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Abstract
Objective Asthma is a heterogeneous disease with diverse clinical phenotypes that have been identified via cluster analyses.
However, the classification of phenotypes based on quantitative CT (qCT) is poorly understood. The study was conducted to
investigate CT determination of uncontrolled asthma phenotypes.
Methods Sixty-five patients with uncontrolled asthma (37 with severe asthma, 28 with non-severe asthma) underwent detailed
clinical, laboratory, and pulmonary function tests, as well as qCTanalysis. Twenty-five healthy subjects were also included in this
study and underwent clinical physical examinations, pulmonary function tests, and low-dose CT scans.
Results The mean lumen area/body surface area ratio was smaller in patients with severe uncontrolled asthma compared with that in
healthy subjects (9.84mm2 [SD, 2.57mm2], 11.96mm2 [SD, 3.09mm2]; p= 0.026). However, the percentage ofmeanwall area (WA)
was greater (64.39% [SD, 2.55%], 62.09% [SD, 3.81%], p = 0.011). Air trapping (measured based on mean lung density and VI−856
[%] on expiratory scan) was greater in patients with severe uncontrolled asthma than in those with non-severe uncontrolled asthma and
was higher in all patients with uncontrolled asthma than that in healthy subjects (all p< 0.001). Three CT-determined uncontrolled
asthma phenotypes were identified. Cluster 1 had mild air trapping with or without proximal airway remodeling. Cluster 2 had
moderate air trappingwith or without proximal airway remodeling. Cluster 3 had severe air trappingwith proximal airway remodeling.
Conclusions There was obvious air trapping and proximal airway remodeling in patients with severe uncontrolled asthma. The
three CT-determined uncontrolled asthma phenotypes might reflect underlyingmechanisms of disease in patient stratification and
in the different stages of disease development.
Key Points
• Obvious air trapping and proximal airway remodeling were present in patients with severe uncontrolled asthma.
• CTair trapping indices showed a good correlation with disease duration, total IgE, atopy, and OCS and ICS doses, and were
even more strongly correlated with clinical lung function.

• Three CT-determined uncontrolled asthma phenotypes were identified, which might reflect underlying mechanisms of disease in
patient stratification and in the different stages of disease development.
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Abbreviations
BSA Body surface area
LA Lumen area
LB10 The posterior basal segmental bronchus of the

left lower lobe
LV Lung volume
MLD Mean lung density
MLD E/I Mean lung density expiratory/inspiratory ratio
Pi10WA Wall area of a hypothetical airway with an

internal perimeter of 10 mm
qCT Quantitative computer tomography
RB1 The apical segmental bronchus of the right

upper lobe
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RB10 The posterior basal segmental bronchus of the
right lower lobe

T Thickness of airway wall
TA Total area
VI Voxel index
VI−856
E-I (%)

Voxel index change of percent voxels less
than − 856 HU on paired inspiratory and
expiratory CT scans

VI−856 (%) Percent voxels less than − 856 HU
VI−856/−950
E-I (%)

Voxel index change of percent voxels
between − 950 and – 856 HU on paired
inspiratory and expiratory CT scans

VI−950 (%) Percent voxels less than – 950 HU
WA Wall area
WA% Wall area percentage

Introduction

Asthma is a worldwide problem, and uncontrolled asthma in
particular has far-reaching socioeconomic repercussions. This
is due not only to the burden of health care costs but also to
loss of productivity in the workplace and, especially for
younger/working class people, disruption to the family.
Asthma is burdensome to patients (symptoms either during
the day or at night can interfere with physical activity) and is
a risk factor for future exacerbations, which are sometimes
fatal. The long-term goals of asthma management are to
achieve good symptom control and to minimize future risk
of exacerbations, fixed-airflow limitations, and treatment side
effects.

Asthma is a chronic inflammatory disease of the airway
that is characterized by airway inflammation, airway hy-
per-responsiveness, and reversible airflow limitation.
Chronic inflammation in asthma can lead to changes in
airway structure. Airway remodeling, which includes
narrowing of the airways and bronchial wall thickening,
is a consequence of chronic injury, and repair and may be
reversible or irreversible [1–4]. These changes affect all
parts of the tracheobronchial tree but are initially located
in the small airway and progress to the large airway [1,
4–6]. Distal small airways (less than 2 mm in diameter)
become narrow or obstructed during expiration, leaving
redundant air in the lungs, which is known as air trapping
[7, 8].

