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ORIGINAL ARTICLE
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Abstract
Rationale: Bronchial thermoplasty (BT) is a bronchoscopic treatment

for severe asthma targeting airway smooth muscle (ASM). Observational
studies have shown ASM mass reduction after BT, but appropriate
control groups are lacking. Furthermore, as treatment response is
variable, identifying optimal candidates for BT treatment is important.
Objectives: First, to assess the effect of BT on ASM mass, and
second, to identify patient characteristics that correlate with BT
response.
Methods: Patients with severe asthma (n = 40) were randomized

to immediate (n = 20) or delayed (n = 20) BT treatment. Before
randomization, clinical, functional, blood, and airway biopsy data
were collected. In the delayed control group, reassessment, including
biopsies, was performed after 6 months of standard clinical care,
followed by BT. In both groups, post-BT data including biopsies
were obtained after 6 months. ASM mass (% positive desmin or
a-smooth muscle actin area in the total biopsy) was calculated with
automated digital analysis software. Associations between baseline

characteristics and Asthma Control Questionnaire and Asthma
Quality of Life Questionnaire (AQLQ) improvement were explored.
Measurements and Main Results: Median ASM mass decreased
by .50% in the immediate BT group (n = 17) versus no change in the
delayed control group (n = 19) (P = 0.0004). In the immediate group,
Asthma Control Questionnaire scores improved with 20.79
(interquartile range [IQR], 21.61 to 0.02) compared with 0.09 (IQR,
20.25 to 1.17) in the delayed group (P = 0.006). AQLQ scores
improved with 0.83 (IQR, 20.15 to 1.69) versus 20.02 (IQR, 20.77
to 0.75) (P = 0.04). Treatment response in the total group (n = 35)
was positively associated with serum IgE and eosinophils but not
with baseline ASM mass.
Conclusions: ASM mass signiﬁcantly decreases after BT when
compared with a randomized non–BT-treated control group.
Treatment response was associated with serum IgE and eosinophil
levels but not with ASM mass.
Keywords: severe asthma; bronchial thermoplasty; airway smooth

muscle; airway remodeling
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: Bronchial thermoplasty

(BT) is an endoscopic treatment for
patients with severe asthma that uses
radiofrequency energy to target airway
wall remodeling. Observational studies
have shown a decrease of airway
smooth muscle (ASM) mass after
treatment, but appropriate control
groups are lacking and the responder
proﬁle is unclear.
What This Study Adds to the Field:

This is the ﬁrst randomized controlled
trial reporting a reduction of ASM
mass after BT treatment when
compared with a nontreated control
group. Clinically relevant
improvements in Asthma Quality of
Life Questionnaire and Asthma
Control Questionnaire after BT were
reported, but this treatment response
was not associated with baseline or a
reduction of ASM mass. However,
baseline serum IgE and eosinophils
were signiﬁcantly associated with
response, thereby adding important
information to patient candidate
selection for BT treatment.
Severe asthma is a disease characterized
by persistent symptoms and frequent
exacerbations despite optimal treatment
with high doses of inhaled corticosteroids
and long-acting bronchodilators (1, 2).
Although only approximately 5% of
patients with asthma fulﬁll the criteria
for a diagnosis of severe asthma (3),
the burden on healthcare costs is high
owing to medication use and frequent
hospitalizations (4, 5). Recent advances
in treatment options for patients with
severe asthma are the implementation of
biologicals for speciﬁc asthma phenotypes
such as anti-IgE treatment for allergic
asthma and anti–IL-5 treatment for
eosinophilic asthma (6–8). However, not all
patients tolerate and/or respond to these
treatments, and for nonallergic and
noneosinophilic asthma phenotypes, no
speciﬁc biological treatment is available.
Bronchial thermoplasty (BT) is an
endoscopic treatment, targeting airway
smooth muscle (ASM) by heating the
medium to larger-sized airways with
176

radiofrequency energy (9). Observational
studies have shown a reduction in ASM
mass after BT; however, appropriate control
groups are lacking and a relationship with
treatment response is not clear (10–13).
Although clinical studies have shown
improvements in asthma control and
quality of life and a reduction in
exacerbation rate (14–17), not all patients
respond equally well to BT. Identiﬁcation of
clinical and physiological characteristics
associated with BT response is needed to
optimize patient selection and further
elucidate the mechanism of action of this
treatment. In this study, we aimed to assess
the effect of BT on ASM mass in the
airways of patients with severe asthma
using a randomized controlled design and
the untreated right middle lobe (RML).
Secondary outcomes included the
evaluation of patient characteristics and
biomarkers associated with BT response.
Some of the results of this study have been
previously reported in the form of abstracts
(18–22).

