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1Severe asthma

Asthma is a highly prevalent disease with over 500.000 patients in the 
Netherlands [1] and more than 300 million patients worldwide [2]. Asthma 
is characterized by recurrent wheeze, dyspnea and chest tightness caused 
by reversible airflow obstruction and airway hyperresponsiveness [3, 4]. 
The majority of asthma patients have minimal symptoms if they use inhaled 
corticosteroids (ICS) and bronchodilator therapy. However, a small proportion 
(approximately 5%) of these patients suffers from severe asthma [5-7]. These 
patients have uncontrolled disease despite the use of high doses ICS and a 
second controller and/or a systemic corticosteroid or these patients remain 
only controlled by using these high doses of medication [8, 9]. Due to frequent 
exacerbations, hospitalizations and the inability to work, severe asthma has a 
high impact on health care costs [10, 11]. 

 
Treatment of severe asthma

The heterogeneity of severe asthma emphasizes the need for more targeted, 
personalized treatment options. An emerging field in the treatment of asthma 
is the development of (anti-interleukin) biological treatments. These treatments 
are implemented for specific asthma phenotypes: anti-immunoglobulin E (IgE) 
for allergic asthma [12] and anti-interleukine-5(-receptor) and anti–interleukin-4 
receptor treatments for eosinophilic asthma [13, 14]. Not all patients however 
are eligible for these treatment options and moreover not all patients respond. 
For this group of patients, bronchial thermoplasty is considered a treatment 
option [3, 15]. 

Bronchial thermoplasty

Bronchial thermoplasty (BT) is a bronchoscopic treatment for severe asthma 
patients using radiofrequency energy to heat up the medium to large airways 
(2-10 mm) [16]. During three consecutive bronchoscopies with 3 weeks in 
between, the right lower lobe, left lower lobe and finally both upper lobes 
are treated. The right middle lobe remains untreated because of the fear of 
developing a middle lobe syndrome. 
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Figure 1. Bronchial thermoplasty procedure with the Alair catheterTM inserted in 
the airways of a severe asthma patient. A: not expanded catheter in place of the airway 
of interest; B: catheter expanded and electrodes are making contact with the airway 
wall for activation. Arrow at the 0.5 cm marker of bronchial thermoplasty catheter.  
(Courtesy of J.T. Annema and P.I. Bonta)

The BT procedures are performed under general anesthesia or moderate to 
deep sedation. During the procedure, an Alair catheter is inserted through 
the working channel of a bronchoscope and placed in the target airway of 2-3 
mm diameter (Figure 1A). Next, the catheter is expanded until at least 3 of the 
electrodes are in contact with the airway wall and activated with a foot switch to 
deliver radiofrequency energy for 10 seconds (Figure 1B). After this activation, 
the catheter is closed, and retracted for 0.5 cm, marked by the black stripes on 
the catheter (Figure 1B), and again expanded and activated systematically until 
all airways in that lobe are treated. Patients are treated with prednisolone (50 
mg) 3 days before the treatment, on the day itself and one day after to minimize 
exacerbation risk. 

The U.S. Food and Drug Administration (FDA) approval for BT was obtained 
in 2010 after several randomized controlled trials had shown the beneficial 
effects of BT on quality of life and exacerbation rates [16-18]. These effects 
extend up to 5 years after treatment [19-22]. The hypothesis of BT is that 
by heating the airways, the airway smooth muscle (ASM) mass decreases, 
thereby having less ability to contract resulting in a reduction of symptoms 
and hyperresponsiveness. A reduction in ASM mass after BT has first been 
described in dogs [23] and ex-vivo human lobectomy specimen [24]. Later, 
in observational studies in humans, a significant reduction in ASM mass 
is shown [25-28]. A link with clinical response to BT however has not been 
reported and the exact mechanism of action of this treatment remains therefore 
unclear. Potential working mechanisms of BT are illustrated in Figure 2 such 
as a reduction of airway nerve fibers, extra cellular matrix components and 
cytokine and chemokine production in the airways [29, 30]. To further unravel 
the mechanism of action of BT and as such improve patient selection for BT 
treatment, the Unravelling Targets of Therapy in Bronchial Thermoplasty in 
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1Severe Asthma (TASMA) study was initiated. 

Figure 2. Potential working mechanisms of bronchial thermoplasty (BT) on 
the airway wall. Before BT typical airway remodeling characteristics are shown: 
thickened epithelium with reduced epithelial integrity, thickened basement membrane 
and extracellular matrix components, increased amount of pro-inflammatory cells, 
chemokines and cytokines and thickened airway smooth muscle layer with innervation. 
Potential described effects after BT are the regeneration of a thinner layer of epithelium 
with an increased epithelial integrity [31], reduced thickness of basement membrane 
and extracellular matrix [27, 28, 32], reduced amount of inflammatory cells, chemokines 
and cytokines [25, 33] and a reduction of nerve fibers [27, 34] and airway smooth muscle 
mass [25-28]. Ep: epithelium, Bm: basement membrane, Sm: submucosal layer, BT: 
bronchial thermoplasty, 
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TASMA study

The TASMA study is an investigator initiated randomized controlled trial 
which aims to unravel the mechanism of action of BT (Clinicaltrials.gov 
number NCT02225392). The study was initiated in 2014 and is sponsored by 
the Dutch Lung Foundation, the Netherlands Organisation for Health Research 
and Development (ZonMW) and Boston Scientific. The final goal of this trial is 
to further understand the working mechanism of BT and to improve patient 
selection. The TASMA trial is a multicenter international trial: patients were 
included in two centers in the Netherlands (Amsterdam University Medical 
Center, location AMC and University Medical Center Groningen) and two 
centers in the United Kingdom (Royal Brompton Hospital and Imperial 
College, London). 

The study design is shown in Figure 3. Before inclusion, the diagnosis of severe 
asthma was confirmed by a multidisciplinary panel including pulmonologists 
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and asthma specialists. After diagnosis confirmation, patients signed informed 
consent and the screening phase started. During screening visits, we collected 
a set of demographic, clinical, functional (including methacholine provocation 
tests) and inflammatory variables. The last visit of the screening consisted of 
a bronchoscopy including bronchoalveolar lavage, endobronchial brushes 
and biopsies and airway wall imaging with radial endobronchial ultrasound 
(rEBUS) and OCT. If eligible after these visits, patients were randomized into 
an immediate treatment group and a delayed control group. The immediate 
treatment group received BT according to current guidelines. The delayed 
control group had to wait for 6 months while remaining on standard asthma 
care with stable medication use. After these 6 months, the same set of data 
was collected as during the screening visits, including a bronchoscopy with 
biopsies. Subsequently, patients received BT treatment. Both randomization 
groups entered a follow-up period of 6 months after BT which ended with 
collecting again the same data parameters as before BT. 

In July 2018 inclusion was completed with a final number per center as follows: 
26 patients in the Amsterdam University Medical Center (location AMC), 4 
patients in the University Medical Center Groningen and 10 patients in the 
Royal Brompton Hospital and Imperial College in London. 

Figure 3. Study design of the TASMA study. BT: Bronchial Thermoplasty.

Airway remodeling

Next to unraveling the mechanism of action of BT, the TASMA study focuses 
on the use of novel imaging techniques to assess airway remodeling. Airway 
remodeling is a process of structural alterations in airway tissue and cells 
which results in a thickened airway wall. Several alterations in the airway 
wall have been identified such as hypertrophy and hyperplasia of ASM cells, a 
thickened epithelium and basement membrane layer, neovascularization and 
hypertrophy of glands [35, 36]. 
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1The amount of airway remodeling is related to the severity of asthma [37, 38] 
and with a lower lung function assessed with forced expiratory volumes in 1 
second [39]. Therefore it is important to find methods capable of identifying 
and quantifying airway remodeling. This might be particularly of interest 
in patients treated with BT: currently the only asthma treatment available 
specifically invented to target airway remodeling. A promising imaging 
technique for this purpose is optical coherence tomography (OCT). 

Optical coherence tomography

OCT is an imaging technique that creates high-resolution cross-sectional 
images with near-infrared light. Tissue structures are imaged up to an imaging 
depth of 2-3 mm and with a resolution of ±10-15 μm [40, 41]. The concept is 
comparable with ultrasound but instead of using sound-waves OCT uses the 
reflection or scattering of near-infrared light and a transducing medium (such 
as water in ultrasound) is not required.

OCT has originally been used in ophthalmology to assess the retina [42-44]. 
Another field in which OCT is used is interventional cardiology to assess 
stenosis and stent placement in coronary arteries [45]. In pulmonology, OCT 
imaging has been limited to research settings. It can be applied as an add on to 
conventional bronchoscopy procedures. 

The studies in this thesis have all been performed with a C7 Dragonfly catheter 
and C7-XR St Jude Medical Inc (Abbott nowadays) system (IL, USA). The OCT 
probe has a diameter of 0.9 mm and is inserted through the working channel 
of the bronchoscope and placed in the airway of interest (Figure 4). Next, an 
automated pullback (Figure 5) is performed during which the OCT catheter 
retracts over a length of 5.4 cm thereby generating cross-sectional 2D images 
that can be reconstructed into an airway segment. The tissue structures in the 
airway wall partly absorb the 360 degrees circumferential light and scatter it 
back to the catheter, where the difference in time of backscattering is used to 
generate images according to optical interferometry principles.

Studies have shown that OCT is able to identify and quantify airway wall 
layers and structures with a near-histology resolution (Figure 6) [46-50]. OCT 
might therefore qualify as the optimal imaging technique to assess airway 
remodeling, monitor diseases and potentially evaluate treatment response. An 
overview of the literature regarding the use of OCT in pulmonary diseases and 
potential future applications are discussed in chapter 6 of this thesis.
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Figure 4. Bronchoscopic view of a C7 Dragonfly OCT catheter (St Jude Medical 
Inc) inserted through the working channel of a bronchoscope into the airway of 
interest. This photo is captured during an OCT measurement with the tip of the OCT 
catheter positioned distally into the airway emitting near infrared light (white arrow) to 
create cross sectional images. 
OCT: optical coherence tomography. (Courtesy of J.T. Annema and P.I. Bonta) 

Figure 5. Pullback of an airway segment showing a longitudinal view of the airway 
wall containing 540 2D images. During a pullback, the OCT probe, positioned in the 
middle of the lumen (see white arrow), retracts automatically thereby obtaining images 
over a length of 5.4 cm. OCT: optical coherence tomography. (Courtesy of J.T. Annema 
and P.I. Bonta)
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1

Figure 6. In-vivo optical coherence tomography image of the posterobasal airway 
showing the probe, airway lumen, epithelium, lamina propria, submucosa and 
cartilage. (Courtesy of J.T. Annema and P.I. Bonta) 

Objectives of this thesis

At the initiation of the TASMA study in 2014, several unanswered questions 
existed regarding the treatment of severe asthma patients with Bronchial 
Thermoplasty. We aimed to answer the following research questions in this 
thesis: 

1. What is the influence of bronchial thermoplasty on airway smooth muscle 
mass? Is the effect on airway smooth muscle mass correlated with response 
to Bronchial Thermoplasty treatment? 

2. What is the response of severe asthma patients after Bronchial Thermoplasty 
treatment? Can we identify patient characteristics that are associated with 
a favorable response? 

3. What is the influence of Bronchial Thermoplasty on metabolic gene 
expression profiles of bronchial epithelial cells? 

4. What is the impact of Bronchial Thermoplasty on lung function parameters? 
5. Can Optical Coherence Tomography be used to identify and measure 

airway wall layers and characteristics of airway remodeling? 
6. What is the acute effect of Bronchial Thermoplasty on the airway wall? 

And can Optical Coherence Tomography detect these effects? 
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This thesis consists of four parts:

Part I Introduction
- Background information regarding (severe) asthma, treatment with 

Bronchial Thermoplasty, the TASMA study and imaging of the airways 
with Optical Coherence Tomography.

Part II Bronchial thermoplasty treatment in severe asthma
- Reduction of airway smooth muscle after Bronchial Thermoplasty and the 

correlation with lung function measurements.
- Airway smooth muscle reduction analyzed in a randomized controlled 

design and exploration of associations between baseline characteristics 
and response.

- Metabolic gene expression profile of epithelial cells after Bronchial 
Thermoplasty treatment.

- Forced oscillation technique and conventional lung function measurements 
to assess treatment effects of Bronchial Thermoplasty. 

Part III Airway wall imaging with Optical Coherence Tomography
- Literature review about the use of Optical Coherence Tomography and 

Confocal Laser Endomicroscopy in pulmonary diseases.
- Airway wall layer identification and quantification with Optical Coherence 

Tomography and the comparison with histology. 
- Using an automated method to identify and quantify the extracellular 

matrix in the airway wall with Optical Coherence Tomography and 
correlate this with histology.

- Identify acute effects of Bronchial Thermoplasty on the airway wall with 
Optical Coherence Tomography.

Part IV Discussion and future implications
- Summary of the studies and a general discussion.
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To the Editor,

Bronchial thermoplasty (BT) is a bronchoscopic treatment for severe asthma 
patients in whom the airways are treated with radio-frequency energy with the 
aim to improve asthma symptoms by reducing airway smooth muscle (ASM) 
[1]. So far, three patient cohorts reported ASM mass reduction after BT by using 
α-smooth muscle actin staining (α-SMA) [2-4]. However, the exact mechanism 
of action of BT and its related responder profile is unclear. Elucidating clinical 
parameters that predict response is a priority. Therefore, the objectives of 
this study are to: (a) assess the ASM in biopsies with two different staining 
methods; (b) detect the change in ASM mass after BT and compare this with the 
untreated right middle lobe (RML); (c) investigate if baseline ASM mass and 
ASM mass change correlates with baseline FEV1.

Patients who fulfilled the World Health Organization or modified Innovative 
Medicines Initiative criteria of severe refractory asthma were included in 
the TASMA trial (Clin. Trials.gov NCT02225392) [5,6]. Ethical approval was 
obtained (NL45394.018.13). After informed consent, clinical evaluation was 
performed and biopsies from (sub)segmental airway carinas obtained during 
bronchoscopy prior to BT. Bronchoscopy was repeated 6 months post-BT, and 
airway biopsies were obtained from the BT-treated airways and the non-BT-
treated RML.

Patients were treated with BT using the Alair system (Boston Scientific, Natick, 
MA, USA) [7]. Two desmin-stained (clone-33; biogenex, Fremont, CA, USA) and 
α-SMA (clone 1A4 DAKO, Santa Clara, CA, USA) sections per biopsy of two 
biopsies per time-point and one biopsy of the RML were measured, blinded, 
by automatic digital image analysis (ImageJ; NIH, Bethesda, MD, USA). ASM 
mass was defined as percentage (%) desmin or α-SMA-positive area of the total 
biopsy area (Figure 1A).
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Figure 1
A, Desmin- and α-smooth muscle actin-(α-SMA) stained airway biopsy sections before 
and after bronchial thermoplasty (BT) with the corresponding calculated airway smooth 
muscle (ASM) mass (%), showing ASM in the ASM layer (^), and for α-SMA the staining 
of myoepithelial cells in mucus glands (*) and pericytes in capillaries (#). Nuclei 
stained in blue (haematoxylin); ASM stained in brown (3′-Diaminobenzidine (DAB)). 
B, ASM mass reduction before and 6 months after BT assessed with desmin staining; 
median ASM mass (%) reduced from 11.1% (5.5; 15.3 IQR) before BT to 5.4% (2.6; 8.4 
IQR) after BT (n = 18, P = 0.003). C, Negative correlation between pre-BD-FEV1 (%) and 
the ASM mass decrease showing that patients with a lower pre-BD-FEV1 have more 
reduction of ASM mass 6 months after BT-treatment (n = 18; R = −0.52; P = 0.025). 
ASM mass decrease defined as pre- minus post-ASM mass (%) assessed with desmin. 
BD = bronchodilator. D, Difference in ASM mass decrease between BT-treated patients 
with a pre-BD-FEV1 <80% and pre-BD-FEV1 >80%. ASM mass decrease defined as pre-
BT minus post-BT-ASM mass (%) assessed with desmin. FEV1 <80% (n = 7): 8.8% (6.0; 
9.7 IQR) vs FEV1 >80% (n = 11): 2.2% (0.3; 6.3 IQR) (P = 0.03)

Mann-Whitney test was performed for between group analysis and paired t test 
or Wilcoxon signed-rank for paired analyses before and after BT (GraphPad 
Prism 5.01, San Diego, CA, USA). Intraclass correlation coefficient (ICC) was 
calculated to assess the variability within biopsies and interpreted according 
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to Landis-Koch: <0.2 poor, 0.21-0.4 fair, 0.41-0.6 moderate, 0.61-0.8 substantial 
and 0.81-1 excellent.

Eighteen severe asthma patients were evaluated in this ASM mass analysis 
before and after BT-treatment. Baseline characteristics are presented in Table 1.

Table 1. Baseline characteristics
Characteristics Baseline
No. of patients 18
Sex (males/females) 4/14
Age (y) 45 (±13)
Age of asthma onset (y) 18 (±16)
Total serum IgE (kU/L) 61.6 (17.05; 212.5 IQR) 
No. of patients with positive blood allergy test 12
Pre-short-acting BD FEV1 (% predicted)a 89 (±25)
Post-short-acting BD FEV1 (% predicted) 101 (±21)
PC20 methacholine test (mg/mL) (n = 17)b 0.35 (0.03; 1.78 IQR)
Blood eosinophil count (109/L) 0.15 (0.10; 0.29 IQR)
ACQ score 2.6 (±0.7)
AQLQ score 4.5 (±0.95)
Dose of LABA (μg/d salmeterol equivalents) 147 (±62)
Dose of ICS (μg/d fluticasone equivalents) 1208 (±495)
No. of patients on maintenance use of OCS 6
Dose of oral prednisone (mg/d) 12 (±6)
No. of patients on omalizumab 2
ASM mass (%) assessed with desmin staining 11.1 (5.5; 15.3 IQR)
ASM mass (%) assessed with α-SMA staining 22.0 (17.6; 29.7 IQR)

Data are presented as numbers, mean (±SD) or median (IQR). ACQ, Asthma Control 
Questionnaire; AQLQ, Asthma Quality of Life Questionnaire; ASM, airway smooth 
muscle; BD, bronchodilator; FEV1, forced expiratory volume in 1 s; ICS, inhaled 
corticosteroids; LABA, long-acting bèta-2-agonist; OCS, oral corticosteroids; α-SMA, 
α-smooth muscle actin. a Short-acting beta-agonists were stopped at least 6 h before 
the pulmonary function tests (long-acting beta-agonists and long-acting muscarinic 
antagonists continued). b A single patient fulfilled the reversibility criteria of asthma, 
but tested negative on PC20 methacholine test and therefore was excluded from this 
analysis.

Asthma Control Questionnaires (ACQ) and Asthma Quality of Life 
Questionnaires (AQLQ) significantly improved after BT (ACQ decreased from 
2.6 (±0.7) to 1.9 (±1.0) (P = 0.02); AQLQ improved from 4.5 (±0.95) to 5.2 (±0.99) 
(P = 0.01)). Additionally, exacerbation rates were significantly lower after 
6 months showing a reduction from 1.75 (0.88;3.5 IQR) per 6 months before BT 
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to 0.00 (0.00;0.25 IQR) per 6 months after BT (P = 0.0034). Medication use after 
BT was not modified in this study because asthma medication needed to be 
stable during the 6 months of follow-up.

Desmin staining analyses showed >50% reduction of the median ASM mass 
after BT from 11.1% (5.5; 15.3 IQR) to 5.4% (2.6; 8.4 IQR) (n = 18; P = 0.003) 
(Figure 1B). The untreated RML remained unchanged at 6 months (median 
10.7% (5.4; 14.8 IQR) to 9.2% (3.4; 10.7 IQR) (n = 17; P = 0.45). Pre- and 
post-bronchodilator FEV1 negatively correlated with baseline ASM mass 
(R = −0.63; P = 0.005 and R = −0.63; P = 0.005, respectively). Furthermore, ASM 
mass decrease after BT negatively correlated with pre- and post-bronchodilator 
FEV1 (R = −0.52; P = 0.025 and R = −0.49; P = 0.04, respectively) (Figure 1C), 
indicating that patients with a lower FEV1 had more ASM mass reduction after 
BT-treatment. Additionally, a significant difference in ASM mass decrease was 
observed between patients with a FEV1 below 80% as compared to patients with 
a FEV1 larger than 80% (FEV1<80% (n = 7): 8.8% (6.0; 9.7 IQR) vs FEV1 > 80% 
(n = 11): 2.2% (0.3; 6.3 IQR; p = 0.03) (Figure 1D).

The same analyses were performed with α-SMA staining which confirmed an 
ASM mass reduction after BT, although less profound (median 22.0% (17.6; 
29.7 IQR) to 13.6% (9.5; 15.1 IQR) (n = 18; P = 0.0005)). The ASM mass of the 
RML remained unchanged (baseline median ASM mass of 21.0% (17.5; 28.1 
IQR) vs 18.8% (13.7; 25.1 IQR) at 6 months (n = 17; P = 0.09)). The correlation 
with FEV1 and baseline ASM mass or ASM mass decrease was not found with 
α-SMA staining. A moderate ICC between biopsies of 0.52 for desmin and a fair 
ICC of 0.33 for α-SMA was found.

This study demonstrates that BT-treatment results in ASM mass decrease by 
two different staining methods and shows for the first time that baseline FEV1 is 
negatively correlated with ASM mass decrease after BT. This might imply that 
BT is more effective in reducing ASM mass in asthma patients with airway 
remodelling. Previously, Benayoun et al [8] showed that in asthma patients, an 
increased ASM mass correlates with a decreased FEV1. Furthermore, Chakir 
et al and Pretolani et al have demonstrated ASM reduction following BT using 
α-SMA but none of these studies have shown a correlation between ASM mass 
and functional parameters [2,4]. In line with the study of Chakir et al, [2] no 
correlations were found between clinical improvements and ASM. A larger 
sample size is needed to explore these correlations. Since ASM is considered 
a key feature of airway remodelling, the correlations found between FEV1 and 
baseline ASM mass and ASM mass decrease after BT using desmin staining, 
supports the hypothesis that BT has an impact on airway remodelling.

The ASM mass of the RML did not significantly change after BT in this study; 
however, a trend was seen towards reduction in the α-SMA stained biopsies. 
One study showed a significant decrease in α-SMA stained ASM mass in the 
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RML after BT [9], but this decrease was not confirmed in the larger follow-
up study [4]. Due to the historical fear of atelectasis and RML syndrome, 
current recommendations do not advise to treat the RML [10]. A future trial 
investigating the safety and efficacy of reducing the ASM mass in the RML with 
BT is indicatedWe compared airway biopsies from different predefined (sub) 
segmental airway carinas which could potentially bias the results. However, 
comparing ASM biopsies from different areas has been shown feasible with a 
7%-12% coefficient of variation for the ASM mass between 10 biopsies taken 
from the upper lobes, lower lobes and RML within a patient [4]. Furthermore, 
we compared two different ASM staining methods, desmin and α-SMA. The 
present data show and confirm that desmin staining specifically identifies the 
differentiated contractile ASM present in the ASM layer, whereas the α-SMA 
also stains mucosal myofibroblasts, myoepithelial cells around glands and 
pericytes in capillaries/myofibroblast in blood vessels (Figure 1A) [11,12]. We 
hypothesize that the correlation between ASM and FEV1 depends on the fully 
differentiated contractile ASM located in the airway wall only and is not related 
to the α-SMA stained glandular myoepithelial cells and vascular pericytes/
myofibroblasts. This probably explains the higher pre-BT ASM mass for α-SMA 
staining when compared to desmin staining, the less profound decrease of 
ASM mass and the absence of a correlation between ASM mass (change) and 
FEV1. In our opinion, desmin is the staining method of choice for analysing BT-
treatment effects on ASM.

In conclusion, ASM mass significantly decreased 6 months following BT-
treatment. Severe asthma patients with a FEV1 < 80% have a greater ASM 
mass at baseline and show the most reduction of ASM mass after BT as shown 
by ASM layer specific desmin staining. Whether this specific phenotype of 
severe asthma patients with low FEV1 responds best to BT, and whether a low 
FEV1 should therefore be a pre-requisite for BT, needs to be determined in a 
larger sample size.
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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.
 
Aims First, to assess the effect of BT on ASM mass and second, to identify 
patient characteristics that correlate with BT-response.
 
Methods Severe asthma patients (n=40) were randomized to immediate (n=20) 
or delayed (n=20) BT-treatment. Prior to randomization, clinical, functional, 
blood and airway biopsy data were collected. In the delayed control group, 
re-assessment, 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 α-smooth 
muscle actin area in the total biopsy) was calculated with automated digital 
analysis software. Associations between baseline characteristics and Asthma 
Control and Asthma Quality of Life Questionnaire (ACQ/AQLQ) improvement 
were explored. 

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 ACQ scores improved with -0.79 (-1.61;0.02 IQR) compared 
to 0.09 (-0.25;1.17 IQR) in the delayed group (p=0.006). AQLQ scores improved 
with 0.83 (-0.15;1.69 IQR) versus -0.02 (-0.77;0.75 IQR) (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.

Conclusion ASM mass significantly decreases after BT when compared to a 
randomized non-BT treated control group. Treatment response was associated 
with serum IgE and eosinophil levels but not with ASM mass. 
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Introduction

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 asthma patients fulfill the criteria for a diagnosis of 
severe asthma [3], the burden on health care costs is high due to medication 
use and frequent hospitalizations [4, 5]. Recent advances in treatment options 
for severe asthma patients are the implementation of biologicals for specific 
asthma phenotypes such as anti-immunoglobulin E (IgE) treatment for allergic 
asthma and anti-interleukin-5 (IL-5) treatment for eosinophilic asthma [6-8]. 
However, not all patients tolerate and/or respond to these treatments and for 
non-allergic and non-eosinophilic 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 
radio-frequency 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]. While 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 are 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 
severe asthma patients using a randomized controlled design and the untreated 
right middle lobe. 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 (AMC) and University 
Medical Center in Groningen) and two centers in the United Kingdom 
(Royal Brompton Hospital and the Chelsea & 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, 
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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 forced expiratory volume in 1 sec (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 ≥ 0.3x109/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
Severe asthma patients 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 prior to inclusion by one of the following parameters: 
reversibility to β2-agonists in FEV1 of ≥ 12% predicted and ≥ 200ml, bronchial 
hyperresponsiveness to methacholine or histamine (PC 20 < 4 mg/ml), peak-
flow variability of > 20% over a two weeks 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 4 centers and informed consent 
was obtained from all patients. Main exclusion criteria were pre-bronchodilator 
FEV1 <50% predicted or <1.2L, 5 or more hospitalizations in the year prior 
to inclusion or more than one intensive care admission for asthma requiring 
endotracheal intubation, oral corticosteroid maintenance therapy of more than 
20 mg/day, asthma exacerbation or a respiratory tract infection in the prior 
4 weeks, unable to undergo multiple bronchoscopies due to allergies to the 
required medications or comorbidities. Additionally patients with BMI ≥ 35, 
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. 
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Figure 1. Flowchart of study design and participants (adapted from CONSORT)
The primary endpoint of this study is the comparison between the change in airway 
smooth muscle (ASM) mass after BT in the immediate BT treatment group and the 
change in the delayed BT treatment group after 6 months standard clinical care. Time 
points of primary endpoint data collection are highlighted with an asterix (*). Response 
analysis was performed in the total group (n=35) of patients in which ACQ/AQLQ 
were collected 6 months after BT.
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†Excluded from response analysis because this patient started anti IL-5 treatment 
during follow-up. BT: bronchial thermoplasty, ACQ: asthma control questionnaire, 
AQLQ: asthma quality of life questionnaire.
 

Bronchial thermoplasty treatment
Treatment procedures were performed according to current guidelines [25] 
with the Alair System (Boston Scientific, USA) using general anesthesia or 
conscious sedation (remifentanil/propofol) [26]. Treatment sessions of the 
right lower lobe (RLL), left lower lobe (LLL) and both upper lobes were carried 
out with at least a 3 weeks interval between procedures. The right middle lobe 
(RML) remained untreated. Patients were treated with 50 mg of prednisolone 3 
days before the treatment, during the procedure and one 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 (post salbutamol FEV1 % predicted minus 
pre salbutamol FEV1 % predicted) and methacholine challenge tests were also 
evaluated after treatment.  

Histology processing and analysis 
Endobronchial biopsies were obtained with large cup forceps of pre-defined 
(sub)segmental airway carinas. During the research bronchoscopies before 
treatment, 4 biopsies were obtained. During the bronchoscopy after treatment 6 
biopsies were taken, including 2 biopsies (one segmental and one subsegmental) 
from the untreated right middle lobe. Biopsies were paraffin-embedded, 
sectioned, attached to glass slides and stained for ASM-specific desmin 
(clone-33, biogenes, Fremont, USA) and α-smooth muscle actin (α-SMA) (clone 
1A4 DAKO, Santa Clara, USA). 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, 
Bethesda, USA) [27]. Sections without epithelium/mucosal layer or with 
artefacts were excluded from the analysis. ASM mass was measured as the 
percentage of positive stained desmin/α-SMA area as compared to the total 
biopsy area as previously described [11].

