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Introduction
Colorectal cancers (CRCs) limited to the mucosa (Tis) and also
CRCs with superficial submucosal invasion (T1a) without unfa-
vorable histology do not carry any risk of lymph node metasta-

ses [1–3]. In contrast, CRCs with deep (≥1mm) submucosal in-
vasion (T1b) can be associated with metastases. Recurrent le-
sions may develop after endoscopically removing deeply inva-
sive CRC, especially those with unfavorable histology [1–3].
During colonoscopic examinations, therefore, it is imperative
to discriminate T1b stage CRCs from less invasive ones. How-
ever, endoscopic images of T1b stage CRC resemble those of
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ABSTRACT

Background and study aims Colorectal cancers (CRC)

with deep submucosal invasion (T1b) could be metastatic

lesions. However, endoscopic images of T1b CRC resemble

those of mucosal CRCs (Tis) or with superficial invasion

(T1a). The aim of this study was to develop an automatic

computer-aided diagnosis (CAD) system to identify T1b

CRC based on plain endoscopic images.

Patients and methods In two hospitals, 1839 non-magni-

fied plain endoscopic images from 313 CRCs (Tis 134, T1a

46, T1b 56, beyond T1b 37) with sessile morphology were

extracted for training. A CADsystem was trained with the

data augmented by rotation, saturation, resizing and expo-

sure adjustment. Diagnostic performance was assessed

using another dataset including 44 CRCs (Tis 23, T1b 21)

from a third hospital. CADgenerated a probability level for

T1b diagnosis for each image, and >95% of probability level

was defined as T1b. Lesions with at least one image with a

probability level > 0.95 were regarded as T1b. Primary out-

come is specificity. Six physicians separately read the same

testing dataset.

Results Specificity was 87% (95% confidence interval: 66–

97) for CAD, 100% (85–100) for Expert 1, 96% (78–100) for

Expert 2, 61% (39–80) for both gastroenterology trainees,

48% (27–69) for Novice 1 and 22% (7–44) for Novice 2. Sig-

nificant differences were observed between CADand both

novices (P=0.013, P=0.0003). Other diagnostic values of

CADwere slightly lower than of the two experts.

Conclusions Specificity of CADwas superior to novices

and possibly to gastroenterology trainees but slightly infer-

ior to experts.
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Tis/T1a stage CRC [4, 5], and colonoscopists frequently have
difficulty making this differentiation.

Previous reports of diagnostic performance using plain
endoscopic images showed that the accuracy of identifying
substantially invasive CRC was 85–91% [4, 5], which is consid-
ered clinically acceptable. However, the accuracy of identifying
protruding type CRCs was relatively low (82%) even for experts
[5]. In spite of using narrow band imaging (NBI), recent multi-
center clinical trials of non-magnified colonoscopy failed to im-
prove diagnostic performance for T1b lesions (sensitivity 63%
[6], 58% [7]). These results suggest that it is still difficult to
identify T1b CRCs based on non-magnified colonoscopic obser-
vation alone. Endoscopic ultrasound or magnification colonos-
copy have been used to differentiate T1b from Tis/T1a stage
CRC. A miniprobe ultrasound had high accuracy (88%) in discri-
minating Tis from T1 CRC [8]. Pit pattern assessment using
magnification colonoscopy has also resulted in a high sensitiv-
ity (85.6%) and high specificity (99.4%) [9, 10]. When using
endoscopic ultrasound or magnification colonoscopy, however,
special devices as well as expertise is indispensable to obtain
such excellent performance.

With progress in computer science, artificial intelligence (AI)
is being increasingly applied to interpretation of medical ima-
ges [11, 12]. In colonoscopy, computer-aided diagnosis (CAD)
systems for polyp detection or polyp characterization have
been developed, and several clinical trials have validated the
function of CAD systems [13–15]. Endocytoscopy combined
with a CAD system may also play an important role in this new
field [16]. Recently, Ito et al. proposed a CAD system to identify
T1b CRC using plain endoscopic images, but the diagnostic per-
formance did not have excellent results (sensitivity 89%, speci-
ficity 68%) [17]. Using narrow-band imaging (NBI), more re-
cently, Lui T et al. reported an AI image classifier of candidates
for endoscopic resection and revealed better diagnostic per-
formance (sensitivity 88.2%. specificity 77.9%) using image-
based analysis [18]. Although application of NBI for identifica-
tion of T1b stage CRCs on non-magnified images may facilitate
an improved performance of a CADsystem, non-magnified NBI
did not demonstrate excellent diagnostic performance (sensi-
tivity 58.4%, specificity 96.4%) in the latest clinical trial [6].
Furthermore, any image-enhanced endoscopy including NBI is
not so familiar to general colonoscopists and not universally
used in routine colonoscopy. In this study, we aimed to develop
a CAD system to differentiate T1b from Tis/T1a CRC based on
non-magnified plain endoscopic images and attempted to vali-
date its diagnostic performance.

