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A computer-aided detection (CAD) system for early esophagus carcinoma identification during
endoscopy with narrow-band imaging (NBI) was evaluated in a large-scale, prospective, tandem,
randomized controlled trial to assess its effectiveness. The study was registered at the Chinese
Clinical Trial Registry (ChiCTR2100050654, 2021/09/01). Involving 3400 patients were randomly
assigned to either routine (routine-first) or CAD-assisted (CAD-first) NBl endoscopy, followed by the
other procedure, with targeted biopsies taken at the end of the second examination. The primary
outcome was the diagnosis of 1 or more neoplastic lesion of esophagus during the first examination.
The CAD-first group demonstrated a significantly higher neoplastic lesion detection rate (3.12%)
compared to the routine-first group (1.59%) with a relative detection ratio of 1.96 (P = 0.0047).
Subgroup analysis revealed a higher detection rate in junior endoscopists using CAD-first, while no
significant difference was observed for senior endoscopists. The CAD system significantly improved
esophageal neoplasm detection, particularly benefiting junior endoscopists.

Esophageal cancer (EC) is one of the most common cancers in the world a
leading cause of cancer death, with >600,000 new cases and >540,000 deaths
in 2020'. Eastern Asia, including China and other developing countries,
exhibits the highest regional incidence rates, and esophageal squamous cell
carcinoma (ESCC) is the predominant histological type. Esophageal squa-
mous dysplasia is considered to be the premalignant precursor lesion for
ESCC and harbors a high risk for progression into invasive cancer™.
Detection and resection of lesions in the precursor or early stage is an
effective way to decrease the incidence and mortality of ESCC".
Endoscopic screening has been widely accepted as an optimal strategy
for the diagnosis of ESCC and its precursor lesions’. However, it is not
always easy to identify early-stage ESCC and dysplasia without typical
features under endoscopy, which can easily pass unnoticed. To improve
early ESCC detection, endoscopy with narrow-band imaging (NBI) system
has been used frequently in routine screening examinations®. However, the
diagnostic ability of NBI for early ESCC and dysplasia among variable levels
of endoscopists is highly heterogeneous’. The sensitivity of NBI for
screening of squamous mucosal high-grade neoplasia of the esophagus has
been reported to be only 53% in the less experienced endoscopist group®.
There is clearly a need to effectively assist endoscopists, especially for junior

group, to improve diagnostic accuracy. Then, more esophagus lesions can be
diagnosed early and cured.

Recently, artificial intelligence (AI)-based technologies have been
broadly applied in diagnostic medicine”". Many studies have shown that
computer-aided diagnosis (CAD) in endoscopic analysis of early EC
demonstrates excellent performance, including sensitivity and
specificity'”". In previous research, we reported a novel CAD system
with a deep neural network (DNN) to identify early ESCC with an
accuracy over 91% under conventional white-light endoscopy and over
94% under NBI'*". Thereafter, we further modified and improved the
model to identify esophageal neoplasms'®. In fact, most of the reported
CAD systems from different teams still used images for early ESCC
diagnosis, not for real-time detection. Evidence on the ability of this
technology to recognize and trace esophageal lesions in clinical practice
during live endoscopy is lacking.

Here, we conducted a large-scale, randomized, comparative study in
our center to evaluate the performance of CAD-NBI system compared with
NBI alone in detecting esophageal neoplastic lesions. Based on the results,
we aimed to verify the performance of our CAD system in the real-time
clinical diagnosis to increase esophageal neoplasm detection rate. We also
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evaluated the applicability of the CAD system across endoscopists with
different levels of expertise.

Results

The real-time working of CAD-NBI system

The CAD-NBI system monitor was positioned fixedly adjacent and parallel
to the original endoscopy monitor. Figure 1 and Supplementary Movie 1
shows the real-time working of the CAD-NBI system. Supplementary Fig. 1
shows the schematic diagram of neoplastic lesions detection.

Study participants

Between September 3, 2021 and December 16, 2022, 3441 patients were
invited to participate in this study, of whom 41 were judged ineligible and
excluded before randomization (Fig. 2). Therefore, 3400 patients agreed to
participate and were allocated to either endoscopy with assistance from the
CAD-NBI system (n =1700) or routine endoscopy with NBI (n = 1700).
Four patients (2 in the routine-first group and 2 in the CAD-first group)
were excluded during endoscopy because they met exclusion criteria. A total
of 3396 eligible patients were included in the primary analysis, with 1698
patients allocated to the routine-first group and 1698 to the CAD-first
group. Baseline characteristics of patients are presented in Table 1. There
were no significant differences in baseline characteristics between the two
groups. Of the randomly assigned participants, 91(5.36%) in the routine-
first group and 101(5.95%) in the CAD-first group were awake, and others
underwent endoscopy with intravenous anaesthesia.

