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Introduction

Ulcerative Colitis (UC), one of the two main inflammatory bowel diseases (IBD), is characterized by a profound inflammatory response of the gastrointestinal tract with a relapse and remitting pattern. This disease encompasses a spectrum of presentations stretching throughout the colon going from proctitis to acute severe pancolitis affecting the entire colonic mucosa. Symptoms of bloody diarrhoea and urgency are common, however they do not always correlate well with the endoscopic or histological state of disease activity (1). Diagnosis of UC is based on a combination of clinical symptoms, endoscopic findings and histological features (2,3). Despite the multiple available pharmacological options, there is currently no cure for UC . However, treatment options are rapidly expanding, and new insights with combining advanced therapies are foreseen in the near future (4). A treat to target but also potential exit strategy for patients in deep remission are new treatment paradigms that have become feasible and more popular during the last decade.(5) Hence, prognostication is primordial and achieving clinical remission and endoscopic healing the main goal. Estimation of endoscopic healing however remains hard due to large inter-observer variability based on the subjective interpretation of endoscopic images and application of several endoscopic scoring systems.
Artificial intelligence (AI) might overcome the hurdles of inter-observer variability, repetitive need for biopsies, dysplasia detection and estimation of disease activity.  In the last decade multiple AI systems have been developed, what may have led more to a scattered landscape of different tools than providing a ready-to-use solution. With this review we aim to provide a clear and critical overview of the recent evolutions in the field of AI and UC to help physicians see the forest through the trees.

Materials and Methods

For this literature review the authors performed a search from the 10th of August to the 10th of September 2022 on Pubmed, Embase and Cochrane Library using the following MESH terms: artificial intelligence, ulcerative colitis, dysplasia, radiology, ultrasound, endoscopic scoring system, histological scoring system, surveillance. We only selected peer-reviewed manuscripts, written and published in the English language from 2000 to date. Systematic reviews and meta-analyses had to comply with the same inclusion criteria. The authors did not perform a systematic review nor meta-analysis since the intent of this paper was intended as a narrative literature review.

Main text

1. Diagnosis and endoscopic assessment of disease activity

	Since UC is an inflammatory condition affecting predominantly the colonic mucosa, endoscopic assessment is the cornerstone in evaluating UC disease activity. The disease activity can range from mild microscopic changes without clinical symptoms to severe macroscopic visible lesions with erythema, erosions, spontaneous bleeding and deep ulcers. These relatively “simple” endoscopic features are therefore the basis of multiple validated endoscopic scoring systems like the Mayo Endoscopic Score (MES) and Ulcerative Colitis Endoscopic Index of Severity (UCEIS).(6,7) However, the established scoring systems are not only limited by inter- and intra-observer variability - even in expert setting -, but also by its limited quantitative nature.(8) AI and more specifically convolutional neural networks have shown to be promising alternatives for an automated, more consistent and objective assessment of endoscopic disease activity. Several proof-of-concept studies for AI in UC have demonstrated to meet expert levels of assessment on still endoscopic images (Table 1). In 2019, a computer-aided diagnosis (CADx) model trained on images of 841 patients was able to distinguish between endoscopic remission (MES 0-1) and active disease (MES 2-3) with an excellent area under the curve (AUC) of 0.98.(9). An American group was able to retrospectively reproduce the same results (AUC 0.97) with their neural network for MES classification (MES 0-1 vs 2-3), using >16,000 images of approximately 3,000 patients.(10) In addition, the agreement of the MES grade by the CNN was indifferent from the agreement between paired expert reviewers (﻿﻿k = 0.84 vs k = 0.86), suggesting that the automated system’s performance reaches expert levels in terms of classifying remission versus non-remission on still images. Nevertheless, still image analysis is insufficient to provide a genuine impression of disease severity during endoscopic procedures. With the evolution of computing power and processing, real-time analysis has become available, but faces some new confounding problems like bowel preparation, bowel and patient movements, biopsy-related mucosal injury that must be discarded for analysis. Gottlieb et al. used the full-length endoscopic video data from the mirikizumab phase 2 trial with excellent agreement when compared to central readers’ MES and UCEIS scores (k = 0.84 and k = 0.86, respectively).(11) More recently, high-definition (HD) full-length videos of a multicenter trial were used to train and validate a CNN predicting MES with an agreement of 0.64 on low-resolution videos, 0.78 on high-resolution videos and 0.82 when compared to central readers.(12) 
	The goal of endoscopic remission tends soon to be replaced by the more profound concept of mucosal healing defined as the combination of both endoscopic and histological remission. Artificial intelligence has proven to raise endoscopic assessment of UC severity to an expert level, so why not aim for improvement of histological assessment too? Histological activity is a known predictor of clinical outcomes in UC.(13–15) AI may recognize certain endoscopic features correlating with histology without need for a biopsy. Takenaka et al. used a CNN trained on 40,758 colonoscopy images and 6885 corresponding histological assessments to predict histological remission, defined as Geboes score <3, resulting in a diagnostic accuracy of 93%.(16) In the same group’s prospective follow-up study, the CNN prediction of both endoscopic and histological remission was associated with a significantly better clinical outcome (i.e. reduction in hospitalization, colectomy, steroid-use and disease relapse) (p<0.001).(17) These results not only show AI can improve endoscopic scoring but more importantly may improve important patient outcome parameters.

