Clinical and Experimental Gastroenterology Dlovepress
Taylor & Francis Group

REVIEW

Artificial Intelligence in Gastrointestinal
Endoscopy: Current Advances, Clinical
Integration, and Future Directions: A Narrative
Review

Vipul D Yagnik®', Prema Ram Choudhary (3%, Pankaj Garg®?

'Department of Surgery, Banas Medical College and Research Institute, Palanpur, Gujarat, India; 2Department of Physiology, Banas Medical College
and Research Institute, Palanpur, Gujarat, India; 3Garg Fistula Research Institute, Panchkula, Haryana, India

Correspondence: Vipul D Yagnik, Department of Surgery, Banas Medical College and Research Institute, Palanpur, Gujarat, India,
Email vipulyagnik.surgery@bmcri.co.in

Background: Artificial intelligence (AI) has emerged as a transformative force in gastrointestinal (GI) endoscopy, aiming to enhance
diagnostic accuracy, detection rates, and workflow efficiency. With multiple Al-assisted systems now reaching clinical use, there is
a growing need to consolidate evidence regarding their performance, applications, and limitations.

Objective: To synthesize contemporary evidence from randomized trials, meta-analyses, and real-world studies to provide a clinically
oriented overview of the effectiveness, limitations, and implementation challenges of artificial intelligence in gastrointestinal endo-
scopy, and to identify key translational gaps that justify the need for this updated review.

Methods: A structured narrative synthesis of literature from PubMed, Scopus, Web of Science, and manual reference screening
(2005-2025) was performed. Evidence was thematically analyzed across major domains including CADe, CADX, upper gastrointest-
inal neoplasia, capsule endoscopy, quality monitoring, implementation challenges, and real-world performance. Key lessons, transla-
tional barriers, and future research priorities were extracted. Quantitative performance estimates were derived from representative
randomized controlled trials and meta-analyses and are presented as reported ranges rather than pooled analyses.

Results: CADe systems have demonstrated a consistent 15-20% relative increase in adenoma detection rate (ADR) compared to
conventional colonoscopy. CADx algorithms achieve >90% accuracy in differentiating neoplastic from non-neoplastic polyps,
supporting “resect-and-discard” strategies. Al tools in upper GI endoscopy achieve diagnostic accuracies of 88-96% for early
esophageal and gastric neoplasia, outperforming non-expert endoscopists. Despite these benefits, barriers persist—dataset bias, lack
of generalizability, medicolegal ambiguity, and regulatory inconsistency.

Conclusion: Al has proven efficacy in improving detection and diagnostic precision in GI endoscopy. Future progress requires
multicenter validation, standardized datasets, ethical frameworks, and clinician training to enable equitable, safe, and evidence-based
integration into routine clinical practice.

Keywords: artificial intelligence, gastrointestinal endoscopy, computer-aided detection, computer-aided diagnosis, adenoma detection
rate, colonoscopy, Barrett’s esophagus

Introduction

Artificial intelligence (Al) is increasingly shaping a new era in gastroenterology, revolutionizing how gastrointestinal
(GI) diseases are detected, diagnosed, and managed. Its influence is now evident across several areas of GI care—
enhancing lesion recognition and diagnostic precision in endoscopy, refining perioperative planning and postoperative
monitoring in GI surgery, and improving the accuracy of real-time diagnostic modalities such as capsule endoscopy. In
this technique, the patient swallows a tiny wireless capsule equipped with a camera that captures tens of thousands of

high-resolution images throughout the gastrointestinal tract. This innovation exemplifies the technological shift currently
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transforming diagnostic gastroenterology. When artificial-intelligence algorithms are applied to interpret these images
instantaneously, clinicians gain the ability to recognize minute mucosal changes and early disease manifestations with
a level of precision and timeliness that previously was not possible.'*

Gastrointestinal cancers—particularly those of the colon, stomach, and esophagus—remain among the leading global
contributors to cancer-related illness and death. Early neoplastic transformation is notoriously difficult to recognize, as
such lesions are frequently subtle and can be missed even during standard endoscopic examinations.>> For example,
while esophagogastroduodenoscopy (EGD) is regarded as a highly sensitive procedure for detecting gastric cancer (GC),
evidence shows that approximately one in ten cases may still escape diagnosis.” Similarly, colonoscopy, despite being the
established reference standard for detecting and removing colorectal neoplasms, is associated with a notable miss rate.
Up to one-quarter of neoplastic polyps may go undetected in routine practice, particularly when the lesions are flat,
sessile, or very small (<5 mm in diameter). The likelihood of missing lesions also increases in patients who present with
multiple or synchronous polyps. Moreover, the diagnostic performance of upper GI endoscopy varies considerably
among operators and institutions, underscoring the importance of robust quality indicators and standardized examination
techniques.® These limitations highlight the urgent need for tools that can augment human performance while ensuring
consistently high diagnostic accuracy.

Although endoscopy is the cornerstone of modern GI practice, its success is constrained by inter-operator variability,
visual fatigue, and time pressure during demanding procedures—all of which may contribute to missed pathology.’ '
Even skilled endoscopists are susceptible to cognitive bias and perceptual lapses, especially in lengthy or complex cases.
Improving adenoma detection rate (ADR)—a core quality metric that reflects the proportion of patients in whom at least
one adenoma is identified—and refining lesion characterization are therefore essential goals in ensuring endoscopic
quality and patient safety.

