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Purpose: We compared pulmonary function indices and quantitative CT parameters of airway remodeling, air trapping, and
emphysema in asthmatic patients and patients with COPD and asthma—COPD overlap (ACO) and explored their relationships with
airflow limitation.

Patients and Methods: Patients with asthma (n=48), COPD (n=52), and ACO (n=30) and controls (n=54) who completed
pulmonary function tests and HRCT scans were retrospectively enrolled in our study. Quantitative CT analysis software was used
to assess emphysema (LAA%), airway wall dimensions (wall area (WA), luminal area (LA), and wall area percentage (WA%)), and air
trapping ((relative volume change of —860 HU to —950 HU (RVC_g40 10.950) and the expiration-to-inspiration ratio of the mean lung
density (MLDgp))). Differences in pulmonary function and HRCT parameters were compared among the groups. Spearman correlation
analysis and regression analysis were utilized to explore structure—function relationships.

Results: The LAA% in COPD and ACO patients was significantly greater than that in asthmatic patients and controls. The WA% and
WA in COPD and ACO patients were greater than those in controls, whereas the WA% and LA between asthmatic patients and
controls reached statistical significance. The RVC_g¢g 1, —950 levels decreased in the following order: ACO, COPD, and asthma.
RVC_g60 1o —950 independently predicted FEV1% in asthmatic patients; LAA% and MLDg/; in COPD patients; and LAA%, WA% and
RVC_g60 10 —950 in ACO patients.

Conclusion: Comparable emphysema was observed in patients with COPD and ACO but not in asthmatic patients. All patients
exhibited proximal airway remodeling. The bronchi were thickened outward in COPD and ACO patients but are thickened inward in
asthmatic patients. Furthermore, air trapping in ACO patients was the most severe among all the groups. Indirect lung densitometry
measurements might be more predictive of the degree of airflow limitation than direct airway measurements in obstructive airway
diseases.
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Introduction

Asthma and COPD are both considered chronic heterogeneous inflammatory disorders of the airway with different risk
factors, pathogenesis and clinical manifestations; however, distinguishing between these two conditions in the clinical
setting is challenging and difficult. There is a significant proportion of overlap between the two airway diseases,
features with increased reversibility and persistent airway limitations, which is called the asthma-COPD overlap
(ACO), making the diagnosis more problematic. Currently, ACO involves two main clinical phenotypes: patients
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with COPD demonstrating features of asthma and patients with asthma who develop persistent airflow limitations after
long-term tobacco smoking.'” Depending on the different diagnostic criteria and sample sizes used, previous studies
have reported that anywhere from 12 to 55% of patients diagnosed with COPD or asthma have ACO.* The evidence
has shown that patients with ACO experience more impaired lung function, more comorbidities, more severe and
frequent exacerbations, greater economic burdens and a greater risk of death than those with either asthma or COPD
alone."*® In asthma, inflammation is principally mediated by T helper 2 (Th2) cells, whereas in COPD, it is mediated
by T helper 1 (Thl) cells.” However, patients with ACO have higher FeNO concentrations and DLCO%, more
elevated blood eosinophil counts, and higher reversibility, suggesting a possible difference in the underlying T2
pathophysiology between these patients and COPD patients.'® Anti-inflammatory therapy with inhaled corticosteroids
(ICSs) is the cornerstone of treatment for asthma patients. ICSs in combination with long-acting beta-agonists
(LABAs) and/or long-acting muscarinic antagonists (LAMAs) are recommended for ACO patients, but
a bronchodilator alone is not recommended.'""'? In contrast, the addition of ICSs to LABAs and/or LAMAs should
be used only when COPD patients still experience frequent or severe exacerbation events despite adequate and suitable
maintenance bronchodilator treatment.'' ICS-containing therapy can control the disease and reduce the rate of acute
exacerbations and death in patients with chronic inflammatory airway disease, but inappropriate use of ICSs increases
the risk of respiratory infections.'>'* Hence, distinguishing among the different obstructive airway diseases is crucial
for developing individualized and effective clinical management strategies.

Although spirometry is essential for evaluating the severity of obstructive airway disease, this test reflects only
abnormal changes in the whole lung and cannot directly reveal the distribution of diseased airways. Fortunately, as an
increasingly widely used noninvasive imaging method, quantitative high-resolution computed tomography (qHRCT)
allows visualization of the lung parenchyma and bronchus and qualitative and quantitative analyses of changes in lung
densitometry and morphometry in patients with chronic airway disease through CT analysis software. To our knowledge,
the majority of studies have focused on asthma and COPD, with few studies on ACO. Currently, the differences in
morphology and lung density changes among the three chronic airway diseases and their relationships with lung function
are unclear.

Therefore, in this study, we aimed to compare the morphometric and densitometric changes in the airways of patients
with three chronic airway diseases, which were measured by HRCT. Furthermore, we explored the relationships between
quantitative HRCT parameters and lung function indices to form a basis for better clinical differentiation of asthma,
COPD and ACO.

