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Abstract

The field of luminal endoscopy has recently evolved rapidly, expanding both its diagnostic and
therapeutic capabilities. As gastrointestinal cancer continues to rise in prevalence, endoscopy
must advance to improve prevention, early detection, and minimally invasive treatment.
Significant effort has focused on enhancing imaging technologies and therapeutic adjuncts,
enabling earlier diagnosis and more effective management of luminal pathology. Despite these
advances, the fundamental endoscope control system has remained largely unchanged for
nearly half a century, relying on a bimanually operated flexible instrument controlled by dual

wheels and cables.

The role of vision and gaze in endoscopy remains poorly defined yet represents an emerging area
of research. Gaze analysis technology offers insight into visual search patterns during lesion
detection. A systematic review demonstrates its potential as an objective tool to evaluate
detection performance and assess optical technologies designed to enhance visualisation. A
meta-analysis of real-time artificial intelligence—assisted systems confirms improved detection
of precursor lesions. A cross-sectional survey of endoscopists further highlights persistent

challenges in orientation and spatial control during procedures.

Review of current control systems and adjunctive tools reveals ongoing attempts to optimise
endoscopic manipulation. However, the intrinsic flexibility of the endoscope presents
mechanical challenges in delivering advanced therapy, contributing to a steep learning curve
that confines complex procedures to a small cohort of skilled operators. Recent work has
explored robotic integration to enhance intuitive control. A systematic review of predominantly
experimental robotic platforms identifies multiple systems at varying stages of development,

though most remain costly and confined to trial settings.

This thesis introduces gaze control as a novel paradigm in endoscopic manipulation. Integration
of eye-tracking technology with a robotised conventional endoscope enabled development of
the first hands-free gaze-controlled system, demonstrating feasibility in benchtop and human
trials. The refined iGAZE2 system represents proof of concept for a new approach to endoscopic

control.
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1. Introduction

1.1 Prologue

The role of endoscopy in the detection and resection of precancerous and cancerous lesions is
well established. The worldwide burden of gastrointestinal cancer continues to increase. There
has been continual research work in the last few decades to optimise endoscopy’s role in

tackling this.

A better understanding of the cancer pathways and precursor lesions has allowed endoscopists
to detect lesions earlier. Accordingly, endoscope imaging technology has improved to facilitate

lesion detection.

Endoscopy was previously limited to simple lesion resection, but the therapeutic remit has
significantly grown with endoscopists now able to resect more advanced lesions with organ
saving procedures. The endoscopic therapeutic catalogue has deepened but procedures are
still dependent on the ability of endoscopists to perform complex therapy through the

conventional endoscope, that remains similar in design since its inception 50 years ago.

The role of vision and endoscopist gaze is an exciting and recent area of research. The
combination of this with robotic control systems provides a novel and untouched area of

endoscopy research.

1.2 Aims of this Research

The aims of this research are to investigate the role of vision and gaze in endoscopic lesion
detection and orientation, the challenges of the current endoscope control system and the
potential of combining gaze technology and robotics to provide a novel endoscopic control

system.
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The aims of this thesis are delivered through three sections. Firstly, the role of vision and gaze in
endoscopic lesion detection and localisation is presented including an assessment of
endoscopist orientation, the real-world application of Al and the emerging field of gaze analysis
in endoscopy. The second section focuses on therapeutic endoscopy, the challenges of the
control system, the adjuncts available and the emerging field of robotic endoscopy. The last
section combines learning from vision and gaze technologies and robotic control systems to

produce and present a hovel gaze-controlled endoscope.

1.3 Hypothesis

“The development of a gaze controlled endoscopic system is feasible. A gaze control system is

more intuitive than a conventionally controlled endoscope”

The aims of this research and strategies to achieve the aims were:

Investigate the role of vision and gaze in endoscopic lesion detection:

By reviewing the role of lesion detection in endoscopy (Chapter 2)

By systematically reviewing gaze analysis literature in endoscopy (Chapter 2)

By examining endoscopist’s ability to orient themselves during endoscopy (Chapter 3)

By systematically comparing Computer Aided Diagnostic Endoscopy to conventional

endoscopy in polyp and adenoma detection rate (Chapter 4)

By systematically comparing Computer Aided Diagnostic Endoscopy to conventional

endoscopy in diminutive, sessile and proximal lesion detection rate (Chapter 4)
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Investigate the current endoscopic control system:

By reviewing the current endoscope control system and its challenges (Chapter 5)

By systematically reviewing the available endoscopic instruments for advanced therapy

(Chapter 5)

By systematically reviewing the current robotic endoscopic control platforms (Chapter 6)

Evaluating a novel gaze controlled robotic endoscope:

By developing a gaze-controlled endoscope system (Chapter 7)

By assessing the feasibility of a gaze control system (Chapter 7 & 8)

By comparing the intuitiveness of an upgraded gaze control system to conventional

endoscopy (Chapter 8)

1.4 Thesis Overview

Chapter 2 outlines the role of endoscopy in lesion detection. In the UGI tract early detection of
precursor lesions such as Barret’s and Chronic Atrophic Gastritis (CAG) reduces progression to
cancer. Accurate localisation and orientation of this lesions, for example the intragastric extent
of CAG allow appropriate screening and early intervention for such patients. In the LGl tract the
adenoma-carcinoma sequence is well established with adenoma detection and resection
proven to reduce colorectal cancer risk. Imaging technologies including optical filters and
magnification alongside attachable endoscopy devices improve lesion detection. Gaze analysis
research in endoscopy shows improved visual search patterns to improve lesion detection and

provides a novel and more accurate objective assessment tool of new imaging technologies.
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Artificial Intelligence is revolutionising multiple disciplines across Science and Medicine.
Computer aided diagnostic endoscopy is one important application of Al and offers potential
improvement in lesion detection and thus reduction in Gl cancer risk. Chapter 3 systematically
reviews CADe systems in real life use versus conventional endoscopy in both overall polyp and
adenoma detection rate, and the most commonly missed polyps and adenomas (sessile,

proximal, and diminutive).

Accurate orientation in endoscopy is key to appropriately risk stratify lesions that are detected
during endoscopy and plan appropriate interventions. Although much work has been done on
the endoscope imaging technology itself there was no research on endoscopist’s ability to
localise and orient themselves. Chapter 4 presents a trial of endoscopists and their ability to

orient themselves in the UGI tract.

The range of endoscopically detected lesions amenable to endoscopic resection has
dramatically increased over the last decades. Endoscopic submucosal dissection (ESD) is
increasingly the preferred resection method of larger or complex lesions avoiding surgery, and
with improved complete resection and reduced recurrence versus endoscopic mucosal
resection. Chapter 5 outlines the role of endoscopy in lesion resection and systematically
reviews the available ESD tools and the relevant comparative trials. The endoscope control
system has remained similar for several decades despite the increasing therapeutic remit.
Chapter 6 presents the challenges of the current endoscope control system and reviews the

robotic control systems emerging which are all bimanually operated.

Gaze analysis had been only used as a research tool to study endoscopists gaze patterns. The
precision movements required of therapeutic endoscopists are compromised by the current
control system and the available robotic control platforms still require bimanual control.
Chapter 7 presents the novel development of a non-manual endoscopic control platform using
gaze as a non-manual control input. The feasibility in a benchtop study is reported. Multiple
modifications to the system were made based on the benchtop trial. The intuitiveness of the

updated platform is compared to a conventional endoscope in chapter 8.

Chapter 9 presents evaluation of the system in a human trial.
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1.5 The Original Contributions of this Thesis

The original contributions of this thesis are:

Comparing the adenoma and polyp detection rate in CADe versus conventional systems
in realtime CADe use

Comparing the mean diminutive, sessile and proximal polyp, and adenoma per patientin
CADe versus conventional systems in real time CADe use

Assessing the ability of endoscopists to orient and localise themselves within the UGI
tract

The development of a non-manual gaze controlled robotic endoscope platform

The development of a uni-manual retrofittable gaze controlled robotic endoscope
platform

1.6 Publications Arising from Thesis

Sivananthan A et al. Eye tracking technology in endoscopy: Looking to the future. Dig Endosc.

2023;35(3):314-322. doi:10.1111/den.14461

Sivananthan A et al. Does computer-aided diagnostic endoscopy improve the detection of
commonly missed polyps? A meta-analysis. Clin Endosc. 2022;55(3):355-364.
do0i:10.5946/ce.2021.228

Sivananthan A et al. Orientation in upper gastrointestinal endoscopy-the only way is up. World

J Gastrointest Endosc. 2023;15(3):146-152. doi:10.4253/wjge.v15.i3.146
Sivananthan A et al. The evolution of lower gastrointestinal endoscopy: where are we

now?. Ther Adv Gastrointest Endosc. 2020;13:2631774520979591. Published 2020 Dec 20.
do0i:10.1177/2631774520979591
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Sivananthan A et al. Endoscopic submucosal dissection: an update on tools and
accessories. Ther Adv Gastrointest Endosc. 2020;13:2631774520957220. Published 2020 Sep
28.d0i:10.1177/2631774520957220

Sivananthan A at al. A novel gaze-controlled flexible robotized endoscope; preliminary trial

and report. Surg Endosc. 2021;35(8):4890-4899. d0i:10.1007/s00464-021-08556-1
Sivananthan A, et al. Gaze Controlled Endoscopy. Surgical Life 2021, 59: 28-31
Sivananthan A et al. Eye-controlled endoscopy - a benchtop trial of a novel robotic steering

platform - iGAZE2. J Robot Surg. 2024;18(1):266. Published 2024 Jun 25. doi:10.1007/s11701-
024-02022-5

1.7 Posters Arising from Thesis

Sivananthan, A et al. Performance of Computer Aided Detection Systems in Flat, Sessile and

Diminuitive Adenomas: A Meta-analysis. Digestive Diseases Week 2021 (Virtual).

Sivananthan, A et al. Eye Controlled Endoscopy — A Benchtop Trial of a Novel Robotic System.
Poster Presentation. DDW 2023 Chicago
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2.Endoscopic Lesion Detection: A Review of Gaze Analysisin
Endoscopy

Content from this Chapter was Published in (1):

Sivananthan A et al. Eye tracking technology in endoscopy: Looking to the future. Dig Endosc.

2023;35(3):314-322. doi:10.1111/den.14461

2.1 Background:

The incidence of gastrointestinal cancer continues to rise globally. Diagnostic endoscopy is
critical not just in identifying cancerous lesions but pre-cancerous lesions also. Endoscopy
programmes have been rolled out globally with successful decrease in cancer incidence and
mortality. Early diagnosis of pre-cancerous pathology in the gastrointestinal tract allows
appropriate surveillance of lesions or earlier treatment of lesions with lower risk interventions
and reduced risk of recurrence. The success of endoscopists to detect these lesions are reliant

on the endoscope imaging technology and available enhancements to improve detection.

Orientation in endoscopy is not previously described but can be derived from existing
understanding of spatial orientation (2). Orientation in endoscopy is predominantly reliant on

two main sensory inputs: visual and vestibular.

Images from the camera in the endoscope tip through fibreoptics and image processing are
displayed on the endoscope monitor. Light from the monitor passes through the endoscopist’s
pupils and is refracted through the lens towards the retina. Here rod and cone photoreceptors
convert the light energy into action potentials which are transmitted via the optic nerve to the

visual cortex situated in the occipital lobe (Figure 2.1).

Alongside the visual inputs, proprioception from the endoscope control system plays a key role

in endoscopic orientation. Proprioceptive sensory receptors in the muscles, tendons and joints
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transmits information including joint position sense, sense of force, sense of change in velocity

and kinaesthesia (the awareness of motion).
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Figure 2.1 Human Image Processing
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Complex interconnection between these sensory modalities allows the endoscopist to orient

themselves using the visual input of the endoscope monitor and the hand position on the

endoscope and endoscope wheels. This is combined with endoscopist’s learned reference

points for example the understanding of intraluminal anatomy to understand the current

location of the endoscope and the movements required to move the endoscope to a desired

location.

In this chapter the diagnostic role in upper gastrointestinal (UGI) and lower gastrointestinal

detection (LGI) and the natural history of upper gastrointestinal and lower gastrointestinal

cancerous lesions are presented. The imaging system of an endoscope is then reviewed

followed by a systematic review of the novel use of eye tracking technology to improve

endoscopic lesion detection.

The aims of this chapter are to:

1. To outline the role of endoscopy in lesion detection

2. Toreview imaging technologies and adjuncts to improve detection

3. Toreview the role of gaze analysis research applicable to endoscopic detection
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2.2 The Role of Endoscopy in Lesion Detection

2.2.1 Upper Gastrointestinal Cancer Screening

Upper Gastrointestinal Cancer makes up a significant burden of global cancer incidence and
mortality. Successful endoscopic identification of cancer with appropriate surveillance is
critical to reducing cancer burden and mortality. There are no validated serological or non-
invasive markers to identify precancerous or cancerous gastrointestinal (Gl) pathologies and
endoscopy remains the main tool for diagnosis. Post Endoscopic Upper Gl Cancer (PEUGIC) is
a devastating outcome after an endoscopy defined as an UGI cancer diagnosed 6-36 months
after nondiagnostic endoscopy. A recent UK analysis suggested that 42.6% of PEUGIC can be

attributed to a missed lesion during endoscopy (3).

2.2.1.1 Oesophageal Cancer

The burden of oesophageal cancer is reducing globally (4) but in Western countries appears to
be increasing. It is the 7" most common global cancer with an incidence of 500,000 new cases
annually. Oesophageal cancer has a devastating mortality impact with a 5-year survival rate
under 20% (5) with 500,000 deaths annually. The most common subtypes are adenocarcinoma
(most common in the developing world) and squamous cell carcinoma (more associated with
the Western world) (6). There is an increasing burden of squamous cell carcinoma attributable
to increasing obesity and reflux disease (7-9). Barrett’s oesophagus is an important and well
recognised precursor lesion to adenocarcinoma. Reflux of gastric contents causes distal
oesophageal mucosal metaplasia of squamous epithelium to columnar epithelium which is a
precancerous lesion. Identification of Barrett’s oesophagus allows risk stratification of the
Barrett’s oesophagus through both histological macroscopic assessments. Pending this,
patients will enter a surveillance programme to identify high grade dysplasia or early
(intramucosal) cancer which in many cases can undergo endoscopic therapy such as

radiofrequency ablation, or endoscopic or surgical resection (10).
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2.2.1.2 Gastric Cancer

Gastric cancer is the 5" most common cancer globally (11). There are 1.1 million annual cases
with 770,000 annual deaths (12). The global 5-year survival rate of gastric cancer is 29% (13).
Chronic atrophic gastritis is a key precursor lesion to gastric adenocarcinoma. Chronic atrophic
gastritis includes both gastric atrophy (GA) (loss of glandular cells with a chronic inflammatory
mucosal infiltrate) and gastric intestinal metaplasia (GIM) (replacement of epithelial glandular
cells small bowel intestinal type cells). Gastric low grade and high-grade dysplasia also

represents a key precursor lesion.

Endoscopic identification of GA, GIM or dysplasia allows patients to undergo appropriate
surveillance or treatment. GA confers a 1.9% 5-year risk of gastric cancer, GIM 5.3 - 9.8%, low
grade dysplasia 0-23% and high grade dysplasia 60-85% (14). If chronic atrophic gastritis is
identified on endoscopy a combination ofimage enhanced endoscopic examination and Sydney
protocol biopsies allow appropriate risk stratification and thus appropriate surveillance or
treatment. The Sydney protocol requires separate biopsies of the gastric antrum, incisura, lesser
curve and greater curve. Extent of atrophy i.e. the involvement of the lesser and greater curve
and extent beyond the antrum into the body, correlates with the risk of gastric adenocarcinoma
(15,16). This requires accurate endoscopic orientation and anatomical localisation to

appropriately risk stratify atrophic gastritis.

2.2.2 Lower Gastrointestinal Cancer Screening

Colorectal cancer continues to increase in prevalence. Currently colorectal cancer represents
10.2% of all cancers worldwide (17) and is predicted to expand to 2.2 million cases and 1.1

million deaths by 2030 (18). Most colorectal cancers are adenocarcinoma evolved from

adenomas via the well-established adenoma-carcinoma sequence (Figure 2.1).
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MLH1 methylation

MSI - Microsatellite Instability pathway

Figure 2.2 Adenoma - Carcinoma sequence

Colonoscopy allows identification and removal of colonic adenomas preventing progression to
cancer (19). An increase in detection of adenomas by 1% reduces the risk of colorectal cancer

by 3% (20).

Lesions are classified by morphology and size. The Paris classification system is most
commonly used to describe the lesion morphology. Dependent on the morphology and size of
the lesion further interrogation of the lesions can also be undertaken by use of a variety of
imaging technologies and classification systems. The main purpose of this is to firstly predict
the histology of the lesion and thus gain an understanding of the ongoing risk of this lesion and
to estimate the risk of submucosal invasion and thus the appropriateness of endoscopic
resection techniques. There are many visual classification systems used to estimate histology
and invasion which include Kudo-Pitt pattern and Japan NBI Expert Team (JNET) classification.
National colonoscopy screening programmes play an important role in the prevention of
colorectal cancer. Case control studies have demonstrated a reduction in 10 year colorectal
cancer risk in both Germany and the USA (21,22). Cancer diagnosed after a “negative”
colonoscopy is known as post colonoscopy colorectal cancer (PCCRC). A single-centre
retrospective study carried out over an eight year period, found that 85 per cent of PCCRC was

due to missed lesions during colonoscopy(23).
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2.3 Imaging in Endoscopy

Bozzini first developed the candle and mirror illuminated “Lichtleiter” endoscope in 1806 (24).
Edison’s incandescent bulb allowed better illumination which Mikulicz used in the tip of his
gastroscope in 1881 (25). The introduction of fibreoptic technology allowed non-linear
transmission of images enabling Hirsschowitz to present the first fully flexible “fibrescope” at
the American Gastric Annual Meeting in 1957 (26). Miniaturisation of a charged couple device
allowed Welch Allyn to release the first video endoscope in 1983 closely resembling the

endoscope we are familiar with today (27) (Figure 2.2).

Figure 2.3 Evolution of the endoscope.

A) Lichtleiter Endoscope (1806), B) Mikulicz Gastroscope (1881) C) Schindler’s Gastroscope (1932) and D) Hirsschowitz
fibrescope (1957)

Ilumination in the current endoscope is provided by fibreoptic cables which can transmit light
from the external light source through illumination fibres to the endoscope tip and thus the

gastrointestinal mucosa. Light is then shone on the mucosa and reflected at the lens.

The charged couple device was an instrumental technology in allowing the transmission of
undistorted high-quality images in a cheap and effective way (Figure 2.3). The image reflected
back is captured by a sensor made up of silicon wafers divided into tiny sections known as
pixels. The powerful xenon light is transmitted to the mucosa via fibreoptic cables. The reflected
light from the mucosa is made up of photons. These photons are captured by the light sensitive
elements. Photons are converted into electrons i.e. an electric signal by the charge coupled

device. The strength of the electric signal is proportional to the brightness of the reflected light.
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To allow colour differentiation the pixels are divided into a random array of red, green, and blue
light filtered sensors. This allows accurate approximation of the colour signal of each pixel
without any meaningful compromise to the image detectable by the human eye. This proves to

be significantly cheaper and more efficient than using a separate charge couple device for red,

green, and blue.
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Figure 2.4 Image capture via a charge-coupled device of the endoscopic view

This electrical signal is then transmitted via wires through the endoscope to the external video

system and then converted to an image presented on the endoscope monitor.

Imaging Technologies

High-Definition White Light Endoscopy and magnification has allowed ever more detailed
mucosal assessment. Endocytoscopy is a commercially available magnification technology
allowing cellular level vision at 1000 times magnification. Wide angled endoscope allow a

greater mucosal coverage to improve diagnostic yield.
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Opticalfilters and post processing of images has allowed even greater differentiation of lesions
than white light allows. Technologies include narrow band imaging (Olympus, Japan), ‘I-Scan’
(Pentax, Japan), FICE (Fujinon, Japan), blue laser imaging endoscopy (Fujinon, Japan) and linked
colour-imaging (Fujinon, Japan) (28). These technologies have shown significant improvements
inadenoma detection rate (ADR) and have been incorporated into the everyday practice of many

endoscopists.

Further technologies such as optical coherence tomography, confocal laser endomicroscopy,
elastic scattering spectroscopy, autofluorescence imaging and endoscopic polarized scanning
spectroscopy may move us closer to optical rather than histological diagnosis but these are

predominantly research techniques currently.

Accurate optical diagnosis would allow a resect and discard approach of diminutive lesions with
attractive potential cost savings. A simulated model of such a strategy in the USA suggested
$33million of annual savings (29) which projected worldwide would have significant global cost

saving implications.

Lower Gastrointestinal Detection Adjuncts

Attachable devices such as Endocuff (Arc Medical Ltd., Leeds, UK) and purpose-built scopes
such as G-Eye ™ (Pentax Medical, Tokyo, Japan) improve mucosal visualisation by mechanically
opening up haustral folds on withdrawal. EndoCuff, shown in Figure 2.4, is a disposable plastic
cap that is attached to the endoscope tip with plastic soft branches that extend on withdrawal,
holding colonic folds open. Evidence has been mixed with some meta-analyses showing
improved ADR (41.3% vs 34.2%(30), RR 1.18 (31), OR 1.37 (32)). The prospective randomised
controltrial ADENOMATRIAL) showed an ADR of 40.9% vs 36.2% in the bowel cancer screening
programme(33) however a prospective Randomised Control Trial in bowel scope patients (B-

Adenoma (34)) showed no improvement versus conventional endoscopy (35).

A recent systematic review and meta-analysis looking at “behind fold visualising techniques”

including cap assisted, Endocuff vision, Endorings and FUSE showed no improvement in ADR
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versus conventional colonoscopy although there was a significant improvement with G-Eye

(Pentax, Japan) with a relative risk of 1.3 (36).

Although colonoscopy remains the gold standard for investigation of the colon there are those
who are unable to tolerate complete optical colonoscopy. Other options for luminal screening
include CT colonography and colon capsule endoscopy. Colon capsule endoscopy, with the
second generation PillCamTM2, involves swallowing a less than 3 gram capsule which wirelessly
transmits data to an external recorder worn by the patient (37). It is a safe and well tolerated
examination (38). This second generation device has sensitivities for polyps greater than 5mm
in size, approaching that of optical colonoscopy but comparison to CT colonography is less clear

with conflicting recent evidence (39).

Figure 2.5 Endorings (Left) and EndoCuff Vision (Right)

2.4 Gaze Analysis in Endoscopy

The detection of gastrointestinal luminal endoscopic lesions greatly relies on the visual gaze
patterns of endoscopists. Eye tracking and gaze analysis offers valuable insight into the
differences in visual patterns between highly skilled experts and novice endoscopists. As the
tools required Video-oculography (VOG) have become cheaper, an evolving evidence base of

gaze analysis in endoscopy is developing.
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This section presents a systematic review of all available evidence of gaze analysis in

gastrointestinal endoscopy.

2.4.1 Eye tracking in Endoscopy

Eye tracking is the real time assessment of the horizontal, vertical, and occasionally torsional
movements of both eyes. Eye tracking evolved from simple observation by the scientist to
contact methods of eye tracking. Electro-oculography uses electrodes placed around the eye to
measure the change in electrical potential when the eye moves towards an electrode (as the
retinal pigment epithelium generates an electrical current). Scleral contact lenses use soft
contact lens with electrical coils that generate electrical currents as they move through an

electro-magnetic field(40).

Video-oculography (VOG) is a non-contact method of eye tracking that has made it significantly
more accessible and cheaper for research. VOG can be performed by a stationary camera

recording eye movements or eye tracking glasses worn by the user (Figure 2.5) (41).

Figure 2.6 Tobii pro glasses 3 (TOBII, Stockholm, Sweden)- eye tracking glasses

2.4.2 Gaze Analysis in Medicine

Gaze analysis has been utilised successfully in other areas of medicine. In the field of
neuropsychiatry, the analysis of eye movements, specifically during tasks like saccades,
smooth pursuit, and visual search, can be used to diagnose of conditions such as schizophrenia

(42), Parkinson's disease, and Attention Deficit Hyperactivity Disorder (43).
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Furthermore, eye movements can have therapeutic applications. By utilizing eye tracking
glasses, eye movements can be used as a control input. Gaze movement direction can be used
similarly to manual control of a joystick, and this is known as "gaze control”. Therapeutic use of
gaze control has been effective in improving communication in those with “locked in syndrome”
(44) allowing them to communicate through gaze control interfacing with a virtual keyboard (45)
(Figure 2.6) (45). With experience and training users of this system can generate words as up to

20 words a minute significantly improving their ability to communicate.

