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Abstract
Background: Chronic Obstructive Pulmonary Disease (COPD) can be divided into emphysema dominant, airway dominant, or mixed phenotypes using CT.
Objective: We aimed to classify subjects with COPD in Tokyo based on CT findings and to investigate how these findings relate to clinical manifestation.

Methods: The percentage of lung low attenuation area (WLAA) on chest CT was used to evaluate emphysema while airway wall thickness (Pi10) was used to evaluate
airway disease. We introduced PVA on chest CT as an index of pulmonary vessel area. Reference ranges of %LAA and Pi10 were established based on chest CT
normal subjects. Subjects with COPD were divided into four phenotypes using upper limits of reference ranges. Correlation between clinical findings and quantitative
CT parameters were estimated. The proportions of each phenotype were evaluated based on Chronic Obstructive Lung Disease (GOLD) assessment.

Results: Reference ranges were established based on 14 chest CT normal subjects. Twenty-five subjects with COPD were classified as emphysema dominant
phenotype (52%), mixed phenotype (24%), airway dominant phenotype (12%), and CT normal phenotype (12%). %LAA correlated with FEV,/FVC more than
with Pi10 and %PVA. CAT and mMRC scores significantly correlated with FEV,/FVC. No differences in the proportions of each phenotype were observed upon

GOLD assessment.

Conclusion: The emphysema dominant COPD phenotype was the most prevalent in Tokyo.

Abbreviations: COPD: Chronic Obstructive Pulmonary Disease;
CT: Computed Tomography; GOLD: Global Initiative for Chronic
Obstructive Lung Disease; LAA: Low Attenuation Area; FEVI: Forced
Expiratory Volume in one second; FVC: Forced Vital Capacity; CAT:
COPD Assessment Test; mMRC: modified Medical Research Council;
HU: Hounsfield Unit; Pil0: square root of wall area of a 10-mm lumen
perimeter; %FEV : percent predicted Forced Expiratory Volume in
one second; PVA: Pulmonary Vessel Area; QOL: Quality Of Life; ULN:
upper limit of normal

Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a common,
preventable, and treatable disease that is characterized by persistent
respiratory symptoms and airflow limitation that is due to airway and/
or alveolar abnormalities usually caused by significant exposure to
noxious particles or gases [1]. In addition to the considerable morbidity
and mortality associated with COPD, this disease incurs significant
healthcare and societal costs [2]. The chronic airflow limitation,
characteristic of COPD, is caused by a mixture of parenchymal
destruction (emphysema) and small airways disease (e.g., obstructive
bronchiolitis). Emphysema is the pathological lesion that correlates
most closely with loss of lung elastic recoil, while the airway component
is characterized by thickening and narrowing of the membranous
bronchioles [3]. Quantitative computed tomography (CT) has been used
to quantify the extent of emphysema and airway wall thickness [3-5].

Classifying patients with COPD into the emphysema dominant,
airway dominant, or mixed phenotypes may aid in the study of its
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pathogenesis, pharmacological interventions and, ultimately, in
the choice of patient-specific therapy [3]. We hypothesize that the
phenotype of COPD varies depending on the geographical region.
However, such a study has not been done yet.

The aim of this study is to use CT quantitative measurements
to classify subjects with COPD in Tokyo into four phenotypes:
emphysema dominant, airway dominant, mixed phenotype, or normal
phenotype, and then examine how they are related to the severity
of airflow limitation and ABCD assessment by Global Initiative for
Chronic Obstructive Lung Disease (GOLD) [1].

