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Abstract

Background: Most colorectal polyps are diminutive and benign, especially those in the rectosigmoid colon, and the resection
of these polyps is not cost-effective. Advancements in image-enhanced endoscopy have improved the optical prediction of
colorectal polyp histology. However, subjective interpretability and inter- and intraobserver variability prohibits widespread
implementation. The number of studies on computer-aided diagnosis (CAD) is increasing; however, their small sample sizes
limit statistical significance.

Objective: This review aims to evaluate the diagnostic test accuracy of CAD models in predicting the histology of diminutive
colorectal polyps by using endoscopic images.

Methods: Core databases were searched for studies that were based on endoscopic imaging, used CAD models for the histologic
diagnosis of diminutive colorectal polyps, and presented data on diagnostic performance. A systematic review and diagnostic
test accuracy meta-analysis were performed.

Results: Overall, 13 studies were included. The pooled area under the curve, sensitivity, specificity, and diagnostic odds ratio
of CAD models for the diagnosis of diminutive colorectal polyps (adenomatous or neoplastic vs nonadenomatous or nonneoplastic)
were 0.96 (95% CI 0.93-0.97), 0.93 (95% CI 0.91-0.95), 0.87 (95% CI 0.76-0.93), and 87 (95% CI 38-201), respectively. The
meta-regression analysis showed no heterogeneity, and no publication bias was detected. Subgroup analyses showed robust
results. The negative predictive value of CAD models for the diagnosis of adenomatous polyps in the rectosigmoid colon was
0.96 (95% CI 0.95-0.97), and this value exceeded the threshold of the diagnosis and leave strategy.

Conclusions: CAD models show potential for the optical histological diagnosis of diminutive colorectal polyps via the use of
endoscopic images.

Trial Registration: PROSPERO CRD42021232189; https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=232189

(J Med Internet Res 2021;23(8):e29682) doi: 10.2196/29682
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Introduction

Colorectal cancer (CRC) is the third most common cancer based
on incidence statistics and the second leading cause of
cancer-related deaths worldwide [1]. Most CRCs arise from
benign neoplastic polyps, such as adenomas [2]. Colonoscopy
with the identification and removal of these neoplastic polyps
is a standard screening method for CRC, which has been proven
to reduce cancer-related mortality [2,3]. This is because polyp
removal through colonoscopy prevents the development of
CRCs by interrupting the adenoma-carcinoma sequence, which
is the most reliable stepwise pathogenesis of CRC development
[4].

With regard to the size of colorectal polyps, 90%-95% of the
detected polyps are <1 cm, and about half of them are
nonneoplastic [3-6]. In the context of diminutive colorectal
polyps (DCPs; ≤5 mm), only 0.5%-1.7% of cases had advanced
histology, indicating a lower probability of developing CRCs
[4,7-9]. However, current practice points out the removal of all
detected polyps and sending them for histologic evaluation [10].
This may help determine the surveillance interval for CRC
screening with per-patient risk stratification [8]. However,
unnecessary polypectomy carries the risk of procedure-related
adverse events and is not cost-effective [4,8].

With the advancement of image-enhanced endoscopy, optical
diagnosis has been attempted to predict the histology of the
detected polyps during colonoscopy by characterizing the
surface morphology. This can reduce the need for histologic
evaluation after the removal of neoplastic lesions with a small
risk of having an invasive component [11]. The unnecessary
removal of benign polyps can be avoided with the adaptation
of this technique. Therefore, optical diagnosis using electronic
or dye-based methods has been recommended for histological
classification in clinical practice [10]. In accordance with this
technique, Preservation and Incorporation of Valuable
Endoscopic Innovations (PIVI) performance thresholds for in
situ endoscopic histology prediction (optical biopsy) required
for resect and discard and diagnose and leave strategies have
been suggested for the management of DCPs [12]. For the
management of polyps suspected as neoplasm with diminutive
size based on the optical biopsy, a resect and discard strategy
should satisfy >90% agreement in postpolypectomy surveillance
intervals compared with histologic assessment [4]. For
nonneoplastic polyps <5 mm in the rectosigmoid colon, the

negative predictive value (NPV) should be >90% to adopt the
diagnose and leave strategy based on the optical biopsy in PIVI
performance thresholds [4]. However, only studies by
experienced endoscopists with a high level of confidence
showed benefits in optical biopsy [10]. Subjective
interpretability, inter- or intraobserver variability, and the
learning curve prohibits the widespread implementation of this
technique.

Studies on computer-aided diagnosis (CAD) using deep learning
or machine learning methods to define the accuracy of CAD
models are increasing [13,14]. The performance of the CAD
model was not influenced by the endoscopists’ level of
confidence, and the CAD model consistently provided robust
answers. However, studies with small sample sizes have
inadequate statistical strength. Thus, this study aims to evaluate
the diagnostic test accuracy (DTA) of CAD models used for
the histologic diagnosis of DCPs using endoscopic images.

