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Background: Bronchial thermoplasty (BT) improves clinical outcomes and quality of life for patients with severe asthma and has 
shown sustained reductions in airway narrowing and air trapping in previous CT studies. However, there is a lack of a comprehensive 
analysis, including CT evaluation, of clinical outcomes in Japanese patients who have undergone BT for severe asthma. This study 
aimed to evaluate the impact of BT in Japanese asthma patients, with a focus on the CT metric “WA at Pi10” to assess airway disease.
Methods: Twelve patients with severe persistent asthma who underwent BT were assessed using ACQ6, AQLQ, pulmonary function 
tests, FeNO measurement, blood sampling, and chest CT before BT and one year after the third procedure for the upper lobes.
Results: The median age of the patient was 62.0 years, 7/12 (58.3%) were male, 4/12 (33.3%) used regular oral corticosteroids, and 8/12 
(66.7%) received biologics. Median FEV1% was 73.6%, and median peripheral eosinophil count was 163.8/μL. After one year of BT, 
ACQ6 scores improved from 2.4 to 0.8 points (p = 0.007), and AQLQ scores improved from 4.3 to 5.8 points (p < 0.001). Significant 
improvements were also observed in asthma exacerbations, unscheduled visits due to exacerbations, FeNO, and √WA at Pi10 (p < 0.05). 
The baseline mucus score on the CT findings was negatively correlated with FEV1 (r = −0.688, p = 0.013) and with the maximum mid- 
expiratory flow rate (r = −0.631, p = 0.028), and positively correlated with the peripheral blood eosinophil count (r = −0.719, p = 0.008). 
Changes in √WA at Pi10 after one year were positively correlated with changes in the mucus score (r = 0.742, p = 0.007).
Conclusion: This study has limitations, including its single-arm observational design and the small sample size. However, BT led to 
a symptomatic improvement in patients with severe asthma. The validated “√WA at Pi10” metric on CT effectively evaluated the 
therapeutic response in Japanese asthma patients after BT.
Keywords: asthma, bronchial thermoplasty, chest computed tomography, asthma control questionnaire, √WA at Pi10

Introduction
Despite the availability of effective long-term control medications for asthma, such as inhaled corticosteroids (ICS) and 
biologics, certain asthma patients continue to experience poor control and some exhibit resistance to biologics.1 The presence 
of such patients has led to recognition of the diversity of airway inflammation that exists in severe asthma.2 Excessive 
contraction and hypertrophy of the airway smooth muscle layer play a role in exacerbating asthma and contribute to the key 
characteristics of severe asthma, regardless of the heterogeneity of airway inflammation.3,4 Bronchial thermoplasty (BT) is 
a catheter-based, bronchoscopic, non-pharmacological interventional therapy approved for patients aged 18 years and older 
who have persistent severe asthma that remains poorly controlled despite appropriate treatment. During bronchoscopy, BT 
delivers radiofrequency energy that heats the wall of the airway and leads to a sustained decrease in the smooth muscle mass of 
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the airway and the ends of the bronchial nerves, as evidenced by histological studies on thermal ablation.5 Randomized 
controlled clinical trials and real-world clinical registries have provided evidence of significant improvements in the 
symptoms of severe asthma after BT, as well as improved clinical outcomes, including a reduction in severe asthma 
exacerbations, hospital emergency visits, and hospital admissions, as well as a better quality of life.5,6 A long-term study 
conducted in 16 hospitals in the United States, the United Kingdom, Canada, Brazil, and the Netherlands followed a large 
group of participants treated with BT for 10 years or more. The study demonstrated the safety of BT and provided evidence of 
the sustained functional stability and clinical benefits experienced by these patients.6 However, despite these improvements, 
there was a limited correlation between the values of the lung function tests between before and after BT. The physiological 
mechanisms through which alterations in the smooth muscle layer translate into clinical benefits, including improvement in 
symptoms and reduced asthma exacerbations, remain unclear in patients who undergo BT.

