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Abstract of this thesis

The endoscopic detection of oesophageal cancer is complex; largely owing to the
subtle appearances of early oesophageal lesions on endoscopy, as well as clinician
experience. Early detection is vital, since lesions confined to the mucosal or superficial
layers of the submucosa can be treated with endoscopic eradication therapies to good
effect. Conversely, patients presenting with late stage oesophageal cancer have very

poor outcomes.

Improving the detection of oesophageal cancer requires a multifaceted approach.
Since the symptoms patients present with are often vague until the disease has
progressed beyond the point that it is curable, developing a way to risk stratify or
rationalise patient access to endoscopy, based on objective markers of the presence
of serious underlying pathology, is vital to allow adequate resource provision in the
modern UK endoscopy unit. In patients who do undergo endoscopy there remains a
significant mis-rate of cancers in those with de-novo oesophageal cancer as well as
those enrolled in Barrett’s oesophagus surveillance programs. We postulate that
advanced imaging technologies, in combination with artificial intelligence systems,
may improve the diagnostic performance of endoscopists assessing for oesophageal

cancers.

This body of work presents a comprehensive review of the literature surrounding the
epidemiology, detection, classification and endoscopic treatment modalities for both
squamous cell and adenocarcinomas of the oesophagus. It also presents four studies
undertaken with the overarching aim of improving the endoscopic detection of
oesophageal cancer. The first study presents a methodology for the quantification of
a biomarker from gastric aspirate samples and an assessment of whether differences
in expression levels can be used to predict the presence of neoplasia in patients with
or without Barrett’s oesophagus. The second study investigates the role of a novel,
advanced endoscopic imaging technology and whether it improves the diagnostic
performance of expert and trainee endoscopists assessing Barrett’s oesophagus for

the presence of dysplasia or adenocarcinoma. The final two studies present a



significant body of work assessing the feasibility and diagnostic performance of a
novel artificial intelligence system designed as part of this thesis, for the detection and
characterisation of squamous cell cancer of the oesophagus based on microvascular

patterns.



Impact statement

This thesis comprises a suite of four studies undertaken with the overarching theme of
improving the endoscopic detection of early oesophageal cancer. Early detection is crucial,
since when detected at an early stage curative therapies exist which can be delivered safely

endoscopically.

The main academic value of this work comes from the studies focusing on the development
of an artificial intelligence system to aid the classification of early squamous cell cancers of
the oesophagus. At the time of writing, this work is entirely novel for this application. This
thesis provided a proof of concept for this application of artificial intelligence, and
furthermore, provided a detailed methodology and results, validated against expert clinicians,
which form a benchmark for further clinical studies and academic work. The further
refinement and clinical acceptance of this system would be of considerable clinical and
commercial interest worldwide. It would be of particular utility in settings which are resource
poor, or where clinicians undertaking endoscopy have low exposure or training in the
assessment of early cancers. Another study in this thesis assesses, for the first time, a new
advanced endoscopic imaging platform for use in the detection of neoplasia associated with
Barrett’s oesophagus. This work validates a simple endoscopic classification system, which
should enable clinicians to better recognise these early lesions — thereby improving patient
access to curative therapies. The study described here is novel and contributes to the
academic literature which supports the potential that advanced endoscopic imaging may
offer. Since completion of this work, each chapter has been peer reviewed and published in
leading journals in the field of endoscopy and gastroenterology and has been the subject of

numerous conference presentations and posters internationally.
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Chapter 1 — Introduction

1.1 An overview of oesophageal cancer

Oesophageal cancer is a potentially devastating condition, with an almost uniformly
dire prognosis if detected late in its disease course. The eighth most common cause
of cancer deaths worldwide?, it is a condition with significant morbidity and mortality

in both the developed and developing world.

The two main subtypes of oesophageal cancer are squamous cell carcinoma (SCC) and
adenocarcinoma (OAC). The first typically arises from the normal squamous lined
oesophageal epithelium and is more commonly seen in the developing world,
particularly countries on the ‘Cancer Belt’ — sub-Saharan Africa, Iran, Afghanistan,
China and Japan?. The latter most commonly arises from Barrett’s oesophagus (BO) -
glandular tissue containing intestinal-type metaplastic (IM) tissue in the distal half of
the oesophagus3. There are other subtypes of oesophageal cancer (Figure 1) but

owing to their relative rarity, they will not be discussed in great length in this thesis.

Subtypes of oesophageal cancer

Squamous cell carcinoma (SCC)
Adenocarcinoma (OAC)

Melanoma

Lymphoma

Gastrointestinal stromal tumour (GIST)
Leiomyosarcoma

Figure 1 The main histologic subtypes of oesophageal cancer

Oesophageal cancer is an aggressive form of cancer, with relative rapid growth both
intraluminally and through the oesophageal layers (figure 2%) into the structures
adjacent to the oesophagus (aorta, trachea, diaphragm). The subdivisions of the
oesophageal layers are also relevant to the treatment options indicated in patients.
This will be discussed further in chapters 2 and 3 but a schematic of these layers, along
with relevant abbreviations used in this thesis are displayed in (figure 3°). Presenting

symptoms often include dysphagia and pain, typically due to extensive local spread.



Oesophageal cancer is usually diagnosed based on endoscopic findings, with histologic
analysis of sampled tissue or based on radiologic appearances in patients unable to

undergo endoscopy.

Muscular layer

Submucosa layer

Mucosal layer

Epithelium

Figure 2 Schematic representation (left) and histologic specimen demonstrating the layers of the oesophagus seen
macroscopically. Histologic slide (right) demonstrating these layers in section (from University of Leeds?).

Figure 3 Histology slide demonstrating the microscopic appearance of the oesophageal layers. The luminal
epithelium (EP) covers the mucosal layer comprising the lamina propria (LP) and mucularis mucosa (MM).
Beneath these layers are the submucosa (SM) and muscularis propria (MP) (from Dartmouth College®)

In the UK, oesophageal cancer is staged conventionally according to the TNM staging
system proposed by the American Joint Committee on Cancer (AJCC)®. As outlined in
(figure 4) this staging system reflects the degree of local and distant spread and allows

prognostication and selection of treatment modalities in patients diagnosed.
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TNM Staging

T (local staging) Invasion depth

Tis High grade dysplasia

T1 Lamina propria, muscularis mucosa, submucosa

T2 Muscularis propria

T3 Adventitia

T4a Invades resectable local structures (pleura, diaphragm)
T4b Invades unresectable local structures (trachea, aorta)
N (nodal staging) Extent of node involvement

NO None

N1 1 — 2 positive nodes

N2 3 — 6 positive nodes

N3 >7 positive nodes

M (metastatic staging) Extent of distal spread

MO No distant metastasis
Ml Distant metastasis

Figure 4 An overview of the TNM staging system for oesophageal cancer

1.2 Morbidity and mortality associated with oesophageal cancer

Around 70% of oesophageal cancers are detected late in the course of the disease’,
largely due to the lack of symptoms, which typically only occur when lesions are large
enough to cause pain or dysphagia,. In the UK in 2014, at least 59% of cancers were
diagnosed at stage Ill or above®?. The attendant mortality associated with late stage
oesophageal cancer makes it the fourteenth most common cause of cancer deaths in
the UK with similar estimates reflecting the poor overall five-year survival of less than

15% worldwide®.

UK data compiled by the Office of National Statistics (ONS) between 2013 and 2017,
indicates that as the cancer stage at diagnosis increases the estimated 1 and 5 year
survival rates drop dramatically!’. For patients diagnosed with stage 1 oesophageal
cancer the estimated 1 and 5 year survivals are 84.5% and 52.8% respectively. In
contrast for patients diagnosed at stage 4, the 1 and 5 year survival is 20.8% and

unrecordably low respectively. Patients with stage 3 cancer at diagnosis are reported



as having 5 year survivals of 16.3% (figure 5). There is therefore a clear need to ensure
that patients with oesophageal cancer have early access to diagnostic tests and that
physicians are capable of recognising the symptoms of early oesophageal cancer. One
of the biggest issues facing clinicians is that this type of cancer rarely generates

symptoms until it is advanced, so the detection of early lesions is often incidental.

Oesophageal cancer survival by stage

Stage at diagnosis 1 year survival (%) 5 year survival (%)
T1 84.5 52.8

T2 68.3 29.9

T3 54.8 16.3

T4 20.8 not recorded

Figure 5 UK Office for National Statistics (ONS) 1 year and 5 year survival statistics for UK oesophageal cancer
diagnosis by stage

1.3 The global epidemiology of oesophageal cancer

When considering the epidemiology of oesophageal cancer the two main subtypes,

SCC and OAC have notable differences and so will be considered separately.

SCC is the predominant histologic type of oesophageal cancer worldwide, with a
particular geographic distribution described as the ‘oesophageal cancer belt’;
extending from Eastern and Sub-Saharan Africa, through the Middle East and into
China'?!3, Incidence rates of SCC in these countries are disproportionately high and
can be up to 100 cases/100000 person years*2. Risk factors for SCC include smoking!4,
alcohol intake and possibly the consumption of preserved meat or vegetables, the
incidence of which is more common in the developing world and eastern hemisphere
and decreasing in the western world*®. It should be noted however that the increased
incidence in these areas may not be explained entirely by exposure to such external
or environmental factors; for instance in areas of China where female smoking rates
are comparably low', the incidence of SCC remains high, or in predominantly Islamic

countries such as Iran tobacco and alcohol use is low'?, but SCC incidence remains

high.



In the western world, OAC now represents a more emergent health burden than
SCC™®. In the UK alone there has been a three-fold increase in the incidence of
adenocarcinoma since the early 1970s'®, with similar trends seen across other
developed nations®*°. The underlying cause for this has not been fully characterised
but may be related to changes in lifestyles. The most studied risk factor for the
development of OAC is the concomitant presence of Barrett’s oesophagus (BO), which
is more commonly seen in patients with long term exposure of the oesophageal
mucosa to refluxed gastric acid or bile’>. Over 90% of patients diagnosed with OAC
have BO?°, but estimates of the true incidence of OAC arising from BO vary?%?1, since
in a large number of patients their BO may remain undetected until a diagnosis of
cancer is made. Old age and male sex have also been identified as independent risk
factors for the development of OAC. The epidemiology and risk associated with BO

and oesophageal cancer will be discussed in more detail in chapter 3.



Chapter 2 - Squamous cell carcinoma of the oesophagus

2.1 Introduction

This chapter will outline current evidence in the natural history, epidemiology and
pathogenesis of squamous cell carcinoma of the oesophagus. Following this it will
discuss the endoscopic diagnosis and endoscopic treatments available for early
squamous cell neoplasia (ESCN) of the oesophagus. This chapter aims to outline how
current practice in the endoscopic imaging of ESCN may be improved by the use of
advanced endoscopic imaging devices such as magnification endoscopy. In chapters 7
and 8, this thesis will discuss how in conjunction with these advanced imaging
modalities, artificial intelligence may assist expert and non-expert endoscopists in the

endoscopic diagnosis of ESCN.

2.2 Epidemiology

Squamous cell cancer (SCC) of the oesophagus is the most prevalent histological
subtype of oesophageal cancer worldwide?. According to the International Agency for
Research on Cancer (IARC), 88% of the 450,000 reported cases of oesophageal cancer

identified in 2012, were caused by squamous cell carcinoma?.

There is a significant variation in the geographic distribution of SCC worldwide; a
disproportionately high incidence of the disease affects populations along two
‘oesophageal cancer belts’ which extend from Central to Eastern Asia and from the
Middle East into the west coast of sub-Saharan Africa'?!3, Incidence rates of SCC in
these countries are disproportionately high and can be up to 100 cases/100000 person
years!?. Of note there is significant variation even within countries with a high
incidence of the disease, with apparent local discrepancies in the cases observed??.
Owing to its large population and high incidence, it is believed that almost half of all
global cases of SCC in the world are reported in China?*23. Globally, SCC affects men
more commonly than women; in low risk areas such as the UK and USA the ratio of
men to women affected approaches 4:1, whereas in high incidence countries such as

China or Iran this ratio is likely closer to 1:12.



Studying the global incidence of SCC is complex since most published studies examine
only high-risk populations such as those seen in Northern China, Iran and Africa. What
is clear however is that the incidence over the last 50 years has dropped significantly
in the UK?*, USA?®> and other western nations, whilst remaining high in central Asia,

Africa and the far East.

Numerous risk factors have been identified for the development of SCC, but they likely
do not represent the whole causality for the disease. Smoking, increases the relative
risk of SCC development by 3-9 fold, particularly in developed nations?®?’. The size of
this effect is less pronounced in developing countries, particularly those with a high
incidence of the disease!®!”:23, Excessive alcohol consumption has also been linked to
an increased relative risk of SCC?8. As with tobacco smoking it increases the risk in
studies of Chinese??, Japanese?® and Iranian'” patients by between 1.5 and 5 fold, but
appears to increase the risk more significantly (up to 9 fold) in European
populations3°-32, Other risk factors include exposure to polycyclic hydrocarbons, betel

nut consumption, pickled foods and low dietary fruit and vegetable consumption3-36,

2.3 The dysplasia — carcinoma sequence in oesophageal squamous cell cancers

Squamous cell carcinoma of the oesophagus typically presents late in its disease
course, hence the study of the early development of lesions was primarily confined to
high-risk populations. Initially it was believed that SCC most likely arose from areas of
oesophagitis; Qiu and Yang were the first to demonstrate that specific dysplastic
changes in the oesophageal mucosa indicative of the subsequent development of SCC

rather than oesophagitis®’.

The evolution of squamous dysplasia to SCC is stepwise and the diagnosis is
histological. Dysplastic squamous epithelium exhibits a range of architectural
abnormalities which typically includes nuclear enlargement, pleomorphism, mitotic
figures and hyperchromasia (figure 6)3%3°. Squamous dysplasia can be classified as low
grade dysplasia (LGD) or high grade dysplasia (HGD); with the above changes visible in

the basal half of the epithelium in low grade and extending into the top half and



surface in high grade. If dysplastic squamous tissue remains undetected, there is a risk
that it can develop into a squamous cell carcinoma, with progressive invasion into the

mucosal layer and beyond.




Figure 6 Histologic progression of LGD (top), HGD (middle), carcinoma-in-situ (bottom) for ESCN (from Pathology
Outlines available at 39)

Evidence from the large, prospective Linxian Dysplasia Nutrition Intervention Trial
(NIT) demonstrated that the presence of dysplasia was a predictive factor for the
development of SCC over the next 3.5 years?. In this study, the presence of mild,
moderate or severe dysplasia was associated with a worsening relative risk of
developing SCC of 2.2, 15.8 and 72.6 respectively®®. These results were again
confirmed in the same cohort, with even higher relative risks after 13.5 years of follow
up*L. The risks for those with severe dysplasia are even higher, with Dawsey et al.
demonstrated higher rates of progression to SCC of 60%?2. Estimates of the prevalence
of squamous dysplasia vary widely in studies depending on the specific populations
and endoscopic screening methods employed, but are estimated to be within the
range of 2-38%%*3444546_Since the incidence of SCC is lower in Western populations
there is scarce literature to quantify the prevalence of squamous dysplasia in low risk

populations.

The gold standard for the diagnosis of squamous dysplasia is gastroscopy with

endoluminal biopsies. Identifying squamous dysplasia is key to reducing the incidence



of SCC, since prompt recognition can allow for the endoscopic therapies discussed
later in this chapter to prevent lesion progression. On endoscopic assessment,
dysplastic lesions may appear as a white plaque or patch, or as an eroded lesion with
a friable surface®’. Since lesions are subtle, flat and variable in appearance, they are
easily missed on endoscopy, particularly in low incidence areas where endoscopists

may be unfamiliar with the appearance of dysplasia.

2.4 Improving squamous dysplasia detection — chromoendoscopy

Owing to the challenges of identifying early squamous lesions, since the early 1990s
numerous studies have examined the utility of real-time chromoendoscopy using a
solution of Lugol’s iodine applied topically to the mucosa during endoscopy. lodine
stains glycogen molecules within the normal squamous mucosa a brown to orange
colour. Dysplastic or neoplastic mucosal tissue is often glycogen deplete and so
following the application of Lugol’s they either remain unstained or quickly void their
brown colour compared to the surrounding normal mucosa. These unstained lesions

(USLs) can therefore be target biopsied (figures 7, 8 and 9).



Figure 8 Lugol's iodine applied via a spray catheter

Figure 9 The appearance of unstained lesions following Lugol's application
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Reported sensitivities and specificities using Lugol’s for ESCN detection are high. Per
patient analyses of sensitivity range from 80%-100%-2 and for specificity from 0.52-
0.94%852_ A |large meta-analysis however suggests that per lesion specificity may be as
low as 37% when using Lugol’s due to its propensity to highlight benign lesions such

as papillomas>.

A prospective study conducted in China demonstrated sensitivities of 63%, 93%, 96%,
100% for the detection of low or high grade dysplasia and intramucosal cancers (IMC)
and invasive SCC respectively, following the application of Lugol’s®3. Similarly
metachronous oesophageal SCC detection rates are higher in patients with head and

neck SCCs who undergo endoscopic screening with Lugol’s>*>>,

In a low incidence region of China, squamous dysplasia was detected in 7.3% of
patients of undergoing high definition white light (HD-WLE), this increased to 13.7%
in patients in those who underwent HD-WLE with the addition of Lugol’s®®. This
suggests that use of Lugol’s may improve the endoscopic detection of squamous

dysplasia and SCC in low incidence settings such as the developed world.

The routine use of Lugol’s is associated with a number of potential issues that may
limit its use in endoscopic ESCN screening. The depletion of glycogen within the
oesophageal mucosa is associated with a degree of oesophageal spasm and irritation,
which may be uncomfortable for the patient. lodine hypersensitivity reactions or
aspiration pneumonias involving Lugol’s can cause significant harm. Lastly, studies
assessing the use of Lugol’'s have demonstrated that it is poorly specific for the
detection of ESCN — which in addition to the resource and procedural time required
to stain the mucosa, may also contribute to a high number of unnecessary biopsies
being taken®3. Given the inherent issues with the use of Lugol’s, endoscopic
technologies to provide the visual enhancement of chromoendoscopy, without the

need for topical agents have garnered much attention in recent years.



2.5 Improving squamous dysplasia detection — virtual chromoendoscopy

A number of virtual chromoendoscopy platforms are available to endoscopists. More
detail on the technical aspects of the various virtual chromoendoscopic technologies
is provided in section 3.5, since their use in a Western healthcare setting is better
studied in the context of detecting dysplasia in Barrett’s oesophagus. This section
outlines the current evidence for the use of enhanced imaging technologies in early

squamous neoplasia.

Narrow Band Imaging (NBI, Olympus, Japan) is the most widely researched virtual
chromoendoscopy platform used in ESCN assessment (figure 10), although its value
remains contested. Studies comparing NBI to HD-WLE are limited since the use of
Lugol’s iodine is now widespread and effective. From the reported literature NBI
appears to offer favourable conditions for the detection of ESCN in the oropharynx
and oesophagus over HD-WLE. A tandem trial involving 113 patients randomised to
undergo either NBI or HD-WLE endoscopic assessments demonstrated a significant

improvement in ESCN detection rates when NBI was used (70.2% vs 35.7%)°’.

Figure 10 HD-WLE imaging of the oesophageal squamous mucosa (left) compared to NBI (right)

Muto et al, in a multicentre randomised control trial demonstrated high diagnostic
performance for NBI in the detection of superficial ESCN in both the head, neck and
oesophagus. Comparing HD-WLE and NBI showed a significantly higher diagnostic
accuracy for NBI and sensitivities and specificities of 55% vs 97% and 63% and 42%

respectively>®.
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A meta-analysis comprising 12 studies and 1911 patients compared the use of Lugols
or NBI in the detection of HGD or ESCN. In a per lesion analysis using Lugol’s and NBI,
sensitivity was 98% and 94% respectively, specificity 37% and 65% respectively. This
suggests that NBI is comparable to Lugol’s in the detection of ESCN, and is likely better

at differentiating it from other oesophageal pathology>'.

NBI has been predominantly used in combination with magnification endoscopy (ME-
NBI) discussed further in section 2.6. Several studies have demonstrated that in

combination with ME, NBI confers diagnostic accuracies of between 76.8 — 85.2%°°,

iScan (Pentax, Japan), is a post-processing imaging technology. The use of iScan in the
detection of ESCN is not well documented. A single centre, prospective, non-inferiority
trial suggests that it offers a lower detection rate for ESCN than HD-WLE in
combination with Lugol’s; 10.4% compared to 12.9% respectively®!. Further work is

needed to assess whether it has a role in the detection of ESCN.

2.6 Improving squamous dysplasia detection — magnification endoscopy

Magnification endoscopy, used in conjunction with high-definition white light and
virtual chromoendoscopy may provide an additional benefit to endoscopists in the
identification of early lesions. The utility of magnification endoscopy in the
oesophagus was first investigated by Inoue et al®2. Ultra-high magnification
endoscopes, capable of continuous magnification of the mucosa at resolutions of up
to 150x, facilitated the interrogation of the microvascular structures seen within the
mucosa. This study reported a previous unreported mucosal microvessel —these small
looped vessels were defined as intrapapillary capillary loops (IPCLs). Although they
were recognised as a feature of the normal oesophageal mucosa, previous
magnification endoscopes were only capable of up to 35x resolution so the IPCL

structures had not been visualised.

Normal IPCLs are fine calibre looped structures which arise from the deep submucosal

vessels of the oesophagus. These vessels course intothe basal layer of the



oesophageal epithelium and run adjacent to it. Within this layer IPCLs can be seen as
red dots on conventional or low magnification endoscopy. On magnification however

they are visualised as delicate looped structures as demonstrated in (figure 11).

Figure 11 Representative example of IPCLs seen on ME-NBI endoscopy

Ultra-high magnification endoscopy (UH-ME) enables the interrogation of the
oesophageal mucosa in both normal and diseased states. In 1997, Inoue et al.
reported the use of UH-ME in combination with WLE to assess flat lesions associated
with squamous dysplasia and early squamous cell neoplasia (ESCN). When
interrogating these lesions with UH-ME they noted abnormal IPCL morphologies. They
reported that the morphology of these IPCLs in ESCN lesions were dilated, irregular
and more tortuous than those seen in the normal oesophageal mucosa or in
oesophagitis®. Lesions which exhibited these abnormal IPCL patterns were confirmed
histologically to be either squamous dysplasia or ESCN; progressive changes in the

IPCL morphology could be correlated with the progression of neoplasia.

2.7 IPCL classification systems for the recognition of ESCN

Morphological changes in IPCL patterns are linked to the presence of squamous

dysplasia and ESCN. Various classification systems have been developed to identify
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the various normal and abnormal morphologies and their correlation with histologic

findings in resected samples.

2.7.1 Inoue classification (2001)

The initial ICPL classification system was proposed by Inoue et al®. This classification
subcategorised IPCLs into 5 groups and considered four distinct morphological
features as well as their appearances after staining with topical Lugols iodine. The four
abnormal IPCL morphologies described included weaving, dilation, irregular calibre or
inconsistent shapes in visualised IPCLs. Type | IPCLs were normal calibre, regular and
looped vessels that stained positively with Lugol’s and were found in normal
oesophageal mucosa. Type Il IPCLs could have up to two of the above described
morphological changes, typically elongation and mild dilation of the ICPLs was
observed. Type Il IPCLs, stain positively with Lugols and are characteristically seen in
patients with oesophagitis. Abnormal IPCL patterns are described as type IlI-Vn. Type
Il IPCLs are morphologically similar to type Il but negatively stained with iodine and
were associated with low grade dysplasia. Type IV IPCLs are seen in areas of high grade
dysplasia, demonstrating two or three abnormal morphological features and remain
unstained with Lugol’s. Type V%3N |PCLs are the most abnormal patterns described
and both exhibit all four morphological abnormalities while remaining completely
unstained with Lugol’s. Recognising IPCLs representing each of the subdivisions
requires some degree as interpretation. Type V! correlates with an ESCN invading the
first mucosal layer (M1) and is regarded as exhibiting all four of the above
abnormalities. VZis described as an ‘extension’ of the V! pattern with more prominent
morphologic change; these correlate with lesions invading the second mucosa layer
(M2). Type V3 IPCLs demonstrate advanced destruction of the IPCL vessels with the
formation of large and sometimes linear, dilated vessels. This pattern is seen within
lesions that have invaded into the boundary of the mucosa (M3) and the first
submucosal layer (SM1). In larger lesions that have invaded into the second
submucosal layer (>SM2) or deeper, there is often a degree of neovascularisation,

with the formation of new, grossly dilated vessels and almost complete destruction of



the normal IPCL morphology. The type V IPCL patterns are associated with advancing
squamous carcinoma of the oesophagus and span the endoscopically recognisable
changes seen in endoscopically resectable lesions and surgically resection or palliative
lesions. The Inoue classification has been well validated by multiple studies, some of

which are discussed below.

Sato et al (2015) prospectively assessed and classified endoscopic images of Inoue
type V lesions®®. Two endoscopists assessed images of 446 type V lesions and classified
them as type VN on two occasions with a washout period in between. They
demonstrated high accuracies of 91% and 86% for the classification of V! and V2
lesions with substantial interobserver and intraobserver agreement. They
demonstrated reduced accuracies for the classification of V3 lesions of 43%, which is
clinically relevant as it meant that 28% of expert assessments underestimated lesions
invading into the second submucosal layer (SM2) that were in fact not amenable to
EET. It was not clearly reported how many mucosal lesions were over diagnosed as
submucosal lesions; in clinical practice this could mean that a patient with a resectable

lesion may be referred for surgical management rather than endoscopic therapy.

Goda et al demonstrated that the Inoue classification was less sensitive for the
distinction of mucosal from submucosal lesions; which is of clinical relevance since the
only mucosal lesions are an absolute indication for endoscopic eradication therapy
(EET). ME-NBI in combination with the Inoue classification offered a sensitivity of 78%,
which was not significantly better than normal high resolution WLE or EUS (sensitivity
of 72 and 83% respectively) for the classification of these lesions®®. Further work by
Goda et al demonstrated that in early squamous lesions, use of the Inoue classification

allowed the correct identification of more than 90% of LGD and HGD lesions®>.

2.7.2 Arima classification (2005)

Arima et al proposed a relatively simplified IPCL classification system and compared
the IPCL patterns seen on 405 UH-ME images of superficial oesophageal lesions,

including 191 cancers®®. They classified IPCL patterns into four distinct types. Type 1



IPCLs were described as regular, looped and thin calibre capillaries that were observed
within the subepithelial papillae of the normal oesophageal squamous mucosa. Type
2 vessels retained the looped structure seen in type 1 vessels, but were of a dilated
calibre. These vessels were typically seen in oesophagitis. Type 3 vessels were defined
as tortuous, dilated, spiral vessels with red spots. The arrangement of the vessels was
irregular and appeared ‘flattened’ compared to the more linear type 1 and 2 vessels.
Type 3 vessels were typically seen in cancers invading the first or second mucosal layer
(M1 or M2). The final IPCL subgroup described was type 4 vessels, all of which
correlated with invasion to at least the third mucosal layer (M3) or beyond. The type
4 vessels were subdivided as multi layered, irregular branched or reticular; all of which
in their various forms were dilated and irregularly arranged compared to the normal
vessels. Arima et al also introduced the concept of avascular areas (AVAs), regions of
mucosa free of any vasculature that were observed between abnormal IPCLs. The
presence and increasing size of these AVAs were associated with more advanced

lesions that invaded the submucosal layers.

The Arima classification was internally validated and demonstrated accuracies of 94%
for the prediction of lesions containing HGD-M2 ESCN tissue. Their simplified system
also afforded accurate identification of >M3 lesions in up to 90% of cases, although
10% of lesions were overestimated®®. This system, with fewer subdivisions of ICPL
patterns within the >M3/SM lesions, enabled better differentiation of lesions by
clinicians of mucosal lesions compared to submucosal lesions. A limitation of the
Arima classification is its grouping of IPCLs seen in mucosal and submucosal lesions as
type 4 vessels. As noted previously it is important to differentiate mucosal lesions

accurately, since unlike some submucosal lesions, they can be treated endoscopically.

2.7.3 The Japanese Endoscopic Society IPCL classification system (2011)

A 2011 simplified classification system for magnified endoscopy images of IPCL
patterns was proposed by Oyama et al®’, which was subsequently adopted and

validated by the Japanese Endoscopic Society (JES) in 2012%8. The JES criteria use



morphological abnormalities seen in IPCL patterns to determine if ESCN was present.
A secondary diagnostic criteria utilised AVA size to assess the likely invasion depth of

these lesions.

Using the JES classification system, IPCL patterns were defined as normal (type A) or
abnormal (type B), with abnormal vessels subclassified as type B1, B2 or B3. Type A
vessels are small, narrow calibre looped vessels that are typically found within the
normal oesophageal mucosa. More elongated or dilated type A vessels may also be

seen in oesophagitis.

Type B vessels are associated with progressively more advanced squamous neoplasia
and are all indicated by the presence of morphologically abnormal IPCL patterns. Type
B1 vessels retain their looped structure but are more tortuous and dilated and may be
associated with a red/brown discoloration of the mucosa. Type B1 vessels often
appear more densely arranged than type A vessels due to their dilation. Type B2
vessels are severely irregular, dilated and are associated with complete loss of their
normal looped arrangement. Type B2 vessels are often seen to follow a tortuous
horizontal running pattern across the mucosa. Type B3 vessels are a more aberrant
formation of severely dilated and tortuous B2 vessels. B3 vessels are described as
being at least three times the diameter of the type B2 vessels which often surround
them. The endoscopic appearance of the various IPCL patterns described in the JES

classification are shown in (figure 12).



JES
type

Bl

B2

B3

Typical
morphology

Typical histology

Small, non-dilated, fine calibre
looped vessels with no gross
abnormality. Some vessels may take a
more  elongated form  with
inflammation or LGIN. Submucosal
vessels may be visible with the
background mucosa of a uniform
colour

Normal/LGIN

Subtle abnormalities in IPCLs
observed.  Increased  tortuosity,
increased vessel calibre and density
but looped structure is retained. There
may be a brown hue to the mucosa

HGIN/LP

Grossly abnormal IPCLs. Linear
vessel formation with loss of the
normal loop structure. There is also
gross dilation and tortuosity of
vessels. Formation of avascular areas
between vessels observed

MM/SM1

Dilated non-looping vessels typically
3x calibre of B2 vessels seen. IPCLs
are tortuous and highly irregular in
appearance. Evidence of extensive
neovascularisation and avascular
areas seen. Mucosal contour may be
distorted. Other adjacent IPCLs are
typically abnormal

SM2 or deeper

Figure 12 An overview of the Japanese Endoscopic Society classification for intrapapillary capillary loop patterns.
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2.8 Predicting ESCN invasion depth using the JES classification system

A prospective multicentre study by Oyama et al assessed the predictive value of the
JES magnification classification for determining the likely invasion depth of ESCN®°,
211 consecutive patients with SCC were enrolled across 5 referral centres. Expert
endoscopists were required to classify the IPCL patterns in these ESCN lesions
according to the JES classification. They then predicted the invasion depth of the ESCN
lesions which were imaged using an ME-NBI endoscopy system. Histological analysis
of endoscopic resection (ER) specimens was used to determine invasion depth and
CT/MRI imaging was used to confirm or exclude lymph node or distant metastatic

spread.

The accuracy of the JES classification as reported in this study was high — with the
overall accuracy for histology prediction 90.5% across type B1-3. Using the JES
classification clinicians correctly predicted the invasion depth of lesions containing
type B1, B2 and B3 IPCL patterns with 97.5%, 75% and 55% sensitivity respectively.
Overall accuracy for their predictions were 91.9%, 93.4% and 95.9% for type B1, B2
and B3 IPCL patterns respectively. The diagnostic value of the JES IPCL classification

system are outlined in (figure 13):

IPCL classification Sen(soi/zi)v ity Spe(coi/gcity }Z;)\)] AC?;: )a Y
Bl 97.5 72.9 92.4 91.9
B2 75.0 96.2 75.0 93.4
B3 55.0 100 100 95.9

Figure 13 Diagnostic performance of endoscopists predicting ESCN invasion depth using the JES classification,
adapted from®?

