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Abstract

An expanding range of advanced mucosal imaging technologies have been de-
veloped with the goal of improving the detection and characterization of lesions
in the gastrointestinal tract. Many technologies have targeted colorectal neoplasia
given the potential for intervention prior to the development of invasive cancer in
the setting of widespread surveillance programs. Improvement in adenoma de-
tection reduces miss rates and prevents interval cancer development. Advanced
imaging technologies aim to enhance detection without significantly increasing
procedural time. Accurate polyp characterisation guides resection techniques for
larger polyps, as well as providing the platform for the “resect and discard” and
“do not resect” strategies for small and diminutive polyps. This review aims to
collate and summarise the evidence regarding these technologies to guide colono-
scopic practice in both interventional and non-interventional endoscopists.

Key Words: Colonoscopy; Colorectal cancer; Mucosal imaging; Chromoendoscopy; Polyp
surveillance; Polyp characterization
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Core Tip: Advanced mucosal imaging enhances polyp detection and characterization. This detailed review
summarises existing advanced mucosal imaging technologies to guide everyday colonoscopic practice for
interventional and non-interventional endoscopists.
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INTRODUCTION

Colorectal cancer (CRC) accounts for 10% of cancer incidence and is the third leading cause of cancer-
related death worldwide[1]. Whilst CRC incidence and mortality are increasing globally, there is now
tangible evidence of the evolving efficacy of screening programs in developed countries including
Australia, the United States, Iceland, New Zealand and Japan, where there have been improvements in
both CRC incidence and mortality[2,3]. While these decreases are multifactorial and partly a result of
lifestyle modification (reduction in smoking, weight loss, dietary changes), the implementation of
population CRC screening programs has been integral to the prevention and early detection of CRC[4,

5]

CRC develops through a well-documented adenoma-carcinoma cascade consisting of multiple
differing pathways. Although underlying genetic mutations are diverse and heterogenous, most CRCs
arise as either traditional tubular adenomas or serrated adenomas. Eventually these adenomas acquire
additional carcinogenic mutations sufficient to develop invasive potential[6]. This sequence forms the
basis of colonoscopic screening and surveillance programs. Not only can cancers be detected at an early
stage where curative and non-invasive treatment is possible, but in many cases these pre-cancerous
adenomas can be resected prior to their differentiation into carcinomas with invasive potential.

Unfortunately, interval CRCs still develop in patients who have undergone appropriate colonoscopic
screening, accounting for 4.8%-7.9% of all CRCs[7-11]. Given that most adenomas take an estimated 5-15
years to develop into CRC, these interval cancers likely represent adenomas missed at the time of
colonoscopy[12]. In fact, a 2019 meta-analysis found miss rates for adenomas to be as high as 26%[13].
Studies have consistently demonstrated that location in the proximal colon leads to an increased chance
of missed adenomas, with interval cancers more than twice as likely to be proximally located[11].
Multiple factors contribute to this risk, as proximally located polyps are more likely to be flat, more
likely to be sessile serrated polyps, more dysplastic whilst smaller and less likely to be hyperplastic
polyps without malignant potential[14-16].

While certain polyp-related factors contribute to the likelihood of missed adenomas, overall adenoma
detection rates (ADRs) are also highly operator-dependent. For example, a retrospective propensity-
score matched study demonstrated an ADR of 44% for “high-ADR endoscopists” vs 26.9% for “low-
ADR endoscopists” in the same Japanese screening population[17]. In this study, “high-ADR
endoscopists” were more likely to detect proximal, non-protruding and high-risk adenomas. It is
therefore not surprising that studies have demonstrated an inverse correlation between endoscopists”
ADR and interval cancer development, with each 1% increase in ADR resulting in a 3% reduction in
interval cancer risk[18,19]. Kaminski ef al[19] also demonstrated an increase in interval cancer
development in endoscopists with an ADR < 20%. Accordingly, societal guidelines recommend a
minimum ADR of 25% (20% in women, 30% in men) as a means of ensuring quality control among
colonoscopists[20]. More recently, the mean number of adenomas detected during colonoscopy has been
raised as a possible alternative quality indicator, as the number of adenomas detected directly impacts
surveillance intervals. Denis ef al[21] found that even endoscopists with an ADR of more than 35% had
considerable variation in mean adenoma detection over 42817 surveillance colonoscopies, from 0.36 to
0.98. The adenoma miss rate has also been demonstrated to vary considerably between high ADR
endoscopists, instead correlating strongly with adenomas detected per colonoscopy[22].

Given the heterogeneity among proceduralists and the ongoing prevalence of interval CRCs, multiple
add-on devices and techniques have been developed to increase mucosal visualisation and reduce
adenoma miss rates. A 2020 network meta-analysis demonstrated that add-on devices such as
“Endocuff vision” and techniques such as water-immersion colonoscopy do improve adenoma
detection [relative risk (RR) 1.53 and 1.41 respectively] however they require additional equipment and
cost while often increasing procedure times[23]. The addition of a transparent cap attached to the tip of
the colonoscope has been demonstrated to improve adenoma detection while also reducing caecal
intubation time[24-26]. However, a 2012 meta-analysis found the impact of these measures to be small,
with a RR of 1.08 for adenoma detection and a mean 0.64 min reduction in caecal intubation time[27]. In
the context of expansive population screening programs, small changes in equipment costs and
procedure times have a considerable impact on a larger scale.
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Advanced mucosal imaging techniques function by either improving image definition, application of
dyes/altering the light source to enhance certain tissue features, digitally enhancing images in real time,
or by providing “alerts” to the proceduralist for abnormal findings detected by artificial intelligence
(AI). In doing so, these technologies aim to improve detection and characterisation of polyps without
increasing equipment costs. This review aims to consider and summarise the numerous available
advanced imaging technologies and examine their efficacy in both polyp detection and polyp character-
isation. Whilst this is not a formal systematic review, it has been based largely on a structured
interrogation of existing literature using Pubmed and Embase, with abstracts screened for relevance and
reference lists searched for additional pertinent studies.

POLYP DETECTION

Standard and high-definition white light imaging

White light imaging (WLI) is the original unenhanced form of endoscopic imaging. Standard definition
(SD-WLI) endoscopes produce a signal of up to 100000 to 400000 pixels, compared to high-definition
(HD-WLI) endoscopes which produce from 850000 to more than 1 million pixels[28]. Despite this
considerable improvement in image quality, studies comparing HD-WLI to SD-WLI have found an only
marginal benefit in adenoma detection, with a 2020 meta-analysis of 6 randomised-controlled trials
(RCTs) involving 4594 patients finding an ADR of 40% for HD-WLI vs 35% for SD-WLI (RR 1.13, P =
0.001)[29-31]. However, various studies have demonstrated a more significant increase in detection of
flat adenomas (8.2%-9.5% vs 2.4%-3.8%), right sided adenomas (34% vs 19%) and sessile serrated polyps
(RR 1.55, P = 0.03) with HD-WLI[29,31,32]. In the context of inflammatory bowel disease (IBD) where
dysplasia detection is notoriously difficult, HD-WLI leads to increased likelihood of dysplasia on
targeted biopsies, with an adjusted prevalence ratio of 2.99 (CI 1.16-7.79) in one 2013 study[33]. In fact,
Krugliak et al[34] described 36 patients who underwent colectomy for dysplasia in IBD found using HD-
WLI colonoscopy, in which no metachronous lesions were discovered that had not been detected
endoscopically. While the overall benefit in adenoma detection may be marginal, the improved
detection of high-risk, flat, right sided lesions, along with the fact that HD-WLI is now widely available,
has led to almost universal uptake of HD-WLI in screening colonoscopy.

