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Background: It has been found that the degree of terminal bronchiole destruction is associated
with the severity of COPD. However, total airway count (TAC) of CT-visible and its relationship
with COPD lung function severity and pulmonary function decline remains controversial. The
present study aimed to determine whether TAC is significantly reduced in early-stage COPD
(GOLD stage I–II) compared with healthy control subjects and whether TAC is associated with
annual decline in pulmonary function in Chinese patients with early-stage COPD.
Methods: A total of 176 participants were enrolled in this study, of which 139 participants had
undergone at least two spirometry measurements within 7 years (average 5.5 [standard deviation
0.8] years) after baseline data acquisition. CT-visible TAC was measured by summing all airway
segments using semi-automated software. Average lumen diameter, average inner area, emphysema
index, air trapping, and inspiratory Pi10 were also measured. Multivariable linear analysis was
performed to evaluate variables that were significantly related to pulmonary function parameters
and to evaluate the correlation between TAC and annual decline in longitudinal pulmonary function.
Results: Compared with healthy control subjects, CT-visible TAC was significantly reduced by
51% in GOLD II and by 31% in GOLD I after adjustment. TAC had the greatest impact on prebronchodilator FEV1, pre-bronchodilator FVC, post-bronchodilator FEV1, and post-bronchodilator
FEV1/FVC (both p<0.001) among all CT indicators measured. TAC has the best correlation with
inspiratory Pi10 (ρ=−0.751, p<0.001), an evaluation indicator of the degree of airway remodeling.
TAC was independently associated with annual decline in pre-bronchodilator FEV1 (p=0.023),
post-bronchodilator FEV1 (p=0.018), and post-bronchodilator FEV1/FVC (p<0.001).
Conclusion: This finding suggests that CT-visible TAC may be an evaluation indicator of
the degree of airway remodeling, and was diminished in greater COPD lung function
severity, and independently associated with disease progression. Early-stage COPD patients
have already occurred lung structural changes and early intervention may be needed to
ameliorate the progression of disease.
Clinical Trial Registration: ChiCTR-OO-14004264.
Keywords: chronic obstructive pulmonary disease, COPD, computed tomography, total
airway count, TAC

Introduction
Chronic obstructive pulmonary disease (COPD) is an umbrella term for various
clinical entities due to exposure to toxic particles or gases, and characterized by
International Journal of Chronic Obstructive Pulmonary Disease 2021:16 3437–3448

Received: 15 September 2021
Accepted: 6 December 2021
Published: 18 December 2021

3437

© 2021 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Dovepress

Wu et al

airflow obstruction and small airway dysfunction.1 Microcomputed tomography (micro-CT) images have provided
evidence that the peripheral bronchioles in COPD and the
small conducting airway are extensively damaged and it
has been found that the degree of terminal bronchiole
destruction is associated with the severity of COPD.2,3
However, the measurement of small conducting airway
and peripheral bronchioles required lung tissue in vitro
by micro-CT, which is difficult to carry out clinically.
Meantime, the large airways have been extensively inves
tigated in vivo using high-resolution computed tomogra
phy (CT).4,5
With advanced image analysis software, the tracheal
tree can be cut from the trachea into smaller airways
with an airway diameter of about 1 mm at the resolution
of the CT systems.6 Kirby et al found that total airway
count (TAC) of CT-visible was related to the number of
terminal bronchioles and was associated with longitudi
nal annual decline in pulmonary function.5,7 Compared
with at-risk subjects and never smokers, TAC with earlystage COPD was significantly reduced.5 However, their
study consisted of 17% of asthma patients and 19% of
bronchiectasis patients. Previous studies have found that
the number of airways in patients with asthma and
bronchiectasis will also decrease, and asthma or bronch
iectasis may affect the measurement of TAC.8,9 Another
10-year longitudinal study found that TAC has no sig
nificant association with lung function decline and
mortality.10 CT-visible TAC and its relationship with
pulmonary function decline remain controversial.5,10
Meantime, we previously found that Chinese COPD
patients have a higher proportion of biomass exposure
and occupational exposure, which is different from their
study of COPD patients.11,12
In view of this evidence gap, we conducted the pro
spective, observational, population-based study to evaluate
whether TAC of early-stage Chinese COPD patients is
significantly reduced compared with healthy subjects and
is associated with annual decline in longitudinal pulmon
ary function.