The overall accuracy of the JES IPCL classification is sufficiently high for it to have utility
in clinical use; it is now widely used by endoscopists. It is also arguable that the JES
classification relies less on subjective interpretations of the IPCL patterns, and due to
few subdivisions may be more accessible to endoscopists with less experience
assessing ESCN. The sensitivity of type B1 vessels for endoscopically resectable ESCNs

that extend only as far as the lamina propria was high at 97.5%, with the PPV of B1



vessels for the presence of these lesions similarly high at 92.4%. Although less high,
the sensitivity and PPV of type B2 IPCLs for the presence of ESCN extending as far as
SM1 was 75% for both measures. This suggests that type B1 and to a lesser extent
type B2 vessels offer a highly sensitive endoscopic marker for the presence of
endoscopically resectable ESCN. In the Oyama study interobserver agreement was not
assessed and these results reflect the diagnostic ability of expert endoscopists,
familiar with the assessment and treatment of ESCN lesions. It should be noted that

they may not reflect the accuracies of less experienced endoscopists.

Kim et al assessed the accuracy and interobserver agreement using the JES IPCL
classification’®. ME-NBI images of 70 lesions, which were confirmed histologically as
SCC, were reviewed by two experienced endoscopists. This study reported an overall
accuracy for prediction of ESCN invasion depth of 78.6%. Importantly they
demonstrated an accuracy of 88.6%, 78.6% and 90% for the correct prediction of
invasion in lesions classified as having type B1, B2 or B3 IPCL patterns respectively.
Although this study only compared the classification by two endoscopists, the
accuracies achieved using the JES system compared favourably to the Inoue
classification. Interobserver agreement for classifying lesions as type B1 was excellent

at 0.75.

A recent study by Wang et al (2017), assessed the utility of ME-NBI in addition to HD-
WLE using the JES IPCL classification to accurately predict cancer invasion depth,
demonstrating mixed results. In an experienced group of endoscopists accuracy using
HD-WLE alone was 37%, this increased to 51% when using HD-WLE in combination
with ME-NBI. In an inexperienced group of endoscopists the accuracy with HD-WLE
alone was 34% and HD-WLE with ME-NBI was 31%. These figures may be
representative of the diagnostic accuracy of the average endoscopist, raising the
suggestion that miss rates of ESCN on endoscopic assessment may be high. These
results may also suggest that in inexperienced hands, the use of ME-NBI may confer
no advantage in ESCN detection. Additional training in the use of ME-NBI or adjuncts
such as artificial intelligence systems which provide a ‘red flag’ for endoscopist to help

identify ESCN may ameliorate this lack of experience.



2.9 Treatment modalities for oesophageal squamous cell cancers

2.9.1 Endoscopic mucosal resection

Endoscopic mucosal resection (EMR) is a minimally invasive and safe method for the
resection of early, localised squamous lesions of the oesophagus. Using a distal cap
attachment or multiband mucosectomy device the suspicious area of mucosa can be
ligated and resected. EMR was pioneered in Japan in the early 1990s’* and has since
been used extensively in the management of ESCN with a long established record of
good outcomes. Early studies on the use of EMR suggested excellent durability and 5

year survival rates of up to 95%’2.

Debate exists as to whether EMR is suitable for the management of lesions invading
into the muscularis mucosa, since the rate of recurrence and metastasis is not
negligible compared to epithelial or lamina propia lesions. A large multi-centre study
suggests however that of 104 patients with ESCN invading the MM, only 1.9% went

on to develop lymph node metastasis after EMR (median follow up 43 months)’3.

The durability of EMR is largely dependent on the ESCN invasion depth at the time of
index treatment Yamishina et al. report a large cohort study of 570 patients with ESCN
treated by ER. Patients were followed up over 15 years, with a mean follow up of 50
months. The 5 year overall survival rates for epithelial, mucosal and submucosal ESCN
was 90.5%, 71.1% and 70.8% respectively. The cumulative 5 year incidence of
metastasis for epithelial, mucosal and submucosal ESCN was 0.4%, 7.7% and 36.2%

respectively’.

2.9.2 Radiofrequency ablation (RFA)

The use of radiofrequency ablation (RFA) is well established in patients with
Barrett’s oesophagus associated neoplasia. ESCN confined to the mucosa has also
been investigated as a target for RFA therapy, provided that the lesion is flat, is
unstained on Lugol’s and does not invade beyond the muscularis mucosae. RFA

comprises the delivery of high frequency energy via a bipolar electrode, either via a



balloon catheter inflated within the oesophageal lumen or via a catheter placed on
the endoscope tip. The application of RFA induces intense heating within the
diseased tissue, which in turn induces tissue damage and cell death within the

treated area. This local destruction of tissue can be utilised to clear dysplastic tissue.

Numerous studies of RFA in ESCN demonstrate that it may be effective for superficial
ESCN. A retrospective study undertaken in a high volume Chinese centre
demonstrated that 84% of 96 enrolled patients had complete remission of their
squamous LGD/HGD at 12 months; with reported stricture rates of 21%’°. The same
cohort demonstrated 86% of patients had sustained remission of their dysplasia over

a 5 year follow up period (median follow up 48 months)’®.

Wang et al. demonstrated in 30 patients, followed up over a mean follow up period
of 40.1 months, that 71.4% achieved complete remission of dysplasia. Over the follow
up period no patients developed lymph node metastasis or cancer progression, and
of the 20% who developed locally recurrent neoplasia, all were treated completely

with EMR or endoscopic submucosal dissection (ESD)””.

Outcomes from the UK RFA registry suggest a more mixed efficacy for RFA in ESCN. Of
20 patients who completed an RFA treatment protocol, only 50% remained dysplasia

free at 12 months of follow up but 30% progressed to invasive cancer at 1 year’s.

2.9.3 Endoscopic submucosal dissection (ESD)

Endoscopic submucosal dissection is another established treatment for ESCN. The use
of ESD had two primary advantages in the case of ESCN; firstly it allows for en bloc
resections, which reduces recurrence and aids histolopathologic delineations of
resection margins; secondly it facilitates the resection of lesions which extend deep to

the muscularis mucosa and into the submucosa.

Oyama et al report en bloc resection rates of 95% in a cohort of 102 patients

undergoing ESD for ESCN over a four year period. Overall a mean follow up period of



21 months, there was a 0% recurrence rate. 7 patients out of 102 developed a benign

stricture but none experienced a perforation’®.

Nagami et al. further assessed 5yr survivals for patients undergoing ESD for superficial
ESCN. 107 lesions were resected from 84 patients, one cohort had lesions superficial
to the lamina propria and the other were deep to it. Over a 5 year follow up period
cause specific survival was 100% and 85% respectively. 18% of patients in this study
developed endoscopically treatable strictures, 4% experienced perforation and none

had major bleeding?®®.

A similar single centre retrospective study demonstrated favourable 5 year survivals
in 94 patients undergoing ESD. 5 year survivals in patients with ESCN superficial to the
lamina propria or deep to it were 100% and 88% respectively, again indicating that

ESD is a highly effective treatment for superficial ESCN8?.

A multi-centre study, undertaken in a Western healthcare setting by Berger et al.
suggests that for lesions invading up the oesophageal wall up to SM1, ESD appeared
to be preferable to EMR®2. The ESCN recurrence rate in patients treated with EMR was
23.7%, compared with just 2.9% in the ESD subgroup. Similarly 5yr recurrence free
survival rates favoured treatment with ESD — 95.2% treated with ESD survived five
years without a recurrence, compared to 73.4% in the EMR group. This underscores
once more that the accurate recognition of likely invasion depth in ESCN lesions and
the appropriate triage to endoscopic, or surgical therapies is vital to improve patient

survival.



Chapter 3 - Adenocarcinoma and Barrett’s oesophagus

3.1 Introduction

This chapter will outline current evidence in the natural history, epidemiology and
pathogenesis of adenocarcinoma of the oesophagus, with a specific focus on the
diagnostic challenges presented by Barrett’s oesophagus (BO). Advanced endoscopic
imaging modalities present an opportunity to improve the recognition of early
Barrett’s associated neoplasia, and so improve prompt access to the endoscopic
treatments discussed in this chapter. After presenting the limitations of endoscopic
surveillance methods for Barrett’s oesophagus , chapter 5 and 6 will present two
studies; the first on a novel biomarker for the detection of oesophageal cancer and
dysplastic Barrett’s, the second will validate a novel advanced endoscopic imaging

system for the same purpose.

3.2 Epidemiology

Prior to the 1980s oesophageal adenocarcinoma was regarded as an uncommon cause
of cancer. Representing between 0.8-3.7% of all reported oesophageal cancers, it was
far outweighed in incidence by squamous carcinoma®®. Since that time numerous
population based studies from the USA and western Europe have demonstrated a
sharp increase in its incidence. Data from the US Surveillance, Epidemiology and End
Results (SEER) program suggested that the incidence of OAC in white American males
nearly doubled between the 1970s to 1980s°. Similar trends were observed in the UK,
Denmark and other developed nations®3%°. Current data suggests that the incidence
continues to rise into the last decade such that the incidence of OAC now exceeds that
of SCC in most of the western world®. At present, OAC is the most common
histological subtype of oesophageal cancer seen in the western world; accounting for
around 53% of cases and with an incidence of 0.7 cases per 100,000 person years?.
The UK currently has one of the highest country specific incidences of OAC in the world

at 7.2 cases per 100,000 person years in men?.

OAC is predominantly a disease of males, with an estimated incidence ratio of 9:1 for

men compared to women®”8, Although it typically affects Caucasians to a greater



extent than non-Caucasians, the reasons for this are unclear®®®. The incidence of OAC
is greatest in patients over 50 and tends to peak in males between 55-65 years. Of
concern over the last few decades up to the early 2000s is that the incidence of OAC
in males under 65 has doubled, whereas the incidence in patients over 65 has

increased up to 3-fold in the same time2°°,

Numerous risk factors for the development of OAC have been proposed. Gastro-
oesophageal reflux disease (GORD) has also been identified as a risk factor for OAC in
several large meta-analyses of population studies; posing an estimated 6.2 fold risk in
affected patients®*3. The role of obesity and central abdominal adiposity has also
been implicated as increasing the risk of OAC, conversely there is some evidence that
weight loss may reduce the risk®*7. In common with SCC, tobacco smoking has been
demonstrated to raise the risk of OAC up to 3-fold and yet in contrast alcohol
consumption appears in some studies to have little or an unclear effect®®10,
Interestingly the presence of Helicobacter pylori infection appears to have a
protective effect on colonised individuals; some studies show a reduction in risk of
between 40-60%!°271%4 The tendency to eradicate H. pylori infection in western
healthcare systems in recent decades, along with the increasing incidence of OAC
would seem to support this. Another well documented risk factor, and one relevant

to the contents of this thesis is the presence of Barrett’s oesophagus®®. This entity is

therefore discussed in more detail in the following sections.

3.3 Barrett’s oesophagus

Barrett’s oesophagus (BO) was first described in 1950 by Norman Barrett, a British
surgeon who noted a columnar-lined oesophagus above the GOJ in patients with
oesophagitis'® (figure 14). Barrett’s initial hypothesis was that BO was in fact gastric
mucosa that was identified within an intrathoracic stomach due to the shortened
oesophagus of affected patients. In 1957 Barrett reported that these macroscopic
findings were due to the replacement of the squamous epithelium of the oesophagus
with columnar epithelium?. It was not until 1975 that Naef and colleagues linked the

presence of BO with the development of oesophageal adenocarcinoma (OAC)?.



Figure 14 Endoscopic appearance of non-dysplastic Barrett's oesophagus

3.3.1 Diagnosing Barrett’s oesophagus

In current practice the diagnosis of Barrett’s oesophagus relies on a typical endoscopic
appearance, which is confirmed by histologic analysis. Endoscopically, the BO mucosa
is readily visible under high definition white light (HD-WLE), as a salmon pink villous
mucosa extending above the gastrointestinal junction (GOJ). There is international
consensus on the endoscopic landmarks associated with a formal diagnosis of BO. The
British Society of Gastroenterology (BSG), American College of Gastroenterology
(ACG) and the Benign Barrett’s and CAncer Taskforce (BOBCAT) 2015 international
consensus all state that columnar epithelium must be visible more than 1cm above
the GOJ'%8-119, The endoscopic landmark for the GOJ is defined by all three guidelines

as the top of the gastric folds.

There remains some international variation in the histologic features required for a
formal BO diagnosis. The BSG recommend that there must be biopsy confirmation of

columnar metaplasia, which includes gastric metaplasia (GM) in addition to intestinal
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metaplasia (IM)°. American Society of Gastroenterology (ASG) guidelines stipulate
that intestinal metaplasia is a prerequisite for a diagnosis of BO'%. The BOBCAT
consensus recommends that any biopsy confirmed columnar metaplasia is sufficient
but that special note by the pathologist of IM above the GOJ should be noted by the

pathologist!1°.

The contention over the inclusion of histologically confirmed IM is due to conflicting
evidence over its role in the premalignant potential of BO, which is discussed below.
Several studies have demonstrated that the presence of IM in BO confers an increased
risk of adenocarcinoma, but that in BO with only GM or cardia type metaplasia there
was a low incidence of adenocarcinoma. A 2012 study by Chandrosoma et al
demonstrated no proven risk of adenocarcinoma in patients with BO without IM**%,
However a smaller retrospective study showed that there was in fact no significant
difference in the incidence of adenocarcinoma in patients with BO that either did or
did not contain IM*2, With this conflicting evidence base UK guidelines elect to
include all metaplasia in the diagnostic criteria; regardless it is generally accepted that

the presence of BO disposes individuals to a higher risk of OAC.

3.3.2 Barrett’s oesophagus as a risk factor for oesophageal adenocarcinoma

The true prevalence of Barrett’s oesophagus is difficult to quantify precisely, as it is
often asymptomatic; as such the relative risk of OAC it confers is also difficult to
guantify. The most accurate estimates of BO prevalence in a large patient populations
come from a Swedish sample of 3000 adults undergoing gastroscopy and an ltalian

study of 1033 patients. In the first study the incidence of Barrett’s oesophagus 1.6%**3

and in the second it was 1.3%''%; suggesting the presence of Barrett’s in the general

population is significantly more common that the incidence of OAC.

Two recent analyses have demonstrated an increased incidence of OAC in patients
with BO, compared to the general population. A meta-analysis by Sikemma et al
estimated the rate at 5.3 cases/1000 patient years; another metanalysis estimates this

figure to be 6.5 cases/1000 patient years?>'>, A further study of 11,028 patients,



followed up for a median period of 5.2yrs estimates the incidence at 1.2 cases/1000
patient years!!®. Despite this lower incidence, patients in this study with BO

demonstrated a relative risk of OAC of 11.3 compared to the general population.

While it should be noted that the majority of patients diagnosed with BO do not go on
to develop OAC, it is generally accepted that the conversion rate is in the range of 0.1-

117118119 "which is significantly higher than the generally population risk

0.3% per year
per year. As such significant research to understand the evolution of BO into OAC has
been undertaken to establish the clinical and histopathologic progression through BO

to adenocarcinoma.

3.3.3 The dysplasia — adenocarcinoma sequence in Barrett’s oesophagus

Barrett’s oesophagus is of clinical significance as it represents the only endoscopically
detectable precursor lesion to OAC. As with squamous dysplasia, there is a well-
established linear progression from non-dysplastic BO, through low and high grade
dysplasia to adenocarcinoma. The progression of dysplastic changes within BO tissue
is defined according to the Vienna classification??. The detection of dysplasia within
histologic samples taken from BO will determine future management strategies as
discussed below. All three major guidelines discussed in this chapter require the

determination of dysplasia to be made by two expert gastrointestinal pathologists.

In non-dyplastic BO (NDBO) tissue the squamous epithelium of the oesophagus is
replaced by intestinal type columnar epithelium which contains goblet cells. The
epithelial surface cells should appear more mature than the deeper cells. All cytologic
features should appear normal; with smooth nuclear membranes and nucleoli,
nuclear polarity is maintained'?%'?? (figure 15). Histologic specimens should have
normal architecture and an abundance of lamina propria, there should also be the

absence of any features concerning for dysplasia.



Figure 15 Histologic appearance of non-dysplastic Barrett's oesophagus (from Pathology Outlines available at 12?)

Low grade dysplastic (LGD) changes include nuclear enlargement and crowding along
the basal surface of cells. There may be mild to moderate cytological atypia that
extends to the luminal surface, including up to moderate luminal hyperchromasia and
enlargement (figure 16). The diagnostic accuracy and high interobserver variability of
pathologists describing LGD remains high and is a source of contention. A 2015 study
found that in 293 BO samples with ‘confirmed’ LGD, only 27% had this diagnosis
supported after review by two expert Gl pathologists — the rest were downstaged to
either non-dysplastic BO or were labelled as indefinite for dysplasia'?3. In any case,
the presence of confirmed LGD equates to between a 3-23% risk of conversion to OAC

per yearl?3124,



Figure 16 Histologic appearance of Barrett's oesophagus with low grade dysplasia (from Pathology
Outlines available at 22)

The histologic changes associated with high grade dysplasia (HGD) include more
marked cytologic atypia, there may be a high degree of nuclear stratification and
irregularity (figure 17). The nucleus to cytoplasmic ratio is often markedly increased.
The degree of abnormal tissue architecture is also more prominent, with lateral
budding, villus formation and the presence of dilated glands filled with necrotic
material. The risk of progression from HGD to adenocarcinoma is markedly higher,
with estimates ranging from 4-55% over a five year follow up period®?®,'?, It is
generally accepted that the minimum incidence of cancer per year in patients with
confirmed HGD is at least 6%'%’. As such it is recommended that patients with HGD
should undergo prompt endoscopic eradication therapy, in order to prevent the

progression to OAC (figure 18).



Figure 17 Histology appearance of Barrett's oesophagus with high grade dysplasia (from Pathology
Outlines available at 122)

Given the heightened risk of OAC in patients with known BO, they are often entered
into endoscopic surveillance programs. The underlying principle of these programs is
to identify early neoplasia at a stage where it can be treated with the endoscopically
eradication therapies (EET) discussed in chapter 3.6. This spares patients from
requiring more invasive surgical management, which is the only curative therapy for

more advanced disease, but its efficacy on a population level remains disputed®?8.




Figure 18 Histology appearance of Barrett's associated adenocarcinoma (from Pathology Outlines available at 122)

3.3.4 Endoscopic surveillance of Barrett’s oesophagus — the Seattle Protocol

As recommended by the National Institute for Clinical Excellence (NICE) and the BSG,
the current paradigm in the UK for the surveillance of BO patients involves the interval
endoscopic assessment of their BO segment in order to identify treatable early
neoplastic lesions. There is currently no good evidence that screening for

asymptomatic patients or those with GORD for BO is cost effective!?®130,

It is generally accepted that patients enrolled in BO surveillance programs, who
progress to OAC are likely to have their cancer detected at an earlier stage than those
outside of surveillance programs — although no randomised control trials (RCTs) exist
to demonstrate this . Similarly patients within BO surveillance programs have
generally been shown to have improved survival'31134 There is however a lack of
randomised control trial evidence for this, with most studies consisting of small

sample retrospective analysis.

In the UK, treatments and interventions are generally approved by NICE at a cost of

between £20-30,000 per quality adjusted life year (QALY) gained3>. By this measure,



the cost effectiveness of BO surveillance is debatable. A Dutch study suggested that 5
yearly surveillance of patients with NDBO was cost effective when paired with EMR
and RFA for HGD and OAC assuming a threshold of €35,000/QALY*3. A review of 7
publications noted that in more than half of the included studies Barrett’s surveillance
was not cost effective and in some cases could cause harm'?’. A study by the same
authors suggests that in patients with NDBO the cost per QALY ratio is as high as
$60,858, but does note that this cost may be reduced in high risk patients such as
those with known dysplasia'3®. Inadomi et al. demonstrate a cost per QALY of $10,440
when patients with known dysplastic BE undergo surveillance and treatment for OAC,

suggesting that this likely remains a cost effective option®3°.

The current gold standard for endoscopic surveillance is the Seattle protocol (SP)'?’.
The endoscopist begins by identifying the anatomical landmarks from which the BO
segment is measured. The top of the gastric folds are identified and the length of any
associated hiatus hernia is noted. The BO mucosa is washed thoroughly with a solution
of water and a mucolytic, to remove adherent mucous and to permit a thorough

assessment of abnormal surface patterns that may represent dysplasia.
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Figure 19 Schematic of how the CM Prague classification is recorded. Circumferential length (A) and maximal
extent (B). Adapted from 140

In order to standardise and improve communication between physicians managing
patients with BO, the segment should be measured and described in accordance with
the Prague CM criteria'*!. Endoscopists record the circumferential extent of the BO
segment from the top of the folds in centimetres (A in figure 19), as well as the

maximal extent of visible BO mucosa including tongues and islands (B in figure 19).

Current guidelines state that the endoscope should be slowly withdrawn proximally
throughout the BO segment, with the endoscopist observing for visible lesions
suggestive of early neoplasia. If lesions suspicious for early neoplasia are detected,
clinicians should record their findings based on the Paris classification'4?143, This
simple classification divides lesions into three broad categories; flat, depressed and
protruding, with further subcategorization based on the mucosal colour and
appearance of vessels (figure 20). The implications of this will also be discussed in a
later section. Once targeted biopsies have been taken from the suspicious area —in

order to secure a histological diagnosis and to plan therapy, the endoscopist proceeds
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with quadrantic biopsies. These are taken from every quadrant at 2cm intervals of the

BO segment, starting at the GOJ and ending at the proximal squamo-columnar

junction.
Type I Type Ila Type IIb Type Ilc Type 11
(protruding) (slightly (flat) (depressed) (excavated)

elevated)

[ ] (D)

Figure 20 Schematic of the Paris classification used to describe oesophageal lesions (indicated in grey)

3.3.5 Limitations of the Seattle Protocol

Early neoplastic lesions with BO are often subtle, flat, focal and hence may be difficult
to distinguish from normal tissue during endoscopic assessment (figure 21). There are
a number of limitations that may mean the Seattle protocol, while the current gold
standard, could be improved. A major theme of this thesis is to propose methods that

may mitigate these deficiencies and improve cancer detection



Figure 21 A typical subtle, flat lesion seen in early Barrett's associated neoplasia

Large population based studies have demonstrated between 12.7-33.5 of OAC is
diagnosed within a year of a normal index endoscopy!'®44, suggesting a potentially
high miss-rate of early lesions. A meta-analysis by Visrodia et al, showed that in 24
cohorts of adults with NDBO at baseline, followed up for at least three years
endoscopically, 25.3% of OACs were missed'#>. Although adherence to the SP in all
studies was questionable, there are clearly inherent deficiencies in OAC detection

under the current methods of surveillance.

Tschanz et al. highlight the susceptibility of the protocol to sampling error. The
average BO mucosal surface area is estimated at 14cm?, with random forceps biopsies
sampling only around 0.5cm? of this area - representing just 3.5% of the total surface
area'®. If lesions are missed on visual inspection of the mucosal surface, there is a

high chance that they may also be missed using this sampling method.
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Of particular relevance in the modern endoscopy suite, where time is pressured, is
that the time spent assessing the oesophagus has an impact on the detection rate of
early neoplasia during BO surveillance endoscopies. Gupta et al. demonstrated that
the detection rate of HGD/OAC improved with assessments where endoscopists
inspected each centimetre of the BO segment for more than one minute!*’. Studies
have also demonstrated that compliance with the protocol is often poor and worsens
with longer segments — with sensitivity for dysplasia/neoplasia detection ranging

widely from 33->90%142,

Given the aforementioned limitations of the SP, there is an unmet need to develop a
system that improves the visual recognition of early BO associated neoplasia — to
enable endoscopists to take more targeted biopsies and possibly improve their
dysplasia detection rates. Endoscopic technology has advanced significantly in recent
years, with large numbers of innovations focused on improving the quality of

endoscopic imaging that is available to clinicians.

3.4 Adjuncts to improve Barrett’s dysplasia detection - chromoendoscopy

In a similar manner to that seen in the endoscopic assessment for ESCN, clinicians
have sought to improve visualization of early BO associated neoplasia through the use
of chromoendoscopy. Subtle changes in the mucosal surface features may be
associated with the presence of dysplasia in BO segments, but they are often hard to
detect with HD-WLE alone. The application of topical dyes aims to improve lesion
recognition; several such preparations have been studied in the oesophagus with the
aim of improving surface enhancement and subsequent dysplasia detection in

Barrett’s oesophagus, but with conflicting results.

Both methylene blue and indigo carmine have been investigated to see if they improve
the dysplasia detection rate of targeted biopsies'*°. Recent studies have shown that
there is little additional benefit to be derived from their use'*°. Another such agent
which has been extensively investigated for its use in the detection of BO associated
neoplasia in high risk populations is acetic acid. Following application of a dilute

solution of acetic acid, the reversible acetylation of cellular proteins occurs, giving the



mucosal tissue a characteristic white appearance®®’. The loss of this ‘aceto-whitening’
effect, where sections of the mucosa more rapidly return to their normal colour, has
been identified as a sensitive and specific marker for the presence of
dysplasial®'1>2153, While some early studies showed little additional benefit in its

154 there is now more experience and its use is commonplace in centres

use
undertaking frequent assessment of high risk Barrett’s populations. The PREDICT
study provided evidence for a validated classification system for use in the
identification of Barrett’s neoplasia using acetic acid. This study demonstrated
sensitivities for the identification of neoplasia of 98.1% and 95.5% in endoscopists and
non-endoscopists respectively®>>. Despite the evidence in favour of using acetic acid,
there are no randomised control trials comparing it’s use against the current gold
standard of the Seattle protocol, as well as the additional procedure time and demand

on resources, the routine use of chromoendoscopy is neither widespread nor

recommended for routine practice by any major gastroenterological associations.

3.5 Adjuncts to improve Barrett’s dysplasia detection — virtual chromoendoscopy

The use of real-time chromoendoscopy may lengthen procedure times and consumes
resources, with questionable levels of benefit derived from their use. Concurrently,
imaging technologies available to endoscopists have developed rapidly over the last
two decades. Significant commercial and clinical interest has seen the development
of several virtual chromoendoscopy platforms, designed to increase the visibility and
discrimination of early neoplastic lesions by endoscopists in a way similar to
chromoendoscopic methods. These systems aim to provide high definition, digital
surface enhancement of the oesophageal mucosa, as well as enhanced visualisation
of mucosal microvessels. The main imaging platforms used in current practice are

outlined below:



3.5.1 Narrow band imaging

The oldest and most widely studied of the advanced imaging modalities is Narrow
Band Imaging (NBI, Olympus). NBI transmits predominantly in two wavelengths of
light, with a lower baseline transmitted for the rest of the visible light spectrum; blue
light at around 415nm and green light at 540nm®°. The blue spectrum penetrates the
superficial layer of the mucosa and highlights the microvascular patterns. The
transmission of green light penetrates deeper into the mucosa and allows visualization
of deeper vessels which may be disordered or enlarged in neoplastic lesions. NBI
utilizes a special filter installed within the light source in order to deliver these specific
wavelengths and so is considered a pre-processing technology. A criticism of NBI
technology is that it delivers less intense light across the visible light spectrum, as a

result the illumination of the oesophagus may be reduced compared to HD-WLE.

Most studies into the use of advanced endoscopic imaging have assessed NBI. Taking
advantage of the improved visualization of mucosal and vascular patterns, most
studies attempted to classify dysplastic and non-dysplastic areas of BO based on these
macroscopic features — with varying degrees of success'®”1°815 A meta-analysis by
Mannath et al. demonstrated the clinical utility of NBI in the detection of high grade
dysplasia within BO, with pooled sensitivities and specificities of 96% and 94%
respectively'®®. The Barrett’s International NBI Group (BING), presented a prospective
study which defined and validated a simple criteria that could predict dysplasia with

up to 85% accuracy, based on mucosal and vascular patterns'®:,

3.5.2 iScan Optical Enhancement

The iScan system (Pentax) has emerged as a potential alternative to NBI. iScan
employs both novel pre and post-processing technologies to provide surface
enhancement of the superficial structures of the mucosa, as well as improving the
visibility of the mucosal microvasculature®®?. Using a new optical filter, iScan optical
enhancement mode (OE) delivers specific wavelengths of light which correspond with

the main absorption spectrum of human haemoglobin (415nm, 540nm and 570nm)



and so, like NBI, highlight the microvasculature within the most superficial layers of
mucosa. However, OE uses additional post-processing technology in order to digitally
enhance mucosal surface features. The resulting high definition image allows detailed
visualization of the minute vessels, but unlike NBI, also enhances mucosal
microstructures®®3, Because OE also raises the intensity of light transmission across
the visible spectrum, it is argued that the images obtained are brighter than NBI which

allows better visualization in areas of the gastrointestinal tract with larger lumens.

Currently no studies have been published on the use of OE in the detection of early
Barrett’s associated neoplasia. Lipman et al, using early iterations of the iScan system
demonstrated accuracies of 69% without and 79% with the use of topically applied
acetic acid in a validation dataset®*. This study also validated a simple classification
system based on mucosal and vascular patterns for the detection of neoplasia on
zoom magnified endoscopy. A small study by Verna et al. demonstrated a low
dysplasia detection rate of between 5.5-9.2% on target biopsies, using a combination
of magnification endoscopy, acetic acid and iScan enhancement!®. It is likely that the
lower reported accuracies for iScan compared to NBI are a reflection of the technology
being at a relative early stage of its development, as well as a ‘learning curve’ effect

due to limited clinician experience.

This body of work seeks to add to the literature assessing the utility of OE for use in

BO associated neoplasia detection.

3.5.3 Blue laser imaging

Another new technology is Blue Laser Imaging (BLI, Fujifilm). BLI works using two
monochromatic lasers installed within the endoscope light source. The first laser
transmits blue light at 410nm in order to highlight the microvascular patterns of the
mucosa. A second laser, transmitting at 450nm provides high intensity white light
through the excitation of white phosphor in the tip of the endoscope!®®. Very recent
work by Subramaniam et al proposed the BLINC classification. This demonstrated that

BLI shows promise as an adjunct for dysplasia detection. In the assessment of 50 BLI



images, the sensitivity of dysplasia detection in expert endoscopists was 96% and in
non-expert endoscopists it was 85.3% (improving to 95.7% following a training

program)®®’,

3.6 Endoscopic eradication therapy (EET) of early oesophageal neoplasia

The overarching aim of improving the endoscopic detection of HGD or early OAC, is to
allow prompt access to EET, thereby sparing patients the morbidity and mortality of
more invasive surgical options such as oesophagectomy. The selection of endoscopic
eradication therapy depends on the histological stage and appearance of the early
neoplastic lesions. This section will outline the various therapeutic options available

and discuss the evidence behind their use.

3.6.1 Photodynamic therapy (PDT)

PDT was an early ablative therapy trialled for use in the eradication of BO, it involves
the oral or intravenous administration of photosensitizing agents to the patient before
endoscopy. Typically, 5-aminolevulinic acid administered orally or porfimer sodium
intravenously would distribute throughout the body tissues and sensitize tissues to
light exposure at certain wavelengths. During endoscopy, a catheter which emits the
specific wavelength of light would be targeted at the BO tissue. Upon exposure of the
PDT agent to the light energy, an oxygen free radical is generated which causes

targeted tissue damage and subsequent necrosis of the BO tissue.

Patients treated with PDT were demonstrated in one randomised control trial to have
a reduced risk of developing adenocarcinoma compared to untreated individuals with
BO (13% vs 28%)8. In another study patients with HGD treated with PDT alone had
similar 5 year mortality to those treated with oesophagectomy (9% vs 8.5%) — but
without the considerable morbidity associated with such a major procedure®®,
Despite early promise shown by PDT, its expense, high stricture rate, as well as the
development of other high-quality treatments such as radiofrequency ablation limited

its widespread use.



3.6.2 Radiofrequency ablation (RFA)

RFA is currently the most widely used and recommended ablative therapy for
dysplastic BE. There is also evidence that it is effective for the treatment of dysplastic
squamous lesions. Numerous devices are commercially available for RFA therapy and
include circumferential balloon electrodes, focal devices that attach to the endoscope

tip or electrode paddles that can be passed via a working channel.

In preparation for RFA, the oesophageal mucosa is washed with a dilute solution of n-
acetylcysteine to remove any adherent mucous. The delivery device is then positioned
adjacent to the oesophageal mucosa and ablations deliver heat energy into the
superficial layers. The heat energy delivered to the epithelium causes the thermal
necrosis, thereby destroying early neoplastic lesions within the superficial mucosal. By
avoiding thermal injury to the muscularis mucosae and deeper structures the risk of
fibrotic stricture formation is thought to be reduced. Multiple treatment doses can be

delivered at 2-3 month intervals until histologic or endoscopic remission is achieved.

