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Abstract

Colorectal cancer remains a major health concern, with colorectal polyps as key
precursors. Endoscopic mucosal resection (EMR) is a common treatment, but
recurrence rates remain high. Traditional surveillance strategies rely on polyp
characteristics and completeness of the resection potentially missing key risk
factors. Machine learning (ML) offers a transformative approach by integrating
patient-specific data to refine risk stratification. Recent studies highlight ML
models, such as Extreme Gradient Boosting, which outperform conventional
methods in predicting polyp recurrence within one-year post-EMR. These models
incorporate factors like age, smoking status, family history, and pathology, opti-
mizing follow-up recommendations and minimizing unnecessary procedures.
Artificial intelligence (Al)-driven tools and web-based calculators enhance clinical
workflow by providing real-time, personalized risk assessments. However, cha-
llenges remain in external validation, model interpretability, and clinical inte-
gration. Future surveillance strategies should combine expert judgment with Al
insights to optimize patient outcomes. As gastroenterology embraces Al, ML-
driven surveillance represents a paradigm shift, advancing precision medicine in
colorectal polyp management. This editorial explores Al’s role in transforming
post-EMR follow-up, addressing benefits, limitations, and future directions.

Key Words: Colorectal polyps; Endoscopic mucosal resection; Colorectal polyp recu-
rrence; Machine learning; Artificial intelligence; Recurrence risk assessment; Surveillance
strategies
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Core Tip: The recurrence rates of colorectal polyps after endoscopic mucosal resection remain high. Traditional surveillance
strategies rely only on polyp characteristics, potentially missing important risk factors. Machine learning-based models
leveraging patient- and polyp-related factors may accurately predict polyp recurrence. Personalized machine-learning-driven
risk stratification may optimize surveillance, reduce unnecessary procedures, and improve early cancer detection and cost-
effectiveness. Future models should be validated across diverse populations.
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URL: https://www.wjgnet.com/1007-9327/full/v31/i19/106628.htm
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INTRODUCTION

The use of artificial intelligence (AI) and machine learning (ML) in the medical field has shown promising advancements,
particularly in the detection and prediction of colorectal polyps and colorectal cancer. These technologies are being
integrated into colonoscopy procedures to enhance the detection rates of polyps, which are precursors to colorectal
cancer, and to predict the recurrence of colorectal cancer after treatment. By leveraging electronic health records, imaging
data, and histopathological features, ML models aim to enhance the early detection of colonic polyps and improve patient
outcomes. A new way to use ML was demonstrated in the study by Shi et al[1] recently published in the World Journal of
Gastroenterology, in which they tried to predict polyp recurrence within one year after polypectomy.

Several studies have developed ML models to predict the presence of colorectal polyps using noninvasive methods.
For instance, a study utilized electronic health records to create a diagnostic model using the adaptive boosting machine
algorithm, achieving an area under curve (AUC) of 0.675, indicating moderate predictive performance for colorectal
polyps[2]. Another study focused on deep learning algorithms for real-time polyp detection during colonoscopies,
achieving high sensitivity and specificity with an AUC of 0.984, demonstrating the potential of ML in enhancing colo-
noscopy accuracy[3]. ML has also been used to differentiate between benign and premalignant polyps by using computed
tomography colonography. A random forest model achieved an AUC of 0.91, showing promise in noninvasively distin-
guishing polyp types, which is crucial for determining appropriate treatment strategies[4].

According to recent meta-analyses, Al-based systems have significantly improved the detection rates of adenomas and
polyps during colonoscopy. Studies have shown that colonoscopies utilizing Al have higher adenoma detection rates and
polyp detection rates than colonoscopies without Al. Specifically, Al systems increased adenoma detection rates to 29.6%
compared to 19.3% without Al, and polyp detection rates to 45.4% compared to 30.6% without AI, demonstrating a
substantial improvement in detection capabilities[5,6]. These systems are particularly effective in identifying small non-
advanced adenomas, although they do not show a significant difference in detecting advanced adenomas[5]. Moreover,
these systems have demonstrated high accuracy in histology prediction, with an AUC of 0.96, and have outperformed
non-expert endoscopists in both detection and characterization tasks[7]. Timely detection and removal of colonic polyps
with subsequent appropriate surveillance programs are crucial for reducing mortality due to colon cancer. The recurrence
rate of colonic polyps after endoscopic mucosal resection (EMR) varies depending on the technique. Generally, recurrence
rates are higher with standard EMR than with advanced techniques. The local recurrence rate for polyps = 10 mm
removed with standard EMR varies between 11% and 20% up to 12 months follow-up according to different meta-
analyses[8,9]. Advanced EMR techniques, such as cold snare EMR[10], argon plasma coagulation, snare tip soft coagu-
lation[11], and endoscopic submucosal dissection[12] significantly reduce recurrence rates.

Unfortunately, the high risk of metachronous polyps after bowel screening polypectomy requires a surveillance
program that is determined by the characteristics of the removed polyp, such as size, number, and morphology.
According to these criteria, patients are classified as high-risk, intermediate/low-risk, and corresponding intervals for
surveillance are established by guidelines[13-18]. In addition to the obvious impact of surveillance on the early diagnosis
and curative treatment of colon cancer, it has been widely criticized for its poor cost efficacy, low compliance, high
demand for resources, and underestimation of patient characteristics for the risk of metachronous polyps after bowel
screening polypectomy. Up to 20% of total colonoscopies are performed for surveillance after polypectomy, but only
36,6% of them were prescribed correctly[19]; however, during the same period, the demand for colonoscopy for average-
risk screening increased nearly 3-fold[20]. This means that more resources will be necessary for screening, but at least the
1/5 of them are already used for surveillance programs that are often non-compliant. The compliance with surveillance
guidelines varies significantly. In Israel, only 57.4% of the recommendations for surveillance were compatible with the
guidelines, whereas 37% of the recommendations were for shorter interval[21]. Some studies reported high adherence
rates, such as 86.5% compliance with British guidelines[22], while others indicated much lower adherence, such as 13.8%
compliance with American guidelines[23]. Interestingly, in this study, 25.5% of the patients underwent surveillance
endoscopy earlier than recommended, and none were diagnosed with malignancy. However, 45.8% of the patients had
surveillance scopes later than recommended or were lost to follow-up. Among these patients, two actually were diag-
nosed with malignancy 3 and 5 years after their recommended surveillance scope date, respectively[23]. A recent meta-
analysis showed that 38% of surveillance colonoscopies were performed earlier than their respective national clinical
guidelines suggested[24]. Analysis of Medicare beneficiaries in the United States showed that at five years after bowel
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screening polypectomy only 45.7% received another colonoscopy, with 32.3% of procedures including polypectomy[25].
Moreover, the use of colonoscopy for surveillance has decreased over the four-year study period. Coupled with other
data showing the overuse of follow-up colonoscopy in patients without polyps, there appears to be a significant dis-
cordance between guidelines and actual practice. Compliance variability may contribute to the poor cost-efficacy of
surveillance programs, which is one of the clear disadvantages that have become evident in recent years. A decision
analysis model comparing strategies for performing or not performing one-year endoscopic surveillance in 60-year-old
patients who underwent an initial endoscopic polypectomy demonstrated that 345 colonoscopies per year are needed to
detect one colorectal cancer case and 1437 colonoscopies to prevent one colorectal cancer-related death[26].

Extending intervals for surveillance colonoscopy for high-risk patients for 3 years, which is accepted in the majority of
guidelines, definitely reduces costs but does not seem to increase the efficacy of surveillance. A retrospective analysis
involving 33011 patients who had adenomas removed during colonoscopies at 17 hospitals in the United Kingdom
revealed that, in the absence of surveillance, the incidence of colorectal cancer was comparable to that of the general
population for both low-risk [standardized incidence ratios: 0.86, 95% confidence interval (CI): 0.73-1.02] and interme-
diate-risk (1.16, 0.97-1.37) groups. However, it was notably higher among high-risk patients (1.91, 1.39-2.56)[27]. How-
ever, only 9% of the study population was classified as high-risk. The authors concluded that low- or intermediate-risk
patients could be managed by screening rather than surveillance. According to these data updated guidelines in many
countries simplify the findings of an index colonoscopy into two categories: “low-risk” in which surveillance is not
needed and “high-risk” for which surveillance is recommended[13,18,28]. However, the United States Multi-Society Task
Force classifies them into six risk categories with different recommendations[17].

A multicentered study which was conducted in United Kingdom and including patients who underwent polypectomy
during screening colonoscopy (2009-2016) followed by surveillance retrospective analysis showed that the rate of non-
advanced and advanced metachronous polyps was higher in British Society of Gastroenterology (BSG) 2020 high-risk vs
low-risk patients (44.4% vs 35.4% for non-advanced and 15.7% vs 11.8% for advanced, P < 0.001), but the colorectal cancer
rate was similar (0.6% vs 1.2%)[29]. This means that the BSG 2020 criteria correlated with metachronous polyps but did
not differentiate between advanced and non-advanced lesions and were not predictive of cancer. The results of these
studies indicated that risk stratification may benefit from refinement. It seems logical to evaluate the addition of a panel
of novel risk factors for metachronous lesion development to the existing risk scores based on polyp number and
morphology. Multiple factors such as patient characteristics or proteomic and genomic features of the index polyp tissue
may be used[30], with the aim of increasing the positive yield of surveillance colonoscopy and reducing unnecessary
procedures for those at a lower risk.

According to a meta-analysis, the detection of colorectal cancer and advanced polyps during surveillance colonoscopy
in older individuals was higher than that in younger controls; however, the absolute risk increase for both was small[31].
In most guidelines, the age of the patient is used as a rule for restriction of surveillance rather than a risk factor for polyp
recurrence. Thus, the guidelines of the BSG indicate that surveillance should only be performed in people whose life
expectancy is greater than 10 years, and in general not in people older than 75 years[13]. The European Society of
Gastrointestinal Endoscopy guidelines recommend cessation of surveillance at the age of 80 years or if the expected life
expectancy is short due to comorbidities[28]. In contrast, in Japanese guidelines, the age of patients was not mentioned as
surveillance endoscopy continued even in the 80s due to the longest life expectancy in the world[14].

Obesity and metabolic syndrome components are also considered important risk factors for metachronous polyps after
bowel screening polypectomies. Thus, in a retrospective cohort study including 7473 participants with a median follow-
up of 8,5 years after index polypectomy, 619 participants (8.3%) developed advanced colorectal neoplasms. Weight gain
of 2 3% from baseline was reported as an independent risk factor for metachronous advanced colorectal neoplasm in both
men and women, regardless of age[32]. Interestingly, weight loss due to bariatric surgery mitigates the risk of metachro-
nous polyps, mainly in men, coincided with improvement in metabolic syndrome parameters[33,34]. However, compo-
nents of metabolic syndrome may be associated with different types of lesions. A case-control study of 828 subjects
without diabetes and no family or personal history of colorectal cancer showed that abdominal obesity, hypertension, and
high HbAlc percentage were independently associated with adenomas, whereas a high triglyceride to high-density
lipoprotein cholesterol ratio was associated with serrated polyps[35]. These patient characteristics [such as body mass
index (BMI), metabolic syndrome components, and routine blood analyses] are easily accessible through electronic health
records and may help select high-risk patients for metachronous polyps after bowel screening polypectomy.

Smoking is a significant risk factor for recurrence of colon polyps after polypectomy. The risk is notably higher in those
with a history of heavy smoking, as indicated by pack-years[36-38]. Current smokers also show increased odds of
developing hyperplastic polyps, particularly in the distal colon[39]. While smoking cessation reduces the risk slightly,
former smokers still face a higher risk of recurrence than never-smokers[36,40]. This finding suggests that the effects of
smoking on polyp recurrence are not entirely reversible and underscores the importance of smoking cessation programs
as part of post-polypectomy care to mitigate the risk of recurrence.

Whether adding these or more patient characteristics to the established risk factors for metachronous polyps after
bowel screening polypectomy will improve the efficacy of surveillance is unknown. However, the results of a study
recently published in World Journal of Gastroenterology, in which Shi et al[1] constructed an ML-based predictive model for
the relapse of the colonic polys one year after polypectomy clarify this point. Data from 1694 patients who underwent
their first EMR for colorectal polyp removal with a one-year follow-up colonoscopy were retrospectively collected at
three medical centers. In addition, 166 patients were prospectively enrolled to test the generalizability of the model. The
dataset from the retrospective cohort was randomly divided into the training and validation sets. The training set was
used to develop the model, allowing it to learn data patterns and extract effective features, whereas the validation set was
used to evaluate the model’s performance and identify any overfitting challenges. To build the predictive models, various
ML algorithms were utilized, including support vector machine, random forest, decision trees, and Extreme Gradient
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Boosting (XGBoost). Finally, an interactive and visual web-based calculator was developed.

Authors used in the model constructing process polyp-related features which were typical for all modern guidelines
for surveillance and patient-related variables like age, sex, family history, BMI, Helicobacter pylori (H. pylori) infection,
smoking, hematochezia, constipation, diarrhea, diabetes, hypertension, coronary heart disease, hyperlipidemia, and
alcohol consumption. They also used serum levels of uric acid, total bilirubin, total bile acid, hypersensitive C-reactive
protein, carcinoembryonic antigen, and carbohydrate antigens (CA, including CA724, CA199, and CA242). Multivariate
analysis revealed that eight variables were independent predictors of colorectal polyp recurrence one year after EMR.
These variables included age, family history, smoking, diarrhea, polyp size, number of polyps, H. pylori infection, and
hazard classification (non-neoplastic polyps as reference, non-progressive adenoma, and progressive adenoma). Among
the models, XGBoost demonstrated the highest AUC in the training, internal validation, and prospective validation sets,
with AUCs of 0.909 (95%ClI: 0.89-0.92), 0.921 (95%ClI: 0.90-0.94), and 0.963 (95%ClI: 0.94-0.99), respectively. The importance
ranking of the feature variables in the XGBoost model, from highest to lowest, was as follows: Smoking, family history,
age, number of polyps 2 3, progressive adenoma, diarrhea, H. pylori infection, polyp size > 1 cm, non-progressive
adenoma, and polyp size 0.5-1 cm.

Among the four ML algorithms used by the authors, XGBoost demonstrated the highest AUCs for all datasets.
However, different ML models have been used successfully in other studies. The random forest ML model demonstrated
good performance, with an AUC of 0.859 for young-onset colorectal cancer risk stratification[41]. The Light Gradient
Boosting Machine algorithm was successfully used for the development and internal validation of an ML-based colorectal
cancer risk prediction model[42]. The adaptive boosting machine model exhibits the best performance among the nine
ML models in the development and validation of ML algorithms for the prediction of colorectal polyps based on
electronic health records[2]. Therefore, it is a good approach to test as many ML algorithms as possible, which are suitable
for the selected task and choose the one that demonstrates the best performance.

High accuracy for the prediction of recurrent polyps is based on the unique approach in which ML provides a
weighted importance rank of all risk factors against each other[1]. This can be clearly demonstrated when you try to use
the developed application (https://webcalculatorsyh.shinyapps.io/ XGBoost/) to put different values for patient
variables (Figure 1). From Figure 1, it is clear that patient of 60 years old with less than three non-neoplastic polyps (= 0.5
cm has a chance of recurrence of 10% after 1 year. However, patients with the same polyp features and age, but who are
H. pylori-positive smokers with diarrhea, have a higher chance of recurrence (> 86%). Smokers that were different only by
age (60 years old vs 30 years old) demonstrate the 3 times difference in recurrence chance (39.1% vs 12.8%). Interestingly,
the importance rank of the variables related to patients in some scenarios was higher than that of the variables related to
polyps.

