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Abstract

Aim: Lower gastrointestinal (Gl) diagnostics have been facing relentless capacity con-
straints for many years, even before the COVID-19 era. Restrictions from the COVID
pandemic have resulted in a significant backlog in lower GI diagnostics. Given recent de-
velopments in deep neural networks (DNNs) and the application of artificial intelligence
(Al) in endoscopy, automating capsule video analysis is now within reach. Comparable
to the efficiency and accuracy of Al applications in small bowel capsule endoscopy, Al in
colon capsule analysis will also improve the efficiency of video reading and address the
relentless demand on lower Gl services. The aim of the CESCAIL study is to determine
the feasibility, accuracy and productivity of Al-enabled analysis tools (AiSPEED) for polyp
detection compared with the ‘gold standard’: a conventional care pathway with clinician
analysis.

Method: This multi-centre, diagnostic accuracy study aims to recruit 674 participants ret-
rospectively and prospectively from centres conducting colon capsule endoscopy (CCE)
as part of their standard care pathway. After the study participants have undergone CCE,
the colon capsule videos will be uploaded onto two different pathways: Al-enabled video
analysis and the gold standard conventional clinician analysis pathway. The reports gen-
erated from both pathways will be compared for accuracy (sensitivity and specificity). The
reading time can only be compared in the prospective cohort. In addition to validating
the Al tool, this study will also provide observational data concerning its use to assess the
pathway execution in real-world performance.

Results: The study is currently recruiting participants at multiple centres within the
United Kingdom and is at the stage of collecting data.

Conclusion: This standard diagnostic accuracy study carries no additional risk to pa-
tients as it does not affect the standard care pathway, and hence patient care remains

unaffected.
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STRENGTHS AND LIMITATIONS OF THE
STUDY

A limitation of this study is the focus on artificial intelligence (Al)
polyp detection only. The detection rate of other colonic condi-
tions such as inflammatory bowel disease, diverticulosis, angiodys-
plasia and infection were not included in this study. In the future,
detection of these other significant colonic diseases will be in-
cluded in the Al system to prevent further unnecessary resources
being spent on follow-up colonoscopy for subsequent diagnostic
confirmation.

If the results show a comparable accuracy and better efficiency
for Al-enabled analysis, this will help address the service backlog
through more efficient allocation of senior clinicians’ time, rapid re-
view and treatment initiation (if indicated), and a reduction in patient
anxiety by reducing the overall pathway time. Along with the min-
imally invasive nature of colon capsule endoscopy compared with
optical colonoscopy, this will have a profound impact on lower gas-
trointestinal diagnostics and improve the overall standard of care

for our patients.

INTRODUCTION

Colorectal cancer is the third most common cancer and fourth most
common cause of cancer-related death in the United Kingdom [1].
Early diagnosis has a significant positive impact on long-term sur-
vival rates. Diagnostic services have been under enormous capacity
constraints to meet an ever-rising demand; the average growth in
colonoscopy diagnostic activity was 5.3% per annum from 2014 to
2019. Between 2017 and 2019 (the pre-COVID period) there was
also a marked increase in the number of patients waiting more than
6 weeks for a diagnostic test [2].

Amid the first wave of the COVID pandemic there was a dra-
matic reduction of 90% in the diagnostic service capacity, along with
a 97%-99% reduction in bowel cancer screening. This consequently
led to a 58% reduction in cancer detection per week on the national
endoscopy database [3] and created a significant backlog in an al-
ready strained service. Delayed diagnosis can substantially diminish
10-year survival in patients with colorectal cancer [1]. For instance, a
6-month delay could cause a reduction of more than 29% in survival
[4, 5].

To address the current backlog, following an evaluation of colon
capsule endoscopy (CCE) in NHS Scotland [6], NHS England imple-
mented a pilot project in 2021 utilizing CCE to investigate those
with suspected colorectal cancer of a low-risk category. The risk was
stratified by low levels of blood in the stool measured by a faecal
immunochemical test (FIT). This project was further extended to in-
clude postpolypectomy surveillance in 2022 due to the continuing
backlog pressure.