Chromoendoscopy

Chromoendoscopy involves topical application of dyes to enhance mucosal characterisation and
improve detection of pathologic lesions. For adenoma detection during colonoscopy, the most
commonly used dye is methylene blue, which is rapidly absorbed into healthy colonic mucosa and more
slowly absorbed in dysplastic tissue[35]. More recently, chromoendoscopy using acetic acid has been
described, acting as a mucolytic agent as well as increasing mucosal surface opacity[36].

Multiple studies have demonstrated the efficacy of chromoendoscopy for neoplasia detection (partic-
ularly proximal serrated lesions) during screening and surveillance colonoscopy, with a 2016 Cochrane
review (7 studies, 2727 participants) finding an odds ratio (OR) of 1.53 for detection of at least one
neoplastic lesion[37,38]. However, the incremental benefit in many of these studies has been marginal
and not associated with any increase in detection of advanced adenomas or larger polyps[39,40]. The
strongest evidence for the benefit of chromoendoscopy has been for detection of dysplasia in the IBD
population. Compared to SD-WLI, multiple meta-analyses have demonstrated the superiority of
chromoendoscopy, with a RR of up to 2.05 for dysplasia detection[41,42]. However, the utility of
chromoendoscopy in IBD has become more controversial as more recent studies have not demonstrated
a difference between chromoendoscopy and HD-WLI[41,43,44].

Chromoendoscopy has been shown to improve dysplasia detection in other high-risk populations,
particularly in those with an increased risk of flat, right-sided lesions. A 2019 tandem study comparing
HD-WLI and chromoendoscopy with indigo carmine in patients with serrated polyposis syndrome
found a higher additional ADR (39% vs 22%, P < 0.001) in the chromoendoscopy group[45]. In
hereditary non-polyposis colon cancer (HNPCC), a 2019 meta-analysis demonstrated improved
adenoma detection with a relative risk (RR) of 1.53 (CI 1.07-2.17)[46]. However, again recent evidence
has found the benefit of chromoendoscopy over HD-WLI to be marginal in this setting, with a 2021
meta-analysis of three RCTs not reaching statistical significance (OR 1.17, CI 1.81-1.70)[47-49].

Irrespective, widespread uptake of chromoendoscopy has been limited by the increase in procedure
time required for dye application. A 2019 meta-analysis in IBD surveillance found the total procedure
time to be a mean of 21.69 min (CI 9.01-34.38) longer for chromoendoscopy[50]. One method to counter
this was described by Repici et al[51], using oral dye (methylene blue) ingested at the time of bowel
preparation. Promisingly, this led to an 8.5% increase in ADR without increasing procedure times,
although there was no difference in detection of larger or more advanced polyps.

Virtual chromoendoscopy
Virtual, or electronic chromoendoscopy have been developed in attempt to digitally recreate the
enhanced mucosal visualisation of chromoendoscopy without increasing procedure time. However, no
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form of virtual chromoendoscopy has been able to conclusively demonstrate a benefit with respect to
polyp detection at colonoscopy.

Narrow-band imaging

Narrow-band imaging (NBI) uses optical filters to produce two narrow bands of light centred at
wavelengths of 415 nm and 540 nm, corresponding to the primary and secondary light absorption peaks
of haemoglobin. Superficial capillaries appear brown, highlighted by the 415 nm wavelength, while
deeper vessels in the mucosa and submucosa are cyan due to the deeper penetration of the 540 nm
wavelength[52].

The role of NBI in adenoma detection during routine colonoscopy in the general population has been
extensively studied. Studies that have found a benefit for NBI in this setting have demonstrated an
improvement particularly in the detection of flat or depressed lesions (Figure 1), with a pooled RR of
1.96 in a 2012 meta-analysis[53-56]. However, the majority of studies, including a 2012 Cochrane review
by Nagorni et al[57], have shown no difference in overall adenoma detection[32,57-61]. In fact, one 2017
RCT demonstrated a reduction in ADR with NBI when adjusted for increased withdrawal time[62].

Multiple possible factors may contribute to the limitations of NBI in screening colonoscopy. Earlier-
generation NBI resulted in a reduction in overall brightness due to the narrow bandwidths, which may
limit overall visualisation in the wide colorectal lumen. The second-generation bright NBI has been
developed to counter this, although recent studies have again demonstrated no difference in overall
adenoma detection[58,63]. NBI also appears to be disproportionately affected by poor bowel
preparation (which may also be in part due to reduced brightness), with a 2019 meta-analysis finding
superior adenoma detection with second-generation NBI only in patients with maximal bowel
preparation scores[64]. In addition, the colour spectrum of NBI is different to WLI and therefore may
require experience and familiarity with the technology in order to be effective. This was demonstrated
by Minamide et al[63] who retrospectively reviewed 1831 patients that underwent colonoscopy using
second-generation bright NBI or WLI and found a higher polyp detection rate (PDR) with NBI (80.9% vs
71.4%, P = 0.02) in academic centres familiar with its use, while in community centres, there was
actually a trend towards a higher PDR with WLI (51.1% vs 47.7%). Additionally, in the NBI group, the
ADR for NBI-experienced proceduralists was 63.2% vs 39.2% for NBI-inexperienced proceduralists (P <
0.001).

i-SCAN

i-SCAN is a software-based post-processing technology, which digitally enhances WLI output through
surface and contrast enhancement (i-SCAN mode 1) as well as tone enhancement (i-SCAN modes 2 and
3)[52]. Evidence has again been inconsistent regarding its efficacy for adenoma detection. Multiple
studies have found an improvement in polyp and adenoma detection, the largest of which
demonstrated a non-statistically significant improvement in ADR from 27% to 33% (P = 0.33)[65-68]. As
demonstrated by Kidambi et al[69] in 2019, this effect has mainly been due to improved detection of
diminutive, flat, right-sided adenomas[68,69]. In terms of high-risk populations, Bisschops et al[70]
found a reduction in adenoma miss rates from 62% to 12% using i-SCAN in 61 patients with HNPCC.
On the contrary, a 2012 prospective back-to-back study comparing HD-WLI with i-SCAN modes 1 and 2
in 389 screening colonoscopies showed no difference in ADR or adenoma miss rates, while a 2014 meta-
analysis also demonstrated no difference in ADR[71,72]. There is therefore insufficient evidence to
recommend routine use of i-SCAN in screening colonoscopy at this stage.

Flexible spectral imaging colour enhancement

Flexible spectral imaging colour enhancement (FICE) also involves digital enhancement of WLI images
from the video processor, emphasising certain wavelengths which can be determined by the procedur-
alists according to 10 factory-determined pre-set modes[52]. FICE was developed with the goal of
providing mucosal enhancement without compromising the familiarity of colour patterns from WLI.
While one early back-to-back colonoscopy study in 2012 demonstrated reduced adenoma miss rate
using FICE[73], multiple studies have demonstrated no significant impact, with the largest RCT in 2010
by Aminalai et al[74] finding no difference in ADR between FICE and HD-WLI over 1318 colonoscopies.