2. Histological assessment

According to current recommendations, endoscopic remission is the current goal of UC medical therapy.(18) However, raising the bar further is being questioned, as histologic remission is a better long-term prognostic predictor.(19,20) However, histologic endpoints requires the need for biopsy sampling, time for histologic examination and associated costs. Therefore, novel and advanced endoscopic imaging techniques have been reported to predict histology without the need for biopsies, though so far only in expert hands.(21) Artificial intelligence could thus serve as an ideal, objective and independent tool for real-time assessment of histology and ultimately prediction of disease course. 
As mucosal healing also relies on histology, endocytoscopy has been proposed as novel helpful endoscopic technology. This emerging imaging technique consists of an endoscope coupled to a 520-fold ultramagnifying microscope, allowing a real-time histologic assessment of the colonic mucosa.(22) Therefore, Maeda et al. developed an automated software for the real-time interpretation of endocytoscopic histologic activity in UC.(22) Compared to pathologist interpretation, the algorithm demonstrated a sensitivity, specificity and diagnostic accuracy of 74%, 97% and 91%, respectively. With AI providing the clinician an objective and reliable interpretation of the endoscopic image, it is likely to alter our current decision making in terms of disease activity. In a consecutive open-label prospective cohort study comprising patients with UC in clinical remission (n=135) patients were primarily classified in a “healing group” and “active group” based on AI output, with clinical relapse within a 12-month follow-up period as the primary endpoint.(23) During AI-assisted colonoscopy, 61 patients were real-time classified as “healing” and 74 as “active”. Relapse was significantly higher in the AI-active group as compared to the AI-healing group (28.4% vs 4.9%, p<0.001). 
The authors’ group was involved in the development of an automated calculation tool based on the red density technology, quantifying the image red pixel metrics and vascularity, as a surrogate for inflammation during endoscopy.(24) The provided post-hoc red density score has been demonstrated to correlate well to MES (r = 0.76, p<0.001) and UCEIS (r = 0.74, p<0.001) and Robarts Histological Index (r = 0.74, p<0.001). The red density score provides a more dynamic assessment, free of inter-observer variability, offering a better discrimination between different grades of histological inflammation than conventional endoscopy and histopathology alone. 
A novel single wavelength (SW) endoscopy technology for the automated prediction of histological disease activity (remission vs non-remission) has currently been validated. Two AI systems have been trained, one based on WL images and one trained on SW images collected in 42 patients and resulting in 6924 sets of corresponding WL and SW frames taken at the same location. Histological remission status (remission: Geboes histological Index <2B.0) obtained from the biopsy taken at the location of imaging was annotated in the corresponding frames. The AI-SW model detected histological remission with a high performance compared to the AI-WL model (mean sensitivity of 0.91 vs 0.81, a mean specificity of 0.84 vs 0.76, and a mean positive predictive value of 0.87 vs 0.80, for AI-SW and AI-WL respectively). Diagnostic accuracy was 0.88 and 0.79 with AI-SW and AI-WL, respectively (data to be published as abstract in UEGJ). 
A correct histological assessment requires an accurate knowledge of the classic morphological features and changes in the colonic (sub)mucosal tissues, which is subjective to inter-observer variability between different histopathology experts. Similarly, many grading systems exist (e.g., Robart’s histological index (RHI), Nancy Histological Index (NHI), and Geboes score (GS)), making the assessment time-consuming and requiring dedicated training. Whole slide imaging (WSI) is a technology whose usage has been growing significantly and has been proven resourceful to lay the foundation for developing computer-aided diagnosis (CADx) systems to evaluate UC biopsies and predict patient’s prognosis accurately and reliably. [1]
	In 2021, the Paddington International Virtual ChromoendoScopy ScOre (PICaSSO) was prospectively investigated.(25) In a total of 307 patients, there was strong correlation between PICaSSO and histology scores, significantly superior to correlation coefficients of MES and UCEIS with histology scores. A PICaSSO score of ≤3 detected histologic remission by RHI with an AUC of 0.90 (95%CI 0.86–0.94) and by NHI of 0.82 (95% CI 0.77–0.87). Subsequently, the PICaSSO Histological Remission Index (PHRI) was created.(26) The dichotomous approach (presence or absence of neutrophils) made an automated system application possible. Very recently the same group trained an AI system to distinguish histological remission from disease activity with a sensitivity and specificity of 89% and 85% according to PHRI, 94% and 76% according to RHI, and 89% and 79% according to NHI.(26) Vande Casteele et al. focused on training a deep learning algorithm that detects eosinophils in biopsies from the sigmoid colon in patients with UC and correlating the eosinophilic density with histological disease activity and clinical features.(27) The algorithm demonstrated a close correlation between the manual count by four pathologists, with a correlation coefficient of 0,805 to 0,917, though with no association between eosinophil density and RHI (p = 0.5).
	Furthermore, recent research investigated a CNN for the prediction of clinical outcome based on non-invasive biomarkers like CRP, platelet count, etc showing promising results. However, the current data are limited by its retrospective nature, sample size, single-center validation cohorts and imbalanced data, so more research is to be awaited.(28,29)
All the above-mentioned examples highlight perfectly what AI can achieve in the near future. It will very likely transform the current way of decision making and IBD management, since it can support physicians with the sometimes-difficult interpretations of subtle endoscopic abnormalities. AI renders scoring in UC more practical and feasible, without high inter- and intra-rater variability.

