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Abstract

Colorectal cancer (CRC) is a leading cause of cancer-related mortality,
highlighting the need for early detection and accurate lesion characteri-
zation. Traditional white-light imaging has limitations in detecting lesions,
particularly those with flat morphology or minimal color contrast with
the surrounding mucosa. It also struggles to distinguish neoplastic from
non-neoplastic lesions. These limitations led to the development of image-
enhanced endoscopy (IEE). Image-enhanced endoscopy modalities such as
narrow-band imaging, blue laser imaging, linked color imaging, and texture
and color enhancement imaging enhance mucosal surface and vascular
pattern visualization, thereby improving lesion detection and characterization.
In contrast, red dichromatic imaging is primarily designed to enhance
the visibility of deep blood vessels, making it particularly useful during
therapeutic endoscopies, such as identifying bleeding sources and moni-
toring post-treatment hemostasis. Although IEE enhances lesion detection
and characterization, it remains limited in assessing submucosal invasion
depth, which is a key factor in treatment decisions. Endoscopic submu-
cosal dissection requires accurate prediction of invasion depth; however,
IEE mainly reflects superficial features. Endoscopic ultrasound and artificial
intelligence-assisted diagnostics have emerged as complementary tech-
niques for improving depth assessment and lesion classification. Additionally,
IEE plays a critical role in detecting ulcerative colitis-associated neoplasia
(UCAN), which often presents with a flat morphology and indistinct borders.
High-definition chromoendoscopy and IEE modalities enhance detection;
however, inflammation-related changes limit diagnostic accuracy. Artificial
intelligence and molecular biomarkers may improve UCAN diagnosis. This
review examines the role of IEE in lesion detection and treatment selection,
its limitations, and complementary techniques such as endoscopic ultrasound
and artificial intelligence. We also explored pit pattern diagnosis using crys-
tal violet staining and discussed emerging strategies to refine colorectal
cancer screening and management.

KEYWORDS
artificial intelligence, colorectal cancer,image-enhanced endoscopy, invasion depth assessment,
ulcerative colitis-associated neoplasia

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2025 The Author(s). DEN Open published by John Wiley & Sons Australia, Ltd on behalf of Japan Gastroenterological Endoscopy Society.

DEN Open. 2026:6:€70141.
https://doi.org/10.1002/de02.70141

wileyonlinelibrary.com/denopen 10f8


https://orcid.org/0000-0002-0239-4977
https://orcid.org/0000-0003-0727-7638
mailto:tasakamo@md.tsukuba.ac.jp
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/denopen
https://doi.org/10.1002/deo2.70141

SAKAMOTO et al.

20f8 WILEY DEN Open @

INTRODUCTION

Colorectal cancer (CRC) is one of the leading causes of
cancer-related mortality worldwide, and early detection
and accurate characterization of colorectal lesions are
essential for improving patient outcomes."? Because
of its limited ability to detect lesions® especially flat
lesions or those with poor color contrast against the sur-
rounding mucosa and to differentiate neoplastic from
non-neoplastic tissue, traditional white-light imaging
(WLI) prompted the development of image-enhanced
endoscopy (IEE). IEE encompasses several advanced
imaging modalities such as narrow-band imaging (NBI),
blue laser imaging (BLI), linked color imaging (LCI),
and texture and color enhancement imaging (TXI) that
primarily aim to improve lesion detection and character-
ization (Figures 1 and 2).*~° In addition, red dichromatic
imaging (RDI) is designed to enhance the visibility
of deeper blood vessels and is mainly utilized dur-
ing therapeutic procedures, such as hemostasis and
post-treatment monitoring.

Although IEE has demonstrated significant improve-
ments in lesion detection rates and the characterization
of mucosal patterns, its effectiveness is inherently lim-
ited in assessing tumor invasion depth. As endoscopic

submucosal dissection (ESD) has become increasingly
utilized for en-bloc resection of early-stage colorectal
tumors, the need for accurate prediction of submu-
cosal invasion depth has become a critical factor in
treatment decision-making.'®~'2 However, IEE primarily
reflects superficial mucosal features and lacks the abil-
ity to provide objective information regarding the depth
of tumor infiltration, which is crucial for distinguishing
between lesions suitable for endoscopic resection and
those requiring surgical intervention.