Linked colour imaging

Linked colour imaging (LCI) uses both pre- and post-processing technology with narrow wavelength
light to separate colours, increasing the vividity of the red and white colour spectrums and enhancing
the contrast of mucosal surface patterns and superficial capillaries (Figure 2). It was developed with the
aim of enhancing lesion visibility and surface characterisation without compromising brightness or
familiarity of colour spectrums, offering perhaps the most promising early evidence for improved
adenoma detection[75-77]. It has been demonstrated to improve lesion visibility in both video- and
image-based studies when compared to HD-WLI, particularly for nongranular, flat lesions[75,78,79].
While evidence varies with regard to overall ADR, studies have found improvements in proximal
adenoma detection and miss rates[80-84]. In addition, a 2020 meta-analysis of 7 studies including 3097
patients demonstrated improved adenoma detection (RR 1.26, P < 0.001), particularly in the right colon
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Figure 1 Sessile serrated adenomalpolyp seen on high-definition white light imaging and narrow-band imaging. A: High-definition white light
imaging; B: Narrow-band imaging.

DOI: 10.3748/wjg.v28.i47.6632 Copyright ©The Author(s) 2022.

Figure 2 Sessile serrated adenoma seen on white light imaging, linked colour imaging, and blue light imaging. A: White light imaging; B: Linked
colour imaging; C: Blue light imaging.

(RR 2.68, P < 0.001) and a mean of 0.27 additional adenomas detected per colonoscopy[85]. In a high-risk
population of patients with HNPCC, LCI was found to improve ADR compared to HD-WLI (36.3% vs
25.6%, P = 0.04)[86]. Interestingly, while advanced imaging such as NBI appears to have a greater
impact when used by experienced endoscopists, a 2021 study by Hasegawa et al[87] found a strong
negative correlation between the baseline ADR with HD-WLI and the improvement ratio, indicating
that perhaps the familiar colour pattern allows effective use by non-expert proceduralists.

Blue light imaging

Blue light imaging (BLI) is form of digitally enhanced imaging which concentrates and enhances a
specific wavelength of light between 410-450 nm, increasing the contrast of superficial micro-vessels and
mucosal surface structures (Figure 2). BLI uses four independent light-emitting diodes rather than the
xenon light used in NBI, which is postulated to improve brightness[83]. This new technology has not
been as extensively studied, however a video-based 2015 study demonstrated improved visibility scores
with BLI bright mode compared to WLI according to both expert and non-expert proceduralists[89]. On
a smaller scale this translated into improved adenoma detection, with two studies (including 182 and
127 patients respectively), finding an improvement in ADR from 27.8% to 46.2% (P = 0.01) and a
reduction in adenoma miss rate from 10% to 1.6% (P = 0.001) compared to HD-WLI[90,91]. In contrast,
the largest prospective study to date, including 963 patients, did not find a difference in ADR, though
did find a non-statistically significant increase in mean adenomas per patient (APP) (1.27 vs 1.01, P =
0.08)[92].

Texture and colour enhancement imaging

Texture and colour enhancement imaging (TXI) is a recently developed technology, where the HD-WLI
image is split into two layers, each individually undergoing brightness enhancement, tone mapping and
texture enhancement before the images are stacked (TXI mode 1) and undergo further colour
enhancement (TXI mode 2)[93]. Similarly to LCI, this aims to enhance mucosal visualisation without
compromising familiarity of colour patterns or brightness (Figure 3). As an only recently developed
technology, clinical studies examining adenoma detection are not yet available, however preliminary
studies have demonstrated improved visibility of adenomas and sessile serrated polyps using TXI
compared to HD-WLI[94,95].
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Figure 3 Sessile serrated adenoma seen on white light imaging and texture and colour enhancement imaging. A: White light imaging; B:
Texture and colour enhancement imaging.

JBaishideng®

Virtual chromoendoscopy summary

While virtual chromoendoscopy theoretically offers enhanced mucosa visualisation without the increase
in procedure time required for dye-based chromoendoscopy, none of the currently available techno-
logies have conclusively demonstrated a meaningful improvement in ADR compared to HD-WLI. These
technologies may all have a role particularly in improving detection of flat, right sided adenomas and
may be used as additional tools for examination during screening colonoscopy, but evidence is not yet
sufficient for recommendation in societal guidelines. Data appear most promising for newer forms of
post-processing technology where brightness and familiarity of color patterns are preserved, however
additional research is required to confirm this efficacy.

Autofluorescence imaging

Light of a specific wavelength induces cell autofluorescence produced by endogenous fluorophores,
with varied characteristics between normal (green), inflamed (dark green) and neoplastic (magenta)
tissue. Autofluorescence imaging (AFI) relies on the detection and delineation of this natural
fluorescence after stimulating the mucosal cells with short wavelength light[96,97]. In doing so, AFI
aims to detect neoplastic or dysplastic tissue even before it manifests as an anatomically distinguishable
discrete lesion. McCallum et al[98] demonstrated that colonic adenomas have a significantly higher
autofluorescence intensity than non-neoplastic polyps. It is therefore unsurprising that the greatest
impact of AFI across multiple studies has been improved detection of flat, right sided polyps rather than
elevated polypoid adenomas, with one RCT reporting an ADR for flat neoplasms of 42.5% vs 29.2% (P <
0.001)[99,100]. However, a 2015 meta-analysis found that while the adenoma and polyp miss rates were
lower with AFI, there was no difference in overall ADR despite an average of 8 min longer procedural
time for the AFI group[101].

Artificial intelligence

Multiple Al systems have been developed for polyp detection during surveillance colonoscopy, referred
to as computer aided detection (CADe). These systems use convulational neural networks (CNNs)
which are trained using still images and videos of polyps[102]. The most recent systems then output a
real-time alert to the proceduralist to the presence of the polyp, most commonly with a square around
the perimeters of the image output or around the polyp itself (Figure 4). CADe systems were initially
analysed in still image- and video-based studies, demonstrating a sensitivity of 95%-99% and accuracy
of 96%[103-107]. Subsequently, large studies by Repici et al[102] (2020) and Wang et al[108,109] (2019
and 2020) in real-time Al-assisted colonoscopy have demonstrated an increase in ADR (RR 1.61 vs 1.30),
as well as a 1.46- to 1.72-fold increase in total adenomas detected. The adenoma miss rate in tandem
colonoscopy studies has also been demonstrated to be lower with CADe-assisted colonoscopy (14 %-
20%) compared to WLI (31%-40%)[110,111]. Subsequently, multiple meta-analyses have consistently
demonstrated improved ADR and adenomas detected per colonoscopy with CADe systems (Table 1)
[112-115].

An alternative role for Al-assistance in screening colonoscopy is based on quality assurance,
employing Al to monitor withdrawal speed, endoscope slipping and blind spots to ensure consistency
in colonoscopic practice. Gong ef al[116] studied ENDOANGEL for this purpose and in a 2020 RCT
involving 704 patients demonstrated an odds ratio of 2.3 for adenoma detection. Similar results were
demonstrated by Su ef al[117] using their Automatic Quality Control System (AQCS). Although not yet
explored in studies, it may be that the combination of these Al systems using quality control and CADe
may facilitate optimal adenoma detection. This is an area for further study as these systems become
more widely available.
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Table 1 Meta-analyses on efficacy of real-time computer aided detection

ADR Adenoma per patient Withdrawal time
Ref Studies, patients ff C False
: ) Mean Mean difference CADe vs P
Al WLI RR Al WLI . positives
difference control
Aziz et al[112], 2020 3 studies, 2815 329% 20.8% 1.58 047 0.26 0.20 0.9 min (P = 0.03) 4.87% (n=137)
Ppatients
Hassan et al[113], 2021 5 studies, 4354 36.6% 252% 144 058 0.36 0.22 0.34 min (P = 0.13) -
patients
Spadaccini et al[114], 6 studies, 5178 34.0% 26.6% 1.78 - - - No significant difference -
2021 patients
Barua et al[115], 2021 5 studies, 4311 29.6% 19.3% 1.52 041 0.23 0.18 0.5 min 11.2%
patients

ADR: Adenoma detection rate; Al: Artificial intelligence; WLI: White light imaging; RR: Relative risk; CADe: Computer aided detection.
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Figure 4 Computer aided detection detection system with a real-time alert seen around a flat tubular adenoma.