Methods
Study Design

This study is an investigator-initiated,
international multicenter randomized
controlled trial (Clinical trials.gov
NCT02225392). Patients were recruited
between 2014 and 2018 in two centers in
the Netherlands (Amsterdam University
Medical Centers, location Academic
Medical Center and University Medical
Center in Groningen) and two centers in
the United Kingdom (Royal Brompton
Hospital and the Chelsea and Westminster
Hospital, both in London). After informed
consent, patients were screened and
characterized using demographic data,
medical history including exacerbation rate,
asthma questionnaires, routine blood
analysis including eosinophils and allergy
tests, routine pulmonary function tests,
methacholine challenge (PC20) tests, and a
bronchoscopy for the detection of airway
abnormalities and measurement of baseline
airway smooth muscle mass in bronchial
biopsies. After the bronchoscopy, patients
were randomized into an immediate BT
treatment group and a 6 months delayed
treatment group, the control group.
Additional visits, similar to those during
screening, were scheduled for the delayed
group after 6 months of standard clinical

care, including a research bronchoscopy
with endobronchial biopsy sampling. In
both randomization groups, patients
were in follow-up for 6 months after
BT treatment, after which clinical and
functional assessments, blood tests, and
endobronchial biopsies were collected.
Directly after each research bronchoscopy,
patients were treated with 50 mg of
prednisolone for 3 days. Asthma medication
remained unchanged during the complete
study period. The study design is shown in
Figure 1.
Randomization and Sample Size
Calculation

Patients were randomized into an
immediate BT treatment and 6 months
delayed BT treatment control group (1:1
ratio, n = 20 per group). Stratiﬁcation
factors used in the randomization were
FEV1 lower or higher than 70% of predicted
value and eosinophil counts (in sputum ,
or >3% or when sputum was not available
in blood , or >0.3 3 109/L). Power
calculation for the primary endpoint was
based on an estimated decrease of 20% in
ASM mass after treatment and determined
as 18 patients per group (23). Accounting
for a 10% dropout rate, we aimed to include
20 patients per group, 40 patients in total.
Subjects

Patients with severe asthma between 18 and
65 years old, fulﬁlling the World Health
Organization or modiﬁed Innovative
Medicines Initiative criteria, were included
(1, 24). See the online supplement for a
detailed description of the deﬁnition of
severe asthma. The diagnosis of asthma
needed to be conﬁrmed in the 5 years
before inclusion by one of the following
parameters: reversibility to b2-agonists in
FEV1 of >12% predicted and >200 ml,
bronchial hyperresponsiveness to
methacholine or histamine (PC20 , 4
mg/ml), peak-ﬂow variability of .20% over
a 2-week period, or a fall in FEV1 of .12%
predicted and .200 ml after tapering down
asthma treatment. Ethical approval was
provided by the ethical committees of the
four centers, and informed consent was
obtained from all patients. The main
exclusion criteria were prebronchodilator
FEV1 ,50% predicted or ,1.2 L, ﬁve or
more hospitalizations in the year before
inclusion or more than one intensive
care admission for asthma requiring
endotracheal intubation, oral corticosteroid
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maintenance therapy of more than
20 mg/d, asthma exacerbation or a
respiratory tract infection in the prior
4 weeks, unable to undergo multiple
bronchoscopies because of allergies to the
required medications, or comorbidities.
Additionally, patients with body mass index
>35, those with relevant abnormalities on
a high-resolution computed tomography
scan, or current smokers and a pack-year
history of more than 15 years were
excluded from participating in this trial.

(clone-33; BioGenes GmbH) and a-smooth
muscle actin (a-SMA) (clone 1A4; DAKO).
From each biopsy, the two biopsy sections
with the highest total surface area were
included in the analysis and blindly
measured, using automated digital image
analysis software (ImageJ, NIH) (27).
Sections without epithelium or mucosal
layer or with artifacts were excluded from
the analysis. ASM mass was measured as
the percentage of positive stained desmin or
a-SMA area as compared with the total
biopsy area as previously described (11).

BT Treatment

Treatment procedures were performed
according to current guidelines (25) with
the Alair System (Boston Scientiﬁc) using
general anesthesia or conscious sedation
(remifentanil and propofol) (26).
Treatment sessions of the right lower lobe,
left lower lobe, and both upper lobes were
performed with at least a 3-week interval
between procedures. The RML remained
untreated. Patients were treated with 50 mg
of prednisolone 3 days before the treatment,
during the procedure, and 1 day thereafter.
Response Assessment

Clinical response to BT was measured with
asthma control questionnaires (ACQ-6) and
asthma quality of life questionnaires
(AQLQ) 6 months after BT. In addition,
asthma exacerbations, deﬁned as the need to
increase the dose of systemic corticosteroids
or a doubling dose of inhaled corticosteroids
for more than 3 consecutive days, were
assessed during the complete study period.
Exacerbations after BT treatment were
calculated from 6 weeks after the last
treatment until the follow-up visit at 6
months and deﬁned as exacerbation rate
per 6 months. FEV1, reversibility (postsalbutamol FEV1% predicted minus presalbutamol FEV1% predicted), and
methacholine challenge tests were also
evaluated after treatment.
Histology Processing and Analysis

