Parkview Health
Parkview Health Research Repository

PCI Publications and Projects Parkview Cancer Institute

8-2020

Scope of Artificial Intelligence in Screening and Diagnosis of
Colorectal Cancer

Hemant Goyal MD
The Wright Center for Graduate Medical Education, goyalh@thewrightcenter.org

Rupinder Mann MD
Saint Agnes Medical Center, rupindrmann@yahoo.com

Zainab Gandhi MBBS
Geisinger Community Medical Center, drzainabgandhi@gmail.com

Abhilash Perisetti MD
The University of Arkansas for Medical Sciences, abhilash.perisetti@gmail.com

Aman Ali MD
The Commonwealth Medical College, amanali786@hotmail.com

See next page for additional authors
Follow this and additional works at: https://researchrepository.parkviewhealth.org/oncol

b Part of the Gastroenterology Commons, and the Oncology Commons

Recommended Citation

Goyal, Hemant MD; Mann, Rupinder MD; Gandhi, Zainab MBBS; Perisetti, Abhilash MD; Ali, Aman MD; Ali,
Khizar Amani; Sharma, Neil MD; Tharian, Benjamin MD; Saligram, Shreyas; and Inamdar, Sumant, "Scope
of Artificial Intelligence in Screening and Diagnosis of Colorectal Cancer" (2020). PC/ Publications and
Projects. 42.

https://researchrepository.parkviewhealth.org/oncol/42

This Article is brought to you for free and open access by the Parkview Cancer Institute at Parkview Health
Research Repository. It has been accepted for inclusion in PCI Publications and Projects by an authorized
administrator of Parkview Health Research Repository. For more information, please contact
julie.hughbanks@parkview.com.


https://researchrepository.parkviewhealth.org/
https://researchrepository.parkviewhealth.org/oncol
https://researchrepository.parkviewhealth.org/oncol_community
https://researchrepository.parkviewhealth.org/oncol?utm_source=researchrepository.parkviewhealth.org%2Foncol%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/687?utm_source=researchrepository.parkviewhealth.org%2Foncol%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/694?utm_source=researchrepository.parkviewhealth.org%2Foncol%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.parkviewhealth.org/oncol/42?utm_source=researchrepository.parkviewhealth.org%2Foncol%2F42&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:julie.hughbanks@parkview.com

Authors

Hemant Goyal MD, Rupinder Mann MD, Zainab Gandhi MBBS, Abhilash Perisetti MD, Aman Ali MD, Khizar
Amani Ali, Neil Sharma MD, Benjamin Tharian MD, Shreyas Saligram, and Sumant Inamdar

This article is available at Parkview Health Research Repository: https://researchrepository.parkviewhealth.org/oncol/
42


https://researchrepository.parkviewhealth.org/oncol/42
https://researchrepository.parkviewhealth.org/oncol/42

Journal of S
% Clinical Medicine ﬂVI\D\Py

Review
Scope of Artificial Intelligence in Screening and
Diagnosis of Colorectal Cancer

Hemant Goyal 1% Rupinder Mann 2 Zainab Gandhi 3, Abhilash Perisetti 42, Aman Ali >,
Khizar Aman Ali 6, Neil Sharma 7'8, Shreyas Saligram °, Benjamin Tharian 10
and Sumant Inamdar 1

1 Department of Internal Medicine, The Wright Center for Graduate Medical Education,

Scranton, PA 18505, USA

Saint Agnes Medical Center, Fresno, CA 93720, USA; rupindrmann@yahoo.com

Department of Medicine, Geisinger Community Medical Center, Scranton, PA 18510, USA;

drzainabgandhi@gmail.com

Department of Gastroenterology and Hepatology, The University of Arkansas for Medical Sciences,

Little Rock, AR 72205, USA; abhilash.perisetti@gmail.com

Division of Gastroenterology, The Commonwealth Medical College, Wilkes Barre General Hospital,

Wilkes-Barre, PA 18764, USA; amanali786@hotmail.com

6 Digestive Care Associates, Kingston, PA 18704, USA; aminali92403@gmail.com

Division of Interventional Oncology & Surgical Endoscopy (IOSE), Parkview Cancer Institute,

Fort Wayne, IN 46845, USA; neil.sharma@parkview.com

Division of Interventional Oncology & Surgical Endoscopy, Indiana University School of Medicine,

Fort Wayne, IN 46805, USA

9 Department of Medicine, University of Texas Health San Antonio, San Antonio, TX 78229, USA;
drsaligram@yahoo.com

10" General and Advanced Endoscopy, University of Arkansas for Medical Sciences, Little Rock, AR 72205, USA;
Btharian@uams.edu

11 Advanced Endoscopy Fellowship, University of Arkansas for Medical Sciences, Little Rock, AR 72205, USA;
Sinamdar@uams.edu

*  Correspondence: doc.hemant@yahoo.com or goyalh@thewrightcenter.org; Tel.: +1-570-914-8897

check for
Received: 25 September 2020; Accepted: 12 October 2020; Published: 15 October 2020 updates

Abstract: Globally, colorectal cancer is the third most diagnosed malignancy. It causes significant
mortality and morbidity, which can be reduced by early diagnosis with an effective screening test.
Integrating artificial intelligence (Al) and computer-aided detection (CAD) with screening methods
has shown promising colorectal cancer screening results. Al could provide a “second look” for
endoscopists to decrease the rate of missed polyps during a colonoscopy. It can also improve detection
and characterization of polyps by integration with colonoscopy and various advanced endoscopic
modalities such as magnifying narrow-band imaging, endocytoscopy, confocal endomicroscopy,
laser-induced fluorescence spectroscopy, and magnifying chromoendoscopy. This descriptive
review discusses various Al and CAD applications in colorectal cancer screening, polyp detection,
and characterization.

Keywords: artificial intelligence; colorectal cancer; colon cancer; polyp; screening; colonoscopy;
computer-aided diagnosis

1. Introduction

Artificial intelligence (Al) translates as having a computer program that mimics humans’ learning
and problem-solving capability [1]. The concept of Al dates back to as early as Aristotle’s (384-322 BC)
study of logic; however, Alan Turing (1912-1954) built the first operational computer in 1940 known as
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Electromechanical Heath Robinson [2]. Al in medicine has two main branches; virtual and physical.
Machine Learning (ML) and Deep Learning (DL) represent the virtual branch of Al in medicine [3].
The ML involves computer statistics and analytics to make predictive and descriptive models by
repeating specific tasks. The ML comprises of unsupervised and supervised learning. As the name
implies, unsupervised ML is to feed the data without prior knowledge, and the machine identifies
groups based on similarities in the data. In supervised ML, the machine is fed with input (individual
descriptions) and output (an outcome of interest) data. The computer eventually outlines newer
input/output pairs based on the information feeds [1]. Machine learning is broadly classified into
supervised, unsupervised, reinforcement, and active learning tasks. Supervised learning involves
input data with target labels to learn a pattern. Bayesian inferences, decision trees, linear discriminants,
support vector machines, logistic regression, and artificial neural networks are different models of
supervised ML [4]. Unsupervised learning involves recognizing patterns from the input data without
previously defined target labels. Reinforcement learning involves training intelligent agents to enhance
their performance [5].

A deep learning system accepts multiple data types as input which form layers of data, from which
it extracts the data points of interest. Deep learning can be supervised or unsupervised. The most
common models are trained using supervised learning, in which datasets are composed of input data
and corresponding output data labels [6]. DL comprises of two steps: pre-training and fine-tuning.
In step one, the DL model attempts to learn the underlying data distribution and creates outputs in
an unsupervised manner. In step two, the output generated is tuned for the specific task at hand to
achieve maximum performance [5]. DL is further classified into the deep neural network (DNN),
recurrent neural network (RNN), and convolutional neural network (CNN). DNN is a feedforward
method of artificial neural networks. CNNs are particularly important to identify patterns from image
pixels with minimal pre-processing. RNNs are important for identifying sequential data in temporal
sequence and thus work best for data such as time series [5]. The physical branch is the second branch
of Al in medicine, including medical devices and robots [3]. Intensive research focused on using Al
applications in the medical field is underway, which could provide unprecedented opportunities to
improve the quality of healthcare [5].

Colorectal cancer (CRC) is the fourth most common cause of death due to cancer worldwide [7].
Screening colonoscopy resulted in a 70% decrease in CRC-related deaths by early detection and removal
of preneoplastic and neoplastic lesions [8]. One of the most crucial colonoscopy parameters is the
adenoma detection rate (ADR), a direct measure of the effectiveness of colonoscopy performed by an
endoscopist [9]. Post-colonoscopy CRC (PC-CRC) and CRC-related mortality are inversely related
to the adenomas detected during colonoscopy [9-12]. In addition, there are also various other tools,
such as blood tests, stools teats, and imaging modalities, that aid in the screening for CRC [13].

The role of Alin gastroenterology is increasing rapidly, ranging from diagnosis and classification of
dysplastic and neoplastic changes of the polyps to cystic fluid analysis and accurate prediction models
to determine the need for intervention with computer-aided detection and diagnosis (CAD) [5,14].
The incorporation of Aland its tools with known methods of screening and diagnosis of CRC can increase
the diagnostic accuracy and potentially attenuate CRC-related mortality. Additionally, by real-time
differentiation of neoplastic and benign tumors, Al can also decrease the unnecessary removal of
non-neoplastic tumors, reducing the overall cost, procedure time, and associated complications. In this
descriptive review, we aim to discuss current advancements in the role of Al for CRC screening in
various modalities, including colonoscopic examination, blood and stool testing, and imaging. We will
also elaborate on the role of Al in the colorectal polyp detection and characterization.
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2. Screening of Colorectal Cancer

CRC causes significant mortality and morbidity. Early diagnosis by effective screening methods
has been shown to decrease both mortality and morbidity related to CRC. There are multiple screening
methods for CRC screening. It includes invasive tests, such as colonoscopy and flexible sigmoidoscopy,
minimally invasive tests, such as capsule endoscopy, stool tests, such as fecal immunochemical test
(FIT), guaiac-based fecal occult blood test, and multitarget stool DNA (MTS-DNA), and radiologic
tests, such as computed tomographic colonography [15,16].

2.1. Colonoscopy

Colonoscopy is considered the gold-standard CRC screening method due to high sensitivity,
specificity, and ability to visualize directly and act (biopsy and resection of polyps) on cancerous
and precancerous lesions. Multiple case-control studies and prospective studies have shown that
colonoscopy screening resulted in a significant reduction in incidence and mortality due to CRC [17-20].
However, small-size or flat polyps could be missed by human eyes alone. A systematic review
and meta-analysis showed a 22% pooled miss rate for polyps of any size with colonoscopy [11].
Another meta-analysis showed that 8.6% of CRC cases occur within three years of negative colonoscopy
results [10]. With the recent advancement of Al, CAD systems, such as real-time automatic detection
systems, have been studied to improve the ADR [21].