Capsule endoscopy technology has been available in small

bowel investigation for over a decade and has been demonstrated

as minimally invasive and safe. As imaging quality and battery tech-
nology continue to mature, the shift of this novel technology toward
colonic application has become possible. A colon capsule is an imag-
ing device with at least two cameras, one on either end, to allow di-
rect antegrade and retrograde vision of the colon. These wide-angle
cameras (172°, providing a near 360° view) are programmed to op-
erate for up to 10-12h, recording videos of the colonic mucosal wall
[7]. A recent meta-analysis demonstrated that CCE has a sensitivity
and specificity of 87% and 95%, respectively, for the detection of
polyps>10mm and 86% and 88%, respectively, for polyps >6 mm,
compared with the gold standard colonoscopy [8]. The study con-
cluded that CCE is safe and accurate for colonic polyp and cancer
screening. As a 12-h video containing up to 400000 images often
takes 50-70min to read and generate a report, the time-consuming
analysis remains burdensome and inefficient compared with other
standard investigation modalities such as optical colonoscopy or CT
virtual colonography. There is an additional risk of overlooking le-
sions due to reader fatigue [9].

From the perspective of improving efficiency, artificial intelli-
gence (Al) has shown great popularity and promise in both diag-
nostic and therapeutic endoscopy in recent years. In addition to
Al-supported solutions for optical colonoscopy using real-time
signalling of endoscopic findings while performing an endoscopic
procedure [10], Al has also been used to identify a range of differ-
ent small bowel conditions including bleeding lesions, inflammatory
bowel disease and coeliac disease on capsule endoscopy. These ad-
vances became possible due to the development of convolutional
neural networks (CNNs) [11]. A recent study using Al-assisted anal-
ysis claimed to reduce reading times from 60 to 8 min and improve
sensitivity from 75% to 99% compared with conventional clinician
interpretation in small bowel capsule video analysis. The applica-
tion of Al improves both the performance and accuracy of small
bowel capsule endoscopy [12]. A systematic review also confirmed
a pooled sensitivity and specificity for ulcer detection of 95% and
94%, respectively, while the pooled sensitivity and specificity for
bleeding were 98% and 99%, respectively [13]. A similar result was
also demonstrated recently in a different Japanese study led by
Aoki et al. that also suggested a reduction in reading time from
12 to 3min in the expert's review and 20 to 5min in the trainee's
analysis [14].

The use of Al in CCE has been motivated after the reported suc-
cess of Al applications in small bowel capsule endoscopy. A partic-
ular focus in recent years has been the application of Al in polyp
detection. A relatively small retrospective study showed a sensitiv-
ity and specificity of a CNN in mucosal lesion and blood detection
of 96% and 98%, respectively, with reading times reduced to 13 min
[15]. These impressive results led to the proposal and design of this
large-scale multicentre study.

The aim of this study is to determine the feasibility, accuracy and
productivity of a CNN based Al-enabled analysis tool (AiISPEED™)
for polyp detection compared with the ‘gold standard’ conventional

clinician analysis care pathway.
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METHOD
Participants, interventions and outcomes
Study design and setting

The Capsule Endoscopy delivery at Scale through enhanced Al
analysis (CESCAIL) study is a combined prospective and retrospec-
tive multicentre diagnostic accuracy study sponsored by University
Hospitals Coventry and Warwickshire and funded by the National
Institute for Health and Care Research (NIHR) Al in Health and Care
Award, with collaborators CorporateHealth International UK Limited
(CHI), NHS Highland, NHS Arden & GEM Commissioning Support
Unit (AGEM CSU) and the University of Barcelona. CESCAIL com-
pares the diagnostic accuracy and productivity of Al-enabled video
analysis with that of video analysis by trained clinicians. It uses only
centres conducting CCE in patients as part of their standard care
pathway, with more than one trained CCE clinician at each centre.
Participants are recruited retrospectively and prospectively when
referred routinely for CCE (e.g. postpolypectomy surveillance), or
urgently with lower gastrointestinal symptoms as part of their stand-

ard care pathway.

Patient and public involvement

Prior to this study, extensive work with public and patient stake-
holders has been conducted by AGEM CSU as part of an Innovate
UK-funded project AID-GI which, led by CHI, developed the first
version of AISPEED™. Through a mixed-methods qualitative and
quantitative study to understand patient and clinician attitudes
about implementing CCE and Al-enabled reporting, we know that
75% of patients select it as their preferred delivery method if it is as
effective as colonoscopy, with 77% indicating confidence in the use
of Al-enabled reporting [16].

Input from patients has been strengthened by further patient
involvement through a patient and public research advisory group,
that reviewed and provided feedback on this study's proposal.

We have further engaged with clinicians nationwide as well as
relevant charities, who have demonstrated enthusiasm for CCE and
Al-enabled reporting and have stated their support for this study.

In addition, the study documents have been reviewed by our
patient and public involvement (PPI) co-applicant and other PPI rep-
resentatives, who will also be involved at all stages of the research,
providing important input into the study, giving the public a voice in
decisions and ensuring that dissemination activities can be delivered
effectively.