The detection rate of lesions in each group as the main outcome
The percentage of patients diagnosed with a neoplastic lesion in the first
examination by CAD-NBI (53 [57 lesions] of 1698 patients or 3.12% [95%
CI, 2.35-4.06%] ) was higher than that by NBI alone (27 [29 lesions] of 1698
patients or 1.59% [CI, 1.05-2.31%]) with a relative detection ratio of 1.96
(CI, 1.24-3.10; P =0.0047). The combined number of patients diagnosed
with neoplastic lesions in the first and second examinations was 58 (66
lesions) in the CAD-first group and 56 (64 lesions) in the routine-first group,
with no difference between the groups (Table 2). To eliminate the potential
interference of confounding variable, we performed a CMH test stratified by
the level of operator experience. The common odds ratio of detection rate
between CAD-first and routine-first is 2.02 (CI, 1.26-3.23; P=0.0042),
demonstrating the existence of difference between two groups.

In the initial examination using CAD-NBI, 15 out of 1698 patients
(0.88% [95% CI, 0.50% to 1.45%]) were diagnosed with 19 non-neoplastic
lesions. Specifically, when using NBI alone, 28 out of 1698 patients (1.65%
[CI, 1.10-2.37%]) were diagnosed with 31 non-neoplastic lesions. The
relative detection ratio was 0.54 (CI, 0.29-1.00; P=0.07). The combined

number of patients diagnosed with non-neoplastic lesions in the first and
second examinations was 41 (45 lesions) in the CAD-first group and 49 (54
lesions) in the routine-first group, with no difference between the groups
(Supplementary Table 1).

The characteristics of the neoplastic lesions detected in the first
examination of the respective comparison groups are shown in Table 3.
Lesions less than 10 mm accounted for 41.38% of the lesions detected in
the first examination in the routine-first group and 45.61% in the CAD-
first group. The proportion of lesions located in the middle thoracic and
lower thoracic esophagus was 31.03% and 62.07% in the routine-first
group, and 26.3% and 57.89% in the CAD-first group. Among the
detected neoplastic lesions, one case was adenocarcinoma in the CAD-
first group. As for squamous cell lesions, LGIN, HGIN and carcinoma in
the routine-first group were 6.90%, 34.48%, 58.62%, respectively,
whereas in the CAD-first group were 14.04%, 43.86% and 40.35%,
respectively. In the routine-first group, 12 precancerous lesions (LGIN
and HGIN) and 17 carcinomas were detected, while 33 precancerous
lesions and 24 carcinomas were detected in the CAD-first group. The
percentage of precancerous lesions diagnosed in the first examination by
CAD-NBI was higher than that by NBI alone (1.94% vs. 0.71%,
P=0.0016). However, the detection rate of carcinoma was similar with
no difference between the groups (1.41% vs. 1.00%, P = 0.2714).

The secondary outcomes

Supplementary Table 2 compares the secondary outcomes in the CAD-first
group and the routine-first group. The FNR of CAD-first group was 8.62%,
and it was significantly lower than that in the routine-first group (vs 51.79%,
P <0.0001). In terms of precision and accuracy, the values of the CAD-first
group were significantly higher than that in the NBI group.

There was a total of 19 false alarms (false positives) in the CAD-first
group, including 17 cases of squamous epithelium, 1 case of inflammation
and 1 case of heterotopic gastric mucosa. Of all the detected neoplastic
lesions in CAD-first group, 7 lesions, including 3 cases of LGIN and 4 cases
of HGIN, were missed by the automatic detection system. No carcinoma
was missed by the CAD system. Supplementary Table 3 shows the detailed
clinical characteristics of the missed lesions. Among the 7 missed lesions, 6
lesions were less than 10 mm in size, and the circumference was less than 1/
4. Six lesions were type 0-IIb macroscopic type, and one lesion was type
0-Ilc. Five cases were examined by junior endoscopists and 2 cases by
midlevel endoscopists.