Methods

Adherence to the Statement of Systematic Review and
Protocol Administration
This study was conducted in accordance with the PRISMA
(Preferred Reporting Items for Systematic Review and
Meta-Analyses) of DTA Studies [15]. The study protocol was
registered at the International Prospective Register of Systematic
Reviews database before the initiation of the systematic review
(CRD42021232189). Approval from the institutional review
board of the Chuncheon Sacred Heart Hospital was waived.

Literature Search
Two authors (CSB and JJL) independently performed a core
database search of MEDLINE, PubMed, Embase, and Cochrane
Library using common search formulas, from inception to
January 2020. Duplicate articles were excluded from the
analyses. The titles and abstracts of all identified articles were
reviewed, and irrelevant articles were excluded. Full-text
reviews were subsequently performed to determine whether the
pre-established inclusion criteria were satisfied in the identified
literature. References were also reviewed to identify any
additional relevant articles. Any disagreements in the results of
the search process between the 2 authors were resolved by
discussion or consultation with a third author (GHB). The search
formulas used to identify the relevant articles are presented in
Textbox 1.
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Textbox 1. Literature search strategy for the core databases. tiab: searching code for title and abstract; Mesh: Medical Subject Headings; ab,ti,kw:
searching code for abstract, title, and keywords; Lang: searching code for language; lim: searching code by limiting certain conditions.

MEDLINE (Through PubMed)

1. artificial intelligence[tiab] OR AI[tiab] OR deep learning[tiab] OR machine learning[tiab] OR computer[tiab] OR neural network[tiab] OR
CNN[tiab] OR automatic[tiab] OR automated[tiab]: 502318

2. diminutive[tiab] OR small[tiab]: 1417047

3. polyp[tiab] OR polyps[Mesh]: 40395

4. 1 AND 2 AND 3: 128

5. 5-4 AND English[Lang]: 125

Embase

1. artificial intelligence:ab,ti,kw OR AI:ab,ti,kw OR deep learning:ab,ti,kw OR machine learning:ab,ti,kw OR computer:ab,ti,kw OR neural
network:ab,ti,kw OR CNN:ab,ti,kw OR automatic:ab,ti,kw OR automated: 638513

2. diminutive:ab,ti,kw OR small: ab,ti,kw: 2056711

3. polyp:ab,ti,kw: 29836

4. 3-1 AND 2 AND 3: 198

5. 4-3 AND ([article]/lim OR [article in press]/lim OR [review]/lim) AND [English]/lim: 104

Cochrane Library

1. artificial intelligence:ab,ti,kw or AI:ab,ti,kw or deep learning:ab,ti,kw or machine learning:ab,ti,kw or computer:ab,ti,kw or neural network:ab,ti,kw
or CNN:ab,ti,kw or automatic:ab,ti,kw or automated:ab,ti,kw: 56749

2. Mesh descriptor: [polyps] explode all trees: 1087

3. polyp:ab,ti,kw: 2855

4. 2 or 3: 3397

5. diminutive:ab,ti,kw or small:ab,ti,kw: 83388

6. 1 and 4 and 5: 48 trials (2021-1-28)

Literature Selection Criteria
The literature included in this systematic review should meet
the following inclusion criteria: designed to evaluate the
diagnostic performance of CAD models in the prediction of
histology of DCPs based on endoscopic images; presentation
of the diagnostic performance of CAD models, including
sensitivity, specificity, likelihood ratios, predictive values, or
accuracy, which enabled the estimation of true-positive (TP),
false-positive (FP), false-negative (FN), and true-negative (TN)
values for the histologic diagnosis of DCPs based on endoscopic
images; and studies written in English. The exclusion criteria
were as follows: narrative review articles; studies with
incomplete data; systematic reviews or meta-analyses; and
comments, proceedings, or study protocols. Articles meeting
at least one of the exclusion criteria were excluded from this
systematic review.

Methodological Quality Evaluation
Two authors (CSB and JJL) assessed the methodological quality
of the final included articles using the second version of the
Quality Assessment of Diagnostic Accuracy Studies. This tool
comprises four domains: patient selection, index test, reference
standard, and flow and timing, and the first three domains have
an applicability assessment. The 2 authors assessed each part
as having a high, low, or unclear risk of bias [16].

Data Extraction, Primary Outcomes, and Additional
Analyses
Two authors (CSB and JJL) independently extracted the data
from each included study and cross-checked the extracted data.
If the data were unclear, the corresponding author of the study
was contacted by email to obtain insight into the original data
set. A descriptive synthesis was performed using a systematic
review process, and DTA meta-analysis was conducted if the
included studies were sufficiently homogenous.

The primary outcomes were the TP, FP, FN, and TN values in
each study. For the CAD of the histology of DCPs using
endoscopic images, the primary outcomes were defined as
follows: TP referred to the number of subjects with a positive
finding by a CAD model and have adenomas or neoplasms as
evidenced by endoscopic images; FP referred to the number of
subjects with a positive finding by a CAD model and do not
have adenomas or neoplasms based on endoscopic images; FN
referred to the number of subjects with a negative finding by a
CAD model and have adenomas or neoplasms as evidenced by
endoscopic images; and TN referred to the number of subjects
with a negative finding on a CAD model and do not have
adenomas or neoplasms based on the endoscopic images. With
these definitions, the TP, FP, FN, and TN values were calculated
for each included study. If the included studies presented
comparative diagnostic performance of endoscopists versus
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CAD models, the TP, FP, FN, and TN values of endoscopists
in each study were also extracted.