Asthma can be divided into different phenotypes according
to heterogeneity. Phenotypes are outward physical manifesta-
tions of interactions between gene types and environmental
factors. They can be identified by such factors as airway in-
flammation, age of onset, inducing factors, clinical symptoms,
disease severity, and response to treatment. Statistical
methods, such as factor and cluster analyses, have been used
to assess asthma heterogeneity and to identify different

clinical phenotypes [9–11]. With recent advances in imaging
technology, qCT analysis can be used to provide detailed in-
formation about airway changes in a non-invasive manner
[12–19]. Not only can the location of air trapping be observed,
but also the changes in airway structure can be intuitively
assessed. The aim of the present research was to investigate
CT-derived uncontrolled asthma phenotypes that reflect the
stratification of proximal airway remodeling and air trapping.
This may provide critical information about the underlying
mechanisms of the disease and may lead to individualized
therapies for asthma patients.

Materials and methods

Subjects

A total of 65 patients with uncontrolled asthma (37 severe and
28 non-severe), 42 females and 23 males, average age 47.6 ±
11.7 years, were enrolled in the study at the First Affiliated
Hospital of Guangzhou Medical University from March 2014
toMay 2017. Inclusion criteria: (1) Subjects were 18 to 65 years
old. (2) Asthma in all subjects had been diagnosed and level of
asthma control was characterized according to the criteria rec-
ommended by GINA revised 2012 [20]. (3) Patients with asth-
ma could be classified as severe and non-severe.

Exclusion criteria: (1) Exacerbation of asthma within
8 weeks preceding the study. (2) Other chronic diseases, such
as rheumatoid arthritis, ankylosing spondylitis, and/or diabe-
tes. (3) Other chronic respiratory diseases, such as chronic
obstructive pulmonary disease, bronchiectasis, interstitial lung
disease, and/or tuberculosis. (4) A smoking history of > 10
packs per year. (5) Women who were pregnant or lactating.
All of the subjects underwent detailed clinical characteriza-
tion, pulmonary function tests, and chest CT scans. Twenty-
five healthy subjects (12 males, 13 females; mean age, 40.4 ±
12.3 years) seen in the outpatient department of our hospital
between March 2014 and May 2017 and identified by clinical
histories, physical examinations, and normal pulmonary func-
tion tests were recruited at the same time as the subjects with
asthma formed the control group. None of the volunteers
smoked. Volunteers with pulmonary disease as observed by
CT were excluded. The Ethics Committee of the First
Affiliated Hospital of Guangzhou Medical University ap-
proved the study. All of the participants received information
regarding radiation exposure and all gave written informed
consent in advance of their participation in the study.

CT scanning equipment and parameters

A 16-detector row Toshiba Aquilion CT scanner was used to
image all subjects. The scanner was calibrated each day before
scanning. The scanning parameters were tube voltage 120 kV,
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tube current 30 mAs, helical pitch 0.938, and rotation time
0.5 s. Images were reconstructed with a slice thickness of
1.0 mm and a slice interval of 0.8 mm using a low-spatial-
frequency algorithm (Fc01) through 512 × 512. All of the sub-
jects were briefly trained to take a deep breath, hold it, and
exhale deeply. All were determined able to perform the above
satisfactorily before they were included in the experiments.
Two scans were obtained at full inspiration (near total lung
capacity) and at the deep end of expiration (near residual vol-
ume) for each subject.

QCT analysis

Fully automated software, VIDA Workstation, software ver-
sion 1.2 (VIDADiagnostics), was used for quantitative airway
and pulmonary function analysis [2, 21–23]. The lumen pe-
rimeter (Pi) was recorded for the airways of interest. Pi10 was
defined as the hypothetical airway with an internal perimeter
of 10 mm [21, 24, 25]; thus, the Pi10WAwas the wall area of
the hypothetical airway with an internal perimeter of 10 mm.
The mean dimensions of the three segmental bronchi (RB1,
RB10, and LB10) were calculated for analysis.

Quantification of CT pulmonary function was performed
using whole-lung densitometry during inspiratory and expira-
tory CT scans. CT air trapping in asthmatic patients was grad-
ed based on expiratoryVI−856 (%) values: (1) none or mild,
lower than the upper limit of the 99.5% confidence interval
(CI) of healthy control subjects; lower than 13.4%; (2) severe,
greater than the lower limit of the 99.5% CI of severe asth-
matic patients, greater than 34.4%; and (3) moderate, between
13.4 and 34.4%.

A concrete analysis process of proximal airway and CT
pulmonary function is given in detail in Appendix.