Rapid advances in computational capability, cloud processing, and access to large, well-curated image datasets have
enabled the swift adoption of Al particularly through machine learning (ML) and deep learning (DL) approaches.'*'?
Convolutional neural networks (CNNs), a specialized form of deep learning (DL) architecture, have demonstrated
exceptional capability in real-time endoscopic interpretation. They can accurately detect diminutive polyps, differentiate
between neoplastic and non-neoplastic lesions, and identify blind spots that may escape human observation. Trained on
millions of annotated images, these models recognize subtle visual features that even skilled endoscopists may fail to
notice®.

Over recent years, artificial intelligence (Al) has transitioned from an experimental concept to a practical component
of clinical endoscopy. One of the earliest and most notable innovations is the GI Genius system, the first Al-driven
colonoscopy platform authorized by the US Food and Drug Administration as a Class II device through the de novo
pathway. This software has since gained widespread clinical adoption across North America, Europe, and parts of Asia.
Multiple controlled studies consistently demonstrate that GI Genius significantly improves adenoma detection rates
(ADR), thereby strengthening early colorectal screening and diagnosis. Comparable progress has also been achieved with
Al-assisted surveillance systems for Barrett’s esophagus and early gastric neoplasia, where diagnostic performance
parallels that of experienced endoscopists.

Furthermore, next-generation systems now integrate automated quality-assurance features—for instance, algorithms
that continuously assess colonoscope withdrawal time—to promote standardized reporting and enhance procedural
efficiency across institutions.

Despite these advances, the incorporation of Al into daily endoscopic workflows presents several challenges. Issues
surrounding regulatory oversight, medico-legal accountability, user training, and adaptation of clinical routines must be
addressed to ensure safe implementation.”'® Ongoing debates also concern the opacity of algorithmic decision-making,
bias within training datasets, and ethical data governance, emphasizing the urgent need for structured clinician-training
programs that foster confident, transparent, and responsible collaboration between human operators and Al systems.

Despite the rapid expansion of literature, several important gaps remain. Many existing reviews focus primarily on
technical performance without integrating real-world effectiveness, implementation challenges, regulatory considera-
tions, and health-system impact. Furthermore, recent developments such as large language models (LLMs), generative
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Al, foundation models, and multimodal learning have not been adequately contextualized within gastrointestinal
workflows.

The scope of this review is to provide a clinically focused synthesis of evidence across major endoscopic domains
while highlighting translational barriers and implementation pathways. The manuscript is organized into sections
covering current advances, clinical implications, challenges, implementation strategies, and future directions.

Methodology
This review was conducted as a narrative synthesis of published evidence on artificial intelligence (Al) applications in
gastroenterology, with emphasis on endoscopic imaging, lesion detection, bowel preparation assessment, and diagnostic
decision support. A comprehensive literature search was performed in PubMed, Scopus, and Google Scholar databases
for English-language studies published between January 2005 and April 2025 using combinations of the keywords:
“artificial intelligence”, “machine learning”, “deep learning”, “endoscopy”, “CADe”, “CADx”, “colonoscopy”, “bowel
preparation”, “Helicobacter pylori”, and “irritable bowel syndrome”. Although databases such as IEEE (Institute of
Electrical and Electronics Engineers) Xplore, Springer, Wiley, and Elsevier host relevant content, most biomedical
studies indexed in these platforms are captured through PubMed, Scopus and google Scholar. Additional references were
identified by manual screening of bibliographies from relevant reviews and clinical trials. Eligible publications included
original research, randomized controlled trials, meta-analyses, systematic reviews, and significant cohort studies addres-
sing Al in gastrointestinal diagnostics, therapeutic decision-making, or workflow optimization. Following study selec-
tion, the evidence was organized using a thematic framework covering major domains of clinical application (CADe,
CADx, upper gastrointestinal neoplasia, capsule endoscopy, quality assessment, and implementation). Emerging techno-
logical domains, including transformer-based architectures, large language models (LLMs), generative Al, federated
learning, explainable Al (XAI), and multimodal systems, were also reviewed where relevant to clinical translation. Key
outcomes, study design characteristics, and reported performance metrics were extracted and synthesized narratively.
Representative ranges of diagnostic performance and clinical impact were summarized from high-quality randomized
trials and meta-analyses to highlight practical clinical implications rather than to perform quantitative pooling.
Because of the wide variability in study design, endpoints, and data sources, a formal risk-of-bias or quality
assessment was not undertaken. Instead, methodological rigor was inferred from study design and reporting quality.
The goal of this narrative review was to integrate technological, clinical, and operational perspectives to illustrate how Al
contributes to disease detection (including H. pylori infection and irritable bowel syndrome), bowel preparation assess-
ment, and future endoscopic innovation. This structured thematic approach enabled identification of key lessons,
translational challenges, and evidence gaps across domains, which informed the synthesis presented in the subsequent
sections. Both the potential benefits and the limitations of Al, including variability in real-world performance, imple-
mentation challenges, and evidence gaps, were critically evaluated to provide a balanced clinical perspective. Given this
heterogeneity, a meta-analytic approach was not considered appropriate.