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-
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BT ASM% minus pre-BT ASM% in the direct group versus 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, San Diego, CA, USA) or IBM SPSS Statistics version 25.0 (New 
York, USA). Demographic parameters were provided as mean with standard 
deviation 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, Boston, 
USA). Spearman rank correlation was used to explore associations between 
patient characteristics and ACQ/AQLQ change. An improvement of > 0.5 
points on ACQ-6 or AQLQ scores was considered as 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, 14 patients were excluded. 
Reasons for exclusion were declining to participate (n=5), negative 
methacholine challenge tests (PC20 < 4 mg/ml) (n=6), pre-bronchodilator 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 (±29) radiofrequency activations were given in the right lower 
lobe, 62 (±17) activations in the left lower lobe and 98 (±42) activations in 
both upper lobes. No device related complications occurred. After 43 of 
the 119 BT procedures (36%) patients experienced an asthma exacerbation. 



Chapter 3

40

These exacerbations were all successfully treated with conventional asthma 
medication such as oral corticosteroids and nebulized bronchodilators. Patients 
required hospitalization following 9 of these exacerbations with a median 
length of hospital stay of 4 days (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 -0.79 (-1.61; 0.02 IQR) while in 
the delayed group a difference of 0.09 (-0.25; 1.17 IQR) was found (median 
difference -1.08 (-1.75; -0.33 95% CI), p=0.006). AQLQ improved in the 
immediate BT-treatment group with 0.83 (-0.15; 1.69 IQR) in comparison with 
-0.02 (-0.77; 0.75 IQR) in the delayed group (median difference 0.81 (0.06; 1.75 
95% CI), p=0.04). No significant differences were found in changes in FeNO, 
pre short acting bronchodilator FEV1(% predicted) and FEV1 reversibility. A 
non-significant change of PC20 values after BT was found in the immediate BT 
group (0.19 (0.00; 0.85 IQR) as compared to the non-BT treated delayed group 
(0.0 (-0.03; 0.43 IQR)) (median difference 0.09 (-0.18; 0.64 95% CI), 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 (±0.64) to 2.00 
(±1.05) (P=0.0005) and AQLQ scores improved from 3.99 (±1.00) to 4.73 
(±1.24) (P=0.0023). 21 of the 35 patients (60%) showed a clinical 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 (1.0; 3.0 IQR) 
before treatment to 0 (0;1 IQR) after treatment (P<0.0001). FEV1(% predicted) 
before short actin bronchodilation did not significantly change after BT (83% 
(±25) before BT versus 87% (±24) after BT (P=0.14)) while reversibility declined 
from 10.5 (4;16 IQR) before BT versus 3.5 (2;14 IQR) after BT (P=0.03) (n=32).  
Bronchial hyperresponsiveness, assessed with methacholine challenge tests, 
did not significantly change (0.25 mg/ml (0.03; 2.42 IQR) before BT versus 0.42 
mg/ml (0.04; 4.0 IQR) 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.
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Table 1 Baseline characteristics 
Characteristics Immediate BT 

group  (n=20)
Delayed control  
group (n=20)

Sex (males/females)  3/17  8/12
Age (years)  45 ± 14  46 ± 10
Age of asthma onset (years)  20 ± 18  21 ± 14
BMI  29 ± 4  27 ± 5
No. of patients with a history of 
smoking (pack years)

 4 (9 ± 5)  10 (8 ± 9)

Medication
Dose of LABA (μg/d salmeterol 
equivalents)

 140 ± 81  146 ± 61

Dose of ICS (μg/d fluticasone 
equivalents)

 1038 ± 609  1159 ± 592

No. of patients on maintenance use 
of OCS (dose in mg/d)

 4 (9.3 ± 1.5)  6 (15 ± 6.3)

No. of patients on omalizumab  2  3
Asthma control

Exacerbation rate / 6 months  1.25 (0.5; 4.5)  2.0 (1.5; 3.0)
ACQ-6 score  2.97 ± 0.62  2.53 ± 0.66
AQLQ score  3.74 ± 0.91  4.18 ± 1.01

Total serum IgE (kU/L)  117 (35; 210)  43.2 (9.9; 106) 
Blood eosinophil count (109/L)  0.15 (0.06; 0.34)  0.11 (0.06; 0.29)
Lung Function

Pre-BD FEV1 (% predicted)  80.9 ± 20  85 ± 27
Post-BD FEV1 (% predicted)  91.7 ± 20  100 ± 23
Reversibility FEV1 (%)  8.5 (4.0; 12.8)  12 (7.0; 23.0)
PC20 (mg/ml)  0.24 (0.03; 2.91)  0.20 (0.03; 2.83)
FeNO  14.5 (9.5; 59.5) (n=15)  23.8 (13.5; 45) (n=12)

ASM mass (%) assessed with desmin 
staining

 7.99 (5.6; 11.9 IQR) 7.14 (5.5; 10.5 IQR)

ASM mass (%) assessed with α-SMA 
staining

19.69 (15.8; 23.9 IQR) 18.68 (13.7; 23.3 IQR)

Data are presented as mean (± SD) or median (IQR)
BMI: body mass index; LABA: long acting beta agonist; ICS: inhaled corticosteroids; 
OCS: oral corticosteroids; ACQ: asthma control questionnaire;  AQLQ: asthma quality 
of life questionnaire; IgE: total immunoglobulin E; BD: short acting bronchodilation; 
FEV1: forced expiratory volume in 1 second; PC20: methacholine provocation test; 
FeNO:  fraction exhaled nitric oxide; ASM: airway smooth muscle; α-SMA: alpha 
smooth muscle actin. 
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Table 3. Clinical characteristics before and after bronchial thermoplasty in the 
total group (n=35) 
Characteristics Before BT After BT Median 

difference  
(95% CI)

P-value

ACQ-6 score 2.67 (±0.64) 2.00 (±1.05) -0.67  
(-0.17; -1.17)

0.0005*

AQLQ score 3.99 (±1.00) 4.73 (±1.24) 0.85  
(0.19;1.41)

0.0023*

Exacerbation rate / 6 
months

1.5 (1.0;3.0 
IQR)

0 (0;1 IQR) -1.0  
(-0.50;-1.50)

<0.0001*

Pre-short acting 
bronchodilator FEV1 (% 
predicted)†

83 (±25) 87 (±24) 4.00  
(-10.00;16.00)

0.14

Reversibility FEV1 (%)† 10.5 (4;16 
IQR)

3.5 (2;14 IQR) -5.00 
(-6.61e-06;-8.00)

0.03*

PC20 (mg/ml)‡ 0.25 (0.03;2.42 
IQR)

0.42 (0.04;4.0 
IQR)

0.02  
(-0.18; 1.12)

0.11

ASM mass (%) desmin§ 8.6 (5.3;11.6 
IQR)

4.0 (2.7;5.8 
IQR)

-4.07  
(-2.49;-5.78)

<0.0001*

ASM mass (%) α-SMA§ 19.5 (15.9;23.9 
IQR)

11.8 (8.9;13.9 
IQR)

-7.54 
(-5.07;-10.09)

<0.0001*

Within group analyses performed with paired t-tests or Wilcoxon signed rank test 
depending on the distribution of the variables. Median differences with 95% confidence 
intervals (CI) are calculated using the Hodges-Lehmann estimator. 
*significant difference with p<0.05. Data are presented as mean (± SD) or median 
(IQR)†data available in n=32, ‡Values were log transformed for statistical analysis and 
not available in 6 patients because of the inability to withhold asthma medications for the 
methacholine challenge test; §data available in n=34; ACQ: asthma control questionnaire; 
AQLQ: asthma quality of life questionnaire; FEV1: forced expiratory volume in 1 sec; 
PC20: methacholine provocation test; ASM: airway smooth muscle mass; α-SMA: alfa 
smooth muscle actin.

Primary endpoint
In the direct treatment group (n=17), desmin positive ASM mass decreased by 
53% from 8.75% (5.25; 12.0 IQR) to 4.14% (2.73; 6.29 IQR) (P=0.0015), while in 
the delayed group (n=19) ASM mass did not change: 7.08% (5.40; 9.98 IQR) 
at randomization to 7.56% (5.53; 10.44 IQR) after 6 months of standard care 
(P=0.43) (Figure 2 and 3AB). The absolute change in desmin positive ASM 
mass % between both randomization groups was significantly different: -4.44 
(-8.3; -1.02 IQR) in the direct treatment group versus 0.62 (-2.30; 3.41 IQR) in the 
delayed control group (median difference -5.0 (-7.88; -2.56 95% CI), p=0.0004) 
(Figure 3C). For α-SMA positive ASM mass, similar results were found (Figure 
E1). 
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Figure 2. Airway smooth muscle mass percentage in the airways of one patient 
during the study. 
Airway smooth muscle (ASM) mass % assessed with desmin staining A) before bronchial 
thermoplasty (BT) at randomization; B) after 6 months standard care; C) after BT in 
treated airways and D) after BT in the untreated right middle lobe (RML). 

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

Secondary endpoints
ASM mass in the total group after BT
BT reduced ASM mass in the total group (n=34) from 8.6% (5.3; 11.6 IQR) before 
BT to 4.02% (2.7; 5.8 IQR) after BT with a median difference of -4.07% (-2.49;-5.78 
95% CI), P<0.0001). A difference between pre-BT ASM mass and the untreated 
post-BT RML (n=33) was also found: ASM mass at baseline was 8.2% (5.5; 11.4 
IQR) compared to 5.4% (3.7; 8.2 IQR) in the untreated RML (median difference 
of -2.31 (-0.63; -4.20 95% CI), P=0.0024). In addition, post-BT ASM mass in 
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the treated areas (4.14% (2.7; 5.8 IQR)) was different when compared with 
the untreated RML (5.4% (3.7; 8.2 IQR)) (median difference of 1.35 (0.11; 2.66 
95% CI), 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). 
 
Associations between clinical response and baseline characteristics (n=35)
Associations were explored 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=-0.46 p=0.006 and rho=-0.53 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=-0.46 p=0.009). For AQLQ change only blood eosinophil counts were 
associated (rho=0.48 p=0.004). 

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) nor with the amount of activations during 
treatment. 

Figure 4. Airway smooth muscle mass reduction in the untreated right middle lobe 
as compared to BT treated airways.
Paired analyses showed A) a significant but less profound reduction in airway smooth 
muscle mass after bronchial thermoplasty in the untreated right middle lobe and B) 
subsegmental airways of the untreated right middle lobe have significantly more airway 
smooth muscle mass as compared to the treated airways after bronchial thermoplasty. 
ASM assessed with desmin staining.
ASM: airway smooth muscle; BT: bronchial thermoplasty; RML: right middle lobe;
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Table 4 Associations between ACQ-6 and AQLQ improvement and baseline 
characteristics (n=35)

ACQ-6 change AQLQ change
rho p-value rho p-value

Asthma age of onset -0.20 0.25 0.30 0.08
Total IgE† -0.53 0.001* 0.24 0.17
Blood eosinophils x109/L† -0.46 0.006* 0.48 0.004*
Pre-SABA FEV1% predicted‡ -0.02 0.89 0.20 0.26
Reversibility FEV1

‡ -0.13 0.48 0.21 0.25
PC20 (mg/ml)§ 0.30 0.08 -0.09 0.61
FeNO (ppb)ll -0.28 0.19 0.21 0.33
ASM mass (%) desmin 0.07 0.69 -0.009 0.96
ASM mass (%) α-SMA 0.18 0.29 -0.05 0.79

Associations analyzed with spearman rho correlation coefficient. *significant correlation 
with p<0.05; p-value after Bonferroni correction for multiple comparisons p<0.006. †data 
available in n=34. ‡data available in n=33; §Values were log-transformed for statistical 
analysis. lldata available in n=24; ACQ: asthma control questionnaire; AQLQ: asthma 
quality of life questionnaire; IgE: immune globuline E; FEV1: forced expiratory volume 
in 1 sec; PC20: methacholine provocation test; FeNO: fraction exhaled nitric oxide; ASM: 
airway smooth muscle mass; α-SMA: alfa smooth muscle actin. 

Discussion

This study is the first to show a reduction in ASM mass 6 months after BT when 
compared to an appropriate non-BT-treated 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 
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 alpha smooth muscle actin 
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. While imaging studies using CT [33-35] and OCT 

[36] showed immediate effects of BT in non-treated 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, however 
not resulting in ASM reduction in the more distal subsegmental parts of these 
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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 
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 distal 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/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 non-atopic 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. While 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. 

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], possible correlating with BT-response, 
indicating that the effect of BT might be more targeted at other components 
than the ASM layer. We hypothesize that since BT results in denudation of the 
epithelium [36] and since 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 
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already high burden of multiple sampling bronchoscopies implemented in the 
TASMA 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 severe asthma patients, 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. While 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 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 to the delayed control group. This comparison did not reach 
the minimally clinical 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. While 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. 

In summary, BT significantly reduces ASM mass in severe asthma patients 
when compared to 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.  
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Supplementary data and figures

Severe asthma definition:
The World Health Organization (WHO) (1) or Innovative Medicines Initiative 
(IMI) (2) definitions for severe asthma were used. These global definitions 
are in line with the U-BIOPRED (Unbiased Biomarkers for the Prediction of 
Respiratory Disease Outcomes) study group. U-BIOPRED is a European-wide 
project investigating severe asthma. The definition includes the following:

“Patients have asthma for which control is not achieved despite the highest 
level of recommended treatment (high doses of long acting beta agonists and 
inhaled corticosteroids and/or systemic corticosteroids) or for which control 
can be maintained only with the highest level of recommended treatment. 
Furthermore, patients should have satisfactory adherence to asthma treatment, 
and co-morbidities should be treated. Lastly, exposure to inhaled asthma 
triggers should be minimized.”

This definition is similar to the current European Respiratory Society (ERS)/
American Thoracic Society (ATS) guidelines.
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Supplemental figure E1. Airway smooth muscle decrease after bronchial 
thermoplasty as compared with the randomized control group assessed with 
alpha smooth muscle actin staining.
A) ASM mass % in the immediate group before and after BT showing a median ASM % 
of 19.66% pre BT versus 13.06% post BT B) ASM mass % in the delayed group before and 
after 6 months standard care with a median of ASM % of 18.60% at randomization versus 
17.36% after 6 months of standard care C) Difference in absolute ASM mass% change 
between both randomization groups (post BT – pre BT ASM% in the immediate BT-
group and for the delayed control group the difference between baseline and 6 months 
standard care biopsies). ASM mass assessed with alpha-smooth muscle actin staining. 
Median values are depicted as -. ASM: airway smooth muscle; BT: bronchial 
thermoplasty;
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Abstract

Background Asthma is a heterogeneous disease with differences in onset, 
severity and inflammation. Bronchial epithelial cells (BECs) contribute to 
asthma pathophysiology. We determined whether the transcriptome of BECs 
reflects heterogeneity in inflammation and severity in asthma, and whether 
this was affected in BECs in severe asthma after their regeneration by bronchial 
thermoplasty. 

Methods RNA-sequencing was performed on BECs obtained by bronchoscopy 
from healthy controls (n=16), mild (n=17), moderate (n=5) and severe (n=17) 
asthma patients and, from the latter, also 6 months after bronchial thermoplasty 
from treated and untreated airways (n=23). Lipidome and metabolome 
analyses were performed on cultured BECs from healthy controls (n=7), severe 
asthmatics (n=9) and, for comparison, COPD patients (n=7). 

Results Transcriptome analysis of BECs from asthma patients compared to 
those from healthy controls showed a reduction in oxidative phosphorylation 
(OXPHOS) genes, most profoundly in severe asthma, but less and more 
heterogeneous in mild asthma. Genes related to glycolysis were significantly 
upregulated in BECs from asthma patients. Lipidomics revealed enhanced 
levels of lipid species (phosphatidylcholines, lysophosphatidyl cholines 
and bis monoacylglycero) phosphate), whereas OXPHOS metabolites were 
reduced in BECs from severe asthma patients. BECs from mild asthma patients 
characterised by hyperresponsive production of mediators implicated in 
neutrophilic inflammation had decreased OXPHOS genes compared to that 
from mild patients with normoresponsive production. BECs obtained after 
thermoplasty had significantly increased expression of OXPHOS genes and 
decreased expression of glycolysis genes compared to BECs obtained from 
untreated airways. 

Conclusion In asthma, BECs are metabolically different from those of healthy 
individuals. These differences link with inflammation, asthma severity and can 
be reversed by bronchial thermoplasty.
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Introduction

The airways of patients with obstructive airway diseases such as asthma 
and COPD are chronically inflamed [1]. Airway epithelial cells together with 
macrophages constitute the first line of defense to interact and respond to 
external stimuli, thus driving immune responses. This, together with their 
abundance, makes airway epithelial cells potential major contributors to the 
inflammation and pathogenesis of asthma [2] and COPD [3]. Recently, we 
have identified a defect in translational control in bronchial epithelial cells 
from asthma patients that correlated well with neutrophilic responses [4]. 
Several earlier reports have shown that both genetic and acquired defects [5] 
in airway epithelial cells [6] can lead to impaired mucociliary clearance [7] 
and barrier function [8]. Apart from genetic defects that may underlie such 
a defect, airway epithelial cells are continuously exposed to an inflammatory 
milieu, as a consequence of which epithelial cell biology may change. Even 
though asthma and COPD are different in etiology and pathophysiology, it is 
likely that the underlying innate immune mechanisms, especially directed by 
bronchial epithelium, may at least in part be shared. 

Previous studies into differences between epithelial cells from asthma patients 
in particular have focussed on unbiased stratification of asthma patient cohorts 
by grouping into different clusters and distinguishing asthma phenotypes using 
transcriptomics [9] and proteomics [10]. Omics approaches comparing patients 
and healthy control subjects, however, are virtually lacking. The aim of this 
study was to compare the transcriptome of bronchial epithelial cells (BECs) from 
mild to moderate to severe asthma patients and healthy controls, to substantiate 
major differences and relate these to the earlier described translational defect. 
To put these findings into further perspective we performed additional 
analysis in asthma patients subjected to bronchial thermoplasty. Bronchial 
thermoplasty (BT) is a non-pharmacological bronchoscopic treatment for 
severe asthma that delivers radiofrequency (RF) energy to heat the airway wall, 
to target airway smooth muscle cells. Furthermore, the bronchial epithelium 
is the most superficial airway wall layer that encounters RF heating energy, 
which has been shown to result in epithelial sloughing as detected by Optical 
Coherence Tomography directly after BT [11, 12]. Therefore, we postulated that 
BT may subsequently lead to restoration of bronchial epithelium, which would 
be reflected in the bronchial epithelial transcriptome. 

Methods

Subjects and design
This study comprised a cross-sectional design using bronchial epithelial 
brushes from three trials and two explorative studies. The RESOLVE 
(NCT1677) trial [13] involved mild asthma patients and healthy controls. The 
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MATERIAL (NTR01520051) trial [14] enrolled mild asthma patients, the RILCA 
study (NL48912.018.14) enrolled moderate asthma patients and severe asthma 
patients from the TASMA (NCT02225392) trial [15]. The COPD patients were 
included from the RILCO (NL53354.018.15) study. All study protocols were 
reviewed and approved by the ethical review committee and were in accordance 
with the declaration of Helsinki. All study participants provided written 
informed consent. The collection of BECs in the above-mentioned trials and 
studies were conducted by one center, the Department of Respiratory Medicine 
of the Amsterdam University Medical Centre, Amsterdam, The Netherlands. 
The TASMA trial was also conducted at the Department of Pulmonology, 
University Medical Center Groningen, Groningen, The Netherlands and Royal 
Brompton and Imperial College Hospital London, United Kingdom. Baseline 
characteristics of the asthma patients and healthy controls involved in this 
study are provided in Table 1.

Table 1. Baseline characteristics of mild, moderate and severe asthma patients 
and healthy controls for transcriptome analyses.
 Healthy Mild 

asthma
Moderate 
asthma

Severe 
asthma

Subjects (n) 16 17 5 17
Age (years) * 22.42 (19-31) 22.82 (18-38) 37 (23-52) 44.82 (25-66)
Sex ratio 
(male : female) 

0.16 0.54 0.40 0.41

FEV1 pre- 
bronchodilator (L) †

4.05 (0.72) 3.94 (0.85) 3.27 (0.88) 2.79 (0.76)

FEV1 post- 
bronchodilator (L) †

4.12 (0.72) 4.23 (0.84) 3.41 (0.91) 3.07 (0.76)

FEV1 pre- 
bronchodilator (% pred) †

105.5 (10.92) 97.43 (6.64) 93.5 (18.76) 85.35 (26)

FEV1 post- 
bronchodilator (% pred) †

107.5 (11.15) 103.83 (8.63) 97 (18.49) 100.88 (20.91)

FEV1 reversibility (%) † 2 (2.86) 6.66 (4.36) 3.5 (2.87) 15.7 (17.23)
PC20 (mg/ml) ‡ >16.0 1.49 

(0.03 - 7.35)
na 0.28 

(0.0075-5.53)
FeNO (ppb) † 21.9 (11.4) 58.03 (37.14) 21 (10.04) 52 (63.97)

 
FEV1, forced expiratory volume in 1 second; PC20, Histamine provocative concentration 
causing a 20% drop in FEV1; FeNO, fraction exhaled nitric oxide represented as parts per 
billion (ppb). *Mean (min-max) † Mean (SD) ‡ Median (min to max)

The inclusion and exclusion criteria for patients with mild asthma (RESOLVE 
and MATERIAL studies) are described elaborately [16] and in the supplementary 
data. Patients with severe asthma (TASMA study), fulfilling the World Health 
Organization or modified innovative medicines initiative criteria of severe 
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refractory asthma, were included [17, 18]. The RILCA (Role of Innate Lymphoid 
Cells in Asthma) and RILCO (Role of Innate Lymphoid Cells in COPD) were two 
explorative studies involving the impact of rhinovirus-16 challenge in moderate 
asthmatics and COPD patients respectively and exploring mechanisms driven 
by innate lymphoid cells. The inclusion and exclusion criteria are mentioned in 
detail in the supplementary data. 

Sampling, RNA isolation and sequencing 
Bronchoscopy was performed according to a standardized method [14]. 
Mucosal brushes collected by brushing the left lower lobe, predominantly 
(>95%) consisted of bronchial epithelial cells. From each participant, two 
brushes were obtained, pooled and pelleted by centrifugation at 1240 rpm 
(Rotanta 460S) for 10 minutes at 4°C. The pellet was dissolved in 1 ml of 
TRIzol™ and stored at -80°C until RNA was isolated. After all samples were 
obtained, they were thawed at room temperature and, after 200 µl of chloroform 
was added, shaken vigorously for 30 seconds. The samples were kept at RT 
for 10 minutes and phases were separated by centrifugation at 16,000g for 15 
minutes at 4°C. The aqueous phase was concentrated with protocol 5.3 using 
the Nucleospin® RNA XS extraction kit (Macherey-Nagel). The quality and 
concentration of the samples were assessed by fragment analyser (Advanced 
Analytical Technologies, Inc.). The procedures of cDNA library preparation, 
sequencing and analysis were performed as described elsewhere [16]. 

Lipidomics and metabolome analysis
BECs for lipidomics and metabolomics were obtained by brush during 
bronchoscopy (P0) from healthy individuals, severe asthma and COPD 
patients. Baseline characteristics for participants subjected to these analyses 
are provided in Table 2. 

Table 2. Baseline characteristics of severe asthmatics, COPD patients and healthy 
controls for lipidomics and metabolomics analyses.
 Healthy Severe asthma COPD
Subjects (n) 7 9 6
Age (years) * 37 (24-56) 52.8 (40-63) 63.8 (52-74)
Sex ratio (male : female) 1 0.5 1.5
FEV1 pre-bronchodilator (L) † 3.94 (0.98) 2.66 (0.33) 2.228 90.49)
FEV1 post-bronchodilator (L) † 4.15 (1) 2.61 (0.5) 2.41 (0.48)
FEV1 pre-bronchodilator (% pred) † 105.75 (0.82) 84.33 (23.13) 70.8 (4.95)
FEV1 post-bronchodilator (% pred) † 111.5 (2.17) 90.66 (21.15) 77.2 (4.35)
FEV1 reversibility † 5.75 (1.63) 6.5 (4.42) 6.4 (3)

For abbreviations please see legends to Table 1. *Mean (min-max) † Mean (SD)
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BECs were plated on 6-well plates pre-coated with purecol (Advanced Biomatrix) 
and grown until confluence in BEBM medium (Lonza) supplemented with 
growth factors (Lonza) and Ciproxin (Sigma) at 2 μg/ml. The cells were then 
passaged into T25 flasks (P1) until grown confluent. Subsequently, cells were 
detached using trypsin/EDTA (Lonza) and after adding trypsin-neutralizing 
solution were pelleted by centrifugation for 7 minutes at 1240rpm (Rotanta 
460S) at 8°C. The pellet was washed twice with PBS and stored at -80°C till all 
samples were analysed in parallel.

Lipidomics and metabolome analysis was performed on a HPLC system 
(Ultimate 3000 binary HPLC; Thermo Scientific, Waltham, MA, USA) as 
described previously (19). The extract of the cell pellet was injected onto 
a normal phase column (LiChrospher 2x250-mm silica-60 column) and a 
reverse phase column (Acquity UPLC HSS T3). A Q Exactive plus Orbitrap 
(Thermo Scientific) mass spectrometer was used in the negative and positive 
electrospray ionization mode. In both ionization modes, mass spectra of the 
lipid species were obtained by continuous scanning from m/z 150 to m/z 2000 
with a resolution of 280,000 full width at half maximum (FWHM). Detailed 
analysis of data is provided in the online supplement.

Bronchial Thermoplasty (BT)
The TASMA (Unravelling Targets of Therapy in Bronchial Thermoplasty in 
Severe Asthma) trial was conducted using a protocol approved by the Medical 
Ethics Committee (NL45394.018.13) [20]. All subjects provided prior written, 
informed consent. The design of the TASMA study is elaborately described 
elsewhere [12, 20]. Twenty-three patients [21] (6 severe asthma patients were 
included in addition to the severe asthma group mentioned in table 1) were 
treated with BT by using the Alair System (Boston Scientific, USA) according 
to the current standard [22] and sedated using remifentanil/propofol [23] or 
general anesthesia. Patients were treated with 50 mg of prednisolone 3 days 
before treatment, on the day of the procedure itself and 1 day thereafter. 
During the first procedure, the right lower lobe was treated, during the second 
procedure the left lower lobe, and finally both upper lobes. The right middle 
lobe remained untreated, therefore this region could be used to compare the 
treatment effect. Six months after BT, a bronchoscopy was performed in which 
endobronchial brushes were obtained from the untreated middle lobe and the 
treated left lower lobe airways. The baseline characteristics of severe asthma 
patients used to analyze the effects of BT on bronchial epithelium are provided 
in Table 3 and are not different from those reported originally for all patients 
[21].



Metabolic differences in asthmatic bronchial epithelium and impact 
of bronchial thermoplasty

61

4

Table 3. Baseline characteristics of severe asthma patients that underwent BT 
procedure.

Severe asthma
Subjects (n) 23
Age (years) * 47.69 (25-64)
Sex ratio (male : female) 0.43
FEV1 pre-bronchodilator (L) † 2.67 (0.57)
FEV1 post-bronchodilator (L) † 3.03 (0.54)
FEV1 pre-bronchodilator (% pred) † 89.3 (19.89)
FEV1 post-bronchodilator (% pred) † 101.13 (18.66)
FEV1 reversibility † 12 (11.65)
PC20 (mg/ml) ‡ 0.41 (0.0075 - 32)
ACQ pre bronchial thermoplasty † 2.62 (0.57)
AQLQ pre bronchial thermoplasty † 3.98 (0.81)

ACQ, Asthma Common Questionnaire; AQLQ, Asthma Quality of Life Questionnaire. 
For other abbreviations please see legends to Table 1. *Mean (min-max) † Mean (SD) ‡ 
Median (min to max)

Results

Dysregulation of metabolic genes in bronchial epithelium from severe asthma patients
Despite heterogeneity within each group, there were 472 genes differentially 
expressed in BECs from mild asthma patients (Table 4) and 640 genes in those 
from severe asthma patients (Table 5) compared to that from healthy controls 
(q value <0.05). There were no genes differentially expressed between BECs 
from mild and severe asthma patients, with q value cut off set below 0.05. Gene 
set enrichment analysis (GSEA) of differentially expressed genes in BECs from 
mild asthmatics compared to those from healthy controls showed gene sets 
belonging to mitotic spindle, IL2-STAT5 signaling, UV response, oxidative 
phosphorylation (OXPHOS) and inflammatory response (Figure 1A). Similar 
comparisons for severe asthmatics and healthy controls revealed gene sets 
belonging to oxidative phosphorylation, interferon-α response, mitotic spindle, 
apical junction, and late estrogen response (Figure 1B). 