Pulmonary function tests are described in detail in
Appendix.

Statistical analysis

Parametric data are expressed as mean ± standard error of the
mean (SEM) and non-parametric data are described as median
(interquartile range [IQR]). The Levene method was used to
test for multiple-sample homogeneity of variance. Log-
transformation or sqrt-transformation was used to reduce
skewness of the data. Multiple groups were compared using
one-way analysis of variance (ANOVA) with a Bonferroni
correction (parametric data) and a Kruskal–Wallis test with a
Dunn intergroup comparison (non-parametric data). An
independent-sample t test was used for comparisons between
two groups. The χ2 and Fisher exact tests were used to com-
pare ratios. Principal component analysis was performed to
extract factors that best described the underlying relationship
among the qCT variables and cluster analysis was used to
determine cluster membership of all asthmatic patients.

SPSS software version 22.0 (IBM) and Prism version 6.01
(GraphPad) were used for statistical analyses. p < 0.05 was
considered significant.

The principal component and cluster analyses are described
in detail in Appendix.

Results

Characteristics of participants

Baseline demographics of participants are shown in Table 1.
Patients with severe asthma had a longer disease duration,
more serious obstructive ventilation dysfunction, greater air
trapping, and greater airway resistance, and required higher
doses of ICS compared with patients with non-severe asthma.

Proximal airway remodeling

The mean dimensions of three (RB1, RB10, and LB10) seg-
ments of the bronchus on inspiratory CT scan are presented in
Table 2. The mean LA/BSA ratio was smaller and the mean
WA% was greater in patients with severe asthma compared
with that in healthy control subjects (9.84 mm2 [SD,
2.57 mm2], 11.96 mm2 [SD, 3.09 mm2], mean LA/BSA, p =
0.026; and 64.39% [SD, 2.55%], 62.09% [SD, 3.81%], mean
WA%, p = 0.011) (Figs. 1 and 2). There was no significant
difference in other airway parameters among the three groups
(all p > 0.05).

CT pulmonary densitometry

Densitometric parameters, assessed by qCT are shown in
Table 3. Expiratory lung volume was smaller in healthy con-
trol subjects compared with that in patients with severe asthma
and non-severe asthma (1.9 L [SD, 0.5 L], 2.7 L [SD, 0.8 L],
2.4 L [SD, 0.5 L], p < 0.001). MLD, VI−856/−950 (%), and
VI−856 (%) were higher in patients with severe asthma than
in those with non-severe asthma (− 756.2 HU [SD, 48.5 HU],
− 716.1 HU [SD, 44.3 HU], MLD, p = 0.021; 20.2% [IQR,
23.6%], 11.0% [IQR, 14.0%], VI−856/−950 [%], p = 0.039; and
22.1% [IQR, 26.4%], 11.2% [IQR, 12.2%], VI−856 [%], p =
0.015), and were higher in all asthmatic patients than those in
healthy subjects (all p < 0.05). Other air trapping indexes,
MLD E/I, VI−856/−950 E-I (%), and VI−856 E-I (%), were sig-
nificantly greater in patients with severe asthma compared
with those in healthy control subjects (p = 0.011, p < 0.001,
and p = 0.003, respectively).

Relationships between structure and function, CT air trap-
ping and clinical lung function in uncontrolled asthma, and
low-dose CT radiation are described in detail in Appendix.
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CT-determined uncontrolled asthma phenotypes

Eleven characteristic qCT parameters were screened from air-
way remodeling and lung densitometric indices (see
Appendix for details). These parameters were performed by
principal component analysis, and three common factors were

extracted. These factors were used in cluster analysis and three
clusters were identified. QCT parameters and clinical charac-
teristics of the three asthma phenotypes are shown in Tables 4
and 5.

All three of the asthma clusters demonstrated air trapping,
the degrees of which were significantly different. According

Table 1 Clinical characteristics
of patients with uncontrolled
asthma and healthy subjects

