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Background: Bronchial thermoplasty (BT) is an interventional endoscopic treatment for severe asthma leading to the clinical 
improvement, but morphologic changes of bronchial wall related to the procedure and predictors of a favorable response to BT 
remain uncertain. The aim of the study was to validate an endobronchial ultrasound (EBUS) in assessing the effectiveness of BT 
treatment.
Methods: Patients with severe asthma who met the clinical criteria for BT were included. In all patients clinical data, ACT and AQLQ 
questionnaires, laboratory tests, pulmonary function tests and bronchoscopy with radial probe EBUS and bronchial biopsies were 
collected. BT was performed in patients with the thickest bronchial wall L2 layer representing ASM. These patients were evaluated 
before and after 12 months of follow-up. The relationship between baseline parameters and clinical response was explored.
Results: Forty patients with severe asthma were enrolled to the study. All 11 patients qualified to BT successfully completed the 3 
sessions of bronchoscopy. BT improved asthma control (P=0.006), quality of life (P=0.028) and decreased exacerbation rate 
(P=0.005). Eight of the 11 patients (72.7%) showed a clinically meaningful improvement. BT also led to a significant decrease in 
the thicknesses of bronchial wall layers in EBUS (L1 decreased from 0.183 to 0.173 mm, P=0.003; L2 from 0.207 to 0.185 mm, P = 
0.003; and L3–5 from 0.969 to 0.886 mm, P=0.003). Median ASM mass decreased by 61.8% (P=0.002). However, there was no 
association between baseline patient characteristics and the magnitude of clinical improvement after BT.
Conclusion: BT was associated with a significant decrease in the thickness of the bronchial wall layers measured by EBUS including 
L2 layer representing ASM and ASM mass reduction in bronchial biopsy. EBUS can assess bronchial structural changes related to BT; 
however, it did not predict the favorable clinical response to therapy.
Keywords: airway remodeling, airway smooth muscle, bronchial thermoplasty, bronchial wall layers, endobronchial ultrasound

Introduction
Asthma is a heterogeneous chronic inflammatory disease of the airways characterized by airway hyperreactivity and variable 
degree of bronchial obstruction. Up to 10% of all asthma patients have a severe or uncontrolled disease associated with an 
increased mortality rate, a higher number of hospitalizations and increased healthcare costs.1–3 In recent years, due to the 
identification of various phenotypes of severe asthma, it has been possible to implement innovative therapies, such as monoclonal 
antibodies targeting specific inflammatory pathways, which have shown considerable therapeutic efficacy.4,5

Bronchial thermoplasty (BT) is an endoscopic non-pharmacological treatment for severe asthma that reduces airway 
smooth muscle (ASM) mass by thermal ablation.6–8 Increased ASM mass is associated with airway hyperresponsiveness 
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and has been regarded as a characteristic feature of severe asthma.9–11 Several randomized trials have proven that BT is 
a safe and effective method for reducing asthma exacerbations and improving asthma control and quality of life.12–14 

However, the mechanism of action of BT is not fully understood. Previous studies have shown that BT reduces ASM 
layer, but also affects the function of airway nerves, epithelial cells, glands, inflammatory cells, and even components of 
the extracellular matrix.15–17 In addition to histopathological examination of bronchial biopsies, imaging methods, such 
as computed tomography (CT)18,19 or optical coherence tomography,20–22 have been implemented to assess asthma 
remodeling after BT. Still, these methods are rarely used or validated in relatively small study groups.

Several studies demonstrated that EBUS enables a reliable assessment of bronchial wall layers.23–25 As previously reported, 
a considerable consistency between the bronchial wall thickness measured by EBUS and high-resolution CT was 
documented.23,26 Soja et al23 also showed that the thickness of the bronchial wall and its layers were significantly greater in 
asthmatic patients compared to control subjects. According to a thorough review of the available literature, EBUS has not been 
used so far to evaluate the effectiveness of BT treatment. Therefore, the present study aimed to assess EBUS efficacy in identifying 
patients with increased smooth muscle thickness in whom we evaluated the clinical asthma course and airway structural changes 
in 1-year follow-up.