In an open-label, non-blinded, randomized study, 1058 patients were randomized to either routine
colonoscopy (1 = 536) or computer-aided detection (CADe), colonoscopy with real-time automatic
polyp detection (n = 522), in order to determine the differences in polyp and adenoma detection rate
in the two groups. The CADe group had a 1.89-fold higher mean number of polyps detected than
the routine colonoscopy group (95% CI 1.63 vs. 2.192, p < 0.001). Similarly, the CADe group was also
found to have higher a ADR (29.1% vs. 20.3%, p < 0.001) compared to the routine colonoscopy group.
More importantly, this difference was more pronounced for diminutive adenomatous (185 vs. 102;
p < 0.001) polyps. With CADe, the evidence suggests that an increased ADR is achieved compared
with routine colonoscopy, leading to reduced colon cancer rates. For large adenomas, the mean ADR
for CADe and routine colonoscopy group was (77 vs. 58, p = 0.075), not reaching statistical significance.
However, this study was not double-blinded. Therefore, the results could have been confounded by
potential unrecognized factors. Further, large multicenter double-blinded studies are needed [21].

2.2. Blood Tests

Certain demographic and blood test data can be used to identify patients with high risk for
CRC. Complete blood count (CBC) is one of the laboratory tests that can help identify at-risk patients,
especially due to the presence of microcytic iron deficiency anemia [22,23]. A retrospective case-control
study revealed that colon cancer patients tend to have anemia and high red cell distribution width
(RDW). High RDW was more pronounced in patients with right-sided colon cancer [24]. High RDW
was also found to be associated with an increased risk of mortality in CRC patients [25]. In CRC
patients, slow bleeding from cancer is thought to cause iron deficiency anemia and stools positive for
the occult blood test, and it is observed more in elderly patients. Al can be useful in the risk assessment
of the general population to determine individuals at high risk for developing CRC based on their
demographic data, CBC, and age. Although this is a relatively newer method for estimating the risk of
CRC, studies conducted have shown promising results [22,23].

A binational study used electronic medical record data from two unrelated patient populations
(Israel and UK) to develop an ML-based prediction model (MeScore) for identifying individuals at high
risk of CRC based on their CBC, age, and sex. The Israeli cohort data set was randomly divided into
the derivation dataset (80%) and validation (20%) dataset, whereas the UK case-control data set was
used to create an external validation set. The predictive model was created using the Israeli derivation
dataset and then applied to both Israeli and UK validation datasets of CRC patients who had CBC
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done three to six months before the diagnosis. The area under the receiver operating characteristics
curve (AUC) (measuring the overall performance of the model) for detecting CRC was 0.82 + 0.01 and
0.81 for the Israeli and UK validation sets, respectively.

Similarly, specificity at 50% sensitivity was 88 + 2% and 94 + 1% for the Israeli and UK validation
sets, respectively, for CRC cases 3-6 months before diagnosis. While comparing this model to age alone,
AUC, Odds ratio, and specificity were 0.81 vs. 0.72, 32 vs. 2, and 90 vs. 79%, respectively, showing
the predictive model’s outperformance. Similar results were obtained for the sex alone predictive
value. Moreover, the number of detected new cases of CRC increased by 115% when gFOBT and
predictive models were combined in the Israeli data set. This study showed that this model, MeScore,
could detect high-risk patients in a primary care setting and potentially decrease the risk of developing
colon cancer [23].

Kinar et al. conducted a study to analyze the performance of an ML-based algorithm (MeScore) in
predicting CRC in average CRC risk individuals, based on their CBC [26]. A total of 112,584 subjects
(aged between 50 to 75 years) with non-CRC from the Maccabi Health Service (MHS) dataset were
recruited who underwent CBC in the last six months. Using the MeScore system, all these individuals
were assigned a score from 1 to 100 based on the CBC report information. The model also incorporated
demographic information such as the age and sex of the subjects as well. The average MeScore was
found to be 59.3 and 46.8 in males and females, respectively. Using a MeScore cutoff of the top three
percentile (score > 97.02) and top one percentile (score > 99.38), the odds ratio for CRC diagnosis was
found to be 10.9 (95% CI 7.3 to 16.2) and 21.8 (95% CI 13.8 to 34.2), respectively. False-positive tests
based on three percentile cutoffs were seen due to the use of anticoagulant, gastrointestinal illness,
and another cancer diagnosis. This study showed that ML algorithm tools such as MeScore could be
used to identify high-risk patients who should undergo screening colonoscopy [26].

The machine learning tool ColonFlag’s performance for early CRC detection was evaluated based
on the gender, age, and CBC of a US-community-based insured population using the Kaiser Permanente
Northwest Region tumor registry. A total of 17,095 patients were included in the study, with 900 CRC
patients and 16,195 CRC-free control patients. Data about patient demographics and CBC was obtained
from the dataset. The ColonFlag® model was more sensitive in both age groups in detecting CRC cases
among true CRC cases when compared to Hgb alone in the first and second 6 months after the CBC
blood tests. It was also more sensitive in identifying CRC cases diagnosed in the first 180 days (39.9%)
when compared to 181-360 days (27.4%) before CRC diagnosis, and detecting CRC cases between the
40-89-year-old CRC population age range when compared to the 50-75-year-old CRC population [22].

2.3. CT Colonography (CTC)

CTC is a non-invasive imaging test for CRC [27,28]. CAD can improve CTC diagnostic capability
to differentiate between different lesions and improve detection capability. Song et al. conducted a
study where they used the Haralick texture analysis method along with CTC to differentiate between
various lesions based on texture features [28]. The virtual pathological model was formed based on
the Haralick texture analysis method to investigate the usefulness of high order derivatives, such as
gradient and curvature. Texture features were validated on 148 lesions of 8- to 30-mm sized polyps
using a support vector machine classifier. The AUC of classification in differentiating neoplastic from
non-neoplastic lesions improved from 0.74 (using the image intensity alone) to 0.85 (by combining the
high-order texture features) [28].

A study was performed on the 24 patients who underwent colonoscopy and CTC on the same
day and had non-polypoidal T1 tumors with the endoscopic classification of 0-Ila (n = 11) and Ila + Ilc
(n =13). CAD software (ColonCAD API 4.0, Medicsight plc) was integrated with a CTC radiologic
workstation. Data were collected at three sphericity settings, operating points for CAD, and analyzed
using Fischer’s exact test. With CAD, tumor detection sensitivity increased as sphericity decreased (83.3,
70.8, and 54.1% at sphericity of 0, 0.75, and 1, respectively), whereas, false positive CADs per patient
decreased with increasing sphericity. Thus, with CAD, there is increased accuracy with increasing
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sphericity. Small benign polyps led to false positive detection (over 20% at a sphericity setting of 0),
although the majority were due to normal colon anatomy. The results of this study indicated that CAD
could be useful for the detection of morphologically flat non-polypoidal cancer [27].

2.4. Colon Capsule Endoscopy

Colon capsule endoscopy (CCE) is a minimally invasive procedure that can be used as a CRC
screening method in patients with incomplete colonoscopy and contraindication for sedation use.
It requires more laxatives than colonoscopy and CTC as laxatives help expulsion of the capsule from
the GI tract along with cleansing. Capsule endoscopy requires manual reading and interpretation of
images for polyp detection, increasing the risk of error. Al techniques can automate the interpretation
of results [29,30]. Balnes-Vidal et al. conducted a study to develop a DL-based convolutional neural
network (CNN) algorithm for automatic polyp detection and also to develop an algorithm to match
CCE- and colonoscopy-detected polyps based on their size, location, and morphology [29]. A total
of 255 people who were FIT positive from the Danish national screening were included in this study.
All these patients underwent first CCE and then colonoscopy and histopathology of removed polyps.
Out of 255 patients, 131 had at least one polyp detected in both CCE and colonoscopy. A total of
168 polys were matched in both the CCE and colonoscopy groups by the polyp matching algorithm.
The autonomous polyp detection algorithm showed accuracy, sensitivity, and specificity of 96.4, 97.1,
and 93.33%, respectively, for polyp detection compared to manual polyp detection [29].

Artificial intelligence, in conjunction with various screening methods, has been shown to improve
the screening of CRC and thus potentially decrease missed polyp rate. However, most of the studies use
data that are not from prospective clinical trials so further randomized controlled studies are needed.

3. Polyp Detection

Although colonoscopy is considered a gold-standard test to detect CRC, it is not 100% sensitive.
This is especially true for adenoma <5 mm. For adenoma that are 6 mm or larger, the sensitivity
of colonoscopy ranges from 75 to 93% [31]. This sensitivity also depends on various factors,
including bowel preparation, mucosal surface visibility, and operator dependency. Repeat surveillance
colonoscopy is recommended in patients depending upon the number, histopathologic characteristics,
and size of polyps [32]. A retrospective observation population-based analysis using National Health
Service data from 2001 to 2010 showed that post-colonoscopy CRC (PC-CRC) rates ranged from 2.5 to
7.7%, depending upon the method used and exclusion criteria applied [10]. Another population-based
study conducted on colonoscopy data and histopathological reports from the Netherlands cancer
registry (2001-2010) showed that 86% of PC-CRCs were related to inadequate examination and missed
or incomplete removed lesions [33]. Most of the missed PC-CRC were on the right-sided, proximal,
flat, and small in size [10,33]. Therefore, there is a need for various methods/techniques to improve
polyp detection to prevent PC-CRC and Al could be utilized to achieve this [7,32] (Table 1).
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Table 1. Studies on artificial intelligence (Al) in polyp detection.

6 of 22

Author, Year, and Reference Dataset Al System Imaging Modality Results Conclusion Limitations
All polyps from 24 colonoscopy videos
Window Median were detected inat least one frame. cbecrvation of polyps ed
. The mean of the maximum values on the It showed WM-DOVA . poyp
24 colonoscopy videos Depth of Valleys . . . to detection errors due to
Fernandez-Esparrach et al., . . energy map was higher for frames with  maps as one of potential
containing 31 Accumulation WLI . presence of other
2016 [32] . polyps than without (p < 0.001). method for an accurate . .
different polyps (WM-DOVA) . PR . . elements in scene with
Performance improved in high quality =~ polyp detection tool. -
energy maps frames (AUC = 0.79 (95% CT 0.70-0.87) valley formation (blood
= U. o . —U.
vs. 0.75 (95% CI 0.66-0.83)). vessels and fold)
Images were Cla551flec.l using a CRF . The CNN-derived
model for colonoscopic polyp detection features showed great Feature relationships in
11,802 image patches WLI and NBI and showed method had 86% sensitivity invariance to vi x%/in adiacent vid franlz
Park and Sargent, 2016 [34] extracted from 35 CNN conditional random  and 85% specificity when evaluated on a ce to viewing jace h s
. . L . angles and image quality =~ were not fully
colonoscopy videos field (CRF) model feature training set of 11,802 images . .
from 35 colonoscopy videos with factors when comparted  incorporated into CNN.
. y to the eigenimage model.
accompanying endoscopy reports.
This study showed that
73 colonoscopy withdrawal The sensitivity, specificity, and accuracy ~ Al has the potential to It is a retrospective study
Misawa et al., 2018 [35] videos containing 155 polyps CNN WLI for the frame-based analysis, were 90.0,  provide automated so further prospective
1.8 million total frames 63.3, and 76.5%, respectively. detection of colorectal studies needed.
P Y-
polyps.
Image dataset: 8641 images Image dataset: the CNN identified
from >2000 patients (4088 polyps with an AUC of 0.991 and an . Requires validation of
polyp and 4553 non-polyp); accuracy of 96.4%. Video dataset: expert Sgg;seii:?e?sglis)g;i? these results in large
Urban et al., 2018 [36] 2 video sets: 20 videos (10 in CNN WLI reviewers identified 8 additional polyps reduce interval colorectal multicenter trials as it is
each set), 28 and 73 polyps in that had not been removed without cancers based on single-center
1st and 2nd video set, CNN assistance and an additional 17 : study.
respectively polyps with CNN assistance.
There are three methods used in this
study and all are binary classifiers,
labeling a frame as either containing a
polyp or not. Two methods (methods 1~ CAD showed good
42 patients; 1680 polyps and 2) are threshold-based, and method  accuracy in the detection Aleorithm was not
Figueiredo et al., 2019 [37] instances. 1360 normal SVM binary classifiers WLI 3 belongs to the machine learning class.  of polyps with S tugdie d in real-time

mucosa frames

The sensitivity, specificity and accuracy
were found to be 83.7 vs. 61.6 vs. 99.7%,
66.6 vs. 61.3 vs. 79.6%, and 74.3 vs. 63.2
vs. 90.1 for method 1, 2, and 3,
respectively.

white-light colonoscopy
using all three methods.
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Table 1. Cont.