Several small studies have demonstrated that RFA is an effective therapy for the
eradication of low and high grade dysplasia. Bergman et al (2010) reported a 97%
histologic resolution of LGIN/HGIN lesions in a cohort of 29 patients treated with RFA.
A larger prospective study by He et al (2015) showed that complete histologic

remission was achieved in 84% of patients treated with RFA at 3 monthly intervals’.

The use of RFA in the treatment of BE associated dysplasia has a more robust evidence
base. In a randomised control trial undertaken by Shaheen et al (2009), patients with
confirmed dysplastic BE were assigned to either receive RFA, or a sham control
procedure. 81% of patients with HGD achieved remission of dysplasia compared to
only 19% in the control group (which in itself suggests sampling error rather than true
histologic remission). Furthermore, higher progression rates of dysplasia were
observed in the control group compared to the treatment group (19% vs 2.4%)7°.
Other studies have also confirmed favourable outcomes and durability of remission of

intestinal metaplasia and dysplasia following RFA treatment!26:171,



3.6.3 Cryoablation

Cryoablation is a promising new ablative therapy that involves the topical application
of liquid nitrogen spray to the oesophageal mucosa. The deep-freezing effect,
followed by thawing is thought to cause disruption of the cellular architecture, as well
as superficial mucosal necrosis in response to the induced vascular ischaemia. Early
studies into the use of cryoablation as a BE eradication therapy, as well as new devices
to improve its uniform delivery to the oesophageal mucosa, demonstrate promising

results'’2173,

3.6.4 Endoscopic mucosal resection

Endoscopic mucosal resection (EMR) is the most studied EET for use in BO associated
neoplasia. Visible lesions containing either HGD or suspected intramucosal OAC are
amenable to EMR. The choice of method for EMR varies between operators and
centres, but techniques include ligation assisted, cap assisted or cap-snare assisted
resections. The aim of EMR is to selectively resect dysplasia confined to the mucosal

layer of the oesophagus, whilst leaving healthy tissue intact.

EMR has been widely demonstrated as a safe technique for the resection of early
neoplasia; demonstrating high cure rates of between 87-96% for neoplasial’417>-177,
While a safe modality of treatment the complications of EMR are serious and include
stricture formation, incomplete resections and perforation. One study indicates that
within a structured training program perforation rates of endoscopists performing

their first 20 EMRs were as high as 5%'7%. In experienced hands the perforation rate

of EMR is significantly reduced, with most studies reporting rates of around

0.5%72,179,180'

Recurrence rates after EMR monotherapy are estimated at around 6-7%'%'. Risk
factors for recurrence include piecemeal resections, long segment BO and where

clinicians do not follow EMR with ablative therapies®.



A systematic review of 8 cohort studies identified promising results using EMR.
Complete eradication of early neoplasia was observed in 97% of patients, with
complete resolution in metaplasia seen in 85%. The stricture rates of 37% in these
cohorts as well as significant heterogeneity between included studies meant that the
authors could not definitively recommend EMR as a sole treatment for BO

neoplasia®®.

3.6.5 Endoscopic submucosal dissection

One of the main drawbacks of EMR is that for larger mucosal lesions, piecemeal
resection is usually required, thereby increasing the recurrence risk. Endoscopic
submucosal dissection (ESD) was pioneered in Japan in the late 1980s for the
endoscopic resection of early gastric cancers. An advantage of ESD over EMR is that it
permits en bloc resection of lesions extending into the submucosa and so allows
histologic assessment of the lateral and deep margins. Much debate on the utility of

ESD compared to EMR has continued in recent years.

A meta-analysis of 11 studies on the safety and efficacy of ESD, suggests it is
potentially an effective form of EET for early BO associated neoplasia'®*. This analysis
reported overall en bloc, R® and curative resection rates of 93%, 74.5% and 64.9%
respectively. The risk of bleeding and perforation were relatively low at 1.7% and
1.5%. The estimated recurrence rate after curative ESD was 0.7% at 22.9 months;

longer term follow up on the durability of ESD are needed.

Studies comparing ESD and EMR in the resection of BO associated neoplasia are
limited largely because Asian centres, where experience with ESD is greater, typically
see more SCC than OAC. A meta-analysis*®® including 1080 patients suggests that ESD
is more likely to allow en-bloc resections than EMR (97.1% vs 49.3%). Notably ESD
achieved higher cure rates (92.3 vs 52.7%), a lower incidence of local recurrence (0.3%
vs 11.5%) and similar rates of complications; except for perforations where ESD was

riskier. Another meta-analysis demonstrated a non-significant trend towards higher



recurrence in EMR (2.6%) compared to ESD (0.7%)86. Again similar complications
rates were recorded in both groups, but EMR was associated with faster mean

procedure times. More work on the comparative efficacy of EMR and ESD is required.

3.6.6 UK guidelines for the assessment and endoscopic eradication therapy of
Barrett’s neoplasia

The current guidelines on Barrett’s surveillance and progression to therapy are
defined by the BSG. Patients found to have uncomplicated, NDBO should undergo
clinical review and consultation to assess their fitness to enter a surveillance program.
Patient with a segment length <3cm with IM, who are deemed suitable, undergo
surveillance every 3-5 years. Patients with a segment length >3cm undergo OGD every

2-3 years'®,

Patients with biopsies demonstrating BO that are indefinite for dysplasia or LGD for
the first time require six months of maximal acid suppression followed by a repeat
OGD. Those who are upstaged to dysplasia or who have a second finding of LGD,
require discussion in a multidisciplinary team (MDT) meeting regarding endoscopic

eradication therapy.

Patients with confirmed HGD or confirmed intramucosal cancer (IMC) should undergo
EET promptly, delivered at a centre with experience in these techniques. NICE
recommends that for patients with a localised visible lesion consistent with HGD or
IMC, EMR should be offered as a first line alternative to oesophagectomy. Residual or
recurrent disease can be retreated with further EMR, or if it is non-visible, ablative

therapy such as RFA or PDT8,



Chapter 4 - Artificial intelligence in the diagnosis of oesophageal
cancer

4.1 Defining artificial intelligence

The use of artificial intelligence (Al) in medicine is a burgeoning field. Across numerous
disciplines the role of Al in diagnosis and clinical decision making is being
demonstrated. Al is a broad and highly technical field, hence understanding it,
unfamiliar terminology and applications can be confusing and prone to error when
described by clinicians. This chapter serves to provide an overview of relevant
concepts in artificial intelligence, as well as to appraise its role to date in the

endoscopic diagnosis of early neoplasia.

Al is an umbrella term used to define the development of computer systems that
require or mimic human-like forms of intelligence: natural language processing,
spatial reasoning and computer vision are examples. Machine learning is often used
interchangeably with Al but actually relates more specifically to the construction of
mathematical models designed to make predictions regarding unseen data, based on

observed patterns in known data.

Machine learning can be described as supervised and unsupervised. In this body of
work we employ a form of supervised machine learning to enable a neural network to
identify unseen images as cancerous based on previously seen images of cancerous
tissue. In this case supervised indicates that the data used to train a network is labelled
by a human against a gold standard; normal or neoplastic in the case of this thesis.
Based on the model developed when trained with this input, the network then
attempts to predict the labels on an unseen selection of data. Unsupervised learning
does not require labelled data, instead a network attempts to independently cluster
or identify patterns within a dataset, in order to identify the same patterns within an

unseen dataset.

Deep learning is a sub-field of machine learning that utilises neural networks (NNs)
and is the field of Al to which this body of work pertains most closely. NNs bear some

resemblance to the mammalian brain, in that ‘neurones’ within the network are



connected to downstream neurones in layers. Within the field of computer vision and
image processing, convolutional neural networks are a frequently used machine

learning algorithm.

4.2 Convolutional neural networks (CNNs)

Convolutional neural networks are a relatively new addition to the world of computer
vision, rising to prominence over the last decade. CNNs were inspired by the seminal
work of Hubel and Weisel who demonstrated that discrete clusters of neurones within
the feline visual cortex were specialised to recognise specific features present within
the visual field'®® — edges of objects arranged at a specific orientation will be seen by
certain clusters of neurones for example. A commonly used application of CNNs is for
image processing and classification. Humans from an early age are able to look at
images and subconsciously label what they are seeing, a cat compared to a dog for
example. CNNs when appropriately trained are potentially able to achieve the same

thing.

CNNs are complex and the technical aspects of their construction vary depending on
their application; a full overview of their architecture and application is beyond the
scope of this thesis. The following sections aim to provide an overview to better
understand the key components of CNN design, training and testing as it relates to the
area of computer aided endoscopic diagnosis. The core concepts relating to CNN
design are framed within the following sections using the later studies discussed in
this thesis. The aim is to provide clinicians undertaking similar work in the future to
gain enough of an understanding of the principles of machine learning to be able to

work more closely with those of a computer science background



4.2.1 Key terminology relating to CNN design

This section aims to define some of the key terms that relate to CNN development
and this thesis, such that the descriptions outlined in subsequent sections are better

understood.

Machine learning

Machine learning is a branch of artificial intelligence and computer science that aims
to build algorithms, which imitate the way in which humans learn, in order to

improve accuracy for a given task over time.

Convolutional neural networks

A CNN is a type of machine learning algorithm which is designed to process arrays of
data. Such arrays include images hence the utility of CNNs in image classification and
computer vision. The typical structure of a CNN involves and input layer, a series of

hidden or convolutional layers and an output layer

Supervised learning

Supervised learning refers to machine learning where labelled data is used against
which a neural network trained to classify. The CNN outputs are then compared to the
ground truth of this labelled data and the weights of the network are adjusted
accordingly until the predictions become more accurate. The studies presented in this

thesis all relate to supervised learning.

Input layer
The input layer refers to the data that is being provided to the CNN. In the case of

our studies it refers to the layer in which the numerical pixel matrix that corresponds

with an endoscopic image is provided to the CNN.



Hidden layers

Hidden layers are found between the input and output layers of the CNN. It is in
these layers that input data is sequentially convolved using kernels and directs them

through an activation function prior to the output layer.

Output layer
The output layer of the CNN is the last layer of the network in which the data

generated from the preceding hidden layers is converted into a class prediction.

Convolutions

A convolution is a linear operation in which an array or matrix of weights are
multiplied by another array of input values. In the context of CNN design this array of
weights is a kernel or filter and the convolutions occur in a stepwise manner with the

filter moving across the image.

Weights

A weight is a parameter or number which transforms input data within a networks

hidden layers. Weights arranged within a matrix are known as kernels.

Kernels
A kernel is also known as a filter. It is a matrix of weight values which can be applied
to input data in order to multiplied it. Kernels are applied to input images in a

sequential manner during convolutions.

Folds

A fold is a set of data taken from the overall dataset. For example in a study
including data from one hundred patients, ten folds of ten patients or four folds of
twenty five patients could be generated. Folds can then be used in k-fold cross
validation where each fold is further subdivided into a training set of data, validation

set and testing set of data.



Loss

Loss functions can be used to compute the margin of error between the networks
output predictions and the known ‘ground truth’ value. The loss refers to how
incorrect the network predictions are compared to the correct value. The aim of a
CNN is to reduce the loss over a number of iterations; meaning that it’s predictions

become more accurate.

Backpropagation

Backpropagation is an algorithm that enables the calculation of the loss function
gradient for each weight in the network, working backwards from the output layer
through the convolutional layers. In this way individual weights can be automatically
adjusted to reduce the loss function and improve the network’s accuracy over many

iterations.

4.2.2 Using images as input data for CNNs and basic CNN architecture

Images, however complex, can be thought of as a series of pixels. For colour images
each pixel is represented by three numbers, with each number denoting the intensity
of the red, green and blue (RGB) components of the overall pixel. The intensity values
of the RGB components of 8 bit images ranges from 0 (no intensity) to 255 (maximum
intensity). For example, a pure black pixel’s RGB components could be written as 0,0,0;
a pure white pixel would be 255, 255, 255. These pixels, when considered as numerical
expressions of RGB components and combined with potentially large numbers of
other pixels that make up an image, it becomes clear that an image can be thought of
as a long list of numbers. As this string of numbers, images can therefore be used as

input data for training a CNN.

The basic structure of a CNN as related to the work in this thesis is to take an input
image and produce an output classification that through an iterative process of
‘learning’ becomes gradually more accurate at making correct classifications. An

unknown function is used to take the numerical input data and to associate it correctly



with an output classification. A function is a mathematical operation that associates a
set of data X, with a single domain within a set of data Y. In the case of this body of
work, the function is required to associate the numerical values contained within the
pixels of magnification endoscopy images, with an output classification (normal vs

dysplastic).

Clearly a function capable of associating the huge volume of numerical data within a
high-definition image, with a binary outcome would likely be highly complex and
beyond the calculation of human operators. Using the rapid processing capabilities of
computers, the ‘trial and error’ process of identifying the correct function can be
achieved in a shorter time - the function of a CNN within this context is to operate as

a function approximator.

A CNN can operate as a ‘function approximator’. It is assumed that the unknown
function associating the image data with a class output is a series of convolutions
applied one after the other. This function forms the basis of the CNN structure. To
achieve this, the image, represented by a string of numbers arranged in a 3D matrix
to account for the RGB intensities for each pixel, are provided to the CNN. At the
initiation of the network’s training, a number of weights are randomly selected. These
weights are numerical values arranged within a matrix, these smaller subgroups of

weights are known as convolutional kernels.

Convolutional kernels are then applied to the image — in the case of our studies the
majority of the kernels were a 3x3 matrix of numbers. This matrix is applied
sequentially to an area of the image, the numbers within the image pixels are
multiplied by the numbers within the kernel to generate another series of numbers.
The kernel then moves, or convolves, to the right until the end of the image is reached.
The kernel convolves left to right along the next line of the image down. Once the
kernel has convolved across the whole input image, the output is another matrix of
numbers or ‘image’ which correspond with the products of the input image pixel

intensities, multiplied by the weights within the convolutional kernel.



The CNN is arranged such that there are a series of convolutional layers which work in
the same way — with a randomly initialised set of weights/kernels applied to the
product image of each layer. Since the weights within the kernels are randomly
initiated some of the output numbers can be negative values. An activation function
is therefore applied between convolutional layers. The activation function for the
purpose of our study was the Rectified Linear Unit (ReLU). ReLU functions by activating
only neurons where the linear transformation is a positive value, any which generate
a negative value are converted to 0. The repetition of these stepwise convolutions per
image, application of the ReLU activation function, and generation of a new image to

input into the next convolutional layer is known as forward propagation.

Kernels are therefore able to capture correlations. Weights within the kernels
(analogous to image features) when passed over similar looking regions in the image
(also made up of numbers) produce an output number or sum that will be a high
number. When kernels pass over images areas that are not similar to it, the numbers

which make up the output images will likely be lower.

During forward propagation, between each ‘layer’, images are downsampled (made
smaller) by a combination of pooling, stride and kernel size. In our network for
example, input images underwent the following convolutions with the following

kernel sizes to produce gradually smaller resolution images.

- 32 convolutions/kernels (3x3x3) + ReLU — produces 32 images (128x128)

- 64 convolutions/kernels (3x3x32) + ReLU — produces 64 images (64x64)

- 128 convolutions/kernels (3x3x64) + ReLU — produces 128 images (32x32)
- 256 convolutions/kernels (3x3x128) + ReLU — produces 256 images (16x16)

- 512 convolutions/kernels (3x3x256) + ReLU — produces 512 images (8x8)

At the output layer of the neural network another activation function is applied to the
output of the final convolution. This generates a single output number that is
effectively a probability that the input image belongs to a class — in the case of our

studies normal or dysplastic. Since our neural network is supervised, the output class



prediction of the network can be compared to the ground truth data (the known

histology results) to establish whether the network prediction was correct.

This introduces the concept of loss. When the network makes a prediction on the
probability that an input image belongs to a certain class, how ‘correct’ that prediction
was can be determined against the known ground truth. Loss refers to how close to
the correct prediction the network was; where the networks prediction is close to the
true value the loss is low, where it is far from the true value the loss is high. High loss
indicates that the weights used during the convolutional layers of the network are
poor at capturing correlations with the image or features that are associated with a
particular class output. The process of training a network so that it ‘learns’ the correct
weights that can accurately predict a class output, are strongly related to reducing this

loss.

4.2.3 How a neural network learns

Since a CNN operates as a ‘function approximator’, identifying the weights that allow
a correct class prediction at the output layer is essential. To do this the weights which
are randomly initialised at the start of network training are adjusted in an iterative
process that is aimed at gradually reducing loss. Since the network training is
supervised, there is an expected output class for each piece of data provided to the
CNN. In the case of this work the input images are labelled as either dysplastic or non-
dysplastic, hence the networks predictions can be identified as correct or incorrect,
and more importantly how incorrect they were. When the correct weights are
identified to correctly associate input data with output classifications, the loss will be

low and the neural network should be able to accurately classify.

Adjusting the various weights which enable the CNN to produce accurate class
predictions would be far too laborious to do by hand, since there are hundreds of
thousands if not millions of weights to be adjusted through each of the many
iterations of the network. Various methods of automating this weight adjustment

process exist — for the purposes of this body of work backpropagation using gradient



descent will be discussed. Through backpropagation the weights within kernels
applied at each layer are adjusted, working backwards through the network, with the

overall aim of reducing the loss using the weights selected for the next iteration.

In theory if the loss could be calculated for all possible values of all the weights used
in a CNN, the resulting graph (or loss curve) would be a parabola with very low loss
values at a given weight and higher loss values at values above and below this
particular weight value. The weight at which the loss is lowest is known as the local
minimum —therefore the aim of training the neural network is to get all of the weights

as close to the local minimum for loss. Gradient descent allows the network to do this.

Take the randomly initialised weights as a starting point on the loss curve, the gradient
descent algorithm then calculates the gradient of the loss curve at the starting point.
In calculating this gradient it is possible for it to compute in which direction weights
must be adjusted in order to descend the gradient towards values which allow the
network to reach its local minimum loss value. These weights will be adjusted after
each iteration in a way which gradually decreases the loss value. Backpropagation
refers to the manner in which the network works backwards during this process,
taking the loss value for a given set of weights and adjusting them at each layer moving

backwards to reduce the loss on the next iteration.

Since the process is iterative, the adjustments to the weight values are done in a
stepwise manner. The magnitude of these weight adjustments is influenced by the
learning rate - a hyperparameter which can be adjusted during the training of the CNN.
At learning rates which are too small the adjustments to the weights are very small —
this can lead to inefficient training of the network as it takes too many iterations to
reach the local minimum for loss. In other words the network descends the loss curve
gradient too slowly. Conversely learning rates that are too high will result in learning
that is too rapid and the values for weights can overshoot the local minimum and
result in increasing loss values again. A full discussion of how the ideal learning rate

and other hyperparameters are selected are beyond the scope of this work — however



the above description should provide a basic overview for clinicians to understand the

process if working alongside engineers or computer scientists.

The iterative process of CNN training ends when the weights are adjusted until they
reach the lowest possible loss values; a process known as convergence. Once the
network has converged it can be tested against unseen data in order for its accuracy

to be characterised.

This body of work proposes that the HD images acquired at endoscopy, could provide
a potential source of input data for the development of a CNN. We speculate that the
additional contrast and clear border demarcation afforded to IPCLs by ME-NBI may
also facilitate the feature recognition required of a CNN that can successfully classify
these images as neoplastic or non-neoplastic. Additionally the simple and intuitive JES
IPCL classification, with its correlation with histology provides a useful label for input
images used to train a potential CNN. In chapter 7, we aim to provide proof of concept,

then develop and validate an algorithm that can fulfil this purpose.

4.3 Previous work on the role of neural networks in early squamous neoplastic lesions

The body of literature focusing specifically on the role of machine learning in the
detection or classification of oesophageal squamous neoplasia is sparse. What data

there is demonstrates promising but limited results'®°.

Zhang et al*®' employed a convolutional neural network to classify images of ESCN
based on their IPCL patterns. A single expert endoscopist delineated lesions on a
mixed pool of 218 images of dysplastic and non-dysplastic squamous mucosa — pixels
within the delineation margin were termed ‘regions of interest’ (ROI). Each image was
then randomly sampled to generate 1000 patches of 50x50 pixels with patches from
within the ROl deemed dysplastic and those outside non-dysplastic. Patches were
used to train a CNN, which was then tested against a panel of unseen patches. Zhang
et al reported reasonable sensitivity, specificity, NPV and PPV of 73.4%, 83.5%, 72.1%

and 84.4% respectively, indicating the use of CNNs to classify ESCNs is feasible. A



potential criticism of this method includes that the network again used a limited
number of images of ESCN lesions and therefore may be unable to generalise to
classify images obtained across the spectrum of disease. The CNN reported in this
study was also unable to classify in real time and so its utility for in vivo classification
is limited. Again, only a single endoscopist was used to delineate ROls, meaning that
the network is biased towards this clinician’s interpretation of the images. Areas
outside of the ROI that did in fact contain ESCN tissue or vice versa may also have
impaired the way in which the CNN classifies, particularly given the small numbers of

images used where any incorrect classification would have a major effect.

More recent work by Horie et al*®?> developed a CNN for the macroscopic detection of
SCC on endoscopy, using 8428 still images acquired from 384 patients assessed at a
referral centre in Japan. Training images included 397 SCC lesions and 32 OAC lesions.
The CNN was then assessed for its diagnostic performance using 1118 testing images
from 47 independent patients. Within the testing set 50 patients with no neoplasia
were including, increasing the prevalence of neoplasia in the testing set to 50%,
compared to the training cohort where it represented nearer 5%. This study reported
an accuracy and sensitivity of 98%!°2. This promising work recorded a box around
areas suspicious for neoplasia and so further work is required to make it clinically
interpretable or suitable to guide resection therapy.

Zhao et al*®3

assessed the role of a CNN for the prediction of lesion histology based on
IPCL patterns, they then compared the CNN with the diagnostic performance of a
group of expert and non-expert endoscopists based in a single high volume Chinese
centre. 1350 images were acquired from 219 patients for this study, however there
was a significant imbalance in the what lesions were included, which would have
biased the network performance (206 type A, 945 type B1 and 199 as type B2). Lesions
containing B3 IPCLs were excluded which is another significant limitation of the study.
For type A, B1 and B2 IPCL patterns their CNN demonstrated accuracies of 71.5%,
91.1% and 83.0% respectively; equating to a pooled diagnostic accuracy of 87%. This

was lower than the pooled accuracy of the expert group (92%), but exceeded that of

the non-expert group (73.3%)'%3. This work indicates that CNNs for this purpose may



have a role in improving the diagnostic accuracy of non-expert endoscopists,

particularly in a low volume western setting.



Study overview and aims

The following chapters aim to evaluate adjuncts to improve the endoscopic diagnosis
of early oesophageal neoplasia. The first study will assess the role of a novel biomarker
in the detection of early oesophageal neoplasia and Barrett’s dysplasia. The following
chapter will outline studies assessing the utility of image enhanced and magnification
endoscopy in the detection of early oesophageal neoplasia and how this may be

paired with artificial intelligence systems to further improve diagnosis

Study 1 - Minichromosomal maintenance component complex 5 (MCM5) as a
marker of Barrett’s oesophagus related neoplasia — a feasibility study

1. To describe a method for quantification of MCM5 expression in
exfoliated oesophageal epithelial cells obtained from aspirated gastric

fluid during endoscopic assessment of the upper gastrointestinal tract.

2. To quantify MCM5 expression in patient cohorts with histologically
distinct oesophageal mucosae. To assess whether there is an
incremental increase in expression between patients with a normal
oesophageal squamous mucosa, those with non-dysplastic Barrett’s
oesophagus, dysplastic Barrett’'s oesophagus and those with

oesophageal adenocarcinoma.

3. To establish the feasibility of quantifying MCM5 expression, using a
proprietary assay (Arquer), as a means of identifying the presence of

Barrett’s oesophagus associated dysplasia or adenocarcinoma.

Study 2 — Assessing whether virtual chromoendoscopy using iScan Optical Enhancement
improves the detection of Barrett’s oesophagus associated neoplasia in expert and non
expert endoscopists.

1. Toassessthe diagnostic performance of iScan OE compared to HD-WLE
in the endoscopic detection of Barrett’s oesophagus associated

neoplasia in a cohort of expert endoscopists.



To assess the diagnostic performance of iScan OE compared to HD-WLE
in the endoscopic detection of Barrett’s oesophagus associated

neoplasia in a cohort of trainee endoscopists.

To validate a previously published'®* consensus driven magnification
endoscopy classification system for use with OE and to compare the
diagnostic performance for the recognition of Barrett’s associated
neoplasia in a cohort of expert endoscopists using both HD-WLE and

OE.

Study 3- Developing a clinically interpretable convolutional neural network to aid in
the endoscopic diagnosis of early oesophageal squamous cell carcinoma: a proof of

concept study.

1.

2.

To develop a novel Al system that can classify IPCL patterns as normal
or abnormal in endoscopically resectable lesions (<SM1 invasion) in

real time on videos acquired during magnification endoscopy

To develop a methodology that can be used to develop further Al
systems, for use in vivo, that accurately predict the grade of a lesions

histology and invasion depth based on IPCL patterns

Study 4 — Validating a clinically interpretable convolutional neural network for the
prediction of early squamous cell neoplasia of the oesophagus; comparing
diagnostic performance with a panel of expert European and Asian endoscopists

1.

2.

To train a convolutional neural network capable of classifying
intrapapillary capillary loop patterns as normal or neoplastic based on

the JES IPCL classification®4.

To expand the patient numbers and image count in our dataset

significantly in order to produce a neural network better able to



generalise its predictions on a novel patient population. In additional
to images of normal oesophageal mucosa (type A IPCLs), this study’s
dataset was now to include images of lesions which were both
endoscopically resectable (type B1 and B2 IPCLs) and non-

endoscopically resectable (type B3 IPCLs).

To quantify the diagnostic performance of a cohort of expert Asian
endoscopists against that of a cohort of expert European endoscopists
using the JES classification; a comparison currently unreported in the
literature. The diagnostic performance of these two cohorts could then

be compared to the diagnostic performance of our neural network.



Chapter 5— Minichromosomal maintenance component complex 5
(MCM5) as a marker of Barrett’s oesophagus related neoplasia — a
feasibility study

The work presented in this chapter formed the basis of a peer reviewed publication.
Text and figures were adapted for publication. Citation:

Everson, M., Magee, C., Alzoubaidi, D., Brogden, S., Graham, D., Lovat, L.B., Novelli,
M. and Haidry, R., 2019. Minichromosomal Maintenance Component Complex 5
(MCM5) as a Marker of Barrett’s Esophagus-Related Neoplasia: A Feasibility
Study. Digestive diseases and sciences, 64(10), pp.2815-2822.

5.1 Introduction

Access to upper gastrointestinal endoscopy is now commonplace in the developed
world; patients are typically referred to services with either symptoms suggestive of
upper Gl pathology, or as part of a surveillance program for Barrett’s oesophagus (BE).
In the UK set criteria are mandated by the National Institute for Clinical Excellence
that should prompt a referral for endoscopic assessment!®>. One of the major
pathologies to be excluded at upper Gl endoscopy in such these patient cohorts is

oesophageal cancer.

As outlined above, the first cohort of patients relevant to this chapter are those
reporting dysphagia, anaemia, new or refractory dyspeptic symptoms who are
referred for screening gastroscopy to rule out oesophageal pathology. In the UK the
demand on endoscopy services is increasing and access to urgent endoscopy is subject
to ever expanding waiting lists; only 55% of patients referred for urgent endoscopy in
2017 were seen within a two week target!?°. Although national data for individual
cancers are not formally reported, the endoscopic oesophageal cancer detection rate
for patients with alarm symptoms is low at around 3.8%'%’. Similarly the detection of
serious benign pathology was only 12.8% in the same series; suggesting that a large
number of endoscopies requested under fast-track rules are not necessary®®’.
Furthermore, evidence suggests that screening gastroscopies are often falsely
reassuring and that cancers are frequently missed. Menon et al. suggested in a meta-
analysis that up to 11.3% of upper Gl cancer may go undetected despite the patient

undergoing an upper gastrointestinal endoscopy within the 3 years preceding



diagnosis®®'%%, The constituent studies of this analysis demonstrate that in 75% of the
cases of missed cancers the root cause was endoscopist error; ranging from lesions
going undetected, lesions detected but not biopsied or false negatives due to

insufficient biopsies being taken from lesions.

In light of the above, there is evidence that the detection rate of oesophageal cancer
in patients presenting with alarm features is low and that even in patients with a
cancer present there is a propensity for the lesion to be missed. There is therefore a
need to find alternatives to endoscopy in patients with alarm symptoms that may

facilitate an earlier, more accurate and less invasive way to diagnose early cancers.

The second group of patients who routinely present to upper Gl endoscopy services
are those with Barrett’s oesophagus undergoing interval surveillance endoscopy.
Since early Barrett’s oesophagus associated neoplasia has low rates of distant spread
prompt detection is vital to allow access to endoscopic eradication therapy (EET).
Endoscopic mucosal resection (EMR) and radiofrequency ablation (RFA) now afford
patients with early BE associated neoplastic lesions high rates of cure, particularly if
lesions are confined to the mucosal?”170171.20 A previously discussed, the Seattle
protocol employed for Barrett’s surveillance is the gold standard of care, but may be
suboptimal, with the sensitivity of neoplasia detection estimated between 33-
>90%%%, Likely as a result of its inherent deficiencies, including a low percentage
sampling of the Barrett’s mucosa with quandrantic biopsies, it is estimated that up to
25.3% (95%Cl:16.4-36.8%) of BE associated adenocarcinoma may be missed during an

endoscopic assessment in the preceding year!®.

Barrett’s surveillance is both labour and cost intensive; there is mixed evidence
regarding the cost effectiveness of Barrett’s surveillance programs?®?, or indeed
whether enrolment in such a program improves overall survival?932%, Given the
number of biopsies required to be taken at intervals of between two and five years,
there is significant time and financial expenditure. With an incidence rate of only 0.2-
2% in one study'?®> and one cancer diagnosis for every 1/52%% to 1/285%%? patient

years under surveillance reported in others, the random biopsies mandated in the



Seattle protocol may place an excessive strain on resources, particularly in health

systems with constraints.

Given the inherent deficiencies in endoscopy for the detection of cancer outlined
above, there is a need to explore adjuncts that may improve the detection of neoplasia
by reducing the reliance prolonged endoscopies and biopsies. Biomarkers obtained
from patients under investigation for oesophageal cancer may provide an adjunct to
the endoscopist, by offering objective evidence on whether or not neoplasia is
present. We envisage that a validated biomarker could serve two purposes to mitigate
the shortcomings outline above; firstly if acquired through tissue samples intra-
endoscopy, a positive value could alert physicians to the presence of a cancer that has
been missed, thereby prompting a second interval endoscopy or a reassessment of
any lesions identified. Secondly a validated biomarker could be used to ‘rule out’ the
presence of neoplasia; thereby preventing patients undergoing further unnecessary
endoscopic assessment, biopsies and so reducing the cost and time burden on
endoscopy or pathology services. One such biomarker which we have selected to
investigate in this study is minichromosomal maintenance complex component 5

(MCM5).

Minichromosomal maintenance complex component 5 (MCM5)is a cell

cycle protein which forms part of the DNA replicative helicase?°®

. MCM proteins are
upregulated during the transition from Goto Gi of the eukaryotic cell cycle and so
are believed to be implicated in DNA replication and cell cycle regulation?%6-2%, The
dysregulation of MCMS5 expression has been previously associated with the
development of cancer in epithelial tissues — including cervical’®® and urothelial

cancers?10.211,

Epithelial cells surrounding the Ilumen of hollow viscus shed cells
intraluminally, allowing them to be harvested and used for laboratory analysis of
MCMD5 expression. The oesophagus, in common with the rest of the alimentary tract
is lined with epithelial cells, which shed into the lumen and are found mixed with the

normal transitory contents of the gut. Going et al have previously investigated the



expression of MCM5 proteins inimmunostained, formalin-fixed histological
specimens taken from Barrett’s oesophagus and squamous mucosa. They
demonstrated that the failure of MCM5 expression to downregulate, a feature seen
in non-dysplastic tissue, was observed in cells classified as dysplastic?'2. This
phenomenon was observed in both glandular Barrett’s associated dysplasia, and in
squamous dysplasia®!2. Importantly this study also demonstrated that cells with raised
MCM5 expression were present up to the luminal surface of the oesophageal

2

mucosa®!?, suggesting that they could be exfoliated into the alimentary tract and

collected endoscopically through fluid aspiration.

