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INTRODUCTION: Characterization of biliary strictures is challenging. Papillary projections (PP) are often reported in

biliary strictureswith highmalignancy potential during digital single-operator cholangioscopy. In recent

years, the development of artificial intelligence (AI) algorithms for application to endoscopic practice

has been intensely studied.We aimed to develop an AI algorithm for automatic detection of PP in digital

single-operator cholangioscopy images.

METHODS: Aconvolutional neural network (CNN)was developed. Each framewas evaluated for the presence of PP.

The CNN’s performance wasmeasured by the area under the curve, sensitivity, specificity, and positive

and negative predictive values.

RESULTS: A total of 3,920 images from 85 patients were included. Our model had a sensitivity and specificity

99.7% and 97.1%, respectively. The area under the curve was 1.00.

DISCUSSION: Our CNN was able to detect PP with high accuracy. Future development of AI tools may optimize the

macroscopic characterization of biliary strictures.
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INTRODUCTION
The characterization of biliary strictures is a significant clinical
challenge. In these patients, the main goal is to differentiate
malignant from benign etiologies (1). The diagnosis is de-
pendent on tissue sampling frequently obtained by endoscopic
retrograde cholangiopancreatography–guided brush cytology
or intraductal biopsies. However, the sensitivity of these
methods is low, resulting in frequent falsely negative investi-
gations for malignancy (2).

Digital single-operator cholangioscopy (D-SOC) enables
high-resolution visualization of the bile duct lumen. Recent
evidence has shown that D-SOC–guided biopsies increased the
performance in differentiating malignant from benign lesions
(3). Moreover, D-SOC allows for visual inspection of the bile
duct, which has shown higher sensitivity and accuracy for
the diagnosis of biliary malignancy compared with endoscopic
retrograde cholangiopancreatography–guided tissue sam-
pling (4). The presence of masses, nodules, dilated and tortuous
vessels (tumor vessels), and papillary projections (PP) is asso-
ciated with higher probability of malignancy (5). Nevertheless,
the specificity of these findings is suboptimal, significant in-
terobserver variability exists, and no validated scoring system
exists to classify a biliary stricture as malignant based on visual
examination (6).

Artificial intelligence (AI) tools for enhancement of endo-
scopic imaging have been the focus of intense research. However,
the application of these technologies for automatic identification
of morphologic features associated with biliary malignancy has

not been explored. We aimed to develop and validate a deep
learning algorithm for automatic identification of PP in D-SOC
images.

METHODS
Subjects submitted to D-SOC between August 2017 and January
2021 at a single tertiary center (São João University Hospital,
Porto, Portugal) were enrolled (n 5 85). All procedures were
performed using Spyglass DS (Boston Scientific Corp., Marlboro,
MA) by 2 experienced endoscopists (F.V.B. and P.P.). All
obtained images were classified as showing a benign finding
(including PP in patients without evidence of biliary malignancy)
or PP, if these were associated with histological evidence of ma-
lignancy. The identification of PP required consensus between
both researchers. A diagnosis of a benign biliary stricture was
made in the case of negative histopathology of biopsy or surgical
specimens and no evidence of malignancy during a 6-month
follow-up period. This study was approved by the ethics com-
mittee of São João University Hospital (CE 41/2021).

A convolutional neural network (CNN) was developed for
automatic identification of PP in D-SOC images. A total of 3,920
images were collected (1,650 PP and 2,270 showing benign find-
ings). This pool of images was divided for constitution of training
(80%) and validation (20%) data sets. The CNN was created using
theXceptionmodel with its weights trained on ImageNet.Weused
Tensorflow 2.3 and Keras libraries to prepare the data and run the
model. The analyses were performed with a computer equipped
with a 2.1-GHz Intel XeonGold 6130 processor (Intel, Santa Clara,

Figure 1. Output obtained during the training and development of the convolutional neural network. The bars represent the probability estimated by the
network. The findingwith thehighest probabilitywas outputtedas thepredictedclassification. Abluebar represents a correct prediction.Redbars represent
an incorrect prediction. B, benign biliary findings; PP, papillary projections.
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CA) and a double NVIDIA Quadro RTX 4000 graphic processing
unit (NVIDIA Corp., Santa Clara, CA).

