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BACKGROUND: Airway remodeling is a characteristic structural change that occurs extensively
in the airways of patients with asthma. The change can be evaluated by measuring airway dimen-
sions by using high-resolution computed tomography. This study aimed to explore the variation
trends of airway dimensions from the second- to sixth-generation bronchi in subjects with asthma.
METHODS: Sixty subjects with asthma and 40 healthy controls underwent high-resolution com-
puted tomography. The right upper lobe apical segmental bronchus, right lower lobe posterior
basal segmental bronchus, left upper lobe apicoposterior segmental bronchus, and the left lower
lobe posterior basal segmental bronchus were identified on computed tomography images. The
luminal area, wall area, and wall area percentage of each bronchus were measured from the second
(lobar) to the sixth generation. The variation trends of these indices (luminal area, wall area, and
wall area percentage) were then compared between the subjects with asthma and the healthy
controls. RESULTS: From the proximal to the distal airway, the luminal area and wall area
decreased gradually, whereas the wall area percentage increased gradually in all the participants;
the difference between the participants with asthma and the healthy controls in the luminal area,
wall area, and wall area percentage increased gradually from the second (lobar) to the sixth
generation; there was a significant difference between the participants with asthma and the healthy
controls in the right lower lobe posterior basal segmental bronchus, left upper lobe apicoposterior
segmental bronchus, and left lower lobe posterior basal segmental bronchus wall area percentage
(P � .001, .01 and .001, respectively) but not in the right upper lobe apical segmental bronchus wall
area percentage (P � .050). CONCLUSIONS: Airway remodeling in asthma was more prominent
in distal airways and at lower lobe bronchi. Key words: asthma; airway remodeling; luminal area; wall
area; wall area percentage; high-resolution computed tomography. [Respir Care 2018;63(11):1399–1406.
© 2018 Daedalus Enterprises]

Introduction

Asthma is a common chronic respiratory disease, usu-
ally characterized by chronic airway inflammation. Char-

acteristic structural changes, often described as airway re-
modeling, are observed in the airways of patients with
asthma.1 Results from surgically resected lung tissue, au-
topsy lung specimens, and transbronchial biopsy speci-
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mens indicate that airway remodeling (subepithelial fibro-
sis, increased airway smooth muscle, increased blood
vessels in airway walls, and mucus hypersecretion) occurs
in both central and peripheral airways, and can result in
bronchial wall thickening.2-9 Further research indicates that
airway remodeling is related to the severity of the disease
and may result in relatively irreversible narrowing of the
airways.10,11

Many studies have assessed the structural changes that
occur in asthma by using high-resolution computed to-
mography (CT),12-17 in which airway-dimension indices,
such as the luminal area, wall area, and wall area percent-
age, of a selected segmental bronchus are measured by
using manual or automated techniques. Some of these stud-
ies demonstrated that the airway walls of subjects with
asthma are thicker than those of healthy subjects and that
airway wall thickening is related to air-flow obstruction
and disease severity.12-17 However, in previous studies,12-17

one measurement point that was selected in a bronchus for
analysis does not reflect the range and the variation trends
of structural changes in airways of patients with asthma.

In the present study, dimension indices (luminal area,
wall area, and wall area percentage) of selected bronchi
were measured from the second (lobar) to the sixth gen-
eration and were compared between the subjects with
asthma and the healthy controls. We intended to investi-
gate 2 questions: (1) how do the bronchial dimensions
vary from the second- to sixth-generation airways, and (2)
do the variation trends differ between the subjects with
asthma and the healthy controls?

Methods

Participants

All participants were recruited from our hospital be-
tween March 2015 and March 2016. Subjects who met the
following inclusion criteria were recruited: (1) asthma di-
agnosed by a respiratory physician based on the history of
characteristic symptom patterns and evidence of variable
air-flow limitation, (2) adults (ages �18 y), (3) lifetime
nonsmokers, (4) no other respiratory diseases (according
to medical history and related examinations). The severity
of asthma was assessed according to the Global Initiative
for Asthma guidelines,1 based on the level of treatment
required to control symptoms and exacerbations. Spirom-
etry was performed within 1–2 d of an high-resolution CT,
and, on the same day, blood samples were taken for mea-
surements of the serum eosinophil and neutrophil percent-
ages. The healthy controls were recruited from the health
examination center of our hospital. All were free from
respiratory symptoms and respiratory diseases and were
lifetime nonsmokers. The study was approved by the eth-

ics committee of our institution, and written informed con-
sent was obtained from all the participants.