Computed tomography (CT) provides highly valuable morphometric data in chronic obstructive pulmonary disease.7 

Bronchial wall thickening on CT is present in approximately 60% of asthma patients and is therefore a potentially useful 
indicator to assess the therapeutic response.8 Multiple studies have examined the effects of BT by analyzing CT findings within 
a 6-week to 2-year post-procedure timeframe.9,10 These studies consistently demonstrated that BT led to sustained reductions in 
airway narrowing and air trapping among patients with severe asthma.9,10 Such improvements are closely associated with relief 
of symptoms and decreased airway resistance. Chest CT in asthma patients can also reveal the presence of mucus plugs, which 
are linked to the deterioration of airflow limitation.11,12 It is crucial to address mucus plugs to effectively manage asthma 
symptoms. Despite the fact that BT has been accessible in Japan since 2015, there remains a lack of a comprehensive analysis of 
clinical outcomes, including evaluation of chest CT scans, in Japanese patients with severe asthma who have undergone BT. The 
potential for improved accuracy with the recently introduced “square root of the airway wall area (WA) of a theoretical airway 
with an internal perimeter (Pi) of 10 mm” (√WA at Pi10) as a standardized measure of airway wall thickness. However, to date, 
no studies have utilized this method to assess clinical response after BT.9,13,14 √WA at Pi10 is a surrogate measure of airway wall 
thickness and is calculated from numerous measurements of airway lumen and airway wall throughout the lung that can be seen 
on chest CT. CT airway measurements are expressed in terms of airway wall thickness and lumen area of specific segmental and 
subsegmental bronchioles, which require a set of accurately labeled airway branches and are difficult to perform in routine 
clinical practice. √WA at Pi10 provides a useful summary score of airway wall thickness for individual patients, conveniently 
derived from CT images obtained in routine clinical practice. Therefore, the present study aimed to evaluate the association 
between CT findings and the effects of BT, focusing on the metrics of √WA at Pi10 and mucus score as promising candidates to 
evaluate the state of airway disease, in Japanese asthma patients who underwent BT.

Methods
Patients
In this prospective non-interventional observational cohort study, patients diagnosed with asthma were enrolled and scheduled 
to undergo BT. Participants were recruited from among patients aged ≥18 years with a diagnosis of severe asthma and who 
experienced uncontrolled symptoms despite current treatment options and received treatment at Juntendo University Hospital 
(Tokyo, Japan) and Iizuka Hospital (Fukuoka, Japan). The diagnosis of asthma was confirmed based on a clinical history of 
episodic symptoms accompanied by airflow limitation, along with variations in lung function assessed by forced expiratory 
volume in 1 s (FEV1) or peak expiratory flow rate measurements, following the guidelines provided by the Global Initiative for 
Asthma (GINA).15 Patients who met any of the following criteria were excluded from the study: (1) diagnosis of infectious 
disease or cancer; (2) presence of an implanted electrical device such as a pacemaker; (3) history of asthma exacerbation 
within the last 14 days; (4) inability to undergo bronchoscopy; and (5) cases judged inappropriate by the study investigators.

BT Procedure
BT was performed using the Alair System (Boston Scientific, Tokyo, Japan), which administers radiofrequency energy, 
a combination of magnetic and electrical energy, as previously described.5,9 The electrode array is introduced and expanded to 
contact the airway walls under direct visualization through the working channel of a high-frequency compatible flexible 
bronchoscope (Supplementary Figure 1). Activation of the Alair radiofrequency controller occurs only when the electrodes are 
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in suitable contact with the airway walls, leading to the delivery of radiofrequency energy. This energy is transmitted from the 
electrode through the airway wall and is converted to thermal energy upon absorption by high-resistance tissue such as smooth 
muscle. Patients received a daily dose of 50 mg prednisolone for 5 days: 3 days before BT, on the day of BT, and the day after 
BT. All BT procedures were performed under sedation, with a minimum interval of 3 weeks between treatment of the right 
lower lobe as the initial step, followed by the left lower lobe, and finally both upper lobes. During BT, thermal energy 
(radiofrequency ablation) was delivered to the airway wall of subsegmental bronchi of diameter 3–10 mm, specifically 
targeting the third to fourth generation of airways.

The following assessments were conducted before BT and one year after the third procedure: asthma control questionnaire 
6 (ACQ6), asthma quality of life questionnaire (AQLQ), pulmonary function tests, fractional exhaled nitric oxide (FeNO) 
levels, blood sampling and chest CT. FeNO levels were measured using an electrochemical handheld NO analyzer (NIOX 
VERO®; Aerocrine AB, Solna, Sweden) according to the recommendations of the American Thoracic Society. The 
measurements were taken at a constant flow rate of 0.05 L/s against an expiratory resistance of 20 cm of water.