Current Advances in Artificial Intelligence for Endoscopic Gastroenterology

Current developments in Al for endoscopic gastroenterology focus primarily on two areas: computer-aided detection
(CADe) and computer-aided diagnosis (CADx). CADe systems—most commonly based on CNNs—have proven
especially useful in colonoscopy, where they enhance polyp detection and recognition of early neoplastic changes,
thereby consistently improving diagnostic yield.

Recent meta-analyses and randomized controlled trials have confirmed that CADe increases adenoma detection rates
(ADR) by approximately 15— 20% compared with standard colonoscopy, translating into meaningful improvements in
colorectal cancer prevention, even in community and diverse clinical settings.'*'> Importantly, these gains appear to be
robust across clinicians with varying experience levels, underscoring the broad generalizability and real-world applic-
ability of CADe.

Applications of artificial intelligence (AI) have yielded remarkable outcomes in upper gastrointestinal (GI) endo-
scopy. In the surveillance of Barrett’s esophagus, convolutional neural network (CNN)-based algorithms have demon-
strated sensitivities and specificities approaching 90%, frequently matching or even surpassing the performance of
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experienced endoscopists in both still-image and video-based analyses.'®'” For instance, De Groof et al created
a computer-aided detection (CAD) model trained on more than 1700 white-light endoscopic images that achieved an
overall accuracy of 89%, exceeding that of general endoscopists (88% vs 73%) and correctly identifying biopsy targets in
over 90% of cases—results comparable to those of expert evaluators.'® Likewise, CNN-driven systems for detecting
early esophageal neoplasia have achieved sensitivities up to 96.4% and specificities exceeding 94%, confirming their
capacity to improve lesion recognition and reduce inter-observer variation.'® Meta-analyses also indicate excellent
diagnostic performance for Artificial intelligence (Al) has demonstrated strong diagnostic capability in the assessment
of early gastric cancer (EGC), achieving pooled sensitivity and specificity estimates of 0.87 and 0.88, respectively.'®'” In
another study, a convolutional neural network (CNN) model exceeded the performance of human endoscopists in
evaluating the depth of tumor invasion, offering 17.25% greater overall accuracy together with superior specificity—
information that could be invaluable for guiding optimal treatment selection.”

Growing clinical evidence continues to reinforce the role of computer-aided detection (CADe) in identifying color-
ectal neoplasia. Several randomized controlled trials and meta-analyses have consistently demonstrated that CADe
integration enhances the adenoma detection rate (ADR) by approximately 20%(Relative increase), a key quality metric
closely linked to a reduced incidence of interval colorectal cancer and corresponding decreases in mortality.”' ** Long-
term follow-up studies have further verified that higher ADRs translate into improved survival outcomes.**

Despite encouraging outcomes in controlled studies, findings from real-world observational cohorts have been less
consistent; in certain clinical environments, the adoption of CADe has not led to significant improvements in neoplasia
detection or measurable reductions in procedural workload.”> This divergence between the strong results reported in
randomized trials and the variability seen in daily clinical use highlights the need for pragmatic, well-structured
investigations that accurately represent routine endoscopic practice to establish the true clinical value of CADe.?

While most randomized trials and meta-analyses indicate that CADe improves adenoma detection rates (ADR) when
compared with conventional colonoscopy, the magnitude of this advantage is not uniform across users. The benefit
appears to be influenced by operator experience—gains are most pronounced among fellows and early-career endosco-
pists, whereas the incremental improvements for highly seasoned practitioners are smaller and often fail to reach
statistical significance.”® Similarly, computer-aided diagnosis (CADx) technologies designed for optical biopsy and real-
time histologic assessment have demonstrated promising potential, though their performance varies considerably among
different systems. For instance, when CAD-EYE was applied as an independent diagnostic tool, it did not satisfy the
Preservation and Incorporation of Valuable Endoscopic Innovations (PIVI)-1 benchmark (negative predictive value <
90%) in some study populations. In contrast, when Al-assisted interpretations were performed by endoscopists, PIVI-1
was achieved, and PIVI-2 criteria were met under the European Society of Gastrointestinal Endoscopy (ESGE) guide-
lines, although consistent fulfillment of the US Multi-Society Task Force (USMSTF) threshold was not observed; while
some studies have reported high NPVs and >95% surveillance concordance, others found no consistent superiority over
expert assessment.”’

The applications of Al extend beyond colonoscopy. In esophageal squamous cell carcinoma (ESCC), CNN-based
systems exhibit sensitivities between 85% and 100% for image- and video-based detection, clearly surpassing or
augmenting human observers.”® " In Barrett’s esophagus, CNN models have reached sensitivities of up to 96.4% and
specificities near 94%, equaling expert interpretations.'’ These developments reduce reliance on random biopsies,
improve dysplasia recognition, and minimize missed lesions—enabling earlier, potentially curative intervention.

