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Purpose: We explored the differences in clinical manifestations of COPD patients regarding emphysema distribution along with 
evidence of airway involvement in chest computed tomography (CT) scans.
Patients and Methods: The patients were divided into three groups according to the emphysema distribution: the upper dominant (UD), 
lower dominant (LD), and homogeneous (HD) groups. Airway wall thickness was quantitatively measured and the presence of 
bronchiectasis and/or bronchial wall thickening (BE/BWT) was visually assessed. Baseline characteristics including the evidence of airway 
involvement and long-term outcomes were compared among the three groups. Non-severe patients of each group were first treated with 3 
months of ICS/LABA combination after 2 weeks of wash-out period and lung functions before and after the treatment were compared.
Results: Of the 425 patients, 141 were in the UD, 107 in LD, and 177 in HD. The LD had more severe airway obstruction with lower 
emphysema index (EI) than the UD (LD vs UD; FEV1, 49.5–14.9 vs 54.6–16.5; EI, 21.0 [IQR: 14.0–33.1] vs 26.3 [IQR: 15.8–39.0]). 
The LD showed thicker airways (higher WA% and Pi10) and more severe air trapping (higher RV and RV/TLC) than UD. A larger 
proportion of patients in LD had BE/BWT (35.5% in LD vs 11.3% in UD). In LD, more patients experienced acute exacerbations and 
the time to first exacerbation was shorter than UD. Non-severe patients in LD treated with 3 months of ICS/LABA combined inhalers 
showed a notable reduction of RV than UD (LD vs UD; −531.1–936.5 vs −86.5–623.5).
Conclusion: The LD showed a more prominent airway involvement than UD, which may cause more frequent exacerbations and 
a marked reduction of RV after the ICS/LABA combination treatment in LD. Phenotyping of the COPD patients using quantitatively 
measured emphysema distribution would be useful for predicting treatment response and exacerbation.
Keywords: pulmonary disease, chronic obstructive, computed tomography, emphysema

Introduction
Chronic obstructive pulmonary disease (COPD) is a heterogeneous disease caused by irreversible structural changes in 
the lung, including parenchymal destruction and airway remodeling, of which the relative contribution varies among 
individuals.1

Chest computed tomography (CT) is a minimally invasive imaging technique capable of providing both high contrast 
and high-resolution detail of the lung parenchyma and airways.2 Extensive research has been devoted to the application 
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and validation of quantitative techniques in CT-based metrics to define structural abnormality and disease severity of 
COPD.3–6

Emphysema is an enlargement of airspace in lung pathology caused by abnormal and permanent destruction. 
Emphysema is classified into two morphological subtypes of centrilobular emphysema (CLE) and panlobular emphysema 
(PLE) based on the portion of the involved pulmonary lobule.7 CLE is a more common subtype of emphysema in 
smokers characterized by an enlarged centrilobular space8 and is frequently accompanied by small airway inflammation 
and narrowing.9,10 The disease is usually distributed to the upper lobe or the superior segment of the lower lobe.11 PLE is 
characterized by uniform dilation of the entire lobule, including the respiratory bronchioles and alveoli. It is the 
predominant subtype in patients with α1-antitrypsin deficiency and is typically located in the lower lobe.12 In particular, 
PLE patients without α1-antitrypsin deficiency are less frequently accompanied by small airway wall thickening.7,10

Visual and quantitative assessments of emphysema distribution can be made in CT scans. Visual assessments correlate 
quite well with pathological patterns.13 The visually assessed patterns of emphysema proposed by the Fleischner Society 
provide distinct phenotypes of emphysema, such as CLE, PLE, and paraseptal emphysema (PSE).7 However, the 
reliability of visual assessment of the presence and severity of emphysema depends on intra- and interobserver 
agreement.14 Emphysema progresses from the upper to the lower lung as it becomes more severe, while different 
patterns of emphysema become indistinguishable and therefore even highly trained pathologists can disagree on the 
classification.15 Moreover, CLE and PLE can coexist in the same patient, for example, with CLE in the upper lobe and 
PLE in the lower lobe.15 In addition, the visual assessment does not provide quantitative information about emphysema 
severity. In addition, inter-observer agreement on peripheral airway disease, for example, bronchial wall thickening, is 
poor despite the use of training and standard slide set in visual assessment of chest CT scan.16

On the other hand, quantitative measurements of emphysema from a CT scan using densitometric analysis provide 
precise estimates of emphysema severity. Emphysema severity as assessed via chest CT is correlated with lung function 
decline,17 exacerbations,18–20 and mortality.19,21,22 The distribution and severity of emphysema measured via quantitative 
CT is correlated with its pathological grade.4,5,23 However, quantitative CT evaluation does not provide information 
about the phenotyping of emphysema. Instead, distribution patterns of emphysema assessed by quantitative CT scan 
propose notable features of clinical heterogeneity in terms of lung function impairment,24–27 decline of lung 
function,25,28,29 and mortality.22 The regional heterogeneity of emphysema is not fully explained in terms of differences 
in smoking behavior or demographic factors, and the determinants for the predominance of upper versus lower lung 
emphysema are largely unknown.19,30 Although combined visual and quantitative assessment of chest CT scan may 
provide more precise information about the heterogeneity of COPD,7,30 it is complicated to apply in daily clinical 
practice. Quantification of low-attenuation areas, expiratory gas trapping, and airway wall thickness in the chest CT scan 
using the software can help define specific COPD phenotypes with different clinical and physiologic features.20,29,31–33