Criteria for Responsiveness to BT
The patients were categorized as responders according to the criteria used in various previous studies, taking into consideration 
alterations in ACQ6 score, lung function, and asthma exacerbations.16–21 A patient was considered a responder if he met at 
least two of the following three criteria one year after BT: (1) improvement of at least 0.5 points in the ACQ6 score, (2) 
reduction in the number of asthma exacerbations, and (3) improvement in FEV1 of at least 100 mL.

Quantification of Serum Cytokine and Chemokine Levels
After centrifugation of blood samples, sera from patients were collected and subsequently frozen at –80 °C. The 
MILLIPLEX multiplex assay was used for analysis of the collected sera, following the manufacturer’s instructions 
(Merck Millipore, Burlington, MA, USA). The working range of the assay was determined between the lower and upper 
limits of quantification, as indicated in Supplementary Table 1. The measurement of serum periostin levels was carried 
out using ELISA (Shino-Test, Kanagawa, Japan), following the established protocol.22 To quantify serum tenascin-C and 
regulated on activation, normal T cell expressed and secreted (RANTES), thawed serum samples were simultaneously 
assessed using the human tenascin-C ELISA kit (IBL, Gunma, Japan) and the human RANTES ELISA kit (R&D 
Systems, Minneapolis, MN, USA), respectively.

CT Techniques and Airway Analysis
Thoracic thin-section CT scans were obtained at 120 kVp and 250 mA using LightSpeed VCT (GE Medical Systems, 
Milwaukee, WI, USA) in 3 patients and Aquilion ONE (Toshiba, Tokyo, Japan) in 9 patients. CT was performed with the 
patient in the supine position and with full inspiration, and acquired within one month prior to BT and 12 months after the third 
BT procedure. For each patient, all CT examinations were obtained using the same CT scanner. No contrast media were used. 
Axial images were obtained at 0.5 mm thickness with the lung algorithm for airway analysis (STANDARD for LightSpeed 
VCT, FC03 for Aquilion ONE). Airway dimension analysis was performed using Airway Inspector (Airway Inspector, 
Brigham and Women’s Hospital, Boston, MA, USA) [www.airwayinspector.org].23,24 The inner and outer airway walls were 
identified using full width at half maximum and phase congruency edge detection methods.25 The airway parameters WA and 
airway Pi were investigated for all airways visible in CT as tangential cross sections (with an internal diameter length/shortness 
ratio of approximately 0.9–1.1). For each measured airway, the square root of WA was plotted against Pi and the regression line 
of this plot was used to determine the square root of the wall area of a “theoretical airway” with a 10 mm inner circumference, 
defined as √WA at Pi1013 (Supplementary Figure 2). All examinations were visually inspected by a senior chest respiratory 
physician for the absence of significant motion artifacts and inclusion of the entire chest.

Mucus Score
The presence of mucus plugs was assessed by CT images, defined as complete airway obstruction, using the visual lung 
segment-based scoring system developed by Dunican et al.11 Twenty lung segments were visually inspected and scored 
for the presence (score 1) or absence (score 0) of one or more mucus plugs. The scores for individual lung segments were 
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summed to produce an overall lung mucus score from 0 to 20 for each participant. Segmental mucus plugs were scored 
on CT by two senior chest respiratory physicians, and a segment was scored as plugged only if both readers 
independently agreed.

Statistical Analysis
The D’Agostino–Pearson test was used to assess the normality of the samples. To determine the significance of parameter 
differences before BT and one year after the third BT procedure, the paired t-test and Wilcoxon signed rank test were used as 
appropriate. Pearson’s correlation coefficient and Spearman’s rank correlation coefficient were used to analyze the correlations 
between √WA at Pi10 and mucus score and each parameter, and among each change the √WA at Pi10 and mucus score and 
parameters from pre-BT values to one year after BT. Statistical significance was considered for p values < 0.05. GraphPad 
Prism version 6 software (GraphPad Software, San Diego, CA, USA) was used to perform all statistical analyzes.

