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A B S T R A C T

Purpose: Disease in small airways<2mm in diameter is a major pathology of chronic obstructive pulmonary
disease (COPD). However, compared to airways< 1mm in diameter, the pathophysiological role of airways
1–2mm in diameter remains unclear. This study analysed phantom and human COPD data to test the hypothesis
that ultra-high-resolution computed tomography (U-HRCT) can accurately measure peripheral airways that are
difficult to measure with conventional CT.
Method: The lower limit of lumen sizes measurable on U-HRCT was determined using phantom tubes. In the
cross-sectional data of 110 males with COPD who underwent U-HRCT (1024× 1024 matrix, 0.25mm slice
thickness) and spirometry, all 3rd (segmental) to 6th generation airways of the right apical and basal posterior
bronchus (RB1 and RB10) were analysed.
Results: The errors in measuring the lumen area (LA) of phantom tubes ≥1.3 and 1.0 mm in diameter were
within±10 and -24%, respectively. The internal diameters for 70 and 62% of the 6th generation RB1 and RB10
airways were< 2mm. The numbers of 6th generation RB1 and RB10 airways decreased as the airflow limitation
severity increased. Among the mean LA and sum of LA(sum-LA) of the 3rd to 6th generation airways, the sum-LA
of the 6th generation had the largest impact on airflow limitation.
Conclusions: U-HRCT enables accurate and direct evaluation of peripheral airways 1–2mm in diameter. The 6th

generation airways are commonly< 2mm in diameter, and the sum-LA can be a useful CT biomarker that
reflects airflow limitation in COPD.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a leading cause of
death worldwide [1]. COPD is physiologically characterized by chronic
airflow limitation that is closely associated with two pathological
changes: emphysema and disease of the small airways, which are
generally defined as bronchioles< 2mm in diameter [2]. While studies
using histology and micro-computed tomography have intensively in-
vestigated small airways< 1mm in diameter, including the

preterminal and terminal bronchioles, and have shown pathogenetic
interactions between disease in these airways and emphysema [3–7],
much remains to be elucidated about the pathophysiological role of
small airways 1–2mm in diameter in COPD.

Currently, standard computed tomography (CT) (512×512 matrix
and ≥0.5mm slice thickness) is used to measure the dimensions of
central airways, such as the 3rd (segmental) and 4th generation airways
[8–12]. Several studies have attempted quantitative measurements of
the 5th and 6th generation airways [13–15], but these measurements
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might include potential bias from the limited image resolution. Indeed,
even the visibility of the 5th and 6th generation airways is impaired in
COPD [16], and spatially matched comparisons of their sizes is chal-
lenging [11]. Moreover, the finding of impaired airway visibility sug-
gests that the 5th and 6th generation airways in COPD may include
airways< 2mm in diameter, which is below the lower limit of quan-
titation for standard CT with a 512×512 matrix [10,13,17].

The recently introduced and commercially available technology of
ultra-high-resolution CT (U-HRCT) acquires images of live persons with
a 1024×1024 matrix and 0.25mm slice thickness without increases in
radiation dose and allows for clearer visualization of organ structure
such as lung than conventional CT [18–20]. In addition, a phantom
study showed that the lumen size of a tube 2mm in diameter could be
accurately quantified using U-HRCT [17]. Therefore, the lower limit of
lumen size quantitation for airways< 2mm in diameter on U-HRCT
needs to be established.

We hypothesized that U-HRCT allows for the accurate and direct
evaluation of peripheral airways 1–2mm in diameter and provides
unbiased information regarding their clinical and physiological impacts
in COPD. The aim of this study was to examine whether the lumen size
of phantom tubes< 2mm in diameter could be accurately quantified
with U-HRCT. We also aimed to analyse all the 3rd to 6th generation
airways to test whether the 5th and 6th generation airways in COPD
were commonly< 2mm in diameter and whether the assessment of
luminal narrowing in these airways using U-HRCT is closely associated
with airflow limitation in COPD.

2. Material and methods

2.1. Patient enrolment and ethics statement

This is a retrospective cross-sectional study using clinical data from
consecutive patients with COPD who underwent inspiratory chest U-
HRCT and spirometry in our hospital during an exacerbation-free
period between February 2018 and January 2019. U-HRCT images
were obtained using an Aquilion Precision scanner (Cannon Medical
Systems, Otawara, Japan) that has been commercially available since
2017. The inclusion criteria were a smoking history of at least 20 pack-
years and a diagnosis of COPD confirmed by post-bronchodilator forced
expired volume in 1 s (FEV1)/forced vital capacity (FVC) ratio< 70%
[21]. The exclusion criteria were alpha-1 antitrypsin deficiency, other
lung diseases such as interstitial pneumonia, atelectasis, and bronch-
iectasis, and a prior history of surgical lung resection. The study was
approved by the ethics committee of our institution (approval No.
R1660), and informed consent was waived due to the retrospective use
of the data.