Patients and methods
Study flow

This study was approved by the Institutional Review Board of
Fukushima Medical University (registration No. 2952). To pro-
tect patient privacy, we only extracted endoscopic still images,
basic endoscopic data and the final pathological diagnosis re-
corded in the medical information system of Aizu Medical Cen-
ter Hospital (Hospital A), Jichi Medical University Hospital (Hos-
pital B), and Otaru Ekisaikai Hospital (Hospital C). Still images

from Hospitals A and B were collected until the end of Septem-
ber 2018 and used for training. After completing the training in
mid-November 2018, still images from Hospital C were collec-
ted for the test dataset (▶Fig. 1). Standards for Reporting of
Diagnostic Accuracy Studies (STARD) recommendations were
followed in reporting this study.

Training methods
Non-magnified plain endoscopic images of early-stage CRC,
deidentified and labeled only with T stage, were selected as
the training dataset from existing image libraries in Hospitals A
and B (▶Table1). Images enhanced with dye spray or narrow
band imaging/blue laser imaging were excluded. Lesions with
pedunculated morphology were also excluded because the
management strategy is different from sessile lesions. Basic in-
formation regarding the lesions included depth of invasion (T
stage), size and morphology. Depth of invasion follows the Ja-
panese Classification of Colorectal, Appendiceal, and Anal Car-
cinoma [1] because the subclassification of T1 stage lesions is
clearly defined. In this system, Tis represents cancer in situ (mu-
cosal cancer), T1a represents cancer invading to submucosa
less than 1mm, T1b represents cancer invading to the submu-
cosa more than 1mm, and T2 represents cancer invading to the
muscularis propria. Morphology was classified into polypoid (0-
Is), and flat types (0-IIa, 0-IIa + IIc, 0-IIc) based on the Paris clas-
sification [19]. All endoscopic images were digitized at high re-
solution (1280×1024), using equipment from two major
endoscopy manufacturers (Fujinon 72%, Olympus 28%).

In Hospital A, a total of consecutive 213 CRCs treated be-
tween May 2013 and April 2018 were extracted, and 1639 ima-

Exclusion:
dye spray, NBI/BLI
Pedunculates 
morphology

Non-magnified plain endoscopic digital images

Comparison between 
CAD and endoscopists

NBI: narrowband imaging, BLI: blue laser imaging, CRCs: colorectal 
cancers, CAD: computer-aided diagnosis

Hospital A: 
213 CRCs, 1639 images
Hospital B: 
100 CRCs, 200 images

Hospital C: 
44 CRCs, 78 images

Training to fine-tune CAD Testing

▶ Fig. 1 Study flowchart. NBI, narrowband imaging; BLI, blue laser
imaging; CRCs, colorectal cancers; CAD, computer-aided diagnosis.
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ges were used. Thirty-seven stage T2 CRCs less than 5 cm, la-
beled as T1b, were also used for training (▶Table 2). In Hospital
B, 100 non-consecutive CRCs, all resected by endoscopic sub-
mucosal resection between January 2016 and August 2018
were extracted, and a total of 200 images (2 images per lesion)
were selected according to image quality and proportion of T
staging (Tis 25%, T1a 25%, T1b 50%) (▶Table2).

In this study, we used a pre-trained Resnet-50 convolutional
neural network (CNN) which can output a probability level for
T1b cancer. The features of CRC were calculated by a pre-train-
ed Resnet50 [20], and then sent to a full connection and soft-
max layer for classification. Resnet50 has 50 layers and was
pre-trained to learn rich features from over 1 million images in
the ImageNet database. Resnet50 is further fine-tuned using
the training dataset for the classification of deeply invasive
CRC. Before training, data augmentation including rotation, sa-
turation adjustment, resizing, and exposure adjustment were
performed to increase the number of training images. Lesions
were not annotated on any of the endoscopic images.