Endobronchial biopsies were obtained with
large cup forceps of predeﬁned (sub)
segmental airway carinas. During the
research bronchoscopies before treatment,
four biopsies were obtained. During the
bronchoscopy after treatment, six biopsies
were taken, including two biopsies (one
segmental and one subsegmental) from the
untreated RML. Biopsies were parafﬁn
embedded, sectioned, attached to glass
slides, and stained for ASM-speciﬁc desmin

Study Endpoints

The primary endpoint of this study was the
absolute difference in ASM change between
the direct BT treatment group and the
delayed control group (post-BT ASM%
minus pre-BT ASM% in the direct group vs.
delayed group ASM% at control visit minus
pre-BT ASM%) (Figure 1). Secondary
endpoints are the ASM mass change after
BT in the total group and in the untreated
RML. Additionally, response to BT was
evaluated using ACQ-6 and AQLQ scores
after BT, exacerbation rates, and lung
function parameters. Associations between
response to BT, as assessed with ACQ-6
and AQLQ questionnaires, and baseline
patient characteristics were analyzed.
Additional hypothesis-generating
exploratory endpoints as mentioned on
clinicaltrials.gov are not included in this
manuscript because these research
questions were investigated in one center
only and need separate analysis (28).
Statistical Analysis

Statistical analyses were performed in
GraphPad Prism version 5.01 (GraphPad
Software Inc) or IBM SPSS Statistics version
25.0. Demographic parameters were
provided as mean with SD or median with
interquartile ranges. Mann-Whitney U tests
were performed to assess the difference
in change from baseline between the
immediate group, 6 months after BT, and
the delayed treatment group, 6 months
after standard clinical care. The effect of BT
in the total group of patients was calculated
with paired t tests or Wilcoxon signed rank
test. The Hodges-Lehman estimator (29)
with 95% conﬁdence interval is used to
calculate median differences to quantify
treatment effects (Rstudio Version
1.2.1335). Spearman rank correlation was
used to explore associations between
patient characteristics and ACQ or AQLQ
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change. An improvement of .0.5 points on
ACQ-6 or AQLQ scores was considered
clinically relevant (30, 31). Two-sided
P values were used with a statistical
signiﬁcance at P , 0.05.

Results
Subjects

A total of 54 patients were screened for
eligibility, and 14 patients were excluded.
Reasons for exclusion were declining to
participate (n = 5), negative methacholine
challenge tests (PC20 , 4 mg/ml) (n = 6),
prebronchodilator FEV1 below 50% of
predicted (n = 2), and age (n = 1). After
screening, 40 patients were randomized
between immediate and delayed BT
treatment (Figure 1). Baseline demographic
and clinical characteristics between both
randomization groups were well matched
except for a slightly higher ACQ score in
the immediate treatment group (Table 1).
Procedural BT Information and Safety

A mean of 66 (629) radiofrequency
activations were given in the right lower
lobe, 62 (617) activations in the left
lower lobe, and 98 (642) activations
in both upper lobes. No device-related
complications occurred. After 43 of the
119 BT procedures (36%), patients
experienced an asthma exacerbation.
These exacerbations were all successfully
treated with conventional asthma
medication such as oral corticosteroids
and nebulized bronchodilators. Patients
required hospitalization following nine
of these exacerbations with a median
length of hospital stay of 4 days
(interquartile range [IQR], 1–7). Other
reported pulmonary adverse events
were chest pain or discomfort (12%),
dyspnea (15%), (productive) cough (16%),
hemoptysis (7%), common cold (1%),
bronchitis or sinusitis (3%), fever (1%), and
lower respiratory tract infection (3%).
Clinical Effectiveness

Changes from baseline in asthma
questionnaires were signiﬁcantly different
between the immediate BT group 6 months
after treatment and the delayed group
6 months after standard clinical care
(Table 2). In the immediate BT-treatment
group, ACQ scores improved with 20.79
(IQR, 21.61 to 0.02), whereas in the
delayed group, a difference of 0.09 (IQR,
177
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Enrollment

Severe asthma patients
assessed for eligibility including
ACQ/AQLQ, lung function, and
biomarkers
n = 54
Excluded (n=14):
• Declined to participate
(n=5)
• Did not meet inclusion
criteria (n=9)
Baseline endobronchial biopsies*

Randomization
n = 40

Delayed BT control group
(n=20)

Analysis

•

Endobronchial biopsies
(n=17)*
• ACQ/AQLQ (n=18)
•
•

Lost to follow-up (n=2)
No consent for
bronchoscopy (n=1)

Follow-up 6 months
after standard care

Follow-up 6 months
after BT

Immediate BT treatment
(n=20)

• Endobronchial biopsies
(n=19)*
• ACQ/AQLQ (n=20)

ASM mass (primary endpoint)
(n=19)

ASM mass (primary endpoint)
(n=17)

Delayed BT treatment
(n=20)