2.2. Phantom

The custom-made airway phantom included 8 tubes of different
sizes that were placed in a circle and embedded in urethane foam. The
largest tubes (3 mm internal diameter and 0.7mm wall thickness) were
made of acrylic resin, and the other tubes ≤2mm internal diameter
were made of polyethylene. The details of the sizes of tubes are de-
scribed in the online supplemental Figure A1.

2.3. CT scan

The airway phantom was imaged using ultra-high-resolution
(Aquilion Precision) and conventional scanners (Aquilion ONE, Cannon
Medical Systems, Otawara, Japan). The Aquilion Precision scanner
generated 1024× 1024 matrix images with 0.25mm slice thickness
using 0.25×0.25mm detector elements in the super high-resolution
(SHR) mode [17,18]. The Aquilion ONE scanner generated 512×512
matrix images with 0.5mm slice thickness using 0.5× 0.5mm detector
elements. The scanning conditions for both scanners were 120 kVp,

240mA, 0.5 s exposure time, pitch factor of 0.81, and 350mm field of
view. The CT images were reconstructed using a full iterative re-
construction method, namely, the forward-projected model-based
iterative reconstruction solution (FIRST) algorithm [22]. In the clinical
study, all patients with COPD were scanned with the Aquilion Precision
scanner using the same scanning parameters and auto-exposure control.
In addition to 1024×1024 matrix images with 0.25mm slice thickness
(U-HRCT), conventional 512×512 matrix images with 0.5 mm slice
thickness were reconstructed in 20 patients to compare airways visua-
lized on U-HRCT to those on conventional CT. Radiation exposure was
estimated using the volume CT dose index (CTDIvol).

2.4. CT analyses

The phantom tubes and human airways were quantitatively ana-
lysed using SYNAPSE VINCENT software (FUJIFILM Medical, Tokyo,
Japan). In the phantom tube analyses, the lumens of the phantom tubes
were automatically segmented, and the lumen area of each tube was
measured. The measurement error (%) was obtained based on the fol-
lowing formula: 100 × (CT measurement – actual value) / actual value.

In the airway analyses of patients with COPD, the segmental
bronchus was defined as the 3rd generation airway. Following auto-
matic luminal segmentation of airway tree, all branches of the 3rd to 6th

generation airways in the right apical (RB1) and posterior basal (RB10)
segments were manually identified by tracking from the 3rd to the 6th

generation [23]. For each branch, cross-sectional images perpendicular
to the longitudinal centre line of the lumen were generated, and the
lumen areas and internal diameters in the middle third portion were
automatically measured and averaged (Supplementary Figure A2). The
mean lumen area (mean-LA) for each generation airway, sum of lumen
areas (sum-LA) for each of the 4th, 5th, and 6th generations, and number
of airways for each of the 5th and 6th generations were calculated in the
RB1 and RB10 segments. To calculate the mean-LA and sum-LA, the
phantom data regarding the lower limit of quantitation for measuring
lumen area was used.

To assess the severity of emphysema, the lung field was segmented,
and the percentage ratio of voxels< -950 Hounsfield unit (HU) to all
the voxels in the lung was calculated as the low attenuation volume
percent (LAV%) [24].

2.5. Pulmonary function test

Spirometry was performed after bronchodilator inhalation using a
Chestac-8900 (Chest MI, Tokyo, Japan). The predicted FVC and pre-
dicted FEV1 were calculated with the LMS method [25].

2.6. Statistical analysis

Statistical analyses were performed using R version 3.5.1 (R
Foundation for Statistical Computing (36)). Data are expressed as the
mean ± standard deviation (SD) unless otherwise indicated. A p-value
less than 0.05 was considered statistically significant. The inter-ob-
server variability in the number of 6th generation airways that were
manually identified on U-HRCT was assessed by using the intraclass
correlation coefficient and Bland-Altman plot [26,27]. Correlations
between the CT measurements and pulmonary function were evaluated
using the Pearson correlation tests. To explore the relative contributions
of the airway measurements and emphysema to airflow limitation,
multivariable linear regression models were constructed using %FEV1

as a dependent variable and LAV% and the airway measure in the RB1
and RB10 segments of each airway generation as independent vari-
ables.
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3. Results

3.1. Phantom study

Fig. 1 shows representative images showing the phantom tube lu-
mens. The lumens of tubes with internal diameters between 1mm and
2mm were clearly visualized with U-HRCT but not with conventional
CT. The errors in the measurements of lumen areas are summarized in
Table 1. The errors for tubes ≥1.3, 1.0, and ≤0.8mm in diameter with
U-HRCT were within±10%, -24%, and< -40%, respectively.

