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Objective: Emphysema and small-airway disease are the two major components of chronic obstructive pulmonary disease
(COPD). We propose a novel method of quantitative computed tomography (CT) emphysema air-trapping composite (EAtC)
mapping to assess each COPD component. We analyzed the potential use of this method for assessing lung function in
patients with COPD.

Materials and Methods: A total of 584 patients with COPD underwent inspiration and expiration CTs. Using pairwise analysis
of inspiration and expiration CTs with non-rigid registration, EAtC mapping classified lung parenchyma into three areas:
Normal, functional air trapping (fAT), and emphysema (Emph). We defined fAT as the area with a density change of less than
60 Hounsfield units (HU) between inspiration and expiration CTs among areas with a density less than -856 HU on inspiration
CT. The volume fraction of each area was compared with clinical parameters and pulmonary function tests (PFTs). The results
were compared with those of parametric response mapping (PRM) analysis.

Results: The relative volumes of the EAtC classes differed according to the Global Initiative for Chronic Obstructive Lung
Disease stages (p < 0.001). Each class showed moderate correlations with forced expiratory volume in 1 second (FEV:) and
FEVy/forced vital capacity (FVC) (r = -0.659-0.674, p < 0.001). Both fAT and Emph were significant predictors of FEV; and
FEV./FVC (R® = 0.352 and 0.488, respectively; p < 0.001). fAT was a significant predictor of mean forced expiratory flow
between 25% and 75% and residual volume/total vital capacity (R* = 0.264 and 0.233, respectively; p < 0.001), while
Emph and age were significant predictors of carbon monoxide diffusing capacity (R* = 0.303; p < 0.001). fAT showed better
correlations with PFTs than with small-airway disease on PRM.

Conclusion: The proposed quantitative CT EAtC mapping provides comprehensive lung functional information on each disease
component of COPD, which may serve as an imaging biomarker of lung function.

Keywords: Chronic obstructive pulmonary disease; Emphysema; Small-airway disease; Air trapping; Quantitative imaging;
Computed tomography

INTRODUCTION components of chronic obstructive pulmonary disease
(COPD) [1-3]. Varying combinations and severities of
Emphysema and small-airway disease are the two major emphysema and small-airway disease can manifest
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differently among individual patients with COPD, leading to
varying degrees of lung function impairment.

Many studies have focused on quantifying these two
components using computed tomography (CT). Quantification
of emphysema on CT by determining the relative area of the
lungs below -950 Hounsfield units (HU) on inspiration CT is
an established method that shows significant correlations
with airflow obstruction parameters on pulmonary function
tests (PFTs) [4-10]. Small-airway disease is quantified
indirectly by determining the air-trapping area on CT because
of the limited resolution of CT in visualizing small airways.
Air trapping is an indicator of small-airway obstruction
[11,12]. Several methods for evaluating air trapping, such as
quantifying the area below -856 HU on expiration CT (Exp_gss),
have been reported [7,10,13-15]. The air trapping index (ATI)
is a novel method for quantifying air trapping by comparing
the densities between inspiration and expiration CT scans
using the co-registration method [16]. The ATI defines air
trapping as an area with a density increase of less than
60 HU between inspiration and expiration CT scans [17],
considering that air trapping is defined as no or less density
increase during respiration compared to normal lungs [18].
However, the optimal method for evaluating small-airway
disease on CT is still under debate.

Parametric response mapping (PRM) has been introduced
to assess each COPD component by performing inspiration
and expiration CTs [19]. It allows for differentiation between
emphysematous and non-emphysematous air trapping.

In PRM, small-airway disease is defined simply as lung

areas with densities greater than or equal to -950 HU on
inspiration CT and less than -856 HU on expiration CT.
However, this method considers only slight dynamic density
changes in each voxel and excludes the contribution of
emphysema to air trapping in assessing small-airway disease.

Hence, in this study, we proposed a novel method of
CT analysis of two major disease components of COPD:
emphysema air-trapping composite (EAtC) mapping, using
quantitative CT analysis of emphysema and ATI in the co-
registration of inspiration and expiration CT scans. We
analyzed the potential use of this method as an imaging
biomarker for assessing lung function in patients with COPD
and compared this method with PRM.

MATERIALS AND METHODS

Patients
This retrospective study was approved by the Institutional

1720

Hwang et al.

