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GENERAL INTRODUCTION AND AIMS OF THE THESIS

This thesis evolves around Bronchial Thermoplasty, a novel device based 
bronchoscopic treatment for severe asthma patients, and innovative imaging of 
the airway wall by Optical Coherence Tomography (OCT).

SEVERE ASTHMA

The global prevalence of asthma is estimated at 334 million and in the Netherlands 
approximately 610.000 people are affected (1, 2). 3.6%-10% of all asthma patients 
suffer from difficult to treat- or severe asthma (3-6). Severe asthma is defined as 
asthma requiring, the use of high dose inhaled corticosteroids (ICS) next to a 
second controller and/or systemic oral corticosteroids (OCS) to prevent it from 
becoming uncontrolled or is uncontrolled despite this therapy (7, 8). Patients with 
severe asthma are often young, have significant morbidity, experience substantial 
disability (including reduced workforce participation) (9) and have an excessive 
utilisation of health care resources (10). 
Despite the increasing knowledge in the pathophysiology of severe asthma 
and the awareness of the heterogeneity of this disease, the pathogenesis is 
incompletely understood. It composes a complex interplay between various airway 
pathophysiological components including inflammation, airway remodeling, 
innervation and vascular activation. In order to develop optimal future treatments 
for severe asthma patients the pathogenesis needs to be further clarified and 
biomarkers need to be discovered for optimized patient selection with the aim to 
achieve personalized and improved treatment. Recently, novel treatments have 
become clinically available including immunotherapy such as anti-interleukin 5 
(anti-IL5) (11), targeting chronic airway inflammation and Bronchial Thermoplasty, 
targeting airway remodeling including  airway smooth muscle. 

BRONCHIAL THERMOPLASTY

Bronchial Thermoplasty is a medical device based therapy for severe asthma 
patients that delivers radiofrequency (RF) energy to the larger airways (2 – 10mm) 
during bronchoscopy (12). An asthmatic airway is characterized by airway wall 
changes such as a thickened epithelium, increased extracellular matrix and an 
increased and enlarged airway smooth muscle (ASM) mass/layer (13-15). The 
altered ASM mass is likely to play an important role in bronchoconstriction and 
airway hyper responsiveness resulting in asthma symptoms (16, 17). Furthermore, 
an increased ASM mass was found to be associated with asthma severity, 
including decrease in FEV1 (18). Based on this problem a new treatment, Bronchial 
Thermoplasty, was developed with the aim to reduce the ASM mass and thereby 
to reduce airway constriction / hyper responsiveness and improve asthma control 
and quality-of-life. 
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1BRONCHIAL THERMOPLASTY PROCEDURE AND CLINICAL EVIDENCE 

Bronchial Thermoplasty is a bronchoscopic treatment that is performed under 
moderate-to-deep sedation or general anaesthesia. In three consecutive sessions 
with a minimum of three weeks interval all conducting airways of the right 
lower lobe, left lower lobe and both upper lobes are treated in this manner. The 
middle lobe is historically not treated for the fear of the development of a right 
middle lobe syndrome. During each Bronchial Thermoplasty procedure a basket 
catheter is distally placed in the airway (minimal airway diameter of 2-3 mm) and 
subsequently the basket catheter electrode array is expanded and the controller 
activated which results in 10 seconds of radiofrequency energy delivery to the 
airway, a so called “activation” (Figure 1 and 2). 

Figure 1.A Alair Bronchial Thermoplasty system (Boston Scientific, Natick, MA, USA) is a radio 
frequency electrical generator with a food pedal activator switch; B controller to expand the 
basket catheter; C basket catheter with black marks; D expanded basket catheter.
(Courtesy of P.I. Bonta)

Next, the electrode array is closed and withdrawn 5 mm proximal to the previous 
activation location (guided by the black marks on the catheter) where another 
activation is provided. This is repeated until all airways for that Bronchial 
Thermoplasty procedure are treated.
Initially, Bronchial Thermoplasty received a lot of attention as this was an entirely 
different treatment concept for patients with asthma. 
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Figure 2. Bronchoscopic view of asthmatic airways: left image shows the basket catheter 
electrode array in a proximal airway; middle image shows an expanded basket catheter 
electrode array during a Bronchial Thermoplasty activation; right image shows blanching 
of the mucosa of the airway directly after Bronchial Thermoplasty. 
(Courtesy of P.I. Bonta and J.T. Annema) 

Until then, virtually all asthma treatments where medication based targeting 
bronchomotor tone and airway inflammation. In contrast, Bronchial Thermoplasty 
was the first treatment which aimed to treat structural airway remodeling by 
ablation of the ASM (12). After Bronchial Thermoplasty was shown to be safe and 
able to reduce the ASM mass in dogs and in patients who needed to undergo 
a lobectomy, this treatment was performed in asthma patients (19, 20). In 3 
randomized controlled trials, Bronchial Thermoplasty was shown to be safe and 
effective in mild to severe asthma patients (21-23). The main treatment outcomes 
were an improvement of quality-of-life and a reduction in asthma exacerbations, 
emergency visits and hospital admissions. Although proven effective on clinical 
outcomes in randomized trials, the mechanism that determines Bronchial 
Thermoplasty to be effective is incompletely understood and the specific asthma 
phenotype that responds best to this treatment is unknown. The available evidence 
of Bronchial Thermoplasty is discussed in more detail in Chapter 2.

SEVERE ASTHMA PHENOTYPING AND PATIENT SELECTION FOR BRONCHIAL 
THERMOPLASTY 

According to the global initiative for asthma (GINA) guidelines the treatment for 
asthma is divided into 5 steps. GINA step 1 is for patients with only occasional (< 
2 times a month) daytime symptoms of short duration who can be treated with an 
as-needed short-acting beta2 agonist (SABA) only. GINA step 2 advises regular 
low dose ICS plus as-needed SABA. GINA step 3 consists of a combination of 
ICS/long acting beta2 agonist (LABA) plus SABA as needed. For the more severe 
asthma patients GINA step 4 and 5 exist. GINA step 4 ranges from medium to high 
dose ICS/LABA and/or an extra controller such as tiotropium, leukotriene modifier 
or theophylline. GINA step 5 is for the most severe asthma patients with add on 
treatments such as tiotropium, anti-IgE, anti-IL5 and low dose oral corticosteroids 
(24). 
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1Since asthma is a heterogenic disease, add on treatment options should ideally be 
selected based on individual patient characteristics. Anti-IgE should be considered 
in patients with a predominant allergic phenotype and anti-IL5 in patients with a 
predominant eosinophilic phenotype (25). Severe asthma patients with GINA step 
4-5, who are not eligible for, or not responsive to anti-IgE or anti-IL5, might qualify 
for Bronchial Thermoplasty. 

Bronchial Thermoplasty has been shown to improve quality of life, reduce 
exacerbation rates and the proportion of subjects experiencing severe 
exacerbations (21, 22, 26). Despite these favourable outcomes in many patients, 
a considerable proportion of patients have little or no benefit of Bronchial 
Thermoplasty treatment. Therefore, elucidating the asthma patient characteristics 
(or asthma phenotype) that is likely to respond to Bronchial Thermoplasty is of 
importance. Phenotyping asthma patients in daily practice is based on clinical 
data, most importantly; pulmonary function tests, high resolution chest-CT (HRCT) 
blood test and induced sputum analyses. 
Since the ASM mass is the target of Bronchial Thermoplasty treatment, one could 
hypothesize that the amount of ASM mass at baseline could predict Bronchial 
Thermoplasty response. Quantification of the ASM mass is challenging. ASM mass 
can be measured precisely in biopsies taken during a bronchoscopy, however this 
is relatively invasive and time consuming. A HRCT is also able  to image the airway 
way wall, however the resolution is insufficient to provide detailed information 
about the smaller airways or the airway wall sublayers. New techniques to identify 
and quantify the airway remodeling and related ASM mass are therefore needed. 
A novel high resolution imaging technique called Optical Coherence Tomography 
(OCT) has the potential to improve current standards in airway wall imaging.

OPTICAL COHERENCE TOMOGRAPHY 

Optical Coherence Tomography (OCT) is a light-based imaging technique 
which provides real-time high resolution images with a resolution of 10-15μm 
and a penetration depth of 2-3 mm (27, 28). OCT is used in clinical practice in 
ophthalmology (retina assessment) (29) and interventional cardiology (stent 
apposition and restenosis) (30, 31). In the pulmonary field, OCT has been shown 
to generate highly detailed near-histology images which enables identification 
and quantification of the airway wall and alveolar compartment (32-38). 

In the studies described in this thesis, a 0.9 mm OCT probe (C7 Dragonfly, St. Jude 
Medical Inc., St. Paul, MN, USA) is used during a bronchoscopy and positioned 
in the airway(s) of interest. Near-infrared light from the catheter is scattered 360 
degrees to the airway where the light is absorbed and backscattered by the airway 
wall tissue. The backscattering of the light is detected as a function of depth 
resulting in cross-sectional images of the airway wall. Cross-sectional images 
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(Figure 3) are obtained during an automated pullback over 5.4 cm (Figure 4). In 
this way, the airway wall of an entire airway segment can be visualised in a three 
dimensional way.

The capability of providing real-time, high-resolution images of the airway wall 
over a large airway segment gives a great advantage over the imaging techniques 
currently available. Therefore, OCT is a promising, minimal-invasive imaging 
tool for airway remodeling detection and quantification which could contribute 
to severe asthma phenotyping and subsequent patient selection for Bronchial 
Thermoplasty (36, 39-41). Next to OCT as a screening tool, OCT might qualify 
for monitoring and quantifying the (acute) treatment effects during and after 
Bronchial Thermoplasty. More background information on OCT can be found in 
Chapter 7 which reviews the available literature of novel imaging techniques OCT 
and confocal laser endomicroscopy (CLE) in pulmonary diseases.

Figure 3. Cross-sectional OCT image of an in-vivo right lower lobe airway (RB 8) visualizing; 
the OCT probe (1 mm diameter), airway lumen, epithelium, lamina propria, submucosa, 
and cartilage.
 (Courtesy of  J.N.S. d’Hooghe, Curr Opin Pulm Med 2017, 23 (3): 275-283)

Epithelium
Lamina	propria

Submucosa
Cartilage

Probe Lumen
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1

proximal right lower lobe airway    airway branches         distal airway

Figure 4. 3D OCT reconstruction of an airway segment of the right lower lobe 
(Courtesy of  J.N.S. d’Hooghe, Curr Opin Pulm Med 2017, 23 (3): 275-283)

TASMA STUDY

Bronchial Thermoplasty is applied as a bronchoscopic asthma treatment worldwide 
and in 2018 approximately 7000 patients in 33 countries have been treated. 
Although Bronchial Thermoplasty is positioned in GINA step 5, international 
guidelines state that evidence for its use is limited, with uncertainties in long-
term consequences and incomplete understanding which phenotype of asthma 
patients will benefit most (42). Therefore, in 2014 the Unravelling Targets of Therapy 
in Bronchial Thermoplasty in Severe Asthma (TASMA) trial (ClinicalTrials.gov, 
No.NCT02225392) was initiated. This investigator initiated study, aims to unravel 
pathophysiological targets of Bronchial Thermoplasty in severe asthma (how does 
it work?) and identify responder characteristics (who benefits most?) with the 
ultimate goal to identify leads to optimize Bronchial Thermoplasty performance 
(how to treat better?). 

The TASMA study is an international, multicentre, randomized controlled trial in 
which 40 severe asthma patients were recruited for Bronchial Thermoplasty at 
3 sites (in the Netherlands AMC, Amsterdam (n=26); UMCG, Groningen (n=4) 
and in the United Kingdom, Royal Brompton Hospital, London (n=10). This study 
is sponsored by the Dutch Lung Foundation, the Netherlands Organisation for 
Health Research and Development (ZonMW), the Academic Medical Center 
(AMC) Amsterdam and Boston Scientific.

The TASMA study design is illustrated in Figure 5. Recruited patients were 
discussed in a multidisciplinary team (MDT) meeting including asthma specialists 

5,4 cm



CHAPTER 1

16

and interventional pulmonologists, followed by extensive screening (blood test, 
pulmonary function test, imaging) to confirm the diagnosis of severe asthma. 
Subsequently, a bronchoscopy was performed during which baseline samples 
(including biopsies, bronchial wash, brushes) and high-resolution airway wall 
imaging (OCT and radial endobronchial ultrasound (rEBUS)) was obtained. 
Following bronchoscopy, patients were randomized to an immediate or delayed 
BT treatment group. The delayed BT treatment group which served as a control 
had to wait for 6 months, while receiving their standard asthma care after which 
the baseline investigations and research bronchoscopy were repeated. Both the 
immediate and delayed treatment groups received 3 Bronchial Thermoplasty 
procedures with a minimum of 3 week intervals. 6 months after the final Bronchial 
Thermoplasty procedure, baseline investigations and research bronchoscopy 
where repeated to be able to examine the Bronchial Thermoplasty induced 
changes.

In the first part of 2018 inclusion of patients in the TASMA trial was completed. 
The final results are expected in the second part of 2019. The TASMA trial aims to 
contribute to the following research questions; Is there a difference in change in 
ASM mass between the immediate Bronchial Thermoplasty group and the control 
group? What is the clinical responder profile? What is the effect of Bronchial 
Thermoplasty on airway remodeling including ASM and extra-cellular matrix 
(ECM),  inflammation, neural innervation and vasculature? What is the effect of 
Bronchial Thermoplasty on airway gene expression? Are Bronchial Thermoplasty 
induced airway remodeling changes detectable with high-resolution imaging 
techniques OCT and rEBUS?
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AIMS OF THIS THESIS

In 2014, when the TASMA study was initiated, there were many unanswered issues 
regarding Bronchial Thermoplasty (BT) in several domains. The following research 
questions will be addressed in this thesis:

1.  Bronchial Thermoplasty procedure: is it safe and feasible to perform 
Bronchial Thermoplasty under moderate-to-deep sedation provided by 
specialized sedation anaesthesiology nurses? 

2.  What is the clinical response of Bronchial Thermoplasty in severe asthma 
patients? 

 Can responder characteristics be identified? 

3.  Bronchial Thermoplasty treatment effect on the airway wall: 
 does Bronchial Thermoplasty reduce airway smooth muscle mass in severe 

asthma patients? 

4.  Imaging of Bronchial Thermoplasty targets: 
 can Optical Coherence Tomography (OCT) visualize airway wall layers and 

related airway remodeling including airway smooth muscle mass?

5. Bronchial Thermoplasty induced radiological side effects: what is the 
incidence and behaviour over time of radiological abnormalities seen 
directly after Bronchial Thermoplasty? 
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1This thesis consists of four parts

PART I  INTRODUCTION

- Introduction in severe asthma, Bronchial Thermoplasty (BT), Optical 
Coherence Tomography (OCT) and the TASMA study.

PART II BRONCHIAL THERMOPLASTY

- Review of the available literature on the mechanism of action of Bronchial 
Thermoplasty in asthma . 

- Feasibility, safety and satisfaction rate of nurse administered propofol and 
remifentanil sedation for Bronchial Thermoplasty.

- Clinical response data in severe asthma patients treated with Bronchial 
Thermoplasty.

- The effect of Bronchial Thermoplasty on the airway smooth muscle and its 
correlation with clinical parameters.

PART III IMAGING OF THE AIRWAY WALL

- Review of the available literature of novel imaging techniques in 
pulmonary diseases; Optical Coherence Tomography and Confocal Laser 
Endomicroscopy (CLE).

- Identification and quantification of airway wall layers with Optical 
Coherence Tomography and its correlation with histology.

- Incidence and patterns of acute radiological abnormalities after Bronchial 
Thermoplasty.

PART IV DISCUSSION

- Discussion and summary in English and Dutch
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ABSTRACT

Bronchial Thermoplasty (BT) is an endoscopic treatment for moderate-
to-severe asthma patients who are uncontrolled despite optimal medical 
therapy. Effectiveness of BT has been demonstrated in several randomized 
clinical trials. However, the asthma phenotype that benefits most of this 
treatment is unclear, partly because the mechanism of action is incompletely 
understood. BT was designed to reduce the amount of airway smooth muscle, 
but additional direct and indirect effects on airway pathophysiology are 
expected. This review will provide an overview of the different components of 
airway pathophysiology including remodeling, with the airway smooth muscle 
(ASM) as the key player. Current concepts in the understanding of BT clinical 
effectiveness with a focus on its impact on airway remodeling will be reviewed.  
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INTRODUCTION

Severe asthma is defined as uncontrolled asthma despite, or controlled asthma 
requiring, the use of high dose inhaled corticosteroids (ICS) next to a second 
controller and/or systemic oral corticosteroids (OCS) (Bel, et al., 2011; Chung, 
et al., 2014). This group represents 3.6% -10% of asthma patients and is known 
to have a high burden of disease with frequent asthma exacerbations and/or 
progressive lung function decline resulting in excessive utilization of health care 
resources (Barnes & Woolcock, 1998; Busse, Banks-Schlegel, & Wenzel, 2000; 
Hekking, et al., 2015; O’Byrne, Naji, & Gauvreau, 2012). 

The treatment approach of severe asthma is described in the Global Initiative for 
Asthma (GINA) guidelines step 4 and 5. GINA step 4 ranges from medium to high 
dose ICS with a long acting beta-agonist (LABA), and/or an extra controller such 
as tiotropium, leukotriene modifier or theophylline. When asthma control is not 
achieved within GINA step 4, GINA step 5 advises add-on treatment including 
tiotropium, anti-IgE, anti-interleukin 5 (anti-IL5) and low dose OCS (“Global 
Initiative for Asthma. Global Strategy for Asthma Management and Prevention, 
2016. Available from: www.ginasthma.org,”). Driven by improved phenotyping, 
these add-on treatments are now increasingly prescribed to selected/distinct 
asthma phenotypes (Chung, et al., 2014). For example anti-IgE can be considered 
in patients with a predominant allergic phenotype, and anti-IL5 in patients with a 
predominant eosinophilic phenotype (Trivedi, Pavord, & Castro, 2016). For patients 
with predominant chronic airflow obstruction or patients with unsatisfactory 
response to, or who are not eligible for anti-IgE or anti-IL5, bronchial thermoplasty 
(BT) can be considered (“British Thoracic Society, Scottish Intercollegiate 
Guidelines Network. British guideline on the management of asthma, 2016. 
Available from: www.brit-thoracic.org.uk_document-library_clinical-information_
asthma_btssign-asthma-guideline-2016,” ; “Global Initiative for Asthma. Global 
Strategy for Asthma Management and Prevention, 2016. Available from: www.
ginasthma.org,” ; Trivedi, et al., 2016). 

Unfortunately, the mechanism of action of this relatively new, endoscopic treatment 
for asthma is incompletely understood. More insight in distinct phenotypes of 
asthma and pathways targeted by BT is needed to identify the asthma phenotype 
that benefits most of BT (Anderson, 2008; Gauthier, Ray, & Wenzel, 2015; Lotvall, 
et al., 2011; Ray, Raundhal, Oriss, Ray, & Wenzel, 2016). Therefore, we review 
potential targets for BT, particularly those related to airway remodeling, including 
airway smooth muscle (ASM), extracellular matrix (ECM), inflammation, neural 
innervation and vascular function.
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AIRWAY REMODELING AND INNERVATION IN ASTHMA

Asthma is characterized by airway remodeling which is defined as an alteration 
of the tissue structure and cells in the airways (James & Wenzel, 2007; Jeffery, 
2001). Features of altered airway histology in moderate-severe asthma include a 
thickened epithelium, increased ECM including reticular basement membrane 
(RBM) thickening, ASM hyperplasia and hypertrophy, inflammation, vascular 
activation and angiogenesis and mucous gland hypertrophy (Bousquet, et al., 
1992; James & Wenzel, 2007; Jeffery, 2001).