Interestingly, only a few studies have reported airway involvement in association with emphysema distribution using 
a quantitative CT method.30,34 It is unclear if patients with upper dominant emphysema would show more severe airway 
remodeling and if those with lower emphysema show less airway involvement in line with classic CLE and PLE.

In this study, we explored differences in the clinical manifestations, long-term outcomes, and treatment responses of 
COPD patients in the Korean Obstructive Lung Disease (KOLD) cohort concerning the emphysema distribution assessed 
via chest CT using a quantitative method. In doing so, we focused on evidence for airway involvement in terms of 
emphysema distribution.

Material and Methods
Study Population
All patients were selected from the KOLD study, in which subjects were prospectively recruited, and followed between 
June 2005 and May 2017 from 16 centers in South Korea.35 COPD was diagnosed if all of the following criteria were met: 
<0.7 post-bronchodilator forced expiratory volume in 1s/forced vital capacity (FEV1/FVC) after administration of 400 µg 
inhaled albuterol, more than 10 pack-years of smoking history, and no or minimal abnormalities as determined from a chest 
radiograph. Patients with suboptimal image quality of chest CT scan due to significant motion artifacts or patients with an 
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emphysema index (EI) < 5% in the whole lung were excluded.30,36 Baseline demographic and clinical data were collected 
from all patients. Dyspnea was assessed using the modified Medical Research Council (mMRC) score and health-related 
quality of life was estimated using the Saint George Respiratory Questionnaire (SGRQ). Pre- and post-bronchodilator 
spirometry, diffusing capacity, lung volume using Vmax22 (SensorMedics, Yorba Linda, CA, USA; PFDX instrument; 
MedGraphics, St. Paul, MN, USA), and the 6 min walk test (6MWT) were performed according to the American Thoracic 
Society guidelines.37 Exertional desaturation was defined as post-6MWT oxygen saturation (SpO2) < 90% or a ≥ 4% decrease 
compared to baseline.38 Comorbidities of each patient were recorded at baseline using the Charlson comorbidity index.39

All patients were followed up every 3 months. Clinical information, including medication history, smoking status, 
mMRC score, and acute exacerbation history of the previous 3 months were assessed at every visit; pre- and post- 
bronchodilator spirometry were performed at 6-month intervals; diffusing capacity, lung volume, 6 min walk distance 
(6MWD), and SGRQ score were checked annually.

Acute exacerbation was defined as worsening of symptoms (dyspnea, cough, or sputum) requiring treatment with 
either systemic steroids or antibiotics.1

Chest CT Scan
Patients underwent volumetric chest CT scans with a 16-MDCT scanner (Somatom Sensation 16, Siemens Medical 
Solutions, Forchheim, Germany; GE Lightspeed Ultra, General Electric Healthcare, Milwaukee, WI, USA; and 
Philips Brilliance 16, Philips Medical Systems, Best, the Netherlands) using a standardized protocol.40 Patients 
were scanned craniocaudally in the supine position and images from both full inspiratory and expiratory scans were 
obtained. Routine administration of intravenous contrast media was not performed. The effective dose of CT protocol 
was approximately 11 mSv. For the patients in the validation group, inspiratory CT scan of the chest was performed 
using a 64-slice multidetector CT scanner (Somatom Sensation 64, Siemens Healthineers). The scan parameters were 
equivalent to 16×0.75mm collimation, 100 effective mAs, 140 kVP, and pitch of 1.0. The scanning time depends on 
the lung size of the patient and the CT machine, but generally it takes 10 to 20 seconds. The scale of attenuation 
coefficients in this CT scanner ranges from –1024 to 3072 Hounsfield Units (HU). For image reconstruction, we used 
B30f kernel, 512×512 matrix, 0.75mm thickness and 0.7mm increment on Siemens CT, Standard kernel, 512×512 
matrix, 0.625mm thickness and 0.625mm increment on GE CT, B filter, 512×512 matrix, 0.8mm thickness, 0.8mm 
increment on Philips CT. For D-field of view (FOV), the largest D-FOV including the whole lung was used. All 
images were analyzed using automatic segmentation software (Aview, Coreline Soft, Seoul, Korea). De-identified 
scans were transferred to a central imaging laboratory at Asan Medical Center for quality control assessment. Two 
radiologists participated in the radiological measurements. The EI was determined from the CT data by automatically 
calculating the volume fraction of the lungs below –950 HU at full inspiration.4 The CT air-trapping index (ATI) was 
defined as the ratio of mean lung density at expiration and inspiration.41 A quantitative assessment of airway 
dimensions was performed in the fourth (segmental), fifth, and sixth (subsegmental) generations of the following 
bronchial pathways: RB1 (apical segment of the right upper lobe), RB4 (lateral segment of the right middle lobe), 
RB10 (posterobasal segment of the right lower lobe), LB1 (apicoposterior segment of the left upper lobe), LB4 
(superior segment of the lingula), and LB10 (posterobasal segment of the left lower lobe). A modified sharpening 
filter with a 3×9×3 kernel size was used for more accurate airway measurement. There is no significant difference 
between measurements from standard kernel (B50f) and soft kernel (B30f) with sharpening filter by phantom 
experiments.18,19 The software automatically detects the airway lumen and the inner and outer boundaries of the 
airway wall using a full-width-half-maximum method. The validation process using polyacrylic tubes was performed 
beforehand, and the software discriminated the airway lumen and the inner and outer boundaries of the airway wall 
automatically by the full-width-maximum method.4 Wall area (WA) and luminal area (LA) were measured in each 
segmental pathway, and airway wall thickness is presented as mean WA%, defined as (WA/[WA + LA]) × 100 by 
consensus of two radiologists.35,41 To avoid potential bias from different airway sizes between subjects, 
a standardized measure for airway wall thickness was derived for each subject by plotting the square root of the 
airway wall area against the internal perimeter of each measured airway. The resulting regression line was used to 
calculate the square root of the wall area for a theoretical airway with an internal perimeter of 10 mm (Pi10).6 In 
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addition, the radiologists visually assessed the radiographs for the presence of bronchiectasis (BE) and/or bronchial 
wall thickening (BWT).