Eligibility criteria

Participants must be aged 18years or above, be able to pro-
vide informed consent and meet NHS England criteria, including

symptomatic patients with a negative FIT or FIT between 10 and
100 pg/mL and the addition of postpolypectomy surveillance follow-
ing the change in the NHS England criteria in 2021, for undergoing
CCE as part of their standard care [2, 3].

Prospectively consented participants will be identified from the
colorectal referral and postpolypectomy surveillance lists. They will
be approached via the phone before the patient information packs
are sent out a few days before their allocated CCE procedure date
[17, 18]. They will be consented to in person, over the phone or by
electronic consent via email before undergoing CCE following their
bowel preparation as per the local trust care pathway. Pillcam Colon
2 capsules (Medtronic) will be used, with the captured video images
stored in a Pillcam recorder (DR3) and transferred to the standard
reporting software (RAPID) provided by Medtronic. The colon cap-
sule video of each patient will be made available on two different
pathways: (1) the Al-enabled video analysis and (2) the conventional
clinician analysis pathway.

For retrospectively consented participants, their previous CCE
videos will be available from the conventional clinician analysis path-
way. Therefore, the videos will be directly used in the Al-enabled
video analysis pathway after obtaining the retrospective consent,
which is done in person, over the phone or by electronic consent via
email. Depending on the local site approvals, for example Caldicott
Guardian approval, retrospective direct consent from the participant
may or may not be required. The retrospective Al-enabled video
analysis pathway is the same as the prospective cohort described
below. The report from the retrospective Al-enabled analysis path-
way will be compared with the report previously generated by the
clinician when the CCE was first carried out.

In the Al-enabled video analysis pathway, the video will be de-
identified using the RAPID software and securely transferred to
CHI for the Al-enabled prereading processing, which consists of a
trained nurse prereader using AISPEED™ and documenting results
in RAPID. The results of this analysis will be downloaded back onto
the NHS computer system for a CCE-trained clinician to validate and
generate the final report. Figure 1 illustrates the data flow in the
Al-enabled analysis pathway between the NHS and CHI systems. As
the AISPEED prereading service is provided by CHI to support the
Al-enabled video analysis pathway, all the relevant AiISPEED compo-
nents are the intellectual property of CHI.

The standard clinician analysis pathway consists of a clinician's
direct analysis of the video and reporting in RAPID. The final diag-
nosis is based solely on the standard clinician analysis, ensuring that
patient care is entirely independent of the Al-enabled analysis path-
way. The participant will be notified of their final diagnosis from the
standard clinician's report.

Each video will be interpreted by two different clinicians cover-
ing the two pathways. This avoids potential experimenter bias that
might occur when the same clinician reviews a video more than once
in both pathways. With the awareness of high interobserver varia-
tion in CCE reading, the focus of this study is mainly on the two path-
ways rather than the readers. The reports from each pathway are
then compared for accuracy. The productivity will only be compared
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Capsule procedure

Patient identifiable data

Video Upload Portal

AiSPEED™

CHI Diagnostic app

CHI Azure Storage

Patient data de-identified

FIGURE 1 Data flow between National Health Service (NHS) and CorporateHealth International UK Limited (CHI) systems.

in the prospective cohort. Figure 2 shows a flow diagram of the par-
ticipant timeline throughout the study.

Outcomes

The primary objective is to determine if the Al prereading
workflow, which includes the Al-enabled video analysis tool
(AISPEED) operated by a trained nurse prereader for analysis
and interpretation of the video, is comparable (noninferior) to
the workflow of conventional clinician analysis as an alternative
method of reading the CCE. The performance of each pathway is
measured using sensitivity, specificity and accuracy, by compar-
ing it with the conventional clinical analysis. A comprehensive
statistical analysis plan will be created before recruitment ends,
with the aim of providing a detailed description of the intended
analysis plan.

The secondary objectives include assessing the accuracy of de-
tecting polyps stratified by FIT and the size of the polyps as well as

comparing the time taken for Al-enabled reading against conven-
tional clinician reading. However, the time taken for conventional
clinician video analysis and the comparison in productivity might not
be available in some of the retrospective subpopulations if these
data were not recorded or available during the original conventional
clinician video analysis.

A predetermined change control plan for AISPEED™ has already
been developed to govern the introduction of improvements into
production. Throughout the clinical trial, no automatic or continu-
ous change of the neural network that underpins the Al system will
occur.