A clear advantage of this approach is the opportunity to personalize surveillance. According to the guidelines based
only on polyp features, all patients shown in Figure 1 will be excluded from the surveillance program and move to
screening, even when the prediction of recurrence is 86%. The limitation of this model is the datasets that were used by
ML. This model provides excellent results in predicting recurrent colonic polyps in a Chinese population dataset on
which the model was trained, but will it be also effective in other population? In China, a large multicenter study found
that the majority of recurrent polyps after removal occur almost entirely within the first year, with a rate approaching
60%[43]. Therefore, the surveillance intervals recommended by the Chinese expert consensus on colonoscopy are
significantly shorter than those recommended by other guidelines. If a similar model is developed for other populations,
it will be necessary to create representative datasets and it is highly likely that the list of independent predictors of polyp
recurrence will be different, and its importance rank will not be similar to this model. For example, in economically
developed countries in the western hemisphere, the prevalence of H. pylori is much lower than that in China, and the
prevalence of obesity and metabolic syndrome is higher, which may change their importance rank in prediction models
for colonic polyp recurrence.

Developing ML models for medical applications faces several significant barriers to generalization, such as the ability
of a model to perform effectively across diverse patient populations and clinical settings. Medical data often exhibit
substantial variability due to differences in patient demographics, disease prevalence, and clinical practices across
institutions. This heterogeneity can lead to models that perform well on training data but fail to generalize to new
settings. In addition, issues such as incomplete or inconsistent data impede model reliability[44]. Variations in data
collection methods, equipment, and electronic health record systems across healthcare institutions introduce inconsist-
encies that hinder model generalization. Differences in coding definitions, laboratory assays, and imaging protocols can
result in models that are not transferable between settings[45]. Fortunately, for the ML model in predicting the recurrence
of colonic polyps, some barriers are not irresistible. Endoscopic equipment in many countries is comparable in terms of
technical abilities, guidelines for colon preparation, colonoscopy procedure protocols, and polyp description and classi-
fication are well standardized, making at least a part of the ML algorithm, which uses polyp-related features, less
hindered for generalization. If the training data are not representative of the broader patient population, ML models may
perpetuate existing biases, leading to disparities in healthcare outcomes. For example, models trained predominantly on
data from one demographic or ethnic group may underperform when applied to under-represented populations.
However, this type of barrier is possible to overcome only by collected new dataset from representative population and
repeat the protocol of Shi et al[1]. In other words, distributing toolkits or shareable data science notebooks as long as
researchers can train and validate local models locally seems the only way to effectively implement ML models for
predicting the recurrence of colonic polyps in different settings.

Integrating Al into medical decision making raises several important ethical considerations that must be carefully
addressed to ensure patient safety, equity, and trust within healthcare systems. First of all, patient privacy and data
security have emerged as significant concerns owing to the large volumes of sensitive patient data required by ML.
Current data protection frameworks may not fully safeguard against unauthorized access or misuse, highlighting the
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XGBoost

Feature importance
age -
Family history of
popyps_and_crc ves - [N
Cluster
N1
Hazard_classification
non-progressive adenoma - _
Hazard_classification
progressive adenoma - _
Diarrhea YES - _

Features

0.0 0.1 0.2 0.3
Importance
Age o'::ngll; :rs Size Hazard classification H.pylori Fa:‘;‘;:sg:‘y: o prgf:::::e Diarrhea Prediction
60 <3 < 0.5 Non-neoplastic polyp NO NO NO NO 10.1%
60 <3 < 0.5 Non-neoplastic polyp YES NO YES YES 86.31%
60 <3 < 0.5 Non-neoplastic polyp NO NO YES NO 39.18%
30 <3 <05 Non-neoplastic polyp NO NO YES NO 12.8%

Figure 1 Colonic polyps recurrence risk prediction simulation using web-based calculator. Generated at: htps://webcalculatorsyh.shinyapps.io/
XGBoost.

need for stronger protection to prevent privacy breaches and data exploitation[46]. However, it is a major problem for
any ML study in which patient factors are used, which sometimes extend far from the depersonalized results of the
frequency food questionnaire or the number of cigarettes smoked. Thus, the concept of informed consent requires careful
consideration. Patients should not only be explicitly informed about Al involvement in their care, including the role of Al,
potential benefits, and associated risks, but should also decide what of their data may be used for ML training, ensuring
respect for patient autonomy. However, more important for the implementation of the results of the study is the problem
of dataset bias, as Al-driven systems have the potential to perpetuate biases found in historical healthcare data, leading to
disparities in diagnosis, treatment, prediction of recurrence, and overall care[47]. Therefore, it is essential to develop and
implement algorithms trained on diverse and representative datasets to mitigate these biases and promote fairness. Shi et
al[1] attempted to reduce the dataset bias by randomly dividing the dataset from a retrospective cohort of 1694 patients
into training and validation sets. However, it does not exclude the bias related to ethnically and geographically homoge-
nous populations included in the dataset, and the time frame selected by the authors for retrospective inclusion of cases
may be more important for dataset bias. Thus, endoscopic diagnostic techniques used during the last 2 years are far more
sophisticated than those used 10 years ago; therefore, the bias may be related to different evaluations of the polyps, as the
authors used in the model constructing process polyp-related features. Authors selected 5-year period of inclusion of
cases from three hospitals in the dataset[1], which seems minimally acceptable considering the very fast implementation
of innovations in endoscopy. For many Al-driven systems, the issue of transparency and explainability arises due to the
“black box” nature of certain ML models, potentially limiting healthcare professionals’ ability to interpret and trust Al-
driven recommendations. Therefore, enhancing the interpretability of Al systems is critical for maintaining accountability
and supporting informed clinical decision-making. Fortunately, for the ML model used by Shi et al[1], all factors selected
by ML can be easily explained as to why they are associated with increased colonic polyp recurrence, as supported by a
number of published studies. However, it is more interesting why other factors, such as BMI or metabolic syndrome
components, which are known risk factors for colonic polyps, were not selected during the ML process. It is universally
agreed that Al should function as a support rather than a replacement for healthcare professionals’ judgment, and profes-
sional oversight remains crucial to ensure that clinical decisions integrate Al recommendations with clinical expertise and
patient values[48]. In the case of the prediction of polyp recurrence, it is clear that the ML algorithm proposed by Shi et al
[1] already includes polyp-related risk factors on which existing guidelines for surveillance are based, but it provides a
more personalized and better risk assessment tool for healthcare professionals, rather than replacing existing standards of
care.
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The advent of ML techniques for colonic polyp detection has generated a significant shift towards enhancing the
efficacy and cost-effectiveness of screening procedures. Al-assisted colonoscopy has consistently demonstrated the ability
to increase adenoma detection rates and reduce adenoma miss rates compared with standard colonoscopy. Studies have
shown that Al systems can detect more adenomas per colonoscopy and improve the polyp detection rate, particularly for
diminutive and serrated lesions, which are often missed during conventional procedures[49-51]. By enhancing detection
accuracy, Al reduces the likelihood of interval colorectal cancers, which develop between screening intervals, thereby
lowering the long-term costs associated with cancer treatment[52]. Al systems enable real-time characterization of polyps,
distinguishing between neoplastic and non-neoplastic lesions with high accuracy. This capability supports the adoption
of “leave-in-situ” and “resect-and-discard” strategies, which avoid unnecessary polypectomies and histopathological
examinations for benign lesions[53,54]. For instance, a study in Spain found that Al-assisted colonoscopy avoided 173
polypectomies and 370 histopathologies per 1000 patients, leading to significant cost savings[55].

Al systems provide real-time assistance during colonoscopy, reducing the time required for examination by optimizing
lesion detection and characterization. This increased efficiency enables endoscopists to perform more procedures within
the same timeframe, thereby improving productivity and reducing operational costs[56]. Additionally, Al can standar-
dize quality metrics such as withdrawal time and bowel preparation adequacy, further enhancing the overall efficiency of
colonoscopy services[57]. Al can enhance the performance of noninvasive screening tests, such as fecal immunochemical
tests, by improving the detection of advanced adenomas and early-stage cancers. A novel Al-based algorithm combining
stool biomarkers and fecal immunochemical tests analysis achieved high sensitivity (82.2%) for advanced adenomas and
specificity (90.1%) for non-neoplastic lesions, reducing the need for unnecessary colonoscopies and optimizing the
diagnostic workflow[58,59].

Multiple cost-effectiveness analyses have demonstrated that Al-assisted colonoscopy is a cost-effective strategy for
colorectal cancer screening. For example, a Canadian study found that the incremental cost-effectiveness ratio for Al-
assisted colonoscopy was dominant, meaning that it was both more effective and less costly than conventional co-
lonoscopy[60]. Similarly, an Italian study reported that the implementation of Al systems resulted in cost savings per
patient, primarily due to the reduced costs associated with colorectal cancer care[53]. Al-assisted surveillance programs
can optimize the colonoscopy capacity by reducing the number of procedures required for low-risk patients. Personalized
risk stratification based on polyp characteristics and patient risk factors allows for tailored surveillance intervals
(increased or shortened) and is cost-effective[61]. This approach not only reduces healthcare costs but also alleviates the
burden on endoscopic resources, making screening programs more scalable, especially in low-income and middle-income
countries[54]. The study performed by Shi et al[1] is the first in which the ML algorithm was developed and validated for
personalized surveillance. Only further studies can demonstrate whether it is cost-effective compared with existing
surveillance programs. There are two possible scenarios: In countries such as China or Japan, where shorter intervals for
colonoscopy after polyp removal are usually recommend ML-based surveillance programs may reduce the number of
unnecessary colonoscopies. In contrast, in the United States and EU, where longer intervals for surveillance or even
allocation of low-risk patients into screening programs are recommended, ML-based surveillance programs may achieve
cost efficacy by decreasing colon cancer incidence due to a higher rate of detection of recurrent polyps. Despite the
promising cost-effectiveness of Al-assisted screening and surveillance programs, several challenges remain. The high
upfront costs of Al systems and the lack of reimbursement frameworks in many healthcare systems pose significant
barriers to their widespread adoption[62]. Additionally, the long-term clinical benefits of Al in reducing colorectal cancer
incidence and mortality have not yet been fully established, necessitating further research to validate its impact.

CONCLUSION

The study of Shi et al[1] demonstrates an important paradigm shift in future research aimed at increasing the positive
yield of surveillance colonoscopy. In the past two decades, progress in surveillance programs was provided by the
sophistication of endoscopic technologies (digital imaging, magnifying, narrow-band light spectrum, efc.) and standard-
ization and improvement of bowel preparation, which allow the identification and evaluation of the majority of polyps in
the colon. Therefore, it is not surprising that different polyp features have become the foundation of modern surveillance
guidelines, and they are good, especially for high-risk patients. High-risk patients represent only 10% of the population in
which polyps were found during colonoscopy; for the remaining patients, extending surveillance intervals were intro-
duced or the risk for recurrence was considered low, and they are recommended screening rather than surveillance,
because colorectal cancer incidence in these patients is similar to that of the general population. However, this argument
sounds like a statistical joke, because the incidence of colorectal cancer in the general population is high and screening is
ineffective. According to the National Cancer Institute in 2021 in the United States, 71.8% of adults aged 50-75 years had
received colorectal cancer screening based on the most recent guidelines; however, the Centers for Disease Control and
Prevention reported that from 2017 to 2021 only 32.8% of colorectal cancer cases were diagnosed at the localized stage
[63]. The major difference of these “low-risk” patients from general population is that we already know that they had
colonic polyps, but the huge pool of information is stored in their electronic medical records, which can be accessed and
analyzed with Al for the development of the ML-driven surveillance programs which are accurate and hopefully will be
cost-effective.
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Abstract

Rectal neuroendocrine tumor (rNET) is an indolent malignancy often detected
during colonoscopy screening. The incidence of rNET has increased approx-
imately 10-fold over the past 30 years. Most rNETs detected during screening
endoscopy are small, measuring < 10 mm. Current guidelines recommend
endoscopic resection for small, well-differentiated rNET using modified endo-
scopic submucosal resection (mMEMR) or endoscopic submucosal dissection.
However, the optimal endoscopic treatment method remains uncertain. This
paper summarizes the evidence on mEMR with submucosal stretching, mEMR
without submucosal stretching, endoscopic submucosal dissection and endo-
scopic full-thickness resection. Given that tNETs often exhibit submucosal
invasion, achieving adequate resection depth is crucial to ensure histological
complete resection. nEMR with submucosal stretching appears favorable due to
its high rate of histological complete resection, safety and convenience. Risk
factors associated with lymph node and distant metastases are also discussed. A
treatment algorithm is proposed to facilitate clinical decision-making.

Key Words: Rectal neuroendocrine tumor; Endoscopic resection; Endoscopic submucosal
dissection; Modified endoscopic mucosal resection; Histological complete resection;
Resection depth; Risk factor; Treatment algorithm
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Core Tip: The initial evaluation of small rectal neuroendocrine tumors should thoroughly assess endoscopic features,
including size, location, surface pit pattern and atypical changes. Imaging modalities should be used to rule out possible
lymph node involvement and distant metastasis. Cold biopsy or polypectomy should be avoided, and modified endoscopic
mucosal resection with submucosal stretching should be chosen as a priority. For small incompletely resected tumors
without other risk factors, salvage resection can be carefully considered. Long-term follow-up is necessary if patients decline
additional treatment. For patients with complete resection and risk factors, extended follow-up should be considered.
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INTRODUCTION

Rectal neuroendocrine tumors (rNETs) are typically small and have low malignant potential, but the risk of metastasis
exists[1]. Unlike neuroendocrine tumors (NETs) in other locations, carcinoid syndrome of rNETSs is rare because tumors
usually do not produce serotonin[2]. The majority of rNETs are < 10 mm, largely due to increased detection through
screening colonoscopy|[3]. Local excision, including endoscopic techniques and transanal surgery, is usually recom-
mended for rNETSs confined to the mucosal or submucosal layers. However, even tumors measuring < 10 mm carry a 2%-
3% risk of metastasis, underscoring the importance of developing robust strategies for optimal management of these
tumors[4]. Currently, there are no clear guidelines for the optimal treatment or follow-up plan for small rNETs. This
review aims to address these issues based on the most recent literature.

EPIDEMIOLOGY

The incidence of rNETs is about 1.04 per 100000 persons per year, accounting for about 1% of rectal neoplastic lesions[5,
6]. Most patients are relatively young at diagnosis compared to those with mucosal malignancy, who are typically in their
sixth decade with a slight male dominance[7]. rNETs are the third most common type of NET, representing about 15% of
all gastroenteropancreatic-NETs[7]. There are global variations in the incidence of rNETs, with a high prevalence in Asian
countries where they may account for up to 80% of all gastroenteropancreatic-NETs[8]. Racial disparities also exist, with
higher rates observed in Black and Asian populations compared to White populations[9]. Risk factors for development of
rNETs include low levels of high-density lipoprotein-cholesterol, elevated cholesterol and ferritin levels, and the presence
of metabolic syndrome[10,11]. Other risk factors, including family history of cancer, smoking, alcohol consumption and
body mass index, have not been consistently associated with the prevalence of rNETs in meta-analysis[12].

The incidence of NETSs has been increasing across all sites, but rectal tumors have seen one of the most significant rises,
likely due to increased recognition and the more frequent use of colonoscopy in screening[13]. In analysis of the
Surveillance, Epidemiology, and End Results (SEER) database (SEER registry of the National Cancer Institute, United
States), the age-adjusted incidence of rNETs has increased approximately 10-fold over the past 30 years[7]. In a large-scale
observational study from Japan, colorectal NETs were identified in 67 of 82005 colonoscopies, yielding a detection rate of
82 per 100000 procedures[14]. However, age-adjusted incidence rate of rNETs has plateaued since 2015, possibly
indicating the maximal benefit of colonoscopy screening[7]. According to the United States Cancer Statistics, INET
incidence rates during 2001 and 2020 have increased in younger adults (< 55 years) but not in older adults[15].

