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Abstract

Purpose. The aim of this study was to measure the
volume of each pulmonary segment by volumetric com-
puted tomography (CT) data using a newly developed
three-dimensional software application and to identify
the differences between those with chronic obstructive
pulmonary disease (COPD) and controls.

Materials and methods. CT scans of 11 COPD patients
and 16 controls were included. The volume of each pul-
monary segment was measured by each of two operators
to evaluate the reproducibility of the software. This mea-
sured volume was then divided by the total lung volume
to revise individual variations.
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Results. Volumes of the right (rt) S2, rt S5, left (It) S1 +
S2, It S3, and It S5 were significantly larger in COPD
patients than in controls (P < 0.05). Regarding the ratio
of the volume of each pulmonary segment per total lung
volume, the areas of rt S2 and It S1 + S2 were signi-
ficantly larger in COPD patients than in controls
(P < 0.05), whereas It S10 was significantly smaller in
COPD patients than in controls (P < 0.05).

Conclusion. We measured the volume of each pulmonary
segment based on volumetric CT data using this soft-
ware. In addition, we demonstrated that the upper lung
volume of COPD subjects was larger than that of con-
trols, whereas the lower lung volumes were almost the
same.

Key words Chronic obstructive pulmonary disease -
Computed tomography - Pulmonary segment

Introduction

Chronic obstructive pulmonary disease (COPD) is a
disease state characterized by airflow limitation that is
not fully reversible.' The chronic airflow limitation in
COPD is caused by a mixture of small airway disease
(obstructive bronchiolitis) and parenchymal destruction
(emphysema), the relative contributions of which vary
from person to person. Chronic inflammation causes
remodeling and narrowing of the small airways. Destruc-
tion of the lung parenchyma, also by inflammatory pro-
cesses, leads to the loss of alveolar attachments to the
small airways. A diagnosis of COPD should be con-
firmed by an objective measure of airflow limitation.'
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Airflow limitation is measured by spirometry, as this
is the most widely available, reproducible, and standard-
ized test of lung function. Forced expiratory volume in
1 s (FEV )/forced vital capacity (FVC) < 70% and a post-
bronchodilator FEV, < 80% predicted confirms the pres-
ence of airflow limitation that is not fully reversible. The
four-stage classification based on postbronchodilator
FEV, of COPD severity used throughout the Global
Initiative for Chronic Obstructive Lung Disease (GOLD)
guideline' provides an educational tool and a general
indication of the approach to management.

Computed tomography (CT) in COPD is used to
evaluate emphysema by detecting low attenuation areas
(LAAS); thus, the role of CT has been well established.”™
Recent progress in CT technology has made it possible
to detect and quantify faint airway abnormalities.>”
Longitudinally increasing changes in LAA in smoking-
induced lung disease have been observed, predominantly
in the upper lung field.® However, there are no reports
of having evaluated pulmonary segmentation volumes
using CT in any pulmonary disease, including COPD.

The aim of this study was to measure the volume of
each pulmonary segment based on volumetric CT data
using a newly developed software application and to
identify the differences between those with COPD and
controls.

Materials and methods

Subjects

Between November 2005 and May 2006, a series of 11
consecutive patients with COPD and 16 controls who

underwent pulmonary function tests and CT at our insti-
tutions were entered into the study. The patients with
COPD included 10 men and 1 woman aged 68 £ 5 years
(mean = SD) (range 59-77 years). The subjects were
either current smokers (n = 8) or former smokers (n = 3).
The controls included 6 men and 10 women aged 54 +
15 years (mean = SD) (range 19-72 years). The subjects
were either current smokers (n = 3) or had never smoked
(n=16). The institutional review board gave full approval
and waived informed consent for our retrospective
study.

A diagnosis of COPD was made based on the Global
Initiative for Chronic Obstructive Lung Disease (GOLD)
guideline.! Subjects who had an allergic diathesis, an
episodic wheeze, or a history of bronchial asthma were
excluded from this study. Patients with COPD in various
clinical stages according to the GOLD criteria (stage I,
n = 6; stage I, n = 2; stage III, n = 1; stage IV, n = 2)
were enrolled. The subjects’ characteristics are shown in
Table 1.