Materials and Methods

Participants

We retrospectively enrolled 184 participants: 52 patients with COPD, 48 asthma patients, 30 patients with ACO and
54 control participants from outpatient clinics who underwent chest HRCT scans and pulmonary function tests (I0S
tests and spirometry) between August 2017 and December 2021. COPD and asthma were diagnosed according to the
GOLD guidelines'* and the Global Initiative for Asthma (GINA)' respectively. ACO was diagnosed when patients
fulfilled the criteria for COPD'* plus (1) asthma-related symptoms (wheezing, shortness of breath, chest tightness or
cough); (2) persistent airflow limitation (postbronchodilatation or improvement in FEV1> 12% and > 200 mL from
baseline values)'?; and (3) a history of smoking >10 pack-years or comparable indoor/outdoor harmful smoke
exposure. All patients were in stable condition (no patients received intravenous/oral glucocorticoid therapy, no
patients had upper/lower respiratory infections and no patients had exacerbations in the month preceding enrollment).
The control participants were recruited from among patients undergoing health physical examinations conducted in
our hospital outpatient clinic. They were nonsmokers or ex-smokers; had no respiratory symptoms; and had no history
of acute/chronic respiratory diseases, including COPD, asthma, or ACO, with normal pulmonary function and chest

imaging.
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Pulmonary Function Tests

We performed pulmonary function tests [including impulse oscillation (IOS) and spirometry] with a Jaeger Master
Screen 10S-Jaeger (Germany). We measured the following parameters: FEV1/forced vital capacity (FEV1/FVC) (%),
FEV1 (%pred), FVC (%pred), forced expiratory flow at 25% of the FVC (FEF25%) (%opred), forced expiratory flow at
50% of the FVC (FEF50%) (%pred) and FEF25-75% (%pred). FEF 50%, FEF 75% and FEF25-75% are indicators of
small airway function, and when at least two of these three indicators are less than 65%pred, the patient is diagnosed with
small airway dysfunction (SAD). In addition, IOS was performed according to current standard recommendation'® and
was calibrated daily. The resistances at 5 Hz (R5) and 20 Hz (R20) reflect the total and central airway resistances,
respectively, and the peripheral airway resistance is obtained from their difference (R5—R20). The reactance at 5 Hz (X5)
and the area under the reactance curve (AX) are considered indices of elastic recoil and the resistance of the peripheral
airways, respectively. A minimum of 3 measurements were performed for each participant.

HRCT Scans

HRCT scans were performed within 24 hours of the pulmonary function tests using a multidetector CT scanner.
(Brilliance iCT, Philips Healthcare) with the following parameters: collimation at 128x0.625 mm; 120 kVp; 100 mAs;
rotation time at 0.5 s; and pitch at 0.915. The bronchial images were reconstructed using a high-spatial frequency (bone)
algorithm, and the ratio of emphysema was evaluated with a soft tissue algorithm. The right upper lobe apical segmental
bronchus (RB1) was selected as the target bronchial tube for detailed analysis. The 4th- to 6th-generation airways of RB1
were identified and analyzed.

HRCT Data Analysis

Quantification of Emphysema, Air Trapping and Airway Wall Dimensions

T quantitative analysis software (Philips Healthcare) was used to assess emphysema, air trapping and airway wall dimensions.
The three lung density parameters were calculated automatically: the % area of low attenuation (LAA%) (shown in Figure 1),
the relative volume change from —860 HU to —950 HU (RVC_g¢ 1o —950) and the expiration-to-inspiration ratio of the mean
lung density (MLDgyy (shown in Figure 2). LAA% was defined as the percentage of low-attenuation areas below —950

[Hu)
Reduction ON

PHILIPS

Figure | The measurement of emphysema by HRCT.
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Figure 2 The measurement of air trapping by HRCT.

Hounsfield units (HUs) on inspiratory CT, known as CT emphysema. RVC_gg0 (o —950 and MLDg; were calculated with the
following formulas: RVC_g4g o —950 = (relative lung volume —860 HU to —950 HU on expiratory CT%) — (relative lung
volume —860 HU to —950 HU on inspiratory CT%);'” MLDg, = (the expiratory mean lung density in HU)/(the inspiratory
mean lung density in HU);'®. The above two measurement values allowed for an indirect quantitative evaluation of air
trapping and reflected peripheral airway obstruction regardless of the severity of emphysema, as shown in previous
studies.'”'” We also measured and recorded the bronchial parameters (luminal area (LA), wall area (WA= TA (total area)-
LA), and wall area percentage (WA%=WA/TAx100%)) from the 4th-6th generations of RB1 to evaluate the airway wall
dimensions (shown in Figures 3 and 4). To balance the effects of BSA, WA/BSA and LA/BSA were calculated. These
quantitative HRCT parameters were measured by two independent radiologists who were blinded to the participants’ clinical
histories and diagnoses, and the final data for each measurement were obtained by consensus.

Statistical Analysis

The distribution of the quantitative data was examined via the Kolmogorov—Smirnov method. Normally distributed data
are reported herein as the mean (SD), whereas nonnormally distributed data are expressed as the median (range). To
compare the differences in the parameters of the asthma, COPD, ACO and control groups, ANOVA and the Kruskal—-
Wallis test were used for normally and nonnormally distributed variables, respectively. Next, Pearson or Spearman
correlation analysis was used to assess the relationships between the quantitative HRCT parameters (mean WA%, LAA
%, and MLDE/I) and the pulmonary function indices (FEV1%pred and FEV1/FVC). Additionally, FEV1%pred, as the
dependent variable, and the mean WA%, LAA%, MLDg/; and RVC_gq4 ¢, —950 as the independent variables were included
in the multiple linear regression analysis via stepwise regression, and the predictors of FEV1%pred were identified.

