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BACKGROUND: The purpose of this study was to correlate airway parameters of COPD deter-
mined by low-dose high-resolution computed tomography (HRCT) with pulmonary function testing
(PFT) results. METHODS: PFT data were collected for subjects with COPD and healthy controls.
All subjects received inspiratory and expiratory phase low-dose HRCT. Bronchi in the apical
segment of the right upper lobe (RB1), posterior segment of the right lower lobe (RB6), and lower
lingual segment of the left upper lobe (LB5) were the target bronchi. Software automatically
calculated airway wall area, inner area, and airway wall area percentage (percentage wall area for
bronchial external area). RESULTS: A total of 75 COPD and 20 control subjects were included.
The subjects with COPD were classified according to COPD stage, with 20 grade I, II, and III
subjects, respectively, and 15 grade IV subjects. In COPD grade II, residual volume/total lung
capacity was negatively correlated with airway wall area in LB5 (r � �0.51). In COPD grade III,
FVC was negatively correlated with airway wall area percentage in LB5 (r � �0.49) but positively
correlated with airway wall area in RB6 (r � 0.52); percent-of-predicted FEV1 was negatively correlated
with airway wall area percentage in RB1 (r � �0.49); residual volume was negatively correlated with
airway wall area (r � �0.47), and total lung capacity was negatively correlated with airway wall area
in RB1 (r � �0.52) (all, P < .001). CONCLUSIONS: The results of this study suggest that airway
parameters in different COPD grades have no uniform tendency of correlation with PFT, but some
HRCT parameters are correlated to some PFT parameters. Key words: COPD; emphysema; HRCT; lung.
[Respir Care 2017;62(7):953–962. © 2017 Daedalus Enterprises]

Introduction

COPD can be simply defined as partial air-flow limita-
tion. However, COPD is in fact a complex systemic dis-

ease and chiefly consists of chronic bronchitis and emphy-
sema.1,2 Although small-airway pathology and emphysema
can induce air-flow obstruction in patients with COPD,
small-airway pathology is the most important factor. Mi-
cro-computed tomography (CT) studies have shown that
the diameter of terminal bronchioles in subjects with se-
vere COPD is 100 times smaller than that of normal healthy
controls, and this is before the occurrence of emphysema.3,4

Another study5 has shown that airway wall thickness in
subjects with COPD is related to external airway diameter.
As COPD develops, large and small airways both undergo
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reconfiguration, thickening of airway walls, narrowing of
airway lumen, and airway fibrosis after inflammation. Air-
way remodeling in subjects with COPD is the chief factor
inducing air-flow obstruction.6

At present, although pulmonary function testing (PFT)
is still the accepted standard for the confirmation and clin-
ical grading of COPD, the results can be affected by a
patient’s age and other health factors, and PFT is associated
with a relatively large margin of error.7 Furthermore, PFT
may be normal in some patients in whom there are already
abnormalities in small-airway function (diameter � 2 mm),
especially in the early stage of the disease.8,9

High-resolution computed tomography (HRCT) allows
the assessment of airways as small as 1 mm in diameter
and is useful for examining changes of lung tissue and
airways in pulmonary diseases, including asthma and
COPD.10,11 CT is also useful for volume measurements,
examination of tracheal morphology, quantification of
emphysema, and analysis of perfusion in patients with
COPD.12-15 A number of studies have sought to compare
CT data, such as airway diameter and airway wall thick-
ness, in subjects with and without lung disease (asthma,
COPD, emphysema) and to correlate these parameters with
disease severity.16-20 Much of the prior research, however,
has consisted of quantitative studies of emphysema in sub-
jects with COPD.7,21-23 The purpose of this study was to
correlate airway parameters of subjects with COPD deter-
mined by low-dose HRCT with PFT to determine the fea-
sibility of using CT to determine the severity of COPD.

Methods

Subjects

This study recruited subjects with COPD seen at the
First Affiliated Hospital of Guangzhou Medical University
(Guangzhou Respiratory Disease Research Institute). The
study was approved by the institutional review board of
the hospital, and all subjects provided written informed
consent.

Subjects were eligible for inclusion if they met the
2007 Global Initiative for Chronic Obstructive Lung
Disease (GOLD) diagnostic standards.24 Briefly, the
standards consist of evident chronic coughing, expec-
toration, FEV1/FVC � .70, and FEV1 � 80% of predicted
value after inhaling a bronchodilator; no cough or expec-
toration, FEV1/FVC � .70, and FEV1 � 80% of predicted
value, and excluding other diseases; stable COPD (stable
or mild symptoms of expectoration, coughing, and short-
ness of breath). Exclusion criteria included �1-antitrypsin
deficiency, pneumonia, thoracic deformity, asthma, pul-
monary fibrosis, lung cancer, tuberculosis, and history of
thoracic surgery or other diseases that might affect pul-
monary function. A normal control group consisted of

subjects with normal PFT; no chronic coughing, expecto-
ration, or shortness of breath; no evident respiratory pa-
thologies before inclusion; no history of contact with dust
or smoking history; no deformity of the chest profile caused
by thoracic disease; and no other thoracic pathologies as
determined by chest CT.

