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ABSTRACT	

Squamous cell carcinoma of the lung arises from pre-invasive progenitors in the 

central airways. The archetypal model appears to be a stepwise morphological 

progression until there is invasion of the basement membrane. However, their 

natural history is not well understood and their treatment remains controversial, 

with radical therapies being offered to individuals who may never develop cancer.  

Autofluorescence bronchoscopy gives us the ability to follow the natural history of 

these lesions, with the prospect that early detection may improve survival. In this 

thesis, the natural history of pre-invasive disease is described in a prospective 

longitudinal cohort study. The data identifies a ‘high-risk’ cohort of patients with 

severe dysplasia and carcinoma in situ, in whom close surveillance detects multiple 

interval lung cancers at an early stage. The data from this indicates the need of a 

minimally invasive bronchoscopic treatment for these patients.  

A further prospective clinical trial evaluates the role of photodynamic therapy in 

individuals with early invasive carcinomas of the airway who were unfit for 

conventional lung cancer treatment. Photodynamic laser therapy (PDT) proved to 

be an effective therapy for patients with small and superficial lesions. However, 

PDT has not been tested in randomised controlled trials, so a randomised clinical 

trial (the PEARL trial) was designed to evaluate whether treating high-grade pre-

invasive lesions will avert progression into invasive carcinoma.  

Endoscopic laser resection of primary lung carcinoid tumours was also evaluated. 

This thesis demonstrates that laser can be used to effectively ablate carcinoid 

tumours. Treatment was particular effective in small intraluminal carcinoid tumours 

and may be an alternative to surgical resection. Finally, the role of sedation in 

interventional bronchoscopy was assessed in a prospective study for patients 

undergoing endobronchial ultrasound and transbronchial needle aspiration. This 

thesis demonstrates that endoscopist led sedation is comparable to anaesthetic led 

sedation, but identified the need for a randomised controlled trial.  
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IMPACT	STATEMENT	

The data in this thesis will have impact at a local and international level. Chapter 2 

describes how maintaining close surveillance of patients at ‘high-risk’ of lung cancer 

leads to early detection when curative treatments can be offered. It is unclear how 

patients with pre-invasive disease are currently managed internationally, so a 

publication on the clinical outcomes will disseminate the message that close 

surveillance in these patients is essential and should be carried out in specialist 

institutions. Chapter 2 further identified the clinical need to treat patients with 

high-grade pre-invasive disease who are at most risk. This led to the prospective 

study in chapter 3 to evaluate photodynamic therapy, a bronchoscopic technique 

using laser to activate the photosensitising drug that causes cancer cell death. The 

data from this chapter will be disseminated to colleagues using PDT through 

publication, but the outcomes also formed the foundation of a funding application 

to Cancer Research UK. There was a clinical need to evaluate the role of 

endobronchial ablation of pre-invasive disease. As a result, a collaboration with 3 

other lung cancer centres in the United Kingdom and Netherlands was formed to 

open a randomised clinical trial that will test whether PDT ablation of carcinoma in 

situ will prevent lung cancer. Chapter 4 looked at the role of a high-power laser in 

ablation of carcinoid tumours of the lung. The data from this thesis has improved 

local learning and changed how patients with carcinoid are managed at University 

College London Hospital. The data from this chapter will be disseminated by way of 

publication and will be used to design a randomised clinical trial to prove 

bronchoscopic ablation of carcinoid is non-inferior to surgery. Chapter 5 is a 

glimpse into the future of virtual 3D animation of central airway strictures. This 

small pilot was already presented as a poster in British Thoracic Oncology Group 

and will form part of a larger piece of work in assessing complex airway strictures. 

Finally, this thesis reported on the different types of sedation used for 

bronchoscopy procedures. This data will be published, but at a local level has 

changed practice at UCLH in which patients are selected for general anaesthetic. 
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Chapter	1 INTRODUCTION	

1.1 Squamous cell lung carcinoma 

Lung cancer is the leading cause of cancer-related death. It accounts for nearly 1.4 

million deaths worldwide every year, with a 6% five-year survival. In contrast to the 

steady increase in survival for most cancers, lung cancer outcome has barely 

changed in four decades [1,2]. Although surgical resection of early stage disease 

offers a prospect of cure [3], the vast majority of cases are diagnosed at a late stage 

with no hope of curative therapy. In contrast, prospects for patients with pre-

invasive or intraepithelial neoplastic lesions (stage 0), or early stage invasive 

cancers (Stage 1A) of the central airway are far better, with a 5-year survival of 

more than 70% [3–6]. 

Squamous cell lung cancer (SQCC) is the second most common type of non-small 

cell lung cancer in the US and most common in the UK. It accounts for around a 

third of all lung cancers and commonly arises in the central airways [7,8]. While 

there is promise for improving survival rates by early detection of small peripheral 

cancers through computed tomography (CT) screening (reducing lung cancer deaths 

by 16% to 20% in smokers) [9], this may not always detect small central airway 

cancers or indeed pre-invasive airway disease.  

 

1.1.1 Squamous cell lung cancer pathogenesis 

It is widely accepted that pre-invasive lesions are precursors of squamous cell 

carcinomas typically arising in the central airway bronchial epithelium [10]. These 

lesions may occur over wide areas of the tracheobronchial tree and are particularly 

prevalent in individuals who have smoked heavily or developed synchronous 

invasive lung cancers [11]. These observations underpin the generally held opinion 
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that squamous cell carcinomas (SQCC) develop through a series of morphological 

stages of increasing abnormality from basal cell hyperplasia, to metaplasia, 

dysplasia, carcinoma in situ (CIS) and then to invasive disease. The World Health 

Organization (WHO) summarised the pathological grading of these progenitor 

airway lesions in the Histological Typing of Lung and Pleural Tumours by Travis et al, 

summarised in Figure 1.1 [12]. 

 

 

Figure 1.1 – Stepwise progression of pre-invasive lesions to squamous cell 

carcinoma 
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1.2 Characteristics of pre-invasive lung cancer 

Squamous dysplasia may be mild, moderate, or severe, with severity being based 

on the progressive cytological aberration, loss of maturation and increasing 

involvement of the full thickness of the epithelium. The most important of these 

lesions is CIS, which sits on the extreme end of the spectrum where cytological 

aberration is extreme, mitoses occur at all levels, and there is no cell maturation. 

The usual form of CIS does not cause epithelial thickening, however a more unusual 

form exists where the lesion develops into an exophytic papillary growth that can 

cause mechanical airway obstruction, but remains free of mucosal invasion [13]. 

Although the WHO guidelines have been useful in distinguishing between the 

higher grades of dysplasia and CIS, there can be significant inter- and intra- 

observer variability in grading of specific pre-invasive lesions, even amongst 

experienced pulmonary pathologists [14,15]. This is as a result of considerable 

overlap between the categories and in any particular sample a range of grades may 

be seen. Furthermore, such lesions are not frequently encountered by pathologists, 

and may be incorrectly graded due to small biopsy size. Consequently, many 

investigators [16–18] have categorised lesions into “high-grade” and “low-grade”. 

This may minimise the risk of observer error in the histopathological reporting, and 

as described later seems to correlate to their risk of progression to invasive cancer. 
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Histological 
Grade 

Pathology 

Low-grade lesions 

Mild dysplasia Mild cellular atypia limited to lower ⅓ of airway epithelium.  
Mild anisocytosis and pleomorphism 
Mitoses absent or very rare. 

Moderate 
dysplasia 

More severe cytological disarray of lower ⅔ of airway 
epithelium. 
Moderate anisocytosis and pleomorphism 
Mitotic figures confined to lower ⅓. 

High-grade lesions 

Severe 
dysplasia 

High degree of cellular atypia and minimal cell maturation 
Disarray extends entire depth of epithelium, but without 
reaching the surface. 
Mitotic figures confined to lower ⅔. 

Carcinoma in 
situ 
(CIS) 

Extreme cytological aberration and chaos 
Uneven chromatin, variable nuclear size and shape, 
multiplicity of nucleoli and dyskariosis that extend 
throughout airway epithelium 
Mitotic figures through full thickness 
No infiltration of the basement membrane 

Table 1-1: Summary of pathological findings in pre-invasive disease of the airway 
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1.3 Detection of pre-invasive lesions in the airway 

1.3.1 Autofluorescence bronchoscopy 

The precise localisation of microinvasive carcinomas and preinvasive lesions is 

difficult as they are not easily visualised with conventional white light bronchoscopy 

(WLB) [19]. Autofluorescence bronchoscopy (AFB) improves visibility of these 

lesions by exploiting differences in the fluorescence and light absorption properties 

of normal and abnormal bronchial epithelium [20]. As pre-invasive lesions progress, 

they exhibit slightly weaker red fluorescence but proportionally much weaker green 

fluorescence (i.e. higher red:green ratio) than normal tissues when illuminated by 

blue light [21]. Optical systems are designed to detect a combination of these 

fluorescence and reflectance changes from the airway epithelium (figure 1.2). The 

most well-known device is the LIFE (Lung Imaging Fluorescence Endoscopy, Xillix 

Technologies) system, designed by Lam et al in Vancouver [22]. This system uses 

optical filters and was originally designed for use with fibreoptic bronchoscopes. 

The Pentax SAFE-3000 system (Pentax Corp., Tokyo, Japan) [23] and the Olympus 

autofluorescence, AFI-Lucera (Olympus, Tokyo, Japan) [24] are based on similar 

principles and are configured to work with video bronchoscopes. 
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Figure 1.2 – Severe dysplasia on left upper-lower lobe carina, hardly detectable on 

(a) white light bronchoscopy, but easily visible on (b) autofluorescence 

bronchoscopy. Images from an Olympus autofluorescence bronchoscope (BF-F260), 

AFI-Lucera (Olympus, Tokyo, Japan). 

 

The development of autofluorescence bronchoscopy has led to a significant 

increase in diagnostic sensitivity for detecting pre-invasive disease, demonstrating a 

1.4–6.3 fold improvement in detection over white-light bronchoscopy (WLB) alone 

[22–31]. A recent meta-analysis reported a pooled sensitivity for detection of pre-

invasive disease of 85% for WLB with AFB, compared to 43% using WLB alone 

(relative sensitivity 2.04, 95% CI 1.56-11.55) [32]. However, AFB can detect a large 

number of false positive lesions, such as inflammation making its specificity poor 

[25–27]. The same analysis by Sun et al reported a pooled specificity of 61% [32]. 

However, recently there has been research into improving AFB specificity using a 

quantitative scoring system based on red-green reflectance [33], or by combining 

AFB with narrow-band imaging (NBI) [34], which may in the future reduce the 

number of sites sampled during a procedure. 
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1.3.1.1 Prevalence of pre-invasive disease 

AFB has been used to assess prevalence of pre-invasive disease in ‘at-risk’ patients. 

As part of the large chemoprevention studies by Lam and colleagues, combined 

WLB and AFB in smokers of 20 pack-years or more showed the prevalence of mild, 

moderate, or severe dysplasia and CIS was 40%, 14%, 6.5%, and 1.8%, respectively 

[35]. They further showed that women had not only a lower prevalence of high-

grade lesions (14% versus 31%; odds ratio = 0.18; 95% CI 0.04–0.88), but fewer 

synchronous pre-invasive lesions after adjusting for smoking (p = 0.048). Ishizumi et 

al suggest that this prevalence has come down over time, reporting occurrence of 

moderate or severe dysplasia and CIS as 9%, 1.9% and 0.8%, respectively amongst a 

cohort of 1,581 smokers [36]. Further data come from groups evaluating patients 

with positive sputum cytology [19,26,31,37], and AFB in this patient cohort can 

identify a large number of pre-invasive and invasive lesions. Chhajed et al screened 

151 patients at a high risk of lung cancer with sputum cytology and performed 

bronchoscopy when it showed moderate dysplasia or worse. Of 343 lesions, WLB & 

AFB showed mild, moderate or severe dysplasia and CIS in 14%, 15%, 2%, and 1% of 

the lesions detected, respectively [19]. However, since sputum cytology atypia is 

rarely encountered in clinical practice and its use in screening remains uncertain, 

few patients are likely to be diagnosed through this pathway. 

 

1.3.2 Narrow band imaging 

NBI (Olympus Optical Co., Japan) is an optical imaging technology designed to 

improve visualisation of microvascular structures in the mucosal and submucosal 

layers [38]. The bronchoscope emits light of two specific wavelengths, which are 

strongly absorbed by haemoglobin. This technique can detect increased vessel 

growth, tortuosity, and microvascular patterns in both the superficial and deeper 
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layers of the epithelium [39]. It is potentially useful for detection of pre-invasive 

disease as angiogenesis has been shown to occur early on in these lesions [40]. Only 

one study has directly compared NBI and AFB prospectively in pre-invasive disease 

[34]. The relative sensitivities of AFB and NBI, when compared to WLB were 3.7 

(p=0.005) and 3.0 (p =0.03), respectively. NBI was not only as sensitive as AFB, but 

comparatively has increased specificity. Although based on only a small number of 

patients, NBI has the potential to be incorporated into clinical practice without 

losing sensitivity, and could improve selection of lesions requiring biopsy. 

 

1.3.3 Optical Coherence Tomography 

Optical coherence tomography (OCT) is an optical imaging technique that employs 

near infra-red light to visualise the epithelium down to a 3-micrometer resolution. 

The longer wavelength of light penetrates tissue and scattered light is measured via 

a probe that fits down the working channel of a bronchoscope. Three-dimensional 

images are constructed from these data [41–43]. In the airway it has been 

demonstrated that an increased thickness of the epithelial layer can differentiate 

normal mucosa from dysplasia, and interruption of the basement membrane can be 

seen when looking for micro-invasive carcinoma [41,44]. Although not currently 

employed in routine clinical practice, OCT may have a role as an adjunct to AFB, 

particularly in confirming whether there is breach of the basement membrane in 

cases with equivocal pathology. 
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1.3.4 Computerised tomography and nuclear imaging 

Imaging with computerised tomography (CT) and positron emission tomography 

(PET) has a role in detection of parenchymal lesions, staging, and identification of 

metastatic disease. A high-grade pre-invasive lesion in the airway is unlikely to be 

detected by CT; however this imaging modality plays an important role in detecting 

interval lung cancers during longitudinal surveillance that would otherwise be 

missed by bronchoscopy [16,17]. However, Sutedja et al have used high-resolution 

CT (<1mm slice thickness) to evaluate both CIS and early invasive cancers as part of 

a diagnostic algorithm to look for peri-bronchial extension and determine whether 

an endobronchial treatment approach is feasible [45]. PET remains in its infancy in 

assessment of pre-invasive disease, however a pilot study of 20 lesions certainly 

looked promising [46]. We have taken this forward and assessed the diagnostic 

utility and predictive biomarker potential of PET in a nested cohort of 44 untreated 

patients with high-grade lesions (29 CIS) followed-up for 11 years [47]. Of 8 patients 

observed to have a PET-positive CIS lesion, 7 (87%) progressed to invasive cancer 

versus 6 of 21 (28.6%) patients with PET-negative CIS lesions (p = 0.001). We 

showed that PET appears to detect the ‘high-risk’ CIS lesions that will progress to 

invasive cancer, and by including this in our diagnostic algorithm, also detected 

separate synchronous invasive airway cancers. 

 

1.4 The natural history of pre-invasive disease 

Longitudinal studies using AFB-guided biopsy of lesions in the central airways have 

provided some insight into how pre-invasive disease behaves over time [16–18,48–

52]. However, developing statistical models of which lesions progress or regress is 

not straightforward, especially in severe dysplasia and CIS [53]. There are problems 
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with intra- and inter-observer variability in clearly defining the severity of the 

dysplasia [14,15], interpreted on small bronchoscopic mucosal biopsies. 

Comparison of specific studies is also difficult [36,53,54]. Most studies enrol small 

numbers of patients using different inclusion criteria, baseline lesions, and follow-

up is often relatively short. The definition of the end-point of studies also varies; 

investigators may define LGL progression to severe dysplasia, CIS or invasion, or 

combine the outcomes [55]. Finally, with the exception one study [16], CIS is often 

treated with concern it may progress to invasion, compromising a true assessment 

of the natural history of CIS. Even within studies of treated patients, different 

endobronchial treatments are employed. Despite these problems, we can still draw 

general conclusions from several of the larger longitudinal studies, Table 1-2. 

Progression rates to invasive carcinoma vary depending on the initial grade of 

lesion [17,18,49] and it is generally accepted that high-grade lesions are more likely 

to progress to invasive cancer than low-grade lesions [16–18,36,49,55]. In the study 

by George et al, none of the low-grade lesions progressed to invasive cancer over a 

follow-up period of 12-85 months [16]. Breuer et al in their cohort found 

progression of mild or moderate dysplasia to CIS or invasion (9%) to be significantly 

different from severe dysplasia (32%) [49]. Similarly, other authors have reported 

low rates of progression of low-grade lesions to invasive cancer [18,50,56]. 

Interestingly, in a recent large study where strict definitions of ‘site-specific’ 

progression were used, no significant difference in development of invasive disease 

was observed between high- (18%) and low- (12%) grade lesions [17]. This is in part 

due to the high rate of progression observed in low-grade lesions and the group’s 

usual practice of treating CIS. However, this study is one of the first to follow-up 

patients over a long period of time (up to 12.5years) and reflects the importance of 

following up low-grade lesions. In contrast, other groups have described 

progression of CIS to invasion as high as 43%–87% [18,48,51,52,57]. In these studies 

the lesions were follow-up at short time intervals, stable CIS or invasion were both 
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considered ‘progression’, and these lesions were subsequently treated 

[18,48,51,57]; making any firm conclusions impossible. Therefore, it is difficult to 

appreciate the natural history of high-grade lesions where endobronchial treatment 

hasn’t influenced its outcome. The study by George et al is unique, describing the 

course of 36 untreated high-grade lesions over a median of 23 months. In this 

cohort, 6 (17%) progressed to invasive cancers [16]. Interestingly, this is a similar 

incidence of progression to cancer as seen in treated high-grade lesions [17,57]. 

Importantly, the data from these studies show that patients with HGLs develop 

both synchronous and metachronous lesions, both pre-invasive and of lung cancer 

[16,17,51,56,58]. Van Boerdonk and colleagues performed a longitudinal study with 

AFB and CT in 164 patients (80 with high-grade lesions) [17]. They detected 61 

cancers in 55 patients with a median time-to-event of 16.5 months. Of these, 35 

were detected by AFB, where 10 interval endobronchial cancers occurred away 

from the initial detected site at study entry. This meant that overall 59% of cancers 

were metachronous and more likely to occur in individuals with high-grade lesions 

(HR 1.84, CI 95% 1.05-3.22). The incidence of metachronous lung cancer in those 

with pre-invasive lesions is similar to that seen by other authors [16,56,59]. For 

example, George et al detected 11 lung cancers in 9 patients with high-grade 

lesions, giving an estimated risk of developing lung cancer of 33% at 1 year and 54% 

at 2 years [16]. These studies support the theory of ‘field carcinogenesis’, and 

suggest pre-invasive disease, in particular high-grade lesions, are a marker of lung 

cancer risk. However, many of these lesions are also precursors that do progress to 

cancer, and thus being able to reliably predict which ones will progress to invasive 

disease will determine whether intervention is necessary. 
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Investigators Baseline 
histology 
& lesion 

(no.) 

Median 
follow-up 
(months) 

Lesions 
treated 

Lesion end 
point 

Comments 

Venmans et al 

(2000) [48] 

SD (3) 

 

CIS (6) 

NS Yes SD®INV: 100% 

 

CIS®INV: 33% 

CIS®CIS: 17% 

CIS®LGL: 50% 

8 further metachronous 
lesions detected 

Deygas et al 

(2000) [60] 

CIS (35) 1m & 1year Yes CIS®LGL: 71% 

CIS®CIS: 9% 

CIS®INV: 20% 

28% local recurrence (1 year) 

Disease free-interval 13-
45months 

Bota et al  

(2001) [18]  

SD (27) 

CIS (31) 

3–24 Yes SD®CIS: 37% 

CIS®CIS: 87% 

HGLs had 3m assessment 
prior to treatment decision 

Moro-Sibilot et al 
(2004) [51] 

SD (3) 

 

CIS (28) 

24 (13–41) Yes SD®INV: 50% 

 

CIS®LGL: 52% 

CIS®CIS: 5% 

CIS®INV: 43% 

CIS (untreated) progressed in 
29% 

Breuer et al 

(2005) [49]  

SD (25) NS Yes SD®LGL: 52% 

SD®SD: 16% 

SD®CIS: 32% 

Progression to invasion not 
stated 

George et al 

(2007) [16] 

HGL (36) 21 (1–72) No HGL®LGL: 19% 

HGL®HGL: 
64% 

HGL®INV: 17% 

Time to progression 4-
17months 

Salaun et al  

(2008)$ [52] 

SD (23) 

 

CIS (31) 

68 (19–
117) 

Yes SD®INV: 0% 

CIS®LGL: 13% 

(untreated) 

CIS®LGL: 32% 

(treated) 

CIS®INV: 23% 

HGLs had 3m assessment 
prior to treatment decision 

Van Boerdonk 

(2015) [17] 

HGL (80) 

CIS:14 

30 (4–152) Yes HGL®INV: 18% 

(site specific 
progression) 

Cumulative 5-year lung 
cancer risk 39% in HGLs 

Table 1-2: Natural history of high-grade pre-invasive disease of the airway 
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Investigators Baseline 
histology 
& lesion 

(no.) 

Median 
follow-up 

Lesions 
treated 

Lesion end 
point 

Comments 

Bota et al  

(2001) [18] 

SqM (36) 

MET (152) 

 

 

LGD (169) 

3–24 No SqM®CIS: 0% 

MET®CIS: 2% 

MET®INV: 
1.5% 

 

LGD®CIS: 
3.5% 

No LGD progression to 
invasion 

Breuer et al 

(2005) [49] 

MET (45) 

LGD (64) 

NS No MET®CIS: 9% 

LGD®CIS: 9% 

Progression to invasion not 
stated 

Hoshino et al 

(2004) [50] 

MiD (32) 

MoD (56) 

7 (5–17) No MiD®INV: 0% 

MoD®INV: 2% 

 

George et al 

(2007) [16] 

 

LGL (17) 21 (1–72) No LGD®INV: 0%  

Van Boerdonk 

(2015) [17] 

LGL (84) 30 (4–152) Yes LGL®INV: 12% 

(site specific 
progression) 

Metaplasia included in 
definition of low-grade lesion 

Table 1-3: Natural history of low-grade pre-invasive disease of the airway 

 

LGL=low grade lesion, HGL=high grade lesion, INV=invasive disease, CIS=carcinoma in situ, 
SD=severe dysplasia, MoD=moderate dysplasia, MiD=mild dysplasia, SqM=squamous metaplasia  
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1.5 Predictive risk factors for progression of pre-invasive 

lesions 

1.5.1 Clinical risk factors 

Clinical risk factors and risk prediction tools have been extensively studied as 

decision aids in management of suspicious parenchymal lesions [61,62]. Although 

there are no validated models for pre-invasive disease there are some recognised 

associations. Active smoking, presence of synchronous lung cancer, number of 

baseline pre-invasive lesions, previous head and neck cancer and exposure to 

carcinogens including asbestos have all been shown to be risk factors for 

harbouring high-grade lesions in the airway [16–18,26,58,63]. Paris et al showed in 

a study of 241 patients that a number of these factors are independently associated 

with high-grade lesions, with accumulation of multiple factors conferring even 

higher risk [58]. However, these causative risk factors such as COPD, previous head 

and neck or lung cancer and smoking behaviour do not appear to consistently 

correlate with progression of pre-invasive disease [18,49,51,56]. This is in part 

related to some of the limitations of longitudinal studies described. Alaa et al 

examined 240 lesions under longitudinal surveillance with AFB and CT, with 

progression to CIS or cancer as an end-point. Metachronous severe dysplastic 

lesions found during follow-up (p = 0.0001), COPD (p = 0.001) or smoking history 

>52 pack-years (p = 0.042) were all associated with higher risk of developing lung 

cancer [64]. This appeared to indicate that having more than one lesion was a risk 

factor for lung cancer corroborated by Pasic et al who used an AFB scoring system 

showed in a cohort of 46 individuals that the number of suspicious lesions at 

baseline bronchoscopy correlated with developing invasive cancer. With detection 

of either one, two, or three suspicious lesions on AFB, lung cancer developed in 8%, 

50% and 100% of cases, respectively [63]. This indicates a higher risk of lung cancer 
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in those individuals with multifocal airway lesions, also shown by other groups 

[16,17,48]. Understanding clinical risk factors that indicate progression to lung 

cancer is important and as with many studies the relationship of individual lesions 

and progression is difficult to ascertain., however, it is likely that increased 

understanding of molecular alterations in these lesions will play a far more 

important role for risk prediction. 