Materials and Methods
Study Population
The present prospective study is embedded within the
National Key Technology Research and Development
Program of the 12th National 5-Year Development Plan,
which was a population-based, multicenter and randomized
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survey of COPD conducted in Guangdong, China.13 The key
inclusion criteria included age 40 to 80 years old when
participating in this study and completed inspiratory and
expiratory CT, questionnaires interview, acceptable spirome
try data. The key exclusion criteria included (1) acute exacer
bation that occurred in 4 weeks before participating in the
study. (2) other chronic respiratory diseases diagnosis by
a physician, such as asthma, bronchiectasis, active pulmon
ary tuberculosis, lung cancer, pneumoconiosis, and intersti
tial lung disease. (3) the subject cannot communicate in
words or agrees, and cannot complete the test-related aux
iliary examination.
Initially, a total of 187 study subjects from the database
were considered as eligible subjects included in our baseline
assessment. Subjects with a post-bronchodilator forced expira
tory volume in 1 second (FEV1)/forced vital capacity (FVC)
<70% were defined as spirometry-defined COPD, and healthy
control was defined as post-bronchodilator FEV1/FVC
≥70%.1 The CT analysis of 1 subject was unsuccessful, 10
subjects were excluded from GOLD III+, and finally 176
subjects were included in the baseline analysis. One hundred
and thirty-nine (79%) participants were enrolled underwent at
least two post-bronchodilator spirometry measurements
within 7 years after baseline data acquisition. Figure 1 presents
a flowchart of the study procedures. The Ethics Commission
of the First Affiliated Hospital of Guangzhou Medical
University approved this study (No. 2013–37). All participants
obtained information about radiation exposure and provided
written informed consent preceded this study. This present
study was in line with the principles of the Declaration of
Helsinki.

Questionnaires
A questionnaire interview was performed by well-trained
staff using the standardized questionnaire revised from
previous COPD epidemiological survey in China, includ
ing general information, possible risk factors for COPD,
such as smoking status, pack-years, biomass fuel exposure,
and family history of respiratory diseases.14 We classified
the subjects’ smoking status as never smoked, former
smoking, and current smoking. Never smoked was defined
as having smoked less than 100 cigarettes in the past.15
Current smoking was defined as being smoking at base
line. Former smoking was defined as smoked more than
100 cigarettes but had not smoked a product for at least 6
months at baseline. Biomass use was defined as cooking or
heating using biomass (mainly wood, crop residues, char
coal, grass, and dung) for ≥1 year.11 We defined family
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Figure 1 Study flow chart.
Abbreviations: GOLD, Global Initiative for Chronic Obstructive Lung Disease; CT, computer tomography.

history of respiratory diseases as having parents, siblings,
and children with respiratory diseases (chronic bronchitis,
emphysema, asthma, COPD, cor pulmonale, bronchiecta
sis, lung cancer, interstitial lung disease, obstructive sleep
apnea hypopnea syndrome).

CT Scanning Equipment and Parameters
High resolution computer tomography (HRCT) was per
formed with each participant at inspiratory and expira
tory using a multidetector-row CT scanner (Aquilion 16,
Toshiba, Tokyo, Japan). The researchers trained the sub
jects to hold their breath at the end of deep inhalation
and deep expiration, and to achieve the best condition
before the scan. Scans were performed with tube voltage
120 kV and tube current 250 mAs at a rotation time
0.5 second. Images with slice thickness of 0.5 mm at
0.8mm increments were reconstructed using a Fc01
algorithm through 512×512. Two radiologists were
blind to each subject’s pulmonary function and indepen
dently scored each scan. The average CT dose index is
6.44 mGy and the average dose length product is 228
mGycm.

