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Abstract

Objectives

To quantify the imaging findings of patients with interstitial pneumonia (IP) and emphysema
using three-dimensional curved high-resolution computed tomography (3D-cHRCT) at a
constant depth from the chest wall, and compare the results to visual assessment of IP and
each patient’s diffusing capacity of the lungs for carbon monoxide (DLco).

Methods

We retrospectively reviewed the axial CT findings and pulmonary function test results of 95
patients with lung cancer (72 men and 23 women, aged 45-84 years) with or without IP, as
follows: non-IP (n =47), mild IP (n = 31), and moderate IP (n = 17). The 3D-cHRCT images
of the lung at a 1-cm depth from the chest wall were reconstructed automatically using origi-
nal software; total area (TA), high-attenuation area (HAA) >-500 HU, and low-attenuation
area (LAA) <-950 HU were calculated on a workstation. The %HAA and %LAA were calcu-
lated as follows: %HAA = H44 x 100, and %LAA = 144 x 100.

TA TA

Results

The %HAA and %LAA respective values were 3.2+0.9 and 27.748.2, 3.91+1.2 and 27.615.9,
and 6.9+2.2 and 25.4+8.7 in non-IP, mild IP, and moderate IP patients, respectively. There
were significant differences in %HAA between the 3 groups of patients (P<0.001), but no dif-
ferences in %LAA (P = 0.558). Multiple linear regression analysis revealed that %HAA and
%LAA were negatively correlated with predicted DLco (standard partial regression coeffi-
cient [b*] =-0.453, P<0.001; b* =-0.447, P<0.001, respectively).

Conclusions

The %HAA and %LAA values computed using 3D-cHRCT were significantly correlated with
DLco and may be important quantitative parameters for both IP and emphysema.
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Introduction

Interstitial pneumonia (IP) is a condition in which inflammation and fibrosis diffusely affect
the pulmonary interstitium and parenchyma [1]. IP and emphysema often occur in combina-
tion with primary lung cancer, because these diseases are strongly associated with smoking [2].
Patients with combined pulmonary fibrosis and emphysema (CPFE), which is a unique disor-
der of the lungs that comprises upper lung emphysema and lower lung fibrosis, are especially
at high risk for lung cancer and have a poor prognosis [3]. Therefore, the preoperative assess-
ment of patients with lung cancer for these coexisting diseases is important. Pulmonary func-
tion testing (PFT) is usually performed for evaluation of preoperative respiratory function.
However, the percent vital capacity (%VC) and ratio of forced expiratory volume in 1 second
to forced vital capacity (FEV,/FVC) are often normal in patients with CPFE, whereas diffusion
capacity of the lungs for carbon monoxide (DLco) is low [3].

High-resolution computed tomography (HRCT) of the chest using a slice thickness <1
mm is an excellent method for revealing emphysema and IP, and is essential for their visual
assessment [4]. High-speed multi-detector row CT can scan the whole lung with thin slices
and provide high resolution images of the whole lung. It enables more precise evaluation of
both emphysema and IP on three-dimensional CT (3D-CT). In addition, computer-aided
diagnosis (CAD) applied to 3D-CT scans enables quantitative analysis of emphysema [5, 6].
Studies have shown that a percent low attenuation area (%LAA) of less than -950 Houns-
field units (HU) on 3D-CT was significantly correlated with results of PFT, especially with
(FEV,/EVC) [7, 8].

On the other hand, the development of quantitative CAD for IP has been more challenging
[9]. One reason for the difficulty is that CAD cannot automatically differentiate a diffuse pul-
monary lesion from large hilar vessels or bronchi. To develop CAD for IP, we focused our
attention on the fact that most of idiopathic and smoking-related IP lesions characteristically
spread into the peripheral lung located immediately below the chest wall, and we created a
CAD software program that uses serial HRCT images to automatically produce a three-dimen-
sional, curved multi-planar reconstruction of the lung at a constant depth from the chest wall.
We named it 3D curved HRCT (3D-cHRCT), tentatively. Since this novel CAD only evaluates
an image depicting the zone of peripheral lung where there are no pulmonary vessels or bron-
chi, quantification of IP is feasible.

The purpose of this pilot study was to attempt to quantify the extent of IP and emphysema
in patients with lung cancer using 3D-cHRCT at a constant depth from the chest wall, and
compare the results to visual assessment of IP and the results of PFT, especially pulmonary dif-
fusion capacity.

Materials and methods

This retrospective study was approved by our institutional review board at Nagoya university
graduate school of medicine, and informed consent was waived (approved No. 636-3).

Patient selection

We reviewed the CT images and reports stored in a picture archiving and communication system
(PACS) of patients with lung cancer identified from a database, who underwent surgical resec-
tion from April 2006 to December 2011. At least 2 radiologists had evaluated the preoperative
CT images and provided formal reports on the findings of lung cancer and coexisting diseases
such as emphysema and interstitial pneumonia. For this study, all CT reports of the identified
patients were investigated, and cases with reports of findings suspicious for emphysema or IP
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were extracted from the PACS. We selected 51 cases with primary lung cancer and IP, and col-
lected their medical history including smoking history, past history of connective tissue disease,
and the results of preoperative pulmonary PFT which included DLco, from the clinical records.
The time between each patient’s CT examination and PFT was less than 2 months. Three patients
with synchronous bilateral lung cancer were excluded. Finally, a total of 48 patients were
included in the study. A total of 47 control patients, who had unilateral lung cancer and no IP
findings on CT were also included in the study.