3. Prediction of therapeutic and clinical outcomes

AI has recently been applied for prediction of therapeutic response to a variety of IBD medications.  Some of the earliest AI applications served for longitudinal therapeutic drug monitoring of thiopurines, outperforming conventional 6-thioguanine nucleotide metabolite testing in terms of predicting clinical (AUC 0.86 vs 0.59) and biologic response (AUC 0.79 vs 0.49).(30,31) Similarly, AI has been applied for the prediction of response to biologic therapies. Waljee et al. used the data from the GEMINI 1 and 2 UC trials with vedolizumab to assess the performances of a machine learning tool trained to predict clinical remission at week 52, based on patient demographics, laboratory result and vedolizumab serum drug levels.(32) The system reached a sensitivity of 76% and specificity of 71%. Moreover, the vedolizumab-response prediction model correctly predicted medication failure in 95.3% of the patients, using data from week 6 and in 88.0% of the patients, using baseline data only. Based on the VARSITY and VISIBLE I data in patients with moderate to severe UC, a supervised machine learning model with a 2-staged training for the prediction of clinical remission at week 52 showed an AUC of 0.81.(33)
Acute severe ulcerative colitis (ASUC) is a potential life-threatening condition managed often by administration of intravenous corticosteroids and/or rescue cyclosporine A (CsA) or infliximab (IFX), or colectomy. There are currently no biomarkers available to identify patients most likely to respond to medical therapy. Morilla et al. developed a CNN retrospectively identifying 9 micro-RNAs (miRNA) and 5 routinely measured clinical factors (hemoglobin, hematocrit, albumin, C-reactive protein and transferrin levels) associated with patients’ response to therapy.(34) This group applied several classification methods to develop a miRNA classifier for steroids, IFX and CsA responders versus non-responders and consecutively selected the DL-CNN with the best performances for validation. The models achieved classification success rates of 97%, 90% and 83% between responders and non-responders. In the validation cohort 9 out of 15 miRNA, extracted from biopsies of 29 patients, were selected as candidate biomarkers. As to response to IFX and CsA, 3 out of these 9 miRNAs showed association, whereas only 2 out of those 3 were differentially expressed between responders and non-responders (miR3934 for steroids and miR938 for second line treatments). When applying the same DL-CNN model on 9 miRNA steroid response, 3 miRNA IFX response and 3 miRNA CsA response, the model resulted in a classifying success of 90%, 84% and 80% between responders and non-responders to steroids, IFX and CsA respectively. In a third phase, the DL-CNN model was validated combining 9 colonic miRNAs and 5 clinical values via cross-validation. The achieved cross-validation values for the steroid, IFX and CsA classification were 0.03, 0.05 and 0.08, respectively.
Further research is currently ongoing to develop and validate AI systems to support clinicians in their real-time decision making and predictions of clinical outcomes. The validation of the previously mentioned red density technology (clinicaltrials.gov identifier NCT04408703) for its predictive value and correlation with clinical biomarkers (C-reactive protein, albumin, platelet count and hemoglobin) is one example. A very recently initiated Danish trial to assess a multimodal machine learning model for the personalized prediction of disease course in UC (clinicaltrials.gov identifier NCT05479617), is another.

4. Dysplasia screening and assessment

The AI-based detection system, EndoBRAIN-EYE (Cybernet Systems, Tokyo, Japan) has recently been assessed for identification of dysplastic regions in the colon during UC surveillance colonoscopy.(35) Currently, no data is available for the use of the EndoBRAIN-EYE system for the detection of UC-related dysplasia. However, the system may have the potential to support a targeted biopsy strategy in non-expert hands. Even more stretched is the use of AI to predict p53 mutations in UC-associated cancer or dysplasia, as investigated by Noguchi et al.(36) Their DL-CNN, trained on 80% of 25 849 patches of whole-slide images (other 10% for validation and 10% for final testing) divided in p53 positive, p53 negative and p53 null slides. The system showed a sensitivity, specificity and precision for prediction of the p53 status (3 classes) of the glands of 82%, 89% and 77%, respectively. Therefore, it may be a reliable alternative for p53 immunohistochemistry staining that saves time and money.

5. Future directions and prospects

When looking at IBD as entity, AI is most likely to be introduced as a new tool to support and help radiologists and gastroenterologists in the interpretation of both intestinal ultrasound (IUS), computed tomographic enterography (CTE) and magnetic resonance enterography (MRE). While IUS is finding its way into diagnostic and monitoring strategies, validated and reproducible sonographic scores to measure disease activity are only slowly emerging and hence hamper AI-application at this stage.(3) In parallel, the use of CTE findings in the form of bowel wall thickness (BWT) and hyper enhancement have been investigated. In a cross-sectional study on 50 patients (27 with active disease and 23 patients in clinical remission) with UC, bowel thickening and hyper-enhancement were significantly higher in the active group as compared to the remission group.(37) Additionally, BWT and hyper-enhancement correlated well with conventional histological findings (e.g. presence of crypt infiltration, presence of crypt atrophy, crypt branching, etc).
 