Results

Participant Characteristics

We included 184 participants; 54, 48, 52, and 30 participants were included in the control group, asthma group, COPD group and
ACO group, respectively. Comparisons of the patient demographic information are shown in Table 1. Patients with COPD and
ACO were older than those with asthma (P<0.001). The majority of the subjects in the COPD and ACO groups were male;
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Figure 3 The measurement of airways by HRCT (4th-6th generation of RBI). (A) The airway measurement of 4th generation of RBI; (B) The airway measurement of 5th
generation of RBI; (C) The airway measurement of 6th generation of RBI.
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Figure 4 The measurement of WA, LA by quantitative CT software automatically and WA% is calculated as WA/(WA+LA)x|00.

however, the female proportion was significantly greater in the ACO group than in the COPD group (40% vs 21.15%). More than
half of the patients with COPD and ACO had a smoking history, and the difference was not statistically significant. Patients with
COPD and ACO were similar in terms of inhaled medications, and they inhaled more LAMA than did asthmatic patients
(P<0.05). Furthermore, 66.67% of the ACO patients, 87.50% of the asthmatic patients and 67.31% of the COPD patients inhaled
ICS/LABA. ACO patients had more exacerbations in the year preceding enrollment than did the other two groups (asthma:
P<0.001; COPD: P= 0.005), whereas asthmatic patients had more upper respiratory tract complications than did patients with
COPD and ACO.

Differences in the Spirometry and 10S Indices Among the Control, Asthmatic
Patients, COPD Patients, and ACO Patients

The pulmonary function test results (spirometry and I0S) are presented in Table 2 and Figure 5. All spirometry indices
were significantly lower in the asthma, COPD and ACO groups than in the control group (P<0.001). After pairwise
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Table 1 Comparison of General Information Among Patients with Asthma, COPD and ACO, and Controls
General Information Asthma (n=48) | COPD (n=52) | ACO (n=30) | Control (n=54) P
Age, years 4321+10.73@ 60.46+12.04 60.00£10.67 52.61+12.62+4 | <0.001
Sex (male/female) 23/25@ 41/11 18/12 28/26" 0.002
BMI, kg.m72 23.14+3.48 22.80+3.43 22.04+4.41 23.61+3.20 0.263
BSA, m? 1.59(1.50-1.74) | 1.59(1.52-1.75) | 1.56(1.44-1.66) | 1.61(1.49-1.78) | 0.466
Current smokers, n (%) 0(0) 12(23.08) 2(6.67) 0(0) <0.001
Ex-smoker, n (%) 0(0) 27(51.92) 23(76.66) 13(24.07)
Never smoked, n (%) 0(0) 13(25) 5(16.67) 41(75.93)
Upper respiratory tract complications, n (%) 27(56.25) @¥ 5(9.62) 7(23.33) 3(5.56)* <0.001
Exacerbations, 0/1/22,n 41/6/1 38/10/4 13/9/8 NT 0.001
GINA/GOLDstagel-2/3-4, n 43/5% 37/14 16/14 NT 0.002
LAMA, n (%) 0(0) @* 8(15.38) 4(13.33) NT 0.006
ICS/LABA, n (%) 42(87.50) @ 35(67.31) 20(66.67) NT
ICS/LABA/LAMA n(%) 1(2.08) ¥ 6(11.54) 6(20.00) NT
Unmedicated, n (%) 5(10.42) 3(5.77) 0(0) NT

Notes: Exacerbations were defined as the number of respiratory exacerbations that resulted in a hospitalization or an emergency room visit in the year
preceding enrolment. Data are presented as number (%) or mean * standard deviation%), unless otherwise stated. Bold indicates P-values less than 0.05.
*P<0.05, control vs asthma group; "P<0.05, control vs COPD group; “P<0.05, control vs ACO group; @p<0.05, asthma group vs COPD group; ¥p<0.05,
asthma vs ACO. BSA = 0.20247 x height0.725 x weight0.425, BMI= weight/ height2, where height was measured in meters and weight was measured in

kilograms.

Abbreviations: n, number; COPD, chronic obstructive pulmonary disease; ACO, asthma—COPD overlap; BSA, body square area; BMI, body mass index;
LABA, long-acting 2-agonist; LAMA, long-acting muscarinic antagonist; ICS, inhaled corticosteroids; GINV, the Global Initiative for Asthma; GOLD, Global

Initiative for Chronic Obstructive Lung Disease.

Table 2 The Difference of Pulmonary Function Among Patients with Asthma, COPD and ACO, and Controls

Parameters Asthma COPD ACO Control P

FVC (%pred) 96.88+16.93@¥ 89.30+16.83% 76.89+17.94 104.96+14.81+4 <0.001
FEVI (%pred) 89.85(79.28-94.85)@¥ | 66.70 (45.20-81.00) | 52.75(34.48-63.93) | 98.70(93.10-106.55)*4 | <0.001
FEVI/FVC (%) 75.18(69.44-79.20)@¥ | 60.75 (46.69-68.00) | 55.37(44.27-61.18) | 77.88(75.14-81.84) “4 | <0.001
FEF75 (%pred) 49.00(33.10-74.80)¥ | 46.50(17.10-64.50) | 21.30(12.35-38.30) | 93.50(81.55-110.33)*4 | <0.001
FEF50 (%pred) 59.25(46.78-71.08)@¥ | 25.50(14.80—46.80) 15.85(9.23-28.08) | 80.00(63.25-95.95) **4 | <0.001
FEF25 (%pred) 60.25(38.13-85.38)@¥ | 24.30(20.33-32.15) | 16.10(11.60-26.05) | 54.90(45.90-72.90) 4 | <0.001
FEF25-75 (%pred) 50.60(40.78-63.80)@¥ | 25.80(13.40-49.20) | 14.70(9.33-22.40)* | 68.55(57.50-87.03) **4 | <0.001
Z5 (kpal's" 0.39(0.32-0.52)* 0.48(0.37-0.64) 0.68(0.48-0.97) 0.38(0.32-0.47) #4 <0.001
Fres (Hz) 13.99(11.01-17.65)* 18.12(11.56-23.83) | 24.36(16.59-30.77) 12.90(9.26-16.22) #4 <0.001
R5 (kpal's ") 0.38(0.31-0.54)* 0.46(0.38-0.52) 0.67(0.54-0.91)% 0.36(0.31-0.46) #4 <0.001
R20 (kpa L 's™") 0.3(0.26-0.36) 0.32(0.28-0.37) 0.30(0.27-0.50) 0.32 (0.27-0.37) 0.829
R5-R20 (kpaL 's 0.06(0.04-0.17)* 0.12(0.09-0.18) 0.34(0.25-0.43)% 0.05(0.02-0.08) # A <0.001
X5 (kpal's ") —0.11(-0.17-0.10)* —0.14(—0.25-0.09) | —0.27(-0.52-0.15)% | —0.11(-0.15-0.07) #4 <0.001
AX (kpal ™" 0.38(0.26-0.95)* 0.81(0.26-2.18) 2.11(0.73-5.41)% 0.34(0.14-0.68) #4 <0.001

