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ABSTRACT

Purpose: There are reports concerning mucus plugs detected on high-resolution computed
tomography images and airflow obstruction in asthma and chronic obstructive pulmonary
disease (COPD). However, little is known about the associations between mucus plugs and
small airway dysfunction (SAD). We evaluated the relationship between mucus plugs and
pulmonary function in patients with asthma, COPD, and asthma-COPD overlap (ACO), and
investigated the relevance to SAD and type 2 inflammation in a retrospective study.
Methods: Subjects included 49 asthmatic, 40 ACO, and 41 COPD patients. ACO was
diagnosed based on the Japanese Respiratory Society ACO guidelines. Clinical and laboratory
parameters, including blood eosinophil count, serum total IgE levels, fractional exhaled
nitric oxide (FeNO), spirometry, and forced oscillation technique (FOT), were compared
between patients with and without mucus plugs.

Results: Mucus plugs were found in 29 (59%) asthmatic, 25 (65%) ACO, 17 (41%) COPD
patients. Patients with mucus plugs had reduced spirometry and larger FOT parameters,
especially in COPD patients. Mucus scores correlated positively with IgE in ACO and FeNO
in asthmatic patients, but not in COPD patients. Multivariate logistic regression analysis
revealed that SAD parameters, including forced vital capacity and resonant frequency, a
respiratory reactance parameter, were significantly associated with the presence of mucus
plugs in the whole studied population.

Conclusions: SAD, rather than large airway dysfunction, was associated with mucus plugs in
asthma, ACO, and COPD patients.

Keywords: Asthma, chronic obstructive pulmonary disaese; diagnostic imaging; physiology

INTRODUCTION

An increasing number of reports show that mucus plugs are associated with airflow
obstruction in asthma and chronic obstructive pulmonary disease (COPD).** A previous
study developed a method of quantifying mucus plugs based on the visual assessment of
high-resolution computed tomography (HRCT) lung images in severe asthma and found
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that mucus score correlated negatively with forced expiratory volume in 1 second (FEV1)
and positively with sputum eosinophils.! Subsequently, the same researchers assessed

the associations between mucus plugs and emphysema/airflow obstruction in smokers,
including COPD patients, and found that the mucus score was associated with lower FEV1,
independent of emphysema.* Another recent study found an inverse relationship between CT
scan-identified luminal plugging and FEV1 in COPD patients, but that luminal plugging was
more prevalent in patients with emphysema than in those without.?

Although CT scan delineates relatively large airways from the trachea to the 6th generation
bronchi, small airway dysfunction (SAD), a clinically relevant role in asthma and the primary
site of airflow obstruction in COPD,>® can coexist in patients with mucus plugging. Among the
physiological tests to explore the relevance and extent of SAD in a recent large cohort asthma
study (ATLANTIS),® we focused on the spirometric indices, including forced vital capacity (FVC)
and forced expiratory flow at 25%-75% of FVC (FEF 25-75) and forced oscillation technique
(FOT). Although the interpretation is still controversial,”® we adopted the forced oscillatory
parameters to assess SAD in this study, including the difference between respiratory resistance
at5 and 20 Hz (R5-R20), respiratory reactance at 5 Hz (X5), low-frequency reactance area (ALX),
and resonant frequency (Fres). In addition, patients with the clinical features of asthma and
COPD, asthma-COPD overlap (ACO), have been a clinical issue in managing asthma and COPD.°
We hypothesized that there might be some differences in clinical features with mucus plugs
among asthmatic, ACO, and COPD patients. In this retrospective study, we evaluated mucus
plugs based on the visual assessment of CT lung images according to the previous studies™** and
investigated the relevance to pulmonary function, especially SAD and type 2 biomarkers.

MATERIALS AND METHODS

Subjects

We retrospectively collected 130 consecutive patients who attended outpatient clinics at
Shizuoka General Hospital for routine checkups and underwent HRCT scans between August
2018 and September 2020. The subjects were classified into 3 groups: asthma (n = 49), COPD
(n=41), and ACO (n = 40) (Fig. 1). Asthmatic and COPD patients fulfilled the definition of the
Global Initiative for Asthma® and the Global Initiative for Chronic Obstructive Lung Disease,"
respectively. ACO patients fulfilled the definition of the Japanese Respiratory Society (JRS)
guidelines." Specifically, ACO was diagnosed if asthma patients were older than 40 years

old, had post-bronchodilator FEV1/FVC < 0.7, and fulfilled at least one of the following
criteria, including more than 10 pack-years smoking history, a presence of low attenuation
area (LAA) on HRCT, or less than 80% of diffusing capacity of the lung for carbon monoxide
(DLco)/alveolar volume (VA). In addition, ACO was diagnosed if COPD patients fulfilled at
least 2 of the following criteria, including variable (diurnal, daily, or seasonal) or paroxysmal
respiratory symptoms (cough, sputum, or dyspnea), an asthma history before 40 years, or
fractional exhaled nitric oxide (FeNO) > 35 ppb, or fulfilled one of these criteria, and at least

2 of the following criteria, including perennial allergic rhinitis, airway reversibility (change

in FEV1 > 12% and > 200 mL), blood eosinophil count > 5% or > 300 cells/pL, or elevated
total IgE or positive specific IgE antibody (Fig. 1). Patients had been receiving medications,
including inhaled or systemic corticosteroids, long-acting f2-agonist, long-acting muscarinic
antagonist, leukotriene receptor antagonist, and biologics (benralizumab, omalizumab, or
dupilumab). Patients were excluded from the study if they had an exacerbation or had an
acute viral infection within at least 1 month at the time of HRCT scan.
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Recruited patients

