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Abstract
Over the past few years, emerging new approaches in endoscopic imaging technologies facilitate a high-quality assessment of lesions found in the gastrointestinal (GI) tract. Endocytoscopy (EC), as a novel tool in endoscopy, aids the more accurate evaluation of superficial mucosal surface. This review article aims to represent the most relevant information related to the latest EC technology and its clinical application in the lower GI tract diagnostic. We discuss EC-computer-aided diagnosis capability to differentiate between non-neoplastic and neoplastic lesion that offers a closer look to in-vivo assessment and diagnosis of cancerous tissue. Nevertheless, artificial-assisted EC diagnostics could also be employed with benefits in patients with inflammatory bowel disease (IBD) by accurately highlighting the presence of mucosal injury. In our review we included those studies comprising data about colonoscopy with narrow banding imaging and computer-aided diagnosis, as well as EC. Last but not least, artificial-assisted EC facilitates in-vivo diagnosis of the lower GI tract and may, in the future, remodel the field of in-vivo endoscopic diagnosis of colorectal lesions, representing another step towards the so-called optical biopsy.
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Core Tip: The possibility of obtaining "real-time histology" by endocytoscopy (EC) provides a time-saving and low-cost high-quality diagnosing process. It provides detailed detection and characterizations of gastrointestinal neoplasms, where EC defines the degree of neoplastic cellular transformation by visualizing variation in cell size, disorders of polarity, and nuclei deformity. Moreover, the EC system can evaluate the depth of cancer invasion and predict the therapeutic outcome. In line with this, one of the significant benefits from artificial intelligence (AI)-supported EC is avoiding unnecessary polypectomies and other pathological examinations and reducing redundant surgical procedures. Another major benefit of AI-assisted EC is to ensure enhanced delineation between benign and neoplastic colonic lesions. Furthermore, emerging EC-computer-aided diagnosis provides a novel endoscopic tool that contributes to the dramatic improvement of inflammatory bowel disease diagnosing and management.

INTRODUCTION
In the last decade, the improvement in endoscopic detection of lower gastrointestinal (GI) lesions has dramatically improved. Advancement in endoscopic imaging technologies leads to a high-quality assessment of lesions found in the GI tract. One of the novel tools in endoscopy is endocytoscopy (EC), based on the principle of ultra-high magnification with intraprocedural stains[1]. This innovative endoscopic technique facilitates a more accurate evaluation of the superficial mucosal surface[2]. It allows real-time examination with the capability to distinguish normal from abnormal mucosa. EC allows evaluating the "in vivo" histological structure of colon epithelium by differentiation of colonic polyps and distinguishing invasive carcinoma from adenoma[3]. The aim of the “real-time” endoscopic diagnosis is time-saving and reduce medical patient costs. EC is a promising tool for the detection of GI abnormalities, which involves a contact light microscopy system with an ultra magnification capability (380-fold ultra-magnifying endoscopy), integrated into the distal tip of colonoscopy[4-7]. Using EC, we can perform "virtual histology" with high accuracy. It enables observation of cell stroma and nucleus, making it a perfect tool for diagnosing colorectal lesions[8]. 
In the last few years, with recent progress in artificial intelligence (AI), there is increasing interest in the application of computer-aided diagnosis (CAD) systems as a novel tool in improving the quality of EC[4]. The EC-CAD system’s diagnostic algorithm includes three major steps: Nuclear segmentation, mucosal feature extraction, and output of predicted pathological classification. The major benefits of using EC-CAD systems are “real-time” high diagnostic ability during colonoscopy by expert and trainee endoscopists[9]. Many recent studies showed a correspondence between EC-CAD and pathological findings of lower GI lesions, which allowed this diagnostic endoscopic method to serves as a form of on-site “optical biopsy”[5,8]. 
The main goal of this review article is to represent the most relevant information related to the latest EC technology and its clinical use in the diagnostic of the lower GI tract. We included those studies comprising data about colonoscopy with narrow banding imaging (NBI) and CAD, as well as EC.
There are many directions in which this new endoscopic tool finds implications. We discussed the current situation of EC-CAD in the diagnostic process. EC observation could show not only cellular atypia with lumen observation and nuclei of the mucosal surface layer. Thus, differentiation between non-neoplastic and neoplastic lesion offers a closer look at in-vivo assessment and cancerous tissue diagnosis. Another critical point discussed concerns EC-CAD diagnostics in patients with inflammatory bowel disease (IBD), by highlighting the importance of accurate evaluation of mucosal injury.