Methods
Patients and the Study Protocol
This prospective follow-up study included 40 patients with severe asthma, who were enrolled at the university hospital. 
All asthma patients met the qualifying criteria for BT.27 The diagnosis of asthma was consistent with the criteria of the 
Global Initiative for Asthma report. None of the patients were treated with biological therapies.

Before BT, all subjects underwent assessment of laboratory tests including blood eosinophilia and serum immuno-
globulin E (IgE), spirometry (FEV1 and FVC) before and after administration of a short-acting β2-agonist to assess 
bronchial reversibility (Jaeger Master Screen, Höchberg, Germany), Asthma Control Test (ACT) and Asthma Quality of 
Life Questionnaire (AQLQ) and number of exacerbations and hospitalizations for asthma. In all patients, bronchoscopy 
with radial probe EBUS and bronchial biopsies were performed. The severity of the disease and the control of symptoms 
were evaluated using the Asthma Control Test (ACT) and Asthma Quality of Life Questionnaire (AQLQ).

Clinical response to BT treatment was assessed using ACT and AQLQ questionnaires. An improvement of ≥3 points on ACT 
or ≥0.5 points on AQLQ scores was considered as clinically relevant. Association between baseline patient characteristics (clinical 
parameters, bronchial layer thickness in EBUS, and histology) and the magnitude of clinical improvement after BT was assessed.

To select the best candidates for the BT procedure (ie, with the most advanced structural changes of the airway), we 
performed a bronchoscopy with EBUS and bronchial biopsy sampling. Based on EBUS measurements, we identified 
patients with the thickest L2 layer who were selected and qualified for bronchial thermoplasty. These patients were 
evaluated prior to BT and after 12 months of follow-up. The study protocol followed the Declaration of Helsinki and its 
amendments and was approved by the Ethics Committee of the Jagiellonian University Medical College on June 25, 
2015 (KBET 122.6120.167.2015). All study participants gave written informed consent.

Bronchoscopy and Endobronchial Ultrasonography (EBUS)
Bronchoscopy was performed according to the ATS guidelines28 under local anesthesia (2% lidocaine) and conscious 
sedation (0.05–0.1 mg intravenous fentanyl and 2.5–5.0 mg intravenous midazolam) using the BF-190 fiberscope 
(Olympus, Tokyo, Japan). EBUS was performed using 20MHz ultrasound radial probes with flexible catheters having 
a balloon at the tip (Olympus, Tokyo, Japan) that cooperates with the EU-ME1 processor (Olympus, Tokyo, Japan). The 
probe was introduced through the working channel of the fiberscope into the segmental bronchi of the right lower lobe: 
superior (RB6), anterior basal (RB8), lateral basal (RB9), and posterior basal (RB10). EBUS allows differentiation of five 
layers of the bronchial wall. The inner layers of the bronchial wall, layer 1 (L1, representing the epithelium and part of 
submucosa) and layer 2 (L2, representing smooth muscles and part of submucosa), were analyzed separately. In contrast, 
the outer layers, 3, 4, and 5 (L3–5, representing cartilage), were measured together (Figure 1a). Layers L1, L2, and L3–5 

represent the entire thickness of the bronchial wall. The ultrasound probe was placed into the same parts of the 
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investigated segmental bronchi. To optimize the measurement of bronchial layer thickness, EBUS images were analyzed 
using the Feature Extraction Software (FES) developed at the University of Science and Technology in Kraków.

The images selected from the video recorded during bronchoscopy were saved as bitmaps and were imported to the 
FES software for further analysis. From the digital film sequences recorded during bronchoscopy, five frames were 
selected from each segmental bronchi in which the multilayered structure of the bronchial wall was clearly visible. The 
FES software was designed to process images, including converting data from the raster to vector format using the 
subpixel precision method. The borders of the individual layers were pointed manually by a researcher, blinded to the 
patient record and the sample status. The distance between the two points was then measured and converted into 
millimeters using FES software. From five measurements from each layer, the mean was calculated and used in the 
statistical analysis. For a better interpretation of the results, the vector data are superimposed on a raster layer. The width 
of the layers is measured to three decimal places (to the micrometer).