The epithelial cells exfoliated into the oesophagus and gastric fluid may provide a
useful target for quantifying the expression of MCM5 in the Barrett’s oesophageal
mucosa. Williams et al. previously reported a method for quantifying the expression
of MCMS5 in shed oesophageal cells harvested from gastric fluid, as measured by an
immunofluorometric assay. This study demonstrated MCM5 expression was
significantly raised in individuals with adenocarcinoma or squamous cell carcinoma of
the oesophagus compared to those with a normal oesophagus?'3. Interestingly,
almost half of the non-cancer cohort in this study comprised patients with non-
dysplastic Barrett’s oesophagus, but the relationship between the presence of
Barrett’s oesophagus, with or without dysplasia and how this relates to epithelial
MCM5 expression was not characterised. We propose that there may be an
incremental increase in MCM5 expression between patients with a normal
oesophageal mucosa, non-dysplastic Barrett’s oesophagus, dysplastic Barrett’s
oesophagus and oesophageal cancer. During endoscopy, a common finding is gastric
fluid which contains exfoliated oesophageal epithelial cells; this is often aspirated and
discarded during the examination to allow better visualisation of the gastric mucosa.
We proposed that MCM5 expression could be quantified by direct analysis of its
presence in these shed oesophageal epithelial cells, to interrogate whether there is

differential MCM5 expression in the patient cohorts outlined above.



5.2 Aims of this study

There are two aims to this chapter, which presents a feasibility study. Firstly we

assessed whether MCMS5 expression can be quantified in oesophageal epithelial cells

acquired endoscopically from gastric fluid samples. Secondly, we aimed to

characterise the different expression levels of MCMS5 in cohorts of patients stratified

by their oesophageal histology. Our specific aims were:

1.

To describe a method for quantification of MCMS5 expression in
exfoliated oesophageal epithelial cells obtained from aspirated gastric

fluid during endoscopic assessment of the upper gastrointestinal tract.

To quantify MCM5 expression in patient cohorts with histologically
distinct oesophageal mucosae. To assess whether there is an
incremental increase in expression between patients with a normal
oesophageal squamous mucosa, those with non-dysplastic Barrett’s
oesophagus, dysplastic Barrett’'s oesophagus and those with

oesophageal adenocarcinoma.

To establish the feasibility of quantifying MCM5 expression, using a
proprietary assay (Arquer), as a means of identifying the presence of

Barrett’s oesophagus associated dysplasia or adenocarcinoma.



5.3 Methods

Patient recruitment, inclusion and exclusion criteria

Patients with a normal oesophagus, Barrett’s oesophagus (non-dysplastic, high-grade
dysplasia) and known adenocarcinoma were recruited from a single tertiary referral
centre in the UK (University College Hospital) between August 2017 and April 2018.
Patients were recruited into one of four groups, depending on the histology results
taken at the index endoscopy from which the gastric aspirates were obtained. The
four subgroups were; macroscopically normal squamous oesophagus (NS), non-
dysplastic Barrett’s oesophagus (NDBE), high grade dysplastic (HGD) Barrett’s
oesophagus, oesophageal adenocarcinoma (OAC). Epithelial histology was verified by

two expert gastrointestinal pathologists for all recruited patients.

Patients were excluded if they had concomitant systemic inflammatory conditions,
active sepsis or infection. Since MCMD5 expression is raised in cells obtained from other
epithelial cancers and it is not known whether this effect is seen systemically, patients
with other solid organ or epithelial malignancy were excluded. Similarly patients with
severe oesophagitis or active oesophageal ulceration at endoscopy were also
excluded. Patients were also excluded if they had previously been found to have low
grade dysplasia or had biopsies indeterminate for dysplasia during a previous
endoscopy. This decision was taken given the high inter-observer variability in the
diagnosis of LGD and the current practice that these patients are often recalled for a
follow up endoscopy as a result?*?15 Patients were also excluded if they
had previously received chemo-radiotherapy or ablative endoscopic therapies for
dysplasia (radiofrequency ablation, argon plasma coagulation, photodynamic therapy)
since the effect of these interventions on MCM5 expression is unquantified. Patients
with food contamination, with no gastric fluid to aspirate or those in who histologic

samples could not be taken at the time of the index endoscopy were also excluded.

Our study had full ethical approval (IRAS 214612) and participants were required to

give full written consent prior to enrolment.



Endoscopic procedures

All patients underwent upper gastrointestinal endoscopy under conscious sedation
with Midazolam and Fentanyl. The use of a topical anaesthetic agent (Xylocaine) was
permitted as per routine practice in our unit. All endoscopies were performed using
using aPentax EG-2990Zi MagniView endoscope with i-Scan EPK-i7010  high-
definition video processor. Prior to the procedure the working channel of the
endoscope was flushed with air to prevent water contamination of the gastric fluid.
The endoscope was carefully passed down the oesophagusto avoid mucosal
trauma and no suction was applied during the passage into the stomach. A sterile
plastic catheter was then passed down the working channel and used to aspirate up
to 10ml of gastric fluid. The oesophagus was then cleaned with a solution of 2%
simethicone and carefully inspected. This procedure is outlined in (figure 22). After
gastric fluid samples had been acquired, patients underwent a full upper endoscopy
with or without biopsies depending on the suspected or confirmed histology seen. For
patients with a normal oesophageal mucosa and no suspicious lesions they did not
undergo histologic sampling, in line with routine practice. Patients with likely non-
dysplastic Barrett’s oesophagus underwent a gold standard upper gastrointestinal
endoscopy with Seattle protocol biopsies'*%143187 patients with suspected high-grade
dysplastic Barrett’s oesophagus or with a lesion consistent with adenocarcinoma
underwent histologic sampling either by forceps biopsy or endoscopic mucosal

resection (EMR) at the endoscopists discretion.

Histologic classification of samples

Patients enrolled in this study with evidence of either non-dysplastic, dysplastic
Barrett’s oesophagus or adenocarcinoma underwent histologic sampling by either
forceps biopsy or endoscopic mucosal resection. Patients with low grade dysplasia or
those with samples indeterminate for dysplasia at the index or any previous
endoscopy were excluded as discussed above. Patients found to have
adenocarcinoma were stratified, as is routine practice according to invasion depth;
those confined to the epithelium (M1); those invading into the lamina propria (M2);
those extending into the muscularis mucosa (M3) and those invading into or beyond

the first submucosal layer (SM1).



Figure 22: Procedure for collecting gastric aspirates intra-endoscopy.Clockwise from top left. 1) gastric fluid free
of food or blood identified within the stomach 2) a sterile plastic suction catheter is passed down clean, dry
working channel of endoscope into the gastric fluid 3) 5-10ml of gastric fluid aspirated from stomach and
immediately refrigerated before analysis. 4) Histologic confirmation of neoplasia if present by biopsy or EMR

Sample preparation and storage

Samples of aspirated gastric fluid were stored in sterile vials and refrigerated at 4°C
immediately after collection. All samples were processed within 4 hours of collection
to prevent degradation of the oesophageal cells and MCM5 protein. The fluid was
centrifuged at 1500g for 5 minutes to form a cell pellet and the supernatant was then
carefully aspirated by pipette and discarded. The cell pellet was then fully
resuspended using 500ul of cell lysis buffer. The lysed cell suspension was then stored
for up to 3 weeks frozen at -80°C prior to analysis. To prevent degradation of MCM5
cells were transferred to an external lab for processing using dry ice to prevent
thawing. The lysis buffer used in this method was a proprietary formulation provided

for this study by Arquer Diagnostics Ltd.
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Determining MCM5 expression

MCMD5 protein expression levels were calculated using a proprietary immunoassay
(Arquer Diagnostics Ltd) and reported in pg/ml. Epithelial cell numbers could not be
qguantified prior to cell lysis, in order to avoid degradation or alteration of the MCM5
protein. Therefore MCM5 expression levels for each subject were normalised
according to the volume of gastric aspirate acquired at the index endoscopy of that
patient. The level of MCMS5 protein expression could then be calculated per mL

of gastric fluid acquired.

Statistical analysis

Patients and their associated MCM5 expression level were stratified according to their
histological results obtained from samples from the index endoscopy. Differences in
the expression of MCM5 based on histological group were assessed using Kruskal-
Wallis testing. This statistical test was chosen as it is suitable to assess for whether
there is a significant difference between medians within a ranked, non-parametric
dataset. To assess for differencesin the medians between individual
subgroups Dunn’s tests of multiple comparisons was used.The diagnostic
performance of the immunoassay was assessed by calculating its sensitivity and
specificity. ROC curves were used to calculate the AUC to assess the accuracy of the
assay. The AUC was categorised to assess how good a discriminator MCMS5 expression
was to detect patients with neoplastic compared to non-neoplastic oesophageal
mucosae. The AUC was interpreted according to the following scale; 1-0.9 (very good),
0.9-0.8 (good), 0.8-0.7 (fair), 0.7-0.6 (poor), 0.6-0.5 (fail). Since this was a feasibility
study and there are no previously reported similar investigations, formal power
calculations were not undertaken. In this study we aimed to recruit 60 patients across
all four subgroups to assess whether there was value in our group extending these

results into a larger study at a later date.



5.4 Results

Patient demographics

In total 61 patients were included in this study. The mean segment length of
Barrett’s oesophagus is stratified by histologic subgroup and biopsy results taken
during the index endoscopy in (figure 23). Patients were recruited into one of four
histological subgroups; normal oesophagus/acid reflux only; non-dysplastic BE; high-
grade dysplastic BE; and adenocarcinoma. The mean age patients participating in this
study was 67 years (range 26 — 89years). We observed no significant difference in the
mean segment length of Barrett’s oesophagus in patients of each of the histologic
subgroups (NDBE vs Cancer p >1; NDBE vs HGD p = 0.4; HGD vs Cancer p = 0.28). Of
the cancer subgroup all patients had adenocarcinoma confirmed after EMR or
ESD with variable invasion depths; those confined to the epithelium (M1; 3); those
invading into the lamina propria (M2; 4); those extending into the muscularis mucosa
(M3; 5) and those invading into or beyond the first submucosal layer (SM1; 3). The
histologic characteristics of patients with histologically confirmed OAC is summarised

in (figure 24).

Patient demographics

Age (years) 67 (range 26-89)
Normal 0
Mean Barrett’s length NDBE 6.4
(total C+M in cm)
HGD 5.8
Cancer 9
Normal 14
Histology
(by subgroup) NDBE 14
HGD 18
Cancer 15

Figure 23 Summary table showing patient demographics and histological subgroups recruited in the MCM5 study



Characteristics of OAC subgroup

Invasion depth Ml 3
M2 4
M3 5
SM1 3
Differentiation Good 3
Moderate 8
Poor 4
Lymphovascular invasion Present 1
Absent 14
Metastatic disease Present 1
Absent 14

Figure 24 Summary table showing histological characteristics of patients with confirmed adenocarcinoma.

(M1 — intraepithelial invasion, M2 — lamina propria invasion (M1 — intraepithelial invasion, M2 — lamina propria
invasion, M3 — muscularis mucosa invasion, SM1 — upper third of submucosal layer

MCMS5 expression is raised in patients with high grade dysplastic Barrett’s or
adenocarcinoma compared to a macroscopically normal oesophagus

As shown in (figure 25), we demonstrate thatlevels of MCM5 expression are
significantly raised in patients with oesophageal adenocarcinoma compared to
patients with a macroscopically normal oesophagus. (mean expression 146.0 pg/ml vs
14.4 pg/ml, p = 0.03). When all four subgroups were analysed individually we only
observed a significant difference in MCM5 expression between patients with

adenocarcinoma and a normal oesophagus.

We did not demonstrate a significant difference in MCM5 expression between
patients with a macroscopically normal oesophagus and those with non-dysplastic
Barrett’s or high-grade dysplasia. Similarly, there was no significant difference in
MCMD5 expression between patients with a non-dysplastic Barrett’s and those with

high grade dysplasia or cancer. The mean expression and differences between MCM5



expression levels we observed across the histological subgroups are summarised

below in (figure 25) and (figure 26).

Interestingly we did note a stepwise trend of increased mean MCM5 expression
between patients with a normal oesophagus, non-dysplastic Barrett’s oesophagus
compared to those with dysplastic Barrett’s or adenocarcinoma. While these results
are not statistically significant, we note that this is a feasibility study with relatively
low patient numbers. We postulate that there may some association between
dysplasia or neoplasia and raised MCM5 expression, but clearly only a sufficiently

powered study more patients in each subgroup will be able to confirm or refute this

association.
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Figure 25 Comparison of MCM5 expression levels in gastric aspirate samples (pg/ml) between patients of each
histological subgroup (AR: macroscopically normal/acid reflux without visible oesophagitis only, NDBE: non-
dysplastic Barrett’s oesophagus, HGD: high grade dysplasia and cancer).



Histologic subgroup

Mean MCMS5
expression (pg/ml) [range]

Median MCMS expression
(pg/ml)

Normal

NDBE

HGD

Cancer

144 [0-81]
49.8 [0.4—262.9]
112.3 [0 — 300]

146.0 [3.3 — 500]

9.3

16.7

56.0

110.3

Difference in MCM5
expression

Significance (p value)

Normal vs NDBE

Normal vs HGD

Normal vs Cancer

NDBE vs HGD

NDBE vs Cancer

NDBE vs Normal

>0.99

0.33

0.04*

>0.99

0.34

>0.99

Figure 26 Comparison of differences between mean MCMS5 expression levels and histological subtypes

We also assessed the diagnostic performance of thisimmunoassay for MCM5
expression as an indicative marker for the presence of oesophageal adenocarcinoma
using a ROC curve (figure 27). Quantifying MCM5 expression was able to discriminate
with fair accuracy the presence of oesophageal adenocarcinoma, compared to a
macroscopically normal oesophagus (AUC 0.73 [95% Cl: 0.62 — 0.96]). Using this
immunoassay, 73% of patients presenting with an oesophageal adenocarcinoma
would have a higher MCM5 expression compared to a patient with a macroscopically

normal oesophagus (p = 0.007).

A feature that has high clinical utility for a biomarker for use in Barrett’s surveillance
is its ability to distinguish between non-dysplastic Barrett’s, high grade dysplasia and
adenocarcinoma. We observed a non-significant difference in MCM5 expression

between these three histologic subgroups. Our assay is therefore unable to



differentiate patients with neoplastic histology (defined as high grade dysplasia or
adenocarcinoma) from those with non-dysplastic Barrett’s. There is however some
promise that it may be able to differentiate between patients with a macroscopically
normal mucosa and those with adenocarcinoma. There was no evidence that more
invasive adenocarcinoma correlates with incrementally higher MCM5 expression
levels. Analysis using a ROC curve showed that MCMS5 expression is a fair
differentiator between patients with non-neoplastic and neoplastic histology (AUC
0.70 [95% Cl: 0.57 — 0.83]). Our results show that in 70% of cases a patient with either
HGD or adenocarcinoma would have a higher MCM5 expression than a patient with

either NDBE or normal histology (p = 0.008).
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Figure 27 (Left) ROC curve (blue) for the diagnostic performance of our MCM5 expression assay for the
characterisation of either a macroscopically normal oesophagus or adenocarcinoma compared to the null
hypothesis reference line (red). (Right) ROC curve (blue) for the diagnostic performance of our MCM5 expression
assay for the characterisation of patients as having neoplastic histology (adenocarcinoma or HGD) compared to
non-neoplastic histology (NDBE or normal histology). The null hypothesis reference line is shown in red.



5.5 Discussion

MCMS5 is a cell cycle protein that has been demonstrated to play a putative role in cell
cycle regulation through its involvement in forming the DNA replicative helicase.
Subsequent work observed that aberrant MCMS5 expression and the resultant
dysregulation of the cell cycle is implicated in numerous epithelial cancers —including
bladder, cervical and oesophageal cancer?®®?11216  \illiams et al have previously
shown that exfoliated oesophageal epithelial cells can be acquired from gastric fluid
aspirates, when paired with immunofluorometric analysis, is a feasible method of
quantifying MCM5 expression®'3. Furthermore, they demonstrated that MCM5
expression was raised in patients with oesophageal squamous cell carcinoma or
adenocarcinoma, compared with those with a macroscopically normal oesophagus. In
this study, almost half of the patients with a normal oesophagus in fact had Barrett’s

oesophagus without dysplasia.

This study arose from the finding that a significant number of patients in the Williams
et al. study, with non-dysplastic Barrett’s oesophagus appeared to have a normal level
of MCM5 expression whereas patients with cancer had raised expression levels. We
postulated that there may be a step-wise increase in MCM5 expression between
patient with a normal oesophagus, non-dysplastic Barrett’'s through to
adenocarcinoma. Given the inherent limitations of the Seattle protocol for Barrett’s
surveillance, as well as the high miss rate of endoscopy for the detection of
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adenocarcinoma’®, quantification of MCMS5 could raise the suspicion of clinicians that

a cancer has been missed.

This prospective feasibility study assessed whether a proprietary assay developed by
Arquer Diagnostics Ltd could quantify MCM5 levels in oesophageal cells
obtained from gastric aspirates. Furthermore we have reported a methodology to
assess whether raised MCMS5 expression in gastric fluid is associated with the
presence of dysplastic Barrett’s oesophagus or oesophageal adenocarcinoma in
patients undergoing endoscopy. This study demonstrates that MCM5 levels are

significantly raised in patients with oesophageal adenocarcinoma compared to



patients with a macroscopically normal oesophagus (154.1 vs 14.4 [p =0.04]). We
observed a stepwise association in the mean MCMS5 expression levels between
patients with a normal oesophagus, NDBE, HGD and oesophageal
adenocarcinoma (14.4, 49.8, 112.3, 146.0 respectively), but note that there was no
statistically significant difference in MCM5 expression levels between patients with
NDBE, HGD and adenocarcinoma. Using ROC curves to assess the diagnostic
performance of our assay, we demonstrate that MCMS5 expression is a fair
discriminator between patients with a macroscopically normal oesophagus and those
with adenocarcinoma (AUC 0.73, p = 0.007). The MCMJ5 expression level was also a
fair discriminator (AUC 0.70, p = 0.008) between patients with neoplasia (HGD or

cancer) compared to those without neoplasia (NDBE or a normal oesophagus).

These results show promise that MCM5 may be a candidate biomarker for the
detection of oesophageal adenocarcinoma in patients. While we aimed in this study
to investigate how MCM5 expression corresponds to the metaplasia-dysplasia
sequence seen in Barrett’s oesophagus our results are not statistically significant. As
a feasibility study this may be that the study was underpowered to detect this effect.
As outlined in the introduction, there is still a significant resource burden produced by
patients being referred with ‘red flag’ upper gastrointestinal symptoms to secondary
care for endoscopy, who are found to have no serious underlying pathology. We
demonstrate in this chapter that MCMS5 expression in patients with a macroscopically
normal oesophagus is significantly lower than those with histologically confirmed
adenocarcinoma. A promising role for the quantification of MCM5 expression that
should be investigated is whether it can accurately distinguish patients referred with
red flag symptoms with cancer, from those who have symptoms but a benign
pathology. We report a method by which MCM5 can be quantified from gastric
aspirate samples; this fluid need not necessarily be obtained by endoscopy, less
invasive methods such as nasogastric tubes could also be used to obtain these
samples. We propose that further work should therefore investigate less invasive
methods by which gastric aspirates could be obtained, to allow for the use of MCM5
to triage patients with alarm symptoms who may not need to undergo endoscopy

since their risk of neoplasia is very low.



Limitations of this study and potential further work

The first limitation of this body of work is, as would be expected of a feasibility study,
this study used a relatively small number of patients. Therefore, the observed lack of
significant associations between MCM5 expression and the presence of neoplastic
lesions in the oesophagus may be because the study was underpowered to detect
more subtle associations. Larger, multi-centre studies should interrogate MCM5
expression between these histological subgroups to better assess for variations in
expression levels; this study will provide a benchmark methodology and data for

power calculations to enable this.

Future studies should also assess for dysregulated MCMS5 expression in NDBE and
investigate whether increased segment length affects expression levels. We suggest
thatif MCMS5 expressionisraised in NDBE prior to the development of
neoplasia, longer Barrett’s segments may yield higher MCM5 expression and so could
give false positive results for dysplasia. Similarly, larger studies could be powered to
interrogate whether there is a link between tumour size or invasion depth and MCM5
expression levels. There was no clear association between this in this study, but given

the small sample size this may be due to underpowering.

Secondly, we observed a wide range in the level of MCM5 expression in patients with
non-dysplastic Barrett’s oesophagus, with the difference in mean MCM5 expression
in the group not statistically significant compared to the mean expression in patients
with high grade dysplasia or cancer. The gold standard for diagnosis used in this study,
against which patients MCM5 expression levels was compared, was
histological sampling of the oesophageal mucosa taken at the time of endoscopy. As
discussed above the accuracy of this gold standard may be questionable. The
sensitivity for dysplasia/neoplasia detection on random biopsies taken through a
Barrett’s oesophagus segment varies widely in reported studies (33->90%), largely
because such a sampling technique samples less than 5% of the total mucosal surface
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area'’. It should therefore be noted that patients in this study categorised as having

only non-dysplastic Barrett’s based on their histology results, but who were found to



be high MCM5 expressors, may have had undetected neoplasia missed by random
biopsies. Similarly, it may be that the evolution of dysplasia with BE tissue is a stepwise
event, aberrant MCM5 may be one of several cellular changes that precede the
development of dysplasia — hence raised MCM5 expression in isolation may not be
consistently demonstrative of dysplasia. Future studies should consider whether
patients with high MCM5 expression, but with no histologic evidence of dysplastic
Barrett’s, go on to develop neoplasia at a later date with a higher frequency than

patients without raised expression.

A third limitation of this study relates to the methodology. Due to logistical
implications, cells acquired from gastric aspirates needed to be lysed within four
hours of collection at endoscopy. Expression was therefore quantified using a
proprietary assay and the expression levels normalised compared to the volume of
gastric aspirate acquired from each patient, since by the time of analysis it could not
be normalised according to cell counts. This method was introduced to allow a fair
comparison of expression levels between patients where variable quantities of gastric
fluid were acquired. It was therefore assumed that the number of cells per unit
volume of gastric fluid, would be roughly consistent between patients. An inherent
limitation of this study is that gastric fluid volumes may not correlate with the number
of cells present, for instance a patient with a large volume of gastric aspirate may have
a higher proportion of that fluid made up of gastric juice than cells, compared to
another patient who may have had a higher concentrations of sloughed oesophageal
cells despite lower aspirated fluid volume. We suggest that future studies should aim
to quantify the cell concentration in aspirated gastric fluid samples prior to any cell
lysis step; using this figure to normalise MCMS5 expression levels between patients.
We also note that a small number of patients in this study recorded an MCM5
expression level of Opg/ml. Studies have shown that MCMS5 is expressed at a basal
level throughout all stages of the cell cycle so it is improbable that patients should
have undetectable levels. Given the supernatant aspiration step outlined in the
methods section, some of the cell pellet may have been aspirated despite careful
attention to leave it intact. Quantification of cell numbers prior to processing would

allow more accurate identification of patients in whom a low total cell count would



give a falsely low MCMS5 expression level; these patients could then be excluded from

analysis.

Another potential limitation of this study is that in patients with dysplastic or
neoplastic lesions it is unknown whether there is a higher degree of cell shedding, or
whether the potentially friable mucosa is more easily disrupted by the passing
endoscope in these patients. We attempted to mitigate this by ensuring that our
protocol detailed a standardised procedure for intubating and passing through the
oesophagus with minimal disruption to the mucosa. This potential source of bias could
also be overcome as described above through normalising expression volumes against

cell counts rather than by aspirate volume.

This study was industry sponsored and utilised a proprietary assay. This was a logistical
choice by the study team. Since the quantification of MCM5 expression levels required
the facilities to undertake an ELISA with specific labelled antibodies we did not have

the resource to undertake this.

5.6 Summary of this chapter

This chapter presents a feasibility study to assess whether increased MCM5
expression in epithelial cells acquired from gastric fluid samples, correlates with the

presence of progressively more dysplastic Barrett’s oesophagus or adenocarcinoma.

1. We describe a method for the quantification of MCM5 expression by
immunoassay in exfoliated oesophageal epithelial cells obtained from

endoscopically aspirated gastric fluid.

2. We demonstrate that oesophageal epithelial cell expression of MCM5
protein is significantly lower in patients with macroscopically normal

oesophageal mucosa, compared to those with adenocarcinoma



Chapter 6— Assessing whether virtual chromoendoscopy using iScan
Optical Enhancement improves the detection of Barrett’s oesophagus
associated neoplasia in expert and non-expert endoscopists.

The work presented in this chapter formed the basis of a peer reviewed publication.
Text and figures were adapted for publication. Citation:

Everson, M.A., Lovat, L.B.,, Graham, D.G., Bassett, P., Magee, C., Alzoubaidi, D.,
Fernandez-Sordo, J.0O., Sweis, R., Banks, M.R., Wani, S. and Esteban, J.M., 2019. Virtual
chromoendoscopy by using optical enhancement improves the detection of Barrett’s
esophagus—associated neoplasia. Gastrointestinal endoscopy, 89(2), pp.247-256.

6.1 Introduction

As previously discussed in chapter 3, Barrett’s oesophagus is a known precursor
to oesophageal adenocarcinoma. Undetected oesophageal adenocarcinoma typically
presents late in the course of the disease, with an attendant overall 5 year survival in
the UK of around 15% for stage 3 cancers''. As outlined above, early neoplastic
lesions arising in BO which are confined to the mucosa are amenable to endoscopic
eradication therapy; including but not limited to endoscopic mucosal resection or
endoscopic submucosal dissection. The use of endoscopic therapies for the
eradication of Barrett’s associated neoplasia is associated with high cure
rates!?6:170,171,200.218 ‘Of equal importance is that these therapies may potentially avoid

the need for oesophagectomy, with its associated morbidity and mortality.

The gold standard for the detection and diagnosis of early Barrett’s associated
adenocarcinoma, is gastroscopy. To facilitate the early detection of these lesions
patients with histologically confirmed BE, should be enrolled into an endoscopic
surveillance program®®’. In the UK patients with a confirmed diagnosis of Barrett’s
oesophagus are offered between 2 and 5 yearly endoscopic surveillance with Seattle

protocol biopsies. The Seattle protocol (SP)?*°

requires that the Barrett’s segment is
examined carefully by high definition-white light (HD-WLE) endoscopy. Following a
visual assessment any visible abnormalities are target biopsied,
then random quadrantic biopsies are taken at one to two centimetres through the
remaining segment with the aim of detecting dysplasia not visualised on the initial

assessment.



Since early lesions are often subtle, focal and therefore easily missed on endoscopic
surveillance examinations, there are inherent limitations of the Seattle protocol.
There is some evidence that the current sensitivity of HD-WLE for endoscopic Barrett’s
surveillance may not be sufficient for the detection of early neoplasia. Visrodia et al.
estimate that up to 25.3% (95%Cl:16.4-36.8%) of new adenocarcinoma diagnoses are

220 and can

made following a normal surveillance endoscopy in the preceding year
therefore be regarded as ‘missed lesions’. Furthermore, the sampling procedure
outlined in the Seattle protocol is also prone to sampling error since less than 5% of
the Barrett’s epithelium is sampled during a typical endoscopy**® — even in instances
where the protocol is adhered to as recommended. It has also been shown that SP
biopsies and adherence to the protocol worsens with increased segment length,
which likely further compounds the miss rate of adenocarcinoma during routine HD-
WLE Barrett’s surveillance'*®. Even where lesions that are endoscopically suspicious

for dysplasia are identified, SP biopsies generate a large number of samples with a low

reported sensitivity for dysplasia/neoplasia detection, ranging from 33->90%42.

There are clear limitations to the sensitivity of HD-WLE and the Seattle protocol for
the detection of Barrett’s associated neoplasia. Prior to this study, an emerging body
of work has studied the role of advanced endoscopic imaging to try to mitigate some
of these limitations in endoscopic surveillance. Assessment of the oesophageal
mucosa using advanced imaging systems may improve the detection of dysplasia. To
date work has largely focused on identifying mucosal and vascular abnormalities that

are associated with dysplasia®4221-223,

In recent years our group has developed experience working with a new advanced
imaging system. The iScan Optical Enhancement (OE) system (Pentax Hoya, Japan) is
a novel advanced imaging technology demonstrating a range of clinical applications in
upper and lower gastrointestinal endoscopy*®2. To facilitate improved visualisation of
the mucosal surface of the upper gastrointestinal tract, the OE system employs both
pre and post-processing technologies to provide surface enhancement of the
superficial mucosal structures, as well as accentuating the visibility of the mucosal

microvasculature.



A novel optical filter delivers specific wavelengths of light which correspond with the
main absorption spectrum of human haemoglobin (415nm, 540nm and 570nm) at
high light intensities. This increased illumination across the whole haemoglobin
absorption spectrum allows the accentuation of the vascular structures within the
most superficial layers of the oesophageal mucosa (figure 28). The endoscopes
equipped with OE imaging technology are also often equipped with magnification
endoscopy of up to 136x. This feature can be used in conjunction with either HD-WLE
or OE and facilitates much closer interrogation of the microvasculature of the
oesophageal mucosa. In line with other studies examining other advanced imaging
modalities, we propose that these microvascular and mucosal abnormalities seen on

magnification endoscopy may provide a visible endoscopic marker of dysplasia.

Scope Optical Imaged Sensor and signal processing OE imaged
filter tissue tissue
Light source
Colour .
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Figure 28 Schematic diagram of the image pre and post processing technology incorporated within iScan OE
endoscopic imaging technology.

Our research group has previously validated the use of an early iteration of iScan
technology (contrast, surface and tone enhancement or iScan 1/2/3) for use as an
adjunct in the detection of BE dysplasia. Lipman et al proposed a simple classification
system, based on mucosal and vascular patterns'®, to identify early neoplastic lesions.
An additional improvement in the detection of dysplasia was achieved through the
application of the chromo-endoscopic agent acetic acid to the mucosa; although
clinically this may lengthen procedure times and may not always be available. One
limitation of this study and others using advanced imaging technologies is that the
improvement in diagnostic performance they confer is often assessed amongst expert
endoscopists in a high volume setting. Whilst the majority of the endoscopic therapy
for Barrett’s associated dysplasia is undertaken in tertiary centres, the majority of

surveillance is still undertaken outside of these settings. There is little reported in the



literature regarding the additional benefit for the detection of dysplasia these systems

may offer non-expert endoscopists.

6.2 Aims of this study

The aim of this chapter is broadly to assess whether the detection of Barrett’s
oesophagus associated neoplasia can be improved through the use of the iScan OE
advanced imaging platform, alongside the current gold standard Seattle protocol. Our

specific aims are:

1. Toassess the diagnostic performance of iScan OE compared to HD-WLE
in the endoscopic detection of Barrett’s oesophagus associated

neoplasia in a cohort of expert endoscopists.

2. Toassess the diagnostic performance of iScan OE compared to HD-WLE
in the endoscopic detection of Barrett’s oesophagus associated

neoplasia in a cohort of trainee endoscopists.

3. To assess whether OE can improve the diagnostic performance for the
recognition of Barrett’s associated neoplasia in a cohort of expert
endoscopists using both HD-WLE and OE. This analysis was performed
using a previously published'® consensus driven magnification

endoscopy classification system for use with OE and HD-WLE.



6.3 Methods

Patient recruitment, inclusion and exclusion criteria

Patients attending one of three European referral centres (University College London
Hospital, Hospital Clinico San Carlos, Madrid and UZ Leuven Hospital, Belgium) for
either endoscopic surveillance or therapy of histologically confirmed Barrett’s
oesophagus were enrolled between Feb 2016 and Oct 2017. All included patients had
a Barrett’s segment of at least CLM2 length as classified by the Prague classification.
Patients were excluded if they had received previous endoscopic eradication therapy
for BE neoplasia, including EMR, ESD, RFA or other ablative therapies. Patients who
had undergone surgical procedures to the oesophagus were not included. Patients
with active oesophageal ulceration or varices were also excluded. The study had
ethical approval and was registered with an International Standard Randomised

Control Trial Number (ISRCTN) (Registration: 58235785).