Notes: Data are presented as mean * standard deviation or medians (interquartile range). Bold indicates P-values less than 0.05. *P<0.05, control vs
asthma group; #P<0.05, control vs COPD group; 4P<0.05, control vs ACO group; @P<0.05, asthma group vs COPD group; ¥P<0.05, asthma vs ACO;

4P<0.05, COPD vs ACO.

Abbreviations: COPD, chronic obstructive pulmonary disease; ACO, asthma—COPD overlap; FEVI, forced expiratory volume in | second; FVC, forced
vital capacity; FEVI/FVC (%), forced expiratory volume in the first second/forced vital capacity; FEF75%, forced expiratory flow at 75% of the FVC;
FEF50%, forced expiratory flow at 50% of the FVC;FEF25%, forced expiratory flow at 25% of the FVC; FEF25-75, forced expiratory flow between 25%-
75% of the FVC; Fres, resonant frequency; R5, resistance at 5 Hz; R20, resistance at 20 Hz; R5-R20, difference between R5 and R20; X5, reactance at 5

Hz; AX, area under the reactance curve.

comparisons, we observed that the COPD group had significantly lower spirometry indices than did the asthma group
(FEVl1pred: 89.85% vs 66.70%, P<0.05; FEVI/FVC: 75.18% vs 60.75%, P<0.05). The median small airway indices
(FEF 50, FEF 75, and FEF25-75) were less than 65% pred among the three patient groups. FEF50 (25.50 vs 59.25,
P<0.05), FEF75 (46.50 vs 49.00, P<0.05) and FEF25-75 (25.80 vs 50.60, P<0.05) were lower in patients with COPD
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Figure 5 Comparison values of FEF25-75 and R5-R20 among all asthmatic patients, patients with COPD and ACO, and controls.

than in those with asthma. When we compared the I0S indices between groups, we found that, except for R20, all IOS
values were greater in patients with both COPD and ACO than in those without COPD. The highest values (RS, R5-R20,
X5, and AX) were observed in patients with ACO (P<0.001, P<0.001, P =0.006, and P =0.031, respectively).

HRCT Differences Among Controls, Asthmatic Patients, COPD Patients, and ACO

Patients

The quantitative HRCT results for the controls, asthmatic patients, COPD patients and ACO patients are shown in
Table 3 and Figure 6. A pairwise comparison revealed that LAA% values were greater in patients with COPD and ACO,
with comparable values between asthmatic patients and controls and between the COPD and ACO groups. Compared
with the control group, the COPD and ACO groups presented significantly greater WAS5/BSA, WA6/BSA and mean WA
% values (P<0.05). However, the LA4/BSA and the mean LA/BSA were decreased only in patients with asthma, and no
significant difference was found in the LA indices among the other pairwise groups. The mean WA% was greater in ACO
patients than in asthmatic patients (P=0.002) and COPD patients (P=0.012) (shown in Table 3 and Figure 7). No
significant difference was found in the mean WA% between patients with an FEV1%pred<50% and those with an
FEVI1pred>50% among the three groups (asthma: P=0.633; COPD: P=0.073; ACO: P=0.606) (shown in Figure 7). All
patients had significantly greater RVC_ggg 1o —9s0 levels than did the controls (P<0.001). The MLDg/ in patients with
COPD was greater than that in patients with asthma but lower than that in patients with ACO (shown in Table 3 and
Figure 6).

Correlations and Univariate Analysis to Explore the structure—function Relationships
in Asthmatic Patients, Patients with COPD and Patients with ACO

The correlations between the HRCT parameters and pulmonary function indices determined by univariate analysis are shown
in Table 4. Moderate correlations were observed between the LAA%, MLDg, and airflow obstruction indices (FEV1%pred
and FEV1/FVC). As shown in Table 4 and Figure 8, airflow obstruction indices in patients with COPD and ACO were most
strongly associated with the LAA% and MLDg; values, respectively. However, the mean WA% values were not significantly
correlated with the airflow obstruction indices (P>0.05). The mean WA% values were significantly positively correlated with
the IOS indices (RS, R20, and R5-R20) in patients with asthma and COPD (shown in Table 5). There was a good correlation
between the MLDg,; and FEF25-75 values (COPD: r=0.634, p<0.001; ACO: r=0.649, p<0.001), with a weaker correlation
with R5-R20 (COPD: r=0.290, p=0.043; ACO: 1=0.479, p=0.015) in patients with COPD and ACO.
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Table 3 Quantitative HRCT Parameters Among Patients with Asthma, COPD and ACO, and Controls