 

1.5.2 Molecular risk factors 

Genetic and epigenetic changes are likely to long precede the morphological 

transformation of pre-invasive lesions, with carcinogenesis ensuing following 

accumulation of successive molecular abnormalities, resulting in selection of clonal 

cells capable of invasion. Figure 1-3 summarises our interpretation of how pre-

invasive disease exhibits the ‘hallmarks of cancer’. Salaun et al followed 54 high-

grade (31 CIS) lesions up to 144 months and correlated outcome with the molecular 

profile. The presence of 3p loss of heterozygosity (LOH) and presence of more than 

one site of LOH were associated with increased risk of progression to lung cancer 

[57]. The group further showed that presence of baseline 3p LOH was associated 

with a poorer survival, although treatment of endobronchial lesions may have 

affected lesion progression. McCaughan et al looked at alterations in chromosome 

3, in 10 high- and 7 low- grade lesions within a nested cohort [65]. Progression 

occurred in 8 of the 10 high-grade lesions, all of whom had amplification of 

chromosome 3q. Similarly, Massion et al looked at genomic gains identified by 4 

FISH probes (TP63, CEP3, CEP6, MYC) in 70 patients with preinvasive disease, 27 of 

whom developed lung cancer [66]. In a group of lesions ranging from moderate 

dysplasia to CIS, they showed this combination of probes offered a diagnostic 

sensitivity of 82% for predicting lung cancer. Van Boerdonk et al recently described 
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a molecular classifier based on copy number alterations of 3p26.3-p11.1 (loss), 

3q26.2-29 (gain) and 6p25.3-24.3 (loss) in a group of patients with metaplasia that 

predicted progression to lung cancer with 97% accuracy [67]. They applied this 

classifier to an independent set of 36 ‘high-risk’ patients, whereby progression to 

CIS or invasion was observed in 12 (3 low-grade and 9 high-grade baseline lesions) 

and 24 cases remained ‘cancer or CIS-free’ [68]. The classifier predicted progression 

to CIS with an accuracy of 92% (CI 77-98%). The negative predictive value of this 

classifier was 89%, with the gain at 3q26.2-q29 being present in virtually all lesions 

and hence contributing most strongly to the classification model. Although it would 

be useful to see a comparative cohort of progression to invasive cancer only, this 

study validates a copy number alteration, CNA-based classifier system as an 

objective determinant for progression of pre-invasive disease and likely a 

determinant for developing cancer. 

Investigators have also utilised immunohistochemistry and other methods to detect 

markers that may predict progression of pre-invasive disease. These include p53 

[50,69], Ki-67 labelling index [50,70], telomerase activity [50,71], apoptotic proteins 

[69], C-reactive protein [72] and proteomic signatures [73]. However, they have not 

yet been validated in prospective studies and their utility over and above histology 

has not been established. In contrast, genetic alterations in pre-invasive disease 

appears to hold far greater promise. Assessment of lesion epigenetic and genetic 

signatures in the future will not only provide a better understanding of 

carcinogenesis, but will also likely to form the basis of biomarkers that guide 

treatment decisions and indicate prognosis. 
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Figure 1.3– Molecular changes in the progression of pre-invasive disease 

 

Numerous genetic and epigenetic changes have been identified as occurring at the various grades of 

preinvasive disease, with some occurring in histologically normal epithelium [65,68,82–85,74–81]. 

Figure based on the originally proposed hallmarks of cancer by Hanahan et al [86]. EGFR=epidermal 

growth factor receptor, CEP=chromosome enumeration probe, MYC=myelocytomatosis viral 

oncogene homolog gene, SOX-2=(sex determining region Y)-box 2, FHIT= fragile histadine triad, Bcl-

2=B-cell lymphoma 2, VEGF=vascular endothelial growth factor, NP=neuropiln 
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1.6 Treatment of early central airway lung cancers 

The American College of Physicians and other authors advocate surgical treatment 

for CIS and early lung cancers in the airway [4,6,7,87]. Despite these lesions being 

small, their central location means around 70% of individuals require a lobectomy, 

and the remaining either a bilobectomy or pneumonectomy for curative resection 

[4]. This approach carries appreciable morbidity and mortality, which is difficult to 

justify in preinvasive disease when there is no guarantee that any of these lesions 

will progress to invasion. George et al followed 36 high-grade untreated lesions in 

their cohort and showed 7 lesions regressed (19%), while a further 23 remained 

indolent (64%) [16]. Bota et al made a treatment decision after 3 months of follow-

up for 32 CIS and 27 severe dysplasia cases [18]. Although they did not state the 

number that remained indolent and the follow-up period was short, 7 (22%) CIS 

and 17 (63%) of severe dysplasia lesions had regressed, respectively.  

Surgery for patients with such early stage disease is associated with 5-year survival 

rates in the region of 90% [4,6]. However, patients with CIS also have a significant 

risk of developing multifocal preinvasive and invasive carcinoma at other sites 

within their lungs and consequently may not have sufficient pulmonary reserve to 

undergo further lung resection. This dilemma has been overcome by other 

investigators managing CIS with endobronchial treatments, thereby avoiding lung 

resection [53–55]. In one review, Banerjee et al concluded overall CIS regression 

occurred in 58% of individuals undergoing treatment, however 34% of CIS lesions 

progressed despite treatment [53].  

While many investigators do report good results with a variety of endobronchial 

treatments, these studies are often small, with short follow-up, and frequently 

combine progression to invasive and high-grade preinvasive histology as a single 

end-point [7,53,55]. Since none of the studies have included a control arm 
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[48,51,55,60,88], the natural history of the lesions treated in these studies is not 

known, and the clinical and prognostic value of the intervention remains unclear. 

Nonetheless, since high-grade dysplasia and CIS are known to progress to invasive 

lesions in a high proportion of cases, effective treatment of airway lesions should 

prevent invasive cancers, leading to considerable benefit for patients and 

circumventing the expense and morbidity of treating advanced lung cancer. It is 

therefore not surprising that investigators have adopted different local ablative 

bronchoscopic techniques into routine practice and chemotherapeutic agents for 

the prevention of cancer are coming under the spotlight. A summary of the minimal 

invasive techniques used for local control are summarised in Table 1-4. 
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Investigators Lesions (n) Complete 
response (%) 

Comments 

Photodynamic Therapy 

Kubota et al 

(1992) [89] 

29 72% CR 89% in lesions <10mm 

Furuse  

(1993) [90] 

59 CIS: 100% 

INV: 80% 

CR in lesions <1cm: 98% 

CR in lesions >1cm: 43% 

Imamura et al 

(1994) [91] 

39 64% CR in superficial lesions: 76% 

CR in nodular lesions: 43% 

Kato et al 

(1996) [92] 

95 83% CR in lesions <1cm: 94% 

CR in lesions 1-2cm: 54% 

Kawaguchi et al 

(2000) [93] 

59 73% 53% had no recurrence at 2-year 
assessment 

Miyazu et al 

(2002) [94] 

18 100% EBUS to identify superficial lesions (9 
lesions treated) 

Furukawa et al 

(2005) [95] 

114 Lesion <1cm: 
93% 

Lesion >1cm: 
58% 

5-year survival (<1cm): 58% 

5-year survival (>1cm): 59% 

Kato et al 

(2006) [96] 

264 85% Local recurrence in 12% of cases 

Endo et al 

(2009) [97] 

48 94% Tumour length <10mm 

Overall 5-year survival: 81% 

Usuda et al 

(2010) [98] 

28 100% PDT used to treat 11 individuals with 
multifocal disease 

Jung et al 

(2011) [99] 

39 100% PDT used in central airway lesions in 
individuals with multifocal disease 
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Brachytherapy 

Perol et al 

(1997) [100] 

19 83% Brachytherapy schedule: 

7Gy x 3-5 fr. 

Local control in 75% (n=16) at 1-year 

16% had severe bronchial necrosis or 
fatal haemoptysis 

Taulelle et al 

(1998) [101] 

22 96% Brachytherapy schedule: 

7-10Gy x 3-5 fr. 

Survival (median): 17months 

Marsiglia et al 

(2000) [102] 

34 94% Brachytherapy schedule: 

5Gy x 6 fr. 

Local control in 85% at 2-year median 

Lorchel et al 

(2003) [103] 

35 86% Brachytherapy schedule: 

5Gy x 6 fr. 

Bronchial stenosis observed in 36% of 
cases 

Hennequin et al 

(2007) [104] 

106 59% Brachytherapy schedule: 

7Gy x 5-6 fr. 5-year survival 48% 

Electrocautery 

Van Boxem et al 

(1998) [88] 

15 77% 30 watts power applied until visible 
necrosis 

Cryotherapy 

Deygas et al 

(2000) [60] 

35 

(CIS only) 

91% 28% local recurrence (1 year) 

Disease free-interval 13-45months 

Table 1-4: Different endobronchial modalities used to treat early central airway pre-

invasive and invasive lesions 
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1.6.1 Photodynamic Therapy 

Photodynamic therapy (PDT) has a proven track record of successful tumour 

ablation [105]. It relies on activation of a photosensitiser that preferentially 

accumulates in transformed cells. Using a specific wavelength of light delivered 

endobronchially, release of reactive oxygen species causes cellular apoptosis to the 

lesion in question. PDT can achieve good response rates in radiographically 

negative airway cancers [89,90,99,106,91–98]. In an early phase II study, Furuse et 

al treated 59 early cancers with photofrin, a first-generation photosensitizer [90]. A 

complete response (CR) was seen in 85% of patients, with the remainder having 

either a partial or no response. A review of over 700 invasive and preinvasive 

lesions across 15 trials revealed a complete response rate of 30–100% and an 

overall 5-year survival of 61% [107]. They further showed that PDT is safe with 

photosensitivity being the most common complication in 5–28% of cases. The lower 

response rates seen in this review were largely due to the heterogeneity of cases 

treated and it has since come to light that PDT is most effective when there is no 

extra-cartilaginous disease and the tumour length is <1cm [94,95]. Furukawa et al 

used PDT as the definitive treatment in 114 stratified lesions (<1cm or >1cm), with 

long-term follow-up [95]. When persistent atypia was demonstrated at the same 

site the authors showed complete remission could be obtained by performing a 

second PDT. A complete response was seen in 93% of lesions <1cm in size 

compared to 58% of lesions >1cm. While the 5-year survival was not influenced by 

tumour size, the lower survival in both groups may be due to poor baseline 

performance status as patients receiving this treatment were unsuitable for surgical 

treatment. PDT should be considered for those in whom surgery is medically or 

technically not possible. PDT is becoming more common as treatment of 

preinvasive disease, especially in cases of multifocal disease where a tissue sparing 

approach is necessary. While patient selection has improved [94], its role as a 
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definitive treatment remains unclear and will be examined in our recently Cancer 

Research UK funded, randomised controlled trial (Photodynamic therapy for the 

prevention of lung cancer, PEARL). 

 

1.6.2 Brachytherapy 

Endobronchial brachytherapy (EBBT) involves the placement of a radioactive 

(commonly iridium) source via a catheter delivered through the working channel of 

the bronchoscope. Since the depth of treatment is usually 1cm, lesions that extend 

beyond the cartilage can be treated, whilst sparing normal lung tissue. It is a well-

established method for the local, palliative treatment of locally advanced tumours 

in the central airways [108]. However, its role in the definitive treatment of 

preinvasive and radiographic occult cancers is yet to be proven in randomised 

controlled trials. Hennequin et al used brachytherapy as a monotherapy to treat 73 

individuals with early cancers <10mm in length [109]. They re-evaluated at 1-

2months, showing CR in 59% of cases, which was more frequently observed in 

shorter tumours and those undetectable on CT imaging. Median overall survival in 

this group was 21 months, amongst which 5% of deaths were attributable to the 

treatment (massive haemoptysis or airway wall necrosis). The same group later 

went on to show long-term local control and survival can be achieved with 5-year 

cause-specific survival of 49% [104]. Other groups have reported equally good 

outcomes, with CR rates ranging from 83-96% and 2 or 3-year survival between 45–

92% [100–102,110]. In a review by Skowronek, complications occurring the in the 

acute setting were reported as uncommon, but include pneumothorax, 

bronchospasm, haemoptysis and cardiac arrhythmia or arrest [111]. Of the papers 

reviewed, instances of massive haemoptysis occurred in 0–18.9% of cases. Since 

EBBT is often used in advanced tumours, it is not always clear whether these 
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occurred as a result of the treatment or progression of disease. Late complications 

such as chronic radiation bronchitis and bronchial stenosis are observed in long-

term survivors. Lorchel et al treated 35 cases of CIS or small invasive carcinomas 

with high-dose EBBT and demonstrated a response in 86% [103]. However, longer-

term complications were observed, with bronchial stenosis occurring in 12 of 33 

(36%) individuals. 

 

1.6.3 Cryotherapy 

Cryotherapy uses extreme cold to destroy abnormal tissue. In the airway this is 

delivered via a flexible probe that passes through the bronchoscope working 

channel. The probe is then cooled by delivering compressed gas to its tip, usually 

nitrous oxide or carbon dioxide, resulting in temperature reduction via the Joule-

Thompson effect. Deygas et al used cryotherapy to treat 35 patients with CIS and 

early invasive cancers [60]. A complete response was seen in 32 patients (91%), 

observed at intervals of 1 month and 1 year. Local recurrence in this group occurred 

in 10 cases (28%) with a disease-free interval of 13–45months. 

 

1.6.4 Other ablative therapies 

Endoluminal electrocautery uses a high-frequency electrical current to induce a 

heating effect, causing coagulation and tissue necrosis. Van Boxem published the 

only study using solely this technique; of 13 patients, 80% achieved a complete 

response rate with no recurrence at a median of 21 months follow-up (16–43 

months) [88]. Whilst more data is needed, electrocautery is promising with its 
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effect limited to superficial tissue, the ability to deliver treatment using flexible 

bronchoscopy and its relatively low-cost. 

The neodymium-doped yttrium aluminium garnet (ND-YAG) and diode laser often 

takes center place in the interventional bronchoscopists tools; used commonly to 

ablate tumours causing central airway obstruction, see Figure 1.4. No randomised 

trial has been conducted using laser in early central airway cancers. Cavaliere et al 

reported 22 cases of early lung cancer treated within a nested cohort, and whilst 

excellent outcomes were reported, no long-term follow-up was conducted [112]. 

The depth of penetration of ND-YAG is 2-6mm and this does carry a risk of 

perforation into nearby structures and vasculature. Lasers such as potassium titanyl 

phosphate (depth »0.5mm-2.0mm), thulium (depth »0.2–0.5mm), or carbon 

dioxide (depth »0.1mm) which have shorter and more controlled depths of optical 

penetration, and are more likely to be useful in superficial pre-invasive lesions 

[113]. 
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Figure 1.4 – (A) Tracheal hamartoma treated with (B) cryo-extraction and (C) diode 

laser ablation until (D) all residual disease vaporised 
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Chapter	2 LONGITUDINAL	STUDY	OF	

PATIENTS	WITH	PRE-INVASIVE	LESIONS	OF	

THE	BRONCHUS	

2.1 Introduction 

It is widely believed that pre-invasive lesions are precursors to squamous cell 

carcinoma and that they progress through a series of morphological stages until 

invasion occurs. Much of the evidence for this hypothesis comes from Auerbach’s 

post mortem studies that were conducted over 40 years ago [114]. He 

demonstrated that carcinoma in situ (CIS) lesions were present in up to 75% of 

heavy smokers and that their distribution corresponded with that seen in 

squamous cell carcinoma. 

The potential of sputum cytology as a non-invasive test was first raised  by the 

longitudinal studies of Saccomanno et al [115]. Sputum samples collected from 

uranium workers at high risk were found to contain cells with increasingly 

malignant features in those individuals who subsequently developed lung cancer 

[115]. When precursor lesions form throughout the respiratory epithelium as a 

consequence of carcinogenic exposure, exfoliated cells are consequently detected 

in the sputum. Certainly, there remains ongoing interest in high-risk populations, 

for example, patients with COPD are at increased risk of developing lung cancer if 

they have abnormal sputum, and in a cohort of 2550 patients, 17.7% of individuals 

who were found to have at least moderate cytological atypia had a cumulative lung 

cancer incidence of 10% at 3 years and 20% at 6 years, see Figure 2-1. [116]. 

However, sputum gives no information on specific lesions in the airway, especially 
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when they are multi-focal. Further problems include poor sensitivity and variation 

in pathologist agreement [117]. 

The parallel developments of sputum cytometry and fluorescence bronchoscopy 

have facilitated the detection of pre-invasive lesions within the airways of high-risk 

individuals and this has raised the clinical dilemma as to how these lesions should be 

managed. In view of their malignant potential, some groups have treated CIS and 

severe dysplasia promptly [17,18,48], but this has complicated the interpretation of 

their natural history. However, in Auerbach’s original post mortem studies in heavy 

smokers, although dysplasia or CIS was found in up to 75% of heavy smokers, only 1 

in 10 appeared to have a clinically significant squamous cell lung cancer [114]. Since 

dysplastic lesions are by definition non-invasive, one would expect them to be cured 

with surgical resection or radiotherapy. However, this clinical scenario is faced with 

3 caveats: (i) these patients frequently have co-existing medical problems such as 

chronic obstructive pulmonary disease (COPD) and poor cardiopulmonary reserve 

making them poor candidates for surgery (ii) they are often at high-risk of developing 

synchronous and metachronous lesions throughout the airway, and (iii) not all pre-

invasive lesions will progress to invasive cancer, with some regressing back to normal 

epithelium. Hence, a radical approach may not always be possible, or indeed 

required. However, there is universal agreement that individuals with pre-invasive 

disease are at risk of developing lung cancer and that early detection of pre-invasive 

lesions maybe critical to improving survival.  

A prospective longitudinal cohort study using autofluorescence bronchoscopy and 

computerised tomography surveillance at University College London Hospital was 

conducted over a 10 year period to identify and closely monitor high-risk patients 

for lung cancer. In this chapter, the aim is to define the natural history of pre-

invasive lesions of in this cohort, assess the clinical factors that predict 



2.1 Introduction 43 

 

 43 

development of lung cancer, and determine whether early detection through a 

surveillance programme could improve outcomes. To allow useful comparison, 

results are drawn out of this study similar to Van Boerdonk et al, who recently 

presented their cohort of patients treated for high-grade pre-invasive disease [17].  

The participating centre was University College London Hospital. Ethical approval 

was granted by the Joint UCL/UCLH Committees on Ethics of Human Research (REC 

01/0148). 

 

 

Figure 2.1– Cumulative risk of lung cancer in patients with COPD, in whom 

abnormal sputum is detected 

Cumulative lung cancer incidence of 10% at 3 years and 20% at 6 years, Figure reproduced from 

Prindiville et al, Cancer Epidem Biomarker Prev, 2003. [116].  
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2.2 Methods 

2.2.1 Patient population 

Individuals were first identified by their primary and secondary care physicians with 

a high perceived risk of lung cancer. This may have included unexplained chest 

symptoms (i.e. persistent haemoptysis) and/or identification of abnormal 

investigations. They were then referred to our tertiary centre for an assessment 

where usually a clinical assessment, radiological investigation and autofluorescence 

bronchoscopy were performed. As described autofluorescence bronchoscopy is 

more sensitive at detecting pre-invasive and early invasive lesion in the 

tracheobronchial tree and allows us to accurately identify the extent and stage of 

these lesions. Once the assessment was complete, a recommendation was made 

for either recruitment into this study, discharge back to the referring physician, or 

treatment recommendations if an invasive lung cancer was detected. 

Consecutive patients with a perceived high risk for lung cancer based on smoking 

history, abnormal sputum cytology, symptoms of unexplained haemoptysis, or 

incidental findings of dysplasia on flexible white light bronchoscopy underwent a CT 

and AFB between 1st January 2000 and 1st December 2016. Of these individuals, 

those that met the inclusion criteria were entered into the study. 

2.2.1.1 Inclusion criteria 

Presence of one or more pre-invasive lesion detected on autofluorescence 

bronchoscopy confirmed on histology as either: (i) mild (MID) or moderate (MOD) 

dysplasia defined as low-grade lesions, or (ii) severe dysplasia (SD) or carcinoma in-

situ (CIS) defined as high-grade lesions. 
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2.2.1.2 Exclusion criteria 

• Evidence of invasive carcinoma detected on autofluorescence 

bronchoscopy, CT, PET, and/or histopathological findings 

• Patients who have previously had undergone curative treatment for invasive 

carcinoma of the lung were still eligible for the study 

• General medical conditions precluding bronchoscopy 

• Specific respiratory disease affecting ability to tolerate bronchoscopy 

• Refusal or inability to give informed consent 

 

2.2.2 Intervention 

All individuals underwent annual CT Thorax with contrast and autofluorescence 

bronchoscopy with either the D-Light autofluorescence bronchoscope (Karl Stortz, 

Germany), or Olympus autofluorescence AFI-Lucera (Olympus, Tokyo, Japan). The 

AFB was performed under moderate sedation using either intravenous midazolam 

and/or fentanyl or propofol under anaesthetic supervision, using the following 

method (Figure 2-2): 

• The bronchial tree was first inspected under white light and then under 

blue. All abnormal areas were initially documented and sampled when the 

bronchoscopic examination had been completed. 

• Sites were recorded as distinct lesions when separated by mucosa with 

normal white light and fluorescence appearances. 

• 3-5 biopsies were taken from each lesion and control site in formalin 

solution for standard histopathological analysis. 

• Biopsies were also taken in gel-based freezing medium for molecular 

analysis 
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2.2.2.1 When pre-invasive lesions were identified 

AFB was repeated at intervals according to the highest grade of pre-invasive lesion 

in the patient’s airway: 

• For SD or CIS, bronchoscopy was performed every 4-6 months 

• For hyperplasia (HYP), metaplasia (MET), MID, MOD or normal epithelium, 

bronchoscopy was performed every 8-12 months 

• The index lesion was biopsied on each occasion, as were any other lesions 

previously known to harbour pre-invasive pathology. 

• Any newly identified lesions were also biopsied and kept under surveillance 

 

2.2.2.2 When invasive lesions were identified 

• The patient management was directed by a lung cancer multi-disciplinary 

meeting 

• Surveillance with AFB and CT continued after treatment for the detected 

cancer had been completed with appropriate data censoring 

 

2.2.2.3 When the bronchoscopy was normal 

• Three biopsies were taken from the area of the index lesion(s) and a control 

normal site in the airway 

• Patients were offered surveillance on the basis of being a high-risk cohort, 

but outside this current study  
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Figure 2.2– Longitudinal surveillance of patients with pre-invasive disease study 

schema 
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2.2.3 Study outcomes 

2.2.3.1 Primary Outcome 

The primary outcome measure was the progression to invasive lung cancer, which 

was defined as: 

• site-specific progression, defined as a microinvasive squamous cell 

carcinoma originating from the index endobronchial pre-invasive lesion 

detected on AFB 

• metachronous central airway cancer, defined as a squamous cell carcinoma 

occurring at another distinct site in the tracheobronchial tree detected on 

AFB surveillance 

• metachronous parenchymal cancer, defined as an interval primary lung 

cancer (any pathology), which was either histologically proven or based on 

clinical suspicion as agreed in the lung cancer multi-disciplinary meeting.  

 

2.2.3.2 Secondary outcomes 

• Identify the clinical risk factors that affect the development of lung cancer 

• Assess whether a low- or high- grade pre-invasive lesion predicts the risk of 

lung cancer 

• Establish whether a longitudinal surveillance programme can identify lung 

cancers at an early stage 

• Determine the cancer-free survival in patients with pre-invasive disease of 

the airway 

• Determine the overall survival in patients with pre-invasive disease 
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2.2.4 Statistical analysis 

For the purpose of this study, pre-invasive lesions identified were dichotomised 

into two groups, either (i) low-grade lesions (LGL), which include mild (MID) or 

moderate (MOD) dysplasia, or (ii) high-grade lesions (HGL), which include severe 

dysplasia (SD) and carcinoma in situ (CIS). The rationale for this is described in 

Chapter 1 and is consistent with the previous publication from a smaller number of 

patients from this cohort [16]. Patients with more than one lesion of LGL and HGL, 

were grouped according to the highest grade found. Individuals with insufficient 

follow-up (<3 months) were excluded.  

Differences between groups with nominal variables were estimated using either 

Chi-square or Fisher’s exact. Differences in numerical dependent variables were 

analysed using the independent two-sample t-tests or Mann Whitney U for non-

parametric data. The cancer-free survival (CFS) analysed was done using the 

Kaplan-Meier method and calculated from the date of first AFB or histopathological 

confirmation when pre-invasive disease was found at a resection margin, to the 

date when the first cancer (bronchial or parenchymal) was detected (i.e. time to 

event). Censoring was performed when subjects were lost to follow-up or due to 

death. The overall survival (OS) was calculated for all subjects from the date of first 

AFB examination or histopathological confirmation on a resection margin to the 

date of death (time to event). Censoring was performed to the date subjects were 

lost to follow-up. Survival analysis was again performed using the Kaplan-Meier 

method. A cox proportional hazards analysis was then performed with elimination 

of any non-significant variables. Clinical factors that could affect cancer occurrence 

or death were identified and dependence between these variables was adjusted to 

determine the risk. For all analyses, a p values of 0.05 or less was considered 

statistically significant. All statistical analyses were performed using SPSS Statistics 

software (version 24.0; IBM).  
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2.3 Results 

2.3.1 Study population 

Of 124 individuals at risk for lung cancer, we excluded 12 patients who had 

microinvasive cancer at their initial AFB and CT assessment and 17 who had no 

lesions seen in their bronchial tree. Eighty-three subjects had one or more pre-

invasive endobronchial squamous lesion(s) detected on their initial 

autofluorescence bronchoscopy (AFB). Of these, 6 subjects were excluded from the 

analysis on the basis of insufficient follow-up (<3 months), leaving a cohort of 77 

subjects with pre-invasive endobronchial squamous lesions (Figure 2.3). 

 

 

Figure 2.3–Study population flow chart 
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2.3.2 Patient demographics at time of referral 

A total of 77 individuals (64 men and 13 women) were eligible for the study and had 

an average age of 65 ± 8.8 years at the time of their first AFB. Sixty-eight (88%) of 

patients were either current or former smokers; only 3 (4%) were never smokers 

with data missing for the other 6 patients. Sixty-one percent (n=47) had a diagnosis 

of COPD and a total of 33 individuals had previous curative treatment (surgical 

resection or radical radiotherapy) for non-small cell lung cancer (NSCLC) and/or 

head and neck squamous cell cancer. Since previously NSCLC and cancer of the 

head and neck are risk factors for developing lung malignancy, the patient 

demographics, clinical and smoking history, and surveillance data are shown in 

these two groups in Table 2-1.  Overall, there were no significant detected 

differences in age, gender, smoking status, and presence of COPD between the two 

groups. 

At the first baseline autofluorescence bronchoscopy, low grade lesions (LGLs) were 

found in 25 individuals and high grade lesions (HGLs) in the other 52 patients. A 

median of two pre-invasive lesions (range 1–5) per patient was identified on the 

baseline AFB. The distribution of LGL and HGL was similar in patients with and 

without cancer history (10 LGL and 23 HGL vs. 15 LGL and 29 HGD, respectively; p = 

0.73).  