Endoscopic procedures and image acquisition

All endoscopic examinations recorded for this study were undertaken by endoscopists
with extensive expertise in the assessment and management of dysplastic BE (RJH,
RB). After providing written consent, patients underwent either local anaesthesia or
deep conscious sedation prior to the procedure. Mucous and food debris was
removed from the oesophageal mucosa using a solution of simeticone and water,
applied via the endoscopes working channel. A protocol was devised to ensure that
all endoscopists followed the same procedure during their endoscopic assessments;
in order to ensure comparability between videos recorded at disparate sites
(appendix 2 and 3). By adhering to the protocol the endoscopist first undertook a
‘pullthrough’ manoeuvre through the oesophagus. Having reached the gastro-
oesophageal junction (GOJ), the endoscopist began to slowly withdraw the endoscope
from the GOJ to the proximal extent of the BE segment (figure 29). As would be
encountered in clinical practice the endoscopist was instructed to stop if the view was
obscured by passing saliva, or peristalsis of the oesophagus and to continue from the

same position once the view was unobstructed.



Prior to any biopsies being taken the endoscopist was required to identify an area that
they felt was dysplastic and from which in normal clinical practice they would take a
biopsy. The endoscopist then used magnification endoscopy to record this area of
mucosa at up to 136x magnification in both HD-WLE and in iScan OE. Following this
recording a forceps biopsy was taken from this area to allow matched histology to be
recorded. In patients with no areas suspicious for dysplasia the endoscopist was
required to undertake this same recording procedure on an area they felt contained

only macroscopically non-dysplastic Barrett’s oesophagus.

All examinations were recorded in HD-WLE and iScan OE. All videos were recorded
using aPentax EG-2990Zi MagniView endoscope with i-Scan EPK-i7010  high-
definition video processor. Once recording was complete patients either underwent
routine Barrett’s surveillance and Seattle protocol biopsies, or received endoscopic

resection therapy if indicated.

Distal Segment Mid-segment Proximal segment

Endoscopic pullthrough from GOJ to the proximal squamocolumnar junction

Figure 29 Representative example of how images were generated throughout the BE segment by carrying out a
steady “pull through” sequence to simulate the normal endoscope withdrawal manoeuvre performed during BE
surveillance endoscopy. From left to right: At the distal oesophagus/gastro-oesophageal junction, mid-section of
the Barrett’s mucosa, at the proximal squamocolumnar junction of the Barrett’s segment. Top row: iScan OE,
bottom row HD-WLE.

104



Tissue processing and histologic analysis

Where suspected neoplastic lesions were identified, the borders were demarcated
using an electrocautery snare. Tissue was then resected by EMR. Biopsies of suspected
normal or non-dysplastic areas were undertaken using forceps biopsy in accordance
with the Seattle Protocol. Histology samples were retrieved and affixed with pins to
cork board, prior to immediate fixation in formalin. Samples were processed within
the individual hospital laboratory; embedded in paraffin and sectioned at multiple
levels. All samples with confirmed dysplasia or cancer were assessed and reported by

two expert Gl pathologists.

Image pre-processing and analysis

Images were extracted as single frames from high definition video recordings and
saved in the high quality, lossless .png format. As described above still images were
generated throughout the distal, middle and proximal BE segment to simulate the
normal ‘pullthrough’ manoeuvre performed during BE surveillance and outlined
above in (FIGURE 21). All videos were assessed by a study member (MAE) for blurring,
clarity and to ensure they were representative of ‘real-life’ endoscopic images, from
which it was deemed that a meaningful diagnosis could be made. Videos and their
images were also excluded if the location of biopsies taken at the time of endoscopy
could not be established on the recorded video. A range of lesions were selected
including LGD, HGD and OAC as well as videos of normal BE segments, in order to
replicate the early lesions typically encountered in clinical practice. Images matched
by position, lighting and endoscope angle using HD-WLE and iScan OE were selected
where possible. A total of 262 images were included for analysis (130 HD-WLE and 132
OE).

Establishing an expert consensus on the delineation of neoplastic lesions

Both of the expert endoscopists, who recorded the endoscopic assessments
described above and who had performed the biopsies or endoscopic resections of
lesions suspicious for dysplastic lesions (RJH,RB), were unblinded to patients histology
results. Both endoscopists were therefore excluded from the final analysis of

pullthrough and magnification images that they had recorded. Instead, their



consensus was used to generate the gold standard; the area that was deemed to

contain dysplastic Barrett’s mucosa based on its endoscopic appearance.

To generate this gold standard, for both HD-WLE and OE images, each expert assessed
each image and delineated areas that they felt represented dysplastic tissue based on
the macroscopic appearance of the mucosa; their knowledge of the lesion from the
viewed endoscopy video and their knowledge of the histology results for that patient.
Delineations on each image were made using the GNU image manipulation program
(GIMP V2.8.22). Both expert delineations were applied to the images in overlay on the
to define the area deemed positive for dysplasia (figure 30). The area defined as

positive for dysplasia was the area included within both experts delineations.

Expert 1
lesion delineation

Overlaid gold
standard delineation

lesion delineation

Figure 30 Representative example showing how the gold standard delineation (yellow, right) was generated from
the two expert delineations shown in the middle column (red and blue) of a suspicious area seen here in iScan OE
(left). This process was repeated for each individual image used in the study. The area marked in yellow
represents the area deemed positive for dysplasia when the blinded endoscopists made their assessments of
images for dysplasia.
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Assessment of pullthrough images by trainees and expert endoscopists for dysplasia

A second group of 7 expert and 7 trainee endoscopists, all of whom were blinded to
the initial endoscopic assessment video, biopsy location or resection margins and
patient histology, were asked to assess each image and make a decision whether a

dysplastic lesion was present in the image.

Experts were defined as clinicians who had completed their formal training and
undertook >50 cases assessing and treating early BE neoplasia a year. Trainees were
defined as those who had not yet completed formal training but had at least 3 years
of endoscopy experience, previous exposure to BE surveillance endoscopy but with

no formal training using OE.

Study participants reviewed the images of lesions alone, using high
definition (HD) screens. To mimic how lesions would likely be assessed in clinical
practice, participants reviewed HD-WLE images from all of the patients initially. They
then assessed OE images from all of the patients — this delay between HD-WLE and OE
assessments served as a short washout period between assessments for each
patient. When assessing images that the endoscopist felt contained dysplasia, they
were instructed to electronically place a single marker on each image over an area
that they felt would be most likely to yield a biopsy with BE neoplasia if they were
undertaking an endoscopy. A positive result was recorded when an endoscopists
target biopsy fell within the consensusarea delineated by the expert
endoscopists (figure 31). If the endoscopists felt that the image did not display a lesion

suggestive of dysplasia, they were instructed to make no mark on the image.



OE Image Expert Consensus

Figure 31 lllustrative example of the expert delineated consensus area considered positive for dysplasia (red).
Assessor biopsy sites considered a true positive (white) and false negative (black). Images where the assessor
made no mark were deemed to be classified as normal

Assessing the role magnification endoscopy using HD-WLE and OE for the
identification of neoplastic tissue within Barrett’s oesophagus

In phase two of this study, we assessed the role of OE compared to HD-WLE when
used in conjunction with magnification endoscopy to interrogate microvascular and
mucosal patterns. Magnification endoscopy was used to produce matched images of
the oesophageal mucosal surface at up to 136x zoom in both HD-WLE and OE of
normal and abnormal areas of BO (figures 32, 33). All images were captured at
between 80-136x zoom. Any imaged area was either sampled by forceps biopsy from
the area focused on, or was within the borders of a macroscopically dysplastic lesion
that was the histologically confirmed to be dysplastic by either EMR or ESD. Images
depicting non-dysplastic tissue were only acquired from patients within the
normal/non-dysplastic histology cohort. Conversely images depicting dysplasia were
only obtained from patients with proven dysplasia, no non-dysplastic images were

obtained from these patients.

For this analysis only the experts were asked to classify images as dysplastic or non-
dysplastic based on the MV classification previously validated for use with the iScan

system (figures 32, 33 and 34)***. This decision was made as currently magnification



endoscopy is not widely available in all endoscopy suites, nor is it currently
recommended as part of a gold standard assessment for Barrett’s surveillance. Within
most UK healthcare settings, and by inference most developed healthcare settings,
magnification endoscopy Is not widely available. This technology is typically only used
in high volume referral centres or in academic settings and may be used to assist lesion
recognition and lesion demarcation for endoscopic resection planning. It
was therefore decided that due to the lack of availability of this technology to non-
expert endoscopists and the fact that it is not recommended for use in routine
Barrett’s surveillance at present, to not include non-expert or trainee endoscopists in
this part of the analysis. All seven experts who undertook the lesion recognition
analysis and who had prior knowledge and trainingin the usethe iScan MV

classification system from previous studies took part in this section of the study.
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Figure 32 Representative magnification images of Barrett’s oesophagus classified with the MV classification as
non-dysplastic (top left) and dysplastic (other images), using HD-WLE
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Figure 33 Representative magnification images of Barrett’s oesophagus classified with the MV classification as
non-dysplastic (top right) and dysplastic (other images), using iScan OE

Mucosal features (M) Vascular features (V)
1 Regular, gyric pit pattern Regular, fine calibre vessels
between pits
2 Irregular, disordered pit pattern or  Irregular, tortuous or dilated vessels
featureless mucosa not confined by pits

Figure 34 An overview of the iScan MV classification for use with the iScan magnification endoscopy system. A
score of M1V1 represents non-dysplastic Barrett’s oesophagus. Any classification containing at least one of an M2
or a V2 represents Barrett’s tissue suspicious for dysplasia.
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Statistical analysis

Diagnostic performance measures were calculated for each endoscopist on a per
image basis in part one of this study. For each endoscopist, both expert and trainee,
we calculated; dysplasia detection accuracy, sensitivity, specificity, positive predictive
value, negative predictive values. Since there were assessments of multiple images
from the same patient it was acknowledged that the data may have been non-
independent. We therefore used multi-level logistic regression using a cross classified
structure (measurements were nested within both patients and observers).
Improvements in diagnostic performance measures between HD-WLE and OE were
therefore reported as an odds ratio (the odds of there being an improvement when

using OE compared with HD-WLE).

Interobserver variability was calculated using the Kappa statistic. K values and their
standard errors were used to perform a Z test to assess whether there was any
statistical variation in the agreement of endoscopists using the two modalities.
A modified Likert scale developed by Landis and Koch was used to interpret K values
which were interpreted according to the following scale: poor <0.20; fair =0.21-0.40,

moderate =0.41-0.60, substantial =0.61-0.80; very good =0.81-1.00.

The same methodology was utilised in part two of the study where endoscopists
assess ME images, in order to calculate the same diagnostic measures on a per image

basis.

Sample size calculations

A previous study by our group demonstrated that for HD-WLE a panel of experts had
a pooled dysplasia detection accuracy of 76%. We powered our study to assess if OE
would confer up to a 6% improvement in accuracy up to 82% in a cohort of expert
endoscopists. For the purposes of this power calculation we considered OE and HD-
WLE as two different modalities and therefore based our calculations on comparing

two independent groups of data.



As discussed above we acknowledge that due to the fact that individual endoscopists
made multiple assessments of images from the same patients, the results may not be
independent. The degree of clustering between these repeated measurements in the
same patient are unknown. Using 80% power and a 5% significance level, we
calculated that 723 individual measurements per imaging modality were required. To
ensure that a reasonable margin was allowed to account for the unknown degree of

clustering, we chose to double the sample size.

We therefore calculated that 1446 measurements for each of the modalities (HD-WLE
and OE) would be required. Assuming that an average of 3 images per modality, per
per patient were assessed by 14 endoscopists, this would generate a total of 42 image
assessments per modality, per patient. We therefore calculated that 35 patients were

required to be recruited to this study.

[80 patients recruited)

Matched histology taken
from lesion recorded 15 patients exclude(a
at index endoscopy

4 )
Video assessed for quality:
- matched HD-WLE/OE pullthrough

- blurring .
- speed of pullthrough 4’[24 patients exclude(a

- focus

- oesophagus cleaned
. , J

. . ' l 130 HD-WLE images (62 with dysplasia)
[41 patients included 132 OE images (69 with dysplasia)

Figure 35 Study workflow for investigating the utility of iScan OE in the detection of Barrett's neoplasia




6.4 Results

Patient characteristics

80 patients were recruited to the study, all of whom had provided valid consent and
had undergone histologic sampling at the time of the index endoscopy. Videos were
excluded if they were deemed to be of poor quality by a study clinician (MAE). Causes
for exclusion included blurred images, excessively bleeding mucosa, or recordings
where the pullthrough was out of focus. Similarly, recordings were excluded if
matched histology samples (either forceps biopsy or EMR/ESD specimens)

corresponding to the imaged mucosa were not retrieved at the index endoscopy.

262 images from 41 patients were included after quality control (figure 35). 62/130
HD-WLE images contained visible dysplasia and 69/132 OE images contained visible
dysplasia. The proportion of images containing visible dysplasia was not significantly
different between the WLE and OE groups (p = NS). The histology of the lesions

assessed within our patient cohort are summarised in (figure 36).

Lesion characteristics

NDBE 15
Number of patients LGD 2
per histologic grade HGD 11

M1-3 adenocarcinoma 12

> SM1 adenocarcinoma 1

Figure 36 Summary of lesion histology for patients recruited to the iScan OE study

Dysplasia detection rates in expert and trainee endoscopists using iScan OE

The accuracy of dysplasia detection improved in all trainees from 63% using HD-WLE
comparedto 76% using OE (OR: 2.00, 95%Cl: 1.61-2.49, p=0.001). Sensitivity
improved in 6 out of 7 trainees. The pooled improvement in sensitivity rose from 71%
with HD-WLE to 81% with OE (OR: 1.93, 95%Cl: 1.33-2.81, p= <0.001). The use of OE
also improved specificity in 6 of 7 trainees from 55% to 70% (OR: 2.12, 95%Cl: 1.58-
2.85, p=<0.001). PPV improved from 59% with HD-WLE to 75% with OE (OR: 2.07, CI
1.58-2.71, p= <0.001), as did NPV from 68% to 77% (OR: 1.60, 95%Cl: 1.17-2.20, p=



0.004). Trainees made significantly more correct diagnoses overall using OE vs WLE

(p=<0.001) (figure 37).

Performance measure HD-WLE OE Odds ratio P value
(95% CI)
Trainees

Sensitivity 71% 81% 1.93 0.001
(309/434) (379/469) (1.33-2.81)

Specificity 55% 70% 2.12 <0.001
(261/476) (301/427) (1.58-2.85)

PPV 59% 75% 2.07 <0.001
(309/524) (379/505) (1.58-2.71)

NPV 68% 77% 1.60 0.004
(261/386) (301/391) (1.17-2.20)

Accuracy 63% 76% 2.00 <0.001
(570/910) (680/896) (1.61-2.49)

Figure 37 Trainee diagnostic performance using OE compared to HD-WLE for dysplasia detection



The accuracy of dysplasia detection improved in all experts when using OE compared
to HD-WLE. We observed an improvement from 77% to 84% (OR: 1.74, 95%Cl: 1.34-
2.25, p= <0.001). Sensitivity of dysplasia detection improved in 6 of 7 experts from
67% with HD-WLE to 77% with OE (OR: 2.26, 95%Cl: 1.55-3.29, p= <0.001). Specificity
improved in 5 of 7 experts when using OE compared to WLE. Specificity increased from
86% t0 92% (OR: 2.13, 95%Cl: 86.7-97.4% p=<0.001). PPV and NPV improved with the
use of OE. PPV improved from 81% to 91% (OR: 3.37, 95%Cl: 74-92%, p= <0.001) and
NPV improved from 74% to 78% (OR:1.27 95%Cl: 71-78% p= 0.1). As a group, experts
made significantly more correct diagnoses using OE than WLE (p=<0.001). (figure

38) summarises the pooled diagnostic performance of the expert panel.

Performance measure HD-WLE OE Odds ratio P value
(95% CI)
Experts
Sensitivity 67% 77% 2.26 <0.001
(291/434) (360/469) (1.55-3.29)
Specificity 86% 92% 2.13 0.001
(407/476) (393/427) (1.34-3.39)
PPV 81% 91% 3.37 <0.001
(291/360) (360/394) (1.51-3.73)
NPV 74% 78% 1.27 0.1
(407/550) (502/693) (0.95-1.69)
Accuracy 77% 84% 1.74 <0.001
(698/910) (753/896) (1.34-2.25)

Figure 38 Expert diagnostic performance using OF compared to HD-WLE for dysplasia detection



Performance measure HD-WLE OE Odds ratio P value

(95% CI)
All endoscopists

Sensitivity 69% 78% 2.03 <0.001
(600/868) (739/938) (1.57-2.63)

Specificity 70% 81% 2.10 <0.001
(407/476) (393/427) (1.64-2.70)

PPV 68% 82% 2.14 <0.001
(600/884) (739/899) (1.70-2.69)

NPV 71% 78% 1.41 0.002
(668/936) (694/893) (1.13-1.74)

Accuracy 70% 80% 1.84 <0.001
(1268/1820) (1433/1792) (1.56-2.18)

Figure 39: Diagnostic performance for pooled endoscopists using HD-WLE compared to OE for Barrett's
associated dysplasia detection

Assessing the MV classification system for lesion detection using OE-ME compared
to HD-WLE

Phase two of ourstudy aimed to explore the diagnostic performance of a
previously validated and published mucosal and vascular classification for use with
iScan and magnification endoscopy. We aimed to compare its performance with HD-
WLE compared to with OE. We envisage that such a system for use with magnification
endoscopy could potentially facilitate the delineation of resection margins when

planning endoscopic resection therapy for early neoplastic lesions

In total, 63 HD-WLE and 90 OE still images of magnified mucosa from 54 patients were
obtained. Where possible magnified mucosal images were matched between both
imaging modalities and there was a non-significant difference in the proportion of
images in each group containing dysplastic tissue (29/63 vs 49/90). All images

obtained were correlated with histology as described previously.

Using the MV classification, the panel of expert endoscopists correctly classified tissue
as dysplastic or non-dysplastic with 66.7% (95%Cl: 62.7-70.8%) accuracy using HD-
WLE. We observed a significant improvement to 79.9% (95%Cl: 77.8-82%)



using iScan OE, the use of which enabled significantly more correct diagnoses to be
made (p <0.001). The sensitivity of dysplasia detection also improved from 83.4%
(95%Cl: 76.5-88.3%) using HD-WLE to 86.3% (95%Cl: 81.5-91%) using OE.
Specificity improved using OE; increasing from 53.6% (95%Cl: 43.5-63.7%) in HD-WLE
to 71.2% (95%Cl: 67.5-74.8%) using iScan OE (figure 42).

We observed an improvement in interobserver agreement between experts
attempting to classify ME images of Barrett’s mucosa as dysplastic or non-dysplastic
based on our described MV classification. Interobserver agreement was fair us HD-
WLE at 0.30 (95%Cl: 0.10-0.49). This improved to moderate at 0.53 when experts
attempted to classify OE images (95%Cl: 0.33-0.66). We also note that interobserver
agreement improved with the use of OE to classify either mucosal features or vascular

features in isolation as shown in (figure 43).

WLE OE WLE OE WLE OE WLE OE WLE OE
Observer accuracy  accuracy  sensitivity  sensitivity  specificity  specificity PPV~ PPV~ NPV NPV
(%) (%) (%) (%) (%) (%)

1 69.8 75.6 79.3 75.6 61.8 73.0 639 792 778 T71.1
2 65.6 77.9 70.0 79.6 61.7 75.7 639 813 700 73.7
3 68.3 79.1 83.0 81.6 54.6 75.7 62.5 81.6 783 75.7
4 65.0 79.1 82.8 91.8 50.0 62.2 585 763 773 852
5 76.2 83.7 79.3 89.8 73.5 73.7 719 81.5 80.7 849
6 63.5 81.4 96.6 91.8 353 67.6 56.0 79.0 923 86.2
7 58.7 82.6 85.7 91.8 38.2 70.3 533 804 76.5 86.7
Mean  66.7 79.9 83.4 86.3 53.6 71.2 614 799 79.0 805

(£SD) (£5) (+2) (£8) (£6) (£13) (£2) 6) () #6) (&)

Figure 40 Diagnostic performance of expert endoscopists using magnification endoscopy and the MV
classification to detect Barrett's associated neoplasia using HD-WLE and OE



Overall assessment (NDBE v DBE) M classification V classification

(95%CI) (95%CI) (95%CI)
WLE 0.30 (0.10-0.49) 0.33 (0.13-0.52) 0.38 (0.20-0.56)
OE 0.53 (0.34-0.70) 0.50 (0.33-0.66) 0.52 (0.35-0.68)

Figure 41 Interobserver agreement for dysplasia detection using a mucosal pattern assessment and vascular
pattern assessment using HD-WLE compared to OE.



6.5 Discussion

The Seattle Protocol, a defined procedure for taking levelled, circumferential biopsies
during Barrett’s surveillance endoscopies has inherent deficiencies. These deficiencies
include endoscopist error, and low total sampling area introduce a potential risk for
early, mucosal oesophageal cancers to be missed during endoscopic assessment.
Studies demonstrate that up to 36% of early lesions are not detected through
endoscopic surveillance in the year preceding diagnosis'#°. Since early mucosal lesions
can be treated with good effect through endoscopic therapies, prior to them invading
deeper into the oesophageal wall, it is vital that endoscopic technologies are targeted
at reducing this miss rate. Advanced endoscopic imaging platforms may improve the
early detection of such lesions. This study examined two main concepts, with the aim
of investigating whether advanced endoscopic imaging platforms may mitigate some

of these risks.

Firstly, we examined whether virtual chromoendoscopy withiScan OE improve
dysplasia detection during the endoscopic assessment of BE. Importantly we have
investigated the diagnostic benefit of iScan OE in both an expert and trainee cohort.
Such an imaging system may improve visualisation of the oesophageal mucosa,

without the need for additional chromoendoscopy agents such as acetic acid.

This study showed that when using iScan OE, there was a significant improvement in
the diagnostic performance of a cohort of both trainee and expert endoscopists in the
detection of Barrett’s oesophagus associated neoplasia. We observed statistically
significant improvements in trainee endoscopist’s sensitivity, specificity, PPV and NPV
for the detection of dysplasia. Overall there was a significant increase in their
diagnostic accuracy from 63% with HD-WLE to 76% with OE. We reported a similar
increment in an expert endoscopist cohort. There was a statistically significant
improvement in diagnostic accuracy for dysplasia detection by experts from 77% to

84% when using HD-WLE and OE respectively.

Interestingly, we noted that although there was a significant difference between

trainees and expert using HD-WLE, when they used optical



enhancement imaging their accuracy improved to a level comparable with those of
expert endoscopists. In this way we could also assess whether OE has a role in the
endoscopy training environment for trainees undertaking Barrett’s lesion recognition
training. Based on the results of this study, we infer that the use of this advanced
imaging modality therefore shows promise if it were used within the training

environment.

Secondly, a previously proposed magnification endoscopy classification system,
designed for use with the iScan system, has been validated for use with the iScan OE

224 We report that when using magnification endoscopy in

platform by this study
conjunction with the proposed MV classification system to assess lesions, OE offers a
significant improvement in accuracy of dysplasia detection compared to HD-WLE
alone. Our analysis demonstrates that in expert hands, diagnostic accuracy improved
from 66.7% to 79.9% when using OE. Sensitivity improved from 83.4% to 86.3% with
OE. Improvements were also seen in specificity, PPV and NPV. We also observed an
improvement in interobserver agreement (k=0.53 vs 0.30) when endoscopists used
OE compared to HD-WLE. Our classification system is robust for use with OE in this

regard, both constituent features that we define as representative of dysplasia,

‘mucosal’ and ‘vascular’, demonstrated improved agreement when assessed with OE.

This study compares favourably to other published work in this field. Since other
advanced endoscopic imaging systems have been investigated previously, most
notably Narrow Band Imaging (NBI), we used these to benchmark the performance of
OE. A large, well-designed trial validated a classification system based on
abnormalities in mucosal and vascular patterns for use with NBI magnification
endoscopy. Expert endoscopists using the BING classification allowed dysplasia to be
detected with up to 85% accuracy, 80% sensitivity and specificity of 88%. The group
undertaking this study also observed a PPV and NPV 0of81% and
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88% respectively**!. We noted that although the OE system has better sensitivity and

comparable accuracy in this study, our specificity, PPV and NPV were lower.

Interestingly a follow up study by Nogales et al, which used a larger number of images

for testing the BING criteria than the above study, demonstrated accuracies for



dysplasia detection of 81.1%2%°. These results are more comparable to our result of
79.9%, although larger studies to validate our work may be needed to make direct
comparisons. In our study OE attained higher sensitivities than NBI (86.3% vs 48.4%),
but lower specificity and NPV. Comparison of our results suggest that OE may improve
the detection of dysplasia compared to NBI, but remains a less specific modality. This
may be idiosyncratic and due to the diagnostic characteristics of the endoscopists
included in this study. Assuming that OE does in fact allow greater sensitivity, but
lower specificity, it is arguable that in lower volume centres, sensitive detection of
early neoplasia is of paramount importance since it permits early access to referral to

tertiary centres and to endoscopic eradication therapy.

Our group has previously published work which assessedthe iScan1,2 and 3
magnification endoscopy advanced imaging system, an early iteration from which OE
was developed, for used in BO neoplasia detection. Compared to the improvement in
diagnostic performance offered by iScan 1-3 versus HD-WLE alone, we suggest that
OE may be a preferable modality. Lipman et al assessed only expert endoscopists, but
reported accuracy, sensitivity and specificity of dysplasia detection using the MV

classification of 76%, 91% and 57% respectively??*

. We report a comparatively better
diagnostic performance; 79.9% accuracy, 86.3% sensitivity and 71.2% specificity. The
accuracy of dysplasia detection on endoscopic pullthrough using OE was greatly
improved at 85.6% compared to detection accuracy of 76% reported in the Lipman
iScan 1 study, furthermore we demonstrate higher detection accuracy without the
addition of acetic acid. This improved diagnostic performance without the need for
the application of additional topical agents is favourable, since it could potential

reduce endoscopy time, reduce the consumption of resources and discomfort for

patients.

We envisage that a classification with sufficient accuracy, sensitivity and specificity
could both improve neoplasia detection and rationalise how biopsies are taken during
BE surveillance from the random biopsies of the Seattle protocol to a more targeted
approach. Although the OE system does not meet the threshold for incorporation into

routine Barrett’s surveillance, these results demonstrate promise that with further



refinement of the endoscopic technology, endoscopist training and further
investigation it may be demonstrate sufficient accuracy to do so. With further
development and investigation, abnormal areas could be detected on withdrawal of
the endoscope through the BE segment, with abnormal areas and potential resection
margins interrogated further with magnification endoscopy. A more targeted
approach could potentially reduce procedure times and streamline workflow in

endoscopy suites and pathology departments.

Limitations of this study and potential further work

The primary limitation of this study is that it utilised still images rather than real time
videos. This does not represent clinical practice but is consistent with other published
works in this area. The use of still images enables easier and more direct comparison
of clinician assessments, but clearly represents a more artificial and controlled
situation than might be expected in clinical practice. Though we chose to utilise still
images, we attempted mitigate the effect this may have had on the ‘real world’
applicability of the results. To recreate the slow endoscope withdrawal procedure
performed in clinical practice during Barrett’s surveillance, we used sequential still
images taken throughout the BO segment. However, it is recommended that further
studies assessing the improvement in diagnostic performance that the OE system
offers, should focus on assessing dysplasia detection using videos. The prevalence of
early neoplasia in our cohort introduces a potential bias, our cohort is an enriched
population with around 50% of our subjects exhibiting early neoplasia. This is in line
with other studies and logistically it would be difficult to achieve a sufficiently
powered study with a cohort prevalence reflective of day-to-day
practice. Anecdotally, the prevalence of dysplasia in patients referred to tertiary
centres with suspected dysplasia is high. As such it may be that the results achieved
in this study may accurately reflect the potential diagnostic benefit OE may offer in a
tertiary setting. Further work should aim to assess the role of OE in a patient cohort
with a prevalence of Barrett’s associated dysplasia that is representative of the
average patient population seen in secondary care (estimated at between 3-14% in

patients with symptomatic GORD?%5, to as low as 1.2% in asymptomatic patients!3).



We would acknowledge that logistically it would be very difficult to adequately power

such a study.

The baseline performance required for the incorporation of new endoscopic
technologies is defined by Preservation and Incorporation of Endoscopic Innovations
(PIVI) guidelines. Currently the OE system does not reach the thresholds defined by
PIVI for the incorporation of new technologies into endoscopy??’. The recommended
PIVI thresholds for the adoption of a new endoscopic technology are defined as
sensitivity, NPV and specificity for dysplasia detection of >90%, >98% and >80%
respectively. We demonstrate that the sensitivity of dysplasia detection using OE
approaches this for magnification endoscopy (86.3%), but the technology is not
specific enough. Of note, other advanced endoscopic imaging technologies such as
NBI have also not consistently exceeded PIVI thresholds, nor does HD-WLE in this
study. We therefore cannot suggest that OE should routinely replace HD-WLE for use
in BE surveillance. However, given these promising results, particularly those
demonstrated in a trainee cohort, it may serve as a useful adjunct to improve the early
detection of neoplastic tissue in these endoscopists; further studies should be

conducted to evaluate this.

Another limitation of this study is that all of the involved endoscopists, both experts
and trainees, practice within tertiary referral centres for endoscopy and so potentially
may have more expertise in the assessment and management of early BO associated
neoplasia than their equivalently trained clinicians practicing in a more general
setting. In future work, the utility of OE and our MV classification system should
therefore be assessed in a wider range of settings by clinicians with more varied
experience. A significant limitation of this analysis was that it did not assess the
diagnostic performance of consultant endoscopists who practice in centres treating a
lower volume of Barrett’s oesophagus and associated neoplasia. While speculative it
may be that their diagnostic performance falls somewhere between trainees and
consultant endoscopists practising in high volume tertiary centres. It would be

valuable to assess whether OE confers an advantage over HD-WLE in these settings as



this is likely where the majority of Barrett’s surveillance is being conducted in a low

prevalence population.

6.6 Summary of this chapter

This study investigated the role of a new advanced endoscopic imaging system, iScan
OE, for the detection of Barrett’s oesophagus associated dysplasia by both an expert

and trainee endoscopist cohort.

1. We demonstrate that iScan OE significantly improves the detection of
Barrett’s associated dysplasia on endoscopic pullthrough compared to
HD-WLE alone. This improvement was observed in both trainee and

expert endoscopists.

2. We have assessed whether a previously published??* consensus driven
magnification endoscopy classification system for use with OE can
improve diagnostic accuracy for expert endoscopists assessing

Barrett’s associated dysplasia using magnification endoscopy.

3. iScan OE does not meet PIVI thresholds and so at present, while a
promising technology for further refinement and investigation, it

should not be routinely used for Barrett’s surveillance over HD-WLE.



Chapter 7— Developing a clinically interpretable convolutional neural
network to aid in the endoscopic diagnosis of early oesophageal
squamous cell carcinoma: a proof of concept study.

The work presented in this chapter formed the basis of a peer reviewed publication.
Text and figures were adapted for publication. Citation:

Everson, M., Herrera, L.G.P., Li, W., Luengo, I.M., Ahmad, O., Banks, M., Magee, C.,
Alzoubaidi, D., Hsu, H.M., Graham, D. and Vercauteren, T., 2019. Artificial intelligence
for the real-time classification of intrapapillary capillary loop patterns in the
endoscopic diagnosis of early oesophageal squamous cell carcinoma: A proof-of-
concept study. United European gastroenterology journal, 7(2), pp.297-306.

This study was a collaborative work with Dr Luis Garcia Peraza Herrera, who designed,
developed and coded the CNN architecture. Clinical requirements, conceptualisation
and software requirements were developed by ME

7.1 Introduction

Gastroscopy remains the investigation of choice for the diagnosis of early squamous
cell neoplasia (ESCN). Typically these early lesions are flat with a subtle appearance
on endoscopic assessment and so may be easily missed by clinicians. Previous work
shows a significant miss rate for UGI cancers on endoscopies undertaken within three
years of diagnhosis'®®. There are also geographic variations in the incidence of
oesophageal squamous neoplasia; with a far higher incidence across the so-called
‘cancer belt’ comprising the Middle East, Central Asia and extending into China341.228,
Clinicians working in these regions are more likely to see a higher number of such
lesions in their practice and so are more likely to be familiar with the endoscopic
appearance of ESCN compared to physicians practicing in lower risk lesions.
Regardless of clinician experience, the early detection and accurate characterisation
of ESCN lesions is essential; in order to predict lesion histology and guide the most
appropriate intervention. In this chapter we propose a novel methodology for the
development of a convolutional neural network to assist both experienced and

inexperienced endoscopists recognise ESCN lesions endoscopically.

