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Purpose: Disease probability measure (DPM) is a useful voxel-wise imaging assessment of gas-trapping and emphysematous lesions
in patients with chronic obstructive pulmonary disease (COPD). To elucidate the progression of COPD, we performed a cluster
analysis using the following DPM parameters: normal (DPMyormar), gas-trapping (DPMgasrrap), and emphysematous lesions
(DPMEgmph). Our findings revealed the characteristics of each cluster and the 3-year disease progression using imaging parameters.
Patients and Methods: Inspiratory and expiratory chest computed tomography (CT) images of 131 patients with COPD were
examined, of which 84 were followed up for 3 years. The percentage of low attenuation volume (LAV%) and the square root of the
wall area of a hypothetical airway with an internal perimeter of 10 mm (VAaw at Pil0) were quantitatively measured using inspiratory
chest CT. A hierarchical cluster analysis was performed using the DPM parameters at baseline. Five clusters were named according to
the dominant DPM parameters: normal (NL), normal-GasTrap (NL-GT), GasTrap (GT), GasTrap-Emphysema (GT-EM), and
Emphysema (EM).

Results: Women were predominantly diagnosed with GT. Forced expiratory volume in 1 s gradually decreased in the following order:
NL, NL-GT, GT, GT-EM, and EM. DPMg,,,;, correlated well with LAV%. Four clusters other than NL showed significantly higher
values of VAaw at Pil0 than NL; however, no significant differences were observed among them. In all clusters, DPMg,,;, increased
after 3 years. DPMyomar only increased in the GT cluster.

Conclusion: Clusters using DPM parameters may reflect the characteristics of COPD and help understand the pathophysiology of the
disease.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a progressive disease characterized by small airway disease and
parenchymal destruction.' This pathophysiology is mixed in various ratios and increases at various rates.’

Recently, voxel-wise image analysis using co-registered inspiration and expiration computed tomography (CT) scans
has been developed to quantitatively distinguish functional airway diseases with air trapping from emphysematous
lesions. Such analyses include parametric response mapping (PRM)* and disease probability measure (DPM),” which
were applied to this method. With the progression of COPD, the destruction of the lung parenchyma leads to the loss of
bronchiolar-alveolar attachments, which, in turn, causes gas-trapping and emphysematous changes.® This pathophysiol-
ogy is reflected by DPM and PRM parameters.*
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We hypothesized that the imaging clusters that were analyzed based on the quantitative DPM parameters would be
useful in considering progressive imaging changes. In this study, we revealed a better understanding of the relationship
between DPM analysis and other COPD parameters.

Materials and Methods

Study Population
A total of 131 patients with COPD who visited the respiratory outpatient clinic of the Shiga University of Medical
Science (SUMS) Hospital between August 2013 and November 2016 were enrolled in the SUMS COPD Cohort Study.
The eligibility criteria included: 1) smoking history of more than 10 pack-years or long-term biomass exposure; 2) no
COPD exacerbation within 4 weeks prior to enrollment; and 3) no uncontrolled comorbidities, such as severe heart
failure, malignant diseases, or other chronic lung diseases. Treatments differed among the study population according to
the clinical judgment of the treating physician. COPD was diagnosed using a post-bronchodilator ratio of forced
expiratory volume in 1 s (FEV;)/forced vital capacity (FVC) < 0.70 according to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) recommendations.>®

This study was approved by the Ethics Committee of SUMS (registration number: 27-11) and conformed to the tenets
of the Declaration of Helsinki, and all participants provided written informed consent prior to their participation.

Pulmonary Function Tests and Fractional Exhaled Nitric Oxide (FeNO)

Spirometry was performed after inhalation of 20 pg procaterol using a FUDAC77 spirometer (Fukuda Denshi, Tokyo,
Japan), according to the American Thoracic Society/European Respiratory Society guidelines.” Carbon monoxide
diffusing capacity was measured using the single-breath washout technique. Predicted spirometry values were calculated
in accordance with the guidelines of the Japanese Respiratory Society.® FeNO was measured before inhalation of
procaterol using NIOX (Circassia AB, Uppsala, Sweden).