The median procedure times of routine-first and CAD-first for the first
esophageal examination were 25s (IQR, 19-31s) and 28 seconds (IQR,
20-40s), respectively. These differences were statistically significant
(P<0.0001). We analyzed the procedure time for the first esophageal

Fig. 1 | The real-time working of CAD-NBI sys-
tem. The system monitor was positioned fixedly
adjacent and parallel to the original endoscopy
monitor, achieving real-time assistance during
examination of esophagus. NBI narrow-band ima-
ging, CAD computer-aided detection.

npj Digital Medicine | (2025)8:160


www.nature.com/npjdigitalmed

https://doi.org/10.1038/s41746-025-01532-2

Article

3441 patients assessed
for eligibility

41 neligible

34 [> 80 years old]
7 [diagnosed as esophageal

3400 enrolled

early carcinoma without treatment]

3400 randomised

.

1700 assigned to
routine-first group

2 met exclusion criteria
1 [severe stenosis]
1 [withdrawal of consent]

A

L
1698 analysed

.

1700 assigned to
CAD-first group

2 met exclusion criteria
2 [severe stenosis)

h 4

v
1698 analysed

Fig. 2 | Trial profile. A total of 3400 patients were randomly assigned to the routine-first group or CAD-first group, of whom 3396 (routine-first group: 1698; CAD-first
group: 1698) were eligible for analysis. NBI narrow-band imaging, CAD computer-aided detection.

Table 1 | Baseline characteristics of patients

CAD-first
group (n = 1698)

54.41 (14.07)

Routine-first
group (n = 1698)

54.61 (14.17)

Characteristic

Age, mean (SD), years

BMI, mean (SD), kg/m? 23.23 (3.24) 23.32 (3.49)
Gender
Female, n (%) 933 (54.95) 897 (52.83)
Male, n (%) 765 (45.05) 801 (47.17)
Surgical history
Upper Gl tract, n (%) 167 (9.84) 172 (10.13)
Others, n (%) 510 (30.04) 506 (29.80)
Malignant tumor history
Esophagus, n (%) 24 (1.41) 20(1.18)
Head and neck, n (%) 1(0.06) 0(0)
Others, n (%) 141 (8.30) 148 (8.72)
Family history of
malignant tumor
Esophageal cancer, n (%) 17 (1.00) 13 (0.77)
Head and neck, n (%) 4(0.24) 1(0.06)
Indication
Screening, n (%) 828 (48.76) 813 (47.88)
Symptomatic, n (%) 870 (51.24) 885 (52.12)

Data are mean (SD) or n (%).
CAD computer-aided detection, BM/ body-mass index.

examination among different groups of endoscopists, as shown in Supple-
mentary Table 4. In the routine-first group, the procedure time for the first
esophageal examination performed by junior endoscopists was significantly
longer than that of midlevel and senior endoscopists. In the CAD-first

group, there was no significant difference in examination time among the
three groups of endoscopists.

There were no serious adverse events related to examination in both
groups.

Outcomes in endoscopists with different levels of expertise
Considering the experience of the operator plays a critical role in lesions
detecting, a subgroup analysis was performed to evaluate the esophageal
neoplastic lesions detected rate during endoscopy according to the experi-
ence level of the endoscopists (Table 4). The chance of detecting neoplastic
lesions was clearly higher with NBI-CAD than NBI alone for junior
endoscopists (RR = 3.58,95% CI, 1.63-7.87). However, the detection rate of
NBI-CAD with senior endoscopists was similar to that of NBI alone
(RR=0.97, 95% CI, 0.43-2.16).

Discussion
Endoscopic screening has become a key factor in early diagnosis and
treatment of esophageal cancer, as well as in improving patient survival'’.
Despite the significant improvement in diagnostic techniques under
endoscopy, such as narrow-band imaging, magnifying endoscopy, and
chromoendoscopy, there are still several issues in early recognition of eso-
phageal cancer'*™. First, early-stage esophageal cancer and precancerous
lesions are often subtle and have unclear morphological differences from
surrounding normal tissues, resulting in a challenging diagnosis™'. Second,
the diagnostic ability of endoscopists varies significantly. Junior physicians
may not have enough experience in distinguishing normal esophageal
mucosa from early lesions, leading to inaccurate judgments on lesion nature
and range, influenced by various factors such as physician’s operation skills,
clinical experience, and knowledge reserves™?. Finally, visual errors, visual
and brain fatigue during endoscopic procedures, may lead to misdiagnosis
or missed diagnosis™.