Author, Year, and Reference Dataset Al System Imaging Modality Results Conclusion Limitations

There was no external
validation of study
In a low prevalent ADR results. Unexpectedly,

Significantly increased ADR (29.1 vs population, an automated  there were false positives

1058 patients; 53 colonoscopy o polyp detection system in the system which were
Wang et al., 2019 [21] videos (22 polyp, 31 CNN WLI 20:3%, p < 0.001) and. the mean number leads to significant likely due to detection of
. of adenomas per patient (0.53 vs. 0.31, . : T
non-polyp videos) <0.001) increases in both medication capsules, of
p<b ’ colorectal polyp and local sites of bleeding, or

adenoma detection rates.  of undigested debris
causing distractions
during procedure.

CNN—convolutional neural network; WLI—white-light imaging; NBl—narrow band imaging; SVM—support vector machine; ADR—adenoma detection rate; AUC—area under the
receiver operating characteristics curve; NPV—negative predictive value; PPV—positive predictive value.
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Karkanis et al. used the color wavelet features (CWF) technique to detect tumors from colonoscopic
video frame sequences. Sixty patients with small polyps were included in this study, and results
showed high sensitivity and specificity (99.3 + 0.3% and 93.6 + 0.8%, respectively) on classified image
regions to detect colorectal polyps with the use of CWF features [38]. However, this study was
conducted using static images instead of real-time colonoscopy videos [38]. Endoscopic imaging
material classification can be done by either a pit-pattern scheme or coarse classification. There are
six different classes based on pit-pattern and two different classes (benign and malignant) based on
coarse classification. Hafner and colleagues described the use of an automated classification system for
endoscopic images to detect tumors. A total of 484 zoomed-colonoscopic images were classified based
on twoy/six different classes using discriminative frequency components. The classification accuracy for
six and two classes was found to be 86.8% and 96.9%, respectively [39].

Urban et al. conducted a study which tested the ability of computer-assisted image analysis using
CNN to detect polyps [40]. In this study, the CNN model was trained using a sample of 8641 images
with 4088 unique polyps from more than 2000 screening colonoscopies. The training and testing of the
CNN model were performed by different methods, such as cross-validation, training on the dataset,
and testing on or against another expert reviewer as reference. CNN identified polyps with an accuracy
of 96.4% and an AUC of 0.991 in cross-validation experiments. When tested on an independent
dataset, AUC was found to be 0.74, with 96.4% accuracy. These results showed that the CNN model
could decrease missed adenomas and, thus, improve ADR, but static images were used in this study.
Therefore, further multicenter studies using live video are needed to evaluate the utility of CNN in
colonoscopy [40]. There is high potential in the application of CNN to detect adenomas and screening
of colorectal cancer.

Nevertheless, Fernandez-Esparrach et al. used routine colonoscopy videos to assess the capability
of the Window Median Depth of Valley accumulation (WM-DOVA) energy maps system, which defines
polyp boundaries as valleys of image intensity to overcome the challenge of static images [32].
Twenty-four videos containing 31 different polyps were taken from routine colonoscopies. With the
WM-DOVA model, all polyps were detected correctly in at least one frame, but sensitivity was only 70%,
using 3.75 as a threshold value for energy map maximum, which is likely due to a small study sample.
This method was found to be more useful for detecting small and flat polyps, which are easy to miss [32].
In a pilot study, retrospective data were collected from a sample of 73 colonoscopy videos, including
155 colorectal polyps, to develop an Al-assisted CAD polyp detection system. Both frame-based and
polyp-based analyses were performed. Sensitivity, specificity, and accuracy were found to be 90.0, 63.3,
and 76.5%, respectively, for frame-based analysis, whereas for polyp-based analysis, sensitivity was
found to be 94% [36].

To further study the efficacy of polyp detection in real-time, a DL algorithm was developed with
data from 5545 colonoscopy images of 1290 patients [35]. Image analysis validation was done on 27,113
colonoscopy images obtained from 1138 patients with at least one detected polyp (Dataset A) and a
public database of 612 images from 128 colonoscopy videos with confirmed polyps (Dataset B), whereas
video analysis validation was done on videos of 38 colonoscopies with 110 confirmed polyps (Dataset C)
and also on full-length unalerted colonoscopy videos from 54 patients (Dataset D). For Dataset A,
per-image sensitivity, specificity, and AUC was 94.38% (95% confidence interval (CI): 93.80, 94.96%),
95.92% (95% CI: 95.66, 96.18%), and 0.984, respectively, and for Dataset B, per-image sensitivity was
88.24% (95% CI: 85.76, 90.72%). For Dataset C, per-image sensitivity was found to be 91.64% (95% CI:
91.42, 91.86%) and per-polyp sensitivity was 100%, and for Dataset C, per-image specificity was 95.40%
(95% CI: 95.36, 95.44%). The use of a multi-threaded processing system in the algorithm can process
25 frames per second, and the latency was of 76.80 + 5.60 milliseconds in real-time video analysis.
This CAD system is shown to have high performance both in image and video colonoscopy and can be
used as a quality measure and also aid endoscopists in diagnosis by providing concurrent objective
aspects during colonoscopy [35].
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CAD-based systems, especially deep learning techniques, are promising options to decrease
human variation by providing real-time support and, thus, assisting in polyp detection. Most of these
systems are studied in small studies, often with static imaging. Further randomized studies are needed
to validate these results and evaluate the effects of other quality and operator parameters, such as
bowel preparation, colonoscope withdrawal time, and quality of inspection, which can affect CAD
polyp detection performance.

4. Polyp Characterization

Another critical aspect in the diagnosis of colorectal polyp is accurate polyp characterization.
Most of the current literature differentiates polyps into neoplastic or non-neoplastic polyps.
Artificial intelligence for polyp characterization may have several potential advantages, such as
predicting malignant vs. benign lesions, improving the endoscopist learning phase, and guiding
endoscopic therapy for submucosal tumors [41] (Table 2). While most small colorectal polyps are
hyperplastic with little to no risk of turning to CRC, an accurate diagnosis of these polyps is needed
to prevent unnecessary resections and complications associated with it. In a single-center study
from Japan, a unique CNN system based on CAD utilizing Al was developed to study endoscopic
images extracted from colonoscopy videos [42]. A total of 1200 images from colonoscopies were
included, and additional video images from 10 cases were applied as a test. The accuracy of the 10-fold
cross-validation test was found to be 0.751, meaning the decision by CNN was correct in 7 out of
10 cases [42].

Various methods of polyp characterization have been developed. Conventional white-light
endoscopy is a widely available endoscopic modality that uses the full visible wavelength range
(400-700 nm) [43]. A retrospective study was conducted at three hospitals to develop and assess
deep learning models for the automatic classification of colorectal lesions histologically in white-light
colonoscopy images. A total of 3828 images from 1339 patients were included in this study. Images were
divided into seven categories based on pathologic results and then reclassified into four categories.
Two CNN architectures, ResNet-152 and Inception-ResNet-v2, were used to consult deep learning
models. The mean accuracy for seven-class classification by ResNet-152 and Inception-ResNet-v2
was 60.2 and 56.4%, respectively, in the internal test dataset and 74.7 and 74.3%, respectively,
in external datasets. Similarly, the mean accuracy for the four-class classification by ResNet-152 and
Inception-ResNet-v2 was 67.3 and 67.7%, respectively, in the internal test dataset and 79.2 and 76.0%,
respectively, in external datasets. The mean AUC of the better performing model, Inception-ResNet-v2,
was 0.832 and 0.935 for tubular adenoma with or without low-grade dysplasia and high-grade dysplasia
colorectal lesions, respectively [44]. This study’s results showed promising results of deep learning
models in the classification of various colorectal lesions. It can easily be adopted into clinical practice
given that white-light endoscopy is widely used, and it requires no additional training compared to
other advanced image-enhanced endoscopy techniques.

Multiple advanced modalities, such as magnifying narrow-band imaging (NBI), endocytoscopy,
confocal endomicroscopy, laser-induced fluorescence spectroscopy, and magnifying chromoendoscopy,
are being utilized in polyp characterization.
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Table 2. Studies on Al in polyp characterization.
Author, Year and Reference Dataset Al System Imaging Modality Results Conclusion Limitations
Although automatic
. The sensitivity and specificity for polyp  colon polyp classification
) } 209 polyps (160 neqplastlc Region growing e detection was 93.8 vs. 90% and 85.7 vs.  is possible using NBI
Tischendorf et al., 2010 [45] and 49 non-neoplastic) from ) Magnification NBI o o
128 patients algorithm 70% for human observer and vascularization features,
computer-based approach, respectively. it is inferior to
human experts.
Sensitivity, specificity, and accuracy for ~ Computer-based Although the
. polyp detection was found to be 93.4 vs.  algorithm results were computer-based
) 434 polyps (258 neoplastlc Computer-based e 95.0 vs. 86.0%, 91.8 vs. 90.3 vs. 87.8%, found to be comparable algorithm showed high
P p 8 8
Gross et al., 2011 [46] and 176 non-neoplastic) from . Magnification NBI o ; R
214 patients algorithm 92.7 vs. 93.1 vs. 86.8% for the expert to expert group and diagnostic, it is still not a
group, computer-based algorithm, superior to fully automatic
and non-expert group, respectively. non-expert group. classification system.
This study showed that
computer-aided system is
reliable for predicting the
Diagnostic concordance between the histology of colorectal
. . Magnification computer-aided classification system tumors and there is no It is a retrospective,
Takemura etal, 2012 [47] 134 pit pattern images SVM chromoendoscopy and the two experienced endoscopists significant difference in single-center study.

was 98.7% (366/371).

diagnosis ability of a
computer-aided system
and an experienced

André et al., 2012 [48]

endoscopist.
The accuracy, sensitivity, and specificity A large training database
were 89.6 vs. 89.6%, 92.5 vs. 91.4%, The automated pCLE is needed to be
135 colorectal lesions and 83.3 vs. 85.7% for automated software classification adequately representative
probe-based confocal laser achieved higher of non-typical pCLE

(93 neoplastic and
42 non-neoplastic) in
71 patients

software classification

Confocal laser
endomicroscopy

Retrieval-based

endomicroscopy (pCLE). software
classification. and two expert
endoscopists, respectively, with no
statistically significant difference in
the performance.

performance than the
off-line diagnosis of
pCLE videos established
by expert endoscopists.

cases. The biopsy may be
taken accidentally from
the area that does not
correspond with the
obtained pCLE imaging.