International Journal of Chronic Obstructive Pulmonary Disease 2021:16

CT Image Analysis
Quantitative assessment was performed with semiautomated Volumetric Information Display and Analysis
(VIDA) 2.0 software (Apollo; VIDA Diagnostics, IA,
USA).16 The software automatically segmented the lung
image and marked the airway. In addition, the segmenta
tion and making of the airway was visually verified and
edited by a well-trained radiologist as required. If an air
way fails to be identified, the well-trained radiologist will
place a seed in the missing airway so the software can reidentify it. The radiologists analyzing the scans were
blinded to any clinical details of the subjects. CT-visible
TAC was measured by accumulating all airway segments
in the airway tree. Average lumen diameter and average
inner area were also measured. It was previously reported
that the airway measurement generated by VIDA software
is highly repeatable and reliable.5
Emphysema was quantified by measuring the emphysema
index of each subject, which was defined as the percentage of
low-attenuation area below −950 Hounsfield units (HU) on
full-inspiration computed tomography (LAA−950), and inspira
tory 15th percentile (Perc15), which was defined as the HU at
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which 15% of the voxels fall below at full inspiration.6 Air
trapping was defined as the percentage of low-attenuation area
below −856 HU on full-expiration computed tomography
(LAA−856). Airway remodeling was quantified by inspiratory
Pi10, which was expressed as the square root of the wall area
of a theoretical airway with 10-mm lumen perimeter at full
inspiratory.17

Spirometry
Well-trained technicians used the MasterScreen Pneumo PC
spirometer (CareFusion, Yorba Linda, CA, USA) for spirome
try, following the standards recommended by the European
Respiratory Society and the American Thoracic Society.18,19
Each subject need to meet at least three acceptable measure
ment values and two repeatable measurement values before
and after inhalation of bronchodilator (that is, the maximum
value of FVC and FEV1 and the next maximum value are
within 150 mL or 5%).18,19 The use of short-acting and longacting bronchodilators is prohibited for 12 or 24 hours before
spirometry testing. Spirometry after using the bronchodilator
was performed 20 minutes after inhaling 400μg of salbutamol
(Ventolin, GlaxoSmithKline) through a 500 mL spacer. The
predicted FEV1 was based on the reference values of the
European Coal and Steel Community 1993 and adjusted
according to the conversion factors of the Chinese population
(0.93 in female and 0.95 in men).20,21 The definition of COPD
and its severity classification are based on the Global Initiative
for Chronic Obstructive Lung Disease (GOLD) system cate
gorizes airflow obstruction based on post-bronchodilator
FEV1 (GOLD I: post-bronchodilator FEV1 ≥ 80% predicted;
GOLD II: post-bronchodilator FEV1 ≥ 50% to < 80%
predicted).22

Statistical Analysis
The Continuous variable with normal distribution is expressed
as mean ± standard deviation (SD), and the continuous variable
with non-normal distribution are expressed as median (inter
quartile range [IQR]). A one-way analysis of variance or
Kruskal–Wallis test was used to compare the three groups for
participant demographic, spirometry, and imaging measure
ments. Bonferroni correction was applied to adjust for multiple
comparisons. Categorical data are expressed in number (per
centage) and we compared the differences using chi-square
tests or Fisher’s exact test as needed. An analysis of covariance
(ANCOVA) adjusted by confounding factors (age, sex, bodymass index [BMI], smoking status, and pack-years) was used
to compare the CT-visible TAC between the three groups.
Multivariate linear regression analysis was used to determine

3440

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.2147/COPD.S339029

DovePress

CT measurements related to pulmonary function measurement
adjusted by confounding factors (age, sex, BMI, smoking
status, and pack-years). The relationship between CT measure
ments was evaluated using Pearson (r) or Spearman (ρ) corre
lation coefficient. The longitudinal analysis included
pulmonary function data with a follow-up time of more than
2 years, and estimated pre- bronchodilator FEV1, FVC, FEV1/
FVC and post-bronchodilator FEV1, FVC, FEV1/FVC
decline/year. Multivariable linear regression analysis was
used to determine the correlation between CT-visible TAC
and annual decline in pulmonary function adjusted by con
founding factors (age, sex, BMI, smoking status, and packyears). Statistical analyses were performed using SPSS 24.0
software (IBM Corp., Armonk, NY, USA). A 2-sided p values
less than 0.05 indicated statistically significance.