Follow-up 6 months
after BT

Excluded (n=1):
• Did not complete 3
treatment procedures

• Endobronchial biopsies
(n=17)
• ACQ/AQLQ (n=18)

•

No consent for
bronchoscopy (n=2)
• No ACQ/AQLQ after BT
(n=1)

Analysis

Excluded from response
analysis (n=1)†
Post-BT response correlation analyses in total group based on ACQ/AQLQ change
(n=35)

Figure 1. Flowchart of study design and participants (adapted from CONSORT [Consolidated Standards of Reporting Trials]). The primary endpoint of this study is
the comparison between the change in ASM mass after BT in the immediate BT treatment group and the change in the delayed BT treatment group after 6 months of
standard clinical care. Time points of primary endpoint data collection are highlighted with an asterisk (*). Response analysis was performed in the total group (n = 35) of
patients in which ACQ and AQLQ were collected 6 months after BT. †Excluded from response analysis because this patient started anti–IL-5 treatment during followup. ACQ = Asthma Control Questionnaire; AQLQ = Asthma Quality of Life Questionnaire; ASM = airway smooth muscle; BT = bronchial thermoplasty.
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Table 1. Baseline Characteristics
Characteristics
Sex, M/F, n
Age, yr
Age of asthma onset, yr
BMI, kg/m2
Patients with a history of smoking, pack-years, n (mean 6 SD)
Medication
Dose of LABA, mg/d salmeterol equivalents
Dose of ICS, mg/d ﬂuticasone equivalents
Patients on maintenance use of OCS (dose in mg/d), n
(mean 6 SD)
Patients on omalizumab, n
Asthma control
Exacerbation rate/6 mo
ACQ-6 score
AQLQ score
Total serum IgE, kU/L
Blood eosinophil count, 109/L
Lung function
Pre-BD FEV1, % predicted
Post-BD FEV1, % predicted
Reversibility FEV1, %
PC20, mg/ml
FENO, ppb
ASM mass assessed with desmin staining, %
ASM mass assessed with a-SMA staining, %

Immediate BT Group (n = 20)

Delayed Control Group (n = 20)

3/17
45 6 14
20 6 18
29 6 4
4 (9 6 5)

8/12
46 6 10
21 6 14
27 6 5
10 (8 6 9)

140 6 81
1,038 6 609
4 (9.3 6 1.5)

146 6 61
1,159 6 592
6 (15 6 6.3)

2

3

1.25 (0.5–4.5)
2.97 6 0.62
3.74 6 0.91
117 (35–210)
0.15 (0.06–0.34)

2.0 (1.5–3.0)
2.53 6 0.66
4.18 6 1.01
43.2 (9.9–106)
0.11 (0.06–0.29)

80.9 6 20
91.7 6 20
8.5 (4.0–12.8)
0.24 (0.03–2.91)
14.5 (9.5–59.5) (n = 15)
7.99 (5.6–11.9)
19.69 (15.8–23.9)

85 6 27
100 6 23
12 (7.0–23.0)
0.20 (0.03–2.83)
23.8 (13.5–45) (n = 12)
7.14 (5.5–10.5)
18.68 (13.7–23.3)

Definition of abbreviations: a-SMA = a smooth muscle actin; ACQ = Asthma Control Questionnaire; AQLQ = Asthma Quality of Life Questionnaire;
ASM = airway smooth muscle; BD = short-acting bronchodilation; BMI = body mass index; BT = bronchial thermoplasty; FENO = fractional exhaled nitric
oxide; ICS = inhaled corticosteroids; IgE = total IgE; LABA = long-acting b2-agonist; OCS = oral corticosteroids; PC20 = methacholine provocation test.
Data are presented as mean 6 SD or median (interquartile range) unless otherwise noted.

20.25 to 1.17) was found (median
difference, 21.08; 95% conﬁdence interval
[95% CI], 21.75 to 20.33; P = 0.006).
AQLQ improved in the immediate BTtreatment group with 0.83 (IQR, 20.15 to
1.69) in comparison with 20.02 (IQR,
20.77 to 0.75) in the delayed group
(median difference, 0.81; 95% CI, 0.06 to
1.75; P = 0.04). No signiﬁcant differences
were found in changes in fractional
exhaled nitric oxide, pre–short-acting
bronchodilator FEV1 (% predicted), and
FEV1 reversibility. A nonsigniﬁcant change
of PC20 values after BT was found in the
immediate BT group (0.19 [IQR, 0.00 to
0.85]) as compared with the non–BTtreated delayed group (0.0 [IQR, 20.03 to
0.43]) (median difference, 0.09; 95% CI,
20.18 to 0.64; P = 0.08). Asthma
maintenance medication remained
unchanged in both groups as requested
during the study period.
In the total group of patients that
completed the three BT procedures and
clinical follow-up (n = 35), ACQ scores
improved from 2.67 (60.64) to 2.00
(61.05) (P = 0.0005) and AQLQ scores