Individuals were in the study for surveillance period of 53 months (range 3 – 196 

months). During this time, a median number of 7 (2–28) AFBs and 5 (1–19) CTs 

were undertaken in each individual over the course of the study. There was no 

difference in how many scans or bronchoscopy a patient had whether they had 

previously been treated for a previous lung or head and neck squamous cell lung 

cancer. 
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Characteristic Total 
No previous 

NSCLC 

Previous radical 

treatment for 

NSCLC 

P value 

Individuals, n 77 44 33  

Age 65±8.8 63.6±9 67.6±8 0.31 

Gender     

Male 64 36 28 0.73 

Female 13 8 5  

Smoking Status     

Never 3 3 0 0.29 

Ex-smoker 55 30 25  

Current smoker 13 8 5  

Unknown 6 3 3  

COPD Status     

COPD 47 24 23 0.48 

No COPD 9 6 3  

Unknown 21 10 11  

AFB, median no. 7 (2–28) 5.5 (2–24) 8 (2–28) 0.49 

CT scans, median no. 5 (1–19) 5 (1–16) 7 (1–19) 0.13 

Surveillance period 

(median months) 

53 (3–196) 50 (3–196) 53 (5–171) 0.97 

Table 2-1: Baseline characteristics of study patients 

AFB=autofluorescence bronchoscopy, CT=computed tomography, NSCLC=non-small cell lung cancer  
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2.3.3 Lung cancers detected during bronchoscopy and computerised 

tomography surveillance 

Over the surveillance period individuals were monitored with surveillance AFB and 

CT as described in the methods. Any lung cancer detected was fully treated then 

the patient would resume the AFB and CT surveillance programme. A total of 64 

lung cancers were detected in 38 subjects within a median time to first cancer of 17 

months (Table 2-2). In 87% of individuals (n=33), lung cancers were detected in the 

first 5 years of follow-up. 

Annual CT imaging detected 19 (30%) of all the primary lung cancers found in the 

surveillance programme. There was no significant difference as to whether the 

patient had a previous lung or head and neck cancer diagnosed. Interval cancers 

detected on CT were only seen to occur in patients who had a baseline HGL. No CT 

detected cancers were found in those with LGLs. 

Autofluorescence bronchoscopy detected 70% (n=45) of the cancers in longitudinal 

surveillance programme. Fourteen of these (22% of all cancers) were newly 

identified endobronchial lesions (metachronous AFB detected cancers), Table 2-2. 

Thirty-one (48% of all cancers) of the cancers detected with AFB, originated from 

the index pre-invasive lesion (site-specific progression). Of the 31 patients that 

developed site-specific progression of their index pre-invasive lesion, 28 had a 

baseline HGL (28/52 individuals; 53%) and 2 had an index LGL (2/25 individuals; 

8%), see Figure 2.4. All metachronous endobronchial cancers developed only in 

those individuals with a baseline HGL (15/52 individuals; 28%); none were seen in 

those harbouring an index LGL. 
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A stage shift in the cancers diagnosed are shown in Figure 2.5 when compared to 

the Cancer Research UK dataset for ‘cancer stage at diagnosis’ in England [118]. 

Ninety-three percent of the cancers detected were at stage I (60/64 cancers). Three 

cancers were diagnosed at stage II and one was diagnosed at stage IIIB [119].  

 

 Total 

N=38 

individuals 

No previous 

NSCLC 

Previous radical 

treatment for 

NSCLC 

Any lung cancer 

detected 

64 29 33 

Metachronous lung 

cancer detected in 

parenchyma on CT 

19 (30%) 10 9 

Tracheobronchial lung 

cancer detected on AFB 

45 (70%) 21 24 

Site-specific 

progression 

31 (48%) 17 14 

Metachronous 

AFB detected 

cancers 

14 (22%) 3 10 

Table 2-2: Lung cancers detected stratified by previous cancer history 

AFB = autofluorescence bronchoscopy; CT = computed tomography; NSCLC = non-small cell lung 

carcinoma. No significant differences detected on any dependent variable for groups ‘no previous 

NSCLC’ or ‘previous radical treatment for NSCLC’. 



 

 

 

Figure 2.4 – Proportion of high- and low- grade pre-invasive lesions progressing to invasive carcinoma  

 



 

 

 
Figure 2.5 – Lung cancer stage at diagnosis for individuals in the surveillance 

programme compared to the routine presentation through clinic in England 

Routine presentation to lung cancer through target referral pathways [118] 
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2.3.4 Probability of lung cancer in a ‘high-risk’ patients 

Figure 2.6 shows the cumulative risk for all individuals in the study. The probability 

for developing lung cancer in this ‘high-risk’ un-treated cohort was 16% in the first 

year, 52% at 5 years, and 64% at 10 years, see Table 2-3. Patients were 

dichotomised into high- and low- grade depending on their baseline AFB detected 

lesion. For individuals who had an index HGL, the risk of any cancer developing, at 

any site in the lungs was 22%, 71%, and 82% at 1, 5, and 10 years, respectively. For 

low grade lesions these were 0%, 11%, and 22%, respectively (Table 2-3). Figure 2.7 

illustrates this on a Kaplan Meier plot. The difference between HGL and LGLs is 

statistically significant with the log-rank for this being p<0.01.  

A multivariate cox regression analysis was then undertaken and this showed that 

harbouring a baseline HGL was as an independent risk factor for developing a lung 

cancer (hazard ratio, 14.0; 95% confidence interval [CI], 2.8–68.5; p = 0.001). A 

history of radically treated lung or head and neck cancer, smoking status, or 

presence of dysplasia at resection margin after lung cancer surgery did not appear 

to be risk factors for cancer-free survival (Table 2-4). While a previous diagnosis of 

COPD did not appear to be a significant risk factor, there was a trend towards 

clinical significance (hazard ratio 7; 95% CI 0.9–54.5; p=0.06). 
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 Cumulative risk of developing cancer 

Time Overall Baseline HGL Baseline LGL 

1 year 16% 22% 0% 

5 year 52% 71% 11% 

10 year 64% 82% 22% 

Table 2-3: Probability of developing lung cancer in a high-risk cohort 

HGL = high grade lesion and LGL = low grade lesion  
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Figure 2.6– Kaplan-Meier plot to estimate of cancer occurrence in individuals with 

pre-invasive disease 
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Figure 2.7– Kaplan-Meier plot to estimate cancer occurrence in individuals with 

baseline high- or low- grade pre-invasive airway lesions  

Kaplan-Meier Log Rank <0.01 
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2.3.5 Causes of death in a cohort at high-risk of lung cancer 

The overall 5-year and 10-year survival for these high-risk individuals is 70% and 

43%, respectively. Median overall survival was 112 months (95% confidence 

interval [CI], 68–155 months), see Figure 2.8. Over the course of the surveillance 

study, 30 individuals died in total (30/77; 39% all-cause mortality). Most of these 

patients died as a result of lung cancer (20/77; 26% lung-cancer related mortality), 

and 10 died as a result of their baseline co-morbidities. Of the patients who died 

from lung cancer, no clear difference was observed in the groups of patients who 

previously had a radically treated lung or head and neck cancer (30% vs 23%; 

p=0.21). Using a multivariate cox regression analysis none of independent variables 

considered to be risks for death were found to be significant (see Table 2.4). Again a 

trend for increased risk of death was seen if patient had a previous diagnosis of 

COPD. Although, the calculated hazard ratio 5.7 (95% CI. 0.7–45) may indicate 

clinical significance, it was not significant (p=0.09).  
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Figure 2.8– Overall survival of individuals with pre-invasive disease of the airway 
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Indication Study Group Cancer-free survival Overall survival 

  HR (95% 

CI) 

p value HR (95% 

CI) 

p value 

Cancer 

history 

No previous 

HNSCC/NSCLC vs 

previously radically 

treated 

HNSCC/NSCLC 

0.63 (0.17–

2.31) 

0.48 0.27 (0.03–

2.30) 

0.23 

Baseline 

histology 

HGL vs LGL 14.0 (2.80–

68.51) 

0.001 2.16 (0.64–

7.25) 

0.21 

Resection 

margin 

Disease at surgical 

stump vs no disease 

at stump 

1.25 (0.30–

5.26) 

0.76 2.64 (0.27–

25.95) 

0.40 

COPD No COPD vs COPD 

 

7.00 (0.90–

54.51) 

0.06 5.72 (0.73–

45.0) 

0.09 

Smoking Ex-smoker vs 

Smoker 

 

4.41 (1.10–

16.31) 

0.13 5.12 (0.91–

21.0) 

0.28 

Table 2-4: Cox proportional model showing independent variables affecting cancer-

Free Survival and Overall Survival 

AFB=autofluorescence bronchoscopy, CT=computed tomography, NSCLC=non-small cell lung cancer, 

HNSCC=head and neck squamous cell carcinoma, HGL=high grade lesion, LGL=low grade lesion, 

CI=confidence interval, HR=hazard ratio 
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2.4 Discussion 

In this chapter, a surveillance study that has followed a unique cohort of high-risk 

patients longitudinally for up to 15 years has been examined. The work 

demonstrates that while not all pre-invasive lesions of the airway progress, 

individuals harbouring this disease, especially those with high-grade lesions are at 

high risk for developing lung cancer. The findings from this study also show that 

close surveillance in a unique programme using computerised tomography and 

autofluorescence bronchoscopy detected cancers at a much earlier stage, when 

curative treatment is still possible. Finally, the work identifies a subgroup of 

patients with high-grade pre-invasive disease who are at most risk of developing 

lung cancers; not only at its original location, but anywhere in the lung. 

Surveillance with annual CT and 4-12 monthly AFBs detected a total of 64 lung 

cancers in 38 individuals with a median time to event of 17 months. The most 

comparable long-term follow-up study by Van Boerdonk et al picked up 61 lung 

cancers in a larger cohort of 164 patients with pre-invasive disease of the central 

airway [17]. The higher proportion of cancers detected in this study (lung cancer 

detection 49% vs. 34%) is because of two major factor.: The first is the patients 

recruited in the Van Boerdonk study include those with baseline lesions of 

metaplasia (termed low-grade lesions), which are rarely seen to progress to 

invasive cancer (see Table 1-2 and 1-3, Chapter 1). The second is that patient with 

any high-grade lesions in the Van Boerdonk study have endobronchial ablative 

therapy to remove the lesion [17]. In this study, independent factors that could 

influence lung cancer occurrence such as smoking status, COPD, and a previous 

diagnosis of treated lung and head and neck cancer were tested. They did not 

appear to influence the occurrence of lung cancer, but the presence of high-grade 
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pre-invasive disease does seem to identify the individuals who are ‘at risk’ of 

developing cancer. Those with high-grade lesions were more likely to develop 

invasive cancer at the original or index (site-specific) site in the airway and were 

more likely to develop metachronous cancers in the central airway or lung 

parenchyma when compared to patients with low-grade lesions. Interestingly, 52% 

of all the cancers detected in surveillance, developed in a different part of the lung 

from the index pre-invasive lesion. Approximately one-third of all the detected lung 

cancers were found by computed tomography, rather than by bronchoscopy. The 

data indicates that high-grade pre-invasive lesions not only function as cancer 

precursors, but also act as a marker for lung cancer risk. These results are strikingly 

similar to that seen by Van Boerdonk and colleagues, who found that 59% of 

cancers detected in surveillance were also found at another site in the lung [17] 

looking at pre-invasive disease in the lung [17]. Similarly, Lee et al in their follow-up 

of patients with oral premalignant leukoplakia found a high incidence of 

metachronous pre-invasive and invasive lesions in the head and neck [120]. The 

findings from these studies and in this chapter support the concept of “field 

cancerisation”, in which the entire bronchial epithelium is exposed to the 

carcinogenic effects of tobacco smoke [121]. 

Previous longitudinal studies using AFB-guided biopsy have provided some insight 

into how pre-invasive disease behaves over time, and it is generally accepted that 

high-grade lesions are more likely to progress to invasive cancer than low-grade 

lesions [16–18,36,49,55]. Since the progression of severe dysplasia and CIS is known 

to be high [18,48,51,52,57], many authors have advocated treatment with the 

clinical concern that invasive cancer may develop. In the present study, treatment 

was withheld until there was histological or radiological/clinical evidence of 

progression to invasive cancer in order to precisely evaluate the true malignant 

potential of pre-invasive lesions. Approximately half of HGLs in our study 

underwent site-specific progression to invasive cancer (28/52 individuals), with the 
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remainder of lesions remaining stable or regressing to LGLs. These findings differ 

from those of Venmans et al and Breuer et al who report that virtually all CIS 

lesions are destined to invasive carcinoma [48,49]. However, comparison of studies 

is complicated due to differences in study definitions, classification of pre-invasive 

lesions and the change in pathological definitions across the period over which 

these studies were performed [14,15,122,123]. In addition to inter- and intra- 

observer variability there maybe heterogeneity within each individual lesion. 

Many pre-invasive lesions act as precursors for invasive cancer, and thus being able 

to reliably predict which progenitor will progress may help to determine whether 

intervention is necessary, and may reduce the number of AFBs and period of 

surveillance needed in these individuals. In line with this study, the presence of 

multi-focal, high-grade lesions in high-risk patients does appear to increase the 

overall risk of lung cancer [16,17,48], however, it is likely that increased 

understanding of molecular alterations and biomarkers will have the most potential 

in identifying high-risk lesions the future. Van Boerdonk et al applied a molecular 

classifier based on copy number alterations to a set of 36 ‘high-risk’ individuals, 

showing that the classifier predicted progression to CIS with an accuracy of 92% (CI 

77-98%); with a negative predictive value of 89% [68]. While this proof-of-concept 

was shown in LGL progression to CIS, its clinical performance in development of 

invasive lung cancer would have the greatest potential. The additional research 

samples collected from this cohort has also informed a predictive model that 

confidently identifies, which lesions will progress to invasive cancer through 

progression-specific methylation changes on a background of widespread 

heterogeneity, and a strong chromosomal instability signature [124]. 

The treatment (surgical resection or endobronchial) of pre-invasive epithelial 

lesions remains controversial. The American College of Physicians and other 
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authors advocate surgical treatment for CIS and early lung cancers in the airway 

[4,6,7,87]. Surgery for patients with such early stage disease is associated with 5-

year survival rates in the region of 90% [4,6]. Despite these lesions being small, 

their central location means around 70% of individuals require a lobectomy, and 

the remaining either a bi-lobectomy or pneumonectomy for curative resection [4]. 

This approach carries appreciable morbidity and mortality, which is difficult to 

justify when there is no guarantee that a pre-invasive lesion will progress to 

invasion. Further, as we have shown in this study, individuals are at risk of 

developing metachronous cancers and consequently may not have sufficient 

reserve to undergo further resection. This dilemma has been somewhat overcome 

by other investigators managing CIS with endobronchial treatments, thereby 

avoiding lung resection [53–55]. Van Boerdonk and colleagues in their recent study 

where lesions were treated with endobronchial therapy, showed a site-specific 

progression rate (to invasive cancer) of 18% for high-grade lesions (SD and CIS). 

These results are comparable to other natural history studies that included 

treatment of high-grade lesions with progression rates of 18-43% [17,48,49,51,53]. 

While many investigators do report good results with a variety of endobronchial 

treatments, these studies are often small, with short follow-up, and frequently 

combine progression to invasive and high-grade pre-invasive histology as a single 

end-point [7,53,55]. Since none of the studies have included a control arm 

[48,51,55,60,88], the natural history of the lesions treated in these studies is not 

known, and the clinical and prognostic value of the intervention remains unclear.  

In this study, maintaining combined surveillance with CT and bronchoscopy ensured 

that lung cancers were identified at an early stage (stage I and II), were definitive 

curative treatment could be then offered to the patient. This is in stark contrast to 

the late disease stage presentation at diagnosis in England, where around 1 in 5 

patients present early enough to have curative treatment [118]. Close surveillance 

in this study has allowed patients to have treatment for early cancers as has been 
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shown by other groups [16,17,36,53]. Individuals would then continue in the 

programme, which allowed further early cancers to also be diagnosed (64 cancers 

detected in 38 patients) in this high-risk cohort. In this study, individuals harbouring 

a HGL have significant risk of developing lung cancer. In our untreated cohort of 

HGLs, the 5-year cumulative cancer risk was 71%, as compared to 39%, as seen in 

Van Boerdonk et al treated high-grade disease cohort. While differences in cancer 

incidence could be explained by factors, such as differences in population risk, 

institution care delivery and follow-up duration, this difference really raises 

questions as to how subjects with these high-grade lesions should be managed, and 

it certainly would appear that treatment reduces the risk of lung cancer. It is 

unknown whether this effect is purely as a result of reduction in site-specific 

cancers and therefore raises a further interesting question of whether effective 

treatment of an index lesion would reduce the occurrence of cancers at remote 

sites in the lung. It has previously been proposed that the precancerous field is 

monoclonal in origin [125,126]. In 5 patients within a nested cohort of untreated 

high-grade lesions followed longitudinally, we have shown cells from CIS lesions are 

capable of migrating across histologically normal epithelium and establishing new 

clonal lesions [127]. By detecting a rare somatic TP53 mutation we demonstrated 

multi-focal high grade lesions were derived from a common clonal ancestor; and 

since neighbouring mucosa was normal (p53-wild type), propose that clonal 

migration occurs across the airway epithelium. 

This study had several limitations that need to be considered. Firstly, the relative 

size of the cohort is small, although probably one of the largest internationally. We 

report a high incidence of lung cancer in this group, because patients are mostly 

referred to our institution after finding abnormal sputum cytology or detection of 

lesions on white light bronchoscopy, hence referred to as a ‘high-risk’ cohort in this 

chapter. The cancer incidence would significantly differ in a screening setting where 
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individuals are selected based on clinical risk profiling followed by examination of 

the airway with AFB [128]. Secondly, it is assumed that biopsy specimens taken 

from pre-invasive lesions do not influence the outcome of that lesion. It has been 

suggested that bronchial biopsies may completely remove some lesions, but, while 

this possibility cannot be discounted, it is unlikely as most lesions appeared 

considerably larger than the area sampled by biopsy. Thirdly, there is missing data 

on co-morbidities that could influence some of the conclusions drawn on the 

importance of COPD. Finally, it is possible that treatment of invasive lesions (e.g. 

radiotherapy) may have affected the behaviour of adjacent pre-invasive lesions. As 

a result, we have carefully censored and discarded lesion data if we anticipated an 

effect from any treatment the individual may have received. 
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2.5 Conclusion 

In conclusion, a high incidence of the lung cancer is found in ‘high-risk’ individuals 

with pre-invasive disease of the central airways. Close surveillance with 

autofluorescence bronchoscopy and computerised tomography identifies cancers 

at an early stage when treatment with curative intent can be offered. Individuals 

with changes of severe dysplasia and carcinoma in situ are at particular risk, but the 

treatment of these lesions remains controversial. Endobronchial treatments have 

the advantage of conserving lung tissue and are therefore an attractive therapy 

option. However, there is no data on which treatment modality is superior for pre-

invasive lesions and there are major limitations of existing cohort studies, 

precluding any conclusions that can be drawn on efficacy of bronchoscopic 

intervention. Therefore, the analysis in the chapter highlighted the clinical need for 

establishing the efficacy of an endobronchial treatment of pre-invasive lesions in a 

randomised controlled trial.
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Chapter	3 LONG-TERM	OUTCOME	OF	

EARLY	CENTRAL	AIRWAY	LUNG	CANCERS	

TREATED	WITH	PHOTODYNAMIC	THERAPY	

3.1 Introduction 

Squamous cell lung cancers remain the second most common type of non-small cell 

lung cancer in the United Kingdom [2]. They tend to arise most commonly in the 

trachea and proximal bronchial tree; while this makes them roentgenographic 

negative [4], they can be readily detected by bronchoscopy, and specifically 

autofluorescence bronchoscopy remains the most sensitive method of diagnosis 

[25,32,129]. 

As discussed in the previous chapter, the early detection and accurate staging of 

these cancers is critical since early invasive cancers (stage 1) carry a good prognosis 

and are suitable for treatment with radical intent [6]. Surgery for patients with early 

stage microinvasive disease is associated with a 5-year survival rate in the region of 

90% [3–5] and so there is no question to its value. However, we are often faced 

with a clinical scenario where the patients co-morbidities, their lung disease, and 

their performance score prevents them from having these treatments. Further, as 

shown in chapter 1, these individual are at risk of getting interval cancers in their 

lung, which make increasingly difficult to offer radical treatments such as surgery 

and radiotherapy. As a result, there has been significant interest in developing 

bronchoscopic treatment modalities for early micro-invasive cancers 

[55,91,112,130,131]. 

The common techniques employed include electrocautery, argon plasma, laser 

therapy, and intraluminal brachytherapy as discussed in chapter 1. However, the 

most common is photodynamic therapy (PDT): a dual step process that begins with 
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the systemic administration of a photosensitising agent with selective uptake in 

tumour cells [105]. After a latent period of approximately 24 to 72 hours, 

depending on the photosensitiser used, the drug is activated by the application of a 

specific wavelength of laser light directly to the tumour cells. Absorption of the 

photons causes transfer of energy to release oxygen species that cause cellular 

damage and apoptosis . 

The essential requirement of curative PDT is that the disease is confined to the 

therapeutic range of the laser. This means that the lesion must not extend beyond 

the reach of the laser fibre, it must not extend beyond the bronchial wall and 

accurate staging should exclude nodal and extra thoracic metastases. Furukawa et 

al. reported it was important to accurately define the tumour extent and depth 

before PDT, based on their analysis of 114 treated cases of central located early 

lung cancers [95]. In particular they noted the importance of the depth of invasion 

of the bronchial wall and achieved high levels of success when the tumour was 

confined to the mucosa or submucosa. Further, colleagues from VU Medical, 

Amsterdam reported that autofluorescence bronchoscopy improved the staging of 

cancers that are not detected on CT, which also has an impact on the therapeutic 

strategy [88]. 

Photofrin is approved by the United States Food and Drug Administration (FDA) and 

has been used in the treatment of early stage lung cancers as well has oesophageal, 

head and neck, and advanced lung cancers [106,107,132,133]. However, the 

selective uptake is not limited to tumour cells and following administration patients 

can develop skin burns and are required to stay indoors in a darkened environment 

for 30 days following administration. Second generation photosensitisers, such as 

chlorin e6 products, have since been developed, which have a far more favourable 

side-effect profile [134–136]. 
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The longitudinal surveillance programme at UCLH identified there may be a need 

for endobronchial therapies to tackle increased detection of the of early stage lung 

cancers. Consequently, patients with early stage cancers who were not suitable for 

conventional therapy underwent photodynamic therapy. In this chapter, a 

prospective phase II descriptive cohort study to evaluate the efficacy of PDT 

treatment for microinvasive cancers of the tracheobronchial tree is presented. 
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3.2 Methods 

3.2.1 Hypothesis 

Photodynamic therapy is an effective treatment for early stage, radiographically 

negative carcinomas of the bronchus who are considered unsuitable for surgery or 

radiotherapy with radical intent. 

 

3.2.2 Objectives 

• Evaluate the ability of photodynamic therapy to eradicate invasive 

carcinoma of the bronchus 

• Determine any clinical or bronchoscopic factors that affect PDT efficacy 

• Evaluate the rate of recurrence of disease through close bronchoscopic 

surveillance 

• Assess the cancer-specific mortality 

 

3.2.3 Patient selection 

In our tertiary care referral centre, autofluorescence bronchoscopy (AFB) was used 

to localise and stage the mucosal extent of early pre-invasive lesions within the 

bronchial tree of patients who were referred from other hospitals because of their 

perceived high risk for primary lung cancer or cancer recurrence. Patients enrolled 

on the longitudinal surveillance bronchoscopy programme between 1st January 

2000 and 1st December 2018, underwent annual CT Thorax with contrast and 

autofluorescence bronchoscopy with either the D-Light autofluorescence 

bronchoscope (Karl Stortz, Germany), or Olympus autofluorescence AFI-Lucera 

(Olympus, Tokyo, Japan) as described in Chapter 2. 
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Individuals diagnosed with microinvasive squamous cell lung cancers on 

bronchoscopy were considered for photodynamic therapy treatment after a lung 

cancer multidisciplinary meeting agreed this was the (i) best treatment strategy, (ii) 

other treatment modalities had been exhausted, or (iii) the patient chose to have 

this treatment. The participating centre was University College London Hospital. 

Ethical approval was granted by the Joint UCL/UCLH Committees on Ethics of 

Human Research (REC 01/0146).  

 

3.2.3.1 Inclusion criteria 

• Patients with stage 1 (T1N0M0) non-small cell carcinoma of the bronchus 

whose entire length is accessible to the bronchoscope. 

• Medically inoperable, unable to have radiotherapy with radical intent, or 

those who decline conventional treatment 

 

3.2.3.2 Exclusion criteria 

• Patients who are medically fit and willing to undergo surgical resection or 

radical radiotherapy 

• Tumour has visible extra bronchial component on CT 

• CT, PET, or pathological evidence of secondary spread to peri-bronchial 

lymph nodes 

• Specific contraindication or allergy to use of photosensitiser (Porfimer or 

chlorine e6) 

• Failure to give informed consent 
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      (A) 

 

(B)      (C) 

Figure 3.1 – Photodynamic therapy delivery to early tracheal cancer 

(A) = Photodynamic catheter in working channel of bronchoscope past through a rigid 

bronchoscope 

(B) = Early tracheal micro-invasive carcinoma (before treatment) 

(C) = Extensive response to photodynamic therapy (day 1 after treatment) 
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3.2.4 Intervention  

The PDT protocol consisted of intravenous administration of either Photofrin 

(Porfimer Sodium) or Fotolon (Chlorine e6) activated by the correct wavelength 

using a semiconductor diode laser. At UCLH, we switched to Fotolon in 2014, as 

Photofrin was no longer available and the side-effect profile of Chlorine e6 was 

better. 