Al provides a possible way to solve the above problems. By combining
Al with digestive endoscopy imaging technology, it is possible to help
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Table 2 | Neoplastic lesions detected in the primary and secondary modes

Variable

Routine-first group (n = 1698)

CAD-first group (n = 1698) Risk ratio (95% CI) P

Detected by primary mode (primary endpoint)

Patients, n (% [95% ClI]) 27 (1.59 [1.05-2.31]) 53 (3.12 [2.35-4.06]) 1.96 (1.24-3.10) 0.0047
Lesions, n 29 (1.71 [1.15-2.44)) 57 (3.36 [2.55-4.33)) - -
Detected by secondary mode
Patients, n (% [95% CI]) 29 (1.71 [1.15-2.44)) 5(0.29 [0.10-0.69)) 0.17 (0.07-0.44) <0.0001
Lesions, n 35 (2.06 [1.44-2.86)) 7 (0.41[0.17-0.85]) - -
Total
Patients, n (% [95% ClI]) 56 (3.30 [2.50-4.26]) 58 (3.42 [2.60-4.39)) 1.04 (0.72-1.49) 0.92

Lesions, n 64 (3.77 [2.91-4.79))

66 (3.89 [3.02-4.92)) - _

Data are n (%).
CAD computer-aided detection.

Table 3 | Clinicopathologic features of detected neoplastic
lesions (only the first procedure in each group)

Variable Routine-first group CAD-first group (53

(27 patients/29 patients/57 lesions)
lesions)
Size, mm, n (%)
10 mm 12 (41.38) 26 (45.61)
>10-19 mm 11(37.93) 19 (33.33)
>19mm 6 (20.69) 12 (21.05)
Location, n (%)
Ce 1(3.45) 5(8.77)
Ut 1(3.45) 4(7.02)
Mt 9 (31.03) 15 (26.32)
Lt 18 (62.07) 33 (57.89)
Ae 0(0) 0(0)
Morphology, n (%)
Unidentified 1(3.45) 0(0)
Protruded 14 (48.28) 13 (22.81)
Flat 5(17.24) 18 (31.58)
Depressed 9(31.03) 26 (45.61)
Pathological diagnosis,
n (%)
LGIN 2 (6.90) 8 (14.04)
HGIN 10 (34.48) 25 (43.86)
Sqguamous carcinoma 17 (58.62) 23 (40.35)
Adenocarcinoma 0(0) 1(1.75)

Data are n (%).

CAD computer-aided detection, Ut upper thoracic esophagus, Mt middle thoracic esophagus, Lt
lower thoracic esophagus, Ae abdominal esophagus, Ce cervical esophagus, LGIN low grade
intraepithelial neoplasia, HGIN high grade intraepithelial neoplasia.

physicians to achieve fast and accurate diagnosis. Studies have demon-
strated the ability of AI to meet or exceed the performance of human experts
as a triage or screening tool for gastrointestinal diseases with endoscopy”* .
In this large-scale, randomized, comparative study, we found that, CAD-
NBI system from our team can detect neoplastic lesions in the esophagus
1.96 times more frequently than NBI alone. Moreover, the CAD-NBI sys-
tem had higher specificity for distinguish neoplastic lesions from non-
neoplastic ones. Several CAD systems from other teams have been con-
structed in endoscopic analysis of early EC based on endoscopy images and
videos”**. Most of the studies at present are mainly focused on the estab-
lishment of AI algorithms based on the still images from retrospective

studies of single-center data® . Although these AI systems have been
demonstrated equivalent or superior diagnostic accuracy, sensitivity, and
specificity compared to endoscopic experts, their clinical applicability in the
actual endoscopic working environment was unknown. Moreover, these Al
systems are still in the laboratory stage and have not yet been connected to
endoscopic devices and evaluated in real clinical trials. Compared with these
published studies, the advantages of our study are as follows: 1) This study
was a large-scale prospective randomized controlled trial, where the CAD
system was applied to recognize esophageal lesions in clinical practice
during live endoscopy. The results confirmed that the real-time CAD-NBI
system utilized during upper GI endoscopy led to a substantial improve-
ment in the detection rate of esophageal neoplasms. Applying Al systems to
clinical practice by conducting prospective clinical studies is an important
step in the verification of this system and laying the foundation for future
large-scale clinical applications. 2) Our CAD system is developed based on
an end-to-end trainable multi-task neural network. By using a multi-
threaded processing system, the system achieved a maximum processing
rate of 135 frames per second in real-time video analysis, achieving real-time
lesion detection. 3) Further analysis of the results in this study showed junior
endoscopists, compared with senior endoscopists, could benefit more from
the assistance of the CAD system. This finding suggests that the CAD
system can help to homogenize the performance of endoscopists by over-
coming the differences among endoscopists with varying experience levels.
This is a new finding that has not been shown in a recently published clinical
trial from Sichuan, China™. Compared with another similar clinical study
from Zhejiang, China®, our study design has some advantages. Our study
was designed as a tandem randomized controlled trial. A same-day tandem
upper gastrointestinal endoscopy including two examinations was done for
each eligible patient. The lesions found in the first examination were the
primary result, and the overlooked lesions in the first examination could be
recognized in the second examination. Moreover, all participants in both
groups could benefit from the CAD system.