Results
Characteristics of the Subjects at Baseline
Table 1 shows the participant demographics and pulmon
ary function measurements of all 176 participants evalu
ated (n=41 healthy control, n=76 GOLD I, n=59 GOLD
II). GOLD II subjects were significantly older than GOLD
I and healthy control subjects (p<0.05). GOLD II and
I subjects were more male, have a higher proportion of
current smokers and higher pack-years smoking (p<0.05).
There were no significant differences in BMI, family his
tory of respiratory diseases, and bronchodilator response.
Table 2 shows the CT indicators of all 176 participants
evaluated. GOLD II subjects obviously had more severe
LAA−950, LAA−856, and inspiratory Pi10 compared with
healthy control (all p<0.05). GOLD I subjects had more
severe LAA−950 compared with healthy control (p<0.05).
The CT- visible TAC acquisition result graph is presented
in Figure 2. In Figure 2, the 3D reconstructed CT airway trees
show that with the higher of COPD severity, the smaller
number of airway tree. CT-visible TAC in healthy control,
GOLD I, GOLD II subjects was 240±132, 195±116, and 155
±101, respectively. GOLD II subjects had significantly fewer
CT-visible TAC than GOLD I and healthy control subjects
(all p<0.05), and GOLD I subjects was significantly less than
healthy control subjects (p<0.05) before adjustment.

TAC Reduction Was Associated with
Increasing COPD Lung Function
Classification
We counted the corresponding airway counts according to
airway generation, average airway lumen diameter, and
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Table 1 Characteristics of the Subjects at Baseline
Characteristic

Healthy Control (n=41)

GOLD I (n=76)

GOLD II(n=59)

Age, years
Male sex, n (%)

59.8±8.4
20 (48.8)

62.3±7.8
59 (77.6)*

65.3±6.5†
46 (78.0)*

Body-mass index, kg/m2

23.0±3.7

22.3±3.9

21.8±3.6

Smoking status, n (%)
Never smoked

27 (65.9)

24 (31.6)*

17 (28.8)*

13 (31.7)

42 (55.3)*

31 (52.5)*

1 (2.4)
11.1 (19.5)

10 (13.2)*
33.2 (33.5)*

11 (18.6)*
32.2 (28.0)*

33 (80.5)
3 (7.3)

52 (68.4)
14 (18.4)

32 (54.2)*
10 (16.9)

2.10±0.46

2.17±0.53

1.50±0.41*†

FEV1, % predicted

94.4±16.6

88.9±12.6

62.9±9.9*†

FVC, L
FEV1/FVC, %

2.81±0.66
75.5±6.0

3.44±0.77*
63.1±4.9*

2.71±0.48†
55.8±8.2*†

FEV1, L
FEV1, % predicted

2.17±0.47
96.2±16.2

2.28±0.50
93.6±11.4

1.61±0.38*†
67.9±8.0*†

FVC, L

2.82±0.69

3.52±0.75*

2.87±0.64†

77.7±6.3
4 (9.8)

61.1±5.5*
10 (13.2)

56.7±7.9*†
10 (16.9)

Current smoking
Former smoking
Smoking index, pack-year
Biomass use, n (%)
Family history of respiratory diseases, n (%)
Spirometry values at baseline
Before bronchodilator use
FEV1, L

After bronchodilator use

FEV1/FVC, %
Bronchodilator response, n (%)

Notes: Data are mean ± standard deviation or n (%) as required. *Significantly different from healthy control (p<0.05). †Significantly different from GOLD I (p<0.05).
Abbreviations: GOLD, Global Initiative for Chronic Obstructive Lung Disease; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.

Table 2 Quantitative CT Parameters of the Subjects at Baseline
Characteristic

Healthy Control (n=41)

GOLD I (n=76)

GOLD II (n=59)

Imaging features
LAA−950, %

5.2 (4.4)

8.8 (7.8)*

11.4 (7.4)*

LAA−856, %
Inspiratory Pi10, mm

22.1 (18.0)
3.59 (3.54–3.78)

28.9 (18.4)
3.65 (3.56–3.89)

44.4 (24.1)*†
3.70 (3.57–3.93)

Perc 15, HU

−926(−935-−896)

−931 (−944-−917)

−942 (−953-−927)*†

240 (132)

195 (116)