Patients with
severe asthma

Patients with
non-severe asthma

Healthy control
subjects

p value

Subjects 37 28 25

Age (years) 48.4 ± 11.8 46.5 ± 11.8 40.4 ± 12.3 0.09

Gender (male %) 29.7 75.0 48.0 0.28

BMI (kg/m2) 23.4 ± 3.1 23.0 ± 3.1 23.6 ± 3.7 0.80

BSA (m2) 1.6 ± 0.2 1.6 ± 0.1 1.7 ± 0.2 0.32

Smoking (%) 5.4 7.1 0 0.56

Disease duration (years) 10.0 (15.0)* 3.5 (7.0)* – 0.001

Atopy (%) 71.4 91.7 – 0.14

Bronchodilator response (%) 17.4 ± 9.7 21.2 ± 17.0 – 0.52

Pre-bronchodilator FEV1 (% predicted) 55.6 ± 18.1*# 69.8 ± 11.3*¥ 104.3 ± 10.9#¥

Pre-bronchodilator FEV1/FVC (%) 53.5 ± 14.3*# 59.8 ± 6.8*¥ 86.8 ± 4.6#¥

Post-bronchodilator FEV1 (% predicted) 66.2 ± 19.2* 81.2 ± 9.3* – 0.004

Post-bronchodilator FEV1/FVC (%) 61.5 ± 16.9 68.4 ± 5.6 – 0.08

FVC (% predicted) 88.3 ± 15.2# 94.8 ± 11.1 104.3 ± 10.9# < 0.001

PEF (% predicted) 58.4 ± 21.7*# 76.5 ± 19.2*¥ 110.8 ± 16.1#¥ < 0.001

MMEF (% predicted) 22.3 ± 17.9*# 46.4 ± 25.1*¥ 97.4 ± 18.0#¥ < 0.001

MEF50% (% predicted) 24.7 ± 20.2*# 50.2 ± 24.9*¥ 107.3 ± 23.1#¥ < 0.001

MEF25% (% predicted) 21.9 ± 17.7*# 41.1 ± 24.1*¥ 92.9 ± 24.0#¥ < 0.001

RV/TLC (%) 47.8 ± 9.4* 39.0 ± 10.7* – 0.012

Z5 (% predicted) 1.8 (1.2)* 1.3 (0.7)* – 0.019

R5 (% predicted) 1.6 (1.1)* 1.3 (0.7)* – 0.024

R20 (% predicted) 1.5 (0.4) 1.3 (0.6) – 0.08

R5-R20 0.5 (0.2)* 0.3 (0.2)* – 0.001

X5 (% predicted) 2.6 (4.2) 0.6 (9.0) – 0.13

DLCO/VA (% predicted) 95.1 ± 25.4 97.8 ± 14.8 – 0.74

Blood EOS (×109/l) 0.3 (0.4) 0.3 (0.3) – 0.74

FeNO (ppb) 33.5 (40) 32.0 (69) – 0.72

Total IgE (KU/ml) 302.0 (530.6) 257.7(230.5) – 0.37

Sputum EOS (%) 26.5 (62.8) 28.5 (62.3) – 0.75

Sputum Neu (%) 23.5 (73.0) 33.0 (38.3) – 0.60

ICS dose, BDP (μg/day) 800 (1100.0)* 400 (0.0)* – 0.001

LABA (%) 95 97 – 0.84

OCS (%) 60 0 – –

OCS dose, prednisone (mg/day) 10 (20.0) 0 – –

Leukotriene receptor antagonist (%) 53 68 – 0.69

Theophylline (%) 21 6 – 0.99

BMI body mass index, BSA body surface area, EOS eosinophilic granulocyte, Neu neutrophil granulocyte, FeNO
fraction of nitric oxide in exhaled breath, ICS inhaled corticosteroid, BDP beclomethasone dipropionate, LABA
long-acting β2-agonist

*p < 0.05, patients with severe asthma versus patients with non-severe asthma; #p < 0.05, patients with severe
asthma versus healthy control subjects; and ¥p < 0.05, patients with non-severe asthma versus healthy control
subjects

Eur Radiol (2019) 29:2848–2858 2851



to the graded air trapping index of expiratory VI−856 (%),
cluster 1 was none or mild (9.2% [9.4%]), cluster 2 was mod-
erate (25.6% [19.8%]), and cluster 3 was severe (42.9%
[17.3%]). Asthmatic patients in cluster 3, in addition to severe
air trapping, had a greater meanWA%andmean Pi10WA than
patients in clusters 1 and 2 (cluster 1: mean WA%= 64.3%

[2.1%] and mean Pi10WA= 16.4 mm2 [1.2 mm2]; cluster 2:
mean WA%= 62.3% [1.2%] and mean Pi10WA= 16.6 mm2

[3.2 mm2]; cluster 3: mean WA%= 65.2% [2.6%] and mean
Pi10WA = 18.6 mm2 [3.2 mm2]) (Fig. 3).