Forced Oscillation Technique (FOT)

Indices of the FOT were measured after inhalation of 20 pg procaterol using MostGraph-01 (Chest M.I., Inc., Tokyo,
Japan).’ The FOT indices at each oscillatory frequency (435 Hz), such as the respiratory resistance (Rrs), respiratory
reactance (Xrs) at 5 or 20 Hz (RS, R20, and X5), resonant frequency (Fres), and low-frequency reactance (ALX), were
calculated automatically using fast Fourier transformation methods. Each oscillatory index was expressed as the mean
value of the five respiratory cycles.

Inspiratory and Expiratory Chest CT

Volumetric non-contrast chest CT was performed in the supine position using a 320-detector row CT scanner (Aquilion
ONE, Canon Medical Systems Corporation, Tochigi, Japan) with either full inspiration or expiration after inhalation of
20 pg procaterol. The CT images were reconstructed with a 1.0-mm slice thickness at 0.5-mm intervals using the FC03
(mediastinal kernel) algorithm.

The percentage of low attenuation volume (LAV%), which is a characteristic parameter of emphysematous lesions,
and the square root of the wall area of a hypothetical airway with an internal perimeter of 10 mm (VAaw at Pi10),'
which is an index reflecting airway lesions, were quantitatively measured using Apollo software (VIDA, Coralville, IA,
USA), as previously described.'!!

Disease Probability Measure (DPM)

DPM is a quantitative measure of voxel analysis based on the registration of paired inspiration and expiration CT scans,
as previously reported by Kirby et al.”> Briefly, DPM classifies each voxel as normal (DPMyomma), emphysematous
(DPMggph), or gas trapping (DPMgastrap), Which is referred to as functional small airway disease by combining the
probability of gas trapping and emphysema, as calculated by inspiratory-to-expiratory intensity differences. The DPM
analyses were performed using VIDA, as described previously.”
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For 84 participants, DPM analyses were performed using CT follow-up data after 3 years. There was no consistent
treatment intervention during the three years; changes in treatment were at the discretion of the clinician.

Cluster Analysis and Other Statistical Methods

First, the DPM parameters (DPMyormat, DPMgastrap, and DPMggpn) were used to identify the clusters. Hierarchical
cluster analysis was performed using Ward’s method.'> The number of clusters was set to five. Second, comparisons
among each cluster of characteristics, functional parameters, and imaging biomarkers were evaluated using the Wilcoxon
rank-sum test. All statistical analyses were performed using JMP software v.11 (SAS Institute, Cary, NC, USA).

Results

Characteristics of Imaging Clusters

Figure 1 shows the ratio of each DPM parameter. The clusters (x axis) were named as follows, based on the dominance of
the three DPM parameters (y axis): Normal (NL), Normal-GasTrap (NL-GT), GasTrap (GT), GasTrap-Emphysema (GT-
EM), and Emphysema (EM). The number of patients in the NL, NL-GT, GT, GT-EM, and EM clusters were 32, 20, 33,
32, and 14, respectively.

Table 1 presents the characteristics of the imaging clusters. Patients in the NL group tended to be younger and
smoked fewer cigarettes than the others. Body mass index (BMI) was low in the GT-EM and EM groups and markedly
lower in the EM group. The EM group showed significantly higher scores on the modified Medical Research Council
dyspnea scale than the other cluster groups. Regarding treatment, patients without inhalants were mainly present in the
NL and NL-GT groups (37.5% of the NL and 45% of the NL-GT groups). Monotherapy, long-acting muscarinic receptor
antagonists (LAMA) or long-acting 32 agonists (LABA) were prominent in the NL, NL-GT, and GT groups, whereas
combination therapy (LAMA + LABA) was administered in the GT-EM and EM groups. Approximately one-third of the
patients with EM were treated with triple therapy (inhaled corticosteroid + LAMA + LABA).

Pulmonary Functions and FeNO of Imaging Clusters

Table 2 shows the comparison of pulmonary function and FeNO values among the imaging clusters. The EM group
showed significantly lower VC (% predicted) and FVC (% predicted) and the highest residual volume/total lung capacity
(RV/TLC) value. Although no significant difference in FEV, (% predicted) was detected between NL and NL-GT, the
FEV, (% predicted) tended to be lower in the NL-GT group than in the NL group. In the GT group, the FEV, (%

TR I =
? =i
%
0

NL NL-GT GT GT-EM EM

Imaging clusters

Figure | The percentage of three DPM parameters for the five imaging clusters in 131 subjects. Bars show the percentage of DPMyormal (green), DPMgastiap (yellow), and
DPMEgmph (red). The number of subjects comprised 32, 20, 33, 32, and 14 in the NL, NL-GT, GT, GT-EM, and EM clusters, respectively.