Materials and methods

Study subjects

The subjects were recruited while visiting the Tokyo Medical and
Dental University Medical Hospital for treating COPD (subjects with
COPD) or other diseases (chest CT normal subjects), who underwent
chest CT examination. Subjects with severe liver, kidney, heart, or
blood disease, or with other serious complications, and subjects

*Correspondence to: Yuki Sumi, MD, PhD, Respiratory and Nervous System
Science, Graduate School of Medical and Dental Sciences, Tokyo Medical and
Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519, Japan, Tel:
+81-3-5803-5372; Fax: +81-3-5803-0165; E-mail: sumi-alg@umin.ac.jp

Key words: COPD, emphysema, small airway desease, %FEV
Received: February 27, 2019; Accepted: March 10, 2019; Published: March 21,2019

Volume 2: 1-7



Miyoshi T (2019) Phenotype classification of Chronic Obstructive Pulmonary Disease in Tokyo

whose attending physician regarded as inappropriate for the study
were excluded. Subjects without 1.0 mm thickness CT images were
excluded. Also, subjects with COPD with abnormal findings other than
low attenuation area (LAA) or airway wall thickening on the CT slice
to be analyzed were excluded. Subjects showing normal findings on the
CT slice to be analyzed were selected as chest CT normal subjects.

COPD was defined according to the GOLD criteria [1]: a
postbronchodilator FEV /FVC (forced expiratory volume in one
second /forced vital capacity) ratio below 0.70. Informed written
consents were obtained from all subjects.

Pulmonary function tests

Spirometry measurements were carried out using the
Autospirometer System21 [MINATO MEDICAL SCIENCE CO., LTD.
Osaka, Japan] according to the Japanese Respiratory Society guideline [6].

Symptom assessment

Health status measures were obtained from the COPD assessment
test (CAT) [7] and the modified Medical Research Council (mMRC)
questionnaire [7].

The CAT assesses several aspects affecting COPD patients, ranging
from symptoms, health status, and well-being [7]. Each item presents
with a rating ranging from the best (score of 0) to the worst (score of
5) for that statement. The scores for each of the 8 items are then added
up to give one final score (with a minimum of 0 and a maximum score
of 40). Higher values of the total CAT score imply poor health status
of the individual. We categorized 8 items into three categories; daily
symptoms (cough, phlegm, and chest tightness), activity limitation
(breathlessness and activities), and emotional health and feeling
(confidence, sleep, and energy).

The mMRC dyspnea score is obtained from a questionnaire
consisting of five statements, which provide a measure of perceived
breathlessness [7]. High mMRC scores signify severe breathlessness.

CT scanning

All patients were scanned, by using the 64-slice CT scanner, Toshiba
Aquilion TSX-101A (Toshiba Corp, Tokyo, Japan), while holding their
breath at deep inspiration. Scan data were obtained in spiral mode
setting 120 kVp 500 mA. The CT images were reconstructed with
1.0 mm thickness and 512 x 512 matrix and then exported as Digital
Imaging and Communications in Medicine (DICOM) [Medical
Imaging & Technology Alliance (MITA), VA, USA] files.

Quantification of emphysema

All CT images were analyzed using the Image J 1.50i software
(Wayne Rasband National Institutes of Health, USA; https://image;j.
nih.gov/ij/). Three slices were selected from the upper lung field (1 cm
above the aortic arch) (Figure 1a), the middle lung field (1 cm below
the trachea bifurcation), and the lower lung field (1 cm below the lower
right pulmonary vein).

To obtain areas of lung fields, we manually surrounded the left
and right lung fields (total of 6 lung fields) using the Image J software
(Figure 1b). The extent of emphysema was assessed by measuring the
percentage of lung area with low attenuation area (%LAA) < -950
Hounsfield units (HU) [8]. The areas of LAA in the same lung fields
were calculated by using the image J software (Figure 1c). %LAA was
calculated by dividing the total area of LAA by the total area of lung fields.
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Quantification of large pulmonary vessels

The %PVA (pulmonary vessels area) was calculated in the same
lung fields as the %LAA. We defined PVA as > -700 HU. PVA was
mainly composed of pulmonary vessels (Figure 1d). The percentage
PVA (%PVA) was calculated by dividing the total area of PVA by the
total area of lung fields.

