Respiratory Society guidelines (24). Lung
function tests were performed once right before conducting
the HRCT.

BODE Index
BODE index, namely, BMI, degree of obstruction, dyspnea
severity, and exercise capacity, has proven to be a predictor of
COPD mortality and severity (23, 25). Previous studies reported
that exposure to air pollution could cause adverse effects on
dyspnea and exercise capacity (26, 27). A subgroup of four
variables (i.e., the BMI scale, airflow obstruction index, modified
Medical Research Council (mMRC) dyspnea scale (28), and the
exercise capacity index) is included in the BODE index, which
is shown in Supplementary Table 1. Airflow obstruction index
was defined as the FEV1 (% predicted). Exercise capacity index
was defined as the distance walked in 6min (meters). The BODE
index was categorized into four quartiles: quartile 1 by a score
of 0–2; quartile 2 by a score of 3–4; quartile 3 by a score of 5–
6; and quartile 4 by a score of 7–10 as previously described (29).
Quartile 1 represents the least severity, while quartile 4 represents
the most severity.

Emphysema Severity
HRCT scans were acquired at suspended full inspiration.
APOLLO version 1.2 software (VIDA Diagnostics, Coralville, IA,
USA) was employed to assess the image attenuation on full-lung
scans at a single reading center by trained readers without the
knowledge of the characteristics of participants. The lung volume
was calculated, and all voxels in the lung were identified. The
percent emphysema (%LAA) on CT scans was determined as the
voxel numbers <-950 Hounsfield units in a lung field divided by
the total voxel numbers in that lung field based upon pathological
comparisons (30, 31). Emphysema severity was categorized into
three levels: level 1 if 1% ≤ %LAA < 5%, level 2 if 5% ≤ %LAA
< 25%, and level 3 if 25% ≤%LAA < 50%.

Statistical Analysis
Tests of normality were used to determine if the data were
normally distributed. The extremely low and high values outside
percentiles 1 and 99 were replaced by using a winsorization
approach to minimize the influence of severe outliers (32).
Upper lobe LAA was defined as right upper lobe LAA plus
left upper lobe LAA. Lower lobe LAA was defined as right
lower lobe LAA plus left lower lobe LAA. We performed
a generalized linear model, adjusted for age, sex, BMI, and
smoking pack-years, to identify the associations of 1-year air
pollution exposure in the five lung lobes with lung function,
BODE quartiles, and the percent emphysema in the left upper
lobe, left lower lobe, left lung, right upper lobe, right middle
lobe, right lower lobe, right lung, upper lobes, lower lobes,

and total lung. The beta coefficients (β) were calculated to
estimate the contribution of each of the individual variables.
Also, the crude OR of outcome variables of predominant
centrilobular and panlobular emphysema with the reference
group (paraseptal emphysema group) was investigated by a
multinomial logistic regression model. To calculate the adjusted
OR, we performed the multinomial logistic regression adjusting
for age, sex, BMI, and smoking pack-years. SPSS version 22.0.0.0
for Windows statistical software (SPSS Inc., Chicago, IL, USA)
was used for data analysis. The value of p < 0.05 was set as
statistically significant.

RESULTS

Characteristics of the Study Subjects
The baseline characteristics of 86 patients enrolled in our study
are summarized in Table 1. Overall, the patients had a mean
age of 70.4 ± 7.9 years, and 91.9% were men. Their BMI was
23.3 ± 4.4 kg/m2. About 40.7% of the subjects were current
smokers, 51.2% were ex-smokers, and 8.1% were non-smokers.
The average smoking pack-years was 50.4 ± 37.9 years. In terms
of lung function, the patients had a mean FEV1 (% predicted) of
56.6 ± 19.8%, an average FEV1 of 1.3 ± 0.5 L, and FEV1/FVC
ratio of 52.3 ± 10.0%. Mean outcomes were as follows: BODE
quartiles (1.8 ± 1.1 points), mean BMI scale (0.3 ± 0.5 points),
mean airflow obstruction index (1.3 ± 1.1 points), mean mMRC
dyspnea scale (0.7 ± 0.8 points), and mean exercise capacity
index (0.7± 1.0 points).

Based on HRCT scans, pulmonary emphysema was further
classified into different subtypes (i.e., centrilobular, paraseptal,
and panlobular emphysema). The percentage of predominant
centrilobular, paraseptal, and panlobular emphysema were 66.3,
22.1, and 11.6%, respectively. The mean degree of emphysema in
the total lung was 15.6 ± 9.4%. The mean emphysema severity
was 2.1± 0.5 points.

Air Pollution
One-year mean air pollution levels are depicted in Table 1. Levels
of 1-year concentrations of PM2.5, NO2, and O3 to which study
subjects were exposed were 28.02 ± 3.38 µg/m3, 18.20 ± 2.23
ppb, and 24.44± 3.31 ppb, respectively.

Association of O3 With Predominant
Panlobular Emphysema
The association of air pollution with emphysema subtypes is
shown in Table 2. We observed that a 1 ppb increase in O3

was associated with 1.798-fold increased crude OR of panlobular
subtype (95% CI: 1.073, 3.013; p < 0.05). After adjusting for age,
sex, BMI, and smoking pack-years, 1 ppb increase in O3 was
associated with 1.854-fold increased adjusted OR of panlobular
subtype (95% CI: 1.069, 3.216; p < 0.05).

Associations of PM2.5, NO2, and O3 With
BODE and Degree of Emphysema
One-year mean air pollution levels and the association of PM2.5,
NO2, and O3 on BODE quartiles and percent emphysema
are depicted in Table 3. Levels of 1-year concentrations of
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TABLE 1 | Demographic characteristics of study subjects.

