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Objective: To investigate the relation of activation site and number with clinical response to bronchial thermoplasty (BT) in
refractory asthma patients.
Methods: This work included 106 consecutive refractory asthma patients completing three BT sessions in our hospital from
May 2016 to May 2019. Procedure details included recording delivery sites and those in BT. Asthma Control Questionnaire (ACQ)
scores and spirometric measurements were recorded 1-day before treatment and 6 months post-treatment to explore the effects of BT
activation number and site on clinical response.
Results: ACQ score (3.19±1.14 vs 1.26±0.63), forced expiratory volume in 1 sec (FEV1)% predicted (55.53±21.66 vs 66.19±22.50),
FEV1 (1.53±0.74 vs 1.93±0.82), and forced vital capacity (FVC) (2.49±0.86 vs 2.92±0.94) significantly increased after three BT
sessions compared with pre-session. Major bronchial ablation did not significantly improve BT response in asthma patients.
Multivariate logistic regression identified baseline ACQ score and baseline FEV1% predicted as independent factors affecting the
clinical response to BT. Correlation and regression analysis revealed a significant linear relationship between baseline ACQ and ACQ
improvement, as well as a linear relationship between the third session activation number and ACQ improvement. Based on subgroup
analysis of activation number, cohort C (activations ≥ 200) had better lung function, lower non-responding rate, and better long-term
effectiveness than the other two cohorts. The activation number in the third BT session showed the strongest predictive ability
compared with the first two sessions.
Conclusion: Main bronchial ablation did not markedly affect clinical response to BT. Baseline ACQ and baseline FEV1% predicted
were independent factors affecting clinical response to BT. Increasing the activation number might promote the therapeutic efficacy of
BT, and the activation number in the third BT session correlated with and predicted the BT response.
Keywords: refractory asthma, bronchial thermoplasty, activation, response, correlation

Introduction
Bronchial asthma is a complex inflammatory disease that causes airway inflammation and hyperresponsiveness. The
majority of asthma patients are well managed with standardized inhalation therapy and other treatments. However, only
around 5% of asthma patients meet the requirements for a severe asthma diagnosis. Recent advances in treatment options
for severe asthma patients have included the implementation of bronchial thermoplasty (BT), which is an endoscopic
treatment targeting the airway smooth muscle (ASM) by heating the medium to larger sized airways with radio-frequency
energy. It should be explored for poorly controlled refractory asthma patients with recurrent acute episodes even after
treatment of inhaled hormones and long-acting beta2-agonists (LABAs), according to GINA guidelines.1 Clinical studies
have confirmed the therapeutic efficacy and safety of BT sessions for refractory asthma patients;2 however, not all
patients respond equally well to BT due to the remarkable heterogeneity in refractory asthma symptoms.3
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Therefore, identification of the clinical and physiological characteristics associated with the BT response is of great
importance to optimize patient selection and further elucidate the mechanism of action of this treatment. Langton et al4

reported that there was a negative correlation between the changes in ACQ following BT and the number of activations
during the procedure and they recommended that the total activation number should ideally be greater than 140.
However, in our clinical practice, we found that this strategy was not always effective for patients with refractory
asthma. Previous research has found that the more activation in BT sessions, the more ASM is ablated, resulting in
a better therapeutic response to BT.4–6 Previously, the activation sites of BT ablation are mainly located at subsegmental
bronchi with the diameters of 3–10 mm, and no major airway such as lobar bronchus is involved.7–9 As a result, we have
integrated the major bronchial ablations into the first and second BT sessions to enhance overall activations and further
explore if combining with the main bronchial ablation is beneficial for a clinical response to BT. This study was
conducted to investigate the effects of the activation number and the location of the BT on the clinical response in 106
patients with refractory asthma.

Materials and Methods
Participants and Setting
Patients with refractory asthma who were referred to our hospital (Shenzhen Hospital of the Chinese Academy of
Sciences) for BT treatment between May 2016 and May 2019 were enrolled as study subjects. Inclusion criteria were
established according to the definition of refractory asthma by the European Respiratory Society/American Thoracic
Society (ERS/ATS)10 and included age >18 years, patients who met at least one of the following conditions: unable to
control the symptoms of asthma effectively after medium or high doses of inhaled corticosteroids (ICS) and LABA or
biological treatment like Omalizumab, patients with a mean ACQ-5 score of 3.3 ± 1.1 or used a median of eight
salbutamol puffs per day for rescue reliever therapy [interquartile range (IQR) 4–15] and a median of two formations
requiring prednisolone per patient (IQR 0–5) in the six months before treatment. Patients with allergies to relevant drugs
in this study, acute respiratory infection prior to admission, communication disorders or mental diseases, those that were
unable to complete three BT sessions for various reasons, other respiratory diseases such as emphysema, cystic fibrosis,
bronchiectasis, mechanical upper airway obstruction, and so on, and patients who failed 6-month follow-up were
excluded. This study was approved by the Ethics Committee of Scientific Research Review of Shenzhen Hospital,
University of Chinese Academy of Sciences (Ethics No.: GKDSY-LL-XJS-202001), and the patients and their families
provided informed consent.