improved from 3.99 (61.00) to 4.73
(61.24) (P = 0.0023). Twenty-one of the 35
patients (60%) showed a clinically
meaningful improvement of more than 0.5
points on ACQ or AQLQ questionnaires
(30, 31). In addition, exacerbation rates per
half year declined from 1.5 (IQR, 1.0–3.0)
before treatment to 0 (IQR, 0–1) after
treatment (P , 0.0001). FEV1 (% predicted)
before short-acting bronchodilation did not
signiﬁcantly change after BT (83% [625]
before BT vs. 87% [624] after BT; P = 0.14),
whereas reversibility declined from 10.5
(IQR, 4–16) before BT versus 3.5 (IQR,
2–14) after BT (P = 0.03) (n = 32). Bronchial
hyperresponsiveness, assessed with
methacholine challenge tests, did not
signiﬁcantly change (0.25 mg/ml [IQR,
0.03–2.42] before BT vs. 0.42 mg/ml [IQR,
0.04–4.0] after BT; n = 29; P = 0.11)
(Table 3). Median differences in these
clinical parameters in the total group of
patients are shown in Table 3.
Primary Endpoint

In the direct treatment group (n = 17),
desmin-positive ASM mass decreased by
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53% from 8.75% (IQR, 5.25 to 12.0) to
4.14% (IQR, 2.73 to 6.29) (P = 0.0015),
whereas in the delayed group (n = 19), ASM
mass did not change: 7.08% (IQR, 5.40 to
9.98) at randomization to 7.56% (IQR, 5.53
to 10.44) after 6 months of standard care
(P = 0.43) (Figures 2 and 3A and 3B). The
absolute change in desmin-positive ASM
mass % between both randomization
groups was signiﬁcantly different: 24.44
(IQR, 28.3 to 21.02) in the direct
treatment group versus 0.62 (IQR, 22.30
to 3.41) in the delayed control group
(median difference, 25.0; 95% CI, 27.88
to 22.56; P = 0.0004) (Figure 3C). For
a-SMA–positive ASM mass, similar results
were found (Figure E1 in the online
supplement).
Secondary Endpoints
ASM mass in the total group after BT. BT

reduced ASM mass in the total group
(n = 34) from 8.6% (IQR, 5.3 to 11.6) before
BT to 4.02% (IQR, 2.7 to 5.8) after BT, with
a median difference of 24.07% (95% CI,
22.49 to 25.78; P , 0.0001). A difference
179

180
2 (8.8 6 1.8)
82.1 6 23.4

3 (9.2 6 1.4)

80.9 6 20.1

1,209 6 660

85.5 6 27 (n = 19)

6 (15.0 6 6.3)

22.0 (27.75 to 1.25)

4.5 (22.0 to 8.0)

0 (0 to 0)

0 (0 to 0)

20.79 (21.61 to 0.02) 2.53 6 0.66
0.83 (20.15 to 1.69) 4.18 6 1.0
—
143.4 6 57.1

Change

86.0 6 26 (n = 19)

7 (14.3 6 6.1)

1,209 6 660

2.86 6 0.92
4.06 6 0.96
140.9 6 50.6

12.0 (7 to 23)
13.0 (4 to 21) (n = 19)
(n = 19)
0.24 (0.03 to 2.91) 1.33 (0.06 to 4.0)
0.18 (0.0 to 0.85) 0.20 (0.03 to 2.83) 0.09 (0.03 to 2.60)
(n = 18)
(n = 18)
14.5 (9.5 to 59.5) 18.0 (11.3 to 40.0) 20.50 (23.38 to 7.38) 23.8 (13.5 to 45.0) 25.0 (15.3 to 46.5)
(n = 14)
(n = 14)
(n = 14)
(n = 12)
(n = 12)

1,097 6 613

1,069 6 629

3.0 (2.0 to 13.5)

2.13 6 1.13
4.63 6 1.05
127.7 6 56.0

2.97 6 0.62
3.74 6 0.91
127.7 6 56.0

8.5 (4.0 to 12.8)

6 mo after BT

At Inclusion

P
Value

21.0 (27.25
(n = 19)
1.0 (25.25
(n = 19)
0.0 (20.03
(n = 18)
1.75 (25.38
(n = 12)

0.17

—

to 12.0) 0.60

to 0.43) 0.08

to 9.25) 0.19

to 7.25) 0.26

0 (0 to 0)

—

0.09 (20.25 to 1.17) 0.006*
20.02 (20.77 to 0.75) 0.04*
0 (0 to 0)
—

Delayed BT Control Group (n = 20)
After 6 mo Standard
At Inclusion
Care
Change

Definition of abbreviations: ACQ = Asthma Control Questionnaire; AQLQ = Asthma Quality of Life Questionnaire; BT = bronchial thermoplasty; FENO = fractional exhaled nitric oxide;
ICS = inhaled corticosteroids; LABA = long-acting b2-agonist; OCS = oral corticosteroids; PC20 = methacholine provocation test.
Data are presented as mean 6 SD or median (interquartile range) unless otherwise noted. Differences in change from baseline between both groups were analyzed using Mann-Whitney U
test. Median changes within groups are shown.
*Significant difference with P , 0.05. Medication use needed to be stable during the entire study period including follow-up.
†
Values were log-transformed for statistical analysis.