3.2.4.1 Photofrin 

Porfimer sodium 2mg kg-1 was administered intravenously in a darkened room and 

all precautions to protect the patient from light sensitivity were taken. 

Autofluorescence bronchoscopy was undertaken 40-50 hours following 

administration. 

Application of light was performed using a cylindrical fibre-optic diffuser passed 

through the bronchoscope and placed across the lesion to be treated. When there 

was exophytic disease the tip was allowed to sit within the soft tumour. The diffuse 

tip length was chosen to match the length the tumour as assessed under AFB. A 

light dose of 200Jcm-1 of tumour length was delivered using a 639nm 

semiconductor laser and calculated from the equation below: 

 

Treatment	time	(seconds) = light	dose	(200Jcm78)	x	treatment	area
total	power	output	(W)  

 

24 to 48 hours after the initial treatment, repeat bronchoscopy to remove plugs, 

necrotic tumour debris and debridement was undertaken. A further light dose was 

applied according to the treating physician’s discretion if it was felt there was 

visible tumour still present. 
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3.2.4.2 Fotolon 

Chlorin-e6 trisodium salt (Fotolon) at 1mg/kg body weight was administered 

intravenously dissolved in 200 ml of 4.5% human albumin solution. 

Bronchoscopy was then undertaken following the optimal uptake of Fotolon® of 3-4 

hours after administration.  

The lesion was illuminated with light wavelength of 665 nm (±5 nm) delivered 

through 600 micron diameter quartz fibres inserted through the working channel of 

the bronchoscope. The bronchial lesions were treated at 150 J/cm length of diffuser 

at a rate of 400 mW/cm of diffuser over a period of 375s. In the case a cylindrical 

fibre could not be used, e.g., access to a particular lesion was difficult to cover with 

cylindrical illumination; a microlens fibre was utilised with a fluence of 100 mW/cm2 

given over 700s, giving a dose of 70 J/cm2. 

As above, patients underwent further bronchoscopy 24-48 hours after the initial 

treatment to remove any necrotic tumour debris. 

 

 

Figure 3.2 – Absorption wavelength for chlorine e6 (Fotolon) 
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3.2.4.3 Bronchoscopy 

In all cases, PDT was delivered using flexible and or rigid bronchoscopy under deep 

sedation delivered by an anaesthetic professional according to the BTS guidelines 

[137]. The optical light delivery fibre was introduced through the working channel 

of the flexible bronchoscope. The patient then underwent a surveillance 

bronchoscopy at 8 (±4) weeks to assess the response to PDT. 

When normal epithelium or a low-grade lesion was identified, i.e. when histological 

response was detected after PDT, a repeat AFB will be performed near as possible 

to 4-6 months after treatment and if the response was maintained, surveillance 

continued as described in Chapter 2. When micro-invasive cancer or high-grade 

lesion was identified the patient was managed as directed by the lung cancer multi-

disciplinary meeting (MDM). 

 

3.2.5 Outcomes 

3.2.5.1 Primary Outcomes 

The primary outcome measure was the response to photodynamic therapy at 8 

weeks following treatment as defined by: 

Complete response: refers to no pathological invasive cancer or regression to a 

low-grade dysplastic lesion on biopsy 

Partial response: refers to no evidence of endobronchial disease present, but 

microscopic invasive disease or high-grade dysplasia at the treated site 

No response: refers to the cancer remaining unchanged pathologically 

Progression: refers to progression of the cancer detected as an increased soft 

tissue component seen on bronchoscopy. 
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3.2.5.2 Secondary outcomes 

• Factors that may influence response to photodynamic therapy 

• Observed complications from photodynamic therapy 

• Local recurrence after treatment with PDT 

• Overall survival in patients treated with PDT 

 

3.2.6 Statistical analysis  

Any categorical variables were expressed as proportions and scale variables as 

means. Differences between groups were estimated using chi-square, Fisher’s 

exact, independent two-sample t-tests, and Mann Whitney U tests. For analysis, 

lesions response was addressed with binomial function (success = complete 

response to PDT and no success = partial response or no response to PDT). A 

univariate analysis was then conducted to look at independent factors that may 

affect the success of treatment. The effect size for these were presented as odds 

ratios and p <0.05 was considered significant. Overall survival (OS) was calculated 

for all subjects from the date of PDT treatment or histopathological confirmation of 

invasive cancer, to the date of death (time to event) or to the date subjects were 

lost to follow-up. Survival analysis was performed using the Kaplan-Meier method. 

Cox proportional hazards analysis with backward-stepwise elimination of non-

significant parameters was performed to identify potential risk determinants and 

correct for dependence between determinants. For all tests, a p value of less than 

0.05 were was considered statistically significant. All statistical analyses were 

performed using SPSS Statistics software (version 24.0). 
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3.3 Results 

3.3.1 Study population 

Forty five individuals were referred to University College London Hospital for 

consideration of endobronchial therapy for early central airway lung cancer (ECALC) 

or carcinoma in situ (CIS). Twenty-six subjects were felt to meet the inclusion 

criteria for this study; with 9 individuals excluded as they were thought to be fit to 

have radical radiotherapy or surgical resection, 6 were thought to have extensive 

extra-bronchial extension of tumour, and 4 had evidence of nodal disease. Of these, 

2 subjects were excluded from the analysis on the basis of one having adenoid 

cystic carcinoma, and the other having a human papilloma viral driven lesion of 

carcinoma in situ. This left a cohort of 24 subjects with early central lung cancer for 

treatment with photodynamic therapy (Figure 3.3). 

 

Figure 3.3 – Study population flow chart 
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3.3.2 Baseline characteristics 

A total of 24 individuals (21 men and 2 women) were eligible for the study and 

were kept under clinical and bronchoscopic surveillance for a mean period of 

45.9±7.9 months. The demographic and clinical variables are shown in Table 3.1. 

The mean subject age at study entry was 70 (55-80) years old. A total of 19 

individuals had no prior diagnosis of lung cancer and their lesions were detected 

either through the surveillance programme as discussed in the previous chapter or 

because they were referred after a diagnosis was made at the patient’s local 

hospital. Five patients had previous surgery or radical radiotherapy for previous 

lung cancer, with no lesions been detected either at their stump (n=2) or a 

metachronous site.  

Since many patients were selected as they were felt to be medically unsuitable for 

conventional therapy, we can see there is an even distribution of subjects with a 

performance status of 2 or under, or above 2. There were also no significant 

detected differences in age, gender, smoking status, and the presence of COPD 

between the 2 groups 

Seventeen of the individuals enrolled onto the study were discussed in the lung 

multidisciplinary meeting and were felt to be medically unfit to undergo a surgical 

resection or to have radical radiotherapy. 5 patients had previously undergone 

radical radiotherapy or surgery and a tissue-sparing approach was required and 2 

individuals had chosen to have photodynamic therapy/conventional therapy. There 

was a significant difference with the choice of photosensitiser with 19 individuals 

treated with Photofrin (Porfimer) and 5 received Fotolon (Chlorine e6), which is 

taken into account as a limitation in the study analysis.  
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 Total No previous 

diagnosis of 

non small cell 

lung cancer 

Previous surgery 

or radiotherapy 

for non small cell 

lung cancer 

p value 

Individuals (n) 24 19 5  

Age at baseline 

(years) 

70 (55-80) 70 (55-78) 72 (68-80) 0.29 

Gender     

Male 21 18 4 0.38 

Female 2 1 1  

Smoking status     

Current smoker 6 6 0 0.28 

Former smoker 18 13 5  

COPD status     

COPD 17 13 4 0.54 

No COPD 7 6 1  

Performance 

Status 

    

≤ 2 16 12 4 0.63 

> 2 8 7 1  

Table 3-1: Baseline characteristics of study patients 
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 Total No previous 

diagnosis of 

non small cell 

lung cancer 

Previous surgery 

or radiotherapy 

for non small cell 

lung cancer 

p value 

Why PDT chosen 

for treatment 

    

Medical 17 17 0 <0.01* 

Previous lung 

cancer treatment 

5 0 5  

Patient choice 2 2 0  

Photosensitiser     

Porfimer 19 17 3 0.04* 

Chlorine e6 5 2 3  

Surveillance 

period (months) 

45.9±7.9 50.3±9.6 29.0±6.6 0.28 

Table 3-1: Baseline characteristics of study patients (continued) 
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3.3.3 Lesion characteristics and response to photodynamic therapy 

A total of 28 lesions were treated with photodynamic therapy in 24 subjects. Most 

patients received Photofrin (82% of lesions) and the predominant baseline histology 

was of squamous cell carcinoma. There was a similar proportion of squamous cell 

carcinoma baseline pathology between distributed between the two 

photosensitisers (p=0.74). The baseline lesion length was dichotomised into > 15 

mm or <15 mm and there was no significant difference in lesion length distributed 

across the two photosensitisers (p=0.40). 

Among the treated lesions, three quarters had a complete response to treatment 

with either Photofrin or Fotolon. Five lesions had a partial response, whereby 

regression of size of lesion or a pathological regression to high-grade preinvasive 

disease was seen. Two lesions did not respond to photodynamic therapy in patients 

treated with Porfimer (Figure 3.4).  

 

 

Figure 3.4 – Lesion response to photodynamic therapy  
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A significantly larger proportion of lesions showed a complete response to Porfimer 

when compared to Chlorine e6. 80% of individuals who received Photofrin had a 

complete response compared to 40% who received Fotolon (p=0.02), see Figure 

3.5. 

 

 

 

Figure 3.5 – Lesion response to either Porfimer or Chlorine e6 
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3.3.4 Predictors of response 

Lesions were stratified to a ‘successful’ photodynamic therapy treatment (complete 

response) or ‘unsuccessful’ (partial or non-response) and univariate analysis was 

undertaken to see if there are any predictors for successful treatment, Table 3-2. 

The use of Porfimer as a photosensitising agent was more successful at ablating 

early central airway lung cancer with an odds ratio of 7.1 (95% confidence interval 

[CI] 0.88-57; p=0.04) when compared to Fotolon, Figure 3.6. Analysis of the treated 

lesion length (as identified during bronchoscopy in mm) when categorized; 

demonstrated a lesion <15mm to be a predictor of successful treatment with an 

odds ratio 1.5 (95% confidence interval [CI] 1.2-2.1; p=0.02), Figure 3.7. 

Local recurrence of cancer was detected by bronchoscopy in 23% of lesions that 

had a completely successful response to treatment. This group also developed 

metachronous cancers either within the central airway or lung parenchyma in 47% 

of cases, as was seen in the ‘high-risk’ cohort in chapter 2. A difference in 

photosensitiser was also detected, with a significantly increased rate of local 

recurrence seen with Fotolon (80%) compared to Porfimer (22%), p=0.04.  
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 Total Successful 

treatment (CR) 

Not successful 

treatment 

(PR/NR) 

p value 

Lesion (n) 28 21 7  

Baseline histology     

Squamous cell 

carcinoma 

26 19 7 0.40 

Carcinoma in situ 2 2 0  

Treated length 

(mm) 

    

<15mm 6 8 0 0.02 

>15mm 22 13 7  

Photosensitiser     

Porfimer 23 19 4 0.04 

Chlorine e6 5 2 3  

Local recurrence 

(site specific) 

    

Yes 9 5 4 0.04 

No 16 16 0  

Other site disease     

Yes 14 10 4 0.65 

No 13 11 2  

Table 3-2: Independent variables affecting response to treatment for early lung 

cancers with photodynamic therapy 

CR=complete response, PR=partial response, NR=no response  
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Figure 3.6 – Success of lung cancer ablation stratified by photosensitiser 

Porfimer more successful than Fotolon at treated early central airway cancers (p=0.04) 
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Figure 3.7 – Successful lung cancer ablation predicted by length of treated lesion 

Baseline lesion length of <15 mm is more likely to lead to successful ablation (p=0.02) 
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3.3.5 Survival 

Following photodynamic therapy of this group of patients with early central airway 

lung cancers, the median overall survival is estimated to be 32 months (95% 

confidence interval [CI] 20-44 months), Figure 3.8. Five (21%) patients are either 

still under surveillance, discharged after >5 years of follow-up or have left the 

study. Four patients (16.7%) died as a result of the initial cancer treated with PDT 

and a further 6 died of a metachronous cancer (25%), resulting in 40% of patients in 

this cohort dying as a result of lung cancer. Nine (38%) patients died from a non-

cancer related death (Figure 3.9) 

 

 

Figure 3.8 – Kaplan-Meier curve showing overall survival of patients treated with 

photodynamic therapy for early central airway lung cancer  
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Figure 3.9 – Reason for patient leaving study 
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A predictor for death was individuals with a poor performance status (ECOG >2) 

p=0.01, Figure 3.10. A multivariate cox regression analysis with backward step-wise 

elimination showed that the performance status was an independent risk factor for 

death (hazard ratio 8.3, 95% confidence interval [CI] 1.4-48; p=0.01) as was the 

development of a recurrence cancer (hazard ratio 6.3, 95% confidence interval [CI] 

1.1-36; p=0.04). No other associations were found between death and a history of 

previous lung cancer, smoking status, or a diagnosis COPD. While a difference in 

lesion response to photosensitiser was seen, the use of Photofrin vs. Fotolon did 

not appear to be a significant risk factor for death (HR 2.2, 95% confidence interval 

[CI]; p=0.31). 

 

 

Figure 3.10 – Survival in treated patients when categorised by performance status 

Significance determined by Log rank = 0.01 

  



94 LONG-TERM OUTCOME OF EARLY CENTRAL AIRWAY LUNG CANCERS 

TREATED WITH PHOTODYNAMIC THERAPY 

 

 94 

Complications 

Overall, photodynamic therapy was quite well tolerated. Only 2 patients included in 

the analysis developed any complications. One patient had developed a bronchial 

stricture and the second developed a broncho-vascular fistula, which caused 

massive haemoptysis and death. While the treatment may have contributed to 

death, progressive invasive disease into the pulmonary vasculature was also seen 

on a CT shortly before the fistula developed. 



 

3.4 Discussion 

This study examines the treatment of early central airway lung cancers (ECALC) with 

photodynamic therapy (PDT). The work was not designed to question the value of 

surgical resection; rather it was designed to show that PDT could be used as an 

endobronchial modality in patients who are ineligible for conventional treatment or 

when a tissue-sparing approach is needed. 

The term ECALC was defined as a malignant lesion confined to the tracheobronchial 

tree, with no nodal or metastatic disease, and confinement to the airway mucosa. 

This terminology has been adopted by many other authors and over time we have 

seen refinement of the patients selected for this therapy [23,98,131,135,138]. As an 

example, Kato et al introduced a cut-off of 1 cm in their inclusion criteria where a 

significantly better response is seen to PDT [96]. Similarly, Sutedja et al pre-selected 

patients with disease confined to the airway, where extra-bronchial spread was less 

likely to respond to PDT [139]. 

In this study, while patients were only selected when the tumour was confined to 

the airway, the length of lesion was not part of the exclusion criteria. Where the 

tumour was accessible for illumination by flexible bronchoscopy and other inclusion 

criteria were met, the individual was offered PDT after review in a lung cancer 

multi-disciplinary meeting and appropriate staging as per the British Thoracic 

Society and NICE guidelines for lung cancer [8]. It is also worth noting that this 

study has run over a period where there has been (i) improved detection (AFB) and 

staging (PET, EBUS) techniques that will have contributed to a better definition and 

patient selection, and (ii) introduction of a second generation photosensitiser, 

which has a better side-effect profile. 

In this study we showed that a complete response was seen in 75% of 28 lesions 

treated with PDT. A significantly better response was seen with the early 

generation sensitiser, Photofrin, when compared to Fotolon (80% and 40%, 
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respectively). This is comparable to an early phase II study where Furuse et al 

treated 59 early cancers with Photofrin, a first-generation photosensitiser [90]. A 

complete response (CR) was seen in 85% of patients, with the remainder having 

either a partial or no response. In this current study the use of Porfimer was more 

successful at ablating early lung cancer with an odds ratio of 7.1 (95% confidence 

interval 0.88-57; p=0.04) when compared to Fotolon. 

Furukawa et al used PDT as the definitive treatment in 114 lesions stratified by 

length (<1cm or >1cm), with long-term follow-up [95]. A complete response was 

seen in 93% of lesions <1cm in size compared to 58% of lesions >1cm. In this 

analysis, we looked for variables that could predict of response to PDT and similarly 

measured the baseline lesion length at autofluorescence bronchoscopy and 

stratified into <10mm or >10mm. We show that lesions under 15 mm were a 

predictor for complete response to PDT, adjusting for other factors. In Japan, many 

authors recommend PDT in ECALC lesions <1 cm only, where they have shown that 

the long-term complete response is such that PDT could be even be considered as a 

primary treatment option [90,92].  

Following a complete response to treatment, on-going surveillance detected 23% 

local recurrence. Autofluorescence bronchoscopy was used to guide illumination in 

this study to prevent under-treatment as it would help visualise the extent to which 

the tumour extends along the airway wall. However, more difficult to assess was 

the degree of submucosal invasion and if there is peri-bronchial extension. High-

resolution CT was used to determine if peri-bronchial extension or cartilage 

involvement was seen. However, this is not completely reliable and the ideal 

method for assessing depth of invasion would be endobronchial ultrasound, which 

was not used in this study. Miyazu et all showed that around 50% of lesions that 

look to be superficial actually have tumour extension into the cartilage and 
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complete cancer eradication in these cases is often not achieved [94]. This is an 

incredibly important factor. Although the laser wavelengths used may penetrate up 

to 10mm, it is likely that only truly superficial lesions can be reliably cured. While 

we cannot make any firm conclusions about the choice of photosensitiser due to 

the small numbers; local recurrence was more common with Fotolon (80%) 

compared to Porfimer (22%), p=0.04.  

In this study, 47% individuals that had a successful treatment, still developed 

metachronous cancers, either within the central airway or lung parenchyma. Usuda 

et al treated 28 early lung cancers with PDT and similarly showed that ⅓ of their 

cohort developed metachronous lesions [98]. As described in the previous chapter, 

the data indicate that these early central lesions probably act as a marker for lung 

cancer risk as a result of “field cancerisation” and highlights the importance of 

considering a tissue-sparing strategy In these individuals. 

Subjects were followed up clinically with CT and bronchoscopy for a mean 

surveillance period of 45.9 ±7.9 months. In this study, the reported 5-year survival 

rate was 42%. In comparison, Albano et al reported the survival on 191 patients 

with early stage lung cancers treated with either surgery or stereotactic 

radiotherapy if they were considered unfit for surgery. The reported 5-year survival 

for patients having surgery was 80%, but only 37% of those treated with 

stereotactic radiotherapy were alive at 5 years [140]. It is likely that the low survival 

reported in this study is probably due to the poor baseline performance status in 

this cohort, as well as other competing co-morbidities, which prevented them 

having conventional radical treatment in the first instance. Similarly, Furukawa et al 

in their long-term follow-up showed the 5-year survival to be 58% and this was not 

influenced by tumour size, despite seeing excellent results in lesions of <1cm [95]. 

In a systematic review by Moghissi et al of more than 700 early central airway 
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cancers, across 15 trials revealed a complete response rate of 30–100% and an 

overall 5-year survival of 61% [107].  

Moghissi et al similarly concluded in their review that PDT is safe with 

photosensitivity being the most common complication in 5–28% of cases [107]. In 

this study, minimal complications were encountered with PDT and the treatment 

was well tolerated. A second generation photosensitiser, Fotolon, was brought in to 

use towards the end of the study. It takes less time to be taken by neoplastic cells 

(laser treatment can be given 3-4 hours after injection) and it has a shorter half-life, 

which means that patients spend only 5-7 days in a darkened environment 

compared to 30 days when using Photofrin. 

This study has several limitations. First, the patients received different 

photosensitisers, which probably have difference efficacy profiles. Secondly, the 

study spanned the development of more sophisticated staging techniques that may 

influence the outcome and risk of recurrence. Third, not using endobronchial 

ultrasound means the study will have included patients who may have had cartilage 

or early extra-bronchial involvement. Finally, there is missing data on co-

morbidities including the severity of COPD, which will influence survival. 
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3.5 Conclusion 

Endobronchial therapies like photodynamic therapy have the advantage of 

conserving lung tissue. In this chapter, the analysis of this prospective study has 

shown that photodynamic therapy is effective at ablating early lung cancers in the 

central airway and it would appear that selection of small lesions, which are 

superficial, would be the best suited for this type of therapy. This leads to the 

natural question of whether endobronchial therapy when possible should be used 

at earlier stage when all these criteria are met, i.e. in carcinoma in situ, before the 

basement membrane has been breached. The data from the high-risk cohort in 

chapter 2 and this chapter led to a number of clinical questions: (i) could 

photodynamic therapy be used to effectively ablate high-grade pre-invasive 

disease? (ii) could such a treatment prevent progression into invasive cancer? (iii) 

would treatment of an index early central airway cancer prevent metachronous 

cancers from developing (iv) and would delivering such a treatment be cost 

effective?  

In order to answer these questions funding was secured from Cancer Research UK 

to conduct an international, multi-centre, randomised clinical trial to address 

endobronchial photodynamic therapy of high-grade pre-invasive lesions could 

prevent lung cancer – see Appendix A. 

 



 

Chapter	4 LONG-TERM	OUTCOME	OF	

PATIENTS	WITH	BRONCHIAL	CARCINOID	

TUMOURS	TREATED	WITH	LASER	THERAPY	

4.1 Introduction 

The previous chapters have focused on squamous cell carcinoma as the underlying 

pathology, which is incredibly important due to its high prevalence and cause of 

lung cancer related death. However, a large spectrum of benign and malignant 

diseases of the tracheobronchial tree exist. They can cause significant morbidity 

and mortality and frequently present with symptoms of central airway obstruction 

[141,142]. In this chapter, the management of another type of primary lung 

tumour, bronchial carcinoid tumour is examined. Specifically, the use of a different 

type of endobronchial medical laser that delivers enough energy to vaporise 

tumour is evaluated in this study. 

Carcinoid tumours of the lung arise from neuroendocrine cells or a cluster of cells 

(neuroepithelial bodies) found in the airway epithelium [143] and are recognised 

two subsets; typical carcinoid and atypical carcinoid [144]. They are part of a larger 

group of neuroendocrine tumours of the lung that also include high-grade small cell 

lung cancers, large-cell neuroendocrine tumours, but are distinguished by their 

morphological appearance and low mitotic index [123]. Typical carcinoids make up 

2% of all primary lung tumours [145] and have an estimated incidence of up to 2 

cases per 100,000, whereas atypical carcinoids are incredibly rare and make up <1% 

of all lung neuroendocrine tumours [146]. 

Carcinoid are thought to develop spontaneously, but can also be seen in some 

individuals with diffuse idiopathic neuroendocrine cell hyperplasia (DIPNECH); a 

preinvasive lesion characterised by hyperplasia that forms neuroepithelial bodies 
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and tumorlets (tumours of <5mm in size) [123,147–150]. Carcinoid tumours have 

characteristic pathological features as set put by the World Health Organisation of 

lung tumours [12,151], see Table 4-1. The Ki-67 antigen is also used in the 

pathological description and highlights the proportion of proliferating tumour cells, 

a common denominator to all neuroendocrine tumours. The Ki-67 labelling index 

reliably differentiates low- (Ki-67 <20%) and high- (Ki-67 >40%) grade 

neuroendocrine tumours [152]. 

 

Neuroendocrine tumour morphology: organoid, nesting, and palisading cells 

with florets of tumour 

Low grade neuroendocrine tumour 

Typical Carcinoid Mitoses <2 per 10 HPFs or 2mm2 + no necrosis 

Atypical Carcinoid Mitoses 2-10 per 10 HPFs or 2mm2 ± focal necrosis 

High grade neuroendocrine tumour 

Small cell carcinoma Mitoses >10 per 2mm2 and other typical features 

Large cell neuroendocrine Mitoses >10 per 2mm2, but features of non-small 

cell lung cancer 

Table 4-1: Pathological criteria for diagnosis of neuroendocrine tumours of the lung 

Table adapted from Travis et al [150]  
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Although carcinoid tumours are grouped together with other neuroendocrine 

tumours, they have a distinct clinical differences compared to small cell and large-

cell neuroendocrine lung cancer [143]. Patients are usually younger and have either 

no or minimal smoking history [145] and since carcinoids occur predominantly in 

the central airways patients often get symptoms of bronchial obstruction such as 

cough, haemoptysis dyspnoea, wheeze, obstructive pneumonia, and stridor 

[143,146,153,154]. Patients often describe symptoms for anything up to 2 years 

before a diagnosis is made [155], demonstrating the indolent nature of these 

tumours. However, although carcinoid tumours are considered indolent, they are 

capable of regional lymph node and distant metastasis [156], so localised disease 

needed to be carefully staged and managed. 

The diagnostic evaluation recommended by the European Neuroendocrine Tumour 

Society (ENETS) recommend a CT chest, Gallium-68-1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) somatostatin analogue 

(68Gallium-DOTATATE), bronchoscopy ± linear EBUS, and biochemical evaluation as 

appropriate [146]. Bronchoscopy is indicated for evaluation in all tumours arising in 

the central airways and a biopsy should be performed where possible (ENETS). 

However, the use of autofluorescence and endobronchial ultrasound to determine 

margins before surgical resection or to detect recurrence is not yet proven with 

limited evidence available [146,157,158]. 