PFT and low-dose HRCT were performed within 3 d of
each other. In all subjects, drugs that might affect the test
results were suspended before testing because the subjects
included in the study were considered stable. Before PFT
and HRCT, subjects were administered 200 �g of salbu-
tamol sulfate by inhalation.

Low-Dose HRCT

A Toshiba Aquilion 16-slice spiral CT machine was
used. Scanning was performed after subjects inhaled deeply
and held their breath, and the scanning time was 6–8 s.
Scanning parameters were: tube voltage, 120 kV; tube
current, 40 mA; pitch, 16; x-ray tube rotation velocity, 0.5
slice/rotation; field of view, 400 mm � 400 mm; acqui-
sition array, 512 � 512; scanning acquisition thickness,
0.6 mm; image reconstructed slice thickness, 1 mm. A
high-resolution reconstructive algorithm was used. Both
inspiratory and expiratory studies were performed, but only
inspiratory views were included in this study. This was
because the airway was very constricted during the expi-
ratory phase, especially due to collapse of the posterior
wall, so the software could not accurately assess the con-

QUICK LOOK

Current knowledge

High-resolution computed tomography (HRCT) is use-
ful for examining changes of lung tissue and airways in
pulmonary diseases, including asthma and COPD. Much
of the prior research, however, has consisted of quan-
titative studies of emphysema in subjects with COPD.

What this paper contributes to our knowledge

The results showed that the wall area of the apical
segment of the right upper lobe of subjects with COPD
was greater than that of control subjects. The apical
segment of the right upper lobe, posterior segment of
the right lower lobe, and lower lingual segment of the
left upper lobe wall area proportions of subjects with
COPD were uniformly greater than those of the control
group, and the higher values in the apical segment of
the right upper lobe and posterior segment of the right
lower lobe were significant. The percentage of wall
area was best able to reflect small-airway pathology.
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dition of the airway during the expiratory phase. In addi-
tion, the majority of studies on this topic analyzed only the
inspiratory phase, and expiratory views are primarily for
visualizing the parenchyma.

Data Analysis

Vida Apollo 1.2 software developed by University of
Iowa was employed for data analysis. After the collected
DICOM data were entered into the computer system, the
software automatically removed the mediastinum, major
blood vessels, trachea, and tissue of the thoracic wall. This
study opted to perform measurement of the apical segmen-
tal bronchus of the right upper lobe (RB1), posterior seg-
mental bronchus of the right lower lobe (RB6), and lower
lingual segmental bronchus of the left upper lobe (LB5)
because these 3 bronchi have little variability and can
reflect the overall condition of the airways of the lower
lobes to a certain degree because of their location, al-
though different approaches have been described.5,25 Lu-
men volume representation technology was used to per-
form post-processing of the images, and the software
automatically generated CMPR images of the bronchial
tree. In accordance with images of the bronchial trees,
axial point array diagrams and virtual endoscopic images
of the bronchi were used to track the route of the target
bronchi. The target bronchi were located from different
angles of rotation. Despite the fact that the planar scale
was perpendicular to the long axis of the target bronchi,
short-axis images were obtained of the target bronchi, mea-
surements were made at a distance of 3 mm from the distal
bronchial openings (Fig. 1), and the software automati-
cally calculated the airway wall area, inner area, and air-
way wall area percentage. The mean values of these 3
measurements were calculated and used in the analysis.

Pulmonary Function Testing

A Quark PFT series (Cosmed, Rome, Italy) PFT instru-
ment meeting American Thoracic Society/European Re-
spiratory Society instrument quality control standards was
used. After 10 min, the subject was instructed to breathe
calmly for 3–4 cycles and then, after deep inhalation, sud-
denly, continuously, and steadily exhale completely with
maximum effort to completion via an interface device.
After complete exhalation with no interruption or cough-
ing, the patient inhaled completely with maximum effort.
Requirements of an adequate test consisted of a peak ex-
piratory flow that quickly appeared on the maximum ex-
piratory flow-volume curve, extrapolated capacity �5%
FVC or 150 mL, smooth expiratory phase descending curve,
and time capacity curve displaying an expiratory phase
platform and volume change of �25 mL/s. At least 3
measurements were performed for FEV1, and FVC should

be �150 mL. The maximum FVC and FEV1 values were
reported, and the best of the other values were taken as the
maximum FVC � FEV1 and measurement value with a
smooth curve. PFT values obtained included FVC, per-
cent-of-predicted FEV1, FEV1/FVC, residual volume (RV),
and total lung capacity (TLC). TLC and RV were mea-

Fig. 1. Representative computed tomography images of the apical
segmental bronchus of the right upper lobe (A), posterior segmen-
tal bronchus of the right lower lobe (B), and lower lingual segmen-
tal bronchus of the left upper lobe (C). On the left are 3-dimen-
sional reconstructions. Computed tomography images on the right
show slices perpendicular to the bronchi being measured.
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sured using body plethysmography, and the RV/TLC was
calculated.