Fluorescence molecular endomicroscopy

Fluorescence molecular endomicroscopy (FME) involves targeted fluorescent agents that bind to specific
cellular components of dysplastic cells, allowing detection using a specialised near infra-red FME (NIR-
FME) probe[118]. For example, Hartmans et al[119] developed a fluorescently-labelled antibody against
vascular endothelial growth factor A (which is upregulated in colonic adenomas) and injected this
intravenously 3 d prior to colonoscopy. In their pilot study, all 39 adenomas from 15 patients were
detected using the NIR-FME probe, demonstrating the feasibility of this technique[119]. Alternatively,
Joshi et al[120] identified a peptide sequence that binds specifically to sessile serrated adenomas/polyps
(SSA /Ps) which was administered topically using a spray catheter to 38 subjects undergoing routine
outpatient colonoscopy, distinguishing SSA/Ps from normal colonic mucosa with 89% sensitivity and
92% specificity[120].

Problem: Over surveillance?

As a result of the expanding range of advanced imaging technologies (Table 2) and improved adenoma
detection, patients will increasingly meet societal guidelines for more frequent surveillance
colonoscopy. To counter this, guidelines may eventually need to be adjusted to reduce the frequency of
colonoscopy based on diminishing adenoma miss-rates. However, a 2014 study by Gémez et al[121]
demonstrated no difference in adenoma detection at follow-up colonoscopy after prior procedures
completed by higher ADR endoscopists using HD-WLI. Currently, the duration of use of these
advanced technologies has been insufficient to analyse polyp detection at future surveillance, hence
further research is required as experience grows.
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Table 2 Summary of strengths and weakness of advanced imaging technologies in adenoma detection

Modality Strengths Weaknesses
HD-WLI Widely available Marginal incremental benefit over SD-WLI
Increased detection of flat, right-sided
adenomas and SSAs
Chromoendoscopy Increased detection of small and flat adenomas No significant increase in detection of
advanced adenomas
Increased dysplasia detection in IBD Increased procedural time
(compared to SD-WLI)
May increase polyp detection in high-risk
syndromes (serrated polyposis syndrome,
HNPCC)
Virtual chromoendoscopy NBI May improve flat lesion detection Loss of brightness and familiarity of colour
patterns
Effective in those with experience using NBI No evidence of increased total adenoma
detection
Less effective when used by proceduralists
inexperienced in NBI
i-SCAN May reduce miss-rates in high-risk Not widely available
populations
No difference in adenoma detection in
larger studies
Insufficient evidence to recommend use
FICE Retains familiar colour patterns Not widely available
No difference in ADR
LCI Retains familiar colour patterns Not widely available
Effective when used by non-LCI experienced ~ Variable evidence regarding overall
proceduralists adenoma detection
Improve adenoma detection, particularly right
sided and flat lesions
BLI Improved adenoma detection and miss ratein ~ Not widely available
smaller studies
No difference in ADR in largest study to
date
TXI Retains familiar colour patterns Not widely available
New technology therefore insufficient
evidence
AFI Improved detection of flat/right sided polyps =~ Not widely available
Increased procedure time
No difference in overall ADR
Al Improves ADR Expensive currently
Improves consistency between proceduralists ~ Not widely available
Quality assurance Some increase in procedure time
FME In theory may improve detection of Insufficient evidence

flat/ poorly visible polyps

Requires injection/ingestion of tracer

HD-WLI: High-definition white light imaging; SD-WLI: Standard definition white light imaging; HNPCC: Hereditary non-polyposis colon cancer; NBI:
Narrow-band imaging; IBD: Inflammatory bowel disease; BLI: Blue light imaging; TXI: Texture and colour enhancement imaging; FME: Fluorescence

molecular endomicroscopy; Al: Artificial intelligence; AFI: Autofluorescence imaging; SSA/Ps: Sessile serrated adenomas/polyps; ADR: Adenoma

detection rate.
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POLYP CHARACTERISATION

Importance of polyp characterisation

Polyp characterisation is critically important for both small and larger polyps. In the context of
diminutive (< 5 mm) and small (< 10 mm) polyps, accurate characterisation has facilitated the “resect
and discard” and “do not resect” strategies. For larger polyps, accurate endoscopic characterisation
guides the selection of suitable polyps for endoscopic resection as well as the most appropriate resection
technique.

Diminutive and small polyps

Traditionally, all polyps identified during colonoscopy have been resected and examined histologically.
However, as the accuracy of endoscopic identification of polyps has improved, the “resect and discard”
or even “do not resect” strategies have been developed to minimise the resource consumption of routine
histological analysis. These strategies were developed after large studies found that advanced histology
(at least high-grade dysplasia) is present in as few as 1.7% of diminutive (£ 5 mm) polyps, and only
6.6%-10.0% of small (< 10 mm) polyps[122,123]. In fact, a 2013 meta-analysis including 6280 polyps
found only 56.7% of diminutive polyps are even neoplastic[124]. On this basis, the American Society of
Gastrointestinal Endoscopy (ASGE) published the Preservation and Incorporation of Valuable
endoscopic Innovations (PIVI) thresholds for adopting real-time endoscopic assessment of polyps for
“resect and discard” and “do not resect”[125]. For diminutive polyps to be discarded without
pathological assessment, endoscopic imaging should provide a = 90% agreement in assignment of post-
polypectomy surveillance. Polyps > 5 mm in size should be sent for histological assessment given the up
to 10% frequency of more advanced histology which would alter surveillance intervals[123]. For
diminutive rectosigmoid hyperplastic polyps, imaging should provide = 90% negative predictive value
for adenomatous histology. Even hyperplastic-appearing diminutive polyps proximal to the sigmoid
colon should be resected as these polyps have a more than 10% chance of being SSA /Ps histologically
[126]. These strategies would result in significant cost-savings to the healthcare sector. For example,
Solon et al[127] examined the potential financial impact of this strategy for the National Health Service
(NHS) in England in 2016, demonstrating potential annual cost savings of £141192057.

Larger polyps

For larger polyps, endoscopic characterisation is critical to guiding suitability for endoscopic resection
as well as appropriate resection techniques. Even for non-interventionalists who are not proceeding
with immediate resection, accurate characterisation without the need for biopsy may be ideal to guide
appropriate referral. Kuroha et al[128] highlighted this in a 2021 study examining predictors of success
in 369 colorectal ESDs. Severe fibrosis was associated with increased mean procedure time, as well as
lower en bloc and complete resection rates, with the greatest predictors of severe fibrosis on
multivariate analysis being prior resection attempt (OR 175.4) and pre-treatment biopsy (OR 8.3)[128].
In addition, pre-resection biopsies can be inaccurate in large lesions, with false negative rates as high as
86% for adenocarcinoma, therefore characterisation with advanced imaging and upfront endoscopic
resection may be more appropriate[129].