Pre-BT Evaluation
At baseline, demographic information and anthropometric data such as age, gender, disease course, history of smoking,
history of allergies, height, weight, and body mass index (BMI) were collected. Additional measurements included
baseline lung functions (Spirometric measurements of FEV1, FVC, and FEV1%), bronchial dilation test, percentage of
blood eosinophils, fractional exhaled nitric oxide (FeNO), and baseline ACQ score.

BT Procedure
Bronchial thermoplasty (BT) was performed using the Alair bronchial thermoforming system (AsthmatxInc Company,
USA) and the BF260 bronchoscope (Olympus, Japan). Under direct vision, the probe was deployed in the airways one by
one from the small airway ≥3mm to the leaf bronchial opening in order from far to near, continuously without repeating.
The first BT procedure consisted of treatment of the right lower lobe bronchus and right main bronchus; the second
session was delivered to the left lower lobe bronchus and left main bronchus, and the third BT session was delivered to
bilateral upper lobes. All 3 BT sessions were carried out by the same experienced respiratory interventionist. The interval
between procedures was ≥ 3 weeks. Prednisone, 30 mg OD was administered orally 3 days before BT, the day of the
procedure, and 1 day after the procedure. “Groups” of patients were used to group patients according to the main
bronchial ablation, and “cohorts” of patients were adopted for distinguishing patients in line with the number of
radiofrequency activations.
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Measurement Indicators
The number of activations in the 3 sessions and for the main bronchi was recorded. Spirometric measurements of FEV1,
FEV1, and FVC % predicted were measured, with ACQ score and lung function assessed one day before the first session
and repeated at 6 months after completion of the 3 sessions. The improvement in ACQ (post-BT ACQ score minus pre-
BTACQ score) was computed, and any drugs used to prevent or alleviate symptoms were also noted. An improvement of
≥0.5 points on the ACQ-5 score, which is the currently recognized minimum improvement, was used to define a clinical
responder, and the patients have divided into responders and non-responders accordingly.11

Statistical Analysis
All data analyses were conducted using SPSS22.0 software (SPSS Inc., Chicago, IL, USA). Measurable data were
expressed as mean ± standard deviation or median [interquartile range (IQR)]. To compare data with a normal
distribution, independent samples- or paired sample-T tests were utilized, whereas non-parametric tests were used to
analyze data with a skewed distribution. To compare the category data, Pearson’s Chi-square tests (with continuity
correction when applicable) were utilized. Where the sample size was very small, the data was assumed to be non-
parametric and a Mann–Whitney U-test was used. Logistic least absolute shrinkage and selection operator (LASSO)
regression was thus applied before univariate analysis. LASSO regression is performed to shrink the sum of the absolute
value of regression coefficients, forcing and producing coefficients that are exactly 0, then selecting for the nonzero
variables to remain in the model. The factors affecting the clinical response to BT was analyzed using multivariate
logistic regression analysis. The factors influencing ACQ improvement were then modeled and analyzed using multiple
linear analysis. The potential associations between ACQ change and its influencing factors were assessed using Pearson’s
correlation coefficient (R2). The clinical response of BT with activation frequencies was also predicted using receiver
operating characteristic (ROC) analysis. A P-value <0.05 was considered statistically significant. A P-value <0.1 was
referenced, otherwise no valid values (NS) were used.

Results
Patient Characteristics
A total of 106 patients with severe refractory asthma completed all the sessions and 6 months follow-up were enrolled
and randomly divided into two groups according to the stratified randomized block strategy: the group not combined with
main bronchial ablation (group A, n= 55) and the group combined with main bronchial ablation (group B, n=51). All
patients had received high doses of ICS in the past year and were using LABAs and long-acting cholinergic receptor
antagonists (LAMAs) but none had been treated with omalizumab or endotracheal intubation and mechanical ventilation
in the past. Before BT sessions, there was no statistically significant difference in age, disease course, smoking status,
allergies, percentage of blood eosinophils, FeNO, height, weight, BMI, lung function, ACQ score, or clinical response
between groups A and B. (Table 1).

Therapeutic Effects of and Clinical Response to BT
In total, patients in both groups received 318 BT sessions. Compared to pre-BT, the FEV1 (1.54 ± 0.75 vs 1.93 ± 0.82),
FEV1% predicted (55.53 ± 21.66 vs 66.19 ± 22.51), FVC (2.49 ± 0.87 vs 2.92 ± 0.94), ACQ (3.19 ± 1.14 vs 1.26 ± 0.63),
and exacerbations in the last six months (5.74 ± 2.47 vs 0.29 ± 0.69) were significantly improved six months after BT (all
P < 0.001). With a clinically significant improvement in ACQ of ≥0.5,11 89 of the 106 patients were designated as
“responders” (Group A: 48 patients, 72.75±15.59 activations; Group B: 41 patients, 68.82 ± 15.41 activations). The 17
patients with an ACQ improvement <0.5 (Group A: 7 patients, 56.0 ± 13.90 activations; Group B: 10 patients, 55.17 ±
12.96 activation) were designated as the ‘non-responders’. The BT-response rates in groups A and B were 87.3% and
80.4%, respectively, with no significant difference between groups.