For additional analyses, such as subgroup analysis or
meta-regression, the authors extracted the following variables
from each included study: publication year, geographic origin
of the data (ie, Western vs Asian), type of endoscopic images,
type of CAD models, location of the DCPs (ie, any colon vs
rectosigmoid colon), number of total images included, and type
of test data sets (internal test vs external test).

Statistics
The bivariate method [17] and hierarchical summary receiver
operating characteristic (HSROC) method [18] were applied
for the DTA meta-analysis. A forest plot of the sensitivity and
specificity and a summary receiver operating characteristic
(SROC) curve were generated using the bivariate method [17]
and HSROC [18] method, respectively. The level of
heterogeneity across the included articles was determined by
the correlation coefficient between logit-transformed sensitivity
and specificity by the bivariate method and the asymmetry
parameter β, where β=0 corresponds to a symmetric receiver
operating characteristic curve, in which the diagnostic odds
ratio (DOR) does not vary along the curve according to the
HSROC method. A positive correlation coefficient and a β with
a significant probability (P<.05) indicated heterogeneity between
the studies [18,19]. A visual examination of the SROC curve
was also performed to identify heterogeneity. Subgroup analysis
by univariate meta-regression using the modifiers identified
during the systematic review was also performed to identify the
reasons for heterogeneity. The pooled NPV by integrating

conditional prevalence with respect to a previous distribution
(considering the heterogeneity in prevalence) was calculated
using a probability-modifying plot.

STATA software version 15.1, including the METANDI and
MIDAS packages, was used for the DTA meta-analysis. The
METANDI and MIDAS packages require the inclusion of a
minimum of four studies for DTA meta-analysis. Therefore, if
less than four studies were included in the subgroup analysis,
the Moses-Shapiro-Littenberg method [20], as implemented in
Meta-DiSc 1.4 (XI Cochrane Colloquium), was used.
Publication bias was evaluated using the Deek funnel plot
asymmetry test.

Results

Study Selection
A total of 277 articles were identified following a literature
search of the three core databases. Two additional studies were
identified by manual screening of the bibliographies. After
excluding 111 duplicate studies, 57 additional articles were
excluded after reviewing the titles and abstracts. Full-text
versions of the remaining 111 articles were obtained and
thoroughly reviewed based on the aforementioned inclusion
and exclusion criteria. Among these, 98 articles were excluded
from the final enrollment for the following reasons: 73 (74%)
for incomplete data, 11 (11%) for narrative review, 8 (8%) for
study protocol, and 6 (6%) for systematic review or
meta-analysis. Finally, 13 studies [21-33] were included in the
systematic review. A flowchart of the selection process is
presented in Figure 1.

Figure 1. Flowchart of the selection process.

Clinical Features in Included Studies
The identified studies established and explored the diagnostic
performance of CAD models for the classification of
adenomatous or neoplastic versus nonadenomatous or

nonneoplastic polyps. Among the 13 studies for the CAD of
DCPs, 6564 images were identified (3207 cases vs 3357
controls).
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Seven studies [24,26,27,29-32] used endoscopic images from
Asian populations, and six studies [21-23,25,28,33] used
endoscopic images from Western populations. All included
studies adopted the definition of DCPs as size <5 mm. However,
Shahidi et al [23] adopted a stricter definition for DCPs with a
size <3 mm. With regard to the type of CAD model, a deep
neural network or convolutional neural network was used in six
studies [21-25,30], a support vector machine in six studies
[27-29,31-33], and a software-based automatic color intensity
analysis in one study [26]. White-light imaging is currently the
standard method for inspecting endoscopic lesions. However,
one study [28] used white-light imaging to establish a CAD
model, and most of the included studies used image-enhanced
endoscopic images, such as narrow-band imaging
[21-26,30,32,33] or autofluorescence imaging [26] with or
without magnification for the detailed characterization of the
morphology of DCPs. Three studies [27,29,31] have used images
of endocytoscopy, which is a specialized endoscopy that allows

the analysis of mucosal structures at the cellular level [34]. With
regard to the location of DCPs, most studies
[21,23-25,27,28,30-33] did not consider the location of DCPs.
However, three studies [22,26,29] separately collected DCPs
from the rectosigmoid colon and evaluated the diagnostic
performance of the CAD model for these polyps. Most of the
included studies [21,23-26,28-33], except for two studies
[22,27], have evaluated diagnostic performance using an internal
test data set. A study by Zachariah et al [22] presented both
external and internal test performance, and a study by Kudo et
al [27] presented an external test format of the CAD model
previously established by Mori et al in 2016 [31] and 2018
[29,31]. Five studies [25,27,30,31,33] have presented the
comparative diagnostic performance of endoscopists versus
CAD models for the prediction of histology in DCPs. Detailed
clinical features of the included studies are presented in Table
1.
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Table 1. Clinical characteristics of the included studies.