According to the findings of this study, the CAD group exhibited a
significant increase in detected neoplastic lesions in the esophagus com-
pared to the control group. Through the analysis of the pathological results,
we discovered that the enhanced detection rate of neoplastic lesions was
primarily due to the increased identification of both LGIN and HGIN. The
CAD system predominantly detected most cases of intraepithelial neoplasia,
supporting the conventional understanding that identifying intraepithelial
neoplasia, particularly in flat lesions, is often challenging during endoscopy.
Although LGIN may regress or disappear, they can progress to HGIN and
ESCC’*”. Therefore, the overall increase in the detection rate of both LGIN
and HGINs may ultimately contribute to a reduced risk of esophageal
cancer, which represents the primary objective of any screening
endoscopy™®.

In the CAD-first group, there were 7 missed lesions including 3 cases of
LGIN and 4 cases of HGIN, although no cancer lesions were missed. Based
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Table 4 | Detected outcomes by the primary modes in different groups of operators

Variable Routine-first group (n = 1698) CAD-first group (n = 1698) Risk ratio (95% CI) P
Junior, n (%) 815 (48.00) 830 (48.88) - 0.61
Patients, n (%) 8(0.98) 26 (3.13) 3.58 (1.63-7.87) 0.0012
Lesions, n 8(0.98) 27 (3.25) - -
Midlevel, n (%) 572 (33.69) 574 (33.80) - 0.94
Patients, n (%) 7(1.22) 16 (2.79) 2.28 (0.94-5.49) 0.09
Lesions, n 9(1.57) 17 (2.96) - -
Senior, n (%) 311 (18.32) 294 (17.31) = 0.45
Patients, n (%) 12 (3.86) 11 (3.74) 0.97 (0.43-2.16) 1
Lesions, n 12 (3.86) 13 (4.42) - -

Data are n (%).
CAD computer-aided detection.

on the characteristics of the missed cases, we identified two factors con-
tributing to the missed detections of LGIN and HGIN lesions: 1) subtlety of
lesion features including small size (less than 10 mm) and type 0-IIb; 2) low-
quality operation of junior endoscopists. The subtle and atypical features of
lesions pose challenges for CAD systems, especially in distinguishing them
from benign conditions. Low-quality operation can hinder the AT’s ability to
identify lesions. Meticulous examination is a fundamental requirement for
endoscopic screening and serves as a prerequisite for accurate diagnosis of
lesions. In light of these findings, we are actively working on reducing the
missed diagnosis rate of the CAD system by: 1) incorporating additional
training data that includes a wider variety of small and atypical cases to
better train the CAD system to recognize these lesions; 2) adopting more
advanced Al algorithms to improve the feature extraction capabilities of
subtle lesions; 3) adding endoscopic quality control functions to existing
CAD systems. Although the CAD system can provide valuable assistance to
endoscopists, the knowledge and meticulous observation skills of endos-
copists remain crucial in the diagnostic process.

For the non-neoplastic lesions, the detection rate was lower in the CAD
group than that in the control group, which showed the specificity of the
CAD group was superior to that of the control group. The advantage of high
specificity is to avoid excessive endoscopic biopsy while improving diag-
nostic accuracy. Unnecessary biopsies would lead to an extremely high
volume of work, resulting in higher medical costs, increased risk of com-
plications, and longer procedure times™. As we reported before, CAD-NBI
showed a specificity of 96.7% to early ESCC using images. There were 19
non-neoplastic lesions recognized by CAD-NBI system in this study, and
the false positive rate was acceptable.

To assess the different clinical application value of the CAD system,
endoscopists of varying experience participated in this study, and half of
them were junior endoscopists. In most endoscopy centers in China, the
number of experienced endoscopists is smaller than that of junior endos-
copists. This is also the case in the center where this study was conducted.
Thus, we invited two senior endoscopists, three mid-level endoscopists, and
five junior endoscopists to participate in the study. Several studies on the
validation of Al-assisted diagnosis systems have also similar study designs,
where the number of junior doctors is higher than that of senior doctors***.
The distribution of endoscopists in this study, with a higher proportion of
junior and less experienced endoscopists, is more aligned with the purpose
of this study and reflects the real-world composition of endoscopists in
clinical settings.