Figure 2.7 Example of a scan-path during use of a gaze-contingent keyboard

2.4.3 Review Methodology

This study utilized the methodology outlined in the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. Given that this research was a literature
review, consent or ethical/institutional review was not necessary. The objective of the literature
search was to assess the existing evidence regarding the utilization of eye gaze, gaze analysis,

and eye tracking in gastrointestinal endoscopy with the potential to enhance its effectiveness.

To identify relevant research articles, a search was conducted in the PubMed, Cochrane Library,
and Embase Databases until July 20th, 2022. The search utilized the specific keyword; ‘Gaze’,
‘Gaze Analysis’, ‘Eye Tracking’, ‘Gaze Tracking’, ‘Visual Patterns’, and ‘Gaze Control’, in
combination with terms related to Endoscopy, including Esophagogastroduodenoscopy,
Oesophagogastroduodenoscopy, Colonoscopy, Sigmoidoscopy, and Capsule Endoscopy (as

outlined in Appendix 1).

Two authors (Arun Sivananthan and Jabed Ahmed) participated in the literature search and study

selection process. Any disagreements that arose were resolved through discussions involving a

third author (Nisha Patel). The inclusion criteria focused on human studies that were relevant to
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the research question, peer-reviewed, and published in English. Studies in languages other than

English, those deemed irrelevant, and duplicate publications were excluded from the review.

Medline Embase Cochrane
1946 — 2022 1974 — 2022 2020 - 2022
39 Citations 119 Citations 13 Citations

156
Non-Duplicate
Citations Screened

l

Inclusion/ Exclusion

Criteria Applied

l

19 Articles
Retrieved

137 Articles Excluded
—» | After Title/ Abstract/
Full Text Screen

Figure 2.8 Study Selection Flowchart

2.4.4 Review Results

19 eligible studies were identified as detailed in the study selection flow chart (Figure 2.7). The
studies were collected into the following themes “visual search strategies for polyp detection”,

<«

“keeping a luminal view”, “endoscopy training”, and “objective assessment of lesion detection”.

2.4.4.1 Visual Search Strategies for Polyp Detection

The utilization of visual search strategies plays a significant role in the successful identification

of polyps during gastrointestinal endoscopy. Gaze analysis has indicated that increased gaze in

the peripheries, both on the endoscopy monitor and within the bowel lumen, is associated with

higher lesion detection rates and with experienced endoscopists (46,47).
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In a study by Lami et al.(46), the visual search strategies of eighteen endoscopists were
examined and correlated with their polyp detection rates. Eye tracking glasses were worn to
record gaze during a two-minute withdrawal from the caecum. The study analysed fixations,
including the number and duration in each area of interest. Data was correlated both
anatomically and by the monitor. In the anatomical analysis the lumen corresponded to the
centre with a three-by-three grid around it. In the screen-based analysis the centre was defined
as the centre of the monitor. This was analysed against the polyp detection rate of each

endoscopist.

The analysis showed that gaze focussed on the outer ring was positively correlated with a higher
polyp detection rate. Similarly, a higher PDR was associated a greater number of fixations and
longer duration spent in the outer ring both for the anatomical (fixation count r= 0.56, P = 0.02;
fixation time r = 0.62, P < 0.01) and screen-based analysis (fixation count r = 0.55, P = 0.02;
fixation time r = 0.56, P =0.02). Also, it was noted that there was a significant positive corelation

between time spent focused on the monitor versus away from the monitor with PDR.

A separate study by the same group analysed the gaze patterns of twelve trainee endoscopists
who performed a total of twenty-four colonoscopies. The procedures were objectively scored by
an independent assessor using a procedural score developed by the Joint Advisory Group on
gastrointestinal endoscopy. This scored the endoscopy between 1 and 20. The results
demonstrated a positive correlation between fixation frequency on the outer circle (both lumen

and screen) with a higher procedure score (Figure 2.8) (47).

iiii)
Figure 2.9 Positive correlation between fixation frequency in peripheries versus total procedure weighted score

Heat map shows cumulative fixation distribution. (i) the lowest scoring 8 colonoscopies, (ii) the middle scoring 10 colonoscopies,
and (iii) the highest scoring 8 colonoscopies (from bottom left to top right of the graph).
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A further trial compared gaze patterns between twenty novice and fourteen experienced
endoscopists during the observation of a video depicting withdrawal through the hepatic flexure
(Figure 2.9). This showed that experienced endoscopists had a significantly higher percentage
of peripheral fixations (13.4% vs 23.0%, P = 0.013). Of note they also reported that experienced
endoscopists had a significantly greater percentage of left-sided fixations during withdrawal
through the hepatic flexure *18.6% vs 33.5%, p=0.005) (48). These findings align with a more

active search of the poorly visible left bend of the hepatic flexure by experienced endoscopists.

Figure 2.10(Left) — user wearing eye tracking glasses observing withdrawal video, (Right) - Hepatic flexure on left side of screen.

The studies have not all produced a unifying agreement and of note an older study from 2010
conflicted with the idea that peripheral fixations correspond with a higher quality of
endoscopy(49). This was a small, simulated study with 11 endoscopists watching a video of a
colonoscopy withdrawal. This study interestingly showed that adenoma detection rate was
significantly positively correlated with an increased percentage of fixations in the central section
of the screen (r= 0.67, p=0.024). Similarly, an increased mean gaze time in the central segment
of the screen was also positively correlated with ADR (r= 0.70, p=0/017). It is worth noting the
small sample size, older technology, and use of a video as a possible explanation to the

conflicting conclusion versus more recent studies.

For example, Patel et al., in a study from 2022, was more favourable of a peripheral search

strategy (50). The prospective study by Patel et al. involving 33 endoscopists found a trend of

lower total duration of fixations on the central lumen as polyp detection rates increased
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Wenzke et al. looked at the evolution of visual gaze patterns over time by a withing group
comparison over time. First year endoscopy fellows’ gaze patterns were compared against their
gaze patterns two year later. Over time they demonstrated a higher mean gaze time and fixation
numbers in the periphery compared to the centre (51). The mean gaze time and number of

fixations were 2-2.53 x higher in the periphery than the centre.

Early work comparing 3 experts and 3 novices watching colonoscopy videos suggested faster
eye movement speed in experts thanintrainees (33.3 pixels/frame +/- 2.7 vs 26.7 +/-1.0)(p=0.03)

(52). However, the small sample size must be noted.

Visual gaze patterns in upper gastrointestinal endoscopy have also been studied. A pilot study
examined five endoscopists completing 35 OGDs. Experienced endoscopists were defined has
having completed more than 1000 endoscopies and novices as having completed less than
1000. Heat maps generated from the endoscopists' gaze patterns suggested that more
experienced endoscopists spent more time in "blind spots" such as the greater curvature of the
upper part, posterior wall of the body, and lesser curvature of the antrum. However, due to the
small sample size, no statistically significant evaluation could be achieved, but it demonstrated
the feasibility of visual gaze analysis in identifying the visual gaze patterns of expert

endoscopists compared to novices in upper gastrointestinal endoscopy (53).

In summary, these trials indicate that expert endoscopists tend to allocate more visual search
time to the peripheries of the screen. They also demonstrate that experts adjust their visual
search strategies in poorly visualized areas, such as the hepatic flexure or posterior body of the
stomach, unlike novices. It is important to acknowledge that these studies have limited
statistical power and employ heterogeneous methodologies, but they provide compelling
evidence supporting the effectiveness of improved visual search strategies among experienced

endoscopists and the potential of gaze analysis to further understand this.

2.4.4.2 Keeping a Luminal View

A core skill of high-quality endoscopy is to maintain a view of the gastrointestinal lumen allowing

complete mucosal examination and thus lesion detection. There are many challenges to
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keeping a luminal view including the tortuous nature of the lumen, peristalsis, and mucosal

folds.

Gaze analysis was used in a study to identify the different approaches to loss of a luminal view
between expert and novice endoscopists(54). Twenty novice endoscopists were compared to
six expert endoscopists. All endoscopists completed simulated virtual reality endoscopies
whilst wearing eye tracking glasses. The endoscopic image was categorised as bowel lumen in
centre of screen (BLC), bowel lumen at edge of screen but visible (BLV) or lumen lost entirely

from screen (BLC) (Figure 2.10).

wop|

&
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Figure 2.11 Left— experimental setup using simulator and fixed camera.

Right - bowel lumen in the centre of the screen (BLC), bowel lumen at the edge of the screen but visible (BLV) or bowel lumen

lost from the screen (BLL) (54).

Each endoscopy was analysed, and the percentage of time spent in each category was
recorded. The number of transitions between each category were noted, for example the
number of times the view went from the lumen visible at the edge of the screen (BLV) to being

entirely lost (BLC). The rate of saccades was also noted.
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Expert endoscopists had a significantly higher proportion of the endoscopy with the lumen
centred (BLC=70% vs. 51%, P =0.108). When the lumen went was only visible at the side of the
screen (BLV), expert endoscopists had a significantly higher number of transitions to the lumen
being in the centre of the screen (BLC) versus novices (n =7, 29% vs n = 125, 18%, P <0.001).
Accordingly, novices were significantly more likely than experts to move from a view with the
lumen at the side of the screen (BLV) to a complete loss of the luminal view (BLC) (n =61, 9% vs

n =0, 0%).

When the lumen went to the edge of the screen the expert endoscopists displayed a higher
saccadic rate than when centred (BLC: 5.81 +/- 1.57 counts vs BLV: 4.73 +/0 1.31 counts).
Novices however had no significant change in saccadic rate when the lumen was at the edge of

the screen versus when centred (BLC: 4.08 +/- 1.49 counts, BLV 4.20 +/- 1.41 counts).

This study suggests that experienced endoscopists are able to spend a higher percentage of the
endoscopy with the luminal view centred and when the view is almost lost, they employ a more
active visual search strategy to regain the luminal view. This objective insight provides a
potentially good objective marker of quality of endoscopy where surrogate and subjective

markers are currently relied upon, but further work would be required.

2.4.4.3 Endoscopy Training

Training endoscopists involves significant time investment of coaching, instructing, and
mentoring. Endoscopy training elongated procedure times and thus compromises endoscopy
units’ abilities to meet targets, particularly pertinent in the context of the post pandemic

backlog(55).

Gaze analysis has shown to be a potentially useful training support tool when used in
combination with Al learning and may potentially replicate some of the training traditionally

provided by a trainer.

A trial involving eight novice endoscopists (defined as less than 10 attempted procedures)

completed a virtual reality colonoscopy with gaze analysis through eye tracking glasses(56). The
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colonoscopy view was analysed, and any losses of luminalview were noted and labelled as “loss

of luminal view”.

There were 51 “losses of luminal view” and the gaze patterns including fixation and saccades
were recorded during both the navigation loss and subsequent reorientation. This data was then
used to train the system using a deep neural network to provide audible alerts at the point of
navigation loss. The system had a high accuracy, sensitivity, and specificity (91.80%, 90.91% and

94.12%).

Using this system as a base the group are now developing an automate training algorithm that
candeliver instruction at the point of navigation loss to the trainee to re-establish a luminalview.
A system like this could be a useful tool to provide training without need for a human trainer.
Systems like this could also be beneficial to maintain training of endoscopists even after

completion of basic certification.

2.4.4.4 Objective Assessment of Lesion Detection

There are an increasing number of exciting innovations in endoscopic imaging technologies.
Many of these are focussed on lesion detection. Objective comparison trials are challenging,
and evaluation of endoscopic imaging technologies often relies on subjective reporting of lesion
detection. Eye tracking with gaze analysis offers an objective assessment of lesion detection.
Gaze can be analysed to show the exact moment a lesion is detected, and the time taken to see

a lesion.

This use of gaze analysis was used to compare three different imaging technologies and their
relative efficacy in polyp detection (57). Blue laser imaging (BLI) (Fujifilm Co., Tokyo, Japan) uses
two lasers (410nm and 450nm) instead of the traditional xenon light with a purported
improvement in endoscopic image clarity and thus improve polyp detection. This technology
was developed by Fujifilm. Linked Colour Imaging (LCIl) (Fujifilm Co., Tokyo, Japan) also
developed by Fujifilm is a novel imaging technology that uses a brighter light both pre and post
image processing to emphasise slight colour differences in the mucosa and thus also improve

lesion detection.
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Ten endoscopist reviewed thirty endoscopic images with BLI, LCI and standard white light
imaging (WLI). Eye tracking information was captured by a fixed eye tracker attached to the
monitor. After gaze analysis the exact time taken from looking at the image and fixating on the
lesion was recorded as an objective measure of lesion detection, if indeed the lesion was seen

and fixated on. The gaze plots of experts versus non experts were also recorded (Figure 2.11).

Figure 2.12 Gaze plot of expert (red spots) and non- expert (yellow spots).

White light imaging (top), Blue laser imaging (Middle), Linked-colour imaging (Bottom) (57)
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The lesion miss rate with BLI (6.0%) and LCI (4.3%) was significantly lower (p<0.01) than with WLI
(12.6%). Mean detection time of lesions with BLI (1.01 +/-1.21s) and LCI (1.10+-1.16s) was
significantly quicker (p<0.0001) than WLI (1.58 +/- 1.60s). There was no significant difference
between BLI and LCI. It is well documented that improved lesion detection is directly corelated
with lowering colorectal cancer risk. This trial shows an effective use of gaze analysis to

objectively assess imaging technologies in this important area of diagnostic endoscopy.

Bleeding is a recognised and important aspect of endoscopic submucosal dissection.
Identifying the exact source of bleeding to allow adequate quick and efficient management is
vitalto this advanced endoscopic procedure. A novel imaging technology, dualred imaging (DRI)
using 2 wavelengths of light (600 and 630nm) was proposed as a potential technology to improve
the detection of sources of bleeding during endoscopic submucosal dissection (ESD). Gaze

analysis was used as an objective analysis tool to compare DRI to WLI endoscopy(58).

Four advanced endoscopists who had completed over 100 ESDs each watched 20 cases of ESD
related bleeding with WLI and 20 cases with DRI. Their gaze patterns were analysed from eye
tracking glasses and recorded the distance of eye movement for every 20ms thus giving a value
of mean eye movement in pixels per unit of time. This demonstrated that mean eye movement
distance was significantly lower when using DRI vs WLI. This was the case for all four
endoscopists (3.93 +/- .44 vs 5.43 +/- .41 pixels [P =.0116], 2.07 +/- .24 vs 2.92 +/- .22 pixels [P
=.0081], 1.53 +/- .23 vs 2.21 +/- .21 pixels [P=.0381], and 1.47 +/- .23 vs 2.02 +/- .19 pixels [P =
.0174], respectively). The shorter distance of eye gaze to identify the bleeding point with DRI

provides an objective and reproducible indicator of the value of DRI in ESD.

Computer Aided Diagnostic Endoscopy (CADe) is another exciting imaging technology utilising
convolutional neural network training to produce a system that can improve adenoma detection
as well as other lesions including dysplasia. Visual gaze analysis has been used in three trials to

objectively assess CADe systems.

Atrial using 50 video clips and 10 endoscopists was conducted with and without CADe systems
whist using eye tracking glasses(59). The order of videos and use of CADe was randomised, and

the clips were watched a week apart. Gaze analysis was used to objectively identify when the
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lesion was first seen by using the time taken to fixate on the lesion; ‘time to first fixation’ (TTFF).
When using CADe, TTFF was significantly quicker versus than without (0.690.49 s vs. 0.850.62 s;
P<0.01).

To test the concept of CADe a ‘perfect system’ was simulated by videos with green boxes placed
around polyps(60). A selection of videos was created with and without the ‘CADe’ system. 9
fellows randomly watched both videos a week apart. Gaze analysis was used to identify the ‘time
to visualise’ (TTV) the polyp and the polyp visualisation rate (PVR). Using the ‘perfect system’
showed a significantly improved TTV and PVR versus without (0.95s +/- 0.0088s vs 1.53s+/-
0.021s and 93.1% +/- 0.14% vs 81.14% +/-0.23%) respectively.

Gaze analysis has also been used to trial the Gl Genius system (version March 2020, Medtronic
GmbH, Meerbusch, Germany), a commercially available CADe system(61). 29 videos with and
without the CADe system were shown to 17 endoscopists (including novice endoscopists and
expert) whilst wearing eye tracking glasses. 17 videos had single polyps and 12 had false positive
detections. There was a three-week gap in between them using each system. This study showed
a shorted eye travel distance with the CADe system (232.68cm (99%CI = 210.43-262.33)) vs
without (248.86cm (99%CI =221.39-282.88)) but this was similarly reflected in the videos with
false positives detected 329.76cm (99% CIl = 293.81-387.00)) vs (368.95cm (99% CIl = 331.75 -
395.10)).

Overall, these studies show the feasibility of gaze analysis as an objective tool to assess
endoscopy technologies in a reproducible way not reliant on subjective reporting. With the large
numbers of innovative tools gaze analysis could provide an effective way to truly assess each

tool’s value.
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2.5 Conclusion

Endoscopy plays a critical role in identifying pre-cancerous and cancerous luminal pathology.
UGI and LGI cancer remains a significant global burden with increasing prevalence in Western
countries. Surveillance programmes and guidelines enable successful detection of pre cursor
lesions with proven reduction in cancer prevalence and mortality. Endoscopic detection of
lesions is dependent on the endoscopist and then endoscope imaging technology. Gaze
analysis is an exciting and recent research tool to help further our understanding of luminal

lesion detection by endoscopy.

Gaze analysis has become cheaper, less invasive, and thus more available as research tool.
These trials show the valuable application of gaze analysis as a research tool in endoscopy.
However, this full systematic review has only revealed a small number of trials and often these
trials in themselves are small numbered as well and thus it appears this is a relatively new area

of research.

Comparing lesion detection rates and expertise of endoscopists with gaze patterns has
demonstrated potentially important signals towards better search strategies including focus on
the left side of the lumen and general focus on the peripheries of the screen and lumen when
performing diagnostic colonoscopy. This would potentially be useful in training of endoscopists
as well as an objective measure of endoscopist expertise but the trials available so far are small

in numbers and heterogeneous in methodology.

Similarly gaze analysis has shown a potential valuable application in training and the exciting
work being conducted by Liu et al. may produce a trainerless training system which may help
reduce the burden of training during a period where number of endoscopies required exceed the

number of trained endoscopists available.

Novelendoscopic imaging technologies are rapidly being developed and will continue to appear.

The ability to objectively assess the numerous technologies being promoted will be important to

allow evidence-based incorporation of these systems into endoscopy practice and guidance.
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Gaze analysis has been shown to be an excellent objective tool to compare these technologies

to the current standard of white light endoscopy.

Gaze analysis in its early stages of application to endoscopic research but has demonstrated
potential value in improving the quality of endoscopy through analysing the patterns of expert
endoscopists, developing endoscopy training systems and as an objective tool to analyse

endoscopic technologies.

39



3.Al in Endoscopy: A Meta-Analysis of Computer Aided
Diagnostic Endoscopy (CADe) in Lesion Detection

Content from this Chapter was Published in (1):

Sivananthan A et al. Does computer-aided diagnostic endoscopy improve the detection of
commonly missed polyps? A meta-analysis. Clin Endosc. 2022;55(3):355-364.
do0i:10.5946/ce.2021.228

Content from this Chapter was Presented in (62):

Sivananthan A et al. Performance of Computer Aided Detection Systems in Flat, Sessile and

Diminutive Adenomas: A Meta-analysis. Digestive Diseases Week 2021 (Virtual).

3.1 Background

Colonoscopy remains the gold standard diagnostic investigation and allows detection and
resection of neoplastic lesions. National colonoscopy-based screening programmes have been
proventoreduce the 10-year colorectal cancerrisk (21,22). However, is it not possible to achieve
100 % mucosal visualisation with a standard colonoscope in a clean colon. This presents
several limitations, including missed polyps. A meta-analysis including 15,000 tandem

colonoscopies calculated a 26% adenoma miss rate.(63)

It has been shown that a 1% increase in adenoma detection rate (ADR) decreases cancer risk by
3% (20). Post-colonoscopy colorectal cancer (PCCRC) is a significant concern (64) estimated to
be between 3.2% and 16.4% (65) with the majority of missed colorectal cancer bring attributable
to a missed lesion during a prior colonoscopy(23). A recent meta-analysis showed significantly
higher adenoma miss rates in proximal (defined as proximal to the splenic flexure) diminutive

(£5mm) and non-pedunculated adenomas (63) versus larger and pedunculated adenomas.
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Advances in technology and healthcare in recent years have improved the ADR, including the
introduction of high-definition endoscopes (66), strict quality performance indicators and
adjuncts such as EndoCuff (Arc Medical Design). Progress in endoscopic therapeutic
capabilities has also extended the type of lesions that are potentially resectable by endoscopic

submucosal dissection(67).

More recently, CADe (computer aided detection) systems in endoscopy which are based on
convolutional neural networks (CNNs), have been validated and made commercially available.
This novel technology has been shown to detect polyps in real-time with greater diagnostic

accuracy than standard colonoscopy,(68) and lead to a higher ADR.

Previous studies have assessed the application of CADe systems to endoscopic images and
videos, retrospectively, in a research setting. More recently, there have been meta-analyses
assessing the impact of CADe systems on ADR in real-time (68-70). However, unlike other
studies, this meta-analysis aims to provide an up-to-date analysis of the impact of real-time
CADe systems on the detection of the most commonly missed polyps, including proximal, non-

pedunculated and diminutive lesions.

The aims of this chapter are:

1. To systematically review and analyse CADe systems in real time lesion detection

compared to standard colonoscopy.

2. To compare CADe systems against standard WLE or HD endoscopy in detecting

commonly missed colonic lesions (diminutive, proximal and sessile polyps).
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3.2 Methodology:

This review was carried out and reported in accordance with the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) statement.(71)

3.2.1 Search Strategy

A comprehensive literature search of published articles up until October 2020 was undertaken.
Databases used include EMBASE, Medline and the Cochrane Library. Search terms used in
EMBASE and Medline included “colon*”, “polyp”, “adenoma”, “artificial intelligence OR machine
learning” and “computer aided or assisted and diagnosis* OR detect*”. Studies in the Cochrane

Library were identified with the terms “colonic polyp”, “artificial intelligence” and “diagnosis,

computer-assisted” (Appendix 2).

3.2.2 Outcomes

The primary outcomes for this study were mean adenoma per patient (MAP) and mean polyp per

patient (MPP) for diminutive (£5mm) and non-pedunculated (flat or sessile) lesions.

Mean lesions per patient were calculated rather than detection rates in this paper. This was due
to the data available in the studies analysed. There is, however, good evidence that mean lesion

per patient rates correlate with polyp detection rate (PDR) and ADR.(72,73)

3.2.3 Inclusion and Exclusion Criteria

Inclusion criteria were as follows:
e Randomised controlled studies (RCTs) reporting computer-aided detection of colorectal
polyps during real-time colonoscopy.
e Studies reporting MPP, MAP; or studies with adequate information to calculate these
data.

e Studies reporting the PDR or adenomas according to morphology, size and location.
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e Studies reporting the ADR or PDR of computer-aided detection systems during real-time
colonoscopy.

e Studies published or translated into English.

Exclusion criteria were as follows:
e Studies with no original data present (e.g. review article, letter).
e Studies with no full text available.
e Studies conducted in patients with inflammatory bowel disease (IBD).
e Studies greater than 20 years old.
e Studies without adequate data to calculate PDR and ADR, mean polyp per patient, or
mean adenomas per patient, or not reporting these data.
e Studies with overlapping data to the largest and latest data set from centres publishing

multiple studies.

3.2.4 Study Selection

Two authors (SN and AS) reviewed the articles. The retrieved articles were screened for
duplicates: these were excluded. Titles and abstracts were then screened for relevance
independently. Studies irrelevant to the research question were excluded. Remaining articles

were reviewed in full and reference lists scrutinised for relevant studies.

Disputed articles were settled by consensus by a third party (NP) after screening and following

full-text review. Inclusion and exclusion criteria were met by all included articles. The study

screening and selection process is shown in Figure 3.1.

43



)

c

-g Records identified through Additional records identified

S database searching through other sources

£ (n = 899) (n=0)

c

(Y]

=

A A A 4
R Records after duplicates removed
(n=575)

£

c

3 Y

3]

Ce Records screened N Records excluded

(n=575) g (n=434)
S
A 4
Full-text articles assessed Full-text articles excluded,

Fy for eligibility > with reasons

3 (n=141) (n=93)

Ao

w

Y
—_ Studies included in
gualitative synthesis
(n=7)

g Y

3

S Studies included in

£ quantitative synthesis

(meta-analysis)
(n=7)

—

Figure 3.1 PRISMA (Preferred reporting items for systematic reviews and meta-analyses) flow diagram for study selection.