Statistical Analysis

Subject demographic characteristics, lung function data,
and bronchial size were summarized as mean � SD for
continuous variables and n (%) for categorical variables.
Differences among groups were compared using one-way
analysis of variance with a post hoc pair-wise comparison.
The Bonferroni test was used for continuous variables with
normal distribution; the Kruskal-Wallis test was used with
a post hoc pair-wise comparison, the Mann-Whitney U test
was used for continuous variable without normal distribu-
tion; and the Pearson chi-square test was used for categor-
ical variables. Two-way analysis of variance was also per-
formed with a post hoc pair-wise comparison, the
Bonferroni test, for continuous variables by considering
some covariates (sex and body mass index [BMI]). A par-
tial Pearson correlation analysis was performed to identify
the correlation of lung function with bronchial size with
adjustment for BMI and COPD grade, and a coefficient of
correlation was reported. All statistical assessments were
2-tailed and considered significant at P � .05. An adjusted
significance level of .01 (.05/5) was considered for the
post hoc pair-wise comparisons. All statistical analyses
were performed with IBM SPSS 22 for Windows (IBM
Corp, Armonk, New York).

Results

A total of 75 subjects with COPD and 20 control sub-
jects were included in the analysis, and demographic char-
acteristics, lung function data, and bronchial sizes are sum-
marized in Table 1. The subjects with COPD were classified
into 4 groups according to COPD stage, with 20 grade I, II,
and III subjects, respectively, and 15 grade IV subjects.
The majority of the subjects with COPD were male, and
the mean age of grade I, III, and IV subjects was greater
than that of the control group (sex: P � .001 and � .001
for grade I and III subjects vs control group; age: all,
P � .001 for grade I, III, and IV subjects vs control group).
Lung function parameters were significantly different
among the groups (all, P � .001, except for percent-of-
predicted TLC, P � .03).

Bronchial sizes were significantly different among the
groups, except for the inner area and airway wall area in
RB6 (RB1: P � .001, P � .001, and P � .001 for inner
area, airway wall area, and airway wall area percentage,
respectively; RB6: P � .20, P � .48, and P � .001 for
inner area, airway wall area, and airway wall area percent-
age, respectively; LB5: P � .001, P � .01, and P � .032
for inner area, airway wall area, and airway wall area
percentage, respectively). COPD grade IV subjects had

lower inner area in RB1 and LB5 than grade I subjects
(P � .01 in RB1 and P � .001 in LB5). COPD grade IV
subjects had a lower airway wall area in RB1 than grade II
subjects (P � .01 in RB1). COPD grade IV subjects had a
higher airway wall area percentage in RB1 and RB6 than
control subjects (both, P � .001 in RB1 and RB6) and a
higher airway wall area percentage in RB1 than grade I
subjects (P � .001) (see Table 1).

The correlations of lung function with bronchial size
adjusted for BMI and COPD grade are shown in Table 2.
FVC was positively correlated with inner area in RB1,
LB5, and RB6 (r � 0.25, 0.32, and 0.33, P � .02, P � .001,
P � .001, respectively). FVC was also positively corre-
lated with airway wall area in LB5 and RB6 (r � 0.26 and
0.25, P � .01 and P � .02, respectively). Percent-of-
predicted FEV1 was positively correlated with airway wall
area in LB5 (r � 0.22, P � .031), and FEV1/FVC was
negatively correlated with airway wall area in RB6 (r � �0.24,
P � .02). RV was negatively correlated with inner area in
RB1 (r � �0.21, P � .047). The RV/TLC was negatively
correlated with inner area and airway wall area in RB1
(r � �0.27 and �0.26, P � .01 and P � .01, respectively).
There was no significant correlation between TLC and bron-
chial size.

Correlation analysis between lung function and bron-
chial size was also performed with adjustment for BMI
and COPD grade separately (Table 3). In the control group,
FVC was positively correlated with inner area in LB5
(r � 0.47, P � .043), FEV1/FVC was negatively corre-
lated with airway wall area in RB6 (r � �0.59, P � .01),
and TLC was positively correlated with airway wall area
percentage in LB5 (r � 0.51, P � .03). In subjects with
COPD grade I, there were no significant correlations. In
subjects with COPD grade II, the RV/TLC was negatively
correlated with airway wall area in LB5 (r � �0.51,
P � .03). In subjects with COPD grade III, FVC was
negatively correlated with airway wall area percentage in
LB5 (r � �0.49, P � .033) but positively correlated with
airway wall area in RB6 (r � 0.52, P � .02); percent-
of-predicted FEV1 was negatively correlated with airway
wall area percentage in RB1 (r � �0.49, P � .035); RV was
negativelycorrelatedwithairwaywall area inRB1(r��0.47,
P � .040); and TLC was negatively correlated with airway
wall area in RB1 (r � �0.52, P � .02).