Pulmonary function testing

Preoperative PFT was performed using a flow-sensing spirometer (FUDAC-77; Fukuda Den-
shi Co. Ltd., Tokyo, Japan) within 2 months after CT image acquisition. The results of PFT
included percent predicted (%)forced vital capacity (FVC), %VC, FEV,/ FVC, percent pre-
dicted (%)DLco, and DLco divided by alveolar volume (%DLco/V 4).

HRCT image acquisition and visual assessment

All preoperative CT scans were performed using a 64-multidetector row CT scanner (Aqui-
lion; Toshiba Medical, Tokyo, Japan) in the craniocaudal direction during inspiratory apnea
without contrast enhancement using the following scan parameters: x-ray tube voltage,

120 kVp; automatic tube-current; gantry rotation speed, 0.5 sec; and beam collimation,

64 x 0.5mm. Axial thin-section CT images of whole lung were reconstructed with a slice thick-
ness of 0.5-mm at the same increment using a high-spatial frequency algorithm. Iterative
reconstruction technique was not used. All reconstructed CT images were transferred to the
picture archiving and communication system (PACS) at our hospital.

The axial HRCT images of extracted cases were reviewed independently by two chest radi-
ologists with 3 and 20 years of experience reading thoracic CT scans. Both radiologists thereaf-
ter solved all disagreements by consensus reading of images, and the presence of emphysema
and IP was finally diagnosed. Emphysema was defined as well-demarcated areas of decreased
attenuation as compared with contiguous normal lung, and that were marginated by a very
thin (<1 mm) wall or no wall, and/or that showed multiple bullae (>1 cm), with upper zone
predominance. The severity of emphysema was evaluated visually using the Goddard classifi-
cation. A score of 1 represents destruction of 1%-25% of the lung by emphysema; a score of 2,
destruction of 26%-50% of the lung; a score of 3, destruction of 51%-75% of the lung; and a
score of 4, destruction of 76%-100% of the lung[10]. Fibrosis was also identified on CT images
as reticular opacities with peripheral and basal predominance, honeycombing, architectural
distortion, and/or traction bronchiectasis or bronchiolectasis; focal ground-glass opacities
and/or areas of alveolar condensation could be associated but should not be prominent. The
same chest radiologists visually evaluated the severity of fibrosis on axial HRCT images. The
overall extent of these abnormalities was determined for each entire lung using a four-point
scale (0 = no involvement; 1 = 1%-25% involvement; 2 = 26%-50%; 3 = 51%-75%; and
4 =76%-100%) [11]. The patients in this study were all pending surgical procedure, and very
few patients scored 3 or 4. Therefore, we classified all cases into 3 categories as follows; score 0,
non-IP; score 1, mild IP; and score2-4, moderate IP. And each radiological diagnosis of defi-
nite Usual Interstitial Pneumonia (UIP) pattern, possible UIP pattern, and inconsistent with
the UIP pattern was made according to the 2011 American Thoracic Society (ATS)/European
Respiratory Society (ERS)/Japanese Respiratory Society (JRS)/Latin American Thoracic Asso-
ciation (ALAT) diagnostic criteria for UIP/IPF [12]. We also evaluated the existence of pleural
effusion or extensive atelectasis.
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Fig 1. Schematic diagram of 3D-cMPR imaging at a constant depth from the chest wall and
assessment. Overall schematic diagram of the three-dimensional, curved high-resolution CT (3D-cHRCT)
image at a constant depth from the chest wall and how it is used for assessment. Total area (TA), low
attenuation area (LAA [< -950 HU]J), and high attenuation area (%HAA) [> -500 HU]), which were obtained
from 3D-cHRCT images, were computed on a workstation using a novel CAD program.

https://doi.org/10.1371/journal.pone.0185532.g001

Quantification of emphysema and IP by CAD

The axial HRCT imaging data of the study patients were transferred to the 3D-workstation
that automatically used our original software to reconstruct each 3D-cHRCT image of the lung
at a constant 1-cm depth from the chest wall. The 1-cm depth from the chest wall was selected
from the results of a preliminary experiment (S1 Table). Figs 1 and 2 show the overall scheme
of the 3D-cHRCT reconstruction procedure and examples of 3D-cHRCT images, respectively.
To eliminate the effects the lung cancer lesion or areas of peripheral inflammation, we ana-
lyzed the HRCT data from the contralateral tumor-free lung.

The total area (TA) of the lung and low-attenuation area (LAA) (<-950 HU), which
denotes emphysema, on the 3D-cHRCT images were calculated by the CAD program on the
workstation. The percentage of low-attenuation area (%LAA) was defined as follows:

LAA
ULAA = = x 100 (%)

In a similar fashion, the percentage of high-attenuation area (%HAA) (higher than the thresh-
old value [>-500 HU]), which denotes IP, was defined as follows:

HAA
%HAA =~ x 100 (%)

We used -500 HU as the threshold value based on our preliminary experiment (S1 Table).
Images of cases representative of each visual IP score and %HAA are shown in Figs 3-5.
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Fig 2. A patient with clinical and radiological typical usual interstitial pneumonia. A patient with clinical
and radiological typical usual interstitial pneumonia. (a) Axial HRCT image and dashed line indicating 1-cm
depth from the chest wall; multiple-view 3D-cHRCT images showing the 3D distribution of IP infiltrates; (b) left
lateral view, (c) posterior view, (d) right lateral view.

