
Open Access

Phenotypic clusters on computed
tomography reflects asthma heterogeneity
and severity
Sujeong Kim, MDa,†, Sanghun Choi, PhDb,†, Taewoo Kim, BSb, Kwang Nam Jin, MD, PhDc,
Sang-Heon Cho, MD, PhDd,e, Chang Hyun Lee, MD, PhDf,g,†* and Hye-Ryun Kang, MD, PhDd,e,†**

ABSTRACT

Background: Asthma is a heterogeneous inflammatory airway disorder with various phenotypes.
Quantitative computed tomography (QCT) methods can differentiate among lung diseases
through accurate assessment of the location, extent, and severity of the disease. The purpose of
this study was to identify asthma clusters using QCT metrics of airway and parenchymal structure,
and to identify associations with visual analyses conducted by radiologists.

Methods: This prospective study used input from QCT-based metrics including hydraulic diam-
eter (Dh), luminal wall thickness (WT), functional small airway disease (fSAD), and emphysematous
lung (Emph) to perform a cluster analysis and made comparisons with the visual grouping analysis
conducted by radiologists based on site of airway involvement and remodeling evaluated.

Results: A total of 61 asthmatics of varying severities were grouped into 4 clusters. From C1 to
C4, more severe lung function deterioration, higher fixed obstruction rate, and more frequent
asthma exacerbations were observed in the 5-year follow-up period. C1 presented non-severe
asthma with increased WT, Dh of proximal airways, and fSAD. C2 was mixed with non-severe
and severe asthmatics, and showed bronchodilator responses limited to the proximal airways.
C3 and C4 included severe asthmatics that showed a reduced Dh of the proximal airway and
diminished bronchodilator responses. While C3 was characterized by severe allergic asthma
without fSAD, C4 included ex-smokers with high fSAD% and Emph%. These clusters correlated
well with the grouping done by radiologists and clinical outcomes.

Conclusions: Four QCT imaging-based clusters with distinct structural and functional changes in
proximal and small airways can stratify heterogeneous asthmatics and can be a complementary
tool to predict clinical outcomes.
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INTRODUCTION

Theemphasis on the recognitionof heterogeneity
in asthma phenotypes has increased with the
growing interest in personalized treatment. Clus-
tering analysis is often performed in asthma to
identify asthma phenotypes with distinct disease
processes and prognoses. Various histological ab-
normalities have often been observed in the asth-
matic airway, including epithelial goblet cell
hyperplasia, increased smooth muscle mass, bron-
chial wall thickening, subepithelial fibrosis, and
angiogenesis.1–3 Airway remodeling, an important
component of asthma pathophysiology, is
characterized by structural changes that occur in
lungs and airways due to chronic airway
inflammation.4–6 Most studies investigating
clustering analyses have focused on findings
primarily obtained from endobronchial biopsies of
asthmatics. These studies are limited in that
bronchoscopic evaluation is an invasive procedure
that may not be readily available, and distal airway
evaluation using bronchoscopy is oftentimes
difficult.

Computed tomography (CT) scanning is a non-
invasive and highly reproducible tool for the
objective assessment of airway remodeling in
asthmatics. Previous studies have shown that CT
can identify diverse structural changes such as
bronchial wall thickening, bronchial luminal dila-
tion or narrowing, mosaic lung attenuation, and
decreased lung attenuation on expiratory CT im-
ages.7–11 These features of airway modeling
observed in CT images also show strong
correlations with pathological and functional
examinations.12,13

Airway remodeling was more frequently
observed in CT images of patients with severe
asthma than in those with mild asthma. Although
many attempts have been made to extend the
current knowledge on severe asthma through
recently advanced imaging technique such as
quantitative CT (QCT) imaging,10,14,15 little is
known about whether different airway
remodeling patterns indicate distinct features
beyond the existing asthma phenotypes.

In a previous study that explored asthma pheno-
types based on airway remodeling patterns on CT
images, CT phenotypes showed a correlation with
clinical features of severe asthma. However, its

interpretation was limited due to its retrospective
design.16This studyusesQCT imaging techniques to
identify asthmaclusters that correlatewith the clinical
characteristics and varying degrees of airway
remodeling observed in asthmatics. We further
investigate whether each cluster shows unique
responses to bronchodilator administrations in
large and/or small airways.

MATERIALS AND METHODS

Study subject data

This prospective cross-sectional study included
74 patients with severe and non-severe asthma
who visited allergy specialists at a tertiary referral
hospital for at least 1 year from April to July 2013
(Fig. S1). The asthma diagnosis was confirmed by 2
allergy specialists based on the medical history,
the presence of either bronchial reversibility
(defined as an increase in forced expiratory
volume in 1 s (FEV1) of >12% and >200 mL from
baseline after 400 mg of salbutamol or 4 weeks of
anti-inflammatory treatment), or bronchial hyper-
responsiveness (defined as a 20% drop in FEV1

(PC20) of after <16 mg/mL of methacholine inha-
lation).16 The criteria of severe asthma were
defined according to ERS/ATS guidelines.17

Patients were excluded if they experienced an
acute exacerbation event within 1 month, had
active infections such as pneumonia and active
tuberculosis, and had a history other chronic
respiratory diseases such as interstitial lung
disease or bronchiectasis. Acute asthma
exacerbations were defined as an outpatient visit
to the hospital and/or inpatient treatment for
worsening asthma symptoms accompanied by a
decrease in FEV1 �15% or required systemic
steroids symptom relief.

All patients underwent spirometry with pre-
bronchodilator (pre-BD) and post- bronchodilator
(post-BD) tests before CT scanning. A skin prick
test for 10 common inhalant allergens, induced
sputum analysis, fractional exhaled nitric oxide
(FeNO) test, and flexible rhinoscopy were per-
formed. Cytokine levels (interleukin (IL)-4, IL-5, IL-8,
IL10, IL-13, IL-17, basic fibroblast growth factor,
interferon-g, transforming growth factor b, peri-
ostin, and chitinase) were measured from collected
serum samples (Supplemental Methods). The study
protocol was approved by the institutional review
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board of Seoul National University Hospital (IRB
No. IRB No. H-0505-148-013) and informed
consent was obtained from all the patients.

Computed tomography image acquisition and
analysis

Chest CT imaging was performed using a 128
multi-detector CT scanner (Ingenuity, Philips
Healthcare, Best, Netherlands) under full inspira-
tion and full expiration coached by radiology
technicians to obtain 2 sets of inspiratory and
expiratory images for pre-BD and post-BD evalu-
ation. CT parameters were as follows: 120 kVp
tube voltage, 170 reference mAs tube current, z-
dome, three-dimensional (3D) dose modulation,
1.0 mm slice thickness, 1.0 mm reconstruction
increment, YC 0 reconstruction filter, 0.5 s rotation
time. For quantitative analysis, all CT images were
analyzed using Apollo Workstation (VIDA Di-
agnostics, Coralville, IA), along with a post-process

algorithm that included the image registration
method used to determine a spatial transformation
that matches the 2 images by minimizing the sum
of squared tissue volume difference Fig. 1).18,19

We extracted airway structural variables
including the luminal wall thickness (WT) and hy-
draulic diameter (Dh) of 5 large airways and 5
grouped-segmental airways (Fig. 1A and B). WT
and Dh were normalized by predicted values
from healthy subjects11 and were denoted as
WT* and Dh*, respectively. Information regarding
variables of the lung parenchyma, including
functional small airway disease lung (fSAD,
Fig. 1C) and emphysematous lung (Emph,
Fig. 1D), were extracted. The fSAD was calculated
by subtracting of the emphysema portion at
inspiration from the air-trapping portion at expi-
ration (Supplemental Methods).20 The change
rates of Dh* and fSAD% between pre- and post-
BD based on post-BD values were calculated as

Fig. 1 Schematics of 5 large and 5 sub-grouped airways (A), hydraulic diameter and wall thickness (B), functional small airway disease (C),
and emphysematous lung (D)
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[Dh* (Post) � Dh* (Pre)]/Dh* (Post) and – [fSAD%
(Post) � fSAD% (Pre)].

Visual analysis by radiologists

Two thoracic radiologists blinded to the patients’
clinical information conducted visual analyses of
the airway remodeling patterns of CT images as
previously described.16 The main level of airway
remodeling was assessed according to the
following criteria: “near normal type” (NN) if no
remarkable abnormalities were observed, “large
airway disease type” (LA) if the trachea, lobar,
segmental, or subsegmental bronchi were mainly
involved, and “small airway and emphysema
predominant type” (SA) if air-trapping was
observed distal to the subsegmental bronchi or if
emphysematous changes in the lung parenchyma
were observed (Fig. S2).