Training in polyp characterisation

Accurate polyp characterisation using advanced mucosal imaging is impacted to some extent by
proceduralist experience. A 2014 video-based study demonstrated that interventional endoscopists
specialising in complex polypectomy were more accurate in identifying malignant polyps when
compared to other endoscopists[130]. However, multiple studies support the efficacy of specialised
training in advanced mucosal imaging for polyp characterisation, irrespective of endoscopist
experience. Both Bae et al[131] and Patel ef al[132] have studied the accuracy of endoscopists before and
after a training module on identification diminutive rectal polyps, in whom the negative predictive
value (NPV) for diminutive neoplastic polyps improved from 82.1% to 92.5%-94.7%, thus meeting the
PIVI threshold. In addition, studies have demonstrated accurate characterisation after training even in
medical residents with no endoscopy experience, while Basford et al[133] found no difference in the
accuracy of interpretation of HD-WLI and i-SCAN images prior to specific training between consultant
gastroenterologists, trainees and medical students[133-136]. Proceduralists should therefore engage in
specific training in advanced mucosal imaging rather than relying on experience alone, in order to
improve accuracy of polyp characterisation.

Classifications systems

Multiple polyp classification systems have been developed to improve polyp characterisation (Table 3).
While not reliant on advanced imaging, the Paris classification aids in risk stratification for larger polyps
prior to consideration of endoscopic resection (Figure 5)[137]. A large multicentre 2017 study found that
the presence of any 0-llc (“depressed”) component predicted submucosal invasive cancer in almost 30%
of patients. In laterally spreading tumours (LSTs), the presence of an elevated component (0-Ila + Is)
predicted submucosal invasion in over 10% over patients vs 4.9% for those with flat lesions alone (0-IIa)
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Table 3 Summary of existing classification systems using advanced mucosal imaging

Imaging TA/TVAs
System . Polyp features  Accurac Complexit . SSAs included
y modality yp ¥ plexity included
Kudo Any Pits AUC 0.94[143] Complex Yes No
NICE NBI Vessels and pits ~ Sensitivity 98%, NPV 97.8%[145] Moderate Yes No
JNET NBI Vessels and pits AUC 0.97 for JNET 1, 0.84 for JNET Moderate Yes No
2A, 0.9 for JNET 3 but less accurate
for JNET 2B (AUC 0.72)[152]
BASIC BLI Vessels, pitsand ~ Accurate surveillance predictionin  Moderate Yes No
surface 90%, NPV for rectosigmoid polyps
91%[160]
WASP Any Pits, surface, May improve SSA detection[162] Simple No Yes
shape
mSano NBI Vessels, pitsand ~ AUC 0.92[169] Simple Yes Yes
surface

NBI: Narrow-band imaging; WASP: Workgroup serrAted polypS & polyposis; TVA: Tubulo-villous adenomas; AUC: Area under the receiver operating
characteristic curve; NPV: Negative predictive value; BASIC: Blue light imaging adenomas serrated international classification; JNET: Japan NBI Expert
Team developed the Japan NBI expert team; NICE: NBI International Colorectal Endoscopic; LCI: Linked colour imaging; SSA: Sessile serrated adenomas.

P Isp Is
Pedunculated subpedunculated Sessile

{3 Sy

0-IIa 0-Ila + ¢ 0-Ila + Is
Flat elevation of Flat elevation with Flat elevation with raised
mucosa central depression broadbased nodule

0-IIa 0-IIa 0-IIa
Flat mucosal change Mucosal depression Excavated

Figure 5 Paris classification. Citation: Mathews AA, Draganov PV, Yang D. Endoscopic management of colorectal polyps: From benign to malignant polyps.
World J Gastrointest Endosc 2021; 13: 356-370[141].

(P < 0.001)[138]. However there is considerable inter-observer variability, particularly with regard to
classification of lesions as flat vs sessile, with one study finding a kappa statistic of 0.42[139]. Van Doorn
et al[139] proposed a simplified classification system of “pedunculated”, “elevated” (including flat and
sessile) and “depressed” in order to address this, which resulted in improved interobserver agreement
and 91.6% accuracy for prediction of invasive cancer[140].

Kudo classification

The Kudo classification (Figure 6) was developed in 1996 to classify polyps according to their “pit
patterns” on magnifying endoscopy[141]. Type I pits appear round, while type II appear stellate or
papillary, both representing benign changes (normal, hyperplastic or inflammatory). Type III-s pits are
smaller, round, tubular pits while type III-L are larger tubular pits, representing tubular adenomas (TA).
Type IV pits are branch-like or gyrus-like and represent tubulo-villous adenomas (TVA), while type V
pits are non-structured representing HGD or cancer[142]. Multiple studies have assessed the accuracy of
the Kudo classification, summarised by a 2014 meta-analysis of 20 studies, including 5,111 colorectal
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Figure 6 Kudo’s classification. Citation: Mathews AA, Draganov PV, Yang D. Endoscopic management of colorectal polyps: From benign to malignant polyps.
World J Gastrointest Endosc 2021; 13: 356-370[141].
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lesions[143]. Pit pattern classification differentiated neoplastic from non-neoplastic polyps with a pooled
sensitivity of 89.00%, specificity of 85.78% and area under the receiver operating characteristic curve
(AUC) of 0.94[144].

NBI International Colorectal Endoscopic classification

The NBI International Colorectal Endoscopic (NICE) classification was developed in 2012 with the goal
of developing an international consensus for classification using NBI[145]. This classification takes into
account the polyp colour, vessel pattern and surface pattern to characterise polyps into NICE type 1
(hyperplastic) type 2 (adenoma) and type 3 (invasive cancer) (Figure 7). Using this simplified classi-
fication results in highly accurate differentiation of neoplastic from non-neoplastic polyps, with
sensitivity of 97%-99%, specificity of 85%-95% and accuracy of 89%-98% across 3 Large prospective
studies[145-147]. In the 2012 validation study, 471 predominantly diminutive and small polyps were
predicted with high-confidence with sensitivity of 98% and NPV of 97.7%, while 119 low-confidence
predictions resulted in a sensitivity of 94.2% and NPV of 94.4%, both easily exceeding PIVI thresholds
[145]. However, in a study of 2123 larger lesions, the NICE classification predicted deep invasive cancer
with a sensitivity of just 58.4%. Nevertheless, due to low rates of deep invasion this was still associated
with an NPV of 96.4% and specificity of 98.1%, therefore the authors suggested that even large NICE 1
and 2 Lesions should be considered for endoscopic resection[148]. The NICE classification has also been
validated in a smaller cohort using i-SCAN rather than NBI, with similar results[149].

