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Introduction
Asthma is a common inflammatory airway disor-
der characterized by reversible airflow obstruc-
tion, airway hyperresponsiveness, and airway 
remodeling. Although hospitalizations and mor-
tality of asthma keep decreasing, asthma still 
imposes an unacceptable burden on the health 
care system and society.1 Increasing studies 
demonstrate that asthma is heterogeneous and 

has distinct phenotypes. Thus, understanding 
those phenotypes can lead to more targeted and 
personalized approaches to asthma therapy.2,3

With the development of high-resolution com-
puted tomography (HRCT), the utilization of 
HRCT in evaluating airway wall thickening, air 
trapping, emphysema, and other features has 
become possible. Recently, HRCT has been 
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adopted as an effective tool to assess the clinical 
features of asthma patients. Previous research 
showed that quantitative thoracic CT-derived 
airway morphometry was strongly associated 
with epithelial thickness, airway muscle content, 
and lung function in asthma.4–7 Moreover, a siz-
able severe asthma cohort study8 indicated that 
80% of asthma patients had HRCT scan abnor-
malities, including bronchial wall thickening, 
bronchiectasis, and emphysema. Inoue et  al.9 
have demonstrated that airway remodeling was 
related to CT assessments of airway involvement 
in patients with eosinophilic asthma. Besides, 
mucus plugs could contribute to chronic airflow 
obstruction and be linked to type 2 (T2) inflam-
mation in chronic severe asthma patients.10,11 In 
a recent study, the values of FEV1% predicted in 
asthma patients with bronchiectasis were worse 
than those without bronchiectasis (68.9 ± 20.2% 
versus 78.2 ± 25.2%, p = 0.028).12 As a noninva-
sive auxiliary examination, HRCT can serve as a 
promising method to estimate small and proxi-
mal airway morphometry, mucus plugs, bronchi-
ectasis, and emphysema of asthma. However, to 
the best of our knowledge, the imaging features 
and the association with clinical characteristics 
and therapeutic response of untreated early-stage 
asthma patients have not been systemically inves-
tigated using HRCT scans.

In this study, imaging features were detected by 
HRCT in naïve asthma patients, defined as not 
receiving corticosteroids or other asthma medica-
tions for at least 1 month, and the correlation 
between imaging features and clinical characteris-
tics, including the therapeutic response, were 
evaluated. Cluster analysis of imaging indices was 
then conducted to explore novel imaging pheno-
types. This study may provide insights into the 
underlying pulmonary structure abnormalities 
and lead to personalized therapy strategies for 
naïve asthma patients.

Materials and methods

Subjects
In this study, all asthma patients (n = 109) and 
controls (n = 50) were consecutively recruited from 
April 2015 to September 2018 at the Outpatient 
Department of Respiratory and Critical Care 
Medicine, Tongji Hospital, Huazhong University 
of Science and Technology, China. The Ethics 
Review Board of Tongji Hospital approved this 

study (IRB ID: 20150406), and all participants 
provided written informed consent prior to clinical 
data and sample collection. The inclusion criteria 
of naïve asthma patients included: (1) asthma has 
been diagnosed for at least 3 months according to 
the global initiative for asthma (GINA) 2014 
guideline;13 (2) patients were older than 18; (3) 
patients have not received any corticosteroids or 
other asthma medications in the last month. 
Exclusion criteria included: (1) cancer; (2) preg-
nancy; (3) acute respiratory infection includes the 
infections of the nasal cavity, paranasal sinuses, 
larynx, pharynx, epiglottis, trachea, bronchioles, 
and lungs with duration ⩽ 30 days; (4) bronchiec-
tasis disease (with chronic productive cough and 
unexplained hemoptysis);14 (5) a previous diagno-
sis of chronic obstructive pulmonary disease 
(COPD);15 (6) other pulmonary diseases which 
the investigators considered inappropriate for this 
study such as interstitial lung disease and tubercu-
losis; (7) severe organ failures such as myocardial 
ischemia, acute kidney injury, respiratory failure, 
intestinal dysfunction, and hepatic impairment.

Healthy controls were recruited from the popula-
tion who had annual routine medical examinations 
in Tongji Hospital. Routine physical examinations 
include clinical histories, physical examinations, 
regular pulmonary function tests, and chest CT 
scans. The healthy control subjects were provided 
with an option of CT scan as part of a routine 
physical examination in the annual physical exami-
nation to increase early-stage lung cancer detec-
tion. The inclusion criteria of healthy controls 
included: (1) age greater than 18 years; (2) who 
had normal results of a peripheral blood test; (3) 
without respiratory diseases and severe other organ 
diseases; (4) without atopy history; (5) without a 
family history of asthma or atopy. Besides, the con-
trol group did include smoking subjects.

All asthma patients’ clinical characteristics and 
imaging indices were collected at the first visit 
(V1). All patients were treated for 3 months 
according to the GINA 2014 guideline. Finally, 
75 asthma patients were followed-up and recorded 
with clinical improvement at the end of the 3 
months [second visit (V2)] (Figure S1).

Classification of T2 inflammation phenotypes
Asthma is divided into ‘T2-high’ or ‘T2-low’ phe-
notypes according to the level of T2 inflammation. 
The measured biomarkers of T2 inflammation 
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included the percentage of induced sputum eosin-
ophils, peripheral blood eosinophil count, and the 
fraction of exhaled nitric oxide (FeNO) concentra-
tion. High levels of the biomarkers were defined as 
follows: percentage of sputum eosinophils ⩾ 3%, 
peripheral blood eosinophil count ⩾ 300/μl, and 
FeNO ⩾ 25 ppb. Elevation in two or more bio-
markers was defined as T2-high phenotype; other-
wise, it was T2-low phenotype.16 Eighty-eight out 
of 109 patients with available data were classified 
into different T2 phenotypes based on the classifi-
cation mentioned above criteria.

CT scanning and data acquisition
All patients underwent noncontrast CT scanning 
(GE Healthcare, USA; Philips, Netherlands; or 
Toshiba Medical Systems, Japan) of the thorax. 
Image equipment parameters included tube volt-
age 80–120 kV, automated tube current modula-
tion, and mA ranges from 60 to 300. All data sets 
were reconstructed with both 60% adaptive sta-
tistical iterative reconstruction (ASIR) with a slice 
thickness and interval of 1.25 mm. A standard 
sharp lung kernel (B70f) was used in image recon-
struction. All the subjects were briefly trained, 
and chest CT scans were performed after a full 
inhalation to total lung capacity (TLC).

IntelliSpace Portal (version 7.0.4, clinical appli-
cation CT COPD, Philips) was performed to 
obtain quantitative computed tomography 
(QCT) parameters of airway remodeling and 
emphysema. Three radiologists reviewed the 
parameters of image bronchiectasis and mucus 
plugs with 6, 5, and 11 years of clinical experi-
ence, respectively, who were unaware of patient 
outcomes. Disagreements were resolved by 
consensus.

We used some previously reported HRCT-based 
parameters,7,10,17–19 including airway remodeling, 
emphysema, image bronchiectasis, and mucus 
plugs, to evaluate the imaging features of naïve 
asthma patients.