Clustering and statistical analyses

To obtain clustering analysis-based groups
comparable to the grouping conducted by the
radiologists, we included only 4 imaging-based
metrics of proximal airway (WT* and Dh*) and
parenchymal structures (fSAD% and Emph%) ob-
tained post-BD. The reduced number of variables
derived from principal component analysis (PCA)
was used to test the K-means and hierarchical
clustering methods. The stability of the clustering
membership was evaluated by non-parametric
bootstrapping analysis21 by changing the
number of clustering membership. To compare
asthma clusters with healthy subjects, propensity
score matching (PSM) was performed for 61
asthma and 122 healthy subjects in order to
reduce the confounding effects of age, sex, body
mass index, and smoking history. To validate
PSM, we used standardized difference and
defined balance as an absolute value less than
10.22 Statistical analysis was performed with R 3.6
software (Supplemental Methods).23

RESULTS

Characteristic lung imaging metrics of 4 QCT-
based clusters

From the 74 enrolled subjects, 33 severe and 28
non-severe asthmatic patients were included in our
clustering analysis and were grouped into 4
different clusters (C1 to C4). The reasons for

excluding patients from the study are described in
Fig. S1. Results of the principal component and
clustering analyses are described in
Supplemental Results.

The imaging-based clusters were primarily
grouped based on proximal airway dimensions of
WT* and Dh* measured at segmental levels of
airways (Fig. 2A and B, and Table S2). C1 and C2
had an increase in WT* with relatively greater
(C1, mean � standard deviation: 0.329 � 0.020)
and similar (C2, 0.288 � 0.022) Dh*, whereas C3
and C4 showed a remarkable decrease in Dh*
(C3: 0.233 � 0.025; C4: 0.247 � 0.018,
respectively) without airway wall thickening when
compared to healthy subjects (Table S2).
Although fSAD% was noticeably increased in
both C1 and C4, prominent Emph% was
detected only in C4 (12.2 � 5.8%, P < 0.005)
(Fig. 2C and D, and Table S2). C2 and C3
showed no noticeable increases in fSAD% and
Emph%. Fig. 2E and F highlight the CT-based
characteristics between clearly separated clusters
through visualizing the 2D distribution for Dh* and
fSAD% as well as the 3D distribution for Dh*, fSAD
%, and Emph%.

Tomeasure the dynamic change ofDh* and fSAD
% between pre- and post-BD, we compared the
DDh*/Dh* and DfSAD% values (Fig. 3A and B, and
Table S3). Distal airways of C1 were least
responsive as represented by the small DfSAD%
when compared to that of C3 (median
[interquartile ranges]: 8.4 [2.2–15.1] vs. �2.0 [�4.8-
(-1.0)], P ¼ 0.007). While C1 showed a relatively
conserved bronchodilator response in terms of the
Dh* of proximal segmental airways, C2
demonstrated a relatively greater improvement in
Dh* at post-BD compared to C3 (0.118 [0.065–
0.160] vs. 0.040 [�0.023-0.073], P ¼ 0.005). The dy-
namic change ofDh* and fSAD% indicate that good
bronchodilator responses were observed in the
proximal airways of C2 and in distal small airways of
C3 (Fig. 3C and D). In contrast, subjects in C4 were
unresponsive to bronchodilator administration at
both proximal and distal airway levels.

Clinical characteristics of 4 QCT-based clusters

A greater number of severe asthmatic subjects
were included in C3 and C4 (81.3% and 100%)
compared to C1 and C2 (14.2% and 42.4%)
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Fig. 3 The rate of change between pre- and post- bronchodilators was computed as (A) [Dh* (Post) – Dh* (Pre)] / Dh* (Post); (B) – [fSAD%
(Post) - fSAD% (Pre)]. The representative images of the change of Dh* in cluster 2 (C) and fSAD% in cluster 3 (D) between pre- and post-
bronchodilators

Fig. 2 Comparison of CT-based quantitative metrics between clusters at post-bronchodilator for (A) normalized wall thickness (WT*); (B)
normalized hydraulic diameter (Dh*); (C) functional small airway disease percentage (fSAD%); (D) emphysematous lung percentage (Emph
%); (E) 2D distribution of clusters according to Dh* and fSAD%; (F) 3D distribution of clusters according to Dh*, fSAD%, and Emph%
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(P < 0.005), and accordingly, patients in C3 and C4
used a higher number of controller medications
and oral corticosteroids (OCS) (Table 1). Subjects in
C1 included older females with late-onset asthma
andnoprevious smokinghistory.The lung functions
of C1 subjects were within the normal range irre-
spective of bronchodilator treatment, and the total
serum IgE levelwas the lowest among the 4 clusters.
C2 included relatively younger females with early
asthma onset and 27.3% were receiving OCS
treatment. Subjects in C3 were characterized by
high total IgE levels with a slight reduction of FEV1/
FVC and FEV1 in both pre- and post-BD. C4
included males with severe asthma and a previous
smoking history with the highest pack-years
compared to other clusters. These patients were
highly sensitive to the methacholine challenge test
with lowest PC20 value at diagnosis and had the
most severely reduced post-BD FEV1/FVC
(55.2 � 4.3%) and FEV1 (57.4 � 11.8%).

The distinct clinical features for each cluster are
summarized in Fig. 4. The average annual number
of exacerbations per subject over a follow-up
period of up to 5 years increased from C1 (0.2
[0.1–0.4] per year) and C2 (0 [0–0.5] per year) to C3
(0.4 [0.2–0.8] per year) and C4 (1.0 [0.3–1.5] per
year) (P < 0.05). The rate of fixed obstruction was
similar to the pattern of acute exacerbations,
increasing from C1 to C4. The degree of airway
hyper-responsiveness showed a similar worsening
as post-BD FEV1/FVC did from C1 to C4.

However, the percentage of sputum eosinophils
and neutrophils, FeNO, and various serum cyto-
kine levels did not show any significant difference
among the 4 QCT-based clusters (Table 1 and
Table S4).

Comparison of grouping by clustering-based
groups vs. radiologists

Based on CT-based airway remodeling patterns
visually inspected by experienced radiologists, the
study subjects were classified into 3 different
groups: NN type, LA type, and SA type. Details of
the quantitative assessment and clinical features are
reported in the Supplemental Results.Although the
3 groups demonstrated similar WT* values, the Dh*
values measured at the segmental bronchi level

were significantly decreased in LA and SA types
compared to that of the NN type (NN:
0.288 � 0.033; LA: 0.252 � 0.032; and SA:
0.256 � 0.048, P < 0.005). Emph% was noticeably
greater in the SA type than in the NN and LA
types, and the LA type demonstrated a
moderately increased Emph% compared to the
NN type (NN: 1.1 � 1.2%; LA: 1.9 � 1.9%; and SA:
13 � 4.8%, P < 0.001). The SA type had an
increased fSAD% compared to NN and LA types
(NN: 8.7 � 10.5%; LA: 11.1 � 11.8%; and SA:
18.2 � 9%, P ¼ 0.064) (Table 2). All subjects in the
SA group were male and had a history of
smoking, while those in the other groups were
predominantly non-smoking females. No signifi-
cant differences were observed among the 3
groups in terms of age, disease onset, duration,
body mass index, and presence of sinusitis or nasal
polyps (Table 3). The proportion of patients with
severe asthma in the NN, LA, and SA types were
36.8%, 77.8%, and 100%, respectively (P < 0.005).
Reductions in FEV1/FVC and FEV1 were more
prominent in the LA and SA types than in NN type
(P < 0.001). While fixed airflow obstruction
(defined as FEV1 < 70% and FEV1/FVC <70%
despite bronchodilator inhalation) was not
observed in the NN type, it was relatively common
in the LA and SA types (NN: 0%; LA: 33.3%; and
SA: 60%, P < 0.001).