Characteristics Mean ± SD

Total N = 86

Age, years 70.4 ± 7.9

Male, % (n) 91.9 (79)

Body mass index, kg/m2 23.3 ± 4.4

Smoking, % (n)

Current 40.7 (35)

Ex-smoker 51.2 (44)

Non-smoker 8.1 (7)

Lung function

FEV1, % 56.6 ± 19.8

FEV1, L 1.3 ± 0.5

FEV1/FVC, % 52.3 ± 10.0

BODE quartiles, point 1.8 ± 1.1

BMI scale, point 0.3 ± 0.5

Airflow obstruction index, point 1.3 ± 1.1

mMRC dyspnea scale, point 0.7 ± 0.8

Exercise capacity index, point 0.7 ± 1.0

Emphysema subtypes

Centrilobular, % (n) 66.3 (57)

Paraseptal, % (n) 22.1 (19)

Panlobular, % (n) 11.6 (10)

Percent emphysema

Left upper lobe LAA, % 17.0 ± 11.7

Left lower lobe LAA, % 14.0 ± 11.1

Left lung LAA, % 15.8 ± 10.8

Right upper lobe LAA, % 16.5 ± 11.2

Right middle lobe LAA, % 17.3 ± 10.4

Right lower lobe LAA, % 13.1 ± 9.1

Right lung LAA, % 15.4 ± 9.0

Upper lung LAA, % 33.5 ± 22.1

Lower lung LAA, % 27.2 ± 18.8

Total lung LAA, % 15.6 ± 9.4

Emphysema severity, point 2.1 ± 0.5

Air pollution

PM2.5, µg/m3 28.02 ± 3.38

NO2, ppb 18.20 ± 2.23

O3, ppb 24.44 ± 3.31

BMI, body mass index; FEV1, forced expiratory volume in the first second; FVC, forced

vital capacity; LAA, low attenuation area; mMRC, modified Medical Research Council.

PM2.5, NO2, and O3 to which study subjects were exposed
were 28.02 ± 3.38 µg/m3, 18.20 ± 2.23 ppb, and 24.44
± 3.31 ppb, respectively. After adjusting for age, sex, BMI,
and smoking pack-years, we observed significant associations
between PM2.5 and left upper lobe LAA (β = 1.476), right
upper lobe LAA (β = 1.296), left lower lobe LAA (β =

1.293), right middle lobe LAA (β = 1.202), right lower lobe
LAA (β = 0.978), and emphysema severity (β = 0.059).
Furthermore, we observed significant associations between
PM2.5 and BODE quartiles, mMRC dyspnea scale, and exercise
capacity scale.

Similarly, significant associations were observed between NO2

and right upper lobe LAA (β = 1.946), left upper lobe LAA (β
= 1.434), right lower lobe LAA (β = 0.883), and emphysema
severity (β = 0.055).

Meanwhile, we observed significant associations between O3

and right upper lobe LAA (β = 1.560), left upper lobe LAA (β =

1.492), right middle lobe LAA (β = 1.126), left lower lobe LAA
(β = 0.866), right lower lobe LAA (β = 0.860), and emphysema
severity (β = 0.044).

Furthermore, we observed that an increase in PM2.5, NO2, and
O3 was associated with greater increases in upper lobe LAA than
in lower lobe LAA.

DISCUSSION

We showed an association between O3 exposure and panlobular
emphysema subtype. Importantly, air pollution (PM2.5, NO2, and
O3) was associated with an increased degree of lobar emphysema,
especially in the upper lobes. Our results suggest that particulate
and gaseous pollution could have distinct impacts on lung
lobes emphysema.

The annual PM2.5, NO2, and O3 levels in our study were
following previous studies conducted in Taipei (33, 34). However,
the mean PM2.5 levels in our study were nearly 3-fold higher
than the WHO acceptable upper limit (annual PM2.5 of 10
µg/m3) (35). Meanwhile, the mean O3 levels in our study were
lower than the acceptable upper limit of the United States
EPA (annual O3 of 70 ppb) (36). Using paraseptal emphysema
as the reference group, we found that exposure to O3 was
associated with a higher OR of panlobular emphysema. O3 is
formed by the photochemical dissociation of molecular oxygen
into two oxygen atoms, followed by a combination between
the oxygen atom and the molecular oxygen. Previous studies
reported the role of apoptosis of alveolar epithelial cells and
endothelial cells in the pathogenesis of emphysema (37–39).
O3-induced oxidative stress could induce the activation of
proteases (caspase-3) (40–42). Moreover, a previous in vivo study
reported that exposure to 2.5 ppm O3 for 6 weeks resulted
in alveolar enlargement and airway wall destruction associated
with an increase in matrix metalloproteinase-12 (MMP-12)
and caspase-3 (42). It was also reported that interleukin (IL)-
13 may modulate O3-induced neutrophilic inflammation (43).
Furthermore, IL-13 could promote alveolar macrophage elastase
(MMP-12) upregulation, thus leading to emphysema (44–46).
Moreover, previous studies reported that O3 was diffused in the
alveolar periphery (47–49). It is also suggested that panlobular
emphysema represents a more advanced phase of emphysema
and COPD (14, 50). Together, this suggests that exposure to O3

can be associated with a higher risk of panlobular emphysema
than paraseptal emphysema in patients with COPD. However,
the association of O3 with panlobular emphysema warrants
further investigations.

Next, we examined the association between air pollution
and BODE quartiles and demonstrated that exposure to PM2.5

was associated with the increased BODE quartiles, the mMRC
dyspnea scale, and the exercise capacity index. Our findings are
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TABLE 2 | Associations [odds ratio (OR)] of centrilobular and panlobular emphysema subtypes with paraseptal emphysema (reference) by 1-year average air pollution

concentrations of PM2.5, NO2, and O3.