For early gastric cancer, CNN-based algorithms have achieved diagnostic accuracies exceeding 90% across mod-
alities such as white-light endoscopy (WLE), magnifying endoscopy with narrow-band imaging (ME-NBI), and other
image-enhanced endoscopy (IEE) techniques. Sensitivities up to 91.06-97.59% and specificities above 89.01% have been
reported, frequently outperforming human experts.’'~? Such evidence suggests that Al can lessen inter-observer
variability and help standardize global practice in upper GI cancer diagnosis.

Beyond colorectal neoplasia detection, Al demonstrates broad utility in multiple endoscopic domains. In the
esophagus, deep-learning systems designed for Barrett’s surveillance can accurately detect and localize early neoplastic
change with external validation accuracies around 88-90%. Benchmarking trials confirm that these models outperform

non-expert endoscopists, and successful real-time clinical deployment has already been demonstrated.'®?
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In the stomach, Al applications in gastric endoscopy extend beyond neoplasia detection. Deep learning—based
systems have shown high performance in detecting gastric ulcers and early gastric cancer, with some models
achieving sensitivity exceeding 90% for early lesions.** Similarly, convolutional neural networks trained on
endoscopic images can accurately diagnose Helicobacter pylori infection, with diagnostic accuracy surpassing that
of expert endoscopists (83.1-87.7%%).>> AI has shown promise in improving the diagnosis of celiac disease, which
traditionally relies on duodenal biopsy interpretation with notable interobserver variability. Recent machine learning
models trained on thousands of whole-slide images have achieved >95% accuracy and AUC >0.99, matching or
exceeding pathologist performance. These systems not only enhance diagnostic reliability but also hold potential to
reduce reporting time and variability across centers.’®*” Artificial intelligence is increasingly applied in IBD,
particularly Crohn’s disease and ulcerative colitis. Al tools have shown promise in improving the accuracy and
reproducibility of endoscopic and histological scoring, reducing interobserver variability, and providing objective
assessments of disease severity.’® Deep learning models have achieved high accuracy in predicting histological
remission, postoperative recurrence, and even treatment response.’*° Moreover, Al-assisted capsule endoscopy and
ultrasound are being explored for small bowel Crohn’s disease, offering sensitive, non-invasive diagnostic support.
Al applications in bowel preparation not only optimize the adequacy of cleansing but also reduce variability
between patients, directly improving the diagnostic yield of colonoscopy. By providing real-time feedback and
personalized reminders, Al-based tools hold promises for becoming an integral part of pre-procedure preparation
protocol.*® These expanding domains underscore that Al extends far beyond polyp detection, with broad relevance
to gastroenterology practice.

In capsule endoscopy (CE), Al has enhanced diagnostic efficiency by reducing review times and improving lesion
detection. Commercially available Al-powered CE systems have demonstrated high sensitivity, particularly in small
bowel evaluations.*! However, challenges remain: incomplete lesion detection, lack of standardization, and limited
clinical validation currently prevent full reliance on Al. Ongoing improvements must focus on algorithm refinement,
standardized performance metrics, and patient-centered outcome validation.*'

Computer-aided diagnosis (CADx) systems further consolidate the expanding role of artificial intelligence (Al) in
histologic prediction. For diminutive colorectal polyps (<5 mm), pooled sensitivity and specificity values of 93% and
87%, respectively, with an area under the curve (AUC) of 0.961, have been reported.**** Using enhanced imaging
techniques such as narrow-band imaging (NBI), CADx consistently differentiates between neoplastic and non-neoplastic
lesions, achieving negative predictive values (NPVs) exceeding 90% in the rectosigmoid colon. These outcomes meet the
“Preservation and Incorporation of Valuable Endoscopic Innovations” (PIVI) performance thresholds and support
practical strategies such as the “diagnose-and-leave” approach for non-neoplastic lesions and the “resect-and-discard”
policy for low-risk adenomas.** Implementing these Al-supported workflows can substantially reduce unnecessary
resections, pathology expenses, and overall procedure times while preserving diagnostic reliability and patient
safety, 424345

Finally, real-world registry data and prospective trials have confirmed that Al-assisted workflows can safely
improve efficiency. In randomized controlled trials, platforms such as WISENSE and ENDOANGEL have demon-
strated their ability to reduce blindspots and improve gastroscopy & colonoscopy quality in randomized controlled
trials respectively.**” Beyond lesion detection and diagnosis, these systems also track key quality indicators,
including withdrawal time and bowel preparation scores, while flagging unexamined mucosal areas.**>°
Furthermore, standardization of documentation through automation and integration with electronic medical records
(EMR) enhances standardization and procedural effectiveness.*’®>! The regulatory approval for such endoscopic
Al tools as ENDOANGEL and GI Genius is already in place in Asia, Europe, and North America, which guarantees
their large-scale applicability readiness and is the beginning of a novel endoscopy era.*’->*>!