https://doi.org/10.1371/journal.pone.0185532.g002

Statistical analysis

First, the study patients were divided into 3 groups according to visual IP assessment. Kappa
statistics were performed to quantify the inter-reader agreement for the visual assessment of IP
and emphysema. Kappa values (k) less than 0.20 were interpreted as poor agreement, 0.21-
0.40 as fair agreement, 0.41-0.60 as moderate, 0.61-0.80 as good, and 0.81-1.00 as excellent

b c d e f

Fig 3. An example of HRCT axial view and 3D-cHRCT images of lung without IP. An example of HRCT
axial view and 3D-cHRCT images of lung without IP. (a) HRCT axial view and 3D-HRCT image of the left lung;
(b) anterior view, (c) anterolateral view, (d) right lateral view, (e) posterolateral view, (f) posterior view. %HAA
values of this case was 2.53%.

https://doi.org/10.1371/journal.pone.0185532.g003
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Fig 4. An example of HRCT axial view and 3D-cHRCT images of lung with mild-IP. An example of HRCT
axial view and 3D-cHRCT images of lung with mild-IP. (a) HRCT axial view and 3D-HRCT image of the left
lung; (b) anterior view, (c) anterolateral view, (d) right lateral view, (e) posterolateral view, (f) posterior view. %
HAA values of this case was 6.74%.

https://doi.org/10.1371/journal.pone.0185532.9004

agreement. Second, the differences between the values of each group, which were obtained by
CAD analysis of 3D-cHRCT images and PFT, were compared using one-way analysis of vari-
ance (ANOVA). The extent of emphysema and each UIP pattern were also assessed by Chi-

Fig 5. An example of HRCT axial view and 3D-cHRCT images of lung with moderate-IP. An example of
HRCT axial view and 3D-cHRCT images of lung with moderate-IP. (a) HRCT axial view and 3D-HRCT image
of the left lung; (b) anterior view, (c) anterolateral view, (d) right lateral view, (e) posterolateral view, (f)
posterior view. %HAA values of this case was 10.34%.

https://doi.org/10.1371/journal.pone.0185532.9005
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Table 1. Patient characteristics.

Number or Mean * SD Range
Patients and tumor characteristics
Age (years) 69.4+7.3 45-84
Male / Female (n) 72/23
Smoking history (n) 81
Connective tissue disease (n) 6
Tumor site, Right lung/Left lung (n)Right lung / Left lung 65/30
CT visual assessment
Goddard score 0/1/2/3/4 (n) 41/32/19/3/0
IP severity 0/1/2 (n) 47/31/17
UIP pattern, definite/possible/inconsistent (n) 16/27/5
3D-cHRCT quantitative assessment
%LAA (%) 27.2+7.6 11.8-48.6
%HAA (%) 41+1.9 1.0-10.3
Pulmonary function test
%FVC (%) 109.9+17.8 63.2-148.9
%VC (%) 111.5+17.6 59.1-153
FEV1/FVC (%) 70.7+9.2 46.1-91.7
%DLCO (%) 101.6+27.4 38.9-158.1
%DLCO/VA (%) 89.8+26.3 35.0-147.5

Characterization of patients, including quantitative values.

IP, interstitial pneumonia; 3D-cHRCT, three-dimensional curved high-resolution computed tomography;
UIP, usual interstitial pneumonia; %LAA, %low attenuation area; %HAA, %high attenuation area; %FVC,
functional vital capacity as percent predicted; %VC, vital capacity measured as percent predicted; FEV1,
forced expiratory volume in 1 second; %DLCO, diffusing capacity of the lungs for carbon monoxide
measured as percent predicted; %DLCO/VA, the percent predicted diffusing capacity of the lungs for carbon
monoxide divided by alveolar gas volume

https://doi.org/10.1371/journal.pone.0185532.t001

square test. Two groups of patients divided according to visual IP assessment were compared
using the Student ¢ test. Third, multiple linear regression analysis was used to evaluate the rela-
tionship between diffusion capacity and %LAA and between diffusion capacity and %HAA.
Finally, we divided patients in groups with low %DLco (values lower than 80%) and normal %
DLco and used the Student ¢ test to compare the differences in %LAA and %HAA between the
patients with normal and those with low %DLco. Multivariate logistic regression analysis was
used to assess whether or not %LAA and %HAA could be independent predictive values for
low %DLco. The multivariate models simultaneously included %LAA and %HAA.

Excel 2013 software (Microsoft Corp., Redmond, WA) and SPSS version 23.0 (IBM Corp.,
Armonk, NY) were used for statistical analysis. P <0.05 was considered statistically significant.

Results

Visual assessments of IP and emphysema by the two radiologists showed excellent consistency
(x = 0.848 and 0.806 for IP and emphysema, respectively).

Table 1 summarizes characteristics, quantitative CT measurements, and PFT values of the
study patients. The study included a total of 95 patients (72 men, 23 women; age range, 45-84
years; mean age, 69 years). Eighty one patients (85.3%) had a history of smoking. There were
54 patients with emphysema. Of 48 patients with IP, 31 had mild IP and 17 had moderate IP.
There were 32 patients with both emphysema and IP. Six patients suffered from connective
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Table 2. CT visual assessment, values of %HAA and %LAA determined on 3D-cHRCT and PFT of patients classified according to visually
assessed severity of interstitial pneumonia.