Carcinoid tumours are not sensitive to chemo- or radiation- therapy, so once 

localised disease is confirmed, surgery remains the gold standard treatment 

[146,154,159]. For individuals with peripheral tumours this would an anatomical 

resection (e.g. lobectomy), and for those with central tumours either 

pneumonectomy maybe needed or a lung-sparing surgery such as a bronchial 

sleeve resection or sleeve lobectomy [146]. Local endobronchial therapy such as 
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laser resection is mentioned in the ENETS guideline, but the recommendations are 

to employ bronchoscopic therapy in patients who are considered high-risk for 

surgery [146,160]. However, carcinoid tumours without any extraluminal 

component can have an excellent long-term outcome when treated with 

endobronchial therapy [112,161–165], and their indolent nature means 

bronchoscopic therapy can be undertaken without fear of progression to metastatic 

disease. Endobronchial therapy can also have its use in the palliative treatment of 

obstructed central airways causing symptoms. Several series of bronchoscopic 

treatments of carcinoid tumour have appeared in the literature and have most 

recently been summarised in a systematic literature review [166]. 

In this chapter, a retrospective analysis of a prospective maintained database is 

performed on patients referred for laser therapy of carcinoid tumour of the central 

airways. The safety of semiconductor diode laser therapy and its effectiveness in 

treating carcinoid tumours is examined. Finally, the long-term outcome and survival 

for these individuals is described. 
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4.2 Methods 

4.2.1 Objectives 

• Evaluate the efficacy of semiconductor laser therapy to ablate and eradicate 

carcinoid tumour of the airway 

• Examine the factors that affect tumour response to laser therapy 

• Assess the rate of recurrence of disease by maintaining close bronchoscopic 

surveillance 

• Evaluate the long-term outcome of individuals with carcinoid treated with 

laser therapy 

 

4.2.2 Patient selection 

From January 2012 to January 2018, we reviewed the cases of typical and atypical 

carcinoid tumour referred for endobronchial treatment to our tertiary 

interventional bronchoscopy centre at University College London Hospital. 

Prior to considering endobronchial therapy, all subjects underwent a clinical 

assessment, CT chest with contrast ± 68Ga-DOTATATE PET-CT, and diagnostic 

autofluorescence bronchoscopy and biopsy with either the D-Light 

autofluorescence bronchoscope (Karl Stortz, Germany), or Olympus 

autofluorescence AFI-Lucera (Olympus, Tokyo, Japan) before a review on their case 

was carried out in a lung cancer multidisciplinary meeting.  

The definitive management plan to undertake endobronchial laser therapy was 

based on the following criteria: 
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Localised disease 

• Any individual with intraluminal typical or atypical carcinoid tumour where 

extensive surgical resection would be needed or patient chose to have laser 

therapy. 

• When the intension is curative intent, CT and PET-CT ± linear EBUS would be 

used to stage the patient to exclude lymph node or extra-thoracic 

involvement. 

• Any individual thought to have (i) significant extraluminal disease, (ii) 

lobar/segmental disease where lung-sparing resection can be undertaken, 

or (iii) lymph node metastases are suspected, would be considered for 

surgical resection rather than endobronchial treatment. 

Disseminated disease 

• Individuals with disseminated disease in whom the primary goal was 

disobliteration of central airway disease causing symptoms would be 

considered for laser therapy. 

 

4.2.3 Intervention 

The definitive endobronchial therapy used was ablation with a semiconductor 

diode laser by an expert interventional bronchoscopist of at least 5-years’ 

experience. The intervention employed was done on a case by case basis and 

physician preference, but the principles are: 
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• Use of general anaesthesia, neuromuscular blockade, and rigid 

bronchoscopy with a flexible bronchoscope used to deliver the laser 

treatment 

• Mechanical debulking (Karl Stortz, Germany) or cryo-extraction (Cryoprobe 

2.4mm, ERBE, Germany) may be used to reduce the volume of tumour 

before laser ablation  

• Semiconductor diode laser (Biolitec, Germany) therapy used with the beam 

parallel to the bronchus, aiming at the tumour edge in short pulses to 

vaporise the disease. 

Individuals then underwent a repeat bronchoscopy 2 months after the 

endobronchial therapy was delivered. At the discretion of the lung multi-

disciplinary meeting, individuals may have undergone repeated laser ablation or 

may have been referred for surgical resection for residual disease. 
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(A)  (B)  

Figure 4.1 – (A) Cryotherapy unit (ERBE) and (B) Semiconductor laser (Biolitec) 

 

4.2.4 Outcomes 

The primary outcome measure was the response to laser therapy at 12 weeks 

following treatment as defined by: 

• Complete response: complete microscopic and macroscopic clearance of 

the carcinoid 

• Partial response: refers to the presence of residual carcinoid tumour 

present after laser therapy 

• Recurrence: site-specific disease recurrence of carcinoid detected during 

surveillance after a complete response to laser was achieved 

The secondary outcome measured were:  

• Clinical, radiological, and bronchoscopic factors that may predict successful 

treatment with laser 

• Recurrence rate after laser therapy 
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• Overall survival 

 

4.2.5 Statistical analysis  

Differences between groups with nominal variables were estimated using either 

Chi-square or Fisher’s exact. Differences in numerical dependent variables were 

analysed using the independent two-sample t-tests or Mann Whitney U for non-

parametric data. For analysis, carcinoid response was addressed with binomial 

function (complete response to laser or evidence of residual disease). Analysis was 

then conducted to look at independent factors that may affect the success of 

treatment. The effect size for these were presented as odds ratios and p <0.05 was 

considered significant. Overall survival (OS) was calculated for all subjects from the 

date of laser treatment to the date of death (time to event) or to the last date 

subjects were followed-up. Survival analysis was performed using the Kaplan-Meier 

method. For all tests, p values <0.05 were considered statistically significant. All 

statistical analyses were performed using SPSS Statistics software (version 24.0; 

IBM).  
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4.3 Results 

4.3.1 Study population 

Forty-four individuals were referred to University College London Hospital for 

consideration of definitive endobronchial laser therapy for carcinoid tumour. 

Following clinical assessment and the work-up described; 15 individuals had large 

tumours (>30mm), 12 had a clear visible extra-bronchial component, and 2 had 

suspicion of nodal disease, all of which were considered to be more suitable for 

surgical resection. 

An additional 3 patients were included as part of the analysis who had 

disseminated disease and were being referred for laser resection of endobronchial 

metastases causing central airway obstruction (Figure 4.2). 

 

Figure 4.2 – Carcinoid study population  
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4.3.2 Baseline characteristics 

Twelve individuals underwent definitive endobronchial laser therapy for their 

carcinoid tumour as an alternative to surgical resection. A further 3 patients had 

laser therapy to disobliterate occluded airways in the context of disseminated 

disease (Table 4-2). The mean age at study entry was 60 year (±4 years) and two 

thirds of the individuals were never smokers. The most common presenting 

symptom was cough and stridor (27%), the latter of which was seen in the patients 

with disseminated disease referred for central airway obstruction. The subjects 

were classified using the American Society of Anesthesiology (ASA) co-morbidity 

score before their procedure. Nine patients (60%) had an ASA score of 1-2 and the 

remaining patients had a score of 3. No patients had an ASA score of 4 or 5. 
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 Total No disseminated 

disease 

Disseminated 

disease 

Individual (n) 15 12 3 

Age (years mean) 60±4 61 (30-84) 59 (59-60) 

Gender    

Male 9 7 2 

Female 6 5 1 

Smoking status    

Non smoker 10 8 2 

Former or Current Smoker 5 4 1 

Presentation    

Cough 4 4 0 

Dyspnoea 2 2 0 

Haemoptysis 3 3 0 

Pneumonia 2 2 0 

Stridor 4 1 3 

Comorbidity (ASA)    

ASA <3 9 8 1 

ASA ≥3 6 4 2 

Surveillance period (m) 39±7.5 41.5 (11-96) 30 (6-48) 

Table 4-2: Baseline characteristics of patients with carcinoid tumour 

ASA = American Society of Anaesthesiology 
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4.3.3 Response to diode laser therapy 

Seventy-three percent (n=11) of individuals assessed at their first check 

bronchoscopy had a complete response to laser, one of which was a metastatic 

deposit in the airway from a carcinoid originating in the gastrointestinal tract. 

Figure 4.3 shows the endobronchial appearances of one the patients with localized 

disease treated, where the charred base of tumour can be seen at the 1 ‘o’ clock 

position after laser. Of the 12 patients having definitive treatment, one had residual 

tumour at the initial assessment and had further laser therapy. During surveillance, 

5 individuals developed recurrence at median surveillance interval of 12 (8-36) 

months. Three received a total of 5 further laser therapies and had no further 

detectable microscopic disease. Two patients went on to have a surgical resection. 

The mean tumour diameter or length (as assessed on CT or bronchoscopy) treated 

was 15 mm ± 7.4 mm. The tumour diameter when assigned as <20 or >20 mm 

predicted whether a complete response to laser was achieved (OR 3.0, 95% CI 1.0—

9.4; p=0.03), Figure 4.4. While numbers are small, the presence of extra-bronchial 

disease (either suspicion on CT or at time of bronchoscopy) also appears to predict 

whether a complete response will be achieved. In this cohort, all patients who had 

purely intraluminal disease completely responded (i.e. 100% response) to laser 

therapy and those with extraluminal disease had a 20% complete response (Figure 

4.5). 
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(A) 

 

(B) 

 

 

Figure 4.3 – Typical carcinoid of left main bronchus (A) before and (B) after laser 

treatment  



114 LONG-TERM OUTCOME OF PATIENTS WITH BRONCHIAL CARCINOID 

TUMOURS TREATED WITH LASER THERAPY 

 

 114 

 

Figure 4.4 – Effect of tumour length on response to laser therapy  
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Figure 4.5 – Carcinoid response to laser therapy when suspicion of extra-bronchial 

disease on bronchoscopy or CT 
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4.3.4 Survival 

All 10 individuals that had successful definitive laser treatment are alive or have 
been discharged. The 2 patients who went on to have surgery are also alive and 
under surveillance. The 3 patients with disseminated disease all died and this 
reflected on the survival curve in Figure 4.6. 

 

 

 

Figure 4.6 – Survival after laser therapy for carcinoid tumour in the airway 
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4.3.5 Complications 

Twelve (80%) individuals had moderate bleeding that was controlled with topical 

adrenaline, intravenous tranexamic acid, and/or laser coagulation. Two patients 

had transient desaturation while undergoing jet insufflation. No escalation of care 

was needed for any of the patients. Eight patients had an elective admission after 

their procedure and the remainder were performed as day-cases. 
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4.4 Discussion 

Carcinoid typically occurs in the central airways where they cause symptoms of 

obstruction such as stridor, retained secretions, and distal lung collapse and 

infection [167,168], similar to what was seen in this current study. Since they are 

considered malignant, curative surgical resection remains the gold standard of care 

[168]. However, with their central location anatomical resections (lobectomy, bi-

lobectomy, and pneumonectomy) are often required, with only 3 studies reporting 

routine parenchyma sparing resections [166]. Therefore, it is not surprising that the 

use of endobronchial ablative therapy is a common discussion point in the lung 

multidisciplinary meeting when faced with a small, proximal typical carcinoid that is 

easily accessible to the bronchoscope and in range of the laser beam.  

Reuling et al recently reported on a cohort of 125 individuals undergoing 

endobronchial therapy for carcinoid tumour in the airway, and reported excellent 

success with complete ablation of tumour in 72% of cases [161]. This is similar to 

the 73% of cases where we saw a complete response to laser ablation. However, it 

is important to understand if there are any factors that can affect a successful laser 

treatment. Early anecdotes from well-established interventional bronchoscopists 

describe their recipe of success for ablating airway carcinoids as a tumour growth 

as selecting those that are strictly endoluminal and have a small base that is 

accessible to laser beam [169]. Reuling et al recently looked at the factors that 

could predict success of endobronchial therapy for carcinoid [161]. They reported 

that a tumour diameter of <15 mm and the presence of intraluminal disease on CT 

were predictors of success following treatment. They went onto make 

recommendations for bronchial carcinoid, where patients with tumours of <20mm 

and pure intraluminal disease should be offered endobronchial therapy over 
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surgical resection. We corroborate these findings and show in this study that 

tumours that are less than 20mm are more likely to have a complete response to 

laser therapy (OR 3.0, 95% CI 1.0—9.4; p=0.03). Although two individuals in our 

study with large tumours (>20mm) responded to laser therapy; following debulking 

it was apparent that the tumours had arisen from small stalks. The presence of 

extraluminal disease evaluated at bronchoscopy was a negative predictor for 

complete eradication of tumour and in most cases (80%) in our study resulted in 

the presence of residual tumour. Similarly, Reuling et al describe similar findings in 

their cohort with the presence of extraluminal disease reducing the chance of 

successful ablation from 72% to 28% [161]. One would not necessarily expect 

disease that sits outside the airway wall to respond to laser therapy. The fact that 

some individuals with apparent extraluminal disease respond to laser therapy may 

be explained by an ‘over call’ of the extra-bronchial component. There may be 

collapsed lung adjacent to the tumour and/or infected secretions might give the 

appearance of tumour outside the airway way; i.e. there is no real extraluminal 

tumour. However, when there is genuine extraluminal disease, the inflammatory 

response that follows laser therapy may result in further cell death outside the 

airway wall and the coagulation effects of a semiconductor laser may also have an 

effect, causing interruption of the blood supplying the tumour. 

Semiconductor diode laser therapy was used in this cohort of patients as the 

treatment of choice. In our centre, we have developed considerable experience in 

using laser therapy for ablation. The diode laser emits pulsed light wavelengths of 

between 800-900 nm, which can penetrate up to 10mm and can be used to (i) 

resect the tumour by causing photocoagulation of the blood vessels supplying it, or 

(ii) cause vaporisation by aiming the laser parallel to the tumour and using pulsed 

energy to cause charring and necrosis. There is minimal scatter of the near-infrared 

lasers, which means the focused laser energy is confined to a limited area aimed at 

in the airway. Since charred tissue absorbs energy and limits tumour devitalisation, 



120 LONG-TERM OUTCOME OF PATIENTS WITH BRONCHIAL CARCINOID 

TUMOURS TREATED WITH LASER THERAPY 

 

 120 

we approach larger tumours with cryo-extraction to debulk the tissue volume and 

ablate the residual tumour with laser. This also preserves the tissue for histological 

diagnosis. There are no studies that compare the use of different endobronchial 

therapies and in most cases, the treating clinician will use a combination of 

debulking techniques depending on their expertise and preference [161–164]. 

Bertoletti et al used cryotherapy for the treatment of 18 individuals with strictly 

small, intraluminal carcinoids in 2 institutions [162]. Cryotherapy directs its effects 

to tissues with high water content and the authors demonstrated a very good long-

term response with only one failure. As a result they concluded that cryotherapy 

can be used as a first-line therapy and certainly strong consideration should be 

given to cryotherapy, which can preserve low-water content structures like 

cartilage and has lower risk of causing airway perforation. However, some of these 

patients did have preliminary coagulation with laser and so further assessment for 

its efficacy is needed. 

Carcinoid tumours respond well to endobronchial therapy, but loco-regional 

recurrence can occur in up to 11% of cases [166]. However, since carcinoids have a 

low mitotic index, even when there is local recurrence or residual tumour, salvage 

surgical resection can be used to achieve a good outcome [163]. In our study, 5 

individuals of the 12 with localised disease developed recurrence at median 

surveillance interval of 12 (8-36) months. Three received further laser therapy (in 

one case 3 laser treatments) and subsequently had no further detectable 

microscopic disease. Two patients with large tumours went on to have a surgical 

resection and both had extraluminal disease. Our principles have been to maintain 

5 years of radiological and autofluorescence bronchoscopy follow-up after laser 

treatment, but it is unclear as to how long individuals should kept under 

surveillance after having endobronchial treatment. Many studies have shown a low 

recurrence rate for patients under long-term follow-up [161,163,170–172], but 
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there is still a need to maintain close surveillance in these patients, with some 

authors recommending a 10-year follow-up with CT and bronchoscopy given the 

slow rate of tumour growth [166]. 

A systematic review in endobronchial therapy for carcinoid, reported 5- and 10- 

year disease-free survival ranging from 73-95% in typical carcinoid [166]. So it is not 

surprising that this has led to endobronchial therapy for carcinoid of the 

tracheobronchial tree becoming a more accepted treatment approach [171–173]. 

In this study, the subgroup of patients with localised disease all had typical 

carcinoid and were all alive until either they left the study or were lost to follow-up. 

Although, not all the patients completed a 5-year follow-up, this highlights the 

expected outcomes in patients with early central typical carcinoid. This is also 

similar to the outcome reported by Travis et al in a survival analysis of 200 patients 

with neuroendocrine tumours [151]. They reported an 87% 5- and 10- year survival 

in individuals with typical carcinoid where localised disease was treated with 

surgical resection.  

There are some notable limitations to this study. First, there are a small number of 

patients in this study, where many case notes collected from the 90’s and early 00’s 

were not of sufficient quality to include in this study. While this makes drawing 

strong conclusions difficult, our results are in line with the published literature 

[166]. Second, some individuals did not have 68Ga-DOTATATE PET-CT, which is 

valuable in diagnosis nodal and metastatic disease. Finally, the numbers of the 

study are small and although this makes it difficult to draw firm conclusions, its 

highlights the that not all patients with typical carcinoid need to have extensive 

surgical resection. 

Laser therapy of carcinoid tumours is challenging from the decision to treat to 

handling complications from endobronchial therapy, especially with the risk of 

bleeding. In this study, we show this is safe, but most patients had moderate 
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bleeding, which is expected from carcinoid tumours. We would advocate these 

procedures are done with an experienced interventional bronchoscopy team with 

access to thoracic surgery services available if needed. Our approach for treating 

patients with laser therapy involves always using rigid bronchoscopy to deal with 

bleeding complications and the large lumen allows multiple instruments including a 

flexible bronchoscope to be passed alongside each other.  

Not every carcinoid tumour is suitable for laser therapy and individual cases should 

be reviewed in a lung multi-disciplinary meeting to decide the most appropriate 

treatment. We would advocate surgical resection in typical carcinoid tumours of 

the lung when there extraluminal disease, or the tumour is large (>20mm) 

diameter, or when there is suspected nodal metastases. In the case of large 

carcinoid tumours, we would consider a bronchoscopy to (i) assess if suitable for 

laser therapy, and (ii) to review the disease extent on autofluorescence to see if 

parenchymal sparing surgical resection is possible. However, not every patient 

needs surgery and a randomised controlled trial of typical carcinoids in the central 

airways would definitively prove whether endobronchial laser therapy is 

comparable to surgical resection. 
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4.5 Conclusion 

In this chapter, the endobronchial treatment of carcinoid tumours in the central 

airways are examined. This audit of a longitudinal dataset informs us that small, 

intraluminal carcinoid tumours are exquisitely sensitive to bronchoscopic laser 

therapy and treatment results in complete ablation of the disease. Endobronchial 

laser treatment is safe and should be considered as a lung-sparing strategy and 

alternative to surgical resection.



 

Chapter	5 VIRTUAL	ANIMATION	AND	3-

DIMENTIONAL	AIRWAY	RECONSTRUCTION	

USING	LUNGPOINT®	TO	GUIDE	

TRACHEOBRONCHIAL	STENTING	

5.1 Introduction 

Squamous cell lung cancer has the potential to cause obstruction of the central 

airways leading to cause significant morbidity and mortality [141,174]. The clinical 

presentation is commonly with cough, noisy breathing, dyspnea and obstructive 

pneumonitis. Although simple investigation with peak flow measurements, 

spirometry, computed tomography (CT) scanning, and bronchoscopy should enable 

a rapid diagnosis, it is not uncommon for patients with both benign and malignant 

disease to be misdiagnosed as having poorly controlled asthma [175]. The correct 

diagnosis is often only made at a relatively late stage when there is a risk of 

asphyxia. As a consequence, these cases tend to require emergency rescue with 

bronchoscopic endobronchial therapies including stenting. 

The decision to intervene in malignant central airway obstruction usually requires 

careful consideration of risk vs. benefit. The National Institute of Clinical Excellence 

(NICE) and British Thoracic Society advocate stenting in patients with impending 

endobronchial obstruction [137,176], though there is no consensus as to when 

stents should be deployed. Intervention usually becomes necessary when airway 

patency is reduced by 50%. The aim of intervention is often palliation of dyspnoea 

or a bridge towards a more definitive treatment and treating an asymptomatic 

patient or one who has very limited survival may be fraught with complications. 
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However, intervention in even very unwell individuals can facilitate extubation and 

improve survival [177].  

It is often difficult to determine the extent of intraluminal disease, the airway 

topography, and the airway calibre using the CT imaging alone. White light flexible 

video bronchoscopy provides a clear assessment of the degree and type of airway 

obstruction and allows distinction of tumour from blood and necrotic debris. 

Bronchoscopy and also enables exploration of the airway distal to the obstruction, 

to see if intervention is viable. However, a bronchoscopy in central airway 

obstruction is not without risk and can provoke bleeding, respiratory failure, and 

complete airway obstruction [175,178]. In malignant airway obstruction the 

therapeutic modality used will depend on whether there is intraluminal or 

extraluminal disease in the airway (Figure 5.1). When there is tumour in the airway 

lumen, debulking techniques such as laser resection, cryo-extraction, and 

mechanical debulking are commonly used [141]. In case of extraluminal disease, a 

stent that provides a radial force that overcomes the obstruction would be needed. 

 

 

Figure 5.1 – Types of central airway obstruction  

Image courtesy of Dr Jeremy George  
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The main indication for stenting in malignant disease with few exceptions is for 

palliation where long-term complications are unlikely to be encountered. Although 

stenting for benign disease is usually avoided as a long-term solution, it is often 

employed as a bridge for more definitive treatment. The techniques of stent 

deployment will vary between different centers, but certain common principles are 

employed. Patients are assessed bronchoscopically and planned for intervention in 

an endoscopy suite or surgical theatre. The correct stent size needs to be first 

chosen. A stent that is 1 to 2 mm wider than the normal native airway is generally 

selected. In the trachea, stents between 16 and 18 mm are usually selected, and 

stents between 12 and 15 mm for the main bronchi. The appropriate length is then 

chosen and should provide a 5-mm extension on both distal and proximal ends of 

the stricture. These measurements are normally confirmed at the time of a 

diagnostic bronchoscopy. However, due to the complications of a diagnostic 

bronchoscopy in airway obstruction, a non-invasive method for evaluation is 

needed. 

In this chapter, the role of three-dimensional (3D) airway reconstruction and virtual 

animation bronchoscopy in airway stenting is evaluated. A navigational software, 

LungPoint® (Broncus Technologies) for locating and sampling peripheral lung 

lesions has been investigated at University College London Hospital for its capability 

of generating 3D virtual images and was subsequently developed for a novel use in 

planning airway stenting. 
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5.2 Methods 

An audit of a prospectively collected database of malignant airway obstruction 

cases over a period of 12 months from January 2015 to January 2016 was 

performed. Cases where LungPoint® navigation was used to plan stent insertion 

were analysed. Through airway segmentation and endoluminal rendering of the 

airway, a virtual animation of the bronchoscopic view was modelled. This 3D 

reconstruction of the airway was used to determine the, (i) suitability for stent 

insertion, (ii) stent diameter, and (iii) stent length, rather than performing a 

diagnostic bronchoscopy. The virtual animation assessment was performed 

independently by two intervention bronchoscopy physicians to look for agreement.  
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5.3 Results 

5.3.1 Case summary 

Airway reconstruction with LungPoint® to plan stent insertion was utilised in 3 

cases (Table 5-1). The causes of airway obstruction were due to malignancy in two 

cases, and fibrotic airway remodelling after tracheal transplant in the third. All 

three cases presented with stridor, reduced exercise tolerance and recurrent 

infections.  

 

 

Table 5-1: Summary of cases LungPoint® used to plan airway stent insertion 
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5.3.2 Virtual airway animation model 

Virtual airway model was successfully created in all of the cases using the patients 

CT scan. An assessment by 2 interventional bronchoscopists independently agreed 

that stenting would be appropriate in all 3 cases and agreed what stent dimensions 

would be appropriate. 

Using the 3D airway re-constructed images and the planning software accurate 

stent sizing and selection was performed in each case. Figure 5.1 illustrates how the 

animation in Figure 5.1 shows the plan used for stenting in one individual. Figure 

5.2 shows the endobronchial images before and after stent insertion. 

 

 

Figure 5.2 – LungPoint® software used to create airway 3 dimensional 

reconstruction  
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(a) 

 

(b) 

 

 

Figure 5.3 – (a) malignant tracheal obstruction treated with (b) fully covered self-

expanding AERO (Merit Medical, USA) metal stent 
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5.4 Discussion 

This is the first description of this novel use of LungPoint® navigational software 

and was a proof of concept pilot in three patients to see if a virtual mock-up of the 

airway could avoid a diagnostic bronchoscopy assessment. 

Squamous cell lung cancer occurs mainly in the central airways and tends to be 

locally invasive. This means it can cause central airway obstruction, which often 

requires intervention in symptomatic patients. When there is extraluminal disease, 

an airway stent is the intervention modality of choice, but the decision to deploy a 

stent requires a number of factors to be taken into account. The most fundamental 

considerations relate to the patient and essentially require a judgement to be made 

as to whether the risks of the procedure are justified by the likely benefits [175]. 

Successful stenting may transform fitness as long as there is patent airway 

supplying vascularised lung beyond the point of obstruction, whereas patients with 

extensive lung damage and compromised pulmonary vessels, as often occurs in 

locally advanced lung cancer are unlikely to benefit. In order to make this 

assessment, it is important to predict the physiological and symptomatic benefits of 

stenting based upon the viability of the distal lung tissue and location of the 

obstruction. This often requires a bronchoscopy assessment before planning stent 

insertion. A technique to avoid the need for a diagnostic flexible bronchoscopy 

would save the patient from a procedure that may not be needed and may cause 

harm [175]. 