Testing methods

Diagnostic performance was assessed using the test dataset ob-
tained at a third hospital (Hospital C). CRCs treated between No-
vember 2017 and October 2018 were selected according to im-
age quality and proportion of T stage (Tis/T1a 50%, T1b 50%).

The CAD system developed in this study generated a prob-
ability level for the diagnosis of a T1b lesion for each image.
Area under the curve analysis obtained from the receiver oper-
ating characteristics (ROC) curve for T1b was calculated based
on the highest probability level of images for each lesion
(▶Fig.2). The area under the curve was 0.888. Considering the
highest accuracy (84%, ▶Supplementary Table1), a probabil-
ity level of 95% was selected as the optimal threshold. In lesion-
based diagnosis, lesions with at least one image having a prob-
ability score >0.95 were regarded as T1b.

Readings by endoscopists

We invited six physicians including two experts (YH, KU) in the
field of colonoscopy, two gastroenterology trainees from Hos-
pital B and two novice physicians from Hospital A to compare
their diagnostic performance with the CAD system. Both expert
colonoscopists have performed over 5,000 colonoscopic exam-
inations each and are certified by Japan Gastroenterological
Endoscopy Society. The two gastroenterology trainees started
their training program within the last 2 years and have per-
formed fewer than 500 colonoscopic examinations. The two
novice physicians started residency training 6 months prior to
this study and received 15 minutes’ education by reviewing
case studies just before the reading test.

On a 21-inch monitor, six physicians separately read the
same test dataset, blinded to the proportion of T1b lesions.
Endoscopic images identical to CADsystem were presented in
a random order, and physicians rated the T stage (Tis/T1a or
T1b) but did not rate probability level. After completing the
reading test, each image was judged as Tis/T1a or T1b, and le-

▶Table 2 Characteristics of lesions in the training dataset.

Hospital A Hospital B

T stage, n (%) Tis 110 (52) 25 (25)

T1a  21 (10) 25 (25)

T1b  46 (21) 50 (50)

T2  37 (17)  0 (0)

Size, n (%) ≤10mm  58 (27) 16 (16)

11–20mm  75 (35) 57 (57)

≥21mm  81 (38) 27 (27)

Morphology, n (%) Polypoid 160 (75) 50 (50)

Flat  54 (25) 50 (50)

▶Table 1 Characteristics of lesions in the test dataset.

T stage, n (%)

▪ Tis 23 (52)

▪ T1a 0 (0)

▪ T1b 21 (48)

Size, n (%)

▪ ≤10mm 3 (7)

▪ 11–20mm 15 (34)

▪ ≥21mm 26 (59)

Morphology, n (%)

▪ Polypoid 26 (59)

▪ Flat 18 (41)

Se
ns

iti
vi

ty

1-Specificity
0 0.500.25 0.75 1.00

Area under ROC curve = 0.8882

1.00

0.75

0.50

0.25

0.00

▶ Fig. 2 Receiver operator characteristics curve for T1b lesions was
calculated based on the highest confidence level of images of the
lesions. The area under the curve was 0.888. The accuracy was
highest (84%) at a confidence level of 95%.
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sions with at least 1 image judged as T1b were regarded as T1b
in lesion-based diagnosis.

Outcome measurements

The primary outcome is specificity for T1b CRCs, because spe-
cificity in the diagnosis of T1b CRC is vital for the appropriate
management of patients with early stage CRC. Because radical
surgery can be avoided in patients with CRCs that are not T1b
lesions, it is most important that lesions that are not T1b (Tis/
T1a) CRCs are identified as such. Secondary outcomes are sen-
sitivity, positive predictive value (PPV), negative predictive val-
ue (NPV) and accuracy. Each value is expressed as frequencies
of the total and percentages. The Clopper-Pearson method
was used for assessing 95% confidence intervals (CI) if neces-
sary. McNemar’s test for paired nominal data or Fisher’s exact
test were used to compare diagnostic values between the
CAD system and physicians, as appropriate. Fisher’s exact test
was also used to compare proportions. Subgroup analyses by
lesion size and morphology were also performed. All P values
are two-tailed, and values < 0.05 indicate statistical signifi-
cance. All statistical analyses were performed with Stata 16
(Stata Corp., College Station, Texas, United State).