Because the mean age of subjects with COPD grade I,
III, and IV was greater than that of the control group, the
correlation between bronchial size and lung function was
analyzed with adjustment for age, BMI, and COPD grade
(see supplementary Table 1 in the supplementary materials
at http://www.rcjournal.com). The results were the same
as those presented in Table 2, except for the correlation
between airway wall area and FVC in RB6; however, the
significance level was borderline (P � .050). Also, con-
sidering the age effect, correlation between bronchial size
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and lung function was analyzed with adjustment for age
and BMI with respect to COPD grade (supplementary Ta-
ble 2). In grade I COPD, an additional significant corre-
lation was noted in RB1 (airway wall area percentage vs
percent-of-predicted RV: r � �0.51, P � .03). In grade II
COPD, 2 additional significant correlations were noted in
LB5 (inner area vs percent-of-predicted FEV1: r � 0.53,
P � .02; airway wall area percentage vs percent-of-
predicted FEV1: r � �0.48, P � .045). In addition, in
grade III COPD, 2 correlations that were significant in the
prior analysis became nonsignificant (RB1: airway wall

area vs percent-of-predicted RV: r � �0.46, P � .056;
RB6: airway wall area vs FVC: r � 0.47, P � .050).

Lung function was compared between smokers and non-
smokers, and the results showed that smokers had poorer
lung function than nonsmokers, except for the ratio of
percentage-of-predicted TLC (supplementary Table 3). We
then performed a subgroup analysis for the correlation of
lung function with bronchial size that considered the effect
of smoking on lung function (ie, correlation analysis was
performed for smokers and nonsmokers) (supplementary
Table 4). The analysis showed that there was no signifi-

Table 1. Demographic Characteristics, Lung Function, and Bronchial Size by COPD Grade

Variables
Control
(n � 20)

Grade I
(n � 20)

Grade II
(n � 20)

Grade III
(n � 20)

Grade IV
(n � 15)

P

Demographic
Female/male sex, n 9/11 0/20† 3/17 1/19† 2/13 �.001*
Age, mean � SD y 57.9 � 4.5 66.6 � 8.1† 64.7 � 9.2 66.9 � 7.5† 64.3 � 3.8† �.001*
BMI, mean � SD kg/m2 23.9 � 3.1 22.2 � 2.1 22.4 � 2.7 22.0 � 4.0 19.0 � 3.3 .01*
Smoking history, n (%) NA 17 (85) 14 (70) 19 (95) 13 (86.7) .23
Smoking index, mean � SD pack-years NA 36.44 � 28.31 28.16 � 28.52 41.25 � 20.90 44.12 � 18.82 .14
Exacerbations in recent 6 months, n (%) ND

None NA 10 (50) 10 (50) 3 (15) 3 (20)
1 NA 10 (50) 8 (40) 14 (70) 7 (46.7)
2 NA 0 (0) 1 (5) 1 (5.0) 3 (20)
3 NA 0 (0) 0 (0) 2 (105) 1 (6.7)
4 NA 0 (0) 0 (0) 0 (0) 1 (6.7)
5 NA 0 (0) 1 (5) 0 (0) 0 (0)

Lung function
FVC, mean � SD L/s 103.6 � 12.8 109.1 � 8.9 89.3 � 9.8†‡ 78.6 � 10.8†‡ 61.6 � 7.0†‡§¶ �.001*
FEV1, mean � SD % predicted 101.2 � 12.4 91.9 � 7.4† 66.9 � 7.5†‡ 42.1 � 4.5†‡§ 26.3 � 2.3†‡§¶ �.001*
FEV1/FVC, mean � SD 0.81 � .06 0.66 � 0.03† 0.61 � 0.06†‡ 0.43 � 0.06†‡§ 0.34 � 0.04†‡§¶ �.001*
RV, mean � SD % predicted 111.9 � 23.2 114.8 � 31.0 118.8 � 23.4 154.5 � 25.4†‡§ 176.5 � 37.1†‡§ �.001*
TLC, mean � SD % predicted 103.3 � 14.3 103.7 � 11.5 92.9 � 18.1 105.9 � 14.2 107.4 � 14.6 .03*
RV/TLC, mean � SD % predicted 106.8 � 10.4 108.2 � 18.0 122.9 � 19.5 150.1 � 12.0†‡§ 167.3 � 18.7†‡§ �.001*

Bronchial size, mean � SD
RB1

Inner area, mm2 17.7 � 5.5 23.0 � 6.0 22.4 � 7.7 19.9 � 7.2 15.1 � 5.6‡ �.001*
Airway wall area, mm2 30.3 � 7.0 36.9 � 8.9 38.8 � 9.3 34.5 � 7.9 29.3 � 6.9§ �.001*
Airway wall area percentage 61.8 � 3.7 63.6 � 2.3 64.6 � 3.6 66.7 � 4.4† 68.5 � 4.0†‡ �.001*