Bronchial Thermoplasty
BT was performed using the AlairTM Bronchial Thermoplasty System (Boston Scientific, Natick, MA, USA) under 
general anesthesia (propofol) with the laryngeal mask airway. A single-use catheter with a basket carrying four 
expandable electrodes was inserted into the bronchial tree. Using radiofrequency waves, thermal energy was supplied 
to the 3–10 mm diameter bronchi to induce ablations of short 5 millimeter sections. BT was applied in three sessions 
separated by three-week intervals. In the first session, the right lower lobe was treated, then the left lower lobe, and in the 
last session, both upper lobes. Patients received 50 mg of prednisone for 3 days before BT, on the day of the procedure, 
and 1 day after BT. BT was carried out in accordance with applicable guidelines.27

Bronchial Biopsy Histology
Bronchial biopsies were obtained from the segmental airway carinas of the right lower lobe for histological studies. During 
bronchoscopy 6 biopsies were taken using forceps FB-231D. Bronchial biopsy specimens were collected before and 12 months 
after BT procedure. The tissue was fixed in 10% buffered formalin, routinely processed, and embedded in paraffin. The 3 µm 
sections were stained with hematoxylin-eosin and immunohistochemically using antibodies detecting: dendritic cells (CD1a; 
clone NCL-L-CD1a-235; Leica Biosystems, Wetzlar, Germany), T-cells (CD3; 103R-95; Merck, Darmstadt, Germany), CD4+ 
T-cells (CD4; MS-1528-S; Thermo Fisher Scientific, Waltham, MA, USA), CD8+ T-cells (CD8; M7103; Dako Denmark A/S, 
Glostrup, Denmark), B-cells (CD20; M0755; Dako), NK-cells (CD56; 156R-96; Merck), eosinophils (eosinophil cationic protein 
[ECP]; PA5-79927; Invitrogen, Waltham, MA, USA), neutrophils (neutrophil elastase [NE]; M0752; Dako), mast cells (tryptase; 

Figure 1 Decreased thickness of airway wall layers after BT as measured by endobronchial ultrasonography (EBUS). 
Notes: (a) Representative EBUS image of the bronchus RB10 and the schematic outline of bronchial wall layers with major structural components highlighted. (b) The 
thickness of L1, L2 and L3–5 layers in asthma patients before BT and 12 months after the procedure. Data shown as medians and quartiles (n = 11; 2-sided exact Wilcoxon 
matched-pairs signed rank test).
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NCL-MCTRYP; Leica Biosystems), epithelial goblet cells (MUC5AC; sc-33667; Santa Cruz Biotechnology, Dallas, TX, USA), 
and alpha-smooth muscle actin (α-SMA; M0851; Dako). The analysis of the specimens was performed by two experienced 
pathologists blinded to the clinical data. The expression of CD1a, CD3, CD4, CD8, CD20, CD56, tryptase, ECP, and NE was 
evaluated at 400x magnification consecutively in five fields of view, and in the case of smaller sections, in all available fields. The 
results were expressed as the ratio of the number of positive cells to the number of visual fields examined. The number of goblet 
cells was expressed as the percentage of epithelial cells positive for MUC5AC. The Olympus SC 180 camera (Olympus, Tokyo, 
Japan) and the Olympus cellSens Standard 2.3 software were used to evaluate the expression α-SMA. Smooth muscle surface area 
measurements were made at 40x magnification and were expressed as the ratio of α-SMA positive area to the area of the entire 
section. The thickness of the reticular basement membrane (RBM) was measured as previously described.23

Statistical Analysis
Data were analyzed using Statistica 13.1 software package (TIBCO Software, Palo Alto, CA, USA) and GraphPad Prism 
9.4.0 (GraphPad Software, San Diego, CA, USA). Summary statistics were expressed as medians (25th and 75th 
percentiles). Due to the small sample size, exact Wilcoxon matched-pairs signed rank test was used to compare data 
before and after BT. For significant differences, the Hodges-Lehmann estimator of median of differences with 95% CI 
was also calculated to estimate shift parameter. The correlations between variables were calculated using the Spearman 
rank order correlation. The level of significance was set at P<0.05.