3.2.5 Data Extraction

Data were gathered from studies onto a standard spreadsheet template. For each study, we
extracted the following data: study details (first author, year of publication, journal), study design
(type of study, method of artificial intelligence [Al], exclusion criteria), and information regarding
polyp characteristics (mean polyp per patient, mean adenoma per patient, morphology, size,

location). Data was also gathered for the overall ADR and PDR in each study.
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3.2.6 Study Quality Assessment

Study quality was independently assessed using the Jadad scale for RCTs (74). Studies with a

Jadad score of 3 or more were considered “good” quality (Table 3.1).

An account of all
Study Randomisation (2) | Blinding (2) patients (1) Total/5

Luo et al. 2020
Repici et al. 2020

Wang et al. 2019 2 1 1 4
Wang et al. 2020 2 2 1 5
Su etal. 2020 2 2 1 5
Gongetal. 2020 2 2 1 5
Liu etal. 2020 1 0 1 2

2 0 1 3

2 1 1 4

Table 3.1 Quality Assessment - Assessment of bias for RCTs using the Jadad scale; score =2 3 = good quality.

3.2.6 Statistical Analysis

Mean polyp and adenoma per patient by morphology and size were calculated by dividing the
total lesions by number of patients for each group. Mean detection rates per patients are known

to correlate well with polyp and adenoma detection rates (73).

Independent proportion and their differences were calculated and pooled through DerSimonian
and Laird random-effects modelling. This considered both between-study and within-
study variances which contributed to study weighting. Pooled values and 95% confidence
intervals (Cl) were computed and represented on forest plots. Statistical heterogeneity
was determined by the I statistic; where <30% was low, 30-60% was moderate and >60% was
high. Analyses were performed using Stata version 15 (StataCorp LP, College Station, Texas).

Probability values (p-value) = 0.05 were considered statistically significant.
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3.3 Results

3.3.1 Eligible Studies

A total of 899 articles were identified from the database searches. After removing duplicates,
575 records were screened on the basis of titles and abstracts. A total of 141 articles were
identified as appropriate for full-text review. Further evaluation, and application of the exclusion

criteria, revealed seven studies which were included in this meta-analysis.

3.3.2 Study Characteristics

All seven studies deployed CADe systems in real-time. Sufficient data was available from six
studies for analysis of diminutive MPP, and from five studies for diminutive MAP. Four studies
assessed MPP for non-pedunculated polyps and six studies reported MAP for non-pedunculated
lesions. Six studies reported MPP and MAP for proximal (to the splenic flexure) lesions. One

study did not report on adenoma detection, but analysed polyp detection only (75).

Sufficient data was provided in all studies to calculate MPP, MAP, mean diminutive polyps and
adenomas per patient, mean proximal polyps and adenomas per patient and mean non-
pedunculated polyps and adenomas per patient. Study characteristics are shown in Table 1. A
total of 3052 polyps and 1847 adenomas were reported in 5028 patients with seven trials
included with 4 different machine learning approaches and 4 different systems. A summary of

the results can be found in Table 3.2.

Author Machine No. of | No. of | No. of | Reported Reported Withdraw
and Year learning patients patients patients Polyps Adenoma | al time
approach CADe Control (total) s (total) (excl.
biopsy)
CADe vs.
control
[mins]
Wang et al | ANN-
2019 (76) SegNet 6.18 vS.
Architectu | 1058 522 536 v (767) v (424) 6.07
re (p=0.15)
Wang et al | ANN-
2020 (77) SegNet
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Architectu | 962 484 478 v (809) v (462) 6.48 VS.
re 6.37
(p=0.14)
Su et al | DCNN 623 308 315 v (273) v (169) 7.03 VS.
2020 (78) 5.68
(p<0.001)
Gong et al | DCNN 704 355 349 v (284) v (85) 6.38 vs.
2020 (79) 4.76
(p<0.0001)
Liu et al | ANN 1026 508 518 v (734) v (394) 6.82 vs
2020 (80) 6.74
(p<0.001)
Luo et al | CNN 150 77 82 6.22 'S
2020 (75) YOLO v (185) X 6.17
(p=0.102)
Repicietal | CNN - Gl | 685 341 344 6.95 Vs
2020 (81) GENIUS X v (313) 7.25
(p=0.1)

Table 3.2 Study characteristics of included papers

ANN (artificial neural network), DCNN (deep convolutionalneural network), CNN (convolutional neural network), YOLO (you only

look once).
Percentage
CADe versus Control Effect Size
Difference
0.30 (95% CI 0.19 -
MPP 0.69vs 0.37 85.3%
0.42)
Diminutive
0.13 (95% CI 0.09-
MAP 0.31vs 0.17 80.0 %
0.18)
0.39 (95% CI 0.35-
Non- MPP 0.84vs 0.43 91.7%
0.44)
pedunculate
0.05 (95% CI 0.02-
d MAP 0.32vs 0.19 71.5%
0.07)

Table 3.3 Summary of CADe (computer-aided detection) versus control

Controlvs MPP (mean polyp per patient) and MAP (mean adenoma per patient, diminutive and non-pedunculated), percentage
difference and effect size.
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3.3.3 Results- CADe versus Control
3.3.3.1 Diminutive lesions (s5mm)

Six studies identified 1557 diminutive polyps in the CADe group (2254 patients) and 849
diminutive polyps in the control group (2278 patients) (Table 3.2). This equated to 0.691
diminutive polyps per patient in the CADe group versus 0.373 in the control group with a pooled
effect size 0of 0.30 (95% CI1 0.19 - 0.42) (Figure 3.2). This corresponds to an increase in detection

rate of diminutive polyps with CADe of 85.3%.

%
study ES (95% Cl) Weight
Wang et al. 2019 —— 0.40(0.37,0.42) 16.83
Wang et al. 2020 —— 0.36 (0.33, 0.39) 16.82

Su et al. 2020 - 0.18(0.15,0.21)  16.82

Gong et al. 2020 - 0.12(0.09,0.14)  16.90
Liu et al. 2020 —> 0.42 (0.39,0.45)  16.82
Luo et al. 2020 ——+—— 0.34(0.26,0.42) 15.81

Overall (I-squared = 98.7%, p = 0.000) <> 0.30 (0.19, 0.41)  100.00

NOTE: Weights are from random effects analysis i

T T
-.448 0 448

Figure 3.2 Pooled analysis of mean diminutive polyp per patientin CADe vs. conventional colonoscopy groups

Effect sizes (ES) are shown with 95 per cent confidence intervals. A random-effects model was used.

A total of five studies identified 680 diminutive adenomas in the CADe group consisting of 2177
patients and 381 diminutive adenomas in the control group with 2196 patients. There were 0.312

diminutive adenomas per patient in the CADe group and 0.173 in the conventional colonoscopy
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group (Table 2), resulting in a pooled effect size of 0.13 (95% CI 0.09-0.18) Figure 3.3). The CADe

group detected diminutive adenomas 80% more than conventional colonoscopy.

study

Wang et al. 2019
Wang et al. 2020
Su et al. 2020
Gong et al. 2020
Liu et al. 2020

Overall (l-squared = 95.6%, p = 0.000)

NOTE: Weights are from random effects analysis

ES (95% Cl)

—.— 0.16 (0.14, 0.19)
—— 0.17(0.14, 0.19)
—‘—v— 0.12 (0.09, 0.14)
0.06 (0.04, 0.08)

—+—  0.16(0.13,0.18)

<> 0.13 (0.09, 0.18)

%

Weight

19.99

19.87

19.75

20.38

20.01

100.00

T
-.192

Figure 3.3 Pooled analysis of mean diminutive adenoma per patient in CADe vs. conventional colonoscopy groups.

3.3.3.2 Non-pedunculated lesions

T
192

A total of 1769 non-pedunculated lesions were identified in four studies, with 1158 in the CADe

group (1337 patients) and 611 in the control group (1393 patients). This equated to 0.841 non-

pedunculated polyps per patient in the CADe group and 0.439 non-pedunculated polyps in the

conventional colonoscopy group (Table 2). An increase of 91.7% in detection of non-

pedunculated polyps was shown with the use of CADe in the studies. A pooled effect size of 0.39

(95% C10.35-0.44) was generated when analysing non-pedunculated lesions in the CADe versus

conventional group (Figure 3.4).
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Figure 3.4 Pooled analysis of mean non-pedunculated polyp per patientin CADe vs. conventional colonoscopy groups
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In six studies, 818 non-pedunculated adenomas were recorded in the CADe group (2518

patients) and 477 in the control group (2540 patients). This highlighted 0.325 non-pedunculated

adenomas per patient in the CADe group versus 0.189 (Table 2) in the control group with a pooled

effect size of 0.05 (95% CI 0.02-0.07; figure 3). The CADe system detected non-pedunculated

adenomas with an increased rate of 71.5% when compared to conventional colonoscopy (Figure

3.5).
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study ES (95% ClI) Weight
Wang et al. 2019 - 0.03 (0.02, 0.04) 17.23

Wang et al. 2020 — 0.10 (0.08, 0.12) 15.93

Su et al. 2020 4 0.00 (-0.00, 0.00) 17.69
Gong et al. 2020 - 0.01 (0.01, 0.02) 17.33
Liu et al. 2020 - 0.02 (0.01, 0.02) 17.40

Repici et al 2020 —— 0.15(0.13, 0.18) 14.43

Overall (I-squared = 98.0%, p = 0.000) <> 0.05 (0.02, 0.07) 100.00

NOTE: Weights are from random effects analysis

T
-.18 0 .18

Figure 3.5 Pooled analysis of mean non-pedunculated adenoma per patient in CADe vs. conventional colonoscopy groups

3.3.3.3 Proximal lesions

A total of 4523 proximal lesions were identified in seven studies, with 837 in the CADe group
(2254 patients) and 448 in the control group (2278 patients). This equated to 0.371 proximal
polyps per patient in the CADe group and 0.197 proximal polyps in the conventional
colonoscopy group (Table 2). An increase of 88.9 % in detection of proximal polyps was shown
with the use of CADe in the studies. A pooled effect size of 0.17 (95% CI 0.09-0.24) was
generated when analysing non-pedunculated lesions in the CADe versus conventional group

(Figure 3.6).
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Wang et al. 2019 i —+— 0.23(0.20, 0.25) 16.89
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NOTE: Weights are from random effects analysis

T T
-.27 0 .27

Figure 3.6 Pooled analysis of mean proximal polyps per patient in CADe vs. conventional colonoscopy groups.

In seven studies, 659 proximal adenomas were recorded in the CADe group (2518 patients) and
423 in the control group (2540 patients). This highlighted 0.262 proximal adenomas per patient
in the CADe group versus 0.167 in the control group (Table 2) with a pooled effect size of 0.09
(95% C10.07-0.12; figure 3.8). The CADe system detected proximal adenomas with anincreased

rate of 57.2% when compared to conventional colonoscopy.
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Figure 3.7 Pooled analysis of mean proximal adenomas per patient in CADe vs. conventional colonoscopy groups.

3.3.4 ADR and PDR

Overall, six studies assessed the ADR for CADe systems compared to standard colonoscopy,

and six studies assessed the PDR in the same way (Table 3.4). All studies showed an

improvement in ADR and PDR with the use of CADe systems when detecting polyps in real-time.

The average ADR for CADe versus standard colonoscopy was 33.65% and 22.85%, respectively,

with a range of 16%-54.8% for CADe and 8%-40.4% for standard colonoscopy.
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Authors & Year | PDR - CADe | PDR - control | ADR - CADe | ADR - control
[%] [%] [%] [%]

Wang et al|45.02 29.1 29.12 20.34

2019 (76)

Wang et al|b52 37 34 28

2020 (77)

Su et al 2020 | 38.31 25.4 28.9 16.5

(78)

Gongetal2020 | 47 34 16 8

(79)

Liu et al 2020

(80) 43.65 27.81 39.1 23.89

Luo et al 2020

(75) 38.7 34 N/K N/K

Repici et al

2020 (81) N/K N/K 54.8 40.4

Table 3.4 Summary of CADe (computer-aided detection versus control for polyp and adenoma detection.

(N/K-=not known)

3.3.5 Heterogeneity of Studies

There was a high degree of variation between studies. The heterogeneity was statistically

significant when comparing the studies (p<0.05). The variation amongst studies ranged between

95.6% and 98.7%.

3.3.6 Quality Assessment

The assessment of bias for the studies using the Jadad scale is shown in Appendix 3. Most of

the RCTs scored 3 or more on the Jadad scale and were therefore considered to be of good

quality, except for one study which scored 2 suggesting poor quality.
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3.4 Discussion

This meta-analysis assesses the real-time performance of CADe systems to detect lesions most
commonly missed by endoscopists and builds on existing data that these systems improve the
ADR and PDR overall. The results in this review demonstrate that CADe systems performed
better than standard colonoscopy in detecting diminutive and non-pedunculated polyps,
including adenomas. The CADe systems demonstrated a percentage increase in detection of
between 57% and 92%. The effect size was more pronounced in polyp detection versus

adenoma detection.

The difference in withdrawal times observed in most of the RCTs was not significant when using
the CADe systems. This suggests that the endoscopy workflow will not be substantially affected
by the addition of a CADe system, nor will it take longer to detect “tricky” lesions during the
procedure. However, three studies did show a significantly higher withdrawal time for CADe
systems (78-80), and so it is difficult to gauge the realistic impact that CADe systems have on
withdrawal time given the variability in type of systems used and relative infancy of such CADe

systems in a real-time healthcare setting.

It is known that increasing adenoma detection reduces colorectal cancer risk. It is also
recognised that missed lesions cause the majority of PCCRCs (23). It is, therefore, reasonable
to assume that the significant increase in detection in the most commonly missed adenomas

would translate into reduced PCCRC rates.

An increase in polyp detection will often also include benign lesions such as hyperplastic
polyps. In order to improve the ADR, Al-based technology aimed at characterisation of polyps
during endoscopy is being optimised. Once effective, this technology will allow a strategy of
“resect and discard” or “diagnose and leave” for small polyps, which has so far defied large-

scale attempts at introduction into everyday practice (82,83).

The papers included in this meta-analysis used CADe systems based on neural networks,
however, the type of architecture and algorithm in each study differed which likely contributed

to the large heterogeneity in the studies. Although our findings may highlight the overall impact
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of CADe systems in detecting this subset of lesions, it may dilute and therefore underestimate
the effect of individual systems. Endoscopic experience and withdrawal time was similarly not

standardised across studies which may contribute to the heterogeneity of this meta-analysis.

Previous meta-analyses have excluded the paper by Gong et al. as the system used in the study
focussed on quality of withdrawal rather than direct lesion detection (79). Our meta-analysis
focuses on the general application of CADe systems and its impact on lesion detection, and
therefore, we included this paper in our analysis. This likely also contributed to the large
heterogeneity. More real-time studies will allow focussed analyses on different CADe systems

and their applications.

The level of experience of the endoscopists participating in the studies varied from 1-3 years of
experience(79) to 4-6 years (78), with different overall procedure numbers. Previous studies have
demonstrated a significant correlation between number of years’ endoscopy experience and the
ADR (84). Endoscopists with a higher degree of skill and performance are more likely to detect
diminutive or non-pedunculated polyps. It would be important to assess if impact of CADe

systems correlates with level of experience to allow it to be deployed in a cost-effective way.

The malignant potential of diminutive adenomas is unclear. Vleugels et al. report a low risk of
diminutive lesions containing advanced pathology (5.6%) and cancer (0.07%) (85). Kim et al.
however showed an increased risk of metachronous cancer in the presence of three or more
non-advanced diminutive adenomas and advanced pathology (86). The number of diminutive
lesions does play a role in some screening programmes internationally. Optical diagnosis using
an Al-based system may improve overall detection of colonic pathology and may lead to a resect

and discard pathology with respect to diminutive lesions.
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3.5 Conclusion

A key role of luminal endoscopy is detection of lesions and anincrease in lesion detection has a
well-documented tangible reduction in cancer and it is for this reason screening programmes

are now delivered in most developed countries.

This study demonstrates the ability of CADe to improve detection of the most commonly missed
colonic polyps and thus a likely reduction in PCCRC. However, the evidence base for real-time
CADe in endoscopy is still relatively small and further trials are required, including comparison
of different systems and different levels of experience, before this is incorporated more widely
into standard clinical practice. Nonetheless the available data strongly points to the potential

significant added value of CADe system in endoscopy.
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4. Orientation in Endoscopy: A Cross Sectional Descriptive
Survey of Endoscopists Orientation During Endoscopy

Content from this Chapter was Published in (87):

Sivananthan A et al. Orientation in upper gastrointestinal endoscopy - the only way is up. World

J Gastrointest Endosc. 2023 Mar 16;15(3):146-152. doi: 10.4253/wjge.v15.i3.146.

4.1 Background:

Accurate orientation by the endoscopist plays a critical role in the detection and management
of luminal lesions alongside the technical imaging capabilities of the endoscope. Improving
imaging capability of the endoscope provides a more accurate image to endoscopists but the
endoscopist is still required themselves to accurately orient themselves based on the image
they see. Appropriate localisation and orientation within the lumen are important to risk stratify

lesions accurately and allow appropriate management of the lesion.
This chapter aims to:

1. Outline the role of orientation in Endoscopy

2. Determine the ability of endoscopists to orient and localise themselves in the UGI tract
4.1.1 Orientation in Endoscopy
Orientation in LGl Endoscopy
Accurate orientation in LGl endoscopy provides important information to help guide
management. Certain distributions of colonic inflammation may guide endoscopists towards

an ischaemic cause over infection which will significantly change management. Localising

cancerous lesions accurately helps guide the extent of surgical resection. The right colon has a
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thinner wall and requires lower electrocautery settings than the left side. Inappropriate use of
left sided colonic electrocautery on the right side increases the risk of perforation, thermal

injuries and early and late colonic bleeding.

The colon is a mobile structure and mesenteric attachment allows stretch and ‘looping’ of the
colon. Pushing a colonoscope into the patient may provide no luminal progress but instead
stretch the colonic mesentery causing looping, patient discomfort and increased perforation

risk.

Orientation in LGl endoscopy has been improved significantly by scope guidance technologies
such as ScopeGuide (Olympus, Tokyo) and Scope SCOPEPILOT (Pentax, Tokyo) (Figure 4.1) (88).
Magnetic coils housed in the colonoscope itself allow an accurate 3D reconstruction of the
endoscope configuration to be displayed to the endoscopist in real time. This allows accurate
orientation and location of the tip within the colon and identification of colonic looping allowing

resolution of the loop.

- —
RADIANCE
o -

T

PENTAX

MEDICAL

Figure 4.1 SCOPEPILOT (Pentax, Tokyo)
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4.1.2 Orientation in UGI Endoscopy

Oesophagogastroduodenoscopy (OGD) is the gold standard investigation for UGl tract allowing
direct visualisation, tissue sampling and a widening remit of therapeutic curative procedures for

early cancers.

Orientation within the UGI tract during endoscopy is challenging due to the complex interaction
between the flexibility of the scope, the multiple degrees of freedom of the endoscope tip, use

of torque and the predominant focus on the (inverted) displayed image.

Endoscopy’s role in diagnosing UGI cancer continues to advance, with a better understanding
of precursor changes such as Barrett’s and atrophic gastropathy and evolving technologies like
image enhanced endoscopy and computer aided detection systems. Despite this 11.3% of UGI
cancers are missed by OGD (89). The role of endoscopy in the management of benign UGI
conditions has also improved. There are increasing therapeutic options to intervene
endoscopically on complex bleeds, or UGI perforations, with patients who historically would

have required surgery now often being managed endoscopically.

There are growing numbers of guidelines and statements to help support approaches to
surveillance and management of UGI pathology including a standardised approach to photo-
documentation of the UGI tract (90-92). There are numerous widely accepted protocols on UGI
surveillance such as the Seattle protocol (14) for assessing Barrett’s and the Sydney protocol for
assessing chronic gastritis. These guidelines require accurate identification of the endoscopic

anatomy for appropriate sampling and photo- documentation.

For example, chronic atrophic gastritis is a well-recognised precursor lesion to gastric cancer
but the risk is significantly correlated to its anatomic distribution which is assessed on
endoscopy and dependent on the endoscopist’s accurate orientation within the UGl tract. If CAG
is suspected the Sydney protocol of biopsies is undertaken. The Sydney protocol requires

separate biopsies of the gastric antrum, incisura, lesser curve and greater curve (Figure 4.2) (14).
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Cardia

Figure 4.2 Sydney Protocol Biopsy Targets

This requires appropriate orientation and localisation endoscopically within the stomach
differentiating between the greater curve and lesser curve, and the corpus and antrum.
Appropriate localisation and of GIM for example are key (93). When comparing the Magenstrasse
pattern (lesser curve from cardia to pylorus and greater curve pyloric antrum) and the diffuse
pattern (entire gastric mucosa otherthan fundic areas) to focal (foci in lesser curve and incisura)
and antrum predominant (antral) GIM, Magenstrasse had a 5.7-fold increased gastric

adenocarcinoma risk with diffuse pattern GIM having a 12.2 fold increase.

The reported location of UGI pathologies such as ulcers directly impacts post-endoscopy
investigation and management. Gastric ulcers located on the greater curve are more commonly
malignant, whereas benign gastric ulcers occur predominantly on the lesser curve ©. Ulceration
in the first part of the duodenum (D1) is more likely to lead to perforation if the ulcer is located
on the anterior wall and although the overall perforation rate in peptic ulcer disease is relatively

low most ulcers that do perforate are anterior D1 (94)
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The gastroduodenal artery is located directly behind the posterior aspect of the duodenum.
Ulcers on the posterior duodenal wall are at risk of eroding into this artery which can result in
massive bleeding and as such carry a worse prognosis (95). Posterior duodenal ulcers are also
associated with a higher re-bleeding risk (96,97) and the accurate identification of a posterior
duodenal ulcer is important to understand the proximity of the gastroduodenal artery and thus
the understanding of endoscopic limits and appropriate targets for interventional radiology or

surgery if required.

The PubMed, Cochrane Library and Embase databases were searched until January 10" 2023 to
identify relevant research articles. This revealed limited available data on orientation within the
UGI tract. One paper was identified from 1992 showing only a 28% accuracy in endoscopists

identifying the posterior duodenal bulb (98).

The aim of this study is to evaluate endoscopists’ visual spatial orientation within the UGl tract.
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4.2 Methodology

4.2.1 Study Design

A cross-sectional descriptive survey study design was used. The study was approved by the
Imperial College London institutional review board. A questionnaire was developed by the
authors using anonymised endoscopy pictures taken by AS (with consent for publication given

by the patients).

Anonymised endoscopic pictures of the gastro-oesophageal junction (GOJ), gastric body and
the first two parts of the duodenum were used. Images were annotated in each of the four
quadrants of the image (Figures 4.3, 4.4, 4.5, 4.6) to give four options. The patient position (left
lateral decubitus) was specified. Orientation of the quadrants in the images and corresponding
correct responses were determined in a two-stage process, initially proposed by AS/GK and
agreed by NP/KP in the context of the available literature (14,91,92,99-102). The questionnaire
was developed in Qualtrics™. Demographics including specialty and endoscopic experience

were also collected.
The primary outcome was the percentage of correct answers amongst all surveyed. Secondary

outcomes were the percentage of correct answers from experienced versus novice

endoscopists.
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Figure 4.3 Image of mid oesophagus with anterior oesophagus corresponding to “D”

Figure 4.4 Image of mid gastric body with anterior stomach corresponding to “D”
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Figure 4.6 Image of the second part of the duodenum with the posterior duodenum corresponding to “C”

4.2.2 Data Collection

The survey was distributed through existing national endoscopic research networks including
the ‘digital gastroenterology training network’ and opportunistically to endoscopists at the
British Society of Gastroenterology Annual Meeting. Inclusion criteria was any experience
performing OGDs in adult patients. There were no exclusion criteria. Clinical role of the
endoscopists were asked including consultant (equivalent to attendee), registrar
(gastroenterology specialist trainee), senior house office (early-stage medical training) and

clinical endoscopists (specialist nurses trained to independently perform endoscopy).
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4.2.3 Statistical Analysis

Results were collected anonymously using the Qualtrics software and exported to Microsoft
Excel for basic statistical analysis. Experienced endoscopists were classified as those who had
performed more than 1000 OGDs. Novice endoscopist were classified as those who has
completed 1000 or less OGDs. Percentages were used to analyse the discrete data for all
subjects. Pearson’s Chi-squared test was applied to compare the two groups using a p value

below 5% to denote significance.
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4.3 Results

4.3.1 Demographics

There were 188 respondents to the survey (Table 4.1). Of these: 74 respondents were
consultants, 91 were registrars and 23 were nurse endoscopists. Most were physicians (184) and
four were surgeons. There were 163 independent accredited endoscopists and 25 training
endoscopists. There were 86 experienced endoscopists having completed more than 1000

endoscopies with 102 novice endoscopists completing 1000 or fewer endoscopies.