Both the mitotic spindle and OXPHOS gene sets stood out in BECs from 
mild and severe asthma with the mitotic spindle highest in mild asthma and 
OXPHOS highest in severe asthma. We further investigated the OXPHOS gene 
set. Heat maps of 15 OXPHOS genes were reduced (green) in BECs from severe 
and moderate asthma patients in comparison to those from controls (red). In 
mild asthma patients there was a heterogeneous gene expression pattern, where 
5 of 17 patients showed high (red) and the remainder low (green) expression 
of OXPHOS genes (Figure 1C). Apart from these metabolic OXPHOS genes, 
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glycolysis-related genes (FASN, ALOX15, PLCH1, PDPR, ACOX3, ACACB) were 
also analysed by heat maps. Interestingly, in BECs from all asthma patients 
(mild, moderate and severe) these genes were upregulated (red) compared to 
those in healthy controls (Figure 1D). In addition to GSEA, ingenuity pathway 
analysis also showed that the OXPHOS pathway was the top dysregulated 
pathway in BECs from severe asthmatics compared to those from healthy 
subjects. The downregulated genes were from complex I, III, IV and V of the 
electron transport chain (Figure 1E). Heat maps of 7 mitotic spindle genes 
displayed significantly enhanced expression particularly in BECs from mild 
and moderate asthma patients, but not in those from severe asthma patients 
(Suppl. Figure 1). 
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Figure 1. Metabolic genes in BECs from asthma patients compared to those 
from healthy controls. Gene Set Enrichment Analysis (GSEA) showed differentially 
expressed gene sets in BECs from mild (A) and severe (B) asthma patients. OXPHOS 
genes and mitotic spindle genes were predominantly downregulated in BECs from 
severe (n=17) and moderate (n=5) asthma patients compared to those from healthy 
controls (n=16). BECs from mild asthma patients (n=17) showed a heterogenous 
expression of OXPHOS genes (C). Genes related to glycolysis were upregulated in BECs 
from all asthma patients (mild, moderate and severe) compared to those from controls 
(D). Colour codes used are red for upregulated and green for downregulated. Ingenuity 
Pathway Analysis (IPA) of differentially expressed genes in BECs from severe asthma 
patients compared to those from healthy controls (n=17). Oxidative phosphorylation 
is the top downregulated pathway shown by IPA. The genes highlighted (in pink) are 
significantly downregulated (p value adjusted of <0.05), the genes not highlighted are 
present in the pathway, but not significantly different (E).

Elevated lipid profiles in BECs from severe asthma patients when compared to those 
from controls 
To substantiate the findings for metabolic genes, lipid profiles and metabolome 
were analysed after expanding bronchial epithelium ex vivo. As there was a 
clear and distinct reduction of OXPHOS gene expression in BECs from severe 
asthma patients compared to those from controls, we compared these cohorts. 
Volcano plots show all lipid species quantified in BECs and depicted the extent 
of differences in lipid profiles between the two groups. Phosphatidyl cholines 
(PC), lyso phosphatidyl cholines (LPC), lyso phosphatidyl ethanolamines 
(LPE) and bis (monoacylglycero) phosphates (BMP) marked in green were 
significantly upregulated (p value <0.05 and log2 fold change >1) in BECs 
from severe asthma compared to those from healthy controls (Figure 2A). To 
visualize the 28 lipids mediators that were significantly upregulated in BECs 
from severe asthma patients, we plotted these in heat maps. Lipid species (PC, 
LPC, LPE and BMP) were increased in BECs from severe asthma patients (red) 
compared to those from healthy controls (blue; Figure 2B). The metabolome 
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analyses in BECs from severe asthma and healthy controls did not show a clear 
distinction between these two groups (Figure 2C). 
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Figure 2. Functional analysis of lipid profiles and metabolites in BECs cultured 
ex vivo. Volcano plots of lipid profiles in BECs from healthy controls (n=7) compared 
to those from severe asthma patients (n=9) cultured ex vivo. The lipids labelled in 
green dots are significantly (p <0.05) reduced in control subjects with log-fold change 
>1. Red dots represent lipids that are significantly reduced, but with fold-change of < 
1, while lipids represented by the yellow dots reduced with a fold-change of >1, but 
non-significant. Lipid profiles significantly upregulated in controls were not observed 
(A). Heat maps of lipid profiles in healthy controls and severe asthma patients in BECs 
cultured ex vivo. (p value <0.05 with log fold change >1) (B). Heat maps of metabolome 
in BECs cultured ex vivo from healthy controls (n=6) and severe asthma patients (n=8). 
(p value <0.05 and log fold-change >1). Colour codes are red for upregulated and blue 
for downregulated (C).
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Distinct lipid species in BECs from COPD patients compared to those from healthy 
controls and severe asthmatics
Previous reports showed altered metabolites and glycerophospholipids in 
peripheral blood mononuclear cells (PBMCs) and airway smooth muscle 
cells [24] from COPD patients [25]. Hence, we analysed whether BECs from 
COPD patients also displayed a similar difference in metabolic status after ex vivo 
expansion. The heat maps of lipidomics analysis of BECs from COPD patients 
compared to those from healthy controls showed a prominent upregulation of 
mainly phosphatidylcholines (PC) lipid species. In addition, triglycerides (TG) 
and lysophosphatidylcholines (LPC) lipid species were also enhanced in BECs 
from COPD patients (Figure 3A). Strikingly, when comparing BECs from COPD 
with those from severe asthma patients, there was also a significant increase 
in triglycerides in COPD (Figure 3B). With respect to metabolites analysed, 
UDP-hexose, 2-dehydrogluconate-6P, dAMP, NAD+, fructose 1,6 diphosphate, 
creatine-P, glutamine, alpha-ketoglutarate, NADH, adenine and creatinine 
were significantly lower levels in BECs from COPD patients compared to those 
from healthy controls. Heat maps representing these different metabolites in 
these two groups are provided in Figure 3C.  

Bronchial Thermoplasty treatment-induced metabolic shift in BECs
BECs obtained from treated and, as controls, in parallel from untreated airways 
(i.e. right middle lobe) from severe asthma patients six months after initiation 
of the treatment were subjected to transcriptomics to analyze differentially 
expressed genes. Interestingly, heat maps (Figure 4A) and Z scores (Figure 
4B) show that BECs obtained from the treated airways had significantly 
upregulated OXPHOS genes compared to those from untreated airways. In 
addition, reduced glycolysis gene expression in BECs from treated airways was 
observed in heat maps (Figure 4C) and Z scores (Figure 4D) when compared to 
untreated airways. Thus, thermoplasty induced a metabolic shift in bronchial 
epithelium towards that observed in healthy controls. 
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Figure 3. Lipidomics and metabolome analysis of expanded BECs from COPD 
patients compared to those from controls and severe asthma patients. Heat maps 
of lipid profiles in cultured ex vivo BECs from COPD patients (n=6) and healthy controls 
(n=7) (p value <0.05 with log fold-change >1). (A). Heat maps of lipid profiles in cultured 
ex vivo BECs from COPD (n=6) and severe asthma patients (n=9) (p value <0.05 with log 
fold-change >1). (B). Heat maps of metabolome in cultured ex vivo BECs from COPD 
patients (n=6) and healthy controls (n=7) (p value <0.05 with log fold-change >1). (C). 
Colour codes: red for upregulated and blue for downregulated.

Hyperresponsive BECs have a reduced expression of OXPHOS genes
Earlier we have identified BECs from mild asthma patients with a defective 
translational control as hyperresponsive (exaggerated and corticosteroid-
unresponsive production of CXCL-8 and other cytokines) as opposed to 
normoresponsive (lower and corticosteroid responsive production of CXCL-
8 and other cytokines) [4]. This epithelial hyperresponsiveness correlated 
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with neutrophilic inflammation. The transcriptome of hyperresponsive BECs 
from mild asthma patients (subgroup from table 1 and figure 1) displayed a 
prominent reduced expression of oxidative phosphorylation (OXPHOS) genes 
compared to that in normoresponsive counterparts (Figure 4E). 

Figure 4. Bronchial Thermoplasty treatment alters metabolic gene expression 
in BECs from severe asthma patients. Upregulation of oxidative phosphorylation 
(OXPHOS) genes shown in heat map (A) and line graph plotting Z scores (B) in a 
pairwise comparison of BECs obtained 6 months after thermoplasty from the treated 
(left lower lobe) and untreated region (middle lobe). Also, similar pair-wise analysis 
in heat maps (C) and plotted Z scores (D) reduced expression of glycolysis-related 
genes in BECs from treated vs. untreated airways in severe asthma patients (n=23). 
Hyperresponsive (see ref. 4) BECs (n=4) from mild asthma patients displayed enhanced 
expression of OXPHOS genes (same genes mentioned in figure 1A), as compared to that 
in normoresponsive BECs (n=4) (E).
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Discussion

Unbiased transcriptome analysis of BECs from severe asthma patients compared 
to those from healthy controls showed a profound reduction in oxidative 
phosphorylation genes belonging to complexes I, III, IV and V of the electron 
transport chain, whereas for BECs from mild asthma patients this reduction 
was heterogeneous. Genes related to glycolysis, however, were significantly 
upregulated in BECs from all asthma patients, thus differentiating asthmatics 
from healthy controls. This differential expression in bronchial epithelium was 
validated by lipidomics with enhanced levels of lipid species (PC, LPC and 
BMP). The reduction in metabolites in bronchial epithelium of severe asthma 
was observed trend-wise only, with no clear differences. Most interestingly, 
in BECs from severe asthma patients subjected to bronchial thermoplasty a 
metabolic shift towards that of BECs from healthy individuals was observed. In 
BECs from COPD patients there too was a marked upregulation of lipid profiles 
compared to that from healthy controls and it was even more pronounced than 
that from severe asthma patients. 

Together these data indicate that bronchial epithelial cells are subject to metabolic 
adaptations in asthma. Studies have shown a metabolic shift from oxidative 
phosphorylation to glycolysis, particularly for macrophages [26] and dendritic 
cells [27], which has been linked to inflammation. Another study showed that 
enhanced glycolysis in lung epithelium is required for IL-1α/β-induced pro-
inflammatory responses [28]. The reason for the attenuated OXPHOS gene 
expression could be several. For example, inflammatory mediators like tumor 
necrosis factor-α (TNF-α), can inhibit COX1 (cytochrome oxidase subunit 1) 
by tyrosine phosphorylation, thereby switching from aerobic metabolism to 
glycolysis [29]. Interestingly, we showed here that the attenuated OXPHOS 
gene expression was observed in BECs that are hyperresponsive, which results 
in an increased production of pro-inflammatory mediators, prominently the 
neutrophilic chemoattractant CXCL-8, due to a defective translocation of the 
translational repressor, T-cell internal antigen-1 related protein (TiAR) [8]. 
Interestingly, TiAR and the closely related TIA-1 (T-cell internal antigen-1) 
have also been implicated in mitochondrial biogenesis [30]. In addition, TiAR 
and TIA-1 knockdown attenuates complex V (ATP synthase) of the oxidative 
phosphorylation pathway [31]. Therefore, a possible scenario is that a defective 
TiAR and/or TIA-1 in BECs from asthma patients leads to the observed 
metabolic shift and the resulting lipid mediators may contribute to activation 
of the bronchial epithelium [32], which can lead to chronic inflammation in 
asthma [33]. Alternatively, but not mutually exclusive, enhanced reactive 
oxygen species (ROS) and mitochondrial damage in bronchial epithelium were 
found to parallel high CXCL-8, IL-6 and IL-1β production [34]. Further support 
for a link between mitochondrial dysfunction and neutrophilic inflammation 
comes from clustering of genes in sputum from asthma patients, where high 
neutrophilic inflammation was strongly associated with a significant reduction 
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in OXPHOS genes in TAC2 (transcriptome-associated cluster; [35]. And, 
ether lipids from neutrophils [36] downregulate mitochondrial activity [37]. 
Finally, BECs from patients with COPD, which is associated with neutrophilic 
inflammation [38], also display a very distinct increase in lipid species even 
when compared to that from asthma patients. Together, this provides strong 
evidence for a prominent reduction in mitochondrial activity in BECs that links 
to neutrophilic inflammation in asthma, and possibly COPD.

Altered mitochondrial metabolism in airway epithelial cells may impact various 
epithelial functions such as that of the mucociliary escalator. Epithelial cells 
in healthy lungs require energy for proper hydration of the mucus layer and 
mucociliary clearance by ciliary beat [39]. Consequently, mitochondrial damage 
in asthmatic bronchial epithelium leads to ciliary dysfunction resulting in poor 
mucus clearance [40] and in COPD this has been linked to exacerbations [41]. In 
the current study, the BECs from some asthma patients from the steroid naïve, 
mild asthma cohort displayed reduced OXPHOS gene expression. Therefore, at 
least for this cohort, the reduced expression of OXPHOS genes is independent 
of corticosteroid usage. 

Bronchial thermoplasty (BT) is a treatment option for severe asthma patients 
who are uncontrolled despite optimal medical therapy including high dose of 
inhaled bronchodilators and inhaled or oral corticosteroids. Results from biopsy 
and imaging studies are conflicting as to whether the untreated parts of the 
airways are also altered by BT [12, 42]. Our results show, however, a significantly 
increased expression of OXPHOS genes in BECs obtained from treated parts 
compared to untreated parts (middle lobe). Interestingly, imatinib, a protein 
tyrosine kinase inhibitor, is shown to improve airway hyperresponsiveness 
in severe refractory asthma [43], also inhibits platelet derived growth factor 
that induces airway smooth muscle cell proliferation [44]. In addition, imatinib 
induces an increase in oxidative phosphorylation gene expression in bronchial 
epithelium, specifically in the responders to the treatment [45]. This suggests 
that reversing metabolic defects in asthmatic bronchial epithelium could be 
beneficial for asthma patients. 

For the first time a persistent and altered metabolism in bronchial epithelium 
was demonstrated in vivo in mild asthmatics and more prominently in severe 
asthmatics. The strengths of our study comprise the inclusion of asthmatics 
who differ in severity, healthy controls and COPD patients. For severe asthma 
we also showed that BT affects this altered metabolism in BECs. There has been 
an earlier report comparing BECs obtained from sequential BT sessions [46], 
but as samples were collected on different days the analyses may have been 
biased. In the BT trial we collected and analysed BECs from treated versus non-
treated airways in parallel. However, there are some potential limitations to 
the current study. Firstly, the severe asthma patients were on both oral and 
inhaled corticosteroids which may have influenced the alteration of metabolic 
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genes in bronchial epithelium. In some mild steroid naïve asthma patients, 
however, there was a reduced OXPHOS and enhanced glycolysis gene 
expression. Secondly, functional validation by lipidomics and metabolome 
analysis was done after culturing and expanding bronchial epithelium. This ex 
vivo expansion of BECs may affect gene expression [47] and we cannot exclude 
that mitochondrial dysfunction in bronchial epithelium of severe asthmatics is 
reversible upon culturing BECs ex vivo. However, it also has been demonstrated 
that cultured bronchial epithelial cells maintain their phenotype ex vivo [4] and 
depict asthma severity [48]. This indicates that bronchial epithelium can retain 
intrinsic features, even after culturing ex vivo [4]. Thirdly, due to high variability 
of lipid mediators measured in lung epithelial lining fluids [49], possibly more 
patients should have been included for functional validation by metabolome 
analysis. The transcriptome data, however, were substantiated by lipidomics. 
Fourthly, oxidative phosphorylation is known to be attenuated by aging [50], 
and both the severe asthmatics and COPD patients were older compared to the 
healthy cohort. However, the reduced expression of OXPHOS genes was also 
observed in younger patients included in the mild asthmatic cohort and thus 
it is unlikely that aging underlies the observed differences between patients 
and healthy controls. In addition, BT apparently resets the metabolic changes 
in BECs, suggesting that the reduced expression of OXPHOS genes is acquired 
rather than due to aging. With respect to the latter, we cannot exclude that 
regional differences in the airways underlie the observed different bronchial 
epithelial transcriptomes after BT.

In summary, we have shown metabolic differences in BECs from asthma and 
COPD patients compared to those from healthy individuals and the differences 
worsen with the severity of asthma. As these metabolic defects link to the 
earlier reported epithelial hyperresponsiveness [4], these metabolic effects 
appear to underlie airway inflammation. In this context, it is of interest that BT 
partially normalizes the metabolic differences, thereby resetting the bronchial 
epithelium which may contribute to BT treatment response. 
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Supplementary data

Methods
Patients with mild allergic asthma (RESOLVE and MATERIAL studies) met the 
following criteria: a history of episodic chest symptoms, baseline FEV1 >80% 
predicted, airway responsiveness to methacholine (provocative concentration 
causing 20% fall in FEV1, PC20 < 9.8 mg/mL), and skin prick test positive for at 
least one of 12 common aeroallergens. Patients were not allowed to use inhaled 
or systemic corticosteroids or treatment other than inhaled short-acting β2-
agonists within 2 weeks prior to the start of the study. Healthy individuals 
from the RESOLVE study had a FEV1 >80% predicted, PC20 >16 mg/mL and a 
negative skin prick test for 12 common aeroallergens. All mild asthma patients 
and healthy controls were non-smoking or had stopped smoking 12 months 
before their participation with ≤5 pack years. 

Severe asthma patients from the TASMA study were using inhaled corticosteroid 
(ICS) at a dosage ≥500μg fluticasone equivalent per day and long-acting ß2-
agonist (LABA) at a dosage of ≥100μg per day salmeterol dose aerosol or 
equivalent for the past 6 months and systemic corticosteroid use (≤20mg/day 
prednisone equivalent). Furthermore, their ACQ >1,5 for 2 weeks and they 
were non-smokers for 1 year or more (former smoker ≤15 pack years). 

The RILCA study involved asthma patients and non-asthmatic healthy controls, 
between the age of 18 to 50 years at the screening visit. All participants provided 
informed consent to all study-related procedures. This study included mild to 
moderate asthma patients using the following criteria. A history of episodic 
chest tightness and wheezing and controlled asthma according to the criteria 
by the Global Initiative for Asthma [48]. All these patients were non-smokers 
or stopped smoking more than 12 months ago and ≤ 5 pack years (PY). They 
were all clinically stable, no exacerbations within the last 6 weeks prior to the 
study. The inhaled corticosteroid usage was at a stable dose-equivalent of ≤ 
500mcg/day fluticasone propionate for these patients. These asthma patients 
had baseline FEV1 80% of predicted [49] and airway hyperresponsiveness, 
indicated by a positive acetyl-ß-methylcholine bromide (MeBr) challenge with 
PC20 < 9.8 mg/ml [50]. In addition, they were tested positive for skin prick 
test (SPT) to one or more of the 12 common aeroallergen extracts (defined 
as a wheal with an average diameter of 3 mm). They did not have any other 
clinically significant abnormality on medical history and clinical examination 
at the screening visit. 

The non-asthmatic healthy subjects are recruited using the following inclusion 
criteria. These individuals were non-smokers or stopped smoking more than 
12 months before their participation and ≤ 5 PY. They had a baseline FEV1 80% 
of predicted or above and MeBr challenge with PC20 > 9.8 mg/ml. Steroid-
naïve or those participants who were currently not on corticosteroids and have 
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not taken any corticosteroids by any dosing-routes within 8 weeks prior to the 
study. They had a negative history of pulmonary or any other relevant diseases. 
The exclusion criteria for this study includes the following. Individuals with 
any concomitant disease or condition which could interfere with the conduct 
of the study, or for which the treatment (e.g. immunosuppressive drugs) might 
interfere with the conduct of the study, or which would, in the opinion of the 
investigator, pose an unacceptable risk to the patient. Subjects with RV16 titre > 
1:6 in serum, measured at visit 1 were excluded. Also, with a history of clinical 
significant hypotensive episodes or symptoms of fainting, dizziness, or light-
headedness. Asthma patients with experience of an asthma exacerbation in the 
12 weeks prior to visit 1 requiring management with systemic steroids or has 
had any acute illness, including a common cold, within 4 weeks prior to visit 1 
were excluded. Individuals were excluded when they have donated blood or 
has had a blood loss of more than 450 mL within 60 days prior to screening visit 
1 or plans to donate blood during the study. 

All participants from the RILCO study, involving COPD patients and healthy 
controls, had the following inclusion criteria. None of the subjects had a history 
of bronchiectasis, lung cancer or other significant respiratory disease and 
COPD patients were stable on COPD medication, no exacerbation or changes 
in COPD medication in the past 6 weeks. Also, they were tested negative for 
skin prick tests for most common aeroallergens. None of the individuals had 
major comorbidities or had participated in any drug trial in preceding 6 months. 
COPD patients were 40 to 65 years of age, BMI 17-30 kg.m2, non-smoking, or 
ex-smoking (≥2 years before their participation), ≥10 pack years; GOLD stage 
II (post-bronchodilator FEV1 <80% predicted and FEV1/FVC <70%). They 
were allowed COPD specific medication of LABA and LAMA medication, but 
no ICS. The healthy controls for this study were age- and smoking history-
matched controls. 

Metabolomics data analysis
Data processing was done in R, annotation of the peaks were done based 
on an in-house database containing all possible (phospho)lipid species and 
metabolites. Each combination of column (normal phase or reverse phase) and 
scan mode (positive or negative) was processed separately; after normalization, 
separate peak group lists were combined into three resulting lists, which were 
used for statistical analysis. Identification was based on exact mass (with 3  
ppm tolerance) and retention time including the relation between these two 
parameters, taking  into account the different molecular species of the lipid class. 
A set of internal standards (ISs), compounds with the same general structure 
as the lipid classes and metabolites of interest, has been added to each sample 
in the dataset after sample work-up and before data collection. These ISs have 
been adequately identified and are used both to locate all other metabolites in 
the same chemical class and to normalize the intensities for those metabolites.
Volcano plots were generated to identify changes in large data sets and plots 
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significance (-log 10 (p-value)) versus effect size (log 2 (fold change)) on the y 
and x axes, respectively. Heat maps graphically represent data where individual 
values contained in the sample set are represented as red for high and blue for 
low respectively (samples in columns and metabolites in rows). The heat maps 
are represented as Z scores of each individual sample in a row. The Z scores are 
calculated by: (X (value of the individual sample) - μ (average of the row)) / σ 
(standard deviation of the row). 

Supplementary Figure 1. Heat map of mitotic spindle genes were upregulated 
significantly in PBECs from mild (n=17) and moderate (n=5) asthma patients compared 
to those from healthy controls (n=16). PBECs from severe asthma patients (n=17) showed 
a heterogenous expression of mitotic spindle genes.
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Abstract

Background Bronchial Thermoplasty (BT) is an endoscopic treatment for severe 
asthma using radiofrequency energy to target airway remodeling including 
smooth muscle. The correlation of pulmonary function tests and BT response are 
largely unknown. Forced Oscillation Technique (FOT) is an effort-independent 
technique to assess respiratory resistance (Rrs) by using pressure oscillations 
including small airways.

Aim To investigate the effect of BT on pulmonary function, assessed by 
spirometry, bodyplethysmography and FOT and explore associations between 
pulmonary function parameters and BT treatment response.

Methods Severe asthma patients recruited to the TASMA trial were analyzed 
in this observational cohort study. Spirometry, bodyplethysmography and 
FOT measurements were performed before and 6 months after BT. Asthma 
questionnaires (AQLQ/ACQ-6) were used to assess treatment response.

Results Twenty-four patients were analyzed. AQLQ and ACQ improved 
significantly 6 months after BT (AQLQ 4.15 (±0.96) to 4.90 (±1.14) and ACQ 2.64 
(±0.60) to 2.11 (±1.04), p = 0.004 and p = 0.02 respectively). Pulmonary function 
parameters remained stable. Improvement in FEV1 correlated with AQLQ 
change (r = 0.45 p = 0.03). Lower respiratory resistance (Rrs) at baseline (both 
5 Hz and 19 Hz) significantly correlated to AQLQ improvement (r = − 0.52 and 
r = − 0.53 respectively, p = 0.01 (both)). Borderline significant correlations with 
ACQ improvement were found (r = 0.30 p = 0.16 for 5 Hz and r = 0.41 p = 0.05 for 
19 Hz).

Conclusion Pulmonary function remained stable after BT. Improvement in FEV1 
correlated with asthma questionnaires improvement including AQLQ. Lower 
FOT-measured respiratory resistance at baseline was associated with favorable 
BT response, which might reflect targeting of larger airways with BT.
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Abbreviations

ACQ: Asthma control questionnaire
AQLQ: Asthma quality of life questionnaire
ASM: Airway smooth muscle
BT: Bronchial thermoplasty
CT: Computed tomography
FEV1: Forced expiratory volume in 1 s
FOT: Forced oscillation technique
FVC: Forced vital capacity
IMI: Innovative medicine initiative
IQR: Interquartile range
Rrs: Respiratory resistance
WHO: World health organization
Xrs: Reactance
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Introduction

Bronchial Thermoplasty (BT) is an endoscopic treatment for patients with 
severe asthma. It uses radiofrequency energy delivered to the medium and 
larger airways to reduce airway smooth muscle (ASM) mass [1-5]. Several 
studies have shown an improvement in asthma quality of life, asthma control, 
and a reduction in exacerbations after BT [6-8]. The exact mechanism of action 
however is still incompletely understood and patient responder profile remains 
under debate.

Pulmonary function measurements before and after BT have shown various 
results and correlations with treatment response have not been explored 
comprehensively. The large clinical trials and long term follow up studies 
thereafter showed a stable one-second forced expiratory volume (FEV1) up to 
5 years after BT with only the RISA trial showing an improvement in FEV1 
6 months after BT [6-8].

Forced Oscillation Technique (FOT) is an effort-independent technique using 
various pressure oscillations to assess the relation between flow and pressure 
in the respiratory system [9]. It has been postulated that FOT is more accurate 
in detecting small airways disease than conventional tests such as spirometry 
[10, 11]. Additionally, while with bodyplethysmography the airway resistance 
is calculated by combining the flow with alveolar pressure, FOT measures the 
resistance of the entire respiratory system including the surrounding tissue and 
small airways [12].

This study hypothesized that the BT-induced reduction of ASM in the larger 
airways influences the mechanical properties of the asthmatic airways. The aims 
of this trial are (1) to assess the effect of BT on pulmonary function parameters as 
assessed by spirometry, bodyplethysmography-determined airway resistance 
and FOT; (2) to evaluate whether pulmonary function parameters are related 
to BT response.

Methods

Subjects
Patients fulfilling the World Health Organization (WHO) and Innovative 
Medicine Initiative (IMI) criteria for severe refractory asthma and scheduled 
for BT and pulmonary function tests including FOT between December 2014 
and September 2018 were included (Clinical trials.gov NCT02225392) [13, 
14]. Ethical approval was provided by the Medical Ethics Committee of the 
Academic Medical Center Amsterdam (NL45394.018.13) and written informed 
consent was obtained. Asthma medication remained stable during the study 
period.
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Bronchial thermoplasty
Patients were treated with BT according to current guidelines using the 
Alair System (Boston Scientific, USA) [15-17] and under conscious sedation 
(remifentanil/propofol) [18] or general anesthesia. Prednisolone 50 mg was 
started 3 days before treatment, on the day itself and 1 day thereafter.

Methods of measurement
All pulmonary function tests were performed in the morning and conducted 
by experienced staff according to ERS/ATS standards using Jaeger Masterlab 
software (Erich Jaeger GmbH, Wurtzburg, Germany). The measurements were 
performed during two visits: one visit before and one visit 6 months after 
treatment. During the visits, short acting bronchodilators were stopped for at 
least 6 hours. Long acting beta agonists (LABA) were continued. Spirometry, 
bodyplethysmography and FOT measurements were performed both before 
and after administration of 400 μg salbutamol. FOT was performed in an 
upright position with the Resmon Pro device using a pseudorandom noise 
signal (Restech, Italy). The subjects received a nose-clip and patients were 
instructed to support their cheeks with their hands while breathing tidal for 
3 min. This measurement was performed twice and the average was used in 
the analysis.

Outcome parameters
The main outcome parameter of this study was the change in pulmonary 
function assessed by spirometry, bodyplethysmography and FOT. Other 
outcome parameters were the correlations between baseline and change in 
pulmonary function parameters and baseline and change in asthma quality 
of life questionnaires (AQLQ) and asthma control (ACQ-6) [19, 20]. Changes 
in pulmonary function parameters or asthma questionnaires were defined 
as post-BT minus pre-BT values. A decrease of 0.5 points on AQLQ and an 
increase of 0.5 points on ACQ-6 is designated as clinically relevant.

Statistical analysis
GraphPad Prism version 5.01 (GraphPad Software Inc., San Diego, CA, USA) 
was used for the analysis. Grouped data were reported as mean with standard 
deviation or median with interquartile ranges, as appropriate. Within group 
analyses were performed with paired t-tests or Wilcoxon signed rank tests. 
Correlation analyses were performed with Spearman’s rho coefficient. P-values 
were two sided and a statistical significance was set at p < 0.05.