LungPoint® is a software designed for the virtual navigation to peripheral lung 

lesions. It segments the airways using a high-resolution volumetric CT scan and then 

creates a 3D virtual image. This was utilised to look at the tracheobronchial tree in 

cases of malignant airway obstruction in 3 cases as summarised below. 
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5.4.1 Case summary 

Case 1 was a 64-year old woman with a squamous cell carcinoma of her left main 

bronchus. She had a known diagnosis of locally invasive disease, which progressed 

despite chemotherapy and radiotherapy. She was referred after presenting with 

dyspnoea and wheeze. In her 3D model a distal airway was visible and after taking 

measurements, a 40 mm x 12 mm stent was ordered and a stenting procedure was 

planned. At the time of her procedure, the stent size was confirmed using 

bronchoscopic measures before placing it across the compressed airway with a 

good result. 

 

Case 2 was a 52-year old man who had a poorly differentiated squamous cell 

carcinoma of the trachea. A large mediastinal mass caused compression of the 

trachea and he presented with stridor to his local emergency department. Figure 

5.2 shows his virtual animation. There is minimal intraluminal disease and a long 

length stricture of the trachea. An 18 mm x 80 mm stent was planned using the 

software and sited successfully before he had definitive treatment of his lung 

cancer. 

 

Case 3 was a 19 year old patient with cerebral palsy and congenital heart disease 

had a vascular ring causing tracheal obstruction. He posed a high anaesthetic risk 

and a diagnostic bronchoscopy would have come at high risk. LungPoint® was used 

to plan an airway stent, which was ordered in and sited across his stricture 

successfully. He then had definitive surgical treatment to repair the vascular ring. 
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All 3 cases were carefully chosen and the 3D reconstruction helped physician 

planning of the stenting procedure, suggesting that 3D virtual animation can be 

used as a non-invasive planning tool to determine optimal stent size and position, 

avoiding a planning diagnostic bronchoscopy in inappropriate cases. This is very 

preliminary and further investigation in a descriptive cohort study is needed with 

metrics of diagnostic bronchoscopy avoidance, procedure length, and operator 

satisfaction. 

 

5.5 Conclusion 

The previous chapters in this thesis have focused on bronchoscopic intervention in 

early central airway cancer. However, when squamous cell cancer is not detected 

early it often presents with central airway obstruction. So, in this chapter, the aim 

was to use a new technology to aid the physician in planning challenging airway 

stenting cases. This was a proof of concept and further prospective data are needed 

to evaluate whether this technique could avoid diagnostic bronchoscopy, improve 

procedures times and improve physician confidence and satisfaction. Finally, this 

software opens the door to possible 3D planning and printing of stents for complex 

airway strictures.



 

Chapter	6 A	COMPARISON	OF	SEDATION	

TECHNIQUES	IN	ENDOBRONCHIAL	

ULTRASOUND	AND	TRANSBRONCHIAL	

NEEDLE	ASPIRATION	

 

6.1 Introduction 

Interventional bronchoscopy is a rapidly advancing field, none so less so than in the 

technique of endobronchial ultrasound (EBUS), which has revolutionised the 

practice of diagnosing and staging patients with lung cancer [8]. It is recommended 

as an alternative to surgical staging and it provides enough tissue to allow 

immunohistochemistry and molecular testing for targetable mutations [179]. 

Operators are expected to achieve both a diagnostic sensitivity of at least 88% and 

ensure they take sufficient diagnostic material to allow phenotyping and 

genotyping of tumours [180]. This means that physicians are placing ever increasing 

importance on the type of sedation used for their bronchoscopy. In this chapter, 

the role of anaesthetic vs. physician led sedation is compared to look at its role in 

interventional bronchoscopy. 

Sedation in bronchoscopy aims to allay patient anxiety while reducing cough and 

dyspnoea to keep the patient comfortable, creating the optimal conditions for the 

operator [181–183]. The technique of moderate sedation (MS), usually involves the 

bronchoscopist delivering a combination of benzodiazapines and/or opioids to aim 

for a level of conscious sedation, whereby the patient is asleep, but able to 

maintain their airway and obey verbal commands [184]. Deep sedation (DS), 

general anaesthesia, and total intravenous anaesthesia (TIVA) are sometimes used 
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synonymously; they describe a deeper level of sedation, often using Propofol (2,6-

di-isopropylphenol), a sedative that has a rapid onset and fast recovery time. Since 

Propofol has no reversal agent and can cause hypotension and respiratory 

depression, therefore most advisory bodies recommend it is delivered by an 

anaesthetic professional. 

A number of studies have looked at the influence of sedation on diagnostic yield of 

EBUS, its complication rates and patient tolerance [185–191]. While Propofol 

appears to provide a better quality of sedation and patient tolerance when 

compared to Midazolam alone [185,187,192], a systematic review concluded more 

comparable metrics of diagnostic yield, patient satisfaction and safety when 

comparing MS and DS [190]. 

In this chapter, an audit at a single interventional bronchoscopy centre is 

undertaken to determine if there is a difference in diagnostic yield, specimen 

adequacy, operator satisfaction, and patient comfort associated with different 

levels of procedural sedation. 
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6.2 Methods 

6.2.1 Hypothesis 

Deep sedation delivered by a specialist anaesthesiologist results in an improved 

operator and patient satisfaction. 

 

6.2.2 Patient selection 

Consecutive individuals undergoing EBUS at University College London Hospital 

between August 2013 and December 2013 were asked to fill out a satisfaction 

survey after their procedure for the British Thoracic Society patient satisfaction 

audit. All individuals over the age of 18 with either benign or malignant mediastinal 

disease were included and no specific exclusion criteria were applied. 

 

6.2.3 Study design 

An audit of this prospectively collected data was undertaken. At UCLH there are 

specific lists for physician-led or anaesthetic led sedation. All patients had an 

assessment with the chest or anaesthetic physician prior to their EBUS. Data on 

physical status (American Society of Anaesthesiologist, ASA), current medication, 

and co-morbidities was recorded. Data was collected on the bronchoscopy, 

diagnostic yield, medications administered during the procedure, the operator 

satisfaction and subsequently a patient satisfaction survey was undertaken. 



6.2 Methods 137 

 

 137 

6.2.4 Bronchoscopy 

For moderate sedation, a combination of Midazolam and Fentanyl were 

administered by the bronchoscopist or nurse specialist and titrated to achieve 

conscious sedation. Patients undergoing deep sedation would have an initial dose 

of Midazolam given as an intravenous bolus, followed by a target-controlled 

infusion of Propofol (10mg/ml solution) and Remifentanyl (2-4 micrograms/ml 

solution) using either a ‘Schnider’ or ‘Marsh’ model, depending on the 

anaesthesiologists preference [193]. Continuous electrocardiographic, pulse 

oximetry, respiratory rate, and intermittent blood pressure monitoring was 

measured for all procedures. 

The EBUS was undertaken by one of 2 operating physicians and a interventional 

bronchoscopy clinical fellow, using the Olympus BF-UC 180F (Tokyo, Japan) or 

Pentax EB-1970UK (Pentax Medical, Tokyo, Japan). The EBUS was inserted orally 

and local anaesthetic (lignocaine 1 or 2%) was applied to the vocal cords and 

tracheobronchial tree to relieve coughing. The subject then underwent EBUS with 

transbronchial needle aspiration (TBNA) for the indications. Any further diagnostic 

flexible video bronchoscopy procedures needed were also carried out. 

Complications were recorded and defined as hypoxia (oxygen desaturation <90% 

needing insertion of oral or nasal airway), hypotension (systolic <90mmHg), 

bleeding (if not controlled with topical adrenaline), need for intubation and 

ventilation, transfer to the intensive unit, and death. 

At the end of the procedure, the bronchoscopist would chart their satisfaction of 

carrying out the EBUS. Similarly, 90 minutes after the bronchoscopy, patients were 

asked to document their experience in: discomfort from cough, pain, dyspnoea, 

odynophagia, chest pain; as well as seeing how much of the procedure they recall 

and if they would recommend the anaesthetic they had. 
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6.2.5 Analysis 

The primary analysis focused on the operator satisfaction and patient comfort. 

Further analysis assessing the diagnostic yield (proportion of patients for whom 

EBUS-TBNA resulted in a specific diagnosis), and procedure duration were also 

undertaken. Any categorical variables were expressed as proportions and scale 

variables as means. Differences between groups were estimated using chi-square, 

Fisher’s exact, and independent two-sample t-tests or Mann Whitney U for non-

parametric data. All other continuously non-normally distributed parameters were 

evaluated using the nonparametric Mann–Whitney U-test or Kruskal–Wallis test, as 

appropriate. As reviewed later in discussion, the two sedation groups do have a 

major bias that would mean the statistical analysis used to show an effect would 

have to be taken into consideration. All statistical analyses were performed using 

SPSS Statistics software (version 24.0; IBM, Armonk, NY). 
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6.3 Results 

6.3.1 Study population 

Over the course of 4 months, data on 45 patients was collected, 31 in the moderate 

sedation group and 14 in the deep sedation group. The mean age at study entry 

was 61 years old and there were twice the number of male patients compared to 

female. Overall, the distribution of patient age, gender, and body mass index across 

the deep and moderate sedation groups were equal. There was also no significant 

difference for the indications for EBUS. Figure 6.1 shows the patient ASA grade at 

study entry in the two groups. Individuals were dichotomised into ASA grade 2 and 

below or ASA grade 3 or 4, and there was a higher proportion of patients with high 

co-morbidity scores in the deep sedation group (Table 6-1). 

Patients having deep sedation had a combination of midazolam (mean 1.25mg) and 

infusion of propofol (mean total dose 356mg), and remifentanil (mean total dose 

65.6mcg) and those in the moderate sedation group received midazolam (mean 

3.7mg) and fentanyl (mean 53mcg). On average, patients in the moderate sedation 

group had more lignocaine than those who had deep sedation (253 ± 136 mg vs. 

172±82 mg; p=0.02).  
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 Total MS Group DS/GA Group p value 

Individuals (n) 45 31 14  

Age 61.2±15.4 59.7±12.6 64.4±15.3 0.35 

Gender     

Male 30 19 11 0.32 

Female 15 12 3  

Body mass index 

(mean, kgm-2) 

 

25.2±4.3 25.6±4.6 24.3±3.4 0.35 

ASA Grade     

1-2 26 21 5 0.06 

3-4 19 10 9  

EBUS indication     

Diagnostic 36 25 11 0.87 

Diagnosis & Staging 9 6 3  

Re-staging 0 0 0  

Table 6-1: Baseline characteristics for patients having endobronchial ultrasound 

under moderate and deep sedation 

ASA score = American Society of Anaesthesiologists score; BMI = body mass index; GA = general 

anaesthesia; DS = deep sedation; MS = moderate sedation. 
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 Total MS Group DS/GA Group p value 

Individuals (n) 45 31 14  

Local anaesthetic 

dose (mg) 
 253±136 172.1±82 0.02 

Sedation doses     

Midazolam (mg)  3.7±1.2 1.25±0.75 <0.01 

Fentanyl (mcg)  53.2±15 0  

Propofol (mg)  0 356±180  

Remifentanyl (mcg)  0 65.6±42  

Table 6-1 – Baseline characteristics for patients having endobronchial ultrasound 

under moderate and deep sedation (continued) 

ASA score = American Society of Anaesthesiologists score; BMI = body mass index; GA = general 

anaesthesia; DS = deep sedation; MS = moderate sedation.  
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Figure 6.1 – ASA grade on study entry in moderate and deep sedation groups 

ASA score = American Society of Anaesthesiologists score  
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6.3.2 Procedure-related performance 

An overview of the total number of lymph nodes or masses sampled under EBUS-

TBNA are shown in Table 6-2. A total of 35 lesions were sampled in the moderate 

sedation group and 19 in the deep sedation group. There was a similar distribution 

of nodes sampled in the hilar and mediastinal position with a median of 1 (1-4) 

lymph node station sampled. In the deep sedation group there was a tendency to 

sample more lymph nodes, but this was not significant, p=0.42. The average size of 

lymph node sampled in patients having moderate sedation was 16.6 ± 8mm and 14 

± 10mm in the deep sedation group (p=0.36); and the number of passes taken 

through each node were no different in the two groups (Figure 6.2). Sufficient 

tissue was taken for all procedures undertaken and the operating time in the 

moderate sedation group was significantly shorter than deep sedation (25 ± 12 

minutes vs. 36 ± 17min; p=0.04). The diagnostic yield in the deep sedation group 

was higher than moderate sedation, but this was not significant (71.4% vs 61.3%; 

p=0.71). It was also twice as likely for the pathologist to have insufficient tissue to 

process in the moderate sedation group, but again this was not significant (12.9% 

vs. 7.1%; p=0.60). 

 

6.3.3 Complications 

There were no reported complications in the moderate sedation group. In the 

patients having deep sedation, 36% (n=5) had problems with desaturation and one 

patient (7%) had hypotension at time of anaesthetic. The relative risk of having a 

complication with deep sedation is 3.1 (95% confidence interval 1.7-5.5; p=0.03), 

but no patients in either group required an escalation of their care.  
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 Total 
MS group 

(n=31) 

DS group  

(n=14) 
p value 

Lymph nodes & 

masses (n) 
54 35 19  

Stations     

Hilar 5 4 1 0.63 

Mediastinal 34 21 12  

Hilar & 

mediastinal 
6 5 1  

Number of lymph 

node sites (n) 
1 (1-4) 1 (0-2) 1 (1-4) 0.42 

Lymph node size 

(mm) 
15.8±8.8 16.6±8 14±10.2 0.36 

Number of passes 

node-1 (median) 
5 (1-8) 5 (1-8) 5 (3-7) 0.61 

Tissue collected     

Core biopsy 45 31 14 1.0 

Slides 45 31 14  

Microbiology 43 29 14  

Procedure 

duration (min) 
28.5±12.0 25.2±7.0 35.7±17.1 0.04 

Table 6-2: Characteristics of lymph node assesses and sampled during EBUS 

DS = deep sedation; MS = moderate sedation  
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Figure 6.2 – Mean lymph node size in moderate and deep sedation groups 

(p=0.36)  
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6.3.4 Patient & Operator Satisfaction 

Patient comfort was measured with a Likert-type scale questionnaire on degree of 

discomfort from cough, sore throat, chest pain, and dyspnoea. These were reported 

to a similar degree in both the moderate and deep sedation groups (Table 6-3). 

Although not significant, patients were more likely to have discomfort from throat 

spray and insertion of the bronchoscope (p=0.09 and 0.14), respectively. Patients in 

the moderate sedation and deep sedation group were mostly willing to return and 

have another procedure, although 25% of all individuals did say they definitely 

wouldn’t return (Table 6-4). In the deep sedation group there was a tendency 

towards most patients definitely returning for another procedure, although this 

was non-significant (64% vs. 42%; p=0.14), Figure 6.3. Further, patients in the deep 

sedation group were more likely to have either minimal or no recall of the 

procedure (64% vs. 42%; p=0.28). 

Operator satisfaction was recorded on a 1–10 scale visual analogue scale (1= least 

satisfied and 10= most satisfied). There is no difference in the average satisfaction 

score in the moderate or deep sedation groups (8.48 ± 1.9 vs. 8.64 ± 1.1; p=0.69) 

(Figure 6.4). There is a distribution towards more satisfaction when cases are 

performed under deep sedation, but this was not found to be significant (p=0.20) 

(Figure 6.5).  
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MS group 

(n=31) 

DS group 

(n=14) 
p value 

How much discomfort from throat 

spray did you have? 
   

None 45% (14) 71% (10) 0.09 

Small amount 48% (15) 14% (2)  

Large amount 7% (2) 14% (2)  

How much discomfort from 

insertion of bronchoscope did you 

have? 

   

None 55% (17) 79% (11) 0.14 

Small amount 36% (11) 7% (1)  

Large amount 9% (3) 14% (2)  

How much discomfort from cough 

did you have? 
   

None 13% (4) 36% (5) 0.10 

Small amount 68% (21) 36% (5)  

Large amount 19% (6) 28% (4)  

How much discomfort from chest 

pain did you have? 
   

None 81% (25) 93% (13) 0.25 

Small amount 16% (5) 0% (0)  

Large amount 3% (1) 7% (1)  
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How much discomfort from 

dyspnoea did you have? 
   

None 64% (20) 79% (11) 0.57 

Small amount 29% (9) 14% (2)  

Large amount 7% (2) 7% (1)  

How much sore throat did you 

have? 
   

None 52% (16) 57% (8) 0.77 

Small amount 45% (14) 43% (6)  

Large amount 3% (1) 0% (0)  

Table 6-3: Patient comfort after having an endobronchial ultrasound under 

moderate and deep sedation 
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MS group 

(n=31) 

DS group  

(n=14) 
p value 

How willing to return and have a repeat 

procedure? 
  0.14 

Definitely not 7% (2) 21% (3)  

Probably not 23% (7) 0% (0)  

Not sure 13% (4) 7% (1)  

Probably would 16% (5) 7% (1)  

Definitely would 42% (13) 64% (9)  

How much of the procedure do you 

recall? 
  0.28 

None 26% (8) 50% (7)  

Minimal level 16% (5) 14% (2)  

Some level 19% (6) 7% (1)  

Moderate level 16% (5) 0% (0)  

High level 23% (7) 29% (4)  

Would you have the same anaesthetic 

again? 
  0.53 

Definitely not 3% (1) 7% (1)  

Probably not 13% (4) 0% (0)  

Not sure 3% (1) 0% (0)  

Probably would 19% (6) 14% (2)  

Definitely would 61% (19) 79% (11)  
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Did you feel safe during you procedure?   0.74 

Do not agree 3% (1) 0% (0)  

Slight agree 3% (1) 7% (1)  

Not sure 3% (1) 0% (0)  

Moderately agree 16% (5) 7% (1)  

Definitely agree 74% (23) 86% (12)  

Table 6-4: Patient satisfaction after having an endobronchial ultrasound under 

either moderate or deep sedation 
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Figure 6.3 – Patient willingness to return after having an endobronchial ultrasound 

under moderate or deep sedation 
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Figure 6.4 – Operator satisfaction visual analogue score (VAS) after performing 

endobronchial ultrasound under either moderate or deep sedation 

Mean operator satisfaction in moderate (8.48 ± 1.9) vs. deep sedation groups (8.64 ± 1.1) (p=0.69) 
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Figure 6.5 – Operator satisfaction after performing endobronchial ultrasound under 

moderate or deep sedation 

TIVA = total intravenous anaesthesia (synonym deep sedation) 
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6.4 Discussion 

In this study, we report patient, procedure, and operator outcomes from individuals 

undergoing EBUS under either moderate or deep sedation. We show that there are 

no differences in diagnostic yield, patient satisfaction or comfort, and no 

differences in operator satisfaction, when compared to moderate sedation. Deep 

sedation can be undertaken safely in patients with significant co-morbidities and 

less local anaesthetic needs to be delivered. 

Endobronchial ultrasound (EBUS) is an advanced diagnostic bronchoscopy 

technique that has been adopted by interventional bronchoscopists and plays a 

central role in the diagnosis and staging of lung cancer [194]. Like many other 

interventional bronchoscopy procedures it requires a much higher level of technical 

skill, which means adequate sedation is paramount. Sedation in bronchoscopy 

using benzodiazepines or Propofol have individually been shown to improve patient 

comfort and create better conditions for the operator to perform the procedure 

[181–183]. However, for more complex procedures there has been much debate on 

whether deep sedation delivered by an Anaesthesiologist or specialist equivalent is 

superior to Physician led moderate sedation [185–187,195–197]. 

The drugs commonly used for moderate sedation are midazolam and an opioid, 

often fentanyl, which are delivered as intravenous boluses by the physician 

undertaking the procedure, which is also our practice. In deep sedation, Propofol is 

invariably used either alone or in combination with an opioid [186,187,189,195–

197]. Coughing during a procedure makes it technically more challenging and is 

more common when using moderate sedation [186]. Local anaesthetic application 

with lignocaine helps reduce this, and in this study we found we used much less in 

patients having deep sedation; 172.1 mg compared to 253 mg in moderate sedation 
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group (p=0.02). This is likely because remifentanil, a very short acting (half-life 

<10min) µ-opioid agonist [198], used in combination with Propofol in our deep 

sedation cases has an anti-tussive effect resulting in less local anaesthetic spray. In 

this study, no procedures had to be abandoned in either group due to inadequate 

sedation. One individual in the study was referred from another hospital after 

moderate sedation failed to adequately sedate the patient. In a trial by Casal et al, 5 

individuals in the moderate sedation group needed conversion to a general 

anaesthetic (non-significant). This highlights that moderate sedation can sometimes 

fail and in many institutions in the UK, patients will require a repeat of the 

procedure under anaesthetic [186]. 

There are currently two prospective randomised controlled trial comparing deep 

sedation to moderate sedation, which have shown no significant difference in the 

sensitivity and diagnostic yield of individuals undergoing EBUS-TBNA [186,191]. 

Similarly, Oztas et al in their recent retrospective study showed a similar diagnostic 

yield in patients undergoing moderate or deep sedation (85.7% vs. 77.6%), 

respectively [195]. In this study, we report similar findings, with no significant 

difference in the diagnostic yield. In contrast, Yarmus et al looked at the diagnostic 

yield in EBUS in their retrospective study comparing 2 major interventional 

pulmonology centres in the US; one that used moderate sedation and the other 

deep sedation with a laryngeal mask or endotracheal tube [187]. They reported a 

higher diagnostic yield when EBUS was performed under deep sedation, which was 

potentially as a result of being able to do more passes through each nodal station; 

something also noted in the Quality Improvement Registry, Evaluation and 

Education (AQuIRE) dataset [199]. However, the biggest confounding factor in this 

study was the comparison across 2 different sites, which would have influences 

from different study populations, operators, and pathologists. In our study, we 

found no significant differences in the size of the lymph nodes or the number of 
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passes made through each node. There was a tendency to sample more nodal 

stations in the deep sedation group, but this difference was not significant. 

In this study, the total time taken for the procedure was shorter in the moderate 

sedation group; 25.2 minutes verses 35.7 minutes in the deep sedation group. This 

differs to that reported by Yarmus et al, who found a procedure time of 46.9 and 

36.4 minutes in patients having moderate or deep sedation for their EBUS, 

respectively [187]. The short procedure time in our moderate sedation group is 

probably explained by, (i) individuals allocated to the moderate sedation list are 

usually for diagnostic EBUS rather than staging procedures, and (ii) that we use 2 

needles for sampling, which reduces the procedure time.  We also have many 

Consultants and registrars training in EBUS on our deep sedation lists, which 

naturally increases the time of the procedure.  

We report an increased complication rate when patients are having deep sedation. 

These were all sedation-related complications and none required any escalation of 

the patients clinical care. Five patients (36%) had desaturation and another (7%) 

had hypotension during the procedure. A recent systematic review looked at safety 

around the two sedation methods reported 3 studies as showing no difference in 

escalation of care between the two groups [190]. However, an observational cohort 

study showed patients having deep sedation were at higher risk of escalation of 

care compared to those having moderate sedation (OR 4.7, 95% CI 1.0-21.6; 

p<0.05) [200]. There are two explanations for increased risk of complications in this 

study. Firstly, the patient population have a high co-morbidity score and the 

presence of co-existing lung disease may predispose to desaturation. Second, the 

observation period was at the time when we had increased our bronchoscopy 

capacity under general anaesthetic, which meant there were more anaesthetists 

less experienced in delivering deep sedation in bronchoscopy. Since this study we 
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have also started using high-flow oxygen at 30-50 Lmin-1 (Optiflow®), which has 

prevented virtually all hypoxic episodes during bronchoscopy and has even been 

used in apnoeic ventilation. 

Steinfort et al were the first to report on a patient satisfaction metric after 

performing EBUS under conscious intravenous sedation [201]. They reported >90% 

of individuals were satisfied with their procedure. In this study, we reported no 

difference in the patient comfort whether they had moderate or deep sedation. 

Casal et al reported no significant differences in patient satisfaction when assessing 

similar metrics such as level of discomfort from sore throat, cough, chest pain and 

dyspnoea. We report that patients undergoing deep sedation were twice as likely 

(50% vs 26%) to have no recollection of their procedure (non-significant). Overall, 

satisfaction of the procedure under DS was good with 79% of individuals stating 

they would have the same anaesthetic again compared to the 61% who had MS. 

A neglected area is the physicians satisfaction of the procedure – “if I had a little 

more time maybe I could’ve sampled that node better” is an all too common 

phrase, and managing a complex procedure and sedation simultaneously can be 

challenging. This study is the first to look at operator satisfaction recorded on a 1–

10 scale visual analogue scale and shows there is no difference in the median score 

for satisfaction (1= least satisfied and 10= most satisfied) in the MS or DS groups. 

There was a distribution towards more satisfaction with deep sedation, but this was 

not found to be significant. This is probably owing to the numbers, but also a single 

very experienced operator performed many of the procedures under MS. 

Fernandes et al assessed difficulties the bronchoscopist found in some of the 

technical skills such as EBUS scope intubation and node sampling [191]. They 

randomised patients to sedation vs. sedation and neuromuscular blockage and 

found that bronchoscopists found the procedure technically easier in those patients 

who had sedation and paralysis [191]. 
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There were several limitations in this study. The most relevant is the bias 

introduced in the study population through our triage system. When bronchoscopy 

referrals come into our centre, they are reviewed by a nurse specialist, clinical 

fellow, and interventional bronchoscopist. Patients who are younger, have more 

comorbidities, and on radiology are anticipated to have a more complex procedure 

(e.g. smaller lymph nodes, altered anatomy, central airway obstruction) are 

automatically assigned to a deep sedation list. In this study, a significant proportion 

of patients have a higher co-morbidity score (ASA grade) in the deep sedation 

group. This will influence the length of the procedure, the anaesthetist decision to 

avoid a very deep level of sedation, and the level of comfort the patient 

experiences. Similar to Casal et al, this study also has a limitation whereby most of 

the procedures were performed or supervised by one very experienced operator. It 

is not clear whether our data can be extrapolated to other institutions, and if less 

experienced operators could achieve the same results under moderate sedation. 