Visual assessment non-IP mild IP moderate IP Pvalue
(n=47) (n=31) (n=17)
CT visual assessment
Goddard score 0/1/2/3/4 (n) 25/12/8/2/0 14/11/5/1/0 2/9/6/0/0 0.089
UIP pattern definite/possible/inconsistent - 2/24/5 13/2/2 <0.001
Quantification using 3D-cHRCT
%LAA 27.7+8.2 27.6+5.9 25.4+8.7 0.558
%HAA 3.2+0.9 3.9+1.2 6.9+2.2 <0.001
PFT
%FVC (%) 108.9+17.8 111.1+£17.3 110.2+19.8 0.861
%V C (%) 111.0+17.1 112.1+£17.2 112.0£17.6 0.954
FEV1/FVC (%) 69.8+9.8 71.1+8.0 72.4+9.6 0.586
%DLCO (%) 112.6£26.0 95.3+26.9 82.8+17.8 <0.001
%DLCO/VA (%) 99.1+28.2 84.5+225 73.6+15.3 <0.001

The extent of emphysema, UIP pattern, quantitative CT values (%high attenuation area [%HAA], %low attenuation area [%LAA]), and pulmonary function
test (PFT) results were analyzed in 3 groups of patients classified by visual assessment of interstitial pneumonia (IP) severity. There was significant
correlation between the degrees of IP and %HAA (P <0.001) and %DLCO (P <0.001). There were no significant differences in the other PFT values
between the 3 types of IP.

3D-cHRCT, three-dimensional curved high-resolution computed tomography; UIP, usual interstitial pneumonia; %FVC, functional vital capacity as percent
predicted;%VC, vital capacity measured as percent predicted; FEV1, forced expiratory volume in 1 second; %FEV1, forced expiratory volume in 1 second
measured as percent predicted; %DLCO, diffusing capacity of the lungs for carbon monoxide measured as percent predicted; %DLCO/VA, the percent
predicted diffusing capacity of the lungs for carbon monoxide divided by alveolar gas volume

https://doi.org/10.1371/journal.pone.0185532.t1002

tissue disease including rheumatoid arthritis (n = 5), and systemic sclerosis (n = 1). Only one
patient had small amount of pleural effusion, and there was no patient with extensive atelectasis.
The mean %LAA and %HAA values were 27.2% and 4.1%, respectively. On PFT, 25 patients
had low %DLco and 70 had normal values. Volume CT dose indexes were recorded in 68 CT
examinations performed after 2009, and the mean volume CT dose index was 29.8+4.6 mGy.

Table 2 shows visual CT assessment (the extent of emphysema and UIP pattern), the mean
%HAA, %LAA, and PFT values of patient groups based on visually assessed IP. The diagnosis
of definite UIP pattern was seen in significantly more patients with moderate IP than in those
with mild IP. The differences between the %HAA values of the 3 groups by ANOVA were sig-
nificant (P <0.001). In addition, the mean %HAA value of the patients with moderate IP was
significantly higher than the mean values of the patients without IP and the patients with mild
IP (both P <0.001). The mean %HAA value of the patients with mild IP was significantly
higher than the value of the patients without IP (P = 0.004). The differences between the mean
%LAA values by ANOVA were not significant (P = 0.558). Regarding the PFT parameters, the
differences in mean %DLco and %DLco/V 4 values between the 3 groups of patients were sig-
nificant (both P <0.001). There were no differences in the mean values of %FVC, %VC, and
FEV,/EVC (P = 0.861, 0.954, and 0.586, respectively).

Table 3 shows the results of multiple linear regression analysis of the relationship between
diffusion capacity and %LAA and diffusion capacity and %HAA. %HAA was significantly neg-
atively correlated with both %DLco and %DLco/V 4 (standard partial regression coefficient
[b*] =-0.453, P <0.001; b* = -0.438, P <0.001, respectively). %LAA was also significantly nega-
tively correlated with both %DLco and %DLco/V 4 (b* = -0.447, P <0.001; b* =-0.639, P <
0.001, respectively). Fig 6 shows the 3D scatter diagrams of %LAA, %HAA, and %DLco. Both
%LAA and %HAA were negatively correlated with %DLco.
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Table 3. Multiple linear regression analysis of diffusion capacity and attenuation values from 3D-cHRCT images.

%DLCO %DLCO/VA
Standard partial regression coefficient Pvalue Standard partial regression coefficient Pvalue
%LAA -0.447 <0.001 -0.639 <0.001
%HAA -0.453 <0.001 -0.438 <0.001

Multiple linear regression analysis between diffusion capacity and attenuation values determined from three-dimensional curved high-resolution computed
tomography (3D-cHRCT) images suggests that both %high attenuation area (%HAA) and %low attenuation area (%LAA) are correlated with diffusion
capacity.

%DLCO, diffusing capacity of the lungs for carbon monoxide measured as percent predicted; %DLCO/VA, the percent predicted diffusing capacity of the
lungs for carbon monoxide divided by alveolar gas volume

https://doi.org/10.1371/journal.pone.0185532.t003

Table 4 compares the mean %LAA and %HAA values of the patients with normal and low
diffusion capacity. The mean %HAA of patients with low %DLco was significantly higher than
the mean %HAA of patients with normal %DLco (P = 0.011). The mean %LAA of patients
with low %DLco was higher than the mean %LAA of the patients with normal %DLco, although
the difference was not significant (P = 0.080). Multivariate logistic regression analysis found
that both %LAA and %HAA were significantly associated with risk of low %DLco (Table 5;

OR =1.111, P =0.006; OR = 1.614, P = 0.002, respectively).