Results
Feature of test lesions

A total of 44 CRCs (Tis 23, T1b 21) with 78 images (Tis 29, T1b
49) were used for the test. There were no significant differen-
ces in lesion size between Tis and T1b (Tis 26.0±2.0mm, T1b
24.3±2.0mm, P=0.70) lesions, but T1b lesions tended to have
polypoid morphology (Tis: polypoid 43%, flat 57%; T1b: poly-
poid 76%, flat 24%, P=0.036).

Diagnostic performance of CADand endoscopists

The specificity (primary outcome) was 87% (95% CI: 66–97) in
CAD, 100% (85–100) for Expert 1, 96% (78–100) for Expert 2,
61% (39–80) for GIT 1, 61% (39–80) for GIT 2, 48% (27–69)
for Novice 1 and 22% (7–44) for Novice 2 (▶Table 3). Signifi-
cant differences were observed between CADand both novices
(P=0.013, P=0.0003) but not in any comparisons. Sensitivity of
the CAD system was slightly lower than that of the two experts
(Expert 1: P=0.414, Expert 2: P=0.480). In comparison with
gastroenterology trainees and novices, the sensitivity of the

CAD system had a lower trend and there were significant differ-
ences with one gastroenterology trainee (P=0.025) and the
two novice physicians (both p=0.025). The CAD system had
accuracy inferior to both experts (Expert 1: P=0.096, Expert 2:
P=0.248) but was superior to the two gastroenterology trai-
nees and the two novices. A significantly higher accuracy of
the CAD system was observed in comparison only with Novice
2 (P=0.033). Diagnostic performance based on image is shown
in ▶Supplementary Table 2. Two examples are shown in ▶Fig.
3 and ▶Fig. 4. A class activation mapping technique which en-

▶Table 3 Diagnostic performance based on lesion.

Reader CAD Expert 1 Expert 2 GIT 1 GIT 2 Novice 1 Novice 2

Sensitivity, n (%) 17/21 (81) 18/21 (86) 18/21 (86) 14/21 (67) 21/21 (100)1 21/21 (100)1 21/21 (100)1

Specificity, n (%) 20/23 (87) 23/23 (100) 22/23 (96) 14/23 (61) 14/23 (61) 11/23 (48)1  5/23 (22)1

PPV, n (%) 17/20 (85) 18/18 (100) 18/19 (95) 14/23 (61) 21/30 (70) 21/33 (64) 21/39 (54)

NPV, n (%) 20/24 (83) 23/26 (88) 22/25 (88) 14/21 (67) 14/14 (100) 11/11 (100)  5/5 (100)

Accuracy, n (%) 37/44 (84) 41/44 (93) 40/44 (91) 28/44 (64)1 35/44 (80) 32/44 (73) 26/44 (59)1

CAD, computer-aided diagnosis; GI, gastroenterology trainee; PPV, positive predictive value; NPV, negative predictive value
1 A significant difference was observed compared with the CAD, using McNemar’s test (if applicable).

▶ Fig. 3 a Patient 1 had a protruding lesion with shallow depres-
sion. The convolutional neural network correctly diagnosed this
lesion as Tib (confidence level 1.00), but both expert endoscopists
failed to make the correct diagnosis. b The region of interest of
the convolutional neural network was consistent with the red area
of the lesion.

▶ Fig. 4 a Patient 2 had a 35-mm protruding lesion. The convolu-
tional neural network correctly diagnosed this lesion as Tis (confi-
dence level 0.16). Both expert endoscopists were correct, but
trainees and novices failed. b The region of interest of the convo-
lutional neural network was consistent with the red area of the
lesion.
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ables identification of regions of interest by CADby displaying a
red area has been developed recently. In both illustrative cases
(▶Fig. 3 and ▶Fig. 4), the regions of interest identified by CAD
were consistent with the red areas on the lesions.

Subgroup analyses

Diagnostic values determined from readings by expert endos-
copists based on lesion size and morphology did not show
specific trends (▶Table 4). The sensitivity of polypoid morphol-
ogy determined by the CADsystem was higher than that for flat
morphology, but there was no significant difference (P=0.063).