Performance
of endo-
scopists
(TP/FP/FN/TN)TNeFNdFPcTPb

Num-
ber of
con-
trols
in test
data
set

Number
of cases
in test
data set
(adeno-
ma)

Type of
test data
sets

Loca-
tion of
polyps

Type of case
and controls

Type of en-
doscopic
images

Type of

CADa

models

Defini-
tion of
diminu-
tive
polyp

Nation-
ality
(data)

Study
(year)

N/Ah6659887593Internal
test

AllNeoplastic
versus non-
neoplastic
polyp

NBIg with
near focus
magnifica-
tion

CNNf≤5 mmUnited
States

Eladio
Ro-
driguez-
Diaz et
al
(2020)
[21]

N/A4341238107472119Internal
test

RSj

colon

Adenoma-
tous versus
nonadenoma-
tous

WLIi or
NBI

CNN≤5 mmUnited
States

Zachari-
ah et al
(2020)
[22]

N/A4431660167503183External
test

RS
colon

Adenoma-
tous versus
nonadenoma-
tous

WLI or
NBI

CNN≤5 mmUnited
States

Zachari-
ah et al
(2020)
[22]

N/A1849168409186458Internal
test

AllAdenoma-
tous versus
nonadenoma-
tous

NBI with
or without
near focus
magnifica-
tion

CNN≤3 mmCanadaShahidi
et al
(2020)
[23]

N/A1103010150120180Internal
test

AllAdenoma-
tous versus
hyperplastic
polyp

NBI with
or without
near focus
magnifica-
tion

CNN≤5 mmSouth
Korea

Jin et al
(2020)
[24]

43/15/9/353317654066Internal
test

AllAdenoma-
tous versus
hyperplastic
polyp

NBI with
or without
near focus
magnifica-
tion

CNN≤5 mmCanadaByrne et
al
(2019)
[25]

N/A2024815164217212Internal
test

AllNeoplastic
versus non-
neoplastic
polyp

AFIkSoft-
ware-
based
automat-
ic color

≤5 mmJapanHori-
uchi et
al
(2019)
[26]

intensi-
ty analy-
sis

N/A1992118191217212Internal
test

AllNeoplastic
versus non-
neoplastic
polyp

TMEl

(WLI, NBI
with magni-
fication,
and AFI)

Soft-
ware-
based
automat-
ic color
intensi-

≤5 mmJapanHori-
uchi et
al
(2019)
[26]

ty analy-
sis

N/A1841395219365Internal
test

RS
colon

Neoplastic
versus non-
neoplastic
polyp

AFISoft-
ware-
based
automat-
ic color

≤5 mmJapanHori-
uchi et
al
(2019)
[26]

intensi-
ty analy-
sis
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Performance
of endo-
scopists
(TP/FP/FN/TN)TNeFNdFPcTPb

Num-
ber of
con-
trols
in test
data
set

Number
of cases
in test
data set
(adeno-
ma)

Type of
test data
sets

Loca-
tion of
polyps

Type of case
and controls

Type of en-
doscopic
images

Type of

CADa

models

Defini-
tion of
diminu-
tive
polyp

Nation-
ality
(data)

Study
(year)

N/A1851085519365Internal
test

RS
colon

Neoplastic
versus non-
neoplastic
polyp

TME
(WLI, NBI
with magni-
fication,
and AFI)

Soft-
ware-
based
automat-
ic color
intensi-
ty analy-
sis

≤5 mmJapanHori-
uchi et
al
(2019)
[26]

459/12/41/328
(expert);
578/97/422/583
(trainee)

64040409606801000External
test

AllNeoplastic
versus non-
neoplastic
polyp

Endocyto-
scope with
NBI

SVMm≤5 mmJapanKudo et
al
(2019)
[27]

453/20/47/320
(expert);
690/236/310/444
(trainee)

6804009606801000External
test

AllNeoplastic
versus non-
neoplastic
polyp

Endocyto-
scope with

CEn

(methylene
blue)

SVM≤5 mmJapanKudo et
al
(2019)
[27]

N/A4476435050Internal
test

AllNeoplastic
versus non-
neoplastic
polyp

WLISVM≤5 mmSpainCristina
Sánchez-
Montes
et al
(2019)
[28]

N/A1591916268185287Internal
test

AllNeoplastic
versus non-
neoplastic
polyp

Endocyto-
scope with
NBI

SVM≤5 mmJapanMori et
al
(2018)
[29]

N/A1582417263185287Internal
test

AllNeoplastic
versus non-
neoplastic
polyp

Endocyto-
scope with
CE (methy-
lene blue)

SVM≤5 mmJapanMori et
al
(2018)
[29]

N/A1386698144104Internal
test

RS
colon

Neoplastic
versus non-
neoplastic
polyp

Endocyto-
scope with
NBI

SVM≤5 mmJapanMori et
al
(2018)
[29]

N/A13381196144104Internal
test

RS
colon

Neoplastic
versus non-
neoplastic
polyp

Endocyto-
scope with
CE (methy-
lene blue)

SVM≤5 mmJapanMori et
al
(2018)
[29]