	Another horizon to be explored in IBD management is the use of natural language processing (NLP). Decision making in IBD will always rely on clinical symptoms and signs, patient’s history and opinion that are not being captured by radiology or endoscopy imaging, histology or genomics. NLP is a domain of AI in its infancy, designed to comprehend human language and can be used to automate collection of nuanced clinical or personal data contained in a patient’s medical record. Recent developments in NLP are promising in supporting the idea of a future state where patient-phenotype, medication experience and clinical manifestations can be summarized in succinct tables. Preliminary use of NLP in IBD showed an increase of 12% in detection of IBD when compared to diagnostic ICD-9 coding only.(38) Further analysis of the clinical notes approximately doubled the detection of immunomodulator and biologic therapy use. Additionally, it increased the detection of fistulizing (12% vs 36%) and stricturing (25% vs 40%) disease phenotypes in CD. Hence, NLP may be able to detect important IBD features, complications, and symptoms that are not routinely captured by currently used administrative codes. In ﻿a pilot study, NLP was not only able to detect presence of common extra-intestinal manifestations in a database of 1800 clinical documents, but could also infer the degree of extra-intestinal manifestation activity with an sensitivity and specificity of 92.9% and 81.8%, respectively, compared to a gastroenterologist’s interpretation.(39) In patients with IBD-related arthralgia, NLP ﻿showed that there is no need for a difficult and laborious chart review and demonstrated that patients under vedolizumab therapy experienced arthralgia more commonly as compared to individuals under anti–tumor necrosis factor treatment (46.1% vs 28.5%; P < 0.002).(40) Hence, NLP may dramatically improve epidemiological studies and studies relying on detailed and accurate phenotyping. 
	In the near future, AI-assisted estimation and scoring of disease activity during endoscopy is expected in clinical trials and eventually in clinical practice. AI-assisted review of endoscopic video material either assisting expert reviewers or serving as an independent additional digital reviewer, would improve speed, efficiency, standardization and reproducibility of objective assessment of mucosal healing with a lowered cost (figure 1). Due to the first US Food and Drug Administration-approved endoscopic AI models for colorectal polyp detection, the path for AI-assisted endoscopic evaluation technologies has been forged. AI tools are likely to produce new metrics of disease activity, most probably outperforming current measures like MES or UCEIS for UC.(41) In parallel, AI-interpretation can be used to aid education of trainees and monitor endoscopy quality.

Conclusions
	Today’s UC management is evolving with AI impacting nearly every aspect of it – how we assess disease and symptoms, make therapeutic decisions, prognosticate disease course, monitoring treatment and even communicate with patients. However, some questions remain to be answered before AI will be integrated in routine clinical practice. The immediate influence of AI in UC management will center around the collection, extraction and organization of particular clinical information. Expect is the transformation towards a real-time standardized, reproducible, objective and high-reliable disease grading, especially in endoscopy, histology and eventually radiology applications for UC. 