The subgroup analysis was performed to evaluate the detected rate of
esophageal neoplastic lesions during endoscopy according to the experience
level of the endoscopists. We conducted a subgroup analysis according to the
experience level of the endoscopists for the following reasons: 1) Based on
previous research>”, CAD systems may provide significant assistance to
less experienced endoscopists. 2) Subgroup analysis is widely used in clinical
trials to identify specific populations that are more likely to benefit from the
intervention. This approach allows us to maximize information from clinical

trials, generate new hypotheses based on the results, and inform the design of
subsequent trials. 3) The subgroup analysis results in this study showed that
the chance of detecting neoplastic lesions was clearly higher with NBI-CAD
than with NBI alone for junior endoscopists, while the detection rate with
NBI-CAD for senior endoscopists was similar to that of NBI alone. This
confirms that the CAD system provides most useful references for non-expert
endoscopists in real-time clinical diagnosis and facilitates further inspection of
potentially malignant esophageal lesions. We believe that the main sig-
nificance of using the CAD system is to homogenize the performance of
endoscopists by overcoming the differences among endoscopists with varying
experience levels. In clinical practice, the effectiveness of high-definition and
imaging-enhanced endoscopy may be compromised by the insufficient
number of well-trained endoscopists. In contrast, the CAD system does not
require additional training and has been shown to enhance the performance
of non-expert endoscopists, approximating the level of expertise. Therefore,
the CAD system may offer particular advantages in areas with limited
resources, improving the quality of endoscopic services and patient outcomes.

It is generally believed that a longer endoscopic examination time leads
to a higher detection rate of lesions. The median esophageal examination
time in both groups was shorter than the recommended value, as we did not
impose restrictions on the endoscopy time in this study. Chinese guideline
recommends a minimum upper gastrointestinal endoscopy duration of
7 min, with at least 3 min allocated for esophageal observation™. However,
currently in China, there is a shortage of endoscopists and a large number of
patients requiring examination. Under these circumstances, it is challenging
to adhere to the recommended observation time. In a similar study recently
published from Sichuan, China, the esophageal examination time was also
shorter than the recommended™. Nevertheless, we believe that this factor
does not impact our main findings. First, the detection rates of esophageal
neoplasm in both groups were not lower than previously reported”, indi-
cating that esophageal examination time did not affect the detection rate
significantly, lending credibility to our findings. Moreover, the actual time
difference for the observation of the esophagus between the CAD-first group
and the routine-first group was only 3-5 s. This difference was not clinically
significant. We believe that the high detection rate of the CAD-first group is
not due to the extra few seconds, but the contribution of the CAD system.
Therefore, the main finding of this study is that our CAD system assists
endoscopists in detecting lesions even with a relatively short esophageal
observation time. In the future, we will further validate the performance of
this CAD system in other centers at standard observation times and con-
tinue to improve it.

This study has several limitations. Firstly, the endoscopists were aware
of the group allocation in this study. Future studies could incorporate a
double-blind design to precisely determine the contribution of this system to
the increased detection rate of esophageal neoplasms. Secondly, the study’s
limited external validity stems from its single-center nature. Further
investigations should be conducted to explore the adaptability and effec-
tiveness of this system in multiple centers across China and other countries.
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illustrated above. An endoscopic image passes through a six-layer deep network,
generating six prediction results at different scales, which are then fused to produce
the final prediction.

Thirdly, this study did not control for the fatigue levels of the participating
endoscopists, which may independently affect the primary outcome. Future
studies should examine the effectiveness of this CAD system across different
levels of fatigue.

In conclusion, this study demonstrates that the real-time CAD-NBI
system utilized during upper GI endoscopy led to a substantial improve-
ment in the detection rate of esophageal neoplasms. The CAD-NBI system,
known for its high accuracy, has the potential for practical application in
current clinical practice for esophageal cancer screening. Further investi-
gation is required to determine the efficacy of this technique in diverse
populations from other centers.