Parameters Asthma COPD ACO Control P

LAA%
Whole lung 0.50(0.I0—I.60)@¥ 3.00(0.63-10.28) 2.60(0.90-13.80) 0.30(0.10-0.63) #4 <0.001
RL 0.30(0.10-1.30) @* 2.55(0.33-11.25) 2.85(0.58-11.43) 0.20(0.10-0.50) #4 <0.001
LL 0.50(0.10-1.70) @¥ 3.35(0.70-9.25) 2.05(1.18-14.03) 0.20(0.10-0.70) #4 <0.001
RUL 0.20(0.10-0.70) @¥ 2.00(0.23-9.05) 2.50(0.48-12.53) 0.10(0.00-0.40) #4 <0.001
RML 0.60(0.30-2.90) @ 3.30(0.40-11.70) 2.85(0.90-7.05) 0.30(0.10-0.90) #4 <0.001
RLL 0.30(0.10-0.80) @* 2.00(0.23-7.70) 2.05(0.50-8.98) 0.15(0.00-0.50) #4 <0.001
LUL 0.40(0.20-1.90) @ 3.05(0.60—11.45) 2.30(1.03-16.05) 0.30(0.10-0.73) #4 <0.001
LLL 0.40(0.00—1.30) @¥ 3.50(0.63-9.20) 2.25(0.78-13.18) 0.20(0.10-0.60) #4 <0.001

Airways (mm?%m?)
WA4/BSA 6.56 +3.08@¥ 8.3113.36 8.99+3.09 7.85+4.00 0.017
WAGS/BSA 3.27(2.27-4.65) @ 3.91(2.73-6.17) 3.75(2.93-5.06) 2.67(1.91-4.18) #4 0.006
WAG6/BSA 1.67(1.28-2.28) 1.84(1.34-2.90) 2.44(1.82-3.15) 1.45(0.96—1.75) #4 <0.001
WA/BSA 3.99(2.86-5.25) @* 4.88(3.50-6.70) 5.02(4.07-6.57) 4.09(3.03-5.16) #4 0.006
LA4/BSA 6.03(3.98-8.19) 6.04(4.24-9.07) 6.12(3.94-7.86) 7.87(5.57-10.18) * 0.023
LAS5/BSA 3.53(2.52-4.59) 3.79(2.82-5.50) 3.16(2.14-4.73) 3.80(3.04-5.04) 0.316
LA6/BSA 2.25(1.69-3.12) 2.69(1.75-3.76) 2.53(1.39-3.08) 2.67(2.28-3.66) 0.038
LA/BSA 4.05(3.19-5.17) 4.37(3.08-6.27) 4.24(2.83-5.01) 4.90(3.82-6.02) * 0.019
WA4%(%) 0.51+0.12¥ 0.54+0.10 0.6120.10% 0.480.10%4 <0.001
WAS%(%) 0.48+0.13% 0.50+0.12 0.5310.11 0.41£0.12%#4 <0.001
WA6%(%) 0.42(0.37-0.52) 0.41(0.34-0.53) 0.51(0.45-0.58) 0.34(0.29-0.40) 4 <0.001
WA%(%) 0.48+0.10% 0.4940.11 0.55+0.09% 0.4240.09+#4 <0.001
RVC_ggoto-950 | —0.55 (—0.7Ito-0.43)@¥ —0.32 (-0.39t0-0.27) | —0.24(-0.27t0-0.21) * | —0.51(—0.63t0-0.37) #4 | <0.001
MLDg, 0.90(0.85-0.93) 0.91(0.86-0.95) 0.92(0.87-0.94) 0.83(0.80-0.89) *#4 <0.001

Notes: Data are presented as mean * standard deviation or medians (interquartile range). Bold indicates P-values less than 0.05.%P<0.05, control vs asthma
group; #P<0.05, control vs COPD group; ‘P<0.05, control vs ACO group; @P<0.05, asthma group vs COPD group; ¥P<0.05, asthma vs ACO; &P<0405, COPD
vs ACO.

Abbreviations: COPD, chronic obstructive pulmonary disease; ACO, asthma—COPD overlap; LAA%, the % area of low attenuate to the corresponding lung
area= the percentage of low-attenuation areas lower than =950 Hounsfield units (HU) on inspiratory CT; RL, Right Lung; LL, Left Lung; RUL, Right Upper
Lobe; RML, Right Middle Lobe; RLL, Right Lower Lobe; LUL, Left Upper Lobe; LLL, Left Lower Lobe; BSA, body surface area; WT, bronchial wall thickness;
WA, wall area; LA, luminal area; WA%, wall area percent; WT/BSA, WA/BSA, LA/BSA, WA%, the mean value of the 4th-6th generation of RBI; RVC_g¢0 t0-950,
relative volume change —860HU to —~950HU= change of the relative volume of voxels between —860 to —950 HU from inspiratory to expiratory CT; MLDg,
the expiration to inspiration ratio of mean lung density.

Multiple Regression Analysis to Explore structure—function Relationships in Asthmatic
Patients and Patients with COPD and ACO

Multiple linear regression analysis in asthmatic patients revealed that only RVC_ggq 1 —950 significantly contributed to the
regression model for the prediction of FEV1pred (R2=0.079, p=0.034). LAA% and MLDg; values contributed in patients
with COPD (R2=0.501, p<0.001), with LAA% values making the strongest unique contribution (: —0.457 vs —0.373).
LAA%, mean WA% and RVC_g4g 1, —950 Values contributed in patients with ACO (R2=0.537, p<0.001; B: —0.684 vs
—0.393 vs —0.312). The variance inflation factors among these regression models were all close to 1, which indicated that
there was no multicollinearity among the independent variables (shown in Table 6).