	Although AI will alter endoscopy forever, several hurdles need to be tackled first. Questions like: Who will serve as ground truth reference for disease activity measures to train the AI systems? Who will help monitor quality of used data, and handle it appropriately in line with current GDPR legislation? How can we standardize used networks and their training? Since academics, nonprofits and commercial instances want to deploy AI-assisted colonoscopy, we must remain alert for possible bias. Moreover, AI tools will need to be comprehensible in their rationale for automated score predictions, as the black box phenomenon still hinders clinicians’ trust and thus implementation in daily clinic. 
	Concerning clinical decision making, AI is expected to embody next-level all-in-one prediction models incorporating automated extraction of endoscopic data, clinical data, histology, treatment and laboratory data together with transcriptional, proteomic and microbiome biomarkers.(42) However, the clinical utility is to be awaited, but gastroenterologists will need to increase their scrutiny of predictive model utility. Similarly, in the field of radiologic imaging, AI seems to be excellent in addressing certain questions and tasks but remains limited in experience and creativity to ask correct questions to provide correct interpretations. Hence, more work is required before automated UC imaging analysis is ready for clinical use. Continuous improvement in both advanced imaging (IUS, CTE and/or MRE) and AI data analysis software are certainly needed. First steps in guidance on the standardized development of AI models and their clinical utility have been taken with the Consolidated Standards of Reporting Trials – Artificial Intelligence (CONSORT-AI) position statement.(43) Regarding the high expectations of AI-assisted UC management, we need to ensure that AI-derived interpretations and suggestions are trustworthy.
	Does the physician become redundant? Will hand-written medical reporting be a relic of the 21th century? Will we have to surrender to AI for UC disease activity estimation? These questions are currently circulating amongst medical peers. The answers to these concerns will be more nuanced than simply “yes” or “no”. Future IBD management will more likely be supported by than taken over by AI. It is the hope that AI-applications will liberate IBD-specialists from time consuming administrative tasks, leaving more time for true patient management and critical thinking. Data analysis, education and quality monitoring will most likely become more standardized and reproducible. However, AI will be challenged with collection of patients’ emotional and psychosocial information which humans intuitively understand and use in their decision making. It will most probably take time for us to trust AI, as it remains inexperienced and only knows the information it was trained on. Insurance and regulatory agencies will have to adapt their policies. In the coming years, we will evolve to a human-machine symbiosis with high-quality clinical, image, physiological, genetic and molecular understanding of UC, opening the gate to the era of personalized medicine. This way clinicians will be able to easily examine trends in disease activity, drug level changes and symptoms on individual and population basis. AI-imaging could reach unbiased levels superior to expert impressions of disease activity, leading to improvement of overall patient care. 
	One could say we are at the beginning of a digital (r)evolution for UC care with AI as a valid ally that needs further molding under physicians’ supervision before implementation in daily clinical practice.