367/55/9/137
(expert);
671/95/81/289
(novice)

7572118196188Internal
test

AllNeoplastic
versus hyper-
plastic polyp

NBI with
magnifica-
tion

Deep
neural
network

≤5 mmTaiwanChen et
al
(2018)
[30]

248/16/25/128
(expert);
646/106/264/374
(nonexpert)

3412183619Internal
test

AllNeoplastic
versus non-
neoplastic
polyp

Endocyto-
scope with
WLI

SVM≤5 mmJapanMori et
al
(2016)
[31]

N/A4233404543Internal
test

AllNeoplastic
versus non-
neoplastic
polyp

NBI with
magnifica-
tion

SVM≤5 mmJapanKomina-
mi et al
(2016)
[32]

J Med Internet Res 2021 | vol. 23 | iss. 8 | e29682 | p. 7https://www.jmir.org/2021/8/e29682
(page number not for citation purposes)

Bang et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Performance
of endo-
scopists
(TP/FP/FN/TN)TNeFNdFPcTPb

Num-
ber of
con-
trols
in test
data
set

Number
of cases
in test
data set
(adeno-
ma)

Type of
test data
sets

Loca-
tion of
polyps

Type of case
and controls

Type of en-
doscopic
images

Type of

CADa

models

Defini-
tion of
diminu-
tive
polyp

Nation-
ality
(data)

Study
(year)

217/17/23/253
(expert);
188/26/52/244
(nonexpert)

124711133135140Internal
test

AllAdenoma-
tous versus
nonneoplas-
tic polyp

NBI with
magnifica-
tion

SVM≤5 mmGer-
many

Gross et
al
(2011)
[33]

aCAD: computer-aided diagnosis.
bTP: true-positive.
cFP: false-positive.
dFN: false-negative.
eTN: true-negative.
fCNN: convolutional neural network.
gNBI: narrow-band imaging.
hN/A: not applicable.
iWLI: white-light imaging.
jRS: rectosigmoid.
kAFI: autofluorescence imaging.
lTME: trimodal imaging endoscopy.
mSVM: support vector machine.
nCE: chromoendoscopy.

Quality Assessment of Study Methodology
The quality of the baseline image data is important because the
CAD model is established using the learning features of the
baseline training data. Theoretically, the images included in
each study should reflect real-world conditions, as the CAD
model was established for use in clinical practice. However, as
some lesions are rare or abnormal, data imbalance is the main
barrier to the learning of CAD models. Most of the included

studies in the systematic review attempted to mitigate this pitfall
by adopting specific inclusion and exclusion criteria for the
enrollment of endoscopic images. However, four studies
[21,23,25,28] did not include a detailed description of the image
enrollment standard. Therefore, these studies were rated as
unclear risk in the patient selection domain (Figures 2 and 3).
This binary classification of low risk and unclear risk in the
patient selection domain was adopted as a modifier in the
subgroup or meta-regression analysis.
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Figure 2. Summary graph of methodological quality. "+" denotes a low risk of bias, "?" denotes an unclear risk of bias, and "−" denotes a high risk of
bias.

Figure 3. Summary table of methodological quality. "" denotes a low risk of bias, "?" denotes an unclear risk of bias, and "−" denotes a high risk of
bias.

DTA Meta-analysis of CAD Models
Among the 13 studies [21-33] for the meta-analysis of CAD of
DCPs, the area under the curve (AUC), sensitivity, specificity,
positive likelihood ratio, negative likelihood ratio, and DOR of
CAD models for the diagnosis of DCPs were 0.96 (95% CI
0.93-0.97), 0.93 (95% CI 0.91-0.95), 0.87 (95% CI 0.76-0.93),
7.1 (95% CI 3.8-13.3), 0.08 (95% CI 0.06-0.11), and 87 (95%

CI 38-201), respectively (Figure 4; Table 2). The SROC curve
is shown in Figure 5. To investigate the clinical utility of the
CAD models, Fagan nomogram was generated. Positive findings
indicated that adenomas or neoplasms were detected by the
CAD models. Negative findings indicated that nonadenomas
or nonneoplasms were detected by the CAD models. After
assuming a 49% prevalence of adenomas or neoplasms (this
value was calculated from the values in Table 1; ie, the total
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number of cases/controls, ie, 3207/3357, 95.53%), the Fagan
nomogram shows that the posterior probability of adenomas or
neoplasms was 87% if the finding of the CAD model was

positive, and the posterior probability of adenoma was 7% if
the finding of the CAD model was negative (Figure 6).

Figure 4. Coupled forest plots of sensitivity and specificity in computer-aided diagnosis models for the diagnosis of histology for diminutive colorectal
polyps using endoscopic images.
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Table 2. Summary of diagnostic test accuracy meta-analysis and subgroup analysis for the diagnosis of diminutive colorectal polyps of the included
studies.