Discussion

In our study, patients with ACO were more likely (1) to be female, (2) to be between the ages of asthmatic patients and
those of patients with COPD, and (3) to have experienced more frequent exacerbations in the previous year. Consistent
with previous studies,?”*' we observed that the treatment regimens were similar in patients with COPD and those with
ACO: the most commonly prescribed inhalation was ICS/LABA (COPD, 67.31%; ACO, 66.67%). Among patients with

ACO, 20% received ICS/LAMA/LAMA triple therapy, while 13.3% did not receive ICS-containing therapy but did
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Table 4 The Relationships Between Quantitative CT and Spirometer Parameters in
Patients with Asthma, COPD, and ACO

Parameters LAA% Whole Lung MLDg, WA% Mean
r P r P r P
Asthma | FEVI(%pred) -0.218 0.142 —0.087 0.559 —0.230 | 0.129
FEVI/FVC (%) —0.479 0.00** —0.248 0.093 —0.061 | 0.691
FEF25-75(%pred) 0.275 0.062 0.129 0.387 0.203 | 0.182
COPD | FEVI(%pred) —0.661 <0.001** | —0.622 | <0.001** | —0.083 | 0.585
FEVI/FVC (%) —0.768 0.00** —0.553 | <0.001** | —0.026 | 0.862
FEF25-75(%pred) 0.633 <0.001%** 0.634 | <0.001* | 0.167 | 0.273
ACO FEV 1 (%pred) -0.317 0.087 —0.608 | 0.001** | —0.303 | 0.124
FEVI/FVC (%) —0.525 0.003** —0.609 | 0.001** | —0.239 | 0.229
FEF25-75(%pred) 0.470 0.009* 0.649 | <0.001** | 0.325 | 0.112

Notes: *Indicates P-values less than 0.05; **Indicates P-values less than 0.005. LAA%, the % area of low attenuate
to the corresponding lung area= the percentage of low-attenuation areas lower than =950 Hounsfield units (HU)
on inspiratory CT; MLDg, the expiration to inspiration ratio of mean lung density; WA% mean, the mean wall
area percent value of the 4th-6th generation of RBI.

Abbreviations: FEVI, forced expiratory volume in | second; FEVI/FVC (%), forced expiratory volume in the
first second/forced vital capacity; FEF25-75, forced expiratory flow between 25-75% of the FVC.

receive LAMA alone; these findings suggest that ACO has not been correctly recognized or properly treated. According
to the current consensus,?” the initiation of ICS with LABA/LAMA should be the first treatment option. Furthermore,
patients with severe ACO in this study were not treated with other asthma drugs, such as the anti-IgE antibody
omalizumab, which may be effective in patients with ACO.%> Moreover, the high proportion (67.31%) of ICS/LABA
usage in patients with COPD may be attributed to 26.92% of COPD patients experiencing exacerbations, resulting in
hospitalization or an emergency room visit in the year preceding enrollment, since more aggressive therapy may be
related to a decreased future risk of exacerbations. However, in addition to considering the patient’s exacerbation history,
blood eosinophil counts and risk factor exposure and comorbidities need to be taken into account in clinical practice
when making decisions regarding ICS use. Only in this way can we prescribe standardized yet individualized pharma-
cological treatment regimens.

To our knowledge, we are the first to describe lung densitometry and airway structural changes in asthmatic patients,
patients with ACO and patients with COPD with reference to controls and to determine the relationships of these changes
with lung function. Our study revealed that proximal airway remodeling, as represented by WA%, occurs in patients with
the aforementioned airway diseases. We also observed similar morphological features between patients with COPD and
patients with ACO: the WA and WA% increased, but the LA did not significantly decrease, which demonstrated that the
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Figure 8 Scatter plot and linear regression of asthmatic patients (gray triangles) and patients with COPD (black circles) and ACO (brown circles) showing the relationship
between FEV1% pred values and the quantitative HRCT morphometric and densitometric measures.
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Table 5 The Relationships Between Quantitative CT and 1OS Parameters
in Patients with Asthma, COPD, and ACO

Parameters LAA% whole lung MLDg, WA% mean

r P r P r P

Asthma | Rb5pred | 0.214 0.164 0.047 | 0.761 | 0.476 | 0.001**
R20pred | 0.237 0.121 —0.057 | 0.712 | 0.408 | 0.007*
R5-R20 | 0.094 0.543 0.079 | 0.608 | 0.306 | 0.049*
COPD R5pred | 0.459 | 0.001%** 0.263 | 0.068 | 0.340 | 0.024*
R20pred | 0.189 0.093 0.016 | 0915 | 0.154 0.318
R5-R20 | 0.370 | 0.009* 0.290 | 0.043* | 0.134 0.385
ACO R5pred | 0.320 0.090 0269 | 0.194 | 0.635 | <0.001%*
R20pred | 0.625 | <0.001** | 0.133 | 0.525 | 0.523 | 0.006*
R5-R20 | 0.103 0.596 0.479 | 0.015% | 0.436 | 0.026*

Notes: *Indicates P-values less than 0.05; **Indicates P-values less than 0.005. LAA%, the % area
of low attenuate to the corresponding lung area= the percentage of low-attenuation areas lower
than —950 Hounsfield units (HU) on inspiratory CT; MLDg, the expiration to inspiration ratio of
mean lung density; WA% mean, the mean wall area percent value of the 4th-6th generation of
RBI.