Ethics
The present study, aligned with the Declaration of Helsinki, underwent review and approval by the Juntendo University 
Research Ethics Committee (Tokyo, Japan), receiving approval number 15–128. Before participating in the study, each 
patient gave his written informed consent. The study was registered in the UMIN Clinical Trial Registry on 
6 January 2016 (UMIN000020443) (http://www.umin.ac.jp/).

Results
Baseline Characteristics
A total of 12 patients with severe asthma, whose asthma symptoms were not adequately controlled by their current treatment 
regimens, including the biologic agents available for each patient, were enrolled in the study and underwent BT. Eight patients 
underwent treatment with the following biologics during the BT treatment period: omalizumab (n = 6), mepolizumab (n = 1), 
and benralizumab (n = 1) (Table 1). The remaining four patients did not use biologics for their asthma during this period. Of 
these, a patient had previously experienced anaphylaxis due to biologics and was unable to continue his usage, a patient was 
being treated with biologics for connective tissue disease, and two voluntarily opted not to receive biologics as part of their 
treatment for financial reasons. Table 1 lists the baseline characteristics of the patients. The median age (interquartile range) 
was 62.0 (41.3–70.5) years, the median duration of asthma was 23.0 (7.3–50.3) years (Table 1), 7 (58.3%) were male, and 4 
(33.3%) were on regular oral corticosteroids (OCS) (Table 1). The median percentage of FEV1 (FEV1%), which is the ratio of 
FEV1/forced vital capacity (FVC) and is calculated by dividing FEV1 by FVC, was 73.6% (60.6–82.2), and the median 

Table 1 Baseline Characteristics of the Study Population

n = 12

Sex (M/F), n (%) 7 (58.3%)/ 5 (41.7%)

Age (y) 62.0 (41.3–70.5)

Age at asthma onset (y) 25.0 (6.5–51.5)

Duration of asthma (y) 23.0 (7.3–50.3)

BMI (kg/m2) 24.1 (22.1–26.9)

Smoking history (never/ex), n (%) 7 (58.3%)/ 5 (41.7%)

Atopic dermatitis, n (%) 1 (8.3%)

Allergic rhinitis, n (%) 5 (41.7%)

Chronic sinusitis, n (%) 3 (25.0%)

(Continued)
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peripheral eosinophil count was 163.8/μL (81.8–397.0) (Table 2). Among the CT findings, the mucus score was negatively 
correlated with FEV1 (r = −0.688, p = 0.013) and with the maximum mid-expiratory flow rate (MMF) (r = −0.631, p = 0.028), 
and positively correlated with peripheral blood eosinophil count (r = −0.719, p = 0.008) (Table 3).

Table 1 (Continued). 

n = 12

Daily dose of ICS (FP equivalent dose, µg) 1000.0 (850.0–1000.0)

OCS treatment, n (%) 4 (33.3%)

Daily dose of OCS (Prednisolone dose, mg) 0 (0–10)

Previous omalizumab treatment, n (%) 6 (50.0%)

Previous mepolizumab treatment, n (%) 1 (8.3%)

Previous benralizumab treatment, n (%) 1 (8.3%)

Activation counts (right lower lobe) 41.5 (30.0–44.8)

Activation counts (left lower lobe) 42.0 (30.5–45.8)

Activation counts (both upper lobes) 64.5 (50.0–70.6)

Note: Number quoted is median (interquartile range). 
Abbreviations: ACQ, asthma control questionnaire; AQLQ, Asthma Quality of Life 
Questionnaire; BMI, body mass index; FeNO, fractional exhaled nitric oxide; FP, fluticasone 
propionate; FVC, forced vital capacity; FEV1%, forced expiratory volume in 1 second/forced vital 
capacity; FEV1, forced expiratory volume in 1 second; ICS, inhaled corticosteroid; IgE, immuno-
globulin E; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; MMF, 
maximum mid-expiratory flow rate; NA, not applicable; OCS, oral corticosteroids; PEFR, peak 
expiratory flow rate; SD, standard deviation; √WA at Pi 10, square root of airway wall area of the 
theoretical airway with an internal perimeter of 10 mm.