Rath et al., 2015 [49]

137 diminutive colorectal
polyps in 27 patients

Laser-induced
fluorescence
spectroscopy

WavSTAT4

For predicting polyp histology, LIFS
using WavSTAT4 had an overall
accuracy of 84.7%, sensitivity of 81.8%,
specificity of 85.2%, and NPV of 96.1%.
For distal colorectal diminutive polyps
only after excluding adenomatous
histology, the overall accuracy was
82.4%, sensitivity was 100%, specificity
was 80.6%, and increase in NPV to 100%.

This study showed that
LIFS using the WavSTAT4
system works precisely
enough to support
leaving distal colorectal
polyps in place.

It is a single-center study.
Patients in this study had
more than one polyp and
it cannot be excluded that
these clustered
observations might have
biased the results of the
study to some extent.
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Table 2. Cont.
Author, Year and Reference Dataset Al System Imaging Modality Results Conclusion Limitations
EC-CAD had a sensitivity of 92.0% and
an accuracy of 89.2%; these were EC-CAD provides fully This study used still
176 polyps (137 neoplastic comparable to those achieved by expert — automated instant images instead of
. polyp P Support vector endoscopists (92.7% and 92.3%; p = 0.868  classification of colorectal  real-time analysis for
Mori et al., 2015 [50] and 39 non-neoplastic) from PP Endocytosco P ¢ v
v . k machine y 124 and 0.256, respectively) and significantl olyps with excellent EC-CAD, which ma
152 patients P y & Y poyP y
P higher than those achieved by trainee sensitivity, accuracy, have skewed results in
endoscopists (81.8% and 80.4%; p < 0.001  and objectivity. favor of EC-CAD.
and 0.002, respectively)
0,
C.A D was accurate for 89/3 of s The web-based test
diminutive polyps and 89% of small CAD application in di
. - iagnoses were based on
. polyps, which was comparable with the  endocytoscopy can be . o
205 polyps (147 neoplastic Support vector experts’ results (90%, p = 0.703; and 91%, helpful in the only high-quality images.
Mori et al., 2016 [51] and 58 non-neoplastic) from . Endocytoscopy A R ’ This can lead to bias as
h machine p = 0.106, respectively) and significantly =~ management of .
123 patients . Lo most of the routine
higher than results for the non-experts diminutive/small endocytosconies are not
(73%, p < 0.001; and 76%, p < 0.001, colorectal polyps. Y P
. performed by experts.
respectively)
. This real-time image
Concordance between the endoscopic .
diagnosis and diagnosis by a real-time recognition system may
. o . fulfill The Preservation
. image recognition system with a SVM -
118 colorectal lesions o and Incorporation of . o
(73 neoplastic and output value was 97.5% (115/118). Valuable Endoscopic It requires magnifying
Kominami et al., 2016 [52] P - SVM Magnification NBI Accuracy between the histologic - P colonoscopy, which needs
45 non-neoplastic) from - A . Innovations (PIVI) L
. findings of diminutive colorectal lesions . extra training.
41 patients . . . recommendations and
(polyps) and diagnosis by a real-time . L
. o . helpful in predicting the
image recognition system with a support .
. ,,  histology of
vector machine output value was 93.2%
colorectal tumors.
In this study, the CAD system provided i;;acr;?:;r?éasg;z;z
a diagnosis for 100% (100/100) of the .
Lo . . o This CAD system serrated
. . validation samples with a diagnosis time .
100 images (50 neoplastic and Endocvtoscopy with  of 0.3 s per image. The diagnastic provides a fully adenomas/polyps
Misawa et al., 2016 [53] 50 non-neoplastic) CAD 4 Py >SPp 8¢ gn automated computer (SSA/Ps) because there

173 images

NBI (EC-NBI)

accuracy for adenomatous lesions is 90%
with sensitivity, specificity, accuracy,
PPV, and NPV of 84.5, 97.6, 98.0 and
82.0%, respectively.

diagnosis without the
need for any dye solution.

are currently few EC-NBI
images of invasive
cancers and SSA/Ps

for training.
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Table 2. Cont.
Author, Year and Reference Dataset Al System Imaging Modality Results Conclusion Limitations
This system usually
performed better than
human operators
7o v 0 adnemas, €O e el opert)
Mesejo et al., 2016 [54] 21 hyperplastic lesions, 8 ane WLI and NBI Y
computer vision more serrated adenomas
and 15 serrated adenomas) X .
algorithms and adenomas while
keeping similar accuracy
in terms of
hyperplastic lesions.
In the test set, the DNN-CAD identified
neoplastic or hyperplastic polyps with g .
N 96.3% sensitivity, 78.1% specificity, DNN-CAD provides The DNN-CAD diagnosis
284 diminutives polyps o o accurate and consistent
(188 neoplastic and Deep learning a PPV of 89.6%, and an NPV of 91.5%. diagnostic performance was based on
Chen et al., 2018 [55] . - Magnification NBI DNN-CAD classified polyps as high-quality images,
96 hyperplastic) from algorithm, CNN . e for colorectal polyps and ; :
. neoplastic or hyperplastic in 0.45 + 0.07 . PP and bias might occur
193 patients . . is not inferior to experts . o
s-shorter than the time required by . ) with poor-quality images.
in the field.
experts (1.54 + 1.30 s) and non-experts
(1.77 £ 1.37 s) (both p < 0.001).
The real-time use of the
fully automated CAD
system designed for
endocytoscopies can meet
Overall, 466 diminutive (including 250 the clinical threshold
. rectosigmoid) polyps from 325 patients  required for the It is a single-center study
Mori et al., 2018 [56] 466 polyps from 325 patients  CAD, Support vector NBI were assessed by CAD, with a diagnose-and leave and no comparative

in 18 centers of Japan

machine

pathologic prediction rate of 98.1% (457
of 466).

strategy for diminutive,
non-neoplastic
rectosigmoid polyps.
This can help to improve
the cost-effectiveness of
colonoscopy.

data available.

217 polyps from 91 patients
were included as the test set.
Of these polyps, 36 were
excluded due to lost
histopathology

Min et al., 2019 [57]

Gaussian mixture

model Linked-color imaging

The accuracy of the CAD system was
comparable to that of the expert
endoscopists (78.4% vs. 79.6%;

p = 0.517).The diagnostic accuracy of the
novices endoscopist was significantly
lower to the performance of the experts
(70.7% vs. 79.6%; p = 0.018).

This novel CAD system
developed based on
linked-color imaging
demonstrates a
promising performance
and is comparable to the
expert endoscopist.

This study was
performed using still
images rather than
real-time evaluations

of polyps.
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Author, Year and Reference Dataset Al System Imaging Modality Results Conclusion Limitations
The CAD system correctly classified 205
polyps (91.1%): 131/142 dysplastic
i?()zril'/::e) SSggZi/f S Sz%g%ﬁﬁiﬁifg éastlc. This computer vision Sessile serrated polyps
Images of 225 polyps were polyps (<5 mm), CAD correctly zi]'lesitrzr?t:esfzsaetcilocr)\notfht;e ‘s/:zer:rgfet lﬁgrdiicaaize
Sanchez-Montes etal, evalugated (142 C{D S| yllia)s‘cic and Support vector WLI classified 87 polyps (87.0%): 43/50 olyp surface in white ths are r?ot C(f)nsidered as
S . machines 0% splastic an 0% . ; .
2019 [58] ysp hi 86.0%) dysplastic and 44/50 (88.0% poyp Y
83 nondysplastic) nondysplastic. There were no light, accurately a different group in the
statistically significant differences in P r(idlc’;fidtztl)(l)orectal Ii:d?f?r;fi I\IIIICE
polyp histology prediction between the POyp ustology: classtiications.
CAD system and
endoscopist assessment.
The accuracy, sensitivity, specificity,
Fecostgmotd neoplasti pelype by Thsstudy suggests tat
Ninety-five patients with & P PO YPS by CAD-AFI is an effective
429 polyps (258 diminutive CAD-AFI were 91.5,80.0,95.3, and objective modalit It is a single-center stud:
Lo : . olor intensit utofluorescence and 85.2%, respectively. For diminutive - - . .
poyp Color intensity Autofl d 85.2%, respectively. For diminuti ) ¥y & Y
Horiuchi et al., 2019 [59] rectosigmoid polyps and . L . . for differentiating It included patients who
T analysis software imaging rectosigmoid polyps, the NPV for
171 diminutive - L ) adenomatous from had known colon polyps.
non-rectosigmoid polyps) differentiating neoplastic polyps was non-neoplastic
gmoid polyp 93.4% (184/197) with CAD-AFI and . rlfwi e olvos
94.9% (185/195) with trimodal & POLyps:
imaging endoscopy.
In the analysis of stained endocytoscopic
images, EndoBRAIN identified colon
lesions with a sensitivity of 96.9%,
specificity of 100%, an accuracy of 98%,
a PPV of 100%, and an NPV of 94.6%,
and these values were all significantly EndoBRAIN accurately
greater than those of the endoscopy differentiated neoplastic E;e ;voesl;::vs:i t;s; de
69,142 endocytoscopic FndoBRAIN trainees and experts. In the analysis of from non-neoplastic usil%g 326 only
images, taken at 520-fold an artificial Endocytoscopy with narrow-band images, EndoBRAIN lesions in stained high-quality images,

Kudo etal., 2019 [60] magnification from

2000 polyps

intelligence-based
system

narrow-band imaging

distinguished neoplastic from
non-neoplastic lesions with a sensitivity
of 96.9%, a specificity of 94.3%, an
accuracy of 96.0%, a PPV of 96.9%,

and an NPV of 94.3% and these values
were all significantly higher than those
of the endoscopy trainees; sensitivity
and NPV were significantly higher, but
the other values are comparable

with experts.

endocytoscopic images
and endocytoscopic
narrow-band images,
with histopathology used
as the standard.

which can cause bias as
most of the
endocytoscopies are not
performed by experts.
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Table 2. Cont.

Author, Year and Reference Dataset Al System Imaging Modality Results Conclusion Limitations

The AI model did not generate sufficient
confidence to predict the histology of 19  An Al model trained on

125 diminutive polyp videos diminutive polyps in the test set. For the endoscopic video can The study used video
Byrne et al., 2019 [61] (74 adenomas and 51 Deep convolutional NBI remaining 106 dir-n%ngtive pqugs, differentiate diminutive recor?h'ngs rather than
’ h Jastic polyps) neural network the accuracy, sensitivity, specificity, NPV, adenomas from real-time assessments
yperpiastic polyp and PPV for identification of adenomas  hyperplastic polyps with  of polyps
of the model were 94, 98, 83, 97, high accuracy.

and 90%, respectively.