FENO, ppb

PC20, mg/ml†

ACQ-6 score
AQLQ score
Dose of LABA, mg/d
salmeterol equivalents
Dose of ICS, mg/d
ﬂuticasone equivalents
Patients on maintenance
use of OCS (dose in
mg/d), n (mean 6 SD)
Prebronchodilator FEV1,
% predicted
Reversibility FEV1, %

Characteristics

Immediate Treatment Group (n = 18)

Table 2. Immediate BT Treatment Group and Delayed Control Group Changes after 6 Months
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Table 3. Clinical Characteristics before and after BT in the Total Group (n = 35)
Characteristics
ACQ-6 score
AQLQ score
Exacerbation rate/6 mo
Pre–short-acting bronchodilator
FEV1, % predicted†
Reversibility FEV1, %†
PC20, mg/ml‡
ASM mass desmin, %x
ASM mass a-SMA, %x

Before BT

After BT

2.67 6 0.64
3.99 6 1.00
1.5 (1.0 to 3.0)
83 6 25

2.00 6 1.05
4.73 6 1.24
0 (0 to 1)
87 6 24

10.5 (4
0.25 (0.03
8.6 (5.3
19.5 (15.9

to
to
to
to

16)
2.42)
11.6)
23.9)

3.5 (2
0.42 (0.04
4.0 (2.7
11.8 (8.9

to
to
to
to

P Value

Median Difference (95% CI)

14)
4.0)
5.8)
13.9)

20.67 (20.17
0.85 (0.19
21.0 (20.50
4.00 (210.00

to
to
to
to

21.17)
1.41)
21.50)
16.00)

0.0005*
0.0023*
,0.0001*
0.14

25.00 (26.61 3 1026
0.02 (20.18
24.07 (22.49
27.54 (25.07

to
to
to
to

28.00)
1.12)
25.78)
210.09)

0.03*
0.11
,0.0001*
,0.0001*

Definition of abbreviations: a-SMA = a smooth muscle actin; ACQ = Asthma Control Questionnaire; AQLQ = Asthma Quality of Life Questionnaire;
ASM = airway smooth muscle mass; BT = bronchial thermoplasty; CI = confidence interval; PC20 = methacholine provocation test.
Within-group analyses performed with paired t tests or Wilcoxon signed rank test depending on the distribution of the variables. Median differences with
95% CIs are calculated using the Hodges-Lehmann estimator. Data are presented as mean 6 SD or median (interquartile range) unless otherwise noted.
*Significant difference with P , 0.05.
†
Data available in n = 32.
‡
Values were log-transformed for statistical analysis and not available in six patients because of the inability to withhold asthma medications for the
methacholine challenge test.
x
Data available in n = 34.

between pre-BT ASM mass and the
untreated post-BT RML (n = 33) was also
found: ASM mass at baseline was 8.2%
(IQR, 5.5 to 11.4) compared with 5.4%
(IQR, 3.7 to 8.2) in the untreated RML
(median difference, 22.31; 95% CI, 20.63
to 24.20; P = 0.0024). In addition, post-BT
ASM mass in the treated areas (4.14%
[IQR, 2.7 to 5.8]) was different when
compared with the untreated RML (5.4%
[IQR, 3.7 to 8.2]) (median difference,
1.35; 95% CI, 0.11 to 2.66; P = 0.0012)
(Figure 4A). When dividing the untreated
RML biopsies in subsegmental (n = 29) and
segmental (n = 31) biopsies, a difference
was only found between subsegmental
RML biopsies and the treated areas. No
difference was found between the segmental
RML biopsies and the treated areas
(Figure 4B).

between ACQ and AQLQ change (post-BT
minus pre-BT scores) and baseline patient
characteristics in the total group (Table 4).
ASM mass at baseline, ASM mass after
BT, and ASM change were not associated
with ACQ and/or AQLQ improvement.
Associations were found between ACQ
improvement and baseline blood eosinophil
count and total IgE count (rho = 20.46,
P = 0.006, and rho = 20.53, P = 0.001,
respectively). This association between total
IgE level and ACQ improvement remained
statistically signiﬁcant after exclusion of
patients who were treated with omalizumab
during the study (rho = 20.46, P = 0.009). For
AQLQ change, only blood eosinophil counts
were associated (rho = 0.48, P = 0.004).

After 6 months
of standard care

Baseline bronchoscopy

A

Associations between clinical response
and baseline characteristics
(n = 35). Associations were explored

Discussion
This study is the ﬁrst to show a reduction in
ASM mass 6 months after BT when
compared with an appropriate non–BTtreated control group. Clinical response
analysis could not reveal an association
between ASM reduction and response.
However, baseline blood eosinophils and
total IgE counts were associated with
improvements in ACQ and AQLQ scores
after BT. These ﬁndings suggest that

6 months after BTtreated airway

B

8.7%

In addition, no associations were
found between improvements on
asthma questionnaires and changes in lung
function such as FEV1, reversibility, and
methacholine challenge tests (PC20) or with
the amount of activations during treatment.