155 (101)*

TAC, n

Notes: Data are mean ± standard deviation or median (interquartile range) as required. *Significantly different from healthy control (p<0.05). †Significantly different from
GOLD I (p<0.05).
Abbreviations: GOLD, Global Initiative for Chronic Obstructive Lung Disease; LAA−950, the percentage of low-attenuation area below −950 Hounsfield units on fullinspiration computed tomography; LAA−856, the percentage of low-attenuation area below −856 Hounsfield units on full-expiration computed tomography; Pi10 the square
root of the airway wall area for a theoretical airway with 10-mm internal perimeter; Perc 15, the Hounsfield units at which 15% of the voxels fall below at full-inspiration;
HU, Hounsfield units; TAC, total airway count.

average airway lumen area. Figure 3 shows the distribu
tion of CT airways according to generation, average lumen
diameter, and average inner area. As the severity of COPD
increases, the total airway counts gradually decrease. The
airway counts of GOLD II subjects from generation 5 to
generation 10 were all smaller than those of healthy con
trols (all p<0.05), and the airway counts of GOLD II
subjects with generation 5, generation 9 and generation

International Journal of Chronic Obstructive Pulmonary Disease 2021:16

10 are smaller than GOLD I subjects (all p<0.05). There
was no significant difference in the number of average
airways lumen diameter less than 2.00 mm and 2.00–
2.50 mm between the three groups, but all other average
airway lumen diameter of GOLD II COPD were signifi
cantly reduced compared with the healthy control group
(p<0.05). In addition, there was no significant difference in
the number of an average inner area smaller than
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Figure 2 The reconstruction of the airway tree.

Figure 3 Computed tomography-visible total airway count by generation, average lumen diameter and average inner area. *Significantly different from healthy control
(p<0.05). † Significantly different from GOLD I (p<0.05).

2.00 mm2 between the three groups, but all other average
inner area of GOLD II COPD were significantly reduced
compared with the healthy control group (p<0.05).
CT-visible TAC was significantly lower in the GOLD
I (173±17, p<0.001) and GOLD II (124±17, p<0.001)
subgroups as compared to healthy control (251±20) when
adjusting by age, sex, BMI, smoking status, and packyears. Age and sex were significant covariate (p=0.013,
p=0.027, respectively), whereas BMI and smoking status
were not significant (p=0.335 and p=0.660, respectively).
We performed additional ANCOVA in turn incorporating
LAA−950 and LAA−856 as a covariate, LAA−950 were sig
nificant (p<0.001, p<0.001, respectively). However, the air
trapping index (p=0.649) was not significant.
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TAC Was Associated with Pulmonary
Function
Table 3 shows the results of multivariable linear regres
sion analysis for pulmonary function parameters. Among
all imaging measures investigated, CT-visible TAC had
the greatest influence on pre-bronchodilator FEV1
(β=0.402; p<0.001), pre-bronchodilator FVC (β=0.208;
p=0.004), post-bronchodilator FEV1 (β=0.343; p<0.001),
and post-bronchodilator FEV1/FVC (β=0.440; p<0.001).
CT-visible TAC also had greatest influence for prebronchodilator FEV1%pred, post-bronchodilator FEV1%
pred, and pre-bronchodilator FEV1/FVC (online supple
mentary Table E1).
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Table 3 Multivariable Linear Regression Analysis for Pulmonary Function Measurements with Imaging Measurements
Parameter