Results
Forty patients with severe asthma were enrolled to the study. Eleven patients with the thickest bronchial wall L2 layer representing 
ASM in EBUS were qualified for BT treatment. The study group consisted of 4 women and 7 men, the median age was 50 (range: 
44–55) years, body mass index 25.1 (range: 21.9–28.2) kg/m2. The median duration of asthma was 16 (5–30) years.

All these patients successfully completed the 3 sessions of BT. A mean of 41.9 ± 8.05 radiofrequency activations was delivered 
to the right lower lobe, 43.5 ± 10.63 to the left lower lobe and 68.1 ± 12.33 to both upper lobes. BT was generally well tolerated. 
There were no cases of pneumothorax nor airway haemorrhage. Side-effects include asthma exacerbation (3%), chest pain (6%), 
atelectasis (6%) and dyspnoe (18%).

During bronchoscopy 6 biopsies from the segmental airway carinas of the right lower lobe (B8-B9, B9-B10, B6) were taken 
from one patient using biopsy forceps FB-231D. Bronchial biopsy specimens were collected before and 12 months after BT 
procedure.

Improvement in Asthma Control After Bronchial Thermoplasty
As shown in Table 1, BT significantly improved asthma control, as evidenced by an increase in the ACT score from a median of 15 
points before BT to 18 at 12-month follow-up (P=0.006). Similarly, the quality of life related to asthma measured by the AQLQ 
improved from median 4.2 points before BT to 5.6 after BT (P=0.028). Eight of the 11 patients (72.2%) showed a clinically 
meaningful improvement of ACT and AQLQ questionnaires. Moreover, the median number of asthma exacerbations decreased 
from 6 in the year preceding BT to 1 after the treatment (P=0.005). The same trend applied to the exacerbations that required 
hospitalization with a median of 1 (1–5) per year before BT and none during follow-up (P=0.018). Similarly, the quality of life 
related to asthma measured by the AQLQ improved from median 4.2 points before BT to 5.6 after BT (P=0.028). We also noticed 
a marginal improvement in FEV1/FVC after BT from a median of 61% to 66% (P = 0.041); however, other measures of lung 
function did not change considerably (see details in Table 1).

Decrease in the Thickness of Bronchial Wall Layers After Bronchial Thermoplasty
Treatment with BT led to a significant decrease in the thickness of bronchial walls and their layers as measured by EBUS 
(Figure 1b). Median thickness of L1 decreased from 0.183 (0.180–0.190) mm before BT to 0.173 (0.169–0.175) mm after BT 
(P=0.003). Similarly, L2 decreased from 0.207 (0.201–0.213) mm to 0.185 (0182–0.194) mm (P=0.003), while L3–5 from 0.969 
(0.951–1.019) mm to 0.886 (0.853–0.890) mm (P=0.003). The thickness of combined L1 + L2 + L3–5 decreased from 1.363 
(1.343–1.399) mm before BT to 1.240 (1.221–1.262) mm after BT (P=0.003).
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Surprisingly, the decrease in the bronchial wall thicknesses and their layers did not correlate with the ACT or 
AQLQ score improvements (Table 2). It was also unrelated to the decrease in the exacerbation rate or the 
spirometry changes. Similarly, improvement in asthma control and asthma-related quality of life did not correlate 
with baseline thicknesses of the bronchial walls and their layers (data not shown).