6 months after BT
nontreated RML

C

9.8%

D

4.3%

6.8%

Figure 2. Airway smooth muscle mass percentage in the airways of one patient during the study. Airway smooth muscle mass percentage assessed with
desmin staining (A) before BT at randomization; (B) after 6 months of standard care; (C) after BT in treated airways; and (D) after BT in the untreated RML.
BT = bronchial thermoplasty; RML = right middle lobe.
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B
Treatment group
n = 17; p = 0.0015

20

15

ASM mass (%)

ASM mass (%)

20

C
Delayed group
n = 19; p = 0.43

10
5

15
10
5
0

0
Pre-BT

Pre-BT
at randomization

Post-BT

After 6 months
of standard care

Absolute change in ASM mass%

A

p = 0.0004
5
0
–5
–10
–15
Treatment group
n = 17

Delayed group
n = 19

Figure 3. ASM decrease after BT as compared with the randomized control group. (A) ASM mass percentage in the immediate group before and after BT
showing a median ASM mass percentage of 8.75% before BT versus 4.14% after BT (53% decrease). (B) ASM mass percentage in the delayed group
before and after 6 months of standard care with a median ASM mass percentage of 7.08% at randomization versus 7.56% after 6 months of standard
care (7% increase). (C) Difference in absolute ASM mass percentage change between both randomization groups (post-BT 2 pre-BT ASM percentage in
the immediate BT group, and for the delayed control group, the difference between baseline and 6 months of standard care biopsies). ASM mass was
assessed with desmin staining. Median values are denoted by dashes. ASM = airway smooth muscle; BT = bronchial thermoplasty.

patients with high blood eosinophil counts
and/or IgE levels are more likely to respond
to BT treatment.
In this study, ASM mass reduction after
BT has been investigated in a randomized
controlled design using desmin and a-SMA
stain. The results showed similar amounts
of ASM mass at baseline as found in other
severe asthma populations (13, 32) and
conﬁrm previously published results in
observational studies (10, 12, 13, 32). The
reduction of ASM mass in the untreated
RML adds novel information to the
discussion about the mechanism of action
of BT. Whereas imaging studies using

A

computed tomography (33–35) and optical
coherence tomography (36) showed
immediate effects of BT in nontreated parts
of the lungs, biopsy studies including the
RML were conﬂicting (12, 13). The present
results suggest that the effect of BT extends
to untreated parts of the lungs as well but
does not result in ASM reduction in the
more distal subsegmental parts of these
airways. Several theories have been
published regarding the possible extending
effect of BT such as a heat shock effect
along the bronchial tree, heat extension
through (incomplete) ﬁssures, or through
the distribution of mucus, blood, and

B

p<0.0001

p=0.0004

p=0.0024

25

p=0.0012

20

ASM mass (%)

ASM mass (%)

25

ns

15
10
5
0

ns

20
15
10
5
0

pre-BT

post-BT
untreated
RML

post-BT
treated
lobes

post-BT
treated
lobes

post-BT
segmental
RML

post-BT
subsegm
RML

Figure 4. ASM mass reduction in the untreated RML as compared with BT-treated airways. Paired
analyses showed (A) a significant but less profound reduction in ASM mass after BT in the untreated
RML and that (B) subsegmental airways of the untreated RML have significantly more ASM mass as
compared with the treated airways after BT. ASM was assessed with desmin staining. ASM = airway
smooth muscle; BT = bronchial thermoplasty; ns = nonsignificant; RML = right middle lobe.

182

secretions to the lower lobes as a result of
BT treatment in the upper lobes (34). The
decreasing effect of BT on ASM mass in
more distally located parts of the RML adds
to the hypothesis that indeed a heat shock
effect can be distributed to the distal
airways. A clinically relevant improvement
in ACQ or AQLQ scores was found in the
majority of patients and exacerbation rates
were reduced in almost all patients during 6
months of follow-up after BT. The results
in this study conﬁrm the safety proﬁle and
clinical beneﬁt of BT that has also been
reported by several other research groups
(14–17). The optimal patient responder
proﬁle, however, remains under debate.
One novel and potentially important
ﬁnding in this study was the correlation
between BT response, as assessed by ACQ
and AQLQ score changes, and baseline
blood eosinophils and total IgE. The
correlations found in this study are in line
with results from a retrospective
multicenter study with 47 patients in which
atopic patients showed a better response to
BT than nonatopic patients (37). Currently,
BT is mainly provided to patients who are
not eligible or not responding to biological
treatments (38). Our results suggest that the
same patients who are eligible for biological
treatment might also be good candidates
for BT. Although these results need to be
conﬁrmed in larger cohorts, it might be
both clinically and health-economically
beneﬁcial for some patients to be treated
with BT before starting with lifelong
biological treatment.
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Table 4. Associations between ACQ-6 and AQLQ Improvement and Baseline
Characteristics (n = 35)
ACQ-6 Change
Rho
P Value
Asthma age of onset, yr
Total IgE, kU/L*
Blood eosinophils, 3109/L*
Pre-SABA FEV1, % predicted‡
Reversibility FEV1‡
PC20, mg/mlx
FENO, ppbll
ASM mass desmin, %
ASM mass a-SMA, %