Japan NBI expert team classification

More recently, the Japan NBI Expert Team developed the Japan NBI expert team (JNET) classification
specifically for the classification of colorectal polyps based on their appearance on magnification NBI
using a combination of vessel and surface pattern analysis (Figure 8)[150,151]. The JNET classification is
highly accurate for differentiating neoplastic vs non-neoplastic polyps, with an AUC of 0.97 for JNET 1
(hyperplastic/SSA /Ps) and 0.84 for JNET 2A (adenoma with LGD) in a 2020 meta-analysis[152]. In a
retrospective 2020 study, this resulted in an increase in the number of adenomas resected per
colonoscopy (1.7 vs 1.2, P < 0.01) and a reduction in resection of non-neoplastic lesions (8.9% vs 17.0%, P
< 0.01)[153]. It is also highly specific in predicting deep invasive cancer in JNET 3 Lesions, with
specificity of 100% and an AUC of 0.9[152]. In addition, unlike other systems, the JNET classification has
been validated for characterisation of dysplasia within SSA/Ps, with Murakami et al[154] finding that
the presence of JNET 2A/B/3 foci within a JNET 1 Lesion is 83.9% sensitive, 95.5% specific and 94.5%
accuracy for detection of dysplasia within sessile serrated lesions. However, the main limitation of the
JNET classification is in the interpretation of JNET 2B lesions, with studies demonstrating a wide range
of advanced pathology, from HGD to superficial invasive cancer and even deep invasive cancer in JNET
2B polyps, with an AUC of 0.72[152,155,156]. This was highlighted in a recent study that retrospectively
reviewed 297 colorectal adenocarcinomas, in which the probability of deep invasion was only 1.8% for
JNET 2A, 30.1% for JNET 2B and 96.6% for JNET 3[157,158]. In this study, JNET 2B lesions were then
further analysed using chromoendoscopy and Kudo”s classification of pit patterns. In Kudo non-V
lesions, the risk of deep invasion was only 4.3%. Overall, JNET differentiates accurately for JNET 1, 2A,
and 3 lesions, however proceduralists should consider further examination with magnified chromoen-
doscopy for JNET 2B lesions to improve accuracy of histology prediction.
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BLI adenomas serrated international classification

The BLI adenomas serrated international classification (BASIC) classification was developed in 2018 for
classification of polyps using BLI, based on assessment of surface, pit patterns and vessels, classifying
polyps as either hyperplastic, traditional adenomatous, sessile serrated or cancer[159]. In the largest
prospective validation study of 748 diminutive polyps this classification reached PIVI thresholds with
accurate surveillance prediction in 90% and an NPV for rectosigmoid polyps of 91%[160].

Dutch Workgroup serrAted polypS & polyposis classification

The dutch workgroup serrAted polypS & polyposis (WASP) classification was developed in 2016 to
facilitate accurate differentiation of SSA/Ps from hyperplastic and traditional adenomatous polyps as
many existing classification systems did not allow for inclusion of SSA/Ps[161]. It's accuracy has been
validated by Lee et al[162] who demonstrated that the implementation of a specific training program in
the WASP classification led to a statistically significant increase in SSA/P resection over the 6-mo
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training period, from 4.5% to 8% (P = 0.003).

Sano and mSano classification

The Sano classification (Figure 9) characterises polyps according to their capillary pattern, with barely
visible honeycomb pattern capillaries in type I (normal or hyperplastic), larger elongated capillaries in
type II [adenoma with low-grade dysplasia (LGD)] and irregular branching vessels in type III [high-
grade dysplasia (HGD)] or adenocarcinoma)[163,164]. In a validation study, 97% of Sano II lesions were
diagnosed as LGD while 87% of Sano III lesions were HGD or invasive cancer[165]. In 2013, this system
was modified by Singh et al[166] (mSano classification) to include type Ilo lesions in order to distinguish
hyperplastic from sessile serrated polyps (Figure 7). Across multiple studies, the overall accuracy of the
mSano classification has been between 90%-97 %, with near-perfect interobserver agreement (k 0.89)[166,
167]. The NPV for diminutive rectosigmoid polyps is as high as 100% and the accuracy for post-
polypectomy surveillance 97%, exceeding the PIVI thresholds described above[167]. mSano as a
standalone classification system was compared to the combination of the WASP and JNET classification
in 2020, with superior high-confidence predictions (85% vs 69%, P < 0.05) and equivalent interobserver
reliability[168]. It was also compared to the NICE classification in a 2018 RCT including 348 colono-
scopies, with an AUC of 0.92 for prediction of neoplasia by mSano vs 0.78 for NICE (P = 0.02) and an
AUC of 0.92 for prediction of suitability for endoscopic resection vs 0.83 for NICE (P = 0.04)[169]. The
mSano is therefore a highly accurate standalone criteria for characterisation of colonic polyps including
differentiation of neoplasia (including SSA /Ps) as well as invasive cancer.

HD-WLI

There appears to be some incremental benefit from examination with HD-WLI alone vs SD-WLI for
polyp characterisation, although this may be smaller than expected. In the largest direct comparison
from Rastogi et al[31] in 2011, HD-WLI improved sensitivity for characterisation of small adenomas
from 51.7% to 66.8% (P < 0.001) however the overall accuracy did not change. Minimal evidence exists
comparing the accuracy of HD-WLI to SD-WLI for characterisation and prediction of invasion in larger
polyps, however with the vast expansion of advanced imaging technologies, evidence increasingly
supports the use of ancillary technology over HD-WLI in this context[170].

Chromoendoscopy

Chromoendoscopy has been demonstrated to be highly effective in differentiating neoplastic from non-
neoplastic small colonic polyps, with overall diagnostic accuracy of greater than 99%[171-173].
However, with increasingly accurate forms of virtual chromoendoscopy for assessment of these
diminutive and small polyps, the procedure time required for chromoendoscopy is likely to limit its
ongoing use. Instead, the main ongoing role for chromoendoscopy may be in the prediction of invasion
depth in larger lesions to guide resection techniques[174]. For example, the European Society of
Gastrointestinal Endoscopy (ESGE) guidelines recommend the use of chromoendoscopy for pit pattern
analysis in JNET 2B lesions (where NBI lacks accuracy), in order to further qualify the risk of deep
invasion according to Kudo’s classification as described above[175]. This recommendation has been
supported by Hosotani et al[157] in their 2021 study which demonstrated a PPV of 76% for invasive
cancer in the presence of a “VH” pit pattern and a NPV of 96% for non-V pit patterns. Even in this
context however, a recent prospective study including 400 patients found that there was no overall
incremental benefit for the use of chromoendoscopy in addition to HD-WLI and NBI for the character-
isation of large nonpedunculated polyps[176]. Novel indications for chromoendoscopy include the use
of acetic acid chromoendoscopy or submucosal methylene blue injection (Figure 10) to clearly delineate
polyp margins prior to resection[177-179].

Virtual chromoendoscopy

While virtual chromoendoscopy has not been conclusively demonstrated to improve polyp detection, an
expanding body of evidence supports its use for polyp characterisation to guide endoscopic resection
strategies, as well as the “resect and discard” and “do not resect” strategies in diminutive polyps. For
classification of highly prevalent small and diminutive polyps where dye-based chromoendoscopy may
no longer be efficient on a population level, virtual chromoendoscopy has been demonstrated to have
equivalent accuracy with a reduction in median procedural and interpretation time[180].

NBI

For diminutive colorectal polyps, multiple studies have shown that characterisation using NBI is able to
easily exceed PIVI thresholds, with correct surveillance interval prediction in 92%-99% of cases and an
NPV for diminutive rectosigmoid polyps of 91%-92%[62,124,181,182]. While many of these studies have
been performed by expert endoscopists with experience in NB], it has also been demonstrated that non-
interventional endoscopists are able to achieve significant improvement following specific training, with
Higashi et al[133] reporting an overall accuracy of 90% for non-interventionalists following a single
training module[133,183].
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Figure 10 Large colonic laterally spreading tumour. A: White light imaging with poor differentiation between polyp and normal tissue; B: Flat extension seen
more clearly on NBI; C: Submucosal methylene blue injection prior to resection clearly delineating the margins of the flat spreading component.