The other limitation is there is no blinding, which is not really possible and could 

result in differences in not only how the operator performs the procedure, but how 

the patient is sedated. The study also has relatively small numbers of patients 

assessed over a short period of time. Trainees were able to participate in the 

bronchoscopy procedures, which may have prolonged procedures and affected 

outcomes.  

This study helps answer some important questions with regard to utilisation of 

deep or moderate sedation for EBUS, and bronchoscopy as a whole: whether the 

diagnostic yield is better under general anaesthetic; whether patients are more 

comfortable after anaesthetist led sedation, and if the operator will feel they have 

had the optimal conditions to perform the procedure. 
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In straight-forward diagnostic flexible video bronchoscopy and EBUS performed 

under moderate sedation by an experienced operator in a relatively fit patient will 

mostly result in a good outcome. Therefore, at our institution a pragmatic approach 

is to use DS for younger individuals, individuals on regular sedative and opiate 

medications, patients with more co-morbidities will probably benefit from having a 

procedure under general anaesthetic. A less-experienced operator or an 

bronchoscopist who is training others will benefit from having an anaesthetist 

deliver sedation. Complex and lengthy bronchoscopy that requires accurate staging 

of lung cancer will be facilitated by a general anaesthetic [202]. Finally, in 

therapeutic bronchoscopy such as in airway stenting or ablative therapy, we would 

strongly advocate anaesthetist led sedation, where there may be a need for muscle 

paralysis and rigid bronchoscopy, and the potential for emergent intubation and 

ventilation. 
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6.5 Conclusion 

Bronchoscopy is a spectrum of diagnostic flexible video bronchoscopy performed 

under moderate sedation to therapeutic procedures performed under general 

anaesthetic. EBUS-TBNA, an advanced diagnostic bronchoscopy technique can be 

performed with either sedation technique. The purpose of this chapter was to 

demonstrate safety and outcome measures in an anaesthetist led sedation. 

In this study, we show that the sedation technique does not affect the patient or 

operator experience, and doesn’t appear to have an impact on the diagnostic yield. 

However, we do show that general anaesthesia can be undertaken safely in 

patients with multiple co-morbidities and demonstrate where general anaesthesia 

has a role to play in bronchoscopy.  

As we see a rise in novel bronchoscopy techniques we will continue to question the 

optimal sedation technique, which will require further investigation and robust 

randomised controlled trials.



 

Chapter	7 SUMMARY	

This thesis has examined the role of bronchoscopy in the diagnosis, surveillance, 

treatment, and prevention of early lung cancer. Chapter 1 demonstrates that 

interventional bronchoscopy is a growing field with an increasing need for 

minimally invasive treatments for patients who are unable to undergo conventional 

treatment or need a tissue-sparing treatment for early central airway cancers. It 

reviews the different endobronchial modalities, their indications and how they are 

used to treat lesions in the bronchial tree. Two different medical lasers are 

described, a low power laser used to activate a photosensitiser in photodynamic 

therapy and another high power laser used for vaporising tumour. 

Autofluorescence bronchoscopy has been crucial in the longitudinal surveillance of 

patients with pre-invasive disease of the airway. Chapter 2 shows that pre-invasive 

lesions are clinically important, with approximately 50% of severe dysplasia and 

carcinoma in situ lesions developing into endobronchial squamous cell lung 

carcinomas. This work also showed that high-grade lesions serve as markers of ‘lung 

cancer risk’ with 50% of all interval cancers being detected at another site in the 

bronchial epithelium or lung parenchyma. The role of close surveillance with 

autofluorescence bronchoscopy and computerised tomography in this group was 

supported by the remarkable stage shift at diagnosis, with >80% of cancers being 

detected at stage I. This is in clear contrast to the majority of patients in England 

who present with advanced (stage IV) lung cancer. The strategy of close 

surveillance and acting when there is evidence of microinvasion led to prompt 

treatment of early lung cancer and a 5-year survival of 70% in these individuals, 

which is comparable to the 73% 5-year survival seen in patients with stage IA lung 

cancer [203]. Therefore, the data from this chapter may guide other groups on the 

surveillance strategy that is necessary in this high-risk cohort.  

Patients with high-grade pre-invasive endobronchial lesions were more likely to 

develop lung cancer at the index site or at remote sites in the lungs. In chapter 2, 
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the clinical parameters at baseline could not accurately predict the occurrence of 

cancer. However, comprehensive molecular analysis of genomic, epigenomic, and 

transcriptomic data from each lesion biopsied from every patient in the study led to 

the development of a predictive model that can identify which lesion will progress 

to invasive lung cancer [124].  

One challenge that was evident from the longitudinal surveillance study was the 

optimal treatment strategy for these patients, who are at high risk of developing 

interval cancers. This called for a tissue-sparing strategy, so in chapter 3, the 

efficacy of photodynamic therapy was investigated as an endobronchial treatment 

for patients with early invasive central airway lung cancers. This prospective study 

showed that PDT was an effective therapy with minimal complications – 75% of 

individuals had a complete response to photodynamic therapy and an analysis in to 

the factors that affect a successful response to PDT showed that small (<15 mm) 

and superficial lesions were exquisitely sensitive to the treatment. The median 

overall survival for this cohort was 32 months (95% confidence interval 20–

44months), which was not unexpected since the study population were patients 

who were unfit for conventional lung cancer treatment. The reported 5-year 

survival in this study was no different to patients selected for stereotactic 

radiotherapy (42% vs. 37%) [140]. In the cohort, 38% of patients died from non-

cancer cause of death (overall lung cancer mortality was 42%). This led to the 

question of whether early treatment, i.e. before lesions become invasive could 

prevent cancer occurrence. 

It is widely accepted that squamous cell lung cancers arise from pre-invasive 

lesions. As shown in chapter 2, not every pre-invasive lesion is destined to this 

course and in many individuals, lesions may not progress, or may indeed regress to 

normal epithelium. However, their treatment remains controversial and the 

American College of Chest Physicians would still advocate surgical resection of 
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individuals with high-grade pre-invasive disease. There is no randomised evidence 

to support this practice and so Appendix A presents the PEARL trial – a multi-centre 

randomised phase III clinical trial that will test whether photodynamic therapy can 

be used as a treatment to reduce the incidence of cancer in patients with high-

grade pre-invasive endobronchial lesions. Data on smoking status, and co-

morbidities will be collected, and individuals randomised to receive either, (i) 6–12 

monthly surveillance with AFB and CT thorax, or (ii) PDT followed by surveillance 

with AFB and CT thorax. The primary outcome will measure the proportion of HGLs 

that develop into invasive lung cancers over 3 years. Secondary outcomes will look 

at (i) the incidence of multi-focal lung cancer, (ii) overall and lung cancer- specific 

survival, (iii) health-related quality of life, and (iv) cost-effectiveness. Additional 

biopsies will also be collected to create a unique pre-invasive tissue bank of treated 

patients. The PEARL trial is funded by CRUK and is the first phase III randomised 

trial of an endobronchial therapy for the prevention of lung cancer and is scheduled 

to open in 4 sites across England and the Netherlands. 

The second part of the thesis examined the role of other bronchoscopy techniques 

in treatment of carcinoid tumours, palliation of lung cancer, and the role of 

sedation in interventional bronchoscopy. Chapter 4 describes the use of a high-

power semiconductor diode medical laser in the treatment of carcinoid tumour of 

the lung. Typical carcinoid by definition is malignant, but falls on far end of the 

spectrum of neuroendocrine tumours characterised by a low mitosis and Ki67 index 

making them very much benign tumours of the lung. They also frequently occur in 

the central airway, which makes them accessible to endobronchial therapy. In 

chapter 4, an analysis of a prospective cohort is undertaken in patients referred to 

University College London Hospital for laser therapy of carcinoid tumours. The 

primary goal was to examine the safety and effectiveness of high-power medical 

lasers in the airway. 73% of individuals and had complete response to laser therapy 

and any recurrence was easily managed with further laser therapy or surgical 
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resection. Further, this study showed that recurrence was treated without fear of 

metastatic disease developing or affecting survival. Analysis of factors that could 

influence the success of complete ablation revealed small (<20 mm) and purely 

intraluminal tumours were most sensitive to thermal ablation by diode laser. 

Although no escalation of care was needed, a high rate of bleeding complications 

were seen with endobronchial therapy, which is expected of carcinoid tumours that 

are regarded as being incredibly vascular. A clinical trial to test non-inferiority of 

endobronchial laser therapy vs. surgical resection is needed. However, this chapter 

described that laser endobronchial therapy was safe when undertaken in a 

specialist interventional bronchoscopy unit and that it should be considered as a 

lung-sparing alternative to ‘gold-standard’ surgical resection. 

Squamous cell lung cancer has the potential to cause malignant airway obstruction 

and the role of bronchoscopy as a palliative treatment was described in chapter 5. 

Diagnostic bronchoscopy forms one of the most crucial investigations in such 

patients before deciding if intervention is possible and what type of treatment 

modality to use. In this proof of concept study, three patients had a virtual 3D 

animation of their airway created and 2 independent bronchoscopists agreed on 

the type of procedure and stent sizing before this was corroborated with flexible 

video bronchoscopy. This study will be taken forward as a prospective descriptive 

cohort study looking at the role of 3D animation in planning procedures in central 

airway obstruction. 

The final study conducted as part of this thesis was in the most rapidly growing 

interventional bronchoscopy procedure, endobronchial ultrasound and 

transbronchial needle aspiration (EBUS-TBNA). Physicians are placing ever 

increasing importance on sedation as the complexity and length of procedures 

increase. At University College London Hospital the growing number of procedures 

meant that an evaluation of sedation techniques was essential. Chapter 6 
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compared moderate bronchoscopist led sedation vs. deep anaesthetic led sedation 

in a prospective study of patients undergoing EBUS-TBNA. No significant differences 

were seen in the moderated vs. deep sedation group when looking at diagnostic 

yield (61% vs. 71%; p=0.71), patient comfort and satisfaction, or operator 

satisfaction. The main limitation of this study was that an interventional 

bronchoscopist or senior interventional clinical fellow would determine which 

patients are done under moderate or deep sedation based on the anticipated 

complexity of the EBUS-TBNA and patient co-morbidity. Despite this bias, the study 

did steer practice to using deep sedation on individuals that are younger, have 

more co-morbidities, and when trainees are attending the lists. The study also 

reported an increased relative risk of 3.1 (95% confidence interval 1.7-5.5; p=0.03) 

of complications with deep sedation, mainly desaturation. Although no patients 

needed an escalation of care, this led to a change in practice at UCLH, where the 

use of high-flow nasal oxygen (Optiflow®) has now become standard practice. 

This thesis has examined a ‘high-risk’ cohort improving our understanding of 

preinvasive disease and the occurrence of squamous cell lung cancer through 

advanced diagnostic bronchoscopic techniques. This has been complemented by 

extensive biological work, which has isolated predictive biomarkers that can 

identify patients that will develop lung cancer. The role of minimally invasive 

therapies in treating cancers of the tracheobronchial tree were then described and 

how they will be examined in a clinical trial of high-risk patients in order to prevent 

the development of lung cancer. 
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Chapter	8 SUPPLEMENTARY	WORK	

University College London Hospital is a tertiary centre for interventional 

bronchoscopy referrals from many hospital in South England. While this thesis has 

focused on the bronchoscopic management of early central airway lesions, other 

academic work has been done alongside this in both lung cancer and bronchoscopy 

management of central airway obstruction. This thesis has also contributed to a 

considerable amount of cell biology work that has led to a better understanding of 

lung cancer pathogenesis. The supplementary work done and publications are 

described below and included in the Appendix. 

 

8.1 Guideline 

London Cancer Lung Cancer Guidelines 2014. Thakrar RM, Janes SM, Singer J, Wells 

P. London Cancer Network: http://www.londoncancer.org/media/81177/london-

cancer-lung-clinical-guidelines-final-june-2014.pdf. 

 

8.2 Book chapter 

Tracheobronchial Stenting. Chapter 9 In: Sandhu G, Reza Nouraei SA eds. Laryngeal 

and Tracheobronchial Stenosis. Thakrar RM, Janes SM, George PJ. Plural Publishing. 
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8.3 Publications 

[1] Deciphering the genomic, epigenomic, and transcriptomic landscapes of pre-

invasive lung cancer lesions, Nature Medicine 2019 [124]. 

[2] Optimized isolation and expansion of human airway epithelial basal cells from 

endobronchial biopsy samples, Tissue Engineering & Regeneration 2018 [204]. 

[3] Phylogenetic ctDNA analysis depicts early-stage lung cancer evolution, Nature 

2017 [205]. 

[4] Preinvasive disease of the airway, Cancer Treatment Reviews 2017 [206]. 

[5] Tracking the evolution of non-small cell lung cancer, New England Journal 

Medicine 2017 [207]. 

[6] Genetically modified mesenchymal stromal cell is cancer gene therapy, 

Cytotherapy 2016 [208]. 

[7] Combined cell-gene therapy for lung cancer: rationale, challenges and 

prospects, Expert Opinion Biology Therapy 2016 [209]. 

[8] Rapid Expansion of Human Epithelial Stem Cells Suitable for Airway Tissue 

Engineering, American Journal Respiratory and Critical Care Medicine 2016 [210]. 

[9] Positive 18-Fluorodeoxyglucose-Positron Emission Tomography/Computed 

Tomography Predicts Preinvasive Endobronchial Lesion Progression to Invasive 

Cancer, American Journal Respiratory and Critical Care Medicine 2016 [47]. 
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8.4 Abstracts 

[1] Photodynamic therapy for the prevention of lung cancer (The PEARL trial), Lung 

Cancer 2017 [211]. 

[2] Virtual animation and 3-dimensional airway reconstruction using LungPoint® to 

guide tracheobronchial stenting, Lung Cancer 2017 [212]. 

[3] Transbronchial cryobiopsies in the diagnosis of interstitial lung disease, Thorax 

2015 [213]. 

[4] Role of EBUS-TBNA in the diagnosis of primary and relapsing haematological 

malignancy, Thorax 2014 [214]. 

[5] Incidental detection of early stage non-small cell lung cancer – time to 

implement screening, Thorax 2014 [215]. 

[6] Carcinoma in-situ at the bronchial resection margin – a case for routine 

surveillance with autofluorescence bronchoscopy, Thorax 2014 [216]. 

[7] Infrared spectroscopy for the detection of extended field carcinogenesis: a new 

paradigm for lung cancer screening, Thorax 2014 [217]. 

[8] MIF as the key regulator for mesenchymal stem cell homing to tumours by 3D 

and in vivo lung metastasis models, Thorax 2014 [218]. 
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8.5 Clinical trials portfolio 

Co-investigator on PEARL trial (Chief investigator: Sam Janes) – multi-center, 

international randomized controlled trial of photodynamic therapy for the 

prevention of lung cancer. PEARL is a CRUK funded trial and the first to look at 

prevention of lung cancer using PDT ablation as described in Appendix A. 

Co-investigator on Longitudinal Surveillance of Pre-invasive Disease (Chief 

Investigator: Sam Janes) – multi-center longitudinal descriptive phase II trial looking 

at the natural history of pre-invasive disease in the airway described in chapter 2. 

Co-investigator on UK Lung Volume Reduction (Chief Investigator: Nicholas 

Hopkins) – multi-center observational study examining outcomes in endoscopic 

lung volume reduction techniques. 

Principle Investigator on Registry of therapeutic bronchoscopy in airway 

obstruction. Longitudinal descriptive cohort study of symptomatic and quality of 

life outcomes in individuals undergoing interventional bronchoscopy. Protocol in 

preparation.
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Appendix	A 	THE	PEARL	TRIAL:	

PHOTODYNAMIC	THERAPY	FOR	THE	

PREVENTION	OF	LUNG	CANCER	

A.1 Introduction 

It is widely accepted that squamous cell lung cancers arise from pre-invasive lesions 

typically found in the central airways. Smoking exposure results in morphological 

progression from normal epithelium to dysplasia, carcinoma-in-situ (CIS), and 

ultimately to invasive carcinoma. However, as shown in chapter 2, not every pre-

invasive lesion is destined to this course and in many individuals, lesions may not 

progress, or indeed may regress to normal epithelium.  

Surveillance of pre-invasive lesions with autofluorescence bronchoscopy (AFB) 

allows us to document their natural history with the hope that early detection can 

lead to improved survival. Prospects for individuals with pre-invasive or 

intraepithelial neoplastic lesions (stage 0), or early stage invasive cancers (Stage 1A) 

of the central airway are good, with a 5-year survival of more than 70% [3–6]. 

However, their treatment remains controversial and, although radical therapies are 

advocated for individuals with high-grade pre-invasive disease (HGLs), there is no 

randomised evidence to support this practice.  

The American College of Physicians and other authors advocate surgical treatment 

for CIS and early lung cancers in the airway [4,6,7,87]. Despite these lesions being 

small, their central location means that many individuals require extensive surgical 

resection[4]. However, with patients having a significant risk of developing 

multifocal pre-invasive and invasive carcinoma at other sites within their lungs, 

many will not have sufficient reserve to undergo multiple lung resections. It is also 

known that not all HGLs progress to invasive cancer, and in one review, Banerjee et 
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al concluded that overall CIS regression occurred in 58% of individuals undergoing 

treatment, however, 34% of CIS lesions progressed despite treatment [53]. While 

many investigators do report good results with a variety of endobronchial 

treatments, these studies are often small, with short follow-up, and frequently 

combine progression to invasive and high-grade pre-invasive histology as a single 

end-point [7,53,55]. Since none of the studies have included a control arm 

[48,51,55,60,88], the natural history of the lesions treated in these studies is not 

known, and the clinical and prognostic value of the intervention remains unclear. 

Consequently, the American College of Chest Physician’s guidance conclude with 

remarks on the lack of randomised studies evaluating the efficacy of endobronchial 

therapies for pre-invasive disease [7]. 

 

A.2 Photodynamic therapy 

A.2.1 Photodynamic therapy in treatment of early central lung cancer 

Photodynamic therapy (PDT) has a proven track record of successful tumour 

ablation [105]. It relies on activation of a photosensitiser that preferentially 

accumulates in transformed cells. Using a specific wavelength of light delivered 

endobronchially, release of reactive oxygen species causes cellular apoptosis to the 

lesion in question. PDT can achieve good response rates in radiographically 

negative airway cancers [89,90,99,106,91–98]. In an early phase II study, Furuse et 

al treated 59 early cancers with photofrin, a first-generation photosensitiser [90]. A 

complete response (CR) was seen in 85% of patients, with the remainder having 

either a partial or no response. Usuda et al observed the outcome of 28 early lung 

cancers (including CIS) treated with PDT, where a complete response was observed 
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in 100% of cases at 2-month follow-up. They also showed, ⅓ of their cohort 

developed metachronous lesions, demonstrating the importance of utilising PDT as 

a tissue-sparing strategy [98]. 

A systematic review of over 700 invasive and pre-invasive lesions across 15 trials 

revealed a complete response rate of 30–100% and an overall 5-year survival of 

61% [107]. They further showed that PDT is safe with photosensitivity being the 

most common complication in 5–28% of cases. The lower response rates seen in 

this review were largely due to the heterogeneity of cases treated and it has since 

come to light that PDT is most effective when there is no extra-cartilaginous disease 

and the tumour length is <1 cm [94,95]. 

Furukawa et al used PDT as the definitive treatment in 114 stratified lesions (<1 cm 

or >1 cm), with long-term follow-up [95]. When persistent atypia was demonstrated 

at the same site the authors showed complete remission could be obtained by 

performing a second PDT. A complete response was seen in 93% of lesions <1 cm in 

size compared to 58% of lesions >1 cm. While the 5-year survival was not influenced 

by tumour size, the lower survival in both groups may be due to poor baseline 

performance status as patients receiving this treatment were unsuitable for surgical 

treatment.  

 

A.2.2 Photodynamic therapy in the treatment of pre-invasive disease 

Photodynamic therapy should be considered for those in whom surgery is medically 

or technically not possible. However, it is more commonly being used as treatment 

of pre-invasive disease, especially in cases of multifocal disease where a tissue 

sparing approach is necessary [94]. While authors report a good response with PDT, 
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its role as a definitive treatment remains unclear and will be examined for the first 

time in this trial. 

The large body of evidence for treating pre-invasive lesions comes from other organ 

systems. The major clinical trials in pre-invasive disease of the aerodigestive tract 

are summarised in Table 4-1. The documented treatment modalities in the 

oesophageal and head and neck studies are all using PDT. However, in the lung 

different endobronchial modalities are often used and there are few trials using 

PDT solely for pre-invasive disease. In the oropharynx, Hopper et al treated 95 

lesions of severe dysplasia and CIS with PDT with a complete response maintained 

at 3-year assessment19. In a similar study HGLs treated with PDT had a response 

rate of 79.5% [CI 68%-88%] in a trial of 73 lesions, where patients maintained a 

disease-free interval for 66 months31. Finally, in the gut, in a landmark randomised 

controlled trial of surveillance versus treatment in pre-invasive disease of the 

oesophagus, has led to a complete change in clinical practice of Barrett’s 

oesophagus[219]. In the lung a variable response to treatment is seen, with 57-81% 

of treated high-grade lesions responding to treatment. Although the results from 

these studies look quite promising, there is considerable heterogeneity of the 

studies in treatment protocols, length of follow-up, and study end-points, making 

firm conclusions on efficacy difficult. 
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Investigators Baseline 
histology & 
lesion (no.) 

Median 
follow-up 
(months) 

Lesion end 
point/response 

Comments 

LUNG 

Deygas et al 

(2000) [60] 

CIS (35) 1m & 1year CIS®LGL: 71% 

CIS®CIS: 9% 

CIS®INV: 20% 

Cryotherapy as treatment 

28% local recurrence (1 year) 

Disease free-interval 13-45months 

Kato et al 

(2003) [135] 

CIS (39) 1-2m CR 85%  

[CI 69-94] 

PDT as treatment 

Short follow-up 

Moro-Sibilot 
et al (2004) 
[51] 

SD (3) 

CIS (28) 

24 (13–41) CIS®LGL: 52% 

CIS®INV: 43% 

Electrocautery as treatment 

CIS (untreated) progressed in 29% 

Salaun et al  

(2008)$ [52] 

SD (23) 

CIS (31) 

68 (19–
117) 

CIS®LGL: 13% 

(untreated) 

CIS®LGL: 32% 

(treated) 

CIS®INV: 23% 

Electrocautery as treatment 

HGLs had 3mo assessment prior to 
treatment decision 

Van Boerdonk 

(2015) [17] 

HGL (80) 

CIS:14 

30 (4–152) HGL®INV: 18% 

(site specific 
progression) 

Electrocautery as treatment 

Cumulative 5-year lung cancer risk 
39% in HGLs 

OROPHARYNX 

Hopper et al  

(2004) [220] 

CIS (37) 3m and 
12m 

CR: 85%  

[CI 79-92%] 

PDT as treatment 

18% recurrence at 12m 

Karakallukcu 
et al (2011) 
[221] 

CIS (73) NS CR: 79.5%  

[68-88%] 

PDT as treatment 

66m disease free interval 

Jerjes et al  

(2011) [222] 

SD & CIS 
(95) 

3 year CR: 71% PDT as treatment 

15% recurrence at 3year follow-up 

GASTROINTESTINAL 

Corti et al 

(2000) [223] 

Barretts 
(18) 

NS CR: 45% PDT as treatment 

 

Phoa et al 

(2014) [219] 

Barretts 
(68) 

3 year CR: 93%  

(at 2months) 

PDT as treatment 

26.% progression to cancer in control 
vs 1.5% treated with PDT 

Appendix A 1: Endoluminal therapy studies of pre-invasive disease of the 

aerodigestive tract  
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A.3 Photodynamic therapy using Fotolon® photosensitiser 

A.3.1 Fotolon® - chemistry, pharmokinetic and pharmodynamics 

Chlorin-e6-trisodium salts are a group of second-generation photosensitisers. The 

chlorin-e6 molecule has been adapted to improve its clinical efficacy. The 

conjugation of a trisodium salt of chlorin-e6 to polyvinylpyrrolidone (PVP) is 

Fotolon®. This has several advantages as a photosensitiser with increased stability, 

and solubility in water, thereby increasing its bioavailability and enhancing its 

photosensitising effect [224,225]. Further, this attachment to a polymeric carrier 

enables a prolonged circulation of the drug in the plasma leading to enhanced 

tumour targeting through ‘enhanced permeability and retention’ (EPR) effect [225]. 

This explains the higher selectivity of Fotolon® accumulation in malignant tissues 

[224]. Its activation at 665 nm has been shown to induce tumour necrosis in vivo; 

and this long wavelength of activation means that Fotolon® can be used for deep 

tissue excitation, and thus the destruction of deep-seated tumours[226]. Once 

activated with light, Fotolon® results in a significant production of reactive oxygen 

species (ROS), which is ultimately responsible for cell killing by necrosis [227]. 

Chlorin-e6 trisodium salt possesses photosensitising properties with rapid 

accumulation in tumour tissue observed at 1-3 hours following its intravenous 

administration and is rapidly eliminated thereafter. This allows for same day 

phototherapy making it more palatable for patients. The photosensitiser is best 

activated at a wavelength of 660-670 nm and its favourable tumour to normal 

tissue ratio of 8:1 is achieved at 3 hours after its administration. As a result, 

necrosis has been detected up to a depth of 12 mm in animal models[224,227]. The 

formulation of Fotolon® has been proved to be distinctly advantageous as a 
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diagnostic and therapeutic agent for fluorescence diagnosis and PDT of [228]NSCLC 

[229]. 

A.3.2 Clinical use of Fotolon® in the lung 

Fotolon® has been used in 52 patients with stage IIIb and IV lung cancer (46 NSCLC, 

6 SCLC) with major airway obstruction and has been assessed as a safe and 

effective way of treatment causing complete or partial (>50%) remission in 83% of 

patients [230]. Fotolon® has also been used intra-operatively as a part of combined 

radical treatment for stage III NSCLC with no complications and good clinical 

outcome [231]. It is currently undergoing phase IIb clinical trials in Germany in the 

treatment of early central airways cancer (EudraCT 2013-001876-28). 