If the accuracy is comparable to the clinician enable analy-
sis and the processing timelier for the Al system, this will not only
help address the service backlog caused by the COVID pandemic
but allow relocation of clinicians' time to therapeutic procedures or
an improvement in service provision and patient care. More impor-
tantly, this could potentially reduce the cost of the CCE procedure by
decreasing senior clinicians’ reporting times. This will undoubtedly
contribute to training inexperienced CCE readers in the future by
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FIGURE 2 Flow diagram of participant timeline (Al, artificial intelligence; CCE, colon capsule endoscopy; Gl, gastrointestinal).

identifying and revealing the abnormalities to the trainee as part of

the pattern recognition learning.

Sample size

The sample size is based on the accurate (true) or inaccurate (false)
detection of polyps in the Al-enabled CCE analysis, where we define
the gold standard CCE clinician assessment as the true detection of
polyps. To show that the Al-enabled CCE analysis is at least as ac-
curate as the current gold standard CCE reporting, we power the
study based on an equivalence or noninferiority analysis with a set
noninferiority limit of 7.5%; a difference greater than this would be
significant in practice.

We assume that both Al-enabled and conventional CCE report-
ing have a minimum accuracy of 80% in polyp detection. Under this
assumption, at a 5% level of significance, 90% power and 7.5% non-
inferiority limit, a sample size of 597 participants will be required.
With an expected 11% loss to follow up, we plan to recruit 674 par-

ticipants in total.

Recruitment

Patients referred to secondary care with lower gastrointestinal
symptoms will be reviewed and assessed. Patients who have opted
for CCE as per their local site's standard pathway or have already
had their CCE based on the NHS England CCE criteria will be in-
vited to enter the CESCAIL study. These patients will be screened
and identified based on the study eligibility criteria prior to being

consented and enrolled prospectively into the study at their colon
capsule appointment. Depending on the local site approvals, for ex-
ample Caldicott Guardian Approval, retrospective consent may or
may not be required after screening and identifying these patients

retrospectively with the same criteria.

Data collection, management and analysis
Data collection

Demographic details of the participants, date of referral and CCE,
past medical history, medications and biochemical and haematologi-
cal parameters (including FIT results) will be collected as part of the
initial assessment. After the participants have undergone the CCE
procedure, the time spent analysing, time for breaks and pauses,
quality of bowel preparation, number of polyps, classification of pol-
yps, number of colorectal cancers and all other data will be inputted
onto the electronic data capture (EDC) system. These data will be
collected from the reports in both the Al-enabled and conventional

pathways separately.

Data management and storage

All the data will be stored on the online-validated, good clinical practice
(GCP) compliant, EDC system, that has log-in access limited to CESCAIL
study team members. In addition screening and recruitment logs of all
participants approached to take part and enrolled in the study will be
held at each site and stored on password-protected NHS computers.
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Data entered onto the online EDC database will be pseud-
onymized using each participant's unique study ID. CCE footage
uploaded for Al-enabled prereading will also be pseudonymous
throughout the pathway. The process of pseudonymity will be either
achieved by de-identifying any admissible patient details through the
Medtronic RAPID software or at the point of registration and the data
are securely maintained on a master list of de-identifiers. This ensures
that no patient identifiable data will be stored with the capsule videos.

Accurate records of all participating patients, all original signed
consent forms and all copies of case report form pages will be se-
cured in a site file. Paper forms with identifiable information will
be stored in secure, locked filing cabinets. Personal data collected
during the trial will be in accordance with General Data Protection
Regulations (GDPR). The handling of data will be clearly documented
in the obtained participant information sheet and consent. The final
trial dataset will only be made available to those who require it for
final analysis. The uploaded anonymous videos will be kept and used
for Al system improvement by CHI after the trial.

DISCUSSION
Statistical methods
Statistical outcomes

The study population will be described by summaries of participant
age, sex, body mass index and other reported study outcomes includ-
ing polyp detection rate and time taken for CCE reporting; means
and standard deviations will be used for continuous variables and
proportions for dichotomous and categorical measures. Participant
flow through the study will be tabulated and presented graphically.
In the context of possible selection bias, the key characteristics of
the study population will be compared with the expected character-
istics available in the published literature.

A difference in baseline data between the prospectively and ret-
rospectively consented subpopulations is not anticipated. However,
it may be that for some unexpected reasons the populations do dif-
fer. Therefore, summary statistics will be calculated for both sub-
populations in addition to the full population and tests undertaken
(i.e. t-tests and chi-square tests for continuous and categorical data,
respectively) to identify if any or all the baseline data differ signifi-

cantly between the methods of consent.