Review Board of our medical center (IRB No. 2012-0226 and
2013-1032), and written informed consent was obtained
from all patients. All patients were selected from the Korean
Obstructive Lung Disease (KOLD) [20] and KOLD 2 Cohorts
(Supplementary Materials 1). From these two cohorts,

584 patients with COPD who were available for baseline
inspiration and expiration CT and PFT results were included
in this study between June 2005 and June 2015 (Fig. 1).
All patients underwent volumetric inspiration and expiration
(T scans, as well as PFTs with spirometry, lung volumes,

and diffusion capacity measurements. PFTs were performed
on the same day or within 2 weeks of CT scans, according
to the guidelines [21-23]. The St. George’s Respiratory
Questionnaire (SGRQ) questionnaire was used to assess the
degree of dyspnea [24]. Other clinical variables were also
assessed, such as the exercise capacity of a six-minute walk
distance, the degree of dyspnea according to the modified
Medical Research Council dyspnea scale, and body mass
index. The Body mass index, airflow Obstruction, Dyspnea
and Exercise capacity (BODE) index was calculated [25]. Of
the 584 patients, 174 were included in the study population
of a previous report [17]. A previous study assessed the
optimal ATI threshold for quantifying air trapping; in this
study, we used the modified ATI method.

CT Examination

Volumetric CT scans were obtained in the supine position
at both full inspiration and expiration using one of the
following scanners: Somatom Sensation 16, Definition AS+
or Definition Flash (Siemens Healthineers) (n = 463) at 140

711 patients recruited
from KOLD and KOLD 2
(KOLD extended) cohorts,
who had been diagnosed
as COPD, available baseline
cT

Excluded for (n = 108):
- Suboptimal CT quality
- Not available inspiration and
expiration CT images
- Failed quantification

A4
603 patients with available

inspiration and expiration
(T data

Excluded for (n = 19):
- Incomplete information
|/ on PFT

584 patients with available
inspiration and expiration
CT data and PFT

Y

Fig. 1. Flow diagram of patient inclusion. KOLD = Korean
Obstructive Lung Disease, PFT = pulmonary function test
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kVp and 100 effective mAs or Brilliance 40 or 64 (Philips
Medical Systems) (n = 121) at 140 kVp and 100-135
effective mAs with a pitch of 1.0, and collimation of 0.75
or 0.625 mm. The CT data were reconstructed at a 0.75-mm
slice thickness and 0.7-mm increment using a B30f kernel
(Siemens Healthineers) or at a 0.8-mm slice thickness and
0.8-mm increment or a 0.67-mm slice thickness and 0.67-
mm increment using a standard reconstruction algorithm
(B or C kernel) (Philips Medical System). All CT scanners
were calibrated weekly using an American Association of
Physicists in Medicine standard phantom.

Quantitative CT EAtC Mapping

Quantitative CT EAtC mapping was performed using an
automatic segmentation software (Aview, Coreline Soft).
Lung segmentation was performed for EAtC mapping, and
the airways, vessels, and background were segmented and
removed from the lung parenchyma using several specific
thresholds [16]. Inspiration and expiration CT images were
registered using a non-rigid method. A detailed description
of the registration of inspiration and expiration CT images
has been documented in a previous study [16].

In EAtC mapping, the lung parenchyma is classified into
three lung areas: 1) areas with functional air trapping (fAT),
2) areas with emphysema (Emph), and 3) areas with normal
lung parenchyma (Normal) (Fig. 2). Emph was defined as
the volume fraction of voxels exhibiting a density lower
than -950 HU on inspiration CT; fAT was defined as the
volume fraction of voxels exhibiting a change in density
of less than 60 HU between inspiration and co-registered
expiration CT scans [17] in the lung parenchyma sufficiently
inflated on inspiration CT with a lung density less than
-856 HU. The remaining volume fraction was defined as
Normal. The value of -856 HU was chosen because it is the
mean attenuation of a normally inflated lung on inspiration
(Supplementary Materials 2, Supplementary Table 1) [26].
Each lung area was presented as its volume relative to the
total lung volume.