A significant association was found between the
grouping done by radiologists and that done by
the clustering analysis (R ¼ 0.533, P < 0.001)
(Fig. 5). However, the clustering analysis approach
provided more detailed data. For example, the
clustering analysis-based grouping further
divided the NN subjects into the 3 different clus-
ters (C1, C2, and C3). The LA dominant subjects
were mostly included in C2 and C3. Although the
SA dominant subjects were also divided into the 3
clusters, 60% converged to C4. In the aspect of
clusters, C1 was entirely comprised of the NN
type. The NN and LA type proportions of C2 were
69.7% and 27.3%, and 50% and 43.8% for C3,
respectively. Among the 4 clusters, C4 had the
highest proportion of the SA type at 60%, and the
LA type comprised the remaining 40%. No sub-
jects belonging to the NN type were included in
C4.
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Clinical characteristics Cluster 1
(N ¼ 7)

Cluster 2
(N ¼ 33)

Cluster 3
(N ¼ 16)

Cluster 4
(N ¼ 5) P value

Asthma severity (Severe) 1 (14.2%) 14 (42.4%) 13 (81.3%) 5 (100%) <0.005

Age (y) 74.0
[64.5; 77.0]

62.0
[53.0; 68.0]

69.0
[62.5; 74.5]

67.0
[63.0; 68.0]

<0.05

Onset age of asthma (y) 59.0
[54.0; 65.0]

46.0
[36.0; 55.0]

54.0
[44.3; 62.0]

54.0
[40.0; 59.0]

<0.05

Disease duration (y) 11.0
[09.0; 12.5]

12.0
[09.0; 19.0]

14.0
[09.8; 17.0]

17.0
[14.0; 23.0]

0.463

Sex (female) 7 (100%) 26 (78.8%) 7 (43.8%) 0 (0%) <0.001‡,k

Smoking status (Never/Former/Current) 7/0/0
(100/0/0%)

26/5/2
(79/15/6%)

11/4/1
(69/25/6%)

0/5/0
(0/100/0%)

<0.005k

Smoking history (pack-years) 0 4.9 � 15.0 7.5 � 11.7 35 � 23.0 <0.001§,k,¶

BMI (kg/m2) 23.7 � 2.5 25.0 � 3.2 24.0 � 1.7 23.0 � 1.4 0.3

Sinusitis 4 (56.8%) 19 (57.6%) 12 (75%) 3 (60%) 0.682

Nasal polyp 0 (0%) 4 (12.1%) 4 (25%) 0 (0%) 0.281

Atopy 1 (14.2%) 10 (30.3%) 6 (37.5%) 1 (20%) 0.683

Total IgE (IU/ml) 30.0
[4.0; 45.0]

88.0
[37.0; 192.0]

441.0
[69.5; 1099.5]

31.0
[30.0; 40.0]

<0.05

Sputum eosinophil (%) 4.0
[3.7; 4.3]

4.1
[3.0; 8.4]

6.3
[3.0; 14.7]

10.0
[9.2; 11.5]

0.607

Sputum neutrophil (%) 11.0
[5.8; 17.3]

1.3 [0.8; 2.8] 1.0 [0.4; 3.0] 1.0
[0.7; 1.3]

0.858

FeNO (ppb) 9.5 (7.8) 27.8 (16.0) 24.5 (14.0) 20.3 (15.0) 0.353

PC20 (mg/ml, at diagnosis) 21.0
[7.4; 22.0]

6.7 [3.5; 15.2] 3.4 [2.0; 7.6] 0.6
[0.3; 1.1]

<0.01§,k

Pre-BD FVC (%pred) 93.0 � 22.5 78.2 � 16.0 67.9 � 22.6 75.4 � 15.3 0.152

Pre-BD FEV1 (%pred) 105 � 24.8 80.5 � 17.3 67.3 � 20.8 52.6 � 12.5 <0.001†,§,k

Pre-BD FEV1/FVC (%) 91.0 � 3.7 84.7 � 7.6 74.1 � 11.8 57.2 � 5.8 <0.001†,‡,§,k

Post-BD FVC (%pred) 94.3 � 23.7 82.2 � 14.5 71.8 � 15.2 85.6 � 18.7 0.072

Post-BD FEV1 (%pred) 109 � 25.6 86.1 � 17.6 71.4 � 19.9 57.4 � 11.8 <0.001†,‡,§,k

Post-BD FEV1/FVC (%) 93.6 � 4.7 85.3 � 6.8 75.6 � 12.6 55.2 � 4.3 <0.001*,†,‡,§,k

Fixed obstruction** 0 (0%) 1 (3%) 4 (25%) 4 (80%) <0.001§

No. of controller medications 1.3 � 0.8 1.4 � 0.9 2.3 � 1.2 2.6 � 1.5 <0.05

Maintenance of OCS (%) 2 (28.6%) 9 (27.3%) 10 (62.5%) 4 (80%) <0.05

No. of acute exacerbations (per year, 2012–
2017)

0.2
[0.1; 0.4]

0.0 [0.0; 0.5] 0.4 [0.2; 0.8] 1.0
[0.3; 1.5]

<0.05

Table 1. Clinical characteristics of the 4 CT imaging-based clusters derived by the clustering analysis. Abbreviations: BMI, body mass index;
FeNO, fractional exhaled nitric oxide; Pre-BD, pre-bronchodilator; Post-BD, post-bronchodilator; BDR, bronchodilator response; OCS, oral corticosteroids.
Values are presented as mean � standard deviation, or median [25% quartile; 75% quartile], or number (%). Kruskal–Wallis and c2 tests with Dunn’s and
Bonferroni post hoc tests for continuous and categorical variables were performed for “populations: Cluster 1 vs. Cluster 2 vs. Cluster 3 vs. Cluster 4”. *P < 0.05
for Cluster 1 vs. Cluster 2. †P < 0.05 for Cluster 1 vs. Cluster 3. ‡P < 0.05 for Cluster 2 vs. Cluster 3. §P < 0.05 for Cluster 1 vs. Cluster 4. kP < 0.05 for Cluster 2 vs.
Cluster 4. ¶P < 0.05 for Cluster 3 vs. Cluster 4. **Fixed obstruction: FEV1 <70% and FEV1/FVC <70% despite bronchodilator application
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DISCUSSION

This study was conducted to determine whether
QCT metrics of airway and parenchymal structure
can be used to group asthmatic patients into
clinically and physiologically distinct phenotypes.
As this was a prospectively designed study, a

collaborative effort was made among clinicians,
radiologists, and engineers to maintain consistent
imaging protocols. This study is novel in that CT
images taken consistently within a short period of
time were independently evaluated by radiologists
and computer scientists, and data collected from

Fig. 4 Representative clinical characteristics of the 4 QCT imaging-based clusters
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CT-based
metrics

NN type
(N ¼ 38)

LA type
(N ¼ 18)

SA type
(N ¼ 5) P value Healthy subjects

WT* Trachea 1.014 � 0.082 1.010 � 0.077 1.040 � 0.043 0.685 0.970 � 0.093

RMB 0.936 � 0.150 0.919 � 0.156 1.013 � 0.039 0.662 0.857 � 0.143

Bronint 0.688 � 0.062 0.683 � 0.045 0.677 � 0.039 0.966 0.671 � 0.061

LMB 0.719 � 0.099 0.730 � 0.109 0.822 � 0.164 0.304 0.724 � 0.105

TriLLB 0.667 � 0.052 0.681 � 0.082 0.640 � 0.036 0.338 0.632 � 0.041

sRUL 0.601 � 0.044 0.590 � 0.039 0.601 � 0.019 0.755 0.573 � 0.037

sRML 0.575 � 0.051 0.569 � 0.045 0.550 � 0.052 0.763* 0.551 � 0.038

sRLL 0.583 � 0.045 0.559 � 0.032 0.578 � 0.031 0.152 0.552 � 0.041

sLUL 0.558 � 0.029 0.537 � 0.032 0.540 � 0.021 <0.05 0.526 � 0.039

sLLL 0.602 � 0.042 0.584 � 0.040 0.573 � 0.018 0.175 0.572 � 0.039

Total§ 0.584 � 0.037 0.568 � 0.030 0.569 � 0.016 0.295 0.555 � 0.032
Dh* Trachea 0.987 � 0.100 1.021 � 0.068 0.944 � 0.061 0.092 0.916 � 0.089