Determinants of Emphysema Distribution
The lungs were categorized as upper lung and as lower lung at the level of the carina. The EI of each portion was 
compared. When the difference between the two was ≥ 5%, the patient was included in the upper dominant emphysema 
group (UD); a value ≤ -5% defined the lower dominant emphysema group (LD); a value between the two extremes 
defined the homogenous group (HD).

Treatment Response After 3 Months of Inhaled Corticosteroid and Long-acting 
β2-Agonist (ICS/LABA) Combination
We underwent subgroup analysis of “non-severe” patients on the assumption that the effect of ICS/LABA on lung 
function would be heterogeneous according to emphysema distribution.42,43 The severity of condition was determined at 
the discretion of treating physicians. If a physician determined that the symptoms of a patient could deteriorate after the 
discontinuation of the prior prescribed medicine, the physician enrolled the patients as “severe”. On the other hand, we 
defined “non-severe” as the group of patients who had discontinued their original medicine for 2 weeks and participated 
in the study of 3 months’ treatment of ICS/LABA combination. After 3 months of treatment, pre-bronchodilator 
spirometry and lung volume test were repeated and the changes from the baseline values were measured.

Statistical Analysis
We tested normality for continuous variables using the Shapiro–Wilk test. One-way analysis of variance 
(ANOVA) compared continuous variables with normal distribution among study groups. Post-hoc analyses 
adopted the Bonferroni method. Likewise, we compared continuous variables without normality using the 
Kruskal–Wallis test with multiple pairwise comparisons by the Bonferroni method. We analyzed categorical 
variables by Chi-square tests. We calculated the annual decline rates of FEV1 using a linear regression model 
with mixed effects. In calculating the annual decline rate, we excluded the initial spirometry data of patients who 
had wash-out periods of treatment before enrollment. The Kaplan–Meier analysis and Cox’s proportional hazard 
model were applied to assess the risk for exacerbation and death. We presented continuous variables as a mean 
with a standard deviation or a median with an interquartile range. All the tests were two-sided, and a p-value less 
than 0.05 was considered significant. Statistical analyses were conducted using the IBM SPSS statistics version 27 
(IBM Corp., Armonk, NY, USA).

Results
Baseline Characteristics
Among 537 COPD patients, 29 subjects with suboptimal CT data and 83 subjects with <5% for the whole lung EI were 
excluded. Finally, 425 patients were analyzed and categorized into three; the UD had 141 patients, the LD contained 107 
patients, and the HD had 177 patients (Figure 1).

The baseline demographic and clinical characteristics of all patients are presented in Supplementary Table 1. 
Of the 425 patients, the mean age was 68 years, and 413 (97.2%) were male. About one-third of the patients were 
current smokers with 42 (interquartile range [IQR]: 28–55) pack-years of smoking history. Post-bronchodilator 
FEV1 was 55.3–16.6 and the median EI of the whole lung was 19.4% (IQR: 11.8–33.2). Eighty-six patients 
(20.2%) had BE and/or BWT based on the radiological interpretation. Eighty-three patients (19.5%) had a history 
of exacerbation in the previous year.