Parametric Response Mapping

We also performed a PRM analysis of the CT scans of our
study population [19]. After segmentation of the lungs
and registration of inspiration and expiration CT images,
the lung parenchyma was classified into three lung areas
as documented in a previous study [19]: functional small-
airway disease (PRM¢sp), emphysema (PRMenpn), and normal
lung (PRMyormal)-
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Fig. 2. The concept of quantitative CT EAtC mapping.
Quantitative CT EAtC mapping classifies whole lung parenchyma

into three areas: Normal, fAT, and Emph, using the pairwise analysis
of inspiration and expiration CT scans with non-rigid registration.
fAT may include areas with small-airway disease in normal alveoli
and in emphysematous destruction. Emph includes all areas with
emphysematous destruction in the lung. The rest of the lung areas
are classified as Normal. EAtC = emphysema air-trapping composite,
Emph = emphysema, fAT = functional air trapping, HU = Hounsfield
units, Normal = normal lung parenchyma by EAtC

Statistical Analysis

Each class of EAtC mapping was compared according
to the Global Initiative for Chronic Obstructive Lung
Disease (GOLD) criteria [27] using a one-way analysis of
variance test. The relationships of each EAtC class with
PFTs and clinical findings, including the BODE index and
SGRQ score, were assessed using Pearson’s correlation or
Spearman’s correlation. Multiple linear regression analysis
with stepwise selection was performed to determine
the predictors of PFT parameters and BODE index. EAtC
classes and clinical variables, such as age and smoking
history (pack-years), were used as independent variables.
The relative volumes of each EAtC and PRM classes
were compared using paired t tests. The relationships
of each PRM class with the PFTs, BODE index, and SGRQ
score were also assessed. Correlation coefficients were
interpreted according to the following categories: r <
0.3, weak correlation; 0.3 < r < 0.7, moderate correlation;
and r> 0.7, strong correlation. Correlation statistics of
EAtC mapping and PRM analysis were compared using the
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Hittner's test [28]. Statistical significance was set at p <
0.05. All statistical analyses, except for Hittner's test, were
performed using SPSS Statistics for Windows, version 21
(IBM Corp.). Hittner's test was performed using R software
version 3.6.1 (R Project for Statistical Computing).

Table 1. Patients Characteristics

Variables Data

Age, year 65.7 + 11.7
Sex, male:female 542:42
Pack-years 44.5 + 26.7
GOLD stage

I 85

II 333

III 144

v 22
BODE index 2.70 £ 1.95

Pulmonary function tests

FEVy, liter 1.6 + 0.6
FEV1, % predicted 52.2 + 16.5
FVC, liter 3.3+0.9
FVC, % predicted 79.8 + 16.4
FEVl/FVC, % 46.7 + 11.1
FEF25-75%, % predicted 20.9 + 10.7
DLco, % predicted 75.7 £ 22.9
RV, % predicted 114.6 + 57.8
TLC, % predicted 103.6 £ 22.9
RV/TLC, % 41.3 £ 14.2
6MWD, meter 417.9 + 88.4
SGRQ score 30.5 + 18.6

Data are presented as mean + standard deviation except sex and
GOLD stages of which the data are number of patients. BODE = Body
mass index, airflow Obstruction, Dyspnea and Exercise capacity,
DLco = carbon monoxide diffusing capacity corrected for hemoglobin
concentration, FEF,s_ss, = mean forced expiratory flow between
25% and 75% of FVC, FEV, = forced expiratory volume in 1 second,
FVC = forced vital capacity, GOLD = Global Initiative for Obstructive
Lung Disease, RV = residual volume, SGRQ = St. George’s Respiratory
Questionnaire, TLC = total lung capacity, 6MWD = six-minute walk
distance

Hwang et al.

RESULTS

Patient characteristics are summarized in Table 1. The
relative volumes of the EAtC classes showed significant
differences according to GOLD stage (p < 0.001) (Table 2,
Figs. 3, 4). With an increase in GOLD stage, fAT and Emph
increased, while Normal significantly decreased. Post-hoc
analysis showed significant intergroup differences in EAtC
classes between GOLD stages (p < 0.05), except between
Emph of GOLD I and GOLD II.