RMB 0.825 � 0.079 0.795 � 0.050 0.752 � 0.055 0.055 0.766 � 0.087

Bronint 0.607 � 0.052 0.618 � 0.053 0.613 � 0.056 0.885 0.579 � 0.056

LMB 0.668 � 0.073 0.653 � 0.052 0.655 � 0.032 0.834 0.615 � 0.065

TriLLB 0.486 � 0.059 0.447 � 0.076 0.411 � 0.062 <0.05 0.441 � 0.058

sRUL 0.313 � 0.043 0.278 � 0.044 0.302 � 0.062 <0.05* 0.282 � 0.038

sRML 0.273 � 0.041 0.248 � 0.042 0.233 � 0.052 0.127 0.257 � 0.039

sRLL 0.288 � 0.047 0.249 � 0.047 0.260 � 0.067 <0.01* 0.267 � 0.044

sLUL 0.242 � 0.029 0.216 � 0.032 0.224 � 0.038 <0.05* 0.232 � 0.030

sLLL 0.325 � 0.045 0.268 � 0.041 0.259 � 0.038 <0.001 0.290 � 0.040

Total§ 0.288 � 0.033 0.252 � 0.032 0.256 � 0.048 <0.005* 0.266 � 0.031

Emph% RUL 1.0 � 1.0 1.4 � 1.9 17.1 � 10.3 <0.001†,‡ 0.7 � 1.4

RML 1.8 � 1.9 2.6 � 2.1 5.8 � 1.4 <0.001†,‡ 1.9 � 3.0

RLL 0.8 � 1.3 1.2 � 1.0 11.0 � 7.3 <0.001*,†,‡ 0.8 � 1.3

LUL 1.2 � 1.4 2.4 � 2.7 17.0 � 5.5 <0.001*,†,‡ 1.1 � 2.0

LLL 1.0 � 1.2 2.3 � 2.6 11.6 � 4.4 <0.001†,‡ 1.0 � 1.4

Total 1.1 � 1.2 1.9 � 1.9 13.0 � 4.8 <0.001†,‡ 1.0 � 1.6

fSAD% RUL 9.9 � 12.1 10.6 � 15.1 25.4 � 10.6 <0.05†,‡ 10.9 � 13.9

RML 20.1 � 16.5 25.6 � 15.3 32.1 � 19.1 0.187 19.9 � 17.7

RLL 3.8 � 8.6 6.9 � 8.9 11.1 � 10.0 <0.01*,† 3.9 � 7.2

LUL 11.9 � 14.3 12.6 � 12.6 23.0 � 9.2 0.086 12.1 � 14.9

LLL 4.6 � 9.6 8.6 � 11.2 9.6 � 6.6 <0.05† 3.3 � 6.2

Total 8.7 � 10.5 11.1 � 11.8 18.2 � 9.0 0.064 8.7 � 10.5

Table 2. CT-based quantitative metrics in 3 visually assessed asthma phenotypes (near normal [NN], large airway disease [LA], and small
airway disease [SA]). Abbreviations: WT*, normalized luminal wall thickeness; Dh

*, normalized hydraulic diameter; Emph, emphysema; fSAD, functional small
airway disease; RMB, right main bronchus; Bronint, intermediate bronchus; LMB, left main bronchus; TriLLB, trifurcation of left lower bronchus; sRUL, averaged in
segmental airways of right upper lobe; sRML, averaged in segmental airways of right middle lobe; sRLL, averaged in segmental airways of right lower lobe; sLUL,
averaged in segmental airways of left upper lobe; sLLL, averaged in segmental airways of left lower lobe. Values are presented as mean � standard deviation.
Kruskal–Wallis tests with Dunn’s post hoc tests were performed for “populations: NN type vs. LA type vs. SA type.” *P < 0.05 for NN type vs. LA type. †P < 0.05 for
NN type vs. SA type. ‡P < 0.05 for LA type vs. SA type. §Total indicates the average of segmental airways. Reference values of healthy subjects were balanced for
age, sex, body mass index, history of smoking, and pack-years with asthma cohort using propensity score matching methods
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these images were assessed in collaboration
across various disciplines.

Several previous studies defined clinical clusters
of asthma based on demographic features, pul-
monary function test (PFT) results and laboratory
data in order to understand the pathophysiology
behind heterogeneous asthma.24–27 In addition,
the assessment of airway structural and functional
remodeling using QCT in asthmatic patients has
provided a new means for asthma
phenotyping.28,29 While the QCT clustering
method used in this study shares similarities with
the approach previously proposed by the study
based on the severe asthma research program
(SARP),28 our study has a unique prospective
design where radiologists made diagnoses and 2
sets of inspiratory and expiratory CT images for
pre-bronchodilator (BD) vs post-BD were ob-
tained. In addition, the current study used only 4
parameters including WT*, Dh*, fSAD%, and Emph
% to make associations between the radiologists’
visual analysis and BD responses. These metrics
indicate the degree of wall thickening of large
airways, narrowing of large airways, narrowing of
small airways, and parenchymal tissue destruction,
respectively.

The 2 clusters identified in this study were
similar to the clusters identified in SARP. For
example, subjects in cluster 2 based on SARP and
cluster 3 of the current study predominantly
showed airway narrowing without airway wall
thickening and both clusters demonstrated
persistent alteration of lung function. Subjects in
cluster 4 of SARP and cluster 4 of the current study

showed airway narrowing and air-trapping fea-
tures, and these clusters mostly included severe
asthmatic males with symptoms of asthma and
chronic obstructive pulmonary disease (COPD)
overlap (ACO). Meanwhile, our study could not
identify the obese, female-dominant severe
asthma group previously classified by SARP. Such
similarities and differences between the results of
our study and SARP show that direct comparisons
among clusters may be limited as the clinical
setting, genetic backgrounds, and socio-
environmental effects of the 2 studies are
different. Thus, a prospective study that includes a
multi-ethnic asthma population is needed to gain a
better understanding of the imaging phenotypes.

In our study, we followed the normalization
scheme of a previous study11 to eliminate inter-
subject variability caused by sex, age, height, and
confirmed increases in WT* or decreases in Dh*
commonly found among Korean asthmatics. The
decreaseDh* was themost representative structural
change that was correlated with alterations of clin-
ical and PFT-based functional variables.11,28 These
findings are buttressed by the results of previous
studies which showed that luminal narrowing is a
prominent feature of proximal airway remodeling
in asthmatic patients.29,30 Meanwhile, mild
bronchial dilatation is observed 15–77% of
patients with uncomplicated asthma,31 and similar
results were observed in our study: relatively
larger Dh* values were observed in patients
belonging to C1 in comparison to other clusters.
Although mild bronchial dilatation may be a
relatively common finding reported in 15–77% of
patients with uncomplicated asthma,31 it can be
disguised by numerous variables including mucus
impaction, reduction in pulmonary artery diameter
and air-trapping.32

During inspiration, the fSAD% increases due to
air trapping. Interestingly, the results of our study
show that C1 and C4 persistently had increased
fSAD% despite bronchodilator administration. C1
represents the clinical phenotype of mild asthma,
and is characterized by air-trapping without
emphysema or detectable narrowing of the air-
ways. As C4 included patients with a history of
heavy smoking, the presence of emphysema
distinguished it from C1. Unlike previous studies
that excluded smokers, our study provides a more
comprehensive clustering analysis and may better

Fig. 5 Association between clustering-based grouping and
grouping by radiologists. *Size of each dot plot indicates the
average percentage of each type classified by radiologists in that
cluster
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Clinical characteristics NN type
(N ¼ 38)

LA type
(N ¼ 18)

SA type
(N ¼ 5) P value

Asthma severity (Severe) 14 (36.8%) 14 (77.8%) 5 (100%) <0.005*

Age (y) 66.5 [57.0; 74.0] 63.0 [56.0; 67.0] 68.0 [53.0;
76.0]

0.574

Onset age of asthma (y) 53.0 [42.0; 62.0] 46.5 [40.0; 56.0] 54.0 [44.0;
59.0]

0.548

Disease duration (y) 11.0 [9.0; 17.0] 15.0 [13.0; 23.0] 14.0 [14.0;
17.0]

0.324

Sex (female) 29 (76.3%) 11 (61.1%) 0 (0%) <0.005†

Smoking status (Never/Former/
Current)

32/6/0 (84.2/15.8/
0%)

12/5/1 (66.7/27.8/
5.6%)

0/3/2 (0/60/
40%)

<0.001†

BMI (kg/m2) 24.6 � 3.1 24.4 � 1.9 23.3 � 2.4 0.794

Sinusitis 22 (57.9%) 12 (66.7%) 4 (80%) 0.656

Nasal polyp 4 (10.5%) 4 (22.2%) 0 (0%) 0.323

Atopy 12 (31.6%) 5 (27.8%) 1 (20%) 1.000

Total IgE (IU/ml) 62.0 [27.0; 145.0] 94.0 [40.0; 469.0] 42.0 [30.5;
886.5]