Crude OR (95% CI) Adjusted OR (95% CI)

Air pollution Paraseptal Centrilobular Panlobular Paraseptal Centrilobular Panlobular

PM2.5, µg/m3 1 0.937 (0.799, 1.098) 1.151 (0.922, 1.436) 1 0.923 (0.784, 1.087) 1.110 (0.883, 1.395)

NO2, ppb 1 0.868 (0.683, 1.103) 0.870 (0.613, 1.236) 1 0.865 (0.680, 1.101) 0.850 (0.587, 1.232)

O3, ppb 1 0.933 (0.788, 1.106) 1.798 (1.073, 3.013)* 1 0.923 (0.774, 1.100) 1.854 (1.069, 3.216)*

NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate matter <2.5µm in aerodynamic diameters.

Adjusted for age, sex, body mass index, and smoking pack-years.

Values in bold characters are deemed statistically significant. *p < 0.05.

consistent with previous studies showing that mMRC scores of
patients with COPD when the air quality index (AQI) > 100
were higher than when AQI ≤ 100 (27). Moreover, exposure to
diesel engine exhaust significantly decreased the exercise capacity
compared to exposure to clean air in heart failure patients (26).
The results indicate that exposure to air pollution increased the
risk of COPD severity. Together, our data further suggested the
adverse effects of exposure to PM2.5 to the BODE quartiles (i.e.,
BMI, airflow obstruction, dyspnea, and physical activities) in
patients with COPD.

We identified air pollution (i.e., PM2.5, NO2, and O3)
associated with increased percent emphysema of the total lung
and emphysema severity. Previous studies showed that air
pollutants may penetrate deeply into the lung and destroy the
alveolar septa through the excessive reactive oxygen species
(ROS) generation (51). It was reported that the ROS played
an important role in the apoptosis of alveolar epithelial cells
(52–55). ROS was necessary to activate the BCL2-associated X
(Bax) protein, leading to cell death (53, 56, 57). Furthermore,
the ROS can cause endothelial cell apoptosis (58, 59). Our
results are consistent with previous studies (21, 22). Using 1-
year average air pollution exposure, a previous study found that
5 µg/m3 increase in PM2.5 and 25 ppb increase in oxides of
nitrogen (NOx) were associated with 0.6 (95% CI: 0.1, 1.2%)
and 0.5 (95% CI: 0.1, 0.9%) increase in percent emphysema
(21). A cohort study involving 19-year exposure to air pollutants
demonstrated that 2 µg/m3 increase in PM2.5, 10 ppb increase
in NOx, and 3 ppb increase in O3 resulted in 0.11 (95% CI:
0.03, 0.19), 0.06 (95% CI: 0.01, 0.12), and 0.13 (95% CI: 0.03,
0.24) increase in percent emphysema, respectively (22). In a
study including 10-year exposure to O3, 5 ppb increase in O3

concentration was associated with increased emphysema severity
(β = 0.94; 95% CI: 0.25, 1.64; p < 0.05) (60). However, the
associations between air pollution and lobar emphysema are
still unclear.

Due to the lung anatomy and aerodynamic motion of inhaled
particles, we suspect that air pollution (especially particulate
pollution) may have different impacts on the lung lobes. Our
results further showed that air pollution was associated with
lobar emphysema, especially in the upper lobes, by PM2.5,
NO2, and O3. Our previous study found that a 1 µg/m3

increase in PM2.5 deposition in each lung lobe was associated

with increases in %LAA (beta coefficient) of the same lung
lobe (p < 0.05) (61). Because of particle physicochemical
characteristics, lung geometric difference, and breathing pattern,
the associations between air pollutants with lung lobe percent
emphysema could be associated with our findings. In this study,
we observed that an increase in PM2.5, NO2, and O3 was
associated with greater increases in upper lobe LAA than in
lower lobe LAA. This was consistent with a previous study
showing that PM2.5 deposition was associated with higher
emphysema severity in upper lobes than in lower lobes (61). This
suggested that upper lobes might be preferentially impacted by
air pollution than lower lobes. Furthermore, smoking-induced
emphysema was also commonly observed in the upper lung
lobes (13, 18). Smoking was also reported to be associated with
centrilobular emphysema, which is mostly observed in upper
lobe emphysema (14, 18, 20). The reasons for this upper lobe
predominant distribution may include regional differences in
lung physiology (i.e., ventilation/perfusion ratio, lymphatic flow,
particle clearance, and intrapleural pressure) (13, 62). Although
the ventilation predominated in the lower lung lobes, the ratio
of ventilation to perfusion was higher in the upper lobes than
in the lower lobes, which could favor the pathogenesis of
upper lobe emphysema (63, 64). Meanwhile, the decrease in
the lymphatic drainage in the upper lobes due to gravity could
result in a decline in particle clearance, thus facilitating the
development of emphysema (18, 63). Furthermore, the higher
mechanical stress and more intrapleural pressures in the upper
lung lobes may also result in the high distribution of emphysema
in the upper lung lobes (65–67). However, this needs further
investigations in future studies. Together, our data suggest that
upper lung lobes could be more susceptible to impairment by
air pollution.

The limitation of this study included its small sample
size because the subjects recruited for this study depended
on the number of admissions diagnosed with COPD
during the study period. Furthermore, the lack of female
representation in our study could be a limitation. The chemical
components of PM2.5 (i.e., water-soluble ions, heavy metals,
and polycyclic aromatic hydrocarbon) were not examined
in our study. The effects of indoor pollution should also
be clarified in future studies. We observed the associations
between air pollution and the extent of emphysema, but the
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TABLE 3 | Associations between lung function, BODE quartiles, and percent emphysema (95% CI) with 1-year average air pollution concentrations

of PM2.5, NO2, and O3.