Airway remodeling.  Airway parameters for each 
segment were quantified at each centerline voxel 
and averaged over the segmental bronchus. The 
third-generation airway wall measurements for all 
automatically segmented and labeled were aver-
aged in each subject. We calculated the average of 
18 third-generation airways per subject (10 for 
the right lung and 8 for the left lung). The airway 

parameters including mean airway total area 
(TA)/body surface area (BSA), mean airway outer 
diameter (OD)/BSA, mean airway lumen diame-
ter (LD)/BSA, mean airway lumen area (LA)/
BSA, LA percentage (LA%), mean airway wall 
area (WA), WA percentage (WA%), mean airway 
wall thickness (WT), WT percentage (WT%) 
were obtained.17

Emphysema.  As previously described by Xie et al.,19  
emphysema was quantified by the percentage of 
low attenuation area below −950 Hounsfield 
units (%LAA-950) on the inspiratory images. 
The emphysema parameters consisted of TLC, 
%LAA-950, and low attenuation area below −950 
HU (LAA-950) in five regions [right upper lobe 
(RUL), right middle lobe (RML), right lower 
lobe (RLL), left upper lobe (LUL), and left lower 
lobe (LLL)].

Bronchiectasis.  The presence of bronchiectasis 
by the CT finding was defined when one or more 
of the criteria were fulfilled:18 lack of tapering of 
the bronchial lumen toward the periphery; the 
internal diameter of the bronchi was greater than 
that of the accompanying pulmonary artery; the 
presence of peripheral bronchi within 1 cm of the 
pleura. The ‘bronchiectasis’ in this study is the 
‘image bronchiectasis’, but not the bronchiectasis 
disease. The extent score of bronchiectasis was 
calculated according to the number of affected 
segments. The severity of bronchiectasis was clas-
sified by 0 (no abnormality), 1 (partial noncon-
tinuous bronchiectasis), 2 (diffusion continuous 
bronchiectasis), or 3 (diffusion continuous lesions 
that extended to the subpleural area).7 The distri-
bution types of bronchiectasis were classified  
into the central type (only involved between 1th 
and 4th generations), the peripheral type (only 
involved up to 5th and distal generations), and 
the mix type (both central and peripheral were 
involved).

Mucus plugs.  Mucus plugs were defined as com-
plete occlusion of the airway by mucus. The evalu-
ation and grading criteria of mucus plugs used the 
methodology proposed by Dunican et al.10 Each 
segment was systematically examined for the pres-
ence or absence of mucus plugs and given a score 
of 1 or 0, respectively, yielding a sum-up mucus 
score ranging from 0 to 20. The mucus number 
was defined as the total number of mucus plugs in 
all airways. Furthermore, the severity of mucus 
plugs was defined as zero (mucus score of 0),  
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low (mucus scores between 0.5 and 3.5), or high 
(mucus scores of 4.0 or more).10

Principal component and cluster analyses
Through the methodology presented by Gupta 
et al.,20 principal component and cluster analyses 
were performed to obtain novel imaging pheno-
types of naïve asthma patients. Sixteen quantita-
tive CT variables used for principal component 
analysis were as follows: mean LD/BSA, mean 
WT/BSA, mean WT%, mean OD/BSA, mean 
WA/BSA, mean WA%, mean TA/BSA, mucus 
score, mucus number, mucus severity, TLC, 
total LAA-950, total %LAA-950, extent score of 
bronchiectasis, the severity of bronchiectasis, 
and distribution type of bronchiectasis. Before 
performing the principal component and cluster 
analyses, all variables were Z-normalized. The 
Kaiser–Meyer–Olkin measure for sampling ade-
quacy was 0.652. According to the Kaiser crite-
rion (eigenvalue > 1), the analysis identified five 
components contributing to the data set and 
accounted for 91.74% of the total population 
variance. Component loadings of the five inde-
pendent components were shown in Table S4.

Two steps were involved in statistical cluster 
analysis. First, the Ward method conducted hier-
archical cluster analysis (using squared Euclidean 
distance as the interval measure), which gener-
ated a dendrogram to determine the three clusters 
(Figure S2). Second, K-means cluster analysis 
was used as the principal clustering technique, 
with a prespecified number of clusters (k = 3) to 
determine the cluster membership of asthma 
patients.

Statistical analysis
Normal data were expressed as means (SDs), 
and non-normal data were described as medians 
(interquartile ranges). χ2 and Fisher exact tests 
were used to compare numeration data. Student’s 
t test (for normal data) and Mann–Whitney  
U test (for non-normal data) were performed to 
compare two groups. One-way analysis of vari-
ance (ANOVA) with the Tukey correction (for 
normal data) and the Kruskal–Wallis test with 
the Dunn intergroup comparison (for non-
normal data) were used for comparisons among 
multiple groups. Spearman correlation coeffi-
cient was used to determine the relationship 
between imaging indices and clinical features. 

Receiver operating characteristic (ROC) analysis 
was performed for prediction of forced expiratory 
volume in 1s (FEV1)% predicted (V1) < 80% 
based on clinical characteristics and imaging 
indices. Statistical analysis was performed using 
the IBM SPSS Statistics software version 21.0 
(Chicago, IL, USA), and p value < .05 was con-
sidered statistically significant. Principal compo-
nent and cluster analyses were performed to 
obtain unbiased phenotypes of imaging charac-
teristics in asthma patients.20 Power Analysis and 
Sample Size (PASS) software version 15.0.5 was 
performed to measure the needed sample size of 
this study based on the data from previous rele-
vant studies. The sample size analysis has been 
provided in supplementary materials (see Table 
S1 and Table S2).

Results

Demographic and clinical characteristics
Baseline demographic and clinical characteristics 
of naïve asthma patients (n = 109) and healthy 
controls (n = 50) were shown in Table 1. The 
detailed study flowchart was illustrated in Figure 
S1. Asthma patients had worse lung function and 
more eosinophils in peripheral blood compared 
with healthy controls. There was no significant 
difference in age, sex, body mass index (BMI), or 
smoking status between asthma patients and 
healthy controls.

HRCT imaging features
Among all subjects, airway remodeling indices 
were not available in one asthma patient and four 
healthy controls, and emphysema indices of one 
asthma patient and three healthy controls were 
not measured due to image loading failure.

Morphological parameters of participants assessed 
by HRCT were shown in Table 2. Specifically, 
mean LA/BSA, mean LA%, and mean LD/BSA 
of asthma patients were significantly decreased 
compared with those of healthy controls. 
Accordingly, the mean WA% of asthma patients 
was significantly greater than that of healthy con-
trols [70.2% (64.8–72.8%) versus 60.7% (56.7–
64.1%), p < 0.0001]. Mean WT/BSA, mean WA/
BSA, and mean WT% of asthma patients were 
higher than those of healthy controls (p < 0.05). 
Some studies found that mean WA% is a critical 
parameter indicating the degree of airway 
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remodeling.6,17,21 In this study, the normal range 
of WA% was defined as 59.3% to 62.4% based 
on the 95% confidence interval (CI) of that in 
healthy control subjects. Therefore, mean WA% 
greater than 62.4% was considered as airway 
remodeling.

As for indices of emphysema, there was no signifi-
cant difference in TLC, total LAA-950, or total 
%LAA-950 between the asthma patients and con-
trols. Interestingly, the %LAA < -950 of the 
LLLs in asthma patients was increased compared 
with that in healthy controls (p = 0.036) (Table 2).

The scores and the numbers of mucus in asthma 
patients were significantly higher than those in 
healthy controls (p < 0.0001). About 18.3% of 
asthma patients had a low level of bronchial 

mucus, and 25.7% of asthma patients had a high 
level of mucus (Table 2).