RB6
Inner area, mm2 22.48 � 6.58 25.8 � 6.9 23.9 � 5.1 21.9 � 9.4 18.9 � 4.4 .20
Airway wall area, mm2 33.5 � 8.8 38.5 � 9.3 39.8 � 7.4 37.7 � 11.4 34.9 � 6.8 .48
Airway wall area percentage 61.2 � 4.4 64.5 � 3.3 65.7 � 2.1† 66.4 � 5.5† 68.3 � 4.3† �.001*

LB5
Inner area, mm2 14.8 � 3.9 19.0 � 5.6 16.0 � 3.5 14.3 � 3.6‡ 11.6 � 2.4‡ �.001*
Airway wall area, mm2 26.7 � 6.8 32.0 � 7.3 29.3 � 6.3 26.8 � 5.4 23.8 � 4.4‡ .01*
Airway wall area percentage 62.5 � 4.8 64.4 � 3.1 64.5 � 4.0 66.2 � 2.4 67.9 � 3.8 .032*

*, P � .05; significant difference among given groups. †, ‡, §, and ¶, P � .001; significant difference as compared with control (†), grade I (‡), grade II (§), and grade III COPD (¶).
BMI � body mass index
NA � not applicable
ND � not derived
RV � residual volume
TLC � predicted total lung capacity
RB1 � apical segment of the right upper lobe bronchi
RB6 � posterior segment of the right lower lobe
LB5 � lower lingual segment of upper left lobe bronchi
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cant correlation between lung function and bronchial size
in RB1. In LB5 in nonsmokers, there was a significant
correlation between inner area and FVC (r � 0.42, P � .02);
inner area and percent-of-predicted RV (r � �0.39,
P � .032); inner area and percent-of-predicted RV/TLC
(r � �0.51, P � .01); airway wall area and percent-of-
predicted FEV1 (r � 0.39, P � .034); and airway wall area
and percent-of-predicted RV/TLC (r � �0.48, P � .01).
There was no significant correlation between lung func-
tion and bronchial size in smokers. In RB6, a significant
correlation was found between inner area and FEV
(r � 0.28, P � .031) in smokers and between airway wall
area and FEV1/FVC (r � �0.488, P � .01) in non-smok-
ers. Subgroup analysis with respect to COPD grade was
not performed because the data were not suitable for sub-
group analysis.

Discussion

This study measured parameters of the apical segmental
bronchus of the right upper lobe (RB1), posterior segmen-
tal bronchus of the right lower lobe (RB6), and lower
lingual segmental bronchus of the left upper lobe (LB5),
which can reveal pathology of the large airways. The pri-
mary result was that the airway wall area percentage val-
ues of subjects with COPD were uniformly greater than
those of healthy control subjects, and the airway wall area
percentage values were greater than those in subjects with
COPD grade I, II, and III disease. However, we must
emphasize that statistical significance was not observed.

Pairwise comparisons of control group data and the data
of subjects with different grades of COPD showed that

although there was no statistically significant difference
between some groups and although early subjects with
COPD may have slightly enlarged airway lumens, the air-
way lumen was significantly smaller in grade III and grade
IV subjects. In addition, whereas the airway wall area may
be relatively large in grade I and II COPD, it begins to
shrink by grade III and has shrunk significantly by grade
IV. Airway wall area percentage gradually increases with
the severity of COPD and is significantly increased in
grade III and IV disease. These findings indicate that al-
though airway lumen and airway wall area have both de-
creased by late-stage COPD, the decrease in airway lumen
area tends to be more evident than the decrease in the
airway wall area. Nevertheless, previous studies have sug-
gested that the airway walls of subjects with COPD have
a greater thickness than those of normal persons, and as
the condition worsens, airway walls will gradually thicken,
the lumen area will gradually decrease, and the wall area
will gradually increase.26-28 This will result in a significant
increase of airway wall area percentage, giving meaning to
this parameter. On the other hand, Kosciuch et al18 found
no significant correlations between airway wall thickness
and spirometric parameters in subjects with asthma or
COPD; however, in COPD, airway wall area percentage
was positively correlated with airway resistance (r � 0.72,
P � .001). Copley et al29 studied asymptomatic elderly
subjects and reported that wall thickening was statistically
more frequent in subjects who were �75 y old than in
those �55 y of age.