Airway smooth muscle (ASM) in asthma 

Key feature of airway remodeling in asthma is the altered ASM. This includes 
thickening of the ASM layer surrounding the airways, caused by ASM hypertrophy 
and hyperplasia as described in post-mortem specimens of patients with asthma 
(Bai, 1990; Carroll, Elliot, Morton, & James, 1993; Dunnill, Massarella, & Anderson, 
1969; Hossain & Heard, 1970). More specific, James et al found ASM hypertrophy 
in large airways in both non-fatal and fatal post-mortem asthma cases, whereas 
hyperplasia of ASM cells was present in the large and small airways in fatal asthma 
cases only (James, et al., 2012).  

Benayoun and colleagues assessed the degree of airway remodeling in bronchial 
biopsies from asthma patients ranging from intermittent to severe asthma in 
relation to controls and found that fibroblast accumulation and increase in ASM 
mass where associated with asthma severity (Benayoun, Druilhe, Dombret, Aubier, 
& Pretolani, 2003). Interestingly, it was shown that an increased ASM mass in pre-
school wheezers can predict the development of asthma at school age (O’Reilly, 
et al., 2013). In addition it has been reported that ASM area in pre-schoolers with 
severe recurrent wheeze with atopy is increased as compared to pre-schoolers 
with severe recurrent wheeze without atopy. Nevertheless, no relation was found 
between inflammatory cell counts and the morphometrics of the airway wall 
(including vascularity, mucous gland area, RBM thickness and epithelial integrity) 
(Lezmi, et al., 2015). These early findings of ASM alterations in pre-schoolers with 
severe recurrent wheeze with atopy, a group at high risk of developing asthma, 
make it plausible that airway remodeling including ASM alterations is an intrinsic 
feature of asthma and not solely a consequence of inflammation (Lezmi, et al., 
2015).  

ASM contraction is considered the key effector of bronchoconstriction. Based on 
the increased sensitivity and increased response to bronchoconstrictive stimuli 
in asthma patients the ASM is likely to play an important role in airway hyper 
responsiveness (AHR) (Dulin, et al., 2003; Nair, et al., 2017). However, the exact 
mechanism and role of the ASM in AHR is not completely understood. Most in vitro 
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studies did not show an increase in maximal force-generating capacity of asthmatic 
tissues to various bronchoconstrictive stimuli (McParland, Macklem, & Pare, 2003). 
On the other hand, in vitro studies comparing ASM contractility of ASM cells and 
tissues from asthmatic and non-asthmatics, did find that the shortening of ASM of 
asthmatics is greater than that from non-asthmatics (Ma, et al., 2002; McParland, et 
al., 2003; Stephens, Li, Jiang, Unruh, & Ma, 2003). This suggests that the changed 
ASM and related increased contractility are more determined by the shortening 
ability instead of the maximal generating force capacity.

The principal function of the ASM cells, contractile or synthetic, is likely to be 
determined by differentiation of the ASM cells into different phenotypes as 
suggested by gene expression studies in patients with asthma and controls 
(Yick, et al., 2014; Yick, et al., 2013). Indeed, in vitro results demonstrated that 
exposure of ASM cells to a mitogenic stimulus results in a reversible modulation 
in phenotype from contractile to synthetic (Chamley-Campbell, Campbell, & Ross, 
1979; Owens, 1995). Contractile phenotype ASM cells are characterized by high 
levels of contractile proteins and less biosynthetic organelles, and retain their 
ability to contract. In contrast the ASM cells with a synthetic phenotype contain 
less contractile proteins and more biosynthetic organelles and may lose their 
ability to contract (Hirst, Walker, & Chilvers, 2000). This might be related to altered 
gene expression profiles of ASM observed in mild asthma patients with hyper 
responsiveness (Yick, et al., 2014). These physiological and biological findings in 
mild asthma patients require further investigation in patients with more severe 
asthma.

Next to the changes in amount, contractile and gene expression profiles of ASM 
observed in asthma described above, the ASM is considered an important source 
of  inflammatory cytokines and chemokines (Chang, Bhavsar, Michaeloudes, 
Khorasani, & Chung, 2012; Hirst, 2003; Koziol-White & Panettieri, 2011). As such 
ASM might have a potential role in the activation and recruitment of various 
inflammatory cell types including neutrophils, eosinophils, T cells and mast cells 
(Hirst, 2003). Furthermore, pro-inflammatory cytokines and chemokines from 
ASM cells can induce AHR by enhancing ASM contraction and/or altering ASM 
relaxation (Black, Panettieri, Banerjee, & Berger, 2012) which may subsequently 
affect airway structural cells responsible for airway remodeling (Black, et al., 2012; 
Koziol-White & Panettieri, 2011). 

Another interesting feature of the ASM layer is that it has been described as 
a niche for mast cells (Brightling, et al., 2002; Slats, et al., 2007). It has been 
hypothesized that infiltration of these mast cells into the ASM layer is of importance 
as mast-cell products can cause 1) contraction and increase the responsiveness 
of ASM to bronchoconstrictive stimuli, 2) ASM proliferation and fibrosis and 
thereby contribute to airway remodeling and bronchoconstriction, 3) ASM pro-
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inflammatory cytokine release and surface protein expression (Page, Ammit, Black, 
& Armour, 2001). Brightling et al demonstrated a significant difference between 
the number of mast cells in the ASM in patients with asthma and the number in 
both normal subjects and patients with eosinophilic bronchitis (Brightling, et al., 
2002). They also observed an inverse relation between the number of mast cells 
in the ASM of asthma patients and the provocative concentration of methacholine 
leading to a fall in forced expiratory volume in 1 second (FEV1) of 20% (PC20). In line 
with this observation, Slats et al demonstrated an association between mast cell 
counts in the ASM layer and an impaired airway relaxation, thereby strengthening 
the potential contribution of mast cell – ASM interaction to AHR in asthma (Slats, 
et al., 2007). 

Altogether, the altered ASM in asthma patients is versatile and involved in 
multiple pathophysiological pathways of the asthmatic airway ranging from airway 
inflammation to airway mechanics. Although the true cause-effect between ASM, 
airway pathophysiology in asthma and functional/phenotypic features such as 
FEV1 and AHR remains difficult to determine, ASM can certainly be seen as a key 
player.

Extra-cellular matrix (ECM) in asthma 

Another component of airway remodeling is the ECM, which is increasingly 
envisioned as an important contributor to pathophysiological changes in 
airways diseases, including asthma. The ECM is a complex network of proteins, 
glycoproteins and lipids, produced by connective tissue cells including ASM, 
filling the extra-cellular space of the (sub)mucosa (Bousquet, et al., 1992). The 
ECM contributes to the regulation of the airway and vascular diameter and prevent 
airways to collapse during expiration (Vignola, Kips, & Bousquet, 2000). However, 
next to this structural role, increased knowledge is gained about the role of the 
ECM on ASM, inflammatory cells and angiogenesis (Vignola, et al., 2000). As such, 
in the airways of asthma patients, the profile of ECM proteins differs from those 
in the non-asthmatic airway. In the asthmatic airway it has been shown that there 
is enhanced deposition of collagens I, III and V, fibronectin, tenascin, hyaluronan, 
versican, laminin α2/β2 and perlecan whereas decorin, collagen IV and elastin are 
decreased (Vignola, et al., 2000). Also here, the ASM itself can contribute to the 
ECM by producing growth factors and ECM components (Hirst, 2003; Vignola, et 
al., 2000). Furthermore, the ECM deposited by asthmatic ASM in vitro enhances 
the proliferative capacity of the ASM cells (Johnson, et al., 2004), which is in line 
with the observation that ASM hyperplasia is associated with an increase in ECM 
in asthma (James, et al., 2012). Similarly, Arujo et al reported increased fractions 
of elastin and fibronectin fibres in the ASM of asthma patients (Araujo, et al., 
2008). However, this is in contrast with observations of Yick et al who could not 
demonstrate differences in ECM gene expression in biopsies of asthma patients 
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and controls. Nevertheless, in asthma patients a relation between the fractional 
composition of the ECM in the ASM layer and the dynamics of airway function 
was detected (Yick, et al., 2012), indicating that ECM components in the ASM 
layer contributes to the physiological phenotype of asthma. In summary, the 
ECM and ASM have important interactions which contribute to features of airway 
remodeling and function.

Airway innervation in asthma 

The nerves also play an important role in bronchoconstriction and inflammation of 
the human airways (Groneberg, Quarcoo, Frossard, & Fischer, 2004; Pisi, Olivieri, 
& Chetta, 2009; Scott & Fryer, 2012). The human airway innervation includes a 
cholinergic, adrenergic and non-adrenergic, non-cholinergic (NANC) innervation 
system (Pisi, et al., 2009). The cholinergic innervation consists of parasympathetic 
nerves that control primarily by signalling with acetylcholine upon muscarinic 
receptors which can be found on most inflammatory and airway structural cells 
including ASM and mucous glands. This parasympathetic signalling mediates 
bronchoconstriction, hypersecretion of mucus, inflammation and tissue 
remodeling (Kistemaker, Oenema, Meurs, & Gosens, 2012; Scott & Fryer, 2012). 
As such blocking the muscarinic receptors with inhaled anti-cholinergics, such as 
tiotropium, has been demonstrated to be clinically effective and indeed has been 
approved for treatment of poorly controlled asthma (Kerstjens, et al., 2012). In 
COPD patients a new therapy ‘targeted lung denervation’ (TLD) that is based on 
ablation of parasympathetic pulmonary nerves surrounding the main bronchi is 
currently under investigation (Slebos, et al., 2015). Theoretically this could be of 
benefit for asthma patients as well. The role of adrenergic innervation in regulating 
the bronchomotor tonus is less known. After increasing airway resistance with 
propranolol in 21 asthma patients, blocking the alpha2-adrenergic receptor 
with tolazoline (alpha-2-adrenergic receptor antagonist) did not cause changes 
in the bronchomotor tonus in comparison to hexoprenaline (beta-2-adrenergic 
receptor) and ipratropium (anticholinergic) (Islami, et al., 2014), suggesting that 
this is not a primary mechanism in bronchomotor/bronchial tone (regulation). By 
mechanical, thermal, chemical or inflammatory stimuli, the NANC system releases 
neurotransmitters, including substance-P, causing inflammation, mucus secretion, 
bronchoconstriction and vascular activation resulting in microvascular leakage 
(Boot, et al., 2007; Groneberg, et al., 2004). Indeed, inhaled substance P induces 
an increase in the severity of maximal airway narrowing to methacholine (Cheung, 
van der Veen, den Hartigh, Dijkman, & Sterk, 1994), which is indicative of a role of 
the NANC system in AHR. Summarizing, the different airway innervation systems, 
most importantly the cholinergic and NANC systems, play a role in bronchomotor/
bronchial tone regulation and inflammation of the airways.
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BRONCHIAL THERMOPLASTY

Bronchial thermoplasty is an endoscopic, minimally invasive treatment for 
moderate-to-severe asthma based on local, radio-frequency (RF) energy delivery 
to the larger airways, developed to prevent excessive bronchoconstriction 
by reducing ASM (P. G. Cox, Miller, Mitzner, & Leff, 2004). As such bronchial 
thermoplasty is the first asthma treatment that targets airway remodeling instead 
of mainly modulating airway inflammation and bronchomotor tone. The treatment 
consists of 3 bronchoscopies during which consecutively the right lower lobe, 
the left lower lobe and the two upper lobes are treated. Through a standard 
bronchoscope a basket catheter is brought to airways with a diameter of ~2 
mm – 10 mm where it delivers RF energy generated by the Alair system (Boston 
Scientific, Natick, MA, USA) (Figure 1). Each RF energy delivery or activation takes 
10 seconds and heats the airway to 65 degrees. Different sedation strategies 
are described that vary from mild midazolam sedation to general anaesthesia. 
Recently, sedation anaesthesiology nurse provided propofol-remifentanil sedation 
has been described that combines high satisfaction and feasibility rates with a 
strong safety profile (J. N. d’Hooghe, Eberl, Annema, & Bonta, 2017). 

Figure 1. Endoscopic view of asthmatic airways: left image shows the basket catheter 
during a BT activation resulting in RF energy delivery to a proximal airway; right image 
shows blanching of a proximal airway directly after BT. 
(Reprinted with permission of Ned Tijd Allergy & Asthma 2017; 17: 26-32) 

Early animal studies showed a reduction in ASM mass at the area where BT was 
applied that correlated to an improved AHR with diminished contraction in 
response to methacholine (Danek, et al., 2004). The first application of BT in humans 
was performed in patients with lung cancer who were scheduled to undergo lung 
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resection. In this study it was shown that BT of the human, non-asthmatic airways 
was well tolerated and resulted in a significant alteration of ASM, an approximate 
50% reduction, in treated airway (Miller, et al., 2005). 

CLINICAL EFFICACY OF BRONCHIAL THERMOPLASTY IN ASTHMA PATIENTS 

The next step was to study BT in asthma patients. First, the safety and impact on 
lung function and AHR of BT over 2 years in 16 mild-to-moderate asthma patients 
was studied. Mild and moderate adverse events were observed within 1 week 
after the procedure which resolved spontaneously, with antibiotics or with a 
temporary increase of asthma medication. There were no severe adverse events. 
Additionally, an improvement in AHR was found, that persisted until 2 years after 
BT treatment (G. Cox, Miller, McWilliams, Fitzgerald, & Lam, 2006). Next, in the AIR 
trial, an unblinded, randomized control trial (RCT), 112 moderate-to-severe asthma 
patients who had been treated with ICS/LABA where randomized to either BT 
treatment or a control group (G. Cox, et al., 2007). Patients treated with BT showed 
a reduced rate of mild exacerbations as compared with baseline, which was 
unchanged in the control group. Furthermore there was a significant improvement 
in asthma control (asthma control questionnaire, ACQ) and quality of life (asthma 
quality of life questionnaire, AQLQ) in BT-treated patients as compared to controls. 
There was no significant difference in FEV1 and the PC20 methacholine/histamine. 
During the treatment period there was an increase in adverse respiratory events 
in patients treated with BT. Most frequently observed adverse events where 
dyspnea, wheezing, cough and chest discomfort. The majority of the adverse 
events occurred within 1 day after the procedure and resolved an average within 
1 week. Severe adverse respiratory events where asthma exacerbation (n=4), 
partial collapse of the left lower lobe (n=1) and pleurisy (n=1) which resulted in 
hospitalization (G. Cox, et al., 2007). 

The RISA trial, a randomized unblinded trial, included 34 severe asthma patients 
who had a significant improvement versus control subjects in quality of life (AQLQ), 
asthma control (ACQ) rescue medication use and pre-bronchodilator FEV1 % 
predicted. These results persisted when OCS and ICS were reduced, except for 
the pre-bronchodilator FEV1 % predicted. As a result 4 of 8 BT treated patients, 
compared to 1 of 7 control subjects were able to completely wean off OCS. Also 
this study showed a short-term increase in asthma related morbidity associated 
with BT (Pavord, et al., 2007). In the largest, randomized double blind, sham-
controlled AIR-2 trial, 297 moderate-to-severe asthma patients were randomized. 
190 patients were randomized to the BT group and 98 were randomized to the 
sham control group, receiving 3 sham bronchoscopy procedures during which 
the BT treatment was mimicked. The primary endpoint demonstrated a clinically 
meaningful improvement in AQLQ score of 0.5 or greater in the BT treated 
patients, which, to a lesser extend was also found in the sham-controlled group, 
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most probably due to placebo effect. However, a larger proportion of BT subjects 
compared with sham group subjects experienced a clinically meaningful within-
subject improvement in AQLQ score of 0.5 or greater. Furthermore as secondary 
endpoints fewer severe exacerbations, emergency department (ED) visits and 
days missed from work were observed in the BT group. Likewise, an increase in 
respiratory adverse events was seen in the treatment period in patients treated 
with BT (Castro, et al., 2010). Unfortunately, to date these studies were not able 
to define a specific asthma phenotype-based responder profile. Furthermore, it 
should be noted that patients who have been included in the AIR and AIR2 trials 
where less severe than the patients included in the RISA trial and recent non-
randomized trials (Castro, et al., 2010; Chakir, et al., 2015; G. Cox, et al., 2007; 
Denner, et al., 2015; Pavord, et al., 2007; Pretolani, et al., 2016). 

Long-term results of Bronchial Thermoplasty 

The 3 randomized trials conducted follow-up trials to address the efficacy and 
safety up to 5 years after BT. In the AIR long-term study, 43 BT treated patients 
were followed for 5 years and 24 control patients receiving standard of care where 
followed for 3 years. The rate of respiratory adverse events, hospitalization and ED 
visits remained stable over the 5 years following BT as compared to the year before 
BT. Similar results were found for the control group up to 3 year. Furthermore no 
deterioration in FEV1 or radiological abnormalities where seen (Thomson, et al., 
2011). 

The long-term results from the AIR-2 trial showed a sustained low proportion 
of subjects experiencing severe exacerbations and ED visits (average 5-year 
reduction in proportions: 44% for exacerbations and 78% for ED visits). Respiratory 
adverse events and hospitalizations related to asthma remained unchanged. FEV1 
remained stable and structural airway abnormalities where excluded by a HRCT 
up to 5 years after BT treatment (Wechsler, et al., 2013). 

In accordance with the AIR and the AIR-2 long-term studies, the follow-up study 
of the RISA trial patients demonstrated no deterioration in respiratory adverse 
events, FEV1 or radiological abnormalities on chest X-ray. Furthermore, a persistent 
decrease in hospitalizations and ED visits was detected (Pavord, et al., 2013). 
Unfortunately, the AIR-2 and the RISA trial did not have a control group to which 
the long-term result were compared. Taken together, the long term follow-up 
results of 3 randomized controlled trials are indicative that BT is safe, and reduces 
asthma exacerbations, ED visits and hospitalisation for at least up to 5 years after 
BT treatment.
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EMERGING MECHANISMS UNDERLYING THE CLINICAL EFFECTIVENESS OF BT

Although demonstrated to be effective on clinical outcomes in randomized trials, 
the mechanism of the BT effect is incompletely understood. Several mechanisms 
could potentially underlie the clinical effectiveness of BT (Wilhelm & Chipps, 
2016). More likely, a combination of different mechanisms will be responsible for 
the BT effect as the airways are a complex network of cells and structures with 
corresponding functions (Figure 2). 

Figure 2. The different components of airway wall pathophysiology in asthma are 
illustrated. Airway smooth muscle (ASM) hyperplasia and hypertrophy (bottom) with 
increased contractility and hyper responsiveness. Increased amounts of pro-inflammatory 
cytokines and chemokines produced by  ASM can activate and recruit inflammatory cells. 
Pro-inflammatory cytokines and chemokines can contribute to airway hyper responsiveness 
and perhaps affect airway structural cells. Another feature observed is mast cell infiltration 
in the ASM layer. 
The ASM cells also produce extracellular matrix (ECM) growth factors altering the ECM 
profile, which can affect the proliferative capacity of the ASM cells. 
At the top of the figure, the airway innervation (cholinergic, adrenergic and non-adrenergic, 
non-cholinergic (NANC) systems) in asthma is illustrated. Nerves can contribute to 
bronchomotor/bronchial tone regulation and inflammation of the airways. The lightning 
bolts in the lumen of the airway represent the four struts of the Bronchial Thermoplasty 
catheter that delivers RF energy to the airway wall with a potential effect on the above 
mentioned 
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Airway smooth muscle (ASM) reduction 

Reducing the amount of airway smooth muscle, which is associated with asthma 
severity, may result in an improvement of asthma symptoms. Preclinical studies 
have shown that BT reduces ASM mass in canine model for asthma which was 
associated with a long term reduction of AHR. The effectiveness of BT on reducing 
the ASM mass in asthma patients was first demonstrated by Pretolani et al, analysing 
the ASM mass percentage (%) (ASM area as % of the total biopsy area) in airway 
biopsies 15 days before the first BT and 3 months after treatment with BT in 10 
severe asthma patients. A reduction of ASM mass of 20.25% before BT to 7.28% 
(60%) after BT was found (Pretolani, et al., 2014). Next, Denner et al observed an 
ASM reduction of 38% at the first BT to 16% (58%) 6 weeks after the first BT (taken 
during the third BT) in 11 patients (Denner, et al., 2015). This was confirmed with 
an ASM reduction of 12.9% at the first BT to 4.6% (64%) 3 weeks after the first BT 
(taken during the second BT) in another 17 patients (Chakir, et al., 2015). 