Unstandardized

SE

Coefficients

Standardized

VIF

P values

Coefficients

Pre-bronchodilator FEV1*, L
TAC

0.002

0.0003

0.402

2.245

<0.001

LAA−950
LAA−856

−0.001
−0.004

0.007
0.002

−0.013
−0.156

3.954
1.703

0.888
0.009

Inspiratory Pi10

−0.079

0.166

−0.031

2.160

0.637

0.003

0.002

0.126

3.988

0.166

TAC
LAA−950

0.001
0.010

0.0005
0.010

0.208
0.089

2.245
3.954

0.004
0.340

LAA−856

−0.004

0.002

−0.121

1.703

0.050

Inspiratory Pi10
Perc 15

0.090
0.001

0.242
0.003

0.026
0.040

2.160
3.988

0.709
0.670

TAC
LAA−950

0.002
−0.001

0.000
0.007

0.343
−0.016

2.226
3.932

<0.001
0.869

LAA−856

−0.004

0.002

−0.170

1.693

0.007

Inspiratory Pi10
Perc 15

−0.049
0.002

0.171
0.002

−0.020
0.094

2.174
3.964

0.776
0.330

TAC
LAA−950

0.001
0.015

0.0005
0.010

0.121
0.140

2.226
3.932

0.094
0.143

LAA−856

−0.006

0.002

−0.153

1.693

0.015

0.006
−0.00006

0.242
0.003

0.002
−0.002

2.174
3.964

0.979
0.985

TAC
LAA−950

0.038
−0.343

0.007
0.157

0.440
−0.249

0.449
0.254

<0.001
0.030

LAA−856

−0.032

0.036

−0.067

0.591

0.373

Inspiratory Pi10
Perc 15

−3.582
0.093

3.804
0.048

−0.080
0.221

0.460
0.252

0.348
0.056

Perc 15
Pre-bronchodilator FVC*, L

Post-bronchodilator FEV1*, L

Post-bronchodilator FVC*, L

Inspiratory Pi10
Perc 15
Post-bronchodilator FEV1/FVC*, %

Note: *Both models were adjusted by age, sex, body mass index, smoking status, and pack-years.
Abbreviations: SE, standard error; VIF, variance inflation factor; FEV1, forced expiratory volume in 1 second; TAC, total airway count; LAA−950, the percentage of lowattenuation area below −950 Hounsfield units on full-inspiration computed tomography; LAA−856, the percentage of low-attenuation area below −856 Hounsfield units on
full-expiration computed tomography; Pi10, the square root of the airway wall area for a theoretical airway with 10-mm internal perimeter; Perc 15, the HU at which 15% of
the voxels fall below at full inspiration; FVC, forced vital capacity.

TAC May Be the Biomarker of Airway
Remodeling
Figure 4 shows that CT-visible TAC was strongly related to
inspiratory Pi10 (ρ=0.750; p<0.001). CT-visible TAC also
moderately related to LAA−950 (ρ=0.365; p<0.001) and Perc
15 (ρ=−0.358; p<0.001). However, CT-visible TAC was not
associated with LAA−856 (ρ=−0.026; p=0.730).

Relationships Between TAC and
Longitudinal Pulmonary Function Decline
Table 4 shows multivariable linear regression analysis for
annual decline of pre-bronchodilator FEV1, post-

International Journal of Chronic Obstructive Pulmonary Disease 2021:16

bronchodilator FEV1, pre-bronchodilator FVC, postbronchodilator FVC, and post-bronchodilator FEV1/FVC in
all participants after adjustment. 139 (79%) participants with
a follow-up time of more than 2 years had undergone at least
two spirometry measurements within 7 years (average 5.5 [SD
0.8] years) after baseline data acquisition. During an average
follow-up of 5.5 years, CT-visible TAC was associated with
annual decline in pre-bronchodilator FEV1 (β=−0.234;
p=0.023), post-bronchodilator FEV1 (β=−0.28; p=0.018),
and post-bronchodilator FEV1/FVC (β=−0.408; p<0.001)
adjusted by cofounding factors. It’s worth noting that CTvisible TAC was not associated with annual decline in prebronchodilator FVC (β=−0.044; p=0.634), but was associated
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Figure 4 Relationship between total airway count (n) and inspiratory Pi10 (mm).
CT-visible TAC was strongly related to inspiratory Pi10 (ρ=0.750; p<0.001).

with annual decline in post-bronchodilator FVC (β=−0.186;
p=0.048).