CNN—convolutional neural network; WLI—white-light imaging; NBI—narrow band imaging; SVM—support vector machine; CAD—computer-aided detection; NPV—negative predictive
value; PPV—positive predictive value; CAD-AFl—computer-aided diagnosis using autofluorescence imaging; EC-CAD—computer-aided diagnostic system for endocytoscopic imaging.
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4.1. Magnifying Narrow Band Imaging (NBI)

NBI is an image-enhanced form of endoscopy that narrows the spectral transmittance bandwidth
using optic filters for sequential green and blue illumination. This technique helps examine
microvascular patterns associated with histological features and depth of submucosal invasion.
NBI magnification can be useful for polyp characterization [47,62].

In a prospective study, the computer-based method was developed for the classification of
colorectal polyps [44]. A total of 214 patients with 434 polyps of size 10 mm or less were included in
the study, and all these patients underwent zoomed NBI colonoscopy. The diagnostic performance of
two experts (who routinely used magnification colonoscopy with NBI for >4 yrs), two non-experts
(performing colonoscopy for at least one year but never used NBI), and a computer-based algorithm
was compared for polyp classification as neoplastic or non-neoplastic. Results for polyp classification
were comparable for expert and computer-based methods with sensitivity, specificity, and accuracy
of 93.4 vs. 95.0%, 91.8 vs. 90.3%, and 92.7 vs. 93.1%, respectively, whereas the non-expert group
was inferior with a sensitivity of 86.0%, a specificity of 87.8%, and an accuracy of 86.8% [46].
In another retrospective study, a computer-aided system was developed to predict the classification
of colorectal lesions based on NBI magnifying colonoscopy images. A total of 371 NBI magnifying
images of colorectal lesions from patients who underwent colonoscopy between January 2005 to
July 2010 were included, and the performance of the computer-aided system was compared to two
experienced endoscopists and histologic diagnosis. The computer-aided system showed diagnostic
accuracy, sensitivity, and specificity of 97.8, 97.8, and 97.9%, respectively. Interestingly, the diagnostic
agreement between computer-aided classifier systems and two experts was 98.7%, with no significant
difference [47].

The optical diagnosis of colorectal polyps differs between endoscopists, so a computer-assisted
optical biopsy (COAB) system was developed using machine learning to differentiate between neoplastic
and non-neoplastic polyps. A total of 275 polyps were detected during colonoscopy and imaged
using the unmagnified high-definition white light and narrowband image mode [62]. Two experts
also reviewed a total of 788 images available (602 were for training machine learning algorithms
and 186 for COAB testing) and all images in optical polyp characterization. The CAOB approach’s
accuracy, sensitivity, and negative predictive value were 78.0, 92.3, and 88.2%, respectively. However,
the accuracy obtained by two expert endoscopists was 84.0% (p = 0.307) and 77.0% (p = 1.000) and thus
did not differ significantly from COAB predictions [63]. The studies mentioned above indicate that
computer-assisted NBI image analysis may play a role in polyp characterization during colonoscopy.

Byrne et al. developed a deep convolutional neural network (DCCN) for real-time assessment
of untouched endoscopic video images to differentiate between adenomatous and hyperplastic
diminutive colorectal polyps [47]. Only NBI video frames were used in this study. Out of 125 polyp
videos evaluated by the Al model to differentiate between adenomatous and hyperplastic polyp,
it did not build confidence to predict histology in 19 polyp videos. In the remaining 106 videos
with high confidence for prediction, Al model accuracy, sensitivity and specificity for identification
of adenoma were 94 (95% CI: 86 to 97%), 98 (95% CI: 92 to 100%), and 83% (95% CI: 67 to 93%),
respectively. This model showed high accuracy in differentiating adenomatous and hyperplastic
polyps. Although this model showed promising results, these results need to be validated in true live
colonoscopies [61]. Another study conducted where a CAD with deep neural network (DNN-CAD)
was developed and tested to classify the diminutive colorectal polyp NBI images [46]. From Taiwan’s
tertiary hospital database, 1476 images of neoplastic polyp images and 681 hyperplastic polyp images
with a size less than 5 mm were obtained. Histology information of all these polyps was used as a
reference. Information from a test set of 96 hyperplastic and 199 neoplastic polyps’ images was used
to compare the diagnostic ability of DNN-CAD with novice (1 = 4) and expert endoscopists (1 = 2).
DNN-CAD showed sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV) of 96.3, 78.1, 89.6, and 91.5%, respectively, in identifying hyperplastic and neoplastic
polyps in a test set. The average time to classify polyps by DNN-CAD was 0.45 + 0.07 s, while that for
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experts was 1.54 + 1.30 s and for non-experts was 1.77 + 1.37 s (p < 0.001). The intraobserver agreement
(kappa score) was 1 in DNN-CAD-classified polyps; however, the intraobserver and interobserver
agreement among the novice and expert endoscopists were lower [55].

The use of narrow-band imaging along with computer assistance can help determine the
characteristic of the polyps, which is equivalent to an expert in these preliminary studies. Further studies
are needed to explore the enhancement of the diagnostic ability to improve polyp characterization.

4.2. Magnifying Chromoendoscopy

Magnifying chromoendoscopy is a technique to enhance visualization of pit patterns of polyp
surfaces to differentiate between benign and neoplastic polyps. Magnification endoscopes have an
individual lens attached, increasing the magnifying factor from 80 to up to 150 and improving accuracy
in detecting lesions during colonoscopy. In magnifying chromoendoscopy, dye spray, such as indigo
carmine or methylene blue/crystal violet, is used along with magnifying endoscopy to recognize
the pit patterns on the polyp surface [64-66]. Pit pattern can be very helpful in the diagnosis of
submucosal CRC [64]. CAD can be used with magnifying chromoendoscopy to automate and diagnose
the malignant potential of the colorectal polyps with high sensitivity [65,66]. There can be interobserver
variation even between experienced endoscopists to completely characterize the pit pattern correctly.

Takemura and colleagues created and analyzed an automated computer-based system,
named HuPAS version 1.3, that could outline pits identified on digital magnifying endoscopic
images [61]. A total of 134 regular pit pattern images were included in the study to compare the
ability of an automated computer-based system and an endoscopist to characterize colorectal polyps.
The automated computer-based system showed an accuracy of 98.5% (132/134) in identifying the
colorectal lesion’s pit patterns. Their computer-based system was in 100% agreement with endoscopic
diagnosis by the endoscopist for type I and II pit patterns, and for type IIIL and 1V, it was able to
diagnose in 96.6 and 96.7% cases, respectively [65].

4.3. Endocytoscopy

Endocytoscopy (EC) allows ultra-magnification of the real-time images by 380- to 500-fold. In EC,
a contact light microscopy system is added to the colonoscope’s distal tip, enabling on-site evaluation
of nuclei and cytological structures for pathologic diagnosis of lesions in real-time. It is shown to be
94.1% accurate in differentiating neoplastic lesions compared to 96% with biopsy [50,64]. EC requires
expert endoscopists to interpret results, and it is very operator-dependent. Therefore, developing a
CAD system for EC will allow interpretation by non-expert endoscopists also.

CAD-EC was developed and tested in a pilot study of 152 patients with small colorectal polyps
(<10 mm) [64]. The CAD-EC system was compared with two experts and two trainee endoscopists in
predicting neoplastic changes in the colorectal lesions. For CAD-EC and EC evaluation by experts,
the accuracy and sensitivity were found to be 89.2 (95% CI, 83.7-93.4%) vs. 92.3% (95% CI, 89.0-94.9%)
and 92 (95% Cl, 86.1-95.9%) vs. 92.7% (95% CI, 89.0-95.5%), respectively. Trainee endoscopists had a
much lower accuracy of 80.4% and a sensitivity of 81.8% when compared to CAD-EC. The results of
this study showed that CAD-EC has a sensitivity and accuracy comparable to expert endoscopists and
could also provide an instant diagnosis as it takes 0.3 s per lesion [50].

In another retrospective study, CAD-EC was developed and evaluated to differentiate between
invasive CRC and adenomatous lesions [65]. The image database was generated based on a consecutive
series of EC images from 242 patients. From the dataset, 5543 images were used to construct the
CAD-EC algorithm and 200 images to test the system. CAD-EC showed a sensitivity of 89.4%,
a specificity of 98.9%, an accuracy of 94.1%, a PPV of 98.8%, and an NPV of 90.1% in differentiating
invasive cancer from adenoma. Although this study showed a promising result, it was conducted on a
database of EC images, therefore further multicenter clinical trials on real-time colonoscopy videos are
needed [67].
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4.4. Confocal Endomicroscopy/Confocal Laser Endomicroscopy

Confocal endomicroscopy/confocal laser endomicroscopy has been available in the biomedical
field since 1961 [66]. It allows magnification up to 1000-fold in real-time images and allows real-time
in vivo histological images of gastrointestinal mucosa [68]. Probe-based confocal laser endomicroscopy
(pCLE) is usually performed by endoscopist experts in this technique and requires much training.
A computer-based system can provide objective support for pCLE diagnosis. André et al. developed
and studied the diagnosis ability of computer-based automated pCLE classification and compared
it with expert endoscopists who made a diagnosis based on pCLE videos alone to differentiate
between neoplastic and non-neoplastic polyps [50]. A total of 135 images of colon polyps from
76 patients were included, and histopathological diagnosis was used as a standard criterion. The results
revealed a sensitivity, specificity, and accuracy of 92.5 vs. 91.4%, 83.3 vs. 84.7%, and 89.6 vs.
89.6%, respectively, for computer-based automated pCLE classification and expert performance in
differentiating neoplastic and non-neoplastic lesions, and these differences were not statistically
significant [48]. Thus, the development of confocal laser endomicroscopy with computer assistance
shows promise for polyp characterization; however, widespread use needs further evaluation with
randomized controlled studies.

4.5. Laser-Induced Fluorescence Spectroscopy (LIFS)

Laser-induced fluorescence spectroscopy (LIFS) is a technique that provides real-time automatic
differentiation of colorectal polyps as benign or neoplastic. It includes an optical fiber device, WavSTAT,
that is installed into biopsy forceps. It emits laser waves that are absorbed by targeted tissue and then
releases light to give optical biopsy results of whether the targeted lesion is neoplastic or non-neoplastic
with the help of a computer software algorithm [49,69]. Diagnostic accuracy of WavSTAT was compared
to WavSTAT along with high-resolution endoscopy in 87 patients with 207 colorectal polyps (size less
than 10 mm). The diagnostic accuracy of WavSTAT alone (74.4%) and WavSTAT with high-resolution
endoscopy (79.2%) did not meet the criteria for the American Society for Gastrointestinal Endoscopy
(ASGE) performance threshold for assessment of small colorectal lesions [69]. Rath et al. studied a new
version of the LIFS system called WavSTAT4, which could predict a colorectal neoplasm in vivo within
1 sec. In a prospective observational study, histology of 137 small polyps (<5 mm size) from 27 patients
who underwent screening or surveillance colonoscopy was predicted with LIFS using WavSTAT4
and compared to traditional histopathological results [49]. The accuracy of LIFS using WavSTAT4
in predicting polyp histology was 84.7%. Meanwhile, for distal colorectal diminutive polyps only,
the NPV for excluding adenomatous histology increased to 100%. This study shows that LIFS with
WavSTAT4 can predict colorectal lesion histology, and these results were more pronounced in small
polyps in the distal colorectal area [49].