Subjects in cluster 1 were younger than those in clusters 2
and 3 (p = 0.041 and p = 0.033, respectively), while the

Fig. 1 Inspiratory CTscan. (a, b, and c) The third segmented bronchus at
the midpoint of horizontal axis images of RB1 (blue arrow). (d, e, and f)
Image reconstruction of tracheobronchial tree by using VIDA

Workstation, version 1.2 software. a, d Healthy control subject. b, e
Patients with non-severe uncontrolled asthma. c, f Patients with severe
uncontrolled asthma

Table 2 Quantitative airway CT
parameters of the segmental
bronchus averaged by RB1,
RB10, and LB10 in patients with
uncontrolled asthma and healthy
subjects

Patients with
severe asthma

Patients with
non-severe asthma

Healthy control
subjects

p value

Subjects 37 28 20

Inspiratory

Mean LA/BSA (mm2/m2) 9.8 ± 2.6# 10.5 ± 2.8 12.0 ± 3.1# 0.026

Mean T/BSA (mm/m2) 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.79

Mean WA/BSA (mm2/m2) 17.5 ± 3.4 18.4 ± 3.8 19.6 ± 3.3 0.10

Mean TA/BSA (mm2/m2) 27.3 ± 5.9 29.0 ± 6.5 31.6 ± 6.2 0.05

Mean WA% 64.4 ± 2.6# 64.1 ± 2.1 62.1 ± 3.8# 0.011

Mean Pi10WA (mm2) 18.2 ± 2.8 17.7 ± 2.8 16.9 ± 2.1 0.24

#p < 0.05, patients with severe asthma versus healthy control subjects
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percentage of subjects with atopy was significantly higher. In
cluster 3, the proportion of patients with severe asthma was
greater than in that cluster 1 and cluster 2, and also the ICS
dose andOCS dose were higher. Post-bronchodilator FEV1 (%
predicted) was significantly higher in cluster 1 subjects com-
pared with those in other clusters. Pre-bronchodilator FEV1 (%
predicted), post- and pre-bronchodilator FEV1/FVC ratio
values, ventilation function (percent predicted values of
PEF), and small airway ventilation indexes (percent predicted
values of MMEF, MEF50% and MEF25%) were greater in clus-
ter 1 compared with those in cluster 3 (all p < 0.05). RV/TLC%
values were lower in cluster 1 compared with those in clusters
2 and 3 (p = 0.009 and p = 0.002, respectively). For X5 (%
predicted) values in the impulse oscillometry (IOS) test, cluster
1 was significantly lower than that in cluster 3 (p = 0.012).

Discussion

Results of this study demonstrated obvious proximal airway
remodeling in patients with severe uncontrolled asthma. Air
trapping was present in all of the uncontrolled asthmatic pa-
tients, but was more obvious in those with severe asthma than
in those with non-severe asthma. Three different CT-
determined phenotypes were identified in patients with uncon-
trolled asthma, based on air trapping and proximal airway
remodeling indexes by cluster analysis, which clearly demon-
strated asthma heterogeneity.

In patients with uncontrolled asthma, proximal airway re-
modeling was characterized by luminal narrowing and in-
creased WA%, which is consistent with that of previous stud-
ies [4, 26, 27]. However, there was no significant difference in
mean WA/BSA. This indicates that the increase in WA% was
mainly driven by the reduction in lumen area, suggesting that
airway remodeling in asthma is a complex change in geometry
rather than a simple increase in the wall area of the bronchial
tube. Air trapping is a reflection of small airway obstruction
on HRCT scan [28–32]. Expiratory VI−856 (%) was signifi-
cantly greater in uncontrolled asthmatic patients compared
with that in healthy subjects, as well as in subjects with severe
asthma compared to those with non-severe asthma. These re-
sults are in keeping with observations by other authors
[33–35]. Other air trapping indexes (MLD E/I, VI−856/−950
E-I [%], and VI−856 E-I [%]) were only significantly greater
in asthmatic patients compared with those in healthy subjects.
These results suggest that expiratory VI−856 (%) could be a
sensitive index for estimating air trapping. On the other hand,
the higher level of air trapping seen in severe asthma com-
pared to that in non-severe asthma could indicate that the
small airway remodeling in severe asthma is more obvious,
which is consistent with the results of proximal airway

Table 3 Quantitative CT-
assessed lung function analysis in
patients with uncontrolled asthma
and healthy subjects