Abbreviations: DPM, disease probability measure; DPMnormai, Normal lesion recognized by DPM; DPMgstrap gas-trapping lesion recognized by DPM; DPMgqph,
emphysematous lesion recognized by DPM; NL, normal cluster; NL-GT, Normal-GasTrap cluster; GT, GasTrap cluster; GT-EM, GasTrap-Emphysema cluster; EM, emphysema
cluster.
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Table | Characteristics of the Five Imaging Clusters

NL NL-GT GT GT-EM EM

Subjects (n) 32 20 33 32 14
Age (years) 674 + 88 725 + 6.7 73.7 £ 7.5% 748 + 6.9* 725+ 86
Sex (M /W) 30/2 20/0 25/8 32/0 1371
Height (cm) 167.3 £ 6.7 1652 + 6.3 160.2 + 6.3%tF 1657 £ 7.5 163.1 £7.6
BMI (kg/m?) 24.1 £ 26 245 +29 237 + 4.1 224 + 28" 205 + 2.3+ ¥4
Smoking history

Current / former 11721 2/18 5/27°¢ 8/24 2/ 12

Pack-years 49.5 + 24.6 64.8 + 48.4 545 + 22,6 62.0 + 25.7* 76.1  36.6*
mMRC score® 0.9 + 0.9 LI 0.9 + 0.9 13 1.0 2.0 £ 1o FE
Total CAT score® 11.2 £ 80 83+63 82+ 6.0 11.8+77 13.6 + 84
GOLD airflow limitation severity (1 / 2/ 3/ 4) 22/10/0/0 8/12/0/0 2/18/3/0 5/17/710/0 1/5/3/5
Treatments (n)

None 12 9 8 5 |

Monotherapy (ICS / LAMA / LABA) 111172 0/2/2 0/12/4 0/6/4 0/11/1

Combination (ICS + LABA / LAMA + LABA) 5/71 2/3 1/2 2/8 0/6

Triple (LAMA + LABA + ICS) 0 2 6 7 5

Notes: Data are presented as the mean # standard deviation unless otherwise stated and were analyzed by Wilcoxon's rank-sum test. ®inhalation biomass (n = 1); ®n = 32/
20/32/32/13;°n=32/19/33/32/ 14; % < 0.05 vs NL; Tp < 0.05 vs NL-GT; "p < 0.05 vs GT; *p < 0.05 vs GT-EM.

Abbreviations: BMI, body mass index; CAT, COPD assessment test; GOLD, Global Initiative for Chronic Obstructive Lung Disease; ICS, inhaled corticosteroid; LABA,
long-acting B2 agonist; LAMA, long-acting muscarinic antagonist; M, men; mMRC, modified Medical Research Council dyspnea scale; W, women.

Table 2 Pulmonary Functions and FeNO Among the Five Imaging Clusters

NL NL-GT GT GT-EM EM
VC (% predicted) 107.0 [97.3, 1149] | 104.1 [97.3, 110.9] | 102.9 [95.0, 114.9] | 1043 [92.8, 119.8] | 96.1* [83.2, 104.2]
FVC (% predicted) 107.4 [97.8, 1155] | 102.4 [96.4, 113.4] | 1040 [93.7, 113.9] | 1073 [92.1, 121.0] | 94.5* [83.4, 108.7]
RV / TLC (%) 353 [31.9, 37.3] 36.6 [33.6, 39.6] 417+ [37.4, 46.1] | 38.2% [33.3, 46.4] 46.041 [39.9, 51.9]
FEV, (L) 2.36 [2.14, 2.88] 2.19% [1.86, 2.39] 163+ [1.38,2.09] | 1.65% [1.29, 2.01] 11657 ¥% [0.72, 1.48]
FEV, (% predicted) 83.9 [76.1, 91.0] 77.5 [72.5, 88.5] 73.3%[57.8,90.4] | 60.6*T* [45.4, 745] | 42.5+T ¥ ¥ [259, 60.5]
DLeo/Va (MUmin/mmHg/L) | 3.38 [3.11, 3.74] 3.44 [2.90, 3.98] 3.30 [2.62, 3.94] 2274 % [1.72,2.92] | 1.56% % [1.20, 2.03]
FeNO value (ppb) * 22 [16, 32] 28 [16, 47] 25 [I5, 34] 20 [15, 35] 25 [9.5, 55]

Notes: Data are presented as the median [interquartile range] and were analyzed by Wilcoxon’s rank-sum test. *n = 32/ 20/ 32 /29 / 13; *p < 0.05 vs NL; Tp < 0.05 vs NL-
GT; :p < 0.05 vs GT; *p < 0.05 vs GT-EM.