Additionally, NBI has been used for the characterisation and prediction of invasion depth within
larger colonic polyps (Figure 11). As early as 2008, Katagiri et al[165] demonstrated that an irregular
capillary pattern (designated CP III) on NBI predicted a 65.6% (21/31) rate of invasive adenocarcinoma.
Subsequently, Ikematsu et al[184] differentiated CP III into IIIA (characterised by high microvessel
density with a lack of uniformity, blind ending, branching and curtailed irregularly) and IIIB (charac-
terised by the presence of a nearly avascular or loose microvascular area). They found that IIIA lesions
defined adenomas, intramucosal cancers and superficial submucosal invasive cancer, while I1IB lesions
defined deep submucosal invasive cancers, with a sensitivity of 84.8%, specificity of 88.7% and overall
accuracy of 87.7%. NBI has also been examined for detection of dysplasia and cancer within SSA/Ps.
Tate et al[185] found that the presence of an adenomatous (NICE II) pattern within an SSA had 95%
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Figure 11 Laterally spreading tubulo-villous adenoma with high-grade dysplasia. A: White light imaging; B: Narrow-band imaging (NBI); C: Texture
and colour enhancement imaging; D: NBI with magnification; E: NBI with high-magnification using the underwater technique.
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accuracy and a 98.1% NPV for detection of dysplasia within SSA/Ps, while Chino et al[186]
demonstrated 100% sensitivity and 99% specificity with NBI for detection of cancers within SSA /Ps.

FICE

FICE has also been demonstrated to be highly accurate for the characterisation of colorectal polyps, with
sensitivity of 89.4%-94.7%, specificity of 81.0%-89.2% and accuracy of 87.0%-89.4%[172,187-190].
However, Yoshida et al[187] did demonstrate its accuracy to be inferior to that of chromoendoscopy
(89.4% vs 94.7%, P < 0.05). While minimal direct comparative data exists between modalities of virtual
chromoendoscopy, Akarsu et al[191] found the NPV of FICE (80%) to be inferior to that of NBI (96.3%, P
< 0.001), although there was no difference in overall accuracy.

i-SCAN

i-SCAN has achieved similar results with respect to diminutive and small colorectal polyp categor-
isation, with sensitivity and specificity consistently above 90% across multiple studies[149,192-194]. It
also appears to be an accessible form of advanced imaging for non-experts, with junior residents
achieving similar accuracy to experts in one study after a 30-min training session[149]. There have been
two RCTs directly comparing the accuracy of NBI and i-SCAN for polyp characterisation, both of which
have found no difference in accuracy between these modalities but did demonstrate superiority for both
NBI and i-SCAN when compared to HD-WLI[195,196].

LCI

LCI was developed in conjunction with BLI, aiming to improve polyp detection while BLI aimed to
improve characterisation (Figure 12). Accordingly, minimal evidence exists regarding the accuracy of
LCI for polyp characterisation. However, in 2017 Wu et al[197] employed the NICE classification using
LCI, and reported a sensitivity of 96.5%, specificity of 83.8% and NPV of 93.9% for neoplastic lesion
prediction.

BLI

The accuracy of BLI for polyp characterisation has been more extensively studied. Both retrospective
and prospective studies have demonstrated the superiority of BLI over WLI for the characterisation of <
10 mm colonic polyps, with the largest 2019 prospective randomised study by Rondonotti et al[198]
finding the overall accuracy for BLI to be 92% vs 84% for WLI (P = 0.01)[198-200]. BLI has also been
compared to NBI using the JNET classification in a retrospective study where there was no significant
difference in accuracy (92.1% for BLI vs 91.7% for NBI)[201].
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Figure 12 Tubulo-villous adenoma. A: White light imaging; B: Blue light imaging; C: Linked colour imaging.
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AFI

While studies on AFI have been promising regarding polyp detection, its role in polyp characterisation
appears limited. A 2011 RCT comparing HD-WLI, AFI and NBI did find that the overall accuracy of AFI
is equivocal to that of NBI for distinguishing adenoma from hyperplastic polyps (84.9% vs 88.4%)[202].
However, the interobserver agreement for NBI with magnification is superior to that of AFI, while a

2017 meta-analysis demonstrated inferior specificity using AFI (44%) compared to NBI (69%, P = 0.031)
[203,204].

I

As the most recently developed form of advanced mucosal imaging, TXI has yet to be studied in the
context of polyp characterisation. Given the familiarity of color patterns, it may have some role for
differentiation of neoplastic from non-neoplastic diminutive polyps which may increase its uptake
during population screening. In addition, this familiarity may benefit proceduralists during resection by
more clearly delineating polyp margins without compromising visualisation.

Artificial intelligence

Extensive research has been undertaken in recent times into the development of Al systems for charac-
terisation of colonic polyps, designated computer aided diagnosis (CADx) (Table 4). These systems have
proven to be highly accurate in assessment of diminutive polyps, with a 2020 meta-analysis
demonstrating a pooled AUC of 0.96 (CI 0.95-0.98) and a pooled NPV of 95.1%[104]. Interestingly, across
multiple studies, CADx systems have not proven to be superior to expert endoscopists regarding
histology prediction, although they have consistently led to improved histology prediction in non-
expert endoscopists, nearing that of experts[205-208]. In these studies, the NPV for diminutive polyps
has been 90%-97%, with an accurate surveillance interval in 93-94%, well surpassing PIVI thresholds
[205,206,208-220].

There are fewer studies examining the efficacy of Al for delineation of submucosal invasive adenocar-
cinoma to guide resection strategies. Lu et al[221] found the accuracy of their Al model “Endo-CRC” to
be 93.78% for polyps with and 91.71% for polyps without advanced CRC. Lui ef al[222] developed an Al
model to classify polyps more than 2 cm in size as being endoscopically resectable (less than 1 mm
submucosal invasion, no lymphovascular invasion and no more than well-differentiated adenocar-
cinoma) or non-resectable. The overall accuracy was 85.5% for prediction of endoscopically resectable
lesions, but improved to 94.3% when the Al system was interpreting NBI images. However, while Al
models have been more effective than non-expert interventionalists for detection of invasive carcinoma,
in each of these studies AI was not superior to expert endoscopists, suggesting the main role of Al for
larger polyps may be in improving inter-endoscopist consistency as well as perhaps aiding in selection
of suitable referrals to interventionalists by non-expert endoscopists[221,222].

In vivo histologic diagnosis

Emerging technologies have been developed with the goal of achieving in vivo histological diagnosis,
termed “optical biopsy”. Accurate optical biopsies would allow endoscopists to not only surpass PIVI
thresholds for small and diminutive polyps but would also allow accurate endoscopic diagnosis for
larger polyps and LSTs where existing mucosal imaging technology may have deficiencies.