4.6. Autofluorescence Endoscopy

Endogenous fluorophores in the colorectal tissue emit natural tissue fluorescence upon excitation
by light. The autofluorescence imaging (AFI) system analyzes fluorescence and provides a green/red
(G/R) image [8]. AFI colonoscopy produces real-time pseudo-color images with neoplastic lesion
appearing green and non-neoplastic lesion appearing red/magenta [70,71]. Aihara and colleagues
developed a color analysis software that enables analysis of colorectal lesion with AFI and studied
the diagnostic ability of this software in a prospective study of 32 patients with 102 colorectal
lesions. Lesions were labeled as neoplastic (<1.01) and non-neoplastic (>1.01) based on the G/R ratio.
Results showed that the mean G/R ratio was 0.86 for neoplastic lesions, 1.12 for non-neoplastic lesions,
and 1.36 for normal mucosa. This study showed that colorectal lesions could be differentiated into
neoplastic and non-neoplastic based on AFI and decrease unnecessary interventions [70].

Although there are CAD-based systems for polyp characterization produced from white-light
endoscopy, most of them are developed to use with advanced imaging modalities. Al helps predict
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malignant and non-malignant tissue to guide therapy, but most of the evidence is based on small studies.
No randomized trial has been done, so large randomized trials are needed to validate these results.

5. Conclusions

Al has expanded exponentially over the last few years in the gastroenterology field, especially
in gastrointestinal cancer screening and diagnosis. Implementation of Al and CAD technology with
colonoscopy and various endoscopic modalities is showing promising results for screening and
diagnosis of CRC. In colorectal polyp detection and classification, Al and CAD can provide clinicians
with assistance in establishing diagnosis by providing concurrent objective aspects. Multiple studies
showed that computer-aided software could provide real-time optic biopsies comparable to expert
endoscopist performances; however, several study limitations need to be kept in mind, such as most of
the data being available based on small studies at tertiary care centers, selection bias of the images used
for the training set, lack of randomization of many studies, and the number of images used for the Al
model’s training set. Preliminary results with small studies have shown promising results, and further
large, multicenter clinical trials are needed to establish the diagnostic accuracy of Al technology in the
real world.

Author Contributions: Conception and design, H.G.; literature search, H.G., RM., Z.G. and A P; first draft, H.G.,
R.M. and Z.G;; critical revision and editing, H.G., RM., Z.G., AP, A A,K.A.A,NS,S.S, B.T, and S.I. All authors
have read and agreed to the published version of the manuscript.

Funding: This article received no external funding.

Conflicts of Interest: All authors declare no conflict of interest.

References

1. Shalev-Shwartz, S.; Ben-David, S. Understanding Machine Learning: From Theory to Algorithms; Cambridge
University Press: New York, NY, USA, 2014.

2. Russell, S.J.; Norvig, P. Artificial Intelligence: A Modern Approach; Prentice Hall Press: Englewood Cliffs,
NJ, USA, 2009.

3.  Hamet, P; Tremblay, J. Artificial intelligence in medicine. Metabolism 2017, 69, S36-540. [CrossRef] [PubMed]

4. Yang, YJ.; Bang, C.S. Application of artificial intelligence in gastroenterology. World J. Gastroenterol. 2019, 25,
1666-1683. [CrossRef] [PubMed]

5. Ruffle, J.K,; Farmer, A.D.; Aziz, Q. Artificial Intelligence-Assisted Gastroenterology- Promises and Pitfalls.
Am. ]. Gastroenterol. 2019, 114, 422-428. [CrossRef] [PubMed]

6.  Schmidhuber, ]. Deep learning in neural networks: An overview. Neural Netw. 2015, 61, 85-117. [CrossRef]
[PubMed]

7. Ahmad, O.F,; Soares, A.S.; Mazomenos, E.; Brandao, P.; Vega, R.; Seward, E.; Stoyanov, D.; Chand, M.;
Lovat, L.B. Artificial intelligence and computer-aided diagnosis in colonoscopy: Current evidence and future
directions. Lancet Gastroenterol. Hepatol. 2019, 4, 71-80. [CrossRef]

8.  Kudo, S.E.; Mori, Y.; Misawa, M.; Takeda, K.; Kudo, T.; Itoh, H.; Oda, M.; Mori, K. Artificial intelligence and
colonoscopy: Current status and future perspectives. Dig. Endosc. 2019, 31, 363-371. [CrossRef]

9. Corley, D.A,; Jensen, C.D.; Marks, A.R.; Zhao, WK_; Lee, ].K.; Doubeni, C.A.; Zauber, A.G.; de Boer, J.;
Fireman, B.H.; Schottinger, J.E.; et al. Adenoma Detection Rate and Risk of Colorectal Cancer and Death.
N. Engl. ]. Med. 2014, 370, 1298-1306. [CrossRef]

10. Morris, E.J.; Rutter, M.D.; Finan, PJ.; Thomas, ].D.; Valori, R. Post-colonoscopy colorectal cancer (PCCRC)
rates vary considerably depending on the method used to calculate them: A retrospective observational
population-based study of PCCRC in the English National Health Service. Gut 2015, 64, 1248-1256. [CrossRef]

11.  vanRijn, J.C,; Reitsma, ].B.; Stoker, J.; Bossuyt, PM.; van Deventer, S.J.; Dekker, E. Polyp miss rate determined
by tandem colonoscopy: A systematic review. Am. J. Gastroenterol. 2006, 101, 343-350. [CrossRef]

12.  Kaminski, M.E; Regula, ].; Kraszewska, E.; Polkowski, M.; Wojciechowska, U.; Didkowska, J.; Zwierko, M.;
Rupinski, M.; Nowacki, M.P,; Butruk, E. Quality Indicators for Colonoscopy and the Risk of Interval Cancer.
N. Engl. J. Med. 2010, 362, 1795-1803. [CrossRef]


http://dx.doi.org/10.1016/j.metabol.2017.01.011
http://www.ncbi.nlm.nih.gov/pubmed/28126242
http://dx.doi.org/10.3748/wjg.v25.i14.1666
http://www.ncbi.nlm.nih.gov/pubmed/31011253
http://dx.doi.org/10.1038/s41395-018-0268-4
http://www.ncbi.nlm.nih.gov/pubmed/30315284
http://dx.doi.org/10.1016/j.neunet.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25462637
http://dx.doi.org/10.1016/S2468-1253(18)30282-6
http://dx.doi.org/10.1111/den.13340
http://dx.doi.org/10.1056/NEJMoa1309086
http://dx.doi.org/10.1136/gutjnl-2014-308362
http://dx.doi.org/10.1111/j.1572-0241.2006.00390.x
http://dx.doi.org/10.1056/NEJMoa0907667

J. Clin. Med. 2020, 9, 3313 19 of 22

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Perisetti, A.; Khan, H.; George, N.E.; Yendala, R.; Rafig, A.; Blakely, S.; Rasmussen, D.; Villalpando, N.;
Goyal, H. Colorectal cancer screening use among insured adults: Is out-of-pocket cost a barrier to routine
screening? World |. Gastrointest. Pharmacol. Ther. 2018, 9, 31. [CrossRef] [PubMed]

Golub, R.; Cantu, R.; Tan, M. The prediction of common bile duct stones using a neural network. J. Am.
Coll. Surg. 1998, 187, 584-590. [CrossRef]

Smith, R.A.; Andrews, K.S.; Brooks, D.; Fedewa, S.A.; Manassaram-Baptiste, D.; Saslow, D.; Wender, R.C.
Cancer screening in the United States, 2019: A review of current American Cancer Society guidelines and
current issues in cancer screening. CA Cancer J. Clin. 2019, 69, 184-210. [CrossRef] [PubMed]

Issa, I.LA.; Noureddine, M. Colorectal cancer screening: An updated review of the available options.
World |. Gastroenterol. 2017, 23, 5086-5096. [CrossRef]

Singh, H.; Turner, D.; Xue, L.; Targownik, L.E.; Bernstein, C.N. Risk of developing colorectal cancer following
a negative colonoscopy examination: Evidence for a 10-year interval between colonoscopies. JAMA 2006,
295, 2366-2373. [CrossRef] [PubMed]

Brenner, H.; Chang-Claude, J.; Seiler, C.M.; Rickert, A.; Hoffmeister, M. Protection from colorectal cancer
after colonoscopy: A population-based, case-control study. Ann. Intern. Med. 2011, 154, 22-30. [CrossRef]
Baxter, N.N.; Goldwasser, M.A; Paszat, L.E,; Saskin, R.; Urbach, D.R.; Rabeneck, L. Association of colonoscopy
and death from colorectal cancer. Ann. Intern. Med. 2009, 150, 1-8. [CrossRef] [PubMed]

Kahi, C.J.; Imperiale, T.E; Juliar, B.E.; Rex, D.K. Effect of screening colonoscopy on colorectal cancer incidence
and mortality. Clin. Gastroenterol. Hepatol. 2009, 7, 770-775. [CrossRef]

Wang, P; Berzin, T.M.; Glissen Brown, J.R.; Bharadwaj, S.; Becq, A.; Xiao, X.; Liu, P; Li, L.; Song, Y,;
Zhang, D; et al. Real-time automatic detection system increases colonoscopic polyp and adenoma detection
rates: A prospective randomised controlled study. Gut 2019, 68, 1813-1819. [CrossRef]

Hornbrook, M.C.; Goshen, R.; Choman, E.; O’Keeffe-Rosetti, M.; Kinar, Y.; Liles, E.G.; Rust, K.C.
Early Colorectal Cancer Detected by Machine Learning Model Using Gender, Age, and Complete Blood
Count Data. Dig. Dis. Sci. 2017, 62, 2719-2727. [CrossRef]

Kinar, Y.; Kalkstein, N.; Akiva, P; Levin, B.; Half, E.E.; Goldshtein, I.; Chodick, G.; Shalev, V. Development
and validation of a predictive model for detection of colorectal cancer in primary care by analysis of complete
blood counts: A binational retrospective study. J. Am. Med. Inf. Assoc. 2016, 23, 879-890. [CrossRef]
[PubMed]

Spell, D.W,; Jones, D.V., Jr.; Harper, W.E; David Bessman, J. The value of a complete blood count in predicting
cancer of the colon. Cancer Detect. Prev. 2004, 28, 37-42. [CrossRef]

Goyal, H,; Lippi, G.; Gjymishka, A.; John, B.; Chhabra, R.; May, E. Prognostic significance of red blood
cell distribution width in gastrointestinal disorders. World . Gastroenterol. 2017, 23, 4879-4891. [CrossRef]
[PubMed]