For each image, the CNN calculated the probability for each of
category (Figure 1). A higher probability demonstrated a greater
confidence in the CNN prediction; the category with the highest
probability was outputted as the CNN’s classification. The pri-
mary outcome measures included sensitivity, specificity, positive
and negative predictive values, accuracy, and area under the re-
ceiver operating characteristic curve (AUC). Statistical analysis
was performed using Sci-Kit learn v0.22.2 (7).

RESULTS

Construction of the network

A total of 3,920 frames were included. The validation data set
(20%) comprised 784 images, 330 having PP, and 454 showing
benign findings. The network showed increasing accuracy be-
cause data were being repeatedly inputted into the multi-
layer CNN.

Performance of the network

The distribution of results is displayed in Table 1. Overall, the
model had a sensitivity and specificity of 99.7% and 97.1% for the
detection of PP. The positive predictive value and negative pre-
dictive value were 96.2% and 99.8%, respectively. The overall

accuracy of the network was 98.2%. The area under the receiver
operating characteristic for detection of PP was 1.00 (Figure 2).

Computational performance of the CNN

The CNN completed the reading of the validation data set in 12
seconds. This translates into an approximate processing speed of
15 ms/image.

DISCUSSION
Digital cholangioscopy systems have a pivotal role in the eval-
uation of patients with suspected biliary malignancy. Direct
visualization of the lesion allows for evaluation of its macro-
scopic characteristics, which has been shown to be highly sen-
sitive for the diagnosis of malignant lesions (4). Several features
have been associated with malignant bile strictures, including
masses, tumor vessels, ulcerated lesions, and PP (5). Neverthe-
less, no macroscopic classification system for macroscopic
classification of biliary strictures has been widely accepted, and
significant interobserver variability exists in the description of
these lesions (5,8). PP have been shown to correlate with the
presence of malignancy (5,8,9). Indeed, Sethi et al. have found
that PP were associated with malignancy in multivariate anal-
ysis (odds ratio 7.2, P 5 0.02) (5). However, the interobserver
agreement for the identification of this feature was suboptimal
(k 5 0.43) (5).

To date, the impact of deep learning algorithms in the iden-
tification ofmacroscopic features of biliary strictures has not been
evaluated. The introduction of AI systems may allow the identi-
fication of these features, thus helping to predict the etiology of an
indeterminate biliary stricture. Our proof-of-concept model was
highly accurate in the detection of PP in malignant biliary stric-
tures. Further development of these systems may allow a more
precise evaluation of the macroscopic characteristics of a biliary
lesion, thus reducing interobserver variability associated with
human assessment.

This study has several limitations. First, it is a retrospective
single-center study. Second, the number of frames included in

Figure 2. ROC analysis of the network’s performance in the detection of malignant biliary strictures or benign biliary conditions. ROC, receiver operating
characteristic; PP, papillary projections.

Table 1. Distribution of results of the validation data set

Expert’s classification

Papillary projections Benign findings

CNN’s classification

Papillary projections 329 13

Benign findings 1 441

CNN, convolutional neural network.
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this studywas small, hampering the generalizability of our results.
Finally, our model analyzed still frames. Subsequent well-
powered studies using full-length videos in real time are needed
to accurately assess the clinical value of these systems.

In conclusion, the potential of AI algorithms for the in-
vestigation of patients with suspected biliary malignancy is vast.
To the best of our knowledge, this is the first study to evaluate the
potential of these systems for characterization of biliary lesions.
Our proof-of-concept model lays the foundations for the de-
velopment of deep learning algorithms for this subset of patients
with the aim to optimize the diagnostic approach to these
patients.
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