3.2. Human study

As shown in the patient flowchart (Fig. 2), of the consecutive 142
patients with COPD who underwent U-HRCT and spirometry during an
exacerbation-free period in our hospital, 21 patients were excluded due
to abnormal radiological findings from causes other than COPD, such as
interstitial pneumonia, and 6 were excluded due to a history of lung
resection. In addition, 5 female subjects were excluded based on pre-
vious reports that found sex differences in airway dimensions [28,29].
A total of 110 patients were included in the present analyses. Table 2
shows the demographics of these patients. The mean ± SD value for
CTDIvol was 10.9 ± 3.0mGy.

Fig. 3 shows an example of U-HRCT image of a patient with COPD.
The 6th generation airways were commonly<2mm in diameter
(Fig. 3C), and these airways were more clearly visualized on U-HRCT
than conventional 512×512 images (Fig. 3D). The intraclass correla-
tion coefficients of the number of the 6th generation RB1 and RB10
airways that were manually identified by two observers, were 0.86 and
0.82, respectively. The Bland-Altman plots (Supplementary Figure A3)
also show that the inter-observer variability of the number of the 6th

generation in RB1 and RB10 segments was small (bias = -0.2 and -0.4,
respectively). The number of the 6th generation RB1 airways identifi-
able on U-HRCT was more than on conventional CT (Supplementary
Figure A4). Fig. 4 shows the distributions of internal diameters for the
3rd, 4th, 5th and 6th generation airways of the RB1 and RB10 segments.
The percentages of airways< 2mm in diameter in the 3rd, 4th, 5th, and
6th generations were 0, 4, 31, and 70% in the RB1 segment and 0, 10,
36, and 62% in the RB10 segment, respectively.

Fig. 1. Representative images of the
phantom tubes with conventional and
ultra-high-resolution CT. The internal dia-
meters are as follows: [#1] 3.0 mm, [#2]
2.0 mm, [#3] 1.6 mm, [#4] 1.3mm, [#5]
1.0 mm, [#6 and 7] 0.8 mm, and [#8] 0.5 mm.
The wall thickness was 0.7 mm for tube [#1],
0.5 mm for tubes [#2-6], and 0.3 mm for tubes
[#7 and 8]. (A) Conventional CT (512× 512
pixel size and 0.5 mm slice thickness). (B)
Ultra-high-resolution CT (U-HRCT,
1024× 1024 pixel size and 0.25mm slice
thickness) for the same tubes, and the locations
corresponded to those on the conventional CT.
U-HRCT, but not conventional CT, clearly vi-
sualized the lumen of tubes 1.0–2.0 mm in
diameter (#2-5).

Table 1
Errors in measuring the luminal areas of phantom tubes using conventional CT
with a 512× 512 matrix and ultra-high-resolution CT scans.

Conventional CT U-HRCT

Matrix size 512×512 1024×1024
Slice thickness 0.5mm 0.25mm
Error in measuring lumen area
ID=3.0 mm (WT=0.7mm) −25% 9%
ID=2.0 mm (WT=0.5mm) −30% −8%
ID=1.6 mm (WT=0.5mm) NA −1%
ID=1.3 mm (WT=0.5mm) NA −2%
ID=1.0 mm (WT=0.5mm) NA −24%
ID=0.8 mm (WT=0.5mm) NA −40%
ID=0.8 mm (WT=0.3mm) NA −80%
ID=0.5 mm (WT=0.3mm) NA NA

ID= internal diameter. WT=wall thickness. NA=not available.

Fig. 2. Patient flowchart. U-HRCT=ultra-high-resolution computed tomo-
graphy.

Table 2
Demographics of the study patients (n=110).