Air pollution PM2.5 NO2 O3

β coefficient (95% CI) β coefficient (95% CI) β coefficient (95% CI)

Lung function

FEV1, % −0.724 (−1.976, 0.529) −0.135 (−2.013, 1.742) 0.468 (−0.817, 1.753)

FEV1, L −0.022 (−0.053, 0.010) −0.003 (−0.050, 0.044) −0.006 (−0.038, 0.027)

FEV1/FVC, % −0.358 (−0.995, 0.278) 0.038 (−0.915, 0.992) 0.148 (−0.506, 0.801)

BODE quartiles, point 0.099 (0.024, 0.175)* −0.066 (−0.182, 0.050) 0.054 (−0.027, 0.135)

BMI scale, point 0.003 (−0.021, 0.027) −0.015 (−0.060, 0.031) 0.003 (−0.029, 0.034)

Airflow obstruction, point 0.024 (−0.052, 0.100) −0.085 (−0.197, 0.026) 0.007 (−0.069, 0.083)

mMRC dyspnea, point 0.076 (0.023, 0.130)* 0.019 (−0.065, 0.102) 0.017 (−0.043, 0.077)

Exercise capacity, point 0.083 (0.017, 0.150)* 0.046 (−0.056, 0.148) 0.031 (−0.040, 0.103)

Percent emphysema

Left upper lobe LAA, % 1.476 (0.813, 2.139)* 1.434 (0.387, 2.481)* 1.492 (0.813, 2.171)*

Left lower lobe LAA, % 1.293 (0.660, 1.927)* 0.922 (−0.086, 1.929) 0.866 (0.185, 1.546)*

Left lung LAA, % 1.414 (0.811, 2.018)* 1.236 (0.269, 2.203)* 1.206 (0.568, 1.845)*

Right upper lobe LAA, % 1.296 (0.665, 1.927)* 1.946 (1.008, 2.883)* 1.560 (0.939, 2.180)*

Right middle lobe LAA, % 1.202 (0.604, 1.800)* 0.687 (−0.269, 1.642) 1.126 (0.507, 1.746)*

Right lower lobe LAA, % 0.978 (0.481, 1.474)* 0.883 (0.106, 1.661)* 0.860 (0.342, 1.378)*

Right lung LAA, % 1.138 (0.640, 1.635)* 1.242 (0.462, 2.021)* 1.209 (0.705, 1.712)*

Upper lobe LAA, % 2.772 (1.535, 4.009)* 3.380 (1.473, 5.286)* 3.052 (1.812, 4.291)*

Lower lobe LAA, % 2.271 (1.238, 3.303)* 1.805 (0.154, 3.455)* 1.726 (0.621, 2.830)*

Total lung LAA, % 1.283 (0.769, 1.797)* 1.282 (0.461, 2.102)* 1.198 (0.662, 1.735)*

Emphysema severity, point 0.059 (0.029, 0.089)* 0.055 (0.008, 0.103)* 0.044 (0.012, 0.076)*

BMI, body mass index; FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; LAA, low attenuation area; mMRC, modified Medical Research Council; NO2,

nitrogen dioxide; O3, ozone; PM2.5, particulate matter <2.5µm in aerodynamic diameters.

Adjusted for age, sex, body mass index, and smoking pack-years.

Values in bold characters are deemed statistically significant. *p < 0.05.

inflammatory responses and underlying mechanisms need to
be investigated in the future. Because the sample size in our
study was small, we did not adjust for previous pulmonary
infections, alpha-1 antitrypsin levels, and socioeconomic
status. These confounding factors should be included in
future works. The subjects in our study were exposed
to 1-year air pollution concentrations, which could be a
limitation. Longitudinal analyses with long-term exposure
to air pollution may better clarify these associations with
percent emphysema.

CONCLUSIONS

In conclusion, exposure to air pollution was associated with the
degree and type of lobar emphysema in COPD. Our findings
suggested that exposure to O3 was preferentially associated
with panlobular emphysema than paraseptal emphysema in
patients with COPD. Particulate and gaseous pollution may
have distinct impact on the lung lobes. Moreover, this study
showed an association between air pollution and the degree
of emphysema, especially in the upper lobes. Air pollution
could be associated with the severity of lobar emphysema
in COPD.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Ethics Committee of the Taipei
Medical University-Joint Institutional Review Board
approved this study (Approval No. N202003075). Written
informed consent for participation was not required for this
study in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

H-CC planned the study and designed the experiments.
NT and S-CH completed the manuscript. Y-HL, T-TC,
K-YL, K-YC, S-MW, and H-YK completed the COPD
data collection. C-DW completed the personal exposure
assessment. HT, HD, and TT conducted the Multiple-Path

Frontiers in Medicine | www.frontiersin.org 6 September 2021 | Volume 8 | Article 705792

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Tung et al. Identifying Air Pollution-Induced Lobar Emphysema

Particle Dosimetry (MPPD) model. KC, H-PK, and Y-LL
critically revised the manuscript. All authors analyzed
and discussed the results, commented on the manuscript,
and read and approved the final version of the manuscript
for publication.

FUNDING

This study was funded by the Ministry of Science and
Technology of Taiwan (108-2314-B-038-093, 109-2314-B-038-
093-MY3, and 108-2314-B-038-113-MY3).

ACKNOWLEDGMENTS

The authors wish to thank the Department of Radiology in
Shuang Ho Hospital for the technical assistance of this research.
KC is a Visiting Professor at Taipei Medical University.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.705792/full#supplementary-material

REFERENCES

1. Vestbo J, Hurd SS, Agust,í AG, Jones PW, Vogelmeier C, Anzueto A, et al.

Global strategy for the diagnosis, management, and prevention of chronic

obstructive pulmonary disease. Am J Respir Crit Care Med. (2013) 187:347–

65. doi: 10.1164/rccm.201204-0596PP

2. May SM, Li JTC. Burden of chronic obstructive pulmonary

disease: healthcare costs and beyond. Allergy Asthma Proc. (2015)

36:4–10. doi: 10.2500/aap.2015.36.3812

3. Adam M, Schikowski T, Carsin AE, Cai Y, Jacquemin B, Sanchez M, et

al. Adult lung function and long-term air pollution exposure. ESCAPE:

a multicentre cohort study and meta-analysis. Euro Res J. (2015) 45:38–

50. doi: 10.1183/09031936.00130014

4. Rice MB, Ljungman PL, Wilker EH, Dorans KS, Gold DR, Schwartz J, et al.

Long-term exposure to traffic emissions and fine particulate matter and lung

function decline in the framingham heart study. Am J Respir Crit Care Med.