Patients were classified into responders and non-responders based on their clinical response to BT sessions. The
responders were significantly younger (48.43 ± 12.19 vs 61.12 ± 11.045), had a lower smoking rate (31.4% vs 58.8%),
more activations (total activations and the third activations), better lung function with a higher FEV1 (1.67 ± 0.72 vs
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0.84 ± 0.39), higher FEV1 (%, predicted) (59.22 ± 20.89 vs 36.17 ± 14.29) and FVC (2.64 ± 0.83 vs 1.70 ± 0.57), as
well as an improved ACQ score (3.30 ± 1.15 vs 2.60 ± 0.85) (all P< 0.05). The combination of main bronchial ablation,
on the other hand, had no obvious effect on the clinical response to BT (Table 2). Because the second BT session was
done in the left main bronchus, the activation number in responding and non-responding patients when coupled with
main bronchial ablation was significantly higher than when not combined with main bronchial ablation (P < 0.05).
However, the activation number of the responders with or without the combination with main bronchial ablation was
significantly greater (P < 0.05) than that in the non-responders with or without the combination of main bronchial
ablation (Figure 1).

Analysis of the Factors Affecting the Clinical Response to BT
LASSO Regression
LASSO regression was used to determine the factors influencing the clinical response to BT. The dependent variable was
the clinical response to BT, and the independent variables were the baseline ACQ score, baseline FEV1 (%, predicted),
baseline FEV1, baseline FVC, activation number, whether combined with left and right main bronchial ablation, gender,
age, height, weight, BMI, disease course, smoking history, acute exacerbations in the last six months, use of hormones,
percentage of blood eosinophils, and FeNO. According to Table 3, ACQ, FEV1 (%, predicted), FVC, and activation
number in the third BT session had a significant and positive effect on clinical response to BT, while age and post-BT
prednisone had a significant and negative effect on the clinical response to BT. However, others parameters, including
activation site, showed no significant predicting effect on clinical response to BT, indicating the age, ACQ, FEV1 (%,
predicted), FVC, and activation number were the main influencing factors for clinical response to BT.

Univariate Analysis
The dependent variable in the univariate analysis was a clinical response to BT, while the independent factors were
baseline ACQ score, baseline FEV1 (% predicted), baseline FEV1, baseline FVC, activation number, and combination
with left and right main bronchial ablation. Although LASSO analysis revealed that combined left and right main
bronchial ablation did not significantly predict BT response, it was included in the logistic regression due to its clinical

Table 1 Comparison of Baseline Patient Characteristics

Indicators Group A (n=55) Group B (n=51) P value

Age (year) 49.67±12.11 51.31±13.67 NS
Gender (%) NS

Male 36 (65) 34 (67)

Female 19 (35) 17 (33)
Course of disease (year) 8 (15) 10 (15) NS

Smoking rate 32.7% 39.2% NS

Allergy rate 25.5% 25.5% NS
Height (cm) 162.22±9.13 162.94±8.03 NS

Weight (Kg) 61.74±11.92 62.04±11.54 NS
BMI (kg/m2) 23.44±3.85 23.22±3.18 NS

Percentage of blood eosinophils (%) 1.8 (4.1) 2.1 (4.8) NS

Exacerbations in 6 months 6 (6.62) 5 (5.28) NS
FeNO (ppb) 31 (43) 41 (45) NS

FEV1(L) 1.51±0.68 1.56±0.81 NS

FEV1 (%, predicted) 54.96±19.65 56.14±23.82 NS
FVC (L) 2.49±0.85 2.48±0.89 NS

ACQ score (point) 3.39±1.27 2.98±0.95 0.065

Notes: Group A, the group not combined with main bronchial ablation; Group B, the group combined with main bronchial ablation. Data are
expressed as mean ± standard deviation or number, percentage, median [interquartile range (IQR)]; significance level at P-value < 0.05.
Abbreviations: NS, not significant; FeNO, Fractional excretion of exhaled nitrogen; FeV1, forced expiratory volume in the first second;
FVC, Forced vital capacity; ACQ, Asthma Control Questionnaire; BMI, body mass index.
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importance. The univariate analysis revealed that the coefficients (β) were all positive and the odds ratios (OR) were > 1
for baseline ACQ score, baseline FEV1 (%, predicted), baseline FEV1, baseline FVC, activations for the third BT
session, and the total activations, suggesting that they were protective factors for the BT response (Table 4).