Most recently, Pretolani et al confirmed reduction of ASM mass % (ASM area as 
% of the submucosal tissue area) from 19.7% to 5.2% (73%) in 15 severe asthma 
patients who were selected based on a baseline ASM mass of 15% or more 
(Pretolani, et al., 2016). Limitation of the studies mentioned above is, that these 
were lacking an appropriate non-BT treated control group. 

Despite this increasing evidence for the efficacy of BT on reducing the ASM, 
association with reductions in AHR are controversial. The earlier detected 
improvement of AHR in canines and the first 16 mild-to-moderate asthma patients 
treated with BT could not be reproduced in the AIR, RISA and AIR-2 trials (Castro, 
et al., 2010; G. Cox, et al., 2006; G. Cox, et al., 2007; Pavord, et al., 2007). Perhaps 
smaller dedicated studies with good standardized PC20 measurements and well 
standardized BT administration rather than large multicentre RCTs would be able 
to show an association between ASM reduction and AHR. In addition, a large 
variation of asthma phenotypes and potentially associated ASM phenotypes 
(e.g. contractile and synthetic, distribution of ASM through the bronchial tree) 
included in the trials, could contribute to this lack of association. Emphasizing that 
a decreased amount of ASM cells does not automatically implies less contractility 
or decreased AHR, but that this may depend on the ASM cells phenotype/
distribution regardless of the amount per se. Finally, PC20 methacholine/histamine 
as a measure that is predominantly reflecting airway sensitivity to these agents may 
not be the appropriate outcome to assess the effects of BT on AHR. It is likely that 
the degree of maximal airway narrowing to inhaled methacholine or other stimuli 
is a much better outcome of any changes in ASM contractility (Sterk & Bel, 1989). 
However, changes in maximal airway narrowing can only be quantified safely in 
patients with mild asthma (Booms, Cheung, Timmers, Zwinderman, & Sterk, 1997).
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Next to a reduction of ASM itself, any loss of contractile and relaxation function of 
ASM could play a role. In bovine ASM exposure to extreme temperatures (> 55 
°C) led to complete inhibition of the contractile ASM function. This phenomenon 
occurred prior to necrosis or apoptosis and appears to involve a disruption of 
the myosin. The relaxation function was unchanged by thermal exposure (Dyrda, 
et al., 2011). It is beyond doubt that BT affects the structure of airways and the 
surrounding tissue after exposure to high temperature, as is confirmed by early 
radiological abnormalities reaching far peripheral to the treated airway, seen 
on low dose CT’s obtained 24 hours after BT (J. N. S. d’Hooghe, van den Berk, 
Annema, & Bonta, 2017; Debray, et al., 2017). 

Overall, a reduction in ASM following BT is plausible and demonstrated in multiple 
studies. However, how the reduction of ASM relates to the observed clinical effects 
after BT is largely unknown. Whether ASM mass can be used as a predictive marker 
in selecting patients that benefit from BT treatment needs to be determined.

Airway epithelium

The described extensive radiological abnormalities seen directly after BT 
reinforce that BT certainly modifies the airways (J. N. S. d’Hooghe, et al., 2017; 
Debray, et al., 2017). During BT, the airway epithelium is the first structure that the 
RF energy is delivered to which can be noticed by blanching of the mucosa. The 
effect of BT on the  epithelium was investigated by Pretolani et al. The amount of 
epithelial neuroendocrine PGP-positive cells in the epithelial layer was diminished 
after BT (Pretolani, et al., 2016). No impact of BT was found on the proportion of 
regenerating epithelium or normal stratified columnar, metaplastic, or squamous 
epithelium. More data are needed to look into the modifying effect of BT on the 
airway epithelium. 

Inflammation

Since ASM produces pro-inflammatory cytokines and chemokines itself, any 
BT induced reduction of ASM would imply a reduction of those compounds 
in the airway wall. This potential effect of BT on airway inflammation is another 
mechanism that could contribute to the benefits of BT. One study investigated 
cytokines associated with asthma airway inflammation in broncho-alveolar lavage 
(BAL) 3 and 6 weeks after BT treatment and found a significant reduction of TGF-β 
and RANTES whereas other asthma key cytokines including eotaxin, IL-4, IL-5, IL-
6, IL-13 en IL-17 were unchanged (Denner, et al., 2015). Also the percentage of 
eosinophils appeared to be significantly reduced. The possible influence of the 
(understandable) prophylactic high dose of prednisolone given shortly before the 
sampling is however a potential bias of this study (Denner, et al., 2015). In airway 
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biopsies taken 3 months after BT, Pretolani et al found no effect of BT on mucosal 
eosinophils and neutrophils (Pretolani, et al., 2016). 

Furthermore, the observed increase of mast cells within the ASM layer in asthma 
and its relationship with increased AHR (Brightling, et al., 2002) and impaired 
airway relaxation (Slats, et al., 2007) implies that reducing the mast cells by ablation 
of ASM niche of these cells could play a role in the mechanism of action of BT. To 
the best of our knowledge there are no data on mast cell numbers within ASM 
before and after BT. Considering the pivotal role of the mast cell in atopic asthma, 
one might hypothesize that atopic asthma patients could be high responders for 
BT. In the currently ongoing TASMA study (Clin.Trials.gov nr: NCT02225392) the 
effect of BT on ASM and related airway inflammation will be further investigated.

Is there any effect of BT on systemic inflammation? A retrospective review in 10 BT 
treated severe asthma patients showed a significant reduction in blood eosinophil 
count 1 year after BT treatment (Ryan, Fowler, & Niven, 2016). The question 
whether a BT-induced effect can be expected on airway inflammation and which 
inflammatory cells are modulated largely remains unanswered. 

ECM

Is there any role for ECM in the effects of BT in asthma? In 17 severe asthma 
patients a decreased type 1 collagen deposition was described shortly after the 
first BT when examined at subsequent BT treatments (Chakir, et al., 2015). This 
effect remained unchanged after 27 months in 9 of these BT treated patients who 
consented for another bronchoscopy (Salem, et al., 2016). A decrease in thickness of 
the subepithelial reticular basement membrane (RBM) was confirmed by Pretonali 
et al, however these authors also observed a significantly larger proportion of 
the biopsy area stained for collagen (Pretolani, et al., 2016). Considering these 
partly opposing results regarding the effect of BT on ECM larger sample sizes 
with non-BT treated controls are needed. Furthermore, the mechanism how BT 
impacts on ECM is unknown. It could be postulated that BT directly effects the 
ECM composition or that BT indirectly affects ECM composition by reducing the 
ECM-protein-producing ASM and other structural cells. Considering the important 
interaction between the ECM and ASM described above, BT induced changes in 
the ECM may contribute to the efficacy of BT.

Neural innervation and vascular function 

What is the evidence of BT impact on neural or vascular structure? Impact of BT on 
the neural innervation was found in airway biopsies 3 months after BT by a single 
study by Pretolani et al. Both submucosal and ASM associated nerve fibers were 
significantly reduced and a 95% reduction of neuroendocrine epithelial cells was 
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detected. Interestingly, also the non-BT treated right middle lobe (RML) showed a 
downregulation of these neuroendocrine epithelial cells. No significant effect was 
seen on the density of submucosal blood vessels (Pretolani, et al., 2016). More 
studies are needed to elucidate the BT induced effects on neural innervation 
and vascularisation. It might even be postulated that any BT effects on neural 
innervation or vascularisation is spreading out to distal untreated airway areas, 
even though BT is delivered to the larger airways (airway diameter ~2 mm and 
larger). Considering the anatomy of the neural innervation and vascularisation 
system running along the entire bronchial tree from proximal to the smallest distal 
airways, it is imaginable that a BT-induced proximal interruption in the larger 
airways impacts the smaller distal airways. 

FUTURE PERSPECTIVES 

The available data on the potential mechanisms underlying the clinical effectiveness 
of BT makes it unlikely that only one feature of airway pathophysiology in severe 
asthma is modulated by BT for the observed clinical benefits. The effectiveness of BT 
is more likely a consequence of its impact on a complex interplay between various 
airway pathophysiological components of which airway remodeling including 
ASM is a key player. Results are awaited from large registries and (randomized) 
trials, such as the TASMA trial (Clin.Trials.gov nr: NCT02225392), investigating the 
mechanism of action of BT and trying to define clinical parameters and biomarkers 
that differentiate the responders from the non-responders of this therapy. The 
latter would be very valuable for selecting patients to receive this novel treatment 
modality in this heterogeneous disease. Extended severe asthma phenotyping 
might therefore contribute to further personalized asthma treatment by BT. Next to 
phenotyping by clinical, molecular, pathophysiological and functional parameters 
as described above, also novel high resolution imaging techniques, such as 
optical coherence tomography (OCT) (Huang, et al., 1991) might contribute to 
this. Indeed OCT has been shown effective in in-vivo quantification of airway wall 
dimensions, remodeling and even ASM content (Adams, et al., 2016; Chen, et al., 
2015; Coxson & Lam, 2009; Coxson, et al., 2008; Ding, et al., 2016). Therefore, 
OCT can potentially contribute to severe asthma phenotyping with a focus on 
airway remodeling and ASM mass and serve as a possible instrument for patient 
selection for BT and/or monitoring treatment response after BT (Kirby, et al., 
2015). In addition there could even be a role of BT-induced changes in bronchial 
microbiome as potential modulator of the clinical control of asthma (Sullivan, 
Hunt, MacSharry, & Murphy, 2016).
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CONCLUSIONS

Bronchial thermoplasty is an endoscopic treatment for moderate-to-severe asthma 
patients who are uncontrolled despite optimal medical treatment. By local RF 
energy delivery to the airways BT aims to reduce the airway smooth muscle (ASM) 
mass, one of the key features of airway remodeling. However, the mechanism of 
action of BT is likely to be more complex than solely the ASM reduction and is still 
incompletely understood. More results are needed to elucidate the effect of BT on 
airway pathophysiology including airway remodeling and innervation, which will 
contribute to define the severe asthma phenotype that benefits most of this novel 
treatment modality.
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ABSTRACT

Background

Bronchial thermoplasty (BT) is a rapidly emerging bronchoscopic treatment 
for patients with moderate-to-severe asthma. Different sedation strategies are 
currently used, ranging from mild midazolam sedation to general anesthesia 
requiring tracheal intubation. Objectives: The aim of this study was to assess the 
feasibility, safety, and both patients’ and bronchoscopists’ satisfaction with propofol 
and remifentanil sedation administered by specialized sedation anesthesiology 
nurses during BT in severe asthma patients. 

Methods

A prospective observational cohort study in BT-treated severe asthma patients 
of the TASMA trial was designed. Patients were asked to rate their overall BT 
procedure satisfaction and tolerance with propofol/remifentanil sedation using a 
visual analogue scale (VAS) ranging from 0 to 10. Similarly, bronchoscopists were 
asked to rate patient cooperation and tolerance. Sedation-associated adverse 
events and the number of BT activations were recorded. 

Results

Thirty-two BT procedures in 13 severe asthma patients were performed under 
moderate target-controlled infusion (TCI) propofol/remifentanil sedation. Patients’ 
median VAS scores were as follows: overall satisfaction 9.6 (interquartile range 
[IQR] 8.5--10.0), dyspnea 0.0 (IQR 0.0--0.6), pain 0.1 (IQR 0.0--1.0), cough 0.5 (IQR 
0.0--2.1), and anxiety 0.1 (IQR 0.0--0.7). Bronchoscopists’ median VAS scores were 
as follows: overall patient cooperation 9.1 (IQR 8.5--9.6), dyspnea 0.3 (IQR 0.0-
-0.9), pain 0.2 (IQR 0.0--1.3), cough 1.2 (IQR 0.7--2.0), and discomfort 0.6 (IQR 
0.3--1.5). All patients were willing to undergo the procedure again and would 
recommend this form of sedation to their best friend. One case of conversion to 
general anesthesia occurred and no serious adverse events were reported. 

Conclusions

Moderate sedation with propofol and remifentanil TCI provided by specialized 
sedation anesthesiology nurses is feasible and safe and results in high satisfaction 
rates of both patients and bronchoscopists.
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INTRODUCTION

Bronchial thermoplasty (BT) is a novel bronchoscopic treatment for moderate-
to-severe asthma patients that has been shown to improve quality of life 
and to reduce asthma symptoms and exacerbation rates [1--3]. Although 
the mechanism of action of BT is largely unknown, there is evidence that BT 
reduces airway smooth muscle mass [4, 5]. A complete BT treatment consists 
of 3 consecutive bronchoscopy procedures during which airways of the left 
lower lobe, right lower lobe, and finally both upper lobes are treated. During 
BT treatment, radio-frequent energy is delivered to the larger airways by a 
4-strut expandable basket catheter that heats the surrounding tissue during 
10 s to 65°C, a so-called activation[6]. On average, between ~50 and ~75 
activations are delivered to treat all reachable airways with a diameter of 3--
10 mm.

Since BT treatment is performed in severe asthma patients with highly reactive 
airways and since BT procedures are time-consuming and require high precision, 
these treatments were initially performed under general anesthesia [3]. To date, 
there is a large variety of sedation forms used during BT procedures. Martin et al. 
[7] reported mild sedation with midazolam and fentanyl. Lee et al. [8] described 
monitored anesthesia care with dexmedetomidine. Other strategies include 
deep propofol sedation or general anesthesia requiring tracheal intubation or 
laryngeal mask insertion [9]. The drawbacks of mild midazolam sedation are cough 
and patient discomfort [10] for an interventional procedure which needs to be 
performed 3 times. On the other end of the spectrum, general anesthesia with 
intubation could be seen as overtreatment, since this is more invasive, is associated 
with higher complication risks, including hemodynamic instability, and requires a 
more complex infrastructure with higher costs. Propofol and remifentanil sedation 
have been known to be safe and feasible for standard flexible bronchoscopies, 
thoracoscopy, and other bronchoscopic procedures, including endobronchial 
ultrasound bronchoscopy [11--14]. Considering the above, with the current 
implementation of BT, there is an unmet need for a feasible, safe, and cost-effective 
sedation method for BT with high patient and bronchoscopist satisfaction. In this 
study, we evaluated whether for BT moderate sedation with target-controlled 
infusion (TCI) of propofol combined with remifentanil provided by specialized 
sedation anesthesiology nurses is feasible, safe, and satisfying – for both patients 
and bronchoscopists.
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METHODS

Study Design

The current sedation study is an observational cohort study within the Unravelling 
Targets of Therapy in Bronchial Thermoplasty in Severe Asthma (TASMA) trial 
(ClinicalTrials.gov, No. NCT02225392). BT procedures were performed by 2 
experienced bronchoscopists (P.I.B. and J.T.A.) in the endoscopy intervention suite 
at the Department of Pulmonology, Academic Medical Center (AMC), Amsterdam, 
The Netherlands. 

Patients

Patients with severe asthma aged between 22 and 61 years, participating in the 
TASMA trial, were included in the study. Severe asthma was defined as asthma 
that was symptomatic despite treatment with high-dose inhaled corticosteroids 
(dosage ≥500 μg fluticasone or equivalent per day) and inhaled long-acting β2 
agonist (dosage of ≥100 μg salmeterol or equivalent per day), with a bronchial hyper 
responsiveness to methacholine (PC20 <4 mg/mL), and that fulfilled the World 
Health Organization or modified Innovative Medicines Initiative criteria of severe 
refractory asthma [15, 16]. Screening included a spiral computed tomography 
scan of the chest and a flexible bronchoscopy to exclude airway abnormalities 
including tracheomalacia. Exclusion criteria were a forced expiratory volume in 1 
second percentage predicted <50%, a body mass index >35, and known allergy 
to bronchodilators, propofol, remifentanil, or other sedative medicine. 

Sedation Intervention

In the AMC Amsterdam hospital (as well as in other hospitals in the Netherlands), 
endoscopy procedures are supported by specialized sedation anesthesiology 
nurses who perform self-reliant procedural sedations. They have followed a 
theoretical and practical sedation education program of 1 year that is completed 
by an examination that results in certification. These specialized sedation 
anesthesiology nurses provided the sedation with propofol and remifentanil 
and were responsible for continuous monitoring during the BT procedure in the 
endoscopy suite with an anesthesiologist on call in case of unexpected events. 
Before the beginning of the BT procedure, a peripheral intravenous line was 
inserted, and glycopyrrolate 0.2 mg, lidocaine 20 mg, and midazolam 1 mg 
were administered. Sedation was started using a remifentanil TCI system 
(Remifentanil (Ultiva) 2 mg powder, GlaxoSmithKline BV, Philadelphia, Pennsylvania, 
USA) starting with a targeted plasma level of 1.5 μg/mL combined with a propofol 
TCI system (Propofol 1%, MCT/LCT Fresenius, Zeist, The Netherlands) with a 
targeted plasma level of 1.2 μg/mL. TCI means a weight- and age-adapted 
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preprogramed system using a defined pharmacokinetic model to attain a specific 
blood target level. Enough time needs to be taken to achieve the adequate 
sedation level. Before introducing the bronchoscope, the level of sedation was 
assessed using the Observer’s Assessment of Alertness/Sedation (OAA/S) score. 
When a score of 3 was reached, meaning that the patient responded only after 
his/her name was called loudly or repeatedly, the bronchoscope was introduced 
[17], and, additionally, lidocaine 1 mg/kg was administered on the vocal cords 
and the tracheal mucosa for local anesthesia. This local anesthesia administration 
was repeated every 10--15 min or when the patient started coughing with 
a maximum of 8.2 mg/kg [18]. During bronchoscopy, close communication 
between the bronchoscopist and the anesthesiology nurse was secured. In case 
of a desaturation, measures were taken, such as chin lift/jaw thrust, stimulating 
the patient to take a deep breath, temporary mask ventilation, or intubation. After 
the procedure, patients were transferred to the recovery room as soon as they 
reached a stable hemodynamic state with oxygen saturation (SpO2) of >92% 
without oxygen.

BT PROCEDURE AND MONITORING

Thirty minutes before the procedure, patients were nebulized with 0.5 mg/2.5 
mg ipratropium/salbutamol, respectively. BT procedures were performed with 
flexible bronchoscopes (Olympus, Tokyo, Japan) and with the ALAIR system 
(Boston Scientific, Natick, MA, USA) which automatically measures the number of 
successful activations per BT procedure. During the procedure, 2 L/min of oxygen 
was administered by the Smart Capnoline (Medtronic Trading NL B.V., Eindhoven, 
The Netherlands) which enables exhaled carbon dioxide monitoring and nasal 
delivery of oxygen simultaneously. Patients were constantly monitored by 
specialized sedation anesthesiology nurses for heart rate, respiratory rate, SpO2, 
electrocardiogram, non-invasive blood pressure, and exhaled carbon dioxide 
measured continuously and recorded at 5-min intervals. 