Although the sample size in our study was relatively
small, a control group was included, and measurements
were made along a plane as perpendicular as possible to

Table 2. Correlation of Lung Function With Bronchial Size

FVC FEV1, % Predicted FEV1/FVC RV, % Predicted TLC, % Predicted RV/TLC, % Predicted

RB1
Inner area 0.252* 0.113 0 �0.206* �0.108 �0.274**
Airway wall area 0.176 0.13 0.036 �0.174 �0.061 �0.259*
Airway wall area percentage 0.017 �0.063 0.064 �0.109 �0.152 0.029

LB5
Inner area 0.317** 0.189 �0.018 �0.147 �0.121 �0.167
Airway wall area 0.261* 0.224* �0.057 �0.104 �0.076 �0.188
Airway wall area percentage 0.02 0.081 �0.087 0.12 0.123 �0.041

RB6
Inner area 0.328** 0.131 �0.082 �0.103 �0.011 �0.168
Airway wall area 0.252* 0.017 �0.238* �0.017 0.041 �0.106
Airway wall area percentage �0.128 0.013 0.064 �0.022 0.01 �0.125

Data are presented as coefficient of correlation with adjustment for body mass index and COPD grade. *, P � .05; **, P � .001; significant correlation.
RV � residual volume
TLC � total lung capacity
RB1 � apical segment of the right upper lobe bronchi
RB6 � posterior segment of the right lower lobe
LB5 � lower lingual segment of upper left lobe bronchi
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Table 3. Correlations of Lung Function With Bronchial Size in Different Bronchus and COPD Grades

COPD Grade/Bronchi Location
and Bronchial Size

FVC FEV1, % Predicted FEV1/FVC RV, % Predicted TLC, % Predicted RV/TLC, % Predicted

Control/RB1
Inner area �0.139 �0.007 0.235 �0.207 �0.228 �0.047
Airway wall area �0.317 �0.088 0.099 �0.151 �0.225 0.037
Airway wall area percentage �0.191 �0.032 0.393 0.08 0.067 0.16

Control/LB5
Inner area 0.469* 0.136 0.079 �0.265 �0.103 �0.369
Airway wall area 0.195 0.354 �0.195 0.079 0.253 �0.128
Airway wall area percentage 0.087 0.243 �0.028 0.446 0.508* 0.267

Control/RB6
Inner area 0.44 0.154 0.066 0.062 0.029 0.046
Airway wall area 0.052 �0.107 �0.591** 0.284 0.191 0.311
Airway wall area percentage �0.405 �0.079 0.171 0.118 0.144 0.055

Grade I/RB1
Inner area 0.125 0.265 0.448 0.123 0.072 0.010
Airway wall area 0.136 0.327 0.359 0.149 0.243 �0.056
Airway wall area percentage 0.097 0.126 0.19 �0.331 �0.152 �0.190

Grade I/LB5
Inner area �0.343 �0.428 0.254 0.271 �0.046 0.328
Airway wall area �0.178 �0.38 0.237 0.244 �0.055 0.315
Airway wall area percentage 0.387 0.094 �0.218 �0.033 0.016 0.060

Grade I/RB6
Inner area 0.027 �0.248 0.07 �0.057 �0.219 0.054
Airway wall area �0.108 �0.146 0.122 0.096 �0.024 0.239
Airway wall area percentage �0.393 �0.362 0.197 �0.087 �0.206 �0.140

Grade II/RB1
Inner area 0.099 0 �0.288 �0.017 0.28 �0.379
Airway wall area 0.063 0.112 �0.245 0.046 0.4 �0.329
Airway wall area percentage �0.247 �0.004 0.241 �0.032 �0.351 0.403

Grade II/LB5
Inner area 0.161 0.417 �0.067 �0.259 �0.048 �0.372
Airway wall area 0.077 0.09 �0.255 �0.328 �0.114 �0.506*
Airway wall area percentage �0.05 �0.393 �0.235 �0.124 �0.085 �0.225

Grade II/RB6
Inner area 0.098 0.124 �0.043 �0.029 0.202 �0.053
Airway wall area 0.405 0.221 �0.447 0.021 0.247 �0.264
Airway wall area percentage �0.141 0.008 0.117 �0.209 �0.059 �0.07

Grade III/RB1
Inner area 0.346 �0.182 0.037 �0.355 �0.434 �0.154
Airway wall area 0.234 �0.194 0.042 �0.474* �0.523* �0.277
Airway wall area percentage 0.27 �0.486* �0.299 �0.402 �0.417 �0.199

Grade III/LB5
Inner area 0.289 0.018 �0.113 �0.399 �0.343 0.018
Airway wall area 0.306 0.1 0.047 �0.426 �0.362 0.076
Airway wall area percentage �0.490* 0.369 0.256 0.451 0.306 0.161

Grade III/RB6
Inner area 0.448 0.081 �0.173 �0.11 0.033 �0.307
Airway wall area 0.519* �0.061 �0.186 �0.155 0.003 �0.356
Airway wall area percentage �0.175 0.125 0.054 0.22 0.207 0.092

Grade IV/RB1
Inner area 0.082 �0.231 0.02 �0.044 0.061 �0.092
Airway wall area 0.029 �0.152 0.141 0.099 0.19 0.013
Airway wall area percentage 0.35 �0.075 0.191 �0.186 �0.035 �0.381

(continued)
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the long axis of the airway. In addition, in contrast to
manual or semi-automatic measurements, the relatively
mature Vida fully automated measurement software, which
has been validated in other studies,30-32 was used. We thus
believe that discrepancies between the results of other stud-
ies and our results are not just a variation between the
methods but reflect the real airway status. It appears that
airway remodeling caused by chronic inflammation and
fibrosis appearing at late stages will cause the airway lu-
men to shrink, and the airway wall will become corre-
spondingly thinner. However, this conclusion must be ver-
ified by pathological examination.

