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Abstract
Artificial intelligence (AI) is a branch of computer science that develops intelligent machines. In recent years, medicine has been contemplated with this recent modality to aid in the diagnosis of diseases in several specialties, including gastroenterology and gastrointestinal endoscopy. This new technology has superior ability to perform tasks mimicking human behavior and can identify possible pathological alterations, such as pre-malignant lesions and dysplasia, precursor lesions of colorectal cancer (CRC), and support medical decision-making. CRC is among the three most prevalent cancer types, and the second most common cause of cancer-related deaths worldwide; in addition, it is a leading cause of death in patients with inflammatory bowel disease (IBD). Patients with IBD tend to have greater inflammatory cell activity in the intestinal mucosa, which can favor cell proliferation and CRC development. AI can contribute to the detection of pre-neoplastic lesions in patients at risk of CRC development, such as those with extensive IBD or when additional CRC risk factors, such as smoking, are present. In fact, AI systems could improve all aspects of care related to both the detection of pre-malignant and malignant lesions and the screening of patients with IBD. In this review, we aimed to show the benefits and innovations of AI in the screening of CRC in patients with IBD. The promising applications of AI have the potential to revolutionize clinical practice and gastrointestinal endoscopy, especially in at-risk patients, such as those with IBD.
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Core Tip: Artificial intelligence (AI) is a promising technology in various areas of medicine. Recently, AI-assisted endoscopy has emerged with rapid dissemination and has favored the identification of complications in patients with inflammatory bowel disease (IBD), such as colorectal cancer (CRC). In this review, we discuss the benefits and innovations of AI for CRC screening in patients with IBD. The promising applications of AI have the potential to revolutionize clinical practice and gastrointestinal endoscopy.

INTRODUCTION
[bookmark: _Hlk95297860]Artificial intelligence (AI) is a branch of computer science that seeks to develop programmed machines to perform tasks that mimic rational human behavior through algorithms. AI can help in the prevention, diagnosis, and treatment of many diseases[1] and can be applied to diverse medical specialties, such as radiology, pathology, ophthalmology, dermatology, gastroenterology and gastrointestinal endoscopy[2].
Inflammatory bowel disease (IBD) is an immune-mediated condition encompassing Crohn's disease, ulcerative colitis, and indeterminate colitis and can lead to the development of complications compromising the patients’ quality of life[3]. Colorectal cancer (CRC) is one of the leading causes of death in patients with IBD, with a mortality rate of 10%-15%[4]. Patients with IBD tend to have greater action of inflammatory cells in the intestinal mucosa, favoring cell proliferation and CRC development[5]. In this scenario, AI can contribute to the detection of pre-neoplastic lesions in patients at risk of CRC development, such as those with extensive disease and in the presence of other CRC risk factors, such as smoking. Given the growing importance and application of AI in gastroenterology and gastrointestinal endoscopy, the aim of the present study was to review the role of AI in IBD, particularly in CRC screening in these patients.
An electronic search of the literature was performed using MEDLINE (PubMed) from 2010 to December 2021. Only articles published in English language were included. Keywords used in the search were artificial intelligence, inflammatory bowel disease, ulcerative colitis, Crohn's disease, colorectal cancer. 

[bookmark: _Hlk95308607]AI AND MACHINE LEARNING
AI is the ability that allows machines to imitate intelligent human behavior[6]. “Machine learning” is an aspect of AI in which computer algorithms apply statistical learning models based on data imputation[7]. For example, supervised classification algorithms can recognize the presence or absence of polyps during colonoscopy. The concept of “deep learning” has recently emerged in machine learning, in which a deep neural network is used, inspired by the brain of mammals, presenting several layers of interconnected artificial neurons[8]. First-layer neurons transmit data and reference values to the next neuron layer, forming a complex algorithmic network. This process can mimic, for example, the visual cortex receiving pre-synaptic signals from the retina, and the mapping of parts of an image and extraction of their characteristics, which allows for real-time classification of images, along with detection and characterization of lesions in endoscopic procedures. Studies have already shown the benefits of this technology in colonoscopy, such as reducing the time to remove the device, improving the ability to predict histological diagnosis during the examination, and reducing the time needed to establish the diagnosis of the lesion[9]. A brief schematic describing AI, machine learning, and deep learning is shown in Figure 1.