PRIMARY ENDPOINT

The primary endpoint was satisfaction of patients and bronchoscopists. Patients 
were asked to rate their overall satisfaction by using a 10-cm visual analogue 
scale (VAS; 0 = “unbearable,” 10 = “excellent”) as well as degree of dyspnea, pain, 
cough, and anxiety (VAS; 0 = “no complaints at all,” 10 = “enormously”) after they 
were fully awake. After the third BT procedure, patients were asked if they would 
be willing to undergo the entire procedure again under the same conditions 
and if they would recommend this form of sedation to their best friend. Similarly, 
directly after every BT procedure, the bronchoscopists were asked to score their 
satisfaction with sedation by rating the following aspects via a 10-cm VAS: patient 
overall cooperation (VAS; 0 = “unmanageable,” 10 = “excellent”) and estimated 
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degree of dyspnea, pain, cough, and discomfort for the patient (VAS; 0 = “no 
complaints at all,” 10 = “enormously”) [19]. 

SECONDARY ENDPOINTS

As secondary endpoints the total procedure time (time between insertion and 
removal of the bronchoscope), sedation induction time (time between start 
of propofol/remifentanil infusion and insertion of the bronchoscope), time to 
sedation recovery (time between removal of the bronchoscope and arrival in the 
recovery room), time to discharge (time between removal of the bronchoscope 
and discharge from the recovery room), total amount of propofol and remifentanil 
dose, the number of successful BT activations per procedure, and the number of 
times backup by the anesthesiologist on call was needed were recorded. After 
finishing the procedure, the bronchoscopist scored the OAA/S scale to assess the 
overall level of sedation during the procedure.

SEDATION-RELATED ADVERSE EVENTS

Sedation-related adverse events were defined as a decline in SpO2 to <90% 
during >30 s, hypotension or hypertension (blood pressure decreased/elevated 
>20% of baseline blood pressure and requiring intervention), or respiratory arrest. 

STATISTICAL METHODS

Descriptive statistics were performed, and results were expressed as means (± 
standard deviations) in case of a normal distribution or variables, and medians 
(interquartile ranges [IQR]) were used for variables with a skewed distribution. 
Categorical data were expressed as numbers and percentages. Analysis was 
performed using SPSS software version 22 (IBM, Armonk, NY, USA).

STATEMENT OF ETHICS

For the current prospective observational cohort sedation trial, ethical approval 
was obtained for the sedation questionnaires from the Medical Ethics Committee 
of the AMC, Amsterdam, The Netherlands (NL45394.018.13). All patients provided 
written informed consent.



Propofol and Remifentanil Sedation for Bronchial Thermoplasty:ca 
Prospective Cohort Trial

57

3

RESULTS

From August 2014 to April 2016, 13 patients underwent a total of 35 BT procedures. 
Three out of the 35 BT procedures were performed under general anesthesia. The 
other 32 procedures were performed under TCI propofol and remifentanil sedation 
and used for analysis. Baseline patient characteristics are summarized in Table 1. 

Table 1. Baseline characteristics

Subjects, n 00.13
Bronchial thermoplasty procedures, n 00.32
Gender, male/female 00.02/11
Age, years 00.42±14
Prebronchodilator FEV1, % predicted 00.78±26
Inhaled corticosteroids of fluticasone or equivalent, μg/day 1,269±525
Inhaled LABA of salmeterol or equivalent, μg/day 0.154±97
Chronic oral corticosteroid use, n 000.6
Oral corticosteroids of prednisone or equivalent, mg/day 00.13±7
Values are means ± standard deviations. FEV1, forced expiratory volume in 1 second; LABA, 
long-acting β2 agonist.

PRIMARY ENDPOINTS

The median VAS scores assessed by the patients were: overall satisfaction 9.5 (IQR 
8.5--10.0) (Fig. 1), dyspnea 0.0 (IQR 0.0--0.6), pain 0.1 (IQR 0.0--1.0), cough 0.5 (IQR 
0.0--2.1), and anxiety 0.1 (IQR 0.0--0.7) (Fig. 2A; Table 2). The mean VAS scores 
assessed by the bronchoscopists were: overall patient cooperation 9.1 (IQR 8.5-
-9.6) (Fig. 1), dyspnea 0.3 (IQR 0.0--0.9), pain 0.2 (IQR 0.0--1.3), cough 1.2 (IQR 
0.7--2.0), and discomfort 0.6 (IQR 0.3--1.5) (Fig. 2B; Table 2). All patients were 
willing to undergo the BT procedures under the same conditions again and would 
recommend this form of sedation to their best friend (Table 2). 

SECONDARY ENDPOINTS

Secondary endpoints are summarized in Table 3. The median total procedure 
time for BT procedures of the right, left, and both upper lobes was 43 (IQR 35--51) 
min, 46 (IQR 42--50) min, and 58 (IQR 51--65) min, respectively; time to sedation 
recovery was 6 (IQR 5--10) min; and time to discharge was 133 (IQR 103--169) min. 
A total of 433 (IQR 358--544) mg propofol and 517 (IQR 379--850) μg remifentanil 
were administered. During BT, a mean ± standard deviation of 52 ± 7, 56 ± 8, and 
75 ± 18 activations was given to the right, left, and both upper lobes, respectively. 
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Figure 1. Patients’ and bronchoscopists’ median VAS score for overall procedural
satisfaction and overall patient cooperation. VAS, visual analogue scale. 

Backup by the anesthesiologist on call was needed twice. During the BT procedure, 
the majority of patients were able to open their eyes when called loudly and 
respond to assignments, such as “breathe deeply,” and the most frequently rated 
OAA/S scores by the bronchoscopists were step 4 (48%) and step 3 (42%) (Table 4). 

Table 2. Primary outcome parameters: patients’ and endoscopists’ assessment

The median VAS scores as assessed by patients (n = 32)
Overall satisfactiona .9.6 (8.5–10)
Dyspneab .0.0 (0.0–0.6)
Painb .0.1 (0.0–1.0)
Coughb .0.5 (0.0–2.1)
Anxietyb .0.1 (0.0–0.7)
Willingness to repeat the BT procedures under the same conditions, % 100
Recommendation of this form of sedation to their best friend, % 100

The median VAS scores as assessed by the bronchoscopists (n = 32)
Overall patient cooperationc .9.1 (8.5–9.6)
Dyspneab .0.3 (0.0–0.9)
Painb .0.2 (0.0–1.3)
Coughb .1.2 (0.7–2.0)
Discomfortb .0.6 (0.3–1.5)

Values are medians and interquartile ranges in parentheses. VAS, visual analogue scale; BT, 
bronchial thermoplasty. a Defined as 0 = “unbearable” and 10 = “excellent.” b Defined as 0 
= “no complaints at all” and 10 = “enormously.” c Defined as 0 = “unmanageable” and 10 = 
“excellent.” 
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Figure 2. Patients’ and bronchoscopists’ median VAS scores. A) Patients’ VAS scores for
overall procedural satisfaction, dyspnea, pain, cough, and anxiety during BT procedures 
with propofol and remifentanil TCI sedation. B) Bronchoscopists’ median VAS scores for 
overall patient cooperation, dyspnea, pain, cough, and discomfort during BT procedures 
with propofol and remifentanil TCI sedation. VAS, visual analogue scale; BT, bronchial
thermoplasty; TCI, target-controlled infusion. 
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Table 3. Secondary outcome parameters (n = 32)

Total procedure time, min
BT 1 (right lobe) 043 (35–51)
BT 2 (left lobe) 046 (42–50)
BT 3 (upper lobes) 058 (51–65)

Sedation induction time, min 018 (13–20)
Time to sedation recovery, min 006 (5–10)
Time to discharge, min 133 (103–169)
Total propofol dose, mg 433 (358–544)
Total remifentanil dose, μg 517 (379–850)
Number of activations

BT 1 (right lobe) 052±7
BT 2 (left lobe) 056±8
BT 3 (upper lobes) 075±18

Need for anesthesiologist backup, n 002
Values are medians and interquartile ranges in parentheses or means ± standard deviations 
unless otherwise indicated. BT, bronchial thermoplasty.

Table 4. Observer Assessment of Alertness/Sedation score

5 Responds readily to name spoken in normal tone 01 (3%)
4 Lethargic response to name spoken in normal tone 15 (48%)
3 Responds only after name is spoken loudly or rap-idly, or both 13 (42%)
2 Responds only after mild prodding or shaking 01 (3%)
1 Does not respond to mild prodding or shaking 01 (3%)
0 Does not respond to noxious stimulus 01 (3%)

SEDATION-RELATED ADVERSE EVENTS

As shown in Table 5, no serious adverse events occurred. A total of 6 adverse 
events were reported. Respiratory adverse events, defined as desaturation <90% 
during more than 30 seconds, occurred 4 times. In 1 case of desaturation, it was 
decided to converse from moderate sedation with propofol and remifentanil to 
general anesthesia with tracheal intubation. The 3 other cases were restored with 
supportive care, such as chin lift and stimulating the patient to breathe deeply. The 
2 non-respiratory adverse events of hypotension were restored with administration 
of intravenous ephedrine. No other adverse events were encountered. 
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Table 5. Adverse events (n = 32) 

Serious adverse events 0
Adverse events 6
Desaturation (SpO2 <90% for at least 30 s)a 4
Hypotension (need for ephedrine) 2
Hypertension 0
Other 0
Values are numbers. SpO2, oxygen saturation. a One case of desaturation required conversion 
to general anesthesia. 

DISCUSSION

In this study, we showed that moderate sedation with propofol and remifentanil TCI 
provided by specialized sedation anesthesiology nurses for BT in high-risk severe 
asthma patients is safe and feasible with high satisfaction rates for both patients 
and bronchoscopists. Therefore, this sedation strategy might qualify as an optimal 
strategy for BT since it has a fine balance between under- and oversedation that 
obviates the need for an anesthesiologist to be present in the endoscopy suite. 
To our knowledge, we are the first to report on this specific sedation strategy 
successfully applied during BT procedures. 

Propofol and remifentanil sedation has been known to be safe and feasible for 
standard flexible bronchoscopies, thoracoscopy, and other bronchoscopic 
procedures, including endobronchial ultrasound bronchoscopy [11--14]. Several 
factors contribute to the importance of optimal sedation for BT treatment in 
particular. First, BT procedures require high precision and last longer (43--58 
min in total in this study) than diagnostic bronchoscopies. Second, they are 
performed in patients with highly reactive airways which involve an increased risk 
of developing laryngospasm and bronchospasm during bronchoscopy [20, 21]. 
Every single activation during a BT represents a strong mechanical manipulation of 
the bronchial mucosal wall that contributes to an increased risk of adverse events. 
Finally, the complete BT treatment consists of 3 separate BT procedures, and, thus, 
to fulfill the complete treatment, it is extremely important that the patient tolerates 
the procedure well. 

We performed moderate sedation with propofol and remifentanil TCI combined 
with topical anesthesia facilitating a stable spontaneous breathing situation and, 
thus, obviating the need for intubation as well as muscle relaxant use and ventilator 
support. The feasibility of this sedation strategy was proven by high satisfaction 
levels combined with the fact that all BT procedures succeeded, with a total 
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amount of activations that did not differ from the largest randomized controlled 
trial where a range of sedation types were used [22]. Previous studies have shown 
that VAS scores can be successfully applied to measure the level of satisfaction and 
its separate components [19, 23]. 

No serious adverse events occurred. The single patient in whom the investigated 
sedation strategy was converted to deep sedation was the first patient receiving 
this specific sedation protocol with propofol and remifentanil. In this first case, in 
retrospect, the initial dose of remifentanil chosen was too high, and insufficient time 
was taken for sedation induction, which resulted in apnea and rigidity of the thorax 
with desaturation. To avoid this problem in subsequent cases, sedation was started 
with a lower targeted plasma level of remifentanil (1.5 μg/mL), and sufficient time 
was taken to reach the optimal sedation level. 

Propofol and remifentanil have the advantage of a rapid onset and termination 
of action which make this combination easily titratable. Remifentanil reduces 
cough and airway reactivity, resulting in a lower dose of propofol needed, and, 
therefore, reduces the risk of respiratory events [24, 25]. Therefore, the sedation 
strategy used allows a rapid time to full recovery (in this study, a median time of 
6 min) allowing quick discharge from the hospital. Administration of propofol 
and remifentanil TCI requires skilled specialized sedation anesthesiology nurses 
or anesthesiologists experienced in the close monitoring of hemodynamic and 
respiratory parameters, such as SpO2, respiratory frequency, and end-expiratory 
CO2, since small dose modifications – especially of remifentanil -- can highly impact 
the level of sedation, with a shift from moderate to deep sedation or even general 
anesthesia with the need to ventilate the patient. Currently, such sedation regimes 
are increasingly provided by specialized sedation anesthesiology nurses, since this 
is a recognized option according to the guidelines from the American Society of 
Anesthesiology [26--28]. However, propofol and remifentanil administration by 
specialized sedation anesthesiology nurses is still not common and/or available 
in many countries in Europe. Special educational programs combined with an 
optimal infrastructure, including an anesthesiologist on call, are required. 

The strong point of the current study is the prospective design and the careful 
assessment of valid and important outcomes for both patients and bronchoscopists. 
Beside the moderate number of patients investigated, a limitation is the fact that 
3 of the 35 procedures were performed under general anesthesia. We judge this 
potential selection bias to be small and regard it to be highly unlikely to affect the 
observed outcomes. Furthermore, no cost-effectiveness analysis was performed. 
A further limitation is the lack of a direct comparison to other sedation strategies 
(e.g., sedation with midazolam with or without [al]fentanyl or general anesthesia), 
since this study only investigates 1 specific sedation strategy, namely sedation with 
propofol and remifentanil TCI. Therefore, no conclusions can be drawn about the 
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superiority of this sedation strategy over other sedation strategies, which have been 
successfully used in earlier clinical trials. Randomized controlled trials, preferably 
multicenter trials, that compare different sedation strategies are necessary to 
investigate the value of the different sedation strategies. 

In conclusion, BT is a rapidly emerging bronchoscopic treatment for patients with 
severe asthma. Sedation with propofol and remifentanil TCI provided by specialized 
sedation anesthesiology nurses is feasible and safe and results in high satisfaction 
scores by both patients and bronchoscopists.
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To the editor,

With interest, we read the letter by Pretolani and colleagues who performed an 
observational study to investigate the effect of Bronchial Thermoplasty (BT) on 
airway smooth muscle (ASM) in severe asthma patients (1). Preclinical studies have 
shown a reduction in ASM after BT that was associated with reduction in airway 
hyper responsiveness (2). However, the large randomized trials failed to reproduce 
this effect and showed only moderate clinical improvement in quality of life and 
exacerbation frequency (3,4). The current study is the first that confirms reduction 
in ASM in severe asthma patients after BT. The data show quite a dramatic (>45%) 
decrease in ASM in biopsies of BT-treated airways, and even more surprisingly also 
in biopsies of the non-BT treated middle lobe. The proposed mechanism is that 
radio-frequent energy delivered during BT spreads its heat shock effect beyond 
the airway directly treated. This hypothesis is strengthened by the detection of 
ground-glass opacities around the non-BT-treated middle lobe in half of the 
patients. In our opinion the findings described are very important, however great 
caution should be made in drawing strong conclusions at this moment. 

First, the high percentage of radiological abnormalities after BT observed by the 
French group has never been reported before and is therefore unexpected. We 
can confirm this observation as in our practice all patients after each BT procedure 
develop transient radiological abnormalities, mostly segmental atelectasis and/or
peribronchial opacities. However, on HRCT made <24 hours after BT, no 
abnormalities could be detected in the non-BT-treated middle lobe. Second, in 
the current study ASM mass was analyzed in airway biopsies taken before and 
after BT at the exactly the same airway carinas and the non-BT-treated middle 
lobe carina served as a control. Surprisingly, an unexpected decrease in ASM in 
the middle lobe after BT was observed. It cannot be excluded that (part of) the 
decrease in ASM detected is simply a scar effect of the prior biopsy. This effect 
especially applies for the middle lobe since the anatomical area available for 
biopsies is very limited. In our opinion, this could be a very plausible alternative 
explanation for the high-level decrease in ASM, also in the non-BT-treated middle 
lobe. Furthermore, since only a partial decrease in ASM after BT was seen in the 
earlier lobectomy study (5), it is hard to believe the impact of BT on ASM is this 
dramatic even in distant located non-BT-treated middle lobe airways. In fact, 
ideally BT-induced effects on the airway wall are assessed in vivo by a non-invasive 
technology that has high-spatial resolution over a longer airway section. 

Optical Coherence Tomography (OCT), a light-based near-histology high-resolution 
imaging technology, is a very promising method to fulfill these requirements since 
individual airway wall layers can be identified and measured longitudinally in an 
airway stretch in an accurate and reproducible way (6). Therefore, in the TASMA 
trial (NCT02225392  clinicaltrials.gov), which is a randomized, international multi-
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center trial to investigate BT targets, we use OCT, next to airway biopsies and 
standard X-ray-based imaging, to detect immediate and late effects of BT on 
airway wall layers, including ASM and link these to clinical outcome. As such we 
propose that OCT might qualify as an effect and/or screening
technology for BT. In line with the above, we fully agree with our French colleagues 
the importance and need to further unravel BT targets to ultimately improve 
patient selection for BT.
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INTRODUCTION

Bronchial Thermoplasty (BT) is a bronchoscopic treatment for severe asthma. The 
target of BT is the airway smooth muscle (ASM) mass which plays an important 
role in airway narrowing and bronchial hyper responsiveness. The response rate of 
BT and the specific phenotype benefitting from BT treatment is under discussion.

AIM

To determine the clinical response rate following BT treatment and to identify 
responder characteristics.

METHODS

Design: This study was part of the TASMA trial ‘Unravelling Targets of Therapy in 
Bronchial Thermoplasty in Severe Asthma’ (Clin.Trials.gov nr:NCT02225392). 

Patients: Severe asthma patients who fulfil the world health organization (WHO) 
(1) or modified innovative medicines initiative (IMI) (2) criteria of severe refractory 
asthma. 

Before and 6 months after BT treatment the following outcome variables were 
obtained:
• ACQ and AQLQ score
• Asthma exacerbation rate/ year
• Blood eosinophils, total IgE
• Spirometry, PC20 methacoline 
• ASM mass % in airway biopsies
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DEFINITIONS

Clinical responder: minimal clinical important difference of > 0.5 points in ACQ 
and AQLQ.
Asthma exacerbation: asthma symptoms requiring oral or systemic steroids (OCS) 
or a doubling dose of inhalation corticosteroids (ICS) during >3 consecutive days

Statistical Analysis: Mann-Whitney U test

RESULTS

Patients characteristics are depicted in Table 1, in short all patients had uncontrolled 
asthma with an ACQ > 1.5 and used high doses of inhalation corticosteroids/long-
acting beta-agonists.
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Table 1. Patients characteristics

Data are presented as numbers or median (IQR). 
LABA, long acting bèta-2-agonist; ICS, inhaled corticosteroids; ACQ, asthma control 
questionnaire; AQLQ, asthma quality of life questionnaire; SABA, short acting bèta-2-
agonist; FEV1, forced expiratory volume in 1 second; ASM, airway smooth muscle. 