Percentage (Number)

Consultant 39.4% (74)
Registrar 48.4% (91)
Nurse Endoscopist 12.2% (23)
Speciality

Medicine 97.9% (184)
Surgery 21.% (4)

Accreditation

Independent 86.7% (163)
Not Independent 13.3% (25)
Experience

Experienced (>1000) 45.7% (86)
Novice (£1000) 54.3% (102)

Table 4.1 Demographics of survey respondents

4.3.2 All Respondents

44.4% of all respondents identified the anterior oesophagus correctly (Table 4.2). 48.4% of all

respondents were able to identify the anterior stomach correctly. 43.1% of all respondents were
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able to identify the anterior of the first part of the duodenum correctly. 47.3% correctly identified

the posterior of the second part of the duodenum.

Anterior 32.4% (61)
Oesophagus

Anterior Stomach 48.4% (91)
Anterior D1 43.1% (81)
Posterior D2 47.3% (89)

Table 4.2 Correct responses by total respondents — percentage and absolute number.

4.3.3 Experienced versus Novice

Experienced endoscopists were significantly more likely than novice endoscopists to identify
the anterior oesophagus (44.2% vs 22.5%, X? (1, N =188) =9.97, p =.002), the anterior stomach
than novice endoscopists (61.6% vs 31.3%, X2 (1, N=188)=11.10, p =.001) and the first part of
the duodenum than novice endoscopists (51.2% vs 36.3%, X2 (1, N=188)=4.22, p =.040) (Table
4.3).

There was no significant difference between experienced endoscopists and novice
endoscopists in identifying the posterior of the second part of the duodenum (41.9% vs 52.0%,

X2(1,N=188)=1.91, p=.167).

Anterior 44.2% (38) 22.5% (23) .002
Oesophagus

Anterior Stomach 61.6% (53) 31.3% (38) .001
Anterior D1 51.2% (44) 36.3% (37) .040
Posterior D2 41.9% (36) 52% (53) .167

Table 4.3 Correct responses: expert endoscopists versus novice endoscopists — percentage and absolute number.
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4.4 Discussion

This study demonstrates that the majority of endoscopists surveyed were unable to accurately
identify key landmarks within the UGI tract. This is in keeping with previous work showing the
majority of endoscopists being unable to identify the posterior duodenal bulb in 1992. Although
there is no clear evidence that accuracy of orientation and landmark identification during
endoscopy has a direct impact on patient outcomes there are logical reasons to think that this

would be the case.

Consensus statements on photo-documentation, including those from the British Society of
Gastroenterology (BSG), European Society of Gastrointestinal Endoscopy (ESGE), American
Gastroenterological Association (AGA), American Society of Gastrointestinal Endoscopy (ASGE)
and the World Congress of Gastroenterology (WCOG) (90,102) are reliant on endoscopists
correctly identifying key UGI landmarks. Based on our findings there is doubt that many
respondents are accurately recognising the position of anatomical landmarks and pathology
which may have an impact on accurate photo-documenting and thus by inference inspecting all
the anatomical areas suggested. Accurate orientation and localisation are important for risk
stratification. Based on these results it is unclear if endoscopists are equipped to accurately
grade distribution of chronic atrophic gastritis for example or appropriately take histological
samples as per the Seattle protocol as this required differentiation of the greater and lesser

curve for example.

Accurate anatomical identification of duodenal ulcer location may allow appropriate planning
for further management and risk stratification but only a minority of respondents were able to
differentiate the anterior and posterior duodenum. Gastrostomy feeding tubes placed
endoscopically are accessed via the anterior stomach but the majority of endoscopists were

also unable to accurately identify this.

With the increasing role of the multi-disciplinary team (MDT), reports are commonly interpreted

by non-endoscopists, and accurate reporting of lesion location would presumably advantage

other specialists when considering management or correlating with radiological findings.
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Although there is now wider availability of access to photo-documentation from previous
endoscopies, the accurate reporting of the location of lesions may also offer medicolegal
supportin providing clear evidence that a lesion is new. This is especially relevant in the context

of the high reported rate of UGI cancers missed at endoscopy.

Experienced endoscopists were significantly more likely to respond correctly in all but the
question related to the second part of the duodenum. This suggests that experienced
endoscopists more reliably orientate themselves correctly within the UGI tract and posits that
understanding of orientation is gained experientially. Although, the correct recognition of
posterior D2 by experienced versus novice endoscopists was not statistically significant, which

suggests that experience is not the only factor impacting accurate endoscopic orientation.

The focus on the inverted on-screen image may lead to discrepancies in reported locations,
often reports are written with lesions documented with respect to their position on a clock face.
However, this does not always correlate with the anatomical orientation. For example, left of the
screen, when looking at the gastro-oesophageal junction, does not necessarily correlate to the
anatomical left of the patient as the orientation of the screen is dependent on both patient
position and steering of the endoscope. Orientation based on landmarks provides an objective
assessment of location. The inaccuracy of the responses may be due to selecting the responses
corresponding to the location on the image itself (i.e. left of the image) rather than based on the

anatomical landmarks.

There were limitations to this study including the use of stillimages which is not akin to real time
endoscopic views which may improve orientation. The sample was of British endoscopists and
is therefore not generalisable to other countries with different approaches to training and

certification.
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4.5 Conclusion

This study has signalled that orientation within the upper Gl tract by endoscopists is inaccurate.
Endoscopic orientation does appear to improve with experience. Accurate orientation may have
beneficial impact on patient outcomes with respect to interventional procedures including
rescoping after an UGI bleed and informed arterial embolisation. Similarly appropriate lesion
localisation allows appropriate risk stratification of UGI lesions such chronic atrophic gastritis.
Accurate orientation of the CAG allows appropriate careful surveillance to prevent and identify
transformation to gastric cancer and prevent inappropriate surveillance in limited CAG which
has a very low transformation risk. Further work is required to research the cause of this
disorientation. With advanced endoscopic technology there is the potential for novel solutions

to assist endoscopic orientation during this high cognitive workload procedure.
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5. Therapeutic Endoscopy: The Interventional Endoscopist’
Toolbox

Content from this Chapter was Published in (66,67):

Sivananthan A et al. The evolution of lower gastrointestinal endoscopy: where are we
now?. Ther Adv Gastrointest Endosc. 2020;13:2631774520979591. Published 2020 Dec 20.
do0i:10.1177/2631774520979591

Sivananthan A et al. Endoscopic submucosal dissection: an update on tools and
accessories. Ther Adv Gastrointest Endosc. 2020;13:2631774520957220. Published 2020 Sep
28.d0i:10.1177/2631774520957220

5.1 Background

Luminal endoscopy has evolved from a diagnostic adjunct to a complex subspecialty, in its own
right, with an evolving therapeutic role. Endoscopy plays a major role in the prevention, diagnosis

and increasingly the management of gastrointestinal cancer.

As described in the preceding chapters, endoscopy plays an important role in detection of
precancerous and cancerous lesions, CADe can improve this detection. The role of endoscopy
in removing these detected lesions is similarly evolving. In the UGI tract, early identification of
advanced Barrett’s or chronic atrophic gastritis allows early treatment and management
including radiofrequency ablation, mucosal and submucosal resection. In the LGI tract,
adenomas are the predominant precursor lesion and identification and removal of these is a key
function of endoscopy in preventing colorectal cancer (19). The introduction of screening
programmes plays an important role in mitigating this risk with case control studies in Germany
and the USA suggesting such programmes reduce 10 year colorectal cancer risk (21,22). More
advanced lesions that previously would have required surgery can now be removed
endoscopically allowing organ preservation through more advanced therapeutic endoscopic

procedures.
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In this chapter the main forms of polypectomy are presented from simple biopsy to endoscopic

submucosal dissection followed by a detail look at the tools available to ESD practitioners.
The aims of this chapter are to:

1. Outline the role of endoscopy in therapeutic resection

2. Review the available endoscopic instruments to therapeutic instruments

5.2 Therapeutic Luminal Endoscopy

Successful polypectomy aims to remove a luminal polyp entirely with no residual disease and
to minimise disease recurrence and polypectomy related complications such as bleeding or
perforation. There are multiple techniques to approach polypectomy dependent on size,

morphology, location and endoscopist experience.
5.2.1 Biopsy Forceps Polypectomy

Biopsy forceps are used by placing and closing the jaws of the instrument around the target
tissue and physical avulsion of the sample. There are a wide variety of forceps available (Figure
5.1) (103) including serrated and non-serrated jaws, forceps with a central stabilising needle and
jumbo-sized forceps (104-106). Hot biopsy forceps allow coagulation currents to be deployed
simultaneously to avulsion but have mainly fallen out of favour (107-110). Cold snare
polypectomy is increasing favoured in any diminutive polyps above 3mm with improved

complete resection rates versus biopsy forceps polypectomy (111,112).
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Figure 5.1 STERIS (Mentor, Ohio, USA) range of forceps.
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5.2.2 Snare Polypectomy

Snare polypectomy involves placement of a loop of braided monofilament around the target
tissue and closure around this with subsequent avulsion. Cold snare polypectomy uses
mechanical force alone for polypectomy (Figure 5.2) (113). Addition of a monopolar electrode

allows hot snare polypectomy through the use of electrosurgical cutting and coagulation

currents.
ge ‘:small La;,c Small Htxagjona Asymmetrical Thick
Round Oval filament

Figure 5.2 Range of endoscopic snares

Cold snare polypectomy has increasingly become the mainstay resection procedure of
diminutive polyps. Multiple studies have compared cold to hot snhare polypectomy in smaller
polyps with no difference in complete resection rates (114,115) with a trend towards lower rate
of post polypectomy bleeding in cold snare polypectomy (116,117) and in those on
anticoagulant therapy (118-120). This is likely due to an increase in defect size seen one day

after hot snare polypectomy and a higher percentage of submucosal tissue capture (121,122).
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5.2.3 Endoscopic Mucosal Resection

Endoscopic mucosal resection (EMR) is a technique used to remove larger sessile or flat lesions
not amenable to standard polypectomy. The main intent of EMR is to increase the separation
between the mucosa and muscularis propria to allow safer resection of superficial lesions (123).
EMR may involve resection of the entire lesion as one piece referred to as en-bloc or in multiple

resections referred to as piecemeal.

The three main techniques used in EMR are conventional hot EMR, cold EMR and underwater

EMR (Figure 5.3) (124).

Hot, or conventional EMR involves submucosal injection below the lesion and resection of the

lesion via a hot snare (125).

Cold EMR similarly utilises submucosal injection, but subsequent snaring is done without
electrocautery. Emerging evidence suggests this may be safer than conventional EMR with a with
areduced rate of bleeding, perforation and post-polypectomy syndrome and movementin (126).

There is an increasing movement toward cold EMR in this ‘cold revolution’ (127).

Underwater EMR used fluid insufflation of the lumen to float the lesion away from the muscularis
into the centre of the lumen. Hot snharing is then undertaken with a safer margin between the
mucosa and muscularis. There is good evidence to support this as an alternate or even primary

option for EMR (128).
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Figure 5.3 Endoscopic Mucosal Resection Techniques (lift with hot and cold snare, and underwater EMR)
5.2.4 Endoscopic Submucosal Dissection

Endoscopic submucosal dissection (ESD) uses a combination of submucosal injection and
dissection of lesions en-bloc through use of electrosurgical knives. ESD is a prolific technique in
the East with slower uptake in the West. However, Europe is how increasingly using ESD as a first

line technique.

ESD involves the following steps (Figure 5.4) (129):
1. Marking: the tip of the knife is used for marking the margin for resection.
2. Injection: a solution is injected into the submucosa to elevate the mucosa.
3. Incision: anincision is made around the circumference of the lesion.
4. Submucosal dissection: the submucosa is dissected with care to avoid perforation.
5

Haemostasis: coagulation of bleeding vessels as required throughout.
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Figure 5.4 ESD technique

ESD was developed in Japan in the late 1990s as a reaction to the shortcomings of endoscopic
mucosal resection (EMR) in removing large superficial gastric malignancies (130).

ESD is technically more challenging than EMR, with longer procedural times and higher rates of
complications, but the en-bloc resection allows good histopathological assessment of lesion

margins, lower recurrence rate and a greater minimally invasive potential for cure (131-133).

The procedure is well established in Asia but has been slow to spread into the West for a few
reasons. These include lower availability of mentors for a technically challenging procedure and
high complication rates. Hybrid ESD involves ESD combined with the snaring of EMR, simplifying
the most challenging ESD step: submucosal dissection. This is associated with shorter

procedure times and lower complication rates, but with lower en-bloc resection rates (134).

The European Society of Gastrointestinal Endoscopy recommends ESD be used first line in the
removal of gastric superficial neoplastic lesions with very low risk of lymph node metastases. It
is also recommended first line for superficial oesophageal squamous cell cancers. ESD can be
considered in Barrett’s related lesions for larger and poorly lifting lesions. For colonic and rectal
lesions, ESD can be considered if there is a high suspicion of limited submucosal invasion

(indicated by depressed morphology and an irregular or non-granular surface pattern) -
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especially if >20mm, or in lesions that otherwise cannot be optimally and radically removed by

snare based techniques (135).

There are multiple challenges faced by ESD practitioners. While the practice of ESD in gastric
lesions is relatively well established and safe, the oesophagus with its narrow lumen and
challenging workspace, and the colon with its tortuous course and folds are more challenging
frontiers. The nature of performing this procedure endoscopically means that conventional
methods offer no mechanism for providing counter-traction while performing dissection,
impeding visibility and increasing the rate of complications. Traction methods, and assistive
devices such as caps and hoods have been developed in an attempt to improve procedural
visibility, stability and speed, and thus patient safety (136). In Japan, where the procedure is best
established, the complication rates (including perforation, peritonitis and bleeding) are 3.5% for

gastric ESD, 3.3% for oesophageal ESD and 4.6% for colorectal ESD(137).

5.3 Review of ESD tools available

5.3.1 Methodology

The terms ‘endoscopic submucosal dissection’ and ‘ESD’ were inputted into the search engines
of PubMed, Embase, Medline, and Cochrane. Only articles available in English were included.
The articles were then screened for relation to ESD. A total of 119 articles relating to accessories
used in ESD, of which 85 were in the English language and relevant to the review are included.
Articles excluded were those relating to experimental tools or techniques not available to the

general practitioner, outdated articles and Cochrane trials that were never published.

5.3.2 Knives

There are a variety of products available on the knife market, and the field has evolved rapidly

over the past two decades with efforts to improve efficacy, safety and cost-effectiveness (Figure

5.5) (136). In spite of this, the evidence differentiating them is sparse and choice often comes
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down to operator preference. Image 1 shows some of the knives on the market, which will be

discussed further here.

5.3.2.1 Needle-type

- Description: Sharp tip and monopolar current.

- Advantages: Simple, easy to use.

- Disadvantages: Poor control, risk of unintended tissue trauma (thus primarily used for
making initial incision) — although somewhat overcome with ball-tipped knives (ball like
process at tip behind which the knife can be retracted, can also use ball to stabilise on

surface before cutting, e.g. Dual Knife).

5.3.2.2 Insulation-Tip (IT)

- Description: Insulator reduces risk of puncturing tissues and can be used for
haemostasis.

- Advantages: More suitable for submucosal dissection than conventional needle-type
knives.

- Disadvantages: Difficult to manoeuvre so sometimes requires dissection without direct

visualisation of the lesion.

5.3.2.3Hybrid/ Waterjet:

- Description: central lumen in knife through which fluid can be flushed for needleless
injection.

- Advantages: Shorter procedure times than knives without waterjet function, faster
submucosalinjection, no need to change tools.

- Disadvantages: More challenging to use, more equipment required.
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5.3.2.4 Scissor/grasping type

Description: Scissor-style grasping grip with monopolar frequency that can cut the tissue
being held.

Advantages: Ability to grasp away from the submucosal plane and check position before
cutting improves safety, good for more technically challenging anatomy e.g. oesophagus
and colorectal as well as gastric (138-143).

Disadvantages: The Clutch Cutter (Fujifilm, Tokyo, Japan) cannot make a sharp mucosal
incision, whereas alternative SB knives struggle to control severe bleeding due to thin

shape. An initial incision is still required by an ESD knife.

5.3.2.5 Others

Triangle tip/ TT Knife (Olympus, Tokyo, Japan): diathermic disc at tip — allows for more
detailed dissection at expense of procedure time.

o Triangle Tip Knife J has waterjet capacity.
Flex Knife (Olympus, Tokyo, Japan; MTW, Wesel, Germany; Kachu, Seoul, South Korea):
round tip with twisted wire of adjustable length (like a snare), soft nature reduces
perforation risk but can attract carbonised particles reducing electrical current flow.
Hook Knife (Olympus, Tokyo, Japan; MTW, Wesel, Germany): L-shaped hook that can cut
horizontally and vertically, allowing for detailed dissection at expense of longer
procedure time.
Fork Knife (Kachu, Seoul, South Korea): two interchangeable knives (fixed flexible snare
plus fork-shaped knife with inlet for injection/irrigation) — switched with knob allowing
one knife to perform entire procedure.
Dissectors (Karl Storz, Tuttlingen, Germany; Ovesco, Tubingen, Germany): perform blunt

dissection to remove lesions.
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Figure 5.5 Knives used in endoscopic submucosal dissection

From left to right: Needle Knife (Olympus, Tokyo, Japan), Dual Knife (Olympus, Tokyo, Japan), IT2 Knife (Olympus, Tokyo, Japan),
Splash M Knife (PENTAX, Tokyo, Japan), TT knife (Olympus, Tokyo, Japan), Flex Knife (Olympus, Tokyo, Japan), Hook Knife

(Olympus, Tokyo, Japan). Images taken with permission from Chun, 2017.

5.3.2.6 Evidence

There are a number of comparative trials between the various knives, primarily examining end
points of procedure time, resection rate and risk of complications. However, the published
evidence base is not broad with choice of tools guided through user experience and local unit

practices (Table 5.1).

Two studies compare the Flush Knife with the Flush Knife BT, finding that the ball-tipped version
is associated with longer time to initial bleeding and fewer points requiring the use of
haemostatic forceps throughout the Gl tract — although some authors have suggested the

original Flush Knife may still be more suited to severely fibrotic lesions(144,145).

The Flush Knife has also been compared with the Flex Knife in colorectal ESD, finding that the
Flex Knife was associated with longer procedure times, likely related to more device changes

and increased fluid utilisation (146).

There are multiple further trials comparing hybrid knives with conventional hon-waterjet knives
(most commonly IT, Dual, Hook and Mucosectom knives) showing shorter procedure time with
the hybrid knives (primarily related to fewer instrument changes) without any significant
differences in adverse events (147-151). A further study of hybrid knives use in trainees found
that initial performance (in terms of resection rate with clear margins) with hybrid knives is lower
than with conventional knives, but the learning curve is short and associated with rapid

improvement over the course of 50 procedures (152).
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A 2016 trial comparing the Dual Knife with the IT knife nano for colorectal lesions found that the
IT knife nano was associated with shorter procedure times and reduced perforation risk(153).
There are also current trials looking at procedure time and outcomes of use of the IT knife nano
in colorectal lesions >30mm both alone (154) and compared with the Dual Knife. In colorectal
ESD, the Fork Knife has been compared with the Flex knife, finding that the Fork knife was
associated with shorter procedure times (59.63 minutes vs 76.65 minutes) and higher complete

resection rates (81.1% vs 73.6%) (155).

Numerous studies have compared the SB knives with the Hook Knife, and have shown that
scissor-type knives have a similar or superior safety profile, with a shorter time to competency
when used by novices(116,156-158) and similar results when compared with the Flush
Knife(159). Further studies have compared the Clutch Cutter to conventional knives, with mixed
results on whether the procedure time is shortened, prolonged, or not significantly different

(141,160-163).

Knife Brand Name Manufacturer Mucosal Submucosal
Type Marking | Injection incision dissection Haemostasis
Needle | Needle Knife Olympus X X X
Needle MTW X X X
Controllable
Knife*
Creo X X X X X
Speedboat RS2 | Medical
Dual DualKnife* Olympus X X X X
DualKnife J* Olympus X X X X X
Splash-M knife* | PENTAX X X X X X
IT IT knife, IT2*% IT | Olympus X X X
nano
Swanblade* PENTAX X
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Mucosectom* | PENTAX

Ball ESD Knife* | MTW
Hybrid | HybridKnife* (I- | ERBE

type, T-type, O-

type),

HybridAPC

Flush Knife, | Fujifilm

Flush Knife BT

(ball-tip), Flush

Knife BTS* (ball-

tip slim), Flush

Knife NS*
Scissor- | SB Knife, SB | Sumitomo
type Knife Jr Bakelite

3-in-1 SB Knife | Olympus

Clutch Cutter* | Fujifilm
Hook Hook Knife* Olympus

Hook Knife J* Olympus

Hook Knife* MTW
Fork Endo FS Kachu
Blunt EndoDissector | Karl Storz
dissect | Endo-Maryland | Ovesco
ors Dissector*

Table 5.1 Acomparison of ESD knives and their functionalities

(* are those available to buy in the market in the UK)

Manufacturers: Creo Medical, Chepstow, United Kingdom; ERBE Elektromedizin GmbH, Tubingen, Germany; Fujifilm, Tokyo,

Japan; Kachu, Seoul, South Korea; Karl Storz, Tuttlingen, Germany; MTW, Wesel, Germany; Olympus, Tokyo, Japan; Ovesco,

Tubingen, Germany; PENTAX, Tokyo, Japan; Sumitomo Bakelite, Tokyo, Japan.
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5.3.3 Distal Attachments

The attachment of a transparent cap to the end of an endoscope allows fixing of the endoscope
at a constant distance from the mucosa to aid in visualisation of the lesion and thus help in
reducing the risk of complications. Caps may come with holes for drainage of blood and water,
and also of different shapes (e.g. straight, oblique) depending on the anatomy of the area in

which they are being used (Figure 5.6) and user preference.

There is some evidence to suggest that cap-assisted EMR significantly shortens procedure time
in comparison with EMR or ESD without a cap in removing rectal tumours (164,165). There are
as yet no head to head trials comparing cap versus non-cap assisted ESD. Hoods are a type of
cap with a tapered tip that can be used to elevate mucous membranes following the initial
incision to aid with submucosal dissection. Again, comparative trials are not present, and

evidence is limited to case studies(166).

The Endolifter (Olympus, Tokyo, Japan) is a cap with grasping forceps at the distal end which is
able to lift the mucosa facilitating an easier dissection. This is a form of traction described
furtherin the Traction Methods section. It has been shown to reduce procedure time, amount of

submucosal injection and bleeding in pig models(167).
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Figure 5.6 Distal attachments

Left: Caps (Olympus, Tokyo, Japan). Right: Endolifter (Olympus, Tokyo, Japan). Images taken with permission from Chun,
2017(136) and Jang, 2017(168).
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5.3.4 Injection Solution

There are several fluids that are used to elevate the submucosa. Sodium chloride (0.9%) has the
advantage of being cheap and is widely used for EMR, but it quickly absorbs into the surrounding
tissue and ESD requires a more prolonged period of elevation(169). Solutions such as hypertonic
saline (3-4.7%), dextrose (20/50%) and hydroxypropyl methycellulose provide a longer duration
of submucosal lift, but can cause local inflammation with tissue damage due to its raised
osmolality(170,171). Glycerol (10% glycerine plus 5% fructose) is a less inflammatory option,

but has a tendency to generate smoke(172).

At the more viscous end is hyaluronic acid, which has a long lasting cushion and can be diluted,
but is expensive and may stimulate the growth of any residual tumour cells (173-175).
randomised controlled trial comparing sodium alginate against hyaluronic acid showed non-
inferiority of sodium alginate with regards to en-bloc complete resection and formation and
maintenance of mucosal elevation, although a higher rate of adverse events(176). Eleview
(Cosmo Pharmaceuticals, Dublin, Ireland) and ORISE gel (Boston Scientific, Marlborough, USA)
are synthetic solutions specifically designed for colorectal endoscopic resection and have been
shown to have excellent cushion-forming ability and to have a very long duration of lift. They also
contain dye to improve visualisation and highlight tissue planes, but are expensive(177).
Hydroxyethyl starch is an alternative that is reasonably safe and cheap as well as generating a
long elevation duration(178). Of note, a meta-analysis of injection fluids including sodium
chloride (0.9%), dextrose, glyucerol, hyaluronic acid, hydroxyethyl starch as described above,
as well as fibrinogen mixture, succinylated gelatin and mesna (a medication typically used to
inactivate urotoxic metabolites of some chemotherapy drugs), found no significant differences
between non-saline injection fluids in terms of en-bloc and complete resection rates — although

the data on fibrinogen, hydroxyethyl starch and glycerol was limited(179).