ESCN lesions confined to the mucosa have been demonstrated to have low rates of

local lymph node metastasis (<2%). This compares favourably to lesions which invade



the submucosa where the rate of distant spread increases dramatically (8-45.9%). This
is significant since lesions confined to the mucosal layer are amenable to endoscopic
therapy?2°-233, Endoscopic eradication therapy of ESCN, is largely delivered by either
endoscopic mucosal resection (EMR) or submucosal dissection (ESD). Endoscopic
eradication therapy is associated with excellent rates of 5 year survival and spares
patients the attendant morbidity and mortality of oesophagectomy after a late
diagnosis The potential efficacy of endoscopic eradication therapy in the treatment of
ESCN, means it is highly important that clinicians undertaking upper gastrointestinal
endoscopies are able to recognise early lesions, particularly in low volume clinical

settings where the subtly abnormal appearance of ESCN could be easily missed.

As outlined in chapter 2, endoscopically visible markers aid endoscopists in identifying
ESCN lesions during assessment. Intrapapillary capillary loops (IPCLs) are oesophageal
microvessels, that were first characterised using magnification
endoscopy®?63234 |PCLs are a validated and well characterised endoscopic marker of
ESCN. Architectural changes which occur in the tissue of the oesophagus as an ESCN
progressive invades through the layers correlates with stereotyped and sequential

changes in the morphology of the visualised IPCLs5%194.235,

Under normal conditions IPCLs arise from the submucosal vessels and run adjacent
to the basal layer of the oesophageal epithelium. They are visualised as fine calibre
looped structures which branch from the deeper, submucosal vessels on magnified
endoscopy. As an ESCN progresses there is stepwise destruction of the architecture of
the oesophageal wall, beginning in the epithelium and mucosa and gradually extending
into the submucosa and beyond with time. In early ESCN or high-grade dysplastic
lesions confined to the mucosa, IPCLs become more tortuous, dilated and more readily
appreciated on magnification endoscopy assessment of the mucosa. As the mucosal
layer is further interrupted as the ESCN invades through the mucosal layer, the IPCLs
lose their looped structure and form linear dilated vessels of increasing calibre. The
extent and severity of these morphologic changes is more pronounced the deeper a
lesion invades. Studies have also noted that as part of this process, avascular areas

(AVAs) become visible between these non-looped vessels — the presence of these AVAs



also correspond to ESCN lesions that have invaded the oesophageal wall deep to the

236 |n established ESCN lesions, which are often visible on normal

mucosal layer
endoscopy due to disruption to the oesophageal mucosal contour, the IPCLs are almost
completely obliterated. In their place neovascularisation occurs with the formation of
tortuous, grossly dilated and non-looped vessels — this typically represents lesion

advance into the submucosal layer and beyond!94237-239,240,

Advanced endoscopic imaging modalities, such as narrow band imaging (NBI)in
combination with magnification endoscopy, afford improved visualisation of subtle
microvascular patterns in the oesophageal mucosa of patients with ESCN2*1. Although
several classifications have been proposed to define the abnormal ICPL morphologies
that correlate with histological invasion depth of ESCN lesions we have elected to use

the Japanese Endoscopic Society (JES) classification for this study.

Although other validated classification systems exist, as discussed above, we believe
that the proposed Japanese Endoscopic Society (JES) IPCL classification is a simplified
system, allowing easy recognition of ESCN by both endoscopists experienced and
inexperienced in the assessment of ESCN'®4236, Since the JES classification is widely
accepted and utilised in routine clinical practice in areas of high prevalence such as
China and Japan, we are further encouraged to use it as the classification system for
this work. We are conducting this study in a Western setting and ultimately aim to
develop a convolution neural network designed to aid less experienced endoscopists
identify ESCN, we selected the JES classification for its ease of interpretability, fewer
subdivisions of IPCL patterns and good correlation with histologic findings?3¢. Each IPCL
subgroup identified in the JES classification corresponds with high accuracy to a given
histological grade and invasion depth of ESCN. In common with other classifications,
IPCL patterns with increasing irregularity and vessel dilation represent more advanced,
invasive disease?3® (figures 44 and 45). The accuracy of the JES classification as
reported by Oyama et al is high compared to other classifications — with the overall
accuracy for histology prediction 90.5% across type B1-3. Overall
accuracies for histology prediction were 91.9%, 93.4% and 95.9% for type B1, B2 and

B3 IPCL patterns respectively?3®. Kim et al also report excellent interobserver



agreement using the JES classification for the prediction of histology in based on IPCL

patterns?*2,

| 62,63 | 239

In chapter 2, IPCL classifications advanced by Inoue et a and Arima et a were
discussed; both of these classifications also associate progressive morphological
abnormalities in IPCLs with deeper invasion of an ESCN, but we suggest they are
complex and require a higher degree of interpretation by endoscopists, particularly

those unfamiliar with the endoscopic assessment of ESCN



JES Typical Typical histology
type morphology

Submucosal vessels visible Normal/LGD
with small regular obliquely
branched IPCLs

Mild dilation of IPCLs with HGD/LP
increased tortuosity but

preservation of normal loop

structure

Bl

Gross dilation of IPCL patterns. MM/SM1
Increased tortuosity with destruction
of some to form dilated linear

vessels interspersed with
avascular areas (AVAs).

B2

¢
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P Sy >

e !

B3 Complete loss of normal IPCL SM2 or deeper

morphology. Vessels up to 3x
dilation of type B2 IPCLs. Mucosal
contour may be abnormal with
evidence of neovascularisation.

afan

Figure 42 Representative examples of the different IPCL morphologies and the associated ESCN invasion depths as
classified by the Japanese Endoscopic Society®%194

IPCL classification Neoplastic Typical histology Amenable to EET?
A No Normal/LGD Yes
B1 Yes HGD/LP Yes
B2 Yes MM/SM1 Possibly
B3 Yes SM2 or deeper No

Figure 43 How the findings of particular IPCL morphologies at endoscopy correlate with the presence of neoplasia
and whether endoscopic eradication therapy is indicated. Adapted from?43
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As outlined above, due to geographic disparities in the incidence of ESCN, some
clinicians, particularly those in the Western world, may be less experienced in
recognising the endoscopic features of ESCN. We proposed in this study that
computer-aided diagnosis (CAD), through the use of convolutional neural networks
(CNNs) could provide a useful adjunct to endoscopists assessing ESCN lesions. As will
be discussed in more detail in this chapter, CNNs often rely on ground truth data; that
is to say data which is pre-labelled according to the current gold standard. We propose
that the distinct patterns observed in IPCL morphology could provide the input data
to train a CNN to classify the oesophageal squamous mucosaas normal or
abnormal. In this study the gold standard was derived from images extracted from
endoscopic videos of an ESCN assessment; the IPCL patterns observed in these images
and videos were then correlated with the assessment of an expert panel of
endoscopists and the histology obtained from tissue sampling at the time of the
endoscopy. Once this ground truth was established the labelled images were used to
train a network to accurately classify previously unseen images as neoplastic or

normal.

A CNN developed for the purpose of accurately classifying squamous lesions, based
on visualised IPCL patterns intra-endoscopy, could have a number of potential
benefits. In this study we attempt to provide proof of concept that IPCLs can be used
as endoscopic markers for a CNN to predict dysplasia, we envisage that with further
refinement this CNN could be used as an adjunct for endoscopists to improve their
lesion recognition, characterisation and prediction of ESCN invasion depth. Such a
system could achieve this in a number of ways. Firstly, it could serve as a red flag
system; alerting clinicians to the presence of abnormal IPCL patterns that may
represent dysplasia and warrant a biopsy — thereby improving the pick-up rate of
dysplastic lesions. Conversely, if clinically validated, it could reassure clinicians that
suspect areas of mucosa are likely normal and thereby reduce the need for excessive
biopsies. This could serve to streamline endoscopic assessments and could potentially
reduce procedure times and conserve resources by facilitating better targeting of
biopsies. Secondly, a downstream application of such a system could have a role as

a decision support tool for endoscopists to triage lesions as either amenable to EET or



not, allowing patients with those lesions that cannot be managed endoscopically to
be more promptly referred for surgical intervention or chemotherapy. These later
applications of such a system should be regarded with caution at present, since for a
CNN designed for this purpose to be used in clinical practice it would require much

greater validation; this study currently serves only as a proof of concept.



7.2 Aims of this study

At the time this study was conducted, the use of convolutional neural networks to
characterise early squamous cell neoplasia of the oesophagus was entirely novel. IPCL
morphologies had been used by endoscopists to assess ESCN but had not been used
as the input date for the development of CNNs. The aim of this chapter is broadly to
provide proof of concept, a baseline methodology and a benchmark for the diagnostic
performance of a CNN for the prediction of histology in ESCN, based on observed IPCL

patterns. The specific aims are:

1. To develop a novel Al system that can classify squamous oesophageal
mucosa as normal orabnormal inendoscopically resectable
lesions (<SM1 invasion, figure 44 and 45)in real time on videos

acquired during magnification endoscopy

2. To develop a methodology that can be used to develop further Al
systems, for use in vivo, that accurately predict the grade of a lesions

histology and invasion depth based on IPCL patterns



7.3 Methods
Patient recruitment, inclusion and exclusion criteria

Patients attending for upper gastrointestinal endoscopy at one of two high
volume referral centres for ESCN in Taiwan |(National Taiwan University Hospital
and -Da Hospital/I-Shou University) were recruited with consent. Both patients
presenting incidentally with a macroscopically normal oesophagus and those

attending for assessment of a suspected ESCN were recruited.

Patients with a suspected finding of ESCN were only included if
pathological samples (EMR, ESD, oesophagectomy specimens) were acquired at the
time of their endoscopy or subsequent surgery. Patients with active oesophageal
ulceration were excluded, as were those who had had previous oesophageal surgery
or ablative therapy. Our study complied with the Declaration of Helsinki. The
Institutional Review Board of the E-Da Hospital approved this study (IRB
number: EMRP-097-022).

Endoscopic procedures and video acquisition

Gastroscopies were performed by two expert endoscopists (WLW, HPW) at the
referral centres described above; an expert endoscopist was defined asa
gastroenterologist who had completed all formal training and currently performed

>50 ESCN assessments per year.

All  endoscopies were performedusinga high definition ME-NBI GIF-H260Z
endoscope, capable of imaging the oesophagus with both narrow band imaging and
magnification endoscopy simultaneously. An Olympus Lucera CV-290 processor
(Olympus, Tokyo, Japan) was used. All endoscopic procedures were recorded in high

definition.

After giving consent, patients underwent a full upper gastrointestinal endoscopy with
either topical anaesthesia (oral xylocaine) or conscious sedation with intravenous

sedatives. The oesophageal mucosa was cleaned with a solution of Simethicone to



remove food residue, mucus and bubbles, prior to the interrogation of the IPCL
pattern using magnification endoscopy with narrow band imaging (ME-
NBI). Magnification endoscopy was performed on areas of interest at between 80-
100x magnification. After assessment of the lesion pathological samples of the imaged
area were acquired through endoscopic mucosal resection or endoscopic submucosal
dissection. Histologic samples were formalin fixed, in line with routine practice and
analysis was undertaken by two expert gastrointestinal pathologists, All histologic

samples were reported according to the Vienna classification system?*4,

Labelling ME-NBI videos and establishing an expert consensus

High-definition videos of each endoscopic procedure were
reviewed independently by three expert upper gastrointestinal endoscopists (WLW,
RJH and HPW). All reviewing endoscopists had extensive experience in the endoscopic
assessment and treatment of ESCN lesions. For each video, the visualised IPCL
patterns viewed on magnification endoscopy were classified by consensus based on
the JES classification system. For videos where more than one IPCL subtype was visible
the worst case IPCL pattern was used to classify the video. The visual IPCL
classifications were then correlated with histology taken from the imaged area before
a final, concordant classification was assigned to each group of images. Type A
IPCLs were considered normal, type B1, 2 and 3 IPCLs were considered abnormal and

indicative of the previously described grade of neoplasia.

In order to generate training images for the neural network, frames were extracted
from each endoscopic video. Frames were sampled from the recordings at 2 frames

per second (fps), and stored in the lossless .png format as sequential still images.

Rationale for selecting images as a data input

For an Al system to be effective at characterising squamous lesions based on IPCL
patterns in-vivo, it needs to operate at video rate. A video is simply a rapid sequence
of images and so it is acceptable to break videos down into individual frames as a data
input upon which to train a CNN. By fragmenting the videos into still images, more

data upon which the network can train is generated and the images can be quality



controlled as outlined below. This is a generally accepted process for training Al
networks for video classification. The selection of 30fps as the frame rate at which
images were sampled from videos was somewhat arbitrary. It was agreed amongst
study members that to sample images at higher frequency would give rise to a very
large number of very similar images; since all included images in this study were
manually quality controlled by a study member, there needed to be a trade-off
between sampling a high number of images to improve training, while not sampling
so many that they could not be processed in a feasible amount of time. As long as our
system is able to classify IPCL patterns accurately at video rate, it will have potential
for the real-time identification of ESCN in vivo and so the relevance of the number of

images sampled for training is less important.

Image quality control

As images were sampled at a rate of 30fps, they were of variable quality, with some
more informative than others. Prior to inclusion in the training datasets, images were
manually quality controlled by an experienced clinician study member (MAE). As is the
case in all endoscopic assessment some images are not of sufficient quality for an
endoscopist to make an adequate characterisation of the IPCL patterns. Those
images that were blurred, contained no visible IPCLs or where the mucosa was
obscured by blood or mucus were deemed uninformative and removed from both the
training and testing datasets. After quality control all images were cropped to remove
all black borders and any identifiable or discriminative patient or clinician demography
labels. This prevented the CNN identifying discriminative features on the images to
distinguish between normal and abnormal cases that were not related to the IPCL
patterns. This additional step in the method was included after preliminary work
demonstrated that the black border around the endoscopic image was by chance
larger in more patients with neoplastic lesions (due to a display setting on the
recording device). The CNN then identified a larger black border as indicative of
neoplasia. Once the borders were removed from all images, the informative feature

in the image that enabled classification were the IPCLs.



Formation of image datasets

After sampling and quality control the full image dataset used in this study consisted
of 7046 images, with resolutions ranging from 458x308 to 696x308 pixels. As a proof
of concept, our study uses a large number of images from a relatively small number

of patients.

We therefore employed 5-fold cross validation to generate five distinct datasets with
different combinations of images (figure 46). The use of a 5-fold cross-validation
method served two purposes in this study. The first was to maximise the number of
images that could be used for training, validation and testing. To achieve this, each
fold of images was subdivided into a training set of images, a validation set and a
testing set. Images included in the training set were used to train the CNN to recognise
IPCL features that were particularly represented in either normal or neoplastic tissues.
Images in the validation set were used to refine network hyperparameters prior to
testing. Images in the testing set were unseen in either the training or validation set
of images for that fold and so when the network classified them as normal or
abnormal, the process and result could be regarded as analogous to how it would

perform in images from a new patient.

Training Validation Testing

Patients Patients Patients
12345 67 8910

Patients Patients Patients
34567 89 1012

Patients Patients Patients
678910 12 345

Patients Patients Patients
910123 45 678

Patients Patients Patients
45678 910 123

Figure 44 Schematic representation of how patients were assigned to allow five-fold cross validation with
training, validation and testing image datasets in this study
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For any given fold, images of patients used within the training dataset were not used
in the validation or testing dataset, since the CNN would simply classify based on the
ground truth label applied to that patient’s images during training. On average, each
fold used 3962 images for training, and 1637 unseen images (846 normal and 791
abnormal) for validation and testing. The composition of images in each fold used in

this study is summarised in (figures 47 and 48) .

Fold Training Validation Testing
1 2620 201 577
2 1792 891 715
3 1822 685 891
4 1792 715 891
5 1559 685 1154
Average 1917 635 646

Figure 45 Number of frames in each fold used for cross validation containing normal IPCL patterns

Fold Training Validation Testing
1 2803 258 587
2 2205 739 704
3 1549 1360 739
4 1912 961 775
5 1754 743 1151
Average 2045 812 791

Figure 46 Number of frames in each fold used for cross validation containing abnormal IPCL patterns

Secondly each fold used in this study essentially generates a distinct neural network,
with a different diagnostic performance and feature recognition abilities for the
classification of abnormal mucosa. As a result some folds are expected to perform
better than others to some extent. As we had developed multiple networks, with the
same overall architecture simultaneously, we were able to conclude that the overall
architecture of our network was robust since relatively similar results were achieved
in each fold of data used to train and test the CNN. This refutes the notion that our
CNN was performing well by ‘fluke’ on one particular combination of patient’s images,
with no indication of how it would perform with different combinations of patients.

Clearly it will be required in further studies to assess whether this performance



stability is maintained once higher numbers of patients and images are used for

training and testing the CNN.

Convolutional neural network design

The design of our convolutional neural network was a collaborative effort between
our group consisting of clinicians and biomedical engineers specialising in
interventional image computing. More detailed technical work on the architecture of
this neural network is beyond the scope of this thesis, but forms a constituent chapter
in another doctoral thesis by one of the study members (LCGPH). A full description of
the technical methodology utilised for this proof of concept study has been previously

245

reported by our group®* in an open preprint repository (Arxiv); a summary of the

workflow and network architecture is provided in (figure 49).

Quality controlled ME-NBI images of ESCNs were used as the input data. Each image
was labelled according to IPCL subtype as assessed by the expert panel and correlated
with known histology. In training, input images are passed through layers of the CNN,
which develops filters for features on the image, at various resolutions. As images pass
through the layers of the CNN, the network develops filters to detect various visual
features such as edges and borders, colours and the shape of IPCL patterns. In our
CNN images were passed through five such layers, with a batch size of 1, momentum
of 0.9 and a fixed learning rate of 1. The optimiser was stochastic gradient descent.
All folds were trained with 4x the number of images in the training set as the maximum
number of iterations. Global average pooling (GAP) was used after the decoder, prior
to classification. Once training is complete new, unseen images are provided to the
CNN and its classification performance is assessed. To enable the network output to
be clinically interpretable, explicit class activation maps (eCAMs) were produced. As
discussed in the results section, eCAMs are used visually display which discriminative

features in each image the CNN utilises to classify them as normal or abnormal.
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Statistical analysis

Accuracy, F1 scores (a weighted average of precision and sensitivity, used to assess
diagnostic accuracy in binary classification problems), sensitivity and specificity for the
identification of normal or abnormal squamous mucosa based on the visualised IPCL
patterns were calculated. Power calculations were not deemed necessary for this
study since it is entirely novel and a proof of concept work. We are attempting only to
benchmark the currently achievable diagnostic performance of Al systems in the

classification of IPCL patterns.



7.4 Results

Patient characteristics

17 patients were included in our dataset; 10 with histologically proven ESCN and 7
with a normal squamous oesophagus. All included patients with dysplasia or ESCN
were deemed to have endoscopically resectable lesions (defined in this study as a
lesion invading no deeper than SM1), a summary of the histological invasion depth

given in (figure 50).

ESCN characteristic

IPCL patterns Type A 7
Type Bl 5
Type B2 5
Histology Normal 7
HGIN (M1) 1
Lamina propria (M2) 4
Muscularis mucosa (M3) 4
Submucosa (SM1) 1

Figure 48 Summary of demographics and lesion information for patients recruited

Explicit class activation maps (eCAMs) provide a clinically interpretable neural

network output

For a CNN to have clinical utility, it must be clinically interpretable. Our CNN generated
class activation maps to visually demonstrate which image features CNN was using to
discriminate healthy and unhealthy tissue. The distribution of abnormal IPCL patterns
and image artifacts like bubbles, glare and mucous are heterogeneous between
images. Similarly, within lesions there could be heterogenous IPCL morphologies
visible, since our images were classified based on the highest grade of IPCL
morphologies seen. The CAMs generated by our CNN enabled us to check that it was
using the visualised IPCL patterns as a discriminant feature when making its

classifications, which in turn could then be visualised by clinicians. In doing so, CAMs



provide a clinically interpretable network output. They also served as a validation step
to ensure that the CNN was using the IPCL patterns in order to classify images as

normal or abnormal, rather than other subtle discriminative features.

Representative images of the CAMs generated by are CNN are displayed in (figure 51).
Visual assessment of the generated CAMs provided insights into the decision-making
process of our CNN. Firstly, we could confirm that our CNN was utilising visualised IPCL
patterns as its most discriminative feature when classifying. We also noted with
interest that it was able to accurately distinguish discrete areas of abnormal IPCL
patterns that were found within otherwise normal mucosa, containing normal IPCL
patterns. Interestingly, our CNN did not appear to use avascular areas that were visible
between the abnormal B2 IPCLs seen in (figure 51). Despite not using this feature it
remained able to discriminate the abnormal vessels highly selectively and still make
correct classifications. Our CNN appeared to show good discrimination of image
artifacts such as specular reflections, glare, bubbles and blood as uninformative. We
did however note that some images which contained healthy tissue and only type A
IPCLs were incorrectly classified as abnormal. On further interrogation it appeared to
be caused by the CNNs tendency to classify the deep oesophageal submucosal vessels
as abnormal. The clinical consequence of such over diagnosis would be false positive

classifications of normal tissue as abnormal.



Endoscopic CAM generated
image by CNN

Figure 49 Input images (left column) with corresponding eCAMs (right column), illustrating visual features
recognised by the CNN when classifying images. a) recognition of abnormal IPCLs patterns. b) specular reflections
are ignored by the CNN c) high selectivity between normal mucosa and abnormal IPCLs.
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CNN performance for IPCL classification

Our CNN operates at video rate, and is capable of classifying sequential HD-images
that were acquired from fragmented endoscopic videos. The classification interval
time varied according to the size of the images analysed, but ranged from 26.17ms to
37.48ms. Given these classification times it would be feasible for our CNN to be used

in real-time endoscopic classification.

We demonstrate a mean accuracy for the differentiation of normal compared to
abnormal mucosal areas based on IPCL patterns (type A vs B1/B2/B3) of 93.3% (range
86.2-98.3%). The average F1 score (a measure of accuracy for binary classification
CNNs) for identifying ESCN based on the IPCL pattern was similarly high at
92.7% (range 85.4-98.2%). Our algorithm achieved a sensitivity and specificity of
89.7% (range 78.1-100%) and 96.9% (range 92-99.7%) respectively.

We noted some variability in the performance statistics of our network between folds.
Within any fold there will be images that are simpler to classify as normal or
neoplastic by a clinician, hence the same applies to the CNN. Our results showed some
variability in the diagnostic performance of our CNN between folds. This is an indicator
that suggested that it may struggle to generalise to classify the variations in IPCL
morphologies that represent abnormal tissue (Type B1/2/3). Although this was the
largest reported image dataset used for this purpose in the published literature at the
time, we acknowledge that this finding suggests that more training images are
required train the network to be able to classify mucosa based on the full spectrum of
variability in IPCL patterns. Our CNN performance statistics are summarised in (figure

52).



Fold Accuracy (%) Sensitivity (%)  Specificity (%)  F1 score (%)

1 86.2 80.4 92 854
2 89.0 78.1 99.7 87.6
3 97.7 100 95.9 97.6
4 98.3 99.4 97.3 98.2
5 95.1 90.6 99.6 94.9
Average 933 89.7 96.9 92.7

Figure 50 Summary of CNN performance statistics for detection of abnormal squamous mucosa based on IPCL
patterns



7.5 Discussion

This study introduced the first application of computer aided diagnosis and artificial
intelligence for the accurate, real-time characterisation of ESCN lesions, through the
identification of intrapapillary capillary loops. In this study IPCL patterns were
identified on magnification endoscopy combined with narrow band imaging, and
classified based on the widely used Japanese Endoscopic Society classification

system.

As outlined in the introduction to this chapter, the accurate assessment
and characterisation of ESCN lesions is vital, in order to predict histology and invasion
depth. Mucosal lesions have low rates of lymph node metastasis compared to lesions
invading the submucosa and so are amenable to minimal invasive endoscopic
therapy?2°232, If delivered promptly, prior to distant spread of squamous lesions,
endoscopic eradication therapies facilitate resection with 5 year survivals of 75-

100%*4.

Prior to undertaking this study, we needed to select an IPCL classification system that
would lend itself to developing a neural network. To allow this we identified that we
would need a system that offered high diagnostic accuracy and that was not too
complex or subdivided, since the more classes that a CNN is required to subdivide, the
larger the volume of data required for each class. The rationale for selecting the

Japanese Endoscopic Society classification is outlined below:

In chapter 2.7 the validated IPCL classification systems used in current clinical practice
were outlined. These systems were developed to standardise reporting and to assist
clinicians with the accurate characterisation of IPCL patterns, with the aim of
improving ESCN lesion recognition. Inoue et al. first to proposeda five-part
classification of IPCL patterns®*. In summary progressive morphologic changes in IPCL
patterns correspond with progressive ESCN invasion through the oesophageal wall.
Type I-lll IPCL patterns are associated with normal mucosa, inflammation or LGIN.
Type IV IPCLs were suggestive of HGD. Type V IPCL patterns were subdivided into

V1 (M1 carcinoma in situ), V2 (M2 carcinoma in situ), V3 (M3 or early SM1 invasion)



and Vg (invasion to at least SM2) based on the progression of abnormal IPCL
morphology. In one study, the Inoue classification enabled identification of early
mucosal lesions (M1-2) with 89.5% sensitivity?3>. One of the potential weaknesses of
the Inoue classification was its comparably reduced sensitivity for prediction of ESCN
invasion into SM1 and SM2; which was reported at 58.7% and 55.8% respectively?®. It
is important to distinguish between mucosal and submucosal lesions since the most
appropriate endoscopic treatment options and likelihood of distant spread differs
significantly. Arima et al. subsequently proposed a four-part classification system with
type 1, 2, 3 and 4 IPCLs representing normal mucosa, inflammatory changes, M1-2
carcinoma in situ and >M3 invasion respectively?®®. When deciding which
classification system to adopt for use with our image dataset and CNN training, we felt
that the multiple subdivisions of the Inoue classification are unnecessarily complex for
a non-expert audience and could have reduced our ability to acquire enough data to
adequately populate the datasets for this study. We also had to consider downstream
applications of our CAD system; including that it would be needed to assist
endoscopists less experienced in the assessment of ESCN to make clinical decisions.
We therefore selected the JES classification, since it is now widely adopted in high
prevalence Asian settings, but also offers ease of interpretability more suited to a less

experienced audience.

The JES IPCL classification is the most contemporary and accurate classification
system that has been proposed and is now widely used in areas of high ESCN
prevalence. Furthermore its diagnostic accuracy and sensitivity persists even when
classifying more advanced lesions that invade beyond the mucosa?3®. We believe that
a CNN that functions using this classification will remain clinically relevant as it
becomes more widely used. From a Western perspective, the JES classification
represents a simplified classification system compared to the systems proposed by
Inoue or Arima — with less interpretation required of subtle differences in IPCL
morphologies, particular in more invasive ESCN lesions. We suggest that for this
reason, this system is the most likely to be adopted and utilised in a Western setting

for this reason and so our CNN is ‘future proofed’ by using it as a basis for classification.



This study reports, to our knowledge, the first use of a convolutional neural network
for the purpose of classifying oesophageal squamous mucosa as normal or dysplastic,
using IPCL patterns as a discriminant feature. We provided proof of concept and
reported a novel methodology which can serve as the benchmark for further work
aiming to develop CNNs for this purpose. This neural network uses sequential still
images captured from HD videos of endoscopic examinations, to train a CNN to
characterise ESCN lesions based on the IPCL patterns visualised at endoscopic
assessment. This CAD platform achieved an average accuracy of 93.7% for the
classification of dysplastic mucosa based on the appearance of abnormal IPCL
patterns. The sensitivity and specificity of our CNN were 89.7% and 96.9%
respectively. The accuracy of our network compares very favourably with results
reported in the Oyama study, which claimed an overall pooled accuracy for histology
prediction of 90.5% across neoplastic IPCL subtypes (type B1-3).Overall
accuracies for histology prediction were 91.9%, 93.4% and 95.9% for type B1, B2 and
B3 IPCL patterns respectively?3®. Since our system provided a binary classification of
normal or neoplastic, it is difficult to make direct comparisons of our systems
diagnostic performance with other studies, which typically report accuracies per IPCL
subgroup, but we note that our results are similar for a normal compared to neoplastic

distinction.

Furthermore, our CNN can operate at video rate, with rapid prediction times meaning
that if clinically validated and successfully integrated, it could be used for real-time in

vivo classification of endoscopic videos of possible ESCN.

Wang et al. demonstrate thatin a non-expert panel of endoscopists accuracy of
histology prediction using the JES classification ranged from 48-57% after a short
training program?¥’. Kim et al (2017) also demonstrated an overall accuracy
of 78.6% for the correct prediction of histology?*>. We note with interest that the
diagnostic performance of the JES IPCL classification system is lower when used in a
non-expert cohort of endoscopists. Since most of the validation studies of the various
IPCL classifications are performed by expert endoscopists in high volume centres, we

suggest that the true diagnostic performance by endoscopists outside of these



settings may fall short of this. We therefore conclude that with further development
our system could yield an additional diagnostic benefit for non-expert endoscopists or
in centres where the endoscopic assessment of ESCN is less common and
so clinicians may feel less confident in recognising and classifying IPCL patterns. This
is particularly relevant for endoscopists practising in areas of the world with a low

prevalence of ESCN, where miss-rates for oesophageal squamous cancer are high.



Limitations of this study and potential further work

While highly promising, this proof of concept study has some limitations. We
attempted to identify and mitigate some of these limitations in order to inform further
work. Relative to most complex classification problems, our patient sample size is
small. We attempted to generate as many images as possible using multiple frame
sampling per patient, generating 7046 images from 17 patients for use in training,
validation and testing datasets for the development of the CNN. While we
acknowledge the relatively small image count, we note that at the time this study was
undertaken, ours is the largest reported image dataset used to train a network for this
application. Large amounts of labelled data is required to produce generalisable
neural networks that are capable of accurate classification. These networks must be
trained and tested using images acquired under a range of patient related and
external conditions so that in real world practice they are able to give accurate
predictions. We suggest that out of the more than 7000 images utilised in the
development of this network, there was likely a lot of similarity in images extracted
from the endoscopic assessment of each patient as they were sequential. In addition
to the low patient numbers, this further reduces the true variety of images upon which
the network was trained and so could reduce its ability to generalise to other unseen
patient images. We identified this early on as a potential source of inaccuracy in our
network. Our use of CAMs therefore acts as an additional form of validation in this
regard. This study demonstrates that when classifying discriminative features within
images, the IPCL patterns are the visual features the network bases its predictions on.
We would expect that our network should still maintain reasonable diagnostic
performance when tested on new unseen images, given the reasonably stereotyped
nature of IPCL morphologies. As reported in chapter 8, increasing the size of our image
dataset, in order to promote the ability of this network to generalise was a key priority

for further work.

To further mitigate the low patient numbers included in this study, we utilised 5-fold
cross validation, as outlined in (figure 52), in order to benchmark the ability of the
CNN to generalise under different operating conditions. This method ensures that our

network was trained and tested on all available images, whilst ensuring that no images



that were used for training were used for testing. Given that we observed similar
levels of diagnostic performance between folds, we can infer that the underlying
architecture of our CNN is robust and that further work should focus on increasing

training data to enable it to generalise to classify more diverse input data.

Currently our system is able to differentiate normal (type A) compared to
abnormal (type B1-3) IPCL patterns when making its classification of squamous
mucosa. As outlined above, even for clinicians attempting to classify lesions invading
the submucosa, using the Inoue and Arima classifications, there remains a decrease in
diagnostic performance — most studies assessing these classifications reported less
accurate characterisation of >SM1 lesions based on IPCL patterns. Preliminary work
demonstrated that our network was not able to accurately subclassify IPCL patterns
into the individual type A-B3 subgroups; likely due to insufficiently sized image
datasets, particularly with regard to lesions with type B3 IPCLs. We therefore chose to
include only images of type A, B1 and B2 IPCLs as an input to our CNN for this study.
This choice was made since lesions with type B3 IPCLs have typically invaded deep into
the submucosal layer, and are no longer endoscopically resectable lesions as a result.
This study therefore aimed to classify mucosa as normal or abnormal but still
endoscopically resectable. Our further work, reported below, aimed to incorporate
endoscopic images of normal and abnormal IPCLs ranging from type A to type B3; a
requirement for if our CNN was to be adopted into a clinical setting. Developing a
multiclass classifier requires further work and robust validation before it could be
used routinely, since the potential outcome of misclassifications in this case could

have a devastating impact on patients.