Responders Non-

responders

P value

No. Subjects 7 7

Gender (M/F) 2/5 0/7

Age (y)  46 (39;57) 30 (25;55) 0.2

Dose of LABA (μg/d salmeterol eq) 100 (100;250) 100 (100;200) 0.7

Dose of ICS (μg/d fluticasone eq) 1250 (1000;2000) 1000 (1000;1500) 0.4

Baseline ACQ score  3.2 (2;3.5)  2.5 (1.7;3) 0.3

Baseline AQLQ score 3.9 (3.4;4.8) 5.0 (4.8;6.0) 0.02

Baseline Exacerbation rate/year 3 (1;10)  4 (2;6) 0.9

Total IgE (IE) 182 (19;410)  16 (10;76) 0.2

Blood eosinophils x109 0.16 (0.12;0.36) 0.11 (0.05;0.25) 0.2

Pre-SABA FEV1 % predicted 95 (67;105)  68 (66;120) 0.8

Post-SABA FEV1 % predicted  108 (72;117)  102 (75;123) 0.9

PC20 (mg/ml) 0.25 (0.13;1.4) 2.0 (0.03;3.0) 0.4

Baseline ASM mass (%) 10.1 (8.1;16.3)  15 (7.9;19.1) 0.5

ASM mass decrease (abs. %) 6.4 (1.9;8.8) 9.1 (3.2;9.7) 0.3

ASM mass decrease (%) 60 (26;74) 60 (47;79) 0.7
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Figure 1. ACQ and AQLQ scores pre and 6 months post BT for responders and non- 
responders with a median (range) change of the ACQ score of -1.3 (-0.8;-2.2 IQR) and a 
median (range) change of the AQLQ score of 1.4 (-1.6; 0.7 IQR) for the responders.
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CONCLUSION

A clinical relevant improvement in both asthma control and quality of life was 
observed in half of the severe asthma patients after BT. A reduction of the 
exacerbation rate is seen in the majority of severe asthma patients after BT. A large 
reduction in ASM mass % is seen after BT. A specific responder profile could not 
be delineated yet with the current sample size.
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ABSTRACT 

Bronchial thermoplasty (BT) was performed in 16 severe asthmatic patients. 
Before and after BT, bronchial biopsies were taken and stained with airway smooth 
muscle (ASM)-specific desmin and ASM/myofibroblast/myoepithelial α-smooth 
muscle actin (α-SMA). We aimed to determine whether BT changes ASM mass 
and whether this change correlates with baseline FEV1. Both desmin and α-SMA 
analysis revealed significant ASM mass decrease following BT treatment, whereas 
the BT-untreated right middle lobe remained unchanged. Desmin-determined 
ASM mass correlated with FEV1: baseline ASM negatively correlated with FEV1 
and patients with FEV1 <80% had an increased baseline ASM mass and most ASM 
reduction after BT.
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INTRODUCTION

Bronchial thermoplasty (BT) is a bronchoscopic treatment for severe asthma 
patients in whom the airways are treated with radiofrequency energy with the 
aim to improve asthma symptoms by reducing airway smooth muscle (ASM).1 So 
far, three patient cohorts reported that BT is effective in reducing ASM mass.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: 1) detect the change in ASM mass 
after BT and compare this with untreated right middle lobe (RML); 2) investigate if 
baseline ASM mass and ASM mass change correlates with FEV1.

METHODS

Patients who fulfilled the world health organisation or modified innovative 
medicines initiative criteria of severe refractory asthma were included in the 
TASMA trial (Unravelling Targets of Therapy in Bronchial Thermoplasty in Severe 
Asthma, Clin. Trials.gov nr:NCT02225392).5,6 The study was approved by the 
Ethics Committee (NL45394.018.13). In short, after informed consent, clinical 
evaluation was performed and biopsies from (sub)segmental airway carinas 
obtained during bronchoscopy prior to BT. The bronchoscopy was repeated 6 
months post-BT and airway biopsies obtained from the BT-treated airways and the 
non-BT-treated RML. Patients were treated with BT using the Alair system (Boston 
Scientific, Natick, USA).7 Two desmin-stained (clone-33, biogenex, Fremont, USA) 
and α-smooth muscle actin-stained (α-SMA) (clone 1A4 DAKO, Santa Clara, USA) 
sections per biopsy of 2 biopsies per time-point and 1 biopsy of the RML were 
measured, blinded, by automatic digital image analysis (ImageJ, NIH, Bethesda, 
USA). ASM mass was defined as percentage(%) desmin or α-SMA-positive area of 
the total biopsy area (Figure 1A). Mann-Whitney test was performed for between 
group analysis and Wilcoxon signed-rank for paired analyses before and after BT 
(GraphPad Prism 5.01, San Diego, USA). Intraclass correlation coefficient (ICC) 
was calculated to assess the variability within biopsies and interpreted according 
to the Landis-Koch system: <0.2 poor, 0.21-0.4 fair, 0.41-0.6 moderate, 0.61-0.8 
substantial and 0.81-1 excellent. 

RESULTS
 
16 severe asthma patients were included. Baseline characteristics are presented 
in Table 1. Desmin staining analyses showed >50% reduction of the median ASM 
mass after BT from 11.1% (5.8; 15.6 IQR) to 5.0% (2.3;7.8 IQR) (n=16; p=0.002) 
(Figure 1B). The untreated RML remained unchanged at 6 months (median 10.7% 
(5.2;15.7 IQR) to 7.8% (3.4;11.0 IQR) (n=15; p=0.36). The median ASM mass 
change (preBT- minus postBT-ASM mass%) demonstrated a significant difference 
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Figure 1A. 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 (hematoxylin); ASM stained in brown (3’-Diaminobenzidine (DAB)). 
Figure 1B. ASM mass reduction before and 6 months after BT; median ASM mass (%) 
reduced from 11.1% (5.8;16.0 IQR) before BT to 5.0% (2.3;7.8 IQR) after BT (n=16, p=0.002).
Figure 1C. 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=16; R= -0.61; p=0.01). ASM mass decrease defined as pre- minus 
post-ASM mass %. BD = bronchodilator.
Figure 1D. 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 %. FEV1 <80% (n=6): 9.0% (7.0;12.0 IQR) vs FEV1 >80% (n=10): 2.4% (0.4;6.3 IQR) 
(p=0.01).

between BT treated airways (6.1% (1.3;9.0 IQR); n=16;) and the untreated RML 
(1% (-0.7;3.5 IQR); n=15) (p=0.03). 
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Table 1. Baseline characteristics

Characteristics Baseline
No. of patients 16
Sex (males/females) 3/13
Age (y) 43 (± 12)
Age of asthma onset (y) 18 (± 17)
Total serum IgE (kU/L) 198 (± 162)
No. of patients with positive blood allergy test 11
Pre short-acting BD FEV1 (% predicted) 89 (± 25)
Post short-acting BD FEV1 (% predicted) 102 (± 22)
Blood eosinophil count (109/L) 0.22 (± 0.19)
ACQ score 2.6 (± 0.7)
AQLQ score 4.52 (± 0.90)
Dose of LABA (μg/d salmeterol equivalents) 149 (± 65)
Dose of ICS (μg/d fluticasone equivalents) 1234 (± 519)
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 (%) 11.1 (5.8; 15.6 IQR)

Data are presented as numbers, mean (± SD) or median (IQR) 
BD, bronchodilator; FEV1, forced expiratory volume in 1 second; LABA, long acting bèta-
2-agonist; ICS, inhaled corticosteroids; OCS, oral corticosteroids; ACQ, asthma control 
questionnaire; AQLQ, asthma quality of life questionnaire; ASM, airway smooth muscle.

Pre- and post-bronchodilator FEV1 negatively correlated with baseline ASM mass 
(R= -0.61; p=0.01 and R= -0.62; p=0.01 respectively). Furthermore, ASM mass 
decrease after BT negatively correlated with pre- and post-bronchodilator FEV1 
(R= -0.61; p=0.01 and R= -0.54; p=0.03, 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=6): 9.0% (7.0;12.0 IQR) vs. FEV1>80% (n=10): 2.4% (0.4;6.3 
IQR; p=0.01) (Figure 1D). A moderate ICC between biopsies of 0.52 was found.

The same analyses were performed with α-SMA staining which confirmed a 
reduction in ASM mass after BT, although less profound (median 22% (-17.7; -30.2 
IQR) to 13.3% (8.5;14.4 IQR) (n=16; p=0.001)). The ASM mass of the RML remained 
unchanged (baseline median ASM mass of 21% (17.6; 29.5 IQR) vs 19.9% (11.4;25.8 
IQR) at 6 months (n=15; p=0.08)). The significant difference of ASM mass change 
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between BT treated airways (10.5% (5.1;18.0 IQR); n=16) and the untreated RML 
(4.2% (-1.2;11.2 IQR); n=15) (p=0.04) was also detected. The correlation with 
FEV1 and baseline ASM or ASM decrease was not found with α-SMA staining. 

DISCUSSION

This study clearly demonstrates that BT treatment results in a decrease of ASM 
mass and shows for the first time that 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 more severe airflow obstruction reflecting airway 
remodelling. Previously Benayoun et al8 showed that in patients with asthma an 
increased ASM mass correlates with a decreased FEV1. Furthermore, Chakir et al 
showed a correlation between ASM mass at baseline and ASM decrease after 
BT, but this observation was not related to functional parameters.2 Since ASM is 
considered a key feature of airway remodelling, the correlations found between 
baseline ASM mass and ASM mass decrease after BT and FEV1 supports the 
hypothesis that BT has an impact on airway remodelling. 

We compared airway biopsies from different lung areas 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 2 different ASM staining methods, desmin and α-SMA. 
The present data show and confirm that desmin staining specifically identifies 
the 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).9,10 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 less profound decrease in ASM detected with α-SMA staining 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 following BT 
treatment as shown by ASM layer specific desmin staining. Whether this 
specific phenotype of severe asthma patients with airflow obstruction 
responds best to BT needs to be determined in a larger sample size. 
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ABSTRACT

Purpose of review

Current imaging techniques (X-ray, computed tomography scan, ultrasound) 
have limitations in the identification and quantification of pulmonary diseases, in 
particular, on highly detailed level. The purpose of this review is to provide an 
overview of the current knowledge of innovative light- and laser-based imaging 
techniques that might fill this gap.

Recent findings

Optical Coherence Tomography (OCT) and confocal laser endomicroscopy (CLE) 
are high-resolution imaging techniques, which, combined with bronchoscopy, 
provide ‘near histology’ detailed imaging of the airway wall, lung parenchyma, 
mediastinal lymph nodes, and pulmonary vasculature. This article reviews the 
technical background of OCT and CLE, summarizes study results, and discusses 
its potential clinical applications for various pulmonary diseases. 

Summary

Although investigational at the moment, OCT and CLE are promising innovative 
high-resolution optical imaging techniques for the airway wall, lung parenchyma, 
mediastinal lymph nodes, and pulmonary vasculature. Clinical applications might 
contribute to improved disease identification and quantification, guidance for 
interventions/biopsies, and patient selection for treatments. Development of 
validated identification and quantification image-analysis systems is key for the 
future application of these imaging techniques in pulmonary medicine.
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INTRODUCTION

Current imaging techniques, such as X-ray, computed tomography (CT) scan 
and (endobronchial) ultrasound, are important for the diagnosis of various lung 
diseases. However, they do not provide detailed anatomical information on a 
cellular or histology level. Optical Coherence Tomography (OCT) and confocal 
laser endomicroscopy (CLE) are innovative light and laser-based imaging 
techniques with much higher resolutions, but decreased penetration depth in 
comparison to CT and ultrasound [Figure 1]. 

OCT and CLE – combined with bronchoscopy –  provide complementary 
information to CT and ultrasound imaging in the assessment of the airway wall, 
alveoli, mediastinal nodes and pulmonary vasculature. This review describes the 
technological background of OCT and CLE, summarizes study data in obstructive 
lung disease, lung cancer, interstitial lung disease (ILD) and pulmonary hypertension 
and discuss its potential diagnostic applications in pulmonary medicine [Table 1].

Figure 1. Different imaging techniques of human airways with their resolution (arrow on 
top) and depth of imaging (arrow on bottom). From left to right: High resolution CT-scan 
image of the chest; Radial EBUS image of right lower lobe bronchus; Optical Coherence 
Tomography image of a right lower lobe basal bronchus; Confocal laser endomicroscopy 
image of the airway mucosa.
(Source: J.N.S. d’Hooghe MD, L. Wijmans MD, P.I. Bonta MD PhD, dr. J.T. Annema MD PhD, 
Academic Medical Center Amsterdam, The Netherlands) 
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Table 1.  Pulmonary diseases assessed by optical coherence tomography (OCT) and 
confocal laser endomicroscopy (CLE) in human clinical trials

BPA, balloon pulmonary angioplasty; COPD, chronic obstructive pulmonary disease; 
CTEPH, chronic thromboembolic pulmonary hypertension; ILD, interstitial lung disease. 

OPTICAL COHERENCE TOMOGRAPHY: TECHNICAL BACKGROUND 

OCT is able to provide real-time high-resolution cross-sectional images of 
superficial tissue using near-infrared light (wave length 890-1300 nm) at 10-15  
(25) imaging at 10-15 μm resolution with a maximum  penetration depth of 2-3 
mm (26). OCT was invented in 1991 and initial research focused on imaging 
the transparent retina (25). Since then, the OCT technique has evolved and 
improved to miniaturised OCT probes, able to image non-transparent tissue and 
intravascular structures. Currently, OCT is used in clinical practice in ophthalmology 
(retina assessment (27)) and interventional cardiology (e.g. stent apposition and 
restenosis (28-31)). The clinical application of OCT in pulmonary medicine is 
currently under investigation. 

Optical coherence tomography (OCT) Confocal laser 
endomicroscopy (CLE)

Airways Lung cancer
Detection of early lung cancer (1-3)
Asthma and COPD
Airway structure identification and 
remodelling assessment (4-6)

Lung cancer
Detection of early lung 
cancer (7-9)
Hamartoma(10)

Pulmonary 
vasculature

Pulmonary artery hypertension (PAH)
Pulmonary artery structure identification 
and remodeling assessment (11-13)
CTEPH 
Detection of webs, bands, thrombotic 
areas (12, 13)
BPA evaluation (14)

Lung 
parenchyma

ILD 
Alveolar proteinosis (15)
Alveolar microlithiasis (16)
Lung cancer 
Peripheral pulmonary lung 
tumor  (8, 17, 18) 
Centrally located lung 
tumor (19, 20)
Infectious (21, 22)
Lung allograft rejection (23)

Mediastinal 
Lymph node

Metastatic lymph nodes
lymphoma, lung cancer (24)
Sarcoid lymph nodes
Sarcoidosis (24)
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For the airway wall and lung parenchyma, OCT images are generated during 
bronchoscopy by insertion of  a ~1mm OCT probe through the bronchoscope. 
Subsequently, by an (automated) pullback cross-sectional images of airway 
or alveolar segments are generated [Figure 2] (32). The pulmonary vasculature 
can be imaged by OCT during right heart catheterization similar to coronary 
OCT imaging (11, 30). OCT imaging studies in lung parenchyma and pulmonary 
nodules are limited to animal or human ex-vivo studies (1, 33-37). OCT imaging of 
the airway wall and the pulmonary artery is reviewed below.

      Segmental right lower lobe         bronchus Branches      Subsegmental basal bronchi

Figure 2. 3D OCT reconstruction of a right lower lobe bronchus. 3D reconstruction of 540 
cross-sectional OCT images obtained during an automated pullback in the right lower 
lobe bronchus (St Jude system), demonstrating an airway segment of 5.4 cm with branches 
(arrowheads) and the transition from the larger more central right lower lobe bronchus (left) 
to a smaller distal basal bronchus (right).
(Source: J.N.S. d’Hooghe MD, P.I. Bonta MD PhD, J.T. Annema MD PhD, Academic Medical 
Center Amsterdam, The Netherlands)

OCT OF THE AIRWAY WALL

First, in animal and human ex-vivo studies the feasibility of OCT to visualize 
different airway layers and structures, including the epithelial layer, lamina 
propria, glandular tissue, and cartilage was demonstrated [Figure 3] (1, 38-40). 
The use of OCT for the identification of bronchial lesions in humans in vivo has 
been evaluated, demonstrating that OCT can distinguish invasive carcinoma from 
carcinoma in situ and  dysplasia from metaplasia, hyperplasia and normal (2).

In addition to the identification of airway wall structures and lesions, OCT has 
been investigated for its ability to quantify airway dimensions and related airway 

5,4 cm
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remodelling. This is of great interest since obstructive lung diseases, such as 
asthma and chronic obstructive pulmonary disease (COPD), are characterized by 
remodeling of the airway wall (41-43). The current available imaging technique to 
quantify airway wall remodeling is a high-resolution CT (HRCT), which is hampered 
by its limited resolution and has the drawback of radiation exposure. 

Figure 3. Identification of airway wall layers by OCT. Cross-sectional OCT image of an in-vivo 
basal bronchus of the right lower lobe visualizing; the OCT probe (1mm diameter),  airway 
lumen, epithelium, lamina propria, submucosa, and cartilage. OCT, Optical Coherence
Tomography.
(Source: J.N.S. d’Hooghe MD, P.I. Bonta MD PhD, J.T. Annema MD PhD, Academic Medical 
Center Amsterdam, The Netherlands)

In porcine airways it was shown that OCT was able to quantify, separate airway 
wall layers including mucosal, submucosal and cartilage layers which correlated 

Epithelium
Lamina	propria

Submucosa
Cartilage

Probe Lumen
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well with histology measurements (44).  Coxson et al found a strong correlation 
between CT and OCT measurements of the lumen and wall area in 44 current and 
former smokers. Notably, the correlation between predicted FEV1 and measured 
wall area for smaller airways was stronger for OCT than for CT (45).  Likewise, 
in COPD smokers and non-smokers (4 per group) OCT measurements for the 
luminal- and total airway wall area, obtained using bronchoscopic navigation 
software for accurate matching, correlated well with both histology and CT (46). 
Furthermore, in COPD patients with different levels of airway obstruction there 
was strong correlation with OCT airway dimension parameters (4). 

Figure 4. OCT imaging of the pulmonary artery. Left panel: Right heart catheterization 
showing the catheter (black arrow) in the pulmonary artery with OCT probe in situ (white 
arrow), C=cor, L=lung. Middle panel: OCT cross section of a normal part of the pulmonary 
artery. Right panel: OCT cross section visualizing webs/bands (white arrow) of a pulmonary 
artery from a CTEPH patient. 
(Images kindly provided by prof. dr. N. van Royen and dr. H.J. Bogaard, Free University of 
Amsterdam, the Netherlands)

Since these results were obtained by manually tracing the perimeters, it is 
comforting that Kirby et al found a high inter/intra-observer reproducibility of 
OCT measurements of airway wall parameters (32). However, automated software 
for airway wall measurements is highly needed. Recently, Suter et al, developed 
and validated a novel birefringence microscopy platform which is able to visualize 
and quantify airway smooth muscle (ASM) fibers (5). Since new therapies are 
developed targeting airway remodeling in general and ASM in particular, such 
as bronchial thermoplasty (BT) for severe asthma patients, airway wall dimension/
ASM content quantification by OCT could play an promising role in patient 
selection for treatments that target airway remodeling (6)
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OCT OF THE PULMONARY VASCULATURE 

Pulmonary  hypertension (PH) can be classified in 5 major categories. Pulmonary 
artery hypertension (PAH) and chronic thromboembolic pulmonary hypertension 
(CTEPH) share elevated pulmonary artery pressures but are characterized 
by different pathological vascular features (47). OCT is potentially useful in 
differentiating between PAH and CTEPH and possibly also other categories of PH 
(12, 13, 48). As such OCT might fulfil the promise of minimally invasive, optical 
biopsy.  Tatebe et al showed that OCT in PAH demonstrated thickening of the 
media of the pulmonary artery wall as compared to healthy controls. In CTEP,  
pulmonary arteries showed specific features compatible with either thrombotic 
occlusion and/or luminal bands/webs (12, 49) [Figure 4]. Furthermore, OCT can 
be used to evaluate the effectiveness of balloon pulmonary angioplasty (BPA) in 
12 distal-type CTEPH patients (14).  

