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Objectives: Artificial intelligence (AI) systems have shown

favorable performance in the detection of esophageal squa-

mous cell carcinoma (ESCC). However, previous studies were

limited by the quality of their validation methods. In this

study, we evaluated the performance of an AI system with

videos simulating situations in which ESCC has been

overlooked.

Methods: We used 17,336 images from 1376 superficial

ESCCs and 1461 images from 196 noncancerous and normal

esophagi to construct the AI system. To record validation

videos, the endoscope was passed through the esophagus

at a constant speed without focusing on the lesion to

simulate situations in which ESCC has been missed. Valida-

tion videos were evaluated by the AI system and 21

endoscopists.

Results: We prepared 100 video datasets, including 50 super-

ficial ESCCs, 22 noncancerous lesions, and 28 normal esophagi.

The AI system had sensitivity of 85.7% (54 of 63 ESCCs) and

specificity of 40%. Initial evaluation by endoscopists conducted

with plain video (without AI support) had average sensitivity of

75.0% (47.3 of 63 ESCC) and specificity of 91.4%. Subsequent

evaluation by endoscopists was conducted with AI assistance,

which improved their sensitivity to 77.7% (P = 0.00696) without

changing their specificity (91.6%, P = 0.756).

Conclusions: Our AI system had high sensitivity for the

detection of ESCC. As a support tool, the system has the

potential to enhance detection of ESCC without reducing

specificity. (UMIN000039645)

Key words: artificial intelligence, esophageal squamous cell

carcinoma

INTRODUCTION

ESOPHAGEAL CANCER IS the seventh most common
cancer and the sixth most common cause of cancer-

related mortality worldwide.1 The most common esophageal
cancer in Asian countries, including Japan, is esophageal

squamous cell carcinoma (ESCC).2 The prognosis of
patients with advanced ESCC is poor but improvable if
the cancer is detected early.3–7

Esophageal squamous cell carcinoma is often diagnosed
late, as superficial ESCCs are asymptomatic and changes in
the mucosa are subtle.8 Furthermore, the role of white-light
imaging (WLI) endoscopy in detection is limited because of
its low sensitivity.9 In contrast, narrow-band imaging (NBI),
a form of equipment-based image-enhanced endoscopy, is
useful.10 A meta-analysis that compared the detection ability
of NBI and Lugol chromoendoscopy, then considered the
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reference standard for diagnosing superficial ESCC, showed
that NBI had better performance in diagnosing ESCC.11

Accordingly, NBI is currently the standard for detecting
superficial ESCC. However, in clinical practice, NBI’s
performance at detecting superficial ESCCs varies between
endoscopists, and inexperienced endoscopists’ detection
sensitivity was found to be significantly lower than that of
experts (53% vs. 100%, P < 0.001).12

Artificial intelligence systems have shown favorable
performance in ESCC detection.13–16 Their performance
was initially evaluated using still images13,14 and then using
video images.15,16 The video images used for evaluation
were slow observations of the esophagus that simulated
detailed inspection of high-risk populations for esophageal
cancers, and they were usually taken from the front and
edited for the evaluations. However, in practice, quick
observation of the esophagus is usually conducted for
average- or low-risk populations, and consequently, early-
stage esophageal cancers may be overlooked. To evaluate
the AI system’s performance as a support tool, it should be
evaluated in more realistic situations.

In this study, we prepared NBI and blue laser imaging
(BLI) videos strictly to simulate the situation of overlooking
ESCC. The AI system’s performance was compared with
that of endoscopists of varying experience.

METHODS

Training dataset and image annotation

WEDEVELOPED A deep learning-based AI system to
detect superficial ESCCs. It was trained with endo-

scopic images taken via daily esophagogastroduodenoscopy.
We gathered endoscopic still and video images of patho-
logically proven superficial ESCCs captured at Osaka
International Cancer Institute, Fukuoka University Chikushi
Hospital, and Niigata University Hospital in December
2005–June 2019. We also gathered images of noncancerous
lesions and normal esophagi taken at Osaka International
Cancer Institute in January 2009–June 2019. Noncancerous
lesions included pathologically or endoscopically diagnosed
esophagitis, submucosal tumor, vascular abnormality, glyco-
genic acanthosis, atypical epithelium (EP), and intraepithe-
lial neoplasm. As in our previous study,16 still images
extracted from the videos were used to obtain cancer images
with diverse shooting conditions (e.g., various distances,
angles, and focus).