FROM THE PAST TO THE PRESENT
First-generation EC was introduced in the clinical practice in 2003 (XEC120U; Olympus Medical Systems Corp., Tokyo, Japan). Afterward, the improved version of EC with double integrated-type lens was launched in 2005 (GIF-Y0001; Olympus Medical Systems Corp., Tokyo, Japan). Four years later, in 2009, the third generation of EC appeared with a single integrated-type lens and smaller outer diameter (GIF-Y0002; Olympus Medical Systems Corp., Tokyo, Japan). The latest version of EC arouses on the horizon in 2015 with the ability to provide high-quality colonoscopy (GIF-H290ECI; Olympus Medical Systems Corp., Tokyo, Japan). This latest model of EC comprises Magnified-NBI and EC observation with 520 × magnification[10]. Except for integrated EC, in the clinical practice exist a novel model of probe-based EC with higher magnification (1390×), providing simultaneously biopsy obtaining from the regions of interest[11]. 
In 2019, a new real-time interpretation of EC images, based on AI software, was introduced by Olympus. This new development is called "Endobrain" (EndoBRAIN; Cybernet Systems, Tokyo, Japan) and finds an application into ordinary colonoscopy as a helping tool for real-time diagnosis, allowing directly therapeutic decision[12].

PREPARATION AND STAINING OF THE COLONIC MUCOSA

EC requires good mucosal preparation to provide detailed images of colonic lesions. After intense washing of the mucosa with water, the second step of preparation is the application of simethicone and N-acetylcysteine[13]. The type of dye solution for mucosal staining is another crucial factor for informative imaging acquisition. Based on the literature data, three types of staining with different concentrations exist methylene blue (MB), toluidine blue, and crystal violet (CV). In 2006, Kodashima et al[14] published a protocol using 0.25% toluidine blue in the stomach and colon, with 60-sec time-exposure. According to Ichimasa et al[15], a mixture of 1% MB and 0.05% CV for colonic EC is superior to other staining combinations.