In addition to the identification PH-specific pathologic features of the pulmonary 
artery by OCT, quantification of changes in pulmonary artery assessed by OCT 
was predictive for an unfavourable clinical outcome in patients with PAH (11). 
Dai et al quantified pulmonary artery remodelling by assessing 3 morphometric 
parameters (wall-area ratio, thickness-diameter ratio and thickness) of 2-6 OCT 
cross sections in 79 PH patients, 10 borderline PH patients and 35 non-PH subjects. 
Results showed a significantly increase of the 3 morphometric parameters in 
borderline PH and PH when compared with non-PH which significantly correlated 
with the mean pulmonary artery pressure and pulmonary vascular resistance 
(48). Moreover, when following 14 PAH patients after pharmacologic treatment 
a reverse remodeling (improvement of >2 of the 3 morphometric parameters) 
response was observed in 8 of the 14 PAH patients (48).  

In the largest study of 64 PAH patients, 23 CTEPH patients and 17 controls, the 
intimal morphological changes were predominant in PAH patients as compared 
to  CTEPH patients and controls. In 14 (60,9%) of the 23 CTEPH patients, OCT 
images could be obtained distal from the stenotic or occluded pulmonary arteries 
all showing features of intravascular bands/webs (13). 

In conclusion, OCT may qualify as the technique to differentiate different types 
of PH, such as PAH and CTEPH. Furthermore, OCT might  play a future role in 
guidance and monitoring of treatment in PH e.g. balloon pulmonary angioplasty 
in CTEPH. 

OCT FUTURE PERSPECTIVES

OCT has potential to become a valuable imaging technique for assessing the 
airway wall (remodeling) in obstructive lung disease. Additionally, OCT might be 
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of value for assessing pulmonary artery pathology (e.g. bands/webs in CTEPH) 
and remodeling (e.g. intimal thickening in PAH) in PH. With the use of quantified 
parameters, OCT might play a future  role in patient selection and monitoring 
treatment response for specific treatments targeting airway/artery remodeling 
(e.g. bronchial thermoplasty/BPA). Technological advancements such as the 
birefringence microscopy platform for ASM detection will result in improved and 
more specific OCT imaging.

CONFOCAL LASER ENDOMICROSCOPY: TECHNIQUE

Confocal laser endomicroscopy (CLE) uses low power laser bundles (488nm or 
600nm) in a fiber optic probe, that can be inserted into the working channel of a 
bronchoscope or even in the lumen of an EBUS/EUS needle to obtain real-time 
microscopic images of the tissue that is investigated. The backscattered light, from 
one specific tissue plane, is focused through a pin-hole, while the backscattered 
light from surrounding tissue is eliminated. This leads to high resolution imaging 
of one specific plane of tissue in focus.

The CLE technique  visualizes tissue with resolutions up to 3.5 micrometer (µm), 
with a maximum depth of 240 µm  and  field of view of 600 µm, which enables 
real-time imaging of the elastin network of the alveolar space [Figure 5] and 
individual cells in a pulmonary tumor [Figure 6].   Based on the imaging target 
of choice, autofluorescence (for example for visualizing the elastin network 
of the lungparenchym) or a fluorescent dye, such as fluorescein or acriflavine 
hydrochloride (to visualize airway epithelium ,pulmonary tumors and metastatic 
lymph nodes at a cellular level) can be used (7, 17, 19, 20, 50, 51).

In pulmonary medicine,  2 different CLE-techniques, probe and needle based are 
currently used. Probe-based CLE (pCLE) is most commonly used and involves a 
1.8 mm diameter probe that fits through the working channel of a bronchoscope. 
By approximation of  the tip of the probe to the lung tissue images are generated 
based on autofluorescence properties of elastic fibers in the alveolar septa and 
airways. (50, 51). 

The second technique is needle-based CLE (nCLE), that can be combined with 
endosonography or CT guided biopsy by fitting a confocal miniprobe (diameter 
0.91 mm) through the lumen of a 19 Gauge needle. By positioning the needle 
under ultrasound guidance in the tumor, a real-time “optical biopsy” can be 
performed [Figure 6]. Following CLE imaging the probe is retracted and a FNA 
is obtained. The technique is currently limited to transthoracic and esophageal 
approach because the probe does not fit through the commercially available EBUS 
needles. For this purpose, in most cases fluorescein is administered intravenously 
as a fluorescent dye.
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Figure 5. Example of CLE imaging of lung parenchyma. Upper panel: HRCT-scan image 
of a patient diagnosed with desquamative interstitial pneumonia (DIP) a distinct form of 
interstitial lung disease (ILD), with abnormalities in the RLL (lower circle) and with normal 
appearance of  the RML (upper circle). Left lower panel: increased image-density and 
filling of alveolar spaces in abnormal CLE image of corresponding diseased area on HRCT 
imaging. Left lower panel: CLE image corresponding to normal alveolar area on HRCT-
imaging. 
(Source: L. Wijmans MD, P.I Bonta MD PhD, J.T. Annema MD PhD, Academic Medical Center 
Amsterdam, The Netherlands)
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Figure 6. Needle based CLE imaging of a lung tumor. Left panel: EUS image of a centrally 
located lung tumor,  ES=lumen of the esophagus, T= Tip of the nCLE probe, N=19G biopsy 
needle.  Middle panel; nCLE images  from the inside of the pulmonary tumor; the dark 
aggregates represent tumor cells. Right panel: Corresponding cytological image of the fine 
needle aspirate showing aggregates of enlarged atypical cells with large nuclei, marked 
atypia and hyperchromasia, characteristic for an adenocarcinoma (May-Grünwald Giemsa 
stain, 200x).
(Source: L. Wijmans MD,  J.T. Annema MD PhD, Academic Medical Center Amsterdam, The 
Netherlands) 

pCLE OF THE LUNGPARENCHYMA

HRCT imaging provides excellent overview of the lung parenchyma but has 
limitations in detailed imaging. Current HRCT imaging has frequently difficulties 
distinguishing different ILD subsets resulting in the need for lung tissue biopsy by 
either VATS or cryobiopsy – procedures with a substantial morbidity in an already 
vulnerable population. As such, pCLE could potentially serve as a minimally invasive 
diagnostic technique in ILD. Alveolar proteinosis is a form of ILD that was shown to 
be characterized with pCLE-imaging by fluorescent floating amorphous substances 
in the alveoli lumen sticking to conglomerates along with alveolar macrophages. 
These features were reduced after a whole-lung lavage and were found in areas 
with and without abnormalities on HR-CT scan (15). 

To examine the characteristics of lung cancer on pCLE imaging, a comparison with 
histology was performed by examination of 18 lobectomy specimens containing 
non-small-cell  lung  cancer (NSCLC) and small cell lung cancer (SCLC). Three 
primary features for pCLE were found: alveolar dystelectasis with thickening of 
alveolar walls, alveolar edema and a large amount of macrophages. The stromal 
component for adenocarcinoma specimens had a highly fluorescent field 
penetrated by dark hollows, while squamous cell carcinoma specimens had stromal 
components that appeared as ‘biparously’ branching, highly fluorescent fibers. 
No stromal component was observed in any small-cell lung carcinoma specimen 
(18). Another difficulty with imaging malignant lesions is the actual localization 
and endobronchial detection of the lesion. The first case-reports where bronchial 
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navigation combined with CLE have recently appeared and showed that it was 
feasible to image a subcentimeter solitary pulmonary nodule (SPN) with pCLE in 
vivo and real-time (17). 

nCLE OF MEDIASTINAL COMPARTMENT

Fine needle aspirations and biopsies are important diagnostic approaches 
for cancer diagnostics and analysis of mediastinal lesions. Although generally 
successful, these approaches have significant false negative rate, due to 
inappropriate needle placement. A (smart) needle such as nCLE might further 
increase the diagnostic yield.

The nCLE technique was first introduced in gastroenterology. nCLE criteria 
were described for different pancreatic masses, e.g. adenocarcinoma (dark cell 
aggregates, irregular vessels with leakages of fluorescein), chronic pancreatitis 
(residual regular glandular pancreatic structures), and neuroendocrine tumors 
(NET, black cell aggregates surrounded by vessels and fibrotic areas). These 
criteria correlated with the histological features of the corresponding lesions (52). 
Considering the low negative predictive value of EUS-FNA in pancreatic masses, 
nCLE findings can be helpful to rule out malignancy in case of an inconclusive 
EUS-FNA (52).

nCLE trial results in the diagnosis and staging of lung cancer showed the 
diagnostic feasibility in peripheral and centrally located pulmonary tumors using 
a transthoracic (19) and EUS approach (20). Furthermore, the feasibility of the EUS 
guided nCLE technique for imaging of metastatic mediastinal lymph nodes was 
shown (19). This report describes two distinct imaging characteristics of normal 
lymph node structure. The collagen-rich capsule of the lymph node is visualized 
as thin bright fibers on a dark background and the cortex of the lymph node has 
a bubbly appearance from loosely aggregated lymphoid-cells. Adenocarcinoma 
was characterized by dark clumps and in malignant lymphoma enlarged lymphoid 
centers were described (24). However due to the heterogeneity of the group 
studied, low numbers of each disease entity were available. The advantage of nCLE 
technique is that it allows a wider assessments across the organ of interest, which 
is more likely to reveal pathologic changes. Optical needle biopsy techniques, 
like nCLE may also help to reduce sampling error because it provides real-time 
microscopic details. In addition, optical biopsies may assist the endoscopist in 
confirming adequate tissue acquisition in centers where on-site cytopathologists 
are not available.
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CLE: FUTURE PERSPECTIVES

The diagnostic scope of the CLE technique can be remarkably widened by 
the introduction of specific fluorescent markers capable of detecting specific 
respiratory-disease modulating entities (e.g., lung cancer-markers, microbial 
agents, signaling pathway proteins, medication). Currently there are no in-human 
reports in pulmonary medicine, however the first results of in human use of a 
labeled peptide in gastrointestinal lymph nodes are promising. A peptide specific 
for adenocarcinoma was administered and confocal endomicroscopy imaging 
found 3.8-fold greater fluorescence intensity for esophageal neoplasia compared 
with Barrett’s esophagus and squamous epithelium with 75% sensitivity and 97% 
specificity (53). No toxicity was attributed to the peptide in either animal or patient 
studies. Therefore CLE- recognition of fluorescent labeled entities could in the 
future potentially become helpful in guiding biopsies, monitoring of therapeutics 
and tumor detection.

Both nCLE and pCLE are currently investigational techniques in pulmonary 
medicine, that require further validation before the step into the clinic can be 
made. A recent official statement of the European Society of Gastrointestinal 
Endoscopy (ESGE) regarding the utilization of advanced endoscopic imaging in 
gastrointestinal endoscopy was recently published, stating that the development 
of validated classification systems is advocated to support the use of optical 
diagnosis in combination with advanced endoscopic imaging(54).

CONCLUSION

OCT and CLE are complementary, microscopic imaging techniques, that might 
provide important added value to current imaging modalities including HRCT 
and endosonography. Advantages are the ‘near histology’ resolution and the 
‘real-time’ component of the imaging. CLE is promising for lung cancer detection, 
analysis of mediastinal lesions, with on the horizon the detection of pulmonary 
nodules by labeling of specific markers. The OCT technique has the potential 
to qualify as an airway wall/pulmonary artery remodeling biomarker, useful for 
patient selection and monitoring of treatment response. Validated, identification 
and quantification image analysis strategies for OCT and CLE imaging are needed 
to assess the added value in pulmonary clinical practice. 
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KEY POINTS

1.  OCT generates real-time, highly detailed images on a resolution at 
‘histology’ level of the airways and pulmonary vasculature; as such, OCT is 
able to identify and quantify airway- and vascular wall layers.  

2.  CLE provides real-time, high resolution images on a ‘cellular’ level of 
mediastinal nodes, intrapulmonary masses and alveoli. 

3.  OCT and CLE are innovative imaging techniques, that combined with 
bronchoscopy might be of added value for airway wall, mediastinal nodal, 
lung tumor, alveolar and vascular assessment.

4.  Validated identification and quantification image analysis strategies are 
needed in dedicated clinical trials to assess the added value of OCT and 
CLE to existing imaging technologies
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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.

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 
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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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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 and2B). Immunostaining with desmin was used to identify the airway 
smooth muscle layer (Figs 2Cand 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. 

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 
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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. 

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 
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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 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.

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. 
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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

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 ).

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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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). 

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 
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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 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–
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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. 

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.

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).
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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 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.
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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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INTRODUCTION

Bronchial thermoplasty (BT) is a bronchoscopic treatment for patients with severe, 
refractory asthma that is based on radiofrequency energy delivery to the airways 
[1]. Impressive radiological abnormalities can occur following BT treatment, 
including (sub)lobar atelectasis (Fig. 2, 3B; online suppl. Fig. S1; for all online suppl. 
material, see www.karger.com/doi/10.1159/000477586). The aim of this study was 
to investigate the incidence, pattern, and behavior over time of acute radiological 
abnormalities following BT.

METHODS

A prospective observational cohort study was performed as part of the TASMA 
“Unravelling Targets of Therapy in Bronchial Thermoplasty in Severe Asthma” 
trial (ClinicalTrials.gov No. NCT02225392) from April 2014 to September 2016. 
The study was approved by the Ethics Committee (NL45394.018.13). All patients 
provided written informed consent. Patients with severe asthma who fulfilled the 
World Health Organization (WHO) or modified innovative medicines initiative 
criteria of severe refractory asthma were included [2, 3]. Patients were treated 
with BT according to the current standard during a bronchoscopy with conscious 
sedation or general anesthesia [4,5]. The flow of radiological assessment is 
summarized in Figure 1. Imaging of the lung (chest X-ray and/or computed 
tomography [CT]) was performed routinely before and directly after BT, within 6 
weeks thereafter, and at 6 months’ follow-up. Before and 6 months after BT, high-
resolution CT images were obtained with a Philips Brilliance 64-slice CT scanner 
(Philips, Healthcare, Best, The Netherlands; 1 mm thickness). Directly after BT, to 
minimize ionizing radiation exposure, ultra-low-dose (ULD) chest CT images were 
obtained with the Somatom Force scanner (Siemens, Medical Solution, Forchheim, 
Germany; 1 mm thickness). Since at the start of the study the existence of acute 
radiological abnormalities directly after BT was unknown and the ULD chest CT 
scanner was not available, in some cases only a chest X-ray was obtained at first. 
An experienced chest radiologist (I.A.H.B.) evaluated all images and scored the 
following radiological abnormalities: peribronchial consolidation with/or without 
surrounding ground glass opacity, (sub)segmental or (sub)lobar atelectasis, partial 
bronchial occlusions, bronchial dilatation, and bronchiectasis [6]. An asthma 
exacerbation was defined as an exacerbation requiring (to increase the dose of) 
oral or systemic steroids or a doubling dose of inhalation corticosteroids during 
>3 consecutive days. Analyses were performed using SPSS software version 22 
(IBM, Armonk, NY, USA).
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Figure 1. Diagram of radiological imaging before and after bronchial thermoplasty (BT) (n 
= 12 patients, n = 36 BT procedures). 
*  Chest X-ray and high-resolution computed tomography (HRCT) were performed at 
baseline and at 6 months after the last BT (n = 12; all patients).
# Chest X-rays were performed within 5 h after BT (n = 34/36, after 2 BT procedures, only 
an ultra-low-dose [ULD] chest CT was performed) and ULD chest CT was performed <24 h 
after BT (n = 16/36, after the first 20 BT procedures, only a chest X-ray was performed since 
the ULD chest CT scanner was not available at the start of the study).
‡ Chest X-ray was performed <6 weeks after BT (n = 26/36). 

RESULTS

Twelve patients underwent 36 BT procedures. All patients used high doses of 
inhalation corticosteroids/long-acting beta-agonists, and 50% were also treated 
with oral or systemic steroids. Acute radiological abnormalities were seen after all 
36 BT procedures on chest X-ray and/or ULD chest CT. 91% of chest X-rays (n = 
34) after BT showed abnormalities, most commonly peribronchial consolidations 
(97%) and/or atelectasis (29%) (Fig. 2; online suppl. Fig. S1).

All 16 ULD chest CTs performed directly after BT showed acute radiological 
abnormalities that could be classified into 4 distinct patterns: peribronchial 
consolidations with surrounding parenchymal ground glass (94%), atelectasis 
(38%), partial bronchial occlusions (63%), and bronchial dilatations (19%) (Fig. 
3). 31% of the ULD chest CTs showed ground glass opacities in the neighboring 
non-BT-treated lobe. These opacities in the non-BT-treated lobe were either in 
continuum with the BT-treated lobe (n = 3, incomplete fissures: n = 2/3) or they 
were located in the periphery of the non-BT-treated lobe with large areas of 
normal lung parenchyma in between (n = 5). No abnormalities were detected 
in the non-BT-treated right middle lobe. Interestingly, ULD chest CT was able to 
distinguish BT-treated airways from adjacent airways that were not reached with 
the radiofrequency catheter due to their anatomical position, most commonly the 
apical subsegments of the upper lobes (Fig. 4).

Baseline Acute assessment Follow-up

Chest X-ray (n=12)
Chest HRCT (n=12)

Baseline*

Chest X-ray (n=34)
ULD chest CT (n=16)

<1 day after 3x BT”

Chest X-ray (n=26)

<6 weeks after
3x BT±

Chest X-ray (n=12)
Chest HRCT (n=12)

6 months after 
last BT*
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Figure 2. Acute radiological abnormalities on chest X-ray <5 h after bronchial thermoplasty 
(BT). Chest X-ray (Posteroanterior view) <5 h after BT of the right lower lobe (a), left lower 
lobe (b), and both upper lobes (c) showing peribronchial consolidations (arrows) and (sub)
segmental atelectasis (arrowheads) in a single patient. Radiological resolution within 6 
weeks after BT is shown for both right and left lower lobes (c). 

Since the presence of radiological abnormalities might be related to postprocedure 
asthma exacerbations, this association was investigated. In 17 out of 31 (55%) 
BT procedures with an abnormal chest X-ray, an asthma exacerbation occurred. 
However, in 2 out of 3 BT procedures with a normal chest X-ray, an asthma 
exacerbation was also present. All asthma exacerbations were treated with a course 
of oral steroids. After 8 procedures, antibiotics were prescribed because of fever 
or ongoing symptoms without clinical signs of pneumonia. No bronchoscopic 
intervention was needed.

In patients with radiological abnormalities on chest X-ray, 73% of chest X-rays 
showed complete resolution within 6 weeks, and all patients showed complete 
resolution at 6 months after BT. Follow-up chest high-resolution CT 6 months after 
the last BT revealed a single case with a focal bronchiectasis without clinical impact.