ENDOSCOPIC DIAGNOSIS

The presentation of rNETSs ranges from asymptomatic, indolent tumors to aggressive metastatic disease. Resection can be
either endoscopic or surgical, and the choice of technique depends on tumor characteristics such as size, grade, invasion
into the muscularis propria (MP) layer, and the presence of lymph node involvement or distant metastases[8]. These
factors should be thoroughly considered at the initial diagnosis.

Routine endoscopy

Recognizing rNETs during initial endoscopy is crucial for appropriate management[16,17]. Polypectomy or biopsy is
commonly performed if the lesion is mistaken as a common polyp rather than an rNET. rNETs diagnosed or suspected
before resection have a significantly higher complete resection rate compared to those treated as polyps and later
diagnosed[18]. A retrospective analysis showed that it was possible to suspect a NET by macroscopic appearance of
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endoscopy in 96% of cases[19]. The diagnosis of rNETs could be possible just by routine endoscopy.

rNETs are typically small (< 10 mm in diameter), solitary lesions located 5-10 cm from the anal verge[1,2]. They usually
appear as sessile lesions with a yellowish or whitish reflection and smooth, intact covering mucosa. Under narrow-band
imaging, small round pits are typical features of rNETs, distinguishing them from starry-shaped pits in hyperplastic
polyps (Figure 1A and B)[20]. These tumors are often described as hard and movable, and their consistency can be
assessed using a biopsy forceps[1]. For those more significantly elevated, enlarged surface pit pattern may be found;
however, the shape remains unchanged (Figure 1C and D). Larger lesions may exhibit surface irregularity with dilated
microvessels (Figure 1E and F). Irregular surfaces usually show as a doughnut-shaped lesion with central depression,
which can suggest a more aggressive clinical course[3]. Central depression, once thought to be risk factor for lymph node
involvement, has not been confirmed as an independent risk factor, but may still be relevant for reducing the risk of
incomplete resection[21,22]. Furthermore, dilated vessels around the lesion may be associated with tumor grade 2 and
deep submucosal invasion (Figure 1E and F)[23].

Biopsy

Guidelines recommend taking a biopsy during initial endoscopy to confirm the diagnosis of rNETs[1]. However,
evidence suggests that the prior biopsy may complicate complete endoscopic resection, presumably due to fibrosis and
blurred tumor borders caused by inflammation and tissue repairing[19,24]. Biopsy should only be considered in doubtful
cases with atypical features or in tumors > 20 mm, which should be referred for surgery[1]. The potential benefit of
biopsy is to confirm histology before endoscopic resection, but given that most rectal subepithelial lesions (SELs) are
NETs, and modified endoscopic mucosal resection (nEMR) is a safe and cost-effective procedure, biopsy may not be
essential for lesions <10 mm.

Endoscopic ultrasound

rNETs in endoscopic ultrasound (EUS) typically present as hypoechoic, homogeneous lesions originating from the
submucosal layer[1]. EUS helps with predicting histology, estimating the size, evaluating the invasion depth and
assessing possible lymph node metastasis in the perirectal area[8]. For histological prediction, it may have little signi-
ficance for a detected rectal SEL due to the predominance of NETs in such lesions[25]. In a retrospective study for rectal
SELs, the diagnostic accuracy of EUS in identifying rNETs was 89%[26]. While seemingly accurate, the prevalence of
NETs was 79% in the cohort. Only a small portion of patients can benefit from the histological prediction. Furthermore,
some rectal lesions may mimic the endoscopic appearance, even with similar EUS features, therefore it might be difficult
for EUS to differentiate[27,28].

Regarding size estimation, a retrospective study including 120 rNETs cases reported no difference between endoscopy
and EUS (r = 0.914/0.727, respectively)[29]. For depth estimation, it is well established on the high concordance in
identifying the involvement of MP layer[30]. However, in lesions < 10 mm, MP involvement is extremely rare[31]. There
is a similar situation in assessing lymph node metastasis[32]. EUS does not have an adequate range to assess nodal
involvement beyond the perirectal area[3]. Therefore, EUS may not be essential for rNETs < 10 mm([1,32]. Currently, EUS
is generally recommend for lesions > 10 mm or those with atypical features, such as central depression[8,33].

METASTASIS

Over 80% of rNETs are < 10 mm and low-grade at diagnosis[8]. Although the risk of metastasis is low, rNETs < 10 mm
still carry a potential risk. In some cases, patients may even present with metastasis before the primary tumor is detected.
Currently, no single parameter can precisely predict the presence of metastasis, so lymph node involvement and distant
metastasis should be carefully evaluated using appropriate imaging modalities. A meta-analysis including 4575 rNET
cases revealed 8% of patients with regional lymph node metastases and 4% with distant metastases[34]. The metastasis
rate was higher than expected. It is important to note that most literature on lymph node involvement is based on radical
resection studies with severe selection bias. Long-term surveillance with an endoscopically treated cohort is more likely
to reflect the true metastatic rate of small rNETs.

Lymph node metastasis risk factors

Lymph node status is considered as a relevant prognostic factor for rNETs. Multiple factors have been linked to lymph
node involvement. A previous meta-analysis identified tumor size > 1 cm, depth of invasion, venous invasion and central
depression as factors of lymph node involvement, while lymphatic invasion was not[35].

Tumor size > 10 mm: This is the primary parameter for determining the risk for metastasis in rNETs[13,36]. In a
population-based study from the United States, 20% of lymphatic metastases were found in 226 suspected cases out of
9000 rNETs < 10 mm, corresponding to 0.5% of all patients. In contrast, the metastasis rate was 8% for tumors 10-20 mm
and 17% of those > 20 mm[37]. However, there are significant variations in metastasis rates across the published
literature. The Niigatta Tumor Registry in Japan reported a metastasis rate of 10% for rNETs < 10 mm[38].

Invasion of the MP: MP invasion significantly increases the risk of metastasis[39,40]. A meta-analysis found that MP
invasion increased the risk of lateral pelvic lymph node metastasis with an odds ratio of 4.51[41].

Lymphovascular invasion: Lymphovascular invasion (LVI) is defined as the presence of tumor cells in blood vessels
and/or lymphatic structures. Vascular invasion may have a stronger impact on lymph node metastasis than lymphatic
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Figure 1 Endoscopic diagnosis of rectal neuroendocrine tumors. A and B: The rectal neuroendocrine tumor typically appears as a small, yellowish, and
subepithelial tumor-like lesion without surface change under white light or narrow band imaging as shown in case 1; C and D: For lesions with more significant
elevation, there may be enlarged surface pit openings, but the overall shape remains unchanged, as seen in case 2; E and F: As the lesion grows larger, central
depression may develop, accompanied by dilated micro-vessels, as illustrated in case 3.

invasion has[21]. The overall prevalence of LVI in small rNETs < 10 mm was 26% according to a meta-analysis[4].
However, the prognosis of endoscopically treated rNETs appears to be complex and not directly proportional to the
presence of LVI. No recurrence was found in 109 cases with identified LVI during follow-up of 30-76 months[4]. Multiple
confounding factors further influence the significance of LVI in metastasis. Evaluation of LVI is subject to interobserver
variations[16,42]. Additionally, the detection rates for LVI vary with diagnostic modalities. Immunohistochemical

staining significantly increased the detection rate of LVI (up to 36%) compared to hematoxylin and eosin sections (13%)[4,
43].

Tumor grade (G2/G3): Higher tumor grades (G2/G3) are associated with aggressive behavior in rNETSs. A recent meta-
analysis identified tumor grade as a significant risk factor for lateral pelvic lymph node metastasis, with an odds ratio of
7.76[41]. A retrospective study of 601 cases found the incidence of lymph node was 5% in G1 rNETs compared with 44 %
in G2 tumors[44]. However, when adjusted for tumor size, the difference in lymph node metastasis only persisted in
tumors measuring 10-20 mm. This suggests that tumor grade may have little influence on metastasis risk for rNETs < 10
mm[45].

These risk factors are closely related, and it would be interesting to determine which is the most reliable predictor.
Tumor size is the easiest and most widely accepted factor to assess before treatment. Predictive scores that incorporate
both tumor size and LVI have been shown to provide an accurate assessment of the risk of metastatic lymph node
involvement[46,47]. However, some predictive models rely solely on tumor size as a useful risk factor[48,49].

Distant metastasis risk factors

For distant metastasis in rINETs, the liver is the most common site (58%) followed by bone (9%), mesentery/peritoneum
(8%) and lungs (8%)[13]. As in lymph node metastasis, tumor size is the major parameter for the risk of developing
distant metastases. The optimal cutoff for tumor size in predicting distant metastasis is 11.5 mm[13]. Besides tumor size, a
study based on the SEER database found distant metastasis in TNETs was associated with tumor grade, and regional
lymph node metastasis, while T stage was not a significant factor[50].

Imaging modalities to evaluate metastasis

Our understanding of metastasis may be an under-reported finding as magnetic resonance imaging (MRI) of the pelvis
and rectum is not routinely mandated for small rNETs. The indolent behavior of rNETs may lead to delayed detection of
metastasis[51]. However, improvements in imaging quality, with MRI and more recently gallium-68-somatostatin
receptor-positron emission tomography/computed tomography (68Ga-SSR-PET/CT), have enhanced the characterization
of suspicious lymph nodes and the identification of small nodal metastases[3].
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CT: CT has limited value for detection and characterization of regional metastatic lymph nodes in rNET patients[13].
However, for distant metastasis, abdominopelvic CT is the imaging modality of choice, particularly for patients with
tumor > 10 mm or grade G2/G3[13]. Contrast-enhanced CT with acquisitions at the delayed arterial (30 seconds) and then
the portal venous (70-90 seconds) phases are recommended, as some highly vascularized NETs are only visible at one of
these phases[17].

MRI: For localized rectal tumors, MRI is the best imaging modality, allowing precise disease staging. It should be
regarded as mandatory before treatment, even in the absence of specific risk factors[13]. Similar to rectal adenocarcinoma,
MRI with diffusion-weighted imaging (DWI) is considered the most sensitive imaging method for detecting regional
lymph node and pelvic structure involvement in more advanced tumors[13]. Ga-enhanced MRI with DWI is more
sensitive than CT for detecting liver and bone metastases. If liver metastases are only detectable by MRI, it should then be
used as the primary procedure for follow-up[17]. The European Neuroendocrine Tumor Society recommends MRI for all
tumors = 10 mm, all G2/G3 tumors and all cases with suspected lymph node or liver involvement prior to resection[8,13].

Somatostatin-receptor imaging: 68Ga-SSR-PET/CT can assess the primary and metastatic sites. However, it is not
routinely recommended for evaluating small rNETSs before treatment, as it is not clear whether somatostatin receptors are
highly expressed in these tumors, even though most well-to-moderately differentiated NETs do express them. If there is
concern of lymph node involvement on MRI, functional imaging should be considered[8]. There is no strong
recommendation favoring one modality (e.g., 68Ga-DOTA-PET/CT) over others (e.g. DOTATOC, DOTANOC, or
DOTATATE)[17]. For PET/CT, it is important to understand the limitations, including its spatial resolution of about 5
mm and potential false positivity at sites of infection/inflammation. Imaging should be performed at an appropriate time
after treatment with confirmed SSR expression, usually > 6 months[13]. Other lesions, such as leiomyomas with SSR
expression, can also be a source of false positivity on PET/CT scans[52]. 68Ga-SSR-PET/CT is generally more sensitive
than 18F-fluorodeoxyglucose-PET/CT[53]. Another promising somatostatin receptor imaging technique is 18F-AIF-
NOTA-octreotide, which uses F-18 instead of Ga-68 for labeling. In a study of 26 patients with gastrointestinal NETs < 10
mm, the patient-based sensitivity of 18F-AlF-octreotide PET/CT was 62%, compared to 38% for contrast-enhanced CT/

MRI[54]. In rare cases, screening for distant metastasis in rNETs with PET/CT may help identify NETs in other location
[55].

TREATMENT STRATEGY

There is ongoing debate regarding the management of rNETs. A key question is which tumors can be resected endoscop-
ically, and which endoscopic technique should be used[8]. Unfortunately, due to the relatively low incidence of these
tumors, most of current evidence comes from single-center and/or retrospective studies with inconsistent data. This
inconsistency may stem from differences in endoscopic skills and training across centers, leading to a preference for one
technique over another in specific situations. Meta-analyses have primarily included studies conducted in Asian
countries, which may introduce bias due to regional variations in endoscopic expertise. Randomized clinical trials
comparing the outcomes of specific techniques are scarce, and more studies are needed to support the existing evidence
[13]. As a result, most guidelines do not strongly recommend specific techniques for endoscopic resection, or weakly
recommend with low levels of evidence[40,56] (Table 1).

Benefit of histological complete resection

rNETs have metastatic potential, and resection offers the only curative option, reducing the risk of metastasis in most
cases. Treatment should be carefully selected to ensure a histological complete (R0) resection[8]. R1 resection is defined
when the tumor reaches the resection margin in the tissue sample[13]. Currently, there is no restriction for the extent of
free margin; even a free margin <1 mm is still considered R0O[13]. However, measuring the vertical distance from the
tumor border to the resection margin in the resected specimen may provide useful information about the adequacy of the
resection margin[24]. Even with a 2-3-mm sampling interval thoroughly as in endoscopic submucosal dissection (ESD),
an inadequate vertical margin distance still increases the risk of exposed tumor margins. However, there is no consensus
on what constitutes an adequate margin. Theoretically, any endoscopic resection method that secures a longer vertical
margin distance could achieve a more complete resection. This could potentially decrease surveillance burden, local
recurrence, morbidity and mortality associated with rNET recurrence[24]. However, previous studies suggest that the
vertical margin distance may be more related to invasion depth than to the endoscopic technique used[57]. Further
studies are needed to validate the significance of vertical margin distance.

The slow progression of rNETs necessitates long-term follow-up, potentially up to 20 years. When properly treated, an
RO resection in grade 1 lesions < 10 mm carries a low risk of recurrence and metastasis, allowing patients to be discharged
from periodic follow-up[1,8]. Most incidentally diagnosed patients are relatively young and in good health, and they are
likely to have only localized disease that can be cured with resection. Improper treatment can lead to a long-term burden
for both the medical facilities and patients, increase the risk of metastasis, and result in repeated follow-up with
radiological and endoscopic examinations, as well as the potential need for salvage therapy[1,3]. Therefore, it is crucial to
balance the potential benefit of treatment against the risk of incomplete resection[8].