0.491

Sputum eosinophil (%) 3.3 [3.0; 5.0] 9.3 [4.8; 17.7] 7.7 [5.0; 10.2] <0.05*

Sputum neutrophil (%) 1.0 [0.7; 3.7] 1.2 [0.5; 2.5] 3.0 [2.3; 5.7] 0.263

FeNO (ppb) 23.7 � 14.2 28.9 � 17.8 22.2 � 13.9 0.372

PC20 (mg/ml, at diagnosis) 9.3 [3.6; 16.8] 5.3 [2.0; 13.3] 1.4 [1.0; 1.4] <0.05†

Pre-BD FVC (%pred) 81.3 � 22.1 69.1 � 10.5 72.8 � 16.2 <0.05*

Pre-BD FEV1 (%pred) 87.6 � 21.0 62.7 � 14.8 54.8 � 10.3 <0.001*,†

Pre-BD FEV1/FVC (%) 85.3 � 7.8 74.9 � 14.3 62.4 � 3.9 <0.001*,†

Post-BD FVC (%pred) 84.6 � 17.9 75.0 � 12.2 78.2 � 21.4 0.15

Post-BD FEV1 (%pred) 91.9 � 21.2 69.1 � 15.4 57.8 � 10.9 <0.001*,†

Post-BD FEV1/FVC (%) 87.0 � 7.1 74.6 � 14.5 61.8 � 8.2 <0.001*,†

Fixed obstruction§ 0 (0%) 6 (33.3%) 3 (60%) <0.001*,†

No. of controller medications 1.5 � 1.0 2.1 � 1.1 2.2 � 1.3 <0.05

Maintenance of OCS (%) 11 (28.9%) 11 (61.1%) 3 (60%) <0.05

No. of acute exacerbations
(per year, 2012–2017)

0.1 [0.0; 0.3] 0.4 [0.0; 0.7] 0.7 [0.5; 1.0] <0.05

Table 3. Clinical characteristics between visually assessed asthma phenotypes (near normal [NN], large airway disease [LA], and small
airway disease [SA]). Abbreviations: BMI, body mass index; FeNO, fractional exhaled nitric oxide; Pre-BD, pre-bronchodilator; Post-BD, post-bronchodilator;
BDR, bronchodilator response; OCS, oral corticosteroids. Values are presented as mean � standard deviation, or median [25% quartile; 75% quartile] or
number (%). Kruskal–Wallis and c2 tests with Dunn’s and Bonferroni post hoc tests for continuous and categorical variables were performed for populations: NN
type vs. LA type vs. SA type”. *P < 0.05 for NN type vs. LA type. †P < 0.05 for NN type vs. SA type. §Fixed obstruction: FEV1 <70% and FEV1/FVC <70% despite
bronchodilator application

Volume 15, No. 2, Month 2022 11



reflect real-world practices. ACO is now widely
accepted as a distinct clinical entity on the basis
that asthma and COPD are heterogeneous dis-
eases.33–35 ACO is associated with noxious
exposure such as smoking and is characterized
by persistent airflow limitation and frequent
exacerbations.36–38 These features are consistent
with the clinical characteristics observed in C4.

We identified distinct dynamic changes of 4
imaging-derived phenotypes that had different ef-
fects of bronchodilator on the Dh* of segmental
airways and non-emphysematous air-trapping
component (fSAD%) of small airways.39,40While the
bronchodilator response was limited in C3 and C4,
patients in C2 typically showed good
bronchodilator responses in both large and small
airways. The Dh* of proximal airways showed
diminished bronchodilator responsiveness in C3
and C4, and these clusters also exhibited a higher
degree of fixed airflow obstruction and had more
frequent asthma exacerbations. These findings
show that QCT-based clusters may serve as a com-
plementary tool for assessing clinical outcomes.

Clustering using CT metrics not only showed a
significant association with the grouping done by
radiologists, but also provided information
beyond what was obtained through visual inspec-
tion. For example, QCT-based clustering allowed
for more sensitive detection of airway remodeling
in patients who showed no abnormal findings on
visual inspection of CT images. These clusters
identified with the QCT method were closely
related to clinical outcomes such as reduced lung
function and acute exacerbations. As such, imag-
ing analysis allows for the understanding of struc-
tural pathologies complementary to the clinical
data and pulmonary function of the existing
asthma phenotypes.

A recent study of severe asthma patients from
the U-BIOPRED cohort showed that subjects with
persistent airflow limitation had distinct gene
expression profiles associated with treatment, in-
flammatory pathways, and airway remodeling that
distinguished them from the control group.41 To
our knowledge, there has been no study that
analyzed tissue transcriptomes among CT-
derived clusters of asthma. In this study, each
QCT-based cluster showed differences in clinical
features such as age, sex, asthma onset, smoking

history, serum total IgE, and PC20, and this sug-
gests that these clusters represent distinct asthma
phenotypes. To investigate whether airway
remodeling patterns were affected by differential
cytokine expression, we measured various serum
cytokines in all subjects. However, no significant
differences were found among clusters (Table S4).
Future studies using tissue samples may help us to
gain a better understanding of the underlying
mechanism of CT-based phenotypes.

This studyhas several limitations. First, the sample
size was relatively small to draw a conclusion,
especially in the cluster 4 and SA type. However, the
SA type was not commonly encountered among
severe asthma. In the previous retrospective study,
only 6.6% of 91 patients with severe asthma
exhibited SA type, which was the least common
among 4 severe asthma phenotypes.16 A
replication study based on the multicenter study
with a larger number of asthmatics is needed to
validate the findings of this study. Second, the use
of asthma medications was not restricted. As all
patients enrolled in the study continued to receive
ongoing treatment that included inhaled
corticosteroids, OCS, and antihistamines, the use
of these medications may have impacted the
sputum eosinophil count, atopic status, FeNO, and
serum cytokine levels. While the confounding
effects of asthma treatment may have affected
measured variables, these effects make the results
of our study more applicable for clinical use where
patients receive unrestricted treatment.

We identified 4 distinct clusters based on QCT
imaging in adult Korean patients with asthma. We
found that the unique structural and functional
changes observed in each cluster were associated
with distinct clinical characteristics and outcomes.
QCT-based clustering is a sensitive method for the
detection of airway remodeling and can provide
useful prognostic data for asthma phenotypes.

Abbreviations
ACO: asthma-chronic obstructive pulmonary disease
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Supplemental Methods 1 

Clinical Data Acquisition 2 

The skin prick test used 10 common inhalant allergens, including Dermatophagoides 3 

pteronyssinus, Dermatophagoides farinae, outdoor mold mixture, cockroach, dog hair, early 4 

spring tree pollen mixture, mid spring tree pollen mixture, grass pollen mixture, ragweed, and 5 

mugwort. If any one of them was positive, it was assessed as atopy. FeNO measurements 6 

were performed according to the ATS/ERS guideline using NIOX MINO® (Aerocrine AB, 7 

Solna, Sweden) before spirometry. Presence of nasal polyps was evaluated through 8 

rhinoscopic examination. Serum samples were collected from the study subjects and analyzed 9 

for levels of cytokines, including interleukin (IL)-4, IL-5, IL-8, IL-10, IL-13, IL-17, 10 

interferon-gamma (IFN-γ), and basic fibroblast growth factor (bFGF), using multiplex 11 

cytokine analysis kits (R&D systems, Minneapolis, MN, USA) and data were collected using 12 

Luminex 100 (Luminex, Austin, TX, USA). Concentrations of transforming growth factor 13 

beta (TGFβ), periostin, and chitinase were measured in the serum samples by enzyme-linked 14 

immunosorbent assay (Thermo Scientific Inc., Rochester, NY, USA). 15 

 16 

QCT Imaging Variables 17 

We extracted the airway structural variables, including luminal wall thickness (WT) and 18 

hydraulic diameter (Dh), at five large airways and five grouped-segmental airways (Figs. 1A 19 

and 1B). Regions of the five large airways included the trachea, right main bronchus (RMB), 20 

Bronint (intermediate bronchus), left main bronchus (LMB), and trifurcation of left lower 21 

bronchus (TriLLB). Regions of the five grouped-segmental airways were defined and 22 

averaged in the respective lobes as sRUL (RB1, RB2, and RB3), sRML (RB4 and RB5), 23 
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sRLL (RB6, RB7, RB8, RB9, and RB10), sLUL (LB1, LB2, LB3, LB4, and LB5), and sLLL 24 