AI IN GASTROINTESTINAL ENDOSCOPY
In the field of gastrointestinal endoscopy, AI technology contributes to the diagnosis and treatment of different types of intestinal lesions, from benign polyps to CRC[10]. One of the features of AI in endoscopic examinations is the identification and characterization of gastrointestinal polyps, which can detect and grade dysplasia. Currently, computer-aided diagnosis (CADe) technology is available in some endoscopy centers and has been gaining popularity in the scientific community. The CADe system assesses four pillars of quality in endoscopic examinations: Visible surface area on the monitor, colon distension (allowing greater surface visibility), conditions of preparation, and clarity of the current vision. Through this assessment, it generates scores that can be compared with those of specialist endoscopists[11].
Using the CADe system, it is possible to identify and automatically distinguish benign and malignant polyps that are transmitted on the monitor, which can be visually underestimated by the endoscopist, resulting in a higher rate of detection and characterization of the adenoma in question. Another advantage of in AI examinations is the reduction of unnecessary polypectomies of non-neoplastic polyps[11]. This is possible through the so-called optical biopsy, which allows the visualization and histological verification of the polyp in real time, preventing biopsies of low-risk hyperplastic lesions and reducing costs with histological examinations and complications related to the procedure. However, despite the existence of this new approach, some health professionals and patients have been against not forwarding the material for histological analysis[12].
Currently, it is known that several AI algorithms have been developed to work in real time during colonoscopy, alerting the endoscopist about the presence of polyps through the emission of sound or visual signals. Karnes et al[13] developed an adenoma detection model using images from 8641 colonoscopies. To improve the efficiency of image classification, convolutional neural networks have been developed (deep learning). Its accuracy has reached 96.4% at a maximum rate of 170 images per second. Through AI, the endoscopist aids in the detection of polyps, serving as a second pair of eyes, more sophisticated, and with greater sensitivity through the use of high-precision machines[14]. Repici et al[15] performed a multicenter randomized trial using the CADe system. In this study, the adenoma detection rate in the CADe group was higher than that in the control group (54.8% vs 40.4%; P < 0.001). 
[bookmark: _Hlk90587529]Ishiyama et al[16] comments on the challenges encountered when using CADe. This method is known to be more effective in detecting lesions in the right colon because the distal part of the colon, especially the sigmoid colon, may have some blind spots, reducing the efficiency of the CADe system. The sigmoid colon is not fixed; instead, it presents sharp angulation points, such as the sigmoid-descending junction, which result in blind spots that increase the risk of missing lesions, especially small polyps. On the other hand, the transverse and descending colon have more superficial folds, allowing lesions to be more easily detected. To improve the effectiveness of CADe, techniques such as cap-assisted colonoscopy and ultra-wide vision colonoscopy are needed to enhance the visualization of the aforementioned mucosal areas.
Another study evaluated the use of a commercially available AI system (GI-Genius; Medtronic)[17]. High-definition white light colonoscopies of 840 patients were analyzed and 2684 histologically proven polyps were detected. In total, 1.5 million video images of the polyps were manually recorded from different angles, and the ability of the AI to virtually identify these lesions was assessed. In most cases, the AI reaction time in polyp detection was faster than that of the endoscopists, anticipating the diagnosis of the lesion[17].
AI can also be applied in the exams of video capsule endoscopy to facilitate visualization of lesions, reducing not only examination time but also labor and allowing for a thorough review of these images, improving the detection of neoplastic lesions and reducing human error[7].
The advantages of using AI compared to traditional endoscopy are mainly related to the reduction of costs and risks inherent to the endoscopic procedure, such as unnecessary polypectomies and histological analyses of lesions that lack potential for malignancy, in addition to shorter examination times. Furthermore, several studies have already demonstrated the benefits of using AI in all fields of digestive endoscopy. In the esophagus, AI can be applied in the diagnosis of Barrett's esophagus and in the diagnosis, prognosis, and evaluation of response to treatment of esophageal tumors[18]. In the stomach, AI can help in the detection of gastric cancer, as well as in the prognosis of patients undergoing chemotherapy[18]. In the lower gastrointestinal tract, its main indication has been in the detection of pre-neoplastic lesions and, more recently, in IBD[18].

AI IN PATIENTS WITH IBD 
The application of AI has been gaining strong influence in the field of IBD in recent years. Indeed, AI has been used to assess the genomic environment, build predictive models for the risk of developing IBD, and increase the accuracy of disease diagnosis[19]. Also, with this new technology it is possible to analyze endoscopic images and identify patterns of disease severity, allowing a better classification compared to disease severity assessed purely by endoscopy[19].