—n=31—

Fulfilled both of the following criteria, n = 40

- Age>40yr, n=67
- FEVI/FVC < 0.7, n = 40

—n=18—

Fulfilled one of the following criteria, n = 22

- Pack-years 210, n = 38
- LAA on HRCT, n = 31
- DLCO/VA < 80%, n =10

n=49

Diagnosed as asthma

n =130
\
v v
Treated as asthma Treated as COPD
n="71 n=>59

Fulfilled > 2 of the criteria (1, 2, or 3), or one of the criteria (1, 2, or 3)

and > 2 of the criteria (4-1,2, 3, or 4), n =18
1. Variable (diurnal, daily, or seasonal) or paroxysmal respiratory

symptoms (cough, sputum, or dyspnea), n = 4
2. Asthma history before 40 yr, n =1
3. FeNO > 35 ppb, n = 24
4-1) Perennial allergic rhinitis, n =17
4-2) Airway reversibility (change in FEV1 > 12% and > 200 mL), n =15
4-3) Blood eosinophil > 5% or > 300 cells/pL, n = 27
4-4) Elevated total IgE or positive specific IgE antibody, n = 35
\ | l
v
Diagnosed as ACO Diagnosed as COPD
n =40 n=41

Fig. 1. The flow of the subjects.
COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; FeNO, fractional exhaled nitric oxide;
LAA, low attenuation area; HRCT, high-resolution computed tomography; DLco, diffusing capacity of the lung for carbon monoxide; VA, alveolar volume; ACO,
asthma-chronic obstructive pulmonary disease overlap.
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Study design

This is a single-center, retrospective study. The Institutional Review Board of the Shizuoka
General Hospital approved the study protocols (SGHIRB#20202057). The Board waived
patient approval or informed consent because the study was a retrospective review of patient
records and images.

The HRCT scans of the 130 patients were analyzed by a well-trained radiologist (S.K.) who
was blinded to the clinical information. We also collected patients’ medical records and
laboratory data, including blood and sputum eosinophil count, serum IgE levels, FeNO,
patient-reported outcome measures, spirometry, and FOT.

HRCT analysis

Airway mucus plugs were identified and quantified using a scoring system as previously
reported.”?* Mucus plugs were defined as complete occlusion of an airway. The lung zone
within 2 cm from the costal or diaphragmatic pleura was excluded because the airways in that
zone are too small to ascertain a complete occlusion by luminal plugs. The mucus score, O

or 1 based on the absence or presence of mucus plugs, was generated for each CT scan as an
aggregation of the number of bronchopulmonary segments with luminal plugging, ranging
from 1 to 18.

Tree-in-bud appearance was defined as the centrilobular nodules of 2-4 mm in diameter
with peripheral location within 5 mm of the pleural surface. Bronchiectasis was defined as
bronchial dilatation with an internal diameter of a bronchus > 150% the diameter of the
accompanying pulmonary artery. Emphysema was evaluated automatically according to the
Goddard classification reported previously," using SYNAPSE VINCENT, a 3D image analysis
system (Fujifilm Medical Co., Tokyo, Japan). The lung field was divided into 6 sections:
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upper, middle, and lower lung fields on each side, and the total score was automatically
calculated by classifying the degree of LAA in each region into 5 levels (0—4 points), thus
yielding the Goddard score from O to 24.

Data collection

Severe asthma was defined according to the European Respiratory Society (ERS)/American
Thoracic Society (ATS) severe asthma guidelines.” Asthma control was assessed by Asthma
Control Questionnaire (ACQ)* and Asthma Control Test (ACT).” Dyspnea and symptoms of
COPD were assessed by the Modified British Medical Research Council (mMRC)* and COPD
Assessment Test (CAT),” respectively. Sputum analysis was performed in 32 asthmatic, 20
ACO, and 11 COPD patients. For ACO and COPD patients, a cut-point of > 2 for cough and
phlegm items defined chronic mucus hypersecretion (CMH) in CAT.” FeNO was measured by
NIOX VERO (Chest M.I. Co. Ltd., Tokyo, Japan). Pulmonary function tests were performed
while on daily medications, and measured data are expressed as post-bronchodilator

values. We performed ACQ, ACT, mMRC, CAT, FeNO, FOT, and spirometry in that order

for patients with asthma, ACO, and COPD as routine management. Spirometry and DLco/
VA by the single-breath method were conducted using computerized equipment (model
CHESTAC-8800; Chest M.I. Co. Ltd.) according to the ERS/ATS guidelines for spirometry."
Predicted values for pulmonary function tests were obtained from the JRS guidelines.* The
FOT was measured by MostGraph-01 (Chest M.I. Co. Ltd.) to assess the airflow obstruction
during the tidal breathing, which is sometimes different from that performed during forced
expiration.* Oscillatory indices were expressed as mean values during a respiratory cycle.
FVC, FEF 25-75, R5-R20, and respiratory reactance parameters, including X5, Fres, and
ALX, were interpreted as markers of SAD according to the previous report.® In contrast,
FEV1, FEV1/FVC, and R20 were interpreted as markers of large airways dysfunction. Sputum
analysis was performed for patients who could expectorate sputum spontaneously.