(2015) 191:656–64. doi: 10.1164/rccm.201410-1875OC

5. De Jong K, Vonk JM, Zijlema WL, Stolk RP, Van Der Plaat DA, Hoek G, et al.

Air pollution exposure is associated with restrictive ventilatory patterns. Euro

Res J. (2016) 48:1221–4. doi: 10.1183/13993003.00556-2016

6. Guo C, Zhang Z, Lau AKH, Lin CQ, Chuang YC, Chan J, et al. Effect of long-

term exposure to fine particulate matter on lung function decline and risk of

chronic obstructive pulmonary disease in Taiwan: a longitudinal, cohort study.

Lancet Planet Health. (2018) 2:e114–25. doi: 10.1016/S2542-5196(18)30028-7

7. Doiron D, De Hoogh K, Probst-Hensch N, Fortier I, Cai Y, De

Matteis S, et al. Air pollution, lung function and COPD: results

from the population-based UK Biobank study. Euro Res J. (2019)

54:1802140. doi: 10.1183/13993003.02140-2018

8. Global Initiative for Chronic Obstructive Lung Disease. Global Strategy

for Prevention, Diagnosis and Management of COPD (2020 Report). Global

Initiative for Chronic Obstructive Lung Disease (2020).

9. Chen TH, Hsu YC, Zeng YTC, Su HJ, Chao HJ, Wu C-D, et al.

A hybrid kriging/land-use regression model with Asian culture-specific

sources to assess NO2 spatial-temporal variations. Environ Pollut. (2020)

259:113875. doi: 10.1016/j.envpol.2019.113875

10. Wu CD, Zeng YT, Lung SCC. A hybrid kriging/land-use regression model to

assess PM2.5 spatial-temporal variability. Sci Total Environ. (2018) 645:1456–

64. doi: 10.1016/j.scitotenv.2018.07.073

11. Tung NT, Lee YL, Lin SY, Wu D, Dung HB, Thuy TPC, et al.

Associations of ambient air pollution with overnight changes in body

composition and sleep-related parameters. Sci Total Environ. (2021)

791:148265. doi: 10.1016/j.scitotenv.2021.148265

12. Taraseviciene-Stewart L, Voelkel NF. Molecular pathogenesis of emphysema.

J Clin Invest. (2008) 118:394–402. doi: 10.1172/JCI31811

13. Takahashi M, Fukuoka J, Nitta N, Takazakura R, Nagatani Y, Murakami Y, et

al. Imaging of pulmonary emphysema: a pictorial review. Int J Chron Obstruct

Pulmon Dis. (2008) 3:193–204. doi: 10.2147/COPD.S2639

14. Smith BM, Austin JHM, Newell, J. D. Jr., D’souza BM, Rozenshtein

A, Hoffman EA, et al. Pulmonary emphysema subtypes on computed

tomography: the MESA COPD study. Am J Med. (2014) 127:94.e97–

23. doi: 10.1016/j.amjmed.2013.09.020

15. Lynch DA, Austin JHM, Hogg JC, Grenier PA, Kauczor, H.-U., Bankier

AA, et al. CT-definable subtypes of chronic obstructive pulmonary

disease: a statement of the fleischner society. Radiology. (2015) 277:192–

205. doi: 10.1148/radiol.2015141579

16. Hansell DM, Bankier AA, Macmahon H, Mcloud TC, Müller NL, Remy J.

Fleischner society: glossary of terms for thoracic imaging. Radiology. (2008)

246:697–722. doi: 10.1148/radiol.2462070712

17. Hochhegger B, Dixon S, Screaton N, Silva VCD, Marchiori E, Binukrishnan

S, et al. Emphysema and smoking-related lung diseases. Imaging. (2008)

20:219–35. doi: 10.1259/imaging/18176184

18. Nemec SF, Bankier AA, Eisenberg RL. Upper lobe–predominant diseases of

the lung. Am J Roentgenol. (2013) 200:W222–37. doi: 10.2214/AJR.12.9253

19. Mohamed Hoesein FA, Van Rikxoort E, Van Ginneken B, De Jong PA,

ProkopM, Lammers JW, et al. Computed tomography-quantified emphysema

distribution is associated with lung function decline. Eur Respir J. (2012)

40:844–50. doi: 10.1183/09031936.00186311

20. Sousa C, Rodrigues M, Carvalho A, Viamonte B, Cunha R, Guimarães S, et al.

Diffuse smoking-related lung diseases: insights from a radiologic-pathologic

correlation. Insights Imaging. (2019) 10:73. doi: 10.1186/s13244-019-0765-z

21. Adar SD, Kaufman JD, Diez-Roux AV, Hoffman EA, D’souza J, Stukovsky

KH, et al. Air pollution and percent emphysema identified by computed

tomography in the multi-ethnic study of atherosclerosis. Environ Health

Perspect. (2015) 123:144–51. doi: 10.1289/ehp.1307951

22. Wang M, Aaron CP, Madrigano J, Hoffman EA, Angelini E, Yang J, et al.

Association between long-term exposure to ambient air pollution and change

in quantitatively assessed emphysema and lung function. JAMA. (2019)

322:546–56. doi: 10.1001/jama.2019.10255

23. Celli BR, Cote CG, Marin JM, Casanova C, Montes De Oca M, Mendez

RA, et al. The body-mass index, airflow obstruction, dyspnea, and exercise

capacity index in chronic obstructive pulmonary disease.N Engl J Med. (2004)