Comparison of Baseline Characteristics Among the Three Groups
No significant differences in age, sex, or the proportion of current smokers were observed among the three groups. No 
difference was noted in the 6MWD or the prevalence of chronic bronchitis symptoms as assessed via classic questionnaire or 
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SGRQ.44 Patients in the HD had milder COPD than the others; they showed the highest post-bronchodilator FEV1, DLco, and 
BMI along with the lowest SGRQ score, BODE index, EI, and ATI. Patients in the LD had the lowest post-bronchodilator 
FEV1 (54.5–16.5 in UD vs 49.5–14.9 in LD vs 59.3–16.5% predicted in HD) along with the highest TLC, RV, and RV/TLC. 
Patients in the UD had the highest mMRC score and the lowest DLco (58.7–19.3 in UD vs 68.9–21.7 in LD vs 74.8–22.4% 
predicted in HD). The median EI of whole lung was lowest in the HD 14.5% (IQR: 8.2–24.8) and was slightly higher in the 
UD (26.0% [IQR: 15.8–39.0]) than in the LD (21.0% [IQR: 14.0–33.1]). A greater proportion of patients in the UD exhibited 
significant dyspnea (mMRC ≥ 2) than those in the LD and HD. Airway measurements of WA% and Pi10 were lowest in the 
UD. In addition, more subjects in the LD had BE and/or BWT compared to the UD and HD. The smallest number of patients 
experienced exacerbations during the previous year in HD (Table 1).

Long-Term Clinical Outcomes in Terms of Emphysema Distribution
Follow-up duration was not different statistically among the three groups. The median follow-up duration was 1699 (IQR: 792– 
3243) days in the UD, 1689 (IQR: 1010–2938) days in the LD, and 1831 (IQR: 966–3276) days in the HD. No significant 

Figure 1 Flow diagram of the subjects enrolled in the study. 
Abbreviations: KOLD, Korean Obstructive Lung disease; COPD, chronic obstructive pulmonary disease; CT, computed tomography; EI, emphysema index.

Table 1 Comparison of Baseline Characteristics of the Study Subjects

UD  
(N = 141)

LD  
(N = 107)

HD  
(N = 177)

Age, Years, Mean – SD 67.7–8.5 68.7–7.5 67.1–7.8

Male, N (%) 136 (96.5) 104 (97.2) 173 (97.7)

BMI, Kg/m,2 Mean – SD 22.4–2.7 22.3–3.0b 23.3–3.2c

Current smokers, N (%) 50 (35.5) 34 (31.8) 65 (36.7)

6MWD, Meter, Median (IQR) 420.0 (360.0–480.0) 424.5 (360.0–488.3) 430.0 (380.0–480.0)

(Continued)
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differences were observed in the annual decline of post-bronchodilator FEV1. More patients in the LD (51.4%) experienced acute 
exacerbations than in the UD (36.2%). The numbers of dropouts were 34 (24%) in the UD, 29 (27%) in the LD, and 32 (18%) in 
the HD during the period. A total of 26 patients in the UD (18.4%), 17 in the LD (15.9%), and 20 in the HD (11.3%) died during 
the period (Table 2). Figure 2 shows the Kaplan–Meier curves for the time to first exacerbation (Figure 2A) and the probability of 
survival (Figure 2B) concerning emphysema distribution. The probability of exacerbation was higher in the LD than in the other 
two groups (P value = 0.040 in Log rank tests) (Figure 2A). The median time to first exacerbation was shorter in the LD than in 
the other groups (411 [IQR, 143–649] in UD vs 385 [IQR: 155–951] in LD vs 588 [IQR: 331–843] days in HD). No significant 
differences in mortality were observed among the three groups (P value = 0.295 in Log rank tests) (Table 2 and Figure 2B).

Variables Associated with Time to First Exacerbation
In univariate analysis, age, current smoking status, post-bronchodilator FEV1, DLCO, RV/TLC, 6MWD, presence of 
chronic bronchitis symptoms assessed according to SGRQ, history of exacerbations in the previous year, and the 

Table 1 (Continued). 

UD  
(N = 141)

LD  
(N = 107)

HD  
(N = 177)

Exertional desaturation, N (%) 35 (24.8) 17 (15.9) 19 (10.7)c

mMRC score, Mean – SD 1.87–1.01a 1.54–1.03 1.52–1.05c

mMRC score ≥2, N (%) 78 (55.3)a 46 (43.0) 63 (35.6)c

SGRQ score, Median (IQR) 29.6 (19.9–46.3) 29.8 (17.5–47.6)b 22.5 (15.3–37.1)c

BODE index, Mean – SD 2.88–2.06 2.86–1.95b 2.18–2.03c

Charlson comorbidity index, Mean – SD 1.19–0.53 1.36–0.76 1.28–0.61

Presence of chronic bronchitis, N (%) 53 (37.6) 39 (36.4) 70 (39.5)

Presence of chronic bronchitis symptoms assessed by SGRQ, N (%) 55 (39.0) 48 (44.9) 71 (40.1)