Statistical analysis

Categorical variables are summarized as frequencies and proportions, and continuous
variables are expressed as medians and interquartile ranges. The Kruskal-Wallis test was used
to assess differences among 3 groups with continuous variables, and the Mann-Whitney U
test was applied for 2-group comparisons. Fisher’s exact test was used to compare categorical
variables between groups. Spearman's correlation coefficients were calculated to determine
the associations between mucus score and spirometric and forced oscillatory parameters,
blood eosinophil count, total IgE, and FeNO within each of the 3 groups. Univariate

logistic regression analysis followed by multivariate logistic regression analysis was used

to determine the associations between the presence of mucus plugging and demographic
data, pulmonary function, and type 2 biomarkers. Heatmap clustering was drawn by Ward's
method based on the Euclidean distance using the R “pheatmap” package. All analyses were
performed with R version 3.6.3 (R Foundation for Statistical Computing, Vienna, Austria). A
2-tailed Pvalue of < 0.05 was considered statistically significant.

RESULTS

Characteristics of the subjects

The flow and clinical characteristics of the subjects are shown in Fig. 1 and Table 1. Forty ACO
patients consisted of 22 patients derived from asthma and 18 derived from COPD. Asthma
patients were younger, female-dominant, and had lower pack-years than those with ACO
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Table 1. Characteristics of the subjects

Characteristics Asthma (n = 49) ACO (n = 40) COPD (n = 41) Overall P Pairwise P value®
value® Asthma vs. ACO Asthmavs. COPD ACO vs. COPD

Mucus plugging 29 (59) 26 (65) 17 (41) 0.087 0.663 0.138 0.046
Mucus score 1(0, 6) 2 (0, 5) 0(0,1) 0.006 0.749 0.012 0.002
Tree-in-bud appearance 17 (35) 21 (53) 1 (27) 0.056 0.131 0.496 0.024
Bronchiectasis 4(8) 2(1) 4.(10) 0.780 0.687 1.000 0.675
Goddard score 0 (0, 0) 12 (9, 12) 12 (11, 12) <0.001 <0.001 <0.001 0.035
Age (yr) 65 (54, 72) 76 (66, 80) 76 (69, 80) <0.001 <0.001 <0.001 0.974
Sex, male 19 (39) 35 (88) 36 (88) <0.001 <0.001 <0.001 1.000
Body mass index (kg/m?) 937 (20.6, 27.0)  22.5(19.8,24.6)  922.4(20.3, 24.9) 0.265 0.151 0.187 0.862
childhood asthma 9 (18) 1(3) 0 (0) 0.001 0.021 0.003 0.494
Allergic rhinitis 17 (35) 11 (28) 6 (15) 0.090 0.500 0.051 0.181
Chronic rhinosinusitis 9 (19) 3(8) 1(2) 0.039 0.212 0.019 0.359
Severe asthma 10 (20) 2 (15) NA 0.058 NA NA NA
Smoking history <0.001 <0.001 <0.001 0.712

Never smoker 31(63) 0(0) 0 (0)

Ex-smoker 12 (24) 37 (93) 36 (85)

Current smoker 5(10) 3(7) 5(12)
Pack-years 0 (0, 12) 41 (31, 58) 50 (36, 63) <0.001 <0.001 <0.001 0.180
ACQ 1.8 (0.9, 3.0) 0.4 (0.0, 1.0) NA NA 0.002 NA NA
ACT 20 (13, 22) 23 (21, 25) NA NA <0.001 NA NA
mMRC NA 1.0 (1.0, 1.75) 1.0 (0.0, 1.0) NA NA NA 0.086
COPD assessment test NA 7.0 (3.75, 14.0) 5.0 (3.0, 11.0) NA NA NA 0.181
CMH NA 8 (22) 7(18) NA NA NA 0.776
Blood eosinophil count 151 (52, 391) 209 (110, 465) 168 (91, 227) 0.219 0.250 0.827 0.064
(cells/pL)
Total IgE (1.U./mL) 238 (55, 754) 211 (88, 474) 95 (26, 269) 0.067 0.632 0.034 0.051
Positive specific IgE antibody 2 (0, 13) 1(0,7) 0 (0, 11) <0.001 0.005 <0.001 0.330
Sputum eosinophils (%) 1.8 (0, 9.9) 2.5 (0, 5.3) 0 (0, 0.8) 0.053 0.992 0.023 0.030
Sputum neutrophils (%) 95.3(85.0,97.0)  93.0(86.5,98.1)  99.0 (95.3, 99.8) 0.099 0.967 0.034 0.076
FeNO (ppb) 40.5(18.0,66.3)  35.0 (21.8, 67.3) 924.5 (17.0, 30.5) 0.051 0.972 0.051 0.017
FEV1 (L) 1.72 (1.39, 2.21) 1.46 (1.03, 1.89) 1.85 (1.22, 2.94) 0.183 0.089 0.979 0.135
%FEV1 77.8 (65.3, 89.1) 63.8 (44.6, 72.5) 711 (51.0, 88.5) 0.002 <0.001 0.147 0.075
FVC (L) 2.38 (2.03, 3.08) 2.76 (2.20, 3.67) 3.35(2.29, 3.82) 0.009 0.112 0.002 0.147
%FVC 91.3 (77.5,101.7) 88.9 (75.1,104.5)  101.6 (82.7, 117.6) 0.011 0.962 0.005 0.015
FEV1/FVC 71.6 (62.5,78.3)  55.3(42.4,62.0)  53.9 (45.4, 63.9) <0.001 <0.001 <0.001 0.552
%FEF 25-75 37.6 (25.5, 51.6) 21.4 (1.7, 28.9) 20.8 (15.6, 30.0) <0.001 <0.001 <0.001 0.543
R5 (cmH,0/L/s) 3.71(2.91, 4.52) 3.74 (2.67,4.65)  2.58 (2.11, 3.56) 0.003 0.686 0.002 0.006
R20 (cmH,0/L/s) 3.00 (2.44,3.67)  2.98(214,3.29)  2.23(1.84, 3.05) 0.001 041 <0.001 0.021
R5-R20 (cmH,0/L/s) 0.79 (0.45, 1.11) 0.87 (0.60,1.29)  0.54 (0.26, 1.00) 0.024 0.295 0.122 0.004
X5 (CmMH,0/L/s) -0.73 (-1.03, -0.41) -0.93 (-2.72, -0.47) -0.61(-1.03,-0.26)  0.079 0.076 0.489 0.041
Fres (Hz) 9.98 (7.68,12.52) 12.90 (8.80, 18.72) 10.30 (6.74, 14.95) 0.045 0.015 0.839 0.066
ALX (cmH,0/L) 3.26 (1.31, 5.29) 5.02 (1.68, 23.24)  2.49 (0.83, 5.84) 0.065 0.043 0.724 0.043
Inhaled corticosteroid use 37 (76) 35(88) 6 (15) <0.001 0.183 <0.001 <0.001
LABA 35 (71) 36 (90) 32 (78) 0.087 0.036 0.628 0.296
LAMA 0 (0) 20 (50) 35 (85) <0.001 <0.001 <0.001 <0.001
Biologic use 4 (8) 2(5) 0 (0) 0.160 0.687 0.123 0.241