To address this limitation, alternative diagnostic
modalities, such as endoscopic ultrasound (EUS), have
been explored for assessing submucosal invasion.'> 4
Additionally, the integration of artificial intelligence (Al)-
assisted diagnostics has shown promise in improving
the objectivity and accuracy of lesion classification.'®
Despite these advancements, there remains a need
for further validation and standardization of multimodal
imaging approaches to optimize the treatment selection
for colorectal lesions.

Furthermore, IEE plays a crucial role in the detection
and diagnosis of ulcerative colitis-associated neoplasia
(UCAN), which is challenging because of its multifo-
cal nature, flat morphology, and indistinct borders'’.
Conventional WLI often fails to detect UCAN, leading

FIGURE 1

Differences in lesion visibility among white-light imaging, linked color imaging, and blue laser imaging. Linked color imaging

enhances redness in tumor areas, improving lesion recognition and providing greater overall brightness, which increases the amount of
information visible in the field of view. In contrast, blue laser imaging emphasizes vascular and surface patterns, making it particularly useful for

identifying lesion characteristics.

FIGURE 2
modality enhanced lesion visibility

Comparison of white-light imaging, texture and color enhancement imaging, and narrow-band imaging, demonstrating how each
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to the recommendation of high-definition chromoen-
doscopy or IEE techniques, such as NBI and TXI,
to enhance lesion visualization'®. However, chronic
inflammatory changes in ulcerative colitis (UC) can
obscure neoplastic transformations, thereby limiting the
diagnostic accuracy of IEE alone. The integration of Al-
based image analysis and molecular biomarkers may
offer a solution for improving UCAN detection in the
future.

This review examined the diagnostic accuracy of IEE
for both lesion detection and treatment selection. We
discussed its strengths and limitations, the role of com-
plementary techniques, such as EUS and Al, and its
application in UCAN diagnosis. Finally, we highlighted
emerging strategies to overcome the current limitations
of IEE in CRC screening and management.

OVERVIEW OF IEE TECHNOLOGIES
Key IEE modalities

This section outlines the key IEE modalities and their
primary clinical applications, including not only diag-
nostic enhancements but also therapeutic support, as
exemplified by RDI. Narrow-band imaging enhances
vascular and surface pattern recognition using specific-
wavelength light filtration, allowing improved differenti-
ation between neoplastic and non-neoplastic lesions.
Blue laser imaging employs a laser-based light source
with a narrow bandwidth that enhances the mucosal
and vascular contrast, making it particularly useful for
detecting early CRC. Linked color imaging enhances
mucosal color contrast, which may facilitate the iden-
tification of flat and serrated lesions that are often
challenging to detect using conventional WLI. Texture
and color enhancement imaging is a newer modal-
ity developed by Olympus that utilizes advanced light
source technology to enhance brightness, texture, and
color contrast, potentially improving overall lesion visibil-
ity. Red dichromatic imaging is designed to enhance the
visualization of deep blood vessels and is particularly
beneficial for hemostasis during therapeutic endoscopic
procedures and postprocedural monitoring. By filtering
specific red wavelengths, RDI provides improved con-
trast of blood vessels against surrounding tissues, which
aids in the identification of bleeding sources, including
active spurting or oozing points. Recent studies have
demonstrated its utility in improving the efficiency and
accuracy of endoscopic hemostasis, especially in col-
orectal and upper gastrointestinal bleeding®. In addition
to improving the visibility of bleeding points, RDI dis-
plays blood in a yellowish hue rather than a bright red,
which may help reduce visual stress during endoscopic
procedures. Given that red is psychologically associ-
ated with alarm and tension, the softer coloration in RDI

= Open Access §

TABLE 1 Key studies on image-enhanced endoscopy detection
capabilities.
Comparison of
Study modalities Main findings
Leung et al. NBI versus NBI improves adenoma
(2014) HD-WLI detection rate (ADR).

Atkinson et al. NBI versus WLI NBI enhances neoplasia

(2019) (meta-analysis) detection, particularly in the
proximal colon.

Hasegawa LClI versus WLI LCl significantly increases

et al. (2021) (tandem study) neoplasm detection.