Multivariate Analysis
The tolerance and variance inflation factor (VIF) were analyzed to diagnose multicollinearity within the prognostic
factors. For baseline FEV1 and activation number, the tolerances were < 0.1 and VIF was 10.9, indicating collinearity.
We eliminated the baseline FEV1 and activation number from the model to eliminate the impact of multicollinearity
among the components, and the variables with P < 0.05 in the univariate analysis were included in the multivariate
logistic regression analysis. The baseline ACQ score and baseline FEV1 (%, predicted) were both independent factors
influencing the BT response as shown in Table 5.

The BT response depends on ACQ improvement before and after BT sessions, thus, linear regression was performed
with ACQ improvement before and six months after BT sessions (Y) as the dependent variable and the independent
variables included gender (X1), age (X2), course of disease (X3), smoking history (X4), the combination with the
ablations of left and right main bronchus (X5), height (X6), weight (X7), BMI (X8), percentage of blood eosinophils
(X9), FeNO (X10), baseline ACQ score (X11), baseline FEV1 (%, predicted) (X12), baseline FEV1 (X13) and baseline
FVC (X14). The estimated coefficients of baseline ACQ and baseline FEV1 (%, predicted) were −1.005 (P < 0.001) and
−0.013 (P < 0.001), respectively (Table 6), indicating that the baseline ACQ score and baseline FEV1 (%, predicted)
were both independent factors influencing the ACQ improvement.

Table 2 Comparison of Indicators Between Responders and Non-Responders

Indicators Responders
(n=89)

Non-Responders
(n=17)

P

Age (years) 48.43±12.19 61.12±11.045 0.000***

Gender [n(%)] NS

Male 59 (66) 11 (65)
Female 30 (34) 6 (35)

Course of disease (years) 9 (16) 10 (12) NS

Smoking rate 31.4% 58.8% 0.031*
Allergy rate 28% 11.7% NS

Height (cm) 162.61±8.50 162.32±9.30 NS
Weight (Kg) 61.99±10.97 61.29±15.27 NS

BMI (kg/m2) 23.39±3.34 23.08±4.50 NS

Combined with main bronchial ablation [n(%)] NS
Yes 41 (46) 10 (59)

No 48 (54) 7 (41)

Activations in the 1st BT session 60.67±12.74 57.18±12.10 NS
Activations in the 2nd BT session 62.71±13.43 57.47±14.12 NS

Activations in the 3rd BT session 71.54±15.34 57.94±11.43 0.001**

Total activations 194.92±30.73 172.09±26.82 0.006**
Percentage of blood eosinophils (%) 2.1 (4.2) 2.1 (3.8) NS

FeNO (ppb) 41 (48) 26 (15) 0.035*

FEV1(L) 1.67±0.72 0.84±0.39 0.000***
FEV1(%, predicted) 59.22±20.89 36.17±14.29 0.000***

FVC (L) 2.64±0.83 1.70±0.57 0.000***

ACQ score (point) 3.30±1.15 2.60±0.85 0.02*

Notes: Responder: a change in ACQ value ≥ 0.5 was used to define a clinical responder. Activations in the 1st BT session, the activation
number in the first BT session; Activations in the 2nd BT session, the activation number in the second BT session; Activations in the 3rd
BT session, the activation number in the third BT session; Total activations, the total activation number of the three BT sessions. Data are
expressed as mean ± standard deviation or number, percentage, median [interquartile range (IQR)]. *P < 0.05; **P < 0.01; ***P < 0.001.
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Further correlation and regression analyses were conducted to explore the influence of the above factors on ACQ
improvement, showing that there was a strong linear relationship between baseline ACQ and ACQ improvement (r =
0.861 for Pearson correlation analysis, P = 0.000). The equation was as follows: ACQ delta = −0.935x + 1.058 (R2 =
0.741, P < 0.05, Figure 2). There was also a linear relationship between activation frequency in the third BT session
and ACQ improvement (r = −0.239 for Pearson correlation analysis, P = 0.013), and the equation was as follows:
ACQ delta = −0.019x - 0.605 (R2 = 0.057, P < 0.05, Figure 3).

Influence of the Activation Number in BT Sessions on the Therapeutic Effect
To further analyze the effect of activation number on BT therapeutic effect, patients were divided into 3 cohorts according to
the BT activation number, including Cohort A (RF_activations < 170), Cohort B (170 ≤ RF_activations < 200 activations)

Figure 1 Total activation numbers in BT responders and non-responders in main bronchial ablation and non-main bronchial ablation groups.
Notes: The box-plot displaying the total radiofrequency activation numbers of three BT sessions in responders and non-responders of each group. The mean values are
presented in small squares inside the box bodies. Group A, the group combined with main bronchial ablation; Group B, the group combined with main bronchial ablation.
Blue color represents responders to BT, while the red color represents non-responders. *P < 0.05 compared with the mean value of non-responders.
Abbreviation: BT, bronchial thermoplasty.