Benralizumab 3(6) 1(3) 0 (0)

Omalizumab 1(2) 0(0) 0 (0)

Dupilumab 0 (0) 1(3) 0 (0)
Systemic corticosteroid use 1(2) 0 (0) 0 (0) 1.000 1.000 1.000 1.000

Data are shown as median (interquartile range) or frequency (percentage).

ACO, asthma-chronic obstructive pulmonary disease overlap; COPD, chronic obstructive pulmonary disease; ACQ, Asthma Control Questionnaire; ACT, Asthma
Control Test; NA, not applicable; mMRC, Modified British Medical Research Council; CMH, chronic mucus hypersecretion; FeNO, fractional exhaled nitric oxide;
FEF 25-75, forced expiratory flow at 25%-75% of forced vital capacity; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; R5 and R20,
respiratory resistance at 5 and 20 Hz; R5-R20, the difference between R5 and R20; X5, respiratory reactance at 5 Hz; ALX, low-frequency reactance area; Fres,
resonant frequency; LABA, long-acting B2-agonists; LAMA, long-acting muscarinic antagonists.

*Kruskal-Wallis test, TMann-Whitney U test, or Fisher's exact test. Sputum analysis was performed in 32 asthmatic, 20 ACO, and 11 COPD patients.

or COPD. Although some asthmatic patients had more than 10 pack-years, they did not
fulfill FEV1/FVC < 0.7. Nine and 10 asthmatic patients had chronic rhinosinusitis and severe
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asthma, respectively. Asthma was less controlled in asthmatic patients than ACO patients,
while there was no difference in dyspnea and symptoms between ACO and COPD patients.
The prevalence of CMH was not high (approximately 20%) and similar in ACO and COPD
patients. There was no difference in blood eosinophil count among asthmatic, ACO, and
COPD patients. Serum total IgE was lower in COPD patients, while the number of positive

specific IgE antibodies was higher in asthmatic patients than in ACO or COPD patients.
Sputum eosinophil and FeNO levels were lower in COPD patients. In addition, %FEV1 and
FEV1/FVC were higher in asthma patients than in ACO and COPD patients. %FVC was higher,
and %FEF 25-75 was lower in COPD patients than in asthmatics or ACO patients. Respiratory
resistance, including R5, R20, and R5-R20, was lower in COPD patients. Overall, respiratory
reactance was larger in ACO patients than in asthmatics or COPD patients. Biologics were
used in 4 asthmatics and 2 ACO patients.

HRCT analysis

Mucus plugs were found in 29 (59%) asthma, 26 (65%) ACO, and 17 (41%) COPD patients,
respectively, with a statistically significant difference between ACO and COPD patients (Fig. 2,
Table 1). Mucus score was significantly lower in COPD patients than in asthmatic or ACO patients.
The frequency distribution of mucus score is shown in Fig. 3. Asthmatic and ACO patients had
more mucus plugs, and the scores were evenly distributed, whereas COPD patients had fewer
mucus plugs overall. Tree-in-bud appearance was found in 17 asthmatic, 21 ACO, and 11 COPD
patients, with a significant difference between ACO and COPD patients. There was no difference
in the accompanying bronchiectasis among the 3 groups. The Goddard score was significantly
higher in COPD patients.