Paggi et al. LCI versus WLI LCI improves lesion

(2020) detection in a screening

program.

LCI enhances the detection
of sessile serrated
adenomas/polyps (SSA/Ps).

Fujimoto et al. LCI versus WLI
(2018)

Staudenmann NBI versus WLI
et al. (2022) (multicenter RCT)

NBI improves SSL detection,
but the advantage over WLI
is marginal.

Abbreviations: BLI, blue laser imaging; LCI, linked color imaging; NBI, narrow-
band imaging; SSL, sessile serrated lesion; TXI, texture and color enhancement
imaging; WLI, white-light imaging.

may promote a calmer operating environment and aid
in maintaining the endoscopist’'s composure, especially
during active bleeding.

Differences between NBI and BLI

Blue laser imaging and LCI utilize specific laser wave-
lengths to enhance mucosal details. Blue laser imag-
ing provides a high contrast between neoplastic and
non-neoplastic tissues, particularly in magnified views.
Similar to NBI, BLI uses laser-based narrow-band illumi-
nation with different wavelength combinations (410 nm
for BLI vs. 415 nm for NBI) to optimize mucosal and
vascular contrast. Some studies have suggested that
compared with NBI, BLI offers superior brightness and
improved image clarity in deeper mucosal layers, poten-
tially enhancing lesion characterization. However, further
comparative studies are required to determine the
clinical advantages.

DIAGNOSTIC ACCURACY OF IEE
Detection capabilities

Here, we summarize studies that evaluated the ability
of IEE to improve lesion detection rates, particularly in
comparison with WLI. Numerous studies have assessed
the effectiveness of various IEE modalities in detecting
colorectal lesions. Table 1 provides a summary of key
studies that compared different IEE techniques and their
diagnostic performances.
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Several randomized controlled trials have demon-
strated that NBI improves adenoma detection rates
compared with WLI. Atkinson et al. conducted an indi-
vidual patient data meta-analysis of randomized trials
and confirmed that NBI enhanced neoplastic lesion
detection, particularly in the proximal colon'®. Similarly,
Leung et al. found that high-definition NBI increased
the detection of colorectal adenomas compared with
high-definition WLI?°.

In addition to NBI, LCI has emerged as a promis-
ing technique for improving lesion visibility. Hasegawa
et al. demonstrated in a tandem colonoscopy study that
LCI significantly enhanced the detection of colorectal
neoplasms compared with standard WLI?". A multicen-
ter randomized ftrial by Paggi et al. further confirmed
the superiority of LCI over WLI in an organized CRC
screening program??.

The detection of sessile serrated lesions (SSLs)
remains challenging because of their flat morphol-
ogy and subtle color differences from the surrounding
mucosa. Studies have shown that IEE techniques
can improve SSL detection. However, the optimal
modality remains unclear. Fujimoto et al. demon-
strated that LCl enhances the detection of sessile
serrated adenomas/polyps®®. Similarly, Staudenmann
et al. compared NBI with WLI in a prospective ran-
domized multicenter study, suggesting that although
NBI improves SSL detection, its advantage over
WLI is not as pronounced as that of conventional
adenomas?*.

Although these findings support the use of IEE
for lesion detection, direct comparisons among differ-
ent IEE modalities remain limited. Most studies have
focused on IEE versus WLI, rather than evaluating the
relative superiority of NBI, LCl,and TXI. Further random-
ized trials comparing these modalities are required to
establish definitive treatment standards. Additionally, for
difficult-to-detect SSLs, chromoendoscopy with indigo
carmine remains a valuable adjunct to improve contrast
and lesion visualization.

Invasion depth assessment

Accurate assessment of invasion depth is critical for
determining an appropriate treatment strategy for early
CRC. IEE techniques, particularly NBI magnification,
chromoendoscopy, and pit pattern analysis, have been
extensively studied because of their ability to pre-
dict deep submucosal invasion. Additionally, EUS- and
Al-assisted diagnostics have been explored as comple-
mentary methods for evaluating invasion depth. Table 2
summarizes key studies that have evaluated these
modalities.