Abbreviations: R5, resistance at 5 Hz; R20, resistance at 20 Hz; R5-R20, difference between R5
and R20.

Table 6 Multiple Linear Regression Analysis for Quantitative HRCT Parameters to Predict
FEV1%pred

Parameters R? B B 95% Cl VIF P
Asthma

Intercept 0.079 | 66.384 (48.722-84.045)

RVC 860 t0-950 -39.114 | —0.376 | (—68.682 to —9.546) 1.000 | 0.034
COPD

Intercept 0.501 | 189.33I (114.058-264.603)

LAA%wholelung -0.969 | —0.457 (—1.494 to —0.444) 1.360 | 0.001

MLDg, -128.309 | —0.373 | (-213.606 to —43.012) | 1.360 | 0.004
ACO

Intercept 0.537 | 97.269 (59.043 to 135.494)

LAA%whole lung -1.358 | —0.684 (-1.971 to —0.746) 1.031 | <0.001

WA% mean -82431 | —0.393 | (~146.843 to —18.019) | 1.022 | 0.015

RVC 860 t0-950 -57.551 | —0.312 | (~113.767 to —1.335) | 1.009 | 0.045

Notes: Dependent variable: FEV1%, independent variable: WA% mean, LAA%polciung RYC-g60 to0-950, and MLDgy;
Method: Stepwise (<0.05, variables entered;20.10, variables removed). B, Unstandardized regression coefficient; 3,
standardized regression coefficient; VIF, variance expansion factor (VIF<I0, indicating that there is no multicollinearity
among independent variables). LAA%, the % area of low attenuate to the corresponding lung area= the percentage of
low-attenuation areas lower than =950 Hounsfield units (HU) on inspiratory CT; MLDg, the expiration to inspiration
ratio of mean lung density; RVC_gg 10950, relative volume change —860HU to —950HU= change of the relative volume
of voxels between —860 to —950 HU from inspiratory to expiratory CT; WA% mean, the mean wall area percent value
of the 4th-6th generation of RBI.

proximal wall was thickened but that the lumen was not narrowed. Conversely, the WA% increased with decreasing LA in
asthmatic patients, whereas the WA did not increase, indicating that the proximal lumen narrowed without wall thickening.
Thus, we reasoned that the proximal airway was thickened outwardly in patients with COPD and ACO, whereas in patients
with asthma, the proximal airway was thickened inwardly. These different patterns of airway remodeling in asthmatic and
COPD patients are consistent with the results of previous studies.”**> As shown in Table 2, our results revealed that FEF50,
FEF75, and FEF25-75 (small airway function indices) in patients with ACO and COPD were lower than those in patients
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with asthma and controls, and the medians were less than 65%, indicating that SAD occurs in patients with these airway
diseases, with greater SAD occurring in patients with ACO and COPD. Moreover, the MLDg in patients with COPD and
ACO was moderately to strongly associated with FEF25-75 and, to a lesser extent, R5-R20 values (Tables 4 and 5).
Therefore, we speculate that the proximal airway lumen might become relatively dilated in COPD and ACO patients to
compensate for progressive SAD. This may be responsible for the absence of significant stenosis in the proximal airway
lumen in COPD and ACO patients. The different patterns of remodeling observed on HRCT indicate heterogeneity in
airway diseases, which indirectly reflects fundamental differences in airway inflammation in patients with asthma, COPD
and ACO and subsequently affects the reversibility of airflow limitation.

Several studies have shown that airway remodeling becomes more prominent as airflow limitation progresses.”®*’ In
a study by Aysola et al*’ the WA% was significantly greater in patients with severe asthma than in those with mild-to-
moderate asthma. Koo et al*® reported that airway wall thickening was significantly greater in patients with GOLD III
and IV than in patients with GOLD I and II. Conversely, the WA% in COPD patients with an FEV1<50% pred was
comparable to that in patients with an FEV1>50% pred in our study (shown in Figure 7). The limited sample size is
hypothesized to have influenced our findings, and it is recommended that future trials include larger sample sizes to
further validate these results. In addition to irreversible airway remodeling, the thickening of airway walls also involves
reversible processes such as bronchoconstriction, inflammatory cell infiltration, and edema of the airway walls.?’
However, the disease of all of the subjects in this study was controlled prior to undergoing HRCT examination, with
the aim of minimizing the impact of reversible airway changes and increasing confidence in our conclusions.