What not to do

Various endoscopic techniques have been attempted for the removal of rNETs, ranging from simple polypectomy to ESD
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Table 1 Summary of resection techniques and recommendations for rectal neuroendocrine tumor less than 10 mm

. . Strategy after R1 Strategy after RO resection with General follow-up
Ref. Endoscopic option . . .
resection risk factors recommendations
French EMRL/EMRC/ESD Consider salvage resection ~ Surgical resection with lymphaden- No follow-up required for rNETSs that
intergroup, 2020 ectomy are G1, < 10 mm, T1 and RO after the
[17] initial resection. For others, regular
endoscopic examination and
abdominal/pelvic MRI
JNETS, 2021[64] ~ Not specified Surgery Surgery for rNETs thatare >1cm  Not specified
or G2; MP invasion; or suspected
local LNM
ESGE, 2022[56] mEMR Repeat endoscopy at 3-6 m.  Annual endoscopy as well as No follow-up required for rNET that
Salvage resection with imaging modalities are < 10 mm, G1-G2, no MP invasion,
confirmed residue disease and no LNM
in expert centers
ENETS, 2023[13] mEMR/ESD/EFR Watch and wait after For rectal NET G1 L1 or V1 or No follow-up for a rectal NET G1 LO

discussion with patient if
negative EUS, MRI and
repeat biopsy. Salvage
endoscopic resection or
TAMIS

G2/G3 <10 mm, 6 monthly
abdominopelvic MRI and yearly
sigmoidoscopy for at least 5 years.
68Ga-SSR-PET/ CT initially and
after 12 months

V0 <10 mm. After R1 resection
without a second endoscopic
resection, endoscopy and EUS or MRI
12 monthly for at least 5 years is
recommended

Italian, 2024[33]  mEMR (EMRC preferred) ~Watch and wait may be Not specified Not specified
or ESD considered after patient
consultation. Salvage
resection with EMR > ESD
> EFR or TAMIS
NCCN, 2025[122] Not specified Endoscopy at 6-12 m to Not specified No follow-up

assess for residue disease.
For patients with residual
disease, rectal MRI or EUS
should be performed before
TEM/ER

RO resection: Complete resection; R1 resection: Incomplete resection; EMRL: Endoscopic submucosal resection with a ligation device; EMRC: Cap-assisted
endoscopic submucosal resection; ESD: Endoscopic submucosal dissection; rNET: Rectal neuroendocrine tumor; MRI: Magnetic resonance imaging; JNETS:
Japanese Neuroendocrine Tumor Society; MP: Muscularis propria; LNM: Lymph node metastasis; ESGE: European Society of Gastrointestinal Endoscopy;
mEMR: Modified endoscopic submucosal resection; EFR: Endoscopic full-thickness resection; EUS: Endoscopic ultrasound; TAMIS: Transanal minimally
invasive surgery; NET: Neuroendocrine tumor; 68Ga-SSR-PET/CT: Gallium-68-somatostatin receptor-positron emission tomography/computed
tomography; EMR: Endoscopic submucosal resection; NCCN: National Comprehensive Cancer Network; TEM: Transanal endoscopic microsurgery; ER:

Endoscopic resection.

and endoscopic full-thickness resection (EFR). Cold biopsy often results in an unevaluable specimen, making it difficult to
guarantee complete resection on histological analysis and increasing the risk of incomplete resection in subsequent
treatment[1,31]. This is commonly used when the lesion is not recognized as an rNET and assumed to be a common polyp
[13,16]. Although the optimal endoscopic resection method remains unclear, it is clear that when an rNET is suspected,
advanced resection techniques should be preferred over standard polypectomy or conventional EMR due to the high rate
of positive margins with the latter[17]. Polypectomy is ineffective for rNETs, as they are mostly submucosal. In one study,
the complete resection rate by polypectomy was only 31%[58]. Similarly, conventional EMR achieves R0 resection in only
50% of cases for rNETs < 10 mm[59]. Multiple meta-analyses have shown the low R0 resection rate in conventional EMR,
which is the reason why conventional EMR is generally recommended only for lesions < 5 mm[60-62].

Principles for rNETs < 10 mm

rNETs originate from the lower crypts and infiltrate the submucosal layer, exhibiting a subepithelial tumor-like growth
pattern[24]. Therefore, any diagnosed or suspected rNETs should be treated as a submucosal malignancy. Scheduled
resection should be arranged rather than surveillance. According to SEER data, a delay of > 6 months was associated with
an increased risk on survival with a hazard ratio of 4.5[63].

Guidelines recommend that choosing resection technique of rNETs depends on tumor size, grade and presence of
lymph node involvement[8]. However, tumor size is the only factor that can be accurately evaluated before resection. For
rNETs < 10 mm, local resection is recommended[2]. Although there are slight variations, current guidelines generally
suggest resection either by mEMR for lesions < 10 mm or by ESD/transanal endoscopic microsurgery (TEM) for lesions
up to 20 mm[40,56] (Table 1). Oncological surgical resections are not routinely recommended for small rNETs without
adverse histological or endoscopic features[3].

The most important technical aspect in resecting rNETs is to obtain a negative vertical margin[64]. Specimen handling
should be given particular caution to facilitate the evaluation of margin status. A common safe practice is to align the
fresh sample on cardboard to reduce fixation shrinking artifacts, allowing pathologists to properly assess the margins
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[13]. However, adherence to these practices is poor. According to a nationwide study in the Netherlands, resection
margin was unsure or unknown in 48% of lesions. Tumor grade was unclassified in 50% of lesions, and only 33% and
13% of lesions were assessed for mitoses and Ki67 expression, respectively[65].

OPTIONS FOR ENDOSCOPIC RESECTION

mEMR techniques have been developed to improve the efficacy of conventional EMR. Some mEMR techniques enhance
the resection depth by both a fluid cushion and submucosal stretching through suction, such as EMR with a ligation
device (EMRL) and cap-assisted EMR (EMRC). Others do not include these steps, such as underwater EMR (EMRU) or
circumferential incision EMR (CI-EMR).

mEMR with submucosal stretching

As mentioned earlier, mEMR with submucosal stretching combines submucosal injection and stretching to ensure
adequate resection depth. EMRL is conducted using a ligation device attached to the endoscope. After submucosal
injection with 3-5 mL normal saline, the lifted lesion is suctioned into the ligation device, allowing more submucosal
tissue to be removed. An elastic band is then deployed, and the lesion is resected under the band using a snare[16]. In the
EMRC procedure, a transparent cap with an inner groove is fitted to the scope. After submucosal injection with 3-5 mL
normal saline, a crescent-shaped snare is looped along the inner groove, and the lesion is suctioned into the cap, grasped
with the snare and resected[66]. These two mEMR techniques are the most commonly used methods. They provide
undamaged round specimens with deeper and wider resection margins[24]. The key tip to obtain such specimens is to
keep sustained suction to totally block the endoscopic view before releasing the rubber band or tightening the snare. The
procedures are simple, have short procedure times and offer an excellent safety profile. Another advantage of EMRL or
EMRC is that it requires less training. A Japanese retrospective study indicated EMRL performed by less-experienced
endoscopists did not result in lower RO resection[67]. Therefore, these techniques are recommended by guidelines for
rNETs <10 mm (Table 1). There are also limitations for these methods. EMRL and EMRC rely on suction of submucosal
tissue into the cap, and their performance dramatically compromises with significant submucosal fibrosis or larger lesions
> 10 mm.

Several modifications of EMRL and EMRC have been proposed. Abe et al[68] used EUS to monitor the injection
process, significantly improving the RO resection rate. Li et al[69] performed EUS after deploying the rubber band to
ensure completely ligation of the lesion. However, monitoring the injection process can be tricky, as it requires the
simultaneous use of two devices. A linear EUS scope might be used instead of a regular endoscope. EUS after ligation
may risk the rubber band becoming loose or falling off. In Li ef al’s study[69], 12 of 48 lesions were considered as
incomplete ligations requiring additional ligations, which seems less efficient when an 89% RO resection rate was
achieved in the control EMRL group. Similar to Li et al’s study[69], another study proposed routinely adding an extra
band before snare resection in EMRL, but the additional benefit of this step remains debated[70]. Gao et al[71] suggested
omitting the submucosal injection step in EMRC to aspirate more tissue and reduce device costs. They validated this
method in a prospective trial, achieving a 97% RO resection rate. However, the noninferior trial was designed to compare
modified EMRC to ESD, not to standard EMRC with submucosal injection. Since mEMR relies on submucosal stretching
after separating the tumor from underlying submucosal tissue with injection, it remains uncertain whether omitting
injection compromises the vertical margin status.

Another form of mEMR with submucosal stretching is called strip biopsy or EMR using a dual-channel endoscope.
Strip biopsy is performed with a dual-channel endoscope, usually without submucosal injection. The lesion is lifted with
grasping forceps and then resected using a snare delivered through the other channel. There is limited data of strip
biopsy, presumably less effective than ESD[72]. This technique is rarely used today due to the requirement for a
multichannel endoscope. Lu et al[73] proposed using a prelooped snare on an attached transparent cap to substitute for
the dual-channel endoscope. However, handling the snare can be tricky, and the efficacy of this method for achieving RO
resection remains to be validated.

mEMR without submucosal stretching

Several novel mEMR methods have been developed that omit the step of submucosal stretching. Many of them have been
poorly evaluated for histological complete resection, with limited case numbers. A recent meta-analysis found that these
techniques did not show superiority over convention EMR, unlike EMRL/EMRCJ[60].

The circumferential incision mEMR technique was first described as an option to facilitate en bloc resection for medium-
sized mucosal lesions unsuitable for conventional EMR. It involves marking around the lesion, lifting the mucosal layer
with injection, and then performing snare resection instead of dissection as in ESD. CI-EMR achieved an en bloc resection
rate of 97% and a complete resection rate of 94%[74]. However, while this technique may improve lateral margin
handling through mucosal circumferential incision, it does not enhance resection depth, as submucosal injection is the
only measure to improve resection depth. A meta-analysis found that CI-EMR was less favorable than EMRL/EMRC in
terms of positive vertical margin rates[62].

EMRU is inspired by the observation that the mucosa and submucosa separate from the MP when air is removed from
the colorectal lumen and replaced with water. This reduces lumen stretching, thickens the submucosal layer, and
facilitates resection with just a snare, allowing for the capture of a larger mucosal surface[16]. The main advantage of
EMRU is that it requires no additional devices other than water immersion. However, there have been few studies with
adequate case numbers and histological complete resection rate or resection depth for EMRU. Evidence from large sessile
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colorectal polyps suggests that a thickened submucosal layer facilitates obtaining an adequate vertical margin[75].
However, it is unclear whether EMRU is as effective as mEMR with submucosal stretching. EMRU has only been
compared to ESD, with an RO resection rate of 86%[76]. Additionally, the narrowed visual field due to changes in the
refractive index of light and the shrunken intestinal lumen during water immersion can make securing the lateral margin
challenging.

ESD

Most rNETs extend into the submucosal layer and require resection at a deeper plane than mucosal lesions, ideally close
to the MP. The adjustable dissection plane in ESD makes it a seemingly ideal technique for rNETs[57]. Guidelines
recommend ESD as an optimal option for rNETs < 20 mm. However, it is technically difficult to maintain an adequate
and steady resection depth during submucosal dissection, often resulting in positive vertical margins or perforation if
losing control of dissection plane. ESD may also be less ideal for securing lateral margins in small lesions like rNET, as the
fluid cushion may not last till the end of the procedure. Additionally, ESD requires a long learning curve to achieve
proficiency. A subgroup analysis by Kitagawa et al[66] found that trainees achieved a lower histological complete
resection rate with ESD (65%) compared to mEMR (88%), while experts showed no difference, indicating that ESD should
be performed by experienced endoscopists for rNETs.

The comparison of RO resection rates between ESD and mEMR is controversial. Retrospective data comparing EMRC to
ESD showed that ESD achieved a 100% en bloc resection rate, but the histological complete resection rate was only 80% for
rNETs < 10 mm, which was inferior to the 92% rate in the EMRC group[77]. In a similar study comparing EMRL to ESD,
the RO resection rate was 91% for EMRL and 82% for ESD[66]. Multiple meta-analyses have failed to showed a significant
difference between mEMR and ESD[78]. A network meta-analysis ranked EMRL as the best treatment over ESD, although
there was no significant difference in R0 resection rates. However, ESD showed more positive vertical margin cases than
EMRL showed[62]. Similarly, another meta-analysis of 14 studies involving 823 patients found that mEMR with suction
was superior to ESD in terms of RO resection, although this result was achieved by excluding outliers[79]. A recent
nonrandomized prospective study involving 50 institutes in Japan found no difference in RO resection rates between
mEMR (95%) and ESD (95%) for colorectal NETs < 10 mm[80]. Further evidence from randomized clinical trials is needed
to clarify the efficacy of ESD compared to mEMR[81].

Although mEMR may be superior to ESD, there are situations where ESD is the only option. For lesions > 10 mm, ESD
is often necessary, as most mEMR caps cannot accommodate such sizes. If there is significant fibrosis after extensive
biopsy without lymph node involvement, ESD may also be preferred over mEMR[8]. Therefore, a proper strategy should
be used to avoid noncurative resection margins. Endoscopic intermuscular dissection, an emerging therapeutic modality
that has gained attention for its efficacy in reducing positive vertical margins, particularly in managing NETs[82,83].
Underwater endoscopic intermuscular dissection has also been reported to enhance procedural efficacy[83]. However,
intermuscular dissection is also technically challenging, as it requires maintaining a dissection plane between circular and
longitudinal muscle fibers. Clips and loop traction may help achieve adequate depth by expanding and stabilizing the
view of submucosal space (Figure 2)[84,85]. However, a recent retrospective study found no significant difference in
vertical margin distance or RO resection rates between traction-assisted ESD and conventional ESD[57]. This is possibly
due to the small number of 24 cases in the traction-assisted ESD group. The tunnel method may also facilitate
intermuscular dissection[82].

EFR

When potential MP involvement is suspected, EFR should be utilized to ensure complete resection. Most EFR procedures
are assisted by an over-the-scope clip (OTSC). The lesion is drawn into the cap of the endoscope by suction or grasping
forceps, and OTSC is deployed over the lesion. A snare resection is performed above the clip, cutting through the entire
bowel wall and enabling full-thickness resection[8]. A recent small study has reported a 100% RO resection rate, with
short intervention time and no major adverse events[86]. The short learning curve for OTSC makes it a user-friendly
option for less-experienced endoscopists. However, these is a small chance of failing to capture the entire wall. Device
malfunction, such as clip slippage, inadequate closure, and failed deployment, may occur, although they are uncommon
[87]. Resection on the metal clip can also cause extensive thermal damage to the bowel wall and specimen, increasing the
risk of indetermined margin status and postprocedural coagulation syndrome.

Traditional exposed EFR may also be performed. In other locations, such as the stomach, the defect produced by EFR is
difficult to close due to compromised insufflation during the procedure[87]. In the rectum, however, the resection site is
usually below the peritoneal reflection, and there is no free space if perforation occurs during the procedure. This allows
the endoscopic view to be maintained, and closure of rectal wall defect may be easier (Figure 3). However, the risk of
retroperitoneal infection remains, and closure with sufficient strength, such as using a detachable snare assisted clip
closure, is recommended. Data are scarce on exposed EFR[88]. In small rNETs < 10 mm, EFR is rarely needed, as ESD
with intermuscular dissection should provide adequate resection depth to ensure clear margins.

STRATEGY AFTER INCOMPLETE RESECTION

Histological complete resection of an rNET with no risk factors for recurrence is considered curative. Incomplete resection
can be categorized as R1, where there is microscopic involvement of the margins, or R2, where visible tumor remains
after resection[8]. For rNETs at low risk of metastasis with an initial R1 endoscopic resection, salvage resection by ESD or
TEM can be proposed, but this should be restricted to expert centers[17]. If metastasis is suspected, oncological surgical
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Figure 2 Endoscopic intermuscular dissection in a rectal neuroendocrine tumor. A: The lesion from case 2 (Figure 1C and D) was treated with
intermuscular dissection. After circumferential incision, traction was applied with clips and a loop; B and C: During dissection, the circular muscle layer was carefully
removed till the outer longitudinal muscle was fully exposed; D: Clips were used to close the mucosal defect.

Figure 3 Endoscopic full-thickness dissection in a 15-mm rectal neuroendocrine tumor. A: The lesion from case 3 (Figure 1E and F) was treated
with endoscopic full-thickness dissection. Preprocedural positron emission tomography/computed tomography ruled out metastasis, and endoscopic ultrasound
confirmed the involvement of the muscularis propria (MP). The lesion showed poor lifting with submucosal injection, indicating involvement of MP; B and C: After
circumferential incision, traction was applied with clips and a loop; D: During dissection, the circular muscle was attempted for removing. However, extensive fibrosis
made it impossible to preserve the outer longitudinal muscle, likely due to tumor invasion into MP; E and F: The entire rectal muscular wall was removed; G: Clips
with a detachable snare were used to close the defect; H: Histological analysis revealed a complete structure of MP and a negative vertical margin, classified as
pT2Nx. The patient opted to follow-up instead of additional radical surgery.

resection should be considered. R1 resection is predominantly associated with endoscopic techniques[89]. It is crucial for
endoscopists to properly recognized the lesion as an rNET and avoid routine biopsy[18,19]. Lesion characteristics, such as
central depression and tumor size, may also play a role in R1 resection[22,90].
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Detection of remnant tumor

The presence of remnant tumor after initial R1 resection varies significantly, ranging from 17% to 43%[13,91]. Many
patients with R1 resection opt for follow-up rather than salvage resection, and only those with confirmed remnant tumors
undergo additional treatment[1,13]. This may lead to biased patient selection in retrospective studies, with over-repres-
entation of cases with remnant tumors. In many studies addressing remnant tumors, a large number of cases were treated
by biopsy or cold snaring rather than endoscopic resection techniques, sometimes accounting for up to 80% of cases[92].
For incidentally found lesion as small as 2-3 mm, complete resection may be achievable with biopsy alone[93]. However,
for larger lesions, it is unlikely to achieve RO resection with biopsy or cold snaring. Additionally, biopsied or cold snared
specimens are rarely properly oriented, making margin status difficult to determine.