Evidence for commercially available platforms such as GI Genius, EndoScreener, and Skout remains mixed. While
some trials report modest but significant ADR gains, others show limited benefit, particularly in expert hands.>
Variations in trial design, patient selection, and comparator methodologies create substantial heterogeneity, making it
difficult to generalize efficacy outcomes across different practice environments.
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Clinical Implications of Artificial Intelligence in Endoscopy

While the preceding section summarizes technological developments and diagnostic performance of Al systems, this
section focuses on their real-world clinical impact, including effects on patient outcomes, workflow efficiency, training,
and quality standardization. The clinical impact of artificial intelligence (AI) in endoscopic gastroenterology is most
evident in its ability to enhance lesion detection, improve diagnostic precision, and streamline procedural workflow.
Multiple meta-analyses have consistently shown that the integration of computer-aided detection (CADe) technologies
raises adenoma detection rates (ADR) by approximately 20% while simultaneously reducing missed lesions. In practical
terms, even a seemingly modest 1% increase in ADR corresponds to a 3% reduction in the risk of interval colorectal
cancer and nearly a 5% decrease in mortality from colorectal cancer.”'**~*>* Observations from high-volume centers
further confirm that these benefits are sustainable across a broad range of patient populations and among endoscopists
with differing experience levels.>' In this way, Al meaningfully narrows the performance gap between expert and non-
expert practitioners, elevating the overall standard of care in colonoscopy. However, the incremental improvement
achieved with Al may be smaller among highly experienced endoscopists with already high baseline detection rates,
where Al is likely to serve primarily as a quality assurance and standardization tool rather than substantially enhancing
individual performance.

Beyond detection, Al demonstrates remarkable strength in lesion characterization. Computer-aided diagnosis (CADx)
systems are now capable of reliably differentiating adenomatous from hyperplastic polyps in real time, supporting the
cost-effective “resect-and-discard” strategy while enabling endoscopists with limited experience to achieve diagnostic
accuracies comparable to those of specialists.***>> This strategy reduces reliance on histopathologic assessment for
diminutive lesions and may improve cost-efficiency and workflow, although current evidence shows no significant benefit
of CADX in improving diagnostic accuracy or clinical outcomes.’> Furthermore, CADXx platforms have shown promise in
accelerating the learning process for trainees, fostering the development of advanced visual recognition and classification
skills that traditionally required years of clinical experience to master.’® A multicenter randomized trial in trainee
colonoscopists found that an Al-aided system (CAD EYE) did not increase adenoma detection rate (ADR) but
significantly reduced adenoma miss rate (AMR) and missed adenomas per patient, while improving ACE tool scores
for pathology identification and localization. These results suggest Al can enhance detection reliability and cognitive
performance during training even when overall ADR remains unchanged. Such tools may therefore strengthen colono-
scopy quality and educational outcomes, supporting safer, more consistent examinations in early operators.”’

In upper GI endoscopy, Al has improved diagnostic confidence by consistently identifying subtle neoplastic changes
that might be missed by the human eye, especially in regions where gastric and esophageal cancers are highly
prevalent.'® Real-time AI support for detecting early lesions in Barrett’s esophagus or gastric mucosa can lead to earlier
therapeutic interventions and better survival outcomes.’® By reducing inter-observer variability, Al systems ensure
greater consistency in diagnostic accuracy across different practice settings.

These advantages extend to workflow and resource optimization as well. Automated documentation and Al-driven
quality monitoring not only reduce the administrative burden but also reinforce adherence to best practice guidelines and
highlight procedural variability for targeted improvement.” Tools that measure withdrawal time, monitor the complete-
ness of mucosal inspection, and track polyp detection provide objective, actionable feedback and foster continuous
quality improvement. Seamless integration with electronic medical record (EMR) systems further supports reporting,
billing, and follow-up, which are particularly valuable in resource-limited or high throughput environments. However,
several challenges remain. False positive scan distracts endoscopists, prolong procedures, and create “alarm fatigue”, in
which frequent alerts reduce attentiveness.®™®' Early implementation studies have also revealed mixed acceptance, with
clinicians citing concerns about workflow disruption, and uncertainty over delegating decision-making to Al systems.®*
Questions regarding patient and provider trust, cost-effectiveness beyond controlled trials, and applicability across
different healthcare systems continue to be actively debated.®® Together, these issues underscore the importance of
ongoing real-world validation, comprehensive cost-effectiveness studies, and ethically grounded strategies to ensure
equitable and sustainable deployment of Al in endoscopic gastroenterology.

A concise summary of the major clinical domains and validated applications of Al in gastrointestinal endoscopy—
including CADe, CADx, capsule endoscopy, and upper GI neoplasia—is presented in Table 1.
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Table 1 Key Clinical Applications of Artificial Intelligence in Gastrointestinal Endoscopy

Domain Al Function Reported Clinical Impact Key Limitations/Challenges
Performance Metrics

Colonoscopy Real-time adenoma | 1 ADR by 15-20%; Improved detection; reduced Common limitations across Al
(CADg)' #2448 detection 1% ADR increase — 3% | colorectal cancer applications include:
decrease in CRC risk ® Variable performance in expert
settings
CADx Optical diagnosis Sensitivity 93%, Enables ‘diagnose-and-leave’; . )
® Dependence on image quality and
(Colorectal (resect-and-discard) | Specificity 87%, cost savings . .
4243 operator interaction
Polyps)™~ AUC=0.96 ) .
® Dataset heterogeneity and limited
Barrett’s Neoplasia Sensitivity 96.4%, Reduces random biopsies; external validation
Esophagus'® localization Specificity 94.2% improves dysplasia detection ® Need for large multicenter real-time
studies
Early Gastric Detection Accuracy >90.25-95.12%; | Earlier diagnosis; standardized - L
® Limited real-world clinical integra-
Cancer’' Sensitivity 91.06-97.59%, care