Pulmonary function tests

Pulmonary function tests were performed within a month
before CT or after CT. The spirometric measurements
were made on a pneumotachograph (Chestac-33; Chest,
Tokyo, Japan). The results of the pulmonary function
tests met the requirements of the Japanese Respiratory
Society guidelines,” which are similar to those of the
American Thoracic Society (ATS). FEV, and FVC were
measured before and 15 min after inhalation of a short-
acting B,-agonist (20 pg procaterol hydrochloride). The
vital capacity (VC) and FEV, were expressed as a per-
centage of predicted values according to the prediction

Table 1. Characteristics of COPD patients and controls

Characteristic Patients with COPD (mean) Controls (mean)
Age (years) 685 54 &+ 15*
Height (cm) 166 + 7 158 +9
Weight (kg) 58+7 6013
Smoking index (pack-years) 98.0 £ 144.7 217+ 1.4*
vC () 3421095 3.15+£1.07
VC (% predicted) 103.0 £ 24.8 111.6 +18.7
FEV, () 1.89£0.93 242 +0.85
FEV,/FVC (%) 53.6+194 77.7+6.37*
FEV, (% predicted) 75.5+35.6 107.1 £ 18.1*
RV/TLC (%) 312+ 104 26.7+7.82
DLco/VA (ml/min/mmHg/l) 473 £1.27 4.85+£0.87

COPD, chronic obstructive pulmonary disease; VC, vital capacity; FEV,, forced expiratory
volume in 1s; FVC, forced vital capacity; RV, residual volume; TLC, total lung capacity;
D1co, carbon monoxide diffusion in the lung; VA, alveolar ventilation

Data are shown as means + SD

FVC and FEV, tests were performed after the inhalation of a short-acting B,-agonist

* P < (.05 vs controls
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equations of the Japanese Respiratory Society.” Lung
volumes, total lung capacity (TLC), functional residual
capacity (FRC), and residual volume (RV) were mea-
sured by the helium closed-circuit method. Carbon mon-
oxide diffiising capacity (DLCO) and DLCO divided by
alveolar volume (VA) were measured with the single-
breath method according to the pulmonary function test
guidelines of the Japanese Respiratory Society.” The
percent predicted values for DLCO and DLCO/VA were
determined using the method of Nishida et al."

Computed tomography techniques

All CT scans were performed at the end of inspiration
with the patient in the supine position; no intravenous
contrast material was used. All CT images were acquired
on a l6-detector row CT scanner (LightSpeed Ultra
system; GE Healthcare, Milwaukee, WI, USA). Scan-
ning parameters were 120 kVp and 200 mA. Scanning
was performed using a pitch of 1.375:1.0, a 0.6-s scan-
ning time per rotation, a table speed of 13.75 mm/rota-
tion, and a detector configuration of 0.625 x 16 mm. The
CT data for each phase were retrospectively recon-
structed using a standard algorithm at a reconstruction
interval of 0.625 mm with 0.625 mm section thickness
(window level —600 HU,; window width 1500 HU). The
imaging data were transferred automatically to a work-
station (Virtual Place version 2.03; Aze, Tokyo, Japan)
in a 512 x 512 pixel format online.

Outline of software for calculation of volume of
pulmonary segments

For this study, we developed new software for measur-
ing the volumes of pulmonary segments. The software
was produced as a plug-in of Virtual Place version 2.03
(Aze) with Visual Studio .NET 2003 C++ (Microsoft,
Edmond, WA, USA). The lung three-dimensional (3D)
images from CT were obtained by threshold processing
(Fig. 1). At first, both lungs were separated into two or
three lobes along the lung interlobar fissures. We used
the sheet filter, a 3D line enhancement filter, that was
developed with the aim of discriminating line structures
from other structures and recovering line structures of
various widths."" Furthermore, we improved the sheet
filter to emphasize only the fissures (Fig. 2). Emphasized
fissures (Fig. 2) had some holes and areas lacking in each
extracted fissure. Therefore, emphasized fissures were
interpolated by the thin plate spline method. The thin
plate spline method, a general algorithm for interpola-
tion in multidimensional space, is a conventional tool for

surface interpolation over scattered data.'>” The inter-’

Fig. 1. Lung mask image. Three-dimensional (3D) computed
tomography (CT) images of the lung were obtained by threshold
processing

Fig. 2. Emphasized image by the sheet filter method. Note that
the emphasized image had many areas of noise

polated fissures were then used as boundary surfaces
between lobes (Figs. 3, 4).