Quantification of airway wall thickness

We selected 8 airways in the subsegmental and subsubsegmental
bronchi in the right superior lobe apical segment, left superior lobe
apical-posterior segment, and right and left inferior lobe posterior-
basal segment for each patient based on previous studies [9,10]. To
overcome possible errors from sampling bias and from airway size
variation in different individuals, a standardized measure for airway
wall thickness was derived for each subject by plotting the square root
of the airway wall area against the internal perimeter of each airway
cut in cross-section [4,8-13] (Figure le, 1f). The resulting regression
line was used to predict the square root of the wall area of an arbitrary
airway with an internal perimeter of 10 mm and to calculate its average
wall thickness (Pil10) (Figure 1f) using TREND function of Microsoft
Excel for Mac 2011 version 14.4.8.

COPD phenotypes

As previously reported, subjects with COPD can be divided into
four groups based on their CT measurements [3,12]. We set upper
limits of normal (ULN) for the CT measurements of %LAA and Pil0
from chest CT normal subjects.

%LAA from chest CT normal subjects did not show normal
distribution. To obtain a reference range of %LAA, results from normal
subjects were transformed to a more normal distribution using Box-
Cox transformation [14]. The one-parameter Box-Cox transformation
was defined as:[14]

y -1

s

V!;\I -

ifa =0
After confirming a normal distribution of the Box-Cox transformed
values by D’Agostino and Pearson omnibus normality test, the Box-

Cox transformed reference range was set as the average transformed
value + 2 standard deviation (SD).

Pi10 from chest CT normal subjects showed normal distribution,
therefore, a reference range was set as an average value + 2SD.

The four groups were: emphysema dominant phenotype, %LAA >
ULN (upper limit of normal) and Pi10 < ULN (upper limit of normal);
airway dominant phenotype, %LAA < ULN (upper limit of normal)
and Pil0 > ULN (upper limit of normal); mixed phenotype, %LAA >
ULN (upper limit of normal) and Pil0 > ULN (upper limit of normal);
and CT normal phenotypes, %LAA < ULN (upper limit of normal) and
Pi10 < ULN (upper limit of normal); respectively.

Correlation between FEV /FVC (%) and quantitative CT
parameters in subjects with COPD

In order to evaluate the relationship between pulmonary function
and changes in pulmonary structure, the correlation between FEV /
FVC and quantitative CT parameters (%LAA, Pil0, and %PV A) were
examined by the Spearman’s rank correlation coefficient.
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Figure 1. Determination of total lung area, LAA, PVA, and Pil0 on CT.

(a) Upper right lung area of subjects with COPD on CT image.
(b) Manually surrounded lung total area of (a).

(c) Lung area of (a) with the threshold values <-950 HU (LAA).
(d) Lung area of (a) with the threshold values > -700 HU (PVA).
(e) Measurement of bronchi.

(f) Linear regression after plotting the square root of the airway wall area against the internal perimeter.

Correlation of CAT and mMRC with FEV /FVC, %LAA, and
Pi10 in subjects with COPD

The relationships between health status and pulmonary function
or changes in pulmonary structure were examined by the Spearman’s
rank correlation coefficient.

GOLD assessment

Subjects were stratified by using the GOLD 2019 comprehensive
assessment [1]. Subjects were stratified on the severity of airflow
limitation; grade 1 (FEV, > 80% predicted), grade 2 (50% < FEV, < 80%
predicted), grade 3 (30% < FEV, < 50% predicted), grade 4 (FEV, <
30% predicted). Subjects were also stratified based on symptom burden
and risk of exacerbation. Symptom burden with a score (nMRC grade
0-1 and CAT < 10) results in two low-symptom categories (group A
and group C), and with a score (nMRC grade >2 or CAT 2 10) results
in two high-symptom categories (group B and group D). Exacerbation
risk was assessed only by COPD exacerbation history in the previous
year (0 vs 21 hospitalization); this allowed stratification of patients
into low-risk categories (group A and group B) and high-risk (group
C and group D) categories. In the two categories of GOLD grade and
group, we examined the proportion of emphysema dominant, airway
dominant, mix, and normal phenotypes of COPD.
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Statistical analyses