The final main limitation of this study is thatour gold standard
used only three expert clinicians. Since this was a pilot study, and all of the consensus
classifications were correlated with histological results, we argue that this is sufficient
to provide accurate ground truth to develop a CNN. Future work will need to
externally validate this CNNs performance against a larger panel of clinicians of
varying levels of experience before it could be used in a clinical environment. We note

however that published work on the JES classification reports interobserver variability



of between 0.6%*” and 0.86%%* — this should be the benchmark against which a CNNs
classifications should be assessed when compared to the classifications of a panel of

clinicians during external validation.

In the following chapter we will outline a further study which developed as a result of
the study in this chapter. This next body of work aimed to produce, and validate
against clinicians, a CNN capable of more precise binary classification based on all of

the individual JES subgroups — type A, B1, B2 and B3.

7.6 Summary of this chapter

This study aimed to provide proof of concept that a convolutional neural network
could be developed to classify endoscopic images of oesophageal mucosa as normal

or neoplastic, based on visualised intrapapillary capillary loop patterns.

1. We have developed a novel Al system that can classify oesophageal
squamous mucosa as normal or dysplastic in endoscopically
resectable lesions (<SM1 invasion)in real time on videos acquired
during magnification endoscopy. The main discriminant visual feature

on which the CNN based it’s decision on was the IPCL patterns.

2. We provide a baseline methodology and performance by which further
work on developing a convolutional neural network for this purpose

can be conducted and assessed.



Chapter 8 — Validating a clinically interpretable convolutional neural
network for the prediction of early squamous cell neoplasia of the
oesophagus; comparing diagnostic performance with a panel of
expert European and Asian endoscopists

The work presented in this chapter formed the basis of peer reviewed publications.
Text and figures were adapted for publication. Citation:

Garcia-Peraza-Herrera, L.C., Everson, M., Lovat, L., Wang, H.P., Wang, W.L., Haidry, R.,
Stoyanov, D., Ourselin, S. and Vercauteren, T., 2020. Intrapapillary capillary loop
classification in  magnification endoscopy: open dataset and baseline
methodology. International journal of computer assisted radiology and surgery, pp.1-
9.

Everson, M., Garcia-Peraza-Herrera, L., Wang, H. P., Lee, C. T., Chung, C. S., Hsieh, P.
H., ... & Haidry, R. J. A clinically interpretable convolutional neural network for the
real-time prediction of early squamous cell cancer of the esophagus: comparing
diagnostic performance with a panel of expert European and Asian
endoscopists. Gastrointestinal Endoscopy

This study was a collaborative work with Dr Luis Garcia Peraza Herrera, who designed,
developed and coded the CNN architecture. Clinical requirements, conceptualisation
and software requirements were developed by ME

8.1 Introduction

The application of artificial intelligence (Al) in diagnostic endoscopy, as well as other
fields of medicine, is gathering pace. One such application of Al is in the endoscopic
diagnosis of early squamous cell neoplasia of the oesophagus (ESCN). Endoscopic
detection of ESCN remains challenging and there is still a significant miss rate in the
identification of early lesions!®®. As outlined in previous chapters, early detection is
vital, since squamous lesions confined to the oesophageal mucosa are amenable to
endoscopic eradication therapy due to their low rates of lymph node

metastasi58°'81'229'23°'248

Computer-aided endoscopic diagnosis (CAD), using convolutional neural networks
(CNNs) has the potential to be used as an adjunct during endoscopy. In the context of
our clinical problem, a CNN requires input data (endoscopic images) where specific

visual features (IPCL microvessels) correspond with a validated classification (JES IPCL



classification). Stereotyped morphological changes in IPCL patterns correlate with the
progressive invasion of ESCN lesions, and as outlined in chapter 7 have been shown
to provide suitable input data for training a CNN to act as a classifier for whether
oesophageal tissue is normal or dysplastic. Repetitive training of the CNN, along with
increasing volumes and variability of this input data, should allow the development of
this feature recognition, in order for the network to make predictions on the histology
of a lesion with increasing accuracy. We envisage that such a clinically validated CNN,
could provide a useful diagnostic adjunct for endoscopists, particularly those in low
volume settings where experience assessing and triaging ESCN lesions to appropriate

therapies, may be limited.

As outlined in chapter 7 we have previously reported a proof of concept study for the
use of convolutional neural networks in the real time classification of ESCN lesions
based on IPCL patterns?4324>, |n this study we provided a baseline methodology and
diagnostic performance upon which subsequent work, including the body of work
discussed in this chapter can be based and assessed. The design of our neural network
included a number of important and novel features that provide a good foundation

for the development of a clinically applicable system.

Firstly, our results were clinically interpretable. The use of class activation maps
(CAMs) confirmed visually that the CNN used IPCL patterns as the discriminative
feature upon which it made its classifications, as a clinician would during endoscopy.
While a clinician may use other features such as motility of the oesophageal wall,
surface texture of the mucosa and intuition, our network performed comparably to
human assessors classifying IPCL patterns in other studies?34236:239,242247 The CAMs
also provide a visual representation of the abnormal IPCL patterns associated with the
classification of tissue as normal or neoplastic. The use of these CAMs for this purpose
could be used as either a ‘red flag’ type system to highlight abnormal areas, or as a
training aid, to familiarise inexperienced clinicians with the appearance of abnormal

IPCLs.



Secondly our neural network was able to classify images as normal or neoplastic at
video rate, with classification times ranging from 26.17ms to 37.48ms. For such a
system to have clinical utility, particularly for in-vivo endoscopic classification such

speed is required in order for endoscopists to make real-time decisions.

Thirdly our neural network demonstrated a high degree of diagnostic accuracy. As
summarised in (figure 52), we observed a mean accuracy for the differentiation of
neoplastic compared to normal IPCL patterns of 93.3% (range 86.2-98.3%). We also
demonstrated promising sensitivity and specificity for neoplasia classification of
89.7% (range 78.1-100%) and 96.9% (range 92-99.7%) respectively. All of these results
compare favourably to studies using human assessors to classify IPCL patterns and as

such prompted the continuation of this work.

Despite the promise of the first iteration of our neural network, we identified several
limitations in the design of our neural network and dataset in our previous work. This
study sought to ameliorate these limitations and expand on the work undertaken
previously. To this end we expanded our dataset significantly in order to capture a
wider spectrum of ESCN pathology and variability in IPCL patterns; generating a CNN

that is both clinically valid and interpretable.

We also identified that of the few published studies assessing the validity of the JES
classification, most are conducted in an expert, predominantly Asian high volume
setting, and even less is known about the utility of the JES classification in non-expert
or Western endoscopists. In addition to further developing our neural network, this
body of work also sought to explore the diagnostic performance of European
endoscopists, with Asian endoscopists and our convolutional neural network in

predicting the histology of ESCN lesions based on their IPCL patterns.



8.2 Aims of this study

This study sought to extend the proof of concept study outlined in chapter 7, in order

to produce a more clinically robust neural network that was better able to make

histology predictions in a more generalised dataset. We also aimed to validate its

performance against human endoscopists. Our specific aims were:

1.

3.

To train a convolutional neural network capable of classifying
squamous mucosa as normal or dysplastic, based on the appearance
of intrapapillary capillary loop patterns. The JES IPCL classification®®*

was used to characterise visualised IPCLs.

To expand the patient numbers and image count in our dataset
significantly in order to produce a neural network better able to
generalise its predictions on a novel patient population. In additional
to images of normal oesophageal mucosa (type A IPCLs), this study’s
dataset was now to include images of lesions which were both
endoscopically resectable (type B1 and B2 IPCLs) and non-
endoscopically resectable (type B3 IPCLs).

To quantify the diagnostic performance of a cohort of expert Asian
endoscopists against that of a cohort of expert European endoscopists
using the JES classification; a comparison currently unreported in the
literature. The diagnostic performance of these two cohorts could then

be compared to the diagnostic performance of our neural network.



8.3 Methods

Patient recruitment

Patients attending for endoscopic assessment at two ESCN tertiary referral centres in
Taiwan were recruited (National Taiwan University Hospital and E-Da Hospital
Kaosiung). Patients were required to give full written consent prior to the procedure.
Patients could be enrolled via one of two routes; those presenting for a routine
endoscopy who subsequently were found to have a macroscopically normal
oesophagus or those with known or suspected squamous dysplasia or carcinoma who
were presenting for assessment or treatment. In all included patients, pathological
samples were acquired to confirm histologic diagnosis either by forceps biopsy, EMR,
ESD or oesophagectomy where dysplasia or neoplasia were suspected. Patients with
active oesophageal ulceration were excluded, as were those who had previously had
ablative therapies to the oesophagus, or previous oesophageal surgery. Our study
complied with the Declaration of Helsinki. The Institutional Review Board of E-Da

Hospital approved this study (IRB number: EMRP-097-022. July 2017).

Endoscopic procedures and video acquisition

Gastroscopies were performed under conscious sedation or local anaesthesia by two
expert endoscopists (WLW, HPW) at one of the two referral centres listed above. For
the purposes of this study, an expert endoscopist was defined as a consultant
gastroenterologist who having completed their formal endoscopic training continues
to undertake >50 ESCN assessments and resections per year. A solution of
simethicone and water was applied to the oesophageal mucosa prior to recording to
remove mucus, food residue and blood. An area of the cleaned oesophageal mucosa
was identified as either normal or neoplastic and magnification endoscopy was
undertaken on this area to allow clear visualisation of the oesophageal mucosa and
microvasculature. All endoscopies were performed using a HD ME-NBI GIF-H260Z
endoscope (Olympus, Japan), in combination with an Olympus Lucera CV-290

processor (Olympus, Japan).



Correlating imaged areas with histology

In patients where the endoscopist identified a lesion suspicious for dysplasia on
assessment, the lesion border was marked by the endoscopist using cautery forceps,
prior to resection or biopsies being taken. This ensured that neoplastic areas were well
demarcated to allow magnification endoscopy to be undertaken in the intended area,
and in the area from which histologic sampling would take place after imaging.
Magnification was undertaken using narrow band imaging (ME-NBI) at 80-100x
magnification with a distal attachment in order to interrogate the IPCL patterns and

generate a high definition video recording.

For patients with normal mucosa, an area was selected, imaged under ME-NBI and
IPCL patterns were classified. A forceps biopsy of the imaged area was then acquired
to confirm the imaging findings. Neoplastic lesions were resected by either endoscopic
mucosal resection (EMR) or endoscopic submucosal dissection (ESD). Resected
samples were formalin fixed and prepared for review by two expert gastrointestinal
histopathologists, who reported the histologic findings in accordance with
the Vienna classification system?**. The worst case histology that was reported was

regarded as the histology present within the whole lesion, in line with routine practice.

Labelling ME-NBI videos and establishing an expert consensus

The video recorded from each patient was viewed independently, then classified
according to the JES IPCL classification system'®* by consensus of three expert
endoscopists (WLW, HPW, RJH). IPCLs were classified as type A, B1, B2 or B3 in order
to predict the worst case histology for the entire lesion. Therefore, where there was
variation in the microvascular pattern, the highest grade of IPCL pattern observed in

each video was used as the overall classification for the lesion as a whole.

The expert’s visual IPCL classifications were then correlated with histology taken from
the imaged area before a final, concordant classification was assigned to each group

of images. For the purposes of this study and in line with the JES classification, type A



IPCLs were considered normal, type B1, 2 and 3 IPCLs were considered indicative of

neoplasia of increasing histologic invasion depth.

Generation of image datasets

After each video had been labelled according to the visualised IPCL patterns and
histology, single frames were extracted at a rate of 2fps. All HD images were stored in
the lossless .png format. Since not all sampled frames were deemed informative, as
would be the case in routine practice, all images were quality controlled prior to
inclusion in the dataset. Frames were individually quality controlled by a clinician with
experience in the endoscopic imaging of oesophageal cancer and several endoscopic
imaging studies (MAE). Frames that were degraded by lighting or motion artefact,
excessive mucus or blood were removed from the dataset where it was felt that it
would not be possible for a clinician to make a decision based on IPCL patterns (figure
55). The aim of quality control in this case was to remove images that could safely be
regarded as uninformative, rather than to produce a dataset of images that are of

higher quality than those seen in daily endoscopic practice.

Following quality control our total dataset comprised 114 patients (45 with normal
histology, 69 with neoplastic histology). 67742 images were included in our dataset
(28,078 normal and 39,662 dysplastic) with an average of 593 frames per patient. The
differential number of patients between the normal and neoplastic groups is the
neoplastic subgroup consists of three subgroups (type B1 — B3 IPCLs). To ensure a
dataset that included as closely balanced a number of images as possible between all
four IPCL subtypes, it was necessary to recruit more patients and as a result images

into the neoplastic group.

To maximise the available images for network training and testing, as well as to ensure
that no patients included in the training group of images would then be included in
the testing group of images, five-fold cross validation was used. For each fold (a set of

unique patient images) patients were randomly assigned into a training group,



validation group (used for hyperparameter training) and testing group in the ratio of

80%, 10% and 10% respectively.

Convolutional neural network and class activation maps

We have previously reported the technical methodology involved in the generation of
this neural network. Technical development of the CNN was a collaborative work with
other study members (LCGPH) and forms part of the work in his doctoral thesis. It is
beyond the scope of this thesis to discuss the development of this network in detail
but note that the full technical methodology is available in an open access preprint
repository (Arxiv)?*> and in the published literature?4324°, For additional validation of
our methodology, our dataset is available via an open access repository (GitHub). For
the purposes of this chapter, we have detailed additional technical information

relevant to this latest iteration of our network.

We selected to use ResNet-18 as the underlying model for our proposed CNN and was
also used as a baseline for result comparison. Based on our pilot study we
acknowledge that for our CNN to have clinical utility, it must be clinically interpretable.
ResNet-18 provides good classification performance, but is not a clinically
interpretable model so adaptations to our methodology were required. The utility of
CAMs was evident in our previous work, hence we attempted to produce them as an

output of the network for this study.

In our model®*®, the fully connected layer is removed as described by Zhou et al?>°.
The computation of the class score predictions is reformulated (figure 53), which is
mathematically equivalent to the solution proposed by Zhou et al, but during the
forward pass of the network produces class activation maps. Input images were
256x256, thereby leading to an 8x8 feature tensor at the output of the encoder. Such
low resolution would not permit clinical interpretability as the IPCL patterns which
informed the classification cannot be identified by a clinician operator. Hence, the
feature demonstrated in (figure 53) is connected as a side output (connected to the

loss) to all encoder resolutions?*® in order to produce class activation maps (CAMs).
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Figure 51 Summary of the CNN side output incorporated to allow clinical interpretability of class activation maps
(CAMs), adapted from?’*’

Clinician classification of images and statistical analysis

In addition to the development of our neural network, we sought to investigate the
comparable diagnostic performance of a cohort of expert Asian and expert European
endoscopists using the JES system to classify images based on IPCL patterns. Using a
random number generator frames were sampled from all patients with dysplastic
lesions at a rate of 1:500, this generated 79 random images. The same number of
frames were taken from all patients with normal oesophageal mucosa to ensure a
50:50 split of normal to dysplastic lesions in the testing set assessed by experts. The
sample of images was reviewed by a clinician (MAE) to ensure none were too similar;
to ensure that all images were fair representation of the IPCL variability within that

patients lesion.

All the selected images were assessed independently by a group of 9 expert
endoscopists (5 Asian, 4 EU experts) using a bespoke online platform (figure 54) to
preserve image quality. Endoscopists were asked to classify the predominant IPCL
pattern as type A, or type B1 to B3. This classification was assessed against the expert
consensus classification, which correlated with the histology for each IPCL subtype.
Experts were also asked to state whether they could visualise submucosal vessels in

each image.
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Using the JES IPCL AB classification, please predict the lesion histology based on the observed patterns of
IPCLs seen in this image:

Normal/Low grade IN (A)
High grade IN/lamina propria (B1)

® Muscularis mucosa/Submucosa 1 (B2)
Submucosa 2 or deeper (B3)

Were deep submucosal vessels visible in this image?

Submit

Figure 52 HD image assessment portal used by the expert panels in this study to classify IPCLs

Diagnostic performance measures were calculated for individual endoscopists and for
each geographical group. Accuracy, sensitivity and specificity were calculated; we
report the average diagnostic performance for Asian endoscopists, EU endoscopists
and our CNN. An F1 score, a measure of the diagnostic accuracy of binary classification
algorithms, was also calculated. Interobserver agreement for clinicians was calculated
using Krippendorf’s alpha and assessed using a modified Likert scale (Landis and Koch).
Multilevel regression analysis was performed to test the association between

endoscopists identifying submucosal vessels and the presence of neoplasia.

We calculated the average per-frame diagnostic performance for our CNN (F1 score,
accuracy, sensitivity and specificity) as well as an analysis of per-patient diagnostic
performance. To establish a per-patient classification as normal or dysplastic, images
were grouped by patient. Our network outputs a probability that each image shows
dysplastic tissue, we set a per image threshold >0.5 as being positive that an image

contains dysplasia. To establish a per-patient classification the probability outputs of



each frame from that patient were used to compute an overall average probability of
the presence of dysplasia. A threshold of >0.5 average probability was used to classify
that patient as dysplastic and <0.5 as normal, CNN predictions were compared with

the ground truth of histologic analysis.
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8.4 Results
Patient characteristics

115 patients were included. 45 of these were determined to have a normal
oesophageal mucosa. 70 patients were determined to have a neoplastic lesion, with
IPCL patterns ranging from type B1-B3. The breakdown of patient numbers by
histologic grade of ESCN is reported in (figure 56).

Patient histology Number of patients in

dataset
Normal 45
HGD/LPM 35
MM/SM1 17
>SM2 18

Figure 54 Summary of patient numbers recruited to the study by histologic stage of ESCN

CNN performance for the classification of IPCL patterns as normal or dysplastic

We assessed both the per-frame and per-patient diagnostic performance of our CNN.
On a per-frame basis the diagnostic performance results of our CNN are summarised
in (figure 57). Although there was some variation between folds, we report an
average F1 score, accuracy, sensitivity and specificity of 94.0%, 91.7%, 93.7% and

92.4% respectively (figure 57).

Fold Accuracy (%) Sensitivity (%) Specificity (%) F1 score (%)
1 92.5 99.6 81.3 94.1
2 92.4 91.3 95.1 94.4
3 97.4 98.3 96.6 97.0
4 94.5 98.9 89.3 95.1
5 81.9 80.5 99.8 89.2
Average 91.7 93.7 92.4 94.0

Figure 55 The diagnostic performance measures for the detection of dysplatic tissue based on IPCL patterns for
all folds of the CNN developed in this study



We also assessed the per-patient diagnostic performance of our CNN. For this analysis
we used 12 patients per fold for testing, using five folds therefore gave a total of 60
independent patients that were used to test the CNN classification. Our results are
promising, on a per-patient level we demonstrate that our CNN only failed to correctly
classify one patient as normal or dysplastic (patient 158). In this case it reported a false
positive result for dysplasia in two independent folds. To further interrogate potential
image features that may have posed a diagnostic challenge to our CNN, we extracted
the images that were classified with the highest probability as normal or dysplastic in
each fold, but were subsequently found to be either a true positive (TP), true negative
(TN), false positive (FP) or false negative (FN). These diagnostically challenging images

are displayed in (figure 58).

Fold 2

TP

TN

FP

FN

Figure 56 Images classified with the highest probability by our CNN which were subsequently found to be a true
positive (TP) or negative (TN) or a false positive (FP) or negative (FN)
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Comparative pooled diagnostic performance of EU and Asian expert endoscopists

158 still images were reviewed by a panel of 9 expert endoscopists (5 based in Asian
centres, 4 based in European centres). All endoscopists assessing images were blinded
to the endoscopy procedure and histology results. The diagnostic performance
measures of Asian and EU endoscopists were calculated; the two groups of
endoscopists achieved F1 scores of 98% and 97%; accuracy of 97.1% and 96.9%;
sensitivity of 96.9% and 98.9% and specificity of 97.6% and 91.5% respectively.

The diagnostic performance measures of all expert endoscopists were pooled to
generate a mean performance for human expert assessors. The pool expert
endoscopist F1 score, accuracy, sensitivity and specificity was 96.5%, 94.7%, 97% and
88% respectively. Performance measures are summarised in (figure 59). A receiver
operating characteristic curve demonstrates an AUC of 0.96, suggesting a high level of

diagnostic accuracy (figure 60).

Interestingly we note that Asian endoscopists had significantly higher specificity than
EU endoscopists (97.6% vs 91.5% p=0.01) whereas EU endoscopists had significantly
higher sensitivity than their Asian counterparts (98.9% vs 96.9% p=0.01). This finding
may relate to a tendency of European endoscopists, likely less familiar with the

endoscopic assessment of ESCN to over-call neoplasia.

Endoscopist Accuracy (%) Sensitivity (%) Specificity (%) F1 score (%)
EU average 96.9 98.9 91.5 97.0
Asian average 97.1 96.9 97.6 98.0
Pooled average 94.7 97.0 88.0 96.5

Figure 57 Summary of the pooled diagnostic performance for both European and Asian expert endoscopists when
assessing and classifying abnormal IPCL patterns
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Figure 58 Receiver operant characteristic (ROC) curve for the CNNs diagnostic performance

Interobserver variation between experts classifying IPCL patterns

Both panels of experts demonstrated very good interobserver variation when
classifying IPCL patterns as either normal (type A) or abnormal (type B). There was no
statistically significant difference between the two groups when classifying (P=0.29),
but we did note that a European cohort achieved comparable agreement with an

Asian cohort (figure 61).

Kappa (95% CI)

Expert panel
European 0.90 (0.85-0.95)
Asian 0.85(0.79-0.92)

Figure 59 Interobserver agreement for the classification of normal and abnormal IPCL patterns in a European and
Asian expert endoscopist cohort



Expert predictions of histologic invasion depth based on IPCL patterns

This study assessed the diagnostic performance of two panels of expert endoscopists
when classifying IPCL patterns according to the JES classification. (figures 62, 63, 64
and 65) outline the diagnostic performance measures for each panel of experts
assessing images containing IPCLs of each type. Endoscopists were asked to classify
the IPCL pattern in each image assessed, where the classified IPCL pattern and
associated histology prediction made by the expert matched that of the reported

histology, a diagnosis was considered correct.

European Asian

Type A vessels endoscopists endoscopists P value
Accuracy 97.0% 97.1% 0.91
Sensitivity 98.9% 96.9% 0.01
Specificity 91.5% 97.6% 0.01
PPV 97.1% 99.1% 0.56
NPV 97.0% 91.7% 0.06

Figure 60 Summary of expert endoscopist performance statistics for the classification of Type A IPCL patterns

Type Bl vessels enlgll;rs(érc));?:ts endoAsscig;ists P value
Accuracy 92.1% 90.6% 0.26
Sensitivity 90.0% 79.0% 0.002
Specificity 92.8% 94.6% 0.17

PPV 80.9% 83.2% 0.57
NPV 96.5% 93.0% 0.06

Figure 61 : Summary of expert endoscopist performance statistics for the classification of Type B1 IPCL patterns



European Asian

Type B2 vessels endoscopists endoscopists P value
Accuracy 81.3% 79.2% 0.24

Sensitivity 62.8% 79.5% <0.001

Specificity 87.4% 79.2% <0.001
PPV 62.0% 55.6% 0.19
NPV 87.8% 92.2% 0.02

Figure 62 Summary of expert endoscopist performance statistics for the classification of Type B2 IPCL patterns

Type B3 vessels enlill;rs(;rc));?:ts endoAsscigll)lists P value
Accuracy 84.0% 82.7% 0.36
Sensitivity 63.2% 41.1% <0.001
Specificity 90.6% 95.8% <0.001

PPV 68.1% 75.7% 0.56
NPV 88.6% 83.7% 0.79

Figure 63 Summary of expert endoscopist performance statistics for the classification of Type B3 IPCL patterns

Deep submucosal vessels may be a discriminative feature for neoplasia

All experts reviewed each image and stated whether or not they could visualise the
deep submucosal vessels in addition to the IPCL patterns. We demonstrated a
statistically significant difference in the visualisation of these structures [p<0.001]; in
normal tissue submucosal vessels were visible in 57.7% of assessments (213/369),

whereas in dysplastic tissue they were visible in only 6.3% of images (66/1053)
(figure 66).

This finding was consistent in both the European and Asian groups who identified

submucosal vessels less frequently in dysplastic tissue compared to normal tissue



(7.5% and 5.3% compared to 70.7% and 47.3% respectively. These findings indicate
that the absence of visible submucosal vessels may be another endoscopic finding that

should raise the suspicion of ESCN.

Endoscopist Histology Visible submucosal vessels Odds ratio P value
group % (N/N) (95% CI)

Pooled Normal 57.7% (213/369) 0.05 <0.001
Dysplastic 6.3% (66/1053) (0.04-0.07)

European Normal 70.7% (116/164) 0.03 <0.001
Dysplastic 7.5% (35/468) (0.02-0.05)

Asian Normal 47.3% (97/205) 0.06 <0.001
Dysplastic 5.3% (31/585) (0.04-0.10)

Figure 64 Absence of visible submucosal vessels may indicate the presence of ESCN

Assessing the clinical interpretability of this CNN

As identified in our pilot study in chapter 7, any CNN designed for the purpose of
histologic classification of ESCN using IPCL morphologies must be clinically
interpretable for it to have utility in an in vivo endoscopy environment. We previously
developed class activation maps (CAMs) in order to provide a degree of clinical
interpretability. This study refined these maps to ensure that they provide higher

resolution demarcation of IPCLs classified by the CNN.

CAMs are visual representations of what the CNN ‘sees’. When making a classification
of an image certain visual features, represented by clusters of pixels, are regarded as
discriminative. Over the thousands of iterations the CNN requires to train and then
test as a classifier it will find some clusters of pixels more discriminative than others.
In (figure 67) we demonstrate representative images used during testing, alongside
the CAM revealing which areas of the image informed the classification. We observed
that the CNN found the IPCL patterns to be informative, rather than other spurious
features seen in the image such as submucosal vessels, specular reflections and
bubbles. This is consistent with the CAMs we produced in our pilot study. CAMs serve

two purposes; they serve as form of internal validation, increasing the confidence that



our CNN classifies based on IPCL patterns and secondly the allow our network outputs

to be clinically interpretable.

R Endoscopic image CNN CAMs L:I

Figure 65 Representative examples of class activation maps generated by this CNN



8.5 Discussion

This study reports a comparison in the diagnostic performance between a cohort of
expert endoscopists based in Europe and Asia, with that of a clinically interpretable
convolutional neural network in the classification of IPCL patterns in early squamous

cell neoplasia of the oesophagus.

ESCN lesions are subtle and can be easily missed; hence several classification systems
exist to assist clinicians in the identification and characterisation of ESCN based on
IPCL morphology?36:238.239_ Early ESCN lesions, confined to the mucosa, can be treated
successfully endoscopically without the need for more invasive surgery. Endoscopic
adjuncts to detect and identify these IPCL patterns and thereby ESCN lesions is vital to
improve patient outcomes. This study sought to address the lack of data on the
diagnostic performance of Western clinicians assessing ESCN; almost all studies to
date have assessed the use of IPCL classifications within high-volume referral centres,
predominantly in Asia. This study has provided a benchmark for the performance of

the JES IPCL classification when used by Western clinicians.

In chapter 7 we reported a proof of concept study which outlines the use of an early
iteration of our CNN to classify oesophageal mucosa as squamous or dysplastic?43245,
We therefore aimed to further develop this CNN using an expanded dataset to assess
whether it could maintain or improve its ability to classify IPCL patterns in a dataset
with greater variability of endoscopic images. We then aimed to compare its

performance with expert clinicians to assess whether it could provide an incremental

improvement in diagnostic performance.

Testing of our CNN revealed promising results; we demonstrate accuracy for the
prediction of dysplasia of 91.7%, an F1 score of 94% and sensitivity of 93.7%. This
compares favourably with an analysis of the diagnostic performance of expert
clinicians using the JES classification by Oyama et al., which reported accuracies of
91.9 - 95.9% and sensitivities of 55% - 97.5%. This CNN was able to classify images at
video rate and was trained using consecutive, segmented frames from endoscopy

videos, so has the potential for real-time use.



We note that since the development of our proof of concept study, other groups have
published work in this area. Guo et al. propose a CNN for the classification of dysplastic
mucosa compared to normal tissue. This group used 6671 images to train their system;
reporting sensitivities of 98%. We noted, including in our own proof of concept study,
that relatively small datasets such as this may struggle to achieve such diagnostic
performance when trained and tested on larger, more variable datasets?°. If the CNN
is not exposed to a wide variety of operating conditions, image resolutions or patient

variability it will likely struggle to perform in a wider, unselected cohort.

Zhao et al. report another CNN trained on a small dataset of 1383 images, with
reported accuracies of 87% for the detection of dysplastic IPCL patterns'®3. This
dataset was heavily skewed towards images containing type B1 IPCL patterns. We
therefore argue that this network is unlikely, based on our experience, to classify
lesions continue B2 or B3 IPCLs with such accuracy. A system with poor diagnostic
performance in identifying B2 and B3 IPCLs as abnormal could have serious clinical
consequences, since these patients may require more radical treatment options such
as surgery. In contrast to these studies, the CNN we propose has been tested and
trained on a larger dataset, and despite the inclusion of a balance of IPCL subtypes

maintains a high level of diagnostic accuracy.

This study assessed the diagnostic performance of a CNN compared to expert
clinicians. We recruited a cohort of Asian and EU endoscopists and assessed their
performance using a representative sample of images from the same patient cohort
used to train our CNN. We selected both EU and Asian endoscopists to assess whether
there may be geographic variations in performance, based on exposure to assessing
and managing ESCN lesions; this is the first such reported study to assess this. We
observed that all endoscopists achieved high diagnostic accuracy using the JES system.
The Asian endoscopists achieved an accuracy of 97.1%, F1 score 98%, sensitivity of
96.9% and specificity of 97.6%. This was comparable with EU endoscopists who
achieved an accuracy of 96.9%, F1 score 97%, sensitivity of 98.9% and specificity of

91.5%. It is likely that the unexpectedly higher sensitivity of EU endoscopists for



identifying dysplasia is likely related to them over-diagnosing dysplasia, as evidenced

by the concomitant lower specificity.

Our CNN achieves lower but comparable diagnostic performance when compared
with the expert endoscopists in this study. In some instances it performed better than
some individual clinicians for individual performance measures. We not that the
diagnostic performance of our expert panel was higher than that reported in other
studies using both the JES and other IPCL classifications, which suggests that with
further refinement our CNN shows promise as a diagnostic adjunct to clinicians
involved in the endoscopic management of ESCN. Given that this study only compared
our network to expert clinicians in both geographic settings, we propose that further
work should assess our CNN against the performance of less experienced

endoscopists.

In chapter 4.3 we outlined work by other groups on the development of a CNN to
classify IPCL patterns as normal or dysplastic. We note that our study uses the largest
reported dataset of images reported at present, but does not report the largest
number of patients. Estimating the effect of higher image counts but lower patient
numbers on CNN performance is difficult. We suggest that the large numbers of
sequential images used may mean that the estimates of diagnostic performance for
our CNN may be closer to what is currently achievable by a CNN, compared to studies
trained using smaller datasets. Smaller image datasets are prone to overfitting,
meaning that they may over-exaggerate diagnostic performance, which cannot be

replicated on larger and more varied image datasets.

While not directly comparable, consideration should also be given to the performance
of our CNN relative to other studies using a range of diagnostic classifications. Oyama
et al. demonstrated an overall accuracy for histology prediction of 90.5% using the JES
classification?3®. In a retrospective analysis of patients with histologically confirmed
ESCN who underwent ME-NBI assessment, Mizumoto et al. report diagnostic accuracy
of 82% for the differentiation of lesions superficial to the LPM compared to those

invading deeper than the MM using the JES classification?>2. Kim et al. report an overall
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accuracy for identifying dysplastic lesions using the JES system of 78.6%
demonstrates that our CNN classified lesions with a higher average accuracy of 91.7%

for the prediction of dysplastic tissue.

We identify some limitations of this study, which we have attempted to mitigate.
There is a degree of selection bias in that videos identified by two expert clinicians as
either dysplastic or non-dysplastic were included. We acknowledge that this may
dispose our dataset to more obvious lesions, but attempted to include lesions across
the spectrum of pathology (HGD-SM3+) to mitigate this. Another limitation is that we
cannot correlate a specific IPCL with a histology result rather we classified imaged
areas in their entirety; in keeping with other studies in this field and in keeping with
clinical practice. To mitigate this we classified lesions by their most abnormal and
predominant IPCL pattern and correlated this with the most serious pathology
identified under microscopy, since this is what occurs in clinical practice and is most

appropriate.