Table 3 The Estimated Coefficients of Lasso Regression

Variables Non-Zero Coefficients

ACQ score (point) 0.06350

FEV1(%, predicted) 0.00298

FVC 0.04522
Activations in the third BT session 0.00256

Age −0.00378
Post-BT Prednisone −0.03202

Notes: Post-BT Prednisone: the usage of prednisone post-BT treatment.
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and Cohort C (RF_activations ≥ 200 activations). Analysis of the total number of activation in the three cohorts showed that
29 cases received <170 activations (cohort A), 42 cases who received ≥170 to <200 activations (cohort B), and 35 cases who
received ≥ 200 activations (cohort C). Furthermore, when the parameters of the three cohorts were compared, we found that
patients in cohort C were younger, taller, had higher FeNO, and had better baseline lung function, but the non-response rate
was significantly lower than the other two patient cohorts, and the difference was statistically significant (ANOVA, all
P<0.05, Table 7). After 6 months of follow-up, cohort C with ≥200 activations had a lower ACQ score and better lung
function than those in cohort A with <170 activations (Table 3, Figures 4–7, aP< 0.05).

ROC Analysis to Predict the Clinical Response to BTwith Activation Frequencies
ROC analysis showed that the activation frequencies had different predictive values for the clinical response to BT
(Figure 8). The area under the curve (AUC) was 0.584 (95% CI: 0.484–0.679) when predicting the clinical response to
BT with the activation number in the first BT session. When the cut-off value was 52 and the Jordan index was 22.67%,
the diagnostic efficiency was the highest. The sensitivity and specificity were 69.66% and 52.94%, respectively. The
positive predictive value (PPV) was 88.6% (95% CI 82.1–92.9%) and the negative predictive value (NPV) was 25%
(95% CI 16.2–36.6%), with a P-value of 0.270.

When predicting the clinical response to BT with the activation number in the second BT session, the AUC was 0.643
(95% CI 0.545–0.734). When the cut-off value was 60, the diagnostic efficiency was the highest, with a Jordan index of

Table 4 Univariate Analysis for Clinical Response to BT

Variables β Wald OR [95% CI] P

Baseline ACQ score (point) 0.68 4.996 1.97 [1.08–3.58] 0.025*
Baseline FEV1 (%, predicted) 0.087 12.548 1.09 [1.04–1.14] <0.001***

Baseline FEV1 3.214 14.155 24.87 [4.66–132.72] <0.001***

Baseline FVC 1.874 14.184 6.51 [2.46–17.28] <0.001***
Activations for the first BT session 0.028 1.509 1.03 [0.98–1.07] 0.219

Activations for the second BT session 0.044 3.077 1.045 [0.995–1.097] 0.079

Activations for the third BT session 0.07 9.731 1.073 [1.026–1.121] 0.002**
Total activations 0.032 7.164 1.032 [1.008–1.056] 0.007**

Whether combined with the left and right main bronchial ablation −0.514 0.918 0.59 [0.21–1.71] 0.338

Notes: *P < 0.05; **P < 0.01; ***P < 0.001.
Abbreviations: β, regression coefficient; 95% CI, 95% confidence intervals.

Table 5 Logistic Regression for the Influencing Factors of Clinical Response to BT

Variables β Wald OR [95% CI] P

Baseline ACQ score (point) 1.895 10.604 6.65 [2.13–20.82] 0.001**

Baseline FEV1 (%, predicted) 0.086 5.386 1.09 [1.01–1.17] 0.02*
Baseline FVC 1.706 3.702 5.508 [0.97–31.32] 0.054

Constant −11.43 13.63 0 <0.001***

Notes: *P < 0.05; **P < 0.01; ***P < 0.001.

Table 6 Parameter Estimation and Hypothesis Testing for the Influencing Factors of ACQ Improvement Before and 6 Months After
BT Sessions

Parameter Estimated Coefficient (B) 95% CI t P

constant 1.985 1.468 2.503 7.610 0.000***
Baseline ACQ score (point) −1.005 −1.107 −0.902 −19.412 0.000***

Baseline FEV1(%, predicted) −0.013 −0.018 −0.007 −4.642 0.000***

Notes: ***P < 0.001.
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32.91%. The sensitivity and specificity were 50.56% and 82.35%, respectively, the PPV was 93.7% (95% CI 84.0–
97.7%) and NPV was 24.1% (95% CI 19–30.1%), with a P-value of 0.054.

The AUC was 0.75 (95% CI 0.656–0.829) when predicting clinical response to BT with the activation number in the
third BT session. The diagnostic efficiency was the highest when the cut-off value was 64 with the Jordan index of
41.64%. The sensitivity and specificity were 65.17% and 76.47%, respectively, the PPV was 93.5% (95% CI 85.9–
97.2%) and NPV was 29.5% (95% CI 22.2–38.2%), with a P-value of <0.001.