Maeda et al[20] reported a patient with IBD who benefited from the use of high-definition endoscopy devices with AI. Two dysplastic lesions were demarcated in the sigmoid colon, and further histological analysis confirmed the presence of atypical tubular glands with low-grade dysplasia[20].
[bookmark: _Hlk90966259]Endocytoscopy is a new high-magnification endoscopic method designed for improved vivo assessment of lesions found in the gastrointestinal tract[21]. Maeda et al[20] applied endocytoscopy to analyze histological inflammation in patients with ulcerative colitis. With this tool, an AI model was developed to recognize persistent histological inflammation with a specificity of 97% and sensitivity of 74%[20]. Mossotto et al[22] presented a model that used histological and endoscopic data to differentiate pediatric IBD between ulcerative colitis and Crohn's disease. The accuracy of this method was 82.7%, and the presence of ileal disease was the most important factor in the classification of the disease[22].
In the future, the application of AI could revolutionize the entire management of patients with IBD, from predicting the risk of developing the disease to choosing the best therapeutic strategy for each patient. AI can help to create prediction models of disease development risk, based on data such as the presence of genetic and environmental risk factors, as well as characteristics of the intestinal microbiota and the immune response of each individual. Regarding the diagnosis of IBD, AI can assist with algorithms based on the presence of genetic mutations, presence of signs and symptoms, results of biochemical and serological exams, fecal biomarkers, endoscopic and histological characteristics, and presence of changes in radiological exams, in addition to facilitating the differentiation between ulcerative colitis and Crohn's disease. With regard to treatment, the application of AI can help in choosing the best therapeutic strategy for each disease phenotype. In addition, it can help in deciding the most suitable drug for each patient based on the severity and extent of their disease, presence of disease complications, presence of poor prognosis risk factors, and taking into consideration the drugs’ mechanism of action together with the inflammatory and genetic profile of each patient. 

Application of AI in CRC screening in patients with IBD
Colorectal cancer (CRC) stands out for being among the three most prevalent cancers and the second most common cause of cancer deaths worldwide[23]. Examinations such as colonoscopy are able to detect and remove pre-neoplastic lesions and, thus, prevent the development of CRC in some patients[9]. Detection of adenomas during colonoscopy is dependent on the examining endoscopist, with studies reporting a variation of 7%-53% among different physicians[9]. The marked difference in this rate has been attributed to the endoscopist's previous experience, the resection technique used and the adequate surveillance of suspicious lesions [24]. Failure to detect neoplastic lesions can be associated with the development of CRC in the interval between two colonoscopies[9]. AI has emerged in the field of gastrointestinal endoscopy to increase the detection rates of pre-neoplastic lesions.
In sporadic CRC, tumor progression begins with the mutation of antigen-presenting cells (APC) and the accumulation of β-catenin to induce hyperplastic epithelium, followed by K-ras mutation and adenoma formation, and finally culminating in CRC with the p53 gene mutation[25]. The pathogenesis of CRC in IBD has not been fully elucidated, but intestinal inflammation associated with the presence of cytokines and free radicals is believed to be a conducive environment for the development of low- and high-grade dysplasia and, consequently, cancer[25]. Despite having genetic alterations similar to sporadic CRC, neoplastic lesions seem to occur in a shorter time in patients with IBD and in a different sequence, with p53 mutated early and APC and GSK3β mutations occurring later[26].
CRC in patients with IBD is preceded by unequivocal neoplastic epithelial changes, which are considered dysplasia[27]. Studies have shown an increased risk of dysplasia and CRC of up to 19 times more than that in the population without IBD[1] Riddell et al[28] developed a dysplasia classification system including low-grade dysplasia, and high-grade dysplasia. When the distinction between dysplastic and non-dysplastic atypia or associated inflammatory changes is not made by the pathologist, the sample will be classified as undefined for dysplasia[27]. The primary objective of endoscopic surveillance is the early discovery of dysplasia.
According to the ECCO-ESGAR guidelines (2019)[29], ileocolonoscopic examination for CRC screening should be performed 8 years after the onset of symptoms in patients with IBD. Thus, it is possible to reassess the extent of the disease and exclude possible dysplasia. It should also be routinely performed in patients with perianal Crohn's disease to assess the extent of disease, i.e., severity of luminal inflammation, and to exclude complications such as strictures and cancer[29]. Regarding endoscopic surveillance, high-risk patients (presence of intestinal stenosis or presence of dysplasia detected within the last 5 years, concomitant primary sclerosing cholangitis, and extensive colitis with severe active inflammation) should undergo annual colonoscopy surveillance[29].