Age 73 ± 8

Height (cm) 165 ± 6
Weight (kg) 64 ± 10
Smoking history (former/current) 81/29
Pack-Years 64 ± 35
FEV1 (L) 1.79 ± 0.66
FEV (% of predicted) 67 ± 23
FVC (L) 3.38 ± 0.86
FEV1/FVC (%) 52 ± 13
LAV% (%) 31 ± 12

All patients were male. Data are expressed as the mean ± SD. FEV1 =
forced expiratory volume in 1 s. FVC= forced vital capacity. LAV% =
low attenuation volume percent.
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Based on the phantom data (Fig. 1 and Table 1), the mean-LA and
sum-LA were calculated from the data of all the airways> 1mm in
diameter. Table 3 summarizes the associations of the mean-LA and sum-
LA and number of airways for each of RB1 and RB10 segments with %
FEV1. Fig. 5 shows that the correlation between sum-LA and %FEV1 was
greater in the 6th generation than in the 5th generation (RB1: r= 0.45
vs 0.32 and RB10: r= 0.36 vs 0.31). Supplementary Table A1 shows
that the associations of sum-LA in the 6th generation of RB1 and RB10
segments with %FEV1 were still found even after adjusting for the sum-
LA by body surface area. Supplementary Table A2 shows that there was
close correlation between the sum-LA of the 6th generation airways in
both RB1 and RB10 segments and FEV1/FVC.

Table 4 shows the results of the multivariable linear regression
analyses. The sum-LA of the 6th generation airways in both the RB1 and
RB10 segments were associated with %FEV1 independent of LAV%.

4. Discussion

In this study, the phantom tube analyses provided evidence that
airways 1–2mm in diameter could be accurately quantified by U-HRCT
but not by conventional CT. Furthermore, the airway analyses for pa-
tients with COPD showed that the 6th generation airways were com-
monly< 2mm in diameter and that airflow limitation was more closely
associated with the sum-LA of the 6th generation airways than with the
sum-LA of the 4th and 5th generation airways and with the mean-LA of

airways of any generation.
This is the first study to provide evidence that U-HRCT with a

1024×1024 matrix and 0.25mm slice thickness enables the accurate
and direct evaluation of peripheral airways 1–2mm in diameter.
Indeed, the U-HRCT provided better visualization of the 6th generation
airways and allowed identifying the 6th generation airways more suf-
ficiently than conventional 512× 512 CT. In addition, an advantage of
this study is the evaluation of all 3rd to 6th generation RB1 and RB10
airways to minimize sampling bias within each segment. Strikingly, 70
and 62% of the 6th generation airways in the RB1 and RB10 segments
were<2mm in diameter, indicating that conventional CT is not ap-
propriate to quantitatively measure the 6th generation airways. In
contrast, computer-based quantitation of small airways 1–2mm in
diameter using U-HRCT has the potential to improve clinical manage-
ment for patients with COPD. We postulate that this new modality can
uncover longitudinal progression of peripheral airway disease in rela-
tion to progressive emphysema and can allow for sensitive detection of
pharmacological effects that cannot be readily evaluated by conven-
tional CT examinations of the central airways.

The number of the 6th generation airways of the RB1 and RB10
segments decreased as the %FEV1 decreased (r= 0.27 and 0.33, re-
spectively). This result extends upon previous findings that the total
airway count with conventional CT decreases as the severity of COPD
increases [4,16,30], and the number of terminal bronchioles on micro-
computed tomography decreases in COPD compared to that in controls

Fig. 3. Examples of ultra-high-resolution CT scans showing the lumens of the 3rd to 6th generation airways in a patient with COPD. (A) An airway tree was
extracted from the original ultra-high-resolution CT (U-HRCT) scan. (B) Multiplanar reconstruction was performed along the centre line of the extracted airway tree.
(C) All airways located at the 3rd to 6th generations of the right apical and basal posterior bronchus (RB1 and RB10) were evaluated, and their lumen sizes were
quantified. (D) Compared to the 6th generation airways on U-HRCT, these airways were less clearly visualized on conventional 512×512 CT with 0.5 mm slice
thickness. ID= internal diameter (mm).

N. Tanabe, et al. European Journal of Radiology 120 (2019) 108687

4



[3,4]. Furthermore, the finding that U-HRCT failed to visualize the
lumen of a phantom tube 0.5mm in diameter (Fig. 1) suggests that the
decrease in 6th generation airways in COPD might be because the 6th

generation may include extremely small airways< 0.5mm in diameter
or because those airways do not actually exist.