Comparison between patients with and without mucus plugging

The median mucus score was 5, 4, and 1 in asthmatic, ACO, and COPD patients with mucus
plugs, respectively (Table 2). Tree-in-bud appearance was more frequently found in asthmatic
and COPD patients with mucus plugs than those without mucus plugs. Bronchiectasis was
more frequently found in COPD patients with mucus plugs alone. There was no difference in
the Goddard score between patients with and without mucus plugs in all 3 diseases. There
was no difference in age, sex, comorbidities, or smoking history between patients with

and without mucus plugs. Body mass index in ACO patients with mucus plugs was lower

Fig. 2. Representative high-resolution CT findings of mucus plugs in an asthmatic patient. (A) An axial plane
showing 2 round opacities occluding the anterior and lateral basal bronchi of the right lower lobe. (B) A coronal
plane showing a tubular opacity occluding the anterior basal bronchus, as visualized in the axial plane.
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Fig. 3. The frequency distribution of mucus scores in patients with asthmatic, ACO, and COPD.
ACO, asthma-chronic obstructive pulmonary disease overlap; COPD, chronic obstructive pulmonary disease.

than in those without mucus plugs. The prevalence of CMH was similar between ACO and
COPD patients with and without mucus plugs. There was no difference in blood and sputum
eosinophils and specific IgE antibodies between patients with and without mucus plugs.
However, total IgE was significantly higher in asthmatics and ACO patients with mucus plugs
than those without mucus plugs. FeNO was significantly higher in asthmatic patients with
mucus plugs than in those without.

The %FEV1 and %FVC were significantly lower in patients with mucus plugs than those
without (Fig. 4A). FEV1/FVC was significantly lower in COPD patients with mucus plugs. The
%FEF 25-75 was lower in asthmatic and COPD patients with mucus plugs than those without.
R5, R20, and R5-R20 were significantly higher in COPD patients with mucus plugs (Fig. 4B).
Reactance parameters were larger in asthmatic and COPD patients with mucus plugs than
those without (Fig. 4C). In ACO patients, Fres alone was larger in patients with mucus plugs
than those without.

Correlation between mucus score and clinical parameters

There was a negative correlation between mucus score and %FEV1 and %FVC in asthma,
ACO, and COPD patients (Fig. 5A). There was also a negative correlation between mucus
score and FEV1/FVC and %FEF 25-75 in COPD patients alone. There was a positive correlation
between mucus score and R5, R20, and R5-R20 in COPD patients alone (Fig. 5B). There was
a correlation between mucus score and X5, Fres, and ALX in asthma, ACO, and COPD patients
(Fig. 5C). Overall, the correlations were stronger in COPD patients. Mucus score was positively
correlated with total IgE in ACO patients and FeNO in asthma patients, respectively (Fig. 6).
Although there was no significant (P < 0.05) correlation between mucus score and total IgE in
asthma patients, the correlation coefficient was 0.23, indicating a weak correlation. However,
the correlation coefficient was 0.23, indicating a weak correlation between mucus score and
total IgE. However, there was no correlation between mucus score and eosinophil count in
any diseases. There was no correlation between mucus score and Goddard score: asthma, r=
-0.04, P=0.781; ACO, r=0.27, P=0.097; and COPD, r=0.11, P= 0.515.

Logistic regression analysis for variables associated with mucus plugs

A logistic regression analysis was performed to analyze the relationships between mucus
plugs and clinical and demographic variables in the whole study patients (Table 3). Variables
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Table 2. Comparison between patients with and without mucus plugging

Characteristics Asthma ACO COPD
Mucus plugging Pvalue® Mucus plugging Pvalue® Mucus plugging P value*
Absent (n=20)  Present (n =29) Absent (n =14) Present (n = 26) Absent (n = 24) Present (n =17)

Mucus score 0 (0, 0) 5(2, 8) <0.001 0 (0, 0) 4(2,6) <0.001 0 (0, 0) 101,92 <0.001
Tree-in-bud appearance 2 (10) 15 (52) 0.003 5(36) 16 (62) 0.186 3(13) 8 (47) 0.029
Bronchiectasis 0 (0) 4 (14) 0.135 1(7) 1(4) 1.000 0(0) 4(24) 0.024
Goddard score 0 (0, 0) 0 (0, 0) 1.000 11 (7,12) 12 (9,12) 0.294 12 (11, 12) 12 (11, 13) 0.534
Age (yr) 57 (48, 69) 68 (56,76)  0.056 71 (60, 79) 78 (70, 82) 0.095 76 (70, 79) 76 (69, 80) 0.758
Sex, male 6 (30) 13 (45) 0.377 12 (86) 23 (88) 1.000 22 (92) 14 (82) 0.633
Body mass index (kg/m?) 22.1(20.8,24.4)  24.8 (20.4,28.1)  0.172 241(23.7,27.9)  20.8 (18.9, 22.8) <0.001 23.6 (21.4,25.2)  21.3(18.9,23.7) 0.192
Childhood asthma 2 (10) 7(24) 0.356 0 (0) 1(4) 1.000 NA NA NA
Allergic rhinitis 8 (40) 9 (31) 0.555 6 (43) 5(19) 0.147 4(17) 2 (12) 1.000
Chronic rhinosinusitis 1(5) 8(28) 0.064 1(7) 2(8) 1.000 1(4) 0(0) 1.000
Severe asthma 2 (10) 8 (28) 0.167 2 (14) 0(0) om7 NA NA NA
Smoking history 0.367 0.540 0.065

Never smoker 15 (75) 16 (55) 0 (0) 0 (0) 0 (0) 0 (0)

Ex-smoker 3(15) 9 (31) 14 (100) 23 (88) 19 (79) 17 (100)