Pulmonary functions
Post-BD FEV1, % predicted, Mean – SD 54.5–16.5a 49.5–14.9b 59.3–16.5

Bronchodilator responsiveness, N (%) 37 (41.1) 27 (31.2) 60 (33.9)

DLCO, % predicted, Mean – SD 58.7–19.3a 68.9–21.7b 74.8–22.4
TLC, % predicted, Mean – SD 110.1–22.0 114.4–23.7b 100.2–21.3

RV, % predicted, Mean – SD 124.4–57.7a 141.6–63.6b 104.4–54.7

RV/TLC, %, Mean – SD 42.5–14.2a 47.8–13.0b 38.6–14.3c

Chest CT measures
EI of the whole lung, %, Median (IQR) 26.3 (15.8–39.0) 21.0 (14.0–33.1)b 14.5 (8.2–24.8)c

EI of the upper lung, %, Median (IQR) 38.4 (26.6–51.5)a 12.3 (7.4–21.9) 14.0 (8.3–25.1)c

EI of the lower lung, %, Median (IQR) 20.2 (11.7–32.2)a 24.3 (16.2–37.7)b 14.3 (8.3–24.6)c

ATI, Median (IQR) 0.955 (0.937–0.969) 0.953 (0.933–0.973)b 0.945 (0.915–0.969)c

WA%, Median (IQR) 62.3 (57.5–66.9)a 68.3 (61.7–73.5) 66.1 (58.4–71.8)c

Pi10, Median (IQR) 3.71 (3.34–4.09)a 4.24 (3.70–4.74) 4.06 (3.46–4.52)c

Presence of BE/BWT, N (%) 16 (11.3)a 38 (35.5)b 32 (18.1)

Patients who experienced exacerbations in the previous year, N (%) 29 (20.5) 29 (27.1)b 25 (14.1)

Notes: P value < 0.05, aUD vs LD, bLD vs HD, cHD vs UD. 
Abbreviations: UD, upper dominant emphysema group; LD, lower dominant emphysema group; HD, homogeneous group; SD, standard deviation; BMI, body mass index; 
6MWD, 6 min walk distance; IQR, interquartile range; mMRC, modified Medical Research Council; SGRQ, Saint George Respiratory Questionnaire; BODE, Body mass 
index, degree of airflow Obstruction and Dyspnea and Exercise capacity; BD, bronchodilator; FEV1, forced expiratory volume in 1 s; DLCO, diffusing capacity of carbon 
monoxide; TLC, total lung capacity; RV, residual volume; CT, computed tomography; EI, emphysema index; ATI, air trapping index; WA%, mean wall area percent; Pi10, 
square root of the wall area for a theoretical airway with an internal perimeter of 10 mm; BE, bronchiectasis; BWT, bronchial wall thickening.
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presence of BE and/or BWT were significantly associated with time to first exacerbation. A multivariate Cox- 
proportional hazard model revealed that current smoking status, RV/TLC, 6MWD, and the presence of BE and/or 
BWT in a CT scan were significantly related to time to first exacerbation (Table 3).

Response After 3 Months of ICS/LABA Treatment
Among the 425 patients, 272 “non-severe” patients had a wash-out period for 2 weeks and participated in the study of 3 
months’ treatment of ICS/LABA combination. Patients whose symptoms were too severe for them to discontinue their 
pre-prescribed inhalers were excluded(n=153). Clinical characteristics of the non-severe and severe patients were posted 
in Supplementary Table 2.

In the 272 non-severe patients, 82 patients in the UD, 56 patients in the LD, and 134 patients in the HD were compared. 
The baseline characteristics of the three groups of non-severe patients showed a similar tendency to all patients in terms of 
the pulmonary function test and CT measurements. After the treatment, more improvement of FEV1 and FVC was observed 
in the LD and HD compared to UD, even though it was not statistically significant. The degree of reduction in RV was 
larger in the LD than in the UD or HD (–86.5–623.5 in UD vs –531.1–936.5 in LD vs –201.2–589.6 in HD) (Table 4).

Figure 2 Kaplan-Meier curves for the time to first exacerbation (A) and the probability of survival (B) concerning the emphysema distribution. 
Abbreviations: UD, upper dominant emphysema group; LD, lower dominant emphysema group; HD, homogeneous group.