Association of EAtC Classes with PFTs and Other Clinical
Parameters
The associations of each EAtC class with the PFTs, BODE

Il Normal [J fAT I Emph
80

60

40

Relative volume (%)

20

I I 111 v
GOLD classification

Fig. 3. Distribution of EAtC classes according to GOLD stages.
The relative volumes of EAtC classes showed distinctly different
distributions according to GOLD severity; fAT and Emph increased,
whereas Normal decreased, with an increase in GOLD stage. EAtC =
emphysema air-trapping composite, Emph = emphysema by EAtC,
fAT = functional air trapping by EAtC, GOLD = Global Initiative for
Obstructive Lung Disease, Normal = normal lung parenchyma by EAtC

Table 2. Characteristics of CT-Quantitative EAtC Mapping of Lung Parenchyma According to GOLD Stages

. GOLD Stage .
EALC Mapping I(n=85) II (n = 333) 101 (n = 144) IV (n = 22) P
Normal 62.4 +19.8 53.5+17.6 37.7 £ 14.5 24.8+7.3 < 0.001
fAT 32.9 £ 20.0 42.0 + 18.1 58.8 + 15.0 72.8 £7.8 < 0.001
Emph 10.5 + 11.6 14.2 + 11.3 23.7 £15.0 38.6 + 12.2 < 0.001

Data are presented as means + standard deviations of the relative volume (%) of each class. *EAtC classes were compared according

to GOLD stages using one-way analysis of variance. Post-hoc analysis with Tukey's test showed the significant inter-group differences
between all GOLD stages (p < 0.05) except among Emph in GOLD stages I and II. EAtC = emphysema air-trapping composite, Emph =
emphysema by EAtC, fAT = functional air trapping by EAtC, GOLD = Global Initiative for Obstructive Lung Disease, Normal = normal lung

parenchyma by EAtC
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A GOLD stage I EAtC mapping

Fig. 4. Images of EAtC mapping of patients with chronic obstructive pulmonary disease in each GOLD stage. The first column shows
the distribution of voxels corresponding to each EAtC class. Color-mapped CT images show the distribution of each EAtC class within the lung
parenchyma. In the EAtC mapping images, areas with fAT are displayed in yellow, areas with Emph are displayed in red, and areas with Normal are
displayed in blue. The area marked in orange is where fAT and Emph overlap. According to the GOLD severity, the distribution of voxels in each
EALC class appeared differently.

A. Coronal image obtained from inspiration CT of a GOLD stage I patient showed minimal centrilobular emphysema in both upper lobes. In

this patient, fAT and Emph were 22% and 11%, respectively. B. Coronal image obtained from inspiration CT of a GOLD stage II patient showed
mild centrilobular emphysema in both lungs. In this patient, fAT and Emph were 24% and 15%, respectively. C. Coronal image obtained from
inspiration CT in a GOLD stage III patient showed mild to moderate centrilobular and paraseptal emphysema in both lungs. In this patient, fAT
and Emph were 41% and 27%, respectively. D. Coronal image obtained from inspiration CT in a GOLD stage IV patient showed confluent and
advanced destructive emphysema in both lungs. In this patient, fAT and Emph were 76% and 54%, respectively. EAtC = emphysema air-trapping
composite, Emph = emphysema by EAtC, fAT = functional air trapping by EAtC, GOLD = Global Initiative for Obstructive Lung Disease, Normal =
normal lung parenchyma by EAtC

index, and SGRQ score are presented in Table 3. fAT and 0.001), which are measures of pulmonary air trapping or
Emph showed significant and moderate negative correlations  small-airway dysfunction, while Emph showed the highest
with forced expiratory volume in 1 second (FEV:) and FEV:/  correlation with the carbon monoxide diffusing capacity

forced vital capacity (FVC) (fAT: r=-0.567 and -0.659, corrected for hemoglobin concentration (DLe) (r = -0.516,
Emph: r =-0.430 and -0.605, respectively, all p < 0.001), p < 0.001), which is a measure of parenchymal destruction.
which are measures of airflow limitation. fAT showed Each class also showed moderate correlations with the BODE
the highest correlation with mean forced expiratory flow index and SGRQ score, which are integrative prognostic
between 25% and 75% of FVC (FEFzs-75%), residual volume factors of COPD and measures of health impairment,

(RV), and RV/total lung capacity (TLC) (r=-0.502-0.491, p < respectively. Table 4 shows results of the multiple linear
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Table 3. Correlation of CT-Quantitative EAtC Mapping and PRM Classes with PFTs, BODE Index, and SGRQ Score