When predicting the clinical response to BT using total activations, the AUC was 0.728 (95% CI 0.633–0.81). When
the cut-off value was 181 and the Jordan index was 42.7%, the diagnostic efficiency was the highest. The sensitivity and
specificity were 66.29% and 76.47%, respectively, the PPV was 93.7% (95% CI 86.1–97.2%) and NPV was 30.2% (95%
CI 22.6–39.1%), with a P-value of 0.0012.

Discussion
Asthma is a heterogeneous disease characterized by chronic airway inflammation. Approximately 3–5% of adult patients
with refractory asthma are insensitive to conventional inhalation therapy,12–16 and certain patients are ineligible for anti-
interleukin (IL)-5 monoclonal antibody (mAb) and anti-immunoglobulin (Ig)E mAb, thus BT becomes their treatment of
choice.1,17 Recent studies have shown that BT ablation of the middle lobe bronchi is also safe and feasible;18 however, to
avoid the risk of middle lobe syndrome, the right middle lobe was not treated in this study. Although the ASM is
hyperplastic in the initial stages of asthma,19,20 our proceduralist found that at least three catheter electrodes of the four
electrode arms adhering to the bronchial airway wall would produce effective activation. To increase the activation

Figure 2 Correlation between baseline ACQ and ACQ improvement.
Notes: Linear regression analysis was performed to evaluate the relationship between the baseline ACQ and ACQ improvement from baseline. A greater baseline ACQ
value resulted in a greater negative delta ACQ value (namely, the greater improvement in ACQ) (R2 = 0.741, P <0.05). Delta ACQ: post-BT ACQ score minus pre-BTACQ
score.
Abbreviation: ACQ, Asthma Control Questionnaire scores.
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number and the activated area, ablation treatment was performed for the left and right main bronchi in the first
and second BT sessions to improve the clinical response and lung function in asthma patients.

After combining with the main bronchial ablation, the activation number of the BT was significantly increased in
both the responders and non-responders, but the response rate to BT was not improved, indicating that the main
bronchial ablation did not affect the therapeutic efficacy of BT. As a result, main bronchial ablation provides no
additional benefit to BT-treated asthma patients. Bronchial asthma is defined by small airway lesions, and BT improves
asthma by ablating the ASM in the small airways but not the major bronchi. Although the major bronchial ablation
increased total BT activations, it had no significant effect on the effect of BT in other airways since the activation
number of BT in other airways remained the same. As shown in Figure 1, the activation number of the responders was
greater than the non-responders regardless of the combination with the main bronchial ablation, suggesting that the two
groups may have different characteristics that result in different responses to BT. Therefore, we compared demographic
and basement characteristics between groups, revealing that responders were younger, less likely to smoke, had better
lung function, and had higher values of FeNO, basement ACQ, and activation number. Specifically, in the third BT
session on the upper lobes, the activation number was significantly greater in the responding group than in the non-
responders, suggesting that the activation number, especially that in the third BT session, may affect the therapeutic
efficacy of BT.

Langton et al4 confirmed that the activation number was a key determinant for the clinical response to BT, which was
consistent with the results of our study after the LASSO regression and univariate analysis. However, further logistic
regression showed that only baseline values of ACQ score and FEV1 (%, predicted) were independent factors affecting
the clinical response to BT sessions. Because of its collinearity with other factors, the activation number was removed
from logistic regression.

Figure 3 Correlation between activation number in the third BT session and ACQ improvement.
Notes: Linear regression analysis was performed to evaluate the relationship between the RF_activation in the third BT session and ACQ improvement from baseline.
A greater number of activation number in the third BT session indicated the greater negative delta ACQ value (namely, the greater improvement in ACQ) (R2 = 0.741,
P <0.05).
Abbreviation: RF, radiofrequency activation.
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Similar to the research conducted by Shota Yamamoto et al,21 this study also revealed that baseline lung function
[baseline FEV1 and baseline FEV1% predicted] might exert certain influence on BT activation number. Moreover,
correlation and regression studies showed that total BT activations were not associated with clinical response to BT,
except for a weak correlation ACQ improvement in the third BT session. As a result, the activation number might not be
the major determinant of the clinical response to BT.