Kinar, Y.; Akiva, P; Choman, E.; Kariv, R.; Shalev, V.; Levin, B.; Narod, S.A.; Goshen, R. Performance analysis
of a machine learning flagging system used to identify a group of individuals at a high risk for colorectal
cancer. PLoS ONE 2017, 12, €0171759. [CrossRef] [PubMed]

Taylor, S.A.; linuma, G.; Saito, Y.; Zhang, J.; Halligan, S. CT colonography: Computer-aided detection of
morphologically flat T1 colonic carcinoma. Eur. Radiol. 2008, 18, 1666-1673. [CrossRef] [PubMed]

Song, B.; Zhang, G.; Lu, H.; Wang, H.; Zhu, W.; Perry, J.P; Liang, Z. Volumetric texture features from
higher-order images for diagnosis of colon lesions via CT colonography. Int. |. Comput. Assist. Radiol. Surg.
2014, 9, 1021-1031. [CrossRef]

Blanes-Vidal, V.; Baatrup, G.; Nadimi, E.S. Addressing priority challenges in the detection and assessment of
colorectal polyps from capsule endoscopy and colonoscopy in colorectal cancer screening using machine
learning. Acta Oncol. 2019, 58, S29-536. [CrossRef] [PubMed]

Hosoe, N.; Limpias Kamiya, K.J.; Hayashi, Y.; Sujino, T.; Ogata, H.; Kanai, T. Current Status of Colon Capsule
Endoscopy. Dig. Endosc. 2020. [CrossRef]

Lin, J.S.; Piper, M.A.; Perdue, L.A.; Rutter, C.M.; Webber, E.M.; O’Connor, E.; Smith, N.; Whitlock, E.P.
Screening for Colorectal Cancer: Updated Evidence Report and Systematic Review for the US Preventive
Services Task Force. JAMA 2016, 315, 2576-2594. [CrossRef]

Fernandez-Esparrach, G.; Bernal, J; Loépez-Ceréon, M., Coérdova, H., Sanchez-Montes, C.;
Rodriguez de Miguel, C.; Sanchez, FJ. Exploring the clinical potential of an automatic colonic polyp
detection method based on the creation of energy maps. Endoscopy 2016, 48, 837-842. [CrossRef]


http://dx.doi.org/10.4292/wjgpt.v9.i4.31
http://www.ncbi.nlm.nih.gov/pubmed/30191078
http://dx.doi.org/10.1016/S1072-7515(98)00241-5
http://dx.doi.org/10.3322/caac.21557
http://www.ncbi.nlm.nih.gov/pubmed/30875085
http://dx.doi.org/10.3748/wjg.v23.i28.5086
http://dx.doi.org/10.1001/jama.295.20.2366
http://www.ncbi.nlm.nih.gov/pubmed/16720822
http://dx.doi.org/10.7326/0003-4819-154-1-201101040-00004
http://dx.doi.org/10.7326/0003-4819-150-1-200901060-00306
http://www.ncbi.nlm.nih.gov/pubmed/19075198
http://dx.doi.org/10.1016/j.cgh.2008.12.030
http://dx.doi.org/10.1136/gutjnl-2018-317500
http://dx.doi.org/10.1007/s10620-017-4722-8
http://dx.doi.org/10.1093/jamia/ocv195
http://www.ncbi.nlm.nih.gov/pubmed/26911814
http://dx.doi.org/10.1016/j.cdp.2003.10.002
http://dx.doi.org/10.3748/wjg.v23.i27.4879
http://www.ncbi.nlm.nih.gov/pubmed/28785142
http://dx.doi.org/10.1371/journal.pone.0171759
http://www.ncbi.nlm.nih.gov/pubmed/28182647
http://dx.doi.org/10.1007/s00330-008-0936-7
http://www.ncbi.nlm.nih.gov/pubmed/18389248
http://dx.doi.org/10.1007/s11548-014-0991-2
http://dx.doi.org/10.1080/0284186X.2019.1584404
http://www.ncbi.nlm.nih.gov/pubmed/30836800
http://dx.doi.org/10.1111/den.13769
http://dx.doi.org/10.1001/jama.2016.3332
http://dx.doi.org/10.1055/s-0042-108434

J. Clin. Med. 2020, 9, 3313 20 of 22

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

le Clercq, C.M.; Bouwens, M.W.; Rondagh, E.J.; Bakker, C.M.; Keulen, E.T.; de Ridder, R.J.; Winkens, B.;
Masclee, A.A.; Sanduleanu, S. Postcolonoscopy colorectal cancers are preventable: A population-based study.
Gut 2014, 63, 957-963. [CrossRef] [PubMed]

Park, S.Y.; Sargent, D. (Eds.) Colonoscopic polyp detection using convolutional neural networks.
In Proceedings of the Medical Imaging 2016: Computer-Aided Diagnosis, International Society for Optics
and Photonics, San Diego, CA, USA, 28 February-2 March 2016.

Wang, P; Xiao, X.; Glissen Brown, J.R.; Berzin, T.M.; Tu, M.; Xiong, F.; Hu, X,; Liu, P; Song, Y.; Zhang, D.; et al.
Development and validation of a deep-learning algorithm for the detection of polyps during colonoscopy.
Nat. Biomed. Eng. 2018, 2, 741-748. [CrossRef] [PubMed]

Misawa, M.; Kudo, S.E.; Mori, Y.; Cho, T.; Kataoka, S.; Yamauchi, A.; Ogawa, Y.; Maeda, Y.; Takeda, K;
Ichimasa, K; et al. Artificial Intelligence-Assisted Polyp Detection for Colonoscopy: Initial Experience.
Gastroenterology 2018, 154, 2027-2029.e3. [CrossRef] [PubMed]

Figueiredo, PN.; Figueiredo, I.N.; Pinto, L.; Kumar, S.; Tsai, Y.-H.R.; Mamonov, A.V. Polyp detection
with computer-aided diagnosis in white light colonoscopy: Comparison of three different methods.
Endosc. Int. Open 2019, 7, E209-E215. [CrossRef]

Karkanis, S.A.; Iakovidis, D.K.; Maroulis, D.E.; Karras, D.A.; Tzivras, M. Computer-aided tumor detection in
endoscopic video using color wavelet features. IEEE Trans Inf. Technol. Biomed. 2003, 7, 141-152. [CrossRef]
Hafner, M.; Brunauer, L.; Payer, H.; Resch, R.; Gangl, A.; Uhl, A.; Wrba, F.; Vécsei, A. Computer-Aided
Classification of Zoom-Endoscopical Images Using Fourier Filters. IEEE Trans. Inf. Technol. Biomed. 2010,
14, 958-970. [CrossRef]

Urban, G.; Tripathi, P.; Alkayali, T.; Mittal, M.; Jalali, F.; Karnes, W.; Baldi, P. Deep Learning Localizes
and Identifies Polyps in Real Time With 96% Accuracy in Screening Colonoscopy. Gastroenterology 2018,
155, 1069-1078.€8. [CrossRef]

Bisschops, R.; East, ].E.; Hassan, C.; Hazewinkel, Y.; Kaminski, M.E; Neumann, H.; Pellise, M.; Antonelli, G.;
Bustamante Balen, M.; Coron, E.; et al. Advanced imaging for detection and differentiation of colorectal
neoplasia: European Society of Gastrointestinal Endoscopy (ESGE) Guideline—Update 2019. Endoscopy
2019, 51, 1155-1179. [CrossRef]

Komeda, Y.; Handa, H.; Watanabe, T.; Nomura, T.; Kitahashi, M.; Sakurai, T.; Okamoto, A.; Minami, T.;
Kono, M.; Arizumi, T.; et al. Computer-Aided Diagnosis Based on Convolutional Neural Network System
for Colorectal Polyp Classification: Preliminary Experience. Oncology 2017, 93 (Suppl. 1), 30-34. [CrossRef]
Yang, Y.J.; Cho, B.-].; Lee, M.-].; Kim, ].H.; Lim, H.; Bang, C.S.; Jeong, H.M.; Hong, ].T.; Baik, G.H. Automated
Classification of Colorectal Neoplasms in White-Light Colonoscopy Images via Deep Learning. J. Clin. Med.
2020, 9, 1593. [CrossRef]

Buchner, A.M. The Role of Chromoendoscopy in Evaluating Colorectal Dysplasia. Gastroenterol. Hepatol.
2017, 13, 336-347.

Tischendorf, J.J.; Gross, S.; Winograd, R.; Hecker, H.; Auer, R.; Behrens, A.; Trautwein, C.; Aach, T.; Stehle, T.
Computer-aided classification of colorectal polyps based on vascular patterns: A pilot study. Endoscopy 2010,
42,203-207. [CrossRef] [PubMed]

Gross, S.; Trautwein, C.; Behrens, A.; Winograd, R.; Palm, S.; Lutz, H.H.; Schirin-Sokhan, R.; Hecker, H.;
Aach, T.; Tischendorf, ].J. Computer-based classification of small colorectal polyps by using narrow-band
imaging with optical magnification. Gastrointest. Endosc. 2011, 74, 1354-1359. [CrossRef] [PubMed]
Takemura, Y.; Yoshida, S.; Tanaka, S.; Kawase, R.; Onji, K.; Oka, S.; Tamaki, T.; Raytchev, B.; Kaneda, K;
Yoshihara, M.; et al. Computer-aided system for predicting the histology of colorectal tumors by using
narrow-band imaging magnifying colonoscopy (with video). Gastrointest. Endosc. 2012, 75, 179-185.
[CrossRef] [PubMed]

André, B.; Vercauteren, T.; Buchner, A.M.; Krishna, M.; Ayache, N.; Wallace, M.B. Software for automated
classification of probe-based confocal laser endomicroscopy videos of colorectal polyps. World ]. Gastroenterol.
2012, 18, 5560-5569. [CrossRef]

Rath, T.; Tontini, G.E.; Vieth, M.; Négel, A.; Neurath, M.F.; Neumann, H. In vivo real-time assessment of
colorectal polyp histology using an optical biopsy forceps system based on laser-induced fluorescence
spectroscopy. Endoscopy 2016, 48, 557-562. [CrossRef]


http://dx.doi.org/10.1136/gutjnl-2013-304880
http://www.ncbi.nlm.nih.gov/pubmed/23744612
http://dx.doi.org/10.1038/s41551-018-0301-3
http://www.ncbi.nlm.nih.gov/pubmed/31015647
http://dx.doi.org/10.1053/j.gastro.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29653147
http://dx.doi.org/10.1055/a-0808-4456
http://dx.doi.org/10.1109/TITB.2003.813794
http://dx.doi.org/10.1109/TITB.2010.2044184
http://dx.doi.org/10.1053/j.gastro.2018.06.037
http://dx.doi.org/10.1055/a-1031-7657
http://dx.doi.org/10.1159/000481227
http://dx.doi.org/10.3390/jcm9051593
http://dx.doi.org/10.1055/s-0029-1243861
http://www.ncbi.nlm.nih.gov/pubmed/20101564
http://dx.doi.org/10.1016/j.gie.2011.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22000791
http://dx.doi.org/10.1016/j.gie.2011.08.051
http://www.ncbi.nlm.nih.gov/pubmed/22196816
http://dx.doi.org/10.3748/wjg.v18.i39.5560
http://dx.doi.org/10.1055/s-0042-102251