Patients with
severe asthma

Patients with
non-severe asthma

Healthy control
subjects

p value

Subjects 37 28 20

Expiratory

LV (l) 2.7 ± 0.8# 2.4 ± 0.5¥ 1.9 ± 0.5#¥ < 0.001

MLD (HU) − (756.2 ± 48.5)*# − (716.1 ± 44.3)*¥ − (663.6 ± 42.8)#¥ < 0.001

VI−856/−950 (%) 20.2 (23.6)*# 11.0 (14.0)*¥ 1.5(6.2)#¥ < 0.001

Air trapping indexes

Expiratory VI−856 (%) 22.1(26.4)*# 11.2(12.2)*¥ 2.3(6.3)#¥ < 0.001

MLD E/I 0.9 ± 0.1# 0.8 ± 0.2 0.8 ± 0.1# 0.011

VI−856/−950 E-I (%) − 42.5 (30.3)# − 54.3 (29.1) − 65.3 (16.5)# < 0.001

VI−856 E-I (%) − 50.7 (27.4)# − 58.0 (31.4) − 68.8(18.6)# 0.003

HU Hounsfield unit

*p < 0.05, patients with severe asthma versus patients with non-severe asthma; #p<0.05, patients with severe
asthma versus healthy control subjects; and ¥p<0.05, patients with non-severe asthma versus healthy control
subjects

Fig. 2 MeanWA%of the third segmented bronchus on an inspiratory CT
scan in patients with uncontrolled asthma and healthy subjects (*p < 0.05,
ANOVA)
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remodeling in this study. In the current study, CT air trapping
indices showed good correlation with disease duration, total
IgE, and atopy, as well as OCS and ICS doses. In addition, CT
air trapping indices were much more strongly correlated with
lung function, especially RV/TLC (%) which represents air
trapping indices of clinical lung function.

Three different CT-determined phenotypes were identified
in this study. Cluster 1 demonstrated none or mild air trapping
with or without proximal airway remodeling. Cluster 2 was
characterized by moderate air trapping with or without prox-
imal airway remodeling. Cluster 3 was characterized by severe
air trapping with proximal airway remodeling. Air trapping
reflects changes in small airways [36–38]. Therefore, it is
reasonable to speculate that (1) the presence of air trapping
in the three clusters indicated that there was small airway
remodeling and obstruction in three phenotypes, and (2) the
airway remodeling of the tracheobronchial trees in clusters 1
to 3 was progressive and reflected the heterogeneity of airway
remodeling in three phenotypes. So, when cluster 3 demon-
strated severe air trapping, the airway remodeling had devel-
oped to proximal airway. Therefore, the CT-derived pheno-
types in this study represented different aspects of asthma
based on airway structural changes and may imply a progres-
sive disease captured at different stages of airway remodeling.
Moreover, lack of proximal airway remodeling in clusters 1
and 2 implied that both phenotypes represented asthmatic pa-
tients with non-severe disease. There was proximal airway
remodeling in cluster 3, suggesting that this phenotype repre-
sents severe disease in asthmatic patients. Similarly, at the
beginning of this study, there were no significant differences
in airway dimensions between patients with non-severe

asthma and healthy subjects. These findings were similar to
those of other studies [23, 39]. Therefore, it could be specu-
lated that the three different phenotypes in this study repre-
sented different stages of asthma.

Through the analysis of the three phenotypes’ clinical fea-
tures and laboratory test results, we found that clusters 2 and 3
demonstrated poorer lung function compared with cluster 1.
This indicates that airflow limitations in clusters 2 and 3 were
more severe than that in cluster 1.The RV/TLC% values in
clusters 2 and 3 were significantly higher than those in cluster
1, suggesting that the gas residue in cluster 1 was the lowest,
which is in accordance with air trapping results obtained via
qCT in the three phenotypes. Likewise, the elastic resistance
of the peripheral airways (X5 [%predicted]) was significantly
lower in cluster 1 than that in cluster 3. All of the above
indicate that the airway obstruction in cluster 3 was more
pronounced than in the other 2 clusters and that lung function
was worse, which is supported by air trapping and airway
remodeling results of the three phenotypes in this study.