DORd (95%
CI)

NLRc, mean
(95% CI)

PLRb, mean
(95% CI)

Specificity
(95% CI)

Sensitivity
(95% CI)

AUCa, mean
(95% CI)

Included stud-
ies (n=13), n
(%)Subgroup

87 (38-201)0.08 (0.06-
0.11)

7.1 (3.8-13.3)0.87 (0.76-
0.93)

0.93 (0.91-
0.95)

0.96 (0.93-
0.97)

13 (100)Value of meta-analysis in all the
included studies

Comparative performance of CADe models and endoscopists

231 (113-473)0.05 (0.03-
0.06)

10.5 (5.7-
19.1)

0.91 (0.84-
0.95)

0.96 (0.95-
0.97)

0.96 (0.94-
0.98)

4 (31)Value of CAD models in the
comparative analysis

116 (80-168)0.08 (0.05-
0.12)

8.8 (4.7-16.7)0.89 (0.80-
0.95)

0.93 (0.89-
0.96)

0.97 (0.95-
0.98)

4 (31)Value of expert endoscopists
in the comparative analysis

13 (6-30)0.28 (0.18-
0.43)

3.6 (2.3-5.8)0.78 (0.68-
0.86)

0.78 (0.68-
0.86)

0.85 (0.82-
0.88)

4 (31)Value of novice endo-
scopists in the comparative
analysis

Methodological quality of included studies

132 (83-211)0.08 (0.05-
0.11)

10.2 (7.7-
13.5)

0.91 (0.88-
0.93)

0.93 (0.90-
0.95)

0.97 (0.95-
0.98)

9 (69)High

96 (52-180)0.08 (0.04-
0.14)

7.4 (5.9-9.3)0.87 (0.84-
0.90)

0.93 (0.88-
0.96)

0.92 (0.89-
0.94)

4 (31)Low

Nationality of data

47 (11-213)0.10 (0.06-
0.16)

4.6 (1.6-13.7)0.80 (0.51-
0.94)

0.92 (0.90-
0.94)

0.93 (0.90-
0.95)

6 (46)Western

141 (80-248)0.08 (0.05-
0.12)

10.7 (7.4-
15.3)

0.91 (0.87-
0.94)

0.93 (0.89-
0.96)

0.97 (0.95-
0.98)

7 (54)Asian

Type of test data sets

76 (32-179)0.09 (0.06-
0.13)

6.8 (3.5-13.3)0.86 (0.75-
0.93)

0.92 (0.89-
0.94)

0.95 (0.93-
0.96)

12 (92)Internal test

174 (36-841)0.06 (0.03-
0.15)

11.1 (4.7-
26.4)

0.92 (0.90-
0.93)

0.95 (0.94-
0.96)

Null2 (15)External test

Location of polyps

89 (36-220)0.08 (0.06-
0.11)

7.0 (3.6-13.9)0.87 (0.75-
0.93)

0.93 (0.90-
0.95)

0.96 (0.93-
0.97)

12 (92)All

76 (32-179)0.09 (0.06-
0.13)

6.8 (3.5-13.3)0.91 (0.89-
0.93)

0.91 (0.87-
0.94)

0.97 (0.94-
0.99)

3 (23)Rectosigmoid colon

Total number of included images

66 (20-222)0.09 (0.06-
0.13)

5.9 (2.4-14.7)0.84 (0.65-
0.94)

0.92 (0.90-
0.95)

0.95 (0.92-
0.96)

8 (61)≥200

114 (57-230)0.08 (0.04-
0.15)

7.9 (5.5-11.2)0.89 (0.84-
0.93)

0.94 (0.90-
0.96)

0.96 (0.94-
0.98)

5 (38)<200

57 (12-275)0.10 (0.06-
0.17)

5.9 (1.8-19.6)0.84 (0.57-
0.96)

0.91 (0.88-
0.94)

0.94 (0.91-
0.95)

6 (46)≥300

127 (80-203)0.06 (0.04-
0.09)

8.1 (5.7-11.7)0.88 (0.83-
0.92)

0.94 (0.92-
0.96)

0.97 (0.95-
0.98)

7 (54)<300

Type of CAD models

42 (10-184)0.09 (0.05-
0.18)

4.0 (1.5-10.6)0.76 (0.48-
0.92)

0.93 (0.88-
0.96)

0.94 (0.92-
0.96)

6 (46)Neural network

186 (101-344)0.07 (0.04-
0.10)

12.1 (9.0-
16.5)

0.92 (0.90-
0.94)

0.94 (0.91-
0.96)

0.97 (0.96-
0.98)

6 (46)SVMf

Type of endoscopic image

248 (109-566)0.05 (0.04-
0.08)

13.8 (9.8-
19.5)

0.94 (0.92-
0.95)

0.95 (0.94-
0.97)

0.98 (0.94-
0.99)

3 (23)Endocytoscope
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DORd (95%
CI)

NLRc, mean
(95% CI)

PLRb, mean
(95% CI)

Specificity
(95% CI)

Sensitivity
(95% CI)

AUCa, mean
(95% CI)

Included stud-
ies (n=13), n
(%)Subgroup

64 (24-169)0.09 (0.06-
0.14)

6.0 (2.8-12.7)0.85 (0.70-
0.93)

0.92 (0.89-
0.94)

0.95 (0.92-
0.96)

10 (77)Endoscopy

aAUC: area under the curve.
bPLR: positive likelihood ratio.
cNLR: negative likelihood ratio.
dDOR: diagnostic odds ratio.
eCAD: computer-aided diagnosis.
fSVM: support vector machine.