J. Clin. Med. 2020, 9, 3313 21 of 22

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Mori, Y.; Kudo, S.E.; Wakamura, K.; Misawa, M.; Ogawa, Y.; Kutsukawa, M.; Kudo, T.; Hayashi, T.; Miyachi, H.;
Ishida, F; et al. Novel computer-aided diagnostic system for colorectal lesions by using endocytoscopy
(with videos). Gastrointest. Endosc. 2015, 81, 621-629. [CrossRef]

Mori, Y.; Kudo, S.E.; Chiu, PW,; Singh, R.; Misawa, M.; Wakamura, K.; Kudo, T.; Hayashi, T.; Katagiri, A.;
Miyachi, H.; et al. Impact of an automated system for endocytoscopic diagnosis of small colorectal lesions:
An international web-based study. Endoscopy 2016, 48, 1110-1118. [CrossRef]

Kominami, Y.; Yoshida, S.; Tanaka, S.; Sanomura, Y.; Hirakawa, T.; Raytchev, B.; Tamaki, T.; Koide, T,;
Kaneda, K.; Chayama, K. Computer-aided diagnosis of colorectal polyp histology by using a real-time
image recognition system and narrow-band imaging magnifying colonoscopy. Gastrointest. Endosc. 2016,
83, 643-649. [CrossRef]

Misawa, M.; Kudo, S.E.; Mori, Y.; Nakamura, H.; Kataoka, S.; Maeda, Y.; Kudo, T.; Hayashi, T.; Wakamura, K;
Miyachi, H.; et al. Characterization of Colorectal Lesions Using a Computer-Aided Diagnostic System for
Narrow-Band Imaging Endocytoscopy. Gastroenterology 2016, 150, 1531-1532.e3. [CrossRef] [PubMed]
Mesejo, P; Pizarro, D.; Abergel, A.; Rouquette, O.; Beorchia, S.; Poincloux, L.; Bartoli, A. Computer-Aided
Classification of Gastrointestinal Lesions in Regular Colonoscopy. IEEE Trans. Med. Imaging 2016,
35,2051-2063. [CrossRef] [PubMed]

Chen, PJ.; Lin, M.C,; Lai, M.J.; Lin, J.C.; Lu, H.H,; Tseng, V.S. Accurate Classification of Diminutive Colorectal
Polyps Using Computer-Aided Analysis. Gastroenterology 2018, 154, 568-575. [CrossRef] [PubMed]

Mori, Y.; Kudo, S.E.; Misawa, M.; Saito, Y.; Ikematsu, H.; Hotta, K.; Ohtsuka, K.; Urushibara, F.; Kataoka, S.;
Ogawa, Y,; et al. Real-Time Use of Artificial Intelligence in Identification of Diminutive Polyps during
Colonoscopy: A Prospective Study. Ann. Intern. Med. 2018, 169, 357-366. [CrossRef] [PubMed]

Min, M.; Su, S.; He, W.; Bi, Y;; Ma, Z; Liu, Y. Computer-aided diagnosis of colorectal polyps using linked
color imaging colonoscopy to predict histology. Sci. Rep. 2019, 9, 2881. [CrossRef]

Sanchez-Montes, C.; Sanchez, EJ.; Bernal, J.; Cérdova, H.; Loépez-Cerén, M.; Cuatrecasas, M.;
Rodriguez de Miguel, C.; Garcia-Rodriguez, A.; Garcés-Duran, R.; Pellisé, M.; et al. Computer-aided
prediction of polyp histology on white light colonoscopy using surface pattern analysis. Endoscopy 2019,
51, 261-265. [CrossRef]

Horiuchi, H.; Tamai, N.; Kamba, S.; Inomata, H.; Ohya, T.R.; Sumiyama, K. Real-time computer-aided
diagnosis of diminutive rectosigmoid polyps using an auto-fluorescence imaging system and novel color
intensity analysis software. Scand. ]. Gastroenterol. 2019, 54, 800-805. [CrossRef]

Kudo, S.E.; Misawa, M.; Mori, Y.; Hotta, K.; Ohtsuka, K.; Ikematsu, H.; Saito, Y.; Takeda, K.; Nakamura, H.;
Ichimasa, K.; et al. Artificial Intelligence-assisted System Improves Endoscopic Identification of Colorectal
Neoplasms. Clin. Gastroenterol. Hepatol. 2020, 18, 1874-1881.e2. [CrossRef]

Byrne, M.E,; Chapados, N.; Soudan, F,; Oertel, C.; Linares Pérez, M.; Kelly, R.; Igbal, N.; Chandelier, E;
Rex, D.K. Real-time differentiation of adenomatous and hyperplastic diminutive colorectal polyps during
analysis of unaltered videos of standard colonoscopy using a deep learning model. Gut 2019, 68, 94.
[CrossRef]

Hirata, M.; Tanaka, S.; Oka, S.; Kaneko, I.; Yoshida, S.; Yoshihara, M.; Chayama, K. Evaluation of microvessels
in colorectal tumors by narrow band imaging magnification. Gastrointest. Endosc. 2007, 66, 945-952.
[CrossRef] [PubMed]

Renner, J.; Phlipsen, H.; Haller, B.; Navarro-Avila, F; Saint-Hill-Febles, Y.; Mateus, D.; Ponchon, T.;
Poszler, A.; Abdelhafez, M.; Schmid, R.M.; et al. Optical classification of neoplastic colorectal polyps—
A computer-assisted approach (the COACH study). Scand. ]. Gastroenterol. 2018, 53, 1100-1106. [CrossRef]
Kudo, S.E.; Mori, Y.; Wakamura, K.; Ikehara, N.; Ichimasa, K.; Wada, Y.; Kutsukawa, M.; Misawa, M.; Kudo, T.;
Hayashi, T.; et al. Endocytoscopy can provide additional diagnostic ability to magnifying chromoendoscopy
for colorectal neoplasms. . Gastroenterol. Hepatol. 2014, 29, 83-90. [CrossRef] [PubMed]

Takemura, Y.; Yoshida, S.; Tanaka, S.; Onji, K.; Oka, S.; Tamaki, T.; Kaneda, K.; Yoshihara, M.; Chayama, K.
Quantitative analysis and development of a computer-aided system for identification of regular pit patterns
of colorectal lesions. Gastrointest. Endosc. 2010, 72, 1047-1051. [CrossRef] [PubMed]

Hafner, M.; Gangl, A.; Kwitt, R.; Uhl, A.; Vécsei, A.; Wrba, F. Improving pit-pattern classification of endoscopy
images by a combination of experts. Med. Image Comput. Comput. Assist. Interv. 2009, 12, 247-254. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.gie.2014.09.008
http://dx.doi.org/10.1055/s-0042-113609
http://dx.doi.org/10.1016/j.gie.2015.08.004
http://dx.doi.org/10.1053/j.gastro.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27072671
http://dx.doi.org/10.1109/TMI.2016.2547947
http://www.ncbi.nlm.nih.gov/pubmed/28005009
http://dx.doi.org/10.1053/j.gastro.2017.10.010
http://www.ncbi.nlm.nih.gov/pubmed/29042219
http://dx.doi.org/10.7326/M18-0249
http://www.ncbi.nlm.nih.gov/pubmed/30105375
http://dx.doi.org/10.1038/s41598-019-39416-7
http://dx.doi.org/10.1055/a-0732-5250
http://dx.doi.org/10.1080/00365521.2019.1627407
http://dx.doi.org/10.1016/j.cgh.2019.09.009
http://dx.doi.org/10.1136/gutjnl-2017-314547
http://dx.doi.org/10.1016/j.gie.2007.05.053
http://www.ncbi.nlm.nih.gov/pubmed/17963882
http://dx.doi.org/10.1080/00365521.2018.1501092
http://dx.doi.org/10.1111/jgh.12374
http://www.ncbi.nlm.nih.gov/pubmed/23980563
http://dx.doi.org/10.1016/j.gie.2010.07.037
http://www.ncbi.nlm.nih.gov/pubmed/21034905
http://dx.doi.org/10.1007/978-3-642-04268-3_31
http://www.ncbi.nlm.nih.gov/pubmed/20425994

J. Clin. Med. 2020, 9, 3313 22 of 22

67.

68.

69.

70.

71.

Takeda, K.; Kudo, S.E.; Mori, Y.; Misawa, M.; Kudo, T.; Wakamura, K.; Katagiri, A.; Baba, T.; Hidaka, E.;
Ishida, E; et al. Accuracy of diagnosing invasive colorectal cancer using computer-aided endocytoscopy:.
Endoscopy 2017, 49, 798-802. [CrossRef]

De Palma, G.D. Confocal laser endomicroscopy in the “in vivo” histological diagnosis of the gastrointestinal
tract. World ]. Gastroenterol. 2009, 15, 5770-5775. [CrossRef]

Kuiper, T.; Alderlieste, Y.A.; Tytgat, KM.; Vlug, M.S.; Nabuurs, ]J.A.; Bastiaansen, B.A.; Lowenberg, M.;
Fockens, P; Dekker, E. Automatic optical diagnosis of small colorectal lesions by laser-induced
autofluorescence. Endoscopy 2015, 47, 56—62. [CrossRef]

Aihara, H.; Saito, S.; Inomata, H.; Ide, D.; Tamai, N.; Ohya, T.R.; Kato, T.; Amitani, S.; Tajiri, H. Computer-aided
diagnosis of neoplastic colorectal lesions using ‘real-time” numerical color analysis during autofluorescence
endoscopy. Eur. |. Gastroenterol. Hepatol. 2013, 25, 488-494. [CrossRef]

Matsuda, T.; Saito, Y.; Fu, K.I; Uraoka, T.; Kobayashi, N.; Nakajima, T.; Ikehara, H.; Mashimo, Y.; Shimoda, T.;
Murakami, Y.; et al. Does autofluorescence imaging videoendoscopy system improve the colonoscopic polyp
detection rate?—A pilot study. Am. J. Gastroenterol. 2008, 103, 1926-1932. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1055/s-0043-105486
http://dx.doi.org/10.3748/wjg.15.5770
http://dx.doi.org/10.1055/s-0034-1378112
http://dx.doi.org/10.1097/MEG.0b013e32835c6d9a
http://dx.doi.org/10.1111/j.1572-0241.2008.01931.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Scope of Artificial Intelligence in Screening and Diagnosis of Colorectal Cancer
	Recommended Citation
	Authors

	Introduction 
	Screening of Colorectal Cancer 
	Colonoscopy 
	Blood Tests 
	CT Colonography (CTC) 
	Colon Capsule Endoscopy 

	Polyp Detection 
	Polyp Characterization 
	Magnifying Narrow Band Imaging (NBI) 
	Magnifying Chromoendoscopy 
	Endocytoscopy 
	Confocal Endomicroscopy/Confocal Laser Endomicroscopy 
	Laser-Induced Fluorescence Spectroscopy (LIFS) 
	Autofluorescence Endoscopy 

	Conclusions 
	References