DISCUSSION

This study shows that BT causes acute transient radiological lung abnormalities on 
chest X-ray and/or ULD chest CT in all patients. ULD chest CT provides superior 
imaging in comparison to chest X-ray, and 4 different radiological patterns were 
identified: peribronchial consolidations with surrounding ground glass, atelectasis, 
partial bronchial occlusions, and bronchial dilatations. On ULD chest CT, non-BT-
treated (adjacent) airways during a BT procedure could be clearly identified from 
those that were treated. The strengths of this study are its prospective design and 
the systematic evaluation of the radiological images by an experienced chest 
radiologist.
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Figure. 3. Four different patterns of acute computed tomography (CT) abnormalities after 
bronchial thermoplasty (BT): peribronchial consolidations with surrounding parenchymal 
ground glass opacity, atelectasis, partial bronchial occlusion, and bronchial dilatation. 
Ultra-low-dose chest CT-detected radiological abnormalities <24 h after BT. a Peribronchial 
consolidation (arrow) with surrounding parenchymal ground glass opacity (cross) in the 
right lower lobe. No abnormalities were detected in the adjacent right middle lobe. b 
Subsegmental atelectasis in the apex of the left lower lobe (arrowhead). Three weeks after 
BT, the right lower lobe shows residual abnormalities compatible with plate atelectasis 
(arrowhead). c Partial bronchial occlusion of the apical segment (#) with concomitant 
peribronchial consolidation (arrow) with surrounding ground glass (cross) of the right 
lower lobe. d Focal bronchial dilatation (Ø 0.6 mm; asterisk) in the right upper lobe and 
peribronchial consolidations (arrows) with surrounding ground glass (crosses) in both 
upper lobes. 

Recently, acute radiological abnormalities after BT have been described by Debray 
et al. [7] in 13 patients, which confirmed our findings of transient radiological 
abnormalities in all patients in the BT-treated lung lobes the day after the procedure. 
In line with our results, predominantly peribronchial consolidations with ground 
glass opacities and partial occlusion/filling of the bronchial lumen were found. 
Similarly, residual bronchial dilatation was seen in rare cases. In contrast, lobar 
volume loss/atelectasis was found more often when compared to the present study. 
Additionally, Debray et al. [7] also found pulmonary opacities in the non-BT-treated 
middle lobe in 5 cases, which was postulated to be an effect of heat diffusion along 
the bronchial tree. However, in contrast, data from our study show that airways 
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not reached by BT showed no abnormalities and were clearly distinguishable 
from those that were treated with BT. We could confirm ground glass opacities 
in non-BT-treated lobes in up to one-third of cases. In case of abnormalities seen 
in the non BT-treated lobe directly adjacent to BT-treated lobes the mechanism 
postulated by Debray et al. [7], that comprises the extension of parenchymal 
edema or inflammation by heat shock, seems a more likely explanation. In case 
of radiological abnormalities observed in distal areas of the non-BT-treated lobes, 
we propose that  based on radiological characteristics and distribution properties, 
mucosal blood and/or mucus that runs from the BT-treated upper lobes to the 
lower non-BT-treated situated areas of the lungs are a plausible explanation.

Acute effects of radiofrequency energy delivery to human airways are expected 
based on earlier studies. An animal study showed altered airway smooth muscle in 
canines at 1 week after BT and thickening of the bronchial wall on CT, histologically 
correlating to inflammatory edema of the airway wall [8]. A case report showed 
semi-acute bronchial wall thickening on a chest CT scan 7 days after BT [9]. 
Furthermore, in agreement with radiofrequency ablation of pulmonary neoplasms, 
the observed acute radiological abnormalities after BT could be explained by the 
temperature gradient or heat shock [10--12]. Indeed, it is described that a large 
temperature increase causes tissue coagulation and destroys microcirculation, 
which might induce the peribronchial consolidations. A moderate temperature 
increase causes autolysis and microvascular hemorrhage resulting in inflammation 
and edema resembling ground glass abnormalities [10-12]. The observed ground 
glass opacities reaching more peripheral of the BT-treated airway as opposed to 
the consolidations located directly peribronchially fits well with this explanation. 
To counteract these heat shock effects, periprocedural corticosteroid treatment 
seems appropriate.
The radiological abnormalities observed immediately after BT treatment reinforce 
our view that BT certainly modifies the airway. Most probably, the mechanism 
of action of BT involves a combination of several airway modifications, such 
as reduction in airway smooth muscle mass and nerves, inflammation and/or 
microcirculation. A decrease of airway smooth muscle and nerves has recently 
been reported in biopsies taken before and after BT treatment by Pretolani et al. 
[13].

In conclusion, there is a high incidence of acute radiological abnormalities after BT. 
Four distinct radiological patterns can be identified on ULD chest CT, which resolve 
without clinical impact in virtually all cases.
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To the editor: 

We read with great interest the paper by Debray et al, reporting on early 
radiological lung abnormalities on computed tomography (CT) of the chest after 
bronchial thermoplasty (BT) [1]. The described findings in 13 patients are in line 
with our observations in 12 patients with severe asthma treated with BT in the 
TASMA trial [Clin.Trials.gov nr:NCT02225392]. Transient radiological abnormalities 
were seen after all 36 BT procedures predominantly consisting of peribronchial 
consolidations with ground glass opacities (Figure 1A and C), partial occlusions/
filling of bronchial lumen and atelectasis. Furthermore, we also observed a residual 
bronchial dilatation in a single case [2].

In contrast to the results of Debray et al, atelectasis directly after BT was less 
frequently observed in our patient cohort (38% versus 68% of the BT procedures). 
We systematically scored endobronchial abnormalities before and immediately 
after BT by asking the bronchoscopist to score mucosal injury by grading for 
bronchial edema, inflammatory aspect, secretions, mucus plugging and bleeding 
using a 0-3 intensity score for each item (0= no abnormalities; 1= minimal-; 2= 
moderate-; 3= severe- intensity of abnormality). Grading was performed directly 
after the BT procedure by the interventional pulmonologist (JTA or PIB). In the 
patients that were evaluated with a chest CT scan immediately after BT (n=16) 
a significant higher median mucosal injury score was seen in patients with 
atelectasis as compared to patients without atelectasis [8 (7-8 IQR) versus 6 (5-6.25 
IQR) (p=0.0156) respectively]. No significant difference was observed between 
the number of activations and the presence of atelectasis. Considering the above, 
the observed difference in the occurrence of atelectasis directly after BT might 
be related to the vulnerability of the mucosa as is reflected by the endobronchial 
mucosal injury score. 

 We can confirm non-BT-treated lobe involvement as described by Debray et al, 
although we have not observed involvement of the non-BT-treated middle lobe. 
For the involvement of the non-BT-treated middle lobe Debray et al provide two 
explanations; 1) diffusion of heat shock along the bronchial tree which might be 
related to the earlier reported decrease in airway smooth muscle (ASM) area in the 
non-BT-treated middle lobe [3] or 2) extension of heat shock through (incomplete) 
fissures to an adjacent lobe. 

The first explanation seems unlikely since the decrease in ASM area in non-BT-
treated middle lobe could not be confirmed by Pretolani et al investigating ASM 
decrease after BT in 15 patients [4]. Furthermore, our results show that segmental/
subsegmental airways that are not reached by BT, but located adjacent and/
or directly distal to BT-treated airways, showed no abnormalities on CT [2]. 
This observation makes the postulated explanation unlikely and suggest that 
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radiofrequent energy is not diffused along the bronchial tree to other airways. 
The second explanation, also supported by Boulet and Laviolette, seems a more 
plausible cause for the abnormalities seen in the non-BT-treated lobe as they were 
mostly found directly adjacent to incomplete fissures [5]. 

We postulate a third possible explanation for the radiological abnormalities 
observed in distal areas of the non-BT treated lobes. The characteristics and 
distribution properties of these ground glass opacities are compatible with blood, 
secretions and/or mucus (Figure 1B). This explanation could also explain why in 
all of our cases the radiological abnormalities were located in the non-BT-treated 
depending lower lobes only. Furthermore, this is in line with our observation that 
all cases with abnormalities observed in distal areas of the non-BT-treated lobes 
had a cumulative intensity score for mucosal bleeding, secretions and mucus after 
the BT procedure of ≥ 3 and all the cases without involvement of the non-BT-
treated lobes had a cumulative intensity score of 1. Therefore, in our opinion, it is 
very likely that blood, secretions and mucus runs down from the BT treated upper 
lobes to the depending lower lobes and causes the observed distal areas with 
ground glass opacities. 

In conclusion, immediate radiological abnormalities following BT are common and 
transient. Direct and indirect radio-frequency energy-mediated pulmonary effects 
that can explain these radiological abnormalities are described. In addition, the 
occurrence of atelectasis in BT treated lobes and the occurrence of ground glass 
opacities in distal areas of non-BT-treated lobes seems related to the severity of 
endobronchial mucosal injury directly after BT.

Figure 1. Radiological abnormalities seen in the BT-treated upper and non-BT-treated lower 
lobe.. ULD (ultra-low dose) chest CT <24 hours after BT treatment of both upper lobes 
shows ground glass opacities (cross) restricted to the right upper lobe with a complete 
fissure (arrowhead) (1A) and ground glass opacities (cross) in a distal area of the non-BT-
treated right lower lobe (1B). These opacities were new since the ULD chest CT scan after 
the BT-treatment of the left lower lobe 3 weeks earlier showed peribronchial consolidations 
(arrow) with ground glass opacities (cross) in the left lower lobe, but no abnormalities of the 
previously treated right lower lobe (1C).

B C

x

x x
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DISCUSSION OF THE THESIS

BACKGROUND

Asthma is a major global health concern affecting an estimated 334 million 
people. 3.6%-10% of asthma patients are diagnosed with difficult to treat - or 
severe asthma (1-5). 

Therefore, there is a need for novel asthma treatments as well as improved asthma 
phenotyping / patient selection for available treatments in order to reduce disease 
burden and improve patient centred outcomes. In 2004, a novel bronchoscopic 
interventional treatment, called Bronchial Thermoplasty (BT) was introduced (6, 7). 
BT is a bronchoscopic device based treatment with the aim to reduce the amount 
of airway smooth muscle (ASM) in asthma patients using radiofrequency energy. 
BT has been shown to be feasible, safe and effective in 3 randomized controlled 
trials (RCTs) which led to FDA approval (8-10). In international guidelines BT is 
positioned as one of the add-on treatment options for patients with severe asthma. 
Today, BT treatment is available in more than 30 countries.

Although the RCTs outcomes showed an improved quality of life and reduction of 
severe exacerbation rate, a significant improvement in pulmonary function tests 
(e.g. FEV1 or bronchial hyper responsiveness (PC20 methacholine) could not be 
shown. Despite the efficacy of BT, many questions remain regarding the mechanism 
of action and related optimal patient selection. Does BT reduce ASM mass in severe 
asthma patients, and if so, to what extent? At the start of the TASMA project in 2014, 
BT had only shown to reduce the ASM mass in dogs and patients with lung cancer 
(7, 11) – not in patients with asthma. Does BT – besides an effect on the airway 
smooth muscle - have another or additional effect on the airways which could 
explain the clinical benefits? For example, is there a BT induced beneficial impact 
on remodeling (including extracellular matrix (ECM)), inflammation, innervation or 
vascularisation? In order to identify asthma phenotypes that will benefit most of 
BT treatment, understanding the mechanisms of action is considered crucial (12). 
For this reason in 2014, the Unravelling Targets of Therapy in Bronchial Thermoplasty 
in Severe Asthma (TASMA) study (ClinicalTrials.gov, No.NCT02225392), an 
investigator initiated international, multicentre, randomized controlled trial was 
conducted. With the inclusion being completed in early 2018, the final data 
including the delayed treatment randomisation arm will become available in 2019. 
This thesis presents and discusses current available data of the TASMA study and 
consists of four parts. After the Introduction (Part I, Chapter 1), in Part II (Chapter 
2- 6) titled “Bronchial Thermoplasty”, treatment-related issues including sedation 
strategy and BT treatment effects and outcomes are discussed. Part III, (Chapter 
7-10) titled “ Imaging of the airway wall” focuses on imaging of the airway wall 
with Optical Coherence Tomography and acute radiological BT treatment effects. 



General discussion and summary

147

11

A general discussion and summary is provided in Part IV (Chapters 11 and 12).

PART II BRONCHIAL THERMOPLASTY

Research question 1 (Chapter 3): Is it safe and feasible to perform Bronchial 
Thermoplasty under moderate-to-deep sedation provided by specialized 
anaesthesiology nurses? 
Although BT treatment is implemented worldwide, many treatment-related 
issues remain subject of discussion or are unknown, such as the optimal sedation 
strategy for BT. BT procedures require high precision, lasts longer than a regular 
bronchoscopy (~ 30- 45 min), need to take place 3 times with at least 3 week 
intervals for a full BT treatment and are performed in severe asthma patients with 
highly reactive airways. These aspects emphasize the need for optimal sedation 
ensuring patient comfort, safety and the absence of cough in order to optimally 
treat all airways.

Different sedation strategies are available ranging from mild sedation with 
midazolam to general anaesthesia with tracheal intubation. On the one hand, 
insufficient sedation or “under-sedation” involves the risk of patient distress and 
might lead to suboptimal treatment due to excess coughing of the patient (13). On 
the other hand, general anaesthesia including tracheal intubation could be seen 
as “over-sedation” as it is more invasive and complications such as hemodynamic 
collapse and/or respiratory depression can occur (14). Additionally, general 
anaesthesia is associated with higher costs and is more difficult to organize.  

We performed a study to assess propofol/remifentanil sedation administered by 
specialized anaesthesiology nurses. Specialized sedation anaesthesiology nurses 
are nurses who perform self-reliant procedural sedations. An anaesthesiologist is 
available nearby as a back–up. Sedation specialists have followed a theoretical 
and practical sedation education program of 1 year that is completed by an 
examination that results in certification. In 13 severe asthma patients who were 
treated with BT, we showed that specialized sedation anaesthesiology nurse 
administered propofol and remifentanil sedation for BT treatment is feasible, safe 
and has high satisfaction rates for both patients and bronchoscopists (Chapter 
3) (15). It should be noted however, that sedation administration by specialized 
sedation anesthesiology nurses is not yet commonly available. 
Recently, one other study has described sedation strategies for BT (16). In 7 
patients the majority of BT procedures were performed with monitored anesthetic 
care under moderate-to-deep sedation with propofol and/or dexmedetomidine. 
Due to occasionally episodes of hypoventilation and/or airway obstruction, which 
were short and resolved easily with airway manoeuvers, the auteurs preferred to 
perform the procedure under general anaesthesia with a laryngeal mask airway 
placement. 
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In conclusion, in current practice the selection of a sedation strategy will depend 
on institutional practice, local experience and resources. The two studies, although 
small in subject numbers, show the feasibility of moderate-to-deep sedation. The 
available results and detailed description will help starting centers to choose and 
implement the sedation strategy for BT procedures best suitable for their center. 
Comparison data regarding different sedation/anesthesia strategies in a larger 
population are needed in order to draw final conclusions regarding the optimal 
sedation/anesthesia strategy for BT. 

Research question 2 (Chapter 5 and 6): 
What is the clinical response of Bronchial Thermoplasty in asthma patients? And 
can responder characteristics be identified? 
 The ultimate goal of BT is to reduce asthma symptoms, decrease medication use 
and increase quality-of-life. These endpoints can be (partly) measured by asthma 
control and asthma quality-of-life questionnaires (ACQ and AQLQ respectively), 
where a difference of > 0.5 points is considered a clinically relevant improvement. 
Also a reduction of the asthma exacerbation rate can be used as an endpoint of 
BT efficacy. 

Published randomized and non-randomized trials with clinical response parameters 
as primary and main secondary endpoints including asthma control, asthma 
quality-of-life and exacerbation rate have shown beneficial effects of BT (8, 10, 
17-19). The most debated results originate from the AIR-2 trial, a sham-controlled, 
randomized, multicentre trial including 297 subjects that were randomized 2:1 for 
BT versus sham. The primary endpoint AQLQ was significantly improved in the BT 
group compared with the sham group, however the between group difference did 
not achieve >0.5, which is considered to be clinically relevant (increase in AQLQ of 
1.35 in the BT group versus 1.16 in the sham group). However, the proportion of 
patients achieving a clinical relevant difference in AQLQ of >0.5 was significantly 
larger in the BT group compared with the sham group (79% vs. 64% respectively) 
(20). Furthermore, there was a 32% reduction in the rate of severe exacerbations 
in the BT treated group. 

Our preliminary data in 14 severe asthma patients (presented at the ERS 2017, 
Milan, Chapter 5) showed that 50% of the patients could be classified as clinical 
responders (defined as minimal clinical relevant difference of > 0.5 points in both 
ACQ and AQLQ measured 6 months following BT treatment). A reduction of 
the calculated exacerbation rate/year was observed in 79% of patients. Further 
details of responder outcomes in the full TASMA study population (n=40) will be 
available in 2019. With these details additional effect of BT on airway remodeling, 
inflammation, neural innervation, vascularisation and gene expression will be 
investigated.
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An important research aim of Chapter 6 was to challenge the hypothesis that 
clinical parameters correlate with baseline ASM mass and/or the change in ASM 
mass after BT. Literature shows that there is a relationship between ASM mass 
and FEV1; an increased ASM mass is related to a decreased FEV1 (21). Chakir et 
al. found that baseline ASM mass correlates with ASM mass reduction (19). In 
Chapter 6 we show that patients with a lower FEV1 have an increased ASM mass at 
baseline and have a greater reduction in ASM mass following BT treatment. From 
these results it can be hypothesized that patients with a lower FEV1 are the patients 
who will benefit most from BT treatment. Is a higher ASM mass at baseline and/
or a greater ASM mass reduction after BT related with a positive clinical outcome? 
At present, the limited amount of patients evaluated is too small to challenge this 
research question.

Research question 3 (Chapter 6): 
Does Bronchial Thermoplasty reduce ASM mass in asthma patients? 
At the start of the TASMA study in 2014, the actual effect of BT on the ASM mass 
in severe asthma patients was unknown. In dogs, an altered ASM of 36% of the 
airway circumference was shown 6 weeks after BT (7). Furthermore, lung cancer 
patients undergoing lobectomy showed a reduction in ASM 3 weeks after BT in 
50% of the circumference of the BT treated airway (11). 

Since then, a few uncontrolled studies evaluated the histological changes in the 
airway wall following BT in asthma patients. The first results were demonstrated 
by Pretolani et al who showed a 60% reduction of the ASM mass 3 months after 
BT in 10 patients (22). These results were confirmed by 2 other studies; one study 
(n=11) found a 58% reduction of ASM mass 6 weeks after BT (during the third BT 
session) (23) and the other study (n=17) found a 64% reduction 3 weeks after BT 
(during the second BT session) (19). Furthermore, Pretolani et al showed a 73% 
reduction of the ASM mass in 15 patients (5 more than the earlier reported 10 
patients) 3 months after BT (18). A more detailed review of these studies can be 
found in Chapter 2 (24). 

In Chapter 6 we present our own histological biopsy data, comparing ASM mass 
% in airway biopsies 3 weeks before BT treatment with biopsies 6 months after BT 
treatment, using the untreated right middle lobe (RML) as a control. We conclude 
that in 16 severe asthma patients, the ASM mass significantly reduced following BT 
treatment with 55% measured with desmin staining and 40% reduction measured 
with α-SMA staining, while the untreated RML remained unchanged. In order to 
compare the various study results, it is necessary to use the same histological 
evaluation method, including the same staining. Currently, α-SMA staining is most 
frequently used and seen as the standard. However, in addition to ASM, α-SMA 
also stains myoepithelial cells located around glands, pericytes in capillaries 
and mucosal and perivascular myofibroblasts whereas desmin is a more specific 
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staining for ASM. Therefore, it seems logical to use desmin staining to assess the 
effect of BT on the ASM mass. 

A drawback of the described studies is the lack of a control group, which restricts 
the assessment of the spontaneous time variation of ASM-mass. A significant 
difference in the ASM-mass change is ideally demonstrated between BT treated 
patients and control patients. The randomized control design of the TASMA study 
with a delayed treatment group will provide an answer to this question (primary 
endpoint). 