Figure 5. SROC curve with a 95% confidence region and the prediction region of computer-aided diagnosis models for the diagnosis of histology for
diminutive colorectal polyps in endoscopic images. AUC: area under the curve; SENS: sensitivity; SPEC: specificity; SROC: summary receiver operating
characteristic.
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Figure 6. The Fagan nomogram for the diagnosis of histology for diminutive colorectal polyps in endoscopic images. LR: likelihood ratio; Post_Prob_Pos:
the posterior probability of adenomas or neoplasms if the finding of the model was positive; Post_Prob_Neg: the posterior probability of adenomas or
neoplasms if the finding of the model was negative.

Five studies [25,27,30,31,33] compared the performance of
CAD models and endoscopists. Among these, four studies
[27,30,31,33] have presented comparative performance between
CAD models and endoscopists according to the expertise of the
endoscopists (expert endoscopists vs CAD models or novice
endoscopists vs CAD models). The pooled AUC, sensitivity,
specificity, and DOR of CAD models for the diagnosis of DCPs
were 0.96 (95% CI 0.94-0.98), 0.96 (95% CI 0.95-0.97), 0.91
(95% CI 0.84-0.95), and 231 (95% CI 113-473), respectively.
For the expert endoscopists, the pooled AUC, sensitivity,
specificity, and DOR were 0.97 (95% CI 0.95-0.98), 0.93 (95%
CI 0.89-0.96), 0.89 (95% CI 0.80-0.95), and 116 (95% CI
80-168), respectively. For the novice endoscopists, the pooled
AUC, sensitivity, specificity, and DOR were 0.85 (95% CI
0.82-0.88), 0.78 (95% CI 0.68-0.86), 0.78 (95% CI 0.68-0.86),
and 13 (95% CI 6-30), respectively. The forest plot of AUCs

is illustrated in Figure 7, and no significant difference was found
between CAD models and expert endoscopists; however, novice
endoscopists showed lower pooled AUC for the histologic
diagnosis of DCPs than those for CAD models or expert
endoscopists.

With regard to the NPV of CAD models for the diagnosis of
adenomatous polyps in the rectosigmoid colon, the pretest
prevalence of adenomatous polyp in the rectosigmoid colon
was 13.2% (95% CI 10.2%-16.5%) in a recent meta-analysis
[35]. For the assumption of this prevalence, the NPV of CAD
models was 0.99 (95% CI 0.87-0.99; Figure 8). In this
meta-analysis, the prevalence of adenomatous polyp in the
rectosigmoid colon was 30% (95% CI 27%-32%) based on
29.53% (352/1192) of polyps in the rectosigmoid colon. For
the assumption of this prevalence, the NPV of CAD models
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was 0.97 (95% CI 0.87-0.99; Figure 9). If we adopt a simple
follow-up equation for the NPV of CAD models for the
diagnosis of adenomatous polyps in the rectosigmoid colon
using pooled sensitivity and specificity, the NPV of CAD

models was 0.96 (95% CI 0.95-0.97). The follow-up equation
is as follows:

NPV = (specificity × [1−prevalence])/(specificity ×
[1−prevalence] + prevalence × [1−sensitivity])

Figure 7. Forest plot of the area under the curve showing the comparative performance between computer-aided diagnosis models and endoscopists
for the diagnosis of histology for diminutive colorectal polyps in endoscopic images. CAD: computer-aided diagnosis.

Figure 8. Probability-modifying plot of computer-aided diagnosis models for the diagnosis of adenomatous polyps in the rectosigmoid colon using
endoscopic images (assumption of a prevalence of 13.2%). LR: likelihood ratio; NPV: negative predictive value; PPV: positive predictive value.
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Figure 9. Probability-modifying plot of computer-aided diagnosis models for the diagnosis of adenomatous polyps in the rectosigmoid colon using
endoscopic images (assumption of a prevalence of 30%). LR: likelihood ratio; NPV: negative predictive value; PPV: positive predictive value.

Assessment of Heterogeneity With Meta-Regression
and Subgroup Analysis
First, the authors observed a positive correlation coefficient
between the logit-transformed sensitivity and specificity (r=0.22)
and an asymmetric β parameter, with a significant P value
(P=.004), implying that heterogeneity exists among the studies.
Second, a coupled forest plot of sensitivity and specificity was
obtained (Figure 4). Compared with the enrolled studies, the
study by Shahidi et al [23] showed lower specificity. This study
was found to have an unclear risk of bias in methodology quality
assessment. Therefore, subgroup analysis was carried out
according to the methodological quality, and a negative
correlation coefficient was found between logit-transformed
sensitivity and specificity (r=−0.13) and an asymmetric β
parameter, with a nonsignificant P value (P=.63) in high-quality