Current smoker 2 (10) 3(10) 0 (0) 3(12) 5(21) 0 (0)
Pack-years 0(0,4) 0(0,12) 0.387 38 (31, 44) 49 (34, 70) 0.326 48 (35, 62) 50 (38, 63) 0.768
CMH NA NA NA 92 (14) 6 (27) 0.441 4(18) 3(19) 1.000
Blood eosinophil count 127 (48, 195) 201 (74, 592) 0171 266 (96, 457) 176 (128, 447)  0.927 170 (105, 243) 133(88,198)  0.525
(cells/pL)
Total IgE (I.U./mL) 68 (48, 196) 416 (100, 1,100)  0.008 103 (5, 563) 268 (184, 486) 0.008 114 (54, 266) 59 (13, 223) 0.134
Positive specific IgE 2.0 (0,7) 2.0 (0,13) 0.290 0 (0, 6) 1(0,7) 0.930 1(0,11) 0(0,3) 0.050
antibody
Sputum eosinophils (%) 0 (0, 2.5) 2.0 (0.5,12.5)  0.170 2.0 (0.0, 31.0) 2.5(0.1,4.8)  0.956 0.3 (0.0, 0.9) 0.0 (0.0, 0.0) 0.621
Sputum neutrophils (%) 96.0 (93.5,97.0)  95.0 (83.0,97.5)  0.797 79.0 (59.4,97.5)  93.0 (89.6,98.1) 0.456  98.0 (97.0,99.4) 99.0(93.5,100)  0.959
FeNO (ppb) 921 (11, 44) 45 (25, 84) 0.014 31(27, 55) 37 (19, 67) 0.980 926 (23, 36) 23 (16, 27) 0.134
FEVT (L) 2.11(0.36,4.32)  1.54 (0.57,2.85)  0.032 1.83(0.56,2.96)  1.24 (0.47,2.88) 0.008  1.98(1.17,3.58)  1.07 (0.53, 2.80) <0.001
%FEVT 84.6(28.6,112)  69.4(26.4,109)  0.018 70.7 (31.6,92.1)  59.2 (18.8, 84.6) 0.019 75.9 (44.9,127)  50.9 (25.8, 97.5) < 0.001
FVC (L) 2.65 (0.66, 4.53)  2.32 (0.78, 4.58)  0.101 3.59 (1.46,4.58)  2.59 (1.30,5.14)  0.026 3.71(1.79, 4.57)  2.99 (1.49, 4.29) < 0.001
%FVC 98.0 (39.5, 115) 84.1 (41.4, 117) 0.040 102 (56.9,122)  84.8 (46.,124)  0.033 107 (63.0,129)  81.7(62.2,121)  <0.001
FEV1/FVC 747 (66.8,77.4)  70.8(60.9,78.3) 0.305  56.0 (49.9,65.3) 53.9(38.7,60.6) 0.200 59.1(53.4,67.7)  48.1(43.6,53.9) 0.003
%FEF 25-75 42.3 (6.5, 117) 30.6 (9.3,90.8)  0.041 93.8 (7.60, 54.9)  20.2 (4.80,32.2) 0.115 95.3(8.80,99.3) 15.6 (8.40,37.7)  0.005
R5 (cmH,0/L/s) 3.52 (1.44,6.95)  3.86 (0.95, 6.34) 0.259 3.55(2.55,4.81)  4.46 (2.04,6.22) 0.470  2.96(1.33,3.56)  4.39 (2.14, 5.99) <0.001
R20 (cmH,0/L/s) 2.96 (1.55,5.25)  3.08 (0.95, 4.45)  0.565 2.73 (1.93, 3.70) 3.11(1.48,4.29) 0.589 1.97 (119, 3.10) 3.07 (1.84, 4.60)  0.001
R5-R20 (cmH,0/L/s) 0.74 (-0.27,2.21)  0.90 (-0.34,2.12) 0.305 0.66 (0.38, 1.57) 1.18 (0.12,1.95)  0.197 0.41(-0.24,1.19) 116 (-0.05,1.96) 0.001
X5 (cmH,0/L/s) -0.56 (-5.40, 0.04) -0.82 (-6.17, 0.14)  0.049 -0.69 (-4.91, 0.06) ~1.28 (-5.58, -0.02) 0.068 -0.45 (-2.04, 0.08) -1.30 (-5.61, -0.07) < 0.001
Fres (Hz) 8.54 (4.71,25.0)  10.8 (4.0,24.5)  0.047 10.1(4.57,21.7)  14.4(5.14,24.2) 0.033  8.08 (4.64,20.0) 14.7 (5.37,26.7) <0.001
ALX (cmH,0/L) 2.06 (0.09, 52.5)  3.62 (0, 56.8) 0.044 2.95(0.09,40.2) 7.37(0.23,48.7)  0.051 1.55 (0.13,16.1)  8.07 (0.38,55.7) <0.001
Inhaled corticosteroid 15 (75) 22 (76) 1.000 12 (86) 23 (88) 1.000 5 (21) 1(6) 0.370
use
LABA 14 (70) 21 (72) 1.000 12 (86) 24 (92) 0.602 19 (79) 13 (76) 1.000
LAMA 0 (0) 0(0) 1.000 8 (57) 12 (46) 0.741 20 (83) 15 (88) 1.000