The endoscopic procedures were conducted using the
following equipment: GIF-RQ260Z, GIF-FQ260Z, GIF-
Q240Z, GIF-H290Z, GIF-HQ290, GIF-H260Z, GIF-
XP290N, GIF-Q260J, or GIF-H290 endoscopes (Olympus,
Tokyo, Japan) with the CV260 (Olympus), EVIS LUCERA

CV-260/CLV-260, or EVIS LUCERA ELITE CV-290/CLV-
290SL (Olympus Medical Systems) video processors; or
EG-L590ZW, EG-L600ZW, or EG-L600ZW7 endoscopes
(Fujifilm Co., Tokyo, Japan) and the LASEREO video
endoscopic system (Fujifilm Co.). Observations using the
LASEREO system used BLI, which provides images similar
to those of NBI.11,17,18

After extracting still images from the videos, our
construction dataset included 17,336 images from 1567
pathologically proven superficial ESCCs and 1461 images
from 196 noncancerous lesions and normal esophagi
(Fig. 1). These images included those captured by non-
magnifying endoscopy (non-ME) with WLI, NBI, and BLI.
As in our previous study,16 the images were annotated

manually by delineating the boundaries and filling in the
areas containing the ESCC or other disease conditions.
Annotation was conducted by eight endoscopists, and all
annotated images were reconfirmed by a board-certified
trainer at the Japan Gastroenterological Endoscopy Society
(R.I.).

Creation of validation videos

In the present study, we took videos simulating quick
inspection with NBI/BLI and WLI, respectively, and created
independent validation datasets. The videos were taken
during esophagogastroduodenoscopy of consecutive sub-
jects with or without superficial ESCCs by eight

Figure 1 Construction and validation of the artificial

intelligence (AI) system. *Five cases used noncancerous

mucosal areas of cancer cases.
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endoscopists at Osaka International Cancer Institute in
October 2019–April 2020. Written informed consent for
video acquisition was obtained from all subjects. Subjects
with advanced ESCC and histories of surgery, radiation
therapy, and endoscopic treatment for ESCC were excluded.

For video acquisition, the endoscope was inserted through
the center of the esophageal lumen from the upper
esophagus to the esophagogastric junction (EGJ) over 10–
15 s and immediately withdrawn at a similar rate (total 20–
30 s). During this period, we used only non-ME. To
simulate situations in which ESCC had been overlooked, the
endoscope was passed through the esophagus at a constant
speed without focusing on the lesions or any particular parts.
The videos were used directly for validation to prevent bias
from editing.

Regarding sample size, we initially estimated a minimum
of 40 ESCCs in the validation set to achieve a 95%
confidence interval narrower than 20% based on AI
systems’ sensitivity of 90% in previous study16. We
prepared as many ESCCs as possible to shrink the 95%
confidence interval.

Evaluation of the validation dataset by the AI
system and endoscopists

A detailed description of construction of an AI system is
shown in Appendix S1. The purpose of this study was to
compare the performance of the AI system with that of
endoscopists for cancer detection in suspected lesions with
quick inspection videos using only non-ME.

The trained neural network generated diagnosis scores of
0–1 for superficial ESCC. The threshold for judging each
frame as cancer was ≥0.60. Conclusive diagnosis of ESCC
was established when three serial video frames were judged
as cancer.

We invited 21 endoscopists from five centers with
varying experience levels to interpret the validation dataset.
They had been diagnosing gastrointestinal cancers, includ-
ing superficial ESCCs, in their daily practice. Seven
endoscopists had <2 years of experience, six had 3–
10 years, and eight had ≥11 years. They were asked to
detect lesions suspicious for superficial ESCC. They were
not informed about the proportion of cancerous lesions in
the dataset.

Evaluation of the validation dataset with the
addition of AI assistance

First, 21 endoscopists interpreted the plain videos without
AI assistance on both WLI and NBI/BLI, followed by

interpreting videos with AI assistance on NBI/BLI about
6 weeks later. Subsequent evaluation by the endoscopists
was conducted using two monitors: one for plain videos
and one for videos with AI support (indicating the AI
system’s diagnosis on the monitor, as shown in Videos
S1–S4).