Results

Subjects and clinical outcome
BT and pulmonary function tests including FOT were performed in 26 patients. 
Two patients were excluded from analyses due to lost to follow up at the 6 months 
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visit. Baseline characteristics of the included 24 patients are shown in Table 1. 
Due to claustrophobia one patient was excluded from bodyplethysmography 
analyses. In FOT analysis, one patient was excluded due to extreme coughing 
and in one other patient only post-bronchodilator measurements were 
performed. BT significantly improved quality of life and asthma control. 
AQLQ questionnaires improved from 4.15 (±0.96) to 4.90 (±1.14) (p = 0.004) 
and ACQ questionnaires improved from 2.64 (±0.60) to 2.11 (±1.04) (p = 0.02).

Pulmonary function measurements
The effect of BT on spirometry and bodyplethysmography parameters are 
shown in Table 2. FEV1 did not significantly change after BT. FVC (% of 
predicted, pre-bronchodilator) was slightly increased after BT, with a stable 
FEV1 resulting in a reciprocal decrease in FEV1/FVC. Additionally, a minimal 
increase in post bronchodilator airway resistance was found (before BT 0.15 
(0.14;0.21) kPa*s/L versus after BT 0.23 (0.16;0.24) kPa*s/L (p < 0.05)).

Total group analyses of FOT measurements did not show a change in respiratory 
resistance (Rrs) and reactance (Xrs) after BT for both 5 Hz and 19 Hz (Table 3).

Correlation analyses
Associations between asthma questionnaires and pulmonary function 
parameters were explored.

Table 1 Baseline characteristics 
Characteristics Baseline
No. of patients 24
Sex (males/females) 5/19
Age (y) 44 ± 12
BMI 28.3 ± 4.9
FeNO (ppb) 17.8 (12.6; 45.6)
Total serum IgE (kU/L) 67 (14; 219)
Blood eosinophil count (109/L) 0.15 (0.06; 0.29)
ACQ-6 score 2.64 ± 0.60
AQLQ score 4.15 ± 0.96 
Dose of LABA (μg/d salmeterol equivalents) 135 ± 55
Dose of ICS (μg/d fluticasone equivalents) 1174 ± 508
No. of patients on maintenance use of OCS 7
Dose of oral prednisone (mg/d) 12 ± 6
No. of patients on omalizumab 3

Data are presented as numbers, mean (± SD) or median (IQR) 
BMI, body mass index; FeNO, fractional exhaled nitric oxide; ACQ, asthma control 
questionnaire; AQLQ, asthma quality of life questionnaire; LABA, long acting bèta-2-
agonist; ICS, inhaled corticosteroids; OCS, oral corticosteroids; 
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Table 2 Pulmonary function parameters before and after Bronchial Thermoplasty 
treatment

Parameter Before BT After BT P-value 
Before 
bronchodilation

FEV1 (% predicted) 88 ± 21 90 ± 21 0.33
FEF 75 (L/s) 1.04 ± 0.57 0.97 ± 0.70 0.44
FVC (% predicted) 98 ± 20 102 ± 17 <0.05
FEV1/FVC 0.74 ± 0.11 0.73 ± 0.12 0.46
Raw IN (kPa*s/L) 0.30 (0.20;0.42) 0.29 (0.19;0.42) 0.99
FRC (L) 2.60 (1.97;3.22) 2.63 (2.03;3.08) 0.69
RV (L) 1.81 ± 0.74 1.80 ± 0.64 0.68

After 
bronchodilation

FEV1 (% predicted) 100 ± 18 100 ± 15 0.72
FEF 75 (L/s) 1.28 ± 0.67 1.20 ± 0.78 0.37
FVC (% predicted) 107 ± 15 108 ± 13 0.33
FEV1/FVC 0.79 ± 0.10 0.77 ± 0.10 <0.05
FEV1 reversibility 11 (3.5;14) 4 (2;15) 0.11
Raw IN (kPa*s/L) 0.15 (0.14;0.21) 0.23 (0.16;0.24) <0.05
FRC (L) 2.73 (1.90;3.10) 2.52 (2.00;2.91) 0.14
RV (L) 1.60 ± 0.55 1.65 ± 0.47 0.49

Data are presented as mean (± SD) or median (IQR); n = 23 for pre-bronchodilator 
measurements and n = 24 for post-bronchodilator measurements. 
FEV1, forced expiratory volume in 1 second; FEF 75, forced expiratory flow at 75% of 
the FVC; FVC, forced vital capacity; Raw, airway resistance; FRC, functional residual 
capacity; RV, residual volume; 

Table 3 Forced Oscillation Technique parameters before and after Bronchial 
Thermoplasty treatment 

Parameter Before BT After BT P-value 
Before bron-
chodilation

Rrs 5Hz (cm H2O*s/L) 3.58 (3.21; 4.24) 3.70 (2.88; 4.29) 0.59
Xrs 5Hz (cm H2O*s/L) -1.23 (-1.68; -0.89) -1.28 (-1.81; -0.95) 0.21
Rrs 19Hz (cm H2O*s/L) 3.17 (2.85; 3.56) 3.15 (2.80; 3.67) 0.95
Xrs 19Hz (cm H2O*s/L) 0.65 (0.09; 0.99) 0.63 (-0.04; 0.80) 0.22

After bron-
chodilation

Rrs 5Hz (cm H2O*s/L) 3.06 (2.73; 3.41) 3.22 (2.78; 3.63) 0.08
Xrs 5Hz (cm H2O*s/L) -1.00 (-1.15; -0.77) -0.92 (-1.23; -0.73) 0.28
Rrs 19Hz (cm H2O*s/L) 2.90 (2.65; 3.09) 2.97 (2.72; 3.47) 0.26
Xrs 19Hz (cm H2O*s/L) 0.80 (0.56; 1.07) 0.87 (0.27; 1.08) 0.21

Data are presented as median (IQR); n = 22 for pre-bronchodilator measurements and n 
= 23 for post-bronchodilator measurements. 
Rrs, respiratory resistance; Xrs, reactance.
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Asthma questionnaires and spirometry parameters
No significant correlations were found at baseline before BT between asthma 
questionnaires and spirometry parameters. After BT, improvements in AQLQ 
and ACQ showed a correlation with baseline FEV1 reversibility (for AQLQ 
r = 0.42 p = 0.05 and for ACQ r = − 0.45 p = 0.03) but not with baseline FEV1. 
Additionally, after BT improvements in asthma questionnaires were correlated 
with improvements in pre-bronchodilator FEV1 (% predicted) (r = 0.45 p = 0.03 
for AQLQ and r = − 0.37 p = 0.08 for ACQ) (Fig. 1a and b) but not with post-
bronchodilator FEV1.

Figure 1 Correlation between asthma questionnaire AQLQ and ACQ-6 changes 
and pre-BD FEV1(% predicted) change after BT.
An improvement in AQLQ (n=22) (1A) and ACQ (n=23) (1B) is correlated with 
post-BT change in FEV1 (%) pre-BD. FEV1, forced expiratory volume in 1 second; 
BD, bronchodilation; BT, Bronchial Thermoplasty; AQLQ, asthma quality of life 
questionnaire; ACQ, asthma control questionnaire.

Asthma questionnaires and bodyplethysmography
Regarding bodyplethysmography, a correlation was found between baseline 
AQLQ and baseline airway resistance (Raw) (n = 23, r = 0.56 for both pre-BD 
and post-BD; p < 0.01). Baseline measurements of airway resistance were not 
correlated with baseline ACQ. No correlations were found between changes 
in AQLQ and ACQ questionnaires and airway resistance measured with 
bodyplethysmography.

Asthma questionnaires and respiratory resistance
Similar correlations were found for respiratory resistance measured with FOT 
at both 5hz and 19 Hz. Baseline AQLQ scores showed a significant positive 
correlation with respiratory resistance at 19 Hz (r = 0.67 p = 0.0005 for pre-
bronchodilator Rrs and r = 0.57 p = 0.005 for post-bronchodilator Rrs) and a 
trend between baseline AQLQ and pre-bronchodilator respiratory resistance 
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at 5 Hz (r = 0.36; p = 0.09). Baseline ACQ scores were not correlated to baseline 
FOT measurements.

Next the correlation between changes in asthma questionnaires and baseline 
respiratory resistance were analyzed. AQLQ improvement was negatively 
correlated with baseline pre-bronchodilator respiratory resistance (Rrs at 5 Hz 
r = − 0.52 p = 0.01; Rrs at 19 Hz r = − 0.53 p = 0.01) (Fig. 2a-b) and baseline post-
bronchodilator respiratory resistance (Rrs at 5hz r = − 0.43 p = 0.04; Rrs at 19 Hz 
r = − 0.55 p = 0.01). A positive trend was found between ACQ improvement and 
baseline pre-bronchodilator respiratory resistance at both 5 Hz (r = 0.30 p = 0.16) 
and 19 Hz (r = 0.41 p = 0.05) (Fig. 2c-d).

Figure 2 Associations between asthma questionnaire AQLQ and ACQ-6 changes 
and respiratory resistance measured with FOT at baseline (5Hz and 19Hz).
A negative correlation was found between AQLQ improvement and baseline respiratory 
resistance at both 5Hz (2A) and 19Hz (2B). A positive correlation was seen between 
ACQ improvement and baseline respiratory resistance at both 5Hz (2C) and 19Hz (2D). 
FOT, forced oscillation technique; AQLQ, asthma quality of life questionnaire; ACQ, 
asthma control questionnaire; Rrs, respiratory resistance in cmH2O.s/L; BT, bronchial 
thermoplasty; BD, bronchodilation.
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Asthma questionnaires and airway reactance
Correlations between asthma questionnaires and reactance measurements were 
only found for AQLQ and reactance at 5 Hz: baseline AQLQ was negatively 
correlated with airway reactance (r = − 0.42; p = 0.05) and improvement of 
AQLQ was correlated with a higher reactance at baseline (r = 0.48; p = 0.02). No 
significant correlation between baseline / change ACQ and airway reactance 
was found.

Discussion

This study aimed to investigate the effect of BT on pulmonary function and 
to explore whether these pulmonary function parameters were associated 
with BT response. An improvement in asthma control and quality of life was 
found while overall pulmonary function parameters remained stable. More 
importantly, this is the first study showing that a low respiratory resistance, 
measured with FOT, correlated to BT-response. These results can contribute to 
improved patient selection for BT.

Comparable to previously published larger trials [8, 21], spirometry parameters 
overall remained stable. A slight increase in pre-bronchodilator FVC (% 
predicted) and decrease in post-bronchodilator FEV1/FVC after BT were 
found, although significantly different, the clinical relevance of these small 
differences is questionable. For the first time however, correlations were found 
between asthma questionnaire (AQLQ and ACQ) changes and FEV1 change. 
Although the differences were small, these data suggest that spirometry might 
improve after BT as previously shown in the RISA trial [7]. In our study, this 
improvement in FEV1 was only visible in the patients that responded well 
to BT. This correlation was also explored, but not found in an Australian 
cohort of severe asthma patients [22]. An explanation can be the difference in 
baseline characteristics between both cohorts, with a more obstructive asthma 
phenotype in the Australian cohort compared to the present study (FEV1 (% 
predicted) of 55% compared to 88%).

When taking all patient data into account a significant increase was found 
after BT in post-bronchodilator bodyplethysmography airway resistance. 
This increase is mainly caused by one patient, who gained 7 kg during 
follow-up, which could explain this outcome. Similar to Langton et al. [23] no 
significant differences in FOT measurements were found after BT in our study. 
However, a positive correlation was found between airway and respiratory 
resistance measured with both bodyplethysmography and FOT and AQLQ 
questionnaires at baseline. For ACQ this correlation was not present. The 
mechanism underlying this result needs to be further explored.
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An important finding of this study is the correlation between improvements 
on AQLQ and ACQ and respiratory resistance measured with FOT. In this 
study, patients with a higher respiratory resistance at baseline showed less 
improvements on both questionnaires after BT compared to patients with a lower 
resistance. Conventional spirometry and bodyplethysmography-determined 
airway resistance did not show this correlation. A possible explanation for 
this difference might be that FOT measures the respiratory resistance of the 
entire respiratory system, including smaller airways and surrounding tissue. 
Non-responding patients might be the patients with a higher resistance in 
surrounding tissue, potentially in the smaller distal airways which are not 
reached by the BT catheter. Consequently, patients with lower respiratory 
resistance at baseline might be the patients to select for BT treatment.

An improvement in the respiratory resistance was not observed. Other 
recently published studies however did show an improvement of ventilation 
homogeneity after BT [24] and effects of BT on airtrapping parameters with 
pulmonary function tests [22] and Computed Tomography [25-27] indicating a 
BT-effect in the peripheral parts of the airways. To measure the resistance in the 
smaller airways, FOT alone is probably not sufficient. The assessment of small 
airways disease and/or the effect on the smaller airways of BT might be more 
accurate when combining multiple techniques together such as CT, FOT and/
or impulse oscillometry (IOS) as currently investigated by the Atlantis study 
group [28].

There are limitations to this study that need to be addressed. The results in 
this study are part of the TASMA study, a multicenter study, however FOT 
measurements were only performed in one center. Therefore the present study 
included patients from one center only. Although single center results, the 
included group was clinically heterogeneous with allergic, eosinophilic and 
non-allergic/non-eosinophilic patients included. Additionally, patients were 
referred to this center from all parts of the Netherlands, thereby decreasing 
the effect of environmental factors on the outcome. Another limitation is the 
relatively small number of included patients. Although results need to be 
confirmed in larger trials, this study does offer important insights that may 
help to improve patient selection in the future. Strong points of this study are 
using not only conventional methods to assess lung function parameters but 
also use FOT, a method known to give a more reliable result on peripheral 
airway resistance. Also by keeping the medication use stable during follow up, 
and not start tapering down, which could influence the results, strengthens the 
observed measurements.
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Conclusion

Pulmonary function parameters, including FOT, remained stable after BT. 
Correlations were found between FEV1 improvement and asthma questionnaires 
improvement including AQLQ. Additionally, a lower respiratory resistance at 
baseline, measured with FOT, was associated with a favorable BT-response, 
which might reflect the main targeting of BT on the larger airways. These results 
add to understanding the mechanism of action of BT and might contribute to 
improved patient selection for this treatment.
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Abstract

Diagnosing and monitoring pulmonary diseases is highly dependent on 
imaging, physiological function tests and tissue sampling. Optical coherence 
tomography (OCT) and confocal laser endomicroscopy (CLE) are novel 
imaging techniques with near-microscopic resolution that can be easily and 
safely combined with conventional bronchoscopy. Disease-related pulmonary 
anatomical compartments can be visualized, real time, using these techniques. 
In obstructive lung diseases, airway wall layers and related structural 
remodelling can be identified and quantified. In malignant lung disease, 
normal and malignant areas of the central airways, lung parenchyma, lymph 
nodes and pleura can be discriminated. A growing number of interstitial lung 
diseases (ILDs) have been visualized using OCT or CLE. Several ILD-associated 
structural changes can be imaged: fibrosis, cellular infiltration, bronchi(ol)
ectasis, cysts and microscopic honeycombing. Although not yet implemented 
in clinical practice, OCT and CLE have the potential to improve detection 
and monitoring pulmonary diseases and can contribute in unravelling the 
pathophysiology of disease and mechanism of action of novel treatments. 
Indeed, assessment of the airway wall layers with OCT might be helpful when 
evaluating treatments targeting airway remodelling. By visualizing individual 
malignant cells, CLE has the potential as a real-time lung cancer detection 
tool. In the future, both techniques could be combined with laser-enhanced 
fluorescent-labelled tracer detection. This review discusses the value of OCT 
and CLE in pulmonary medicine by summarizing the current evidence and 
elaborating on future perspectives.



OCT and CLE in pulmonary diseases

97

6

Introduction

Diagnosing pulmonary diseases is highly dependent on imaging techniques 
such as high-resolution computed tomography of the chest (HRCT) or 
minimal invasive procedures like bronchoscopy for tissue sampling. HRCT 
imaging contributes to the diagnosis of many pulmonary diseases; however, 
spatial resolution is limited and patients are subjected to ionizing radiation. 
Endobronchial sampling, such as mucosal and parenchymal biopsies and 
needle aspiration, is associated with a complication risk, subject to sampling 
error and provides only information on one specific sampling site.

To diagnose and understand the pathophysiology of pulmonary diseases and 
monitor treatments, higher imaging resolution beyond HRCT on a histological/
cellular level might be helpful. Optical coherence tomography (OCT) and 
confocal laser endomicroscopy (CLE) are 2 novel imaging techniques that can 
fill this gap between invasive and selective tissue sampling and the limited 
resolution of HRCT. All these techniques are complementary: from a large 
overview of the lung (HRCT) to near-microscopic imaging (CLE; Fig. 1). In this 
review, we discuss the value of bronchoscopic OCT and CLE in pulmonary 
diseases by summarizing OCT and CLE-based imaging studies using the 
anatomical compartments related to obstructive lung diseases, pulmonary 
malignancies and interstitial lung diseases (ILD; Fig. 2, Table 1). Furthermore, 
potential future clinical applications of these imaging techniques in pulmonary 
disease management are discussed (Table 1). The applicability of OCT in 
pulmonary vascular diseases has been described in a previously published 
review and is discussed less extensively [1].
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Figure 1 Imaging techniques applied to the alveolar compartment with their 
corresponding resolution and imaging depth. a CLE. b OCT. c HRCT of the chest.

Technical Background

Optical Coherence Tomography
OCT is an imaging technique using near-infrared light to generate high-
resolution images of tissue structures with a resolution of ±10–15 μm and 
depth of 2–3 mm (Fig. 1) [2, 3]. The conceptual idea of OCT is comparable to 
ultrasound, but instead of using the reflection of acoustic waves, OCT uses the 
scattering of near-infrared light to generate images. An advantage of OCT over 
(radial) endobronchial ultrasound is that light waves do not need a transducing 
medium or direct contact with the tissue and therefore has excellent properties 
to be used in air filled anatomical compartments such as the airways. In short, 
in OCT, an optical beam generates near-infrared light and focuses on the tissue. 
The difference in time of light backscattering in structures is measured and 
compared with a reference beam by using principles of optical interferometry. 
This enables the OCT system to generate 2D cross-sectional images (Fig. 
2, 3). Subsequently, consecutive 2D images generated by pullbacks can be 
reconstructed to 3D structures. Although many applications in medicine are 
explored, at first, OCT was clinically implemented in ophthalmology to image 
the retina [4-6]. Furthermore, OCT is nowadays applied to assess stenosis and 
stent apposition in coronary arteries in interventional cardiology [7-10]. For 
pulmonary purposes, OCT has not yet been clinically implemented. However 
in the last decade, studies have shown that OCT is feasible, safe and has added 
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value in pulmonary medicine for a broad field of indications (Table 1). The 
studies in this review investigating the use of OCT in pulmonary medicine 
have used either company build OCT probes (St. Jude Medical Inc., Abbott, 
IL, USA; Pentax Corp., Tokyo, Japan; light-CTTM scanner, LLTech, France; 
LightLab Imaging Inc., Westford, USA; Niris Imaging System, Imalux Corp., 
Cleveland, OH, USA) or custom build devices. OCT images of the airways 
and/or alveolar compartment are captured during bronchoscopy (Fig. 3a–c). 
The OCT catheter is inserted through the working channel of a bronchoscope 
and advanced until the region of interest is reached. Subsequently by manual 
or automated pullback, the OCT catheter generates sequential cross-sectional 
images of segments of the anatomical compartment of interest including the 
airways, lung parenchyma and pulmonary arteries (Fig. 3, Table 1). This 
review summarizes the advances that OCT made in improving diagnosis and 
management of obstructive lung diseases, malignancies and ILDs.

Figure 2. Overview of the pulmonary anatomical compartments with corresponding 
OCT and CLE images. Airway wall: OCT, cross-sectional view of airway wall in 
segmental airway; CLE, pCLE image showing a typical helical ring-like pattern of 
terminal bronchiole. Lymph nodes: OCT, image in a reactive lymph node; CLE, nCLE 
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image showing abundant lymphocytes in a reactive lymph node. Pleura: OCT, image of 
subpleural area, pl is indicated by the white arrow; CLE, lamellar organized elastin fibres 
in the pl as seen with pCLE. Alveolar compartment: OCT, cross-sectional view of alveolar 
compartment with network of alveolar s; CLE, pCLE image of alveolar compartment 
showing alveolar septae with rectangular airspaces. Pulmonary vasculature: OCT, 
cross-sectional view from pulmonary artery; CLE, nCLE image of an mv in a lymph 
node. OCT, optical coherence tomography; CLE, confocal laser endomicroscopy; Ln, 
lymph node; pl, pleura; s, septa; mv, microvessel.

Fig. 3. OCT imaging procedures of the airway wall and alveolar compartment 
(endobronchial OCT; a–c) and pulmonary artery (vascular OCT, d–f). a Bronchoscopic 
view of an OCT imaging procedure showing the guide sheath and the OCT catheter 
positioned in the right lower lobe. The metal mark guides the distance of 5.4 cm to 
the distal tip of the OCT catheter. b OCT image of a normal segmental airway wall 
showing the airway wall layer identification. c OCT image of the alveolar compartment 
showing normal alveoli and septae. d Angiography of the left lower lobe pulmonary 
artery with a stenosis in a chronic thromboembolic pulmonary hypertension (CTEPH) 
patient (white bracket). e OCT image of a normal proximal pulmonary artery. f OCT 
image of a pulmonary artery with webs/bands in a CTEPH patient. (Images provided 
by H.J. Bogaard, MD, PhD; N. van Royen, MD, PhD and M. Beijk, MD, PhD). OCT, 
optical coherence tomography; P, probe; A, alveolar space; S, septae; E, epithelium; LP, 
lamina propria; SM, submucosa; C, cartilage.

Confocal Laser Endomicroscopy
CLE is an imaging technique compatible with bronchoscopy, thoracoscopy and 
transthoracic needle-based interventions [11], which provides real-time images 
of the airways, alveoli, lung tumours, pleura and lymph nodes with a resolution 
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up to 3.5 µm, with a maximum depth of 70 µm and a maximum field of view of 
600 µm (Fig. 1, 2). A fibre-optic probe is advanced through the working channel 
of a bronchoscope, thoracoscope or needle and directed to the area of interest 
where it illuminates tissue with laser light (most commonly used 488 nm). 
Reflected light is redirected back through a pinhole. Only light that is exactly 
in focus will pass through the pinhole, resulting in high-resolution images. 
Moving the laser beam vertically or horizontally enables reconstruction of 
3D images by special software. In literature, CLE is also referred to as fibred 
confocal fluorescence microscopy, confocal microendoscopy or alveoloscopy. 
In this paper, we use the term CLE for this imaging technique. When the CLE 
probe is combined with a needle (CLE probe advanced through a hollow 
needle), the term “needle-based CLE” (nCLE) is used. “Probe-based CLE” 
(pCLE) refers to the technique where the CLE probe is advanced to the tissue, 
thereby directly omitting the need of a needle (Fig. 4).

Fig. 4. pCLE imaging procedures in vivo with corresponding images of the 
normal alveolar and airway wall compartment (a–c); nCLE imaging in vivo with 
corresponding images of reactive lymph node capsula and cortex (d–f). a pCLE 
with the probe (p) positioned in the central airways of the right lower lobe on its way 
to be advanced to the alveolar compartment. 488 nm laser light reflecting at the airway 
wall (blue). b pCLE image of the distal airway wall showing a helical ring-like pattern 
of the terminal bronchiole. c pCLE image of the alveolar compartment showing air-
filled alveoli (a) and alveolar septae (s). d nCLE during an EUS procedure for staging 
of lung cancer, with the probe (p) extending 2 mm distal to the tip of the needle (n). e 
nCLE image showing elastin fibres (e) of the capsula of a lymph node. f nCLE image 
showing lymphocytes (l) in a reactive lymph node Wijmans et al. [85]. pCLE, probe 
based confocal laser endomicroscopy; S, septae; A, alveolar space; nCLE, needle based 
confocal laser endomicroscopy.
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Most evidence for the application of CLE in clinical practice is available in 
gastro-intestinal diseases, for instance, in the detection of neoplasia in the 
oesophagus [12, 13] and pancreatic cysts [14]. In non-malignant diseases like 
ulcerative colitis, CLE has been shown to be superior to any other imaging 
modality to assess mucosal healing [15].

First in vivo, in humans, reports on pCLE in the respiratory tract date back 
to 2007. Earliest studies showed feasibility of imaging of the airway wall and 
demonstrated that the images obtained by pCLE rely on the presence of elastin 
fibres, which is auto-fluorescent at 488 nm laser light [16, 17]. As elastin forms 
the backbone of structural components in the alveolar compartment including 
alveolar septae and microvessels [18-20] and the pleura, these can be visualized, 
real time and in vivo, using pCLE. Additionally, cellular components including 
inflammatory cells such as alveolar macrophages can be imaged based on auto-
fluorescence as well [21].

Currently, in pulmonary diseases, one CLE system is commercially available 
(Cellvizio Endomicroscopy System, Mauna Kea Technologies, Paris, 
France). For pCLE, a miniprobe compatible with 1.9 mm working channel 
(AlveoflexTM) can be used to visualize all segments of the bronchial tree and 
lung parenchyma (Fig. 2). However, when reaching for the upper lobes (apical 
and posterior segments) a thinner, more flexible, probe (CholangioflexTM) 
might be advisable [22].

Imaging the bronchi and alveolar compartment with pCLE does not require 
additional staining. Studies have shown no advantage using fluorescein to 
visualize epithelial cells. Indeed, it has been reported that the visualization 
of alveoli is reduced using fluorescein because of a foam-like substance that 
appears [23, 24].

For imaging of lung masses and/or mediastinal lymph nodes, the needle-
based CLE technique can be used. For this purpose, the thinnest confocal 
probe (AQ-flexTM) is advanced through a 19-Gauge needle. Unlike using 
pCLE in the respiratory tract, intravenous fluorescein-dinatrium should be 
administrated. Fluorescein enables the visualization of individual cells by 
enhancing fluorescence of the stromal background. Single cells are not stained 
by fluorescein, which results in a negative-like image where the individual cells 
are seen as dark dots on a bright background (Fig. 4f). With nCLE, different 
anatomical structures in lymph nodes can be identified. The capsula with 
auto fluorescent elastin fibres can be distinguished from the cortex in which 
the lymphoid cells can be identified (Fig. 4), as well as the lymphoid follicles, 
which appear as large dark discs [25, 26].
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Obstructive Lung Diseases

Optical Coherence Tomography
Obstructive lung diseases such as asthma and chronic obstructive pulmonary 
disease (COPD) are characterized by airway remodelling, which includes 
structural changes and thickening of the airway wall [27-29]. Next to 
inflammation, airway remodelling is a key pathophysiological characteristic 
in asthma, which is associated with disease severity. Therefore, it is of 
importance to develop accurate tools to assess airway wall remodelling [30]. 
By showing a high correlation with histology for both identification (Fig. 3c) 
and quantification of airway wall layers in both animal studies [31] and human 
airways [32-34], OCT is considered a promising technique to assess airway 
remodelling in obstructive lung diseases.

The value of OCT is further substantiated by several studies that have 
correlated OCT imaging of the airway wall to HRCT and pulmonary function 
parameters. Coxson et al. [35] have compared HRCT with OCT imaging in a 
cohort of 44 current and former smokers and showed a strong correlation for 
airway wall thickness. In addition, in this study, forced expiratory volume in 1 
second (FEV1) was measured and correlated to airway wall thickness of fifth-
generation airways measured by both HRCT and OCT, with OCT showing the 
strongest correlation. This correlation between FEV1and airways was confirmed 
in another study in which several stages of COPD patients were included and 
a high correlation between OCT measured airway wall dimensions and FEV1-
based staging was found [36]. In allergic asthma patients, FEV1/FVC correlated 
with OCT measured epithelial thickness and mucosal buckling, a potential 
method to assess bronchoconstriction [37]. Also with impulse oscillometry, a 
lung function test that uses sound waves to assess the respiratory resistance 
found that a correlation existed between the airway wall areas of small airways 
(seventh to ninth generation) assessed with OCT and respiratory resistance 
in heavy smokers and COPD patients [38]. Additionally, OCT can be used 
to assess elastic properties of the airway wall when combined with airway 
pressure increasing methods [39].

Next to assessing airway remodelling in patients with obstructive lung diseases, 
OCT might contribute in unravelling the mechanism of action of new treatment 
techniques and the evaluation of treatment response. In severe asthma, OCT 
was used in a pilot study of 2 severe asthma patients to assess the effect of 
bronchial thermoplasty (BT) on the airway wall up to 2 years after treatment 
[40]. Although the 2 included patients in this study showed similar clinical 
asthma symptoms and spirometry measurements, only 1 patient responded to 
BT. OCT was used to explore differences between these 2 patients and revealed 
a thickened, probably inflamed, epithelium in the non-responder patient, while 
the responder had a thickened airway wall without signs of inflammation. 
Also, after BT a difference was described: in the responder the total airway 
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wall thickness declined, while in the non-responder, the thickness remained 
the same. These results suggested that OCT might have a potential role in 
identifying characteristics at baseline for optimal patient selection for BT.