Statistical analyses were carried out using the GraphPad Prism
version 5.0 (GraphPad Software, San Diego, USA). D’Agostino and
Pearson omnibus normality test was used to examine the normality of
CT parameters for chest CT normal subjects. The Mann-Whitney's U
test or the Chi-square test was used to compare groups. The Spearman’s
rank correlation coeficient was used to evaluate relationships between
variables.

The values of A in the Box-Cox transformations were calculated
using the “power Transform function” in the “car” package in R ver.
3.4.1 (The R Foundation for Statistical Computing R; https://www.r-
project.org/foundation/) with EZR ver. 1.36 (Saitama Medical Center,
Jichi Medical University) [15], a graphical user interface for R used to
import data. P < 0.05 were regarded as statistically significant.

This study was approved by the ethics committee of the Tokyo
Medical and Dental University (approval number M295-554).

Results

Subjects characteristics

Among the 44 subjects recruited, 3 subjects were excluded because
CT images of 1.0 mm thickness were not obtained while 2 subjects were
excluded because fibrosis was observed on CT image.
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Table 1. Subject characteristics

chest CT normal subjects

(n=14)
Age 64.6+10.9
BMI 21.8 £2.66
Pack-Years 13.2+29.3
CAT (total) 9.36 +10.0
CAT (daily symptom) 3.93+4.14
CAT (activity limitation) 2.93+2.76
CAT (emotional health and feeling) 2.50+3.84
mMRC 0.36+0.84
FEV /FVC (%) 73.4+2.65
%FEV, 96.7 % 7.09
%LAA 0.44 +£0.62
Pil0 (mm) 3.26+0.11
%PVA 6.06 + 1.52

Data are mean = SD
Comparisons between two groups were carried out by Mann-Whitney's U test.

COPD

(n=25) p value
72.2+6.54 0.016
22.1+£3.28 0.97
65.5+33.1 <0.0001
8.84+£5.90 0.62
3.56+2.53 0.71
3.04+1.97 0.54
2.24+£2.50 0.67
1.04+£1.02 0.01
514+11.9 <0.0001
67.3+24.7 0.0020
10.1£10.1 <0.0001
34+0.22 0.029
588+1.4 0.69

COPD, chronic obstructive pulmonary disease; BMI, body mass index; CAT, COPD Assessment Test; mMRC, modified Medical Research Council; FEV |, forced expiratory volume in
one second; FVC, forced vital capacity; %LAA, percentage of low attenuation area; Pil0, square root of wall area of a 10-mm lumen perimeter; %PVA, percentage of pulmonary large vessels area

The characteristics of the 25 subjects with COPD and 14 chest
CT normal subjects are shown in Table 1. Subjects with COPD were
significantly older and had more pack-years of smoking history when
compared with chest CT normal subjects. The spirometry results from
subjects with COPD showed obstructed lung disorder. The pack-years
and mMRC score were significantly higher in subjects with COPD. The
CAT score was higher in subjects with COPD, however, their difference
was not significant. The airway wall thickness, assessed by Pil0, was
thicker and the extent of emphysema, assessed by %LAA, were more
severe in subjects with COPD when compared with those of subjects
with normal chest CT (p < 0.05).

Comparisons data among CT-based phenotypes

Based on the ULN for %LAA and Pil0 the following classification
of the 25 subjects was done: emphysema dominant phenotype (n = 13,
52%), airway dominant phenotype (n = 3, 12%), mixed phenotype (n
= 6, 24%), and normal phenotype (n = 3, 12%). Figure 2 shows the
distribution of subjects with COPD in relation to %LAA and Pil0.