TABLE 2 Key studies on image-enhanced endoscopy-based
invasion depth assessment

Study Modality Main findings

Kudo et al. Pit pattern analysis  First classification of

(1994, 1996) colorectal lesions using
magnifying
chromoendoscopy

Matsuda Chromoendoscopy  Validated pit pattern

et al. (2008) analysis for depth
assessment

Ikematsu NBI magnification Capillary pattern type

et al. (2010) IIA/INIB correlated with
superficial versus deep
invasion

Sano et al. JNET classification ~ Standardized NBI-based

(2016) classification for colorectal
neoplasia

Kobayashi JNET validation Large-scale clinical study

et al. (2019) confirming JNET
diagnostic accuracy

Shimura EUS versus Comparable accuracy in

et al. (2014) chromoendoscopy T1a versus T1b cancer
diagnosis

Fu et al. EUS versus NBI Similar performance, but

(2008) EUS had greater operator
variability

Misawa etal.  Al-assisted First study demonstrating

(2016) diagnosis Al’s potential in invasion
depth assessment

Mori et al. Al in real-time Al-assisted diagnosis

(2018) improved reproducibility

and accuracy

Abbreviations: Al, artificial intelligence; CONNECT, COlorectal NEoplasia Endo-
scopic Classification to Choose the Treatment; EUS, endoscopic ultrasound;
JNET, Japan NBI Expert Team classification; NBI, narrow-band imaging.

IEE-based depth diagnosis

IEE plays a crucial role in improving endoscopic differ-
entiation between intramucosal neoplasms and deeply
invasive cancers. Kudo et al. introduced pit pattern anal-
ysis using magnifying endoscopy, providing a foundation
for differentiating between non-invasive and invasive
colorectal lesions.?®2%. Subsequent studies, such as that
by Matsuda et al., validated the effectiveness of chro-
moendoscopy with crystal violet staining, demonstrating
its high accuracy in predicting submucosal invasion?”.
The advent of NBI magnification has further refined
the invasion depth assessment. lkematsu et al. proposed
a classification system based on capillary pattern types
[lIA and IlIB, correlating with superficial and deep sub-
mucosal invasion, respectively?®. This was followed by
the development of the Japan NBI Expert Team (JNET)
classification by Sano et al., which standardizes NBI-
based differentiation of superficial colorectal lesions?°.
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A large-scale clinical validation by Kobayashi et al.
confirmed the diagnostic utility of JNET in real-world
practice, particularly in distinguishing type 2B (indicat-
ing possible deep invasion) from type 3 (overt invasive
carcinoma)C.

Despite these advancements, NBI alone has limita-
tions in accurately differentiating type 2B from type 3
lesions. In cases in which uncertainty remains, BLI mag-
nification and LCl have been explored as alternative
modalities. Yoshida et al. demonstrated that BLI can
enhance the visualization of vascular structures, aiding
in more precise invasion depth estimation.3'32. How-
ever, direct comparisons between these |IEE techniques
remain limited, and standardized diagnostic criteria for
non-NBI-based IEE are still under development.

Comparison with EUS and Al-assisted
diagnosis

Although IEE remains the primary method for assess-
ing invasion depth, EUS has been explored as a
complementary technique. Shimura et al. reported a
prospective study comparing EUS and magnifying chro-
moendoscopy and found comparable accuracy in distin-
guishing between T1a (superficial submucosal invasion)
and T1b (deep submucosal invasion) cancers®3. Simi-
larly, Fu et al. reported that EUS and NBI magnification
yielded similar diagnostic performance, although EUS
was more prone to operator variability>*. Figure 3 shows
an example of an elevated CRC lesion with suspected
deep invasion. Although surface evaluation alone was
insufficient to confirm deep invasion owing to the
absence of exposed highly atypical areas, EUS assess-
ment confirmed muscularis propria invasion, leading
to the decision for surgical treatment. Pathological
examination confirmed pT2 depth of invasion.

More recently, Al-assisted diagnostics have shown
promise in improving invasion depth estimation. Mis-
awa et al. demonstrated that a deep learning model
could differentiate between invasive and non-invasive
lesions with high accuracy®®. whereas Mori et al.
reported the real-time use of Al in endoscopic lesion
characterization®®. Although still in its early stages, Al
has the potential to enhance objectivity and repro-
ducibility in in-depth diagnoses, addressing some of
the limitations associated with subjective IEE interpre-
tations.