In addition, the mean age of subjects in cluster 1 was lower
than that in the other 2 clusters, while the proportion of atopy
was the highest in cluster 1 subjects. This suggests that pa-
tients with allergic asthma were younger than patients with
non-allergic asthma. Cluster 3 had the highest proportion of
subjects with severe asthma and severe air trapping. This is yet
more evidence that air trapping is more obvious in cases of
severe asthma, which is consistent with the qCT results of
pulmonary densitometry in this study. In addition, inhaled
corticosteroid doses and oral-corticosteroid doses were higher
in cluster 3 than those in clusters 1 and 2, most likely due to
the higher proportion of those with severe asthma in this

Table 4 Quantitative airway CT
parameters and CT-assessed lung
function indexes in three
uncontrolled-asthma phenotypes
and healthy control group

Cluster 1: mild
air trapping

Cluster 2:
moderate
air trapping

Cluster 3: severe
air trapping with
bronchial wall
thickening

p value

Subjects 43 7 15

Proximal airway dimensions (inspiratory)

Mean LA/BSA (mm2/m2) 10.2 ± 2.7 10.5 ± 3.0 9.8 ± 2.6 0.83

Mean T/BSA (mm/m2) 0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 0.22

Mean WA/BSA (mm2/m2) 17.9 ± 3.7 17.2 ± 3.6 18.0 ± 3.4 0.86

Mean TA/BSA (mm2/m2) 28.2 ± 6.4 27.7 ± 6.5 27.8 ± 5.8 0.97

Mean WA% 64.3 ± 2.1 62.3 ± 1.2¥ 65.2 ± 2.6¥ 0.024

Mean Pi10WA (mm2) 16.4 ± 1.8# 16.6 ± 3.2 18.6 ± 3.2# 0.014

Air trapping indexes

expiratory MLD − (714.9 ± 36.7)*# − (754.3 ± 26.4)*¥ − (797.8 ± 40.6)#¥ < 0.001

expiratoryVI−856 (%) 9.2(9.4)*# 25.6(19.8)*¥ 42.9(17.3)#¥ < 0.001

MLD E/I 0.84 ± 0.95*# 0.93 ± 0.04* 0.91 ± 0.03# < 0.001

VI−856/−950 E-I (%) − 54.9(17.4)*# − 15.9(14.7)* − 27.6(20.3)# < 0.001

VI−856 E-I (%) − 59.6(16.4)*# − 23.8(13.7)* − 33.3(14.8)# < 0.001

*p < 0.05, cluster 1 versus cluster 2; #p < 0.05, cluster 1 versus cluster 3; ¥p < 0.05, cluster 2 group versus cluster 3
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cluster. Therefore, the CT-derived phenotypes we describe
here represented distinct asthma endotypes [11] with discrete
pathogenic pathways and indicated that a progressive disease
captured at different stages of airway remodeling was certain
and reliable.

Gupta et al [21] reported three different CT-determined asth-
ma phenotypes in 2014. Cluster 1 was severe air trapping,

bronchial wall thickening, and bronchial lumen dilatation; clus-
ter 2 was moderate air trapping; and cluster 3 was severe air
trapping and bronchial lumen narrowing. These clusters dif-
fered from the ones found in the current study. The possible
reasons are as follows: First, all of the asthma patients in this
study had uncontrolled asthma. Second, in Gupta’s study, all of
the subjects were scanned within 30 min of inhalation of 2.5 mg

Table 5 Clinical characteristics of three uncontrolled-asthma phenotypes

Cluster 1: mild
air trapping

Cluster 2: moderate
air trapping

Cluster 3: severe air trapping
with bronchial wall thickening

p value

Subjects 43 7 15

Age (years) 44.4 ± 12.3*# 53.6 ± 6.0* 53.9 ± 8.2# 0.016

Gender (male %) 39.5 14.3 33.3 0.53

BMI (kg/m2) 23.4 ± 3.4 23.2 ± 2.3 22.8 ± 2.5 0.84

BSA (m2) 1.6 ± 0.2 1.6 ± 0.1 1.6 ± 0.2 0.29

Patient with severe asthma (%) 44.2 57.1 93.3 0.005

Disease duration (years) 5 (10) 10 (16) 10 (15) 0.13

Smoking history < 10 packs per year (%) 7.0 0.0 6.7 0.99

Atopy 81.6 42.9 40.0 0.004

Bronchodilator response (%) 18.3 ± 15.7 16.6 ± 9.9 24.1 ± 15.9 0.55

Pre-bronchodilator FEV1 (% predicted) 69.5 ± 13.2# 49.5 ± 22.3 44.8 ± 11.2# < 0.001

Pre-bronchodilator FEV1/FVC (%) 61.5 ± 9.2# 55.5 ± 16.1 44.4 ± 11.2# < 0.001

Post-bronchodilator FEV1 (% predicted) 81.0 ± 11.8*# 57.7 ± 25.3* 55.1 ± 13.2# < 0.001