Table 2 Baseline Characteristics of the Study Population and Kinetics of Parameters in 
Patients Treated with BT

Baseline 1 Year Post Treatment p value

Asthma exacerbations (/year) 4.5 (3.0–6.0) 1.5 (0.0 −2.8) <0.001*

Unscheduled visits (/year) 5.0 (2.5–6.0) 1.5 (0.0–3.5) <0.001*

Hospitalizations (/year) 0.0 (0.0–1.0) 0.0 (0.0–1.0) >0.999

√WA at Pi 10 4.0 (3.9–4.1) 3.8 (3.8–3.9) 0.021*

Mucus score 0.5 (0.0–2.0) 0.0 (0.0–0.8) 0.281

ACQ6 score points 2.4 (1.6–2.7) 0.8 (0.5–1.7) 0.007*

AQLQ score points 4.3 (3.7–4.8) 5.8 (5.4–6.4) <0.001*

FeNO (ppb) 38.0 (20.3–72.5) 24.5 (17.3–32.0) <0.001*

FVC (L) 3.1 (2.4–3.7) 3.2 (2.6–3.9) 0.153

%FVC (predicted, %) 101.6 (86.4–113.9) 105.1 (99.1–114.7) 0.051

FEV1 (L) 2.3 (1.6–2.9) 2.4 (1.7–2.7) 0.78

%FEV1 (predicted, %) 84.8 (73.5–103.6) 84.1 (74.1 −101.8) 0.701

(Continued)
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Table 2 (Continued). 

Baseline 1 Year Post Treatment p value

FEV1% (%) 73.6 (60.6–82.2) 69.7 (59.1–78.4) 0.025*

PEFR (L/sec) 6.8 (4.8–8.7) 6.6 (5.4–5.8) 0.284

MMF (L/sec) 1.8 (0.7–2.8) 1.3 (0.6–2.3) 0.086

Peripheral neutrophils (%) 66.5 (59.3–69.5) 64.6 (61.1–71.8) 0.94

Peripheral neutrophils (×102cells/μL) 35.7 (27.9–67.3) 40.2 (30.5–57.0) 0.578

Peripheral eosinophils (%) 2.1 (0.7–6.4) 2.0 (0.7–5.6) 0.894

Peripheral eosinophils (cells/μL) 163.8 (81.8–397.0) 114.5 (46.9–236.0) 0.638

Peripheral basophils (%) 0.5 (0.2–0.6) 0.3 (0.2–0.5) 0.916

Peripheral basophils (cells/μL) 29.5 (16.1–32.0) 21.9 (11.2–39.2) 0.831

Peripheral lymphocytes (%) 25.5 (18.1–27.0) 23.9 (18.3–33.4) 0.938

Peripheral lymphocytes (×102cells/μL) 13.6 (10.5–22.1) 13.1 (10.7–22.4) 0.784

Total IgE (IU/ mL) 267.0 (50.3–352.3) 194.0 (49.5–317.8) 0.135

Periostin (ng/ mL), n=8 63.0 (53.8–91.8) 75.5 (51.3–94.8) 0.592

Tenascin-C (ng/mL), n=8 61.0 (35.1–69.5) 34.5 (24.9–52.4) 0.141

Eotaxin-1 (pg/mL), n=8 125.3 (101.0–161.8) 112.7 (97.1–172.8) 0.249

MCP-1 (pg/mL), n=8 402.7 (209.6–477.1) 434.9 (254.0–499.2) 0.673

Note: Number quoted is median (interquartile range).*p < 0.05.

Table 3 The Correlation Coefficients Between CT Findings and Baseline 
Characteristics

√WA at Pi10 (mm) Mucus score

r p value r p value

Age (y) 0.460 0.132 0.441 0.151

Duration of asthma (y) −0.036 0.911 0.249 0.436

BMI (kg/m2) 0.356 0.256 0.163 0.613

Asthma exacerbations (/year) 0.162 0.615 −0.171 0.596

√WA at Pi 10 NA NA 0.293 0.356

Mucus score (points) 0.293 0.356 NA NA

ACQ score (points) 0.021 0.956 −0.107 0.74

AQLQ score (points) 0.192 0.550 0.08 0.805

FeNO (ppb) −0.275 0.388 0.571 0.06

FVC (L) −0.354 0.258 −0.542 0.068

FEV1 (L) −0.431 0.162 −0.688 0.013*

(Continued)
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Complications were observed immediately after BT in 11 out of 12 patients (91.7%). Among them, consolidation or 
atelectasis was detected on X-ray and CT in 9 patients (75.0%), while exacerbation of asthma occurred in 2 patients (1 
duplicate case). Seven (58.3%) of these patients required short-term OCS. Furthermore, a patient (8.3%) developed 
pneumonia and received oral antimicrobial treatment.