Discussion
This study demonstrates that the specificity of the CAD system
trained with non-magnified plain endoscopic images was su-
perior to gastroenterology trainees and novice physicians but
slightly inferior to both experts. The sensitivity of the CAD sys-
tem was nearly equivalent to both experts. The experts were
likely to diagnose a lesion as a shallow CRC while the CAD sys-
tem was likely to diagnose the lesion as deeply invasive CRC. A
similar tendency of the CAD system was observed with gastro-
enterology trainees as well as novice physicians. In general,
people tend to overestimate what they do not understand.
The results of this study are consistent with such behavior.

In colonoscopic diagnosis of early stage CRC, high specificity
for T1b is more important rather than high sensitivity although
the importance of low sensitivity is not negligible. Therefore,
we selected specificity as the primary outcome. One hundred
percent specificity means that no unnecessary surgery was per-
formed for patients in this series. In contrast, one hundred per-
cent sensitivity means that all T1b CRCs were correctly identi-
fied but unnecessary surgery will be inevitable for patients
with lesions incorrectly identified as T1b (false positives). A re-
latively lower sensitivity value will not influence the therapy for

patients with deeply invasive CRC because pathological evalua-
tion will be performed to confirm the invasiveness of the CRC
after endoscopic resection. From this viewpoint, the CAD sys-
tem developed in the present study achieved a better perform-
ance, compared with a previous study showing 68% [17] and
78% [18] specificity although these direct comparisons may be
inappropriate because of using different testing datasets. Fu-
ture CAD systems should aim to obtain a higher specificity com-
parable with the results of evaluation by experts.

To confirm the positioning of the CAD system in diagnostic
performance for depth of invasion, we compared the results
with readings by six endoscopists having various levels of diag-
nostic experience. The diagnostic performance of the CAD sys-
tem was almost comparable to gastroenterology trainees.
Therefore, the present CAD system cannot be adopted during
colonoscopy. Furthermore, the CAD system has never been va-
lidated in real time but only using selected still images. Real-
time lesion characterization may still be a distant goal. In recent
practice, various modalities including endoscopic ultrasound,
magnification colonoscopy and image-enhanced endoscopy
have been applied to identify T1b CRCs. A future CAD system
should serve to complement these existing modalities.

The current study has several advantages compared with a
previous study [16, 17]. A relatively large number (1839) of
endoscopic images of CRCs were collected from two hospitals
for deep learning. The learning dataset included lesions treated
not only by endoscopic resection but also by surgical resection.
Thirty-seven stage T2 CRCs less than 5 cm were also included in
the training dataset because these endoscopic images strongly
resemble those of T1b CRC. This active learning [21] leads to
better diagnostic performance, although the learning dataset
in this study derived from data from two hospitals was comple-
tely different from the test dataset provided by a third hospital.

Diagnostic performance of the CAD system for T1b CRCs was
relatively good, but the regions of interest within the image

▶Table 4 Diagnostic performance of CADand experts according to lesion size and morphology.

Reader Size Morphology1

≤20mm >20mm P value2 Polypoid Flat P value2

Sensitivity CAD  8/10 (80)  8/11 (73) 1.000 14/16 (88)  2/5 (40) 0.063

Expert 1 10/10 (100)  8/11 (73) 0.214 14/16 (88)  4/5 (80) 1.00

Expert 2  9/10 (90)  9/11 (82) 1.00 13/16 (81)  5/5 (100) 0.549

Specificity CAD  6/8 (75) 14/15 (93) 0.269  2/10 (80) 12/13 (92) 0.560

Expert 1  8/8 (100) 15/15 (100) 1.00 10/10 (100) 13/13 (100) 1.00

Expert 2  7/8 (88) 15/15 (100) 0.348 10/10 (100) 12/13 (92) 1.00

Accuracy CAD 14/18 (78) 22/26 (85) 0.697 22/26 (85) 14/18 (78) 0.697

Expert 1 18/18 (100) 23/26 (88) 0.258 24/26 (92) 17/18 (94) 1.00

Expert 2 16/18 (89) 24/26 (92) 1.00 23/26 (88) 17/18 (94) 0.634

CAD, computer-aided diagnosis
1 Morphology is defined according the Paris classification. Polypoid includes 0-Is while flat includes 0-IIa, 0-IIa + IIc and 0-IIc
2 Fishers' exact test
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responsible for CADsystems making the classification have
been difficult to identify. Recently, the class activation mapping
technique [22] has been developed, enabling one to identify
the region of interest used by the CAD system by displaying a
red area. Investigation of the region of interest features using
class activation mapping might elucidate similarities and differ-
ences between CADand endoscopists. As shown in ▶Fig. 3 and