Discussion

In this retrospective study, we investigated the association between the %HAA and %LAA val-
ues that were computed using 3D-cHRCT and a new CAD and the diffusion capacity in
patients with lung cancer. Our results demonstrated the following 3 points. 1) The %HAA and
diffusion capacity were significantly correlated with the visual IP grades of non-IP, mild IP,
and moderate IP. 2) Both the %HAA and the %LAA were significantly correlated with %DLco,
according to multiple linear regression analysis. 3) Both the %HAA and the %LAA were inde-
pendent predictors for impaired diffusion capacity by multivariate analysis. These findings
suggest that the %HAA and the %LAA obtained from 3D-cHRCT images of the lung ata 1-cm
depth from the chest wall might be useful for the quantification of IP.

HRCT is essential for diagnosing and determining the extent of diffuse interstitial lung dis-
ease [4]. HRCT is also an important tool for predicting the clinical outcomes of patients with
idiopathic pulmonary fibrosis (IPF), because the extent of fibrosis seen on HRCT correlates
well with mortality rate[13, 14]. The use by radiologists of visual assessment of fibrosis is popu-
lar, but even experienced radiologists are subject to intra- and interobserver error due to mis-
interpretation of HRCT patterns [13].

%DLco

0 30
%LAA

L)
50 PR

Fig 6. 3D scatter diagrams show the correlation between %DL o and quantitative CT parameters. 3D
scatter diagrams show the correlation between %DLCO and quantitative CT parameters. Both %HAA and %
LAA are indicators of low diffusion capacity (standard partial regression coefficient [b*] = -0.453, P <0.001;
b* =-0.447, P <0.001, respectively).

https://doi.org/10.1371/journal.pone.0185532.g006

PLOS ONE | https://doi.org/10.1371/journal.pone.0185532 September 28, 2017 9/13


https://doi.org/10.1371/journal.pone.0185532.t003
https://doi.org/10.1371/journal.pone.0185532.g006
https://doi.org/10.1371/journal.pone.0185532

@° PLOS | ONE

Quantification of interstitial pneumonia using 3D-curved HRCT

Table 4. Attenuation values from 3D-cHRCT images of patients with normal and low %DLCO.

Normal Low Pvalue
%DLCO >80% %DLCO <80%
Number 70 25
%LAA 26.6+7.2 29.1+8.7 0.080
%HAA 39+15 48+25 0.011

Comparisons of %low attenuation area (%LAA) and %high attenuation area (%HAA) in patients with normal
and low diffusion capacity. Both %HAA and %LAA of patients with low diffusing capacity of the lungs for
carbon monoxide measured as percent predicted (%DLco) were higher than the values of the patients with
normal %DLco. However, only %HAA was significantly different (P=0.011).

3D-cHRCT, three-dimensional curved high-resolution computed tomography; %DLCO, diffusing capacity of
the lungs for carbon monoxide measured as percent predicted

https://doi.org/10.1371/journal.pone.0185532.1004

Some computed IP quantification systems have been developed [14-21]. Many evaluate the
entire lung field and quantify each pattern of abnormalities (i.e., consolidation, honeycombing,
ground-glass opacity, etc.). However, evaluation of the entire lung field can be complicated;
and sometimes manual contouring is needed, especially for bilateral hilar lesions, where there
are thick bronchi and vessels. By visual assessment, expert radiologists use their knowledge
and experience to differentiate pathognomonic IP changes from the normal underlying ana-
tomic landmarks. However, current CAD methods cannot automatically distinguish them,
because both pathognomonic and structural features appear as areas of high attenuation on
HRCT. Significant variation in the lung density of normal individuals also leads to difficulty in
quantifying IP infiltrates and inaccurate results [22].

To resolve these difficulties, we developed a novel quantification system that only targets
the peripheral field. Our system should be an easier method to use than the quantification sys-
tems used in previous reports. In patients with idiopathic IP, especially those with UIP and
non-specific interstitial pneumonia, fibrotic changes such as reticular pattern, ground-glass
opacity, and honeycombing, show peripheral and basal dominance even during the early
stages of disease, and these changes are most severe in the subpleural parenchyma [23]. On the
other hand, thick vessels or bronchi are rare in peripheral lung.

We theorized that our novel 3D-imaging of the peripheral lung field only should minimize
the confounding effects of normal lung structures, and highlight the %HAA representing
fibrotic change. As expected, the %9 HAA on 3D-cHRCT was significantly correlated with visual
assessment of IP and PFT diffusion capacity. 3D-cHRCT could simultaneously quantify
emphysema as %LAA. Therefore, these parameters as assessed on 3D-cHRCT images are sen-
sitive to the severity of both fibrotic changes and emphysema.

Table 5. Multivariate logistic regression analysis for %DLCO <80%.

Variables Odds Ratio 95% CI Pvalue
%LAA 1.111 1.031-1.199 0.006
%HAA 1.614 1.202-2.169 0.002

Multivariate logistic regression analysis for %DLCO <80% was performed. The multivariate models
simultaneously included %LAA and %HAA. Both %low attenuation area (%LAA) and %high attenuation area
(%HAA) were significant indicators of impaired diffusion capacity (OR =1.111, P=0.006; OR = 1.614,
P=0.002, respectively).

%DLCO, diffusing capacity of the lungs for carbon monoxide measured as percent predicted; Cl, confidence
interval

https://doi.org/10.1371/journal.pone.0185532.t1005
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In this study, we adopted -500 HU as the threshold value of %HAA. Results of a preliminary
experiment suggested that -500 HU was the best indicator of diffusion capacity. Our result is
consistent with the report of Sverzellatil et al. that indicated that pixels greater than -500 HU
were representative of lung fibrosis and inflammation [11]. On the other hand, we adopted
-950 HU as the threshold value of %LAA. Areas with attenuation values lower than -950 HU
had good histopathological correlation with emphysema [24], and %LAA has been used as an
indicator of emphysema [7, 8]. Honeycomb cysts in UIP/IPF or cysts in airspace enlargement
with fibrosis were also recognized as LAA, which cannot differentiate from emphysema. How-
ever, the extent of cystic dead space contributes to the lack of perfusion in the fibrotic lung and
is linked to reduction in DLco. These suggest that both parameters together, %9 HAA and %
LAA, would be a better indicator of low diffusion capacity than each value by itself.