5.3.5 Haemostasis

A major complication of ESD is bleeding; both interprocedurally and delayed. Prophylactic
coagulation and rapid treatment are important for successful patient outcomes, and there are a

variety of tools available.
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All knives have at least a limited capacity for haemostasis on small bleeding points, depending
on the generator setting used (see Generators section). As mentioned previously, ball tip knives
typically have improved haemostatic efficiency compared with standard needle knives. Hybrid
knives have been demonstrated to reduce the need for haemostatic devices and regular
haemostasis compared with conventional knives. The Splash-M knife (PENTAX, Tokyo, Japan)
was designed with a metal plate on its distal sheath to facilitate improved haemostasis(180).
Most knives perform monopolar anticoagulation, which is versatile, quick and easy to use;
conversely, bipolar anticoagulation — as seen in the Speedboat for example — can be more

targeted and thus reduces the risk of thermal injury(181-183).

For larger vessels and associated bleeds, specific haemostatic devices may be necessary. Clips
are not widely used for bleeding control in ESD because they can interfere with the procedure,
and tend to be reserved for uncontrolled bleeding or at the end of dissection(136). More widely
used are haemostatic forceps (Figure 5.7). These are similar to hot biopsy forceps, but have
smaller clips and thus increased precision. The Coagrasper (Olympus, Tokyo, Japan) is a
monopolar forceps while the HemoStat-Y (PENTAX, Tokyo, Japan) is bipolar (see Image 3). A
comparison of the HemoStat-Y with endoscopic hemoclipping on non-variceal Gl bleeding
found a higher successful treatment rate with the Hemostat-Y (100% vs 78.2%) and a shorter
time to haemostasis (6.8 vs 13.4 minutes)(184). However, we found no papers directly

comparing different forceps against each other.

Argon plasma coagulation (APC) is a non-contact method of achieving anticoagulation by using
ionised argon gas to conduct electrical current from a probe to the bleeding point. The
advantage of not directly touching the tissue is a reduced risk of re-bleeding and perforation on
removal of the probe. However, it can be more challenging to stop active large vessel bleeding

compared with haemostatic forceps.

Prophylactic cauterisation of visible vessels in the floor of the wound has been suggested to
reduce bleeding(185). Some practitioners take this a step further and also perform clipping. This
has been suggested to be safe in some studies(186). However, increasing use of

electrocoagulation in preventing bleeding is not without its risks; it is estimated around 7-8% of
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ESD procedures are associated with coagulation syndrome — a transmural burn causing
localised peritonitis that typically can be managed conservatively, although 0.1-0.4% of patients

undergoing ESD may develop delayed perforation potentially requiring emergency surgery(187).

Various barriers have been marketed for preventing bleeding following anticoagulation in ESD.
One such medical adhesive, COMPONT (Beijing Compont Medical Devices, Beijing, China), was
trialled against conventional wound management in 171 ESD cases demonstrating significantly
reduced postoperative bleeding and hospital stay(188). PuraStat (3-D Matrix Ltd, Tokyo, Japan),
a transparent barrier that forms a gel coat inducing haemostasis, is currently undergoing clinical

trials and it is hoped will provide a further alternative to thermal haemostasis(189).

Figure 5.7 Haemostasis devices

Left: Coagrasper (Olympus, Tokyo, Japan). Right: Hemostat-Y (PENTAX, Tokyo, Japan). Images taken with permission from Chun,
2017 (136).

5.3.6 Perforation Management

Another key risk of the ESD procedure is perforation. Risk estimates range from 0-6.9% in
oesophageal ESD, 2.4-9.6% in gastric ESD and 1.4-20.4% in colorectal ESD (190-192).
Perforation may be classified as immediate (i.e. seen during the procedure as a definite defect)
or delayed (i.e. diagnosed after the procedure on radiograph or CT demonstrating
pneumoperitoneum, usually following the complaint of abdominal pain).

The European Society of Gastrointestinal Endoscopy sets out recommendations for the
management of iatrogenic endoscopic perforations, with an emphasis on managing

endoscopically rather than surgically wherever possible because it is both feasible and limits
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post-surgical adhesions, although they note that holes larger than 3cm are unlikely to be

amenable to endoscopic management(193).

The use of nasogastric or nasoduodenal tubes to divert gastrointestinal fluid (in
oesophageal/gastric perforations), and the switching from air to carbon dioxide for insufflation
to reduce risk of tension pneumothorax/pneumomediastinum may be appropriate. Small
defects can generally be treated by clips. Through the scope clips will usually suffice for defects
less than 1cm in diameter, while over the scope clips (or endo-looping plus clipping if not
available) should be considered for holes less than 2cm. This management is successful in
>90% of cases, avoiding further surgical management(194). Endoscopic suturing devices, such
as the Overstitch (Apollo Endosurgery Inc, Austin, USA) may be used for larger luminal defects
with success rates of >95% — however, such devices currently require a double channel
endoscope and high operator skill level(195). For suspected delayed perforation, a computed
topography (CT) scan is recommended. A normal CT should be treated conservatively with
observation, as should extraluminal air without extravasation in duodenal perforations.

Otherwise, surgical input should be sought.

5.3.7 Generators

The modern generators that are required for ESD have multiple power settings and have both

monopolar and bipolar capabilities.

ERBE Elektromedizin GmbH (Tubingen, Germany) manufactures the ICC series as well as the
VIO 300D. Cut modes include Auto Cut (standard), Endo Cut (with some coagulation effect -
better for fibrosis/strictures(196)) and Dry Cut (high power mode for faster cutting). Coagulation
modes include Swift Coag (similar to Dry Cut with more haemostasis), Forced Coag (higher
voltage — can be used for submucosal dissection), Spray Coag (non-contact surface coagulation
with low penetration — good for post procedure haemostasis) and Soft Coag (low voltage

resulting in coagulation only with no cutting).

The ESG 100 (Olympus) has three standard monopolar cutting modes as well as PulseCut Slow

and PulseCut Fast (equivalent to Endo-Cut). It has three monopolar coagulation modes (Soft
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and Forced 1 and 2). It also has three bipolar cutting modes, and three coagulation modes (Soft,
RFCoag and RFCap). RFCoag is a form of controlled coagulation with acoustic resistance
feedback and an automatic end of procedure detection. RFCoag and RCAP are particularly

suited for deep tissue coagulation without significant tissue destruction.

5.3.8 Traction methods

One issue with ESD in comparison with conventional surgery is that the entire procedure is
performed through a single endoscope, and thus there is no second “hand” to provide traction
on the submucosal layer after cutting and thus there can be difficulties visualising the dissection
plane. There are various traction methods that have been developed to apply external traction
in an attempt to overcome this, and various studies have shown these methods to be faster with

higher rates of resection and lower rates of complications(197).

One of the simplest traction methods involves a silk line tied to a clip attached to the edge of a
lesion, and then the lesion pulled proximally using the line. The advantages of this method is its
simplicity, the lack of need for specialist equipment, and its versatility across oesophageal,
gastric and colorectal lesions(198,199). However, it does require reinsertion of the scope, and
traction can only be applied by pulling(200). The internal traction method modifies this
somewhat, by attaching a band, ring or nylon to a clip attached to the lesion as well as a second
clip on the opposite side. No re-insertion of the endoscope is required for this, and there is good
evidence supporting its use in colorectal lesions(201,202). However, it does require more space

and may not translate well to smaller working spaces, oesophageal lesions for example.

A method of traction that allows both pushing and pulling is the external forceps method,
whereby external forceps gripped by second forceps inserted into the accessory port and
anchored to the edge of the lesion. It has been shown to be effective in gastric and rectal lesions,
although not in the deep colon and has the potential to cause injury(203,204). The Endolifter
(Olympus, Tokyo, Japan) described in the caps/hoods section works in a similar way. Another
such method allowing both pushing and pulling is the clip and snare with pre-loop, in which the
endoscope is withdrawn and a snare pre-looped around the distal end. A clip is inserted through

the port to grasp the mucosal flap, then the snare is moved along forceps to the clip to grasp the
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mucosa and the clip is released. There is some evidence for its use in gastric lesions, and can

be used in the colon with a balloon overtube (205,206).

A further technique that allows traction in any direction is the double endoscope method,
whereby a second smaller endoscope is inserted alongside the main scope with grasping
forceps. However, this clearly requires a lot of space, and so faris useful only in gastric and rectal
lesions(207). For rectal ESD, another method generating excellent traction for rectal lesions is
the GelPOINT (Applied Medical, Amersfoort, Netherlands), whereby a transanal access port is
created for the endoscope, plus two retractors passed by a laparoscopic surgeon — although
clearly this method requires a lot of manpower. The ORISE Tissue Retractor System (Boston
Scientific, Marlborough, USA) is an overtube with two separate flexible channels, down which
graspers can be deployed, allowing independent traction in a separate plane to the endoscope

—however, it is relatively new with little real world use so far(208).

Other potential traction methods include magnetic traction (magnet placed internally and
manipulated using an external magnet), which has shown promise in animal models, but
concerns remain with regards to usefulness in obese patients as well as interaction of the

magnet with patient blood vessels and equipment(209).

5.4 Conclusion

Endoscopic submucosal dissection is an advanced technique with multiple technical
challenges. A wide range of tools are available and more continue to be developed in an attempt
to speed up procedure times and reduce complications. However, it is currently limited to the
expert endoscopist, and comparative studies, particularly in non-knife tools, are limited in
number. This means selection often comes down to clinician preference with evidence of
efficacy from clinician user experience and case reports. Evolution of the ESD toolbox will make
the procedure increasingly accessible to more endoscopists. As the number of ESD
practitioners increase, expert experience cannot be solely relied on, and a more substantial

evidence base will be required to evaluate efficacy and safety of the multitude of tools.
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6. Endoscope Control Systems and the Rise of Robotic
Endoscopy

Content from this Chapter was Published in (66):

Sivananthan A et al. The evolution of lower gastrointestinal endoscopy: where are we
now?. Ther Adv Gastrointest Endosc. 2020;13:2631774520979591. Published 2020 Dec 20.
do0i:10.1177/2631774520979591

6.1 Background

Successful endoscopy is both reliant on the endoscopist skillset and the endoscope technology
itself. The ability of the endoscopist to accurately steer the endoscope is critical to successful
endoscopic therapy. The basic endoscope control system has changed little over the last 50
years, centred on the 2 steering knobs attached to antagonistic cables at the endoscope tip. As
the therapeutic remit of endoscopy widens, the need for high fidelity control of the instrument
also increases to allow the precise control required of advanced therapeutic endoscopy

alongside the cognitive workload on the operator.

The aims of this chapter are to:
1. Outline the anatomy and control system of the current endoscope
2. Explore the challenges of the current endoscope control system

3. Review robotic endoscope control platforms
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6.2 The Current Endoscope and Control System

6.2.1 Endoscope Anatomy

The modern endoscope is divided into three sections; the control section, the insertion tube

(including the endoscope tip) and the connection section (Figure 6.2) (210).
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Figure 6.1 Endoscope divided into connection section, control section and insertion tube (left to right)

6.2.1.1 The Connection Section

The connection section bridges the endoscope and main stack allowing transmission of the light

source down the endoscope and images up the endoscope. In addition, suction, air and water

delivery to the main body are transmitted through this connection.
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6.2.1.2 The Insertion Tube

The insertion tube must both be flexible and rigid as required by the endoscopist. Key
components of the endoscope must also be housed here to reach the endoscope tip and main
stack. The endoscope houses the light fibres to illuminate the lumen down the endoscope and
the CCD signal wires to transfer the image back to the endoscopy monitor. Four angulation wires
allow steering of the endoscope tip through antagonistic cables. The air, suction, water and

instrument channels are also housed (Figure 6.3) (210).
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Figure 6.2 Internals of the insertion tube

An adjustable stiffening wire allows control of the stiffness of the endoscope stiffness controlled

by the stiffness control ring within the control section (Figure 6.4) (211).
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Figure 6.3 Variable stiffness controlin an endoscope

6.2.1.3 The Control Section

The control section is held in the left hand and houses numerous controls for the endoscopist.
The angulation knobs allow endoscope steering of the tips. The buttons and valves allow delivery
of water, air and suction through the endoscope channels. Additional buttons may allow, photo
capture, image enhanced views and adjustment of the scope guide orientation. In the control
section there is also access to the instrument channels for delivery of endoscopic instruments

(Figure 6.5) (212).
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Figure 6.4 Endoscope Control Section
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6.2.1.4 Tip Control

Two degrees of freedom are provided by the angulation knobs. The endoscope tip is flexible

through a series of rings with 4 angulation wires. Each angulation knob is connected to two wires.

Bending section
Rightleft pivot pin Ring

A AR R CRCRCR P

Up angulation wire

Down angulation wire

A Upfdown pivol pin End of angulation wire

Up/down angulation knob Up/down chain and sprocket

Up anguiation wire

Down angulation wire

Figure 6.5 Bending section of endoscope with angulation knobs and wires.

The large up/down knob is attached to the angulation wires connected to 12 o’clock and 6 o’
clock of the tip. Clockwise rotation of the knob pulls the 6 o’clock angulation wire taut and
loosens the 12 o’clock wire curving the distal tip to the 6 o’clock position. Anti-clockwise rotation

produces the opposite effect with resultant up angulation towards the 12 o’clock position

(Figure 6.7 and 6.8) (213) (102).
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Tensed cable

Slack cable

Figure 6.6 Antagonist cables running from steering wheel to endoscope tip

2

Figure 6.7 anticlockwise rotation of the big knob (left) and clockwise (right) producing tip deflection up and down respectively.

The small outer knob is attached to angulation wires in the 3 and 6 o’clock position allowing tip

deflection to the left and right (Figure 6.9).
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Figure 6.8 anticlockwise rotation of the small knob (left) and clockwise (right) producing tip deflection left and right respectively.

6.2.1.5 Endoscope Control

There are 4 degrees of freedom of control within the standard endoscope. In addition to the knob
steering; insertion and withdrawal provide one degree of freedom. Torque of the endoscope
(clockwise and anticlockwise rotation of the scope) performed manually by the right hand
holding the insertion staff provide a second degree of freedom. All of these degrees of freedom

are used together for endoscope steering.

6.3 Challenges of the Current Endoscope Control System

6.3.1 Hysteresis and Force Transmission.

Delivery of force and control of instruments down a curved endoscope is a well-documented
challenge in endoluminal surgery. The friction between the instrument and the instrument
channel, the degree of curvature of the scope in the lumen and the flexibility of the instrument
itself all compromise deliver of the operator force input to the instrument (214-218). This
phenomenon of delayed transmission is known as hysteresis. For the endoscopist this
phenomenon results in a delay of both endoscope and instrumentation control. For example

small steering adjustments may have variable delays in actualisation. Force delivery of needles,
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knives or snares will be reduced and delayed. Advanced endoscopic therapy requires high
fidelity and precision movements which is compromised by hysteresis. Laparoscopic surgery
uses rigid instruments which allow direct force delivery of operator input to end effector output.
Research shows a significant reduction in push and lateral force through flexible instruments

versus laparoscopic instruments (219,220).

6.3.2 Triangulation

Triangulation involves the use of two separate instruments brought into the field of camera view
to allow accurate tissue interaction and control (221). Endoscopic triangulation in a
conventional flexible endoscope is compromised by endoscopic instrument channels being
parallel and extremely close to each other. In addition the endoscopic view and instruments all
move together as opposed to laparoscopic triangulation where they can be moved
independently of each other allowing better visualisation and manipulation of the tissue (222-

224).

6.3.3 Workload

Endoscopy training has a well-documented steep learning curve attributable to the non-intuitive
control system as detailed prior. The non-intuitive endoscope control has an associated high
cognitive workload (225). Endoscope steering and repositioning required multiple combinations
of movements of the 4 degrees of freedoms of the endoscope (tip steering, torque steering and
endoscope insertion and withdrawal). The inputs required are also continuously variable

dependent on the flexible endoscope configuration which may encompass endoscope loops.

Therapeutic endoscopy requires high fidelity precision movements through this control system.
Most commonly endoscopes have only one therapeutic channel and instruments must be
continuously changed. The conventional endoscope control system is bimanual and therefore
instrumentation is performed by an assistant requiring effective communication and adding
another step susceptible to human error. If the endoscopist needs to perform instrumentation

themselves, they must rely on an assistant to hold the endoscope adding a further potential error
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susceptible step. This introduces a significant barrier to therapeutic endoscopy skill acquisition

(226).

6.4 A Review of Current Robotic Endoscope Platforms

The endoscope control system has barely changed since 1970 still reliant on antagonistic cable
steering of the endoscope tip. As the endoscopic therapeutic remit evolves the barriers of this
control system are becoming more apparent. Collaboration with the engineering community as

engendered exciting novel robotic endoscope control systems.

Robotic control systems have been designed to aid overall endoscope locomotion mainly aimed
at easier insertion by the endoscopist, higher rates of completed endoluminal examination and
reduced pain for the patient. More complex robotic systems have been designed to allow
intuitive endoscope insertion, endoscope repositioning and instrument control to allow fully

robotic therapeutic endoscopy.

6.4.1 Robotic Driven Locomotion Endoscope Platforms

6.4.1.1 Motorised Spiral Endoscopy (MSE) - Power Spiral (Olympus corp., Japan) (24):
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Figure 6.9 Power Spiral (Olympus corp., Japan)
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Balloon enteroscopy and video capsule endoscopy have been the preferred modalities to
examine the small bowel mucosa (227). Spiral enteroscopy allows for deep enteroscopy through
the continuous corkscrewing motion of the endoscope tip pleating of the bowel (228) and
therapeutics to be done at the same sitting. A meta-analysis comparing spiral enteroscopy (the
two-person controlled Spirus Medical Endo-Ease Overtube) versus balloon enteroscopy
showed similar diagnostic and therapeutic outcomes but with shorter procedural times (mean

reduction of 11.26 minutes, p=0.010) (229).

Olympus developed POWER SPIRAL (Olympus, Japan) (Figure 6.10) in 2015; a single operator
spiral enteroscope with a built in rotating motor, a disposable short overtube with atraumatic
soft spiral fins, foot pedal controls and a visual force gauge (230). A recent small prospective
clinical trial in 30 patients showed 100% success in anterograde enteroscopy (beyond the
ligament of Trietz) and retrograde enteroscopy (proximal to the ileocaecal valve) with 70% total
enteroscopy rate. There was a 20% adverse event rate (mucosal tears, jejunal haematoma and
oesophageal erosion) but no serious events occurred (231). A feasibility trial looking at the use
of MSE in colonoscopy demonstrated a caecal and terminal ileal intubation rate of 96.7% with
an ADR of 46.6%. The soft fins theoretically flatten mucosal folds on withdrawal to increase
lesion detection (230). The potential for improved caecal intubation rates and better
visualisation, with single operator spiral intubation, is potentially interesting but need further

validation (232).

6.4.1.2 Aer-O-Scope (Gl View Ltd, Israel) (233):

Figure 6.10 Aer-O-Scope (Gl View Ltd, Israel)
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Aer-o-scope (Gl View Ltd, Israel), CE marked and FDA approved(234), (Figure 6.11) was desighed
to improve visualisation, reduce perforation, improve comfort, decrease infection risk, and

reduce the learning curve for operators (233).

The novel platform is a joystick controlled disposable pneumatic self-propelling and navigating
endoscope. The endoscope has a rectal balloon and hourglass shaped scanning balloon. Both
balloons are inflated on insertion creating an airtight seal between them. A computer algorithm
inflates the space with carbon dioxide creating positive pressure and thus gentle propulsion of
the proximal scanning balloon. Pressure exerted by the endoscopist is dissipated over the
balloons which are hydrophilic coated to lower friction resulting in colonic wall pressure of

60mbar vs the 1200mbar that can be seen in conventional colonoscopy (233).

The fully steerable tip contains a high definition camera with 57 degrees field of view anteriorly
and a novel ‘omniview’ 360-degree camera that allows panoramic views behind haustral folds.
The tip contains a LED light source with irrigation, suction and a recently introduced therapeutic

channel (235).

Aer-o-scope has achieved caecal intubation rates of 98.2% but only visualised 87.5% of polyps
seen on conventional colonoscopy. This was despite a 94.9% lesion recognition on a simulated
double blinded porcine study (235). Caecal intubation took a mean of 13:38 minutes. Operators
became proficient in this technique after 8 to 10 procedures (233). The latest version is
anticipated to be released at a cost of $250 for the disposable section and $15,000 for the non-
disposable platform. Conventional reusable colonoscopes range from $80,000 to $120,000 and
reprocessing costs between $140 and $280. Disposable endoscope cost benefits are potentially

attractive and disruptive (236).
Its novel mechanism has potential benefits for patient tolerability, endoscope reprocessing

costs and polyp detection. Further evaluation is required to validate these claims and the low

polyp detection rate must be interrogated and improved upon.
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6.4.1.3 Endotics (Era Endoscopy, Italy) (237):

‘zEndotics

Figure 6.11 Endotics (Era Endoscopy, Italy)

Endotics (Era Endoscopy, Italy) (Figure 6.12) is a self-propelled, joystick-controlled endoscope.
It consists of a disposable probe with a steerable tip and flexible body, 3mm working channel, a
specialised electro-pneumatic tank and a separate workstation allowing handheld control with
a joystick. The probe contains a camera with conventional LED light source, water and an air
channel. The probe head is steerable 180 degrees in all directions. Endotics has a novel semi-
automatic self-propulsion mechanism. The probe advances using a semi-automatic sequence
based on the inchworm. The probe can clamp onto the mucosa through both vacuum and

mechanical grasping.

A simulated study with a porcine colon and load sensors showed a 90% reduction in stress
pattern versus standard colonoscopy. Atrialin 40 patients showed a significant reduction in pain
and discomfort scores versus conventional endoscopy (0.9 and 1.1. versus 6.9 and 6.8

respectively) (238).

In a cohort of patients with clinical or familial risk of polyps and carcinoma Endotics showed a

93.3% sensitivity and 100% specificity for the detection of polyps (239).
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Early experimentation showed initially poor caecal intubation rates; 27% in 2009 (238) and
81.6% in 2010 (239). A retrospective study however showed a 93.1% caecal intubation rate with

Endotics in 276 patients with failed caecal intubation on conventional colonoscopy (240).

The CE marked Endotics system is commercially available (241). It may serve a role in failed
conventional colonoscopy with the additional benefits of a working channel to allow
therapeutics, a disposable probe (preventing infection and reducing the associated costs and
issues with endoscope reprocessing) and a user-friendly ergonomic design (reducing the

learning curve).

6.4.1.4 Invendoscope (Ambu, Denmark) (242):

Figure 6.12 Invendoscope (Ambu, Denmark)

The CE marked and FDA cleared (243) Invendoscope (Ambu, Denmark) (Figure 6.13) is a single
use ergonomically designed colonoscope. The former self-propulsion inverted sleeve
mechanism seen in Invendo SC20 was abandoned. The current iteration, Invendo SC210, has a
hydraulically actuated tip with electromechanical actuation rather than the more traditional
Bowden cables (242). The tip can deflect in 180 degrees in all direction within a small working
radius of 35mm (244). The tip houses a HD camera with suction, irrigation and 3.2mm working
channels.

The endoscope is controllable by a detachable gamepad style joystick controller. This handheld
controller purports to have a better ergonomic design which will reduce the musculoskeletal

burden on the endoscopist (245).
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An early feasibility study in 2011 with the Invendo SC20 showed a caecal intubation rate of 98.4%
and a median time to caecum of 15 minutes. Sedation was only needed by 4.9% (246). More
recently the SC210 underwent a feasibility study in 40 patients with a caecal intubation rate of

95%, time to caecum of 14.23 minutes and no major complications (247-249).

The cost of the disposable component is $350. The Invendoscope offers potential cost benefits
in scope acquisition and reprocessing costs. It purports ergonomic benefit to the user and
reduction in discomfort to the patient. The authors of the recent feasibility study acknowledge
that comparative study against conventional colonoscopy is now needed (247-249).