Expert Opinion

AI is a new kid on the block and still needs to be studied more to learn about its behavior. Nowadays medical research has a growing interest in the use of AI since it will most likely assist future patient management, not only in terms of IBD or UC, but in a much broader sense. In the field of UC, the main focus of AI-assistance is endoscopy since this is the field with the most clinical variance due to human interference. AI as an objective assessor of human’s endoscopic decision making is a logical step. However, we believe that the true value of AI for UC management lies in the application of AI for an objective, and more importantly, qualitative holistic patient approach. Therefore, we did open the horizon within this manuscript and included research in the field of imaging and medical therapy. As endoscopy is the big brother of the family in UC management, we are convinced that siblings like therapeutic monitoring, prognostication and radiological imaging are equally important in this holistic approach and are also suffering from human limitation. Current UC management lacks objective (biological) markers or trends that correlate for the patient’s long-term prognostication. Maybe AI can help us discover trends in already used combinations of biomarkers we currently use. In our opinion, the way forward are automated models for long-term disease course prediction based on the combination of therapeutic drug levels with automated endoscopic and radiologic imaging assessment and scoring. In other words, AI-assistance in one field, for instance endoscopy, is good, but an all-integrated model providing information on the complete well-being of the patient with UC and its future risks is even better. 
However, we may not forget that although these all-in one models may sound utopic, they are already technically possible, since computational power has increased to unseen limits. However, the data used to train such AI models needs to be well-controlled. Development takes time and cannot suffer from time limitations. Therefore, physicians should always remain aware and concerned about the standalone performances, the developmental techniques and used datasets of new AI model. Another concern about the implementation of AI in UC, and in medicine in general, is the fact that quality improvement may not lead to exclusion of medical health care workers. We may not fall into the trap of excluding experienced clinicians only because they do not use AI. We believe, since AI usually does not outperform experienced endoscopists, its implementation may not lead to an overqualification of those physicians using AI and underestimating the ones not using AI. 
We therefore encourage the scientific world focusing on AI to investigate not only the impact on the patient but also on the medical society. However, it all begins with proper development of AI systems, following predefined guidelines as recently suggested by the CONSORT-AI position statement, for instance. Growth is to be expected in AI models for IUS, therapeutic drug monitoring and report analysis, as the most recent research suggests. Since AI-assistance can already at this point significantly reduce hard endpoints like mortality, colectomy and hospital admission for patients with UC, its implementation in clinical practice will become inevitable. However, in our opinion, AI may only be implemented for clinical use when it is reproducible, responsible, explainable, affordable and of the highest possible quality, especially in patients with UC who are most likely to be young and dynamic patients in need of state-of-the-art patient care.
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Figure 1: Potential impact of AI on future ulcerative colitis management: AI serving in parallel with different medical health care providers.
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