Reduced Airway Smooth Muscle Mass After Bronchial Thermoplasty
Next, we analyzed BT-related changes in ASM mass and inflammatory cell composition in bronchial biopsy histology. In 
line with the EBUS data, BT resulted in a significant decrease in ASM mass (Figure 2a and b, Table 3), from the median 
of 10.1% at baseline to 3.8% at 12-month follow-up (P=0.002). On the contrary, there were no changes in the RBM 
thickness (median 6.7 vs 6.6 µm, P=0.206) (Figure 2c) or the abundance of MUC5AC-expressing epithelial cells (median 

Table 1 Clinical Characteristics of Patients Before and After BT

Before BT After BT P-value Median  
Difference 95% CI

Number of asthma exacerbations (in the last 12 months) 6 (3–8) 1 (1–3) 0.005 −4 (−5;-1)

Number of exacerbations requiring hospitalization (in the last 12 months) 1 (1–5) 0 (0–0) 0.018 −1 (−3;0)

ACT (score) 15 (12–19) 18 (16–24) 0.006 3 (1;5)

AQLQ (score) 4.2 (3.2–5.4) 5.6 (4.4–6.1) 0.028 0.7 (0.2;1.5)

Patients treated with OCSs (n, %) 8 (72.7%) 7 (63.6%) 0.343

OCSs dose (mg/d) 8 (0–16) 4 (0–16) 0.400

ICSs dose (µg/d) 2200 (1800–2400) 1500 (800–2400) 0.074

FEV1/FVC (%) 61.3 (53.1–68.2) 66.2 (61.4–68.5) 0.041 3.9 (1.1;7.2)

FEV1 (% predicted) 62.0 (47.3–70.0) 68.5 (50.0–73.8) 0.091

FEV1 reversibility (%) 7 (2.8–18.6) 2.9 (1.3–8.9) 0.086

Blood eosinophil count (cells/µL) 150 (60–210) 150 (30–260) 0.929

Serum IgE (IU/mL) 64.1 (40.6–188.0) 78.2 (41.9–216.0) 1.000

α-SMA (%)a 10.1 (8.0–13.0) 3.8 (1.3–5.8) 0.002 −4.9 (−10.1;-1.7)

Notes: Data are presented as medians (0.25–0.75 quartiles). Significant values of exact 2-sided Wilcoxon matched-pairs signed rank test (at P<0.01 are marked bold). For 
significant differences median difference with 95% CI are indicated. aExpressed as the percentage of positive stained α-SMA area to the total biopsy area. Statistically 
significant results are marked in bold. 
Abbreviations: ACT, Asthma Control Test; AQLQ, Asthma Quality of Life Questionnaire; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; OCSs, 
oral corticosteroids (recounted for methylprednisolone); ICSs, inhaled corticosteroids (recounted for fluticasone propionate).

Table 2 Correlation Between the Decrease in Thickness of Bronchial Layers and Other Parameters

Decrease in the Thicknesses of the Layers (mm)

L1 L2 L3–5 L1+L2+L3–5

Improvement in ACT r=0.516, P=0.104 r=0.055, P=0.873 r=0.157, P=0.645 r=0.198, P=0.559

Improvement in AQLQ r=0.118, P=0.729 r=0.000 P=1.000 r=0.136, P=0.689 r=0.118, P=0.729

Decrease in exacerbations r=0.335, P=0.314 r=0.390, P=0.236 r=0.289, P=0.389 r=0.294, P=0.381

Improvement in FEV1 (%) r=0.373, P=0.259 r=0.527, P=0.096 r=0.291, P=0.385 r=0.309, P=0.355

Note: r, Spearman`s rank correlation coefficient. 
Abbreviations: ACT, Asthma Control Test; AQLQ, Asthma Quality of Life Questionnaire; FEV1, forced expiratory volume in 
1 second.
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21.2 vs 20.7%) (Table 3). We also did not show any differences in the expression of immune cell markers before and 
after BT (Table 3).

The reduction in ASM related to BT also did not correlate with ACT or AQLQ improvement (r = 0.161 P = 0.636 and 
r = 0.209 P = 0.537, respectively). Similarly, reported clinical improvement was not associated with baseline ASM mass, 
RBM thickness, or the number of immune cells in bronchial biopsy (data not shown).