Furthermore, we found that asthma patients and patients with COPD exhibit a comparable degree of airway
remodeling, considering the presence of unbalanced baseline characteristics in our study, including age, sex ratio,
smoking history and airflow limitation; these findings have also been reported in previous studies.**>' In contrast,
several other studies have reported more pronounced airway remodeling in patients with asthma than in patients with
COPD.** These findings seem to be associated with a significantly thicker airway basement membrane,’® and an
increased number of airway smooth muscle layers®® and blood vessels®’ in patients with asthma than in patients with
COPD. We also found a greater degree of airway remodeling in patients with ACO than in those with asthma and COPD,
which aligns with findings from previous studies.*®*° Similarly, Kim et al*' demonstrated that COPD patients with
a positive bronchodilation response (BDR) presented with increased airway smooth muscle mass and thinner epithelial
layers than those with a negative BDR. Considering these collective findings, it is reasonable to infer that subjects with
ACO experience significant airway smooth muscle hypertrophy and hyperplasia, which leads to pronounced airway
remodeling. The LAA% of the COPD and ACO groups was greater than that of the asthma and control groups, whereas
there was no significant difference between the COPD group and the ACO group or between the asthma group and the
control group. These findings revealed that a similar degree of emphysema was observed in the COPD and ACO groups
but not in the asthma group. Previous reports have revealed that cigarette smoking is thought to be associated with the
presence of emphysema in asthmatic patients and the subsequent development of the ACO phenotype.** Niwa et.al*®
reported that the lung function and airway structural characteristics of long-term smokers with asthma were similar to
those of patients with ACO. Therefore, our study excluded smokers to decrease the effect of cigarette smoking on airway
structure in asthmatic patients. Additionally, patients with asthma, COPD, and ACO showed significant differences from
controls in terms of FEV1%pred, FEV1/FVC, FEF75, FEF50, and FEF25-75, which showed that airflow limitations
(both in the large and small airways) were greater in patients with ACO and COPD than in patients with asthma. We also
observed that the ACO group had significantly greater IOS indicators (R5, R5-R20, X5, and AX) than did the COPD
group. These data indicate that the ACO group had the heaviest SAD among all groups, which is supported by our
qHRCT measurements. Regarding air trapping as an indicator of SAD in HRCT imaging, we found that patients with
ACO had the highest MLDg/; and RVC_g¢ ¢, —950 among all groups, indicating that among these airway diseases, ACO
resulted in the narrowest airways, which contributed to more severe air trapping.

Finally, our study examined the relative contributions of emphysema, air trapping and airway remodeling to airflow
limitation. Our analysis of structure—function relationships revealed that only RVC_ggq 1, —950 Was a significant predictor
of the FEV1%pred in patients with asthma, suggesting that structural lesions of small airways are an important anatomic
determinant of airflow limitation. In patients with COPD, the LAA% is a better predictor of FEV1%pred than the MLDg,
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is. This finding implies that emphysema contributes more to airflow limitation than does air trapping. Emphysema
severity on CT is independently correlated with the annual rapid decline in FEV1 in patients with COPD, as shown in
a study by Nishimura et al.** Moreover, CT-quantified emphysema is reported to be predictive of respiratory-related
mortality in COPD patients according to multiple variable analyses.** These findings also indicate that interventions
targeting emphysema may lead to better outcomes than those targeting either air trapping or airway remodeling in
patients with COPD. We also found that LAA%, WA% and RVC_ggg o —950 all contributed to FEV1pred in the multiple
regression model for the ACO group. As previously described, we speculate that the airflow limitation is due to
a combination of emphysema and airway remodeling (occurring in both the large and small airways) in patients with
ACO. We also observed that airway measurements (WA%) did not contribute to the prediction of airway limitation
(FEV1%pred) in the multiple regression model for patients with COPD and asthma, which is consistent with findings
from previous studies.”**> Moreover, Tho et al*® demonstrated that the %LAV was more strongly correlated with the
FEV1/FVC and FEV 1% than with the PI10 by multiple regression analysis. Given the above findings, airway parameters,
such as WA%, which is directly measured by qHRCT, may be more suitable for assessing the severity of airflow
limitation in chronic airway diseases than indirect densitometric parameters, such as LAA%, RVC_gg0 10-950 Or MLDg/.
Additionally, in the present study, we found that respiratory impedance (R5, R20, and R5-R20, measured by the I0S) was
significantly positively correlated with WA% (assessed by qHRCT) in the lungs, suggesting that, compared with
spirometry, the IOS may have more potential for assessing airway structural changes. Airway remodeling becomes
more serious as the resistance of both large and small airways increases. In summary, on the one hand, demonstrating that
there are different pathological changes may help to elucidate the underlying physiology. And on the other hand, due to
the heterogeneity of airway disease, only performing spirometry or quantitative HRCT measurements is not enough; it is
best to consider multiple dimensions of the disease (functional and structural parameters) when characterizing a patient’s
airway disease. This information may help clinicians better understand the pathogenesis, monitor the treatment response,
determine the therapeutic targets and select a precise treatment for each individual.

There are several limitations in this study that merit consideration. First, our study was performed at a single center,
and the sample size of the ACO group was relatively small (n=30), which resulted in selection bias. Hence, a greater
sample size of patients should be included in further multicenter studies for further analysis. Second, the current lack of
a definitive way to characterize ACO means that different definitions of ACO may yield different results. Third, owing to
the resolution limitation of CT, we measured only the 4th- to 6th-generation bronchi of RB1. Therefore, future studies
with multipoint measurements of bronchi from different lobes are warranted. Furthermore, since this study could not
exclude the effect of inhalation drugs on lung function indices, we did not perform a bronchodilation test. Similarly, the
effects of inhaled or oral corticosteroids on measures of airway inflammation (eg, induced sputum eosinophils, serum
eosinophils, and serum IgE) cannot be excluded. Therefore, we did not collect data related to airway inflammation.
Finally, further longitudinal follow-up and therapeutic studies are lacking; therefore, future studies should track disease
progression and identify the optimal therapy for different airway diseases.

Conclusion

In summary, proximal airway remodeling and air trapping were found to occur in asthmatic patients and patients with
ACO and COPD, but emphysema was restricted to patients with ACO and COPD. Similar morphological features were
observed between patients with COPD and those with ACO: the proximal airway was thickened outward, whereas in
patients with asthma, the proximal airway was thickened inward. Among these three airway diseases, ACO led to the
greatest respiratory resistance in the lung function analysis and the most severe air trapping in the HRCT analysis. Our
analysis of structure—function relationships revealed that indirect lung densitometry measurements might be more

predictive of the degree of airflow limitation than direct airway measurements in obstructive airway diseases.

Data Sharing Statement

The data used in our study can be obtained from the corresponding author upon reasonable request.
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