Table 2 shows the correlation of subject characteristics and CT
parameters in subjects with COPD. With regards to FEV /FVC, a
stronger correlation was observed with %LAA than with Pil0 (Figure
3a, 3b). The %PV A had a negative correlation with %LAA but it had a
positive correlation with Pil0 and FEV /FVC (Figure 3c).

Table 3 shows the correlation of CAT and mMRC with FEV /FVC,
%LAA, and Pil0 in subjects with COPD. The total CAT and mMRC
scores had significant negative correlations with FEV ,/FVC (Figure 3d,
3e). After CAT stratification, FEV /FVC correlated significantly with
the daily symptoms and activity limitations but not with the emotional
health and feelings of subjects (Table 3). The %LAA and Pil0 did not
correlate significantly with CAT or mMRC (Table 3).

The proportion each phenotype of COPD in the two categories of
GOLD grade (1, 2, 3, 4) and group (A, B, C, D) are shown in Figure
4. There were no significant differences in the percentage of the four
phenotypes among the GOLD grades and groups.

Discussion

Based on the ULNSs for %LAA and Pil0, subjects with COPD were
classified into four distinct phenotypes; over half was classified as the
emphysema dominant phenotype. We had hypothesized that there
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were many emphysema dominant patients in Tokyo, and this study
confirmed our assumption. Previous studies investigated the ratio of
each phenotype in some regions [3,12,16]. They also showed that the
emphysema dominant phenotype accounts for the largest proportion of
COPD type in Kyoto and Shiga, Japan, and in Ho Chi Minh, Vietnam.

Our study showed that FEV /FVC and %FEV, correlated with the
%LAA more than with Pil0. Our result was consistent with previous
studies [10,12,17].

Since the GOLD grade classification of airflow limitation is based
on %FEV , we hypothesized that the proportion of emphysema type
increased as airflow limitation grade progressed. Although we could
not find significant differences among grades, we could not draw
conclusions because of the low numbers in each grade.

Patients with frequent exacerbations belong to group C or D in
the GOLD classification. We had hypothesized that the proportion
of airway dominant or mixed COPD phenotype is larger in patients
with frequent exacerbations because inflammation in the bronchi is
supposed to be involved in COPD exacerbation. However, no COPD
patients with frequent exacerbation were recruited in this study and,
therefore, we could not draw any conclusion.

The CAT total score correlated significantly with FEV /FVC.
In addition to an overall score, we further stratified the CAT
questionnaire to identify specific areas of greater severity as the
consequence of impaired respiratory physiological functions and
pulmonary morphological changes. As the result, the respiratory
physiological functions (FEV1/FVC) was significantly correlated with
daily symptoms, and activity limitation.

We think that the decrease in quality of life (QOL) of patients with
COPD in Tokyo is more related to FEV /FVC than to emotional health
and feeling. Our results would provide the basis for further research
about the regional differences on COPD.

In COPD, blood vessels are lost with pulmonary parenchyma. We
introduced PVA as the novel index of pulmonary vessel area. PVA is
supposed to mainly reflect the area of large pulmonary vessels. Our
findings that %PV A was decreased as COPD progressed demonstrate
that %PVA can be a good marker of the proportion of pulmonary
blood area. Future studies can, therefore, utilize PVA for pulmonary
circulation research such as pulmonary blood pressure or cardiac
function in COPD research.
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Table 2. Spearman’s rank correlation coefficient for %LAA, Pil0 and %PVA in subjects with COPD

%LAA Pil0 %PVA

r p P r p
Age -0.32 0.11 -0.05 0.78 0.066 0.75
BMI -0.12 0.57 0.57 0.11 0.61
Pack-years -0.20 0.37 0.43 0.37 0.083
FEV /FVC -0.38 0.06 -0.077 0.72 0.22 0.28
%FEV, -0.24 0.25 -0.16 0.50 0.033 0.88
%PVA -0.34 0.09 0.39
Table 3. Spearman’s rank correlation coefficient between CAT, mMRC and FEV /FVC , %LAA, Pil0 in subjects with COPD