Our method of imaging and assessment is also useful for evaluating combined pulmonary
fibrosis and emphysema (CPFE). IP, emphysema, and CPFE are often comorbidities of lung
cancer, because these diseases are closely related to a history of smoking. IP, emphysema, and
CPFE sometimes affect the treatment strategy used for lung cancer [25]. Many studies have
found that FVC and FEV are preserved in patients with CPFE, as compared to those with
either IP or Chronic obstructive pulmonary disease [3]. For this reason, PFT that includes
measurement of DLco is needed for clinical evaluation of patients who might have CPFE. Our
results suggest that we could estimate the diffusion capacity of the lung on curved MPR images
obtained by routine HRCT. Therefore, it may be a screening test to detect CPFE patients who
need further PFT including DLco.

There are several limitations to this study. First, it was a retrospective and single-center
study. Second, all cases were recruited from a lung cancer database, and we did not study the
effects of lung cancer. However, lung cancer patients who are candidates for surgery often
undergo preoperative HRCT and PFT during the same time period, and we could easily
acquire clinical data. In addition, patients with lung cancer frequently have a positive smoking
history, and many have comorbid emphysema and IP. Third, the diagnosis of IP was based on
radiological findings, not on the histological examination. We can diagnose typical idiopathic
pulmonary fibrosis based on HRCT findings only, but we could not definitively diagnose atyp-
ical IPF or other types of IP. Actually, not only CT findings but also clinical information
should be taken into consideration for proper diagnosis [26]. Fourth, the patients in this study
were all pending surgical procedures, and patients who could not take surgical resection
because of severe IP were not included. We need further study to determine whether this CAD
is applicable for patients with severe IP.

Conclusions

The %HAA and %LAA values computed using a novel CAD to assess a 3D-cHRCT images at
a constant depth from the chest wall were significantly correlated not only with IP visual
assessments but also with DLco, and may be novel and important quantitative parameters for
IP, emphysema, and CPFE comorbid with lung cancer.

Supporting information

S$1 Table. Comparison of quantification using 3D-cMPR obtained with various depth and
thresholds between normal and low diffusion capacity group. Quantification of high-atten-
uation area (HAA) values obtained from 3D-cHRCT images at varying depths from the chest
wall, and HU thresholds according to patients with low and normal diffusing lung capacity of
carbon monoxide measured as percent predicted (%YDLCO). The table suggests that %high
attenuation area (%HAA) > -500HU derived from 3D-cHRCT images at 1-cm depth has a
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better indication of %DLCO as far as we investigated. 3D-cHRCT, three-dimensional curved
high-resolution computed tomography; %LAA: %low attenuation area.
(PPTX)

Author Contributions

Conceptualization: Shingo Iwano.

Data curation: Hiroyasu Umakoshi, Shingo Iwano, Tsutomu Inoue, Yuanzhong Li.
Formal analysis: Hiroyasu Umakoshi.

Funding acquisition: Shingo Iwano.

Investigation: Hiroyasu Umakoshi, Shingo Iwano.
Methodology: Hiroyasu Umakoshi, Shingo Iwano.
Project administration: Shingo Iwano.

Software: Tsutomu Inoue, Yuanzhong Li.
Supervision: Shinji Naganawa.

Validation: Shingo Iwano, Shinji Naganawa.
Visualization: Hiroyasu Umakoshi, Tsutomu Inoue.
Writing - original draft: Hiroyasu Umakoshi.

Writing - review & editing: Hiroyasu Umakoshi, Shingo Iwano, Shinji Naganawa.

References

1. American Thoracic Society/European Respiratory Society International Multidisciplinary Consensus
Classification of the Idiopathic Interstitial Pneumonias. This joint statement of the American Thoracic
Society (ATS), and the European Respiratory Society (ERS) was adopted by the ATS board of direc-
tors, June 2001 and by the ERS Executive Committee, June 2001. Am J Respir Crit Care Med 2002;
165(2):277-304. https://doi.org/10.1164/ajrccm.165.2.ats01 PMID: 11790668

2. Margaritopoulos GA, Vasarmidi E, Jacob J, Wells AU, Antoniou KM. Smoking and interstitial lung dis-
eases. Eur Respir Rev 2015; 24(137):428-35. https://doi.org/10.1183/16000617.0050-2015 PMID:
26324804

3. Jankowich MD, Rounds SI. Combined pulmonary fibrosis and emphysema syndrome: a review. Chest
2012; 141(1):222-31. https://doi.org/10.1378/chest.11-1062 PMID: 22215830

4. Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al. An official ATS/ERS/JRS/ALAT
statement: idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis and management.
Am J Respir Crit Care Med 2011; 183(6):788-824. https://doi.org/10.1164/rccm.2009-040GL PMID:
21471066

5. KoyamaH, OhnoY, Fujisawa Y, Seki S, Negi N, Murakami T, et al. 3D lung motion assessments on
inspiratory/expiratory thin-section CT: Capability for pulmonary functional loss of smoking-related
COPD in comparison with lung destruction and air trapping. Eur J Radiol 2016; 85(2):352-9. https://doi.
org/10.1016/j.ejrad.2015.11.026 PMID: 26781140