Change in Parameters 1 Year After BT
In 9/12 patients (75%), ACQ6 and AQLQ scores at one year after BT demonstrated an improvement of at least 0.5 points 
compared to the pre-BT values, which is considered the minimal clinically important difference.26,27 Specifically, the 
ACQ6 scores showed a significant decrease from 2.4 to 0.8 points (p = 0.007), and the AQLQ scores showed a significant 
increase from 4.3 to 5.8 points (p < 0.001) (Table 2). Furthermore, there was a considerable reduction in the frequency of 
asthma exacerbations and unscheduled visits due to exacerbations (p < 0.001). Additionally, FeNO levels (p < 0.001) and 
√WA at Pi10 (p = 0.021) improved significantly (Table 2 and Figure 1). There was no significant change in airflow 
limitation, except for a significant decrease in the median FEV1% from 73.6% to 69.7% after one year (p = 0.025) 
(Table 2 and Figure 1). Supplementary Figure 3 presented an example of bronchial wall thinning and lumen expansion 
resulting from BT. Serum levels of total IgE, periostin, tenascin-C, eotaxin-1, and MCP-1 did not show statistically 
significant changes between baseline and BT 1 year later (Table 2).

Table 3 (Continued). 

√WA at Pi10 (mm) Mucus score

r p value r p value

PEFR (L/s) −0.034 0.917 −0.542 0.069

MMF (L/s) −0.409 0.187 −0.631 0.028*

Peripheral neutrophils (%) 0.085 0.793 −0.259 0.417

Peripheral neutrophils (cells/μL) −0.142 0.661 −0.204 0.525

Peripheral eosinophils (%) 0.073 0.820 0.763 0.004*

Peripheral eosinophils (cells/μL) −0.045 0.890 0.719 0.008*

Peripheral basophils (%) −0.315 0.319 −0.097 0.765

Peripheral basophils (cells/μL) −0.678 0.019 −0.165 0.615

Peripheral lymphocytes (%) −0.048 0.882 0.185 0.564

Peripheral lymphocytes (cells/μL) −0.264 0.406 0.042 0.898

Peripheral monocytes (%) −0.137 0.671 −0.258 0.418

Peripheral monocytes (cells/μL) −0.266 0.404 −0.21 0.52

Total IgE (IU/ mL) 0.112 0.733 −0.135 0.685

Periostin (ng/mL) −0.013 0.971 0.285 0.426

Tenascin-C (ng/mL) −0.317 0.372 0.128 0.725

Eotaxin (pg/mL) −0.424 0.222 −0.206 0.568

MCP-1 (pg/mL) 0.467 0.174 0.013 0.972

MIP-1β (pg/mL) 0.018 0.962 0.437 0.206

Note: *p < 0.05.
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According to the criteria for the responders observed in the method of this study, 9 (75%) of 12 patients were 
categorized as responders. All those responders showed a significant improvement in √WA at Pi10, ACQ6 score, AQLQ 
score, and number of exacerbations at one year after BT.

Patients who showed improvement one year after BT were included, including those who decreased or completely 
stopped taking OCS and biologics. Of the four patients who regularly took OCS, one patient discontinued their use, two 
patients reduced their dose of prednisolone from 5 to 3 mg, and one patient continued with the same dose. Among 
patients receiving biologics, a patient successfully stopped benralizumab treatment.

The change in a parameter between the pre-BT value and the year after BT was denoted as Δ. We evaluated the 
correlation of the change in √WA at Pi10 (Δ√WA at Pi10) and the change in the mucus score (ΔMucus score) with each 
baseline parameter, as well as with each other (Table 4). Δ√WA at Pi10 was negatively correlated with baseline √WA at 
Pi10 (r = −0.673, p = 0.019) and baseline mucus score (r = −0.752, p = 0.008) (Table 4 and Figure 2). ΔMucus score 
exhibited a negative correlation with the baseline mucus score (r = −0.713, p = 0.009) and a positive correlation with 
Δ√WA at Pi10 (r = 0.742, p = 0.007) (Table 4 and Figure 2).