FEV,/FVC %LAA Pil0

r P P r P
CAT (total) -0.51 0.009 0.36 0.18 0.38
CAT (daily symptom) -0.43 0.030 0.40 0.18 0.39
CAT (activity limitation) -0.56 0.003 0.40 0.085 0.69
CAT (emotional health 035 0.087 0.064 0.76 0.044 0.84
and feeling )
mMRC -0.47 0.018 0.010 0.97 0.15 0.46

BMI: body mass index; CAT: COPD Assessment Test; mMRC: modified Medical Research Council; FEV: forced expiratory volume in one second; FVC: forced vital capacity; %LAA:
percentage of low attenuation area; Pil0: square root of wall area of a 10-mm lumen perimeter; %FEV ; %PVA: percentage of pulmonary vessels area
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Figure 2. Relationship between Pil0 and the %LAA.
Filled symbols represent subjects with COPD (n = 25), open symbols represent chest CT normal subjects (n = 14).
Vertical line shows mean + 2SD of %LAA of the chest CT normal subjects (upper limits of normal (ULN)). Horizontal line shows the mean + 2SD of Pi10 of the chest CT normal subjects
(ULN). Using these cut-off values, subjects with COPD can be divided into 4 phenotypes; emphysema dominant (n = 13), %LAA > ULN and Pil10 < ULN; airway dominant (n = 3) %LAA
< ULN and Pil10 > ULN; mixed %LAA > ULN and Pi10 > ULN (n = 6); and normal phenotypes (n = 3), %LAA < ULN and Pi10 < ULN, respectively.

Regional differences in races are seen among the Japanese
people, especially in Okinawa and Hokkaido, which are thought
to be genetically different from the mainland [18]. In emphysema,
pulmonary alveoli, blood vessels, and pulmonary parenchyma are
thought to be mainly destroyed by matrix metalloproteinases [19,20].
Fibrosis caused by Transforming Growth Factor-f3 is thought to be
involved in airway diseases in COPD [21]. The regional differences
in COPD phenotypes can be explained by the differences of inhaled
substances and the genetic differences in the reactions to stimulants.
Based on our results in Tokyo, future research focusing on the COPD
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phenotype in each region will clarify the pathogenesis of emphysema
and airway disease in relation to genetic backgrounds and differences
of inhaled substances.

Conclusion

In conclusion, among the four COPD phenotypes, the emphysema
dominant phenotype was the most prevalent in Tokyo. There were no
significant differences in the percentage of the four phenotypes among
the GOLD grades and groups.
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FEV,/FVC (%)

(a) Relationship between FEV1/FVC and %LAA.
(b) Relationship between FEV1/FVC and Pil0.
(c) Relationship between FEV1/FVC and %PVA.
(d) Relationship between FEV1/FVC and CAT.
(e) Relationship between FEV1/FVC and mMRC.

(@) (b) (©)
80 80
’\3 o o o° . r=-0.077 ’\o‘ o e Lo r=022
< 60 . R o ® . o 60 R o,
L\L 40 :z.. ° o. . &40 ..:..0. L)
@ 20 W 20
[T 'R
0+ T T T T ) 0+ T T T J
30 32 34 36 38 40 2 4 6 8 10
Pi10 (mm) %PVA
(d (e)

_. 80 p=0009 =%

X ®e00° N

< 604 —o_8 ~ 60

o o « ° Q

= >

E 20 E 20

0+ T T T " 0+ T T T T )
0 5 10 15 20 0 1 2 3 4 5
CAT mMRC
Figure 3. Correlation between FEV1/FVC and quantitative CT parameters in subjects with COPD.
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Figure 4. Phenotypic proportion by GOLD 2019 assessment.

(a) Stratification by severity of airflow limitation.
(b) Stratification by symptom burden and risk of exacerbation.
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