tion and workflow challenges

Specificity 89.01% ® Requirement for high-quality anno-

Helicobacter Endoscopic CNN Accuracy 83.1-87.7%% Non-invasive infection tated datasets and standardization
pylori®® assessment
Celiac Disease®” | ML-based Accuracy >95%, Reduces pathologist variability
histopathology AUC >0.99
Inflammatory Endo-histo-omics High correlation with Objective disease scoring
Bowel and ML scoring remission
Disease®®*’
Capsule Automated lesion High sensitivity; Efficient small bowel
Endoscopy”' detection evaluation

review time reduced

Bowel Al-guided quality Improved cleansing Enhances diagnostic yield

Preparation40 assessment adequacy

Notes: 1: Increase / Higher, —: Leads to / Results in,>: Greater than, %: Percent / Percentage.
Abbreviations: ADR, Adenoma Detection Rate; Al, Artificial Intelligence; AUC, Area Under the Curve (a performance metric); CADe, Computer-Aided Detection;
CADx, Computer-Aided Diagnosis; CNN, Convolutional Neural Network; CRC, Colorectal Cancer; ML, Machine Learning.

Challenges and Barriers to Widespread Adoption

Despite the rapid progress of artificial intelligence (Al)in gastroenterology, several hurdles limit its widespread use. From
a technical perspective, the development of robust algorithms depends heavily on access to large, annotated datasets.
Interoperability between Al platforms and existing hospital IT systems remains limited, while variability in image quality
arising from hardware differences or patient-related factors can undermine performance.**> The diversity and quality of
training data are especially critical, as algorithms often perform well in the environments in which they are developed but
degrade significantly when applied to new populations or clinical settings. The absence of standardized protocols for data
acquisition, labeling, and sharing makes it difficult to create universally applicable models and complicates comparisons
across studies.®* Moreover, embedding Al into real-time clinical workflows demands advanced computing infrastructure
and seamless integration with reporting systems, which are frequently lacking in resource-limited settings, risking greater
global disparities in access.®*

Regulatory challenges are equally significant, including issues related to data privacy, algorithm transparency,
validation standards, medico-legal accountability, and the lack of uniform regulatory frameworks for clinical deployment
of Al systems. While agencies such as the US The Food and Drug Administration (FDA), European Medicines Agency
(EMA), and Japanese regulators have already approved several Al-based solutions; however, regulatory harmonization
worldwide is still incomplete. Existing frameworks have been largely designed for static medical devices rather than
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adaptive algorithms that evolve with continuous learning.®®®” This raises the practical question of how often algorithms
should be revalidated. How should updates be communicated to clinicians? What mechanisms should be used to ensure
safety monitoring after implementation®®? Clinical validation of Al including multicenter trials across racially and
geographically diverse populations, is still evolving and remains a topic of ongoing debate.®® Without such robust
evidence, there is a real risk that Al tools may show promise in controlled environments but fail to provide consistent
benefits in routine practice.

Legal and ethical concerns further complicate its adoption in clinical practice. Issues such as accountability for Al-
assisted decisions, safeguarding of patient data, and potential algorithmic bias are especially pressing as Al assumes more
autonomous clinical roles.®™” In cases of diagnostic errors, liability remains unclear, whether it lies with developers,
institutions, or end users. Using patient data for training raises privacy concerns, particularly under regulations such as
the European Union’s General Data Protection Regulation (GDPR).%®

Another challenge is the potential overreliance on Al. As systems assume greater decision- making responsibilities,
clinicians may risk losing their essential interpretive and problem- solving skills. Conversely, centers without access to
Al may fall behind, creating new inequalities in patient care. Inconsistent validation across populations and poor
interoperability can further erode trust, particularly in real-world practices.®®

Finally, organizational and educational barriers should not be underestimated in this context. Successful adoption
requires more than technical integration; it demands that clinicians be trained not only in how to use Al tools but also in
understanding their limitations, biases, and the appropriate contexts for application. Sustained institutional support,
structured change management, and continuous feedback loops are vital for ensuring that Al is a reliable and trusted
component of gastroenterology practice.®’

Prior reviews by Mennella et al (2024) and Karalis et al (2024) have have highlighted key challenges of Al adoption,
including regulatory frameworks, integration into hospital IT systems, and medico-legal implications.®>’® Our review
builds on these by linking technical performance with translational considerations and real-world registry data.

Beyond technical hurdles, widespread implementation raises complex questions regarding algorithmic bias, account-
ability in adverse events, validation across diverse practice settings, and reimbursement models. Integration into existing
electronic health records and hospital IT systems remains a significant bottleneck. Addressing these challenges will
require collaboration between clinicians, regulators, payers, and industry to ensure safe, equitable, and sustainable Al
deployment.