ROLE OF AI-ASSISTED EC IN COLORECTAL POLYPS 
The possibility of obtaining "real-time histology" by EC provides time-saving and low-cost high-quality endoscopy. EC defines the degree of neoplastic cellular transformation by visualizing variation in cell size, disorders of polarity, and nuclei deformity[2]. Another significant EC system contribution is evaluating cancer invasion depth and predicting the therapeutic outcomes[16]. An interesting prospective study published by Kudo et al[5] in 2011 has demonstrated data about the feasibility of new EC classification in colorectal lesions. This classification was especially indicated to differentiate neoplastic from non-neoplastic colorectal lesions[5]. 
EC classification has five categories, which showed the glandular lumen changes and cellular nuclei of the target lesions. This evaluation system includes: EC1a, which indicates normal mucosa, EC1b show non-neoplasia (hyperplastic polyps), EC2 – adenoma with low-grade dysplasia; EC3a indicates adenoma with high-grade dysplasia (HGD), EC3b stands for invasive cancer (Figure 1)[5]. Histological findings have verified the abovementioned classification according to the Vienna classification (Figure 2). 
Utsumi et al[17] conducted a study to differentiate neoplastic from non-neoplastic diminutive polyps (DP). They compared the results from EC in EC1b and EC2 DP with those obtained by histopathological results. The data showed that EC could be a potential tool for real-time histology in distinguishing benign from malignant colorectal lesions[17]. 
Over the past several years, a new understanding of colorectal carcinogenesis has emerged. In the past, lesions diagnosed as hyperplastic polyps (HPs) were thought to have no malignant potential. Nowadays, these allegations have changed. In this context, HPs may predispose to cancer because of their ability to transform into serrated lesions. These lesions could be found anywhere in the colon, but they are mostly placed in the distal colon (70%-80%). It was established that HPs, with right-side localization are more likely to have malignant potential.
Furthermore, although there are insufficient data on different microRNAs (miRNAs) expression profiles, they might play a role in serrated adenomas with different dysplasia grades. Compared to traditional colorectal carcinogenesis, miRNAs’ pivotal role and their related signaling mechanisms in the serrated pathway of carcinogenesis await to be elucidated[18]. In line with this, AI-assisted endoscopy could be an excellent complementary tool to provide the right and timely diagnosis.
According to the 5th edition of WHO classification of colorectal serrated lesions and polyps, they are classified into three histopathological subtypes: HPs, sessile serrated lesions (SSLs), and traditional serrated adenomas (TSAs)[19]. TSAs are extremely rare < 1% of all colorectal polyps, while HPs are the most common, comprising approximately 75% of all serrated polyps. SSLs (previously known as sessile serrated adenomas or sessile serrated polyps) cause nearly 25% of serrated polyps[20]. Thus, the management of serrated lesions depends on the accurate endoscopic diagnosis. 
To provide a better understanding of serrated carcinogenesis and therapeutic strategies of these lesions, Kutsukawa et al[21] shed light on the accurate EC criteria for their proper diagnosis. In their study were included 785 SL, 712 were not observed with EC because of the smaller size (< 5 mm). The remaining 73 Lesions found out 12 mixed serrated polys, 3 of them with the carcinoma component, which led to their exclusion from the study. The remaining 58 polyps were divided into 27 HPs, 12 SSLs, and 19 TSAs. There were no polyps with HGD among the obtained specimens. The EC characteristic subdivided serrated polyps as follows: HP has star-like lumens and round nuclei; SSLs have oval lumens and round nuclei, and TSA has serrated or villous lumens fusiform nuclei. Their results pointed out that EC could be a feasible diagnostic tool in managing SL’s therapeutic options. They concluded that SSLs and TSAs should be removed entirely. Indeed, many studies should be conducted regarding future therapeutic strategies related to SL[21]. 
Takeda’s recent study evaluated the EC’s diagnostic and therapeutic potential in juvenile polyps (JP). In the study, 154 JP were included, assessed by magnifying chromoendoscopy, 20 were analyzed by EC. The EC findings indicated that JP was characterized by dilatated ductal openings surrounded by normal glandular cells, greater distances between basal gland layers, and interstitial infiltration by inflammatory cells. This study showed that EC might be an additional diagnostic method for detecting JPs[22]. 
These findings indicate a tetralogy of magnifying chromoendoscopic findings characteristic of JPs: Reddish surfaces, surface erosion, open pits, and low pit density. There is also a triad of EC findings characteristic of JPs, namely dilated ductal openings surrounded by normal glandular cells, greater distances between basal gland layers, and interstitial infiltration by inflammatory cells. The aforementioned magnifying chromoendoscopic and EC characteristics of JPs could be very useful in diagnosing JPs.
One of the GE field’s critical issues is the ability of endoscopist to detect appropriately and characterize the different types of colon polyps. The combination of EC-CAD ameliorates the competence of endoscopists. Hence, the learning curve could be dramatically improved using EC-CAD as a diagnostic tool in lower GI endoscopy.
In line with this, an interesting study by Mori et al[23] revealed that EC-CAD could be a handy endoscopic device for the detection of DP as well as small polyps. The study was an international web-based trial, including 139 DPs and 205 small polyps (147 neoplastic and 58 non-neoplastic). The results showed 89% accuracy for detecting DPs by EC-CAD compared to results obtained by experts. Additionally, they reported 89% sensitivity and 88% specificity for small polyps detection and differentiation[23]. 
For the first time in 2019, Kudo et al[24] performed an Endobrain analysis of images based on EC-NBI. Five academic centers in Japan participated in this study, where ten experts and 20 trainees made the endoscopic diagnosis. The endoscopists estimated images from 100 cases using white light endoscopy, EC with methylene blue, and EC- NBI images. Only EC images were assessed by the Endobrain system. The results showed 96.9% sensitivity and 100% specificity of Endobrain in distinguishing benign from malignant colorectal lesions compared with endoscopists and pathologists’ findings[24].
On the other hand, Hassan et al[25], in 2020, published a comprehensive meta-analysis that aimed to summarize all reported information related to CAD system performance in colorectal dysplasia. The authors intended to emphasize the paramount importance of the CAD system in colorectal neoplasia detection because of the high percentage of missed lesions at screening colonoscopy. 
The meta-analysis included 4354 randomizes patients (2163 in the CAD-group and 2191 in the control group). Five of them were performed in China and one in Italy from five studies. Their results give insight into how CAD could significantly increase the detection of colon polyps (DP, small and large adenomas), despite their location and their superficial morphology (flat and polypoid). Furthermore, they assumed that CAD significantly improved the detection rate of SSLs during colonoscopy. More interestingly, Hassan et al[25] reported nearly 2-fold enhanced diagnostics of advanced neoplasia. In detail, they concluded that CAD could lead to an increase in adenoma detection rate per colonoscopy, resp. 44% and 70%. The author emphasized that additional studies testing CAD in Western populations should be conducted to properly assess CAD’s role in the polyp detection rate[25]. 
An interesting and significant publication by Mori et al[26] investigated the cost-effectiveness of AI in colonoscopy. The study investigated the performance of AI in the differentiation of colorectal polyps (neoplastic vs non-neoplastic). They included 207 patients with 250 rectosigmoid DP. The authors analyzed the colonoscopy’s cost between two groups of patients with rectosigmoid polyps (≤ 5 mm). The first group included patients who underwent colonoscopy with a "diagnose and leave" strategy based on AI prediction. The second diagnostic and therapeutic strategy was "resect-all-polyps”. Their results demonstrated that AI-assisted colonoscopy had 93.3% sensitivity, 95.2% specificity, and 95.2% negative predictive value in diagnostic colorectal neoplastic polyps. Moreover, they found out that the "diagnose and leave" strategy leads to a significant reduction in average colonoscopy costs. One of the study’s significant benefits was that colonoscopy supported by AI can save a large amount of money spent on excessive polypectomies and pathological examinations[26]. 