In a phase II PDT study, Kato et al treated 45 central early-stage lung cancers using 

chlorin conjugate, where a complete response was obtained in 85% of the lesions. 

Further, rates of skin photosensitivity were considerably lower than that seen with 

Photofrin[135]. Fotolon® has a rapid accumulation in tumour tissue observed at 1-3 

hours following its intravenous administration and is rapidly eliminated thereafter. 

The post-treatment photosensitivity phase is only 4-7 days as compared to 6-8 

weeks with Photofrin® resulting in shorter hospital admission, thus improving 

patient acceptability and reducing costs. 

 

A.3.3 Clinical use of Fotolon® in other organs 

Istomin et al administered Fotolon® and performed PDT in 112 women of a 

childbearing age with cervical intraepithelial neoplasia grades II and III [134]. A 

complete response represented by the complete regression of neoplastic lesions, 

was seen in 104 (92.8%) of treated women. The authors suggest that PDT with 



A-8 THE PEARL TRIAL: PHOTODYNAMIC THERAPY FOR THE PREVENTION OF 

LUNG CANCER 

 

 A-8 

Fotolon® is an alternative approach for the treatment of cervical intraepithelial 

neoplasia, which can be recommended for women of childbearing age. Fotolon® 

has also been selectively administered both intravenously and intravesically 

followed by PDT as a bladder sparing therapy to treat non-muscle invasive bladder 

cancer refractory to intravesical Bacillus Calmette–Guérin (BCG) therapy [229]. 

Despite this being a small study, it showed intravesical PDT using Fotolon® can be 

used to treat non-muscle invasive bladder carcinoma in selected individuals. PDT 

with chlorin e6 photosensitiser has been administered to 14 patients with skin 

metastases from melanoma. All skin melanoma metastases that received PDT 

showed complete regression with no recurrence. There were no significant changes 

in blood cell counts that would indicate systemic chlorin e6 toxic effects. Blood 

chemistry and urinalysis did not show any evidence of chlorin e6 induced renal and 

hepatic injury [232]. 
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A.4 Why is a trial needed? 

A systematic review of PDT by the NIHR Health Technology Assessment programme 

looked at the clinical effectiveness and safety of PDT, either as an adjunctive or sole 

treatment for different cancers [233]. The key points outlined were: 

• There is a paucity of well-conducted randomised controlled trials in PDT 

• Quality of life outcomes were under reported in these studies 

• No PDT trials were found on treatment of early lung cancer 

• Further research to determine the role of PDT is needed 

Individuals with pre-invasive disease are at high risk of developing synchronous and 

metachronous lung cancers and HGLs throughout the airways. The frequent 

occurrence of new invasive cancers elsewhere in the lung means radical treatments 

may be harmful in the long-term, hence the need for tissue-sparing therapies.  

Photodynamic therapy combines tissue specificity with efficacy and repeatability, 

and these characteristics make it ideal to treat recurrent airway HGLs. A trial was 

therefore designed to investigate the effect of PDT on the progression of pre-

invasive disease to lung cancer, making it the first clinical trial in this area. If 

effective, this will be the first evidence-based endoscopic treatment for the 

prevention of lung cancer. Finally, from our increased understanding of the 

molecular pathology it is becoming apparent that the respiratory epithelium 

accumulates progressive genetic and epigenetic insults in response to carcinogens. 

Still, little is known about how to predict those ‘at risk’ of progression. This trial will 

also map the molecular signatures, which in the future may underpin prediction 

models of developing invasive lung cancer based on some of the work already done 

on the ‘high-risk’ cohort in chapter 2 [124].  
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A.5 Hypothesis 

The trial will test the alternative hypothesis that photodynamic treatment of high-

grade pre-invasive lesions in the airway will not change the progression to invasive 

cancer when compared to surveillance alone. 

 

A.6 Study population 

Patients with ≥1 histologically confirmed high-grade airway lesion (defined as 

severe dysplasia or carcinoma in situ) will be eligible for trial entry. Patients will be 

at least 18 years of age and fit enough to undergo bronchoscopy and endobronchial 

photodynamic therapy (ECOG performance score 0-2). No upper age limit has been 

set, but it is expected patients will have a life expectancy of at least 3 years. 

Exclusion criteria are significant concurrent malignancy or finding of (micro-) 

invasive lung carcinoma. Individuals with hypersensitivity to porphyrins or 

photosensitivity will also be excluded. 

Patients from known cohorts or through new referrals will be recruited and first 

undergo clinical, radiological and bronchoscopic evaluation prior to randomisation. 

Clinical assessment will include examination, lung function testing and CT Thorax 

with contrast. Smoking status will be recorded and all current smokers will be 

offered smoking cessation advice. Quality of life questionnaires (EQ-5D, EORTC LC-

13, SF-36) will be completed. 

Patients will then undergo examination with autofluorescence bronchoscopy (AFB) 

with either the D-Light autofluorescence bronchoscope (Karl Stortz, Germany), or 
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Olympus autofluorescence AFI-Lucera (Olympus, Tokyo, Japan). All bronchoscopies 

will be performed under intravenous sedation according to the British Thoracic 

Society guidelines[137]. The bronchial tree will be inspected first under white light 

and then under blue light. All abnormal areas will initially be documented and only 

sampled when the bronchoscopic examination has been completed. The patient 

will be recruited once histological diagnosis of ≥1 HGLs in the airway, defined as 

severe dysplasia or carcinoma in-situ, has been confirmed by two expert pulmonary 

pathologists. 

 

A.7 Trial design 

This is a Phase III multicentre, international randomised controlled trial, with an 

incorporated phase II (pilot) component. Patients will be randomised in a 2:1 design 

to either intervention with photodynamic therapy treatment followed by 

surveillance with CT and AFB or surveillance with CT and AFB alone. Telephone 

randomisation using permuted blocks of four generated by computer will be 

employed. Randomisation will be stratified for the number of synchronous high-

grade lesions (≤2 vs >2), lesion length (≤1cm vs >1cm), length of time HGL present 

(≤1 vs >1 year), COPD, and previously surgically treated non-small cell lung cancer 

or radically treated head and neck squamous cell cancer. 

The trial centres will be University College London Hospital, Wythenshaw Hospital 

in Manchester, Papworth Hospital in Cambridge, and VU Medical Centre in 

Amsterdam. Following the informed consent process, University College London 

Clinical Trials Centre (UCL CTC) will co-ordinate the randomisation process. Due to 

the nature of the intervention, blinding the participants and investigators is not 

possible. However, the histopathologists reading the biopsies will be blinded to the 
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intervention. Data will be collected on paper case record forms and entered (using 

double-data entry) by an independent data clerk onto a secured trial database on a 

dedicated trial computer. 

 

A.8 Study protocol 

A.8.1 Surveillance arm 

All patients will attend clinic after randomisation at 12 monthly intervals for a total 

of 3 years of follow-up. Patients randomised into the surveillance arm will be 

managed according to the schema in Figure 3-1. Clinical follow-up and assessment 

will include recording of smoking status, completion of quality of life 

questionnaires, lung function testing and collection of a patient diary of their 

healthcare use. Participants will also undergo an annual CT Thorax with contrast. All 

patients will undergo surveillance AFB according to the most severe grade lesion in 

the patient’s airway. The procedure will be performed as described in chapter 2. 

 

A.8.1.1 When pre-invasive lesions are identified 

AFB will be repeated at intervals according to the grade of pre-invasive lesion in the 

patient’s airway: 

• For high-grade lesions bronchoscopy will be performed as near as possible 

to 6 months 

• For low-grade lesions or normal epithelium bronchoscopy will be performed 

as near as possible to 12 months 
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• The index and/or treated lesion(s) will be biopsied on each occasion, as will 

any other lesion previously known to harbour pre-invasive pathology. 

• Any newly identified lesions will be biopsied and kept under surveillance for 

the trial period 

A.8.1.2 When invasive lesions are identified 

• The patient will be managed as directed by a lung cancer multi-disciplinary 

meeting. 

• Surveillance with AFB and CT will continue after treatment for the detected 

cancer has been completed. 

A.8.1.3 When the bronchoscopy is normal 

• Biopsies will be taken from the area of the index and/or treated lesion(s) 

and a control normal site in the airway. 

 

A.8.2 Intervention (PDT) arm 

Participants randomised to the intervention arm will undergo two photodynamic 

therapy treatments to all index HGLs in the airway, followed by surveillance with 

AFB and CT. Patients will receive Fotolon® (1mg/kg IV) photosensitiser prior to their 

PDT treatments. The first treatment will occur within 28 days of randomisation. 

Thereafter, the second treatment will be given between week 6-10. If HGLs are 

present in both lungs, treatment of each side will need to be undertaken 

sequentially. Treatment of both lungs must be completed within 2 weeks (Table 4-

2). 
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Appendix A 2: Summary of drug administration and photodynamic therapy in 

intervention arm 

A.8.2.1 Light dosimetry for PDT 

PDT treatment must occur 3-4 hours after Fotolon® administration as optimal 

uptake of Fotolon® is expected at this time. For the light treatment the patient will 

undergo flexible bronchoscopy as per BTS guidelines[137]. All index high grade 

lesions will be identified by AFB and then photodiagnosis and illuminated with light 

at 665nm (± 5nm). The delivery device used is a 600 micron diameter quartz fibres 

inserted through the working channel of the bronchoscope – either a cylindrical 

diffuser or microlens fibre (CeramOptec, Bonn, Germany). The size and topography 

of the lesion will inform the operator of the length of time that the treatment will 

need to be applied. The dose is specified in J/cm length of fibre. The bronchial 

lesions will be treated at 150J/cm length of diffuser at a rate of 400mW/cm of 

diffuser over a period of 375s. In the case a cylindrical fibre cannot be used, e.g., 

access to a particular lesion is difficult to cover with cylindrical illumination; a 

microlens fibre can be utilised with a fluence of 100 mW/cm2 given over 700s, 

giving a dose of 70 J/cm2. Light must be applied to the entire surface of the 

endobronchial lesion as far as technically feasible. Each field is to be illuminated 
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once only at each treatment. Multiple non-overlapping fields may be illuminated 

during one treatment session.  

A.8.2.2 Following PDT 

The patient will undergo a second bronchoscopy the day following treatment to 

remove any necrotic airway debris from the treatment. On completion of PDT 

treatment, as part of the phase II trial component, patients will undergo a 

bronchoscopy and biopsy assessment post treatment. The end-point for phase II is 

regression of a HGL to a LGL or normal epithelium at an 8-week AFB assessment. 

Following this surveillance will resume as per the surveillance arm: 

When an HGL lesion is identified 

• When a HGL is present in the airway, either the index (treated) lesion(s) or 

any metachronous lesions(s) that develop over the course of follow-up in 

the trial will be managed with 6-monthly AFB and 12-monthly CT thorax 

surveillance as in the control arm. 

When an LGL lesion is identified 

• When histological response is detected after PDT, a repeat AFB and CT will 

be performed near as possible to 12 months 

• Surveillance will otherwise continue as per the control arm 

When invasive lesions are identified 

• The patient will be managed as directed by a lung cancer multi-disciplinary 

meeting 

• Surveillance with AFB and CT will continue after treatment for the cancer 

has been completed as per the control arm  
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A.9 Trial endpoints 

A.9.1 Histology definitions & quality assurance 

The definitions for endpoints in the trial will be determined by changes based on 

histological grade assessed by a blinded pathologist using WHO/IASLC criteria [12]. 

• Regression: refers to CIS or severe dysplastic lesions (HGLs) reverting to 

either mild/moderate dysplasia, metaplasia and hyperplasia (LGLs), or to 

normal epithelium 

• Stable: refers to HGLs remaining unchanged over the testing period 

• Progression: refers to the site-specific progression of HGLs to invasive 

disease, where breach of the epithelial basement membrane has occurred. 

Histopathologists with a dedicated interest in pulmonary pathology will examine 

multiple sections from all biopsies. A central pathology review will be employed for 

all specimens from the index HGL and all other multifocal lesions that develop 

during surveillance. They will be first reported by the pathologist at the host site 

and subsequently reviewed by a second at a different recruiting site and verified. 

Where there is disagreement, the diagnosis will be verified by a reference 

pathologist who will review the same slides. The diagnosis of the reference 

pathologist will be accepted as final. 

A.9.2 Phase II 

The primary endpoint for the phase II component of the trial is the response to 

photodynamic therapy as measured by regression of a high-grade lesion to low-

grade or normal epithelium. The secondary endpoint will look at the efficacy of the 
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treatment and following review by the independent data monitoring committee 

will determine whether to continue into the phase III part of the trial. 

A.9.3 Phase III 

The primary endpoint for the phase III trial is the time interval for site-specific HGL 

progression to invasive lung cancer within a 3-year follow-up. Pre-specified 

secondary endpoints are (i) evaluation of site-specific lesion dimension effect on 

pathological response, (ii) number of metachronous endobronchial lung cancers 

and pre-invasive lesions developing at remote sites in the central airways as 

detected by AFB, (iii) cumulative risk of developing lung cancer detected on AFB 

and CT, (iv) overall and cancer-specific survival from date of randomisation, (v) 

changes in Health-Related Quality of Life (HRQoL) over time using the EQ-5D-5L,  

EORTC LC-13 and SF-36, (vi) resource collection to determine cost-effectiveness of 

photodynamic therapy, (vii) measure difference in spirometry (FEV1 & FVC), and 

(viii) to evaluate adverse events of Fotolon® and PDT. 
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A.10 Trial statistics 

A.10.1  Summary 

Trial Design Phase II Phase III 

Design Single arm Phase II RCT with control arm 

Randomisation 2:1 2:1 

End point definition Regression to LGL or normal Time to progression to cancer 

End point measured 8 weeks 3 years 

Patient no. (PDT) 21 62 (67)* 

Patient no. (control) 11 31 (33)* 

Patient no. (total) 32 93 (100)* 

Expected response 
>20% response in PDT group 

3 out of 21 PDT patients 

PDT: 30% progression to 
cancer 

Control: 55% progression to 
cancer 

Power 10% one-sided significance and 
80% power 

5% two-sided statistical 
significance and 80% power 

Reference A’Hern et al & Machin et al Machin et al 

Appendix A 3: Summary of sample size calculations for the PEARL trial 
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A.10.2  Sample size calculation 

A.10.2.1 Phase II 

In the lung and other organ systems, the regression of a treated pre-invasive lesion 

is accepted as a standard primary endpoint in endoscopic treatment studies 

[219,223,234]. This outcome has been validated and used in patients undergoing 

ablative therapy for Barrett’s Oesophagus, and correlates with rate of change to 

invasive disease and long-term outcome [219]. The same methodology has been 

adopted in head and neck disease; in an open-label randomised controlled trial, 

Hopper et al showed 85% [CI 79-92%] of patients with CIS or early oropharyngeal 

cancer completely responded to PDT by 12 weeks. Complete responders (including 

CIS subgroup) maintained regression of disease in 85% of cases at 1-year follow-up 

[220]. Photodynamic therapy trials in early central lung cancer are summarised in 

Table 4-4. 

The independent data monitoring committee will be asked to look for a target 

regression (response) rate of at least 20% (with a lower bound of 5%, because we 

expect very few untreated control patients to regress in the short assessment time) 

in the PDT group, as evidence of an efficacy signal for continuing the trial. Using a 

single arm phase II design [235], at least 3 out of 21 PDT patients should have a 

response (10% one-sided statistical significance, and 80% power), as evidence of an 

efficacy signal to continue with the study.  
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Investigators Lesions 
(n) 

Outcome of 
complete response 

(%) 

Comments 

Kubota et al 

(1992) [89] 

29 72% CR 89% in lesions <10mm 

Furuse  

(1993) [90] 

59 CIS: 100% 

INV: 80% 

CR in lesions <1cm: 98% 

CR in lesions >1cm: 43% 

Imamura et al 

(1994) [91] 

39 64% CR in superficial lesions: 76% 

CR in nodular lesions: 43% 

Kato et al 

(1996) [92] 

95 83% CR in lesions <1cm: 94% 

CR in lesions 1-2cm: 54% 

Kawaguchi et 
al 

(2000) [93] 

59 73% 53% had no recurrence at 2-
year assessment 

Miyazu et al 

(2002) [94] 

18 100% EBUS to identify superficial 
lesions (9 lesions treated) 

Furukawa et al 

(2005) [95] 

114 Lesion <1cm: 93% 

Lesion >1cm: 58% 

5-year survival (<1cm): 58% 

5-year survival (>1cm): 59% 

Kato et al 

(2006) [96] 

264 85% Local recurrence in 12% of 
cases 

Corti et al 

(2007) [106] 

50 CIS: 73% 

INV: 69% 

Overall survival (CIS): 
120months 

Overall survival (INV): 
36months  

Endo et al 

(2009) [97] 

48 94% Tumour length <10mm 

Overall 5-year survival: 81% 

Usuda et al 

(2010) [98] 

28 100% PDT used to treat 11 
individuals with multifocal 
disease 

Jung et al 

(2011) [99] 

39 100% PDT used in central airway 
lesions in individuals with 
multifocal disease 

Appendix A 4: Summary of photodynamic treatment studies in early central lung 

cancer 
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A.10.2.2 Phase III 

The primary outcome in the main trial is the time for lesion progression to cancer. 

The progression of severe dysplasia and CIS to invasion is estimated at 43%–87% 

[18,48,51,52,57]. We have demonstrated in our surveillance cohort around 50% of 

HGLs progress into invasive lung cancer (Chapter 2). Banerjee et al in their review 

concluded that 34% of CIS lesions progressed despite treatment[53] and from our 

review lesion progression appears to occur in 18–34% of lesions despite 

endobronchial treatment when kept under long-term surveillance [17,48,51,57].  

In the oropharynx, Hopper et al treated 95 lesions of severe dysplasia and CIS with 

PDT with a complete response maintained at 3-year assessment19. In a similar study 

HGLs treated with PDT had a response rate of 79.5% [CI 68%-88%] in a trial of 73 

lesions, where patients maintained a disease-free interval for 66 months31. Finally, 

in the gut, PDT has been used to treat 166 patients with preinvasive disease, 

demonstrating a complete eradication in 83% of cases, with 32% of patients 

developing local recurrence17.  

We therefore expect a 3-year progression rate of 30% in the intervention arm 

compared to 55% in the control arm. Using time-to-event analyses (and exponential 

survival), we would need 93 (62 PDT: 31 controls) patients to show this difference 

with 80% power and two-sided 5% statistical significance. Because this trial aims to 

prevent progression, we are ultimately interested in the risk of not progressing 

which is 70% PDT versus 45% controls. To allow for an approximate 5% dropout 

rate, we will aim to recruit 100 patients. 
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A.11  Trial analysis 

For the primary endpoint, the 3-year progression rate along with the 95% 

confidence interval will be estimated using Kaplan-Meier life tables in each group, 

and the hazard ratio for not progressing estimated using Cox regression analysis. 

Regression analyses will also be used to adjust for key baseline characteristics such 

as age, smoking status, COPD, lesion number, grade and size. Subgroup analyses 

using the randomisation stratification factors will be explored. The above analyses 

will be repeated for patients who started PDT and for control patients who did not 

have PDT (per protocol analysis). All secondary endpoints will use the (i) ITT 

population and (ii) the per protocol analysis as defined above. For continuous 

measures, generalised linear models will be used. For time to event measures, 

Kaplan Meier and Cox regression methods will be used. Categorical data will be 

summarised using frequencies and counts, with chi-square or Fishers exact test. 

A.12  Economic analysis 

Economic analyses will consist of patient level simulation. PEARL will allow a 

detailed analysis to be undertaken of the cost and cost-effectiveness of 

bronchoscopic photodynamic treatment of HGLs and surveillance compared with 

surveillance bronchoscopy alone. The analysis will conform to accepted economic 

evaluation methods [236]. Over the course of the study, data (notably, health 

service use, surveillance bronchoscopic costs and treatment costs when 

progression to cancer occurs) will be collected. Resource data collection will occur 

across the phase II & phase III components during episodes of contact. We will 

determine cost and cost-effectiveness for this “within-trial‟ period (3-years). Costs 

will be assessed from the perspective of the NHS and personal social services (PSS). 
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Detailed bottom-up costing will be carried out including annuitised capital costs 

plus consumables. Further, resource use on overall hospital stay, outpatient 

attendances, and medications will be included. The volume of resource use for each 

cost component will be measured directly in the trial from patient records and 

using patient diaries; unit costs will be taken from standard published sources. 

The cost-effectiveness measures in the 3-year model will be the incremental cost 

per % reduction in progression to invasive cancer and the incremental cost per 

quality-adjusted life year (QALY) gained. Quality of life will be assessed as a 

secondary outcome in the trial and QALYs will be calculated based on the health-

related quality of life (HRQL) and mortality data collected during the trial. HRQL will 

be measured according to the EQ-5D-5L (http://www.euroqol.org) and LC13, which 

we will collect at baseline, 6 m, 12 m, 18 m, 24 m, and 36m. This will enable more 

accurate straight-line relation in the final analysis. The 3month time point in 

particular is important, as this will be immediately after PDT treatment. Patient-

specific utility profiles will be constructed assuming a straight-line relationship 

between each of the patient’s EQ-5D scores at each follow-up point. The QALYs 

experienced by each patient from baseline to 3 years will be calculated as the area 

underneath this profile. Multiple imputations by chained equations will be used to 

deal with missing EQ-5D values. Subsequent analyses of imputed data will include 

variance correction factors to account for additional variability introduced into 

parameter values as a result of the imputation process. Non-parametric methods 

for calculating confidence intervals around the incremental cost effectiveness ratio 

based on bootstrapped estimates of the mean cost and QALY differences will be 

used [237]. The bootstrap replications will also be used to construct a cost-

effectiveness acceptability curve, which will show the probability that use of the 

photodynamic therapy is cost-effective at 3-years for different values of the NHS’ 

willingness to pay for an additional QALY.  
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Appendix A 5 – The PEARL Trial Schema 
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A.13 Conclusion 

A cohort of patients at high-risk of lung cancer are presented in chapter 2, who 

have the propensity to develop multiple lung cancers over their life-time. In 

particular, those individuals with high-grade dysplasia are at particular risk. Using 

these individuals as the study population, a trial using endobronchial photodynamic 

therapy (the PEARL trial) is presented in this chapter. 

Over the course of this thesis, successful funding was obtained from Cancer 

Research UK with an aim of commencing the trial in early 2020. The trial will open 

at University College London Hospital first and the other centers will open by 2021. 
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a b s t r a c t

Squamous cell carcinoma of the lung arises from preinvasive progenitors in the central airways. The
archetypal model appears to be a stepwise morphological progression until there is invasion of the base-
ment membrane. However, not every lesion appears to follow this course and many individuals can have
stable disease, or indeed regress to normal epithelium. From our increased understanding of the molec-
ular pathology it is becoming apparent that the respiratory epithelium accumulates progressive genetic
and epigenetic insults in response to carcinogens. Still, little is known about how to predict those ‘at risk’
of progression, and it is likely that in the future molecular signatures will underpin prediction models of
developing invasive lung cancer. Currently, autofluorescence bronchoscopy gives us the ability to follow
the natural history of these lesions, with the prospect that detecting and treating lesions early may
improve survival. However, treatment remains controversial, and radical therapies are offered to individ-
uals with carcinoma in situ who may never develop invasive cancer. This has paved the way for the use of
minimally invasive bronchoscopic treatments, which, while apparently effective, have not been tested in
randomised controlled trials. In this paper we describe the known biology and natural history of prein-
vasive lesions and review the current treatment strategies.
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The molecular alterations that occur in cells before cancer is manifest are largely uncharted. Lung carcinoma in situ (CIS) lesions 
are the pre-invasive precursor to squamous cell carcinoma. Although microscopically identical, their future is in equipoise, with 
half progressing to invasive cancer and half regressing or remaining static. The cellular basis of this clinical observation is 
unknown. Here, we profile the genomic, transcriptomic, and epigenomic landscape of CIS in a unique patient cohort with longi-
tudinally monitored pre-invasive disease. Predictive modeling identifies which lesions will progress with remarkable accuracy. 
We identify progression-specific methylation changes on a background of widespread heterogeneity, alongside a strong chro-
mosomal instability signature. We observed mutations and copy number changes characteristic of cancer and chart their emer-
gence, offering a window into early carcinogenesis. We anticipate that this new understanding of cancer precursor biology will 
improve early detection, reduce overtreatment, and foster preventative therapies targeting early clonal events in lung cancer.
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Tobacco smoking and somatic mutations in 
human bronchial epithelium
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Tobacco smoking causes lung cancer1–3, a process that is driven by more than 60 
carcinogens in cigarette smoke that directly damage and mutate DNA4,5. The profound 
e!ects of tobacco on the genome of lung cancer cells are well-documented6–10, but 
equivalent data for normal bronchial cells are lacking. Here we sequenced whole 
genomes of 632 colonies derived from single bronchial epithelial cells across 16 
subjects. Tobacco smoking was the major in"uence on mutational burden, typically 
adding from 1,000 to 10,000 mutations per cell; massively increasing the variance 
both within and between subjects; and generating several distinct mutational 
signatures of substitutions and of insertions and deletions. A population of cells in 
individuals with a history of smoking had mutational burdens that were equivalent to 
those expected for people who had never smoked: these cells had less damage from 
tobacco-speci#c mutational processes, were fourfold more frequent in ex-smokers 
than current smokers and had considerably longer telomeres than their more-
mutated counterparts. Driver mutations increased in frequency with age, a!ecting 
4–14% of cells in middle-aged subjects who had never smoked. In current smokers, at 
least 25% of cells carried driver mutations and 0–6% of cells had two or even three 
drivers. Thus, tobacco smoking increases mutational burden, cell-to-cell 
heterogeneity and driver mutations, but quitting promotes replenishment of the 
bronchial epithelium from mitotically quiescent cells that have avoided tobacco 
mutagenesis.
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