Methods

Real-time computer-aided detection system for esophageal
neoplasm

The real-time computer-aided detection system for esophageal neoplasm
was developed on a deep learning architecture. In a preliminary study from
our cooperative group, the algorithm was validated and found to have a per-
image sensitivity of 91.0%, per-image specificity of 96.7% under the narrow-

band imaging model. Moreover, the area under receiver operating char-
acteristic curve was 0.976. We try to improve the diagnostic level of
endoscopists by designing an advanced Al algorithm that is developed and
evaluated on large-scale multi-centers endoscopy images'’. Specifically, the
CAD system is developed based on an end-to-end trainable multi-task
neural network. The network allows precancerous lesion in esophagus to be
detected and recognized simultaneously by only feeding an esophagoscope
image, as shown in Fig. 3. The processing procedure is that the input image is
inputted into two branches from left to right, and then outputs recognition
and detection results. The GAP represents global average pooling, which is a
common operation in deep learning. The detailed architecture of the
detection subnetwork is shown above. An endoscopic image is inputted into
the deep network with six layers. Then, these six layers output six prediction
results with different scales. Finally, the final prediction result is obtained by
fusing these six prediction results. Because both recognition and detection
tasks are required to understand the lesion characteristics in endoscopic
images, these two tasks have a close correlation. By incorporating these two
tasks into the same network, these two tasks promote each other and help to
achieve better recognition and detection performance. We also developed a
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hardware system based on the proposed algorithm in order to provide real-
time video assistance during clinical screening. By using a multithreaded
processing system, the system achieved a maximum processing rate of 135
frames per second in real-time video analysis. Additionally, the detection
delay was hardly noticeable for endoscopists.

Study design and participants

This prospective study was designed as a single-center, parallel (1:1), ran-
domized, controlled, tandem trial to investigate the impact of an automatic
computer-aided detection system acting as an assistant to the endoscopist
on the diagnosis of esophageal neoplasm. This study was conducted at the
Endoscopy Center of Zhongshan Hospital (Xuhui Hospital) of Fudan
University, Shanghai, China.

This study enrolled patients aged 18-80 years who presented for
diagnostic or screening upper GI endoscopy and agreed to participate in the
study. The exclusion criteria were as follows: (i) confirmed diagnosis of
esophageal neoplastic lesion; (ii) needing emergency upper GI endoscopy;
(iii) high ASA grade greater than 3; (iv) during pregnancy or lactation; (v)
esophageal or pharyngeal stricture; (vi) patients and families unable to
understand enough to give their informed consent; and (vii) other reasons
that made the subject ineligible to participate in this study, at the discretion
of the chief investigator.

The study protocol was approved by the Institutional Review Board
(approval no. 2021-077) of Zhongshan Hospital (Xuhui Hospital) of Fudan
University. All eligible patients provided written informed consent to par-
ticipate before the endoscopy examination. It was clearly stated in the
informed consent document that the participating patients were free to
withdraw their consent at any time. We followed the Consolidated Stan-
dards of Reporting Trials (CONSORT) reporting guideline®. This trial is
registered with Chinese Clinical Trial Registry (http://www.chictr.org.cn),
ChiCTR2100050654. The registration date is September 1, 2021.

Randomization

Recruited eligible subjects were randomized in a 1:1 ratio to undergo upper
GI endoscopy examination with either CAD-NBI first (followed immedi-
ately by routine NBI endoscopy; CAD-first group) or routine NBI first
(followed immediately by CAD-NBI endoscopy; routine-first group)
without stratification or dynamic allocation. An independent member is
responsible for the generation of the randomization scheme using a pre-
defined seed from the statistical software R. Endoscopists and patients were
not blinded to the randomization status and group allocation, whereas
pathologists were masked to group allocation. All study analyses were done
in a blinded fashion.

Procedures

Ten physicians from the endoscopy center participated in the study,
including two senior endoscopists (>10,000 NBI endoscopy examinations),
three mid-level endoscopists (between 2500 and 5000 NBI endoscopy
examinations) and five junior endoscopists (between 1000 and 2500 NBI
endoscopy examinations). High-resolution upper gastrointestinal endo-
scopy systems (GIF-HQ290, Olympus Medical Systems, Tokyo, Japan)
were used in this study. We used an NBI system according to the standard
methods.

A same-day tandem upper gastrointestinal endoscopy was done for
each eligible patient by the same endoscopists. Regarding the examination
procedures, the esophagus was examined for the presence or absence of
lesions, using routine NBI followed by CAD-NBI (the routine-first group)
or CAD-NBI followed by routine NBI (the CAD-first group), according to
randomization. Endoscopists were assisted by a research assistant, who
turned on or off the CAD-NBI system between the two examinations. The
specific examination procedure for the esophagus in the CAD-first group
was to 1) examine the esophagus using CAD-NBI model by endoscopists; 2)
record the findings and detailed information for target lesions by a research
assistant immediately; 3) close the CAD system, examine the esophagus
with routine NBI by endoscopists; 4) record the findings and target lesions