ROLE OF AI-ASSISTED EC IN COLORECTAL CANCER
A massive breakthrough in technological developments in the last decade allowed performing in vivo real-time histology of the GI tract by simply pushing a button. Emerging EC-CAD provides enhanced delineation between benign and neoplastic colonic lesions. Furthermore, this novel diagnostic tool contributes to the detailed detection and characterizations of GI neoplasms.
With the emerging AI in endoscopy, therapeutic options for treating large colonic lesions become more accessible and accurate. AI technology provides "real-time" histology, thus determines whether a sizeable colonic lesion (> 2 cm) should be treated by endoscopic resection or surgery. AI endoscopy significantly shortens the process for making the final endoscopic and histological diagnosis of colonic lesions and avoids unnecessary tissue biopsy. 
Lui et al[27]’s group has advocated a study that aimed to evaluate the application of AI-assisted image classifier to define the feasibility of curative endoscopic resection for large colonic lesions based on non-magnified endoscopic images. They trained the AI image classifier by 8000 endoscopic images of large colonic lesions. In comparison, the validation set comprises 567 endoscopic images from 76 patients. Histology findings of resected specimens have been used as a gold standard for validation in the study. Curative endoscopic resection was performed only in patients with well-differentiated adenocarcinoma, ≤ 1 mm submucosal invasion as well as without any lymphovascular invasion. The results obtained by the AI image classifier were compared with those taken by endoscopists (seniors and juniors). In patients with the lesions mentioned earlier, which are indicated for endoscopic curative resection, AI has excellent accuracy (85.5%). This study highlights the clinical implication of AI in predicting endoscopic curative resection of large colonic lesions (> 2 cm)[27]. 
To the best of our knowledge, Ichimasa et al were the first to publish an article about the role of AI in predicting lymph node metastasis (LNM) in patients with T1 colorectal cancers (CRC). Their study aimed to point out that AI provides valuable information about the necessity for additional surgery after endoscopic resection for pT1 CRCs. One of the major key-points in deciding on additional surgery in patients who underwent endoscopic resection of T1 CRC is the presence of LNM. To minimize the necessity for additional surgery, the authors have used an AI model for predicting the possibility of LMN metastasis in patients with T1 CRC. The predicting LNM data were compared with those of the Japanese, European and American guidelines. The study results showed a 100% sensitivity of prediction LNM and a significant reduction of the unnecessary surgical procedure after endoscopic resection of T1 CRC without missing LNM positivity[28].