20.20
20.53
20.46
20.02
20.13
0.30
20.28
0.07
0.18

0.25
0.001†
0.006†
0.89
0.48
0.08
0.19
0.69
0.29

AQLQ Change
Rho
P Value
0.30
0.24
0.48
0.20
0.21
20.09
0.21
20.009
20.05

0.08
0.17
0.004†
0.26
0.25
0.61
0.33
0.96
0.79

Definition of abbreviations: a-SMA = a smooth muscle actin; ACQ = Asthma Control Questionnaire;
AQLQ = Asthma Quality of Life Questionnaire; ASM = airway smooth muscle; FENO = fractional exhaled
nitric oxide; PC20 = methacholine provocation test; SABA = short-acting b agonist.
Associations analyzed with spearman rho correlation coefficient.
*Data available in n = 34.
†
Significant correlation with P , 0.05; P value after Bonferroni correction for multiple comparisons
P , 0.006.
‡
Data available in n = 33.
x
Values were log-transformed for statistical analysis.
k
Data available in n = 24.

The amount of ASM mass at
baseline and the change in ASM after
BT did not correlate with BT response.
Patient selection for BT based on airway
remodeling as assessed in ASM mass
analysis is therefore probably not optimal.
Consequently, the exact mechanism of
action of BT is not yet understood. Other
studies have shown decreasing submucosal
nerves and neuroendocrine cells in the
epithelium after BT (13, 39), possibly
correlating with BT response, indicating
that the effect of BT might be more targeted
at other components than the ASM layer.
We hypothesize that because BT results in
denudation of the epithelium (36) and
because there is no correlation between
ASM reduction and response, the
epithelium might be the primary target of
BT. As a consequence, the mechanism of
action of BT might be comparable to
nitrogen cryospray in chronic bronchitis
(40). In this therapy, it has been shown that
after destroying the epithelium layer, the
new regenerated epithelial cells might
function as normal cells. Future studies
should explore this hypothesis further.
One of the strengths of the present
study is the randomized design. By using a
control group with patients remaining on

their regular asthma medication and
management for 6 months, a proper control
group was implemented. A sham treatment
group was not included in the study design
considering the already high burden of
multiple sampling bronchoscopies
implemented in the TASMA (Unravelling
Targets of Therapy in Bronchial
Thermoplasty in Severe Asthma) study and
the previously published BT sham
randomized controlled trial (14). In
addition, the multicenter international
design, with two centers in the Netherlands
and two centers in the United Kingdom
both including and treating patients,
strengthens the generalizability. Also, the
relatively large group of 40 patients with
severe asthma, thorough characterization of
the patients, and the use of two different
staining techniques strengthen the quality
of the current ﬁndings.
Several limitations need to be
addressed. First, biopsies in this study were
taken from different predeﬁned (sub)
segmental airway carinas. Although this
could potentially bias the results, variation
between different lobes has been shown to
be small (12), and by using different sites,
the risk of analyzing the effect of the
previously taken biopsy instead of the BT
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treatment itself is mitigated. In addition,
during each bronchoscopy, biopsies were
taken from both the lower and upper lobes,
thereby limiting bias due to variations
between lobes. Second, even though
patients were randomized into two groups,
the immediate treatment group seemed to
have a higher ACQ and lower AQLQ score
at baseline compared with the delayed
control group. This comparison did not
reach the minimally clinically relevant
difference of 0.5 points and remained
stable in the delayed non-BT control
group. Furthermore, by comparing the
change from baseline between both groups,
the statistical test partially corrected for
this potential inﬂuence. In addition, the
questionnaires were not associated with
ASM mass, and an inﬂuence on the
primary outcome of this study is therefore
not likely. Third, this study was powered
for the assessment of ASM mass reduction
but not for a response analysis. Although
the results regarding response add
important information to the discussion
about the optimal patient for BT, the
results need to be conﬁrmed in a larger
cohort.
Conclusions

BT signiﬁcantly reduces ASM mass in
patients with severe asthma when compared
with non–BT-treated controls and seems to
affect the proximal parts of the untreated
RML as well. No correlation was found
between ASM mass and BT response.
Importantly, signiﬁcant correlations were
found between blood eosinophil counts and
total IgE at baseline and BT response,
implicating that patients with higher blood
eosinophil counts and/or IgE levels are
potentially the most appropriate candidates
for BT treatment. n
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