Data are shown as median (interquartile range) or frequency (percentage).
ACO, asthma-chronic obstructive pulmonary disease overlap; ALX, low-frequency reactance area; CMH, chronic mucus hypersecretion; COPD, chronic

obstructive pulmonary disease; FeNO, fractional exhaled nitric oxide; FEF 25-75, forced expiratory flow at 25%-75% of forced vital capacity; FEV1, forced
expiratory volume in 1second; Fres, resonant frequency; FVC, forced vital capacity; LABA, long-acting 2-agonists; LAMA, long-acting muscarinic antagonists,
NA, not applicable; R5 and R20, respiratory resistance at 5 and 20 Hz; R5-R20, the difference between R5 and R20; X5, respiratory reactance at 5 Hz.
*Mann-Whitney U test or Fisher’s exact test. Sputum analysis was performed in 32 asthmatic, 20 ACO, and 11 COPD patients.
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with a Pvalue < 0.15 in the univariate analysis and candidate variables are described.
Stepwise multivariate logistic regression analysis revealed that the lower %FVC and higher

Fres were significantly associated with the presence of mucus plugging in the whole studied
population. The heatmap indicates such a relationship between the presence of mucus
plugging and SAD parameters (Fig. 7).
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Fig. 4. Comparison of pulmonary function between patients with and without mucus plugs in asthmatic, ACO, and COPD patients. (A) Spirometry. (B) Respiratory
resistance. (C) Respiratory reactance.

ACO, asthma-chronic obstructive pulmonary disease overlap; COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second; FVC,
forced vital capacity; FEF 25-75, forced expiratory flow at 25%-75% of forced vital capacity; R5 and R20, respiratory resistance at 5 and 20 Hz; R5-R20, the
difference between R5 and R20; X5, respiratory reactance at 5 Hz; Fres, resonant frequency; ALX, low-frequency reactance area.

DISCUSSION

Mucus plugs were found in around 60% of patients with asthma and ACO, and less
frequently, in 40% of COPD patients. Patients with mucus plugs had reduced spirometric
indices and larger respiratory resistance and reactance parameters. The correlations between
mucus score and pulmonary function were stronger in COPD patients than in asthmatic and
ACO patients. There was a positive correlation between mucus score and type 2 biomarkers,
including total IgE in ACO patients and FeNO in asthmatic patients, but not in COPD
patients. In a multivariate logistic regression analysis, SAD parameters, including FVC and
Fres, were significantly associated with the presence of mucus plugs in the whole patients.
These results indicate that mucus plugs are associated with the pathophysiology of asthma,
ACO, and COPD.

The prevalence of mucus plugging in asthmatic patients in this study was comparable with
those in previous studies: 85 0f 146 (58%)' and 18 of 27 (67%),* despite the low percentage
of severe asthma (20%) compared with previous studies dealing with severe asthma alone.
The prevalence of mucus plugging in COPD patients was in the middle of previous studies:
25% of 400% and 67% of 299 patients,* suggesting the differences in population studied or
radiologists’ decision. Some COPD patients had coexisting asthma in previous studies: 8%?>
and 23%,* and the prevalence of mucus plugs was higher in patients with COPD and asthma
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Fig. 5. Correlation between mucus score and pulmonary function. (A) Spirometry. (B) Respiratory resistance. (C) Respiratory reactance.

ACO, asthma-chronic obstructive pulmonary disease overlap; COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second; FVC,
forced vital capacity; FEF 25-75, forced expiratory flow at 25%-75% of forced vital capacity; R5 and R20, respiratory resistance at 5 and 20 Hz; R5-R20, the
difference between R5 and R20; X5, respiratory reactance at 5 Hz; Fres, resonant frequency; ALX, low-frequency reactance area.

than in those with COPD alone.? A novel finding of this study was that mucus plugs were also
assessed in ACO as a disease entity, which was diagnosed according to the JRS guidelines.™
We found that the prevalence of mucus plugs in ACO patients was comparable with that in
asthmatic patients, but significantly higher than those with COPD. We evaluated emphysema
automatically by using an image analysis system as Goddard scores and found no difference
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Fig. 6. Correlation between mucus score and type 2 biomarkers. Mucus score positively correlated with FeNO in asthmatic patients and total IgE in ACO patients.
However, there was no correlation between mucus score and type 2 biomarkers in COPD patients.
ACO, asthma-chronic obstructive pulmonary disease overlap; COPD, chronic obstructive pulmonary disease; FeNO, fractional exhaled nitric oxide.

Table 3. Univariate and multivariate logistic regression analysis of factors influencing the presence of mucus plugging

Variables Univariate models Multivariate model
OR* 95% Cl Pvalue OR* 95% Cl Pvalue
Age (yr) 1.37 0.96, 1.96 0.084
Sex, male 1.01 0.71,1.43 0.953
Body mass index (kg/m?) 0.83 0.58,1.18 0.305
Pack-years 1.04 0.73,1.48 0.830
9%FEV1 0.40 0.26, 0.62 <0.001
%FVC 0.38 0.24, 0.60 <0.001 0.53 0.32, 0.91 0.020
FEV1/FVC 0.63 0.44, 0.92 0.016
%FEF 25-75 0.57 0.38, 0.86 0.007
R5 (cmH,0/L/s) 2.03 1.36, 3.04 0.001
R20 (cmH,0/L/s) 1.73 1.18, 2.53 0.005
R5-R20 (cmH,0/L/s) 217 1.42, 3.29 <0.001
X5 (cmH,0/L/s) 0.43 0.26, 0.72 0.001
Fres (Hz) 2.62 1.65, 4.16 <0.001 1.80 1.05, 3.11 0.034
ALX (cmH,0/L) 2.93 1.32, 3.76 0.003
Blood eosinophil count 2.7 0.99, 4.74 0.052
Total IgE 1.61 0.88, 2.95 0.119
FeNO 1.61 0.95, 2.72 0.077

OR, odds ratio; Cl, confidence interval; ALX, low-frequency reactance area; FeNO, fractional exhaled nitric oxide; FEF 25-75, forced expiratory flow at 25%-75%
of forced vital capacity; FEV1, forced expiratory volume in 1 second; Fres, resonant frequency; FVC, forced vital capacity; R5 and R20, respiratory resistance at 5
and 20 Hz; R5-R20, the difference between R5 and R20; X5, respiratory reactance at 5 Hz.