Method PFTs and Clinical Variables

FEV, FEV./FVC FEF 25754, RV TLC RV/TLC DLco BODE Index SGRQ

EAtC
Normal 0.559 0.674 0.500 -0.475 -0.471 -0.452 0.361 -0.561 -0.349
fAT -0.567 -0.659 -0.502 0.491 0.469 0.474 -0.333 0.584 0.354
Emph -0.430 -0.605 -0.423 0.327 0.384 0.280 -0.516 0.425 0.256
PRM

PRMnormal 0.547 0.661 0.463 -0.454 -0.454 -0.426 0.349 -0.533 -0.324

PRMgsan -0.383 -0.411 -0.337 0.331 0.279 0.345 -0.041* 0.319 0.191

PRMemph -0.488 -0.647 -0.471 0.366 0.407 0.326 -0.502 0.475 0.275

Data are presented as correlation coefficients determined using the Pearson’s correlation test for Normal, fAT, PRMyem and PRMsap and
Spearman’s correlation for Emph and PRMgngh. *p values > 0.05. Otherwise, p values < 0.05. BODE = Body mass index, airflow Obstruction,
Dyspnea and Exercise capacity, DLc = carbon monoxide diffusing capacity corrected for hemoglobin concentration, EAtC = emphysema
air-trapping composite, Emph = emphysema by EAtC, fAT = functional air trapping by EAtC, FEFs_s54, = mean forced expiratory flow
between 25% and 75% of FVC, FEV, = forced expiratory volume in 1 second, FVC = forced vital capacity, Normal = normal lung parenchyma
by EAtC, PFT = pulmonary function test, PRM = parametric response mapping, PRMenen = emphysema by PRM, PRMgap = functional small
airways disease by PRM, PRMyoma = normal lung by PRM, RV = residual volume, SGRQ = St. George’s Respiratory Questionnaire, TLC = total

lung capacity

Table 4. Multiple Linear Regression Analysis for CT-Quantitative
EAtC Mapping and Clinical Variables (Age, Pack-Years) for PFTs
and BODE Index

Variables Coefficients P R?
FEV, 0.352
fAT -0.409 < 0.001
Emph -0.188 < 0.001
FEV./FVC 0.488
fAT -0.277 < 0.001
Emph -0.224 <0.001
FEF25-75% 0.264
fAT -0.281 < 0.001
RV/TLC 0.233
fAT 0.344 < 0.001
DLco 0.303
Emph -0.891 <0.001
Age -0.153 0.038
BODE index 0.397
fAT 0.425 < 0.001
Emph 0.253 < 0.001
Age 0.087 0.022

The following independent variables were used for the multivariable
model: EAtC classes (fAT and Emph), age, and smoking history
(pack-years). Normal from the EAtC classes was not considered as
an independent variable because considerable multicollinearity
(variance inflation factor > 10) between fAT and Normal were
found. BODE = Body mass index, airflow Obstruction, Dyspnea
and Exercise capacity, DL¢ = carbon monoxide diffusing capacity
corrected for hemoglobin concentration, EAtC = emphysema air-
trapping composite, Emph = emphysema by EAtC, fAT = functional
air trapping by EAtC, FEFzs_7s5, = mean forced expiratory flow
between 25% and 75% of FVC, FEV, = forced expiratory volume

in 1 second, FVC = forced vital capacity, Normal = normal lung
parenchyma by EAtC, PFT = pulmonary function test, RV = residual
volume, TLC = total lung capacity
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regression analysis of EAtC classes and clinical parameters
for predicting the PFTs and BODE index results. Among

the EAtC classes, considerable multicollinearity (variance
inflation factor > 10) between fAT and Normal were

found. Hence, fAT and Emph were included as independent
variables. Both fAT and Emph were identified as predictors
of FEV; and FEV,1/FVC (R? = 0.352 and 0.488, respectively;
p < 0.001). For FEFs7s5 and RV/TLC, fAT was the only
significant predictor (R* = 0.264 and 0.233, both p < 0.001),
while Emph and patient age were significant predictors of
DLeo (R? = 0.303, p < 0.001).