CT and Data Analysis

Volumetric whole-lung scans were performed by using
a multidetector CT scanner (GE Light Speed VCT; Gen-
eral Electric, Milwaukee, Wisconsin) with the following
parameters: collimation, 64 � 0.625 mm; 120 kVp;
160 mAs; rotation time, 0.6 s; and pitch, 0.984. All the
participants were scanned while they were in the supine
position at full-inspiration (inspiratory breath-hold was re-
hearsed before the CT) and with arms held overhead. Im-
ages were reconstructed by using a high-spatial frequency
algorithm with a slice thickness of 1.25 mm and an inter-
val of 1.25 mm. A 3-dimensional bronchial skeleton was
then automatically reconstructed by using the volumetric
data. The right upper lobe apical segmental bronchus, right
lower lobe posterior basal segmental bronchus, left upper
lobe apicoposterior segmental bronchus, and left lower
lobe posterior basal segmental bronchus were selected and
automatically converted to curved multiplanar reconstruc-
tion images (we selected these bronchi because they are
relatively perpendicular to CT images and less affected by
cardiac motion artifacts).

The second- (lobar) to sixth-generation airways of each
bronchus were identified and analyzed (the right lower
lobe bronchus is the third generation, thus, for right lower
lobe posterior basal segmental bronchus, the third to sev-
enth generations were identified and analyzed). The values
of the luminal area, wall area, and wall area percentage of

QUICK LOOK

Current knowledge

Airway remodeling is a characteristic structural change
that occurs extensively in the airways of patients with
asthma. The change can be evaluated by measuring
airway dimensions by using high-resolution computed
tomography.

What this paper contributes to our knowledge

From the proximal to the distal airway, the luminal
area, and wall area decreased gradually, whereas the
wall area percentage increased gradually in all the par-
ticipants; the difference between the subjects with
asthma and the healthy controls in the luminal area,
wall area, and wall area percentage increased gradually
from the second (lobar) to sixth generation. Airway
remodeling in asthma was more prominent in distal
airways and at lower lobe bronchi.
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each generation were calculated automatically and recorded
(the wall area and wall area percentage were derived from
the total area and luminal area as follows: wall area � total
area � luminal area; wall area percentage � wall area/total
area � 100%). The processes of bronchial selection,
identification, and calculation were carefully inspected
by using the longitudinal and short-axis images simul-
taneously by one author (DJ) who was blinded to the
participants’ information.

Statistical Analysis

Statistical analyses were performed with SPSS version
17.0 (SPSS, Chicago, Illinois). Parametric data were ex-
pressed as mean � SD. Comparisons of age and body
mass index between the 2 groups were performed by using

the unpaired t test or chi-square test. Comparisons of the
luminal area, wall area, and wall area percentage between
the patients with asthma and the healthy controls were
performed by using multivariate repeated-measures anal-
ysis of variance; the Mauchly test of sphericity was used to
judge whether there were relationships among the repeat-
edly measured data; multivariate analysis of variance was
performed if P � .05, otherwise Greenhouse-Geisser cor-
rected results were taken. In the subjects with asthma,
analysis of variance was used for comparison of the wall
area percentage between and among groups with different
clinical characteristics (age, sex, body mass index, disease
duration, disease severity, FEV1% predicted, FVC, FEV1:
FVC (%), serum eosinophils and serum neutrophils).
P � .05 was considered to indicate statistical significance.

Results

Sixty subjects with asthma and 40 healthy controls were
included in the study. The characteristics of all the partic-
ipants are shown in Table 1. Among the 60 subjects with
asthma, 22 were classified as having mild, 18 were clas-
sified as having moderate, and 20 were classified as hav-
ing severe asthma according to the Global Initiative for
Asthma Guidelines.1 No significant differences were found
in age, sex, or body mass index between the subjects with
asthma and the healthy controls. The second (lobar) to
sixth generations of the right upper lobe apical segmental
bronchus, right lower lobe posterior basal segmental bron-
chus (third to seventh generations), left upper lobe apico-
posterior segmental bronchus, and left lower lobe posterior
basal segmental bronchus were identified in 56, 58, 56,
and 57 subjects with asthma, respectively, and these bron-

Table 1. Characteristics of the Subjects

Asthma Group
(n � 60)

Control Group
(n � 40)

P

Age, y 50.17 � 14.59 49.00 � 6.45 .59*
Men/women, n 24/36 18/22 .62†
Body mass index, kg/m2 24.65 � 3.54 24.78 � 3.74 .87*
Disease duration, y 9.74 � 10.64
Disease severity

mild/moderate/severe, n
22/18/20

FEV1, % predicted 70.11 � 22.61
FEV1FVC, % 70.45 � 13.72
Serum eosinophils, % 3.66 � 4.58
Serum neutrophils, % 64.54 � 12.29

Data are expressed as mean SD.
* Unpaired t test.
† Chi-square test.