Post-bronchodilator FEV1/FVC (%) 72.0 ± 9.7# 60.8 ± 20.1 48.9 ± 9.5# < 0.001

FVC (% predicted) 94.5 ± 12.4* 71.6 ± 20.1* 87.1 ± 13.9 0.019

PEF (% predicted) 75.3 ± 18.2# 48.1 ± 24.1 46.6 ± 16.4# < 0.001

MMEF (% predicted) 37.3 ± 22.6# 28.2 ± 21.1 13.2 ± 6.2# 0.001

MEF50% (% predicted) 40.8 ± 23.3# 31.0 ± 23.0 14.8 ± 7.5# 0.001

MEF25% (% predicted) 33.9 ± 21.8# 28.5 ± 20.4 12.8 ± 5.6# 0.005

RV/TLC (%) 39.0 ± 8.7*# 54.1 ± 10.5* 51.2 ± 8.0# < 0.001

Z5 (% predicted) 1.5 ± 0.7 1.2 ± 0.4 1.9 ± 0.7 0.15

R5 (% predicted) 1.45 ± 0.6 1.2 ± 0.4 1.9 ± 0.7 0.08

R20 (% predicted) 1.4 ± 0.3 1.0 ± 0.2 1.5 ± 0.4 0.05

R5-R20 0.4 ± 0.1 0.4 ± 0.1 0.6 ± 0.2 0.05

X5 (% predicted) 0.6(9.4)# 2.7(3.8) 4.3(8.9)# 0.008

DLCO/VA (% predicted) 101.7 ± 14.0 92.7 ± 6.9 87.0 ± 33.5 0.27

Blood EOS (×109/l) 0.3(0.6) 0.4(0.5) 0.5(0.6) 0.22

FeNO (ppb) 55.0(61.8) 70.0(169.5) 43.0(68.0) 0.41

Total IgE (KU/ml) 180.5(333.5) 114.8(134.2) 210.7(249.6) 0.23

Sputum EOS (%) 17.8(56.5) 33.8(66.4) 41.0(74.3) 0.25

Sputum Neu (%) 35.3(42.8) 14.5(69.6) 43.0(70.3) 0.47

ICS dose, BDP (μg/day) 400(400) 400(1200) 1000 (1600) 0.011

LABA (%) 94.9 100 100 0.99

OCS (%) 25.6 33.3 60.0 0.065

OCS dose, prednisone (mg/day) 0(3) 0 (4) 15 (20) 0.021

Leukotriene receptor antagonist (%) 53.8 71.4 66.7 0.586

Theophylline (%) 7.7 14.3 26.7 0.17

OCS, oral corticosteroid

*p < 0.05, cluster 1 versus cluster 2; #p < 0.05, cluster 1 versus cluster 3
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of nebulized salbutamol, while subjects in this study were
scanned without salbutamol inhalation. Third, all of the expira-
tory scans were acquired at the end of normal expiration (near
functional residual capacity) in Gupta’s study, while expiratory
phase images were acquired at the end of deep expiration (near
residual volume) in our study. This is because the correlation
analysis between the residual pulmonary function index and the
qCT air trapping index showed a strong positive correlation
between the RV/TLC ratio and expiratory VI−856 (%) values,
suggesting that scanning at the end of deep expiration is a good
reflection of air trapping. This is consistent with results of pre-
vious studies [23, 26]. Fourth, the cluster results in the Gupta
study were based on qCT analysis of the RB1 segment only.
The current study analyzed the average values of three segments
of RB1, RB10, and LB10. Fifth, the parameters involved in
factor and cluster analysis were different in the two articles,
resulting in different representations of the clustering
phenotypes.

There are some potential limitations to this study. First, the
inspiratory and expiratory CT scans obtained were not
spirometrically gated. However, it has been shown that the
repeatability of quantitative CT tests is high and not likely to
improve with spirometric gating [40, 41]. Second, the number
of subjects in cluster 2 was small; studies with larger data sets
including a sufficient number of subjects are needed. Third,
this study lacked pathological evidence for airway remodeling,

and the underlying mechanisms in the development of such
different phenotypes remain unclear and warrant further study.

In summary, the CT-derived phenotypes found in our re-
search represent a breakthrough in studying the heterogeneity
of uncontrolled asthma. Our findings not only suggest that
different asthma phenotypes have different pathogenic path-
ways, but also indicate that asthma is a progressive disease
that can be captured at different stages of airway remodeling.
Improved phenotyping may allow for more targeted interven-
tions. In addition, qCT is an effective and non-invasive meth-
od that can provide image-based phenotypes for investigating
prospective trials of novel therapies.
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