Comparison of EAtC Mapping and PRM Analysis

The results of the EAtC mapping and PRM analysis are
summarized in Supplementary Table 2. The mean relative
volumes of Normal vs. PRMyormat, TAT vs. PRM¢spp, and Emph
vS. PRMgnyn were compared, and they differed significantly
between the two methods (p < 0.05). The mean relative
volume of fAT was significantly higher than that of PRMgas,
and that of Emph was higher than that of PRMen,h. Each
PRM class also showed a significant correlation with the PFT
results, BODE index, and SGRQ score (Table 3). When the
correlation statistics were compared between EAtC mapping
and PRM, fAT showed significantly stronger correlations
with PFT results, including FEF;5_754,, RV, and RV/TLC than
PRMsap (all, p < 0.001) (Fig. 5). PRMempn showed slightly
stronger correlations with most of the PFT results than
Emph of EAtC mapping (p < 0.001); however, Emph showed
a slightly stronger correlation with DLco than PRMgmpn,
although this trend was not statistically significant (p =

https://doi.org/10.3348/kjr.2021.0033 kjronline.org
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Fig. 5. Comparison between fAT and PRMsp in correlation with FEF.s_7s4, and RV/TLC.

A-D. The correlation coefficients of fAT and PRMssap were (A), -0.502 and (B), -0.337 for FEFzs_ss, and (C), 0.474 and (D), 0.345 for RV/TLC.
There were significant differences in correlation coefficients between fAT and PRMgsuo for both FEFzs_75%, and RV/TLC (p < 0.001). fAT = functional
air trapping by emphysema air-trapping composite, FEFzs_ss4, = mean forced expiratory flow between 25% and 75% of forced vital capacity,
PRMssap = functional small-airway disease by PRM, RV = residual volume, TLC = total lung capacity

0.079) (Supplementary Table 3).

DISCUSSION

This study showed that each disease component of COPD
quantified using EAtC mapping showed progression with
increased disease severity according to the GOLD criteria
and each component was significantly associated with PFTs
and clinical variables. EAtC classes were significant imaging
predictors of PFT parameters and the BODE index. When
the correlation with lung function was compared between
EAtC mapping and PRM, fAT showed significantly stronger
correlations with PFT results, including FEFzs 754, RV, and RV/

kjronline.org https://doi.org/10.3348/kjr.2021.0033

TLC, than PRMgap. In this respect, EAtC mapping can provide
a comprehensive view of each COPD component contributing
to the current lung function impairment using the modified
ATL. In this study, we focused on the association between
EAtC classes and lung function in patients with COPD; thus,
the potential use of this method for disease follow-up or
assessment of treatment responses should be studied in the
future.

PRM analysis may have a unique potential for early
identification of disease progression in COPD [29,30] by
identifying non-emphysematous air trapping, or early
small-airway disease. The focus of EAtC mapping is
different from that of PRM analysis. EAtC mapping aims
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to evaluate the factors contributing to lung function
impairments in individual patients by evaluating the
extent and distribution of each COPD component more
accurately and comprehensively. It is important to detect
the preclinical disease of COPD, which can be a potential
target for treatment. However, considering that patients
with COPD manifest various lung function declines and
treatment plans are devised based on lung function
evaluations, accurately evaluating each disease component
contributing to various lung function impairments on CT
may be helpful in understanding a patient’s current status
and planning treatment. EAtC mapping may also be used
to evaluate how each disease component that affects lung
function impairments changes with the progression of
COPD. Moreover, air trapping in the non-emphysematous
area within fAT can be assessed separately using the EAtC
mapping segmentation software, although this area was not
evaluated in this study. In previous studies, air trapping in
non-emphysematous and emphysematous areas have been
separately evaluated using ATI analysis [16,17]. The air
trapping in the non-emphysematous area within fAT may
correspond with PRMgwap or more accurately reflect early
small-airway disease using the ATI method.

fAT includes air trapping in the emphysematous area
(small-airway disease with emphysematous destruction)
and non-emphysematous areas (small-airway disease with
normal alveoli). Indeed, air trapping in the emphysematous
area might be controversial in assessing small-airway
disease. Although small-airway disease precedes
emphysematous destruction [31,32], preexisting small-
airway disease may co-exist in areas with emphysema, and
further narrowing caused by emphysematous destruction
of the supporting structures of small airways may also
worsen air trapping. Therefore, small-airway disease in
both normal alveoli and emphysematous areas may affect
air trapping. A previous study revealed that air trapping
in emphysematous areas may substantially contribute to
small-airway dysfunction [17]. Our study also demonstrated
similar results and showed that fAT showed significantly
better correlations with PFTs than PRMgap, which represents
non-emphysematous air trapping only. With respect to
functional assessments on chest CT, fAT may characterize
small-airway dysfunction better than PRMespp.