In severe asthma, OCT has also been used to assess the acute effects of BT on 
the airway wall and identified acute patterns within the airway wall including 
epithelial sloughing and oedema (Fig. 5). Interestingly, acute BT effects 
extended to the distal smaller non-BT-treated airways and this suggested 
that BT treatment might also impact the smaller airways in severe asthmatic 
patients [41].

Although different airway wall layers are detectable with OCT, measuring 
the layers manually is time consuming and it remains difficult to identify 
the different structures and components within these layers such as extra-
cellular matrix (ECM) proteins (e.g., collagen) or airway smooth muscle 
(ASM). By adding a birefringent platform to the OCT system, Adams et al. [42] 
automatically identified and quantified ASM fibres in 3 asthma patients and 3 
healthy controls showing a significant difference in the thickness of ASM fibres 
between these 2 groups.

Confocal Laser Endomicroscopy
Visualization of the airway wall using pCLE relies on elastin fibres in 
subepithelial ECM. In the bronchi, 5 different patterns can be identified, 
depending on the depth of the probe in the bronchial tree [16]. Ranging from 
dense unidirectional elastin fibres, with an occasional bronchial gland opening 
in proximal main bronchi, to cross-sectional fibres and loose, web-like fibres in 
distal, smaller airways, the distal terminal bronchiole shows a typical ring like 
helical pattern (Fig. 4).

Fig. 5. OCT images of the anterior segment (LB3) of the left upper lobe directly 
after bronchial thermoplasty (BT) treatment. a Normal, non-directly-BT-treated 
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distal airway area. b BT-treated airway area with peribronchial edema. c BT-treated 
airway area showing epithelial sloughing. d Corresponding reconstructed pullback of 
the airway (540 2D images, total length of 5.4 cm; Goorsenberg et al. [41]). P, probe.

In patients with asthma, elastin fibres have been described to be decreased or 
fragmented [43]. However, in a study that focused on pCLE imaging in asthma 
patients and healthy controls, it was described that a dense lamellar pattern 
was associated with lower FEV1 [17]. In COPD, to our knowledge, only a single 
study imaged the airway walls with CLE. Of the different subepithelial elastin 
patterns, COPD patients were described to have more loose arrangements of 
elastin fibres, instead of a lamellar or mixed pattern of fibres, as compared to 
non-COPD smokers and healthy volunteers. Possibly indicating destruction of 
elastin fibres in the ECM of the airway wall of COPD patients, which is in line 
with a previous histological study by Black et al. [44].

In the alveolar compartment, animal studies have shown a correlation between 
pulmonary emphysema and enlarged airspaces with thinner capillaries and a 
loss of capillary density [45, 46]. This correlation was reproduced using pCLE in 
COPD patients in vivo, thus without the need for biopsy. Furthermore, COPD 
patients were shown to have decreased auto fluorescence intensity of alveolar 
septae when compared to healthy volunteers, potentially indicating destruction 
of these, elastin containing, alveolar septae [24, 47, 48]. Although pCLE shows 
specific findings in patients with COPD, the additional value of pCLE over 
standard chest CT and pulmonary function tests is yet to be established.

Malignancies

Optical Coherence Tomography
The detection of lung cancer tissue for diagnosis and staging purposes, but 
also for margin assessment in lung cancer surgery, is highly important in the 
management of pulmonary oncology. Several groups have investigated the 
use of OCT in other oncology specialties, mainly in dermatology, urology and 
gastroenterology [49].

The involvement of pulmonary malignancies in different anatomical 
compartments can be imaged with OCT including central airway endobronchial 
malignancies, lung parenchymal pulmonary masses or nodules and metastases 
in lymph nodes.

For the identification of endobronchial tumours, promising results have been 
published both in vivo [50-52] and ex vivo [52-55]. In these endobronchial 
tumours, one study identified different characteristics for 3 subtypes of 
cancer: squamous cell carcinomas, adenocarcinomas and poorly differentiated 
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carcinomas [55]. Three reviewers were trained to identify these criteria in a 
cohort of 82 ex vivo tumour samples that showed an average accuracy of 82.6% 
(range 73.7–94.7%). To the best of our knowledge, there are no studies published 
investigating the value of OCT in assessing the margin of the tumour-resected 
tissue.

In pulmonary masses, nodules and lymph node metastases, a potential use 
of OCT is needle-based OCT imaging in the setting of trans-bronchial needle 
aspiration. One research group conducted a study in pulmonary nodules 
showing high sensitivity and specificity (both >95%) for ex vivo differentiation 
between pulmonary nodules and healthy parenchymal tissue [56]. The same 
research group investigated the use of OCT for the identification of pulmonary 
lymph node metastases. Needle-based OCT was performed in 26 ex vivo 
lymph nodes, both healthy and metastatic disease [57]. The characteristics 
of metastatic disease were distinct from those of the lymph nodes without 
cancer and even had features connected with the subtype of the tumour. Both 
applications of needle-based OCT in pulmonary nodules and lymph nodes 
have not been validated in vivo yet.

Confocal Laser Endomicroscopy
Several studies have shown that pCLE has the ability to identify the abnormal 
area in endobronchial [16, 58-61] and parenchymal-located malignancies 
(both primary lung cancer and metastatic) [58, 62, 63]. Using pCLE to image 
endobronchial lesions, Filner et al. [61] showed the ability to differentiate 
between normal versus neoplastic lesions and normal versus non-neoplastic 
lesions. In a study performed in 112 patients with a peripheral pulmonary 
nodule, pCLE was able to detect the abnormal area in 92% [64]. Additionally, 
Sorokina et al. [63] showed the presence of a specific pattern of alveolar 
dystelectasis, oedema and influx of macrophages to be present in malignant 
nodules in 18 lobectomy specimens. Additionally, pCLE histopathology 
confirmed distinctive features of adenocarcinoma, squamous cell carcinoma 
and small cell carcinoma. However, in a study performed by Seth et al. [64], 91 
patients with peripheral lung nodule were imaged with pCLE, and although 
in 92% the abnormal area was identified, pCLE was not able to discriminate 
benign from malignant lesions. It is thought that this is due to the difficulty 
of staining epithelial cells of the bronchial mucosa [16, 59, 63, 64]. Unlike 
the mucosa of the gastrointestinal tract, fluorescein does not penetrate into 
the epithelial layer of the bronchi [23, 24]. Topical administrated acriflavine 
has shown high sensitivity and specificity to visualize malignant cells in 
endobronchial located tumours; however, its use is under discussion because 
of its potential carcinogenic properties [60].

An approach where the nodule is punctured by a needle combined with the 
CLE probe might resolve the problem of bronchial epithelial staining. In 2016, 
Wijmans et al. [65] presented a case of non-small cell lung cancer in which the 
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primary tumour was imaged with nCLE in combination with intravenous 
fluorescein. Where all the previous mentioned studies for peripheral 
pulmonary nodules have used pCLE, Wijmans et al. [65] demonstrated in this 
study a case in which the primary tumour was visualized with nCLE combined 
with endosonography. Dark, large aggregates of cells imaged with nCLE were 
compatible with the malignant cells of adenocarcinoma Thereafter, a study was 
performed using nCLE in both centrally located primary pulmonary tumours 
(n = 6) and metastasis suspected lymph nodes (n = 21). Three characteristics 
were developed to predict malignancy: enlarged pleomorphic cells, dark 
clumps and directional streaming. These criteria were prospectively validated 
to determine malignancy of the tumours or lymph nodes with high diagnostic 
accuracy of 90% [26] (Fig. 6).

In pleural lesions, both pCLE and nCLE have been used to detect malignant 
cells. Bonhomme et al. [66] reported 3 cases with pleura imaging using pCLE. 
Three different images of the pleura were presented: normal pleura, pleural 
metastasized non-small cell lung cancer and a case of mesothelioma. pCLE of the 
pleura showed clear capability to differentiate normal pleura from malignant 
pleura in these cases. Shortly thereafter, a larger study was undertaken using 
both pCLE and nCLE to distinguish malignant mesothelioma from areas of 
pleural fibrosis. Characteristics of different pleural lesions were identified and 
prospectively validated in 105 pleural biopsies from 15 patients with moderate 
inter-observer agreement [11]. When it comes to malignant pleural effusion, 
one ex vivo study found high sensitivity and specificity for pleural malignancy 
using pCLE in pleural effusion [67].

Fig. 6. Endosonography guided nCLE of a mediastinal lymph node metastasis 
of a tumour in the left upper lobe. a PET-CT scan showing fludeoxyglucose-avid 
lymph node station 4 L, and the primary lung tumour (T). b EUS image showing an 
enlarged lymph nodes at station 4 L. c Real-time nCLE image of lymph node station 4 
L showing large pleomorphic cells and dark clumps recognized as malignant cells (M). 
d Fine needle aspirate showing malignant cells of squamous cell carcinoma (Wijmans et 
al. [26]). 10, lymph node station 10 L (left); Aa, ascending aorta; Ad, descending aorta.
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ILDs and Other Parenchymal Lung Diseases

Optical Coherence Tomography
OCT has predominantly been used to assess abnormalities in the airway due to 
both obstructive airway diseases and (endobronchial) malignancies. However, 
recently, the use of OCT for the assessment of the alveolar compartment has 
been investigated [68-70]. Especially in ILDs the added value of high-resolution, 
near-microscopic imaging next to HRCT can be envisioned. In 2013, Hariri et al. 
[54] compared the histology of human lung specimens with optical frequency 
domain imaging in 4 patients ex vivo. Characteristics of fibrosis were identified 
in these OCT images. More recently, the first in vivo in human results of OCT 
in diagnosis of idiopathic pulmonary fibrosis has been published [71-73]. These 
results showed that OCT was able to identify microscopic honeycombing with 
alveolar OCT, while radiological honeycombing was not visible on HRCT [71]. 
Furthermore, characteristics for fibrotic ILDs such as thickening of alveolar 
septae and loss of alveolar structure, microscopic honeycombing, cysts and 
bronchi(ol)ectasis were identified with OCT [71-73].

Confocal Laser Endomicroscopy
Since ILD is a disease located in the alveolar compartment, CLE has been used 
to visualize ILD in vivo. Normal alveolar compartment images show thin 
alveolar septae in a round, helical or looped shape depending on the angle of 
penetration of the alveolar unit (Fig. 2, 4). Microvessels can be visualized and are 
typically thicker than the alveolar septae, and may have branches. In smoking 
individuals, highly fluorescent macrophages are visible throughout the alveoli, 
which has a positive correlation with the number of cigarettes used [21]. Also, 
the fluorescent intensity of alveolar structures varies: older individuals tend to 
have stronger fluorescent signals of alveolar elastin fibres [21, 24].

The first report of CLE in ILD was a case of pulmonary alveolar proteinosis, 
in which highly fluorescent globular structures were identified in vivo, 
compatible with globular lipoproteinaceous material in broncho-alveolar 
lavage. Similar findings were described in a case series of 6 patients with 
pulmonary alveolar proteinosis [74]. Later, case reports of amiodarone induced 
ILD, pulmonary alveolar microlithiasis, invasive aspergillosis, pneumocystis 
jiroveci pneumonia, lymphangioleiomyomatosis and metastatic pulmonary 
calcification were published [75-80].

In addition to the above, CLE has also been studied for the surveillance of acute 
cellular rejection (ACR) in lung transplant recipients. Two studies have focused 
on the use of pCLE in these patients and found that specific characteristics are 
associated with ACR. Yserbyt et al. [81] showed in 2014 the correlation between 
ACR and an increase in auto fluorescent alveolar cells. This finding was confirmed 
by Keller et al. [82] in 2019, with the addition of the perivascular distribution 
of the cells. Perivascular cellularity was significantly correlated with ACR.



OCT and CLE in pulmonary diseases

111

6

Several studies have been performed to identify specific characteristics of pCLE 
images in ILD. Meng et al. [83] identified 6 different patterns to discriminate 
chronic fibrosing ILD from other ILDs. Salaün et al. [84] identified 9 specific 
CLE characteristics using data from 80 individuals (59 ILD patients, 21 healthy 
individuals). Based on these characteristics they were able to discriminate 
normal from diseased lung, and found that certain ILDs were associated with 
a cellular CLE pattern (presence of fluorescent bronchial and alveolar cells), 
while others were associated with a fibrotic CLE pattern (small alveolar 
mouths, disorganized dense elastin fibre network with thickened septae). 
They showed good reproducibility of inter-observer interpretation. In another 
observational study in 14 ILD patients pCLE was able to detect normal and 
abnormal parenchymal areas, and to discriminate mild from severe fibrosis 
(Fig. 7). Additionally the pleura and the adjacent subpleural alveolar space 
could be identified [85].

Based on the studies reviewed above, it seems plausible that pCLE can 
differentiate cellular ILDs from fibrotic ILDs; however, whether CLE can 
differentiate between specific subsets of ILDs remains to be established. The 
potential of CLE to identify these different compartments, along with an added 
value to characterize ILD, paves the way to use CLE as a guidance tool for 
endoscopic (cryo-)lung biopsies.

Fig. 7. pCLE images of the alveolar compartment in a patient with a fibrotic non 
specific interstitial pneumonia (NSIP). a HRCT image showing diffuse reticulation 
and bronchi(ol)ectasis. b pCLE image showing an increased density of alveolar elastin 
fibre intact network. c pCLE image showing an increased density of thickened alveolar 
elastin fibre network with loss of normal architecture Wijmans et al. [85]. P, posterior.

Pulmonary Vascular Diseases

Optical Coherence Tomography
The use of OCT in pulmonary vascular diseases has been described thoroughly 
in previously published reviews by our group and others [1, 86]. In short, OCT 
has been investigated in characterizing pulmonary artery wall remodelling 
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in pulmonary arterial hypertension [87-89]. Pulmonary artery wall thickness 
has been reported to correlate to hemodynamic parameters [90, 91]. In chronic 
thromboembolic pulmonary hypertension, OCT was able to assess thrombotic 
occlusion and luminal webs and/or bands [87, 89] (Fig. 3f) and has been 
reported to guide balloon sizing and to evaluate the effect of balloon pulmonary 
angioplasty treatment [92, 93]. Additionally, one study investigated the use of 
OCT in diagnosing peripheral pulmonary artery thrombus as compared to 
selective pulmonary angiography in 12 patients [94]. In this study, OCT found 
significantly more thrombi in the distal segments of peripheral pulmonary 
arteries than selective pulmonary angiography. Moreover, OCT was able to 
differentiate between acute “red” and chronic “white” thrombi.

Confocal Laser Endomicroscopy
To the best of our knowledge, no studies have been published regarding the 
use of CLE in pulmonary vascular diseases.

Future Perspectives

In summary, in pulmonary medicine, OCT and CLE are promising high-
resolution, real-time, in vivo imaging techniques to visualize important 
disease associated anatomical compartments of the respiratory tract. However, 
unlike in ophthalmology and cardiology, OCT and CLE have not found their 
implementation into standard clinical care yet.

In our opinion, the use of both CLE and OCT techniques has high potential to 
add to guidance and/or improvement in diagnostic yield driven by its near-
microscopic resolution and real-time properties. For instance, the development 
of a CLE or OCT integrated cytological needle (so called smart needle) to guide 
the biopsy site and provide real-time feedback for the detection of lung cancer 
and pleura mesothelioma [11].

In addition, since advanced OCT and CLE have shown the potential of in situ 
cytological analysis in malignancy-suspected lymph nodes, it seems reasonable 
that these techniques also have the capability of detecting granulomas in, for 
instance, sarcoidosis. The scope of novel imaging techniques in endoscopy 
may be broadened in the near future by implementing the use of fluorescently 
labelled tracers. In this field of imaging, optical techniques are combined with 
laser to detect fluorescently labelled components. In oncology, fluorescently 
labelled antibody detection can further boost tumour identification for 
cancer diagnosis, staging and assessment of tumour margins. For instance, 
fluorescently labelled anti-CD47 was used to detect bladder cancer [95]. Both 
fluorescently labelled labetuzumab and erlotinib have been used to assess 
colorectal cancer and EGFR-mutated lung tumours, respectively, in xenografted 
mouse models [96, 97]. Furthermore, to evaluate the effect of novel treatments, 
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pCLE might be of value as was demonstrated by a study in which apoptotic 
cells were visualized after the administration of erlotinib in EGFR-mutated 
tumours in animal models [98]. In severe asthma patients, it can be envisioned 
that molecular labelling of monoclonal antibodies used for immunotherapy can 
help to visualize cellular targets and biodistribution of these antibodies with 
the ultimate goal to improve patient selection for these expensive therapies.

In the field of infectious diseases, efforts are made to directly visualize the 
presence of pathogens. So far, both in- and ex vivo studies have been published 
to visualize aspergillus [99-101] and staphylococcus aureus [102] in animal 
models using CLE.

Currently, analyzing OCT and CLE images is elaborative and this makes it a 
time-consuming process. The development of automated software is essential 
for the implementation of these techniques. Automated segmentation based on 
intensity analyses or deep learning techniques might prove very helpful in image 
analyses and will be a necessity for broader clinical application. Improvements 
are being made, such as automated quantification [42] and automated mucus 
segmentation [37, 103]. Also, research is focused on improving the techniques, 
for instance, by using polarization sensitive OCT, which shows not only the 
structural layers of the airway wall but also the arrangement of the tissue [104].

This makes it possible to distinguish several structures in the airways such as 
structural airway components (e.g., ECM/ASM). Additionally, the resolution 
of OCT imaging might be improved by using a nano-optic endoscope: a 
conventional OCT system with a metalens integrated in the design [105]. 
Potentially these techniques can be used to assess treatment effects on airway 
wall structures involved in airway wall remodelling, without the need for 
taking a biopsy. Other factors limiting the implementation of these techniques 
in clinical practice are the lack of larger validation trials, costs and availability 
of OCT and CLE systems. Currently, pulmonary OCT and CLE have been 
used only in research trials in expert centres with expertise in interventional 
bronchoscopy with relatively small amounts of patients included.

Conclusion

Both OCT and CLE are complementary, high-resolution imaging techniques 
that have shown to be feasible and safe to use in a variety pulmonary diseases. 
Both techniques have considerable potential to improve diagnostics and 
monitoring of pulmonary diseases and their treatments; however, larger in vivo 
validation studies and automated software are needed before these techniques 
can be implemented in clinical practice.
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Abstract 
 
Background High-resolution computed tomography has limitations in the 
assessment of airway wall layers and related remodeling in obstructive lung 
diseases. Near infrared-based Optical Coherence Tomography (OCT) is a novel 
imaging technique that combined with bronchoscopy generates highly detailed 
images of the airway wall. The aim of this study is to identify and quantify 
human airway wall layers both ex-vivo and in-vivo by OCT and correlate these 
to histology.

Methods Patients with lung cancer, prior to lobectomy, underwent bronchoscopy 
including in-vivo OCT imaging. Ex-vivo OCT imaging was performed in the 
resected lung lobe after needle insertion for matching with histology. Airway 
wall layer perimeters and their corresponding areas were assessed by two 
independent observers. Airway wall layer areas (total wall area, mucosal layer 
area and submucosal muscular layer area) were calculated. 

Results 13 airways of 5 patients were imaged by OCT. Histology was matched 
with 51 ex-vivo OCT images and 39 in-vivo OCT images. A significant 
correlation was found between ex-vivo OCT imaging and histology, in-vivo 
OCT imaging and histology and ex-vivo OCT imaging and in-vivo OCT imaging 
for all measurements (p < 0.0001 all comparisons). A minimal bias was seen 
in Bland-Altman analysis. High inter-observer reproducibility with intra-class 
correlation coefficients all above 0.90 were detected. 

Conclusions OCT is an accurate and reproducible imaging technique for 
identification and quantification of airway wall layers and can be considered 
as a promising minimal-invasive imaging technique to identify and quantify 
airway remodeling in obstructive lung diseases.  
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Abbreviations list

AMC   academic Medical Center 
ASM  airway smooth muscle 
BT   bronchial thermoplasty 
COPD  chronic pulmonary obstructive disease 
H&E   hematoxylin and eosin 
HRCT  high resolution computed tomography 
ICC  intra-class correlation 
NSCLC  non-small cell lung cancer
OCT  optical coherence tomography 
PET-CT  positron emission tomography-computed tomography 
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Introduction
 
Airway remodeling is defined by structural changes and thickening of the 
airway wall, which is seen in several pulmonary diseases, such as asthma and 
chronic obstructive pulmonary disease (COPD) [1-3]. The identification and 
severity of airway remodeling is important as it relates to disease severity [4]. 
Currently, airway remodeling can be assessed by high resolution computed 
tomography (HRCT)-scan of the chest. However this imaging technique 
requires patient exposition to ionizing radiation and has limited resolution that 
hampers visualization and quantification of the different airway wall layers. 
Bronchial mucosal biopsies taken during bronchoscopy, can visualize the 
different airway wall layers very precisely but are invasive. Furthermore these 
biopsies, provide only information of a small selected site of the airways and 
the processing of biopsies is time consuming and often causes artefacts [5]. 

Optical Coherence Tomography (OCT) is a promising real-time high-resolution 
imaging technique to assess airway remodeling [6, 7]. Using near-infrared light 
cross-sectional images are created by the backscattering of light by the tissue 
[8]. For example, in ophthalmology, OCT is used in clinical practice for retina 
assessment [9] and in cardiology for stent positioning during percutaneous 
coronary interventions [10]. Former studies have shown that OCT is able to 
visualize the different airway wall layers including mucosa (epithelium and 
lamina propria), submucosa (including airway smooth muscle, glands) and 
cartilage [11-15]. Only limited data are available on the quantification of 
total airway wall area and the correlation with histology [5, 16] and CT [5, 6]. 
The feasibility of OCT to quantify separate airway wall layers, including the 
mucosa and submucosa, and the correlation with histology in human airways 
in unknown. Furthermore correlating ex-vivo and in-vivo OCT images has 
never been done before. The aim of this study is to identify and quantify airway 
wall layers in ex-vivo and in-vivo OCT images and correlate these to histology, 
and assess the inter-observer reproducibility. We hypothesize that: 1) airway 
wall layer areas assessed on ex-vivo OCT images correlate well with matched 
histology sections, 2) airway wall layer areas assessed on in-vivo OCT images 
correlate well with both ex-vivo OCT images and histology sections, and, 3) 
there is a good inter-observer reproducibility for manually traced OCT airway 
wall layer perimeters and their corresponding areas. 

Methods

Study design 
This is a prospective observational cohort study, performed in the Academic 
Medical Center (AMC) in Amsterdam, the Netherlands. Ethical approval was 
obtained from the Medical Ethics Committee of the AMC (NL51605.018.14). Fig 
1 shows the flow of study conduct. 
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Figure 1. Flow chart of study conduct. OCT: optical coherence tomography. 

 
Study subjects
Patients with a strong suspicion or tissue proven peripheral non-small cell 
lung cancer (NSCLC) staged cT1-3N0-1M0 based on a positron emission 
tomography-computed tomography (PET-CT) and in need of a standard 
diagnostic bronchoscopic work-up and lobectomy were eligible for the study. 
Signed informed consent was obtained prior to the procedure.

In-vivo OCT imaging
OCT images of in-vivo airways were acquired using a C7-XR St. Jude Medical 
Inc. system interfaced with a C7 Dragonfly catheter (Ø 0.9 mm diameter) 
(St. Jude Medical Inc., St. Paul, MN, USA). After standard diagnostic 
bronchoscopy, the OCT catheter was inserted through a guide sheath into 
the working channel of the bronchoscope into the airways of interest where 
an automated pullback of 5.4 cm was performed (S1A Fig). All airways in 
the lobe candidate for surgical resection were imaged from subsegmental 
to segmental airways. Each pullback was repeated at least two times.  

Ex-vivo OCT imaging
Following surgical resection, the lobectomy specimen was subjected to OCT 
imaging within three hours after removal. In preparation for ex-vivo OCT imaging 
the airways were partially exposed and instilled with phosphate buffered 
saline. In order to correlate the ex-vivo OCT imaging with histology, two to four 
curved suture needles were inserted in the in-vivo OCT imaged airways (S1B 
Fig). These needles were clearly visible on ex-vivo OCT imaging (S1C Fig) and 
guided matching of ex-vivo OCT images with histology sections. Ex-vivo OCT 
imaging was performed similarly to in-vivo OCT imaging as described above. 

Histological preparation
After performing ex-vivo OCT imaging of the airways, the lobectomy sample 
was fixed in phosphate buffered formalin overnight. Measured airways were 
dissected and sectioned according to the sutures needles. Subsequently the 
tissue samples were dehydrated with increasing concentrations of ethanol for 
~4 hours, cleared in xylene and impregnated in paraffin, using a standard tissue 
processor (A82300001 Excelsior AS Tissue Processor, ThermoFisher Scientific, 
Waltham, MA, USA). Next, tissues were manually embedded in paraffin. 
Sections of 4 µm thickness were stained with hematoxylin and eosin (H&E) to 
visualize the airway wall structures (Figs 2A and 2B). Immunostaining with 
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desmin was used to identify the airway smooth muscle layer (Figs 2C and 2D). 
We used Philips Digital Pathology Solution 2.3.1.1 to digitalize the histology 
slides (Philips Electronics, the Netherlands).

OCT measurements protocol and training
Before analyzing the ex-vivo and in-vivo OCT images, a protocol was written 
that defined how to identify and quantify the airway wall layers in OCT 
images. For training purposes, according to this protocol a test series of OCT 
images were analyzed by two independent OCT image experts (JH and AG). 
The test OCT imaging set contained 51 randomly selected OCT images which 
were obtained from another study. Luminal perimeter (PL), outer perimeter 
of the mucosa (Pmuc) and outer perimeter of the submucosal muscular layer 
(Psubmusc) were traced. 

Figure 2  Ex-vivo OCT cross-sectional image visualizing the different layers of the 
human airway wall and corresponding histology image.
(A) Histology cross section, stained with H&E. (B) Higher magnification view of the 
square of histology image A, visualizing the different layers of the airway wall of 
the segmental LLL. (C) Histology cross section, stained with desmin. (D) Higher 
magnification view of the square of histology image C, visualizing the submucosal 
muscular layer of the airway wall. (E) Corresponding cross section of OCT of ex-vivo 
airway to histology airway image A and C. (F) Higher magnification view of the square 
of OCT image E, visualizing the corresponding layers of the airway wall. 
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OCT – histology matching
Ex-vivo OCT images and histology sections were matched by one observer (JH) 
based on the needles which were clearly visible in OCT. In-vivo OCT images 
were linked with ex-vivo OCT images and histology by matching luminal 
perimeters and corresponding areas in mm2 combined with the distance from 
reference points and segmentations in corresponding airways. 

OCT and histology measurements 
We used ImageJ software for Windows (National Institutes of Health, Bethesda, 
MD, USA) to manually trace the luminal perimeter (PL), mucosal perimeter (Pmuc) 
and submucosal muscular perimeter (Psubmusc) in the desmin stained histology 
images of our study population (Figs 3A and 3B). The same perimeters were 
traced in in-vivo and ex-vivo OCT images using St. Jude Medical Inc. software 
(Figs 3C and 3D). The criteria for tracing the airway wall layer perimeters in 
OCT images were based on the differences in light intensity as shown in S2 Fig. 
From the inside of the airway lumen to the outer wall, the first thin low intensity 
layer identified is the epithelial layer. The second, high intensity, layer matches 
the lamina propria layer (the mucosal layer includes the epithelial layer and 
lamina propria layer). The third, lower intensity, layer is the submucosa layer 
which includes the airway smooth muscle. The next, very low intensity, layer 
is the cartilage layer identified by a surrounded thin high intensity layer, the 
perichondrium. Subsequently, the luminal areas AL (in mm2), mucosal areas 
Amuc (in mm2) and submucosal muscular areas Asubmusc (in mm2) corresponding 
to the traced perimeters PL , Pmuc , Psubmusc were automatically calculated. These 
areas were used to calculate the surface areas of the different layers; total 
airway wall area (WAt = Asubmusc – AL), mucosal wall layer area (WAmuc = Amuc 
– AL) and submucosal muscular wall layer area (WAsubmusc = Asubmusc – Amuc) in 
mm2. Both JH and AG analysed the blinded histology, OCT ex-vivo and OCT in-
vivo images independently in order to assess the inter-observer reproducibility.

Primary endpoint
The primary endpoint was the correlation between ex-vivo OCT and histology 
for the above described parameters (AL, Amuc, Asubmusc, WAt, WAmuc and WAsubmusc 
in mm2).

Secondary endpoints
Secondary endpoints were the correlation between in-vivo OCT and ex-vivo OCT 
and between in-vivo OCT and histology for the above described parameters 
(AL, Amuc, Asubmusc, WAt, WAmuc and WAsubmusc and in mm2). Furthermore the inter-
observer reproducibility of the manually traced perimeters and corresponding 
areas between two observers was analyzed (AL, Amuc, Asubmusc in mm2).