Image bronchiectasis prevalence was significantly 
higher in asthma patients than healthy controls 
(29.4% versus 6%, p = 0.001). There was no bron-
chiectasis accompanied with mucus plugs in 
healthy controls, while 8.3% of asthma patients 
had image bronchiectasis in the presence of 
mucus plugs (p < 0.0001). The extent score of 
bronchiectasis of asthma patients was greater 
than healthy controls (p < 0.0001). Similarly, the 
image bronchiectasis in asthma patients was more 
severe than that in healthy controls (p = 0.010). 
There was no significant difference in the distri-
bution types of bronchiectasis between the two 
groups, although 59.4% of bronchiectasis in 
asthma patients were peripheral type, and 100% 

Table 1.  Demographic and clinical characteristics of asthma patients and healthy controls.

Asthma patients
(n = 109)

Healthy controls
(n = 50)

p values

Sex, female/male (n/n) 64/45 27/23 0.577

Age (years) 45.0 (32.0–51.0) 43.0 (37.0–49.3) 0.540

BMI (kg/m2)a 22.9 (2.9) 23.1 (2.6) 0.591

Smoker, n (%) 27 (24.8%) 9 (18.0%) 0.344

Smoking (pack years) 0.0 (0.0–2.0) 0.0 (0.0–0.0) 0.661

Lung function (V1)

  FEV1% predicted 88.1 (76.3–99.6) 110.7 (99.3–118.8) 0.000

  FEV1/FVC% 70.7 (64.4–77.9) 82.3 (79.5–84.8) 0.000

  PEF% predicted 86.5 (72.7–97.1) 92.6 (85.6–101.2) 0.001

  MEF75/25% predicted 27.4 (18.2–47.0) 90.3 (73.6–107.3) 0.000

  PD20 (mg) 0.1 (0.0–0.8) – –

PB-eos (×109/L) 0.3 (0.1–0.5) 0.1 (0.5–0.1) 0.000

PB-eos% 3.8 (1.8–7.0) 1.5 (1.0–3.0) 0.000

FeNO (ppb) 41.0 (18.6–75.3) – –

T-IgE (IU/mL) 99.7 (41.9–218.6) – –

BMI, body mass index; FeNO, fraction of exhaled nitric oxide; FEV1, forced expiratory volume in 1s; FVC, forced vital 
capacity; MEF75/25, mid-expiratory flow velocity; PB-eos, peripheral blood eosinophil; PD20, the dose of acetylcholine 
causing the FEV1 to drop by 20%; PEF, peak expiratory flow; T-IgE, total immunoglobulin E; V1, asthma patients’ first visit 
before treatment; –, denotes without data.
Data are expressed as mean (SD), median (IQR), n/n or n (%). Values of p comparing asthma patients and healthy controls 
are evaluated by Pearson’s χ2 test, Fisher’s exact test, Student’s t test or Mann–Whitney U test.
aData follow Gaussian distribution.
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Table 2.  Imaging indices of asthma patients and healthy controls.

Asthma patients
(n = 109)

Healthy controls
(n = 50)

p values

Airway remodeling n = 108 n = 46  

  Mean TA/BSA (mm2/m2) 27.7 (24.2–33.9) 26.6 (25.2–29.0) 0.100

  Mean WA/BSA (mm2/m2) 19.2 (16.8–21.9) 16.4 (15.3–18.2) 0.000

  Mean LA/BSA (mm2/m2) 8.3 (6.5–11.1) 10.3 (8.8–12.0) 0.001

  Mean OD/BSA (mm/m2)a 4.4 (0.6) 4.4 (0.4) 0.416

  Mean LD/BSA (mm/m2)a 2.6 (0.5) 2.9 (0.4) 0.000

  Mean WT/BSA (mm/m2)a 1.0 (0.2) 0.8 (0.1) 0.000

  Mean WA% 70.2 (64.8–72.8) 60.7 (56.7–64.1) 0.000

  Mean LA% 29.8 (27.2–35.2) 39.3 (35.9–43.3) 0.000

  Mean WT%a 20.7 (2.6) 17.2 (2.1) 0.000

Emphysema n = 108 n = 47  

  TLC (mL) 3804.4 (3244.4–4712.8) 4093.4 (3326.0–4778.8) 0.927

  Total LAA-950 (mL) 11.1 (4.1–40.9) 9.9 (3.7–41.1) 0.342

  Total %LAA-950 (%) 0.3 (0.1–0.9) 0.2 (0.1–0.8) 0.297

    RUL %LAA-950 (%) 0.1 (0.0–0.4) 0.2 (0.0–0.7) 0.814

    RML %LAA-950 (%) 0.5 (0.2–1.3) 0.4 (0.2–1.7) 0.474

    RLL %LAA-950 (%) 0.1 (0.0–0.3) 0.1 (0.0–0.5) 0.855

    LUL %LAA-950 (%) 0.5 (0.2–1.2) 0.5 (0.2–1.4) 0.553

    LLL %LAA-950 (%) 0.3 (0.1–1.0) 0.2 (0.0–0.5) 0.036

Mucus plugs n = 109 n = 50  

  Mucus score 0.0 (0.0–4.0) 0.0 (0.0–0.0) 0.000

  Mucus number 0.0 (0.0–7.0) 0.0 (0.0–0.0) 0.000

  Mucus severity, n (%)

    Zero 61 (56.0%) 50 (100.0%) 0.000

    Low 20 (18.3%) 0 (0.0%)  

    High 28 (25.7%) 0 (0.0%)  

Image bronchiectasis n = 109 n = 50  

  Bronchiectasis prevalence, n (%) 32 (29.4%) 3 (6.0%) 0.001

    Upper lobes, n (%) 19 (17.4%) 0 (0.0%) 0.002

    Middle lobes, n (%) 15 (13.8%) 2 (4.0%) 0.064

(Continued)
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of that in healthy controls were peripheral type 
(Table 2).

Bronchiectasis tended to be more frequent in 
asthma patients with a high level of mucus score 
than that in asthma patients with a low or zero level 
of mucus score (Figure 1(a)–(c)). What’s more, 
the percentage of smoking subjects and the pack 
years of smoking history of asthma patients with 
bronchiectasis comorbid mucus plugs were greater 
compared with those of asthma patients without 
bronchiectasis (p < 0.05) (Figure 1(d) and (e)).

Correlation between clinical characteristics and 
CT imaging indices of asthma patients
The course of asthma was closely related with mean 
WA% (r = 0.333, p < 0.005), while BMI was slightly 
related with mean WA% (r = 0.191, p < 0.05). 
Mean WA% was inversely correlated with baseline 

FEV1% predicted and MEF75/25% predicted 
(r = −0.202, p < 0.05 and r = −0.487, p < 0.005, 
respectively). Total %LAA-950 was negatively cor-
related with baseline FEV1% predicted and base-
line FEV1/forced vital capacity (FVC)% 
(r = −0.340, p < 0.005 and r = −0.360, p < 0.005, 
respectively). Mucus number was negatively corre-
lated with baseline peak expiratory flow (PEF)% 
predicted and the dose of acetylcholine causing the 
FEV1 to drop by 20% (PD20) (r = −0.416, 
p < 0.005; r = −0.277, p < 0.05; respectively). The 
extent score of bronchiectasis was positively corre-
lated with smoking history (r = 0.341, p < 0.005) 
but negatively correlated with baseline FEV1/
FVC% (r = −0.201, p < 0.05) (Table S3).