The optimal method for quantifying air trapping on CT
is still under debate. The ATI analyzes density changes
between co-registered inspiration and expiration CT scans
[16,17], whereas the other CT indices of air trapping such
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as PRMgsap, Exp-gss, Or expiration/inspiration ratio of the
mean lung density use the fixed HU values on expiration
or inspiration CT scans. Considering that air trapping is
defined as an area that shows no or less density increase
during expiration than normal lungs on CT [18], the ATI is
a logical method that considers dynamic changes. The ATI
was significantly correlated with PFTs and was comparable
to the other CT indices of air trapping in previous studies
[16,17]. In EAtC mapping, air trapping was quantified
using the modified ATI and presented as fAT, which was
significantly correlated with PFTs.

In EAtC mapping, the ATI was modified by excluding
the lung areas with densities higher than -856 HU on the
inspiration CT from the air trapping area. This value is
the attenuation of a normally inflated lung on inspiration
CT [26], and it is presumed that the lung areas showing
density changes less than 60 HU but a density higher
than -856 HU on inspiration (T, inflated incompletely or
insufficiently, result in small density changes on expiration
CT. Therefore, we speculated that these lung areas may be
associated with normal lung parenchyma, such as structural
components that are not actively involved in gas exchange,
and not with air-trapping areas. The modified ATI (fAT)
showed stronger correlations with PFTs than the original ATI
(of the whole lung area).

The extent of emphysema assessed on chest CT provides
information on the degree of lung parenchymal destruction
in patients with COPD. In our study, Emph was significantly
associated with DLc, which is in accordance with previous
studies [7,33,34]. Increasing emphysema could cause
hypoxemia through impaired diffusion capacity and loss of
surface area for gas exchange [35]. Therefore, Emph may
possibly identify lung areas with destroyed alveoli that can
lead to gas exchange impairment. Although Emph and fAT
partly overlap in the lung on EAtC mapping, Emph and fAT
may provide information on lung parenchymal destruction
and small-airway dysfunction, respectively.

Our study has several limitations. First, the retrospective
design of the study could have caused selection bias.
Second, we modified the ATI using a threshold of -856
HU on inspiration CT. Although it is known that this
value reflects the attenuation of a normally inflated lung
on inspiration CT, we could not histologically confirm
our assumption. Despite this, the modified ATI showed
stronger correlations with the PFTs than the original ATI.
Third, the optimal threshold for density changes of ATI was
determined using a single CT protocol and CT machine in a
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previous study [17]. The predetermined threshold can vary
according to the CT machines, section thicknesses, and
reconstruction algorithms. However, all CT scanners were
regularly calibrated, and most CT images were obtained
from the same CT machine with the same CT protocol as in
the previous study. Nonetheless, further external validation
under different conditions is necessary. Fourth, although
CT protocols of the KOLD cohort were designed to minimize
interpatient differences, CT machines vary between centers.
The detailed reconstruction algorithms or voltages of the
CT scans also varied slightly by the CT manufacturer. This
may have affected the CT parameters in our study. Recently,
attempts have been made to develop deep learning-based
post-processing techniques that permit interconversion
among CT images obtained using different CT protocols
[36,37]. This method has the potential to facilitate
reliable quantification of CT scans obtained using different
protocols and machines. Lastly, as CT was obtained without
spirometric control, there was a possibility of variations

in the expiration level, which may have influenced the
air-trapping quantification. However, we instructed the
patients sufficiently regarding the appropriate inspiratory
and expiratory levels before CT scanning, although rigorous
volume control was difficult.

In conclusion, quantitative CT EAtC mapping can provide
spatial and quantitative information on the two disease
components of COPD, emphysema and small-airway disease,
which are associated with COPD severity and lung function
status. This method has the potential to serve as an imaging
biomarker for assessing lung function in patients with COPD
by comprehensively evaluating these components.

Supplement

The Supplement is available with this article at
https://doi.org/10.3348/kjr.2021.0033.
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