Discussion
Results of this study demonstrated that CT-visible TAC
reduction was associated with the severity of COPD. It is
likely to be an evaluation indicator of the degree of COPD
airway remodeling, and a predictor for accelerated decline
in pulmonary function.
A large number of previous studies have established that
the major site of obstruction in COPD is the small airway
(<2 mm in luminal diameter).3,23,24 Small airway dysfunc
tion preceded emphysematous destruction in COPD.2,3
However, it is still not possible to directly assess small
airway diseases based on current medical technology in
clinical practice. Therefore, the method of indirect assess
ment of small airway dysfunction has become the first
choice. Nakano et al found that the size of relatively large
airways evaluated using CT reflect small airway dimensions
measured using micro-CT.25 More recently, Kirby et al
found that CT-visible TAC was significant associated with
the number of terminal bronchioles and terminal bronchioles
distortion/remodeling.7 These studies indicate that changes
in the large airways can indirectly reflect the extent of small
airway dysfunction. The decrease in the number of CTvisible TAC is likely to reflect the decrease in the terminal
airway and small airway dysfunction.5,7 Therefore, it is not
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difficult to understand why CT-visible TAC has the greatest
impact on pulmonary function measurements (prebronchodilator FEV1, pre-bronchodilator FVC, postbronchodilator FEV1, post-bronchodilator FEV1/FVC)
among CT biomarker, and CT-visible TAC was associated
with annual pulmonary function decline.
Airway remodeling is an important feature in COPD.
There are currently inspiratory Pi10, bronchial wall thick
ness, and the percentage of area of airway lumen to total area
of airway (WA%) to evaluate the degree of airway
remodeling.26,27 Inspiratory Pi10 has been developed that
predicts the square root of the wall area for a hypothetical
airway with an internal perimeter of 10 mm. Inspiratory Pi10
can comprehensively evaluate the bronchial wall thickness
of the whole lung airway wall because the airway size is
uniformly adjusted.25,28 Pervious study found that inspira
tory Pi10 was significantly associated with FEV1 annual
decline and airflow limitation incidence.29 However, inspira
tory Pi10 requires more advanced airway image analysis
software due to the unified airway size adjustment, which
limits the further popularization of inspiratory Pi10.
Previous studies found that bronchial wall thickness was
associated with annual COPD exacerbation rate and WA%
was correlated with airflow limitation and chronic
bronchitis.28,30 However, measuring the airway requires
manual measurement, which is very difficult to put these
airway remodeling biomarkers into clinical use. It is clear
that further research on the airway remodeling biomarker
related to the long-term prognosis of COPD is needed.
CT-visible TAC can be calculated and obtained by
semi-automatic quantitative software. It is convenient
compared with the current indicators of airway remodeling
(eg, bronchial wall thickness, and WA%). The difference
of CT-visible TAC can be directly felt in the bronchial tree
reconstructed by the software (Figure 1). At the same time,
our findings that CT-visible TAC was related to COPD
lung function severity and annual pulmonary function
decline, and would enable respiratory physicians to better
manage COPD patients over time.

Comparison with Existing
Literature
A few previous studies have investigated airway count and
the severity of COPD or asthma. Diaz et al found that the
total CT imaging-based count of airways (sixth generation
to eighth generation) is reduced in subjects with greater
emphysema and is associated with dyspnea, exercise

International Journal of Chronic Obstructive Pulmonary Disease 2021:16

Dovepress

Wu et al

Table 4 Multivariable Linear Regression Analysis Exploring Factors Independently Associated with the Annual Decline in Pulmonary
Function
Parameter

Unstandardized Coefficients

95% CI

Standardized Coefficients

P values

TAC

−0.098

−0.182 to −0.014

−0.234

0.023

LAA−950
Baseline pre-bronchodilator FEV1

1.457
44.889

0.217 to 2.698
21.940 to 67.837

0.216
0.500

0.022
<0.001

−0.30
0.634

−0.153 to 0.094
−1.322 to 2.589

−0.044
0.057

0.634
0.523

55.916

28.604 to 83.229

0.538

<0.001

TAC

−0.093

−0.169 to −0.016

−0.228

0.018

LAA−950
Baseline post-bronchodilator FEV1

1.358
46.251

0.192 to 2.524
24.600 to 69.902

0.208
0.519

0.023
<0.001

TAC
LAA−950

−0.012
0.110

−0.025 to 0.001
−0.088 to 0.307

−0.186
0.102

0.048
0.273

Baseline post-bronchodilator FVC

−0.992

−3.764 to 1.780

−0.098

0.480

Post-bronchodilator FEV1/FVC*, %
TAC

<0.001

Pre-bronchodilator FEV1*, L

Pre-bronchodilator FVC*, L
TAC
LAA−950
Baseline pre-bronchodilator FVC
Post-bronchodilator FEV1*, L

Post-bronchodilator FVC*, L

−0.005

−0.007 to −0.003

−0.408

LAA−950

0.055

0.014 to 0.096

0.280

0.009

Baseline post-bronchodilator FEV1/FVC

0.061

0.027 to 0.095

0.383

<0.001

Note: *Both models were adjusted for age, sex, body mass index, smoking status, and pack-years.
Abbreviations: CI, confidence interval; FEV1, forced expiratory volume in 1 second; TAC, total airway count; LAA−950, the percentage of low-attenuation area below −950
Hounsfield units on full-inspiration computed tomography; FVC, forced vital capacity.