The improvement of lung function indices, includ-
ing the value of ΔFEV1 and ΔFEV1% predicted, 
was positively correlated with the CT mucus score 
of asthma patients (Figure 2(a) and (b), Table S4); 

Asthma patients
(n = 109)

Healthy controls
(n = 50)

p values

    Lower lobes, n (%) 18 (16.5%) 1 (2.0%) 0.009

  Extent score of bronchiectasis 0.0 (0.0–1.0) 0.0 (0.0–0.0) 0.000

  Bronchiectasis with mucus, n (%) 9 (8.3%) 0 (0.0%) 0.000

  Severity of bronchiectasis, n (%)

    0 77 (70.6%) 47 (94.0%) 0.010

    1 22 (20.2%) 3 (6.0%)  

    2 8 (7.3%) 0 (0.0%)  

    3 2 (1.8%) 0 (0.0%)  

  Distribution type of bronchiectasis, n (%)

    Central 1 (3.1%) 0 (0.0%) 0.576

    Peripheral 19 (59.4%) 3 (100.0%)  

    Mix 12 (37.5%) 0 (0.0%)  

BSA, body surface area; LA, lumen area; LAA-950, low attenuation area below −950 HU; %LAA-950, the percentage of low 
attenuation area below −950 HU; LD, lumen diameter; LLL, left lower lobe; LUL, left upper lobe; OD, outer diameter; RLL, 
right lower lobe; RML, right middle lobe; RUL, right upper lobe; TA, total area; TLC, total lung capacity; WA, wall area; WT, 
wall thickness.
Data are expressed as mean (SD), median (IQR), or n (%). Values of p comparing asthma patients and healthy controls are 
evaluated by Pearson’s χ2 test, Fisher’s exact test, Student’s t test, or Mann–Whitney U test. The mucus number defined as 
the total number of mucus plugs in all airways. With respect to the severity of bronchiectasis, 0 denotes no abnormality, 
1 denotes partial noncontinuous bronchiectasis, 2 denotes diffusion continuous bronchiectasis, 3 denotes diffusion 
continuous lesions that extended to the subpleural area. As for distribution types of bronchiectasis, central bronchiectasis 
means only involved between first and fourth generations, peripheral bronchiectasis means only involved up to fifth and 
distal generations, and mix bronchiectasis means involved both central and peripheral.
aData follow Gaussian distribution.

Table 2.  (Continued)
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similarly, CT mucus score was also positively cor-
related with the change of asthma control test score 
after treatment (ΔACT) and ΔACT% in asthma 
patients (Figure 2(c) and (d), Table S4). PEF% 
predicted (V2) and MEF75/25% predicted (V2) 
were negatively correlated with mean WA% 
(Figure 2(e) and (f), Table S5). Besides, the extent 
score of bronchiectasis showed a negative correla-
tion with the FEV1% predicted (V2) (Figure 2(g), 
Table S5).

HRCT imaging indices were related to the T2 
phenotype of asthma
Enrolled asthma patients were classified into 
T2-low (n = 44) and T2-high (n = 44) subgroups 
according to the expression of T2 inflammation 
(Table 3). The scores and the number of mucus 
plugs in T2-high asthma patients were signifi-
cantly higher than those in T2-low asthma 
patients (p < 0.0001) (Figure 3(a) and (b), 
Table 3). The eosinophils in peripheral blood, 

Figure 1.  The relationship between image bronchiectasis and mucus plugs, smoking status in naïve asthma 
patients. (a) Proportions of asthma patients without bronchiectasis (without BE), simple bronchiectasis 
(simple BE), and bronchiectasis with mucus (BE with mucus). (b) Proportions of asthma patients classified by 
mucus severity. (c) Percentage of bronchiectasis in asthma patients grouped by mucus severity, *p < 0.05. (d) 
Percentage of smoking subjects in asthma patients grouped by bronchiectasis with mucus, **p < 0.005. (e) 
Pack years of smoking are associated with bronchiectasis in asthma patients.
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Figure 2.  Correlation between imaging indices and therapeutic responsiveness. ΔFEV1 (a), ΔFEV1% (b), ΔACT 
(c), and ΔACT% (d) are positively correlated with CT mucus score; contrarily, PEF% predicted (V2) (e) and 
MEF75/25% predicted (V2) (f) are negatively correlated with mean WA%; FEV1% predicted (V2) (g) is negatively 
correlated with extent score of bronchiectasis.
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Table 3.  Clinical characteristics and imaging indices of asthma patients grouped by T2 inflammation.

T2-low
(n = 44)

T2-high
(n = 44)

p values

Sex, female/male (n/n) 28/16 23/21 0.280

Age (years) 46.0 (40.3–50.8) 44.0 (27.3–50.5) 0.191

Onset age (years) 40.3 (29.3–47.0) 36.3 (24.2–50.5) 0.452

Course of asthma (years) 2.0 (0.5–8.0) 1.8 (0.4–6.5) 0.697

BMI (kg/m2)a 22.9 (2.9) 22.6 (2.8) 0.579

Smoker, n (%) 12 (27.3%) 10 (22.7%) 0.623

Smoking (pack years) 0.0 (0.0–5.1) 0.0 (0.0–1.3) 0.444

Atopy history, n (%) 13 (29.6%) 19 (43.2%) 0.184

ACT score (V1)a 16.7 (3.1) 15.8 (2.6) 0.144

ACT score (V2) 24.0 (23.0–25.0) 24.0 (24.0–25.0) 0.472

Δ ACT score 7.0 (5.0–9.0) 8.0 (6.8–11.0) 0.157

Δ ACT%a 0.5 (0.3) 0.6 (0.3) 0.245

Lung function (V1) n = 44 n = 43  

  FEV1% predicted 91.0 (84.1–100.9) 85.4 (71.5–98.4) 0.096

  FEV1/FVC% 72.3 (65.8–79.3) 70.8 (61.4–75.5) 0.255

  PEF% predicted 88.9 (79.8–96.9) 82.7 (69.1–101.3) 0.281

  MEF75/25% predicted 42.2 (29.3–62.9) 49.1 (28.0–58.2) 0.830

  PD20 (mg) 0.5 (0.1–1.3) 0.0 (0.0–0.1) 0.000

Lung function (V2) n = 19 n = 22  

  FEV1 (L) 2.8 (2.3–3.4) 2.9 (2.2–3.4) 0.906

  FEV1% predicted 101.9 (89.0–109.2) 92.1 (88.7–98.8) 0.089

The change of lung function n = 19 n = 22  

  ΔFEV1 (L) 0.1 (0.0–0.4) 0.3 (0.1–0.7) 0.170

  ΔFEV1% predicted 6.0 (1.2–16.1) 8.2 (1.3–22.5) 0.619

FeNO (ppb) 18.8 (12.0–31.3) 67.0 (44.5–135.0) 0.000

T-IgE (IU/mL) 50.9 (18.7–148.2) 123.4 (74.9–359.5) 0.001

S-eos% 0.2 (0.0–1.4) 14.2 (5.6–26.3) 0.000

PB-eos (×109/L) 0.1 (0.1–0.2) 0.5 (0.4–0.8) 0.000

PB-eos% 1.8 (0.9–2.8) 7.3 (5.2–10.1) 0.000

Airway remodeling n = 43 n = 44  

(Continued)
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T2-low
(n = 44)