Abbreviations: VC, vital capacity; FVC, forced vital capacity; RV, residual volume; TLC, total lung capacity; FEV|, forced expiratory volume in | s; DL.,/Va, carbon
monoxide diffusing capacity divided by the alveolar volume; FeNO, fractional exhaled nitric oxide.

predicted) was significantly lower than in the NL group. The GT-EM group showed a significantly lower FEV; (%
predicted) than the NL, NL-GT, and GT groups; in addition, the EM group showed lower values than the other clusters.
The DL.,/V, value was significantly lower in the GT-EM group than in the NL, NL-GT, and GT groups, and it was
lowest in the EM group. The FeNO values were not significantly different among the clusters.

FOT Parameters of Imaging Clusters

Table 3 shows comparisons of the FOT indices among the imaging clusters. Although no significant differences in the
FOT indices were detected between the NL and NL-GT groups, Rrs (RS, R20), frequency dependence (R5-R20), Fres,
and ALX tended to be higher, whereas X5 tended to be lower in the NL-GT group. Rrs and R5-R20 were significantly
higher in the GT, GT-EM, and EM groups than in the NL group. Fres and ALX were significantly higher and X5 was
significantly lower in the GT, GT-EM, and EM groups than in the NL and NL-GT groups. The EM group showed the
highest Rrs, R5-R20, Fres, and ALX and the lowest X5 among the five groups.
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Table 3 FOT Parameters Among the Five Imaging Clusters

R5-R20 (kPa/L/s)
X5 (kPa/L/s)
AXS5 (kPa/L/s)
Fres (Hz)

ALX (kPa/L/s Hz)

0.02 [0.0, 0.05]
~0.02 [0.05, —0.01]
0.00 [-0.01, 0.02]
0.67 [0.59, 0.95]
0.08 [0.04, 0.19]

0.04 [0.01, 0.06]
~0.04 [-0.05, —0.01]
0.01 [0.00, 0.04]
0.82 [0.60, 1.16]
0.15 [0.06, 0.24]

0.05* [0.03, 0.07]
—0.06*" [-0.10, —0.04]
0.01 [-0.01, 0.05]
1.01%t [0.86, 1.50]
0.25* [0.16, 0.68]

NL NL-GT GT GT-EM EM
R5 (kPa/Lls) 0.17 [0.13, 0.23] 0.22 [0.17, 0.26] 0.25*% [0.20, 0.31] 0.23* [0.17, 0.30] 0.31% [0.17, 0.40]
R20 (kPa/L/s) 0.15 [0.13, 0.18] 0.18 [0.15, 0.21] 0.21% [0.16, 0.25] 0.17 [0.14, 0.22] 0.21% [0.15, 0.27]

0.06* [0.03, 0.09]
-0.07+ [-0.13, —0.03]
0.02* [0.00, 0.07]
1.22%F [0.82, 1.89]
0.32* [0.12, 1.08]

0.09%t [0.01, 0.14]
-0.09*f [-0.20, —0.03]
0.04* [0.00, 0.14]
1.50%T [0.80, 2.07]
0.64*1 [0.10, 1.77]

Notes: Data are presented as the median [interquartile range] and were analyzed by Wilcoxon’s rank-sum test. Each oscillatory index is expressed as the mean value of five
entire respiratory cycles. *p < 0.05 vs NL; Tp < 0.05 vs NL-GT.

Abbreviations: FOT, forced oscillation technique; R5, Rrs at 5 Hz; R20, Rrs at 20 Hz; R5-R20, difference from R5 to R20; X5, Xrs at 5 Hz; Fres, resonant frequency; AX5,
difference in X5 between inspiratory and expiratory phases; ALX, low-frequency reactance area.

CT Imaging Biomarkers of Imaging Clusters

Figure 2 shows CT imaging biomarkers among the five clusters. The LAV% was significantly higher in the GT-EM group
than in the NL, NL-GT, and GT groups. It was also significantly higher in the EM than in the GT-EM group. Four
clusters other than the NL group showed significantly higher values of YAaw at Pil0, but no significant differences were
observed among the four clusters.