(LB6, LB9, LB9, and LB10). These quantities of WT and Dh contain inter-subject variability 25 

due to sex, age, and height and hence were normalized by equations predicted from healthy 26 

subjects.1 The normalized quantities were expressed as WT* and Dh
*. An increase in WT* and 27 

decrease in Dh
* could be considered as airway wall thickening and luminal narrowing, 28 

respectively. 29 

Lung parenchymal variables, including functional small airway disease lung (fSAD, Fig. 1C) 30 

and emphysematous lung (Emph, Fig. 1D), were further extracted. To differentiate the 31 

portion of emphysema from air-trapping, we used the parametric response map (PRM) that 32 

requires the usage of image registration method.2 To minimize density variations in the CT 33 

scans, a fraction-threshold method was also adopted.3 This method uses a fixed threshold of 34 

air fraction (βair) to determine the percentage fSAD (fSAD%) and percentage Emph (Emph%) 35 

in a voxel rather than using the Hounsfield unit-based threshold of -950 and -856 for 36 

inspiration and expiration images, respectively. The criteria used for the voxel classification 37 

were as follows: if βair > 98.5% at inspiration (Emph voxel); if βair > 98.5% at inspiration and 38 

βair > 90% at expiration (fSAD voxel); if otherwise a normal voxel. The counted number of 39 

voxels for Emph and fSAD was divided by number of voxels in the total lung or five lung 40 

lobes and was denoted by Emph% and fSAD%, respectively. The fSAD was is calculated by 41 

the subtraction of the emphysema portion at inspiration from air-trapping portion at 42 

expiration. 43 

 44 

Statistical Analysis 45 
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The imaging and clinical variables acquired by thoracic radiologists and clustering method 46 

were compared between groups using Kruskal–Wallis and chi-square tests for continuous and 47 

categorical variables, respectively. Dunn’s and Bonferroni post hoc tests were applied after 48 

pre-hoc tests were performed for continuous and categorical variables, respectively, to 49 

confirm the significant relationship between each group. P values < 0.05 were considered 50 

statistically significant.  51 

 52 

Supplemental Results 53 

QCT Imaging-based Clustering 54 

To obtain clustering-based groups comparable to the grouping by thoracic radiologists, we 55 

included only the four imaging-based metrics obtained at post-bronchodilator, among which 56 

two metrics were airway structures (WT* and Dh
*) and the other two were parenchymal 57 

metrics (fSAD% and Emph%). The respective airway structural metrics contain 10 regional 58 

values (2  10), while the lung parenchymal metrics contain a total of five lobar regional 59 

values (2  6). Therefore, we fed 32 imaging-based metrics to the clustering analysis. A 60 

principal component analysis (PCA) was performed along with a parallel analysis in order to 61 

derive statistically uncorrelated and reduced variables (Fig. S3A).4 The parallel analysis 62 

suggested the number 5 as an optimal number of the principal components (PC) that 63 

explained 71% of the entire data (Table S1). The first PC most significantly correlated with 64 

Emph% (Total, LUL); the second PC mostly correlated with fSAD% (Total, LUL) and Dh
* 65 

(sLUL); the third PC was mostly correlated with WT* (Bronint, sRUL); the fourth PC 66 

correlated with Dh
* (LMB) and fSAD% (LLL and RLL); and the fifth PC most significantly 67 

correlated with WT* (trachea, RMB) and Dh
* (trachea).  68 
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The reduced five variables derived from PCA were used to test the two clustering methods of 69 

K-means and hierarchical. For evaluating the stability of clustering membership, we 70 

performed a non-parametric bootstrapping analysis5 by changing the number of clustering 71 

membership from three to five. This analysis was conducted 200 times using the data 72 

resampled from the original data. We found that the repeatability of K-means with four 73 

clusters was the best, thus demonstrating that the Jaccard mean remained > 0.8 for all clusters 74 

(Fig. 3B). We projected the imaging metrics on two-dimensional projected coordinates using 75 

the multidimensional scaling technique6 and further confirmed that K-means with four 76 

membership provided better grouping with lesser overlapping between clusters (Figs. 3C and 77 

3D). More details of the current clustering membership algorithm can be found in the paper 78 

reported by Choi et al.7 79 

 80 

Quantitative Assessment of Visually Perceived CT Phenotypes 81 

We compared airway dimensions, such as WT* and Dh
*, and parenchymal variables, such as 82 

fSAD% and Emph%, among the three groups (Table 2). The asthma group could be 83 

compared with the means of healthy subjects, which were selected according to the 84 

propensity score matching method. Although the three groups demonstrated similar values of 85 

WT*, the values of Dh
* measured at the segmental bronchi were significantly decreased in LA 86 

or SA type when compared to those in NN type. The value of Dh
* was the most prominently 87 

reduced in the lower lobar bronchi (sRLL and sLLL, P < 0.01) when compared with that in 88 

the upper lobar bronchi. Emph% was noticeably greater in SA type than in LA and NN types, 89 

but LA type also demonstrated a moderate increase over NN type. The SA type also displayed 90 

an increase in fSAD% compared to that of NN type or LA type. There was no difference in 91 
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the airway and parenchymal responsiveness between pre- and post-bronchodilator across the 92 

groups (not reported here). 93 

 94 

 95 

Clinical Features of Groups Classified by Radiologists 96 

No significant differences were observed in age, onset age of disease, disease duration, body 97 

mass index (BMI), and presence of sinusitis or nasal polyps among the three groups. All 98 

subjects in the SA group were men with smoking history, while those in other groups were 99 

predominantly women and non-smokers. The proportions of patients with severe asthma in 100 

the NN, LA, and SA types were 36.8%, 77.8%, and 100%, respectively (P < 0.005). This was 101 

consistent with the features such as lower use of controller medication and oral corticosteroid 102 

use in NN type than in the other types. Reductions in the ratio of FEV1 to FVC and FEV1 103 

were more prominent in the LA and SA groups than in the NN group (P < 0.001), with 104 

consistency seen in both pre- and post-bronchodilators. A fixed airflow obstruction, defined 105 

as FEV1 < 70% and FEV1/FVC < 70% despite bronchodilator application, was never 106 

observed in the NN type; whereas, it was more frequent in the LA and SA types (P < 0.001). 107 

Subjects in the SA type exhibited a greater bronchial hyper-reactivity to methacholine than 108 

subjects in the other types (P < 0.05). The percentage of sputum eosinophils was significantly 109 

increased in the LA type when compared to that in other types, especially NN type (P < 0.05). 110 

However, other laboratory findings such as FeNO, serum total IgE, and several cytokine 111 

levels, including IL-4, IL-5, IL-8, IL-10, IL-13, IL-17, bFGF, IFN-γ, TGFb, periostin, and 112 

chitinase, were similar between these groups. Finally, 5 years after the study, the number of 113 
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acute asthma exacerbations per year was significantly lower in patients with NN type, but 114 

highest in those with SA type (Table 3). 115 

116 
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Supplemental Figure Legends 136 

Supplemental Figure S1. Flow chart of enrolled and excluded subjects 137 

Supplemental Figure S2. Representative images of each phenotype determined through CT: 138 

NN type (A), LA type (B), and SA type (C). 139 

Supplemental Figure S3. Screen plot of eigenvalues according to the number of principal 140 

components (A), cluster stability analysis using bootstrapping (B), clustering membership of 141 

K-means clustering (C) and hierarchical clustering (D) on 2D projected coordinates 142 
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Supplemental Table S1. Standardized loadings of five principal components (PCs) based 143 
on correlation matrix 144 

 
PC 1 PC 2 PC 3 PC 4 PC 5 

Proportion of variation 25% 22% 11% 7% 6% 
Cumulative variation 25% 47% 58% 65% 71% 