▶Fig. 4, most of the regions of interest identified by the CAD
system were consistent with the areas identified by the experi-
enced endoscopists, although the CAD system may diagnose
T1b colorectal cancer using different features of the region of
interest. Analysis of region of interest features using class acti-
vation mapping might lead to discovery of new endoscopic
findings to indicate deep submucosal invasion.

This study has several acknowledged limitations. First, it was
retrospective, and a prospective clinical trial should be per-
formed to confirm the performance and reliability of the CAD
system. Second, the datasets were not extracted based on pre-
defined inclusion/exclusion criteria, but mainly on subjective
assessment of image quality. This may lead to selection bias.
For the test dataset, this also led to an imbalance in the number
of images per lesion (median Tis/T1a: 1, T1b: 2). The number of
images may affect diagnostic performance. Theoretically, sen-
sitivity could increase with a larger number of images whereas
specificity could decrease with a larger number of images.
Third, it is not clear that the CAD system can correctly recog-
nize T1a CRCs because the test dataset did not contain T1a le-
sions. This may affect its relatively good diagnostic perform-
ance. Fourth, ROC analysis was not conducted to compare be-
tween the CAD system and the endoscopists because we did
not rate the confidence level of the endoscopists for individual
endoscopic images. Instead, specificity was used for the com-
parison. A balanced analysis including sensitivity may be desir-
able.

Conclusion
In conclusion, the diagnostic performance of a CAD system
trained with non-magnified plain endoscopic images was
acceptable although inferior to readings by expert gastroenter-
ologists. A future prospective clinical trial is warranted to con-
firm the performance and reliability of the CAD system.
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▶ Supplementary Table 1 Diagnostic performance of CADby prob-
ability level.

Probability Level1 Sensitivity Specificity Accuracy

  5% 95%   4% 45%

 10% 95%   4% 45%

 15% 95%   8% 48%

 20% 95%   8% 48%

 25% 95%  13% 50%

 30% 95%  21% 55%

 35% 95%  29% 59%

 40% 95%  41% 66%

 45% 95%  50% 70%

 50% 95%  54% 73%

 55% 95%  54% 73%

 60% 95%  54% 73%

 65% 95%  58% 75%

 70% 95%  67% 80%

 75% 90%  67% 80%

 80% 90%  75% 82%

 85% 90%  75% 82%

 90% 85%  83% 84%

 95% 85%  88% 84%

100% 10% 100% 59%

CAD, computer-aided diagnosis
1 Confidence level is the threshold used in the receiver operating character-
istics curve for T1b diagnosis by the computer-aided diagnosis (▶ Fig. 2)

▶ Supplementary Table 2 Diagnostic performance based on image.

Reader CAD Expert 1 Expert 2 GIT 1 GIT 2 Novice 1 Novice 2

Sensitivity n (%) 25/49 (51) 35/49 (71)1 29/49 (59) 22/49 (44) 40/49 (81)1 46/49 (93)1 45/49 (91)1

Specificity n (%) 26/29 (90) 29/29 (100) 28/29 (96) 18/29 (62)1 18/29 (62)1 15/29 (51)1  8/29 (27)1

PPV n (%) 25/28 (89) 35/35 (100) 29/30 (96) 22/33 (66) 40/51 (78)  6/60 (76) 45/66 (68)

NPV n (%) 26/50 (52) 29/43 (67) 28/48 (58) 18/45 (40) 18/27 (66) 15/18 (83)  8/12 (66)

Accuracy n (%) 51/78 (65) 64/78 (82)1 57/78 (73) 40/78 (57) 58/78 (74) 61/78 (78) 53/78 (67)

CAD, computer-aided diagnosis; GIT, gastroenterology trainee; PPV, positive predictive value; NPV, negative predictive value
1 A significant difference was observed compared with the CAD, using McNemar’s test (if applicable).
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