T2-high
(n = 44)

p values

Mean TA/BSA (mm2/m2) 26.5 (22.8–34.2) 28.1 (25.7–32.7) 0.161

Mean WA/BSA (mm2/m2)a 18.7 (3.8) 19.9 (4.1) 0.150

Mean LA/BSA (mm2/m2) 8.1 (6.4–12.0) 8.9 (7.5–10.4) 0.530

Mean OD/BSA (mm/m2)a 4.4 (0.6) 4.5 (0.6) 0.356

Mean LD/BSA (mm/m2)a 2.6 (0.5) 2.6 (0.4) 0.849

Mean WT/BSA (mm/m2)a 1.0 (0.1) 1.0 (0.2) 0.166

Mean WA%a 68.2 (6.2) 69.2 (5.1) 0.425

Mean LA%a 31.8 (6.2) 30.9 (5.1) 0.425

Mean WT%a 20.3 (2.8) 20.7 (2.4) 0.477

Emphysema n = 43 n = 44  

TLC (mL) 3690.2 (3160.4–4363.5) 3950.5 (3495.5–4981.6) 0.185

Total LAA-950 (mL) 8.9 (3.8–24.4) 14.8 (3.9–47.1) 0.218

Total %LAA-950 (%) 0.3 (0.1–0.5) 0.4 (0.1–1.1) 0.197

  RUL %LAA-950 (%) 0.1 (0.0–0.4) 0.2 (0.1–0.4) 0.122

  RML %LAA-950 (%) 0.4 (0.2–0.8) 0.6 (0.2–1.7) 0.215

  RLL %LAA-950 (%) 0.1 (0.0–0.3) 0.1 (0.0–0.4) 0.184

  LUL %LAA-950 (%) 0.4 (0.2–0.6) 0.6 (0.2–1.4) 0.296

  LLL %LAA-950 (%) 0.2 (0.0–0.5) 0.4 (0.1–1.3) 0.075

Mucus plugs n = 44 n = 44  

Mucus score 0.0 (0.0–1.0) 1.0 (0.0–9.8) 0.000

Mucus number 0.0 (0.0–1.0) 2.0 (0.0–13.0) 0.000

Mucus severity, n (%)

  Zero 31 (70.5%) 19 (43.2%) 0.001

  Low 10 (22.7%) 8 (18.2%)  

  High 3 (6.8%) 17 (18.6%)  

Image bronchiectasis n = 44 n = 44  

Bronchiectasis prevalence, n (%) 12 (27.3%) 13 (29.6%) 0.813

  Upper lobes, n (%) 6 (13.6%) 8 (18.2%) 0.560

  Middle lobes, n (%) 5 (11.4%) 7 (15.9%) 0.534

  Lower lobes, n (%) 9 (20.5%) 6 (13.6%) 0.395

Table 3.  (Continued)
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T2-low
(n = 44)

T2-high
(n = 44)

p values

Extent score of bronchiectasis 0.0 (0.0–1.0) 0.0 (0.0–1.0) 0.769

Bronchiectasis with mucus, n (%) 2 (4.6%) 6 (13.6%) 0.266

Severity of bronchiectasis, n (%)

  0 32 (72.7%) 31 (70.5%) 0.629

  1 7 (15.9%) 9 (20.5%)  

  2 3 (6.8%) 4 (9.1%)  

  3 2 (4.6%) 0 (0.0%)  

Distribution type of bronchiectasis, n (%)

  Central 0 (0.0%) 0 (0.0%) 0.238

  Peripheral 5 (41.7%) 9 (69.3%)  

  Mix 7 (58.4%) 4 (30.8%)  

BMI, body mass index; BSA, body surface area; FEV1, forced expiratory volume in 1s; FVC, forced vital capacity; LA, lumen 
area; LAA-950, low attenuation area below −950 HU; %LAA-950, the percentage of low attenuation area below −950 
HU; LD, lumen diameter; LLL, left lower lobe; LUL, left upper lobe; MEF75/25, mid-expiratory flow velocity; OD, outer 
diameter; PB-eos, peripheral blood eosinophil; PD20, the dose of acetylcholine causing the FEV1 to drop by 20%; RML, 
right middle lobe; RLL, right lower lobe; RUL, right upper lobe; TA, total area; TLC, total lung capacity; WA, wall area;  
WT, wall thickness.
Data are expressed as mean (SD), median (IQR), n/n or n (%).
Values of p comparing T2-low and T2-high asthma patients are evaluated by Pearson’s χ2 test, Fisher’s exact test, 
Student’s t test or Mann–Whitney U test. Allergen skin prick testing was used to define atopy history.
aData follow Gaussian distribution.

Table 3.  (Continued)

percentage of sputum eosinophils, and FeNO in 
asthma patients with high mucus scores were 
significantly increased compared with those in 
asthma patients with zero mucus score (Figure 
3(c)–(e)). The serum immunoglobulin E (IgE) 
levels did not differ among the groups with vari-
ous mucus severity (Figure 3(f)). However, the 
indices of airway remodeling, image bronchiec-
tasis, and emphysema of T2-high and T2-low 
asthma patients were similar (Table 3).

Unbiased CT phenotyping based on cluster 
analysis
Sixteen CT parameters that were extracted from 
airway remodeling, image bronchiectasis, emphy-
sema, and mucus indices were inputted in princi-
pal component analysis, and five components 
were obtained (Table S6). According to the den-
drogram (Figure S2), three clusters were identi-
fied with distinct features: (1) cluster 1 had a high 
proportion of emphysema, moderate airway 

remodeling, and moderate bronchiectasis with 
mild mucus plugs; (2) cluster 2 had severe airway 
remodeling and moderate mucus plugs with a low 
proportion of emphysema and mild bronchiecta-
sis; (3) cluster 3 had severe airway remodeling, 
severe mucus plugs, and severe bronchiectasis 
with a moderate proportion of emphysema 
(Table 4). The severity of emphysema, airway 
remodeling, and bronchiectasis was defined 
according to the proportion of subjects greater 
than upper 95% CI in healthy control subjects of 
variables (mean WA%, total %LAA-950, and 
extent score of bronchiectasis, respectively). Among 
the three clusters, the cluster with the greatest 
proportion was defined as severe, and the cluster 
with the least proportion was defined as mild.

The three clusters had no significant difference 
in age, onset age, atopy history, baseline ACT 
score, or total immunoglobulin E (T-IgE). The 
proportion of female asthma patients in cluster 2 
was significantly higher than that in clusters 1 
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and 3 (overall p = 0.002). The course of asthma 
in cluster 2 was significantly higher than that in 
cluster 1 (p < 0.05). Meanwhile, the BMI of 
asthma patients in cluster 2 was significantly 
higher than that in cluster 1 (p < 0.05). The 

percentage of smokers in cluster 3 was signifi-
cantly higher than that in cluster 2 (p < 0.05). 
The baseline FEV1% predicted of cluster 3 was 
significantly lower than that of clusters 1 and 2 
(overall p < 0.0001). The baseline MEF75/25% 

Figure 3.  Relationship between T2 inflammation and CT mucus plugs in naïve asthma patients. The CT 
mucus score (a) and CT mucus number (b) of asthma patients with T2-high phenotype are greater than 
those of asthma patients with T2-low phenotype. The eosinophil counts in peripheral blood (c), percentage of 
eosinophils in induced sputum (d), and FeNO levels (e) are associated with the severity of CT mucus in asthma 
patients; the serum IgE levels (f), however, do not differ from different groups classified by CT mucus (the 
mucus number is defined as the total number of mucus plugs in all airways).
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Table 4.  Quantitative CT indices of imaging phenotypes in asthma patients.