Borders of segments were anatomically defined as the
virtual surfaces where subsegmental veins run. Thus, to
determine the borders, we first used previously devel-
oped vessel-tracking software. The details of vessel-
tracking software show a user how to set the initial
tracking point and orientation, and the software then
automatically tracks center lines and determines branch
and terminal points as well as new points and orienta-
tions at the detected branch points for restarting the
tracking. The operator sets the initial tracking point of
the subsegmental veins on a CT image (Fig. 5) and saves

_14_
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Fig. 3. Interpolated fissures. Processed image with the thin plate
spline method from an extracted fissure image

Fig. 4. Lung lobe image at the 3D workstation. The lung mask
image (Fig. 1) was divided into lung lobes using interpolated fis-
sures. The right lung was divided into three lobes and the left one
into two lobes

the tracking root of each subsegmental vein in XML
format (Fig. 6). The virtual surfaces of segments are
formed from the saved tracking roots of the subsegmen-
tal veins and are interpolated using the thin plate spline
method. Using these borders, the lung lobes are divided
into pulmonary segments on a 3D image (Fig. 7). Voxels
of each pulmonary segment can then be calculated auto-
matically and described as the volume of the pulmonary
segment. Furthermore, with the multiplanar reconstruc-
tion imaging (MPR) view, the user can view the image
of the colored pulmonary segment (Fig. 8).

Fig. 5. Tracking root (gray line) of a subsegmental vein on a CT
image

Fig. 6. Image of a tracing purpose subsegmental vein. The track-
ing root of a subsegmental vein is shown in XML format

Analysis of pulmonary segmentation volume

The CT scans were randomized, and then each volume
of pulmonary segment was measured by each of two
operators (developer and chest radiologist) indepen-
dently to evaluate the reproducibility of this software.
The operators were unaware of any clinical findings
other than the patient’s age and sex. Data for each
volume of the pulmonary segment measured by the soft-
ware was analyzed for statistical differences between the
COPD group and the controls. Furthermore, each
volume of the pulmonary segment was divided by the
total of the two lung volumes to revise individual
variations.
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Fig. 7. Pulmonary segment images at a 3D workstation. The lung lobe image (Fig. 4) was divided into pulmonary segments using traced

subsegmental vein data. a Front view. b Right view. ¢ Left view

Fig. 8. Multiplanar reconstruction (MPR) fusion images of a coloring pulmonary segment. a Axial view. b Sagittal view. ¢ Coronal

view

Statistical analysis

The reproducibility of this software was analyzed with a
Bland-Altman plot, using Excel (Microsoft) software.
Furthermore, correlation of two data points was ana-
lyzed using Pearson’s correlation coefficient. The data of
the developer are shown as the mean + SD. Differences
between two variables were assessed using the Mann-
Whitney U-test. All statistical analyses were performed
with statistical software (SPSS, version 12.0J; SPSS,
Tokyo, Japan).

Results
Reproducibility of software
The results of the Bland-Altman plot between the two

operators are shown in Fig. 9. The x-axis of this graph
displays the mean of two pulmonary segmentation

volumes. The y-axis displays the difference between the
two pulmonary segmentation volumes. The mean differ-
ence between the two operators was 0 cm’ (Fig. 9). The
limits of reproducibility were -83.33 and 83.33 cm’
(mean = 2 SD) (Fig. 9). There was statistically good cor-
relation between the data (P < 0.001, r = 0.948).