Past studies of quantitative measurements of bronchial
size in subjects with asthma and COPD have suggested a
correlation between bronchial size and pulmonary func-
tion,33,34 although this depends on the parameters exam-
ined and has not been shown in some studies.18 The cur-
rent study also found correlations between the airway size
of subjects with COPD and pulmonary function, including
RB1 in subjects with grade IV COPD and pulmonary func-
tion indices. However, at an advanced stage (GOLD grade
IV), changes in RB6 and LB5 not were observed. Al-
though we cannot know for certain, we believe that these
results can be explained as follows. Bronchial plasticity
was not evident in grade I subjects, whereas in grade II
subjects, bronchial plasticity began to occur, and there
simultaneously existed inflammatory edema. Although
grade III and IV subjects have more severe disease, their
bronchial plasticity was evident, a high degree of fibrosis
was present, and the fibrosis caused even greater contrac-
tion of the bronchial wall. As for whether different grades
have effects in different locations, clinical experience in-
dicates that inflammation significantly changes the paral-
lel routing of the bronchi to a greater degree, and RB1 is
vertical or oblique. Because of this, this bronchus (RB1)
may be influenced even more significantly in patients with

a higher COPD grade. Plasticity should be even more
evident in the case of RB6 and LB5, and inflammatory
edema of the bronchial wall might not be very severe.

Among airway inner area, airway wall area, and airway
wall area percentage values, inner area and airway wall
area percentage had relatively high correlations with pul-
monary function. Inner area was positively correlated with
FVC and negatively correlated with RV/TLC. This indi-
cates that the smaller the airway lumen, the more pulmo-
nary ventilation and small-airway function will deterio-
rate, and RV will worsen even more. Airway wall area
percentage was negatively correlated with FVC, FEV1,
and FEV1/FVC and positively correlated with RV/TLC,
which indicates that the larger the airway wall area and the
smaller the airway lumen, the greater the degree of air-
flow obstruction. This further indicates that bronchial
changes not only occur in peripheral small airways, but
also affect central, relatively large airways. Previous
studies have reported a negative correlation between
quantitative airway wall thickness determined by CT
and pulmonary function, a negative correlation between
airway wall area percentage and percent-of-predicted
FEV1 and FEV1/FVC, and a positive correlation be-
tween airway wall area percentage and RV/TLC.27,35

Patel et al36 have suggested that the best correlation
exists between airway wall thickness and RV/TLC.

It should be noted that although the inner areas for
subjects with COPD and controls were not significantly
different, the data in Table 2 appear to show a significant
correlation between inner area and FVC for all 3 segments
examined. This is because the subjects included for the
analysis in the tables are different. The correlation noted
between inner area and FVC was probably caused by grade
(Table 1), and when all of the subjects were pooled (Table
3), the correlations differed.

Table 3. Continued.

COPD Grade/Bronchi Location
and Bronchial Size

FVC FEV1, % Predicted FEV1/FVC RV, % Predicted TLC, % Predicted RV/TLC, % Predicted

Grade IV/LB5
Inner area 0.14 �0.242 0.39 0.359 0.293 0.442
Airway wall area 0.161 0.08 0.36 0.419 0.231 0.186
Airway wall area percentage �0.057 0.458 �0.088 �0.13 �0.315 �0.461

Grade IV/RB6
Inner area �0.124 �0.074 �0.071 0.119 0.197 �0.117
Airway wall area �0.084 �0.003 0.121 0.249 0.22 0.029
Airway wall area percentage 0.149 0.343 �0.107 �0.209 �0.166 �0.482