Statistical analysis
Data were tested for normality using a D’Agostino and Pearson omnibus 
normality test and histograms. The relationship between histology and 
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OCT images (ex-vivo and in-vivo) and the inter-observer reproducibility 
was determined by using a Pearson correlation coefficient (r) for normally 
distributed data and the Spearman’s rank correlation coefficient (r) for non-
normally distributed data with its least squares linear regression models. The 
agreement between measurements is shown in Bland-Altman plots. Both 
analysis were performed in GraphPad Prism version 5.01 (GraphPad Software 
Inc, San Diego, CA, USA). To analyze if both observers indeed measured the 
same values we calculated the intra-class correlation coefficient (ICC) using 
SPSS statistics for Windows version 23.0. The used P values in our analysis 
were all two sided and sat at a level of statistical significance of P < 0.05.

Figure 3 Ex-vivo OCT cross-sectional image and corresponding histology image 
of human airway. (A) Clean histology cross section of human airway of the segmental 
LLL, stained with desmin. (B) cross section images of histology, stained with desmin, 
with manually traced perimeters; PL: lumen perimeter, Pmuc: mucosal perimeter, Psubmusc: 
submucosal muscular perimeter. (C) Corresponding cross section of OCT of ex-vivo 
airway to histology airway image A. (D) cross section images of OCT and with manually 
traced perimeters; PL: lumen perimeter, Pmuc: mucosal perimeter, Psubmusc: submucosal 
muscular perimeter and OCT probe in situ.  
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Results

From April 2015 until November 2015 5 patients with NSCLC who underwent 
an lobectomy were included in this study. Patient characteristics are shown in 
Table 1. 

Primary endpoint
In total 13 ex-vivo airways in 5 patients were imaged with OCT, resulting in 
51 matching cross sectional OCT images and histology sections. Airway wall 
layers could be identified as shown in Figs 2 and 3. Linear regression analysis 
showed a significant correlation between ex-vivo OCT imaging and histology 
for all parameters (AL r=0.96, p<0.0001, Amuc r=0.92, p<0.0001, Asub r=0.87, 
p<0.0001, WAt r=0.79, p<0.0001, WAmuc r=0.78, p<0.0001 and WAsubmusc r=0.62, 
p=0.0001) (Table 2, Fig 4 A-F left graphs). Bland-Altman analysis showed a 
minimal bias for (all measurements of) these parameters (Fig 4 A-F right 
graphs). A proportional error was found for mucosal wall area (WAmuc in mm2) 
and submucosal muscular wall area (WAsubmusc in mm2 ).

Secondary endpoints 
Ex-vivo OCT and in-vivo OCT images
A total of 39 in-vivo OCT cross sectional images could be compared with their 
corresponding ex-vivo OCT images. Images were matched according to luminal 
perimeters for the same airways. High correspondence between in-vivo and ex-
vivo OCT imaging for the luminal area was shown (AL r=0.99, p<0.0001). Linear 
regression analysis showed a significant correlation for all other parameters 
(Amuc r=0.97, p<0.0001, Asubmusc r=0.88, p<0.0001, WAt r=0.54, p<0.0001, WAmuc 
r=0.68, p<0.0001 and WAsubmusc r=0.40, p=0.0001). Bland-Altman analysis showed 
a negligible bias between OCT ex-vivo and OCT in-vivo images (S3 Fig). Similar 
results were found when in-vivo OCT was compared with histology (S4 Fig). 

Table 1. Patient characteristics undergoing OCT and lobectomy
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age (years) 57 69 71 60 64
Sex Male Male Female Male Male
FEV1% predicted 97 94 90 36 48
COPD GOLD status n.a. n.a. n.a. GOLD III GOLD III
Resected lung lobe RUL LLL LLL LLL RUL

FEV1: forced expiratory volume in one second. COPD: chronic obstructive pulmonary 
disease. n.a.: not applicable. RUL: right upper lobe. LLL: left lower lobe 
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Table 2. Correlation between ex-vivo OCT and histology for airway wall area 
measurements
Parameter r P-value
AL 0.96 <0.0001
Amuc 0.92 <0.0001
Asubmusc 0.87 <0.0001
WAt 0.79 <0.0001
WAmuc 0.78 <0.0001
WAsubmusc 0.62 <0.0001

AL: luminal area. Amuc: mucosal area. Asubmusc: submucosal muscular area, WAt: total 
airway wall area. WAmuc: mucosal wall layer area. WAsubmusc: submucosal muscular wall 
layer area
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Figure 4 Linear regression analysis and Bland-Altman plots for histology and 
OCT ex-vivo airway wall area measurements (n=51).
(A) AL lumen area in mm2. (B) Amuc mucosal area in mm2. (C) Asubmusc submucosal 
muscular area in mm2. (D) WAt total airway wall area in mm2. (E) WAmuc mucosal wall 
area in mm2. (F) WAsubmusc submucosal muscular wall area in mm2.
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Inter-observer reproducibility 
All 51 ex-vivo OCT images and 39 in-vivo OCT images were analyzed 
independently by the two observers. The intra-class correlation coefficients 
to assess the accuracy of ex-vivo and in-vivo OCT measurements by the two 
observers were high for all parameters (S1 Table). Linear regression analysis of 
the ex-vivo OCT measurements between the two observers showed a significant 
correlation (r ≥0.98, p< 0.0001 for all measurements) (S5 Fig). Bland-Altman 
plots showed a minimal bias for all three parameters (AL -0.02 (95% CI = -0.22-
0.19), Amuc -0.06 (95% CI = -0.52-0.41) and Asubmusc 0.02 (95% CI = -0.99-1.04)
(S5 Fig). Comparable results were found for the in-vivo OCT measurements 
between the two observers (S6 Fig). 

Discussion

To the best of our knowledge, this is the first study to show the feasibility of 
OCT to identify and subsequently quantify separate human airway wall layers 
showing a strong and significant correlation with histology for both ex-vivo 
and in-vivo OCT images. Besides, this is the first report comparing ex-vivo and 
in-vivo OCT imaging and showing its significant correlation. Importantly, a 
high inter-observer reproducibility was detected between two independent 
observers. 

The correlations for separate airway wall areas measured by OCT and histology 
were less strong when compared to the previous animal study performed in 
porcine lungs, which are known to have more widespread airway cartilage 
than human airways [16]. This makes it easier to distinguish the different 
perimeters in OCT images of porcine airways [17]. The proportional error in 
Bland-Altman analysis of WAsubmusc (mm2) and WAt (mm2) for ex-vivo OCT 
imaging versus histology, suggests that a small systematic difference between 
histology and OCT, is present. Probably, this is the result of formalin fixation, 
alcohol dehydration and paraffin embedding, which are known to cause tissue 
shrinkage, however without disturbing the intrinsic proportions of the various 
tissue layers. The high correlation we found for the lumen and total airway 
wall quantification is comparable to the in-vivo OCT study performed by Chen 
et al [5]. 

Since we could not use suture needles as landmarks for matching the OCT in-
vivo images with histology, we used a corresponding inner luminal area from 
the same airway instead. A decrease of the airway lumen after resection and 
especially after histological processing can be expected. This can contribute 
to the observed differences between the in-vivo OCT and ex-vivo OCT 
measurements and in-vivo OCT and histological measurements. However, 
the correlation for Amuc and Asubmusc remained strong and significant for in-vivo 
OCT imaging compared to histology and suggests that an exact match is not 
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necessary when you measure the same airway with a corresponding lumen. 
A previous study assessing insertion-reinsertion reproducibility of the total 
airway wall area in OCT found similar results and stated that heterogeneity in 
airway wall structure seemed to be relatively small [18]. 

This study has multiple strengths. First, all measurements were independently 
assessed by two observers, making it possible to analyze the inter-observer 
reproducibility. By using an anonymized test series of different patients, we 
avoided creating bias by already seeing the OCT images from our own cohort. 
Based on histology and the OCT test series both observers with knowledge of 
the histology of airway walls were able to analyze OCT images of the airway 
wall. With high intra-class correlation coefficients and a negligible bias for all 
measurements between two independent observers this study shows that OCT 
imaging has a strong inter-observer reproducibility. The strong inter-observer 
reproducibility in both ex-vivo and in-vivo OCT imaging, confirms data from 
previous studies [16, 18]. Second, a large sample size of 51 matched cross 
sectional OCT and histology images were analyzed. Third, the unique study 
method, where human airways were measured with OCT both in-vivo and ex-
vivo and subsequently compared with each other and with histology, ensured 
a reliable comparison. Finally, we believe that the method of airway wall layer 
quantification as executed in this study is of interest. Since subtracting airway 
wall area measurements from one another results in areas of the airway wall 
layer that are independent of the shape of the airway.

There are several limitations to this study. First, not all ex-vivo airways were 
also measured with OCT in-vivo, therefore 39 of the 52 ex-vivo OCT images had 
a corresponding in-vivo OCT image. Since it was not possible to use sutures 
during OCT in-vivo imaging, the luminal area and distance to reference points 
and segmentations was used to match with histology. In addition, matching 
was done by a single person. Second, our cohort contained a heterogeneous 
population with both subjects with a non-obstructive lung function and subjects 
with COPD. However, in these 5 patients several airways were imaged, creating 
51 histology–OCT ex-vivo matches. Since the aim of this study was to correlate 
histology to OCT images independent of the health status of the airway wall, 
the heterogeneity of the study population does not interfere with the study aim. 
Another possible limitation is generated by artefacts after processing histology 
tissue. A well-known artefact is shrinkage of histology tissue caused by fixation 
[19]. This could potentially have caused the small proportional error seen in the 
Bland-Altman analysis. In addition, OCT imaging artifacts can contribute to 
the found differences between OCT and histological measurements. As shown 
in Figs 2 and 3 the sensitivity decreases with the distance between the probe 
and the airway wall. Furthermore minimal artefacts are expected from the 
angle of the airway wall surface relative to the light beam, the refractive index 
radial calibration and refractive effects. 
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One major advantage of OCT over histology is that OCT is able to measure 
airway segments real-time in their natural state in-vivo. With OCT being 
significantly correlated to histology and easy to learn with high reproducibility, 
it could be an ideal instrument to assess airway wall remodeling, understand 
airway disease pathogenesis and eventually monitor and evaluate treatment 
results over time in patients with airway diseases such as asthma [20]. For 
instance, there is evidence that Bronchial Thermoplasty (BT) induces a reduction 
in airway smooth muscle (ASM) mass in severe asthma [21]. As OCT is able 
to visualize and quantify the different airway wall layers in a specific airway 
segment, it could potentially detect changes in the submucosal muscular layer, 
containing the ASM after BT. As such OCT may serve as an ideal BT treatment 
evaluation instrument and might be used for identification of patients that have 
a large ASM mass. In the future, combining OCT with technical advancements 
such as polarisation will make it possible to visualize and quantify the ASM 
itself, which could be of added value in these patients [22]. For this purpose, 
although the high inter-observer reproducibility of OCT measurements are 
reassured, automated software for airway wall measurements is highly needed.
In conclusion, OCT is an accurate and reproducible imaging technique 
for identification and quantification of the airway wall areas in total and in 
sublayers. OCT can be considered a promising non-invasive imaging technique 
to identify and quantify airway remodeling in patients with obstructive lung 
diseases. 
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S1 Table. Inter-observer reproducibility of OCT measurements between two 
independent observers.

Ex-vivo OCT imaging (n = 51) In-vivo OCT imaging (n = 39)
Parameter ICC 95% CI P-value ICC 95% CI P-value 
AL (mm2) 0.999 0.999-1.000 <0.0001 0.999 0.999-1.000 <0.0001
Amuc (mm2) 0.997 0.995-0.998 <0.0001 0.997 0.993-0.999 <0.0001
Asubmusc (mm2) 0.991 0.985-0.995 <0.0001 0.983 0.959-0.992 <0.0001

ICC: intraclass correlation. AL: luminal area. Amuc: mucosal area. Asubmusc: submucosal 
muscular area.

S1 Figure Bronchoscopic OCT imaging technique.
(A) Bronchoscopic view: In-vivo OCT imaging with OCT catheter (left arrow) outside the 
sheet (right arrow) in the posterior segment (RB9) of the right lower lobe. The medial-
basal segment (RB7) is used as reference point for the end of the pullback track of 5.4 cm 
marked by a metal part (left arrow). (B) Resected lung lobe with 3 suture needle marks 
(long arrows) through the lumen of the airway. OCT catheter placed in airway with 
needle marks (short arrow). (C) OCT cross-section of an ex-vivo imaged airway with a 
needle mark visible (long arrow). OCT probe visible in the center of the airway (short 
arrow).

S2 Figure OCT criteria for identification of airway wall structures and layers.  
(A) OCT image of the airway wall of a segmental airway of the left lower lobe. (B) 
Manual tracing of perimeters based on differences in light intensities of the airway 
wall layers. From right to left the dotted lines represent; luminal perimeter, epithelial 
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perimeter, mucosal perimeter, submucosal perimeter. (C) Corresponding annotated 
airway wall layers based on differences in light intensities. From right to left: first, 
low intensity, layer is the epithelial layer. The second, high intensity, layer matches 
the lamina propria layer. The third, low intensity, layer the submucosa including the 
airway smooth muscle. The next, very low intensity, layer is the cartilage layer which is 
identified by a surrounded thin high intensity layer, the perichondrium.

S3 Figure Linear regression analysis and Bland-Altman plots for OCT ex-vivo and 
OCT in-vivo airway wall area measurements (n=39).
(A) AL lumen area in mm2. (B) Amuc mucosal area in mm2. (C) Asubmusc submucosal 
muscular area in mm2.
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S4 Figure Linear regression analysis and Bland-Altman plots for histology and 
OCT in-vivo airway wall area measurements (n = 39).
(A) AL lumen area in mm2. (B) Amuc mucosal area in mm2. (C) Asubmusc submucosal 
muscular area in mm2.
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S5 Figure Linear regression analysis and Bland-Altman plots for ex-vivo OCT 
airway wall measurements between two observers (n = 51).
(A) AL lumen area in mm2. (B) Amuc mucosal area in mm2. (C) Asubmusc submucosal 
muscular area in mm2.
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S6 Figure Linear regression analysis and Bland-Altman plots for in-vivo OCT 
airway wall measurements between two observers (n = 39).
(A) AL lumen area in mm2. (B) Amuc mucosal area in mm2. (C) Asubmusc submucosal 
muscular area in mm2.
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To the editor,

Obstructive pulmonary diseases are characterised by structural airway 
remodeling, including alterations in extracellular matrix (ECM) [1]. The ECM 
profile differs between asthmatic and non-asthmatic airways, with less elastin, 
and higher abundance of collagen I and fibronectin in asthma [2]. Additionally, 
increased airway wall collagen deposition is associated with more severe 
disease in asthma [3]. In COPD, alterations in collagen and elastin affect the 
mechanical properties of the lung, subsequently decreasing lung elasticity and 
contributing to emphysema [1]. Currently, two diagnostic tools are available to 
assess airway remodeling: thorax computed tomography and endobronchial 
biopsies. While bronchial wall thickness and lumen area can be assessed by 
computed tomography, the resolution is insufficient to assess separate airway 
wall layers and ECM components, leaving the pathophysiology of airway wall 
remodeling unclear. Biopsies are the gold standard for determining airway 
remodeling; however, the applicability is limited due to its invasiveness, small 
sample area and elaborative histology processing.

Optical coherence tomography (OCT) generates high resolution, real-time, near-
infrared-based crosssectional images of the airway wall [4,5], with potential 
for visualizing airway remodeling and enabling 3D reconstructions. Several 
studies found an increased airway wall thickness and decreased lumen area in 
asthma and COPD patients using OCT [5,6]. Furthermore, OCT imaging was 
able to identify and quantify mucosal and submucosal airway layers [4]. To 
the best of our knowledge, no study has linked OCT imaging to ECM protein 
deposition in the airway wall. We hypothesized that the ECM deposition within 
the airway wall can be detected using OCT. The aim of this study was to relate 
the OCT scattering characteristics with ECM deposition in the airway wall.

Data were acquired as previously described [4]. The medical ethics committee 
of the AMC approved the protocol (NL51605.018.14) and informed consent 
was obtained. In brief, five patients scheduled for a lobectomy were included. 
From these five lobectomies, thirteen airways were dissected and marked 
with needles to match ex-vivo OCT images with histological sections. Ex-
vivo OCT imaging was performed immediately after resection, using a C7 
Dragonfly from St Jude Medical (St Paul, MN, USA). The OCT images were 
analysed using Matlab software (Natick MA, USA), which enabled the use of 
roll-off correction and the point spread function as previously described [7]. 
Three sequential frames were combined to minimize noise. Sheath and lumen 
segmentation were applied according to Adams et al. to minimize the influence 
of scattering intense components in the lumen [8]. OCT areas were calculated 
using a threshold in light scattering intensity, illustrated in Figure 1. To correct 
for probe optics and the imperfect sampling of the OCT system in depth, the 
fixed threshold was adjusted for the probe’s distance to the airway wall in 
each axial line: a lower threshold was used in longer distances and vice versa. 



Chapter 8

146

Within each calculated OCT area, the median OCT intensity was measured. 
The histological sections were stained with Picosirius Red (TC; total collagen), 
Masson’s Trichrome blue (MT blue; total collagen, bone), anti-collagen A1 
antibody (CA1; collagen type 1 A1), Verhoeff’s (EL; elastin) and anti-fibronectin 
antibody (FN; fibronectin). The region of interest (ROI) was defined as the 
area of the airway wall between the epithelium and the outer border of the 
desmin-positive smooth muscle. Sections without distortions within the ROI 
were included. The stained sections for each airway were aligned and colour 
deconvoluted using ImageJ [9]. Thereafter, the positive area and mean grayscale 
of the stained airway wall were calculated (threshold of >150 and mean of 0 
– 255 grayscale intensity respectively). Associations were tested using linear 
mixed effects model with intercept per subject.

Figure 1. Three airway wall ECM staining sections aligned to the paired OCT-
image. The upper panel shows the OCT image and matched histology sections, the 
lower panel shows the corresponding OCT threshold image and histology sections after 
color deconvolution. OCT: optical coherence tomography image after sheath and lumen 
segmentation (blue line), showing the area above the threshold (threshold adjusted per 
axial line for the distance between the lumen and the airway wall) in red, TC: total 
collagen, CA1: collagen A1, EL: elastin, all three stained sections with the area above the 
threshold (i.e. >150 of 255 grayscale) in black.

For in vitro experiments, 1x1x3cm plastic containers were printed with a 3D 
printer, then filled with 0,5ml 5% Gelatin methacrylamide (GelMA) and 0,5% 
Lithium acylphosphinate (LAP) photo-initiator, containing 1x106 primary 
lung fibroblasts/ml. The gels were polymerized by UV light (405nm, 2x2 
minutes). On one side of the container a droplet of 50µl containing 4,7mg 
Bovine Serum Albumin (BSA, Sigma Aldrich, the Netherlands), 4,7mg Elastin 
peptides (Biorbyt, UK), or 4,7mg/ml CA1 (Rat-tail Collagen I, Germany) was 
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applied. These droplets were mixed with 5% GelMA and polymerized, covered 
by 0,5ml 5% GelMA cell-mixture, and polymerized again. The container was 
subsequently perforated in order to insert the OCT probe. OCT images were 
captured, starting at the position where the proteins were added, followed by 
GelMA without proteins, and ending outside the container.

A total of 36 from the 51 OCT-histology pairs from the right upper lobe and 
left lower lobe were analysed. Reasons for exclusion were damaged histology 
sections (7 pairs), unavailability for additional staining (6 pairs), and OCT 
images of airway bifurcations (2 pairs). The mean lumen area of the included 
sections was 2.38 (±2.06) mm2. ECM component stained areas showed a similar 
spatial pattern as the OCT threshold measured area (Figure 1). Quantification 
of ECM component stained areas were positively correlated with the OCT area, 
while MT blue mean grayscale also correlated with OCT intensity (Table 1). In 
the in vitro studies, CA1 and elastin were detected using OCT, while BSA was 
not detected. (Figure 2). In the absence of exogenous protein no OCT signal 
was observed in the hydrogel.

Table 1 Regression coefficients paired OCT-histology areas and intensities
Optical Coherence 
Tomography area (mm2)

Optical Coherence 
Tomography intensity 
(arbitrary unit)

B-value (95% CI) P-value B-value (95% CI) P-value
Total collagen area (mm2) 0.39 (0.22-0.57) 7.3 x 10-5 - -
Total collagen mean 
grayscale

- - 0.97 (-0.14-2.08) 8.2 x 10-2

Masson’s Trichrome blue 
area (mm2)

0.42 (0.23-0.62) 1.4 x 10-4 - -

Masson’s Trichrome blue 
mean grayscale

- - 0.58 (0.09-1.08) 2.3 x 10-2

Collagen A1 area (mm2) 0.28 (0.09-0.48) 5.8 x 10-3 - -
Collagen A1 mean 
grayscale

- - 0.19 (-0.89 – 1.26) 7.0 x 10-2

Elastin area (mm2) 0.70 (0.39-1.01) 2.8 x 10-4 - -
Elastin mean grayscale - - 0.48 (-0.68-1.63) 4.1 x 10-1

Fibronectin area (mm2) 0.49 (0.12-0.86) 1.1 x 10-2 - -
Fibronectin mean 
grayscale

- - 0.32 (-0.53-1.16) 4.5 x 10-1
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Figure 2. OCT images of plastic containers filled with cells (0,5ml 5% GelMA, 
0,5% LAP), BSA (including a droplet of 50µl of 4,7mg BSA), Elastin (including 
50µl of 4,7mg elastin peptides), and Collagen I (including 50µl of 4,7mg Rat-tail 
collagen). A: protein containing area, B: GelMA without protein, C: OCT probe leaving 
the container, D: OCT probe outside the container, E: boundary between different layers, 
F: plastic container reflection, G: measured OCT signal.

This study shows for the first time that OCT is able to detect and quantify ECM 
protein deposition in the airway wall. In other research areas focusing on skin 
and ovarian tissue, an association has been made between collagen deposition 
and OCT imaging [10,11]. In the airways however, OCT imaging studies have 
mainly focused on the identification and quantification of the airway wall 
structure. Intriguingly, elastin and fibronectin area correlated the strongest 
with OCT area, yet no significant difference was found between intensity 
parameters. Our findings that OCT may directly reflect ECM deposition, 
without the need of extracting biopsies is of interest in obstructive lung 
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diseases in which airway remodeling plays an important role. Furthermore, by 
assessing not only thickness but also ECM content of the airway wall, it might 
be possible to monitor treatments targeting airway remodeling in more detail, 
such as bronchial thermoplasty and liquid nitrogen spray.

An achievement of this study is the development of an automated analysis 
of the OCT image and light scattering intensity areas by threshold and 
segmentation technique. While in previous studies OCT areas were drawn 
manually, this study shows that a light scattering–based intensity threshold can 
be used to automatically identify and quantify ECM structures. Additionally, by 
combining this method with innovative polarization sensitive - OCT systems, 
it may be possible to analyse individual structural components of the airway 
wall with even greater accuracy [12].

A limitation needs to be addressed: in order to make a comparison between 
OCT and histology we used ex-vivo material. However, by using this approach 
we were able to assess ECM structures of the entire airway wall in a cross 
sectional manner, which would not be possible in-vivo. Despite this, a strong 
correlation between OCT light scattering areas and ECM stained components 
within the airways was found, which was validated in our in vitro studies.

In conclusion, our data shows that increased OCT intensity areas correspond 
to and correlate with higher ECM abundance in the airway wall. This suggests 
that it is possible to directly measure airway remodeling in vivo, in a minimally 
invasive, real-time manner.
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Abstract

Background Bronchial thermoplasty (BT) is an endoscopic treatment for severe 
asthma targeting airway smooth muscle (ASM) with radiofrequent energy. 
Although implemented worldwide, the effect of BT treatment on the airways 
is unclear. Optical coherence tomography (OCT) is a novel imaging technique, 
based on near-infrared light, that generates high-resolution cross-sectional 
airway wall images. 

Objective To assess the safety and feasibility of OCT in severe asthma patients 
and determine acute airway effects of BT by OCT and compare these to the 
untreated right middle lobe (RML). 

Methods Severe asthma patients were treated with BT (TASMA trial). During 
the third BT procedure, OCT imaging was performed immediately following 
BT in the airways of the upper lobes, the right lower lobe treated 6 weeks prior, 
and the untreated RML. 

Results 57 airways were imaged in 15 patients. No adverse events occurred. 
Three distinct OCT patterns were discriminated: low-intensity scattering 
pattern of (1) bronchial and (2) peribronchial edema and (3) high-intensity 
scattering pattern of epithelial sloughing. (Peri)bronchial edema was seen in 
all BT-treated airways, and less pronounced in only 1/3 of the RML airways. 
These effects extended beyond the ASM layer and more distal than the directly 
BT-treated areas and were reduced, but not resolved, after 6 weeks. Epithelial 
sloughing occurred in 11/14 of the BT-treated airways and was absent in 
untreated RML airways. 

Conclusions Acute BT effects can be safely assessed with OCT and 3 distinct 
patterns were identified. The acute effects extended beyond the targeted ASM 
layer and distal of directly BT-treated airway areas, suggesting that BT might 
also target smaller distal airways.
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Introduction

Bronchial thermoplasty (BT) is a relatively new non-pharmacological treatment 
for severe asthma patients based on the delivery of radiofrequent energy to the 
airways [1]. BT was designed to target airway remodeling of the larger airways 
by reducing the airway smooth muscle (ASM) mass by thermal ablation. Besides 
preclinical studies, in recent years a reduction of the ASM mass has been 
reported in airway biopsies after BT treatment [2–5]. Randomized trials have 
shown that BT is safe and effective in reducing exacerbation rates in asthmatic 
patients and improving asthma-related quality of life [6–8]. However, these 
trials were not able to define a specific asthma phenotype that responds best to 
BT. Studies in- cluding the TASMA trial (ClinicalTrials.gov No.: NCT02225392) 
are underway to unravel the mechanism of action of BT to further define which 
phenotype of severe asthma patients might benefit most.

There is limited data available on the acute effects of BT on the airway wall. 
Two recent studies described radiological patterns including peribronchial 
consolidations after BT detected on computed tomography (CT) [9, 10]. 
However, the limitation in resolution makes it difficult to assess the exact nature 
and extent of acute effects in the airway wall. Optical coherence tomography 
(OCT) is a novel imaging technique in which near-infrared light is used to 
obtain cross-sectional, high-resolution images of the airway wall over a length 
of 5.4 cm [11–13]. Previous studies have shown a high correlation between 
histology and OCT for assessing and quantifying the airway wall [14, 15]. So 
far, in severe asthma, OCT has only been reported in 2 patients [16].

The aim of this study was to: (1) assess the safety and feasibility of OCT in a 
severe asthmatic patient cohort; (2) identify the acute effects of BT on the airway 
wall by OCT, and (3) compare these effects to the untreated right middle lobe 
(RML). We hypothesized that OCT is able to distinguish acute effects in BT-
treated airways from non-BT-treated airways and that these effects resolve with 
time.

Methods

Design and Subjects
This observational study, conducted between July 2014 and February 2017, is 
part of the TASMA “Unravelling Targets of Therapy in Bronchial Thermoplasty 
in Severe Asthma” trial. The Medical Ethics Committee of the AMC provided 
ethical approval (NL45394.018.13). The study design is shown in Figure 
1. Patients with severe refractory asthma according to the World Health 
Organization (WHO) guidelines and the Innovative Medicine Initiative (IMI) 
criteria were included in the TASMA trial [17, 18]. Written informed consent 
was provided.
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Bronchial Thermoplasty
15 patients were treated with BT by using the Alair System (Boston Scientific, 
USA) according to the current standard [19– 21] and sedated using remifentanil/
propofol [22]. Patients were treated with 50 mg of prednisolone 3 days before 
treatment, on the day of the procedure itself and 1 day thereafter. During the 
first procedure, the right lower lobe (RLL) was treated, during the second 
procedure the left lower lobe, and finally both upper lobes. The RML remained 
untreated.

Figure 1. Flowchart of the study design. BT1, bronchial thermoplasty session 1, 
treatment of the right lower lobe (RLL); BT2, bronchial thermoplasty session 2, treatment 
of the left lower lobe (LLL); BT3, bronchial thermoplasty session 3, treatment of the right 
upper lobe (RUL) and left upper lobe (LUL); OCT, optical coherence tomography; RML, 
right middle lobe; CT, computed tomography.