Table 2. Comparison of the Luminal Area, Wall Area, and Wall Area Percentage of RB10

Area n G3 G4 G5 G6 G7 P*

Luminal area, mm2

Asthma 58 39.54 � 10.70 21.27 � 7.81 11.73 � 4.67 8.65 � 2.95 6.07 � 2.49
Control 40 41.83 � 10.52 24.71 � 8.36 14.50 � 5.64 12.01 � 4.11 8.30 � 4.34 .008
P† .30 .040 .009 �.001 .002

Wall area, mm2

Asthma 58 26.91 � 5.89 20.58 � 6.14 15.67 � 3.59 14.02 � 2.95 12.65 � 2.23
Control 40 25.09 � 5.26 18.50 � 4.58 14.36 � 3.43 12.78 � 2.15 11.56 � 2.30 .033
P † .12 .07 .08 .03 .02

Wall area %
Asthma 58 0.41 � 0.10 0.49 � 0.12 0.58 � 0.13 0.62 � 0.09 0.69 � 0.10
Control 40 0.38 � 0.08 0.45 � 0.11 0.51 � 0.11 0.53 � 0.12 0.60 � 0.14 .001
P† .12 .056 .007 �.001 �.001

Data are expressed as mean SD.
* Multivariate repeated-measures analysis of variance.
† Multivariate analysis of variance.
G � airway generation
RB10 � right lower lobe posterior basal segmental bronchus
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chi were identified in all 40 healthy controls. In both the
subjects with asthma and in the healthy controls, the lu-
minal area and the wall area of the right upper lobe apical
segmental bronchus, right lower lobe posterior basal seg-
mental bronchus, left upper lobe apicoposterior segmental
bronchus, and left lower lobe posterior basal segmental
bronchus decreased gradually from the second (lobar) to
the sixth generation, whereas the wall area percentage of
these bronchi increased gradually.

There were significant differences between the subjects
with asthma and the healthy controls in the luminal area
(right upper lobe apical segmental bronchus, P � .032;
right lower lobe posterior basal segmental bronchus,
P � .008; left upper lobe apicoposterior segmental bron-
chus P � .02; left lower lobe posterior basal segmental
bronchus, P � .01) and the wall area (right upper lobe
apical segmental bronchus, P � .048; right lower lobe
posterior basal segmental bronchus, P � .033; left upper
lobe apicoposterior segmental bronchus, P � .042; and
left lower lobe posterior basal segmental bronchus,
P � .039); compared with the healthy controls, the lumi-
nal area was smaller and the wall area was larger in the
asthma group. The luminal area and wall area values from
the third to seventh generation of the right lower lobe
posterior basal segmental bronchus are shown in Table 2;
their variation trends are shown in Figure 1.

There was a significant difference between the subjects
with asthma and the healthy controls in the right lower
lobe posterior basal segmental bronchus, left upper lobe
apicoposterior segmental bronchus, and left lower lobe
posterior basal segmental bronchus wall area percentage
(P � .001, P � .01, and P � .001, respectively) but not in
the right upper lobe apical segmental bronchus wall area
percentage (P � .050). The wall area percentage in the
subjects with asthma was larger than that of the healthy
controls. Further comparison of the wall area percentage
between the subjects with asthma and the healthy controls
at each generation showed significant differences in the
right upper lobe apical segmental bronchus at the sixth
generation (P � .002), in the left upper lobe apicoposterior
segmental bronchus at the fifth and sixth generations
(P � .006 and P � .009, respectively), in the right lower
lobe posterior basal segmental bronchus at the fifth, sixth,
and seventh generations (P � .007, P � .001, and P � .001,
respectively), and in the left lower lobe posterior basal
segmental bronchus at the fourth, fifth, and sixth genera-
tions (P � .066, P � .001, and P � .001 respectively).
The values and the variation trends of the wall area per-
centage from the second (lobar) to sixth generation of the
right upper lobe apical segmental bronchus, right lower
lobe posterior basal segmental bronchus (third to seventh
generation), left upper lobe apicoposterior segmental bron-
chus, and left lower lobe posterior basal segmental bron-
chus are shown in Table 3 and Figure 2.