Pathways to Widespread Adoption and Future Directions

The widespread adoption of artificial intelligence (AI) in endoscopic gastroenterology depends on coordinated progress
across several domains. Robust evidence from multicenter prospective validation studies is essential to confirm the
safety, effectiveness, and generalizability across different patient populations, varying levels of endoscopist expertise,
and diverse practice environments.”'*”> Encouragingly, recent multicenter trials, such as those evaluating Al- assisted
capsule endoscopy and gastric neoplasm detection, have demonstrated significant diagnostic improvements and under-
scored the importance of validating Al in heterogeneous, real-world settings.”"”* Long-term follow-up may be important
to establish whether these benefits are sustained over time and to mitigate risks, such as overdiagnosis.”* Shared open-
access datasets are another cornerstone of this progress.

Initiatives such as GastroHUN, GastroEndoNet, and Polyp-Size provide rigorously curated and annotated repositories
that promote reproducibility, enable fair comparisons, and accelerate innovation.”>’” By standardizing formats and
ensuring transparency in curation, such collaborative databases can play a pivotal role in Al from a promising research
tool into a reliable partner in daily clinical practice.”>’®

Regulatory harmonization is equally important. Clear and consistent approval pathways, effective post-marketing
surveillance, and transparency in algorithm updates are necessary to build trust and ensure safe usage. Regulatory bodies,
including the FDA, European regulators under the EU Al Act, and international harmonization groups, should prioritize
frameworks for adaptive Al algorithms, such as predetermined change-control plans that allow safeguarding patient
safety.°® Similar to pharmacovigilance in drug safety, post-market surveillance for AI must be strengthened to track its
performance in real-world practice and to quickly identify emerging issues.”® Transparent policies on data ownership,
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privacy, and cross-border data sharing, such as those embedded in the EU Al Act, further support clinician and patient
confidence.”® Similarly, harmonized liability frameworks must clearly define the responsibilities of developers, clinicians,
and institutions to minimize legal uncertainty and foster responsible adoption.

At the practical level, implementation science and structured change management are critical for ensuring successful
integration of Al in healthcare. Pilot programs can demonstrate early success and help build trust among clinicians. These
should be coupled with robust user training, including structured onboarding and real-time support, to ease workflow
transitions.*>®! Early adopters of Al in endoscopy have benefited from structured onboarding and seamless integration
with existing systems and approaches that improve usability and acceptance.®® Continuous feedback loops, in which
clinicians actively evaluate and refine Al performance, are necessary to ensure that the systems remain responsive to
clinical needs.®*** Interdisciplinary collaboration is central; clinicians, data scientists, regulators, and industry leaders
must work together through cross-disciplinary groups and professional societies to set best practice standards, create
governance frameworks, and establish clear decision-making pathways.®*

Finally, future research must extend beyond the technical performance. Economic evaluations are essential for
determining whether Al tools deliver meaningful value, especially in resource- limited settings. Evidence suggests that
CADe-assisted colonoscopy is cost-effective and improves outcomes while lowering overall costs.®> Al-based CADx
tools also appear promising, with incremental cost-effectiveness ratios (ICERs) of approximately USD11, 093per QALY
gained.®® Microsimulation models further suggest that Al-assisted screening colonoscopy could reduce colorectal cancer
incidence and mortality while generating substantial healthcare savings, estimated at USD 290 million annually in the
US® Patient-centered outcomes are equally important: understanding trust in AI diagnoses, multicentre trials, inclusion
of diverse populations, and real-world validation are essential to ensure generalisable and unbiased Al systems.®’
However, without deliberate attention to equity and algorithmic fairness, Al risks reinforcing existing healthcare
disparities, particularly if minority populations are underrepresented in training datasets.

The principal technical, regulatory, ethical, and organizational limitations impeding broad clinical deployment are
summarized in Table 2. Commercially available Al platforms and their clinical evidence are summarized in Table 3.
A practical framework outlining the technical, regulatory, and organizational requirements for safe clinical integration is
presented in Table 4.

A conceptual roadmap for stepwise clinical implementation is illustrated in Figure 1.

Table 2 Challenges and Barriers to Widespread Al Adoption in Endoscopic Gastroenterology

Category Specific Barriers Implications Potential Solutions/Strategies
Technical®*¢>75~77 Limited annotated datasets, poor Restricted model Shared datasets, standardized labeling
interoperability generalizability
ReguIatory("""&mJ9 No harmonized framework for Slows approval and Post market surveillance, Transparent policy
adaptive algorithms updates
LegaI/Ethical“_ég'79 Liability, privacy, bias Clinician hesitancy, GDPR compliance, clear accountability
mistrust
Educational”'8%-83 Lack of training Misuse or overreliance | Training, workflow integration, real-time feedback,
implementation challenges
Organizational” ' 883 Cost, infrastructure gaps Unequal access, alarm | Training, workflow integration, real-time feedback,
fatigue implementation challenges
Equity® Underrepresented data Healthcare disparities Multicentre, Diverse data, Real-world validation

Abbreviation: GDPR, General Data Protection Regulation.
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Table 3 Major Al Systems in Gastrointestinal Endoscopy

System/Platform

Domain

Primary Function

Regulatory Status/Evidence

Key Clinical Impact

GI Genius
(Medtronic)' 452124

Colonoscopy

Real-time Computer-Aided
Detection (CADe) for
polyp detection

FDA De Novo approval; multiple randomized
controlled trials (RCTs) and real-world studies

Adenoma Detection
Rate (ADR)
improvement (15-20%)