Table 2 Long-Term Clinical Outcomes in Terms of Emphysema Distribution

UD (N = 141) LD (N = 107) HD (N = 177)

Duration of follow-up, Days, Median (IQR) 1699 (792–3243) 1689 (1010–2938) 1831 (966–3276)

Annual decline of post-BD FEV1, mL, Mean – SD 30.8–20.5 28.7–20.6 33.4–20.2

Number of patients experienced exacerbation during the follow-up 
duration, N (%)

51 (36.2)a 55 (51.4) 76 (42.9)

Mortality, N (%) 26 (18.4) 17 (15.9) 20 (11.3)

Notes: P value < 0.05, aUD vs LD. 
Abbreviations: UD, upper dominant emphysema group; LD, lower dominant emphysema group; HD, homogeneous group; IQR, interquartile range; BD, bronchodilator; 
FEV1, forced expiratory volume in 1 s; SD, standard deviation.
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Discussion
This study has demonstrated the clinical manifestations, treatment responses, and long-term clinical outcomes in terms of 
emphysema distribution in quantitative chest CT in a long-term cohort. The patients in the LD had more severe airway 
obstruction (lower post-bronchodilator FEV1) with less severe emphysema (higher DLco, lower whole lung EI) 
compared to those in the UD. The LD had thicker airways (higher WA% and Pi10) as well as more severe air trapping 
(higher RV and RV/TLC) than the UD. In addition, a greater proportion of patients in the LD had BE and/or BWT which 
is frequently observed in chest CT scans of COPD patients.7,45,46 Compared to the UD, more patients experienced acute 
exacerbations and the time to first exacerbation was shorter in the LD. The LD showed a marked reduction of RV after 
the ICS/LABA combination treatment than the UD.

The strength of our study is that this is the first research to suggest the difference in the exacerbation risk and 
treatment response by examining small and large airway involvement in terms of emphysema distribution. According to 
the results of our study, quantification and phenotyping emphysema distribution in chest CT scan that is easily applicable 
in clinical practice, may provide important information about prognosis and treatment response.

Several studies have shown that patients with lower dominant emphysema present more severe airflow limitation and 
air-trapping.25,34,47 We focused on the difference in the airway involvement in terms of emphysema distribution in chest 
CT using a simple and quick quantitative measurement. However, to this day, only a few studies have evaluated the 
morphological changes in the airway concerning quantitatively measured emphysema distribution in a chest CT scan.30,34

Table 3 Variables Associated with Time to First Exacerbation

OR [95% CI] P value Adjusted OR [95% CI]a P value

Age, Years 1.035 [1.017–1.052] <0.001 1.021 [0.999–1.043] 0.066

BMI, Kg/m2 0.973 [0.930–1.010] 0.238

Smoking status (Current over Ex-) 1.369 [1.050–1.784] 0.020 1.683 [1.229–2.304] 0.001

Post-BD FEV1, % predicted 1.009 [1.000–1.018] 0.042 1.001 [0.978–1.015] 0.925

DLco, % predicted 0.991 [0.984–0.997] 0.004 0.994 [0.986–1.002] 0.159

RV/TLC, % predicted 0.988 [0.978–0.998] 0.016 0.986 [0.975–0.997] 0.013

6MWD, Meter 0.995 [0.994–0.997] <0.001 0.996 [0.994–0.998] <0.001

Exertional desaturation 0.793 [0.557–1.130] 0.199

mMRC 1.134 [0.989–1.301] 0.072

SGRQ 1.001 [0.992–1.011] 0.771

Presence of chronic bronchitis symptoms assessed by the SGRQ 1.626 [1.243–2.127] <0.001 1.226 [0.876–1.715] 0.234

History of exacerbations in previous year 1.523 [1.085–2.138] 0.015 1.298 [0.853–1.974] 0.223

EI of the whole lung, % 0.994 [0.184–1.004] 0.256

ATI 2.849 [0.065–123.570] 0.587

WA% 0.988 [0.962–1.014] 0.361

Presence of BE/BWT 1.389 [1.018–1.895] 0.038 0.996 [0.994–0.998] 0.025

EI distribution, LD 0.861

Notes: aAdjusted for age. smoking status, post-BD FEV1, DLco, RV/TLC, 6MWD, presence of chronic bronchitis symptoms assessed by the SGRQ, history of exacerbations 
in previous year, and presence of BE/BWT. 
Abbreviations: OR, odds ratio; CI, confidence interval; BMI, body mass index; BD, bronchodilator; FEV1, forced expiratory volume in 1 s; DLCO, diffusing capacity of 
carbon monoxide; RV/TLC, residual volume/total lung capacity; 6MWD, 6 min walk distance; mMRC, modified Medical Research Council; SGRQ, Saint George Respiratory 
Questionnaire; EI, emphysema index; ATI, air trapping index; WA%, mean wall area percent; BE, bronchiectasis; BWT, bronchial wall thickening; LD, lower dominant 
emphysema group.
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One of the studies was derived from the COPDGene cohort using a quantitative CT measurement. The authors 
reported that the lower lobe predominant emphysema cluster showed more severe airflow limitation and air-trapping than 
the upper lobe predominant emphysema cluster despite a similar amount of total emphysema. There was no difference in 
airway wall thickness or Pi10 between the two groups, which is not consistent with our results.34 The discrepancy may be 
explained by the different severity of the patient groups.

Interestingly, another study from the COPDGene cohort showed similar findings to our results, in which patients with lower 
lung predominant emphysema had greater parametric response mapping of functional small airway disease and greater Pi10 
values along with worse FEV1 than those with upper dominant emphysema.30 The authors applied a combined visual and 
quantitative emphysema imaging analysis and categorized patients into CT-defined subtypes. They classified the patients with 
lower lung predominant emphysema into one subtype of moderate to severe CLE, in which the mean FEV1 was 40.35% 
predicted and the percentage of emphysema was 20.1, which showed a similar severity to the LD in this study.