Primary analysis

The primary analysis will compare the diagnostic accuracy of the
Al-enabled video analysis alongside the gold standard analysis by
trained clinicians for the detection of colorectal polyps. The accu-
racy of the Al-enabled polyp video analysis will be quantified by the
sensitivity (true positive rate) and specificity (true negative rate).
The overall test performance will be measured by the area under the

receiver operating characteristic (ROC) curve, utilizing bootstrap-
ping for the estimation of confidence intervals.

The primary analysis will utilize the full study population.
However, the full analysis will also be reported for the prospec-
tively and retrospectively consented subpopulations. Results from
the subpopulations are not anticipated to be different. However, if
the baseline data differ in any important characteristic, the sensitiv-
ities and specificities could also be different between the subpop-
ulations. All analyses will be undertaken in R [19] using the pROC
package [20].

Secondary analysis

All secondary diagnostic outcomes will be analysed and reported in
a similar manner to the primary outcomes, where data are available.
A subgroup analysis will assess the accuracy of the test treatment
within groups, defined by the FIT result and the size of the identified
polyps.

Secondary analyses will also be performed for time taken for
CCE reporting, utilizing a regression model with time taken as the
response variable (after logarithmic transformation) and the CCE
method as the explanatory variable, after adjusting for baseline age
and sex.

Interim analysis

The study has been designed into two distinctive stages (stage 1
and stage 2). Stage 1 will be used to test the study and data capture
processes, potentially leading to some modification of the Al algo-
rithm prior to the more formal testing of the performance in stage 2.
In stage 1, 118 retrospective participants will be recruited through
a purposive, yet arbitrary, sampling approach based on the study
timelines and anticipated recruitment rates at the selected centre
for the study, without additional convoluted participant selection
criteria. After data collection has been completed on these partici-
pants, an ‘interim’ analysis will be undertaken using the methodol-
ogy described here for the definitive study analysis. Due to the small
sample size, and likely lack of precision in parameter estimates, stage
1 data will not be used to make decisions about whether to stop
or continue the study into the main out-of-sample testing phase in
stage 2.

Stage 1 data may be used to initiate the device certification. To
maintain the integrity of the trial, all stage 1 analyses will remain
confidential within the study team and will not be disseminated
more widely until after all stage 2 participants have been recruited.

Missing data

Missing data are not expected to be a problem in this study. The
primary and secondary analyses will be based on complete case
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data. Due to the design and nature of the study, we would antici-
pate that there will be few or no missing primary outcome data.
For this reason, we make no specific plans other than to suggest
that if substantial numbers (>20%) or primary outcome data are
missing, we will impute missing data and run appropriate sensitivity
analyses to assess the robustness of the conclusions to the missing
data [21].

Monitoring
Data monitoring and auditing

The research and development department at the University
Hospital of Coventry and Warwickshire will act as representatives
to monitor and ensure the study is being conducted to the standard
outlined in the protocol, adhering to research governance outlined in
GCP by the NIHR. For practical reasons, it was felt that it would not
be possible to have a data and safety monitoring committee (DSMC)
for this study; as this is not a clinical trial of an investigational medici-

nal product and as such does not require a DSMC.

Harms

As this study only created an Al-enabled analysis pathway to the
existing standard CCE care pathway, no additional intended or unin-

tended risks or adverse events are anticipated.

Monitoring

The conduct of the study, statistical analysis of the data and deci-
sions about the publication of the results will be made by the study
team led by the chief investigator, Professor Ramesh Arasaradnam
at the University Hospitals Coventry and Warwickshire NHS Trust.
Although CHI will supply the Al algorithm and manage the Al-
enabled analysis, the academic team will lead in managing the study

and reporting the results, independently of CHI.
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received for patient recruitment at NHS Highland. Findings from
this research study will be published in a peer-reviewed journal, with
further dissemination activities planned via webinars, social media,
study websites, videos and conferences. An adoption strategy for
CCE and Al-enabled reporting will also be implemented by CHI
alongside these dissemination activities. No follow-up is included in
this study.

CLINICAL TRIAL REGISTRATION

The trial registration number is currently being processed by clini-
caltrials.gov. It is also registered with Health Research Authority and
its summary is available on https://www.hra.nhs.uk/planning-and-
improving-research/application-summaries/research-summaries/

cescail-study/

CONSENT TO PARTICIPATE
The participants are consented using one of these methods: written,

verbal and electronic consent via email.

CONSENT TO PUBLISH
There is no individual personal data in this study or manuscript. The
study consent form template is included in the appendices.

APPENDICES
Participant invitation letter (Appendix S1), informed consent form
(Appendix S2) and participant information booklet (Appendix S3).
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