In summary, IEE techniques, particularly NBI mag-
nification and pit pattern analysis, remain the gold
standards for invasion depth assessment. However, EUS
serves as a useful adjunct in select cases and Al is an
emerging tool that may further enhance diagnostic pre-
cision in the near future. Future studies should focus on
standardizing the criteria across different IEE modalities
and integrating Al-assisted decision support into clinical
practice.

= WiLEY-L®

In addition to classification systems that focus on
histopathologic prediction, such as JNET, the CON-
NECT classification (COlorectal NEoplasia Endoscopic
Classification to Choose the Treatment) has recently
been introduced to facilitate direct treatment decision-
making®’. This classification stratifies lesions into five
categories based on macroscopic morphology and
clinical risk assessment, guiding whether endoscopic
mucosal resection, ESD, or surgical resection is appro-
priate. CONNECT is particularly valuable in ambiguous
cases such as JNET type 2B lesions or large later-
ally spreading tumors (LSTs), where precise endoscopic
prediction of pathology is challenging. It can be applied
even without magnified observation and may thus
complement existing IEE-based diagnostic systems in
real-world clinical practice. Table 3 compares the JNET
and CONNECT classifications in terms of their con-
ceptual frameworks, clinical applications, and treatment
implications.

ROLE OF EUS IN OVERCOMING THE
LIMITATIONS OF IEE

IEE provides valuable information about mucosal pat-
terns but lacks the capability to objectively assess the
depth of tumor invasion. EUS has emerged as a com-
plementary modality that allows real-time evaluation of
tumor depth and submucosal involvement. Combining
EUS with IEE may enhance diagnostic accuracy, par-
ticularly in differentiating T1a from T1b lesions, which
is critical for determining the need for additional lymph
node evaluation or surgical intervention.

ROLE OF PIT PATTERN DIAGNOSIS IN
OVERCOMING THE LIMITATIONS OF IEE

In cases in which lesion characterization using NBI
remains uncertain, pit pattern diagnosis using crystal
violet staining plays a complementary role. Specifi-
cally, for lesions in which differentiation between JNET
types 2B and 3 is challenging, the application of high-
magnification chromoendoscopy with crystal violet may
be particularly useful. This approach enables a more
precise assessment of the invasion depth and histolog-
ical type, thereby guiding appropriate therapeutic deci-
sions, such as en bloc resection or surgical intervention.
An observational study demonstrated that pit pattern
analysis with crystal violet significantly enhances the
diagnostic accuracy for deeply invasive lesions, reduc-
ing both under- and over-treatment®®. Although crystal
violet staining has come under scrutiny following health
advisories (e.g., the 2019 report of Health Canada), no
clinical evidence of carcinogenic risk has been reported
for long-term clinical use, supporting its continued role
in selected difficult cases.
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FIGURE 3 Endoscopic and endoscopic ultrasound assessment of an elevated colorectal cancer lesion. Although surface evaluation alone
was insufficient to confirm deep invasion due to the absence of exposed highly atypical areas, endoscopic ultrasound assessment confirmed
muscularis propria invasion, leading to a decision for surgical treatment. Pathological examination confirmed a pT2 depth of invasion.

TABLE 3 Key differences between the Japan NBI Expert Team
and COlorectal NEoplasia Endoscopic Classification to Choose the
Treatment classifications for colorectal lesions, highlighting their
conceptual focus, required endoscopic techniques, and clinical
applicability in colorectal lesion management.

CONNECT
Aspect JNET classification classification
Primary Histological prediction  Direct treatment
purpose (diagnosis-oriented) decision
(treatment-oriented)
Basis of Magnified NBI Macroscopic

classification assessment of vascular morphology and
and surface patterns clinical judgment

Required Magnifying endoscope  Standard endoscope

equipment with NBI (magnification not
required)

Typical Precise diagnosis in Practical use in general

application expert settings endoscopy or LSTs

Relation to Treatment selected Treatment directly

treatment based on predicted suggested by

pathology classification type

Abbreviations: CONNECT, COlorectal NEoplasia Endoscopic Classification to
Choose the Treatment; JNET, Japan NBI Expert Team classification.