Statistical analysis

The main outcome measures were sensitivity and specificity
for superficial ESCC. These parameters were calculated as
follows: sensitivity = (number of correctly detected super-
ficial ESCCs)/(number of total superficial ESCCs); speci-
ficity = (number of correctly diagnosed noncancerous
lesions or normal esophagus videos)/(number of total
noncancers or normal esophagus videos). Noncancerous
lesions or normal videos that showed ≥1 false positive were
judged incorrectly. We analyzed the sensitivity of plain
viewing and that with AI assistance using the Wilcoxon
signed rank sum test and Mann–Whitney U-test for
continuous variables. The statistical significance threshold
was P < 0.05. All analyses were performed using the EZR
software package, version 1.27 (Saitama Medical Center,
Jichi Medical University, Tochigi, Japan).

Ethics approval

This study was approved by the Ethics Committee of Osaka
International Cancer Institute (no. 18149-4) and all cooper-
ating institutions and was registered in the University
Hospital Medical Network Clinical Trials Registry as
number UMIN 000039645.

RESULTS

Details of validation datasets

OF THE VIDEOS, 54 were excluded before evaluation
for the following reasons: esophageal observation

lasted <15 or >35 s in total or focused on some lesions for
more than 1 s. Finally, we prepared 100 video datasets: 50
superficial ESCCs, 22 noncancerous lesions, and 28 normal
esophagi (Table 1). Sixty-three ESCCs were included in the
50 videos of ESCCs: one ESCC in 39 videos, two ESCCs in
nine videos, and three ESCCs in two videos. All 63 of these
lesions were pathologically proven as ESCC (53 by ESD
specimens, three by surgical specimens, and seven by biopsy
specimens). The 56 ESCCs with pathologic diagnosis of
cancer had the following invasion depth: 39 were limited to
the EP or lamina propria, 10 were invading the muscularis
mucosa, and seven were invading the submucosa.

Digestive Endoscopy 2021; 33: 1101–1109 Detection of esophageal cancer by AI 1103
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Performance of the AI system

On NBI/BLI, the AI system detected 54 of 63 ESCCs
(sensitivity, 85.7%; Figs 2–4), and false positives were
detected in 30 videos (specificity, 40%) in the validation
dataset. Of the 54 ESCCs detected by the AI system, six
were submucosal cancers, eight were muscularis mucosa
cancers, and 33 were EP/lamina propria cancers. False
positive diagnoses were caused by reflux esophagitis and
vascular abnormalities in six cases each, and others were
caused by bubbles, fluid storage, screen blurring and
shadows, or the normal EGJ (Fig. 5). On WLI, the AI
system detected 49 of 63 ESCCs (sensitivity: 77.8%), and
false positives were detected in 36 videos (specificity, 28%;
Table S1). Additional evaluation of specificity using 50
videos is shown in Table S2.

Performance of endoscopists without AI
support

The endoscopists’ initial evaluation was conducted with
plain videos (without AI support). On NBI/BLI, the
endoscopists detected 47.3 of 63 ESCCs (sensitivity,
75.0%; range, 58.7–90.5%), and false positives were

detected in 4.3 videos (specificity, 91.4%; range,
50.0–100%) in the validation dataset. The endoscopists’
overall results are summarized in Table 2. False positive
diagnoses were mainly caused by vascular abnormalities,
shadows, and reflux esophagitis. On WLI, the endoscopists
detected 35.3 of 63 ESCCs (sensitivity, 56.1%; range, 36.5–
69.8%), and false positives were detected in 6.1 videos
(specificity, 87.7%; range: 50–100%; Table S1).