AI-ASSISTED EC IN INFLAMMATORY BOWEL DISEASES
With the implication of EC-CAD in clinical practice, the diagnostics of patients with inflammatory bowel disease (IBD) have dramatically improved. This novel endoscopic method allows for real-time histology diagnosis and predicts disease outcomes. Bessho et al[29] established an EC score system (ECSS) for assessment patients with IBD. ECSS assesses the shape, distance between crypts, and visibility of superficial microvessels. The system evaluated the severity of the disease according to the histological changes of the colonic mucosa. The authors also demonstrated a good correlation between this scoring system and Matt’s histological grading[29]. ECSS was up-graded by Ueda et al[30] in 2018 by adding additional indicators: The mucosa pits’ characteristics. Another benefit of this upgraded score system is the ability to predict disease relapse[30]. Using a probe-based EC with 1390× magnification, Neumann et al[31] shed light on EC’s role in identifying mucosa’s cellular structures in patients with IBD. This system allowed achieving a detailed analysis of ultrastructural patterns such as the nucleus - cytoplasm ratio and size and shape of the nucleus. The collected data provide the reliable distinction of different types of inflammatory cells in colonic mucosa[31]. In another study by Neumann et al[32], a concordance of 100% between standard histopathological grading and EC data was established. Another fascinating study by Nakazato et al[33], including 64 patients in clinical remission (Mayo 0 and Geboes score ≤ 2), revealed that ECSS has high accuracy for histological remission. In conclusion, they accept that ECSS could be a reliable assessment tool for histological healing evaluation[33].
A study by Maeda et al[34] reports about developing the EC-CAD system (520-fold ultra-magnifying endoscope), predicting persistent histological inflammation of colonic mucosa in patients with ulcerative colitis. The study’s goal was to evaluate the colonic mucosa with the EC-CAD system to predict the onset of clinical exacerbation based on persistent inflammation of the mucosa. In their study, 187 patients with ulcerative colitis were included. They performed white light endoscopy to define the Mayo endoscopic score of colonic mucosa. After identifying the most severe inflamed area, they used EC with NBI mode. Their analyses showed that EC-CAD identified persistent histologic inflammation with 74% sensitivity and 97% specificity. Maeda et al[34] showed that EC-CAD has an incremental benefit for future therapeutic strategy. However, the authors considered more studies to be conducted because of the insufficient number of learning images[34]. 

CONCLUSION
Although the gold standard of histological observations of GI lesions based on a light microscopic analysis of hematoxylin and eosin-stained thin-slice specimens, a definition of optical biopsy has recently been introduced. Moreover, real-time EC evaluation can spare the histopathological diagnosis and allows the detection of cell-level lesions and the assessment of cellular and structural atypia in vivo. Both methods showed a significant correlation. Emerging novel AI-assisted EC is radically shifting our approach to treating gastrointestinal lesions. Indeed, not every lesion detected through colonoscopy needs to be excreted or sent for histopathological assessment.
However, before AI-assisted EC becomes a universal method, significant hurdles such as acceptance by patients or performing by less qualified endoscopists and regulatory issues need to be carefully handled. The development of CAD and AI algorithms can promote, form, and improve decision-making in managing colorectal lesions. Overall, EC has shown an excellent diagnostic accuracy, offering to aid in the in-vivo diagnosis of lesions in the lower GI tract.
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Figure 1 Endocytoscopy classification. This evaluation system includes endocytoscopy (EC) 1a, fusiform nuclei, and small round gland lumens - normal mucosa; EC1b, small granular nuclei and narrow, serrated gland lumens - non-neoplasia (hyperplastic polyps); EC2, slightly swollen fusiform nuclei or round nuclei and slit-like smooth gland lumens - adenoma with low-grade dysplasia; EC3a, plenty d swollen round nuclei and irregular gland lumens – adenoma with high-grade dysplasia, EC3b, plenty of highly distorted nuclei and unclear gland formation - invasive cancer. EC: endocytoscopy. This figure has been used with the permission of reference[5].



	EC classification
	Endoscopic findings
	EC appearance 
	Histology report
	Treatment

	EC1
	a
	[image: ]
	Fusiform nuclei

Small round lumens
	Normal mucosa
	Observation

	
	b
	[image: ]
	Small granular nuclei

Narrow and serrated lumens
	Non-neoplasia (Hyperplastic polyp)
	Observation

	EC2
	[image: ]
	Slightly swollen fusiform nuclei or round nuclei

Slit-like smooth lumens
	Adenoma with LGD
	Endoscopic resection

	EC3
	a
	[image: ]
	Plenty of swollen round nuclei

Irregular lumens 
	Adenoma with HGD
	Endoscopic resection

	
	b
	[image: ]
	Plenty of highly distorted nuclei

Unclear gland formation
	Invasive cancer
	Surgical operation


Figure 2 Endocytoscopy classification with endoscopic findings. EC: Endocytoscopy; LGD: Low-grade dysplasia; HGD: High-grade dysplasia.
image3.jpg




image4.jpg




image5.jpg




image6.png




image7.png




image8.png




image9.png




image10.png




image1.jpg




image2.jpg