A limitation of biopsies studies in general is risk of variability of biopsy samples 
(25). The current advised approach is to investigate at least two airway mucosa 
biopsies, more subjects (as many as possible) and relatively few sections per 
biopsy, also called the “do more less well” strategy (26). Using this approach we 
found an intraclass correlation coefficient of 0.52 regarding the variability of ASM 
mass within biopsies, which can be interpreted as moderate according to the 
Landis-Koch system. 

To answer the question; does BT treatment reduce ASM mass in asthma patients? 
Yes, a reduction in ASM mass following BT is a consistent observation. The highest 
statistical evidence to answer the question, including a control group needs to be 
awaited. The randomized data from the TASMA study will be available in 2019 to 
answer this question.

PART III IMAGING OF THE AIRWAY WALL

Research question 4 (Chapter 8): 
Can Optical Coherence Tomography (OCT) visualize airway wall layers and 
related airway remodelling including the airway smooth muscle?
An enlarged and increased airway smooth muscle (ASM) mass is considered an 
important component of airway remodeling in (severe) asthma and is the aimed 
target of BT. To assess the amount of ASM mass, the effect of BT on ASM mass and 
related airway remodeling, it would be of interest to have a high-resolution imaging 
technique that can accurately identify and quantify ASM and/or airway remodeling. 
In clinical practice, current techniques that can assess the airway wall are high-
resolution computed tomography (HRCT)-scan of the chest, radial endobronchial 
ultrasound (rEBUS) and bronchial mucosal biopsies taken during bronchoscopy. 
HRCT requires patient exposure to ionizing radiation and has limited resolution 
that hampers visualization and quantification of the different airway wall layers. 
Radial EBUS is performed during a bronchoscopy and uses ultrasound waves to 
create real-time images of the airway wall at a single measure point. The clinical 
application of radial EBUS is currently under investigation. Biopsies taken during 
bronchoscopy can visualize the airway wall very precisely but this procedure is 
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relatively invasive, provides information of only a small selected site of the airways 
and in addition, the processing of biopsies is time consuming and often causes 
artefacts (27). 

Optical Coherence Tomography (OCT) is a minimally invasive imaging technique 
that -combined with bronchoscopy - is able to generate real-time high-resolution, 
near-histology images of the airway wall. Therefore, OCT is a promising imaging 
technique to identify and quantify the airway wall, ASM and airway remodeling. 
The background and available evidence of the OCT technique in pulmonology 
is comprehensively reviewed in Chapter 7 (28). Previously, OCT has been shown 
to be able to visualize different airway wall layers (29-33) and to quantify the total 
airway wall area (27, 34). In Chapter 8 we report for the first time on the feasibility 
of OCT to quantify, next to the total airway wall area, the separate airway wall 
layers, demonstrating a good and significant correlation with histology for both 
ex-vivo and in-vivo OCT based quantification of the mucosa and submucosa (35). 
Furthermore, this is the first study to compare ex-vivo with in-vivo OCT imaging 
which correlated significantly. The results are strengthened by a high inter-
observer reproducibility. 

These encouraging results are the outset for further investigations of this promising 
imaging technique. It would be of interest to see if OCT can differentiate between 
severe asthma patients, mild asthma patients and healthy subjects by airway wall 
characteristics including ASM mass. The next step is to investigate if OCT is able 
to identify airway wall characteristics of BT responders, e.g. a large ASM mass. 
As such, OCT might potentially serve as a screening tool that is able to identify 
patients that will benefit most of BT. 

In addition to the above, OCT might qualify for monitoring and quantifying the 
treatment effects of BT on airway remodeling during and after BT. During BT 
treatment, there is no direct feedback in terms of imaging and/or physiological 
parameters. Which airway wall layers are affected and how far does the heat shock 
reach in the distal airways? OCT may fill this knowledge gap. In addition, after BT 
treatment, biopsy results have shown that there is a reduction of ASM mass (19, 22, 
23). If OCT is able to detect BT changes in the ASM mass, this would make OCT 
more preferable as BT treatment evaluation/monitoring instrument because of its 
real-time and minimally invasive characteristics. OCT could also play a role in long 
term monitoring of BT treatment effect. Therefore, in the TASMA extension study 
OCT is performed 2 years after BT during a bronchoscopy. 

Recently a new OCT technique was developed and validated; a novel birefringence 
microscopy platform which is able to visualize and quantify ASM fibers (36, 37). 
This technique, able to specifically image the ASM, could be of interest in patient 
selection/monitoring for treatments that target the ASM, such as BT. 
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Research question 5 (Chapter 9): What is the incidence and behaviour over time 
of radiological abnormalities seen directly after Bronchial Thermoplasty?
From our own experience we learned that impressive radiological abnormalities 
can occur directly after BT. This was the reason to investigate the incidence, 
patterns and behavior over time of radiological abnormalities after BT treatment 
in severe asthma patients, data that were lacking at the onset of the TASMA study.
In Chapter 9 we report on the acute radiological abnormalities based on chest 
X-ray and ultralow dose CT after BT (38). We found that the incidence of acute 
radiological abnormalities after BT is high, 100% on ultralow dose chest CTs and 91% 
on chest X-rays. Four different radiological patterns were identified: peri-bronchial 
consolidations with surrounding ground glass opacities, atelectasis, partial 
bronchial occlusions and bronchial dilatations. The fact that these abnormalities 
were resolved in virtually all cases at 6 months’ follow-up was reassuring. One 
patient showed a focal bronchiectasis. Peri-procedural corticosteroid treatment 
was given to all patients. 

Another study group investigated the same research question in a similar severe 
asthma population at the same time. Debray et al also found a high incidence 
of radiological abnormalities the day after BT and the described abnormalities 
were largely in line with ours (39). The contrary findings are discussed in a 
correspondence letter in Chapter 10. For example, we found a lower incidence of 
atelectasis in our cohort. We systematically scored endobronchial abnormalities 
before and immediately after BT by scoring the mucosal injury. A significantly 
higher median mucosal injury score was seen in patients with atelectasis. The 
observed difference in the occurrence of atelectasis directly after BT might be 
related to the vulnerability of the mucosa (40). 

Routine chest X-ray or CT imaging after BT doesn’t seem necessary as it probably 
does not affect outcome or treatment. However, awareness of the pulmonary 
impact of BT directly after BT is important. 
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KEY FINDINGS OF THIS THESIS

BT results in a favorable clinical response in approximately half of the patients and 
reduces exacerbation rate by ~75%. It is feasible and safe to perform BT under 
moderate-to-deep sedation with spontaneous breathing provided by specialized 
sedation anesthesiology nurses. BT reduces the airway smooth muscle mass 
by >50% and the greatest reduction is seen in patients with a lower FEV1. In all 
patients treated with BT acute radiological abnormalities occur, which resolve 
spontaneously over time. Optical Coherence Tomography might qualify as the 
airway wall imaging technique of choice to visualize airway wall layers and might 
be helpful in the selection and evaluation of patients for BT. 

FUTURE PERSPECTIVES

Unravelling the mechanism of action of BT and further optimizing patient selection 
for BT are key priorities in the field. The complexity of asthma pathophysiology 
was highlighted in this thesis (24) and the reducing effect of BT on the ASM 
mass is demonstrated. However, it might well be possible that BT also influences 
the extracellular matrix, the inflammatory cascade, airway innervation and 
vascularisation. How BT affects these various pathophysiological components and 
how the impact of these components translate into clinical response needs further 
investigation. The full data of the TASMA trial might contribute to answer these 
research questions. 

Long-term follow-up after BT is of importance to monitor safety and clinical efficacy 
and related patient response profile and to gain knowledge about the duration of 
BT effect on the airway remodelling. Long-term results about the impact of BT 
on ASM mass are rare. In a single study it was shown that there was a persistent 
reduction of the ASM mass 2 years after BT (41). Therefore the TASMA extension 
study (clinicalTrials.gov,No: NCT02975284) was initiated which will follow-up BT 
treated patients within the TASMA study for 5 years for clinical parameters. In the 
TASMA extension study we will also perform a bronchoscopy at 2 years to obtain 
airway biopsies and repeat OCT imaging. This will complement the 4 long-term 
studies currently available, which showed persisted efficacy and safety up to 5 
years (42-45). For current clinical practice, it is advised to perform BT in specialised 
centres within registries or clinical studies (46). 
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SUMMARY

Chapter 1 is the introduction of the thesis providing a background on severe 
asthma, Bronchial Thermoplasty, Optical Coherence Tomography (a high 
resolution imaging technique), the TASMA study and the aims of this thesis.                                              
Chapter 2 provides a detailed review of the current literature on mechanism of 
action and available evidence of Bronchial Thermoplasty.                                                                 
Chapter 3 reports on the feasibility, safety and satisfaction rates for both patients 
and bronchoscopists using nurse administered propofol and remifentanil sedation 
for Bronchial Thermoplasty.                                                                                                                    
Chapter 4 contains a commentary on a study in which the effect of Bronchial 
Thermoplasty on the ASM mass in severe asthma patients was investigated for the 
first time. 
Chapter 5 discusses the clinical response in severe asthma patients on Bronchial 
Thermoplasty.                                                                                                                    
Chapter 6 reports on the change of the airway smooth muscle after Bronchial 
Thermoplasty and the correlation between FEV1 and ASM mass decrease.                                                                                                                    
Chapter 7 reviews the available literature of novel, innovative high resolution 
imaging techniques; Optical Coherence Tomography and confocal laser 
endomicroscopy in pulmonary diseases.                                                                                                                             
Chapter 8 reports on the feasibility of Optical Coherence Tomography to quantify 
separate airway wall layers and the correlation of both ex-vivo and in-vivo Optical 
Coherence Tomography based quantification of the mucosa and submucosa with 
histology.                                                                                                 
Chapter 9 reports on acute radiological abnormalities observed on chest X-ray 
and ultralow dose CT after Bronchial Thermoplasty.                                                                           
Chapter 10  contains  a  commentary  on  a  study  in  which  acute  radiological 
abnormalities following Bronchial Thermoplasty are described. 
Chapter 11 contains  the  general  discussion  and  summary  of  this  thesis.                         
Chapter 12 is the Dutch summary of this thesis.  
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INLEIDING

De wereldwijde prevalentie van astma wordt geschat op 334 miljoen en in 
Nederland hebben ongeveer 610.000 mensen de diagnose astma. 3,6% -10% 
van deze astmapatiënten lijden aan moeilijk behandelbaar of ernstig astma. Van 
ernstig astma wordt gesproken als ondanks optimale behandeling met hoge 
dosering inhalatiecorticosteroïden (ICS) en langwerkende bèta-agonisten (LABA) 
klachten en symptomen van astma onvoldoende onder controle zijn. Veelal is er bij 
patiënten met ernstig astma sprake van frequente exacerbaties, hetgeen resulteert 
in ziekenhuisopnames en werk- of school gerelateerd ziekteverzuim. Deze relatief 
kleine groep van patiënten heeft derhalve een aanzienlijke morbiditeit en zelfs 
mortaliteit, en is daarmee verantwoordelijk voor het overgrote deel van de 
gezondheidszorgkosten van astma in zijn geheel. Nieuwe behandelmogelijkheden 
zijn daarom noodzakelijk. 

Kenmerkend voor ernstig astma is onder andere het optreden van structurele 
veranderingen van de luchtwegwand, de zogenaamde luchtweg remodellering 
(‘airway remodeling’). Een belangrijk kenmerk van luchtweg remodellering is de 
toename van glad spiercelweefsel die is geassocieerd met de ernst van astma. 
Bronchiale thermoplastiek (BT) is een nieuwe bronchoscopische behandeling 
die gericht is op het verminderen van glad spierweefsel in de luchtwegen. 
Hiermee heeft BT een ander aangrijpingspunt dan de momenteel beschikbare 
medicamenteuze behandelingen en kan het een uitkomst bieden voor een 
gedeelte van de patiënten met ernstig astma. 

Bronchiale thermoplastiek is een minimaal invasieve behandeling voor ernstig 
astma die bestaat uit drie bronchoscopie sessies in een periode van minimaal 
twee maanden. Achtereenvolgens worden de rechter onderkwab, de linker 
onderkwab en als laatste de beide bovenkwabben met radiofrequente energie 
behandeld. Deze radiofrequente energie wordt gegenereerd door het Alair 
systeem (Boston Scientific, Natick, MA, USA) en afgegeven aan de luchtwegwand 
door een basket katheter die opgevoerd wordt door het werkkanaal van een 
standaard bronchoscoop. Middels het ontplooien van deze basket katheter 
kunnen op systematische wijze de luchtwegen met een diameter van 2-10 mm 
worden bereikt en behandeld, wat neerkomt op gemiddeld 45 activaties van 10 
seconden per longkwab. Tijdens een dergelijke activatie wordt de luchtwegwand 
verwarmd tot 65°C met de bedoeling de hoeveelheid glad spierweefsel te 
reduceren (ablatie). 

Ondanks aangetoonde positieve effecten op klinische uitkomsten zoals 
verbetering van kwaliteit van leven en minder exacerbaties, is het onderliggende 
mechanisme van BT nog maar beperkt opgehelderd. Verschillende potentiele 
mechanismen kunnen ten grondslag liggen aan het effect van BT. Aangezien 
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de luchtwegen een complex samenspel vormen van verschillende cellen en 
structuren met bijbehorende functies is het niet ondenkbeeldig dat het effect van 
BT verklaard wordt door een combinatie van verschillende mechanismen.

Bovenstaande maakt duidelijk dat aanvullend onderzoek naar BT noodzakelijk 
is om het exacte werkingsmechanisme van BT bij patiënten met ernstig astma 
verder te ontrafelen. Tevens zal het ophelderen van het werkingsmechanisme 
waarschijnlijk meer duidelijk maken welk fenotype astma patiënt het meeste 
baat heeft bij behandeling met BT. Met dit doel is in 2014 de TASMA-studie 
van start gegaan, gesubsidieerd door ZonMW en Longfonds. De TASMA-
studie is een multicentrische, gerandomiseerde studie, geïnitieerd vanuit het 
Academisch Medisch Centrum (AMC), waarbij 40 patiënten met ernstig astma 
worden behandeld in het AMC te Amsterdam, het Universitair Medisch Centrum 
Groningen (UMCG) te Groningen en de Royal Brompton te Londen (clin.trial.gov 
NL45394.018.13). Dit proefschrift is opgedeeld in 2 delen waarin hoofdstukken 
aan de orde komen die antwoord proberen te geven op openstaande vragen 
rondom BT. 

Bronchial thermopastiek in ernstig asthma

DEEL 1 BRONCHIALE THERMOPLASTIEK

Hoofdstuk 2 biedt een gedetailleerde samenvatting van de luchtweg 
veranderingen bij astma patiënten en een overzicht van de beschikbare literatuur 
over Bronchiale Thermoplastiek (BT). 

Hoofdstuk 3 rapporteert over de haalbaarheid, veiligheid en tevredenheid van 
zowel patiënten als bronchoscopisten voor propofol/remifentanil sedatie tijdens 
een Bronchiale Thermoplastiek behandeling, toegediend door gespecialiseerde 
anesthesiologie verpleegkundigen. Bij 13 patiënten met een ernstige vorm 
van astma die met BT werden behandeld, toonden we aan dat een bronchiale 
thermoplastiek behandeling onder propofol/remifentanil sedatie toegediend door 
gespecialiseerde anesthesiologie verpleegkundige inderdaad haalbaar en veilig 
is en hoge tevredenheid scores heeft van zowel patiënten als bronchoscopisten.

Hoofdstuk 4 bevat een commentaar op een onderzoek waarin voor het eerst het 
effect van Bronchiale Thermoplastiek op de gladde spieren van de luchtweg bij 
patiënten met ernstige astma werd onderzocht. De beschreven afname in de 
onbehandelde middenkwab was onverwacht en kan mogelijk worden veroorzaakt 
doordat de biopten voor en na behandeling op dezelfde plek worden genomen. 

In Hoofdstuk 5 laten we in 14 ernstig astma patiënten zien dat astma symptomen 
en kwaliteit van leven in de helft van het aantal patiënten met ernstig astma 
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verbetert na een behandeling met BT en dat ~80% van de ernstig astma patiënten 
na een behandeling met BT minder long aanvallen heeft.

In Hoofdstuk 6 rapporteren we de verandering van de gladde spier in de 
luchtweg-na Bronchiale Thermoplastiek. De hoeveelheid glad spier weefsel in 
de luchtweg wand voor de BT behandeling werd vergeleken met 6 maanden na 
BT behandeling en met de onbehandelde rechter middenkwab. We vonden een 
afname van de hoeveelheid glad spierweefsel van meer dan 50% na BT terwijl 
de onbehandelde rechter middenkwab onveranderd bleef. Daarnaast vonden we 
een correlatie tussen de mate van luchtwegobstructie (FEV1) en de hoeveelheid 
glad spierweefsel in de luchtweg voor en de afname hiervan na BT. Patiënten met 
een lagere FEV1 hebben meer luchtweg-gladde spier en deze patiënten hadden 
de meeste afname van de luchtweg-gladde spier zien na behandeling met BT.

DEEL 2 BEELDVORMING VAN DE LUCHTWEG WAND

Hoofdstuk 7 geeft een overzicht van de beschikbare literatuur over 2 nieuwe 
beeldvormingstechnieken in de longziekten; optical coherence tomografie 
(OCT) en confocal laser endomicroscopie (CLE). OCT is een minimaal invasieve 
beeldvormingstechniek gebaseerd op licht die in combinatie met bronchoscopie 
hoge resolutiebeelden van de luchtwegwand kan genereren die direct zichtbaar 
zijn. Het is een veelbelovende beeldvormingstechniek om de luchtweg en 
luchtweg veranderingen mee te identificeren en kwantificeren. CLE is een real-
time imaging techniek waarbij de luchtweg wand en de alveoli op microscopisch 
niveau kunnen worden afgebeeld. 

In hoofdstuk 8 rapporteren we voor de eerste keer over de haalbaarheid van OCT 
om afzonderlijke luchtweg lagen; de mucosa en submucosa te kwantificeren waarbij 
er een goede en significante correlatie aangetoond is met histologie. Bovendien 
is dit de eerste studie die ex-vivo en in-vivo verkregen OCT afbeeldingen vergelijkt 
waarbij een significante correlatie werd gevonden. De resultaten worden versterkt 
door een hoge reproduceerbaarheid tussen 2 onderzoekers. 

In hoofdstuk 9 hebben we onderzoek gedaan naar acute radiologische 
afwijkingen zichtbaar op een standaard röntgen foto of CT scan van de longen 
direct na behandeling met Bronchiale Thermoplastiek. We concluderen dat de 
incidentie van acute radiologische afwijkingen na BT hoog is, alle CT scans en 
91% van de röntgen foto’s lieten afwijkingen zien. Vier verschillende radiologische 
patronen werden geïdentificeerd; peribronchiale verdichtingen met omringend 
matglas, samengevallen longweefsel (atelectase), gedeeltelijke afsluitingen van 
luchtwegen en bronchiale verwijdingen. Het feit dat deze afwijkingen bij controle 
na zes maanden in vrijwel alle gevallen verdwenen waren, was geruststellend. 
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Hoofdstuk 10 is een commentaar op een publicatie van een andere onderzoeks 
groep die ook acute radiologische afwijkingen na BT beschreven in een 
vergelijkbare ernstige astma populatie. De hoge incidentie van radiologische 
afwijkingen de dag na BT en de beschreven afwijkingen waren grotendeels in 
overeenstemming met de onze. De tegengestelde bevindingen bespreken we in 
hoofdstuk 9. We vonden bijvoorbeeld een lagere incidentie van atelectase (samen 
vallen van longweefsel) in ons cohort. Een verklaring hiervoor kan de gevonden 
relatie zijn tussen directe slijmvliesschade veroorzaakt door BT en de uitbreiding 
van radiologische afwijkingen.
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