Performance of endoscopists with AI
support

On NBI/BLI, the endoscopists detected 49.0 of 63 ESCCs
(sensitivity, 77.7%; range, 61.9%–87.3%), and false posi-
tives were detected in 4.2 videos (specificity, 91.6%; range,
62.0%–100%) in the validation dataset. Sensitivity for
cancer diagnosis by endoscopists improved by 2.7% with
the addition of AI assistance (P = 0.00696), and there was
no decrease in specificity (91.4–91.6%, P = 0.756;
Table 2).
The change in each endoscopist’s sensitivity between

plain viewing and that with AI assistance is shown in Fig. 6.
Fifteen of the 21 endoscopists showed sensitivity improve-
ments, two showed no change, and four showed decreased
sensitivity. In subgroup analysis, we classified the endo-
scopists into two groups: those with high and low sensitivity
(higher and lower than the AI system, respectively) on plain
videos. The 19 endoscopists who had lower sensitivity than
the AI system had a median (interquartile range, [range]) of
5 (2–14 [1–22]) years of experience as endoscopists and had
conducted 2000 (850–10,000 [30–30,000]) endoscopic
procedures. The two endoscopists who had higher sensitiv-
ity than the AI system had 4 and 15 years of experience as
endoscopists and had conducted 3500 and 15,000 endo-
scopic procedures, respectively. Although the AI assistance
provided no additional sensitivity improvement to the high-
sensitivity group (n = 2), the low-sensitivity group (n = 19)
had 3.7% additional improvement (P = 0.000703; Tables 3
and 4). There was no decrease in specificity with the
addition of AI assistance in either group.

Characteristics of detected and missed
lesions in validation dataset

The characteristics of detected and missed lesions on NBI/
BLI are shown in Table 5. Nine cancers were missed by the
AI system, and their median size by the AI system was
significantly smaller than that of detected cancers (15 vs.
30 mm, P = 0.01). The AI system did not miss any cancers
larger than half of the circumference of the esophagus.
Fifteen cancers were missed by more than half of the

Table 1 Details of validation datasets

Patient data

Age, years; median (range) 70 (47–88)
Sex, male/female 80/20

Number of videos, cancer/

noncancer/normal

50/22/28

Lesion data

ESCC 50 videos with

63 lesions

Location, Ut/Mt/Lt/Ae 11/37/15/0

Median tumor size in mm (range) 26 (5–140)
Macroscopic type, 0-I, IIa/0-IIb, IIc 5/58

Depth of tumor†, EP-LPM/MM/SM1/

SM2–3
39/10/3/4

Noncancerous lesions and normal

esophagus

50 videos

Normal esophagus 28

Vascular abnormalities 13

Reflux esophagitis 7

Papilloma 4

Esophageal varices 2

Ae, abdominal esophagus; EP, epithelium; ESCC, Esophageal

squamous cell carcinoma; LPM, lamina propria mucosae; Lt, lower

thoracic esophagus; MM, muscularis mucosa; Mt, middle thoracic

esophagus; SM, submucosa; Ut, upper thoracic esophagus.
†Seven ESCCs diagnosed by biopsy were excluded from analysis for

invasion depth.

1104 K. Waki et al. Digestive Endoscopy 2021; 33: 1101–1109
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endoscopists. The median size of the cancers that were
missed by endoscopists was slightly smaller than that of the
detected cancers (20 vs. 27 mm), although the difference
was not significant (P = 0.19). More than half of the
endoscopists missed two cancers larger than half of the
circumference of the esophagus.

DISCUSSION

IN THIS STUDY, we examined the detection ability of an
AI system using videos simulating situations in which

ESCC had been overlooked. The results confirm the AI
system’s high sensitivity. In addition, the endoscopists’
sensitivity improved with AI support without negatively
impacting specificity.

We evaluated the AI system using videos simulating the
overlooking situation: attention did not focus on any lesions,
and the videoswere usedwithout editing. For validation, theAI
system and the endoscopists attempted to detect any suspicious
lesions for cancer in the video images. This approach seems
suitable for evaluating the AI system’s performance.