*Per 1standard deviation increase.
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Fig. 7. Heatmap showing the relationship between the absence or presence of mucus plugs and pulmonary
function in asthmatic, ACO, and COPD patients.

ACO, asthma-chronic obstructive pulmonary disease overlap; COPD, chronic obstructive pulmonary disease;
FEV1, forced expiratory volume in 1second; FVC, forced vital capacity; FEF 25-75, forced expiratory flow at 25%-
75% of forced vital capacity; R5 and R20, respiratory resistance at 5 and 20 Hz; R5-R20, the difference between
R5 and R20; X5, respiratory reactance at 5 Hz; Fres, resonant frequency; ALX, low-frequency reactance area.

in the degree of emphysema between ACO and COPD patients with and without mucus plugs.
This independent relationship between mucus plugs and emphysema was consistent with the
previous study.* The low prevalence of CMH (around 20%) in ACO and COPD patients in this
study was also compatible with previous studies: 23% in severe asthma' and 34% in COPD,*
confirming the asymptomatic nature of mucus plugging.

Like previous studies,* we found that the mucus plugs were associated with low spirometric
indices not only in asthmatic and COPD patients but also in ACO patients. The stronger
correlations between mucus score and spirometry in COPD patients than in asthmatic and

ACO patients suggest the significant effect of mucus plugging on the pathophysiology of

COPD. A novel finding of this study was that the relationship between mucus plugs and airflow
obstruction was also assessed by the FOT. The FOT is performed during tidal breathing, avoiding
the need for any particular breathing maneuver or noticeable interference with respiration,

and provides more information on the lung than obtained by forced expiration, spirometry.*
The correlation between spirometry and the FOT is generally modest, thus yielding some
difference between the 2 modalities. This study found higher respiratory resistance values in
COPD patients with mucus plugs than those without and a significant correlation in only COPD
patients. As for respiratory reactance values, there were also significant differences between
asthmatics and ACO patients with mucus plugs and those without mucus plugs, but the
difference was more significant, and correlation coefficients were stronger in COPD patients.

A previous asthma study found a positive correlation between the mucus score and the sputum
eosinophil percentage and proposed that type 2 airway inflammation might promote mucus
plug formation.! In this study, we found a positive correlation between mucus score and total IgE
or FeNO levels in ACO or asthma patients, but not in COPD patients, suggesting that non-type

2 mechanism might be involved in mucus plug formation in COPD patients. Further studies are
needed to clarify the mechanism of mucus plug formation in different diseases.

Another novel finding of this study was that SAD rather than large airways dysfunction was

associated with mucus plugging in obstructive airway diseases as a whole. Although previous
studies have referred to the associations between mucus plugs and FVC*** or FEF 25-75 2 the
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relevance was not compared. A logistic regression analysis revealed that FVC and Fres were
significantly associated with mucus plugs. Reduced FVC is interpreted as a marker of air
trapping, and the site of airway closure is thought to be small airways.>? Previous systematic
reviews positioned FVC as a marker of SAD.?** FVC is noninvasive, easy to perform, and
correlates with residual volume/total lung capacity? with high reproducibility and low variability.
This suggests that FVC might have some utility in assessing SAD, mainly since FVC can be easily
assessed by primary care physicians, so it could be undertaken as a serial assessment to monitor
SAD.* Fres is one of the commonly used forced oscillatory properties, where the respiratory
reactance curve crosses zero and the elastic and inertial forces are equal in magnitude and
opposite.21 We previously found the correlation between nitrogen phase III slope of single-
breath washout (delta N) and Fres in asthma,” and that FVC, Fres, and the degree of emphysema

were predictors of delta N, in COPD,* suggesting that Fres is a SAD parameter.

One of the limitations of this study is the retrospective study design, and there are some missing
data, especially sputum analysis. However, because we performed ACQ, ACT, mMRC, CAT,
FeNO, FOT, and spirometry for patients with asthma, ACO, and COPD as routine management,
these data were reliable enough to analyze. Another limitation is that not all patients undergo
chest CT in daily clinical practice, and there might be a selection bias in this retrospective study.
Recently, however, chest CT has been done more often than ever for the management of patients
with moderate to severe asthma, ACO, and COPD to detect emphysema and diagnose early lung
cancer. Thus, the findings in this study are not far from clinical practice of asthma, ACO, and
COPD in a real-life setting. These findings will help manage such patients.

In conclusion, mucus plugs were found in a subset of patients with asthma, ACO, and

COPD by a visual and quantitative assessment of HRCT lung images. There was an inverse
relationship between mucus score and pulmonary function, especially in COPD patients, and
associations between type 2 inflammation and airflow obstruction were found in asthmatic
and ACO patients. Overall, SAD, rather than large airways dysfunction, was associated with
mucus plugs in the studied population.
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