In cases where advanced techniques were used based on recommended treatment, the actual residual rate after
additional treatment is < 20%. Therefore, adherence to guidelines is strongly recommended[40,94]. For lesions < 10 mm
treated with endoscopic resection methods including EMR, the tumors with R1 resection are often resected at or close to
the edge, which is technically an R1 resection by pathological standards. This does not necessarily mean that tumor tissue
remains at the resection site, as the cautery effect may destroy residual tumor cells. However, the indolent nature of
rNETs means that recurrence may take decades to manifest, as evidenced by a case report of recurrence 16 years after
initial polypectomy[24]. The only independent factor related to residual disease appears to be the size of the lesion[92].

EUS has been recommended to assess the remaining submucosal tumors[17]. However, there is debate about whether
EUS features can accurately predict residual disease[95]. A Korean retrospective study found that EUS had a similar area
under the curve to simple visual detection (0.886 vs 0.870) for detecting remnant tumor[96]. A biopsy of the scar after
close inspection may be useful, even if there is no visible evidence of remnant tumor on endoscopy, as residual disease
may still be present.

Watch-and-wait strategy

Some patients may choose a watch-and-wait strategy, regardless of recommendations[1,97]. The significance of marginal
status as a risk factor for recurrence remains uncertain[33,98]. One study of 436 patients with rNETs treated by ESD, with
a median follow-up period of 61 months, found only one recurrence and one metastasis in 73 patients with R1 resection
who opted for follow-up, compared to one recurrence and two metastases in 319 cases with RO resection. There were no
significant differences in survival between the two groups[94,99]. Similar results have been reported in multiple studies
[22,94,100]. A meta-analysis comparing resection techniques for small rNETs found overall recurrence rates to be low (<
1%), with one local recurrence and one case of liver metastasis. However, the duration of follow-up was short[101].
Therefore, follow-up may be a feasible alternative to rigorous salvage therapy for patients who acknowledge the risk of
possible recurrence and the need for long-term, potentially lifelong, follow-up[92,94]. When R1 resection occurs, the
positive resection margins should be measured and discussed with pathologists to assess the risk of remnant tumor[102].

For grade 1 lesions < 10 mm without LVI and no residual disease on scar biopsy, salvage procedure may not be necessary
[1,8].

Endoscopic salvage therapy

Traditionally, rNETs with any risk factor for metastasis, including R1 resection, were considered for surgical resection
with lymphadenectomy[17,94]. However, emerging evidence suggests that endoscopic procedures may be sufficient to
achieve histological complete resection[103]. If there is evidence of residual disease in small tumors without lymph node
involvement, local resection techniques such as TEM or ESD can be performed to achieve complete resection[8,92]. For
patients who were not initially suspected of having an rNET and received nonrecommended endoscopic treatment (e.g.,
biopsy or cold snare), salvage treatment should be recommended due to high risk of residual lesions[92,94]. Some
endoscopists recommended systematic scar resection, regardless of whether residual tumor is detected, to allow patients
to avoid long-term follow-up if no other high risk factors are present[8,92].

Salvage resection techniques (ESD/EFR vs EMR) have been reported as the only significant factor associated with
curative resection. mEMR can be performed if the scar is not visible and the lesion elevates satisfactorily after injection.
Choosing mEMR may reduce the complicate rates, technical difficulty and medical costs. However, it is unlikely that no
scar presents if the previous attempt was endoscopic resection rather than biopsy[92]. Therefore, ESD or EFR are the only
options in this situation. Salvage endoscopic procedures using ESD or EFR have shown an RO resection rate of near 100%
[92]. When performing salvage ESD, care must be taken to ensure adequate resection depth (Figure 4). The inner circular
muscular layer should be completely removed, and if scar blurs the border of muscle fibers, dissection under the scar is
recommended to ensure negative margins[104,105]. A traction device can also be used to provide sustained counter-
traction during the procedure[106]. EFR has also been reported in salvage treatment for residual rNET lesions[107].
However, intentionally performing full-thickness resection may not be advisable when intermuscular dissection is likely
to achieve adequate resection depth with a lower risk of adverse events.

Ju et al[108] proposed a type of polypectomy in salvage therapy of rNETs called wide hot snare polypectomy (WHSP).
This technique involves placing a snare widely around the lesion to secure sufficient margins and then tightening it while
pushing toward the lesion. They demonstrated a significantly higher RO resection rate in the WHSP group (73%)
compared to the ESD group (50%)[108]. However, this technique is more of a refinement of polypectomy rather than a
novel procedure. The limitations of WHSP include the small size of the lesions (median 4 mm) and the fact that most
previous treatments were biopsies (79%)[108].

Before considering salvage resection, endoscopic re-evaluation is essential to ensure complete removal of any residual
rNET tumor[92]. Patients should undergo MRI evaluation of the scar area prior to second resection[8]. The primary
benefit of salvage resection is to alleviate the burden of long-term follow-up[13,92]. However, it remains unclear whether
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Figure 4 Endoscopic salvage resection in a scar after endoscopic resection of rectal neuroendocrine tumor. A and B: Previous polypectomy
showed a positive margin on histology. The scar exhibited poor lifting with submucosal injection; C and D: After circumferential incision, traction was applied with clips
and a loop; E and F: During dissection at the scar site, the circular muscle layer was carefully removed to perform intramuscular dissection. Histological analysis
showed no residue tumor.

re-resection of R1-resected small rNETs affects long-term outcomes.

PROGNOSIS AND FOLLOW-UP

Prognosis

rNETs have the best prognosis among all gastrointestinal NETs, with 5-year survival rate ranging 74% to 98%, according
to various registry analysis[109,110]. Even in cases with metastasis, up to 77% to 89% of patients survived the first 5 years
[36,38]. For rNETSs < 10 mm with complete resection and no other risk factors, the prognosis is usually curative. However,
there are limited studies on long-term outcome following endoscopic treatment[31,111]. It should not be assumed that a
T1 primary lesion will always have no lymph node or distant metastasis[3,112]. There are multiple published cases of
small, well-differentiated rNETSs recurring with lymph node involvement or distant metastases after apparent complete
removal via endoscopic treatment[113,114].

Individualized survival prediction has garnered significant interest. Theoretically, these nomograms and predictive
tools could provide more precise survival estimates by incorporating more factors such as age, tumor size, grade and LVI
[115]. However, these tools have limited efficacy and poor generalization ability. Although they perform significantly
better than the World Health Organization grade and American Joint Committee on Cancer tumor-node-metastasis classi-
fication, their C-index is only 0.65-0.70 for predicting overall survival, likely due to the limited case numbers in the
training and validation datasets[49,116,117]. Recently, a GATIS score was developed to predict individualized survival
for rNET patients based on a cohort of 1183 patients from 17 hospitals. In addition to common factors like tumor grade, T
staging, tumor size, and age, the GATIS score further includes the prognostic nutritional index as a key component.
Given the slow progression of rNETSs, prognostic nutritional index may be a useful prognostic factor, as it reflects
nutritional status[118,119]. The GATIS score demonstrated higher predictive power than tumor-node-metastasis stage
and World Health Organization grade, with a C-index of 0.812 for overall survival and 0.865 for progression-free survival
in the validation set[118]. However, the median follow-up duration of 34 months was short[120]. These nomograms and

tools require further validation before they can be widely used to guide clinical decision-making in rNET management
[115,121].

Follow-up

Most current guidelines recommend that patients with histologically complete resected rNET < 10 mm and no risk factors
for metastasis require no additional follow-up[13,40,56] (Table 1). However, localized recurrence or metachronous lesions
may still occur, albeit at a low rate. Since these patients are typically in their 50s to 60s, minimal follow-up with
colonoscopy as average-risk people is still encouraged. While it is not cost-effective to routinely perform imaging
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Figure 5 Proposed algorithm for the management of rectal neuroendocrine tumors. SEL: Subepithelial lesion; NET: Neuroendocrine tumor; EUS:
Endoscopic ultrasound; MP: Muscularis propria; mEMR: Modified endoscopic submucosal resection; ESD: Endoscopic submucosal dissection; EFR: Endoscopic full-
thickness resection; EMRC: Cap-assisted endoscopic submucosal resection; EMRL: Endoscopic submucosal resection with a ligation device; MRI: Magnetic
resonance imaging; 68Ga-SSR-PET/CT: Gallium-68-somatostatin receptor-positron emission tomography/computed tomography; RO resection: Complete resection;
R1 resection: Incomplete resection; TEM: Transanal endoscopic microsurgery.

modalities such as MRI or PET/CT for surveillance, physicians should consider the possibility of recurrence based on the
patient’s history, if there is unknown lesion are detected incidentally.

For patients with R1 resection without additional treatment or RO resection with risk factors (e.g., tumor grade G2/G3,
invasion of the MP, or LVI), the risk of metastatic spread is higher[8]. Immediate radical surgery is not absolutely
necessary for these patients. However, there are reports of diffuse multiple rNETs remaining nonprogressive after 20
years of follow-up[112]. Metachronous metastatic recurrence may occur very late, and long-term follow-up is recom-
mended for delayed recurrence (at least 20 years, potentially lifelong), starting from annual surveillance, although follow-
up interval can be progressively lengthened[4,17,112]. This follow-up includes regular endoscopic examination and
imaging. There have been limited studies on personalized follow-up stratified according to different risk factors;
however, it could be a possible area to be explored.

Imaging, including abdominopelvic MRI with DWI, is recommended for rNETs with incomplete resection if a second
endoscopic resection with R0 is not performed or if any of the aforementioned risk factors are present[13]. Most patients
with NETs have prolonged survival, so radiation safety must be considered in their management. While imaging remains
a cornerstone of follow-up, repeated CT-induced irradiation should be avoided, especially for patients with slowly or
nonprogressive NETs. Nonionizing imaging techniques, such as MRI, should be considered as an alternative[17]. The role
of functional imaging, particularly 68Ga-SSR-PET/CT, in follow-up remains unclear due to limited data[112]. According
to European Neuroendocrine Tumor Society guideline, 68Ga-SSR-PET/CT is not recommended as a regularly performed
modality during surveillance[13].

PROPOSED ALGORITHM FOR MANAGEMENT

As summarized in Figure 5, the initial evaluation of small rNET should thoroughly assess endoscopic features, including
size, location, surface pit pattern and atypical changes including central depression. Imaging modalities, such as MRI-
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DWI, should be used to rule out lymph node involvement and distant metastasis. The optimal technique for treating
localized small NETs, as well as the follow-up strategy, remains uncertain. However, efforts should be made to avoid
cold biopsy or polypectomy. mEMR with submucosal stretching, including EMRL/EMRC, should be prioritized. For R1-
resected small tumors without risk factors, salvage resection may be considered to reduce the risk of late recurrence.
Long-term follow-up will be necessary if patients decline additional treatment. For patients with RO resection and risk
factors, extended follow-up should be considered[13].

CONCLUSION

rNETs are no longer considered rare due to increased detection through colonoscopy screening. Endoscopists should
familiarized themselves with the endoscopic features of rNETs. Advanced endoscopic resection techniques should be
preferred over biopsy or cold snaring. Specimen obtained should be thoroughly evaluated for margin status and risk
factors related to metastasis. Follow-up strategies should be carefully selected based on histological findings to ensure
optimal patient outcomes. Developing novel techniques with more adequate vertical margin distance may further
improved the long-term outcome of rNETs.
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Core Tip: Six common and fourteen unique aspects of the pathogenesis of inflammatory bowel disease, primarily Crohn’s
disease and ulcerative colitis, illustrate the causes and beneficial factors of resistance to inflammatory bowel disease,
providing critical insights for the targeted treatment of Crohn’s disease and ulcerative colitis. Utilizing the main contents of
this paper allows for the development of comprehensive interventions that reduce harmful influences, enhance protective
factors and use an integrative approach to address the diseases for the benefit of the human being.
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INTRODUCTION

Inflammatory bowel disease (IBD) is a globally prevalent disease, with incidence rates continuing to rise in the 21¢
century[1]. It has become a public health challenge worldwide. IBD is a systemic disease affecting the gastrointestinal
tract and also multiple organs and systems. Clinically, it is classified as one of the common, multiple and currently
incurable digestive system disease, characterized by severe intestinal inflammation and mucosal destruction[2,3].
Intestinal inflammation can impair mucosal healing, leading to chronic inflammation of gastrointestinal tract, which is
prone to chronic relapses[4,5]. Furthermore, IBD can not only affect many organs and systems such as eyes, mouth, skin,
joints, liver, gallbladder and pancreas but also lead to complications such as internal and external infection of the
digestive tract and tumor, significantly increasing the risk of cancer of gastrointestinal and other organs such as colorectal
cancer, skin cancer, and cervical cancer|[6,7].

The etiology of IBD is complex and multifactorial. The pathogenesis of IBD is an area of intense research and clinical
interest. In the field of international biomedical applied basic research, the breakthrough and focus are also on the
pathogenesis of IBD. Insight into the pathogenesis of IBD, which provides elucidation of IBD mechanisms, is also the
cornerstone for clinical therapy. However, the exact pathogenesis and mechanisms have not been fully established,
posing several challenges for both fundamental research and clinical treatment of IBD. These current challenges are as
follows: (1) Existing therapeutic agents cannot completely cure this disease; (2) Choice of clinical treatment; (3) Resistance
to anti-tumor necrosis factor (TNF) therapy; and (4) Targeted research of new IBD therapeutic agents.

Research on the pathogenesis is vital for identifying the root causes of IBD and provides significant insights into the
patient’s overall condition and potential pathways for curing the disease, primarily comprising Crohn’s disease and
ulcerative colitis. Moreover, it aids in discovering new therapeutic targets, which can enhance clinical diagnosis, treat-
ment and even early prevention of IBD. This is particularly crucial for newly industrialized countries with traditionally
low incidence rates such as those in Asia, Africa, and South America. Therefore, it is necessary to study the pathogenesis
of IBD.

Therefore, this paper focused on six key aspects to analyze the root causes of the two most common forms of IBD,
primarily comprising Crohn’s disease and ulcerative colitis. The common pathogenesis of these two forms of IBD was
systematically studied and discussed. Those were: (1) Dysregulated immune responses; (2) Gene function changes; (3)
Intestinal microbes disorder and imbalance; (4) Microbial infections; (5) Associations between IBD and other inflam-
matory diseases; and (6) Other factors. It illustrated both the causes of IBD and factors contributing to resistance against
the disease. Additionally, pathogenesis differences between these two forms of IBD were unraveled and clearly distin-
guished. These unique aspects of pathogenesis would provide crucial insights for the precise treatment of both Crohn’s
disease and ulcerative colitis.

COMMON PATHOGENESIS OF CROHN’S DISEASE AND ULCERATIVE COLITIS

The two most prevalent subtypes of IBD, Crohn’s disease and ulcerative colitis, have common pathogenesis. Current
research on the pathogenesis of IBD concentrates on six primary aspects: (1) Dysregulated immune responses; (2) Gene
function changes; (3) Intestinal microbes disorder and imbalance; (4) Microbial infections; (5) Associations between IBD
and other inflammatory diseases; and (6) Other factors (Figure 1). These factors collectively contribute to intestinal
damage and inflammation, leading to the onset of IBD. This section also explores protective strategies for the intestines
and resistance mechanisms against IBD. Moreover, corresponding treatment strategies and feasible treatment methods
are proposed.