Longitudinal Changes of DPM Parameters by Imaging Clusters

Figure 3 shows the change in DPM after 3 years for each cluster. The numbers of subjects in the NL, NL-GT, GT, GT-EM, and
EM clusters were 19, 14, 23, 20, and 8, respectively. In all clusters, DPMg,p, increased during the follow-up period. Except for
GT, DPMnormal decreased, and DPMqrrap increased. During the 3 years, one former smoker in the NL group and one in the NL-
GT group resumed smoking. On the other hand, two current smokers in the NL group, one in the GT group, and one in the EM
group quit smoking. Six participants had pneumonia, but none of them had imaging changes after pneumonia. Treatment was
changed at the discretion of the clinician; this included a change from no treatment to monotherapy or a change from
monotherapy to combination therapy, among others (Supplementary Table 1). Only one person in the EM group received

rehabilitation.
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Figure 2 Comparison of computed tomography imaging biomarkers among the imaging clusters. Box plot of (a) LAV% and (b) VAaw at Pil0 according to imaging clusters.
The x mark shows the mean value. The Wilcoxon rank-sum test was used to compare computed tomography imaging biomarkers among clusters. *p < 0.05 compared with
NL; Tp < 0.05 compared with NL-GT; ~p < 0.05 compared with GT; ip < 0.05 compared with GT-EM.

Abbreviations: LAV%, percentage of low attenuation volume; VAaw at Pil0, square root of the wall area of a hypothetical airway with an internal perimeter of 10 mm; NL,
normal cluster; NL-GT, Normal-GasTrap cluster; GT, GasTrap cluster; GT-EM, GasTrap-emphysema cluster; EM, emphysema cluster.
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Figure 3 Longitudinal changes in DPM parameters of the imaging clusters. The baseline data and the 3-year follow-up data of 84 subjects are shown side-by-side. Bars show
the mean percentage data of DPMyormal (green), DPMgacriap (yellow), and DPMgnpn (red). The number of subjects comprised 19, 14, 23, 20, and 8 in the NL, NL-GT, GT,
GT-EM, and EM clusters, respectively.

Abbreviations: DPM, disease probability measure; DPMnorma, Normal lesion recognized by DPM; DPMgstrap gas-trapping lesion recognized by DPM; DPMgnph,
emphysematous lesion recognized by DPM; NL, normal cluster; NL-GT, Normal-GasTrap cluster; GT, GasTrap cluster; GT-EM, GasTrap-Emphysema cluster; EM, emphysema
cluster.

Discussion

We proposed that analyzing imaging clusters using DPM parameters would reveal the features of each cluster and the
relationship between the imaging parameters and functional indicators. This is the first study to evaluate the progress of
DPM parameters by demonstrating the longitudinal image changes for each cluster.

Both gas-trapping and emphysematous lesions increase with COPD progression.'> ' It has been reported that the
gas-trapping area was predominant in the early stages of COPD, namely GOLD stages 1 and 2, while emphysema
gradually increased and eventually became predominant.'® The imaging clusters and follow-up data after 3 years in the
current study demonstrate the gradual progression of DPM parameters (Figure 3). When we focused on the NL and NL-
GT groups, we found that the replacement of the normal area by gas-trapping area markedly proceeded and the
emphysematous area gradually increased. Contrastingly, in the GT cluster, some gas-trapping areas were found to revert
to normal. In the GT-EM and EM groups, the replacement of the gas-trapping area with emphysematous lesions became
more remarkable. Regarding the longitudinal changes in DPM parameters, while emphysematous lesions are irreversible,
it appears that reversibility to normal is possible for gas-trapping lesions.

Correlations between the inspiratory-expiratory CT imaging parameters and the pulmonary function and FOT values
have been reported previously.'*'” The DPMgastrap Value is expected to initially increase and then gradually decrease
thereafter with COPD progression. In this study, the NL-GT and GT-EM clusters (equivalent DPMgyerrap values) were
divided into different types to evaluate the characteristics that cannot be determined by the absolute values of DPMgagrap
alone.

Women were predominantly represented in the GT cluster (Table 1). This may mean that female patients with COPD
may have fewer emphysematous lesions than men.'® In the GT-EM and EM groups, BMI was lower than in the other
clusters and showed a marked decrease in the EM group. This reflects the finding of a low BMI in association with
emphysema in patients with COPD."’