350:1005–12. doi: 10.1056/NEJMoa021322

24. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates

A, et al. Standardisation of spirometry. Euro Res J. (2005) 26:319–

38. doi: 10.1183/09031936.05.00034805

25. Ong KC, Earnest A, Lu SJ. A multidimensional grading system (BODE

index) as predictor of hospitalization for COPD. Chest. (2005) 128:3810–

6. doi: 10.1378/chest.128.6.3810

26. Vieira JL, Guimaraes GV, De Andre PA, Saldiva PH, Bocchi EA. Effects

of reducing exposure to air pollution on submaximal cardiopulmonary

test in patients with heart failure: analysis of the randomized, double-

blind and controlled FILTER-HF trial. Int J Cardiol. (2016) 215:92–

7. doi: 10.1016/j.ijcard.2016.04.071

27. Liu PF, Yan P, Zhao DH, Shi WF, Meng S, Liu Y, et al. The effect of

environmental factors on the differential expression of miRNAs in patients

with chronic obstructive pulmonary disease: a pilot clinical study. Int

J Chron Obstruct Pulmon Dis. (2018) 13:741–51. doi: 10.2147/COPD.S1

56865

28. Mahler DA, Wells CK. Evaluation of clinical methods for rating dyspnea.

Chest. (1988) 93:580–6. doi: 10.1378/chest.93.3.580

29. Li CL, Lin MH, Chen PS, Tsai YC, Shen LS, Kuo HC, et al. Using the BODE

index and comorbidities to predict health utilization resources in chronic

Frontiers in Medicine | www.frontiersin.org 7 September 2021 | Volume 8 | Article 705792

https://www.frontiersin.org/articles/10.3389/fmed.2021.705792/full#supplementary-material
https://doi.org/10.1164/rccm.201204-0596PP
https://doi.org/10.2500/aap.2015.36.3812
https://doi.org/10.1183/09031936.00130014
https://doi.org/10.1164/rccm.201410-1875OC
https://doi.org/10.1183/13993003.00556-2016
https://doi.org/10.1016/S2542-5196(18)30028-7
https://doi.org/10.1183/13993003.02140-2018
https://doi.org/10.1016/j.envpol.2019.113875
https://doi.org/10.1016/j.scitotenv.2018.07.073
https://doi.org/10.1016/j.scitotenv.2021.148265
https://doi.org/10.1172/JCI31811
https://doi.org/10.2147/COPD.S2639
https://doi.org/10.1016/j.amjmed.2013.09.020
https://doi.org/10.1148/radiol.2015141579
https://doi.org/10.1148/radiol.2462070712
https://doi.org/10.1259/imaging/18176184
https://doi.org/10.2214/AJR.12.9253
https://doi.org/10.1183/09031936.00186311
https://doi.org/10.1186/s13244-019-0765-z
https://doi.org/10.1289/ehp.1307951
https://doi.org/10.1001/jama.2019.10255
https://doi.org/10.1056/NEJMoa021322
https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1378/chest.128.6.3810
https://doi.org/10.1016/j.ijcard.2016.04.071
https://doi.org/10.2147/COPD.S156865
https://doi.org/10.1378/chest.93.3.580
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Tung et al. Identifying Air Pollution-Induced Lobar Emphysema

obstructive pulmonary disease. Int J Chron Obstruct Pulmon Dis. (2020)

15:389–95. doi: 10.2147/COPD.S234363

30. Gevenois PA, De Maertelaer V, De Vuyst P, Zanen J, Yernault JC.

Comparison of computed density and macroscopic morphometry in

pulmonary emphysema. Am J Respir Crit Care Med. (1995) 152:653–

7. doi: 10.1164/ajrccm.152.2.7633722

31. Hoffman EA, Ahmed FS, Baumhauer H, Budoff M, Carr JJ, Kronmal R, et al.

Variation in the percent of emphysema-like lung in a healthy, nonsmoking

multiethnic sample. The MESA lung study. Ann Am Thorac Soc. (2014)

11:898–907. doi: 10.1513/AnnalsATS.201310-364OC

32. Tsai DH, Riediker M, Wuerzner G, Maillard M, Marques-Vidal P, Paccaud

F, et al. Short-term increase in particulate matter blunts nocturnal blood

pressure dipping and daytime urinary sodium excretion.Hypertension. (2012)

60:1061–9. doi: 10.1161/HYPERTENSIONAHA.112.195370

33. Chen CC, Chiu HF, Yang CY. Air pollution exposure and daily clinical visits

for allergic rhinitis in a subtropical city: Taipei, Taiwan. J Toxicol Environ

Health A. (2016) 79:494–501. doi: 10.1080/15287394.2016.1182002

34. Liu JY, Hsiao TC, Lee KY, Chuang HC, Cheng TJ, Chuang KJ. Association

of ultrafine particles with cardiopulmonary health among adult subjects in

the urban areas of northern Taiwan. Sci Total Environ. (2018) 627:211–

5. doi: 10.1016/j.scitotenv.2018.01.218

35. World Health Organization O, Environmental Health T. WHO Air Quality

Guidelines for Particulate Matter, Ozone, Nitrogen Dioxide and Sulfur Dioxide:

Global Update 2005: Summary of Risk Assessment. Geneva: World Health

Organization (2006).

36. Epa U. Overview of EPA’s Updates to the Air Quality Standards for

Ground-Level Ozone. (2015). Available online at: https://www.epa.gov/sites/

production/files/2015-10/documents/overview_of_2015_rule.pdf

37. Kasahara Y, Tuder RM, Cool CD, Lynch DA, Flores SC, Voelkel NF.

Endothelial cell death and decreased expression of vascular endothelial growth

factor and vascular endothelial growth factor receptor 2 in emphysema. Am J

Respir Crit Care Med. (2001) 163:737–44. doi: 10.1164/ajrccm.163.3.2002117

38. Yokohori N, Aoshiba K, Nagai A. Increased levels of cell death and

proliferation in alveolar wall cells in patients with pulmonary emphysema.