ENDOANGEL* Colonoscopy | CADe and quality Randomized trials Improved ADR and
monitoring procedural quality
WISENSE* Upper Gl Blind-spot monitoring Multicenter randomized controlled trial (RCT) | Reduced blind spot

rate; improved

examination quality

CAD- EYE27,4244

Colonoscopy

Computer-Aided Diagnosis

Prospective validation; European Society of

Supports resect-and-

(CADx) optical diagnosis Gastrointestinal Endoscopy (ESGE) PIVI discard
achieved in selected studies

EndoScreener®? Colonoscopy | Real-time CADe Randomized trials Significant ADR
improvement

Skout®? Colonoscopy | CADe Multicenter evaluation Modest ADR
improvement

Al Capsule Small bowel | Automated lesion Prospective multicenter validation Reduced reading time

Systems‘“‘7I detection with high sensitivity

Notes: ENDOANGEL: A computer-aided detection (CADe) system for colonoscopy and upper gastrointestinal (Gl) procedures, designed for CADe and quality
monitoring. WISENSE: An Al system for blind-spot monitoring in upper Gl procedures, improving examination completeness. CAD-EYE: A computer-aided diagnosis
(CAD) system used for optical diagnosis in colonoscopy, supporting resect-and-discard decisions.

Abbreviations: CADe, Computer-Aided Detection; ADR, Adenoma Detection Rate; RCT, Randomized Controlled Trial; CADx, Computer-Aided Diagnosis; ESGE,
European Society of Gastrointestinal Endoscopy; PIVI, Performance of Innovative Visualizations; Gl, Gastrointestinal; FDA, Food and drug administration; %, Percentage.

Table 4 Implementation Framework for Clinical Integration of Al

Domain Key Requirements Clinical Importance

Data quality,"s’”'_77 Large multicenter annotated datasets Improves generalizability
Clinical validation®®7'~74 Prospective real-world trials Ensures routine effectiveness
Workflow integration47'5°'8°'8' Integration with endoscopy systems and EMR | Reduces workflow disruption
Training”'#%82 Structured onboarding Improves clinician confidence
Human factors®®®' Optimize alerts Reduces alarm fatigue
Regulation®¢—6%8!82 Post-market monitoring Ensures safety

Ethics®®¢7¢? Privacy and accountability Builds trust
Infrastructure®*¢>85:86 Computing and cost planning Supports adoption

Equity®” Representative datasets Prevents disparities
Implementation science®*%* Pilot deployment Improves adoption

Abbreviation: EMR, Electronic Medical Record.

This Review Provides Unique Value by
Synthesizing evidence across all domains of Al in gastroenterology, including CADe, CADx, capsule endoscopy, and
upper GI neoplasia into a unified perspective.
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Data Quality & Diversity

.‘_

Clinical Validation

.‘_

Regulatory & Ethical Approval

.‘_

Workflow Integration

.‘_

Training & Competency

—

Continuous Quality Monitoring

Figure | A conceptual roadmap for stepwise clinical implementation of Al.

Linking diagnostic improvements to operational efficiency and population-level outcomes places Al’s clinical impact
of Al in the broader healthcare context.

A balanced assessment was provided by contrasting trial efficacy with real-world challenges such as alarm fatigue,
medicolegal uncertainty, and integration barriers.

An implementation roadmap that highlights regulatory harmonization, ethical safeguards, clinician training, and
equitable access is outlined.

Establishing research priorities for the future, including patient-reported outcomes, cost-effectiveness, and health
equity, will enable its meaningful worldwide adoption.

Technically, Al is not only a technical augmentation but also an impetus for updating endoscopy quality standards. At
the clinical, technical, and policy levels, collaborative Al action can facilitate accelerated early detection of gastro-
intestinal cancer, eradicate diagnostic care inequalities, and dramatically control cancer morbidity and mortality
worldwide.
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Novelty

Unlike prior reviews that primarily focus on technical performance, our manuscript integrates evidence from RCTs,
meta-analyses, and real-world data to provide a comprehensive roadmap for clinical adoption. We uniquely contrast trial
efficacy with real-world challenges such as alarm fatigue, regulatory hurdles, and workflow integration barriers, and we
link ADR gains to population-level outcomes and cost-effectiveness data. This holistic perspective provides clinicians,
researchers, and policymakers with actionable insights to guide sustainable implementation of Al in gastroenterology.

Conclusion

Artificial intelligence is rapidly transforming gastrointestinal endoscopy from an operator-dependent practice to a data-
driven precision discipline. Evidence from randomized and real-world studies demonstrates meaningful improvements in
adenoma detection, diagnostic accuracy, and consistency across the GI tract. This review highlights the transition of Al
from experimental models to clinically validated and regulatory-approved systems, while outlining the practical require-
ments for safe implementation, including multicenter validation, diverse datasets, workflow integration, clinician train-
ing, and continuous performance monitoring. Despite these advances, challenges related to generalizability, algorithm
bias, medico-legal accountability, ethical governance, and resource disparities must be addressed to ensure responsible
adoption. With structured validation and implementation frameworks, Al is poised to evolve from a supportive tool to an
integral component of precision endoscopy, improving quality, efficiency, and equity in gastrointestinal care.
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