Discussion
One year after the BT procedure, patients with severe asthma had improved √WA at Pi10 as measured by CT, improved 
ACQ6 and AQLQ scores, FeNO values, and fewer asthma exacerbations and unscheduled hospital visits, compared to 
before BT. The amount of change in √WA at Pi10 after one year was positively correlated with the change in mucus 
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Table 4 The Correlation Coefficients Between Δ√WA at Pi 10 and Δmucus 
Score

Δ√WA at Pi 10 (mm) ΔMucus score

r p value r p value

Age (y) −0.035 0.915 −0.080 0.804

Duration of asthma (y) −0.137 0.671 0.212 0.509

BMI (kg/m2) −0.123 0.704 −0.473 0.120

Asthma exacerbations (/year) 0.218 0.492 0.314 0.321

√WA at Pi 10 (mm) −0.673 0.019* −0.422 0.171

Mucus score (points) −0.752 0.008* −0.713 0.009*

ACQ score (points) 0.284 0.366 0.167 0.603

AQLQ score (points) −0.175 0.583 −0.165 0.609

FeNO (ppb) −0.357 0.253 −0.245 0.442

FVC (L) 0.179 0.576 0.135 0.675

FEV1 (L) 0.442 0.151 0.196 0.541

PEFR (L/s) 0.114 0.655 0.157 0.626

MMF (L/s) 0.420 0.174 0.196 0.541

Peripheral neutrophils (%) −0.158 0.623 0.000 0.999

Peripheral neutrophils (cells/μL) 0.284 0.369 0.009 0.977

Peripheral eosinophils (%) 0.014 0.967 −0.279 0.380

Peripheral eosinophils (cells/μL) 0.081 0.802 −0.350 0.264

Peripheral basophils (%) 0.140 0.662 0.427 0.166

Peripheral basophils (cells/μL) 0.445 0.148 0.357 0.253

Peripheral lymphocytes (%) 0.242 0.446 −0.147 0.647

Peripheral lymphocytes (cells/μL) 0.550 0.067 −0.178 0.580

Peripheral monocytes (%) 0.221 0.486 0.510 0.090

Peripheral monocytes (cells/μL) 0.483 0.113 0.376 0.228

Total IgE (IU/ mL) 0.116 0.720 0.128 0.693

Periostin (ng/mL) 0.061 0.868 −0.248 0.490

Tenascin-C (ng/mL) −0.018 0.965 0.157 0.665

Eotaxin (pg/mL) 0.220 0.537 0.012 0.973

MCP-1 (pg/mL) −0.030 0.938 −0.310 0.384

MIP-1β (pg/mL) −0.103 0.777 0.186 1.000

Δ√WA at Pi 10 (mm) NA NA 0.742 0.007*

ΔMucus score 0.742 0.007* NA NA

(Continued)
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score. To our knowledge, this study is the first to mention a positive effect of BT on √WA at Pi10 and mucus score. In 
addition, the results indicate that √WA at Pi10 can be used to evaluate the dimensions of the standardized airways on CT 
and effectively assess the therapeutic response in Japanese asthma patients undergoing BT. Konietzke et al compared 
airway changes between 17 patients with severe asthma who underwent BT and 11 patients with severe asthma who did 
not undergo BT, and found that the average thickness of the wall, the percentage of the wall, and √WA at Pi10 were 
significantly reduced throughout the whole lung in those who underwent BT.9 Limited information is available on CT 
analysis of Japanese asthma patients who received BT; however, the results of evaluation using expiratory CT (n = 10) 
and xenon ventilation CT (n = 4) demonstrated improvements in expiratory volume and air trapping at 6 and 4 weeks, 
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Figure 2 Correlation between √WA at Pi10 and mucus score. There were significant negative correlations between pre-BT values and changes from pre-BT values to those 
recorded one year after the third BT procedure in √WA at Pi10 (Δ√WA at Pi10) (A) and in the mucus score (ΔMucus score) (B), respectively. Δ√WA at Pi10 was negatively 
correlated with the baseline mucus score (C) and positively correlated with ΔMucus score (D).

Table 4 (Continued). 