Figure 2 Bronchial wall histology changes related to BT. 
Notes: (a) Representative histological images of bronchial biopsy samples showing reduction in airway smooth muscle (ASM) after BT at 12 months follow-up. α-SMA 
staining, hematoxylin-eosin counterstain; 100x magnification. Asterisk indicates fibrous connective tissue. (b) Reduction in the ASM (expressed as the percentage of cross- 
section surface area) before and after BT. (c) No change in the thickness of reticular basement membrane (RBM) after BT. Data shown as medians and quartiles (n = 11; 
2-sided exact Wilcoxon matched-pairs signed rank test).

Table 3 Histological Analysis of Bronchial Biopsies Before and 
After BT

Characteristics Before BT After BT P-value

RBM (µm) 6.7 (6.2–8.4) 6.6 (5.5–7.3) 0.206

α-SMA (%)a 10.1 (8.0–13.0) 3.8 (1.3–5.8) 0.002

MUC5AC (%)b 21.2 (16.7–30.9) 20.7 (11.6–23.1) 0.812

NE 14.2 (9.0–63.8) 24.7 (7.7–48.5) 0.748

ECP 1.4 (0–2.2) 1.2 (0.2–2.1) 0.361

Tryptase 4.2 (2.0–5.0) 0.8 (0.2–3.5) 0.310

CD3 63.4 (43–93.4) 104 (40.4–148.8) 0.320

CD4 22.2 (8.0–35.7) 41.1 (16.4–92.1) 0.193

CD1a 0 (0–0.2) 0 (0–0.5) 0.250

CD20 1.4 (0.6–21.2) 2.2 (1.5–30) 0.133

CD56 1.2 (0.4–1.8) 0.4 (0–1.2) 0.132

Notes: Data are presented as medians (0.25–0.75 quartiles). aExpressed as the 
percentage of positive stained α-SMA area to the total biopsy area. bPercentage of 
epithelial cells positive for MUC5AC, the remaining results (NE and following) are 
presented as the ratio of the number of positive cells to the number of visual fields. 
Statistically significant results are marked in bold. 
Abbreviations: RBM, reticular basement membrane; MUC5AC, Mucin-5AC; ECP, 
eosinophil cationic protein; NE, neutrophil elastase.
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Discussion
To our knowledge, this is the first study worldwide which evaluates the effect of BT treatment using radial probe EBUS. 
Our study shows that BT led to a significant decrease in the thicknesses of bronchial wall layers in EBUS including L2 

layer representing ASM. The median ASM mass in histological examination of bronchial biopsies decreased by 61.8%. 
There was no association between clinical parameters, bronchial layer thickness in EBUS, and histology and the clinical 
improvement after BT. Our results suggest that EBUS can assess bronchial structural changes related to BT; however, it 
did not predict the favorable clinical response to therapy.

BT is recognized as a therapeutic option in patients with severe refractory asthma. However, broad inclusion criteria 
that do not include evaluation of the bronchial remodeling make it challenging to qualify patients for this procedure, 
especially when availability of this therapeutic option is limited. Therefore, in the present study, we sought to determine 
whether the assessment of bronchial wall layers by EBUS could identify asthma patients with increased smooth muscle 
thickness who may potentially benefit more from the BT procedure. Next, we evaluated the effectiveness of BT in this 
cohort by analyzing clinical data, lung function, and various measures of airway remodeling before the procedure and at 
1-year follow-up.