endurance, the degree of airflow obstruction.4 However,
they calculated manually the airway count slice-by-slice
and only counted the airway count from the sixth to the
eighth generations of the right upper lobe (RB1) due to
insufficient advanced analysis software. Kirby et al ana
lyzed CanCOLD cohort study and found that CT-visible
TAC was associated with disease classification and
decreased pulmonary function. However, the CanCOLD
cohort study contains 19% of patients with bronchiectasis
and 17% of patients with asthma. Although statistical
adjustments have been made, considering that the propor
tion of these individuals is not low, it may still affect the
measurement of CT-visible TAC.8,9 In our research, we
excluded subjects with tuberculosis, bronchiectasis, and
asthma. Moreover, we used quantitative software to ana
lyze thinner CT images (0.5mm) to measurement the air
way count from the first to the tenth generation. We have
obtained a more accurate measurement of CT-visible TAC.
Our finding is in keeping with the present findings and
expand current knowledge about CT-visible TAC in
patients with COPD in Chinese COPD patients.
Kirby et al showed that thinner walls of parent branch
were associated with undetectable daughter branch.
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However, our study founded a close association between
increased Pi10 and decreased TAC. This may be because
biofuel exposure causes more airway remodeling com
pared to smoking exposure.12

Strengths and Limitation of the
Study
The strengths of this study include a population-based
cohort study that conducted long-term follow-up of
unselected individuals, and provided information on
characteristics and outcomes related to COPD.
Meanwhile, the included healthy control subjects and
early-stage COPD patients are not all smokers, but
also 39% of never smokers, and this study detailed
statistics on biofuel exposure, family history of respira
tory diseases, and other risk factors. The proportion of
never smoker is close to that in previous studies on
COPD in China.11 The subjects included in this study
are representative individuals.
Our study had several potential limitations that deserve
mention. A major limitation is that only early-stage COPD
(GOLD I–II) patients, and not severe to very severe COPD
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(GOLD III–IV). So, it is unable to present the CT-visible
TAC level of the spectrum of disease. Further research is
needed to observe the results in GOLD III–IV subjects in the
future. Another potential limitation is that this study did not
have clinical data on acute exacerbations of COPD. Thus, we
were unable to evaluate the association between CT-visible
TAC and acute exacerbations. However, previous study has
shown that COPD acute exacerbations are less common in
early-stage COPD, and most studies on early-stage used
pulmonary function as the primary outcome.5,31 Lastly, this
study is likely to have a potential loss to follow up bias.
However, this study has a follow-up rate of 79% (139/176)
which is higher in similar prospective studies, and is unlikely
to show significant loss to follow up bias.

Conclusions
In conclusions, these data of this prospective study provide
evidence that the quantitative measures of CT-visible TAC
are associated with pulmonary function of COPD patients
and annual decline in pulmonary function, an important
clinical outcome in public health. CT-visible TAC may be
an evaluation indicator of the degree of airway remodel
ing. These findings indicate that early-stage COPD
patients have already occurred lung structural changes
and early intervention may be needed to ameliorate the
progression of disease.

Abbreviations
COPD, chronic obstructive pulmonary disease; micro-CT,
micro-computed tomography; CT, computer tomography;
TAC, total airway count; FEV1, forced expiratory volume in
1 second; FVC, forced vital capacity; HRCT, High resolu
tion computer tomography; VIDA, Volumetric Information
Display and Analysis; HU, Hounsfield units; LAA−950, lowattenuation area of the lung with attenuation values below
−950 Hounsfield units on full-inspiration computed tomo
graphy; Perc15, the HU at which 15% of the voxels fall
below at full inspiration; LAA−856, low-attenuation area of
the lung with attenuation values below −856 Hounsfield
units on full-expiration computed tomography; Pi10, the
square root of the airway wall area for a theoretical airway
with 10-mm internal perimeter; GOLD, Global Initiative
for Chronic Obstructive Lung Disease; SD, standard devia
tion; IQR, interquartile range; ANCOVA, analysis of cov
ariance; BMI, body mass index; CI, confidence interval; SE,
standard error.
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