In the 58 subjects with asthma whose right lower lobe
posterior basal segmental bronchus was identified from
the third (inferior lobe of right lung) to seventh generation
by using age, sex, body mass index, disease duration, dis-
ease severity, FEV1% predicted, FVC, FEV1:FVC (%),
serum eosinophils (%), and serum neutrophils (%) as be-
tween-subjects factor respectively, significant differences
were identified in the wall area percentage between nor-
mal and low FEV1:FVC (%) groups (P � .01) and among
different severity groups (P � .047), the value of the wall
area percentage of the right lower lobe posterior basal
segmental bronchus is shown in Table 4.
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Fig. 1. The variation trends of the luminal area (LA) (A) and the
wall area (WA) (B) of the right lower lobe posterior basal seg-
mental bronchus (RB10). The LA was smaller and the WA was
larger in the subjects with asthma; from the third- (the right
lower lobe bronchus) to the seventh-generation, LA and WA
decreased gradually.
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Discussion

In this study, we measured airway dimension indices of
4 bronchi from the second (lobar) to sixth generation by
using high-resolution CT and compared them between the
subjects with asthma and the healthy controls. We found
that, in all the participants, from the second (lobar) to sixth
generation, the luminal area and the wall area decreased
gradually, whereas the wall area percentage increased grad-
ually. The subjects with asthma had a smaller luminal
area, larger wall area, and larger wall area percentage com-
pared with the healthy controls. The differences between
the 2 groups in the wall area, luminal area, and wall area
percentage were more prominent at the distal bronchi than
they were at the proximal bronchi.

Several studies that researched proximal airway remod-
eling by using high-resolution CT reported various results
of airway dimensions.12,13,18,19 These studies measured the
selected bronchi only at one generation; however, asthma
is a heterogeneous disease that involves both central and
peripheral airways, thus evaluation of one generation can-
not fully reflect the changes in airway dimension, which
may explain the variability in airway dimensions reported
by previous studies.12,13,18,19 Furthermore, our study dem-
onstrated that, in the subjects with asthma, the larger wall
area percentage should not be considered simply as the
result of airway wall thickening: at the proximal airways,

the larger wall area percentage was mainly derived from
the smaller luminal area, which was consistent with the
findings of Gupta et al13; at the distal airways, the larger
wall area percentage was a common outcome of the smaller
luminal area and the larger wall area. Therefore, the wall
area percentage should be considered as an integrated in-
dicator of airway structural changes both in the wall and
the lumen.

The present study also revealed that the differences in
the luminal area, wall area, and wall area percentage be-
tween the subjects with asthma and the healthy controls
tended to increase from the proximal to the distal airways.
Recently, interest in the role of small airways in asthma
has increased. However technical limitations have ham-
pered the direct measurement of most small airways, and
the assessment of small airway involvement remains a
challenge.5,6,20-22 Here, we sequentially measured airway
dimensions from the second (lobar) to sixth generation of
4 bronchi and provided the variation trends of airway di-
mensions, which is helpful to predict small-airway involve-
ment. First, parts of the sixth-generation bronchi (the sev-
enth generation in the right lower lobe posterior basal
segmental bronchus) measured in the study were �2 mm
in diameter and belonged to a small airway; second, from
the proximal to the distal airways, the increasing differ-
ences between the subjects with asthma and the healthy
controls indicated that similar but more-severe structural

Table 3. Comparison of RB1, RB10, LB1�2, and LB10 Wall Area Percentages

n G2 G3 G4 G5 G6 P*

RB1
Asthma 56 0.36 � 0.03 0.55 � 0.10 0.63 � 0.06 0.75 � 0.08 0.81 � 0.05
Control 40 0.37 � 0.03 0.52 � 0.17 0.61 � 0.04 0.72 � 0.03 0.77 � 0.04 .050
P† .10 .40 .22 .058 .002

RB10
Asthma 58 0.41 � 0.10 0.49 � 0.12 0.58 � 0.13 0.62 � 0.09 0.69 � 0.10
Control 40 0.38 � 0.08 0.45 � 0.11 0.51 � 0.11 0,53 � 0.12 0.60 � 0.14 .001
P† .12 .056 .007 �.001 �.001