6.4.2 Robotic Driven Endoscope Locomotion and Instrumentation Platforms

6.4.2.1 Endoluminal Assistant for Surgical Endoscopy (EASE) (ICube laboratory, France)
(250):

A

Figure 6.13 Endoluminal Assistant for Surgical Endoscopy (EASE) (ICube laboratory, France) (250)

EASE (ICube laboratory, France) (Figure 6.14) is a single user teleoperated master slave system.
The EASE platform initially began as the two person operated Anubiscope (251); a tulip shaped
distal cap facilitated atraumatic insertion which opened at the target site to reveal two flexible
arms with four degrees of freedom (252) allowing a larger operative field (253). Anubiscope
developed into the teleoperated STRAS system (Single-access Transluminal Robotic Assistant

for Surgeons). Legner et al completed 12/18 porcine colorectal ESDs with version 1 (254) and
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Zorn et al completed 12/12 porcine colorectal ESDs with version 2 (255). The Endoluminal
Assistant for Surgical Endoscopy (EASE) is the most current iteration. The master controller
consists of joysticks, thumb switches and triggers with two screens. (250). The slave component
consists of a cart containing actuation equipment connected to a 53.5cm detachable
endoscope. There are two 4.3mm channels down which a variety of teleoperable instruments

can be delivered and a 3.2mm channel for conventional instruments to be deployed.

A non-randomised animal trial was conducted with a laparoscopic surgeon with no ESD or
robotic experience using the EASE system and an expert endoscopist with over 1000 ESDs
performing conventional ESD on porcine colonic pseudotumours. The robotic group achieved a
100% en bloc resection rate with a significantly reduced perforation rate (5 vs 33%) and total

procedural time (33.36 vs 47.38 minutes; P=0.011)(250).
This is a powerful demonstration of a robotic platform allowing quicker, safer and more
successful endoluminal surgery to be performed by a novice versus current benchmark

techniques performed by an expert. Further work will be needed before in vivo trials are possible.

6.4.2.2 I’Snake (Hamlyn Centre, London) (256):

Figure 6.14 I1’Snake (Hamlyn Centre, London)

The I°Snake (Intuitive imaging sensing navigated and kinematically enhanced robot, Hamlyn
Centre, London) (Figure 6.15) is an evolution of the isnake platform; a multi-articulated device

activated by embedded micromotors and local tendons with a flexible neck actuated by two
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pairs of antagonistic tendons. This was held by a robotic arm giving 7 degrees of freedom.
Benchtop trials suggested more accurate control of tip movement versus conventional

endoscopy (257).

I*’Snake’s body consists of thirteen 3D printed steel vertebrae, divided into three sections, with
orthogonally arranged rolling joints which are steel tendon driven. This allows benchtop
manipulation forces of 5.6N (258) and seven degrees of freedom and a broad range of
configurations including S shapes and retroflexion, biomimicking a snake. There are 4 channels
allowing deployment of a camera and light source, two 3.8mm diameter instruments and
suction and irrigation and incorporated graspers which are also externally actuated with 5
degrees of freedom. Movements of the device and instruments are controlled with two
electromagnetically tracked hand grippers with motion scaling to increase precision(256).
External tendon actuation has issues with ‘backlash hysteresis’ but Al based software to

compensate for this is being developed (259). Future ex vivo trials are required.

6.4.2.3 Endomaster EASE system (EndoMASTER Pte, Singapore)
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Figure 6.15 Master (EndoMASTER Pte, Singapore)

The Master and Slave Transluminal Endoscopic Robot (MASTER, EndoMASTER Pte, Singapore)
(Figure 6.16) was a master slave platform initially designed for NOTES procedures (260) but
pivoted into ESD. Early versions had a cable and motion sensor hand-controlled master device

with haptic feedback. The slave system consisted of a grasper and electrocautery hook with
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elbow and wrist joints, allowing 7 degrees of freedom. These were mounted externally onto a
conventional dual channel endoscope. The instruments were externally actuated through
tendon sheaths running through the instrument channels allowing manipulation forces of 3-
5N(261). Two operators were required (262), the tools were fixed and an overtube was required
for use. Initial feasibility studies showed success in porcine hepatic wedge resection (263),
gastric ESD (264) and gastric full thick resection(265). A human feasibility study was successful
in achieving RO resection in 5 patients with gastric ESD with no complication and a mean
dissection time of 18.6 minutes (266). A small trial demonstrated comparable results between
novices and non-experts when using MASTER for ESD and a short learning curve for

novices(267).

The most recent iteration, the Endomaster EASE system, has a purpose built ‘slave’ flexible
endoscope with 2 instrument channels down which a variety of cable actuated robotic
instruments can be deployed interchangeably with 7 DOF. A recent preclinical feasibility live
porcine trial showed 100% (5/5) en bloc resection in porcine colorectal ESD without serious

adverse events (268).

The Endomaster Platform shows exciting promise but currently has no CE nor FDA approval.

(237).

6.4.2.4 Flex Colorectal Drive (Medrobotics, Corp, United States) (269):

Figure 6.16 Flex Colorectal Drive (Medrobotics, Corp, United States)
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The Flex Robotic System (Medrobotics, Corp, United States) (Figure 6.17) is a single operator
endoluminal surgical platform that was originally designed for head and neck surgery. The
endoscope has a two concentric overtube system made up of multiple segments that articulate
at a single point. The outer tube advances first with the inner tube following. The endoscope is
flexible on insertion but can be stiffened in a non-linear shape to provide a stable base for
intervention (270). A range of flexible wristed instruments pass down two accessory channels
mounted on the sides of the endoscope(245). They are controlled like laparoscopic instruments
allowing direct mechanical feedback. This differs to the electro-mechanically decoupled
master-slave systems seen in other robotic platforms such as EASE, i-SNAKE and Endomaster

EASE (2609).

A multicentre, prospective single armed trial showed success in transoral oropharyngeal
surgery. Access and visualisation of the intended lesion was successful in 95% (75/80) with
successful surgery in 91.1% (72/79) (271). A human cadaveric trial showed feasibility of FLEX
for transanal total mesorectal excision (taTME) (269). A retrospective case series of rectal local
excision in 11 patients with Flex Colorectal Drive showed successful RO resection in 10 of the
patients with one case being abandoned due to poor patient positioning rather than robot error

(272).

A recent study compared Flex assisted ESD with traditional ESD by 5 inexperienced operators
(<5 ex vivo conventional ESD). 100% en bloc resection was completed with FLEX (10/10) and
50% with conventional ESD (5/10, p<0.0001). The total procedure time was significantly lower
(834.1 vs 88.6 mins) in the FLEX group and there was a trend towards higher perforation rate
(p=0.18) in the traditional ESD group. Technical workload (using NASA TLX scores — a quantitative

scoring system of workload) was also significantly lower in the FLEX group (28.4 vs 47) (273).

FLEX colorectal drive has great potential in endoscopic intraluminal and transluminal surgery. It

was cleared for use by the FDAin 2017. It currently only has a 25 cm reach. Increasing the length

of the device is an exciting prospect.
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6.4.2.5 Cyclops (Hamlyn Centre, London) (274):

Figure 6.17 Cyclops (Hamlyn Centre, London)

CYCLOPS (Hamlyn Centre, London) (Figure 6.18) is a bimanual robotic platform that can be
fitted onto a conventional endoscope to facilitate ESD. A collapsible scaffold allows insertion of
the endoscope and subsequent deployment of the system when the point of therapy is
reached(274). This is covered in a soft silicone sleeve for insertion. Two 4mm aluminium
overtubes contain the deployed instruments. A network of tendons, 6 pairs, actuate the
overtubes and thus the instruments allowing 5 degrees of freedom(275). These in turn are

actuated via Bowden cables by an external motor unit.

This novel use of parallel robotics allows high manipulation forces of 46 newtons, significantly
higher than seen in many other robotic platforms. The operator controls the system through two
haptic feedback Geomagic® Touch TM controllers. An early prototype showed a mean error of

only 0.217mm during an ellipse tracing task (276).
Benchtop ex vivo trials showed a significantly quicker dissection time in simulated ESD in
chicken fillets when using cyclops versus conventional ESD techniques. In vivo trials are

underway. (275).

Cyclops has several advantages over comparative platforms including its compatibility with

conventional endoscopes, its novel parallel robotic actuation method delivering high
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manipulation forces and its accurate bimanual control. There is only ex vivo data so far and it

remains to be seen if these benefits can be replicated during in vivo trials.

6.4.3 Future Robotic Directions

6.4.3.1 Shared Autonomy and Artificial Intelligence

In 2017 Yang et al suggest a six level framework of autonomy in medical robots ranging from level
0 (no autonomy) to level 5 (full autonomy) (277). Surgical robots have in some cases reached
level 3 (conditional autonomy: system generated tasks which the operator approves). However,
in endoluminal surgery such as ESD the robotic systems still lie at level 0 with some of the above
projects discussed demonstrating level 1 autonomy (robot assistance but human has

continuous control).

Endoluminal surgery involves circumferential target dissection as one of its key steps. Ma et al
proposed that this key step could be automated [ref]. They published their early work on a
framework involving an operator defined trajectory and adaptive control of a flexible manipulator
with three degrees of freedom. The system’s dynamic response to material deformation and
external payloads allowed ongoing accuracy during dissection. This demonstration shows the
potential for shared autonomy in the control of instruments and the potential to automate a key

step of ESD. (278)

Deep learning and more specifically convolutional neuronal networks have allowed significant
advancement in image and video processing. This has resulted in many commercially available

lesion detection and characterisation systems being recently released.

Utilisation of artificial intelligence beyond lesion detection and recognition in luminal
endoscopy is hampered by the deformability of the gut. In order for intelligent navigation of the
lumen by an endoscope both the highly malleable shape of the gut and the position of the
camera must be estimated together, which remains a challenge to the engineering
community(279). Although simple surgical tasks have been successfully automated through

artificial intelligence, these as yet are not safely achievable on deformable tissue. This is a
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rapidly evolving field and the continuing advancement of artificial intelligence driven

endoluminaltechniques should be expected both in navigation and therapeutics.

6.4.3.2 Soft Robotics
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Figure 6.18 Meshworm

Soft robotics uses highly elastic material comparable to biologic tissues(280). Soft robots are
able to adjust their stiffness. This would allow soft robots to navigate the lumen in a soft
atraumatic configuration and stiffen at the point of intervention to allow stability during

therapeutic intervention (244).

Common soft robotic actuators still have limitations preventing their use currently for
therapeutic endoscopy. Shape memory actuators change shape on heating, but the heat
required currently could cause damage to surrounding tissues. Dielectric elastomers deform

with electric current but currently generate low and delayed forces (281).

Bernth et al. designed the 55cm silicone mesh, earthworm inspired, ‘meshworm’ soft robot
(Figure 6.19) with a USB camera in the tip. Its three segments are actuated by antagonistic
tendons driven by small pulley motors. In a prototyped plastic colon the meshworm averaged a

speed of 1.21ms/s which equates to 30 minutes for an average caecal intubation (282).

STIFF-FLOP is a silicon based soft robot inspired by octopus tentacles. It is actuated by a
combination of pneumatics and granular jamming. Granular jamming is where devices can take

on liquid, solid or in between states producing variable stiffness (283). Pneumatic actuation
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pressurizes three chambers in different combinations to produce a variety of movements (259).
This combination allows navigation, elongation and stiffening. STIFF-FLOP has been
successfully demonstrated in two cadaveric total mesorectal excisions acquiring superior visual

angles of the surgical field (284).

Soft robotics offers exciting benefits including variable stiffness, minimised trauma and
increase manoeuvrability with Magnetic Resonance Imaging compatibility for endoscope
localisation but substantial technological progress is required before it can be incorporated into

mainstream use.
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6.5 Conclusion

The conventional endoscope control system has remained similar for over 50 years. This control
system and the flexibility of the endoscope provides challenges to endoscope control and
therapeutic endoscopy including motion hysteresis, compromised triangulation and resultant

high endoscopic workload.

The therapeutic potential of the endoscope is being increasingly recognised and collaboration
with engineers is helping to address the technical issues faced in fine instrument control and
manipulation through a flexible device. This chapter presents novel robotic platforms allowing
intuitive control of both the endoscope and endoscope instruments many of which have shown
feasibility and increased intuitiveness in both simulated and real environments but remain
predominantly in the research arena and not available for commercial use. Soft robotics and

shared autonomy represent exciting potential directions.

The platforms presented show that intuitive control is possible but many of these systems
require an entirely new and expensive system with a large footprint. Nonetheless the potential
of a novel control system to enable safer and more accessible advanced therapeutic endoscopy

is an exciting direction of endoscopy research travel.
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7.Development of the Gaze Control System — Benchtop Trial

Content from this Chapter was Published in (285,286):

Sivananthan A at al. A novel gaze-controlled flexible robotized endoscope; preliminary trial

and report. Surg Endosc. 2021;35(8):4890-4899. doi:10.1007/s00464-021-08556-1
Sivananthan A, et al. Gaze Controlled Endoscopy. Surgical Life 2021, 59: 28-31
Content from this chapter was Presented at:

Sivananthan, A et al. Eye Controlled Endoscopy — A Benchtop Trial of a Novel Robotic System.
Poster Presentation. DDW 2023 Chicago

7.1 Background

The remit of luminal endoscopy is expanding, particularly with regards to third space endoscopy.
Third space endoscopy technique requires micro precision of endoscopic control. Endoscopic
submucosal dissection is a useful technique to allow endoscopists to remove lesions that
would otherwise require surgical resection thus reducing the associated length of stay and
surgical complications. Similarly in well selected cases ESD increases complete resection rates

and recurrence versus endoscopic mucosal resection.

However, ESD has a higher complication rate, a steep learning curve and as such the technique
is limited to a small number of highly experienced endoscopists. ESD is compromised by the
challenges resultant of the flexible endoscope including hysteresis, a narrow field of

triangulation and lack of device stability.
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Novel robotic systems have been developed as discussed in chapter X but these are expensive,
have a large footprint and still require bimanual control and in some case the use of two

endoscopists(66,252,276,287,288).

Avariety of tools have been developed to provide an ESD ‘toolbox’ as discussed in Chapter 5 but

these only partially mitigate the issues faced by ESD practitioners(67).

To steer and reorientate an endoscope the endoscopist must take in the visual input of the
monitor, translate that into the 2 degrees of freedom in the knob steering system of the
endoscope with additional movements provided by two degrees of freedom in torquing the
endoscope and insertion/ withdrawal of it. The cognitive burden of this visual attention is a key
component as demonstrated by the value addition of CADe systems as shown in Chapter 3
(289). Similarly disorientation within the lumen is common during flexible endoscopy as
demonstrated in Chapter 4 (87). Overall, this suggests that endoscopic control during luminal
endoscopy places a high burden on visual attention as shown by the common missing of lesions

and disorientation.

We theorise that an endoscopic system that steers following the natural gaze of an endoscopist
may be an intuitive device. Using the natural visual movements of an endoscopist frees up the
endoscopist hands resulting in lower cognitive workload with intuitive hands-free reorientation

of the endoscopic view.

A large barrier to the wide uptake of robotic therapeutic endoscopy systems is the requirement

for an expensive large system with a large footprint.

Aims of this experiment:

1. Motorise and robotise an existing endoscope in a cheap and replicable way

Develop a gaze control system to steer the endoscope

Assess the feasibility of such a system

P LD

Compare the experience of system use versus conventional endoscopy
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7.2 Development of Gaze Control System

7.2.1 Robotisation of the Endoscope Steering Knobs (290)

Standard endoscopes have 2 degrees of freedom of control via the two steering knobs. The
steering knobs control the bending tip of the endoscope, done via Bowden cables. Rotation of
the knob turn the angulation wires, with the resultant tension causing bending with the bending

section of the tip (Figure 7.1) (211).

Up/down angulation knob Up/down chain and sprocket

Up angulation wire

Down angulation wire

A
Bending section
Right/left pivot pin
Up angulation wire
Down angulation wire _ T L R T R L T
B Up/down pivot pin End of angulation wire

Figure 7.1 Anatomy of endoscope steering with angulation wires

The larger steering knob rotates the tip up and down. The smaller steering knob rotates the tip

left and right.

3D gears were developed in Solidworks and printed by an Ultimaker 2+ printer. Gears were

printed for the steering knobs and placed over each one. The gears were actuated by two

DYNAMIXEL RX-24F motors (Figure 7.2) (291).
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[RX-24F]

Figure 7.2 Dyanmixel Motor (Robotis Techsupport)

Matching gears were similarly printed to attach to the motors and these gears directly controlled

each steering knob with a motor on either side.

A USB2 DYNAMIXEL motor driver took inputs from the computer via USB and outputted them via

the Dyanmixel motors (Figure 7.3) (291)).

B — e — e —

Power line

Figure 7.3 USB DYNAMIXEL motor driver, driving 3 motors connected in series from computer

7.2.2 Robotisation of Endoscope Torque and insertion.

A further degree of freedom is provided during endoscopy through torque rotation. This involves
the endoscopist rotating the shaft clockwise or anticlockwise with the right hand. The final
degree of freedom in conventional endoscopy is provided by insertion and withdrawal of the

endoscope.
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The endoscope was mounted on a robotic arm (Universal Robotics UR5) allowing rotation and
insertion/ withdrawal of the endoscope (Figure 7.4). The shaft of the scope was aligned to a

guiderail for additional support of the flexible endoscope allowing no use of the hands.

Figure 7.4 Motorised System showing Universal Robotics UR5 arm and motorised printed gears

7.2.3 Torque and Speed Settings of Motor

Work previously done by Reilink et al. were used to inform safe setup of the motors as regards
torque and speed. For rotation of the large knob a torque of 0.4N/M is required and a speed of
15 revolutions per minute.

7.2.4 Eye Position and tracking

Eye tracking was captured using eye tracking glasses (SMI - SensoMotoric Instruments GmbH).

These glasses can track the movements of both pupils in real time at a high capture rate of

120Hz.
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Head position was captured using an OptiTrack Motion Capture System. Six small spheres were
attached to the eye tracking glasses which allow the Optitrack to estimate the head position by

detecting the position of the eye tracking glasses in space .

7.2.5 Eye Tracking in Steering

The control point - y(t), is the centre of the screen. The eye tracking glasses recognise a fixation

point which is taken as the reference point r(t). The difference between the reference point

(where the user is looking — fixation point) and the control point gives the error e(t) (Figure 7.5).

—_
~t
—

y(t)

r(t) — y(t) = e(t)

Figure 7.5 Gaze Steering: r(t) = reference point, y(t) = control/ centre of monitor, e(t) = error signal

The error value is inputted into the PID (proportional integrative derivative controller). The error
signal provides relative x and y co-ordinates. The x-co-ordinate inputs to control of the small
steering knob to move left and right and the y co-ordinate inputs to control the large steering
knob to move up and down. The PID controller via the computer will calculate the desired

velocity of both Dyanmixel motors to produce this.
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After this gaze ‘fixation’ input and output via the motors to steer the endoscope the reference

point should move to the centre reducing the error -e(t) to 0 as the centre and fixation point are

now the same thus closing the loop. If these do not match the loop will restart until the point of

gaze matches the centre of the screen (Figure 7.6).

User Eye Tracker
S

Figure 7.6 Closed Loop Logic

r(t)

r

y(t) | <€

Computer

—

Motors

= -1

User’s gaze generates reference point r(t), the difference between this and reference point y(t) produces error signal
e(t) whichis passed to controller to generate appropriate velocity to steering motors which should allow y(t) to equal

r(t) otherwise the loop begins again.

7.2.6 Eye Tracking and Rotation

Rotation or torque of the endoscope follows a similar algorithm to tip steering. The control point

here however is a horizontal line: y(t). The reference point r(t) is taken as a line between the x/y

co-ordinated of the left and right eye (Figure 7.7). The relative difference between the head tilt

(r(t)) and the horizontal plane (y(t)) gives the error e(t) (Figure 7.8). The PID calculates the required

motor velocity to the dynamixel motor to provide rotation of the endoscope shaft. Matching of

the reference plane and the control plane will close the loop (295).
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y(t)

Figure 7.7 Gaze Rotation in neutral Position: r(t) = reference point, y(t) = horizontal control

/) r(t) — y(t) = e(t)

()

The difference between reference point r(t) and control y(t) gives the error e(t) as the rotational difference needed.

Figure 7.8 Gaze Rotation
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7.2.7 Recognising Eye Movements

Saccadic eye movements are rapid movements of both eyes. Saccadic movements happen in
the background of human vision to help rapid scanning to build up a three dimensional ‘map’ of

the scene. In saccadic eye movements the eyes move as quickly as the eyes are able.

Smooth pursuit eye movements are intentional voluntary smooth movements of both eyes to a

point of fixation. Fixations are maintenance of gaze in a fixed location.

The gaze system needs to recognise ‘fixations’ to appropriately move the eye gaze control system
to the intended area of the operator. When interpreting the gaze pattern inputs to ensure only
meaningful fixations are recognised and saccadic movements are filtered out the following eye

movements were filtered out:

e dwell’ times of less than 0.2 seconds- i.e., directional gaze was only noted by the system

if fixation was greater than 0.2 seconds.

e ‘High velocity’ eye movements of greater than 36 degrees angle change per second
7.2.8 Monitor and Computer Based Systems
Endoscopic views were displayed on a high-definition LG monitor (42 inch with 1920X1080
pixels). A PC running Windows 10 ran the eye gaze and motion capture modules with Ubuntu
14.04 for all other modules.
7.2.9 Safety Measures
Each operator completed a nine-point calibration step before use of the system. This comprised

the user looking at set fixed points in sequence from the position in which they would use the

system.
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As a further safety measure, any gaze directed outside the endoscopy monitor would pause the

robotic system as well.

In addition, a further optional control system was provided by use of a two-axis joystick

controller. A button on this controller allowed for retroflexion of the endoscope and pressing any

other button paused the system. The joystick could be moved in and out to allow for insertion

and withdrawal of the endoscope.

The two-axis joystick was connected to the system via an Arduino One Microcontroller.

7.2.10 User Interface

The operator sat in front of the screen in an ergonomically neutral posture whilst 2 meters away

from the screen. Eye tracking glasses were worn by the user. The joystick was also held by the

user as required (Figure 7.9).

Figure 7.9 Setup of System and Benchtop Trial with Task 2
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As previously described tip steering was actuated by the operators gaze fixations as relative to
the centre of the display (Figure 7.10). Rotation of the endoscope was actuated by head tilt
beyond +/-20 degrees as relative to the horizontal plane of the display. This mimicked

endoscopists’ instinct to rotate their head in reorientation of the endoscope.

Figure 7.10 Monitor display with corresponding arrow showing direction of steering.

Audible alerts were inbuilt to give the operator clear feedback. When the system-initiated
rotation, an audible alert was issues saying “left” or “right”. When the head tilt levelled to within
the permissible range (i.e. the co-ordinates of the left and right eye were within +/- 20 degree of
the horizontal plane) the endoscope rotation ceased with a further audible alert saying

“straight”.
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Insertion and withdrawal were controlled by moving the joystick up or down with corresponding
audible alerts saying “in” or “out”. Retroflexion was initiated Retroflexion, on the other hand, was
initiated by holding the joystick controller to the right for a duration of one second or longer,
accompanied by an audible alert stating "retroflexion." Pressing a button on the joystick paused
the movement of the endoscope, resulting in an audible alert saying "pause,” and it remained in

that position until the button was pressed again, producing an audible alert saying "unpause."

7.3 Benchtop Trial Study Design

The study was setup as a benchtop feasibility study to trial the system in a simulated

environment. The gaze control system was compared to a conventionally controlled endoscope.

Eight experienced endoscopists and eight non endoscopist participated. All participants

provided written consent for utilisation of all data.

Experience endoscopists were defined as those certified as independent by the UK Joint
Advisory Group Endoscopy Training System. For certification 300 observed OGDs and 20
examined OGDs are required. In addition, attendance at a mandatory course is required. The

age range of the endoscopist group was between 32 and 51years.

Non-endoscopists were defined as those who had no experience in any form of gastrointestinal
endoscopy. This group was made up of seven non-clinical scientists and one ENT surgeon. The
age range of the non-endoscopist group was between 24 and 42years.

None of the participants had any experience using or designing the robotic system.

All participants followed a standardised familiarisation process for both the eye gaze and

conventional endoscope using written instructions, a facilitator, and a set period of time. They

were given a flat sheet with targets to practice use of the systems on.
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They then used both systems in two simulated environments to identify ten targets in each. The
first simulated environment was a sphere and the second was an upper gastrointestinal (UGI)

model. Tasks were completed to assess the efficiency, ergonomics, and stability of the device.

7.3.1 Task 1

The simulated environment was a 20cm diameter plastic spherical cavity with an 11mm circular
entry port. The tip was inserted 1cm inside and this was the start point for the target. Ten
numbered targets were distributed around the internal wall of the sphere to require different

positions and orientation (Figure 7.11).

Acircle of 400-pixel diameter was placed at centre of the monitor. The participant then identified
each target in sequence by placing the numbered target within the circle with the endoscopic

field of view showing the ‘upright’ position. The tenth target was placed so it required retroflexion

of the endoscope to successfully identify it.