The relationship between treatments and DPM parameters has not yet been elucidated. Although we expected that the
attending physicians would have prescribed inhaled corticosteroids together with bronchodilators to patients with
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prominent gas-trapping lesions, we found no such association between the prescription of inhaled corticosteroids and gas
trapping (Table 1). The treatments were selected by a pulmonologist based on the severity of pulmonary function and
symptoms. Therefore, the prescription of inhaled corticosteroids could be related to a history of exacerbations and
seasonal changes in symptoms. Moreover, FeNO appears to be unrelated to gas trapping (Table 2). Furthermore, these
clusters may not identify eosinophilic inflammation or asthmatic components.

Notably, we found that imaging changes consistent with emphysema or gas-trapping over time were significantly
associated with decreases in FEV| and FEV; (% predicted) (Table 2). Further, RV increases because of the loss of
bronchiolar-alveolar attachments caused by the destruction of the lung parenchyma and limitation of expiratory flow in
COPD. In the GT, GT-EM, and EM clusters, an increase in both the gas-trapping area and emphysematous lesions led to
an increase in RV/TLC. We propose that RV might be derived from both gas-trapping areas and emphysematous changes,
not just from emphysema. Conversely, reduced DLco may primarily be due to alveolar destruction caused by emphy-
sematous changes.

Previously, we reported that X5 may reflect both the gas-trapping area and airway lesions, which eventually develop
into emphysema.”’ Furthermore, Xrs (X5, Fres, and ALX) was associated with a combination of gas-trapping and
emphysematous changes on imaging in this study (Table 3), which is consistent with our previous report.*® The
difference between the inspiratory and expiratory phases of X5 (AX5) reflects the expiratory flow limitation (EFL).?!
As already reported by Mikamo et al,*> EFL is dependent on the degree of emphysema; in the present study, the degree of
emphysematous lesions, and not gas-trapping lesions, may have a significant influence on AXS5 values. R5-R20 is an
indicator of frequency dependence, which is related to airway obstruction.?' Therefore, based on the findings presented in
Table 2, a correlation was found between R5-R20 and the gradual changes in the imaging clusters.

We performed CT-based phenotyping (airway-dominant, emphysema-dominant, and mixed phenotypes) using LAV %
and VAaw at Pil0 as indicators.'"* DPMgypn correlates well with LAV (Figure 2). In contrast, there was no significant
difference in VAaw at Pil0 between the four clusters, except for the NL cluster. Airway lesions, unlike emphysema, are
present to various degrees, which is independent of the severity of COPD. The fact that Rrs was not noticeably different
among the clusters other than NL suggests that it is related to the same pathophysiology present in the other clusters.
Gas-trapping assessed by DPM reflects air trapping that is temporarily produced by EFL, rather than an organic and
irreversible airway thickening. Therefore, DPMg,¢rrap may be useful as a reversibility indicator to monitor pharmaceu-
tical effects.

This study had several limitations. First, it was a retrospective cohort study conducted at a single institution.
Second, the number of subjects is insufficient to definitively determine the relationship between treatment and imaging
assessment. Third, this study was aimed at COPD patients, and the women were too few for reliable comparison with
men. We believe that gender differences are an important consideration. Further studies are needed to clarify this.
Finally, changes in the DPM over time were evaluated for the whole lung; hence, we could not confirm the changes of
each voxel.

Conclusion
Cluster analysis using DPM parameters may reflect the characteristics of COPD and help us understand its
pathophysiology.

Abbreviations

JAaw at Pil0, square root of the wall area of a hypothetical airway with an internal perimeter of 10 mm; ALX, low-
frequency reactance; CT, computed tomography; COPD, chronic obstructive pulmonary disease; DPM, disease prob-
ability measure; EM, Emphysema cluster; FEV, forced expiratory volume in 1s; FOT, forced oscillation technique; Fres,
resonant frequency; FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease; GT,
GasTrap cluster; GT-EM, GasTrap-Emphysema cluster; LABA, long-acting B2 agonist; LAV%, low attenuation volume;
LAMA, long-acting muscarinic antagonist; NL, normal cluster; NL-GT, Normal-GasTrap cluster; PRM, parametric
response mapping; Rrs, respiratory system resistance; Xrs, respiratory system reactance.
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