IEE IN THE DIAGNOSIS OF UCAN

Ulcerative colitis-associated neoplasia presents a sig-
nificant clinical challenge owing to its multifocal nature,
flat morphology, and frequent indistinct borders, mak-
ing early detection difficult. Patients with long-standing
UC have an increased risk of developing colorectal
neoplasia®°. which may progress to CRC if not identi-
fied and treated appropriately. Conventional WLI often
fails to detect UCAN, leading to missed diagnoses
and delayed intervention. Consequently, high-definition
chromoendoscopy or white-light endoscopy with NBI
is the preferred modality for the detection of UCAN“C.
The 2021 SCENIC update noted that high-definition
colonoscopy with targeted biopsies remains the primary
recommended technique, as high-definition chromoen-
doscopy requires a longer examination time*'.

IEE, including NBI and TXI, have been investigated as
a means of improving the detection of UCAN by enhanc-
ing the visibility of subtle mucosal changes. Studies
have suggested that NBI can aid in identifying irregular
or amorphous surface patterns and irregular or avas-
cular vessel patterns, which indicate dysplasia in the
setting of UC*2. Additionally, TXI has been reported to
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enhance the color contrast and improve the delineation
of UCAN'’s boundary*3.

However, UCAN poses unique challenges because it
often lacks well-defined surface and vascular patterns,
making it difficult to classify using standard IEE-based
systems such as JNET. Therefore, the sensitivity of
JNET type 3 for UCAN has been reported to be only
25%, although its specificity was 100%**. Additionally,
chronic inflammation can obscure neoplastic changes,
reducing the effectiveness of IEE in distinguishing dys-
plastic from nondysplastic lesions in UC*. Notably,
regenerative mucosa can exhibit type Ill, and IV pit
patterns, suggesting that such mucosal changes may
reduce the specificity of IEE for UCAN detection®®.

To address these limitations, recent studies have sug-
gested that Al-assisted IEE may further refine UCAN
detection by providing real-time analysis of suspicious
areas®’. Future studies should focus on integrating IEE,
Al algorithms, and molecular biomarkers to develop
comprehensive diagnostic strategies for UCAN. Stan-
dardizing surveillance protocols and optimizing imaging
techniques are critical for improving early detection and
reducing the risk of CRC in patients with UC.

CONCLUSION

IEE has significantly improved the detection, charac-
terization, and management of colorectal lesions by
enhancing mucosal visualization and vascular pat-
tern differentiation. However, its inherent limitations in
assessing invasion depth necessitate the integration of
complementary modalities, such as EUS, Al-assisted
diagnostics, and pit pattern analysis using crystal violet
staining, to improve clinical decision-making.

Recent advancements, including the incorporation of
TXI- and Al-assisted NBI, have demonstrated the poten-
tial for increasing diagnostic precision. As discussed ear-
lier, while classifications such as JNET provide valuable
histological prediction and aid in treatment planning,
they may be limited in situations where surface fea-
tures are ambiguous or magnification is unavailable. The
CONNECT classification addresses this gap by directly
linking endoscopic morphology to treatment recom-
mendations, offering a complementary perspective that
emphasizes practicality and immediate clinical decision-
making. The CONNECT classification also represents
a new approach for refining lesion categorization; how-
ever, further validation is required in broader clinical
settings. Despite these innovations, distinguishing JNET
type 2A from 2B and type 2B from 3 remains challeng-
ing, highlighting the need for further studies to enhance
diagnostic reliability and treatment selection.

The continued development of hybrid diagnostic
strategies that integrate IEE, EUS, and Al-driven ana-
lytics has the potential to optimize CRC screening and
management. Standardizing classification criteria and
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refining imaging modalities are critical for improving
diagnostic accuracy and ensuring optimal patient out-
comes in endoscopic practice. For cases in which IEE
classification alone is inconclusive, especially for JNET
type 2B and type 3 lesions, crystal violet staining, and
pit pattern diagnosis provide additional diagnostic accu-
racy. High-magnification chromoendoscopy with crystal
violet staining enables precise differentiation between
neoplastic and non-neoplastic lesions, allowing for more
informed treatment selection.
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