6. Iwano S, Okada T, Satake H, Naganawa S. 3D-CT volumetry of the lung using multidetector row CT:
comparison with pulmonary function tests. Acad Radiol 2009; 16(3):250—6. https://doi.org/10.1016/j.
acra.2008.09.019 PMID: 19201353

7. Galban CJ, Han MK, Boes JL, Chughtai KA, Meyer CR, Johnson TD, et al. Computed tomography-
based biomarker provides unique signature for diagnosis of COPD phenotypes and disease progres-
sion. Nat Med 2012; 18(11):1711-5. https://doi.org/10.1038/nm.2971 PMID: 23042237

8. Nambu A, Zach J, Schroeder J, Jin GY, Kim SS, Kim Y], et al. Relationships between diffusing capacity
for carbon monoxide (DLCO), and quantitative computed tomography measurements and visual
assessment for chronic obstructive pulmonary disease. Eur J Radiol 2015; 84(5):980-5. https://doi.org/
10.1016/j.ejrad.2015.01.010 PMID: 25704753

PLOS ONE | https://doi.org/10.1371/journal.pone.0185532 September 28, 2017 12/13


https://doi.org/10.1164/ajrccm.165.2.ats01
http://www.ncbi.nlm.nih.gov/pubmed/11790668
https://doi.org/10.1183/16000617.0050-2015
http://www.ncbi.nlm.nih.gov/pubmed/26324804
https://doi.org/10.1378/chest.11-1062
http://www.ncbi.nlm.nih.gov/pubmed/22215830
https://doi.org/10.1164/rccm.2009-040GL
http://www.ncbi.nlm.nih.gov/pubmed/21471066
https://doi.org/10.1016/j.ejrad.2015.11.026
https://doi.org/10.1016/j.ejrad.2015.11.026
http://www.ncbi.nlm.nih.gov/pubmed/26781140
https://doi.org/10.1016/j.acra.2008.09.019
https://doi.org/10.1016/j.acra.2008.09.019
http://www.ncbi.nlm.nih.gov/pubmed/19201353
https://doi.org/10.1038/nm.2971
http://www.ncbi.nlm.nih.gov/pubmed/23042237
https://doi.org/10.1016/j.ejrad.2015.01.010
https://doi.org/10.1016/j.ejrad.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25704753
https://doi.org/10.1371/journal.pone.0185532

@° PLOS | ONE

Quantification of interstitial pneumonia using 3D-curved HRCT

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Lynch DA. QUantitative ct of fibrotic interstitial lung disease. Chest 2007; 131(3):643-4. https://doi.org/
10.1378/chest.06-2955 PMID: 17356073

Goddard PR, Nicholson EM, Laszlo G, Watt |. Computed tomography in pulmonary emphysema. Clin
Radiol 1982; 33(4):379-87. PMID: 7083738

Sverzellati N, Calabro E, Chetta A, Concari G, Larici AR, Mereu M, et al. Visual score and quantitative
CT indices in pulmonary fibrosis: Relationship with physiologic impairment. Radiol Med 2007; 112
(8):1160-72. https://doi.org/10.1007/s11547-007-0213-x PMID: 18193399

Travis WD, Costabel U, Hansell DM, King TE Jr., Lynch DA, Nicholson AG, et al. An official American
Thoracic Society/European Respiratory Society statement: Update of the international multidisciplinary
classification of the idiopathic interstitial pneumonias. Am J Respir Crit Care Med 2013; 188(6):733-48.
https://doi.org/10.1164/rccm.201308-1483ST PMID: 24032382

Watadani T, Sakai F, Johkoh T, Noma S, Akira M, Fujimoto K, et al. Interobserver variability in the CT
assessment of honeycombing in the lungs. Radiology 2013; 266(3):936—44. https://doi.org/10.1148/
radiol.12112516 PMID: 23220902

Iwasawa T, Asakura A, Sakai F, Kanauchi T, Gotoh T, Ogura T, et al. Assessment of prognosis of
patients with idiopathic pulmonary fibrosis by computer-aided analysis of CT images. J Thorac Imaging
2009; 24(3):216—-22. https://doi.org/10.1097/RT1.0b013e3181a6527d PMID: 19704326

Yoon RG, Seo JB, Kim N, Lee HJ, Lee SM, Lee YK, et al. Quantitative assessment of change in regional
disease patterns on serial HRCT of fibrotic interstitial pneumonia with texture-based automated quantifi-
cation system. Eur Radiol 2013; 23(3):692—701. https://doi.org/10.1007/s00330-012-2634-8 PMID:
22918563

Shin KE, Chung MJ, Jung MP, Choe BK, Lee KS. Quantitative computed tomographic indexes in diffuse
interstitial lung disease: correlation with physiologic tests and computed tomography visual scores. J
Comput Assist Tomogr 2011; 35(2):266—71. https://doi.org/10.1097/RCT.0b013e31820ccf18 PMID:
21412102

Bartholmai BJ, Raghunath S, Karwoski RA, Moua T, Rajagopalan S, Maldonado F, et al. Quantitative
computed tomography imaging of interstitial lung diseases. J Thorac Imaging 2013; 28(5):298-307.
https://doi.org/10.1097/RT1.0b013e3182a21969 PMID: 23966094