Dysregulated immune responses

The pathogenesis of the immune system function in IBD has identified key cytokines and their functions, cytokine
regulation and influence, changes in inflammatory mediators, and the relationship between intestinal mucosal immunity
and intestinal epithelial cells (Figure 2). Various feasible strategies for preventing and treating IBD have also been
proposed. For instance, T cell-derived interleukin 22 (IL-22) binding protein (IL-22BP), IL-17F, and T helper 17 (Th17)
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Figure 1 Study on the pathogenesis between Crohn’s disease and ulcerative colitis. IBD: Inflammatory bowel disease.
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Figure 2 Key cytokines and their functions of inmune system for the pathogenesis of inflammatory bowel disease.

have been identified as pathogenic[8,9]. However, IL-22, IL-17B, and IL-15 have anti-inflammatory effects.

IL-22BP is known to induce IBD, as evidenced by experiments in mice. In patients with IBD, high levels of IL-22BP are
produced by CD4" T cells. While cytokine IL-22 exerts protective effects on tissues in the intestine, IL-22BP endogenously
inhibits this effect of cytokine IL-22. During anti-TNF-o treatment, which is recognized as an effective IBD therapy,
amounts of IL-22BP secreted by CD4* T cells are reduced. Despite the inhibition of IL-22BP, IL-22 is still expressed,
thereby achieving the therapeutic objective for IBD[10].

Additionally, IL-17 family-related members play important roles in the pathogenesis of IBD. Both IL-17A and IL-17F
contribute independently to IBD. IL-17A and IL-17F activate the nuclear factor kappa B (NK-kB) pathway to control
bacterial and fungal infections. IL-17A and IL-17F in the intestines originate from T cells and some cellular subtypes, such
as CD4" helper T cells, gamma delta T cells, alpha beta T cells, type 3 innate lymphoid cells (ILCs), natural killer T cells,
and mucosal-associated invariant T cells[11]. IL-17A and TNF synergistically mediate signal to drive the expression of
inflammatory genes in Crohn’s disease immunopathogenetic mechanisms[12-14]. Inhibition of IL-17F promotes the
production of microbiota-mediated regulatory T cells in the colon. Treatment with anti-IL-17F antibodies reduces the
severity of colitis pathology. In ulcerative colitis, IL-17B and the IL-25, both members of the IL-17 family, exert opposite
effects. Among them, IL-17B cytokines are protective and anti-inflammatory, whereas IL-25 is pathogenic[15]. Therefore,
the development of new biological therapies selectively intervening or targeting IL-17s are also prospective strategies in
IBD.

Furthermore, inflammation of Th17 cells has been linked to IBD[16]. Retinoic acid, a metabolite of intestinal vitamin A,
promotes the differentiation of regulatory T cells and inhibits the differentiation of Th17 cells[9]. Cytokine IL-15, secreted
by fibroblastic reticular cells in secondary lymphoid organs, maintains group 1 ILCs in Peyer’s patches, thereby pre-
venting immunopathological damage in the intestine[8]. Although ILCs accelerate virus clearance, they can cause severe
intestinal inflammatory diseases, accompanied by symbiotic disorders and reduced intestinal barrier function.

The study of IBD’s immune pathogenesis has led to the discovery of new treatment methods. During the episode
period of IBD, some chemokines, chemokine receptors, and cell adhesion molecules are upregulated in IBD mucosa. Then
circulating leukocytes migrate to the inflamed gut, regulated by cell adhesion molecules, chemokines, and chemokine
receptors. Disrupting this migration can improve IBD therapy[17]. For instance, inhibiting or changing the migration of
inflammatory leukocytes into the gut has shown therapeutic benefits[18].

Infliximab is a therapeutic antibody directed against TNF-a to treat IBD. Infliximab has a positive effect on intestinal
mucosal gene expression in patients. Before infliximab therapy, most cell adhesion molecule genes are upregulated.
However, most of these genes are significantly decreased after infliximab therapy. The gene response varies depending
on whether the lesion is located in the colon or the ileum. In patients with colon IBD, chemokines C-C motif chemokine
ligand 20 (CCL20) and C-X-C motif chemokine ligand (CXCL) 1 and 2 continue to increase, predisposing to IBD relapse.
Meanwhile, in patients with ileum IBD, the expression of several genes increases before treatment such as mucosal
vascular addressin cell adhesion molecule 1; thymus cell antigen 1; platelet endothelial cell adhesion molecule 1; CCL28;
CXCL1, CXCL2, CXCL5, CXCL6, and CXCL11; and IL-8. However, cluster of differentiation 58 is decreased[17]. Genes in
patients with IBD of the ileum are restored to control levels after infliximab therapy[18]. Other treatment methods are
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used to reduce the immune response and control inflammation in the IBD, such as pro-inflammatory factor antagonists,
anti-inflammatory factor mimics, cytokine inhibitors, and inhibition of inflammatory signal transduction.

The pathogenesis of immune responses to IBD offers new insight into pharmacological therapies, such as inhibiting
inflammatory signaling. It also reveals that clinical parameters alone cannot sensitively stratify patients with IBD,
highlighting the need for more accurate analytical methods. High-resolution analytical technologies for delivering
precision agents and predicting responses to specific IBD therapies can facilitate more effective and personalized treat-
ment[19]. Promising analytical methods include immune response profiling, germline genetics, in vivo real-time mole-
cular endoscopy, gut micro-biome analysis, and tissue transcriptomics.

Gene function changes

Genetic research has made substantial progress in understanding the pathogenesis of IBD. Genome-wide studies have
identified susceptibility gene loci, their functions, and interrelations between genes, opening new avenues for gene
therapy for IBD. Genome-wide association studies have pinpointed hundreds of gene loci associated with IBD, contri-
buting to both Crohn’s disease and ulcerative colitis, as illustrated in Figure 3[20]. For instance, variations in genes linked
to IBD pathogenesis include IL-23, the IL-23 receptor subunit (IL-23R), the p40 subunit of IL-23, IL-12, the p40 subunit
encoding for IL-12 (IL12B), the IL12B variant, TNF superfamily member 15, the RNASET2-FGFR1OP-CCR6, Janus kinase
2, nucleotide-binding oligomerization domain 2 (NOD?2), signal transducer and activator of transcription 3; the homeodo-
main-containing transcription factor NK2 transcription factor related, locus 3 (NKX2-3) gene regions[21]; the suscept-
ibility genes regulating immune function PR domain zinc finger protein 1, REL, caspase-recruitment domain 9 (CARDY),
SMADS3, IL1R2; immunity-related GTPase M (IRGM), autophagy related 16-like 1 (ATG16L1); IL-10 functional defects;
Th17-IL23 pathway[22].

Encoding IL-23R is a genetic factor leading to Crohn’s disease[23]. The IL-23R gene, located on chromosome 1p31,
encodes a subunit of the pro-inflammatory cytokine IL-23 receptor, which is a crucial peptide for the generation of Th17
cells. Rs11209026 (c.1142G>A, p.Arg381Gln) is an uncommon coding variant that has a protective effect against Crohn’s
disease. IBD is associated with IL-23R regional abnormal signal transduction. At the same time, multiple independent
signals are associated with IBD in the IL-23R gene region. Because of the polymorphism of IL-23R region, the effect on
IBD is more complicated. Both the innate and adaptive immune systems contribute to IBD through the IL-23R region
polymorphisms[24].

In addition, the homeodomain-containing transcription factor NKX2-3 gene regions, involved in the homologous
domain of lymphocyte development, differentiation and tissue, also affect Crohn’s disease and ulcerative colitis patho-
genesis. Susceptibility gene loci for IBD and that of mycobacterial infections are overlapped, suggesting shared human
response pathways[25]. Functional variation of 45 specific genes affect IBD by high-resolution fine-mapping, including 18
associations (a single causal variant, > 95%) and 27 associations (a single variant, > 50%). These variants are as follows:
Tissue-specific epigenetic marks, protein-coding changes, and transcription factor binding sites destruction[26].

Susceptibility genes for IBD vary among populations around the world, such as in Europe, America, Japan, South
Korea, and China. For example, in Europe and the United States, common susceptibility genes include ATG16L1, NOD2
defects, and CARD?Y. In Japan, common genes include ATG16 L2-FCHSD2, SLC25A15-ELF1-WBP4[27], Nudix Hydrolase
15 (NUDT15) p.Arg139Cys[28], NUDT15 R139C, and NKX2-3 polymorphisms[29,30]. In South Korea, TNF superfamily
member 15[22], IL-23R, ATG16 L2, RNASET2-FGFR1OP-CCR6[31], and IRGM are common, whereas in China, CARD9
[32], IL-10 gene variants[33], and IL-17F variants[34] are prevalent.

The concordance rates for Crohn’s disease between monozygotic twins are 40%-50%[35]. Additionally, family
inheritance proportions of IBD differ between Western and Asian countries. In Western countries, the proportion is
significantly higher[36], with less than 20% for Western patients with IBD and less than 7% for Asian patients with IBD
[37,38]. Gene interactions in IBD pathogenesis have paved the way for gene therapy, such as replacing defective genes
and repairing sites in hematopoietic cells.

Intestinal microbes disorder and imbalance

IBD is associated with alterations in the composition of intestinal microbiota. The gut microbiota is indispensable for the
pathogenesis of IBD, regulating the development and function of the immune system and playing both anti-inflammatory
and pro-inflammatory roles. Changes in the intestinal microbes, including composition, abundance, richness, strain
diversity, stability, gene variation, and function of gut microbiota, contribute to the onset of IBD[39]. In turn, oxidative
and metabolic environment alterations in IBD shape the gut microbiota, leading to gut microbiota dysbiosis. The
composition of intestinal microbiota in patients with IBD exhibits distinct characteristics.

The microbial composition in the intestines of patients with IBD is altered. Key bacterial species associated with IBD
have been identified through species and strain-level profiles, bacterial growth rates, virulence factors, antibiotic
resistance, and metabolic functions[40]. Moreover, the abundance of these gut microbiota changes significantly. For
instance, the abundance of Bacteroides are increased in the intestinal microbiota of patients with IBD. Bacteroides are highly
correlated with IBD[35]. In addition, B. fragilis and B. vulgatus are particularly elevated. Immunomodulatory molecules
released by the outer membrane vesicles are produced by the gut microbe B. fragilis. In mouse experiments, these
immunomodulatory molecules protect mice from experimentally induced colitis[35]. In patients with Crohn’s disease, a
deficiency in the ATG16L1 and NOD?2 genes induces intestinal inflammation. Outer membrane vesicles mediate ATG16L1
and NOD2 genes to jointly protect humans from colitis. ATGI6L1 and NOD2 genes cause transmission mechanism
problems. The release of immunomodulatory molecules from the outer membrane vesicles require the combined action of
ATGI16 L1 and NOD?2 genes for patients with IBD.
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(1) 123 (15) CARD9

(2) IL-23R (16) SMAD3

(3) p40 subunit of IL-23 (17) IL1R2

(4) IL-12 (18) IRGM

(5) IL12B (19) IL-10 gene variants
(6) IL12B variant (20) IL-17F variant

(7) TNFSF15 (21) T,17-1L23 pathway
(8) RNASET2-FGFR10P-CCR6  (22) ATG16L1

(9) JAK2 (23) ATG16L2

(10) NOD2 (24) ATG16L2-FCHSD2
(11) STAT3 (25) SLC25A15-ELF1-WBP4
(12) NKX2-3 (26) NUDT15 p.Arg139Cys
(13) PRDM1 (27) NUDT15 R139C

(14) REL

Figure 3 Gene function changes for the pathogenesis of inflammatory bowel disease. ATG16L1: Autophagy-related 16-like 1; CARD9: Caspase-
recruitment domain 9; CCR6: CC-motif chemokine receptor 6; ELF1: Elongation factor 1; FCHSD2: FCH and double SH3 domains protein 2; FGFR10P: Fibroblast
growth factor receptor 1 oncogene partner; IL: Interleukin; IRGM: Immunity-related GTPase M; JAK2: Janus kinase 2; NKX2-3: NK2 transcription factor related, locus
3; NOD2: Nucleotide-binding oligomerization domain 2; NUDT15: Nudix hydrolase 15; PRDM1: PR domain zinc finger protein 1; SLC25A15: Solute carrier family 25
member 15; STAT3: Signal transducer and activator of transcription 3; TNFSF15: Tumor necrosis family superfamily member 15; WBP4: WW domain-binding protein
4,

In dendritic cells, outer membrane vesicles activate ATG16L1 and NOD2-dependent noncanonical autophagy path-
ways. To protect against colitis, dendritic cells triggered by outer membrane vesicles can further induce regulatory T cells
in the intestine, which helps protect against IBD. The gut microbiota regulates peripheral lymphoid volume expansion
and maintenance by controlling the function of RALDH(+) dendritic cells[41]. During the early neonatal period,
CD45(+)CD103(+)RALDH(+) cells in the intestine migrate to peripheral lymph nodes under the induction of symbiotic
microorganisms, simultaneously inducing a substantial amount of retinoic acid locally. This mechanism promotes the
differentiation of regulatory T cells and inhibits the differentiation of Th17 cells.

Additionally, the intestinal flora coordinates with the host to maintain intestinal immune homeostasis. Growth factors
fibroblast growth factor 2 and IL-17 synergistically repair damage to the intestinal epithelium and maintain the immune
homeostasis within the intestinal mucosal system. Growth factor fibroblast growth factor 2, which has a protective effect
on the intestine, is secreted by intestinal regulatory T cells in response to an imbalance in the intestinal flora.

Enhancement of effector cell function or a decrease of regulatory cell function can lead to a dysregulated immune
response to normal symbiotic bacteria[24]. Meanwhile, genetic predispositions influence the role of intestinal microflora
and environmental factors within the gut[42]. In individuals with a high genetic predisposition, the immune response of
the intestine to the control of symbiotic flora is dysregulated. This affects the intestinal microflora and environment,
inducing changes in the colon. Intestinal homeostasis cells can promote inflammation, immune tolerance, and epithelial
repair. The location of IBD within the intestine determines the composition of intestinal flora. For instance, the intestinal
flora of patients with colonic type differs from those with ileal type in Crohn’s disease, such as decreased alpha diversity
[43]. Furthermore, certain microbial species are commonly affected in both Crohn’s disease and ulcerative colitis. Four
microbial species, including Eggerthellaceae, Bacteroidaceae, and Lachnospiraceae, are increased, while 16 microbial species,
such as Peptostreptococcaceae, Eubacteriaceae, and Streptomycetaceae, are decreased[40].

Studying changes in the composition and function of gut microbiota in patients IBD not only advances our under-
standing of the disease’s pathogenesis but also broadens the potential for future research directions. Therapeutic
approaches could include promoting ecological agents to correct intestinal flora imbalance, such as IL-13[44]. From a
nutritional and health perspective, interventions like yogurt consumption can help reduce inflammation by enhancing the
integrity of the intestinal lining[45]. Improved intestinal integrity can prevent pro-inflammatory molecules produced by
intestinal microorganisms from entering the blood[46]. Further treatments for IBD are likely to focus on microbiota-based
interventions. Moreover, the development of probe technologies targeting specific intestinal microorganisms could enable
accurate identification and differentiation of IBD subtypes. This approach could allow for the precise distinction between
Crohn’s disease and ulcerative colitis by targeting key bacterial species within the gut. Additionally, there is a need to
develop immuno-regulatory therapeutic agents that can promote immune system activation and inhibit inflammatory
response by bypassing cellular transport mechanisms, making them suitable for direct ingestion by patients with IBD.
Furthermore, there is an urgent need to establish a comprehensive and sophisticated treatment system for IBD that
utilizes one or more intestinal flora as bio-markers. Such a system could not only deliver therapeutic agents but also
facilitate accurate diagnosis and simultaneous treatment of IBD.