In contrast to the previous results of Langton et al,4 we found that the total activations were not correlated with the
clinical response to BT or ACQ improvement. In this research, the activation number was raised as much as possible to
achieve the optimum therapeutic effect. Approximately 99% of our patients received more than 140 activations in BT
sessions, and 72% received more than 170 activations in total, with the average activation number in the responding and
non-responders reaching 194.92 ± 30.73 and 172.09 ± 26.82, respectively. However, the study of Langton et al involved
fewer patients (24) and activations (130±11.4) possibly contributing to the inconsistent results. Accordingly, the higher
activation number in our study might weaken the influence of total activation number on clinical response to BT. The 106
patients were divided into three cohorts according to their activation number to further understand their influence on the
clinical response to BT. As shown in Table 3, Cohort C was significantly younger and taller and had a higher value of
FeNO, better baseline lung function, and lower non-responding rate than the other two groups. Initially, we focused on
age distribution of patients. The three cohorts of patients were all aged over 40 years. It is suggested that adult patients
diagnosed with asthma at the age of over 40 years old mostly experience non-allergic asthma.22 Besides, the asthma-
related symptoms can hardly be relieved, and refractory asthma may easily occur.23 Moreover, metabolic changes with
age also result in the difference in therapeutic response to asthma drugs as well as increased application of oral steroids
and monoclonal antibodies.24 Consequently, refractory asthma in older patients has poor responsiveness to conventional
drug therapy,25 while BT has become an effective measure. Additionally, some research indicates that, the increase in age
may contribute to the decreased relative abundance of asthma airway smooth muscle or the occurrence of pathological
changes such as airway remodeling,26 thereby reducing the response to BT treatment. Based on the above-mentioned
research results, the clinical features and treatments of patients with refractory asthma may be different due to the
changes in metabolic features, airway pathology and pathogenesis.25 Meanwhile, an older age may result in the poorer
response to BT treatment.

Table 7 Comparison Among the Cohorts with Different Activation Numbers

Groups Cohort A (n=29) Cohort B (n=42) Cohort C (n=35) P

The total activations 156.34±8.47 186.64±9.02 225.97±23.01 <0.001***
Age (year) 55.86±10.48 50.02±12.95 46.51±13.26 0.013*

Course of disease (year) 10 (24) 8 (15) 8 (8) NS

Smoking rate 37.9% 33.3% 37.1% NS
Allergy rate 24.1% 28.5% 22.8% NS

Height (cm) 160.02±10.08 161.87±7.79 165.51±7.46 0.038*

Weight (Kg) 60.17±12.14 61.94±10.77 63.22±12.49 NS
BMI (kg/m2) 23.46±3.93 23.55±3.24 22.97±3.59 NS

Percentage of blood eosinophils (%) 2.1 (3.45) 2.0 (3.45) 1.9 (6.8) NS
FeNO (ppb) 31 (20) 33 (49) 50 (52) 0.005**

FEV1(L) 1.13±0.48 1.63±0.86 1.75±0.65 0.002**

Post-BT FEV1 (L) 1.46±0.68 2.04±0.90 2.18±0.69 0.001**
FEV1(%, predicted) 46.31±15.34 58.48±23.19 59.62±22.49 0.025*

Post-BT FEV1(%, predicted) 51.71±18.04 73.15±22.58 69.82±20.70 <0.001***

FVC (L) 2.08±0.68 2.56±0.98 2.74±0.74 0.007**
Post-BT FVC (L) 2.47±0.79 2.90±1.04 3.32±0.74 0.001**

ACQ score (point) 3.15±1.13 3.09±1.21 3.34±1.07 NS

Post-BT ACQ score (point) 1.50±0.72 1.17±0.66 1.17±0.46 0.04*
Non-responding rate (%) 34.5% 11.9% 5.7% 0.005**

Notes: Cohort A, 29 cases who received < 170 activations; Cohort B, 42 cases who received ≥ 170 to < 200 activations; Cohort C, 35 cases who received ≥ 200
activations. Data are expressed as mean ± standard deviation or number, percentage, median [interquartile range (IQR)]. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4 Post-BT ACQ score in each cohort with different activation numbers.
Notes: The box-plot showing the distribution of ACQ scores at 6 months after BT procedure in three cohorts. The mean values are presented in small squares inside the
box bodies. Cohort A, patients who received <170 activations; Cohort B, patients who received ≥170 to <200 activations; and Cohort C, patients who received ≥ 200
activations.*P < 0.05 compared with the mean value of Cohort A.

Figure 5 Post-BT FVE1 (%, predicted) in each cohort with different activation numbers.
Notes: The box-plot showing the distribution of FVE1 (%, predicted) at 6 months after BT procedure in three cohorts. *P < 0.05 compared with the Cohort A.
Abbreviations: FVE1 (%, predicted), forced expiratory volume in 1 sec (FEV1)% predicted.
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Figure 6 Post-BT FEV1 in each cohort with different activation numbers.
Notes: The box-plot showing the distribution of FEV1 at 6 months after BT procedure in three cohorts. *P < 0.05 compared with the mean value of Cohort A.

Figure 7 Post-BT FVC in each cohort with different activation numbers.
Notes: The box-plot showing the distribution of FVC at 6 months after BT procedure in three cohorts. *P < 0.05 compared with the mean value of Cohort A.
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Our results suggest that the ACQ score, FEV1, FEV1 (%, predicted), and FVC in all three cohorts improved at six
months after BT sessions. Notably, these values in younger Cohort C were much greater than in Cohort A. The possible
reasons may be that patients in cohort C were younger with a shorter course of disease, and so the better baseline lung
function. In addition, it can be speculated that the shorter course of disease may be related to the milder airway
remodeling and the higher airway smooth muscle abundance. Therefore, patients in Cohort C may have better response
to BT treatment.