WT* 

Trachea −0.097  0.284  0.176  −0.062  0.428* 

RMB 0.070  0.251  0.088  0.041  0.472* 

Bronint −0.353  0.174  0.542* −0.385  0.239  

LMB 0.342  0.447  0.029  0.118  0.108  

TriLLB −0.426  0.115  0.315  −0.089  0.425  

sRUL −0.399  0.398  0.500* −0.333  −0.074  

sRML −0.381  0.515  0.410  −0.222  0.007  

sRLL −0.460  0.496  0.473  −0.287  −0.235  

sLUL −0.527  0.584  0.240  −0.270  −0.239  

sLLL −0.600  0.364  0.372  −0.292  0.032  

Dh
* 

Trachea −0.164  0.327  −0.313  0.214  0.401* 

RMB −0.389  0.574  −0.351  0.159  0.342  

Bronint −0.348  0.425  0.135  0.232  0.537  

LMB −0.219  0.494  −0.296  0.451* 0.145  

TriLLB −0.626  0.461  −0.117  0.218  0.114  

sRUL −0.404  0.533  −0.145  0.312  −0.367  

sRML −0.458  0.504  −0.094  0.192  −0.127  

sRLL −0.553  0.596  0.002  0.178  −0.315  

sLUL −0.457  0.644* −0.153  0.186  −0.358  

sLLL −0.610  0.432  −0.242  0.261  −0.109  

Emph% 

RUL 0.542  0.323  0.443  0.404  −0.140  

RML 0.635  0.309  0.305  0.073  −0.075  

RLL 0.658  0.335  0.465  0.236  −0.027  

LUL 0.739* 0.356  0.469  0.283  −0.010  

LLL 0.718  0.327  0.486  0.130  0.035  

Total 0.729* 0.362  0.494  0.277  −0.024  

fSAD% 

RUL 0.607  0.609  −0.344  −0.108  −0.033  

RML 0.545  0.527  −0.374  −0.266  0.028  

RLL 0.500  0.550  −0.309  −0.413* 0.023  

LUL 0.551  0.621  −0.424  −0.147  0.015  

LLL 0.396  0.583  −0.286  −0.457* −0.007  

Total 0.581  0.643* −0.394  −0.285  0.004  
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Values are presented as the Pearson correlation coefficients and statistical significance (p < 145 
0.05) is denoted in bold by *. 146 

Abbreviations: WT*, normalized luminal wall thickeness; Dh
*, normalized hydraulic diameter; 147 

Emph, emphysema; fSAD, functional small airway disease; RMB, right main bronchus; 148 
Bronint, intermediate bronchus; LMB, left main bronchus; TriLLB, trifurcation of left lower 149 
bronchus; sRUL, averaged in segmental airways of right upper lobe; sRML, averaged in 150 
segmental airways of right middle lobe; sRLL, averaged in segmental airways of right lower 151 
lobe; sLUL, averaged in segmental airways of left upper lobe; sLLL, averaged in segmental 152 
airways of left lower lobe153 
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Supplemental Table S2. Comparison of normalized wall thickness (WT*) and normalized hydraulic diameter (Dh
*) between clusters at 154 

post-bronchodilator 155 

Variable (region) 
Cluster 1  

(N = 7) 

Cluster 2  

(N = 33) 

Cluster 3  

(N = 16) 

Cluster 4  

(N = 5) 
P value 

Healthy 

subjects 

WT* 

Trachea 1.034 (0.055) 1.016 (0.096) 0.997 (0.045) 1.039 (0.037) 0.096  0.970 (0.093) 

RMB 0.966 (0.100) 0.937 (0.159) 0.901 (0.152) 1.017 (0.046) 0.354  0.857 (0.143) 

Bronint 0.688 (0.055) 0.700 (0.060) 0.661 (0.044) 0.669 (0.032) 0.173  0.671 (0.061) 

LMB 0.806 (0.140) 0.701 (0.053) 0.708 (0.117) 0.889 (0.164) <0.01 †//¶ 0.724 (0.105) 

TriLLB 0.653 (0.051) 0.696 (0.067) 0.634 (0.031) 0.629 (0.018) <0.001 ‡// 0.632 (0.041) 

sRUL 0.609 (0.054) 0.608 (0.042) 0.575 (0.029) 0.590 (0.023) <0.05 ‡ 0.573 (0.037) 

sRML 0.602 (0.056) 0.587 (0.041) 0.522 (0.031) 0.581 (0.033) <0.001 †‡¶ 0.551 (0.038) 

sRLL 0.598 (0.054) 0.590 (0.036) 0.539 (0.028) 0.561 (0.009) <0.001 †‡ 0.552 (0.041) 

sLUL 0.586 (0.031) 0.559 (0.024) 0.524 (0.022) 0.533 (0.022) <0.001 †‡§ 0.526 (0.039) 

sLLL 0.612 (0.045) 0.612 (0.035) 0.560 (0.029) 0.564 (0.020) <0.001 †‡§// 0.572 (0.039) 

 Total** 0.601 (0.046) 0.591 (0.028) 0.544 (0.016) 0.566 (0.013) <0.001 †‡ 0.555 (0.032) 

Dh
* 

Trachea 1.081 (0.122) 0.993 (0.082) 0.963 (0.083) 0.971 (0.059) 0.072  0.916 (0.089) 

RMB 0.921 (0.083) 0.815 (0.052) 0.759 (0.055) 0.785 (0.045) <0.001 *†‡§ 0.766 (0.087) 

Bronint 0.659 (0.038) 0.619 (0.039) 0.581 (0.056) 0.586 (0.075) <0.005 †§ 0.579 (0.056) 
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LMB 0.743 (0.086) 0.666 (0.052) 0.619 (0.051) 0.667 (0.035) <0.005 †‡ 0.615 (0.065) 

TriLLB 0.518 (0.055) 0.501 (0.045) 0.396 (0.053) 0.416 (0.022) <0.001 †‡§// 0.441 (0.058) 

sRUL 0.352 (0.038) 0.311 (0.040) 0.270 (0.042) 0.271 (0.034) <0.001 †‡§ 0.282 (0.038) 

sRML 0.314 (0.034) 0.277 (0.029) 0.214 (0.031) 0.250 (0.032) <0.001 †‡§ 0.257 (0.039) 

sRLL 0.336 (0.042) 0.293 (0.039) 0.220 (0.021) 0.240 (0.018) <0.001 †‡§// 0.267 (0.044) 

sLUL 0.285 (0.021) 0.240 (0.022) 0.201 (0.020) 0.221 (0.022) <0.001 *†‡§ 0.232 (0.030) 

sLLL 0.360 (0.017) 0.319 (0.037) 0.261 (0.053) 0.252 (0.016) <0.001 *†‡§// 0.290 (0.040) 

 Total** 0.329 (0.020) 0.288 (0.022) 0.233 (0.025) 0.247 (0.018) <0.001 *†‡§// 0.266 (0.031) 

Emph% 

RUL 0.7 (0.4) 1.6 (4.7) 1.4 (1.7) 12.9 (9.6) <0.005 §//¶ 0.7 (1.4) 

RML 1.7 (1.0) 1.9 (1.9) 2.4 (2.2) 6.2 (1.3) <0.05 §//¶ 1.9 (3.0) 

RLL 0.7 (0.5) 1.1 (1.7) 1.0 (0.9) 10.4 (7.8) <0.01 §//¶ 0.8 (0.013) 

LUL 1.1 (1.0) 1.6 (2.4) 2.2 (2.8) 15.8 (7.1) <0.005 §//¶ 1.1 (0.020) 

LLL 1.0 (0.7) 1.4 (1.6) 1.8 (2.7) 11.5 (4.7) <0.01 §//¶ 1.0 (1.4) 

Total 1.0 (0.7) 1.4 (1.9) 1.7 (1.8) 12.2 (5.8) <0.005 §//¶ 1.0 (1.6) 

fSAD% 

RUL 27.2 (13.7) 5.2 (5.7) 8.7 (8.6) 38.3 (13.9) <0.001 *†//¶ 10.9 (13.9) 

RML 42.9 (10.2) 15.6 (12.3) 20.8 (13.9) 47.5 (10.7) <0.001 *†//¶ 19.9 (17.7) 

RLL 14.7 (16.3) 1.7 (2.1) 4.1 (5.6) 19.5 (11.3) <0.001 *//¶ 3.9 (7.2) 
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LUL 32.6 (14.9) 6.3 (6.4) 11.6 (10.5) 34.2 (9.9) <0.001 *†//¶ 12.1 (14.9) 

LLL 16.6 (17.9) 2.8 (4.5) 4.2 (5.5) 20.5 (13.6) <0.001 *†//¶ 3.3 (6.2) 

Total 25.1 (12.4) 4.8 (4.3) 8.6 (6.7) 30.1 (11.0) <0.001 *†//¶ 8.7 (10.5) 

Values are presented as mean (and standard deviation, SD). Kruskal–Wallis tests with Dunn’s post hoc tests were performed for “populations: 156 
Cluster 1 vs. Cluster 2 vs. Cluster 3 vs. Cluster 4.” *P < 0.05 for Cluster 1 vs. Cluster 2. †P < 0.05 for Cluster 1 vs. Cluster 3. ‡P < 0.05 for 157 
Cluster 2 vs. Cluster 3. §P < 0.05 for Cluster 1 vs. Cluster 4. //P < 0.05 for Cluster 2 vs. Cluster 4. ¶P < 0.05 for Cluster 3 vs. Cluster 4. 158 
Reference values of healthy subjects were balanced for age, sex, body mass index, history of smoking, and pack-years with asthma cohort 159 
using propensity score matching methods. 160 
** Total means average of segmental airways. 161 