Cluster 1:
high proportion of 
emphysema, moderate 
airway remodeling 
and moderate 
bronchiectasis with 
mild mucus plugs
(n = 34)

Cluster 2:
severe airway 
remodeling and 
moderate mucus plugs 
with low proportion of 
emphysema and mild 
bronchiectasis
(n = 55)

Cluster 3:
severe airway 
remodeling, severe 
mucus plugs and severe 
bronchiectasis with 
moderate proportion of 
emphysema
(n = 18)

p values

Airway remodeling

  Mean TA/BSA (mm2/m2) 32.2 (28.0–36.4) 24.3 (22.0–27.7) 30.1 (27.3–40.4) 0.000*$

  Mean WA/BSA (mm2/m2) 20.3 (18.0–22.0) 17.6 (15.5–20.3) 21.6 (18.7–28.8) 0.000*$

  Mean LA/BSA (mm2/m2) 12.0 (9.4–13.9) 7.1 (5.7–8.1) 9.6 (7.8–11.8) 0.000*$

  Mean OD/BSA (mm/m2)a 4.7 (0.5) 4.1 (0.5) 4.8 (0.6) 0.000*$

  Mean LD/BSA (mm/m2)a 3.0 (0.4) 2.3 (0.3) 2.8 (0.4) 0.000*#$

  Mean WT/BSA (mm/m2)a 0.9 (0.1) 1.0 (0.1) 1.1 (0.2) 0.000*#$

  Mean WA%a 63.1 (4.0) 72.5 (3.5) 70.2 (4.2) 0.000*#

 � Mean WA% (% greater than upper 
95% CI of healthy controls)

70.6% 100.0% 94.4% 0.000*#

  Mean LA%a 36.9 (4.0) 27.5 (3.5) 29.9 (4.2) 0.000*$

  Mean WT%a 18.0 (1.6) 22.2 (1.8) 21.2 (1.9) 0.000*#

Emphysema

  TLC (mL)a 4635.3 (1167.2) 3327.1 (899.6) 4597.9 (1026.4) 0.000*$

  Total LAA-950 (ml) 19.6 (10.1–81.05) 5.3 (2.1–21.9) 20.6 (9.8–48.5) 0.000*$

  Total %LAA-950 (%) 0.4 (0.3–1.3) 0.2 (0.1–0.6) 0.5 (0.3–1.1) 0.001*$

 � Total %LAA-950 (% greater than 
upper 95% CI of healthy controls)

54.2% 12.7% 38.9% 0.009*$

    RUL %LAA-950 (%) 0.2 (0.1–0.6) 0.1 (0.0–0.2) 0.3 (0.1–0.7) 0.000*$

    RML %LAA-950 (%) 0.7 (0.4–2.0) 0.3 (0.1–0.9) 0.8 (0.3–1.5) 0.001*$

    RLL %LAA-950 (%) 0.1 (0.0–0.4) 0.1 (0.0–0.2) 0.1 (0.0–0.5) 0.053

    LUL %LAA-950 (%) 0.7 (0.5–1.7) 0.2 (0.1–0.5) 0.7 (0.4–1.6) 0.000*$

    LLL %LAA-950 (%) 0.4 (0.2–1.1) 0.2 (0.0–0.6) 0.7 (0.2–1.3) 0.003*$

Mucus plugs

  Mucus score 0.0 (0.0–0.0) 0.0 (0.0–1.0) 10.5 (8.5–12.3) 0.000#$

  Mucus number 0.0 (0.0–0.0) 0.0 (0.0–2.0) 19.5 (13.0–29.3) 0.000#$

  Mucus severity, n (%)

    Zero 27 (79.4%) 33 (60.0%) 0 (0.0%) 0.000

(Continued)
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Cluster 1:
high proportion of 
emphysema, moderate 
airway remodeling 
and moderate 
bronchiectasis with 
mild mucus plugs
(n = 34)

Cluster 2:
severe airway 
remodeling and 
moderate mucus plugs 
with low proportion of 
emphysema and mild 
bronchiectasis
(n = 55)

Cluster 3:
severe airway 
remodeling, severe 
mucus plugs and severe 
bronchiectasis with 
moderate proportion of 
emphysema
(n = 18)

p values

    Low 6 (17.7%) 14 (25.5%) 0 (0.0%)  

    High 1 (2.9%) 8 (14.6%) 18 (100.0%)  

Image bronchiectasis

  Bronchiectasis prevalence, n (%) 14 (41.2%) 4 (7.3%) 13 (72.2%) 0.000

    Upper lobes, n (%) 7 (20.6%) 2 (3.6%) 10 (55.6%) 0.000

    Middle lobes, n (%) 7 (20.6%) 1 (1.8%) 6 (33.3%) 0.001

    Lower lobes, n (%) 10 (29.4%) 2 (3.6%) 5 (27.8%) 0.002

  Extent score of bronchiectasis 0.0 (0.0–1.3) 0.0 (0.0–0.0) 1.5 (0.0–3.3) 0.000*#$

 � Extent score of bronchiectasis 
(% greater than upper 95% CI of 
healthy controls)

23.5% 1.8% 50.0% 0.000*$

  Bronchiectasis with mucus, n (%) 2 (5.9%) 0 (0.0%) 6 (33.3%) 0.000

  Severity of bronchiectasis, n (%)

    0 20 (58.8%) 51 (92.7%) 5 (27.8%) 0.000

    1 9 (26.5%) 4 (7.3%) 8 (44.4%)  

    2 3 (8.8%) 0 (0.0%) 5 (27.8%)  

    3 2 (5.9%) 0 (0.0%) 0 (0.0%)  

 � Distribution type of 
bronchiectasis, n (%)

    Central 0 (0.0%) 1 (25.0%) 0 (0.0%) 0.058

    Peripheral 7 (50.0%) 3 (75.0%) 8 (61.5%)  

    Mix 7 (50.0%) 0 (0.0%) 5 (38.5%)  

LA, lumen area; LAA-950, low attenuation area below −950 HU; %LAA-950, the percentage of low attenuation area below −950 HU; LD, lumen 
diameter; LLL, left lower lobe; LUL, left upper lobe; MEF75/25, mid-expiratory flow velocity; OD, outer diameter; PB-eos, peripheral blood 
eosinophil; PD20, the dose of acetylcholine causing the FEV1 to drop by 20%; RML, right middle lobe; RLL, right lower lobe; RUL, right upper lobe; 
TA, total area; TLC, total lung capacity; WA, wall area; WT, wall thickness.
Data are expressed as mean (SD), median (IQR), n/n or n (%). Values of p comparing cluster 1, cluster 2 and cluster 3 are evaluated by Pearson’s 
χ2 test, Fisher’s exact test, Kruskal–Wallis test with the Dunn multiple comparison test, or one-way ANOVA with the Tukey test. *p < 0.05, cluster 
1 versus cluster 2; #p < 0.05, cluster 1 versus cluster 3; $p < 0.05, cluster 2 versus cluster 3. Among the three clusters, the patients in the cluster 
with the greatest proportion of emphysema were defined as high proportion, while those in the cluster with the least proportion of emphysema 
were defined as low proportion of emphysema.
aData follow Gaussian distribution.