The AI system’s sensitivity in validation with NBI/BLI
was 85.7%, which was significantly higher than the endo-
scopists’ average sensitivity. Therefore, the AI system has
the potential to improve endoscopists’ sensitivity to the same

level. Conversely, the AI system’s specificity was only 40%.
Approximately half of the 30 false positives were related to
findings in the EGJ area. Because the training dataset was
dedicated to squamous EP lesions, further training of the
system with EGJ images may decrease false positives. As the
incidence of esophageal cancer is low and most examinees
do not have cancer, high specificity (i.e., accurately
diagnosing noncancerous lesions as noncancerous) is impor-
tant. The endoscopists’ specificity was similar with or
without AI support. Therefore, our system showed no
negative effects on diagnosis when used as a support tool.
In a subgroup analysis for validation with NBI/BLI, two

endoscopists with higher sensitivity than the AI system
showed no improvement in sensitivity with AI assistance,
whereas the other 19 endoscopists with lower sensitivity
than the AI system showed a statistically significant
improvement. This result suggests that the AI system may
be useful as a support tool for the majority of endoscopists.
The sensitivity of four endoscopists decreased with AI

support during validation with NBI/BLI. We expect that the
main reason for this result is that they thought the AI system
had perfect sensitivity for cancer. Accordingly, they changed
their diagnoses from cancer to noncancer if the AI system
did not detect the lesion. Thus, the endoscopists’ sensitivity
declined, whereas their specificity improved considerably.

Figure 2 (with Video S1). The lesion was located on the posterior wall of the upper thoracic esophagus. The lesion was

detected by the artificial intelligence (AI) system for 1 s. With AI assistance, the proportion of endoscopists who detected the

lesion improved from 76.2% (without AI assistance) to 95.2% (with AI assistance). (a) Image of the lesion without AI assistance. (b)

Image of the lesion with AI assistance. The lesion is indicated in pink. (c) Magnified image of the lesion with NBI. (d) The resected

specimen with iodine staining. Histopathological diagnosis was cancer invading into the lamina propria.

Digestive Endoscopy 2021; 33: 1101–1109 Detection of esophageal cancer by AI 1105
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We believe that this problem can be solved by informing the
endoscopists about the AI system’s performance or by
reconfirmation of the lesions.

Clinical trials are another method by which the AI
system’s performance could be evaluated. However, ESCC
is not a common cancer, and the prevalence of ESCC in
prospective studies has been 1.9% (2/105 cases)19 to 10.8%
(36/334 cases)20 even in high-risk populations. Evaluating
the performance of the AI system with a large number of
ESCCs would require a long investigative period and be
expensive, in contrast to the current study, in which we
directly compared the endoscopists’ diagnostic performance
with that of the AI system.

This study has several limitations. First, the validation
videos used in the current study did not include reconfirma-
tion of suspicious lesions because the reconfirmation process
contradicts the concept of simulating situations in which
ESCC has been overlooked. This limitation is the main
reason why the additional sensitivity improvement imparted
by the AI assistance was only 2.5%. Because the sensitivity
of the AI by itself was 85.7% in validation with NBI/BLI, we
expect that further improvement in the sensitivity of AI-
assisted diagnosis can be achieved by reviewing lesions that
are only detected by the AI system. Second, the proportion of
videos containing ESCC was high (50% of the validation

dataset). The high rate of validation videos containing ESCC
may have increased the endoscopists’ attention levels, which
may have enhanced diagnostic performance. However, in
clinical practice, ESCC is much less common. ESCC’s low
incidence makes it difficult to maintain high attention during
daily endoscopic examinations and may reduce diagnostic
performance. Therefore, we expect the detection rate by
endoscopists to be lower in clinical endoscopy. The AI
system is not affected by such factors and may provide
benefits above those seen in this study. Third, sample size of
the current study may not be sufficient for detailed statistical
analysis. Further study is required in the future.
In conclusion, our AI system has high sensitivity for the

detection of ESCC and can increase endoscopists’ sensitiv-
ity without reducing specificity. We believe that our AI
system has the potential to enhance the detection of ESCC.
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Figure 4 (with Video S3) The hard-to-detect case. The lesion was located on the right wall of the lower thoracic esophagus. The

artificial intelligence (AI) system detected the lesion at the time of withdrawal. With AI assistance, the proportion of endoscopists

who detected the lesion improved from 19.0% (without AI assistance) to 38.1% (with AI assistance). (a) Image of the lesion without

AI assistance. (b) Image of the lesion with AI assistance. The lesion is indicated in pink. (c) Magnified image of the lesion with NBI.

(d) The resected specimen with iodine staining. Histopathological diagnosis was cancer invading into the lamina propria.