Figure 7.11 Setup of Task 1 with enclosed spherical phantom (left), internal views (right)
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7.3.2Task 2

The simulated environment was an anatomical model of the upper Gl tract ((The Chamberlain
Group, MA, USA). starting from the mouth down to the second part of the duodenum. The
starting point was at the level of the incisors. Ten numbered targets were placed in the inside of
the stomach. The participant was required to intubate the oesophagus by passage through the
mouth, past the pharynx, through the oesophagus and into the stomach via the gastro-

oesophageal junction. As above the participants were required to place each numbered target

within the central circle in the upright position (Figure 7.12).

Figure 7.12 Setup of Task 2 with head model top left, oropharynx top right, oesophagus bottom left and stomach
bottom right.

7.3.3 Order of Tasks

Each participant was randomised to which system they would use first: the conventional
endoscope and gaze control system. Participants then underwent the standardised
familiarisation protocol. After completion of one control method on both targets with one
system they then underwent the familiarisation protocol for the other system and the completed
the tasks again. Task 1 was always done first followed by Task 2. Feedback was collected after

the use of each method to avoid recall bias.
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Outcomes:

e Objective outcome measures

The total time to complete each task was recorded to the nearest second.

e Subjective Feedback
Subjective feedback was directly collected after the tasks were completed. Participants
answered questions to assess their task load, acceptance of the technology and ergonomic

design.

7.3.4 Task Load

The NASA-TLX (Task Load Index)(296) was used to assess task load (Figure 7.13). This is a multi-
dimensional ten-point visual analogue scale to subjectively assess cognitive workload. Use of

this score has been validated in studies of both diagnostic and therapeutic endoscopy (297-300)

NASA-TLX questions

Mental Demand How much mental and perccptua]' activity was
required? Was the task easy or demanding, simple or
complex?
Physical Demand How much physical activity was required? Was
the task easy or demanding, slack or strenuous?
Temporal Demand How much time pressure did you feel due to
the pace at which the tasks or task elements occurred? Was the
pace slow or rapid?
Own Performance How successful were you in performing the
task? How satisfied were you with your performance?
Frustration How irritated, stressed, and annoyed versus
content, relaxed, and complacent did you feel during the
task?
Effort How hard did you have to work (mentally and physically) to accomplish
your level of performance?

Figure 7.13 NASA-TLX questions

7.3.5 Acceptance of New Technology

The Van der Laan acceptance scale(301) is a five point scale including questions on perceptions

of usefulness and satisfaction with the technology. The five-point scale ranges from -2 to +2.
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7.3.6 Ergonomics

A standardised questionnaire was completed by all participants to assess the usability and

ergonomics of the system. This consisted of a seven-point Likert scale (Figure 6.14).

My Judgement of the (...) system are ... (please tick a box on every line)
1 useful 00000 useless
2 pleasant 00000  unpleasant
3 bad goood  good
4 nice OO0000 annoying
5 effective 00000 superfluous
6 irritating 0U00Qd  ritable
7 assisting OO0 worthless
8 undesirable OCO0O0  desirable
9 raising alertness [J[JCJ[J0J  sleep-inducing

Figure 7.14 Ergonomics Questionnaire

7.3.7 Data Analysis

The reported timings of tasks were presented as mean values along with their standard
deviations. NASA-TLX scores were reported as means rounded to one decimal place, while Van
der Laan's scores were reported as means rounded to two decimal places.
The comparisons made in the following sections were conducted using within-subjects analysis
in the following cases:
e Comparing task completion time between endoscopists using conventional endoscopy
versus gaze-controlled endoscopy.
¢ Comparing task completion time between novices using conventional endoscopy versus
gaze-controlled endoscopy.
e Comparing NASA-TLX scores between endoscopists using conventional endoscopy

versus gaze-controlled endoscopy.
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e Comparing NASA-TLX scores between novices using conventional endoscopy versus

gaze-controlled endoscopy.
Between-subjects analysis was performed in the following scenarios:

e Comparing task completion time with conventional endoscopy between endoscopists
and novices.

e Comparingtask completion time with gaze-controlled endoscopy between endoscopists
and novices.

e Comparing NASA-TLX scores with conventional endoscopy between endoscopists and
novices.

e Comparing NASA-TLX scores with gaze-controlled endoscopy between endoscopists
and novices.

e Comparing Van der Laan's scores between endoscopists and novices.

e Comparing ergonomics assessment scores between endoscopists and novices.

For within-subjects analysis, the normality of the paired differences was assessed using the
Shapiro-Wilk test. If the test was successful and no outliers were detected, a paired-samples t-
test was conducted. In cases where the differences were not normally distributed or outliers
were present, the Wilcoxon signed-rank test was used.

For between-subjects analysis, the normality of the samples was assessed using the Shapiro-
Wilk test. If the test was successful, an independent-samples t-test was performed. If any of the
two samples did not follow a normal distribution, the Mann-Whitney U test was applied.

A significance level of p < 0.05 was used for all statistical tests. The statistical analysis was

performed using SPSS version 25.
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7.4 Results

7.4.1 Performance Between Groups

All tasks had a 100% completion rate by all participants.

When using the conventional endoscope the experienced endoscopists were significantly
quicker in completing both task 1 ((1:24+0:39 vs 9:05+5:40 minutes, p=0.006) and task 2
(1:27%0:20 vs 3:45+0:53 minutes, p<.001).

When using the gaze control system there was no significant difference between task

performance.

7.4.2 Performance Within Groups

Expert endoscopists were significantly quicker using the conventional endoscope versus gaze
control in both task 1 (:24+0:39 vs 3:18+1:14 minutes, p=0.002) and task 2 (:27+0:20 vs
2:10+0:35 minutes, p=0.006)

Non expert endoscopists were significantly quicker when using the gaze control system in both
Task 1 (3:54%1:17 vs 9:05%+5:40 minutes, p=0.012) and Task 2 (:59+0:24 vs 3:45+0:53 minutes,
p<.001) (Table 7.1 and Figure 7.16).

SPHt UGt NASA-TLX
Gaze Control | 3:18 (£1:14) | 2:10 (£0:35) 54.2 (+£16)
Endoscope | 1:24 (£0:39) | 1:27 (20:20) | 26.9 (+15.3)
Non Gaze Control | 3:54 (£1:17) | 1:59 (20:24) | 22.5 (+13.8)
Endoscopists Endoscope | 9:05 (+5:40) | 3:45 (+0:53) | 80.6 (x11.3)

Endoscopists

Table 7.1 Time taken to complete tasks with each system by both groups
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Figure 7.15 Graph showing Time Taken to Complete each Task by Both Groups

(SHPt = Sphere Task/ Task 1, UGIt = Upper Gl Task/ Task?2)

7.4.3 Workload

Endoscopist experienced a significantly higher workload when using the gaze control system
versus the conventional endoscope ((54.2+16 vs 26.9+15.3, p=0.012). There were significant

differences in the ‘effort’, ‘mental demand’, ‘temporal demand’ and ‘performance’.

Non endoscopists reported a significantly higher workload when using the conventional
endoscope versus the gaze control system (80.6+11.3 vs 22.5%+13.8, p<.001). There was a
significant difference in all six workload domains; ‘effort’, ‘mental demand’, ‘temporal demand’

and ‘performance’, ‘frustration’ and ‘physical demand’ (Figure 7.16).
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Figure 7.16 Top - NASA TLX score for Gaze Control (GC) and Hand Control (HC). Bottom — NASA TLX scores as a
percentage extending out, by domain (clockwise)

MD- Mental Demand, PD - Physical Demand, TD — Temporal Demand, OP - Performance, EF — Effort, FR - Frustration

7.4.5 Technology Acceptance

All participants reported a positive usefulness score with the experienced endoscopists scoring

it 0.56 +0.83 and the non-endoscopists scoring it 1.43 £0.51.

All participants reported positive ‘satisfaction’ scores with the experienced endoscopists giving

a score of 0.8+0.87 and the non-experienced endoscopists scoring it 1.44+0.68 (Figure 7.17).
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Figure 7.17 Top Van Der Laan acceptance Scores. Bottom — Van Der Laan Acceptance Score by Domain with higher
scores at a greater radius.
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7.4.6 Ergonomics

Experienced endoscopists reports poor ergonomics in all domains when using gaze control.
Experienced endoscopist found eye gaze less comfortable (86%), more stressful (57%),
interrupting of task flow (85%), uncomfortable for the neck (57%) strenuous for the eyes (86%)

and fatigue causing (71%).

Non endoscopists reported gaze control to have good ergonomics across all the domains saying
it was more comfortable (100%), easier to learn (100%), less stressful (100%), not task flow
interrupting (100%), not uncomfortable for the neck (75%) not strenuous for eyes (51%) and not

causing fatigue (88%) (Figure 7.18).

Statistical analysis confirmed significant differences between endoscopists and novices in

comfort, ease of learning, stress, and task flow interruptions.

ERGONOMICS LIKERT SCALE FOR ENDOSCOPISTS

Gaze control is easier to learn B strongly agree

Gaze control is less stressful B Agree

® More of less agree

Gaze control doesn’t interrupt the task flow > :
B Neither agree or disagree

Gaze control doesn't cause neck discomfort More of less disagree

B Disagree
Gaze control doesn't cause eye strain 14% 29% “
B Strongly disagree

Gaze control doesn't cause me to become fatigued 29%

0% 10% 20% 30% 40% S0% 60% 70% 80% S0% 100%

ERGONOMICS LIKERT SCALE FOR NON-ENDOSCOPISTS

Gaze control is more comfortable 88% 13%
Gaze control is easier to learm 5% 25% B Strongly agree
Gaze control is less stressful 63% 38% BAgree

® More of less agree
Gare control doesn’t interrupt the task flow : 2
= Neither agree or disagree

Gaze control doesn't cause neck discomfort Maore of less disagree

: E B Disagree
Gaze control doesn't cause eye strain

B Strongly disagree
Gaze control doesn't cause me to become fatigued

0% 10% 20% 30% 40% 50% 60% 70% B80% 90% 100%

Figure 7.18 Top - Ergonomic Scores as a percentage of respondents for endoscopists for gaze control. Bottom-
Ergonomic Scores as a percentage of respondents for non-endoscopists for gaze control.
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7.5 Discussion

| have presented the feasibility data from a gaze controlled robotised flexible endoscope. This
study showed the feasibility of this system to navigate through a simulated UGI lumen whilst

maintaining fine motor control.

Experienced endoscopist are extremely familiar with conventional endoscope control and the
fact they were faster completing tasks with the conventional endoscope likely reflects a
familiarity with the control systems rather than the technical superiority of the control system of

a conventional endoscope.

The non-endoscopists had no prior experience with either system and they interestingly
performed quicker with the gaze control system. This may suggest the gaze-controlled system
has a more shallow learning curve and is a more intuitive system compared to the convention

endoscope control.

All reported that they were satisfied when using the gaze control system and that it was an

acceptable technology.

Similarly, the ergonomic preference of the non-endoscopists to the gaze control system may

suggest that the gaze control system is more ergonomically beneficial.

7.5.1 Limitations

The system used a Karl-Storz gastroscope and although it has the same control system as all
conventional endoscopes it could be argued findings could not be applicable to other systems.
Of note the simple gear printing and closed loop system would ensure the system could be
quickly adapted to any endoscope. The close loop would account for any changes in different

endoscope cable stiffness between scope models and with aging of endoscopes.
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The trial occurred in a rigid environment which doesn’t reflect the flexible and deformable tissue
of the real-life gastrointestinal lumen. Our research team does have experience in motion

compensation and depth extraction which could be a further point of development .

There is no tactile feedback for the gaze control system which is present in a conventional
endoscope. Force feedback sensors could be attached to the endoscope shaft and motors and

feedback either visually or through haptic feedback in future models.

The setup of the gaze control system currently, particularly with regards to the mounted rail take

up a large footprint which may not be clinically practicable in the endoscopy suite.

This study only compared non-endoscopists to experienced endoscopists. To truly establish the
learning curve and intuitiveness of the gaze control system versus the conventional endoscope
a dedicated experiment with non-experienced endoscopists and repetition of task performance

is required.

7.6 Conclusion

The use of a gaze control system to operate a fully robotised flexible endoscope is feasible. Non-
endoscopists found the gaze control system had a lower workload and was more ergonomically
favourable than conventional endoscopy and performed significantly better with the gaze

control system.
Experienced endoscopists found conventional endoscopy had a lower workload than the gaze
control system and performed better with the conventional endoscope which is likely reflected

with significant experience with the conventional endoscope system(225).

Further study is required to truly evaluate the intuitiveness of the gaze control system versus

conventional endoscopy.
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8.1GAZE2

Content from this Chapter was Published in:

Sivananthan A et al. Eye-controlled endoscopy - a benchtop trial of a novel robotic steering
platform - iGAZE2. J Robot Surg. 2024;18(1):266. Published 2024 Jun 25. doi:10.1007/s11701-
024-02022-5

8.1 Background

In the previous chapters a novel gaze-controlled endoscope robotic system that can be
retrofitted to any endoscope to allow gaze-controlled endoscope tip steering has been
presented. Initial benchtop trials demonstrated the technologies feasibility(286). Using eye
tracking glasses and a motorised system the endoscope tip follows the direction of the
endoscopist’s gaze. In the previous system head tilting, and forward and backward movement
by the user was able to rotate and insert and withdraw the scope. The initial gaze system was

entirely hands free.
Based on feedback from the study the system has undergone multiple reiterations to produce
the updated system: iGAZE2 presented in this chapter. In this chapter the evolution of the eye

gaze system from its initial benchtop platform to its current iteration is presented.

A benchtop study to assess the feasibility, intuitiveness, and workload of this system versus a

conventional endoscope of iGAZE2 is then presented.
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Aims of this Chapter:

1. Present the iterative process in the development of iGAZE2

2. Assess the intuitiveness and workload of the new system in novice users

8.2 Methodology

8.2.1 System Setup

8.2.1.1 Robotic Control System Evolution

The initial motorised system consisted of a large plastic panel with motors housed across its
width with plastic inlays shaped to lie across the shaft of the endoscope. This was attached to
the fixed robotic platform fastened to a mount which was not designed to be moved or held. The
motor unit and endoscope were then attached to a fully robotised arm to insert and withdraw

the endoscope (Figure 8.1).

Figure 8.1 Original Eye Gaze steering wheel mount (left) and robotised arm (right).
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This system took up a significantly large footprint. To allow practical use in a real world setting,
the system was redesigned to allow it to be held by the operator, and take up a smaller footprint.
To allow this, the simple cog wheel setup used in the original setup was revised with a more
robust, and smaller setup designed. The first iteration included a thinner steering wheel mount
which during trials was prone to slippage of the motor belt and detachment of the steering wheel

from the motor system (Figure 8.2).

Figure 8.2 Eye Gaze steering wheel mount with thinner steering wheel.

A thicker steering wheel mount with raised edges was subsequently used with a side-to-side
configuration. This setup was robust during trials with no slippage of the steering belt but did not

allow access to the endoscope button and valves (Figure 8.3).
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Figure 8.3 Eye Gaze steering wheel mount with thicker steering wheel and side to side mount (left) and in use (right).

Therefore, the system was reconfigured to be rear-mounted with the motorised complex
attached to the rear of the endoscope, with full access to the endoscope button and valves. This

allowed air insufflation, suction and photo capture to be operated by the endoscopist with the

system in place (Figure 8.4).

Figure 8.4 Eye Gaze steering wheel mount with rear attachment from three angles.
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As prior, the 3D printed gears were placed over the endoscope steering wheels and actuated by
small Dynamixel motors (Dynamixel RX-24F, Robotis, Korea). The system is designed so that the
wheel and belt are easily to both remove and attach. This allows the endoscope to be controlled
conventionally with the motors mounted. The belt and wheel can then be attached when the
system is to be used. This was designed to allow conventional endoscope intubation and rapid
conversion to the iGAZE2 system through simply mounting the wheel and 2 belts (Figure 8.5).

For this trial the unit was attached to the shaft of a Pentax EG29-i10 Video Gastroscope.

Figure 8.5 Endoscope with iGAZE2 system partially mounted for intubation (left) and with wheel and belts attached (right).

8.2.1.2 Gaze Control evolution

The initial eye tracking system used a custom gaze-contingent framework developed by Kogkas
et al. (292) (293). The initial eye tracking glasses had spherical markers attached with one RGB-

D camera and four ceiling mounted Optitrak cameras (Optitrak, Corvallis, Oregon, USA) to allow

142



the entire user body position to be recognised as an input for the insertion and withdrawal
function, controlled by the robotic arm. Simplification of the system allowed this to be reduced
to the modern lightweight eye-tracking glasses (Pupil Core, Pupil Labs, Berlin, Germany),
weighing just 22.75g with no external cameras. These glasses feature two inward-facing
cameras that track pupil movement and one outward-facing camera capturing the user’s field of

view.

8.2.3 User Interface

The operator sat or stood 2 metres away from the monitor with the monitor placed slightly below
the endoscopists eye line as reported to be the most ergonomically favourable position. A
calibration was performed requiring the user to trace 9 targets around the outside perimeter and
centre of the monitor. The user was able to insert and withdraw the scope manually with one
hand. Steering was controlled by the direction of gaze. For example, if the user looked to the top
right of the monitor the endoscope tip would move so the point of focus was now central on the
monitor screen. A foot pedal was added to allow automatic retroflexion following deployment of

the pedal for 2 seconds (Figure 8.6).

Figure 8.6 Foot pedal used to control retroflexion with two additional unmapped pedals.

Calibration
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Calibration was performed requiring the user to trace targets around the outside perimeter and
centre of the monitor. Calibration accuracy was trialled at different durations with an optimal
calibration found to be 60 seconds as opposed to the 20 seconds used in benchtop trials. (Figure

8.7).

Figure 8.7 Calibration over 20 seconds (left) and 60 seconds (right).

The user inserts and withdraw the endoscope with the right hand and steers the endoscope tip
using the direction of gaze. For example, looking to the left of the screen would steer the
endoscope tip untilthe point of the focus was the centre of the monitor. Previously a joypad had
been used to control retroflexion, but this was converted to a foot pedal as this fit into the
conventional endoscopy workflow where foot pedals are used to control water irrigation and
diathermy during therapeutic endoscopy. The foot pedal could be pressed to allow automatic
retroflexion and then again to allow deflexion of the scope. Two additional pedals were available

on the unit which theoretically could be mapped to other use functions (Figure 8.6).
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8.2.4 Study Design

This study was a controlled trial to compare iGAZE2 to a conventional endoscope in novices, in

terms of performance and user workload.

Twelve participants with no previous endoscopy, or gaze control experience were recruited. The
age range of the group was 24 — 38years. The mixed group consisted of doctors (foundation
trainees, an internal medical trainee and a microbiologist), engineers, non-clinical scientists

and an advertising executive.

Participants were randomised to begin on either the gaze control system or the conventional
endoscope. Each participant was given a standardised 2-minute instruction by the author (AS)

on the system they were first using and a standardised explanation of the benchtop task.

The benchtop task consisted of an anatomically accurate model of the stomach in a closed
black box (Figure 8.8). Within the stomach 9 humbered targets were placed at various points
including fundus, body and pylorus. The participant was then required to complete retroflexion

to visualise the gastric cardia.

Each task began with the endoscope tip placed at the ‘gastro-oesophageal junction’. The
endoscopist was then required to locate the numbered targets from 1-9 in sequential order by
placing the target in the central view. The central view was delineated with a 4cm diameter circle
placed in the centre of the monitor. Participants were required to place the targets in the central

view and ‘en face’.
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Figure 8.8 Anatomical stomach with box removed (left), monitor view of stomach model with targets with central target which
number must be placed in(right)

Each participant completed the task five times and then transferred to the alternate system with
a standardised instruction on the second system prior to completing the task five times again.
Times were recorded and subjective feedback for each system was acquired directly after
completing the task with each system to avoid recall bias.

Outcomes

8.2.5 Objective outcomes

The total time to find all targets, the time to complete retroflexion and the total time of each task

was recorded.

8.2.6 Subjective feedback

Subjective feedback on the workload of each system was collected using the raw NASA-TLX

score (296). The NASA-TLX score has been validated in assessing workload in both diagnostic
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and therapeutic endoscopy (296,299). This is a ten-point analogue scale validated in both
diagnostic and therapeutic endoscopy. The NASA TLX score domains included mental demand,
physical demand, temporal demand, effort and frustration. The domain ‘performance’ was
removed as this was measured objectively. The data was collected with the official NASA-TLX

ios (iphone operating system) application.

8.2.7 Data analysis

All times were recorded as mean +/- standard deviation to 2 decimal places. Total task times
were taken as an average of the 5 times recorded per system. NASA TLX scores were reported to

1 decimal place.

All comparisons were conducted using within subject analysis. The following comparisons were

undertaken:

e Task completion time of iGAZE2 versus conventional control.

e Retroflexion time of iGAZE2 versus conventional control.

e Total NASA-TLX scores of iGAZE2 versus conventional control.

e NASA-TLX subdomain scores (mental demand, physical demand, temporal demand,

effort and frustration) of iGAZE2 versus conventional control.

The paired t test with two tails was used to compare the normally distributed groups. A p value

below 0.05 was used to denote significance.
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8.3 Results

8.3.1 Completion Times

Participants were significantly quicker completing the task using iGAZE2 versus a conventional

endoscope (65.02 +/- 16.34s vs 104.21 +/- 51.31s, p=0.013) (Figure 8.9).

Task Completion Time(s): iGAZE2 vs Conventional
160.00

120.00
80.00

40.00

0.00
EG-2 Conventional

Figure 8.9 Task completion time in seconds of iGAZE2 versus Conventional (with standard deviations).

Participants were also significantly quicker completing retroflexion using iGAZE2 versus a

conventional endoscope (8.48 +/- 3.08 vs 11.38 +/- 5.365s, p =0.036) (Figure 8.10).

Retroflexion Time(s): iIGAZE2 vs Conventional

20.00
16.00
12.00
8.00
4.00
0.00

EG-2 Conventional

Figure 8.10 Retroflexion time in seconds of iGAZEZ2 versus Conventional (with standard deviations).
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8.3.2 Workload Scores
Participants reported a significantly lower workload (raw NASA-TLX score) when using iGAZE2

versus the conventional endoscope (152.1 +/- 63.4 vs 319.6 +/- 81.6, p =0.0001) (Figure 8.11).

NASA TLX - Raw: iGAZE2 vs Conventional

500
400
300

200
100

EG-2 Conventional

Figure 8.11 NASA TLX score of iGAZEZ2 versus Conventional (with standard deviations).

For all subdomains users found iGAZE2 to have a lower temporaldemand: (30.0 +/- 14.0 vs 67.1
+/-15.9, p= 0.0001), mental demand (34.2 +/- 16.6 vs 60.0 +/- 26.1, p= 0.0165), effort(40.0 +/-
19.8 vs 71.7 +/- 16.3, p= 0.0006), mental demand (34.2 +/- 16.6 vs 60.0 +/- 26.1, p= 0.0165),
physical demand (24.6 +/- 20.9 vs 63.3 +/- 26.0, p= 0.0001)and frustration (27.9 +/- 20.3 vs 57.5
+/-21.1, p=0.0079) (Figure 8.12).

NASA-TLX by Domain: iGAZE2 vs Conventional

EG-2 e Conventional

Temporal Demand
100
80
60

Frustration Mental Demand

Physical Demand Effort

Figure 8.12 Radar Plot of NASA TLX subdomains of iGAZE2 versus Conventional (with standard deviations).
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8.4 Discussion

We present the trial data of iGAZE2, an updated eye controlled robotised endoscope control
system. The previous trial using the original system proved the feasibility of an eye controlled
robotised endoscope control system. The trial also suggested the system may be more intuitive
but was not designed to answer this question. The trial design of this new study used only
novices and allowing us to ascertain the comparative intuitiveness of iGAZE2 versus

conventional endoscopy through both objective and subjective measures.

All users were significantly quicker using iGAZE2 suggesting that iGAZE2, a gaze-controlled
system was more intuitive denoted by the improved performance. The addition of a foot pedal
also proved to be a more intuitive method to control retroflexion with significantly quicker

completion of retroflexion with iGAZE2.

All users reported a significantly lower workload across all domains suggesting further the
intuitiveness of iGAZE2 versus conventional endoscopy. In the previous trial this has been true
other than for physical demand. The previous system used head tilting and body movement to
control rotation and insertion of the endoscope. This was removed in iGAZE2 with insertion and
withdrawal controlled by the right hand. This update seemed to improve the workload further

with a significant lower physical demand in iGAZE2 versus conventional endoscopy.