Further work should focus on training CNNs with datasets of increasing size and
variability. While this remains in the future, in order to be used in clinical settings CNNs
need to be rigorously validated against clinicians. We suggest that further studies
should aim to characterise the diagnostic performance of non-expert endoscopists
based in high and low volume centres for the treatment of ESCN. This could provide a
benchmark against which to assess the potential utility of our CNN as an adjunct to

endoscopic assessment of ESCN by non-experts.



Chapter 9 - Discussion and further work

This body of work aimed to present novel methods to improve the endoscopic
detection of early oesophageal neoplasia. At the outset this thesis highlighted that
oesophageal cancer is a significant health burden worldwide. Given the evolving
epidemiologic trends in the incidence of different histological subtypes of
oesophageal cancer, improving detection is likely to require a different focus in a
Western setting (where adenocarcinoma predominates) and an African or Asian

setting (where squamous cell carcinoma predominates).

9.1 Minichromosomal maintenance component complex 5 (MCM5) as a marker of Barrett’s

oesophagus related neoplasia — a feasibility study
The first study in this thesis was presented in chapter 5. It is well recognised that the
endoscopic detection of oesophageal cancer is variable, with a significant mis-rate for
detection on endoscopy in the year preceding a diagnosis. In the UK a significant
number of patients are referred for urgent access to endoscopy on the basis of ‘red
flag’ symptoms, an overwhelming majority of these patients are found to have a
normal oesophagus and for those with pathological findings, most are benign
etiologies. The resource burden on secondary care services, from endoscopy to
pathology, associated with these referrals is significant. There is an unmet need to
streamline the patients referred to endoscopy, in order to improve cancer detection
rates, reduce patients being referred for unnecessary investigations and to reduce the
increasing burdens on endoscopy services. We investigated whether a novel
biomarker, MCM5 could be used to better identify patients with early oesophageal

cancer, particularly in the context of BO.

At the outset of this study, we envisaged that a validated biomarker used in this
context, could serve two purposes. A biomarker that could be obtained from blood or
gastric fluid could reduce the need for endoscopy in patients with ‘red flag’ symptoms.
In the case of MCM5 we demonstrate that it can be obtained and quantified from
aspirated gastric fluid samples; in our study this was achieved via gastroscopy, but this

could feasibly be performed through the less invasive insertion of a nasogastric tube.



Such a procedure could be performed in a primary care by appropriately trained staff
and used to identify patients with red flag symptoms in whom the likelihood of it being
caused by a cancer was low. These patients could then be given a trial of alternative
treatments or less invasive tests to look for other benign causes. Conversely patients

in whom the likelihood of cancer was high could be triaged to endoscopy services.

The second potential use of such a biomarker, could be to rationalise the way in which
patients with BO undergo surveillance. As discussed the majority of patients with BO
do not progress to dysplasia or neoplasia, yet they continue to undergo surveillance
over a long period of time. A biomarker that could be quantified from gastric aspirates
undertaken during BO surveillance endoscopy could highlight patients who have early
neoplasia that was missed on macroscopic inspection; these patients could then be

recalled for further surveillance at a shorter interval than previously planned.

As a feasibility study our work into the value of MCM5 for the detection of
adenocarcinoma presents an interesting signal for further interrogation. We also
report a methodology to use as a benchmark for further work. This study
demonstrated that MCMD5 levels are significantly raised in patients with oesophageal
adenocarcinoma compared to patients with a macroscopically normal
oesophagus (154.1 vs 14.4 [p = 0.04]). This suggests that there may be some value in
the use of MCMS5 as a screening test for patients presenting to primary or secondary
care physicians with red flag symptoms. Further work should seek to further evaluate
the discriminative performance of MCMS5 levels for the detection of cancer in a larger,
powered study. If there is evidence that MCM5 quantification can differentiate
unselected patients with cancer from those without it, more work into the logistical
aspects and cost effectiveness of obtaining gastric aspirates without the need for

endoscopy should be considered.

Our second objective was to investigate whether MCMD5 could be used to differentiate
patients with non-dysplastic BO, from those with dysplasia or neoplasia; if this was the
case it MCMS5 levels could be used to inform surveillance intervals. We reported a

stepwise association in the mean MCMS5 expression levels between patients with a



normal oesophagus, NDBO, HGD and oesophageal adenocarcinoma (14.4, 49.8,
112.3, 154.1 respectively). In this study there was no statistically significant difference
in MCM5 expression levels between these three patient groups. Since this was a
feasibility study and hence not formally powered, there is a risk of type Il errors.
Further work in this area should involve a formally powered study with increased
patient numbers, in order to further interrogate whether there is a relationship
between increased MCMS5 expression and the presence of BO, BO associated dysplasia
and subsequently oesophageal cancer. We suggest that patients included within an
oesophageal cancer cohort should include patients both with BO associated

adenocarcinoma, as well as squamous cell carcinoma.

9.2 Assessing whether virtual chromoendoscopy using iScan Optical Enhancement improves
the detection of Barrett’s oesophagus associated neoplasia in expert and non-expert
endoscopists.
In chapter 6 we presented a study which aimed to establish whether a novel advanced
imaging system, iScan OE, could provide an improvement in the diagnostic
performance of expert endoscopists assessing for BO associated neoplasia compared
to HD-WLE. This study demonstrated that iScan OE is a promising technology for use
in the endoscopic detection of BO associated neoplasia, both on macroscopic

assessment and during magnification endoscopy.

Our study demonstrated a significant improvement in both trainee and expert
endoscopists for the detection of BO associated dysplasia and adenocarcinoma, when
using iScan OE compared to HD-WLE. We observed an improvement in the diagnostic
accuracy of dysplasia detection in trainees from 63% to 76% when using OE and an
improvement in the accuracy of experts from 78% to 86%. We observed significant
improvements in the sensitivity and specificity of both groups using OE compared to

HD-WLE.

The relevance of this finding is difficult to interpret. At the outset of this study, it would
have seemed more likely that trainee endoscopists using HD-WLE would exhibit a

diagnostic performance closer to that of experts, compared to when they used OE,



since most of their training would have been conducted using HD-WLE endoscopes.
There are two possible explanations for this observation we suggest; firstly that OE
may reduce the learning curve for the detection of dysplasia in trainees and so allow
them to perform closer to an expert level, secondly that the experts used in our study
may still be on their learning curve when using OE and so their diagnostic performance
may be expected to improve further with additional training. Further work, with a
larger cohort of expert and trainee endoscopists, with multiple assessments separated
temporally may provide more granular detail on how the use of OE improves

performance in these two groups

This study also validated a previously proposed magnification endoscopy classification
system for use with the iScan OE platform?%4. Our iScan MV classification system,
when used to assess the mucosa under OE magnification endoscopy, confers a
significant improvement in accuracy of dysplasia detection using OE compared to
WLE, with accuracy improving from 66.7% to79.9%.We also observed an
improvement in sensitivity ifrom 83.4% to 86.3% with OE. In this part of the study only
expert endoscopists were assessed, since trainee or non-expert endoscopists are less

likely to have access to or experience with magnification endoscopy.

We identify several limitations to our study. The first is that the prevalence of BO
associated neoplasia in our study population, does not match that of the unselected
population attending for either routine endoscopy, or BO surveillance endoscopy. Due
to the relative rarity of BO neoplasia it would be logistically challenging to conduct a
study such as this in an unselected population. Our methodology is in keeping with

other large studies in this area, who also used an enriched population'®7:22%,

A second limitation is that we did not use video recordings in this study; this was a
conscious decision. We recognise that endoscopists rely on a number of visual cues
when assessing the oesophageal mucosa other than mucosal and vascular patterns;
the contours of the luminal wall as well as abnormalities in its motility all contribute
to the detection of neoplastic tissue. Previous work from our group demonstrated that

asking endoscopists to assess videos posed significant challenges when trying to



standardise what tissue they felt was dysplastic — for example, would their localisation
of the dysplasia be based on time seen in the video, segmented areas of dysplasia or
pinpoint selections in various frames of the video. To allow direct comparisons
between the assessments of endoscopists we therefore opted to use images of the
oesophageal lumen and mucosa. To mitigate the fact we had not used videos we used
multiple sequential images from each patient to simulate an endoscopic ‘pullthrough’
manoeuvre. This meant that the assessing endoscopists were able to make an
assessment on multiple areas of the oesophagus for each patient and to get some
appreciation of the variation in mucosa throughout. This methodology is not dissimilar
to other reported work in the field. In future work it would be recommended to record
assessments on video footage, possibly with the use of a bespoke computer portal to

facilitate a more standardised comparison between assessors selections.

The Preservation and Incorporation of Valuable endoscopic Innovations (PIVI)
thresholds recommended by the ASGE, outline the diagnostic performance a new
endoscopic technology should meet prior to incorporation into routine endoscopic
practice. At present no advanced endoscopic imaging system has been demonstrated
to meet PIVI thresholds for the incorporation into routine endoscopic practice. We
note that our system is comparable to other advanced imaging systems in the
improvement it offers expert endoscopists for dysplasia detection. Our study, as well
as others in the reported literature also demonstrated that by the standards set by
PIVI, HD-WLE would also not reach the threshold required to be incorporated into
routine practice. Further work should look to investigate whether the thresholds set
by PIVI are attainable and whether potentially useful innovations are not being
investigated further because they do not appear to meet PIVI thresholds in initial
testing. The validity of PIVI thresholds is therefore debatable. If our study alone had
demonstrated that the expert endoscopists diagnostic performance for the detection
of dysplasia with HD-WLE was below PIVI thresholds, then it raises questions
surrounding their expertise. However given that most reported work demonstrates
that in expert endoscopists the use of HD-WLE only meets PIVI thresholds
inconsistently, we argue that further work should be completed to establish the

validity of the PIVI thresholds.



9.3 Developing a clinically interpretable convolutional neural network to aid in the
endoscopic diagnosis of early oesophageal squamous cell carcinoma: a proof of concept

studly.

Chapter 7 presents the feasibility study and preparatory work undertaken for the
development of a novel CNN for the characterisation of ESCN based on IPCL patterns.
The follow up study to this work is presented in Chapter 8. This small study developed
the architecture required for this CNN. As a result of this work we identified further
refinements to improve the performance and validity of our system, as well as to

develop features that could give it clinical utility in downstream applications.

Early iterations of our network were ‘black-boxed’. This meant that our system was
producing classifications based on image features that were not available to scrutinise
by human operators. During our quality control process images were cropped to
remove any patient identifiable data or settings information that was included within
the black margin that surrounds the endoscopic images. We identified very high levels
of diagnostic accuracy based on an early test run of our system which would usually
not be expected when training CNNs. Upon further interrogation it was found that the
CNN was classifying based on the size of the remaining black margins, which after
quality control by a human clinician were larger in patient images which displayed
dysplastic lesions. This prompted two revisions to our methodology. Firstly we
developed an SOP to ensure that during quality control only the part of the image
extracted from the videos which contained the endoscope view was included in
training. This ensured that no additional, non-discriminative image features were used
by our CNN to classify images. Secondly, this led to our development of CAMs. The
class activation maps ensured that only relevant image features were used by the
neural network to classify tissue as dysplastic or normal. The CAMs allowed clinicians
to scrutinise the architecture of the network and its decision making, to ensure that it

was behaving in a manner that mimicked that of a clinician.

The results obtained in this study were entirely novel and so we were unable to
compare our results to other work available in the literature. When assessing our

results we noted significant variability between folds. This is often an indicator that



the CNN is ‘overfitting’data, meaning that it becomes very good at classifying a small
subset of patients, but is less able to generate accurate classifications when presented
with a greater variety of patients and operating conditions. The solution to this was to
expand our patient dataset to include a greater number and variety of patients, so

that the CNN trains using a wider range of image features.

9.4 Validating a clinically interpretable convolutional neural network for the prediction of

early squamous cell neoplasia of the oesophagus; comparing diagnostic performance with a

panel of expert European and Asian endoscopists
The final and largest study in this body of work was presented in chapter 8. This study
built upon the feasibility study reported in chapter 7. We aimed to develop a clinically
interpretable CNN, capable of classifying magnification endoscopy images of
oesophagus squamous mucosa as normal or dysplastic, based on IPCL patterns. From
this study we identified that larger numbers of patients were required to ensure that
the features that our neural network was recognising as dysplastic could ‘generalise’
to accurately detect dysplasia in a wider, more varied patient population. Our second
study therefore increased the number of patients recruited nearly seven-fold and
increased the number of included images nearly ten-fold. Having achieved this we
aimed to validate it against a cohort of Asian and European expert endoscopists in

order to benchmark its diagnostic performance.

This study represents a significant contribution to the field of artificial intelligence in
endoscopic diagnosis. Unlike other ‘black box’ type CNNs, we specifically designed our
system to be clinically interpretable. The development of CAMs, visual
representations of the image features that the CNN has identified as discriminative
for the identification of cancer, could facilitate the use of this system intra-endoscopy.
We envisage that with validation and further development, the CAMs produced by
our network and demonstrated in (figure 67) could be used to highlight to clinicians
during endoscopy which areas of the endoscopic image contain abnormal tissue. In
the case of magnification endoscopy this could permit the more accurate delineation
of lesion resection margins; areas containing abnormal IPCLs could be displayed

endoscopically and marked for resection. Our system was also developed using



sequential video frames and can classify at video rate, another vital ability if it is to

have clinical utility.

Our methodology is robust, we report one of the largest image datasets for this
purpose in the literature. The ‘non-black box’ nature of our system allows us to
interrogate that it is predicting the presence of dysplasia on the basis of IPCLs and not
on other obscure, non-discriminative features. Similarly during endoscopy,
endoscopists utilise an array of visual features to detect dysplasia, often
subconsciously. Our use of sequential still images, which when run in sequence are
essentially a video, should provide a strong foundation for the use of our CNN to

classify endoscopic videos in real time.

Since the study in chapter 8 was conducted, other groups have reported similar work.

Horie et al.1%?

, using 8248 images from 384 patients with a mixture of OAC and ESCN,
demonstrated sensitivities of neoplasia detection of 98%. This system was based on
macroscopic feature detection to allow the identification of areas suspicious for
neoplasia. It should be noted that this is a relatively small number of images to use for
a computer aided detection algorithm, particularly as it was split between two
different subtypes of oesophageal cancer. The PPV of this system was also 40%,

suggesting that the CNN may be disposed to over diagnosing cancers on the basis of

shadows and other non-discriminative features.

Another system, developed by Nakagawa et al.>>3 most closely replicates our own. To
develop their CNN, they used 5768 magnification endoscopy images, and 8660 non-
magnified images of 804 ESCN lesions. Following training, 509 ME images from 155
patients were used to test the diagnostic performance of their CNN. Interestingly this
group demonstrated the ability of their network to distinguish between mucosal and
submucosal cancers with a promising degree of accuracy and sensitivity. For the
detection of mucosal ESCN this study demonstrated accuracy and sensitivity for
neoplasia detection of 92.3% and 93.7% respectively; for the detection of submucosal
cancers this decreased to 89.7% and 91.5% respectively. Our CNN is not yet able to

predict invasion depth of cancers; this was a conscious selection in methodology. We



opted to develop a robust and clinically interpretable CNN for the detection of
dysplastic IPCLs in the first instance. Unlike the Nakagawa study we have produced
CAMs which demonstrate what features the CNN is using to classify images as
dysplastic; providing an additional layer of validation to our methodology. Secondly
we opted to use a significantly larger dataset to first establish our networks ability to
recognise IPCLs as normal or dysplastic. Based on our experience we would argue that
such a small dataset would struggle to reliably generalise its predictions to a larger,
unselected patient population, particularly when classifying over multiple patient
subgroups. We have therefore aimed to ensure that our binary classification algorithm
is of a substantial reliability and quality, before applying it to the more complex
problem of multi-class classification of varying cancer invasion depths. While this is
currently a major limitation of our CNN that would prevent its widespread clinical use,
we aim to continue to develop a system, with larger patient numbers, capable of

predicting the invasion depth of ESCN based on IPCL patterns.

This thesis has made frequent references to and acknowledges the fact that
endoscopists practice in a variety of settings; expert endoscopists working in high
volume centres may not be representative of the average endoscopist working in an
average centre. In this study we benchmarked the performance of a group of Asian
and European expert endoscopists for the detection of ESCN. The utility of the JES
classification in Asian settings has been well characterised and validated, but less is
known about its utility in a low volume European setting. We have demonstrated that
using the JES classification expert European endoscopists achieve comparable levels
of diagnostic accuracy to expert Asian endoscopists. This body of work therefore sets
the benchmark for other studies assessing the JES classification, or those comparing
the diagnostic performance of CNNs for classifying IPCLs patterns with clinicians in a
European setting. The performance of our CNN matches that of some expert cohorts
reported in the literature. In our study while the CNN performance was promising, it
failed to match that of most expert endoscopists since their performance measures

were so high.



Further work is needed to identify the performance of non-expert European and Asian
endoscopists in the classification of abnormal IPCL patterns using the JES
classification; this should then be compared with the performance of our CNN. This
work may demonstrate that our CNN outperforms non-expert endoscopists. The
implication of this finding is that our CNN may then have a role as a decision and
diagnostic support tool for non-expert endoscopists assessing lesions that are
suspicious for ESCN. Accurate characterisation of these lesions by a CNN could reduce
the need for unnecessary biopsies and improve the triage of patients to prompt

endoscopic or surgical therapies for their ESCN.

9.5 Conclusions

This thesis presents four studies which investigate technologies that could improve
the endoscopic detection of early oesophageal neoplasia. We have successfully
developed an early iteration of a convolutional neural network that can classify
oesophageal mucosa as normal or dysplastic in real time. This work provides a
framework for further studies which should aim to produce a clinically validated and
applicable system to classify neoplastic tissue intra-endoscopy. This body of work has
also assessed and validated a classification system for the detection of Barrett’s
oesophagus associated neoplasia using a new advanced endoscopic imaging system,
as well as demonstrating a new imaging technology may be more effective that the

use of HD-WLE alone.
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Appendix 1 — Data collection proforma used for the MCMS5 study

CASE REPORT FORM

STUDY TITLE: FEASIBILITY STUDY OF THE USE OF ARQUER’S MCMS5 ELISA TEST TO AID
IN THE DIAGNOSIS OF OESOPHAGEAL CANCER USING GASTRIC ASPIRATES

STUDY SITE: University College London Hospitals

PRINCIPAL INVESTIGATOR: Dr. Rehan Haidry

| am confident that the information supplied in this case record form is complete and accurate data. |
confirm that the study was conducted in accordance with the protocol and any protocol amendments and
that written informed consent was obtained prior to the study.

Investigator’s Signature:

Investigator’s name:

Date of signature:

WITHDRAWAL: COMPLETE IF THE SUBJECT HAS WITHDRAWN FROM THE STUDY

Date of withdrawal

Reason




Inclusion Criteria

1 Patients who have been referred for endoscopy and fall into one of four subgroups
defined as: Control (Acid Reflux), Barrett's Oesophagus, Barrett's Dysplasia or
Oesophageal Cancer

2 Is the subject 18 years of age or older?

3 Is the subject suitable for standard investigations as part of normal clinical practice?

4 |s the subject able to understand the purpose of the study, give consent, and have a
gastric aspirate taken?

5 Has the subject willingly given written informed consent?

* If any inclusion criteria are ticked ‘No’ then the patient is not eligible for the study.

Exclusion Criteria

1 Patients who are undergoing chemotherapy for a previously diagnosed malignancy

2 Has the subject had any instrumentation to the upper Gl tract within the last 2 weeks?

3 Has the subject already received treatment (chemotherapy or radiotherapy)?

*If any exclusion criteria are ticked ‘Yes’ then the patient is not eligible for the study.

'Year of birth:

Yes No*

L]

Yes No




CLINICAL INFORMATION

Acid Reflux (Y/N)

Non dysplastic
Barrett’'s Oesophagus (Y/N)

Dysplastic Barrett's
Oesophagus (Y/N)

Oesophageal Cancer (Y/N)

If Applicable:
Grade and stage of
diagnosed cancer

Result of any other relevant
investigations

Cytology

Bloods

Other

SAMPLE COLLECTION

Sample Identification No:

Clinical description of visit

Date sample collected

Time sample collected

Total volume of gastric aspirate collected

Time sample process and centrifuged




Appendix 2 — Data collection proforma used for the OE study

ZOOM ENHANCMENT ENDOSCOPY IN BARRETT’S
OESOPHAGUS with OPTICAL ENHANCMENT (ZEEBO 2 STUDY)

RECORDING SHEET

PATIENT DETAILS ENDOSCOPY DETAILS

Name: Endoscopydate: [/ /

Gender Male Female (please circle) Endoscopist:

Date of birth: / / Scope number:

Hospital No/Identifier: Recording Sequence No.

PRE-RECORDING CHECKLIST

N-Acetylcysteine applied? YO NO
Simeticone (Infacol) applied? YO NO
Barrett’'s measurement: GO]J cm C cm M cm

RECORDING CHECKLIST (please spend a minimum of 10 seconds during each enhancement mode)

PULL THROUGH RECORDING
(Please tick)

HD-WLE  recording: |

i-Scan OE recording: |

Magnification view of
macroscopically normal

area in HD-WLE and OE

AND matched biopsy a

WERE ANY ABNORMALITIES DETECTED? YO NO
If yes, please record each using zoom function and complete the below table for each abnormality.

Level | Location Lesion recorded in all | Matched biopsy | M/V Score Comments (i.e.
(pleasecircle) | enhancement modes? | /EMR obtained? | (please circle) why lesion
chosen?)
P L YO NO YO NO M 1 2
—cm A R vV 1 2
P L YO NO YO NO M 1 2
___Ctm A R Vv 1 2
P L YO NO YO NO M 1 2
—Cm A R vV 1 2
P L YO NO YO NO M 1 2
—cm A R vV 1 2
P L YO NO YO NO M 1 2
—cm A R vV 1 2




Appendix 3 — Protocol used for image capture and histology recording
in OE study

ZOOM ENHANCMENT ENDOSCOPY WITH I-SCAN and [-Scan OE TO DETECT
NEOPLASIA IN BARRETT’'S OESOPHAGUS (ZEEBO 1)

Short Title: ZOOM ENHANCMENT ENDOSCOPY with I-Scan OE IN BARRETT’'S
OESOPHAGUS (ZEEBO STUDY) - ZEEBO Il

Protocol: Version 1.5 (19/10/2016)

M. Everson, R. Haidry

Introduction

Barrett’s oesophagus (BE) is a change to the cells lining the oesophagus and occurs in
about 10% of people with acid reflux disease. This condition is of great importance
as it represents a pre-invasive precursor lesion to oesophageal adenocarcinoma.
Adenocarcinoma of the oesophagus is a deadly disease with a 5 year survival of less
than 15%. This cancer is increasing rapidly in the West with a 350% increase in
incidence in the USA over the last 20 years, with a similar increase in the U.K. It is
thought that 64-86% of all adenocarcinomas arise in BE, with the incidence of
oesophageal cancer increased 30-100-fold above that for the general population. As
such a major goal in recent years is the early detection of dysplastic changes in high
risk patients with BE, to enable early therapeutic intervention and so prevention of

the development or prognosis of adenocarcinoma.

High grade dysplasia (HGD) is at present the most robust routinely used clinical
marker of cancer progression in BE; its presence confers a 16-59% risk of developing
cancer within 5 years of the diagnosis of HGD. HGD is characterized by changes in
the architecture and cellular components of the oesophageal mucosa, which may be
detected microscopically and often macroscopically. There are now several
minimally invasive treatment options that can be also delivered through the
endoscope. Many patients with Barrett’s oesophagus therefore undergo surveillance
endoscopies at intervals to detect HGD in line with international guidelines.
Conventional white light endoscopy is not sensitive enough to detect HGD alone and

the standard approach is therefore to take one tissue biopsy in every quadrant of



the Barrett’s segment every 1-2 cm and send for histopathological review (Seattle
Protocol). Analysis of biopsies is time consuming and costly, as such more accurate

and cheaper methods to detect HGD are urgently needed.

A promising new technology developed by HOYA Pentax (Tokyo, Japan), optical
enhancement imaging (OE) utilises novel post processing technology (i-scan)
alongside newly developed optical filters, which emit wavelengths of light
corresponding with the main absorption peaks of haemoglobin. This limited spectral
transmission has been shown in other technologies such as narrow band imaging
(NBI) to allow improved visualisation of microvascular structures within the
gastrointestinal mucosa and confers greater colour distinction abnormalities within
the mucosa. In addition this new technology delivers a continuous baseline
transmission of light between three peaks in the red, blue and green wavelengths.
This increased transmission allows the endoscope to provide higher intensity
illumination of the target area, currently a limitation of NBI, thereby providing better

quality imaging.



OE
Predominantly transmits blue and green wavelengths corresponding to the main
absorption spectra of haemoglobin, but additionally raises baseline transmission of

wavelengths across the entire visible light spectrum.

ESCN lesions typically demonstrate high levels of neovascularisation and as a result
higher levels of circulating haemoglobin. We have previously demonstrated that
zoom endoscopy in conjunction with i-scan post processing technology can detect
dysplasia in BE based on the mucosal and vascular patterns. Now that this
technology has developed further, we hypothesise that using OEl technology, in
combination with acetic acid chromoendoscopy and enhanced optical zoom imaging,
will allow even greater quality enhancement and distinction of microvascular and
mucosal structures within BE tissue. This greater quality enhancement of mucosal
structures, alongside higher intensity illumination, should lead to greater sensitivity

in the recognition of neoplasia in BE tissue.

Model

Ot Mocel

1 =

300 400 500 600 700
wavelength(nm)

Light transmittance of OE-Model filter

Although the benefits of OE in the detection and characterisation of have not yet
been demonstrated in large human trials, this technology could offer an effective,
time efficient screening tool for the detection of high grade dysplasia in patients

undergoing assessment of BE neoplasia
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Aims

The aims of this study are to:

1. Establish a simple endoscopic classification system for Barrett’s Oesophagus
(BE) related neoplasia (London BE classification)
2. To validate this classification system using a ‘Pentax HiLine’ series

magnification endoscope using the new i-scan OE optical imaging platform.

Inclusion Criteria

1. Patients undergoing endoscopic assessment for BE-related neoplasia across 3
separate sites — University College Hospital London (UCLH), Nottingham
University Hospital, University Hospitals Leuven.

2. Patients with or without known low grade dysplasia (LGD), high-grade
dysplasia (HGD) or early cancer undergoing endoscopy.

3. All procedures must be performed using a ‘Pentax Hjline’ series Magniview,
endoscope with i-scan OE

4. Patient able to consent.

5. Minimum BE segment of COM2 or C1M1 as per the Prague Classification.

Exclusion Criteria
1. Patients in whom endoscopy and biopsy is contraindicated
2. Patients who are unable to give informed consent.
3. Pregnant women.
4

People under the age of 21 years.



Classification System

The previously validated classification system will utilise a simple tool by which

mucosal and vascular patterns are analysed such that:

Mucosal
ML1.: regular circular, oval or villous/gyrus-like ridged pits

Ma2: distorted, irregular pits or featureless mucosa

Vascular
V1: regular and uniform vessels

V2:irregular or dilated ‘corkscrew-like’ vessels

Dependant upon individual’s interpretation of the mucosal and vascular patterns,

the following combinations and likely diagnosis are possible:

Table 1 - possible outcomes using classification system and subsequent likely

diagnosis
MV Classification Likely diagnosis
Mivi ND-BE
M1v2 D-BE
M2Vvi1i D-BE
M2Vv2 D-BE

* ND-BE — non-dysplastic Barrett’s oesophagus * D-BE — dysplastic Barrett’s

oesophagus




Endoscopy and lesion recording protocol

All endoscopy procedures will be performed by one of six consultant

gastroenterologists:

Dr RJ Haidry, UCLH (UK)

Dr R Sweis, UCLH (UK)

Dr K Ragunath, Nottingham University Hospital (UK)

Dr J Ortiz Fernando Sgrdg, Nottingham University Hospital (UK)
Prof R Bisschops, University Hospitals Leuven (Belgium)

Dr J Esteban (Madrid)

Pre-recording steps

1.

Please record patient, device (i.e. scope model number) and endoscopist
details on the recording sheet provided.

Please ensure you have the necessary space on your hard drive recorder
before starting the procedure.

Prior to recording and capturing lesions of interest, please ensure you have
washed the entire BE segment with N-Acetylcysteine (2%) and Simeticone
(Infacol).

Ensure you have accurately measured the Barrett’s segment using the Prague

Classification.

Recording steps

1.

Please manoeuvre your endoscope so that it is at the level of the gastro-
oesophageal junction (GOJ).

Make a note of the level of the GOJ on the recording sheet (see below).
Ensure your endoscope is set to plain white-light endoscopy (WLE).

Switch on your recording device



5. Now perform the ‘pull through’ procedure — beginning at the GOJ, retract
your endoscope through the entire segment of Barrett’s mucosa. You should
aim to spend approximately 10 seconds for every 1cm of Barrett’s present
(i.e. it should take 30 seconds to retract through a 3cm segment of Barrett’s
segment).

6. Repeat the pull through (starting at the GOJ) using i-Scan OE

7. Ifyou identify any lesions of interest please make a note of their level and

orientation (i.e. 32L — 32cm, left oesophageal wall)

Magnification recording
Once you have performed and recorded the pull through procedure using all
enhancement modes, you are now ready to begin recording with magnification

endoscopy on any lesions of interest you have already highlighted.

1. Return to any lesions you have highlighted during your pull through
procedure. For cases in which you plan to record more than one lesion using
the zoom scope, it is important you highlight the order in which you have
recorded these lesions on the recording sheet - it needs to clear to the
person reviewing the videos which lesion corresponds to which recording.

2. Once you have arrived at your lesion of interest please switch on your
recording device.

3. Switch on the zoom function on your endoscope and take a detailed
recording of the abnormality in question (aim to spend at least 30 seconds
doing this) using HD-HD WLE followed by i-Scan OE mode

4. Switch off the zoom function and take a biopsy from the area you have just
recorded.

5. Please ensure you send this biopsy in its own, separate formalin pot, which
has been correctly labelled with the location from which it has been taken.

6. Once complete, switch off your recording device.

7. Please repeat steps 2-6 for every lesion you zoom in on and record.



Obtaining non dysplastic control images with matched histology

1. Identify an area of the BE that appears macroscopically non-dysplastic

2. Use magnification view to obtain still images of macroscopically non
dysplastic area in iScan OE modes

3. Please take one matched biopsy from non dysplastic area, ensure this sample

is clearly labelled

Post Magnification recording
Once you have completed your pull through and zoom scope recordings (with
matched biopsies), please perform any further biopsies (or treatment) as per routine

clinical care. These do not need to be recorded for the purposes of this study.

Post endoscopy and recording
1. Once the procedure is complete please review your recording to ensure all
information has been captured correctly.
2. Please ensure you have fully completed the recording details not forgetting
to make a note of the recording sequence reference.

3. Please file away the recording sheet safely in a secure area as it contains

confidential patient information.

Editing and uploading videos to ‘DropBox’ anonymously

Once videos have been recorded, they will need to edited so that they are preferably
no longer than 90 seconds. This can be done using the video editing software of your
choice (i.e. for Windows use ‘Windows Movie Maker’ and Apple ‘iMovie’). Please
ensure you save the video in a universal format that will be able to be viewed by all

parties. The most common viewing format is .mp4.

Once videos have been edited and converted to the appropriate format, please
upload all videos to the shared DropBox folder. Please ensure all videos are
anonymised and contain no patient identifiable information. It is important you
organise videos in a format that allows you to go back and establish the eventual

histopathological diagnosis.



Appendix 4 — Full dataset for MCM5 study

Histology AR NDBE HGD CANCER
MCM5
expression 7.3551 22,9557 230.1155 300

level
9.1615 47.3419 5.5487  148.9923
18.0291 2.4286 7.4371 3.3635
9.4077 262.8768 20.4925 500
13.5132 98.4955 8.78325 9.76625
10.0646  23.6947 67.04486 6.197667
3.4139 3.0854 250 428.5714
15.54283 4.5316 300 166.6667
2.082375 26.81663 2.760889 31.92667
8.660917 0.371 94.8099 110.277
81.00919 10.39283 1.354 12.4865
20.99688 3.1135 189.4128 86.0635
2.729 187.5 45.03 187.5
0 3.011214 300 3.829333
0.007167 194.5525
300
198.1853
0
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