Chest. (2004) 125:626–32. doi: 10.1378/chest.125.2.626

39. Imai K, Mercer BA, Schulman LL, Sonett JR, D’armiento JM. Correlation of

lung surface area to apoptosis and proliferation in human emphysema. Eur

Respir J. (2005) 25:250–8. doi: 10.1183/09031936.05.00023704

40. Voynow JA, Fischer BM, Zheng S, Potts EN, Grover AR, Jaiswal AK, et al.

NAD(P)H quinone oxidoreductase 1 is essential for ozone-induced oxidative

stress in mice and humans. Am J Respir Cell Mol Biol. (2009) 41:107–

13. doi: 10.1165/rcmb.2008-0381OC

41. Pallepati P, Averill-Bates DA. Mild thermotolerance induced at

40◦C protects HeLa cells against activation of death receptor-

mediated apoptosis by hydrogen peroxide. Free Rad Biol Med. (2011)

50:667–79. doi: 10.1016/j.freeradbiomed.2010.11.022

42. Triantaphyllopoulos K, Hussain F, Pinart M, Zhang M, Li F, Adcock I,

et al. A model of chronic inflammation and pulmonary emphysema after

multiple ozone exposures in mice. Am J Physiol Lung Cell Mol Physiol. (2011)

300:L691–700. doi: 10.1152/ajplung.00252.2010

43. Williams AS, Nath P, Leung, S.-Y., Khorasani N, Mckenzie ANJ. Modulation

of ozone-induced airway hyperresponsiveness and inflammation by

interleukin-13. Euro Res J. (2008) 32:571–8. doi: 10.1183/09031936.00121607

44. Hautamaki RD, Kobayashi DK, Senior RM, Shapiro SD. Requirement

for macrophage elastase for cigarette smoke-induced emphysema in mice.

Science. (1997) 277:2002–4. doi: 10.1126/science.277.5334.2002

45. Zheng T, Zhu Z, Wang Z, Homer RJ, Ma B, Riese J Jr, et al. Inducible

targeting of IL-13 to the adult lung causes matrix metalloproteinase-

and cathepsin-dependent emphysema. J Clin Invest. (2000) 106:1081–

93. doi: 10.1172/JCI10458

46. Doyle AD, Mukherjee M, Lesuer WE, Bittner TB, Pasha SM,

Frere JJ, et al. Eosinophil-Derived IL-13 promotes emphysema.

Eur Respir J. (2019) 53:1801291. doi: 10.1183/13993003.01291

-2018

47. Gertner A, Bromberger-Barnea B, Traystman R, Berzon D, Menkes H.

Responses of the lung periphery to ozone and histamine. J Appl Physiol

Respir Environ Exerc Physiol. (1983) 54:640–6. doi: 10.1152/jappl.1983.54

.3.640

48. Gertner A, Bromberger-Barnea B, Traystman R, Menkes H. Effects of

ozone on peripheral lung reactivity. J Appl Physiol. (1983) 55:777–

84. doi: 10.1152/jappl.1983.55.3.777

49. Möller W, Felten K, Sommerer K, Scheuch G, Meyer G, Meyer P, et al.

Deposition, retention, and translocation of ultrafine particles from the central

airways and lung periphery. Am J Respir Crit Care Med. (2008) 177:426–

32. doi: 10.1164/rccm.200602-301OC

50. Sverzellati N, Lynch DA, Pistolesi M, Kauczor HU, Grenier PA, Wilson C, et

al. Physiologic and quantitative computed tomography differences between

centrilobular and panlobular emphysema in COPD. Chronic Obstr Pulm Dis.

(2014) 1:125–32. doi: 10.15326/jcopdf.1.1.2014.0114

51. Xing YF, Xu YH, Shi MH, Lian YX. The impact of PM2.5

on the human respiratory system. J Thorac Dis. (2016) 8:E69–

74. doi: 10.3978/j.issn.2072-1439.2016.01.19

52. Upadhyay D, Panduri V, Ghio A, Kamp DW. Particulate matter induces

alveolar epithelial cell DNA damage and apoptosis. Am J Respir Cell Mol Biol.

(2003) 29:180–7. doi: 10.1165/rcmb.2002-0269OC

53. Buccellato LJ, Tso M, Akinci OI, Chandel NS, Budinger GRS. Reactive

oxygen species are required for hyperoxia-induced bax activation and

cell death in alveolar epithelial cells∗. J Biol Chem. (2004) 279:6753–

60. doi: 10.1074/jbc.M310145200

54. Kosmider B, Loader JE, Murphy RC, Mason RJ. Apoptosis induced by ozone

and oxysterols in human alveolar epithelial cells. Free Radic Biol Med. (2010)

48:1513–24. doi: 10.1016/j.freeradbiomed.2010.02.032

55. Chen YW, Yang YT, Hung DZ, Su CC, Chen KL. Paraquat

induces lung alveolar epithelial cell apoptosis via Nrf-2-regulated

mitochondrial dysfunction and ER stress. Arch Toxicol. (2012)

86:1547–58. doi: 10.1007/s00204-012-0873-8

56. Byun JY, Kim MJ, Eum DY, Yoon CH, Seo WD, Park KH, et al.

Reactive oxygen species-dependent activation of Bax and poly(ADP-ribose)

polymerase-1 is required for mitochondrial cell death induced by triterpenoid

pristimerin in human cervical cancer cells. Mol Pharmacol. (2009) 76:734–

44. doi: 10.1124/mol.109.056259

57. Sobhan PK, Seervi M, Deb L, Varghese S, Soman A, Joseph J, et al. Calpain

and reactive oxygen species targets bax for mitochondrial permeabilisation

and caspase activation in zerumbone induced apoptosis. PLoS ONE. (2013)

8:e59350. doi: 10.1371/journal.pone.0059350

58. Thomashow MA, Shimbo D, Parikh MA, Hoffman EA, Vogel-

Claussen J, Hueper K, et al. Endothelial microparticles in mild chronic

obstructive pulmonary disease and emphysema. The multi-ethnic

study of atherosclerosis chronic obstructive pulmonary disease study.