In our study, the time to first exacerbation was shorter in the LD than in the UD, with which current smoking status, 6MWD, 
RV/TLC, and the presence of BE and/or BWT were significantly associated after adjusting for other factors. Therefore, a shorter 
time to first exacerbation in the LD than UD may be due to the increased RV/TLC and the higher prevalence of BE and/or BWT 
rather than to the difference in the emphysema distribution between the groups per se. Airway wall thickening as well as 
emphysema severity measured on chest CT scan was associated with COPD exacerbations,20,48 and increased RV/TLC49 and 
coexisting BE45,46 are well-known independent risks of exacerbation in COPD.

A low attenuation area in densitometry usually indicates emphysema, but it should be noted that air-trapping due to narrowing 
of the small airway may also be read as emphysema in quantitative CT measurement, particularly in the lower lung. It is generally 

Table 4 Response After 3 Months of ICS/LABA Treatment in Non-Severe COPD Patients

UD (N = 82) LD (N = 56) HD (N = 134)

Pulmonary functions
Post-BD FEV1, % predicted, Mean – SD 57.9–16.4 51.4–15.3b 61.2–16.5

DLCO, % predicted, Mean – SD 63.9–20.6 71.7–21.4 77.7–22.0c

TLC, % predicted, Mean – SD 109.6–23.1 118.5–23.2b 99.0–21.8c

IC, % predicted, Mean – SD 73.5–21.1 76.3–21.1 76.0–20.3

RV, % predicted, Mean – SD 119.1–60.0a 151.3–69.1b 100.4–56.7

RV/TLC, %, Mean – SD 40.2–15.4a 49.1–13.6b 36.7–14.3

Chest CT measures
EI % of the whole lung, Median (IQR) 26.0 (14.8–38.0) 19.0 (13.1–32.3)b 14.1 (8.0–21.9)c

ATI, Median (IQR) 0.956 (0.936–0.968) 0.946 (0.932–0.971)b 0.937 (0.909–0.962)c

WA%, Median (IQR) 62.5 (57.0–67.9)a 70.1 (64.6–75.7)b 66.3 (58.5–72.1)c

Pi10, Median (IQR) 3.71 (3.31–4.23)a 4.34 (3.87–4.93)b 4.06 (3.46–4.59)c

Response after 3 months of ICS/LABA treatment

Pulmonary function
ΔFVC, mL, Mean – SD 122.6–404.9 232.4–438.0 190.1–398.3
ΔFEV1, mL, Mean – SD 80.7–332.7 111.7–311.6 142.8–311.0

ΔIC, mL, Mean – SD 180.4–444.4 214.6–327.5 108.1–455.1

ΔIC, % predicted, Mean – SD 7.04–17.03 8.32–13.29 4.00–17.00
ΔRV, mL, Mean – SD −86.5–623.5a −531.1–936.5 −201.2–589.6

ΔRV, % predicted, Mean – SD −5.47–28.30a −24.19–43.82 −12.76–25.44

ΔRV/TLC, %, Mean – SD −1.56–7.40 −4.10–8.45 −3.00–6.68

Note: P value < 0.05, aUD vs LD, bLD vs HD, cHD vs UD. 
Abbreviations: ICS, inhaled corticosteroid; LABA, long acting beta2 agonist; UD, upper dominant emphysema group; LD, lower dominant 
emphysema group; HD, homogeneous group; BD, bronchodilator; FEV1, forced expiratory volume in 1 s; SD, standard deviation; DLCO, diffusing 
capacity of carbon monoxide; TLC, total lung capacity; IC, inspiratory capacity; RV, residual volume; CT, computed tomography; EI, emphysema 
index; IQR, interquartile range; ATI, air trapping index; WA%, mean wall area percent; Pi10, square root of the wall area for a theoretical airway 
with an internal perimeter of 10 mm; ΔFVC, change in forced vital capacity; ΔFEV1, forced expiratory volume in 1 s; ΔIC, changes in inspiratory 
capacity; ΔRV, changes in residual volume; ΔRV/TLC, changes in residual volume/total lung capacity.
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accepted that emphysema in the lower lung contributes more actively to airflow obstruction because such obstruction begins 
earlier in the lower lung due to the gravitational difference, which may explain the marked reduction of RV after the 3 months of 
ICS/LABA treatment in the LD patients. Also, the decrease in RV after the ICS/LABA treatment in the LD indicates 
a bronchodilator-induced lung deflation,50 which may be related to more severe airway involvement of LD. This result suggests 
the possibility of imaging-based subtyping to predict which patients benefit most from a specific treatment.