The new platform involves a combination of gaze and manual control. Only one hand is needed
to insert and withdraw the endoscope leaving the other hand free. The other hand could be used
to control instruments which currently is performed by a second person requiring the

endoscopist to communicate and be reliant on assistant to perform critical tasks such as knife
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deployments, snare closure and coagulation grasping. When the endoscopist has the area of
interest in the field of view all tip control could be done hands free with only intermittent use of
the right hand to withdraw or insert the endoscope if nheeded during the intervention. The
previous iteration was entirely hands free but introduction of the combined controlled system is
demonstrated to still have a significantly improved performance and workload versus the

conventional endoscope control system.

Limitations of this study include the simulated environment which does not truly represent the
deformability and peristalsis seen in real endoscopy. Lower gastrointestinal endoscopy has
different requirements including torque steering and therefore the outcomes cannot be applied

to lower endoscopy.

8.5 Conclusion

The remit of endoscopy continues to grow requiring precision control via the conventional
despite its well documented non intuitive and poor ergonomic control system. There has been
much work on modernising the control system through use of robotics. The new iteration of our
gaze control system has proved to be a more intuitive control system than conventional
endoscopy and is the only system we are aware of using gaze as a control input. The tip control
remains hands free but insertion is now manual. This study has shown it remains favourable as
a control system to a conventional endoscope. The updated system has a significantly smaller
footprint and due to its setup can be fitted to any conventional endoscope through printing
different 3D gears at a low cost. This system represents a further exciting step in this novel

endoscope control system.
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9. IGAZE2 - Human Trial

Content from this chapter is under review for publication.

9.1 Background

In the previous chapters a novel gaze controlled endoscope robotic system that can be
retrofitted to any endoscope to allow gaze controlled endoscope tip steering has been
presented. Initial benchtop trials demonstrated the technologies feasibility(286). Subsequent
refinement was undertaken and the iGAZE 2 system was trialled in a benchtop environment
demonstrating that the system was more intuitive to use than a conventional endoscope(305).
In this chapter the evolution of the eye gaze system from its initial benchtop platform to its

current human use iterated system is presented.

Aims of this Chapter:

1. Assess the feasibility of the iGAZE2 system in human use

2. Assess the safety of the iGAZE2 platform
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9.2 Methodology

9.2.1 System Setup

The iIGAZE 2 system was setup as described in Chapter 8.

9.2.1.4 Room Setup
The endoscopist sat next to the head of the patient facing the monitor (Figure 9.1). Although the
seated position is less used in the Western world it is a commonly used setup in the East to

provide better ergonomics for the therapeutic endoscopist.

Figure 9.1 Left— Room Setup without patient or endoscopist, Right — setup with endoscopist and patient (not shown)

The bed was placed at the left of the endoscopist similar to normal endoscopic room setup

allowing ease of access for the nurses (Figure 9.2).
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Figure 9.2 Room Setup showing bed position relative to endoscopist’s seat.

9.2.2 Study Design

This was a prospective clinical trial to assess the feasibility of the IGAZE2 system as an
endoscope control system during an UGI endoscopy. The study was sponsored by Imperial
College London and approved by the Health Research Authority North West - Greater
Manchester South Research Ethics Committee on the 4" March 2022 (IRAS 288108) (Appendix

4).

Three patients requiring a diagnostic endoscopy were recruited in outpatients and their
suitability was assessed by the study leads. A patient information sheet, approved by the ethics

committee, was provided.
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On the day of the procedure participants were consented conventionally for an endoscopy and
for the trial including the sharing of data and images. A formal briefing took place involving the

endoscopist, engineering staff and endoscopy nursing team.

After calibration of the system the patient was brought into the room and the standard safety
checks were undertaken including confirming the patient identity, consent and procedure.

Participants were given sedation as per the British Society of Gastroenterology guidance (306).

The initial intubation of the endoscope to the oesophagus was completed manually with the
iIGAZE2 system partially applied. Once in the oesophagus the system was then attached by the
engineering team. The gaze control system was then used to attempt to progress into the
stomach and the duodenal bulb and to complete retroflexion within the stomach to visualise the
gastro-oesophageal junction. The system was then removed to allow extubation of the

endoscope or completion of any parts of the endoscopy not done with the robotic system.

9.2.3 Outcomes

Objective outcomes

The success of the iIGAZE2 system to access the stomach, duodenal bulb and complete

retroflexion was assesed. The total time for the procedure and was measured. The time to attach

the iIGAZE2 system was recorded. Doses of medication given were documented. Adverse events

or complications were noted.
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Subjective feedback

The patient discomfort score was agreed by the endoscopy nurses and endoscopists and

recorded (as per standard endoscopic practice).

Data analysis

All times were recorded as mean +/- standard deviation to the nearest second.

156



9.3 Results

9.3.1 Participants

Participants ranged between 26 and 61 years of age. Participant one was a male referred with
symptoms of oesophageal reflux, participant two was a female referred with resistant
helicobacter pylori infection requiring cultures and participant three was a female referred with

dyspepsia.

9.3.2 Objective Outcomes

Progression into the stomach and retroflexion was successful in all three patients. Intubation of

the duodenal bulb was successfulin two out of the three patients. One patient required biopsies

which was done whilst using the iGAZE2 system and the operator successfully operating the

instrument (Figure 9.3 and Table 9.1).

Figure 9.3 Left - retroflexion using the iGAZE2 system (patient 2), Right — D1 intubation using the iGAZE2 system (patient 3).

Patient 1 Patient 2 Patient 3
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D1 intubation Y Y
Retoflexion Y Y
Intervention Biopsies NA

Table 9.1 Table showing success of intubation, retroflexion and intervention (where applicable).

Attachment of the system took between 49 to 72 seconds (59.7s +/- 11.6). The total time of
endoscopy was between 12 minutes and 22 seconds and 14 minutes and 10 seconds (13:07 +/-

56.0s) (Table 9.2).

Patient 1 Patient 2 Patient 3
Total seconds 850 770 742

System attachment
(sec) 72 58 49

Table 9.2 Table showing total time and time of system attachment in each patient.

Pain scores ranged between 1 (comfortable throughout) and 2 (mild discomfort, well tolerated).
The median doses of midazolam, fentanyl and xylocaine were 3mg, 75mcg and 100mg

respectively meeting national sedation standards (being <5mg midazolam and <100mcg

fentanyl) (Table 9.3).

Patient 1 Patient 2 Patient 3
Age 61 26 54
Fentanyl (mcg) 75 100 75
Midazolam (mg) 3 4 3
Xylocaine (mg) 100 100 100
Pain score Well tolerated | Mild discomfort | Well tolerated

Table 9.3 Table showing pain score and medication dosing with ages of patients..

There were no adverse events or complications.
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9.4 Discussion

This trial represents the first human trial of a gaze-controlled endoscope which demonstrates
the system’s feasibility. Previous trials of this system have demonstrated the system was more
intuitive to novice users compared to a traditionally controlled endoscope but were conducted

in a benchtop environment.

This trial has demonstrated iGAZE2 is a feasible control system in human endoscopy with
retroflexion being successful in all patients and duodenal intubation in the majority. As this was
the first ever human trial the ethics understandably limited the scope of the gaze control. There
was therefore no experience of intubating the oesophagus with the control system or navigating
to the second part of the duodenum. However, the ability to successfully navigate from

oesophagus to duodenum and complete retroflexion using the system is promising.

Comparative data was lacking due to the small humbers and single operator. It was felt
appropriate however, given the first ever human use of the system, that a small number of
participants were recruited and a single operator most familiar with both iGAZE2 and the

conventional endoscope was used for this feasibility trial.

This platform utilised gaze control for tip steering and one hand to insert and withdraw the
endoscopy leaving one hand free. When using instruments, traditionally the operator must
instruct the assistant to use the tools, adding an extra step with potential errors. iGAZE2 allows

the operator to use endoscope instruments themselves taking a potential chain of error out of
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interventional procedures. In one case the operator was able to use the instrument themselves

to take biopsies successfully demonstrating this system advantage.

Previous benchtop trials have shown that iGAZE2 is a more intuitive system and presumably
therefore has a lower workload. The availability of the second hand and lack of needing to
communicate and rely on an assistant may further reduce the workload of complex therapeutic

interventions.
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9.5 Conclusion

The iIGAZE2 system heralds a potentially exciting simple, small and retrofittable system that can
reduce cognitive workload through an intuitive steering system and the liberation of one hand.
This first human trial is an exciting beginning demonstrating the feasibility of the system in

human use. Further work can now be progressed following this safe demonstration.
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10. Main thesis outcomes and future directions

10.1 Main outcome of this thesis

Gastrointestinal endoscopy is in one of its most exciting phases, with rapid technological
advancement being translated into high quality patient care. There is no area of endoscopy that
isn’t undergoing innovation, whether it be technological advancement of the equipment or using

current endoscopy equipment to deliver more novel and innovative interventions.

We have always been looking at the same mucosa with an endoscope, but through innovation
of imaging technology we are seeing more there than we ever have. Early detection of
precancerous lesions has been met by the advancement of therapeutic endoscopy allowing
curative resections through minimally invasive techniques that would have required complex

surgery and gruelling medical therapies.

Innovators will continue to push this advancement, and practitioners will translate this into
exponentially improving patient care. Tragic stories of missed cancer or complicated surgery are
being translated into simple and standard day case procedures. It is no exaggeration to say
endoscopy research and the resultant improvement of both diagnostic and therapeutic

endoscopy is lifesaving

As a clinician providing and training in therapeutic endoscopy, | have relished the opportunity to
research such a fundamental area of my clinical practice. To find an area of novel interestin such
a rapidly developing and researched field has been stimulating. Little focus has been placed on
the role of vision and gaze in endoscopy, a key but neglected node in the workstream of the

endoscopy procedure.
In chapter 2 a review of the young but evolving area of gaze tracking in endoscopy was presented.

This chapter allowed me to develop an understanding of eye tracking and recognise it as fertile

ground for endoscopic innovation. Its use to track eye patterns as an investigative tool became
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apparent but this search for use-cases instilled the first thoughts of the application of gaze for

something other than eye tracking analysis alone.

Artificial intelligence and its real-world applications have been one of, if not the most rapid
technological innovations across all discipline and fields. It is hard to think of an area that the
broad extent of its reach has not touched in our lives. Vision plays a vital role in the diagnostic
capability of the endoscopist with early detection translating to early treatment and appropriate
surveillance of Gl pathology. The potential role of CADe emerged during my research period and
there were countless data in benchtop or simulated environments. | was proud to deliver one of
the first international meta-analyses of its real-world outcomes to demonstrate it real-world

benefit.

Orientation in endoscopy is reliant on processing of images through vision and cognitive
translation. The flexibility of the endoscope and mental workload of the procedure challenge
successful orientation yet this is an understudied area of endoscopy. Chapter 4 allowed me to
evaluate practising endoscopists and demonstrated the disorientation experienced by a large

percentage of endoscopists.

This base work in chapters 2-4 showed me the importance of gaze and orientation in endoscopy
but also the potential role of Al. It also provided me a base to consider in chapters 5-6 the
potential of gaze as a control system which prompted an exploration of the endoscope control
system, its role in therapeutic endoscopy, available adjuncts and the exciting robotic endoscope

platforms under development.

This extensive review of these novel areas allowed me to bring this learning together to innovate
and use gaze tracking as a control system to develop a potentially intuitive control system for
the challenging and dated conventional endoscope. Available robotic platforms are exciting, but
due to footprint and cost, are not realistic systems for real-world use. Developing a system that
was retrofittable to endoscopes in a cheap and simple way was a key target of this project. Initial
feasibility of this novel system was demonstrated in chapter 7. Pragmatism and refinement

however allowed us to iterate the system resulting in iGAZE2 which during its more extensive
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benchtop trial confirmed categorically its more intuitive control system versus a conventional

endoscope.

I am thankful to the Health Research Association and Research Ethics committee for approving
our application for the first in vivo trial of a gaze-controlled endoscope system. Taking a
benchtop system to it first human trial and demonstration of its feasibility in humans was a

privilege and a validation of the base work taking us to this moment.

This thesis has allowed me to develop my skills in reviewing, analysing and critically appraising
available data, conduct my own trials, gain ethical approval and deliver a human trial. This
process has allowed me to collaborate with highly skilled and capable colleagues across
disciplines. Most importantly this project has allowed me to collaborate with technologically
astute and intelligent engineers and collaboratively translate innovative benchtop technologies

into real human applications.

The NHS may have its critics but there are no other environments that would have provided a
clinician with the support to deliver such a collaborative project culminating in a human trial of

a novel endoscopic robotic platform.

10.2 Future perspectives

The value of endoscopy in patient care cannot be understated and its quality, role and remit
continue to evolve rapidly. An aging and growing population rightly demand higher quality care.
The success of endoscopy is multifaceted, but technology plays a key role. The endoscopists
themselves are critical and their high-quality training vital. But technology can help through
reducing the cognitive demands on endoscopists. Techniques such as ESD have a demonstrably

positive effect on patient outcomes but require significant training and high cognitive workload.
The iGAZE2 system is a more intuitive control system that a conventional endoscope that may

reduce some of the cognitive demands on an endoscopist. As with an any new technology this

system is a proof of concept that will need refinement and further iteration before it is a
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deliverable real-world control system, but alladvancements must start somewhere. Its potential
applications are myriad. In gaze controlled diagnostic endoscopy an endoscopist can pay more
attention to the examination itself reducing the chances of missed lesions and increasing the
chances of early diagnoses. During therapeutic endoscopy gaze control will allow intuitive
repositioning of the endoscope to facilitate interventions whilst freeing the steering hand to
control endoscope instruments themselves, rather than relying on a second person, removing a

step with potential for errors.

The addition of CADe to a gaze-controlled system would improve lesion detection and could
further reduce cognitive demand on endoscopists. The incorporation of Al to refine the control
system and both use the input of gaze, analysis of the endoscope position and the visible
mucosa on screen against a learned database of endoscopy videos may improve the systems

navigation and steering.

Ultimately the successful integration of various technologies including gaze control, soft
robotics and Al may successfully produce an endoscope control system with a reduced
cognitive workload through more intuitive steering and allowing focus to be directed to diagnosis
and therapeutics. Such a system would also allow complex yet beneficial techniques confined
to a small number of highly skilled and trained endoscopists to be accessible to more

endoscopists.

10.3 Conclusion

The role of endoscopy continues to widen despite the same basic control system since its
inception half a century ago. Gaze technology is a novel and exciting area for endoscopy. This
thesis has shown the potential of a retrofittable gaze control system, its increased intuitiveness

from a benchtop theoretical system to successful use in a human trial.

It is hard to predict the exact future of the endoscope control system but it easy to predict that
with the rapid evolution of endoscopy technology; it will not be the decades old control system
used by the majority of endoscopist today. The future of endoscopy and the potential

improvements for patient care globally is exciting.
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12. Appendices

Appendix 1
Question 1 MeSH terms
Population Gl endoscopy (simulated or
human)
Intervention gaze analysis/ eye tracking Gaze, Gaze Analysis, Eye
Tracking, Gaze Tracking,
Visual Patterns, Gaze Control
Comparator group standard endoscopy
Outcome scoping/ systematic review of all
available evidence

Sources of Literature:

The following clinical databases will be searched:
1. Medline: https://www.ncbi.nlm.nih.gov/pubmed/

2. Cochrane Reviews https://www.cochranelibrary.com
3. Embase

Databases will be searched using Medical Search Headings (MeSH) where possible:

Medline:

1 exp Endoscopy, Gastrointestinal/ 98063

2 exp Endoscopy, Digestive System/ 121572
3 exp Colonoscopy/ 33796

4 exp Sigmoidoscopy/ 4879

5 exp Duodenoscopy/ 3145

6 exp Esophagoscopy/ 15352

7 exp Gastroscopy/ 17720

8 exp Proctoscopy/ 3055
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9 exp Capsule Endoscopy/ 3442

10 ((Gl or gastrointestinal) adj3 endoscop*).mp. 30970
11 (intestin* adj3 endoscop*).mp. 1060

12 colonoscop*.mp. 46670

13 duodenoscop*.mp. 4614

14 eosophagogastroduodenoscop*.mp. 1
15 esophagoduodenoscop*.mp. 45

16 esophagogastroduodenoscop*.mp. 4774
17 esophagoscop*.mp. 16554

18 gastroscop*.mp. 22661

19 oesophagoduodenoscop*.mp. 12

20 oesophagogastroduodenoscop*.mp. 463
21 oesophagoscop*.mp. 531

22 rectoscop*.mp.584

23 sigmoidoscop*.mp. 7485

24 (upper adj3 endoscop*).mp. 12717

25 exp Gastrointestinal Tract/ or exp Gastrointestinal Diseases/ or exp Digestive System/
2062767

26 exp Endoscopy/392522

27 25 and 26 145466

28 gaze analys*.mp. 47

29 (eye adj2 track*).mp. 8614

30 eyetrack*mp. 410

31 eye movement measurement*.mp. 1994

32 eye movement track*.mp. 71
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33 optical track*.mp. 991

34 gaze track*.mp.284

35 Gaze control.mp. 363

36 visual track*.mp. 932

37 visual pattern*.mp. 1401

38 exp Eye Movement Measurements/ 13450

39 exp Eye Movements/ 50386

40 eye gaze.mp. 1552

41 eye movement*.mp. 55445

42 28 or 29 or 30 or 31 or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40 or 41 83353

431or2or3ord4or50r6o0r7o0r8o0r9or10or11or12or13or14or150r16or17or18or19
or20or 21 or22or23or24or27 204097

44 42 and 43 39

Cochrane review:

#1 MeSH descriptor: [Endoscopy, Gastrointestinal] explode all trees 4926
#2 MeSH descriptor: [Endoscopy, Digestive System] explode all trees 5800
#3 MeSH descriptor: [Colonoscopy] explode all trees 2269

#4 MeSH descriptor: [Sigmoidoscopy] explode all trees 298

#5 MeSH descriptor: [Duodenoscopy] explode all trees 184

#6 MeSH descriptor: [Duodenoscopy] explode all trees 184

#7 MeSH descriptor: [Gastroscopy] explode all trees 872

#8 MeSH descriptor: [Proctoscopy] explode all trees 68

#9 MeSH descriptor: [Capsule Endoscopy] explode all trees 139

#10 (Gl or gastrointestinal) near/2 endoscop* 5400
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#11 intestin* near/2 endoscop* 239

#12 colonoscop* or duodenoscop* or eosophagoduodenoscop* or
eosophagogastroduodenoscop* or eosphagoscop* or esophagoduodenoscop* or
esophagogastroduodenoscop* or esophagoscop* or gastroscop* or oesophagoduodenoscop*
or oesophagogastroduodenoscop* or oesophagoscop* or proctoscop* or rectoscop* or
sigmoidoscop* 12132

#13 upper near/2 endoscop* 1666

#14 MeSH descriptor: [Gastrointestinal Diseases] explode all trees 37665

#15 MeSH descriptor: [Gastrointestinal Tract] explode all trees 12480

#16 #14 or #15 45348

#17 MeSH descriptor: [Endoscopy] explode all trees 19324

#18 #17 and #16 5515

#19#18 or #13 or #12 or #10 or #9 or #8 or #7 or #6 or #5 or #4 or #3 or #2 or #1 18846
#20 "gaze analysis" or "gaze analyses" 3

#21 eye near/2 track* 866

#22 eyetrack* 381

#23 "eye movement measurement" or "eye movement measurements" 63

#24 "eye movement track" or "eye movement tracking" 4

#25 "optical track" or "optical tracking" 32

#26 "gaze track" or "gaze tracking" 12

#27 "gaze control" 21

#28 "visual track" or "visual tracking" 67

#29 "visual pattern" or "visual patterns" 70

#30 MeSH descriptor: [Eye Movement Measurements] explode all trees 354

#31 MeSH descriptor: [Eye Movements] explode all trees 1344

#32 "eye gaze" 131
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#33 eye movement* 4636

#34 #20 or #21 or #22 or #23 or #24 or #25 or #26 or #27 or #28 or #29 or #30 or #31 or #32 or

#33 5849

#35#19 and #34 13

Embase:

1 exp gastrointestinal endoscopy/172270

2 exp digestive tract endoscopy/ 245359

3 exp colonoscopy/ 95020

4 exp sigmoidoscopy/ 13208

5 exp duodenoscopy/ 4441

6 exp esophagoscopy/ 12939

7 exp gastroscopy/ 24574

8 exp capsule endoscopy/10395

9 exp esophagogastroduodenoscopy/ 18022
10 (gastrointestinal adj3 endoscop*).mp. 48406
11 (Gl adj3 endoscop*).mp. 6003

12 colonoscop*.mp. 105324

13 duodenoscop*.mp. 7471

14 eosophagogastroduodenoscop*mp. 3

15 eosphagoscop*.mp. 1

16 esophagoduodenoscop*.mp. 198

17 esophagogastroduodenoscop*.mp. 19776
18 esophagoscop*.mp. 14161

19 gastroscop*.mp. 31014
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20 oesophagoduodenoscop*.mp. 23

21 oesophagogastroduodenoscop*.mp. 745

22 oesophagoscop*.mp. 611

23 proctoscop*.mp. 1239

24 rectoscop*mp.3110

25 sigmoidoscop*.mp. 14934

26 (upper adj3 endoscop*).mp. 25551
27 exp gastrointestinaltract/ 70272

28 exp gastrointestinal disease/ 95656
29 exp endoscopy/720874

3027 or 28163299

31 29 and 30 22579

32 exp intestine endoscopy/ 119959

3310or2or3ord4dor50r6or7or8o0r9o0r10or11or12or13or14or150r16or17or18o0or19

or20o0r21or22or23or24or250r26or310r32286014

34 gaze analys*.mp. 58
35 (eye adj2 track*).mp. 16668
36 exp eye tracking/ 11553

37 eyetrack*mp. 675

38 eye movement measurement*mp. 114

39 eye movement track*.mp. 98
40 optical track*.mp. 1377

41 gaze track*mp.352

42 gaze control.mp. 445

43 visual track*mp. 1164
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44 visual pattern*.mp. 1633

45 exp oculography/ 18207

46 exp eye movement/ 58826

47 eye gaze.mp. 1820

48 eye movement*.mp. 76411

49 exp eye-tracking technology/ or exp eye tracking system/ 989

5034 0r350r360r370or38o0r390r40o0r41or42or4d43ord4ord5ord6ord7ord8or49
102889

51 3and 50 119
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Appendix 2

EMBASE & Medline

#1 Colonic Polyps/

#2 colorect* or colon or colonoscop* or large bowel or rectal or rectum or anal or anus or large intestine and
polyp

#3 Tor2

#4 exp algorithms/

#5 artificial intelligence or machine learning or neural network*

#6 40r5

#7 computer aided or computer assisted and diagnos* or detect*

#8 diagnosis, computer-assisted/ or image interpretation, computer-assisted/ or neuronavigation/

#9 image processing, computer-assisted/ or data compression/ or image enhancement/ or imaging, three-

dimensional/
#10 7or8o0r9

#11 3and6and10

The Cochrane Library

#1 Colonic Polyps

#2 colorect* or colon or colonoscop™* or large bowel and polyp
#3 Tor2

#4 exp artificial intelligence

#5 artificial intelligence or machine learning or neural network*
#6 40r5

#7 exp diagnosis, computer-assisted

#8 computer aided or computer assisted and diagnos* or detect*
#9 7o0r8

#10 3or6or9
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Appendix 3

Quality Assessment

An account of all

Study Randomisation (2) Blinding (2) patients (1) Total /5
Wang et al. 2019 2 1 1 4
Wang et al. 2020 2 2 1 5
Suetal. 2020 2 2 1 5
Gongetal. 2020 2 2 1 5
Liu et al. 2020 1 0 1 2
Luo et al. 2020 2 0 1 3
Repici et al. 2020 2 1 1 4

Assessment of bias for RCTs using the Jadad scale; score = 3 = good quality.
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Ymchwil lechyd

a Gofal Cymru m
Health and Care Health Research
Research Wales Authority

Dr Nisha Patel

St Mary's Hospital Email: approvals@hra.nhs.uk
HCRW. approvals@wales.nhs.uk

Praed Street

London
W21NYN/A

04 March 2022

Dear Dr Patel,

HRA and Health and Care
Research Wales (HCRW)

Approval Letter

Study title: Eye gaze technology for endoscopic inspection of the
gastrointestinal tract

IRAS project ID: 288108

Protocol number: 20SM6304

REC reference: 22/NW/0002

Sponsor Imperial College London

| am pleased to confirm that HRA and Health and Care Research Wales (HCRW) Approval
has been given for the above referenced study, on the basis described in the application form,
protocol, supporting documentation and any clarifications received. You should not expect to
receive anything further relating to this application.
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