Figure 5 (with Video S4). False positive finding in the esophagogastric junction by the artificial intelligence (AI) system. AI

assistance did not mislead the endoscopists because the proportion of endoscopists who detected false positive lesions

decreased from 4.8% (without AI assistance) to 0% (with AI assistance). (a) Image of the false positive lesion without AI assistance.

(b) Image of the false positive lesion with AI assistance. The false positive lesion is indicated in pink.
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© 2021 Japan Gastroenterological Endoscopy Society

 14431661, 2021, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/den.13934 by K

um
am

oto U
niversity, W

iley O
nline L

ibrary on [19/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://en-author-services.edanz.com/ac


Table 2 Sensitivities and specificities of endoscopists with and

without artificial intelligence (AI) assistance

Plain AI assist P-value

Sensitivity

Average 0.750 0.777 0.00696

Range 0.587–0.905 0.619–0.873 -

Specificity

Average 0.914 0.916 0.756

Range 0.500–1.000 0.620–1.000 -

Figure 6 Changes in sensitivity of endoscopists with and

without artificial intelligence (AI) assistance. Fifteen of the

21 endoscopists showed an improvement, two showed no

change and four showed a decrease.

Table 3 Changes in sensitivity of endoscopists with and

without artificial intelligence (AI) assistance (low-sensitivity

group; n = 19)

Plain AI assist P-value

Sensitivity

Average 0.735 0.772 0.000703

Range 0.587–0.825 0.619–0.873 -

Specificity

Average 0.914 0.914 0.909

Range 0.500–1.000 0.620–1.000 -

Table 4 Changes in sensitivity of endoscopists with and

without artificial intelligence (AI) assistance (high-sensitivity

group; n = 2)

Plain AI assist P-value

Sensitivity

Average 0.889 0.825 0.5

Range 0.873–0.905 0.794–0.857 -

Specificity

Average 0.920 0.940 1

Range 0.900–0.940 0.940 -

Table 5 ESCCs detected and missed by the artificial intelli-

gence (AI) system and endoscopists according to validation

with NBI/BLI

AI system Detected or missed by

more than half of

endoscopists

Missed

(n = 9)

Detected

(n = 54)

Missed

(n = 15)

Detected

(n = 48)

Location

Ut 1 10 3 8

Mt 7 30 9 28

Lt 1 14 3 12

Median tumor

size

15 30 20 27

(IQR) (15–20) (17.3–40) (15–30) (15.8–40)
[range] [5–30] [7–140] [5–40] [7–140]

Macroscopic type

0-I, IIa 0 5 0 5

0-IIb, IIc 9 49 15 43

Circumferential

extent

<1/2 9 34 13 30

≥1/2 0 20 2 18

Depth of tumor†

EP-LPM 6 33 10 29

MM 2 8 4 6

SM1 1 2 1 2

SM2–3 0 4 0 4

EP, epithelium; ESCC, esophageal squamous cell carcinoma; IQR,

interquartile range; LPM, lamina propria mucosae; Lt, lower thoracic

esophagus; MM, muscularis mucosa; Mt, middle thoracic esopha-

gus; SM, submucosa; Ut, upper thoracic esophagus.
†Seven ESCCs diagnosed by biopsy were excluded from analysis for

invasion depth.
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FUNDING INFORMATION

NONE.
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SUPPORTING INFORMATION

ADDITIONAL SUPPORTING INFORMATION may
be found in the online version of this article at the

publisher’s web site.
Appendix S1 Construction of an AI system.
Table S1 Sensitivities and specificities of the AI system

and endoscopists at diagnosis on the basis of white-light
imaging.

Table S2 Details on dataset for additional validation of
noncancerous lesions and normal esophagus by AI system
and specificity results.

Video S1 (Figure 2 case). The lesion on the posterior wall
of the upper esophagus. The lesion was detected by the AI
system for 1 s.

Video S2 (Figure 3 case). The case achieved 100%
detection rate with AI assistance. The lesion was located on
the posterior wall of the middle thoracic esophagus.

Video S3 (Figure 4 case). The hard-to-detect case. The
lesion was located on the right wall of the lower thoracic
esophagus.

Video S4 (Figure 5 case). False positive finding in the
esophagogastric junction by the AI system.
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