Abbreviations: WT*, normalized luminal wall thickness; Dh
*, normalized hydraulic diameter; Emph, emphysema; fSAD, functional small 162 

airway disease; RMB, right main bronchus; Bronint, intermediate bronchus; LMB, left main bronchus; TriLLB, trifurcation of left lower 163 
bronchus; sRUL, averaged in segmental airways of right upper lobe; sRML, averaged in segmental airways of right middle lobe; sRLL, 164 
averaged in segmental airways of right lower lobe; sLUL, averaged in segmental airways of left upper lobe; sLLL, averaged in segmental 165 
airways of left lower lobe166 
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Supplemental Table S3. Airway and parenchymal responsiveness of pre- and post-bronchodilators 

Variable 

(Region) 

Cluster 1  

(N = 7) 

Cluster 2  

(N = 33) 

Cluster 3 

 (N = 16) 

Cluster 4  

(N = 5) 
P value 

Dh
*/Dh

* (post) 

Trachea 
0.071  

(0.048; 0.088) 

0.038  

(0.011; 0.070) 

0.020  

(0.008; 0.045) 

0.018  

(0.004; 0.043) 
0.259 

RMB 
0.043  

(0.024; 0.084) 

0.044  

(0.020; 0.079) 

0.031  

(0.006; 0.076) 

0.044  

(−0.005; 0.049) 
0.451 

Bronint 
0.023  

(0.017; 0.044) 

0.034  

(0.010; 0.053) 

0.018  

(0.008; 0.029) 

−0.002  

(−0.040; 0.011) 
0.143 

LMB 
0.054  

(0.016; 0.079) 

0.042  

(0.011; 0.084) 

0.017  

(−0.003; 0.047) 

0.047  

(0.013; 0.050) 
0.233 

TriLLB 
0.048  

(0.032; 0.056) 

0.080  

(0.031; 0.153) 

0.061  

(0.019; 0.107) 

0.024  

(0.015; 0.098) 
0.648 

sRUL 
0.059  

(0.003; 0.098) 

0.108  

(0.026; 0.156) 

0.075  

(−0.012; 0.096) 

0.012  

(0.011; 0.083) 
0.322 
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sRML 
0.041  

(0.026; 0.132) 

0.117  

(0.063; 0.146) 

0.042  

(−0.052; 0.137) 

0.078  

(−0.017; 0.091) 
0.223 

sRLL 
0.133  

(−0.012; 0.196) 

0.113  

(0.043; 0.170) 

0.009  

(−0.056; 0.054) 

0.058  

(0.023; 0.088) 
<0.05‡ 

sLUL 
0.065  

(0.033; 0.245) 

0.117  

(0.036; 0.158) 

0.004  

(−0.055; 0.101) 

0.066  

(−0.023; 0.130) 
<0.05 

sLLL 
0.101  

(0.014; 0.156) 

0.157  

(0.065; 0.201) 

0.009  

(−0.057; 0.084) 

0.017  

(−0.020; 0.182) 
<0.05‡ 

Total§ 
0.082 

(0.068; 0.101) 

0.118 

(0.065; 0.160) 

0.040 

(-0.023; 0.073) 

0.016 

(0.003; 0.121) 
<0.01‡ 

fSAD% 

RUL 
8.3  

(4.8; 14.8) 

-0.3  

(-1.8; 0.8) 

-1.5  

(-8.4; 0.1) 

1.9  

(-1.4; 2.7) 
<0.01*† 

RML 
9.2  

(3.4; 23.9) 

-1.1  

(-3.7; 6.5) 

-4.3  

(-10.8; 0.7) 

1.7  

(0.2; 2.8) 
<0.05† 
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RLL 
1.9  

(-1.5; 5.3) 

-0.1  

(-1.1; 0) 

-2.3  

(-7.4; -0.2) 

-1.1  

(-2.7; 0) 
0.07 

LUL 
16.8  

(3.8; 19.3) 

-0.3  

(-3.3; 0.8) 

-2.2  

(-6.5; 0.2) 

-1.7  

(-2.3; 4.6) 
<0.05*† 

LLL 
2.3  

(-5.8; 5.8) 

-0.2  

(-1.5; 0.1) 

-1.5  

(-3.2; -0.4) 

-0.9  

(-1.9; -0.4) 
0.24 

Total 
8.4  

(2.2; 15.1) 

-0.8  

(-1.8; 0.7) 

-2.0  

(-4.8; -1.0) 

-0.9  

(-2.0; 1.5) 
<0.05† 

Values are presented as median (interquartile ranges). Kruskal–Wallis tests with Dunn’s post hoc tests were performed for “populations: 
Cluster 1 vs. Cluster 2 vs. Cluster 3 vs. Cluster 4.” *P < 0.05 for Cluster 1 vs. Cluster 2. †P < 0.05 for Cluster 1 vs. Cluster 3. ‡P < 0.05 for 
Cluster 2 vs. Cluster 3. 

§ Total means average of segmental airways. 

Abbreviations: WT*, normalized luminal wall thickness; Dh
*, normalized hydraulic diameter; Emph, emphysema; fSAD, functional small 

airway disease; RMB, right main bronchus; Bronint, intermediate bronchus; LMB, left main bronchus; TriLLB, trifurcation of left lower 
bronchus; sRUL, averaged in segmental airways of right upper lobe; sRML, averaged in segmental airways of right middle lobe; sRLL, 
averaged in segmental airways of right lower lobe; sLUL, averaged in segmental airways of left upper lobe; sLLL, averaged in segmental 
airways of left lower lobe
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Supplemental Table S4. Comparison of serum cytokine levels of the four CT imaging-
based clusters 

Serum cytokines 
Cluster 1 
(N = 7) 

Cluster 2 
(N = 33) 

Cluster 3 
(N = 16) 

Cluster 4 
(N = 5) 

P value 

IL-4 (pg/mL) 
2.3  

[1.4; 3.3] 
0.3  

[0.1; 0.4] 
0.5  

[0.0; 2.1] 
0.0  

[0.0; 0.1] 
0.318 

IL-5 (pg/mL) 
1.3  

[1.1; 1.6] 
1.3  

[1.1; 1.8] 
1.5  

[1.2; 2.4] 
1.2  

[1.1; 1.2] 
0.412 

IL-8 (pg/mL) 
14.0  

[10.1; 21.6] 
10.0  

[6.2; 14.7] 
11.0  

[9.1; 17.9] 
16.0  

[15.2; 24.6] 
0.142 

IL-10 (pg/mL) 
5.5  

[3.9; 12.2] 
6.9  

[4.8; 13.3] 
8.9 

[6.4; 16.0] 
7.8 

[6.1; 9.3] 
0.63 

IL-13 (pg/mL) 
2.3  

[0.8; 12.6] 
2.6  

[0.7; 15.2] 
1.7  

[0.6; 5.6] 
1.1  

[1.0; 2.3] 
0.827 

IL-17 (pg/mL) 
16.0  

[12.0; 30.8] 
23.0  

[11.8; 104.5] 
10.0  

[7.6; 23.8] 
30.0  

[27.5; 35.3] 
0.222 

bFGF (pg/mL) 
24.0  

[17.3; 52.9] 
47.0  

[18.0; 76.4] 
24.0 

[15.3; 38.9] 
20.0  

[9.3; 32.1] 
0.471 

IFN-γ (pg/mL) 
28.0  

[12.6; 40.1] 
43.0  

[30.8; 89.1] 
28.0  

[28.8; 67.2] 
28.0  

[23.4; 35.6] 
0.146 

TGFβ (pg/mL) 
2.1  

[1.5; 4.0] 
1.5  

[0.9; 2.6] 
1.2  

[0.9; 2.3] 
3.6  

[2.4; 4.4] 
0.359 

Periostin (pg/mL) 
89.0  

[86.0; 101.8] 
79.0  

[65.3; 94.8] 
66.0  

[55.6; 106.3] 
58.0  

[52.0; 67.1] 
0.335 

Chitinase (pg/mL) 
45.0  

[20.9; 81.5] 
28.0  

[13.7; 51.0] 
28.0  

[17.2; 67.4] 
32.0  

[14.6; 51.3] 
0.751 

Values are presented as median (interquartile ranges). Kruskal–Wallis tests were performed. 

Abbreviations: IL, interleukin; bFGF, basic fibroblast growth factor; IFN-γ, interferon-
gamma; TGFβ, transforming growth factor beta 
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