Δ√WA at Pi 10 (mm) ΔMucus score

r p value r p value

ΔFEV₁ (L) −0.487 0.111 −0.195 0.543

ΔACQ −0.419 0.174 −0.497 0.100

ΔAQLQ 0.161 0.615 0.403 0.194

Δasthma exacerbations −0.151 0.636 −0.357 0.255

Note: *p < 0.05.
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respectively, after BT.28,29 Only one case report has documented airway lumen dilatation and reduction in bronchial wall 
thickness following the BT procedure, in a Japanese patient with asthma.30 In the present study of Japanese patients with 
severe asthma, BT improved √WA at Pi10, which was correlated with an improvement in the mucus score. These 
findings suggest a possible decrease in airway wall thickness and mucus score in Japanese patients treated with BT and 
that √WA at Pi10 may provide an accurate assessment of the status of small airway disease. Moreover, the √WA at Pi10 
and the mucus score presented distinct differences as biomarkers. The mucus score exhibited correlations with FEV1 and 
eosinophils, whereas the √WA at Pi10 did not show such associations. These findings might indicate the potential 
importance of √WA at Pi10, distinguishing it from other biomarkers.

A study that followed patients for ten years after the BT procedure showed no deterioration in quality of life or 
respiratory function in 136 patients who underwent BT, suggesting that the efficacy of BT persists for more than ten years 
and has an acceptable safety profile.6 Therefore, BT is indicated for patients aged 18 years or older who experience 
severe asthma, particularly when treatment remains insufficient despite optimal medical intervention. This includes 
treatment with high-dose ICS, long-acting beta2-agonists, leukotriene receptor antagonists, long-acting anticholinergics, 
theophylline, OCS, and biologics. However, due to the prevalence of biologics, which are a safer treatment than BT, the 
actual indications of BT tend to be limited to patients who cannot achieve symptom control even with biologics and those 
who cannot tolerate biologic therapy. We observed a similar trend among patients in this study, indicating that there is 
a certain number of patients with severe asthma for whom BT is a necessary therapeutic tool. A patient in the present 
study experienced anaphylaxis with three biologics, improved markedly after BT, and now participates in amateur 
swimming.31 In addition, the success of some of our patients in discontinuing systemic steroids and benralizumab 
one year after BT indicates the potential of BT to alleviate the side effects associated with systemic steroids, as well as 
the financial and overall burden of the disease burden experienced by individuals with severe asthma.

Although this study had certain limitations, including being a single-arm open-label observational study with a small 
sample size, it is important to note that all patients underwent a thorough evaluation, including consideration of biologic 
treatment options, prior to the initiation of BT. Consequently, we have confidence that the observed clinical improve-
ments in patients with uncontrolled severe asthma after the BT procedure are truly attributable to the effectiveness of BT 
and not a result of optimized previous background therapy. Furthermore, more research is necessary to determine the 
utility of √WA at Pi10, as this study did not provide a correlation with CT measurements indicative of an improvement in 
asthma.

In conclusion, one year after BT treatment, Japanese patients with severe asthma showed significant improvements in 
multiple aspects. These included a decrease in √WA at Pi10 as measured by CT, improvements in ACQ6 and AQLQ 
scores and FeNO values, and a decrease in the number of asthma exacerbations and unscheduled hospital visits. Notably, 
the improvement in √WA at Pi10 at the one-year mark showed a positive correlation with an improvement in the mucus 
score. √WA at Pi10, a validated quantification method for evaluating standardized airway dimensions on CT scans, might 
be an effective means of assessing therapeutic response in Japanese asthma patients who underwent BT.

Abbreviations
ACT, asthma control questionnaire; ACQ, asthma control questionnaire; AQLQ, asthma quality of life questionnaire; BT, 
bronchial thermoplasty; FeNO, fractional exhaled nitric oxide; FP, fluticasone propionate; FVC, forced vital capacity; FEV1, 
forced expiratory volume in 1 s; FEV1%, forced expiratory volume in 1 s/forced vital capacity; ICS, inhaled corticosteroid; 
MIP, macrophage inflammatory protein; MMF, maximum mid-expiratory flow rate; OCS, oral corticosteroids; PEFR, peak 
expiratory flow rate; RANTES, regulated on activation, normal T cell expressed and secreted; SD, standard deviation; √WA 
at Pi10, square root of airway wall area of the theoretical airway with an internal perimeter of 10 mm.
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