Am J Res Crit Care Med. (2013) 188:60–8. doi: 10.1164/rccm.201209-

1697OC

59. Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis signalling

pathways by reactive oxygen species. Biochim Biophys Acta. (2016) 1863:2977–

92. doi: 10.1016/j.bbamcr.2016.09.012

60. Paulin LM, Gassett AJ, Alexis NE, Kirwa K, Kanner RE, Peters

S, et al. Association of long-term ambient ozone exposure with

respiratory morbidity in smokers. JAMA Intern Med. (2020)

180:106–15. doi: 10.1001/jamainternmed.2019.5498

61. Tung NT, Ho SC, Lu YH, Chen T, Lee KY, Chen KY, et al. Higher alveolar

deposition of particulate matter in emphysematous lobes of COPD. ERJ Open

Res. (2021) 7:00324-2021. doi: 10.1183/23120541.00324-2021

62. Gurney JW. Cross-sectional physiology of the lung. Radiology. (1991) 178:1–

10. doi: 10.1148/radiology.178.1.1984285

63. Gurney JW, Schroeder BA. Upper lobe lung disease: physiologic correlates.

Review. Radiology. (1988) 167:359–66. doi: 10.1148/radiology.167.2.3282257

64. Petersson J, Glenny RW. Gas exchange and ventilation–

perfusion relationships in the lung. Euro Res J. (2014) 44:1023–

41. doi: 10.1183/09031936.00037014

65. West JB. Distribution of mechanical stress in the lung, a possible

factor in localisation of pulmonary disease. Lancet. (1971)

1:839–41. doi: 10.1016/S0140-6736(71)91501-7

66. Kononov S, Brewer K, Sakai H, Cavalcante FS, Sabayanagam CR,

Ingenito EP, et al. Roles of mechanical forces and collagen failure

in the development of elastase-induced emphysema. Am J Respir

Crit Care Med. (2001) 164:1920–6. doi: 10.1164/ajrccm.164.10.21

01083

Frontiers in Medicine | www.frontiersin.org 8 September 2021 | Volume 8 | Article 705792

https://doi.org/10.2147/COPD.S234363
https://doi.org/10.1164/ajrccm.152.2.7633722
https://doi.org/10.1513/AnnalsATS.201310-364OC
https://doi.org/10.1161/HYPERTENSIONAHA.112.195370
https://doi.org/10.1080/15287394.2016.1182002
https://doi.org/10.1016/j.scitotenv.2018.01.218
https://www.epa.gov/sites/production/files/2015-10/documents/overview_of_2015_rule.pdf
https://www.epa.gov/sites/production/files/2015-10/documents/overview_of_2015_rule.pdf
https://doi.org/10.1164/ajrccm.163.3.2002117
https://doi.org/10.1378/chest.125.2.626
https://doi.org/10.1183/09031936.05.00023704
https://doi.org/10.1165/rcmb.2008-0381OC
https://doi.org/10.1016/j.freeradbiomed.2010.11.022
https://doi.org/10.1152/ajplung.00252.2010
https://doi.org/10.1183/09031936.00121607
https://doi.org/10.1126/science.277.5334.2002
https://doi.org/10.1172/JCI10458
https://doi.org/10.1183/13993003.01291-2018
https://doi.org/10.1152/jappl.1983.54.3.640
https://doi.org/10.1152/jappl.1983.55.3.777
https://doi.org/10.1164/rccm.200602-301OC
https://doi.org/10.15326/jcopdf.1.1.2014.0114
https://doi.org/10.3978/j.issn.2072-1439.2016.01.19
https://doi.org/10.1165/rcmb.2002-0269OC
https://doi.org/10.1074/jbc.M310145200
https://doi.org/10.1016/j.freeradbiomed.2010.02.032
https://doi.org/10.1007/s00204-012-0873-8
https://doi.org/10.1124/mol.109.056259
https://doi.org/10.1371/journal.pone.0059350
https://doi.org/10.1164/rccm.201209-1697OC
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1001/jamainternmed.2019.5498
https://doi.org/10.1183/23120541.00324-2021
https://doi.org/10.1148/radiology.178.1.1984285
https://doi.org/10.1148/radiology.167.2.3282257
https://doi.org/10.1183/09031936.00037014
https://doi.org/10.1016/S0140-6736(71)91501-7
https://doi.org/10.1164/ajrccm.164.10.2101083
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Tung et al. Identifying Air Pollution-Induced Lobar Emphysema

67. Pellegrino R, Antonelli A. Unfolding the mechanisms of

progression of pulmonary emphysema in COPD. Euro Res J. (2012)

40:801–3. doi: 10.1183/09031936.00030112

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Tung, Ho, Lu, Chen, Lee, Chen, Wu, Chung, Kuo, Thao,

Dung, Thuy, Wu, Kou, Lee and Chuang. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 9 September 2021 | Volume 8 | Article 705792

https://doi.org/10.1183/09031936.00030112
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Association Between Air Pollution and Lung Lobar Emphysema in COPD
	Definition
	Introduction
	Materials and Methods
	Study Subjects
	Ambient Air Pollution Exposure
	Lung Function
	BODE Index
	Emphysema Severity
	Statistical Analysis

	Results
	Characteristics of the Study Subjects
	Air Pollution
	Association of O3 With Predominant Panlobular Emphysema
	Associations of PM2.5, NO2, and O3 With BODE and Degree of Emphysema

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