Microbial infection

In the study of IBD, the pathogenesis with bacteria and fungi are limited. The enteric virome is an integral part of the gut
microbiota ecosystem, yet its involvement in IBD pathogenesis has been largely overlooked. The enterovirus group,
comprising various DNA and RNA viruses, remains relatively understudied. Common microorganisms implicated in
IBD pathogenesis include bacteria, viruses, molds, and protozoa, some of which may also trigger allergic reactions
Table 1).

( Micro)bial infections cause inflammation directly or indirectly by a damaged intestinal mucosal barrier, imbalance of
microbial homeostasis, as well as altering immune system in IBD[47]. Microbial infections also lead to shifts in the
composition of intestinal flora, intestinal disorders, and increased intestinal mucosal permeability, all of which signi-
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Table 1 Microbial infection that affects inflammatory bowel disease

ltems Microbial infection Ref.
1 Enterovirus B species of eukaryotic picornaviruses [50]
2 Oral bacteria [60-63]
3 Oropharyngeal bacteria [64]
4 Candida albicans [65]
5 Parasitic infection [66]

ficantly elevate the risk of IBD. Moreover, there is mutual regulation and change between the intestinal microbiota and
the genetic composition of the host, and between the microbiota composition and function and the neutrophil production
and function under specific environmental factors, which are linked to the pathogenesis of IBD[48,49]. The eukaryotic
viruses and viromes in colon resections are different between patients with IBD and non-IBD. Colon tissue viromes and
enteric viruses affect intestinal homeostasis and shape the phenotype of IBD through divergent innate immunomodu-
lation. The immune system detects disturbances in the enterovirus group, affecting the maintenance of normal intestinal
homeostasis. For IBD, the enterovirus B species of eukaryotic picornaviruses increase in colon. Additionally, genetic
variations contribute to altered virome sensing, resulting in the perturbation of colon tissue viromes and the onset of IBD
[50].

Oral bacteria have been observed in the intestinal mucosa of patients IBD, where they become highly enriched and
colonized during the disease. For example, bacteria in the oral cavity appear and accumulate in the intestinal tract of
patients with IBD during periodontal disease. These oral bacteria enrich in the mucosal niche of IBD intestine, such as
Klebsiella spp., Campylobacter concisus, Fusobacterium nucleatum, and Veillonella spp[51-53]. In Crohn’s disease, Haemophilus
parainfluenzae and F. nucleatum, specific to the oral cavity, are significantly enriched in the intestinal mucosa[54]. Addi-
tionally, in the intestine of patients with IBD, the number of oral-associated species Veillonella spp. are enriched, which are
nitrate reducers[55].

Intestinal epithelial permeability is increased due to impaired mucosal barrier in the patients with IBD. Oral microor-
ganisms can not only interfere with intestinal barrier function, but also accumulate and colonize in the intestinal mucosa
[56]. These microbial disturbances contribute to intestinal dysbiosis, which drives IBD pathogenesis. Moreover, the
inflammatory environment within the intestine promotes the growth of oral-related bacteria and disrupts the symbiotic
microbiota during IBD. During inflammation, concentrations of nitrate increase in the intestine. The Enterobacteriaceae spp.
is increased rapidly[57-59].

The composition of oral bacterial microbiota changes significantly over time in patients with IBD. In pediatric Crohn’s
disease, Rothia spp. and Capnocytophaga spp. are enriched in the oral subgingival biofilm[60]. In patients with periodontitis,
nitrate reductase-capable bacteria such as Proteobacteria spp. and Veillonella spp. are also increased[61]. In severe ulcerative
colitis, the oral microbiota differs from that seen in Crohn’s disease, with associations noted for Campylobacter spp., H.
parainfluenzae, V. parvula, and V. dispar[54,62].

A multistage model linking microbial and immune compartmental changes in the oral cavity and intestine has been
used to assess the correlation between oral bacterial microbiota and IBD. This model suggests that oral disease-related
bacteria trans-locate to the intestine, exacerbating IBD symptoms directly[63]. Additionally, oropharyngeal bacteria from
the nasopharynx and mouth can migrate and colonize the stomach and intestines, leading to intestinal inflammation and
malnutrition in children[64].

Non-bacterial microorganisms and viruses, including fungi like Candida albicans, are also present in the intestines of
patients with IBD[65,66]. Additionally, parasitic infections can influence IBD by triggering beneficial changes in the gut
microbiota, which in turn elicit specific parasite-associated immune responses that counteract intestinal inflammation
[44]. Hence, harnessing viruses or viromes unique to IBD-affected colon tissue offer the potential for developing new
therapeutic strategies, bio-markers, and early screening tools based on microbial markers linked to IBD pathogenesis. In
addition, oral microbial signatures enriched in the intestinal mucosa or distinctive oral bacterial microbiota could help
accurately distinguish between Crohn’s disease and ulcerative colitis.

Association between IBD and other inflammatory diseases

The correlation between IBD and other inflammatory diseases helps to elucidate the underlying causes of IBD. These
associations stem from factors such as genetic factors, common pathogenic triggers, or the consequences of other
conditions or their treatments. Compared to individuals without IBD, patients with IBD have a higher susceptibility to
autoimmune diseases. Patients with one immune-mediated disease have an increased incidence of developing several
other immune-mediated diseases. Genome-wide studies have shown that chronic immune diseases tend to cluster in
certain individuals. Consequently, the prevalence of multiple immune-mediated diseases is notably elevated in patients
with IBD. Moreover, gene loci associated with IBD are also linked to other immune-mediated diseases, including anky-
losing spondylitis and psoriasis[25].

The most frequently observed concurrent inflammatory diseases in patients with IBD are arthritis and asthma. Other
extra-intestinal manifestations (EIMs) include ankylosing spondylitis, erythema nodosum, inflammatory eye disease, and
periodontitis. Additionally, patients with IBD may present with peripheral arthritis, primary sclerosing cholangitis,
pyoderma gangrenosum, uveitis, and oral ulcers[67-69]. The relationship between IBD activity and EIMs varies. Some
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EIMs, such as uveitis and primary sclerosing cholangitis, occur independently of IBD activity, while others, including
erythema nodosum and oral ulcers, are linked to IBD activity, suggesting shared pathogenic mechanisms[68,69].

IBD pathogenesis has been further explored by examining the correlation between IBD activity and EIMs[69,70].
However, the mechanisms behind most EIMs remain unclear. The pathogenesis of EIMs may arise from the following: (1)
EIMs may represent independent inflammatory events triggered by genetic factors, microbial agents, or elevated inflam-
matory mediators and other factors[71]; and (2) EIMs may result from the extension of intestinal antigen-specific immune
responses to non-intestinal sites, such as via microbial antigen cross-reactions and ectopic inflammation.

A large Canadian population-based study revealed that 63% of patients were diagnosed with chronic inflammatory
diseases before the onset of IBD. These patients exhibited a significantly higher risk of inflammatory diseases such as
bronchitis, psoriasis, and pericarditis. Patients with ulcerative colitis were found to have an increased risk of chronic
kidney disease and multiple sclerosis[72]. Additionally, patients with IBD face an increased risk of concurrent mental
health conditions, including depression and anxiety. The potential mechanisms linking IBD to psychiatric conditions
include elevated pro-inflammatory cytokines, gut dysbiosis, altered vagal nerve signaling, and changes in brain mor-
phology and function[73].

Other factors

In addition to the previously discussed factors, alterations in colonic epithelial cell diversity contribute to IBD. Single
colonic epithelial cellular subtypes have been identified, including progenitor cells, colonocytes, and goblet cells in the
crypts. The positional re-modelling of goblet cells plays a key role in IBD pathogenesis. Goblet cells, which express the
anti-protease molecule WAP four-disulfide core domain protein 2, not only inhibit bacterial growth but also prevent
invasion by commensal bacteria and mucosal inflammation[74]. Additionally, absorptive cells located at the top of the
crypts, which are responsible for sensing pH, are dysregulated in IBD. These cells express the proton channel otopetrin 2
and the satiety peptide uroguanylin. Furthermore, elevated levels of transforming growth factor beta 1 and nitric oxide
have been detected in the saliva of both patients with Crohn’s disease and ulcerative colitis[75,76].

Many other non-pathological factors associated with the development of human society are closely linked to IBD.
These factors include changes in the natural environment, economic development, living conditions, dietary structure,
lifestyle changes, disease exposure factors, population size, increased immune-related diseases, and improved diagnostic
capabilities[77]. In terms of diet, excessive consumption of high-fat and sugary foods, coupled with unhealthy lifestyle
habits such as lack of exercise, smoking, antibiotic overuse, and an obsession with hygiene, have been identified as
contributors to IBD[1,78]. The pursuit of excessive cleanliness has led to a reduction in exposure to intestinal wormes,
which are thought to play a role in host immune system training. As a result, the intestinal immune systems of some
individuals may become overly sensitive, predisposing them to IBD. Additionally, the incidence of IBD has been shown
to be positively correlated with population density. As the population increases, the number of patients also increases.
The greater the population density, the higher the incidence of IBD[79].

Epidemiological studies comparing patients with IBD and healthy controls have identified several protective factors
that may lower the risk of developing Crohn’s disease and ulcerative colitis. These factors include breastfeeding > 12
months, consumption of tea, vegetables, fruits, plant fiber intake, physical exercise, and pet ownership (specifically dogs)
for Crohn’s disease[38]. Similarly, protective factors for ulcerative colitis include breastfeeding > 12 months, consumption
of tea, hot water bath, consumption of coffee, intake of vitamins C and D, and use of flush toilets during childhood[80,
81]. These factors are essential not only for maintaining physical health but also for fostering mental well-being. Thus,
prevention strategies for IBD should promote both a healthy lifestyle and a positive psychological construction.

PATHOGENESIS DIFFERENCES BETWEEN CROHN'S DISEASE AND ULCERATIVE COLITIS

While Crohn’s disease and ulcerative colitis share some commonalities, they also exhibit significant distinctions in their
pathogenesis. These two major subtypes of IBD have their own unique pathological characteristics, and the specific
mechanisms contributing to the development of each have been discussed in detail. Through a comparative analysis of
the pathogenesis of Crohn’s disease and ulcerative colitis, the specific immune mechanisms, genetic abnormalities, and
intestinal microbiota alterations that underpin these conditions have been identified, allowing a clear distinction between
these two. Clinically, the pathogenesis of Crohn’s disease and ulcerative colitis differ markedly, with each condition
possessing its own distinctive features. Moreover, gut microbiota profiles differ significantly between patients with
Crohn’s disease and those with ulcerative colitis. Each condition is associated with a unique microbial environment and
distinct gut microbiota characteristics. These unique aspects of pathogenesis provide crucial insights for the precise
treatment of both Crohn’s disease and ulcerative colitis.

The unique pathogenesis of Crohn’s disease

The unique pathogenesis for Crohn’s disease is manifested in the following aspects: (1) The disease is driven primarily by
interferon gamma and IL-12, as observed in both patients and mouse models; (2) It is caused by defects in the innate
immune system. The pathogenesis of Crohn’s disease is associated with genes encoding NOD2, ATG16L1, and IRGM.
These genes play critical roles in the innate immune system and the intracellular processing of bacterial components. In
addition, NOD2 gene is mutated in patients with Crohn’s disease. The ability of NOD2 sense bacterial peptidoglycan,
activate NK-kB, and mitogen-activated protein kinase pathways are decreased. Deficiencies in NOD2 or ATG16L1
contribute to Crohn’s disease susceptibility, with the functional impact being assessed through altered function of
ATGI16L1 and IRGM polymorphisms[24,35]; (3) Mutations in genes encoding Toll-like receptor 4, NOD1, and NOD2
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contribute to the inflammation in Crohn’s disease, which are innate immune recognition receptors. Therapeutically,
inflammatory cytokines TNF and IL-12/23 are effective in the treatment of the disease; (4) It is strongly linked to specific
immune cells; (5) The gene encoding leucine-rich repeat kinase 2 (LRRK2) has been identified as a major susceptibility
gene for Crohn’s disease by genome-wide association studies[82,83]. LRRK2 acts as a negative regulator of the transcrip-
tion factor nuclear factor of activated T cells and plays a critical role in modulating disease severity. LRRK2 protein
regulates the transport and secretion of lysozyme in lysosomes, inhibits intestinal inflammation, and regulates intestinal
immune homeostasis in murine cells. LRRK2 deficiency shows increased susceptibility to colitis in experimental mice
[84]; (6) Salivary inflammatory markers such as IL-6, IL-1B, and TNF are elevated for Crohn’s disease[85]; (7) The
diversity of pathogenic species, as well as pro-inflammatory flora, is notably elevated in patients with Crohn’s disease.
This includes members of the Enterobacteriaceae family, such as Escherichia spp. and Shigella spp., which are associated with
colon ulceration and bloody diarrhea. Additionally, gut microbiota alterations reveal increased levels of Enterobacteriaceae,
Streptococcaceae, and Erysipelotrichaceae in these patients; (8) The diversity and abundance of beneficial gut microbes are
markedly reduced. For instance, Clostridia, known to counteract inflammation through interactions with pathogenic
intestinal bacteria associated with IBD, are diminished[44]. Faecalibacterium prausnitzii, also referred to as Clostridium
prausnitzii, which has anti-inflammatory properties, shows reduced levels in patients with Crohn’s disease[86,87]. This
butyrate-producing bacterium is especially depleted in the ileum during disease onset. Similarly, the strain diversity of
Roseburia intestinalis, which converts acetate to butyrate, is also decreased. Bifidobacterium longum, which provides
resistance against Shigella-induced enteric infections, is likewise reduced. Other microbial species, including Actinomy-
cetaceae, Bifidobacteriaceae, Atopobiaceae, Prevotellaceae, and Firmicutes_noname, show decreased numbers in Crohn’s disease;
and (9) The microbial environment within the gut of Crohn’s disease patients undergoes significant alterations. The
inflammatory conditions promote increased sugar degradation and quinone biosynthesis, while fermentation pathways
are diminished[40].

The unique pathogenesis of ulcerative colitis

Compared to Crohn’s disease, ulcerative colitis exhibits distinct pathogenic characteristics, which are outlined as follows:
(1) It is driven by natural killer T cells, which produces IL-13, as observed in both IBD patients and mouse models[24]; (2)
It is caused by mutations in the coding genes of Toll-like receptor 4 and NOD1. These innate immune recognition receptor
proteins play a role in detecting microorganisms. The inflammatory cytokine TNF are effective in the treatment of
ulcerative colitis; (3) It is associated with gut mucosa. The correlation between ulcerative colitis and gut mucosa is
stronger[19,26]; (4) Certain microbial species like B. uniformis and Bifidobacterium bifidum are associated specifically with
ulcerative colitis. Increased gut microbiome includes Bifidobacteriaceae and Acidaminococcaceae. Conversely, reduced
microbial species include Propionibacteriaceae and Nectriaceae; and (5) The microbial environment in ulcerative colitis
displays increase lactate production pathways, while butyrate and acetate production pathways are diminished, which
exacerbates inflammation in the intestinal environment[40].

In conclusion, the differentiation in pathogenesis between Crohn’s disease and ulcerative colitis, along with the identi-
fication of highly specific markers, enables precise early diagnosis, screening, and treatment. Such distinctions offer
significant potential for personalized treatment strategies for Crohn’s disease and ulcerative colitis. Furthermore, the
unique microbial characteristics associated with each disease subtype facilitate their accurate classification, providing a
foundation for targeted treatment and advancing precision agents for IBD.