Koyama H, Ohno Y, Yamazaki Y, Nogami M, Kusaka A, Murase K, et al. Quantitatively assessed CT
imaging measures of pulmonary interstitial pneumonia: effects of reconstruction algorithms on histo-

gram parameters. Eur J Radiol 2010; 74(1):142—6. https://doi.org/10.1016/j.ejrad.2009.02.006 PMID:
19324507

Matsuoka S, Yamashiro T, Matsushita S, Fujikawa A, Kotoku A, Yagihashi K, et al. Morphological dis-
ease progression of combined pulmonary fibrosis and emphysema: comparison with emphysema
alone and pulmonary fibrosis alone. J Comput Assist Tomogr 2015; 39(2):153-9. https://doi.org/10.
1097/RCT.0000000000000184 PMID: 25474146

Ash SY, Harmouche R, Vallejo DLL, Villalba JA, Ostridge K, Gunville R, et al. Densitometric and local
histogram based analysis of computed tomography images in patients with idiopathic pulmonary fibro-
sis. Respiratory Research 2017; 18:45. hitps://doi.org/10.1186/s12931-017-0527-8 PMC5340000
PMID: 28264721

Jacob J, Bartholmai BJ, Rajagopalan S, Kokosi M, Nair A, Karwoski R, et al. Automated Quantitative
Computed Tomography Versus Visual Computed Tomography Scoring in Idiopathic Pulmonary Fibro-
sis: Validation Against Pulmonary Function. J Thorac Imaging 2016; 31(5):304—11. https://doi.org/10.
1097/RT1.0000000000000220 PMID: 27262146

Adams H, Bernard MS, McConnochie K. An appraisal of CT pulmonary density mapping in normal sub-
jects. Clin Radiol 1991; 43(4):238—42. PMID: 2025994

Sverzellati N, Lynch DA, Hansell DM, Johkoh T, King TE Jr., Travis WD. American Thoracic Society-
European Respiratory Society Classification of the Idiopathic Interstitial Pneumonias: Advances in
Knowledge since 2002. Radiographics 2015:140334. https://doi.org/10.1148/rg.2015140334 PMID:
26452110

Gevenois PA, de Maertelaer V, De Vuyst P, Zanen J, Yernault JC. Comparison of computed density
and macroscopic morphometry in pulmonary emphysema. Am J Respir Crit Care Med 1995; 152
(2):653-7. https://doi.org/10.1164/ajrccm.152.2.7633722 PMID: 7633722

Mimae T, Suzuki K, Tsuboi M, Nagai K, Ikeda N, Mitsudomi T, et al. Surgical Outcomes of Lung Cancer
in Patients with Combined Pulmonary Fibrosis and Emphysema. Ann Surg Oncol 2015. https://doi.org/
10.1245/s10434-015-4577-1 PMID: 25956575

Tominaga J, Sakai F, Johkoh T, Noma S, Akira M, Fujimoto K, et al. Diagnostic certainty of idiopathic
pulmonary fibrosis/usual interstitial pneumonia: The effect of the integrated clinico-radiological assess-
ment. Eur J Radiol 2015; 84(12):2640-5. https://doi.org/10.1016/j.ejrad.2015.08.016 PMID: 26391232

PLOS ONE | https://doi.org/10.1371/journal.pone.0185532 September 28, 2017 13/13


https://doi.org/10.1378/chest.06-2955
https://doi.org/10.1378/chest.06-2955
http://www.ncbi.nlm.nih.gov/pubmed/17356073
http://www.ncbi.nlm.nih.gov/pubmed/7083738
https://doi.org/10.1007/s11547-007-0213-x
http://www.ncbi.nlm.nih.gov/pubmed/18193399
https://doi.org/10.1164/rccm.201308-1483ST
http://www.ncbi.nlm.nih.gov/pubmed/24032382
https://doi.org/10.1148/radiol.12112516
https://doi.org/10.1148/radiol.12112516
http://www.ncbi.nlm.nih.gov/pubmed/23220902
https://doi.org/10.1097/RTI.0b013e3181a6527d
http://www.ncbi.nlm.nih.gov/pubmed/19704326
https://doi.org/10.1007/s00330-012-2634-8
http://www.ncbi.nlm.nih.gov/pubmed/22918563
https://doi.org/10.1097/RCT.0b013e31820ccf18
http://www.ncbi.nlm.nih.gov/pubmed/21412102
https://doi.org/10.1097/RTI.0b013e3182a21969
http://www.ncbi.nlm.nih.gov/pubmed/23966094
https://doi.org/10.1016/j.ejrad.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19324507
https://doi.org/10.1097/RCT.0000000000000184
https://doi.org/10.1097/RCT.0000000000000184
http://www.ncbi.nlm.nih.gov/pubmed/25474146
https://doi.org/10.1186/s12931-017-0527-8
http://www.ncbi.nlm.nih.gov/pubmed/28264721
https://doi.org/10.1097/RTI.0000000000000220
https://doi.org/10.1097/RTI.0000000000000220
http://www.ncbi.nlm.nih.gov/pubmed/27262146
http://www.ncbi.nlm.nih.gov/pubmed/2025994
https://doi.org/10.1148/rg.2015140334
http://www.ncbi.nlm.nih.gov/pubmed/26452110
https://doi.org/10.1164/ajrccm.152.2.7633722
http://www.ncbi.nlm.nih.gov/pubmed/7633722
https://doi.org/10.1245/s10434-015-4577-1
https://doi.org/10.1245/s10434-015-4577-1
http://www.ncbi.nlm.nih.gov/pubmed/25956575
https://doi.org/10.1016/j.ejrad.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26391232
https://doi.org/10.1371/journal.pone.0185532