Imaging
During the third BT procedure, OCT imaging was performed using a C7-XR St. 
Jude Medical Inc. system interfaced with a C7 Dragonfly catheter (diameter 0.9 
mm; St. Jude Medical Inc., St. Paul, MN, USA). Directly after the BT procedure, 
the OCT catheter was inserted through the working channel of the bronchoscope 
using a guide sheath in the following (sub)segmental airways: first, 2 airways 
of the 6 weeks earlier treated RLL; subsequently, the untreated RML; and 
finally, 1 airway of the BT-treated left or right upper lobe. The proximal marker 
of the catheter, situated 5.4 cm from the distal tip, was inserted until the level 
of the segmental carina and was used as reference point. In each airway, an 
automated pullback, during which the OCT system automatically images the 
airway segment over a length of 5.4 cm, was performed twice. Low-dose chest 
CT was routinely performed directly or 1 day after the last procedure and 
airway reconstructions were made by an experienced chest radiologist using 
Impax Volume Viewing software (Agfa HealthCare, Mortsel, Belgium).

OCT Image Analysis
All OCT images and pullbacks were evaluated by one experienced OCT 
observer and confirmed by a second blinded observer and compared to normal 
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[15]. A set of OCT patterns detected directly after BT in the airway wall were 
identified. The presence or absence of these patterns was assessed for all imaged 
airways. Low-intensity scattering, depicted as black areas, within the airways 
corresponds to air, while within the airway wall itself the black areas correspond 
to fluid (i.e., edema or blood vessels). The first high-intensity scattering yellow 
layer of the airway wall corresponds to the mucosa and contains the epithelium 
and lamina propria as described by d’Hooghe et al. [15].

Statistical Analysis
GraphPad Prism version 5.01 (GraphPad Software Inc, San Diego, CA, USA) 
was used to calculate descriptive statistics. For normal distributed variables, a 
mean and standard deviation (SD) were given. Categorical characteristics were 
shown as a number and percentage.

Results

A total of 57 airways were imaged in 15 patients. Baseline characteristics are 
shown in Table 1. There were no adverse events reported related to OCT 
imaging and the added bronchoscopy time was 9.51 (±1.17) min.

Three distinctive patterns were identified by OCT (Fig. 2; online suppl. video 1): 
a low-intensity scattering pattern within the (sub)mucosal layer of the airway 
wall, corresponding to bronchial wall edema (Fig. 2c); a broader pattern of low-
intensity scattering beyond the cartilage of the airway wall corresponding to 
peribronchial edema (Fig. 2c); and a third high-intensity scattering pattern of 
epithelium sloughing in which the epithelium is (partly) disconnected from the 
airway wall (Fig. 2d).

The first pattern, bronchial wall edema, was seen in almost all airways imaged 
directly after BT (13/14; 93%). Both peribronchial edema and epithelial sloughing 
were detected in 11/14 (79%) airways (Fig. 2; Table 2). Both patterns of edema 
(peribronchial and bronchial) extended more distal than the directly BT-treated 
parts of the airways, which is limited to ∼2–3 mm or larger diameter airways 
(Fig. 2a), indicating an acute BT effect more distal than the directly BT-treated 
areas. Furthermore, peri-bronchial edema extended beyond the cartilage rings 
of the airway wall, indicating an effect deeper than the BT-targeted ASM layer 
(Fig. 2c). Epithelial sloughing and edema (both peribronchial and bronchial) 
coincided directly after BT in almost all BT-treated airways, although epithelial 
sloughing occurred mainly in the proximal part of the airway, where the BT 
electrodes made contact with the airway wall, while edema was also shown in 
distal parts.
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Table 1. Baseline characteristics 
Subjects, n 00.15
Age, years 038.1±13.6
Male/female gender 000.1/14
FEV1 before BD, % 091.3±23.0
FEV1 after BD, % 103.9±19
LABA dose, μg/day salmeterol equivalents 0.153±90.5
ICS dose, μg/day fluticasone equivalents 1167±497
Patients on maintenance use of OCS, n 000.6
Oral prednisone dose, mg/day 012.5±6.1
Added bronchoscopy time for OCT imaging, min 09.51±1.17
Airways imaged, n

Left upper lobe or right upper lobe 00.14
Right lower lobe 00.29

Middle lobe 00.14

Presented data are shown as n or mean ± SD. FEV1, forced expiratory volume in 
1 second before and after bronchodilation (BD) expressed in % of predicted; LABA, 
long-acting beta-2-agonist; ICS, inhaled corticosteroids; OCS, oral corticosteroids; OCT, 
optical coherence tomography.

Figure 2. Optical coherence tomography (OCT) characteristics in comparison 
to computed tomography (CT) in the anterior segment of the right upper lobe 
(RB3) after bronchial thermoplasty (BT). a Pullback of 5.4 cm with an airway 
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diameter of ∼1 to 3.5 mm. b A non-BT-treated airway area without acute effects of BT. c 
A distal non-BT-treated airway area with (1) bronchial and (2) peribronchial edema. d 
Epithelial sloughing in a directly BT-treated area. e CT image directly after BT showing 
peribronchial consolidations in RB3 corresponding to the OCT pullback. f Reconstructed 
CT image showing the same airway segment as in a–d.

Next, we compared the acute OCT effects in directly BT-treated airways with 
the 6 weeks earlier BT-treated airways of the RLL and the non-BT-treated RML 
(as control). All 3 patterns of acute effects were identified in a lower proportion 
of the RLL airways 6 weeks after treatment: 9 of 29 (31%) airways showed 
bronchial wall edema, 18 of 29 (62%) showed peribronchial edema, and 1/29 
(3%) showed signs of epithelial sloughing (Table 2). For bronchial wall edema, 
the low-intensity scattering pattern of edema was less pronounced (dark grey 
instead of black) (Fig. 3b), compared to OCT-imaged airways immediately after 
treatment (Fig. 3a). In the untreated airways of the RML, bronchial edema was 
present in only 1/3 of patients and in these 1/3 less pronounced as compared to 
the peribronchial edema seen in upper lobe airways directly after BT treatment. 
Epithelial sloughing did not occur in untreated airways (Table 2).

The OCT-detected BT effects in the different bronchial wall layers could not be 
distinguished on corresponding reconstructed CT images (Fig. 2f). Consistent 
with previous published reports by this group and others [9, 10], on CT 
peribronchial consolidations were seen directly after BT and this CT pattern in 
these airway segments corresponded with the (peri)bronchial edema pattern 
seen on OCT imaging. Due to the limited resolution of reconstructed CT and/
or CT analysis software, no direct correlation with the OCT pattern of epithelial 
sloughing and any pattern in the smaller airways could be made.

Table 2. OCT patterns after BT
OCT patterns Acute airways 

(RUL or LUL)
14 airways

6 weeks after BT 
(RLL)
29 airways

Untreated 
(RML)
14 airways

Low-intensity scattering 
pattern of bronchial edema

13 (93) 9 (31) 5 (36)

Low-intensity scattering 
pattern of peribronchial 
edema

11 (79) 18 (62) 2 (14)

High-intensity scattering 
pattern of epithelial 
sloughing

11 (79) 1 (3) 0 (0)

Findings presented as n (%). BT, bronchial thermoplasty; OCT, optical coherence 
tomography; RUL, right upper lobe; LUL, left upper lobe; RLL, right lower lobe; RML, 
right middle lobe.
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Fig. 3. Optical coherence tomography (OCT) imaging immediately and 6 weeks 
after bronchial thermoplasty (BT) of BT-treated airways and of the untreated RML. 
OCT images captured in 1 procedure, in 1 patient, of the anterior segment of the right 
upper lobe (RB3) immediately after BT (a); the anterior basal segment (RB8) of the right 
lower lobe 6 weeks after treatment (b); and the BT-untreated right middle lobe (RML) 
(c).

Discussion

This OCT imaging study is the first study showing that OCT is safe and 
feasible in a cohort of severe asthmatic patients. Three distinct OCT patterns 
directly after BT treatment were identified: 2 low-intensity scattering patterns 
corresponding to bronchial and peribronchial edema and 1 high-intensity 
scattering pattern of epithelial sloughing. These patterns extended beyond the 
BT-targeted ASM layer and diminished over time. Interestingly, OCT-imaged 
acute BT treatment effects were detected distal to the directly BT-treated airway 
areas extending to the smaller airways.

Almost all airways directly after BT showed a pattern of edema and epithelial 
sloughing. In the untreated RML, edema was also present in a substantial but 
reduced proportion, less pronounced, and without signs of epithelial damage. 
None of these effects were seen in earlier published OCT data in asthmatic [16, 
23] and non-asthmatic airways [12, 15], indicating that the identified effects were 
most likely related to BT treatment. The identified acute OCT effects in airways 
directly treated with BT are in line with previously published CT imaging 
studies in severe asthma patients in which CT was performed immediately 
after BT and peribronchial consolidations with ground glass opacities were 
described in almost all treated lobes [9, 10]. This study shows acute effects of 
BT not only in directly BT-treated airway areas but also in more distal non-BT-
treated airway areas.

OCT imaging showed abnormalities in non-BT-treated airways, a phenomenon 
which also has been observed on CT imaging after BT [9, 10]. There are several 
hypotheses formulated explaining non-BT-treated acute effects detected on CT: 
a heat shock effect along the bronchial tree, heat extension through (incomplete) 
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fissures or distribution of mucus, blood, and secretions to the lower lobes as 
a result of BT treatment in the upper lobes [10, 24]. In the absence of histology 
directly after BT, it is uncertain which mechanism is correct. Moreover, it 
is unclear whether the described effects contribute to treatment response or 
should be considered a side effect of treatment. One study has shown a decrease 
of ASM after BT in the untreated RML, suggesting that the effect seen in the 
RML might contribute to treatment response [5]. These results, however, could 
not be confirmed in a subsequent larger study [4]. Histology studies are needed 
to assess whether untreated distal airway areas are affected by BT as well.

The described OCT patterns were less pronounced in the airways imaged 6 
weeks after BT. This corresponds to the results of a previous study in which, 
based on histology of lobectomy samples, epithelial sloughing was found in 3 out 
of 8 non-asthmatic patients 3 weeks after BT [25], while another study showed 
no signs of epithelial damage 3 months after BT [4]. It is therefore plausible that 
epithelial damage is a direct effect of BT and resolves within 3–6 weeks. The 
repair or regeneration of the airway wall epithelium after being disrupted by 
BT could potentially contribute to the increased epithelial integrity 6 weeks 
after BT, found in a recent published study [26].

While the mechanism of action of BT is incompletely understood, several 
elements of the airway wall have been postulated to influence treatment 
response to BT [27]. By demonstrating a BT effect with OCT imaging in the 
mucosa, submucosa, and peribronchial area of the airwaywall, it is well 
possible that the structures within these layers, such as the epithelium, ASM, 
and nerves, are modulated by BT. Additionally, small airway dysfunction is of 
importance in the pathophysiology of asthma [28]. By showing a BT treatment 
effect in the distal parts of the BT-treated airways, the OCT findings suggest 
that BT treatment might also have an impact on the smaller airways.

A limitation of this study is that the untreated RML was originally designed as 
the control but unexpectedly showed effects of treatment as well. One could 
argue whether the shown effects were a result of BT treatment alone or if they 
could also appear after manipulation of asthmatic airways with a bronchoscope, 
although the RML was not manipulated during BT itself. Indeed, the majority 
of airways of the RML did not show OCT patterns of edema, making it more 
plausible that the observed effects are a result of being adjacent to the treated 
upper lobes as described in previous CT studies. This could also explain the 
earlier reported less prominent decrease of ASM in the untreated RML [4]. 
Strong points of the current data are the large sample size and detailed high-
resolution airway wall imaging in various stages after BT treatment during 1 
session. Additionally, by performing both CT and OCT imaging after BT, it was 
possible to compare, in several airways, both techniques, thereby showing the 
additional value of more detailed real-time imaging of the airway wall by OCT 
when compared to CT.
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In conclusion, this study showed that OCT is feasible and safe in severe asthmatic 
patients. Three patterns of acute BT effects were identified corresponding to a 
low-intensity scattering pattern of (peri)bronchial edema and a high-intensity 
scattering pattern of epithelial sloughing. OCT was able to assess the acute 
effects of BT on the airways in more detail than CT and showed an effect in 
distal non-BT-treated airway areas and to a lesser extent in the non-BT-treated 
RML as well. Whether these effects contribute to treatment response remains 
to be investigated.
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Background

Asthma is a chronic inflammatory airways disease with over 300 million people 
diagnosed worldwide [1]. Although most people suffer from mild disease, 
around 5% of the asthmatic population is suffering from severe asthma [2-
5]. In these patients, asthma remains uncontrolled despite optimal treatment 
including treatment of co-morbidities, evaluating compliance and using high 
dose inhaled and/or systemic corticosteroids [6, 7]. The socio-economic burden 
and health care costs of the total asthma population but in particular severe 
asthma patients is huge and novel treatments are necessary [8-11]. 

Novel pharmacological treatment options for severe asthma have been 
developed in the last decade such as anti-immunoglobuline E (IgE) [12] for 
allergic asthma and anti-interleukin-5 (IL-5), anti-interleukin-4 (IL-4) and 
anti-interleukin-13 (IL-13) receptor [13-16] for eosinophilic asthma. A non-
pharmacological, endoscopic treatment option for severe asthma is bronchial 
thermoplasty (BT). BT uses radiofrequency energy to target airway remodeling 
of the medium to larger sized airways [17]. While the clinical effectiveness of 
this treatment has been shown by several trials [18-20], treatment response 
varies and a clear responder phenotype has not yet been established. Treatment 
guidelines currently suggest BT as treatment option for severe asthma patients 
who remain uncontrolled despite optimal therapy or for patients who were not 
eligible for biological treatments [8, 21]. 

In order to optimally incorporate BT in asthma guidelines it is highly important 
to define the patient phenotype or characteristics associated with a treatment 
response. When BT received FDA approval in 2010, the general hypothesis was 
that it would improve asthma symptoms by reducing airway smooth muscle 
(ASM) mass. The effect of BT on ASM mass was however not yet established. 
In addition, it was not clear whether patients should be selected based on a 
higher amount of ASM mass. These are both questions that the Unravelling 
Targets of Therapy in Bronchial Thermoplasty in Severe Asthma TASMA trial aimed 
to answer (ClinicalTrials.gov, NCT02225392). The international multicenter 
TASMA trial is an investigator initiated randomized controlled trial in which 
40 severe asthma patients were extensively phenotyped and randomized into 
a direct BT treatment group or a 6 months delayed, control group. Next to the 
effect of BT on ASM mass, this trial also intends to investigate the effect of BT 
on other airway wall structures such as the extra cellular matrix (ECM) and 
inflammation. In addition, novel imaging techniques to assess the airway wall 
and airway remodeling, such as optical coherence tomography (OCT), are 
investigated. The inclusion of the TASMA study was completed in July 2018. In 
this thesis several research questions are answered based on the available data. 

This thesis consists of four parts. Part I consists of the general introduction and 
aims of this thesis (chapter 1). In Part II the effect of BT on clinical parameters, 
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ASM mass and bronchial epithelial cells is investigated with an emphasis on 
clinical characteristics associated with a favorable BT-response (chapters 2-5). 
Part III focuses on airway wall imaging with OCT in order to assess airway 
remodeling and immediate effects of BT on the airway structure (chapters 
6-9). The final part of this thesis, Part IV, contains the summary and general 
discussion (chapters 10-11). In this last part of the thesis, the research questions 
are discussed and key findings and future perspectives are provided. 

Research question 1 (Chapter 2 and 3): What is the influence of bronchial 
thermoplasty (BT) on airway smooth muscle (ASM) mass? Is the effect on 
ASM mass correlated with response to BT?

A reduction of ASM mass after BT was first shown in dogs by Danek et al. [22], 
and shortly thereafter in ex-vivo lung specimens of lung cancer patients [23]. 
This effect however was not yet investigated in severe asthma patients when 
the TASMA study started in 2014 and encouraged the need for a randomized 
controlled design to obtain high-level evidence.

Since the first two biopsy studies, several research groups published 
observational study results which reported a reduction of ASM mass after BT. 
The first study that reports on this in severe asthma patients was performed 
by Pretolani et al. [24]. In a preliminary report of 10 severe asthma patients a 
reduction of ASM mass between 48.7% and 78.5% was found 3 months after 
BT. In 2017, the results in all patients (n=15) were published confirming a 
reduction in ASM as result of BT [25]. Two other studies found similar results 
in respectively 11 patients 6 weeks after BT [26] and 17 patients 3 weeks after 
BT [27]. While Pretolani et al. and Denner et al. used alpha smooth muscle actin 
stain (α-SMA) to measure ASM mass in endobronchial biopsies, Chakir et al. 
used Masson Trichrome. None of these studies involved a control group, which 
hampered a correlation with clinical outcome. 

In Chapter 2 we show initial results of ASM mass decrease in 18 severe asthma 
patients from the TASMA study. Biopsies were analyzed at inclusion and 6 
months after BT treatment. We used both desmin and α-SMA staining to assess 
ASM mass as this would strengthen the results and also enables comparison 
with previous studies. Our results showed >50% reduction of desmin positive 
ASM mass and approximately 40% reduction of α-SMA positive ASM mass. 
At present α-SMA is the most commonly used technique to measure ASM 
mass. In our experience automated analysis techniques are difficult to interpret 
with α-SMA as this not only stains the ASM but also pericytes in capillaries, 
myoepithelial cells surrounding glands and myofibroblasts in the mucosa and 
perivascular areas. Desmin on the other hand seems to only stain the contractile 
ASM areas. It is therefore not surprising that ASM mass percentages of α-SMA 
stained biopsies are higher than desmin stained biopsies. In our opinion, desmin 
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is the most appropriate technique to use to evaluate treatment effects of BT. 

While all above mentioned studies showed a decrease of ASM mass after BT, 
appropriate control groups were lacking. In Chapter 3 we report for the first 
time a reduction of ASM mass after BT in a randomized controlled design. After 
a screening period including endobronchial biopsy sampling, 40 patients were 
randomized into a direct BT group and a delayed treatment group. The direct 
BT group received BT treatment and was sampled again 6 months after BT. 
The delayed group served as control group, these patients waited for 6 months 
while on standard clinical care and stable medication use. After these 6 months 
endobronchial biopsies were sampled and patients received BT treatment. In 
addition, patients were seen 6 months after BT and biopsies were taken again. 
The effect of BT in the immediate group was compared with the delayed group 
at 6 months after baseline: in the immediate group a reduction of ASM mass 
was seen of > 50% while in the delayed control group no change was observed. 
An important difference in our study compared to previous published biopsy 
studies is the location of biopsies. All previous studies sampled the same location 
or airway before and after BT for comparison [24-27]. In the TASMA study we 
sampled pre-defined carinas which were not sampled before in order to avoid 
analyzing the effect of sampling instead of the treatment. A potential limitation of 
this method might be variation of ASM mass between airways, however a previous 
study showed no significant variation in ASM mass between different lobes [24]. 

A possible effect of BT on ASM mass in the untreated RML remains an 
interesting question. While preliminary results of Pretolani et al. showed a 
reduction of ASM in the untreated RML as well [24], these results were not 
confirmed in the larger population of 15 severe asthma patients [25]. In Chapter 
3 we report results of the entire patient cohort before and after BT. Biopsies 
in the RML were taken only during the 6 months post BT timepoint to avoid 
sampling the same location twice. Biopsies of the RML were available in 33 
patients and showed significantly lower ASM mass in the RML in comparison 
with the treated parts of the airways. Although the data had a large spread, it 
is interesting to see that the reduction in the ASM mass of the RML was more 
pronounced in the segmental biopsies compared to the subsegmental biopsies. 
In combination with the pattern of BT induced abnormalities seen on radiology 
[28, 29] and OCT imaging (Chapter 9) it seems plausible that also non treated 
parts of the airways, such as the RML, are influenced by BT. With only two 
studies investigating the RML and both using a different sampling method, 
it remains unclear whether the difference is indeed caused by BT or whether 
these airways had a lower ASM mass at baseline already.  

The combination of several observational studies and our randomized 
controlled trial has given sufficient evidence to conclude that BT indeed reduces 
ASM mass in severe asthma patients. The significant lower ASM mass in the 
untreated RML in our patient cohort needs to be interpreted with care.
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Although there is compelling evidence that ASM mass reduces after BT, the 
question remains whether the amount of ASM mass predicts response. In our 
severe asthma patients from the TASMA study we did not find associations 
between ASM mass at baseline, ASM mass change or ASM mass after BT and 
improvements in ACQ-6 or AQLQ scores. An association between ASM mass 
and decline in exacerbation rate after BT needs to be further investigated. 
Although the study was not powered to predict response, finding no trend of 
an association does raise the concern that ASM at least by itself is not the most 
important driver of response. 

Research question 2 (Chapter 2, 3, 5): What is the response of severe 
asthma patients after BT treatment? Can we identify patient characteristics 
that are associated with a favorable response? 

The efficacy of BT treatment has been subject of debate since the AIR-2 
multicenter sham controlled randomized trial was published in 2010 [19]. In 
this study almost 300 severe asthma patients were randomized into a BT group 
and a sham group in a 2:1 ratio. The primary endpoint was the difference 
in asthma related quality of life (AQLQ) scores from baseline to 6, 9 and 12 
months after BT or sham procedures. When comparing both groups, AQLQ 
was significantly more improved in the BT group versus the sham group. This 
difference however did not reach a difference of more than 0.5 points which 
is the minimal clinically important difference on AQLQ scores [30]. Although 
significantly more patients in the BT group showed improvements in AQLQ 
scores and exacerbation rates, the large placebo effect observed in the sham 
treatment group in combination with uncertainty on the responder profile and 
mechanism of action of BT has led to challenges in the implementation of this 
treatment. In addition, the implementation of several new biologics for severe 
asthma and the lack of comparative BT versus biologic therapy trials, further 
complicated its position in severe asthma treatment guidelines. 

In Chapter 3 we report significant and clinically important improvements 
in both ACQ-6 and AQLQ scores in the BT-treatment group compared with 
the delayed control group. In the total group of 35 patients, 60% showed a 
clinically relevant improvement in asthma questionnaires while almost all 
patients had a decline in exacerbation rate. Although the TASMA study has no 
sham treatment group, the difference between the changes in the immediate 
BT treatment group compared to the delayed BT group is significant and 
comparable to other studies. 

As currently several biological treatment options are available for specific 
asthma phenotypes it is of importance to define the asthma phenotype for BT 
treatment as well. In Chapter 2 we investigated this by correlating FEV1 with 
ASM mass at baseline and/or change after BT. One other study by Chakir et 
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al. reported previously about the higher reduction of ASM mass in patients 
with higher ASM mass at baseline [27]. The preliminary results of Chapter 2 
showed that patients with lower FEV1 values have more ASM mass at baseline 
and that these more obstructive patients have more ASM mass reduction after 
BT. As a consequence, one could argue that these more obstructive patients 
are the optimal patients for BT treatment. However, response analysis in 
35 patients from Chapter 3 did not confirm this hypothesis. We explored 
associations between ACQ-6 and AQLQ improvements after BT and patient 
characteristics at baseline. Next to ASM mass, we explored associations with 
age of onset, total IgE, blood eosinophils, lung function parameters and 
bronchial hyperresponsiveness as assessed with methacholine challenge tests. 
Statistically significant associations were found between improvements in 
asthma questionnaires and higher levels of total IgE and eosinophils at baseline. 
In addition, data in a smaller cohort of patients from Chapter 5 reported that 
patients with a lower respiratory resistance measured with FOT showed more 
improvement on asthma questionnaires when compared to patients with a high 
respiratory resistance. A hypothesis for this effect might be that BT directly 
targets the larger airways while respiratory resistance is also influenced by the 
smaller airways.  

One other research group investigated the prediction of BT response in severe 
asthma patients in a cohort of 77 patients [31]. In this Australian study, no 
associations were found between response, assessed with ACQ scores, and 
blood IgE or eosinophils. The only potential predictor for response in this 
study was a higher ACQ score at baseline. This association was not studied in 
the TASMA population however it is not surprising that a higher ACQ score 
at baseline is associated with more improvement after treatment. Reason for 
discrepancies between the TASMA results and this Australian study might 
be the difference in study population: the Australian patients were more 
obstructive (mean FEV1 of 55.8 ± 19.8%), more patients used maintenance 
oral corticosteroids (50% compared to 25% in the TASMA study) and a larger 
proportion of patients was treated with monoclonal antibodies (43% compared 
to 12.5% in the TASMA population). 

Another potential predictor of response is the amount of activations [32]. In 
our analysis we did not find this association. Differences in the amount of 
activations between patients were however small and maybe therefore not 
associated with response. 

To summarize, several potential response predictors have been identified but 
validation in larger patient cohorts are missing. As the exact mechanism of 
action of BT is still unclear and the optimal patient candidate not yet established, 
implementation of BT treatment in current asthma guidelines remains hampered.  
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Research question 3 (Chapter 4): What is the influence of BT on metabolic 
gene expression profiles of bronchial epithelial cells? 

One of the hypotheses on the working mechanism of BT is that BT might 
influence the epithelium layer by inducing regeneration. In Chapter 9 we 
reported epithelial sloughing on OCT images as a direct result of BT-treatment 
suggesting a potential effect on the epithelium layer by BT. Histology studies 
have shown conflicting results regarding epithelium regeneration and integrity 
after BT [25, 33]. One study used immunohistochemistry on endobronchial 
biopsies before and after BT and found that MUC5AC and IL-13 expression, 
associated with mucus hypersecretion, was reduced after 3 weeks and up to 12 
months after BT [34]. It is suggested in this study that after BT, the epithelium 
regenerates to a state with increased airway epithelium integrity. 

To further investigate the effect of BT on the epithelium layer we conducted the 
study in Chapter 4. First we compared the metabolic gene expression profile 
of severe asthma patients with healthy controls. We found a downregulation 
of metabolic phosphorylation genes and an upregulation of glycolysis-related 
genes in severe asthma compared to healthy participants. In addition, we 
sampled primary bronchial epithelium cells 6 months after BT treatment and we 
compared differentially expressed genes in treated airways with the untreated 
right middle lobe. Genes associated with oxidative phosphorylation were 
significantly upregulated in the treated airways as compared to the untreated 
right middle lobe while glycolysis genes were downregulated in the treated 
airways. These results suggest that BT induces a change in the epithelium cells 
towards a more healthy state. 

This ‘reprogramming’ of bronchial epithelium cells has also been reported 
by another study. In 23 severe asthma patients, transcriptome analyses were 
performed on isolated bronchial epithelial cells both before and after BT 
treatment [35]. In addition, broncho-alveolar lavage fluid was collected to 
perform proteome analysis. Results from this study suggested that before BT 
mitochondrial and fibroblast proliferation were stimulated by the expression of 
protein arginine methyltransferase-1 (PRMT1) which in its turn is regulated by 
heat shock protein-60 (HSP60). After BT, a reduction of HSP60 was found and 
subsequently less expression of PRMT1. According to the authors, reducing the 
function of epithelial cells and thereby decreasing the amount of remodeling 
caused by fibroblasts be the mechanism explaining the sustained reduction of 
airway remodeling after BT. 

The benefit of using these expensive omics technologies is to better understand 
the mechanisms involved in severe asthma patients and BT treatment but 
moreover to link these (molecular) findings to clinical parameters and treatment 
response. 
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Research question 4 (Chapter 5): What is the impact of BT on lung function 
parameters? 

The first large clinical trials of severe asthma patients treated with BT showed 
favorable effects of BT on asthma symptom scores, quality of life, exacerbation 
rates, emergency department visits and use of rescue medication [18-20]. Results 
in lung function measurements however are conflicting with only the RISA 
trial showing a benefit in FEV1 [20]. Long-term follow-up studies and registries 
confirm these results with stable FEV1 values between 3 to 5 years after BT [36-
39]. In summary, on the long-term BT does not seem to have harmful effects on 
lung function parameters. 

As conventional lung function measurements such as spirometry and 
bodyplethysmography have limitations in distinguishing larger and smaller 
airway involvement, we investigated the effect of BT on lung function in 
Chapter 5 with an additional technique, forced oscillation (FOT). FOT uses 
pressure oscillations to measure the resistance of the entire respiratory system 
in an effort independent matter [40]. Oscillation techniques such as FOT and 
impulse oscillometry (IOS) are believed to be more accurate than conventional 
lung function tests in evaluating small airways disease [41, 42]. 

The results of Chapter 5 showed that in a group of more than 20 severe asthma 
patients, no significant changes in spirometry, bodyplethysmography and FOT 
measurements occurred 6 months after BT. This is similar to an Australian cohort 
in which impulse oscillometry (IOS) was used to investigate changes after BT and 
no difference was observed as well [43]. Difficulties in the interpretation of these 
results have to be acknowledged. FOT is not used in standard clinical care and 
therefore clear normal values are not yet established. In addition, the evidence 
regarding the use of different oscillation frequencies to differentiate between 
small and large airways disease is mainly limited to animal studies [44, 45]. 

In contrast to our findings, one recently published study reported a significant 
reduction of plethysmography measured airway resistance after BT [46]. A 
possible explanation for the difference in findings is that airway resistance 
in the other study was already three times higher at baseline than the airway 
resistance in the TASMA study. In addition, in the study of Langton et al. an 
influence of high doses of oral corticosteroids (given before and after the BT-
procedures) on the plethysmography measurements cannot be excluded as 
airway resistance was measured only 6 weeks post BT as opposed to 6 months 
after BT in the TASMA trial,. 