Table 4.  (Continued)
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predicted in cluster 1 was significantly higher 
than that in cluster 2 (p < 0.05). The value of 
ΔFEV1 and ΔFEV1% predicted in cluster 3 was 
significantly higher than in cluster 1 (both 
p < 0.05). PD20 in cluster 3 was significantly 
lower than that in cluster 1 (p < 0.05). The pro-
portion of T2-high asthma patients in cluster 3 

was significantly higher than that in clusters 1 
and 2 (overall p < 0.05). FeNO and eosinophils 
in peripheral blood in cluster 3 were significantly 
higher than those in clusters 1 and 2 (overall 
p < 0.05), and the eosinophils in induced spu-
tum in cluster 3 were significantly higher than 
that in cluster 2 (p < 0.05) (Table 5).

Table 5.  Clinical characteristics of imaging phenotypes in asthma patients.

Cluster 1:
high proportion of 
emphysema, moderate 
airway remodeling 
and moderate 
bronchiectasis with 
mild mucus plugs
(n = 34)

Cluster 2:
severe airway 
remodeling and 
moderate mucus plugs 
with low proportion of 
emphysema and mild 
bronchiectasis
(n = 55)

Cluster 3:
severe airway 
remodeling, severe 
mucus plugs and severe 
bronchiectasis with 
moderate proportion of 
emphysema
(n = 18)

p values

Sex, female/male (n/n) 16/18 41/14 6/12 0.002*$

Age (years) 46.0 (30.5–52.8) 46.0 (36.0–50.0) 41.5 (22.8–49.0) 0.179

Onset age (years) 41.0 (28.3–50.9) 41.0 (27.8–45.9) 33.5 (18.7–44.1) 0.102

Course of asthma (years) 1.0 (0.5–3.3) 3.0 (1.0–8.0) 4.5 (0.5–10.0) 0.033*

BMI (kg/m2)a 22.0 (2.5) 23.8 (2.9) 22.2 (2.6) 0.005*

Smoker, n (%) 10 (29.4%) 9 (16.4%) 8 (44.4%) 0.047$

Smoking (pack years) 0.0 (0.0–10.4) 0.0 (0.0–0.0) 0.0 (0.0–20.0) 0.080

Atopy history, n (%) 11 (32.4%) 19 (34.6%) 8 (44.4%) 0.671

ACT score (V1)a 16.8 (2.2) 16.1 (3.1) 15.1 (2.7) 0.130

ACT score (V2) 24.5 (23.8–25.0) 24.0 (23.0–25.0) 25.0 (23.5–25.0) 0.205

ΔACT scorea 8.0 (6.8–8.3) 8.0 (6.0–9.0) 9.0 (7.0–11.0) 0.251

ΔACT%a 0.5 (0.2) 0.5 (0.3) 0.6 (0.3) 0.273

Lung function (V1) n = 34 n = 55 n = 17  

  FEV1% predicteda 95.6 (12.8) 86.1 (19.1) 71.1 (14.9) 0.000*#$

  FEV1/FVC% 72.9 (67.0–79.5) 69.9 (65.7–76.2) 63.1 (55.3–71.5) 0.015#

  PEF% predicteda 97.0 (19.1) 83.0 (21.8) 68.7 (20.2) 0.000*#$

  MEF75/25% predicteda 57.1 (24.1) 37.5 (17.2) 54.6 (7.9) 0.011*

  PD20 (mg) 0.3 (0.1–1.3) 0.1 (0.0–0.5) 0.0 (0.0–0.1) 0.004#

Lung function (V2) n = 13 n = 28 n = 9  

  FEV1 (L)a 3.2 (0.8) 2.7 (0.1) 2.9 (0.2) 0.216

  FEV1% predicteda 99.4 (8.0) 96.2 (14.3) 90.8 (13.7) 0.307

The change of lung function n = 13 n = 28 n = 9  

(Continued)
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ROC curve for predicting baseline FEV1% 
predicted
ROC analysis was applied for the prediction of 
baseline FEV1% predicted (Figure 4, Table S7). 
Eleven clinical parameters and 16 imaging indices 
were separately used to predict the baseline FEV1% 
predicted (V1) < 80%. The results showed that 
only four indicators, including course of asthma, 
mucus number, the eosinophils in peripheral blood, 
and total %LAA-950, presented with an area under 
the curve (AUC) value of greater than 0.6 (0.657, 
0.674, 0.630, and 0.649, respectively), and the 
AUC values of the remaining indicators were not 
good enough to be included in the final model. 
Consequently, the four parameters were together 
employed to predict the FEV1% predicted 
(V1) < 80%, which showed improved prediction 
effectiveness (AUC = 0.753) (Table S7).

Discussion
The patients enrolled in this study were mainly in 
the early stage with relatively mild-moderate 
asthma, and the findings were consistent with the 
previous report that the abnormalities were pre-
sent in the morphological structure of the airway 
and related to asthma severity and lung func-
tion.4,8 At the same time, the results in this study 
demonstrated that even in naïve early-stage 
asthma patients, both WA% and WT% were 
much greater than those in healthy controls. 
Besides, these indices of airway thickening were 
significantly correlated with lung function, espe-
cially PEF% and MEF75/25%, the markers of 
small airway function. Thus, we speculated that 
airway remodeling might happen in early-stage 
asthma and probably be more prominent in the 
distal airway.22

Cluster 1:
high proportion of 
emphysema, moderate 
airway remodeling 
and moderate 
bronchiectasis with 
mild mucus plugs
(n = 34)

Cluster 2:
severe airway 
remodeling and 
moderate mucus plugs 
with low proportion of 
emphysema and mild 
bronchiectasis
(n = 55)

Cluster 3:
severe airway 
remodeling, severe 
mucus plugs and severe 
bronchiectasis with 
moderate proportion of 
emphysema
(n = 18)

p values

  ΔFEV1 (L)a 0.1 (0.5) 0.3 (0.4) 0.6 (0.4) 0.030#

  ΔFEV1% predicteda 1.2 (16.9) 7.7 (14.3) 18.5 (12.0) 0.032#

T2 inflammation phenotypes, n (%) n = 31 n = 42 n = 13  

  T2-high asthmatics 12 (38.7%) 18 (42.9%) 13 (100.0%) 0.000

  T2-low asthmatics 19 (61.3%) 24 (57.1%) 0 (0.0%)  

FeNO (ppb) 24.0 (18.3–51.1) 38.0 (15.3–66.0) 81.0 (54.9–123.4) 0.001#$

T-IgE (IU/mL) 86.2 (32.2–191.0) 98.0 (47–185.7) 173.2 (82.7–547.9) 0.136

S-eos% 1.9 (0.1–14.1) 2.0 (0.0–10.1) 20.4 (5.6–60.2) 0.048$

PB-eos (×109/L) 0.2 (0.1–0.3) 0.2 (0.1–0.4) 0.6 (0.3–1.1) 0.000#$

PB-eos% 2.7 (1.5–5.5) 3.3 (1.8–6.8) 8.3 (4.9–11.5) 0.000#$

ACT: asthma control test; ΔACT: The change of asthma control test score after treatment; ΔACT % = ΔACT/ACT (V1); ΔFEV1: The change of forced 
expiratory volume in 1s after treatment; FeNO: fractional exhaled nitric oxide; S-eos: sputum eosinophil; T2: Type 2; T-IgE: total immunoglobulin E; 
V2: second visit.
Data are expressed as mean (SD), median (IQR), n/n or n (%). Values of p comparing cluster 1, cluster 2 and cluster 3 are evaluated by Pearson’s χ2 
test, Fisher’s exact test, Kruskal–Wallis test with the Dunn multiple comparison test, or one-way ANOVA with the Tukey test.
aData follow Gaussian distribution.*p < 0.05, cluster 1 versus cluster 2; #p < 0.05, cluster 1 versus cluster 3; $p < 0.05, cluster 2 versus cluster 3.