Structural changes in the bronchial wall can be assessed directly by histopathological examination of biopsy samples 
and indirectly by various imaging methods, such as chest CT,29,30 OCT,31,32 or EBUS.23–26 Of these, only EBUS and 
OCT are sensitive enough to differentiate and measure five layers of the bronchial wall, including the L2 layer, which 
contains smooth muscle. Previously, EBUS has been used successfully in assessing airway remodeling in asthmatic 
patients by many researchers.23–26 However, only a few studies simultaneously evaluated the ASM layer in imaging 
methods and bronchial biopsies. For example, the experimental research conducted on horses by Bullone et al33 proved 
that EBUS enables a precise assessment of smooth muscle. Our study used EBUS as the principal imaging technique to 
identify severe asthma patients with more advanced bronchial remodeling. To achieve this, we enrolled 40 patients with 
severe asthma who met the clinical criteria for BT. In these patients, we performed EBUS and identified eleven subjects 
with the thickest L2 layer who were next qualified for the BT procedure. As expected, compared to baseline, there was 
a significant decrease in the thickness of the bronchial wall layers after BT. In particular, we showed a significant 
reduction (~10% on average) in the thickness of L2, representing the ASM layer. These changes were accompanied by 
a substantial drop in ASM mass determined by histological examination of bronchial wall biopsies. Thus, our data 
suggest that EBUS imaging could be used effectively to assess the outcome of BT treatment. Previous studies, which 
implemented different imaging techniques, revealed similar changes in the bronchial wall after BT. For example, a small 
study by Ya et al34 showed a decrease in the total thickness of the bronchial wall assessed by EBUS in two patients with 
severe asthma subjected to BT. Similarly, Zanon et al,18 in a group of 26 patients with severe asthma, noted ~25% 
reduction in the median thickness of the airway wall after the BT procedure, as evidenced by CT imaging. Furthermore, 
in 17 patients with severe asthma treated with BT, Konietzke et al19 observed a decrease in bronchial wall thickness 
determined by quantitative CT using a combined analysis of the 2nd-7th generation of the airways. Another case report 
demonstrated a significant long-term reduction in bronchial wall thickness measured by OCT in an asthma patient who 
clinically responded well to BT therapy.20 These results, together with our data, indicate that non-invasive imaging 
methods may be useful in assessing response to BT treatment.

Interestingly, after BT therapy, we noted a significant ~60% decrease in ASM mass in the bronchial biopsy histology, 
which is consistent with the results described by other investigators. Initial data describing a post-BT decrease in ASM 
mass originated from animal studies, which also showed a concomitant decrease in bronchial hyperreactivity.35 

Pioneering research in patients qualified for lung resection showed that BT performed 3 weeks before surgery resulted 
in a significant reduction in ASM mass.36 Subsequent studies confirmed the decrease in ASM mass after BT in asthma 
patients.15–17,37–39 The analysis of the data pooled for 99 severe asthmatic patients undergoing BT treatment in 7 centers 
showed a significant reduction in ASM mass from 16.1% to 4.4% in 6 weeks, which remained unchanged after 
one year.40

In addition to the ASM mass, we also evaluated other structural changes in bronchial mucosa specimens, such as 
goblet cell metaplasia, RBM thickness, and inflammatory cell influx. It turned out that the number of inflammatory cells 
in the bronchial biopsy specimens, including eosinophils, neutrophils, and mast cells, was similar at baseline and after 
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BT. This is consistent with data published by Pretolani et al37 and Papakonstantinou et al,38 who did not observe 
significant changes in the number of eosinophils, neutrophils, and lymphocytes up to 3 months post-BT. These data 
suggest that clinical improvement following BT is not associated with short- and long-term changes in the inflammatory 
pattern in the bronchial wall. Furthermore, in the current study, we did not detect any significant difference in the number 
of goblet cells in the bronchial mucosa. These results align with those obtained by Jendzjowsky et al39 and the 
ASMATHERM study,37 which did not show goblet cell hyperplasia or any changes in the subepithelial mucous glands 
one year after BT. However, they are inconsistent with those reported by Salem et al,41 who observed decreased airway 
mucin production after BT, and with a case report published by Nagano et al.42 The latter demonstrated a decrease in the 
goblet cell hyperplasia after BT. This discrepancy may be due to a different observation time or the sheer heterogeneity 
of the inflammation and the extent of structural changes in the airways, taking into account the small number of patients 
analyzed in these studies.