An interesting finding in our study was that while FEV1 did not significantly 
change in the whole group, it did seem to improve in the patients that responded 
well to BT. The patient cohort is only small with 22 (ACQ) and 23 (AQLQ) patients 
but it might be important for other research groups to look into this association 
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as well. One other Australian study in BT treated severe asthmatic patients 
did not find this improvement in FEV1 [47], however comparison between both 
studies is difficult as patients in the Australian cohort had much lower FEV1 
values (55% predicted) at baseline when compared to our cohort (88% predicted). 

A clear influence of BT on lung function parameters is therefore still not shown. 
Other studies used imaging techniques to assess effects of BT and found 
significant improvements in CT-measured airtrapping [48, 49] and improved 
ventilation defects assessed with helium magnetic resonance imaging [50]. 
Perhaps these imaging techniques are more useful in the BT-setting. In addition, 
pooling data from different countries to enlarge patient cohorts might help in 
further understanding the physiological effect of BT. Promising initiatives are 
the Bronchial Thermoplasty Global Registry including follow-up data from 157 
patients from the Netherlands, Italy, Spain, Germany, the United Kingdom, the 
Czech Republic, Australia and South Africa (clinicaltrials.gov NCT02104856) 
and an initiative from Russell et al. to combine biopsy data from 99 patients from 
seven different countries [51]. Different asthma phenotypes and differences per 
country need to be taken into account to accurately interpret the results from 
these global initiatives. 

Research question 5 (Chapters 6-8). Can optical coherence tomography 
(OCT) be used to identify and measure airway wall layers and 
characteristics of airway remodeling? 

Airway remodeling is currently measured with high-resolution computed 
tomography (HR-CT) scans and endobronchial biopsies but both techniques 
have their limitations. HR-CT scans provide information of the entire bronchial 
tree, however the resolution is too low to assess the airways in detail and 
patients are subjected to radiation. Endobronchial biopsies are currently the 
golden standard. Taking a biopsy however is invasive and gives only detailed 
information of one specific spot of the airways. 

Optical coherence tomography is a probe based imaging technique using near-
infrared light to obtain high-resolution images of the airway wall in a real-
time matter [52-54]. By using (automated) pullbacks, OCT is able to image large 
areas of an airway instead of only one point. Chapter 6 of this thesis provides 
additional background information about the technique and reviews the 
currently available literature regarding the use of OCT in pulmonary diseases. 
The ability of OCT to identify airway wall layers [55-57] and quantify the total 
airway wall [58, 59] encouraged the study in Chapter 7. By comparing cross-
sectional histology sections of resected airways from lobectomy specimens with 
corresponding OCT images we showed that OCT is not only able to identify 
different airway wall layers but also able to quantify these separate layers. In 
addition, a high inter-observer reproducibility was shown. 
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Although the results are promising, one of the most important pitfalls of the 
OCT technique is the lack of automated analysis methods. Images are provided 
in a real-time matter but the analysis of the large amount of data is time-
consuming and algorithms are still in a developmental phase. Before OCT can 
be implemented in practice it is necessary to further improve these automatic 
analyses methods. In Chapter 8 we have shown within the same dataset 
of chapter 3, that by using the intensity of the OCT images it is possible to 
identify components of the extracellular matrix (ECM) in the airway wall. We 
developed an analysis method in Matlab (Natick MA, USA) using a threshold 
algorithm to segment and measure the scattering layer in the OCT images and 
correlated these areas with the ECM deposition in the corresponding histology 
sections. In-vitro experiments with cultured primary lung fibroblasts and 
ECM components confirmed our results. Although the analysis is not fully 
computerized, it does shows that by using OCT properties such as the scattering 
intensity it is possible to measure characteristics of airway remodeling in a 
minimally invasive and less-time consuming matter. 

Another OCT property currently used in research settings to identify and 
segment airway wall structures is the arrangement of airway wall fibers 
measured with polarization sensitive OCT (PS-OCT) systems [60, 61]. With 
this novel imaging technique, it might be possible to automatically segment 
the ASM and / or ECM fibers in the airway wall [28, 62], which makes it 
especially interesting to use in BT patients to evaluate treatment effects on 
airway remodeling in a minimally invasive matter. In addition, it might also 
be interesting to investigate whether OCT is able to differentiate between 
airway wall inflammation and airway remodeling in relation to response to BT 
treatment but also to other severe asthma treatments such as biologics. 

Other interesting research questions in which this promising imaging technique 
might be able to play a role is distinguishing severe asthma from mild asthma 
or healthy subjects. One study by Adams et al. compared OCT characteristics 
of allergic asthma patients with allergic non-asthmatic patients before and 
after allergen challenge [63]. Significant differences were found in epithelial 
and mucosal thickness, airway buckling and mucus between both groups. 
In addition, the epithelial thickness and mucosal buckling were significantly 
related to airway obstruction measured with lung function. Another study 
in current and former smokers showed correlations between OCT measured 
airway wall thickness and FEV1 [64]. These studies confirm the importance of 
airway remodeling and the potential of OCT imaging to measure and evaluate 
this process in obstructive lung diseases. In regard to this thesis it might be 
specifically of interest to investigate whether there are OCT characteristics in 
severe asthma patients that might help predict the response to BT treatment. 
OCT might therefore become a tool to predict the effect of asthma treatment but 
moreover it might help in evaluating the effect of asthma treatment over time.  
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Research question 6 (Chapter 9): What is the acute effect of BT on the 
airway wall? And can OCT detect these effects? 

Previous published studies showed that immediately after BT, patients have a 
decline in their FEV1 [65] and various radiological abnormalities were reported 
such as peribronchial consolidations with surrounding ground glass, atelectasis, 
partial bronchial occlusions and bronchial dilatations [28, 62]. The extent of 
these imaging abnormalities and in which part of the airways this effect of BT 
was present was difficult to assess with conventional HR-CT images and/or 
chest X-rays. To better understand what happens during the BT procedure and 
directly thereafter, a subgroup of included TASMA study patients were imaged 
with OCT (Chapter 9). This is the first study showing that OCT imaging is safe 
to use in a severe asthma patients cohort. By imaging directly after the third 
treatment in the right lower lobe, right middle lobe (RML) and upper lobes we 
were able to investigate the BT effects in three different time frames after BT: 6 
weeks after treatment (right lower lobe), untreated airways (RML) and directly 
after treatment (upper lobes). We showed epithelial sloughing and (peri)
bronchial edema effects in areas that were directly targeted with the BT-catheter. 
The edema however was also present in more distal non-treated parts of the 
airways suggesting that the effect extends further than the directly treated parts. 
As some studies, including our own data in chapter 8, showed effects of BT on 
the ASM mass in the untreated RML it is plausible that indeed an effect extends 
to untreated parts of the airways, potentially even reaching the smaller airways. 

One other study investigated OCT images in two severe asthmatic patients prior 
to BT-treatment and up to 2 years after the procedures [66]. In this small study 
one patient was defined as responder and the other patient as non-responder. 
When comparing these two patients at baseline, the authors reported that the 
responder had less characteristics of inflammation in the thickened epithelium 
layer compared to the non-responder. In addition airway wall thickness decreased 
after BT in the responder compared to the non-responder. Although these results 
in only two patients need to be interpreted with care, it confirms the potential 
of OCT imaging in predicting and understanding treatment response. Also in 
the TASMA study patients are entering an extensive follow-up period of 5 years 
after BT with an optional bronchoscopy including OCT imaging after 2 years.

Although OCT has the ability to create high-resolution images, knowing what 
happens on cellular level in the airways is not (yet) possible. It is therefore 
uncertain whether the seen effects indeed contribute to the favorable effect of 
BT or if we are looking at side effects of the treatment. Although not certain, the 
results found in chapter 5 do help further unravel the mechanism of action of 
BT. By seeing the epithelial layer sloughed from the airway wall directly after 
BT, one might raise the question whether the favorable effect of BT should be 
found in the ASM layer or perhaps in the epithelial layer? It might be interesting 
to see whether the regrown epithelium, as we have shown in the 6 weeks after 
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BT regions, functions similar as before BT or whether it acts more like normal 
healthy epithelium. To fully understand the consequences of BT treatment on 
the airway wall, it is probably necessary to link more detailed analysis methods 
such as cellular effects in bronchoalveolar lavage or omics technology to these 
novel imaging techniques. 

Key findings of this thesis

Bronchial thermoplasty (BT) is a safe treatment option for severe asthma 
and improves asthma quality of life and asthma control questionnaires in 
approximately 60% of the patients. Exacerbation rates decline in almost all 
patients after BT however, lung function measurements, including forced 
oscillation technique (FOT), do not show important changes. BT reduces 
airway smooth muscle (ASM) mass, especially in patients with a lower FEV1 at 
baseline. The amount of ASM mass at baseline nor the change of ASM mass after 
BT correlate with BT-response. Higher total IgE levels, blood eosinophils and 
lower FOT measured respiratory resistance are associated with improvements 
in asthma questionnaires. These findings need to be confirmed in future larger 
trials. In addition, BT seems to induce a metabolic shift of bronchial epithelium 
gene expression profiles towards a more healthy state but the relationship with 
response needs to be further investigated. 

In addition results of this thesis showed that high-resolution optical coherence 
tomography (OCT) images can be used to assess airway remodeling. OCT 
can identify and quantify airway wall layers with a high inter-observer 
reproducibility. Furthermore, the intensity of OCT images might be linked 
to extra cellular matrix components in the airway wall. OCT is safe to use in 
severe asthma patients and shows direct BT effects in both treated and non-
treated areas of the airways. 

Future perspectives
 
Bronchial Thermoplasty treatment
Even though the clinical effectiveness of BT has been shown by several large 
and smaller trials, the treatment remains subject of debate. An important 
reason for this debate is the lack of understanding the mechanism of action 
of BT and as a consequence, patient selection is not optimized. Current 
guidelines implement BT as treatment for patients that are not eligible for or 
remain uncontrolled during treatment with biologics. In this thesis, we found 
especially good responses to BT in the patients that might have been eligible 
for biologics as well. While the optimal patient candidate for BT is not clear, 
the position of this treatment in guidelines will remain under discussion. In 
addition, cost effectiveness studies are needed to compare the expensive 
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treatments for severe asthma, including BT and biologics. One study in 
moderate to severe allergic asthma patients used a Markov decision model to 
compare BT with omalizumab and standard inhalation medication. Results of 
his study suggested that there is a 60% chance of BT to become cost-effective as 
compared to omalizumab and standard inhalation treatment [67]. Long term 
follow-up of BT treated patients is necessary to obtain more data regarding 
the cost-effectiveness. A trial comparing the effectiveness and costs of BT with 
biologicals should be considered, especially in the allergic and eosinophilic 
asthma phenotype. Therefore the position of BT in the treatment guidelines of 
severe asthma might change in the future.

The effect of BT on ASM mass is well investigated but this effect does not 
seem to fully explain the mechanism by which BT induces its improvements 
in asthma symptoms. Investigating severe asthma and the effect of BT in more 
detail with different techniques (e.g. omics technology and novel imaging) 
and linking these techniques to (less invasive) clinical parameters is needed to 
further understand and better monitor severe asthma. 

In addition, the physiological consequence of reducing ASM mass needs 
to be further investigated. An important measurement might be bronchial 
hyperresponsiveness. Improvements in bronchial hyperresponsiveness 
after BT are only shown in dogs [22] and mild asthmatics [68], but reports of 
investigating the effect of BT on PC20 are scarce in severe asthma patients. For 
instance, the AIR-2 trial did not report measuring PC20 post BT [19] while the 
RISA trial only compared 6 BT treated patients with 9 controls without seeing 
an effect. In our study in chapter 3 we reported a trend-wise improvement of 
PC20 in the BT-treated group (n=18) compared to the non treated control group 
(n=18) (p=0.08). This might explain why several patients in the TASMA trial 
have reported a different response from their lungs to strong perfumes after 
BT and the observed reduction in exacerbations. Long term follow-up in the 
TASMA extension study might provide an answer to this question. 

An interesting question that might come up in the future is whether patients can 
be retreated with BT. Although the initial clinical effect seems to sustain over 
several years, asthma control can deteriorate in some patients after initially 
a good response. Currently there is no evidence available that these patients 
might benefit from a re-BT treatment, however if a re-BT is considered it is 
highly recommended to do this in a research setting [69].

To further evaluate the clinical effect of BT and evaluate the long-term safety 
profile it is important to monitor BT-treated patients for a longer period of 
time. Studies have shown a sustained effect of BT on AQLQ and exacerbation 
rates up to five to ten years after BT [36-39, 70]. The long-term effect on ASM 
mass after BT is less clear. Therefore we initiated the TASMA extension study 
(clinicaltrials.gov No: NCT02975284). In this study, BT-treated patients from the 
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TASMA study are entering a 5 year follow-up period including yearly visits to 
fill in asthma questionnaires, evaluate health care utilization and exacerbation 
rates, lung function and bronchial hyperresponsiveness measurements 
and after two years optionally bronchial biopsy sampling and OCT for the 
assessment of ASM mass. 

Airway wall imaging
OCT is a technique widely used in the fields of ophthalmology and to a 
lesser extent in cardiology. The last decade several research groups started 
investigating the use of OCT in the airways, but the implementation of OCT in 
clinical practice is challenging. Currently, the analysis of OCT images is time-
consuming as it is for a large part done manually. In order to implement OCT in 
clinical practice, it is important to automate and validate the analysis. Working 
together with other researchers from other fields might speed up this process 
and should be encouraged.       

Next to the analysis methods, improvements to the OCT probe and/or technique 
itself might change the position of OCT in the clinic as well. Polarization 
sensitive OCT probes are recently developed and [60, 61] show promising 
results to assess ASM layers with greater accuracy. This technique might be 
especially interesting to use in obstructive lung diseases such as severe asthma 
in which ASM mass is increased. Also in the evaluation of treatments targeting 
ASM mass, like BT, OCT might fulfil an important role. 

Another interesting development is the combination of OCT with 
immunofluorescence. By labeling antibodies with a fluorescent molecule it is 
possible to study the distribution of antibodies in high detail [71]. As the safety 
of endobronchial OCT in severe asthma patients has been shown in this thesis, it 
would be interesting to use this labeling technique to visualize the distribution 
of antibodies targeted with other treatments for severe asthma such as anti-
IgE, anti-Il-5 or anti-Il-13 treatments. Improving the understanding of these 
expensive treatment options with imaging techniques might also help further 
improve patient selection.    
  

Summary

Chapter 1 is the introduction of this thesis and focuses on background 
information regarding (severe) asthma, bronchial thermoplasty treatment, the 
TASMA study, airway remodeling, optical coherence tomography (OCT) as 
novel imaging technique of the airways and the research questions of this thesis. 

Chapter 2 shows preliminary results of the TASMA study with airway smooth 
muscle (ASM) mass reduction after bronchial thermoplasty treatment and the 
correlation between change in ASM and FEV1. 
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The primary endpoint of the TASMA study is reported in Chapter 3. The 
study shows that ASM mass significantly reduces after BT when a treatment 
group is compared with a delayed control group. This decrease in ASM mass 
is not associated with the response to BT. Other patient characteristics are also 
investigated and higher immunoglobuline E (IgE) and higher blood eosinophils 
are found to be correlated with BT response. 

Chapter 4 reports on the hypothesis that BT influences the airway epithelium 
layer in severe asthma patients. By using endobronchial brushes in patients 
treated with BT, the data shows that the metabolic gene expression profile 
of treated parts of the airways seems to shift towards a healthier state. An 
association with response to BT needs further investigation.  

In Chapter 5 the effect of BT on lung function is reported. In this chapter forced 
oscillation technique (FOT) is used to measure changes in respiratory resistance 
after BT. The study shows that BT has no effect on conventional lung function 
parameters measured with spirometry and bodyplethysmography and also 
FOT measured respiratory resistance is not influenced by BT. The data does 
show that a lower respiratory resistance at baseline is associated with a higher 
improvement on asthma questionnaires after BT. 

In Chapter 6 a detailed overview of the current literature regarding the use of 
two novel imaging techniques in respiratory medicine is provided: OCT and 
confocal laser endomicroscopy. This chapter includes background information 
about both techniques, the clinical use in several anatomical compartments of 
the respiratory system and potential future implications.  

The use of OCT to assess airway wall structures and remodeling is investigated 
in Chapter 7 and 8. In Chapter 7 the feasibility of OCT to identify and quantify 
different airway wall layers is shown by comparing airway wall histology 
sections with matching ex-vivo and in-vivo OCT images. In addition a high 
inter-observer reproducibility for the assessment of OCT images was found. 
Chapter 8 further investigates the same dataset by automatically segment 
the high scattering layer of the OCT image and correlate this area with extra 
cellular matrix components in the airway wall as stained in histology sections. 
To better understand the acute effect of bronchial thermoplasty on the airway 
wall, Chapter 9 reports characteristics seen when imaging the airways with 
OCT immediately after bronchial thermoplasty treatment. This chapter shows 
that the acute effect of bronchial thermoplasty seems to extend deeper than the 
cartilage layer in the airway wall and further than the activation sites. 

Chapter 10 contains the general discussion, key findings and summary of this 
thesis. This chapter also focuses on future perspectives. 

The last chapter of this thesis is Chapter 11 and contains the Dutch summary. 
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Algemene inleiding

Astma is een veelvoorkomende chronische ziekte die wereldwijd bij meer 
dan 300 miljoen mensen is vastgesteld. De luchtwegen van patiënten met 
astma zijn ontstoken en vaak vernauwd. Hierdoor hebben patiënten last van 
een piepende ademhaling, hoesten en een drukkend gevoel op de borst. De 
meeste patiënten hebben last van milde ziekte. Deze patiënten gebruiken 
inhalatiemedicatie om de luchtwegen beter open te zetten en de ontsteking te 
onderdrukken. Ongeveer 5% van de astmapatiënten heeft echter ernstig astma. 
Dit zijn patiënten die ondanks maximale doseringen van inhalatiemedicatie, 
therapietrouw en behandeling van co-morbiditeiten veel klachten ervaren. 
Deze relatief kleine groep patiënten heeft een groot aandeel in de totale (zorg)
kosten vanwege dure medicijnen, ziekenhuisopnames en ziekteverzuim. Het 
is daarom van groot belang dat er nieuwe behandelingen worden ontwikkeld 
voor deze patiëntengroep. 

Eén van de kenmerken van ernstig astma is airway remodeling. Dit is een 
verzamelwoord voor structurele veranderingen van de luchtwegwand 
zoals het dikker worden van de luchtwegwand door een toename van glad 
spierweefsel. De mate van airway remodeling is geassocieerd met de ernst van 
de luchtwegziekte. Het is daarom belangrijk om een betrouwbare methode 
te vinden om de mate van remodeling te kunnen meten. Een voor longziekten 
nieuwe beeldvormende techniek die hier mogelijk geschikt voor zou kunnen 
zijn is Optische Coherentie Tomografie (OCT). Dit is een op near-infrared licht 
gebaseerde techniek waarmee cross-sectionele beelden van de luchtweg worden 
gegenereerd. Door de endoscopische probe handmatig danwel automatisch 
terug te trekken kunnen er hoge resolutie beelden worden gemaakt over de 
gehele lengte van een luchtweg. 

Een behandeling die speciaal is ontwikkeld om airway remodeling te verminderen 
is Bronchiale Thermoplastiek (BT). BT is een endoscopische behandeling waarbij 
radiofrequente energie wordt gebruikt om de middelgrote tot grote luchtwegen 
te verhitten. De behandeling wordt verricht tijdens drie procedures met 3 weken 
hersteltijd tussen elke behandeling: tijdens de eerste procedure wordt de rechter 
onderkwab behandeld, tijdens de tweede procedure de linker onderkwab 
en tijdens de laatste procedure beide bovenkwabben. De hypothese over het 
werkingsmechanisme van BT is dat het spierweefsel in de luchtwegwand zou 
afnemen door de radiofrequente energie waardoor de luchtwegen minder 
kunnen samentrekken en patiënten minder klachten ervaren. Deze hypothese 
is echter nog niet bewezen. Bovendien is het onduidelijk in welke patiënt BT 
het beste helpt. Zijn er bepaalde patiëntkenmerken die kunnen voorspellen 
of iemand gaat reageren op de behandeling? Reageert iemand met veel 
spierweefsel in de luchtwegwand bijvoorbeeld beter dan iemand met weinig 
spierweefsel?
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Om deze vragen te beantwoorden is in 2014 de TASMA studie gestart. Dit is een 
door het Academisch Medisch Centrum (AMC) geïnitieerde, gerandomiseerde, 
internationale studie waarin patiënten met ernstig astma worden behandeld 
met BT. Drie verschillende centra doen mee: het AMC in Amsterdam, het 
Universitair Medisch Centrum in Groningen en de Royal Brompton/Imperial 
College in Londen (clinicaltrials.gov NCT02225392). In deze studie worden 40 
ernstig astma patiënten geïncludeerd en gerandomiseerd in twee groepen: een 
groep die direct de behandeling ondergaat en een groep die een half jaar moet 
wachten voordat de behandeling wordt aangeboden. De groep die een half jaar 
moet wachten blijft op de standaard astmamedicatie ingesteld en fungeert op 
deze manier als controlegroep voor de directe BT-groep. 

In dit proefschrift proberen we dichter bij een antwoord te komen over hoe BT 
werkt in ernstig astma patiënten. Daarnaast wordt het gebruik van OCT in de 
luchtwegen onderzocht.

Resultaten

Bronchiale Thermoplastiek behandeling voor ernstig astma 
Hoofdstuk 2 bevat de eerste resultaten van het effect van BT op het spierweefsel 
in de luchtwegwand. Het gladde spierweefsel in de luchtwegwand van een deel 
van de TASMA patiënten is geanalyseerd met twee kleuringstechnieken voor 
en 6 maanden na de BT-behandeling. Met beide kleuringstechnieken werd een 
afname van meer dan 50% gevonden in glad spierweefsel na de behandeling. 
Daarnaast vonden we dat patiënten met een ernstigere luchtwegobstructie 
(FEV1) meer glad spierweefsel in de luchtwegwand hadden voor de 
behandeling. Deze patiënten hadden ook meer afname van glad spierweefsel 
na de BT. Of dit ook samen hangt met de klinische respons moet in een grotere 
groep patiënten worden onderzocht. 

Het primaire eindpunt van de TASMA studie wordt beschreven in Hoofdstuk 
3. In dit hoofdstuk laten we middels gerandomiseerde studieresultaten zien 
dat het gladde spierweefsel in de luchtwegen is afgenomen 6 maanden na BT 
terwijl dit in de controle groep na 6 maanden stabiele astmamedicatie en zorg 
niet is veranderd. Tevens laten we zien dat de astma controle (ACQ) en astma 
kwaliteit van leven (AQLQ) vragenlijsten significant zijn verbeterd in de direct 
behandelen groep vergeleken met de controle groep. In de totale groep van 
patiënten (n=35) wordt een klinisch relevante verbetering op de vragenlijsten 
gezien in ongeveer 60% van de patiënten. Deze verbetering is niet gecorreleerd 
met de hoeveelheid glad spierweefsel op voorhand of met de afname hiervan. 
Wel lijkt er een associatie te bestaan tussen hogere totaal immunoglobuline E 
(IgE) en bloed eosinofielen en verbetering op astma vragenlijsten. 



Nederlandse samenvatting

191

11

In Hoofdstuk 4 onderzoeken we het effect van BT op genexpressie van 
bronchiale epitheelcellen in ernstig astma patiënten. Allereerst worden ernstig 
astma patienten vergeleken met gezonde controles waarbij een downregulation 
van oxidatieve fosforylering wordt gevonden en een upregulation van glycolyse. 
Vervolgens vergelijken we genexpressie van epitheelcellen in behandelde 
luchtwegen met onbehandelde luchtwegen, 6 maanden na BT. Hierin worden 
significante verschillen gevonden waarbij de epitheelcellen van de behandelde 
luchtwegen lijken te veranderen richting de gezonde luchtwegen. Dit 
suggereert een reset van epitheelcellen na BT echter moet de associatie met 
klinische respons nog onderzocht worden. 

In Hoofdstuk 5 rapporteren we het effect van BT op de longfunctie van ernstig 
astma patiënten. We gebruiken hiervoor de conventionele longfunctietechnieken 
zoals spirometrie en lichaamsplethysmografie maar ook de minder bekende 
geforceerde oscillatietechniek (FOT) die de respiratoire weerstand kan meten. 
De resultaten laten geen effect zien van BT op de parameters die met deze drie 
technieken zijn onderzocht. Er wordt echter wel een associatie gevonden tussen 
een lagere respiratoire weerstand vóór de behandeling (gemeten met FOT) en 
verbeteringen op astma vragenlijsten ná BT. Daarnaast zien we in een deel van 
de patiënten wel verbetering optreden van de mate van obstructie (FEV1) en 
deze verbetering is geassocieerd met verbetering in astma vragenlijsten. 

Optische coherentie tomografie in de luchtwegen
In Hoofdstuk 6 wordt de techniek achter OCT en Confocal Laser Endomicroscopy 
(CLE) toegelicht en een uitgebreid literatuuroverzicht gegeven van 
toepassingsgebieden van beide endoscopische beeldvormende technieken in 
de longziekten.

Hoofdstuk 7 laat zien dat het mogelijk is om met OCT verschillende lagen in 
de luchtwegwand te identificeren en kwantificeren. Dit is onderzocht in zowel 
in-vivo als ex-vivo luchtwegen van patiënten die een lobectomie ondergingen 
in verband met een maligniteit. Er werd een hoge correlatie gevonden tussen 
de histologie meting en de OCT-meting voor zowel in-vivo als ex-vivo beelden. 
Bovendien werd er een hoge inter-observer reproduceerbaarheid gevonden van 
de OCT-metingen. 

In Hoofdstuk 8 wordt gebruik gemaakt van hetzelfde onderzoeksmateriaal 
van luchtwegen als hoofdstuk 3. We rapporteren hier een semi-automatische 
methode om de OCT-beelden te analyseren aan de hand van de lichtintensiteit. 
Door gebruik te maken van vooraf vastgestelde thresholds kan de laag met een 
hoge lichtintensiteit geselecteerd worden uit de OCT-beelden. Deze laag laat 
een correlatie zien met extracellulaire matrix componenten in de bijpassende 
histologie coupes. 
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In Hoofdstuk 9 wordt OCT gebruikt om de acute effecten van BT op de 
luchtwegwand te onderzoeken. We laten zien dat er direct na BT-afwijkingen 
te zien zijn van epitheel destructie en oedeem. De afwijkingen zijn ook distaal 
van het geactiveerde gebied zichtbaar, zowel peri-bronchiaal als bronchiaal en 
zijn ook te vinden in niet behandelde luchtwegen. Na 6 weken zijn de meeste 
luchtwegen grotendeels hersteld. 

Hoofdstuk 10 bevat de discussie, belangrijkste bevindingen en samenvatting 
van dit proefschrift.
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Het meest gelezen maar misschien ook wel één van de moeilijkste onderdelen 
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hebben een bijdrage geleverd, in de vorm van begeleiding en samenwerking of 
juist door voor de nodige ontspanning en afleiding te zorgen. 

Ik wil hierbij dan ook iedereen ontzettend bedanken, met in het bijzonder: 

Allereerst natuurlijk alle TASMA patiënten! 
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Mijn co-promotores Peter Bonta en Martijn de Bruin. Peter, door de jaren 
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kritische blik en gedrevenheid werkten vaak inspirerend en zorgden ervoor dat 
ik met hernieuwde energie verder kon werken aan een manuscript. Martijn, jij 
was mijn aanspreekpunt binnen de biomedical and engineering afdeling en 
ik heb je dan ook regelmatig opgezocht als ik ingewikkelde imaging analyses 
moest uitvoeren. Je was altijd bereid me hier bij te helpen. Heel erg bedankt 
allebei voor de vele uren die jullie in de begeleiding en in mij hebben gestoken 
om mij te laten groeien als wetenschapper. 

De leden van mijn promotiecommissie

Mijn paranimfen Marije, Paula en Hanneke. Wat ontzettend fijn dat jullie naast 
mij staan op 26 november! We hebben zowel binnen de muren van het AMC 
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Heel veel dank hiervoor.

Het TASMA team: Marianne van de Pol, Els Weersink, Liesbeth Bel, Peter Sterk, 
Christof Majoor (AMC); Nick ten Hacken, Jorine Hartman, Karin Klooster, 
Sonja Augustijn (UMCG); Pallav Shah, Samuel Kemp, Cielo Caneja, Karthi 
Srikanthan (Royal Brompton & Emperial College). 

Sponsoren van de TASMA studie: ZonMw, Longfonds en Boston Scientific.

Michael Tanck voor ondersteuning bij statistische analyses. 
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