studies, indicating an absence of heterogeneity among the
studies. Third, the shape of the SROC curve for CAD of DCPs
using endoscopic images was symmetric (Figure 5). Fourth,
meta-regression using modifiers identified in the systematic
review was conducted, and no source of heterogeneity could be
identified (published year, P=.34; nationality of the data sets,
P=.29; type of CAD models, P=.38; type of endoscopic image,
P=.23; location of the DCPs, P=.90; type of test data sets,
P=.66; total number of images, P=.66; and methodological
quality, P=.10; Figure 10). Finally, a subgroup analysis based
on the potential modifiers was performed, and the pooled AUC
of studies with high methodological quality was higher than
that of studies with lower methodological quality. Except for
this variable (methodological quality), no significant changes
in diagnostic performance were found according to the modifiers
(Table 2).
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Figure 10. Univariable meta-regression plot of computer-aided diagnosis models for the diagnosis of histology for diminutive colorectal polyps using
endoscopic images. ai: artificial intelligence; nopt: number of patients.

Evaluation of Publication Bias
Deek funnel plot of studies for the CAD of DCPs exhibited a
symmetrical shape with respect to the regression line (Figure

11), and the asymmetry test showed no evidence of publication
bias (P=.65).
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Figure 11. Deek funnel plot of computer-aided diagnosis models for the diagnosis of histology for diminutive colorectal polyps using endoscopic
images. ESS: explained sum of squares.

Discussion

Principal Findings
This study presented evidence that CAD models showed high
performance values for the histologic diagnosis of DCPs and
practical values in the Fagan nomogram, indicating the potential
to use these models in clinical practice. This performance was
comparable with that of expert endoscopists and higher than
that of novice endoscopists. Although the main analysis found
heterogeneity among the included studies, the subgroup analysis
demonstrated that methodological quality was the reason for
the heterogeneity. Thorough meta-regression or subgroup
analyses did not reveal any additional reasons for heterogeneity.

Most polyps detected during colonoscopy are diminutive, and
considering the low potential of malignancy, resecting all DCPs
is not cost-effective [4,7-9]. However, many DCPs are still
being resected and sent for histologic evaluation to determine
the surveillance interval for CRC screening [10]. CAD models
without pathologic diagnosis could lead to cost savings by
changing surveillance interval recommendations, and the DTA
meta-analysis in our study revealed that the NPV of CAD
models for the diagnosis of adenomatous polyps in the
rectosigmoid colon was over 90% to adopt the diagnose and
leave strategy based on the optical biopsy satisfying PIVI
performance thresholds for in situ endoscopic histology
prediction of DCPs.

Despite the technical challenges of CAD models analyzing a
smaller surface area, previous meta-analyses [36-40] have
demonstrated that CAD models can increase the adenoma or
polyp detection rate, especially for those with small size. With
regard to the histologic prediction of DCPs, a previous
meta-analysis revealed that endoscopists with only high
confidence showed an NPV of approximately 90% using CAD
models of digital chromoendoscopy, implicating the potential

for adopting the diagnosis and leave strategy [41]. Another
meta-analysis showed an NPV of 0.95 (95% CI 0.88-0.98) for
the CAD of DCPs in nonmagnifying narrow-band imaging [42].
However, the location of the DCPs was not considered, and
many studies were omitted from the search process.

An additional finding of this DTA meta-analysis is the
robustness of the diagnostic performance of CAD models. The
performance values were consistent regardless of the modifiers,
except for the methodological quality (Table 2). This was
consistent regardless of the nationality of the patients, location
of DCPs, total number of included polyps, and type of CAD
models or endoscopic images. However, the diagnostic
performance of studies with high methodological quality showed
higher AUCs than that of studies with low methodological
quality, and no evidence of heterogeneity was detected among
studies in the subgroup with high methodological quality.
Although pooled AUCs in the subgroup of external test datasets
could not be measured because only two studies were included
in this subgroup, the remaining performance values were
comparable with the subgroup of internal test data sets.

Limitations
Despite the robust evidence in the DTA meta-analysis stated
earlier, several inevitable limitations were identified. First, only
two or three studies were included in the subgroup analyses of
external test data sets, rectosigmoid DCPs, and endocytoscopic
images. Bivariate and HSROC methods are advanced statistical
techniques that have overcome the limitations of the
Moses-Shapiro-Littenberg method (which does not consider
any heterogeneity between studies) [43,44]. However, the
Moses-Shapiro-Littenberg method is only possible for a
subgroup with fewer than four studies. With accumulating
evidence on this topic, this statistical pitfall could be overcome.
Second, the number of studies was insufficient to enable a
comparison of the relative diagnostic performance of
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endoscopists and CAD models. Considering the real clinical
adaptation of endoscopists with CAD models rather than
endoscopists versus CAD models, it is no longer necessary to
compare the diagnostic capabilities of doctors and CAD models
[43]. Owing to the unique characteristics of patients in each
institution, CAD models developed from a single institution
usually have limitations for widespread implementation,
indicating the importance of the external test. However, only

two studies conducted external tests to verify CAD model
performance. Additional studies focusing on external
validation-oriented performance or suggesting a clinical
application benefit for future perspectives in established CAD
models are expected.

In conclusion, CAD models showed potential for the optical
histological diagnosis of DCPs using endoscopic images.
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