Our criteria for significant emphysema and the definition of the distribution of emphysema were arbitrary. The cut-off level of 
significant emphysema varies from study to study.17,30,36,51 We excluded patients with a whole lung EI < 5%,30,32,36 which was 
15% of all patients. Those patients had relatively mild COPD with an average EI value of 2.39–1.40 and post-bronchodilator 
FEV1 of 65.1–13.9% predicted. In addition, no consensus has been reached on the optimal method to describe the distribution of 
emphysema in a CT scan. The classification criteria vary widely among studies; upper vs lower lung distribution,22,28,52 inner vs 
outer segments,25 homogenous vs heterogeneous distribution,28 and different lobar distributions.34,45,47

We assumed the proportion of the patients among the three groups should be reasonable and at the same time, the 
difference between the UD and LD should be relatively explicit in clinical practice. HD indicates the group of patients whose 
EI difference ranges from −5 to 5 between the upper portion and lower portion of the lung. It would include the patients with 
even distribution throughout the lung, and also those whose emphysema distribution is not exactly even but severity difference 
is mild. We arbitrarily chose a 5% cut-off of the difference between the upper portion and lower portion of the lung, and the 
proportion of patients in HD still turned out to be as high as 41% of the total patients. In another study of regional emphysema 
distribution using quantitative CT scan in COPD patients, the proportion of the patients with mild/homogeneous distribution of 
emphysema was 33%, which was somewhat smaller than our data.53 The bigger the proportion of HD, the clearer the 
difference between LD and UD would be, but the proportion of HD should also remain acceptable. In our study, the clinical 
difference of LD and UD was evident, and we determined that the 5% cut off was reasonable.

We divided the upper and lower parts at the level of the carina, where parts of the anatomical lower lobe are inevitably 
allocated to the upper part. However, the iso-gravitational level in the erect position may be more acceptable when dividing the 
lung into two divisions for inhalation-related diseases, such as emphysema.11 Moreover, we did not analyze the type of 
emphysema using visual evaluation or pattern recognition from quantitative CT scans,54 which could be an important factor 
when analyzing the relationship between airway involvement and the distribution of emphysema considering the classical 
classification of emphysema.

Several limitations of this study should be discussed. First, our cohort included a relatively small number of patients from the 
pulmonary clinic at a tertiary university hospital. Second, 97.2% of the patients were male, and the study population was 
composed of relatively elderly patients compared to other general COPD populations and cohorts. The strikingly high proportion 
of male patients in our study cohort would be explained by the high prevalence of heavy smokers in males in Korea. These two 
limitations require validation before applying this study to all COPD patients. Third, serum levels of α1-antitrypsin were not 
examined, as this condition is extremely rare in Korea. Fourth, assessing exacerbation frequency was based on patient recall at 
each visit, which has implications for accuracy. Lastly, we only identified the presence of BE and BWT and did not quantify BE 
severity. We also treated BE and BWT as a single variable with evidence of visually detectable prominent airway change, even 
though these two may reflect different etiologies. BE caused by tuberculosis infection is common in Korea, so BE and BWT in 
a chest CT scan could be due to other diseases rather than COPD alone, although we tried to rule out patients with other 
obstructive airway diseases by excluding people with abnormal chest X-ray findings at enrollment.35

Conclusion
In conclusion, smoking-related COPD patients with lower dominant emphysema determined by quantitative CT scans 
had more frequent small and large airway abnormalities than those with upper dominant emphysema, which may be 
related to the increased risk of exacerbation and better treatment response. Phenotyping COPD patients by emphysema 
distribution using quantitative CT measurement would be a valuable tool in predicting treatment response and future 
exacerbation, where the difference in airway involvement severity plays a critical role.
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Abbreviations
ATI, air-trapping index; BD, bronchodilator; BMI, body mass index; BE, bronchiectasis; BODE, Body mass index, 
degree of airflow Obstruction and Dyspnea and Exercise capacity; BWT, bronchial wall thickening; CI, confidence 
interval; CLE, centrilobular emphysema; COPD, chronic obstructive pulmonary disease; CT, computed tomography; 
DLco, diffusing capacity of carbon monoxide; EI, emphysema index; FEV1, forced expiratory volume in 1 sec; FOV, 
field of view; FVC, forced vital capacity; HD, homogeneous group; HU, Hounsfield units; IC, inspiratory capacity; ICS/ 
LABA, inhaled corticosteroid and long-acting β2-agonist; IQR, interquartile range; KOLD cohort, Korean Obstructive 
Lung Disease cohort; LD, lower dominant emphysema group; mMRC, modified Medical Research Council; OR, odds 
ratio; Pi10, the square root of the wall area at the internal perimeter of 10 mm diameter airway; PLE, panlobular 
emphysema; PSE, paraseptal emphysema; RV, residual volume; SD, standard deviation; SGRQ, Saint George 
Respiratory Questionnaire; TLC, total lung capacity; UD, upper dominant emphysema group; WA, wall area; LA, 
luminal area; 6MWD, 6 min walk distance; 6MWT, 6 min walk test.
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