In addition to the mean-LA, we measured the sum-LA to incorporate
the effects of changes in the number of measurable airways of RB1 and
RB10 segments in the luminal narrowing assessment. Consequently,

among the correlations between FEV1 and the mean and sum-LA, the
sum-LA of the 6th generation airways had the greatest correlation
coefficients. Moreover, the multivariable linear regression analyses
showed that the sum-LA in the 6th generation airways of both the RB1
and RB10 segments were associated with %FEV1 independent of LAV%.
These findings suggest that the sum-LA of the 6th generation airways
can be a promising CT biomarker that sensitively reflects airflow in
COPD. Moreover, the finding that the association between the sum-LA
and FEV1 was stronger in the 6th generation than in the 4th and 5th

generations supports the hypothesis that small airways more strongly
contribute to airflow limitation in COPD than large airways [31,32].

Unlike the sum-LA, the associations between the mean-LA and FEV1

were not greater in the 6th generation than in the 5th generation. This
result is not consistent with a previous report that showed that the
mean-LA of the 6th generation was more strongly correlated with FEV1

than with any of the 3rd to 5th generations [13]. In addition to the
limited image resolution, this discrepancy can be explained by the
different sampling methods since the previous study analysed selected
airways and not all measurable airways.

This study used the iterative reconstruction method named FIRST.
While the FIRST method takes approximately 30min to generate all
1024×1024 matrix images at 0.25mm slice thickness for the entire
lung [17], the FIRST method helps improve the signal-to-noise ratio of
the images [22]. Indeed, the present results showed that the images
reconstructed using the FIRST method allows clear visualization and
accurate quantitative evaluation of peripheral airways 1–2mm in dia-
meter.

Fig. 4. Histogram of the internal diameters of the 3rd to 6th generation airways. Distributions of the internal diameters for the 3rd (A), 4th (B), 5th (C), and 6th (D)
generation airways. The 3rd generation= segmental bronchus. RB1 and RB10 indicate the right apical and basal posterior segments, respectively. The dashed lines
indicate an internal diameter of 2 mm. The percentages of airways< 2mm in diameter for the 3rd, 4th, 5th, and 6th generations were 0, 4, 31, and 70% in the RB1
segment and 0, 10, 36, and 62% in the RB10 segment, respectively.

Table 3
Pearson correlation coefficients between the CT measurements and airflow
limitation.

Generation RB1 RB10

Mean-LA 3rd 0.08 (-0.11, 0.26) 0.08 (-0.11, 0.27)
4th 0.18 (0.00, 0.36) * 0.14 (-0.05, 0.32)
5th 0.37 (0.29, 0.52) ** 0.23 (0.05, 0.40) *
6th 0.32 (0.14, 0.48) ** 0.16 (-0.03, 0.34)

Sum-LA 4th 0.16 (-0.03, 0.33) 0.15 (-0.04, 0.33)
5th 0.32 (0.14, 0.48) ** 0.31(0.13, 0.47) **
6th 0.45 (0.29, 0.59) ** 0.36 (0.18, 0.51) **

Number of Airways 5th −0.09 (-0.27, 0.10) 0.19 (0.00, 0.37) *
6th 0.27 (0.08, 0.43) ** 0.33 (0.16, 0.49) **

Mean lumen area (Mean-LA) and sum of lumen areas (Sum-LA) of each gen-
eration in right apical bronchus and posterior basal bronchus segments (RB1
and RB10) were calculated. Values are the Pearson correlation coefficients
(95% confidence interval) between percent of predicted forced expiratory vo-
lume in one second (%FEV1) and CT measures. * and ** indicate p < 0.05 and
p < 0.01, respectively.
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Some limitations need to be addressed. First, we confirmed the ac-
curacy of measuring lumen size on U-HRCT using phantom tubes but
not with the corresponding histology samples of human airways.
Second, we did not include non−COPD healthy controls. We were not
able to examine whether an airway<2mm in diameter could be found
in the 6th generation, even in healthy controls. Third, we did not in-
clude females with COPD. It is unclear whether the present data can be
applied to females with COPD. Fourth, because the iterative re-
construction potentially underestimates LAV% [33], the degree of
emphysematous change on U-HRCT reconstructed using the FIRST
method might be underestimated in this study.

In conclusion, the accurate computer-based U-HRCT quantitation of
airways in patients with COPD revealed that the 6th generation airways
in COPD are commonly<2mm in diameter and that the total cross-
sectional lumen area of the 6th generation airways is a useful CT bio-
marker that reflects airflow limitation. The direct evaluation of per-
ipheral airways 1–2mm in diameter should be incorporated into a fu-
ture study of COPD.
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