Pulmonary segmentation volume

The pulmonary segment volumes in patients with COPD
and the controls are shown in Table 2. In the upper lobe
of the right lung, the volume of the posterior segment,
S2, in patients with COPD was significantly larger than
in the controls (P < 0.05) (COPD vs. control subjects 235
+ 92 vs. 122 + 50 cm®). In the middle lobe, the volume
of the medial segment, S5, in patients with COPD was
significantly larger than that in the controls (P < 0.05)
(COPD vs. control subjects: 352 + 116 vs. 231 + 94 cm?).
In the lower lobe of the right lung, the volumes of all
segments in patients with COPD did not differ from
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Fig. 9. Bland-Altman plot of &S 400
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Table 2. Pulmonary segmentation volume of COPD patients and controls
Segmentation Patients with COPD (n =11) Controls (n = 16) P
Right lung (cm®) (cm®)
Upper lobe
S1 466 £ 191 (9.6% £ 3.2%) 334 £ 93 (9.3% £ 2.3%) 0.076 (0.980)
S2 235+ 92 (4.9% % 1.5%) 122 + 50 (3.5% % 1.8%) 0.002* (0.032%)
S3 357 £ 130 (7.7% = 2.7%) 269 + 98 (7.5% £ 2.7%) 0.114 (0.786)
Middle lobe
S4 110 £ 59 (2.3% £ 1.1%) 102 + 46 (2.9% * 1.7%) 0.675 (0.444)
S5 352+ 116 (7.4% % 1.8%) 231 £ 94 (6.3% £ 2.0%) 0.020* (0.191)
Lower lobe
S6 235+ 59 (5.1% % 1.5%) 234 £ 114 (6.2% * 2.0%) 0.604 (0.191)
S7 64 £ 43 (1.4% + 0.9%) 66 = 43 (1.7% + 0.9%) 0.980 (0.289)
S8 235 + 84 (4.9% * 1.4%) 207 + 93 (5.5% £ 1.5%) 0.267 (0.416)
S9 188 + 88 (4.0% + 1.8%) . 179 + 94 (4.8% % 1.9%) 0.711 (0.312)
S10 276 £ 103 (5.8% + 1.5%) 255+ 102 (6.9% + 1.7%) 0.604 (0.109)
Left lung
Upper lobe
S1+2 451 £ 123 (9.7% % 2.1%) 300 £ 101 (8.1% % 1.2%) 0.001* (0.014%)
S3 404 £ 162 (8.3% + 2.3%) 270 £ 101 (7.5% + 2.3%) 0.026* (0.361)
S4 208 + 96 (4.5% + 2.0%) 143 + 51 (4.0% £ 1.5%) 0.057 (0.824)
S5 266 + 113 (5.6% + 2.1%) 178 + 88 (4.8% + 1.8%) 0.028* (0.227)
Lower lobe
S6 228 + 62 (4.9% * 1.4%) 188 £ 77 (5.1% £ 1.5%) 0.191 (0.748)
S8 218 + 109 (4.6% + 1.8%) 160 + 78 (4.2% + 1.4%) 0.175 (0.604)
S9 259+ 103 (5.4% + 1.8%) 238 + 119 (6.4% £ 2.6%) 0.587 (0.416)
510 190 £ 87 (3.9% + 1.4%) 210 £ 129 (5.6% * 2.4%) 0.941 (0.034%)

Data are shown as means = SD

Data in parentheses are percentages of the pulmonary segmentation volume divided by the total of both lung volumes

Data in parentheses for the P value are against data divided by the total of both lung volumes

* P < 0.05 vs controls

those of the controls. In the upper lobe of the left lung,
the volumes of the apicoposterior segment, S1+2, the
anterior segment, S3, and the inferior lingular segment,
S5, in patients with COPD were significantly larger than
in the controls (P < 0.05) (§1+2: COPD vs. control sub-
jects 451 + 123 vs. 300 + 101 cm’; S3: COPD vs. control
subjects 404 + 162 cm® vs. 270 + 101 cm®; S5: COPD vs.
control subjects 266 + 113 cm’ vs. 178 + 88 cm”). In the
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lower lobe of the left lung, the volumes of all segments
in patients with COPD did not differ from those of the
controls.

Regarding each volume of pulmonary segment/total
lung volume ratio, the areas of the right (rt) S2 and left
(It) S142 in COPD patients were significantly larger than
those in the controls (P < 0.05) (rt S2: COPD vs. control
subjects 4.9% £ 1.5% vs. 3.5% % 1.8%; 1t S1+2: COPD