Endocytoscopy

Endocytoscopy is a novel technology that allows in vivo visualisation of tissue at the cellular level in
real-time[223]. The device can either be incorporated into the endoscope or comes as a probe-based
system, utilising a high-power fixed-focus objective lens to achieve ultra-high magnification in excess of
450 %, generally following methylene blue staining[224]. Studies have demonstrated superior accuracy
compared to advanced mucosal imaging and chromoendoscopy, with accuracy as high as 93.3%-96.8%
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Table 4 Studies on the accuracy of Al for polyp histology prediction

Imagin Number of Accurate
Ref. Study type g .g . Sensitivity Specificity NPV surveillance

modality patients/polyps )

interval

Kominami et al Retrospective NBI 41 patients, 118 polyps 93% 95% 93% 92.7%
[209], 2016
Chen et al[210], Retrospective NBI 284 polyps 96% 78% 90% -
2018
Mori et al[211], Prospective ~ NBI 325 patients, 466 93% 90% 95% -
2018 polyps
Renner et al[212], ~ Retrospective WLI, NBI 100 polyps 92% 63% 90% -
2018
Byrne et al[213], Retrospective NBI 125 polyps 98% 83% 97% =
2019
Min et al[214],2019  Prospective ~ LCI 91 patients, 217 polyps 83% 70% 71% =
Sanchez-Montes et Retrospective  WLI 225 polyps 92% 89% 87% -
al[206], 2019
Horiuchi et al[215], Prospective  AFI 95 patients, 258 polyps 80% 95% 93% -
2019
Ozawa et al[216], Retrospective WLI, NBI 309 polyps 97% for NBI, 90% - 91% for NBI, -
2020 for WLI 85% for WLI
Jin et al[205],2020  Retrospective NBI 300 polyps 83% 90% 94% -
Zacharia et al[208], Retrospective WLI, NBI 524 polyps 96% 90% 93% 94%
2020
Rodriguez-Diaz et Retrospective NBI 119 patients, 280 96% 84% 91% 94%
al[217], 2021 polyps
Van der Zander et Retrospective WLI, BLI 54 patients, 60 polyps  96% 93% 88% =
al[218], 2021
Yoshida et al[220],  Retrospective BLI 25 patients, 100 polyps 91% 85% 92% -
2021
Sakamoto ef al Retrospective  WLI, BLI 604 polyps 96% for WLI, 84% for WLI, - -
[219], 2022 96% for BLI 89% for BLI

NBI: Narrow-band imaging; NPV: Negative predictive value; BLI: Blue light imaging; WLI: White light imaging; LCI: Linked colour imaging.
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for distinction of neoplastic vs non-neoplastic diminutive polyps[225]. Endocytoscopy has been shown
to be similarly highly accurate for larger polyps in detection of submucosal invasion, with an overall
accuracy of 85.8%-97.0%[226-229]. The main limiting factors for this technology are the requirement for
specific equipment, as well as the time and training required to facilitate accurate interpretation of the
images. However, its uptake may evolve with the development of AI technologies which could allow
effective use by inexperienced proceduralists. Misawa et al[230] developed and published a new Al
system for interpretation of endocytoscopy images (using NBI rather than methylene blue staining)
named “EndoBRAIN” in 2016. Their study demonstrated overall sensitivity, specificity, and accuracy
for high-confidence predictions of 97.6%, 95.8%, and 96.9% respectively. In 2020, Kudo et al[231]
compared “EndoBRAIN” to trainee and expert endoscopists using both dye-based and virtual
chromoendoscopy and found the Al system to be superior to both groups, with sensitivity of 96.9%,
specificity of 100% and overall accuracy of 98%.

Multiphoton microscopy

Multiphoton microscopy is based on the detection of signals at specific emission wavelengths after laser
excitation, offering real-time high-resolution visualisation. The use of longer photons allows deeper
tissue penetration and visualisation up to a depth of several hundred microns[232]. Recently, Terradillos
et al[233] developed an Al system for interpretation of multiphoton microscopy images of colorectal
polyps, with a specificity of 91% and sensitivity of 82% for malignant colorectal lesions. Further study is
clearly required into the application of this technology, however the greater depth of visualisation may
allow in vivo assessment of invasion depth for submucosal invasive adenocarcinoma.
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CONCLUSION

New and existing advanced mucosal imaging technologies facilitate improved adenoma detection and
characterisation in both expert and non-expert endoscopists (Table 5). The use of virtual chromoen-
doscopy for polyp detection has been limited by reduced brightness and loss of familiarity of color
patterns, however new technologies such as LCI and TXI enhance visualisation without significantly
altering color patterns and may lead to more consistent improvement in polyp detection. Additionally,
the availability of Al systems is increasing and may improve consistency between expert and non-expert
endoscopists. Advanced mucosal imaging also allows accurate in vivo assessment of polyps to guide
resection techniques, while clearly exceeding PIVI thresholds for the “resect and discard” and “do not
resect” strategies. NBI has been at the forefront of polyp characterisation, improving delineation of
neoplastic from non-neoplastic diminutive and small polyps, while improving prediction of invasion
depth in larger polyps. Al technologies are yet to surpass expert endoscopists for histology prediction
but facilitate accurate prediction by non-experts to rival that of expert endoscopists. Effective use of
these advanced mucosal imaging technologies is not out of reach of any endoscopist following brief but
dedicated training programs, thereby maximising the efficacy of everyday colonoscopy and improving
patient outcomes.

Table 5 Summary and conclusions for each form of advanced mucosal imaging discussed

Modality Detection Characterisation Comment
HD-WLI Advantages: Marginal benefit in overall ~Advantage: Marginal benefit for small Advantage: Widely available
adenoma detection; and improved adenomas; disadvantage: Insufficient evidence
detection of right-sided, flat polyps, and for large polyps
SSAs'
Chromo- Advantage: Increases polyp detection; ~ Advantages: Highly effective for small polyps Disadvantage: Increases
endoscopy disadvantage: Increases withdrawal (although inefficient); and useful in prediction of ~procedural time

Virtual chromo- NBI

endoscopy
i-
SCAN
FICE
LCI
BLI
TXI

AFI

Al

FME

Endo-

cystoscopy

Multiphoton

microscopy

time

Disadvantage: No significant difference
in ADR

Neutral: Variable results, increased
detection of flat and right-sided polyps

Disadvantage: No significant difference
in ADR

Advantages: Improves adenoma
detection; and effective for non-expert
proceduralists’

Disadvantage: No significant difference
in ADR

Advantage: Increases polyp visibility in
image-based studies

Disadvantage: Insufficient evidence;
advantage: Improves detection of flat,
right-sided polyps and reduces miss
rates

Advantage: Increases adenoma
detection; no significant difference in
withdrawal time'

Disadvantages: Expensive; insufficient
evidence

invasion depth for large polyps'
Advantages: Accurate for distinguishing
neoplastic from non-neoplastic small and

diminutive polyps; and accurate for prediction of
invasion depth'

Advantage: Effective for diminutive and small
polyps

Disadvantage: Inferior to NBI

Disadvantage: Insufficient evidence

Advantage: Similar to NBI in terms of colour
spectrum and accuracy’

Disadvantage: Insufficient evidence

Disadvantage: Inferior to NBI

Advantages: Highly accurate; superior to non-
expert endoscopists for histology prediction; not
superior to experts using NBI'

Neutral: Accurate but requires expertise for
interpretation; advantages: Uptake may increase
with incorporation of AL

Disadvantage: Insufficient evidence

Disadvantage: Loss of brightness;
neutral: Greater efficacy when
used by expert proceduralists

Advantage: Familiar colour
spectrum

Advantage: Familiar colour
spectrum

Advantage: Similar colour
spectrum to NBI

Disadvantage: Insufficient
evidence; advantage: Familiar
colour spectrum

Disadvantage: Not widely
available

Disadvantage: Not yet widely
available

Disadvantage: Not widely
available

Disadvantages: Requires
additional equipment; and not
widely available

Disadvantage: Requires
additional equipment

1The most promising technologies.

HD-WLI: High-definition white light imaging; NBI: Narrow-band imaging; BLI: Blue light imaging; TXI: Texture and colour enhancement imaging; FME:
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Fluorescence molecular endomicroscopy; AFI: Autofluorescence imaging; ADR: Adenoma detection rate; Al: Artificial intelligence; LCI: Linked colour

imaging; SSA: Sessile serrated adenomas.
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