LB1�2
Asthma 56 0.35 � 0.03 0.47 � 0.06 0.62 � 0.08 0.71 � 0.05 0.77 � 0.04
Control 40 0.36 � 0.03 0.46 � 0.06 0.60 � 0.05 0.68 � 0.05 0.75 � 0.04 .01
P† .25 .19 .09 .006 .009

LB10
Asthma 57 0.38 � 0.06 0.45 � 0.06 0.56 � 0.08 0.64 � 0.06 0.71 � 0.05
Control 40 0.37 � 0.03 0.43 � 0.03 0.54 � 0.06 0.60 � 0.05 0.67 � 0.05 �.001
P† .14 .07 .066 .002 �.001

Data are expressed as mean � SD.
* Multivariate repeated-measures analysis of variance.
† Multivariate analysis of variance.
RB1 � right upper lobe apical segmental bronchus
RB10 � right lower lobe posterior basal segmental bronchus
LB1�2 � left upper lobe apicoposterior segmental bronchus
LB10 � left lower lobe posterior basal segmental bronchus
G � airway generation
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Table 4. Comparison of the Wall Area Percentage of RB10 in Different FEV1:FVC and Severity Groups of Subjects With Asthma

Parameter n G3 G4 G5 G6 G7 P*

FEV1:FVC
Normal 24 0.39 � 0.07 0.47 � 0.12 0.55 � 0.10 0.59 � 0.08 0.62 � 0.08
Low 34 0.42 � 0.10 0.52 � 0.13 0.60 � 0.15 0.65 � 0.09 0.73 � 0.09 .01

Severity
Mild 22 0.40 � 0.07 0.48 � 0.10 0.56 � 0.09 0.59 � 0.08 0.62 � 0.08
Moderate 18 0.41 � 0.11 0.50 � 0.14 0.58 � 0.16 0.62 � 0.10 0.70 � 0.08
Severe 18 0.43 � 0.10 0.52 � 0.14 0.62 � 0.1 0.67 � 0.09 0.75 � 0.09 .047

Data are expressed as mean � SD.
* Multivariate repeated-measures analysis of variance.
RB10 � right lower lobe posterior basal segmental bronchus
G � airway generation
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changes occurred in the distal airways. Our findings might
provide a new way to predict small airway involvement in
asthma and help to identify subjects who might benefit
from the therapy by using the extrafine particles to target
the small airways.

Our findings showed that the differences in wall area
percentage between the subjects with asthma and the healthy
controls were more prominent at lower lobe bronchi than
they were at upper lobe bronchi. Among the 4bronchi we
studied, the right upper lobe apical segmental bronchus was
the only one in which no significant difference was found in
the wall area percentage between the subjects with asthma
and the healthy controls. A similar result was reported by
Gupta et al13 when they analyzed the percentage wall volume
of the left upper lobe apicoposterior segmental bronchus. The
heterogeneous distribution was found in some patients with
asthma.23,24 In a study in subjects with stable asthma, Ueda
et al20 found that greater degrees of air trapping were con-
sistently observed at lower lung levels, which indirectly sup-
ported our result. These findings may help to identify targets
for localized therapy.

Our study had some potential limitations. First, in our
hospital, not all patients with asthma are required to un-
dergo high-resolution CT, and, thus, our findings could not
be extrapolated to the entire asthma population. Therefore,
further studies, including the full spectrum of patients with
asthma, are needed. Second, we tried to analyze the cor-
relations between airway dimension indices and the clin-
ical characteristics of the subjects with asthma. Because
regression analysis cannot be performed with repeated mea-
sure data, we set clinical characteristics as between-sub-
jects factors to observe differences between the groups.
We found that subjects with asthma in the low FEV1:FVC
(%) group and the severe group had increased wall area
percentage compared with those in the normal FEV1:FVC
(%) group and the moderate-mild group. Several studies
have reached similar conclusions: airway thickening is re-
lated to disease severity and the degree of air-flow ob-
struction,12,15,18,25,26 which, however, differed from the re-
sult of Niimi et al12; in our study, no significant difference
was found among the groups with different disease dura-
tions. Possible explanations for this discrepancy could be
the following: first, the disease duration might be incon-
sistent with the disease severity; second, owing to our data
type, we could not make an analysis of correlations.

Conclusions

Our findings indicated that airway remodeling in asthma
was more prominent in distal airways and at lower lobe
bronchi, which may be helpful to predict small airway
involvement and identify targets for localized therapy in
asthma.
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