Reticular basement membrane thickening is one of the characteristic features of airway remodeling that occurs in 
asthma. Nevertheless, this histological characteristic may be present even in early asthma process43 and has not been 
associated with asthma severity or symptom duration.43,44 There is also no association between RBM thickening and 
lung function.43,45 Considering the above, we evaluated the potential effects of BT therapy on RBM thickness. As it 
turned out, there was no significant decrease in the thickness of RBM after BT therapy. Similarly to the present study, 
several investigators did not observe any changes in the thickness of RBM after BT,38,39 while others demonstrated 
a significant decrease.15,16,37,40 This indicates that RBM thickness reflects likely structural changes related to the 
response of epithelial cells to the predominant pattern of airway inflammation, which did not change considerably 
after BT.

Importantly, we confirmed significant clinical improvement related to BT treatment. Both the degree of asthma 
control measured by ACT and the quality of life determined by the AQLQ questionnaire improved considerably after the 
procedure. This was accompanied by a significant decrease in the exacerbation rate, including the most severely requiring 
hospitalization, which is consistent with earlier reports showing improvement in asthma course after the BT 
procedure.7,46 Unexpectedly, the clinical benefits associated with BT were not correlated with decreased bronchial wall 
layer thickness, a reduction in ASM mass, or with spirometry measures. Previously published data on the possible 
association between the decrease in ASM and clinical improvement are inconclusive. For example, Pretolani et al37 

reported a reduction in the area of ASM one year after BT that was correlated with improved asthma control and life 
quality, but not with spirometry values. However, several other reports did not demonstrate any association between the 
decrease in ASM mass after BT and clinical improvement.15,16,40 Finally, the recently published multicenter TASMA 
study47 also reported a reduction in ASM mass after BT, but this was not associated with clinical improvement. It should 
be noted that the lack of association between either the baseline thickness of the L2 layer (also ASM) or its reduction 
after BT with clinical improvement suggests that the therapeutic effect of BT is not associated solely with decrease in 
smooth muscle mass of the bronchial wall. This has already been suggested by Chernyavsky et al48 who described 
in vitro and in silico modeling of the acute effects of BT on ASM. They suggested that the magnitude of the ASM mass 
reduction after BT was not sufficient to explain the observed clinical benefits, implying more complex mechanisms of 
BT. Thermoplasty most likely targets not only the ASM layer but could also have a larger impact on other components of 
the airway wall such as epithelial cells, nerves, glands, and the extracellular matrix. Some of the effects of BT are 
probably transient, for example, a potential inflammatory response to BT-induced airway injury, while others persist, 
leading to improved clinical outcomes.

Despite earlier attempts to identify factors associated with a better response to BT, to date, potential predictors of 
a favorable response to this therapy are unknown. In our study, there was no association between baseline clinical 
parameters, thickness of the bronchial layers in EBUS, histological data and clinical improvement after BT. So far the 
data are inconclusive and need to be confirmed in larger study groups. The good responders to BT described by Ladjemi 
et al49 were younger compared with partial responders, they also showed a history of atopy and increased numbers of 
blood eosinophils and IgE levels. In turn, Langton et al50 demonstrated a positive correlation between improvement in 
asthma control and the number of radiofrequency activations during the procedure.
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Some limitations of the present study need to be emphasized. Such limitations primarily address the small number of 
subjects included in the BT-treated group, selected based on the thickest ASM layer in EBUS. Therefore, we cannot 
exclude similar effects of BT in the group of individuals with thinner ASM mass. Also, there is no control to show how 
ASM changes in 12 months in patients without BT treatment. The influence of administration of high doses of prednisone 
during 3 BT procedures on the study outcomes cannot be ruled out either. As described by Papakonstantinou et al,38 the 
effects of BT on airway structure and histology may vary depending on asthma phenotypes or endotypes. The low 
number of participants in our study does not allow investigation of that issue.

In conclusion, our results indicate that the BT procedure leads to a significant decrease in the ASM layer as measured 
by EBUS and histological examination. EBUS may be a valuable tool in assessing the reduction of airway wall thickness 
after BT; however, it does not predict a favorable clinical response to BT treatment.
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