Data are presented as coefficient of correlation with adjustment for body mas index for given COPD grade. *, P � .05; **, P � .001; significant correlation.
RV � residual volume
TLC � predicted total lung capacity
RB1 � apical segment of the right upper lobe bronchi
RB6 � posterior segment of the right lower lobe
LB5 � lower lingual segment of upper left lobe bronchi
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There are certain limitations, as well as strengths of the
current study. The numbers of subjects with the different
grades of COPD were relatively small. The study, how-
ever, evaluated a sufficient number of bronchi to select
optimal sites for diagnosis, and this study focused on air-
way parameters, whereas prior similar studies focused on
emphysema. Given the pathogenesis of COPD, detailed
airway measurement probably provides more meaningful
information. It would be ideal if it were possible to mea-
sure all 18 bronchopulmonary segments; however, the work
involved in this would be beyond the scope of most re-
searchers. RB1 represents the upper lobe and has been
used in most prior studies, and because RB6 and LB5
represent the largest lobes of the right and left lungs, anal-
ysis of them makes it relatively easy to assess changes. We
believe that assessment of these 3 segments is representa-
tive of the condition of the lobes they represent. It may
have been beneficial to analyze emphysema and airway
size together; however, other studies have examined air-
way dimensions and emphysema, and the purpose of this
study was to focus on airway size and simplify the anal-
ysis. Both inspiratory and expiratory studies were per-
formed, but only inspiratory views were included in this
study. This was because in expiratory views, the airway
was very constricted during the expiratory phase, espe-
cially due to collapse of the posterior wall, so the software
could not accurately assess the condition of the airway.
Coupled inspiratory-expiratory studies, however, have
proven to be informative in some reports, because assess-
ment of changes in inspiration-expiration is important for
correlating bronchial size with PFT.35-37 TLC and RV were
measured using body plethysmography, and results ob-
tained with this method may be discrepant with those of
other methods, such as helium dilution. COPD affects the
airway wall and lung parenchyma to varying degrees, and
air trapping and air wall thickening are associated. The
results showed no correlation between the degree of bron-
chial obstruction and air trapping. Air trapping is more
related to lung parenchyma changes, and the aim of the
present study is to evaluate the airway wall changes among
different degrees of COPD. For this reason, we did not
analyze parenchyma changes.

Conclusions

The results of this study suggest that airway parameters
in different COPD grades have no uniform tendency of
correlation with PFT, but some HRCT parameters are cor-
related to some PFT parameters. This may allow the use of
HRCT as an easier and more objective assessment of pa-
tients with COPD, as compared with PFT, in routine clin-
ical practice. Our results indicated that in COPD grade II,
RV/TLC was negatively correlated with airway wall area
in LB5. In COPD grade III, FVC was negatively corre-

lated with airway wall area percentage in LB5 but posi-
tively correlated with airway wall area in RB6; percent-
of-predicted FEV1 was negatively correlated with airway
wall area percentage in RB1; RV and TLC were nega-
tively correlated with airway wall area in RB1. A complete
HRCT assessment system for patients with different grades
of COPD could be developed after more studies and more
detailed analysis of this topic.

REFERENCES

1. Vestbo J, Hurd SS, Agustí AG, Jones PW, Vogelmeier C, Anzueto
A, et al. Global strategy for the diagnosis, management, and preven-
tion of chronic obstructive pulmonary disease: GOLD executive sum-
mary. Am J Respir Crit Care Med 2013;187(4):347-365.

2. Rennard SI, Vestbo J. The many “small COPDs”: COPD should be
an orphan disease. Chest 2008;134(3):623-627.

3. Hogg JC, McDonough JE, Sanchez PG, Cooper JD, Coxson HO,
Elliott WM, et al. Micro-computed tomography measurements of
peripheral lung pathology in chronic obstructive pulmonary disease.
Proc Am Thorac Soc 2009;6(6):546-549.

4. McDonough JE, Yuan R, Suzuki M, Seyednejad N, Elliott WM,
Sanchez PG, et al. Small-airway obstruction and emphysema in
chronic obstructive pulmonary disease. N Engl J Med 2011;365(17):
1567-1575.

5. Kosciuch J, Krenke R, Gorska K, Zukowska M, Maskey-
Warzechowska M, Chazan R. Airway dimensions in asthma and
COPD in high resolution computed tomography: can we see the
difference? Respir Care 2013;58(8):1335-1342.

6. Amirav I, Kramer SS, Grunstein MM, Hoffman EA. Assessment of
methacholine-induced airway constriction by ultrafast high-resolu-
tion computed tomography. Appl Physiol 1993;75(5):2239-2250.

7. Chen H, Chen RC, Guan YB, Li W, Liu Q, Zeng QS. Correlation of
pulmonary function indexes determined by low-dose MDCT with
spirometric pulmonary function tests in subjects with chronic ob-
structive pulmonary disease. AJR Am J Roentgenol 2014;202(4):
711-718.

8. Agusti A, Calverley PM, Celli B, Coxson HO, Edwards LD, Lomas
DA, et al. Characterisation of COPD heterogeneity in the ECLIPSE
cohort. Respir Res 2010;11:122.

9. Kim V, Han MK, Vance GB, Make BJ, Newell JD, Hokanson JE,
et al. The chronic bronchitic phenotype of COPD: an analysis of the
COPDGene Study. Chest 2011;140(3):626-633.

10. Capraz F, Kunter E, Cermik H, Ilvan A, Pocan S. The effect of
inhaled budesonide and formoterol on bronchial remodeling and
HRCT features in young asthmatics. Lung 2007;185(2):89-96.

11. Deveci F, Murat A, Turgut T, Altuntaş E, Muz MH. Airway wall
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