Patients with intermediate risk factors (extensive colitis with mild or moderate active inflammation, post-inflammatory polyps, or a family history of CRC in a first-degree relative diagnosed at age 50 or older) should undergo surveillance scheduled for 2-3 years[29]. Patients without intermediate or high-risk features should undergo surveillance colonoscopy scheduled for 5 years[29]. It is also important to mention that patients with colonic stenosis detected within 5 years should be considered at high risk of CRC and should receive surveillance colonoscopy annually[29].
The SCENIC Consensus[30], which is the international consensus on surveillance and management of dysplasia in IBD, has developed screening recommendations for CRC and follow-up after removal of endoscopically resectable dysplastic polypoid lesions. Surveillance colonoscopy is recommended instead of colectomy in these cases, and the consensus also recommends the use of high-definition equipment because it provides image signals with higher pixel density[30]. This was reinforced by the study by Subramanian et al[31], in which examinations performed with high-definition equipment detected twice as much as dysplasia compared with standard-definition colonoscopies. If surveillance is performed with standard-definition colonoscopy, chromoendoscopy, which consists of applying dye throughout the colon that provides contrast enhancement to improve visualization of the epithelial surface, is recommended over white light colonoscopy[30]. In contrast, screening for endoscopically invisible dysplasia (confirmed by a pathologist), referral to an endoscopist experienced in surveillance of IBD using chromoendoscopy with high-definition colonoscopy has been suggested[30]. Figure 2 illustrates the indications of CRC screening in patients with IBD and the recommended methods to perform the surveillance colonoscopy.
Despite the advent of high-definition colonoscopes and chromoendoscopy, the development of the integration of AI-assisted detection systems into conventional colonoscopy began due to the high mortality attributed to neoplasia in patients with IBD[1]. Studies have shown machines capable of assisting in the differentiation of neoplasms associated with colitis, sporadic colorectal adenomas, and non-neoplastic lesions[1]. In view of the increased risk of developing CRC, automated real-time polyp detection systems can significantly reduce missed diagnosis rates and help endoscopists detect polyps in real time[10]. With the intention of improving adenoma detection rates, computer algorithms can accurately detect and localize the presence of premalignant lesions[32] through a Convolutional Neural Network; that is, a type of particular multilayer artificial neural network that is highly efficient for image classification and can detect changes in the colonic mucosa[10].
Although patients with IBD, especially those with extensive colitis, are at higher risk of developing CRC than the general population, there is little evidence of AI application in CRC surveillance or improved models that favor the detection of risk in patients with IBD. Most of the studies that analyzed the detection of polyps excluded patients with IBD[19]. Future studies are necessary to validate these findings in independent cohorts and to determine whether the application of these models will improve the detection of precancerous lesions and the disease prognosis in patients with IBD.

CONCLUSIONS AND FUTURE PERSPECTIVES
The use of AI can promote numerous benefits in medicine, especially in the field of digestive endoscopy. Early detection of pre-neoplastic lesions allows for immediate intervention and prevention of progression to more severe phenotypes, such as CRC. The benefits for patients with IBD go beyond CRC screening and include the identification and characterization of inflammation, recurrence pattern, mucosal healing, and recognition of a worrisome lesions. Future studies related to AI are expected to add clinical information, such as prediction of disease complications as well as models to predict the best drugs for each patient according to their inflammatory profile and response to previous treatments. Moreover, AI can help in the IBD diagnosis using combinations of symptoms and biomarkers, in addition to genetic and microbiota data, and can also help differentiating Crohn’s disease from ulcerative colitis. Despite advances in this area, AI technology was not designed to replace human intelligence but rather to improve the detection of lesions. To this end, the combination of the expertise of endoscopists with AI is essential for its successful application in clinical practice. Another limitation worth mentioning is that currently the use of AI is not widely available; it is, however, expected to be applied in the future for colonoscopy and optical biopsy or endocytoscopy. It is also expected that there will be greater accessibility and availability of AI, not only for patients with IBD, but also for the general population. 
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Figure Legends
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Figure 1 A summarized schematic depicting the relationship between artificial intelligence, machine learning, and deep learning.
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Figure 2 Risk factors for colorectal cancer (CRC) development in patients with inflammatory bowel disease and recommended methods of CRC screening. IBD: Inflammatory bowel disease.
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