unidentified in the first examination; 5) perform a biopsy of any targeted
neoplastic lesions in the esophagus detected steps 1 and 3. Examinations in
the routine-first group were performed by reversing the order of CAD-NBI
and routine NBIL In CAD-assisted examinations, targeted lesions were
defined as focal lesions marked by the CAD-NBI system. When the CAD-
NBI system did not stably mark lesions and generally were present for less
than 1, endoscopists could choose to ignore them on the basis of their
judgment. In routine NBI examinations, targeted lesions were recognized by
the endoscopists according to the characteristics of suspected areas. The
lesions detected by secondary mode did not include the lesions detected by
the primary mode. Other locations were examined according to the stan-
dard endoscopy examination procedures. There was no restriction on
inspection time in both examinations. During the procedure, we measured
the observation time from start to finish of examination at esophagus by the
first method. These procedure times included the evaluation of the lesion
but not the biopsy procedure.

Three experienced GI pathologists who were blinded to the recorded
endoscopic assessment conducted histologic assessments in the pathology
departments. Two pathologists first evaluated the histologic images inde-
pendently. The type of lesion was determined when the initial diagnosis of
the 2 pathologists was the same. In the case of disagreement, the third
pathologist conducted further evaluation, and together they made the final
decision. Histologic diagnoses were made according to WHO criteria and
were classified into two groups: neoplastic lesions and non-neoplastic
lesions”. The neoplastic lesions group included low-grade dysplasia (LGD),
high-grade dysplasia (HGD), or EC; the non-neoplastic lesions group
included parakeratosis, inflammation, squamous epithelium, heterotopic
gastric mucosa, gastric metaplasia, intestinal metaplasia without dysplasia,
and others according to published standards.

Outcomes

The primary endpoint was the diagnosis of one or more neoplastic lesions in
the esophagus by the primary method in the tandem examination. The
secondary outcomes were the rate of false negatives (FNR) and the rate of
false positives (FPR). False negatives were neoplastic lesions overlooked by
the first method (that is, neoplastic lesions detected by the second exam-
ination but not by the first). False positives were non-neoplastic lesions
recognized by the first method (that is, lesions detected by the first exam-
ination but confirmed as non-neoplastic by the histologic diagnoses). We
used the histologic diagnosis from a biopsy specimen as the gold standard
diagnosis.

Statistical analysis

We calculated the minimum sample size using a traditional 2-sample
proportion test. The detection rate in endoscopic screening for esophageal
neoplastic lesions (squamous dysplasia and carcinoma) is approximately
4.5-5.1% in a high-incidence area (not including Shanghai) of China**. We
estimated that the CAD system would at least double the detection yield for
esophageal neoplastic lesions compared with NBI alone in once examina-
tion. After the research group discussion, we considered 1.5% to be the
detection rate by endoscopy under routine NBI model in once examination,
and the detection rates in the CAD-first group were assumed to be 3%. With
a significance level of 0.05 (2-sided) and power of 80%, the sample size
adequate to detect significant differences was planned to be 1700 patients
per group, or 3400 in total.

Statistical analysis was done with R version 4.2.2. Comparison of
baseline clinical and demographic characteristics between the CAD-first
and the routine-first group was performed using the 2 test for categorical
variables and using the two-sample t-test for continuous variables. The
primary analysis was per-protocol, which included all randomized patients
excluding those who dropped out or who were subsequently found to meet
exclusion criteria. The primary analysis compared the percentage of patients
diagnosed with a neoplastic lesion in esophagus in the first examination
using either routine NBI or CAD-NBI system (that is, incidence of neo-
plastic lesion). The denominator is the number of patients in each group,

npj Digital Medicine | (2025)8:160


http://www.chictr.org.cn
www.nature.com/npjdigitalmed

https://doi.org/10.1038/s41746-025-01532-2

Article

and the numerator is the number of patients diagnosed with 1 or more
neoplastic lesions. The risk ratio was obtained by division of the incidence in
the 2 groups, and the 95% CI values were calculated. The comparison of the
primary endpoint between two groups was also made using the
Cochrane-Mantel-Haenszel 2 test, stratified by the factor for the experi-
ence of the operators. A two-sided P value of 0.05 was used as the threshold
for significance.

Data availability

The datasets analyzed in the current study are not publicly available due to
patient privacy purposes, but are available upon reasonable request to the
corresponding author Yun-Shi Zhong (zhongyunshi@yahoo.com). Access
to the data will be restricted to non-commercial research.

Code availability
The code may be made available upon reasonable request to Bo Yan
(byan@fudan.edu.cn).
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