Furthermore, in the third BT session, the activation number exhibited a weak correlation with the corresponding ACQ
improvement, and the activated area was the largest of the three BT sessions. Therefore, it is hypothesized that the greater
the activation number, the more ablated the ASM,4,16 providing more relief of asthma symptoms. Based on the above
analysis, it is possible that the therapeutic effect of BT can only be significantly improved after the activation number
reaches a certain high level accompanied by a certain amount of ASM ablation. Therefore, the total number of activations
did not correlate with the clinical response to BT, it partially affected BT therapeutic effect. In this regard, it is
recommended that patients should complete three BT sessions if the surgical complications are tolerable, and maximally
increase the activation number as much as possible to get the most out of their BT treatment.

Given that the clinical response to BT is mostly determined by ACQ improvement, a multiple linear regression
analysis was conducted to investigate its impact. In line with the logistic regression results, the multiple linear regression
also confirmed that baseline values of ACQ and FEV1 (%, predicted) were the main factors affecting ACQ improvement.

Figure 8 ROC curves in predicting the clinical response to BTwith different activation numbers.
Notes: RF_activation in the 1st BT, the activation number in the first BT session; RF_activation in the 2nd BT, the activation number in the second BT session; RF_activation
in the 3rd BT, the activation number in the third BT session; Total activations, the total activation number of the three BT sessions.
Abbreviation: ROC, receiver operating characteristic.
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Further correlation and linear regression analysis revealed a strong linear relationship between baseline ACQ and ACQ
improvement, indicating that the higher the baseline ACQ score, the greater the ACQ improvement six months following
BT sessions. Recent study has shown that BT sessions were equally effective for patients with FEV1 (%, predicted) <
50%, and the incidence of post-BT adverse events was not increased.27 In this study, the clinical response to BT could be
strengthened by the improvement in FEV1 (%, predicted). Besides, the higher the pre-BT ACQ score and the more pre-
BT symptoms of asthma, the better the post-BT response. The use of hormones, on the other hand, had no influence on
the therapeutic benefits of BT. As a result, baseline lung functions should be improved to the maximum extent possible in
order to optimize therapy effectiveness.

The ROC curves revealed that the AUC and Jordan index when predicting the clinical response to BT with the
activations in the third BT session were comparatively close to those for the total activations but significantly higher than
for the first and second BT session. The activations of the third BT session, as well as the overall number of activations,
exhibited some predictive effects for the clinical response to BT. The cut-off value for the threshold of activations in the
third BT session and the total activations was 64 and 181, respectively, suggesting that the activations in the third BT
treatment and total should be more than 64 and 181, respectively, for an improved clinical response to BT. Regarding the
weak correlation with ACQ improvement, the activations in the third BT session should be increased as much as possible
to further improve the therapeutic efficacy of BT.

Langton et al28 identified baseline factors that predicted clinical response to BT and found that severe asthma patients
with higher baseline ACQ score, more acute attacks, and more frequent use of short-acting β2-receptor agonist (SABA)
had more significant post-BT improvement and a stronger clinical response to BT, which was consistent with the current
study. In addition, our results also showed that other baseline factors such as gender, age, obesity, percentage of blood
eosinophils, and smoking history did not affect the clinical response to BT. Based on these results, we could infer that BT
is also effective for elderly patients with a smoking history and obesity, and can be more widely applied in asthma
patients, especially those with refractory asthma. However, for the deficiencies of single-center and lack of control group,
it is necessary to carry out a multi-center randomized controlled experiment in the follow-up study to further verification
in a larger perspective sample size.

In conclusion, the activation number of BT, especially in the third BT session, was relative to and predictive of the
clinical response to BT. A higher ACQ score and better lung function before the BT procedure were significantly
associated with an improved clinical response to BT. Therefore, it is advised to improve patients’ baseline lung function
before three consecutive BT sessions and to boost activations overall and in the third BT session without main bronchial
ablation.

Conclusion
Main bronchial ablation had no significant effect on the clinical response to BT. The baseline ACQ score and FEV1 (%,
predicted) are independent factors influencing the clinical response to BT. Increasing the number of activations in BT
sessions might significantly improve BT’s therapeutic efficacy, with the activation number in the third BT session being
associated with and predictive of clinical response to BT.

Abbreviations
ACQ, Asthma Control Questionnaire; AIR, Asthma Intervention Research; BMI, Body Mass Index; BT, Bronchial
thermoplasty; FeNO, Fractional excretion of exhaled nitrogen; FeV1, Forced expiratory volume in the first second; FVC,
Forced Vital Capacity; FeV1/FVC, Ratio of FeV1/FVC.
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