Table 5.  (Continued)
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Interestingly, 6% of the healthy controls were 
accompanied by slightly partial noncontinuous 
image bronchiectasis in the chest CT scan, and 
only one lung segment was involved in bronchiec-
tasis in this study. The finding of a cross-sectional, 
retrospective study in South Korea was similar to 
our study. Among the 27 617 healthy population 
screened, 1005 were diagnosed with asympto-
matic bronchiectasis based on CT findings.23 In a 
previous severe asthma cohort study, the preva-
lence of emphysema was around 8%.8 The 
patients in our study were mainly mild or moder-
ate asthma patients without occupational expo-
sure to dust or other noxious gases, which partially 
explained that there was almost no difference in 
the indices of emphysema between asthma 
patients and healthy controls. Besides, in our 
study, only 35.7% of asthma patients with emphy-
sema were smokers. What’s more, 12 healthy 
controls had the CT features of emphysema 
quantified by %LAA-950, but none were smok-
ers. It is more likely that the healthy controls and 
the asthma groups contain some subjects with 
small airway dysfunction than under-diagnosed 
COPD patients.24,25

The results revealed T2 inflammation was closely 
associated with mucus plugs rather than airway 
remodeling, emphysema, or image bronchiectasis 
in naïve asthma patients. The eosinophilic inflam-
mation helps the development of mucus plugs, 

and eosinophil peroxidase (EPO)-generated oxi-
dants might mediate mucus plug formation.10,11 
This study also indicated that the prevalence of 
image bronchiectasis was greater in asthma 
patients with high mucus plugs than in patients 
with zero or low mucus plugs. It might be related 
to the destructive damage of the airway structure 
by the T2 inflammation.10 While it must be men-
tioned in this study, the smoking history was 
much higher in the patients who coexisted with 
image bronchiectasis and mucus plugs compared 
with other patients. Meanwhile, the rate of asthma 
patients with a smoking history in this study is 
similar to other major reports about asthma.26–28 
Therefore, we speculate that smoking could 
cooperate with T2 inflammation to aggravate 
mucus production and damage to the pulmonary 
structure.

Regarding the response of asthma therapy,  
the results showed that the mucus score was 
slightly or moderately positively correlated with 
improvement of both lung function (i.e. ΔFEV1 
and ΔFEV1%) and symptoms (i.e. ΔACT and 
ΔACT%), which might be due to the good cor-
relation between mucus plugs and T2 inflamma-
tion. However, the extent score of bronchiectasis 
was slightly inversely correlated to post-treat-
ment FEV1% predicted, indicating that the 
asthma patients with bronchiectasis might have 
irreversible airway damage, resulting in poor lung 

Figure 4.  ROC analysis for clinical characteristics and imaging indices prediction of FEV1% predicted 
(V1) < 80%. The ROC curves show the parameters of course of asthma, mucus number, the eosinophil counts 
in peripheral blood (PB-eos, ×109/L), total %LAA-950, and combined prediction model in diagnosing baseline 
airflow limitation determined by FEV1% predicted (V1) < 80%.
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function improvement. The previous report 
showed that bronchiectasis could also increase 
exacerbation rates and lead to respiratory func-
tion impairment.29

Considering that not all patients could finish lung 
function examination, ROC analysis integrating 
clinical features and imaging indices was adopted 
to forecast FEV1% predicted. The results showed 
that the predicting model combining course of 
asthma, peripheral blood eosinophils, mucus 
number, and total %LAA-950 had higher sensi-
tivity and specificity than the results using any 
single variable.

In this study, three novel imaging phenotypes 
were derived through cluster analysis, i.e. cluster 
1 with a high proportion of emphysema, cluster 2 
with severe airway remodeling, and cluster 3 with 
severe airway remodeling, mucus plugs, and 
bronchiectasis. The three imaging phenotypes 
exhibited distinct clinical features and therapeutic 
responses. Cluster 1 patients with the best lung 
function had the worst therapeutic responses and 
the lowest T2 inflammation; cluster 2 patients 
had the highest BMI and relatively good lung 
function, and they had moderate therapeutic 
responses and moderate T2 inflammation; as for 
the cluster 3 patients, they held the longest course 
of asthma, the greatest percentage of smokers, 
and the worst lung function, and they had the 
best therapeutic responses and highest T2 inflam-
mation. It may be interpreted that the T2 signa-
ture in asthma is strongly linked to corticosteroids 
responses.30,31 Therefore, Cluster 1 patients with 
the lowest T2 inflammation had the worst thera-
peutic responses, cluster 2 patients with moderate 
T2 inflammation had the moderate therapeutic 
responses, and cluster 3 patients with the highest 
T2 inflammation had the best therapeutic 
responses. Previous research on imaging pheno-
type mainly used imaging parameters of air trap-
ping and airway structure in cluster analysis, 
through which clinical characteristics were gener-
ally analyzed.20,32–34 In this study, parameters of 
airway remodeling, emphysema, mucus plugs, 
and image bronchiectasis were systematically 
considered, and three unbiased novel imaging 
phenotypes were proposed, which showed good 
consistency with both clinical characteristics and 
T2 inflammation. Besides, three unbiased novel 
imaging phenotypes were derived through cluster 
analysis. Each cluster has its unique clinical 

characteristics, and the relationships among the 
three clusters were not progressive. Similar results 
were observed among the three clusters without a 
smoking history.

The findings in this study indicate asthma patients 
have various structure abnormalities from lung 
CT scans. Even in naïve asthma patients, airway 
remodeling exists in a certain proportion of 
patients. Although currently it is not common for 
asthma patients to have a CT scan, the findings in 
this study, along with many others, indicate 
asthma patients may benefit a lot from HRCT 
scan, especially for those with smoking history, 
those incapable of completing the qualified pul-
monary function test, and those with a long 
course and poor condition. First of all, consider-
ing not all patients could succeed in finishing lung 
function examination, this study’s prediction 
model could help predict the initial lung function 
and initiate appropriate therapy. Second, for 
asthma patients, especially with smoking history, 
HRCT characteristics can be used to identify the 
specific cluster and predict the treatment respon-
siveness of patients, and then would be very help-
ful for the individualized treatment. Finally, 
HRCT scans would be much helpful to identify 
the irreversible bronchiectasis and airway remod-
eling, which may probably exist in patients with a 
long course of asthma.

There are several potential limitations in this 
study. First, the patients have not conducted the 
HRCT examinations post-treatments, making 
the assessment of changes in imaging characteris-
tics after treatment unavailable. Second, the sam-
ple number of asthma patients was limited in this 
cohort, and the test of periostin, IL-4, or IL-5 was 
not available to assess and verify T2 phenotypes. 
Third, the novel image phenotypes of naïve 
asthma patients were proposed in this single-
center cohort study, and further studies with a 
larger size of subjects are needed to verify the 
findings of this study.

In conclusion, naïve asthma patients have signifi-
cant HRCT features such as airway remodeling, 
mucus plugs, and image bronchiectasis compared 
with healthy controls. Based on the functional 
respiratory imaging features, three novel imaging 
phenotypes can be derived, showing good con-
sistency with clinical characteristics, therapeutic 
response, and T2 inflammation.
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