CONCLUSION

The incidence and prevalence of IBD continue to rise globally; however, effective treatment options for this disease
remain limited. IBD is led by a combination of dysregulated immune responses, gene alterations, imbalances in intestinal
microbiota, microbial infections, associations with other inflammatory diseases, and shifts in social and environmental
factors. These immune, genetic, and environmental factors are intertwined and act synergistically, often triggering and
amplifying one another in the progression of IBD. Changes in genetic, immune, and intestinal microbial factors also
contribute to shaping the distinct IBD phenotype. Unique aspects of pathogenesis provide crucial insights for the precise
treatment of both Crohn’s disease and ulcerative colitis. Despite significant challenges in understanding the pathogenesis
of IBD, research has yielded substantial insights, offering potential solutions for patients. Continued scientific efforts and
exploration have shed light on the fundamental mechanisms underlying IBD, which is crucial for developing effective
prevention and treatment strategies. Utilizing these main contents allow for the development of comprehensive inter-
ventions that reduce harmful influences, enhance protective factors and use an integrative approach to address the
diseases for the benefit of human being.
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Abstract

BACKGROUND

Endoscopic bilateral biliary drainage is a first line palliative treatment for unre-
sectable malignant hilar biliary obstruction (MHBO) but remains technically
challenging. The emergence of self-expandable metallic stents carried by an ultra-
thin (6 Fr or smaller) delivery system now permits simultaneous bilateral stent
placement. To date, only a few studies have compared this new method with
conventional sequential bilateral stenting.

AIM
To evaluate a possible superiority of simultaneous “side by side” (SBS) biliary
drainage in unresectable MHBO.

METHODS

We identified 135 patients who benefited from bilateral drainage using uncovered
self-expandable metallic stents between 2010 and 2023. Among them, 62 benefited
from simultaneous SBS bilateral drainage between 2017 and 2023, and 73 bene-
fited from sequential bilateral drainage [38 using “stent in stent” (SIS) technique
and 35 using SBS technique between 2010 and 2017].
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RESULTS

Technical success was significantly increased in simultaneous drainage compared with sequential drainage (94% vs
75%, P = 0.008). However, simultaneous SBS drainage and sequential SIS drainage had a similar technical success
(94% vs 95%). We observed no differences regarding clinical success, procedure duration and recurrent biliary
obstruction rate. Stent patency was shorter in the SIS group compared with the simultaneous group (103 days vs
144 days). Early adverse events were more frequent in the sequential group (31% vs 21%, P = 0.205), with no
differences regarding SIS or SBS technique. Technical failure was associated with a higher rate of infectious fatal
adverse events (9.5% vs 1.7%, P = 0.02). Reintervention after recurrent biliary obstruction seems to be more
successful after using SBS rather than SIS techniques (83% vs 75%, P = 0.53).

CONCLUSION

Simultaneous SBS metallic stent placement using an ultra-thin delivery system was technically easier and as
efficient as sequential bilateral stenting in unresectable MHBO to achieve bilateral drainage. The SIS procedure
remains a good option in unresectable MHBO.

Key Words: Malignant hilar biliary obstruction; Endoscopic retrograde cholangiopancreatography; Self expandable metallic
stent; Simultaneous drainage; Side by side; Stent in stent

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This retrospective study focused on the different drainage techniques using endoscopic retrograde cholangiopan-
creatography for malignant hilar biliary obstruction. It highlighted the benefits of parallel drainage, particularly when
performed simultaneously using ultra-thin delivery devices. This resulted in a clear advantage in terms of technical success
and reduced the risk of complications associated with technical failure, which was more frequently observed in the case of
sequential drainage, especially in a “side by side” fashion.

Citation: Guilmoteau T, Rouquette O, Buisson A, Cambier S, Abergel A, Poincloux L. Direct comparison of simultaneous and
sequential endoscopic metallic bilateral stenting in malignant hilar biliary obstruction. World J Gastroenterol 2025; 31(19): 101913
URL: https://www.wjgnet.com/1007-9327/full/v31/i19/101913.htm

DOI: https://dx.doi.org/10.3748/wjg.v31.i19.101913

INTRODUCTION

Management of malignant hilar biliary obstruction (MHBO) remains a challenging situation. Most obstructions are
unresectable due to the patient’s general condition or local/ metastatic tumor extent[1]. The latest guidelines recommend
endoscopic biliary drainage as a first-line option, using preferentially uncovered metallic stents over plastic stents[2-6].
Bilateral drainage must be preferred to unilateral drainage in high-grade malignant hilar stricture because it provides a
longer stent patency, with a lower reintervention rate for recurrent biliary obstruction (RBO) and similar clinical
outcomes and adverse events (AEs)[7-10]. Drainage of at least 50% of total functional liver volume must be obtained[11].

Bilateral drainage can be performed using either “side by side” (SBS) or “stent in stent” (SIS) techniques, with no
difference regarding technical and clinical success, stent patency, and survival[12,13]. Nevertheless, bilateral biliary
drainage using metallic stents is still a technical challenge and includes many failed procedures even for a trained
operator. Emergence of a new ultra-thin (6 Fr or smaller) delivery system enables simultaneous SBS metallic stent deploy-
ment. To date, there are few reports regarding the simultaneous bilateral biliary stenting with this new device. Only a
small case series from Inoue et al[14] reported a higher technical success and a shorter procedure time for simultaneous
drainage compared with sequential SBS procedure[14-16]. In this study, we aimed to compare simultaneous SBS vs
sequential (SBS or SIS) bilateral biliary drainage in a large monocentric retrospective series.

MATERIALS AND METHODS

We investigated all patients who underwent bilateral biliary metallic stenting during endoscopic retrograde cholan-
giopancreatography (ERCP) for MHBO in Clermont-Ferrand University Hospital between January 1, 2010 and January 1,
2023. Conventional sequential SBS placement was performed at our institution between 2010 and 2017. Since 2017,
simultaneous SBS placement has been performed on patients with unresectable MHBOSs requiring bilateral drainage. The
patient cohort was divided into those who underwent sequential SBS or SIS placement between 2010 and 2017 (sequential
group) and those who underwent simultaneous SBS placement between 2017 and 2023 (simultaneous group). The two
groups were compared retrospectively. Exclusion criteria included patients with no jaundice, resectable obstructions,
minors, pregnancy, or patients concerned with limited judicial protection.
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MHBO is confirmed after histological or cytological analysis [endoscopic ultrasound (EUS)-fine needle aspiration or
fine needle biopsy, ERCP bile duct brushing, single-operator cholangioscopy system biopsy (SpyGlass®, Boston Scientific
Corporation, United States) or percutaneous biopsy] when possible. Due to the mild diagnosis rentability of cytological
brushing and the difficulties to obtain direct endoscopic biopsies in cholangiocarcinoma, histological/cytological proof
was not systematically achieved. Thus, diagnosis was sometimes confirmed by a multidisciplinary team regarding
medical history and biological and imaging findings. Unresectable status was assessed according to general medical
condition and locoregional or metastatic extent after a medicosurgical multidisciplinary approach. The study was
approved by our local Ethics Committee (IRB00013412, “CHU de Clermont Ferrand IRB #1”, IRB number 2023-CF003)
with compliance to the French policy of individual data protection and was performed in accordance with the principles
of the Declaration of Helsinki.

Data collection

We retrospectively collected clinical data from patient charts including: Demographic information; type of procedure;
type of stent and delivery-system catheter used; date of procedure; tumor type and biliary extent according to Bismuth
and Corlette classification; procedure duration (in minutes); postoperative chemotherapy status; total bilirubin rate
(pmol/L) at day 0 and day 7; early AE related to the procedure (day 0-day 7); late stent-related complications (RBO, i.e.
stent patency and/or dysfunction); type and success of reintervention after RBO; and time until death or last follow-up.

Procedures

All patients underwent sectional cross imaging (CT or magnetic resonance imagery) to evaluate hepatic volumetry and
biliary extension of the MHBO and to assess surgical resectability. All procedures were performed by two ERCP-trained
operators (> 2000 biliary stenting each) in an interventional endoscopy room equipped with fluoroscopy ad patients in
dorsal decubitus position under general anesthesia after orotracheal intubation. Antibiotic prophylaxis was administered
at the discretion of the anesthesiologist following the Société Francaise d’ Anesthésie et de Réanimation recommendations
[17]. Rectal nonsteroidal anti-inflammatory drugs (100 mg diclofenac or indomethacin) were administered based on the
operator’s discretion. All procedures were performed using carbon dioxide insufflation with a 4.2 mm working channel
duodenoscope (TJF-160° and TJF-190®, Olympus Medical Systems Corp., Tokyo, Japan). All patients underwent complete
biliary sphincterotomy when deep biliary catheterization (either transpapillary or using the “double guidewire techni-
que”) was achieved or large fistulotomy if transpapillary catheterization was unsuccessful. In some cases, sphinctero-
tomies had been previously performed.

Sequential SBS technique

Once deep biliary catheterization was achieved, multiple guidewires (0.035 inch straight or angle tip hydrophilic guide-
wire, JagWire® or DreamWire®, Boston Scientific Co., United States) were inserted whenever possible in both left and
right hepatic ducts. Contrast agent was injected selectively only after a guidewire was passed through the hilar stricture.
Following the insertion of the guidewires into the main left and right intrahepatic bile ducts, both strictures were dilated
using 6-mm or 8-mm diameter dilation balloons (Hurricane®, Boston Scientific Co., United States) followed by bilateral
self-expandable metallic stent (SEMS) placement (sequential SBS or SIS technique and simultaneous technique). After
dilation of both strictures, the first SEMS (10 mm diameter, 8 cm, 10 cm, or 12 cm length, 8 Fr delivery shaft catheter,
uncovered Wallflex Biliary RX Stent®, Boston Scientific Co., United States) was placed, usually in the left biliary duct
because of a more challenging stent placement due to the sharp angulation between the left and main bile ducts
compared with right bile duct. The second SEMS was inserted and placed alongside the first SEMS over the other
guidewire and then deployed parallel to the first SEMS.

Sequential SIS technique

We used a Y-shaped stent with a wide wire mesh design (either M-Hilar Bonastent®, Mi-Tech, South Korea, or Y-Type
Niti-S Stent®, Taewoong Medical, South Korea) to perform the SIS technique (or “through the mesh”). These stents have a
thin delivery catheter of 7 Fr allowing to cross the wide wire mesh and an 8 mm diameter once they are deployed. For
this technique, a bilateral guidewire catheterization is not mandatory. After deployment of the first stent across the hilar
stricture, the guidewire left across the primary stent was carefully withdrawn, without pulling it back completely, and
was then inserted into the undrained contralateral hepatic duct through the central wide mesh of the primary stent.

Another uncovered SEMS was then introduced over the guidewire and deployed in the contralateral hepatic duct
(Figure 1).

Simultaneous SBS technique

For this technique, we used SEMS with an ultra-thin delivery system that allowed simultaneous SBS bilateral hilar
stenting achievement with a 4.2 mm working channel duodenoscope. First, a laser-cut SEMS aixstent® (Leufen Medical
GmbH, Berlin, Germany) was carried by a 5 Fr delivery system from 2017 to 2020, and then the Niti-S M-Type® (Tae-
Woong Medical, Seoul, Korea) was carried by a 6 Fr delivery system from 2020 to 2023. Due to the ultra-thin delivery
system, we had to use a 0.025-inch guidewire (either straight VisiGlide®, Olympus, Japan, or angle tip JagWire® Revo-
lution, Boston Scientific Co., United States) when selective insertion of the guidewire into the intrahepatic duct was
difficult to achieve bilateral main left and right bile duct catheterization. Biliary strictures were dilated using a 4-mm, 6-
mm, or 8-mm balloon dilation (Hurricane® RX, Boston Scientific Co., United States), followed by simultaneous insertion
of two SEMS delivery system devices and pushed over each guidewire. Then, the two SEMS were simultaneously
deployed across the hilar stenosis in an SBS configuration. This procedure required the assistance of two endoscopy
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Figure 1 Sequential stent in stent bilateral drainage on X-ray view.

nurses. All SEMS had an 8 mm diameter, with a varying length from 10-12 cm according to the length of the stricture and
the need for all SEMS to be positioned above the duodenal papilla. Furthermore, alignment of the distal stent ends was
attempted. Nevertheless, if needed, a third distal stent could be inserted in the distal tip of one of the initial SEMS to
achieve duodenal lumen expansion (Figure 2, Video 1).

Outcomes and definitions

The primary outcome for this study was to determine the technical success rate for each procedure (sequential or simul-
taneous bilateral stenting). Secondary outcomes included clinical success, procedure duration (in minutes), early AE rate
and stent-related AE rate, RBO rate, and time to RBO (or stent patency, in days). Technical success was defined by the
accurate positioning of two metallic stents across the left and right hilar strictures (SBS in simultaneous group, SBS or SIS
in sequential group). Clinical success was defined by a decrease of at least 50% of total bilirubin (in pumol/L) at day 7
compared with day 0. AEs were classified as early AE when they occurred in the intraprocedural time or within 1 week
after procedure and were graded according to the new AE Gastrointestinal Endoscopy (AGREE) classification[18]. Stent
dysfunction was defined as RBO.

Statistical analysis

Study data were collected and managed using REDCap electronic data capture tools hosted at the University Hospital of
Clermont-Ferrand, France. Statistical analysis was performed using STATA 15 (Stata Corp LLC, TX, United States).
Categorical variables were expressed as 1 (%). Continuous variables were expressed as mean or median and interquartile
range. Group differences were evaluated using Fisher’s or y? tests for categorical variables. For continuous variables,
group differences were evaluated using Wilcoxon’s, Mann-Whitney’s, or Kruskal-Wallis tests. Survival time was
determined using the Kaplan-Meier method. Univariate and multivariate analyses were evaluated using the logistic
regression model. Significance was defined as P < 0.05.

RESULTS

Patient characteristics

We identified 146 patients who benefited from bilateral drainage for MHBO between 2010 and 2023. Among them, 135
patients were included: 62 were treated with simultaneous bilateral drainage (between 2017 and 2023); and 73 were
treated with sequential bilateral drainage (38 had SBS bilateral stent placement and 35 had SIS bilateral stent placement
between 2010 and 2017). The flowchart of the study is presented in Figure 3. Patient characteristics were retrospectively
collected and included age, sex, tumor type, Bismuth and Corlette classification of biliary extent, bilirubin rate at day 0,
postoperative chemotherapy treatment status, and survival time. Results are presented in Table 1 and we observed no
significant differences between the two groups.

Technical success

Technical success was achieved in 94% of patients in the simultaneous group and in 77% of patients in the sequential
group (P = 0.008). In the sequential group, technical success was more often achieved for the SIS technique (95%) than
with the SBS technique (57%) (P = 0.001). A total of 58 patients underwent technical success in the simultaneous group: 21
using aixstent BDH® device (Leufen Medical GmbH, Berlin, Germany) and 37 using Niti-S M-Type® device (TaeWoong
Medical, Seoul, Korea). We did not observe any significant difference in technical success between patients who had
aixstent BDH or Niti-S stent implantation. Technical failure tended to be associated with a higher risk of death (hazard
ratio: 1.35, P = 0.22). Baseline bilirubin rate did not appear to impact technical success. In the univariate and multivariate
analysis, technical success was less frequent for Bismuth and Corlette IV type and metastatic hilar obstruction (Table 2).
Patient outcomes are presented in Table 3.
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Table 1 Patient characteristics at baseline

Characteristics Sequential group, Seql.lential group, side .Sequential group, stent  Simultaneous P
overall by side in stent group value
Number of patients 73 35 38 62
Male 41 (56) 21 (51) 20 (49) 35 (56) 0.82
Age, years, median 71 71 71 68 0.59
Tumor type 0.32
Cholangiocarcinoma 34 (47) 19 (54) 15 (39) 38 (61)
Hilar metastasis 34 (47) 14 (40) 20 (53) 21 (34)
Hepatocarcinoma 5 (6) 2(6) 3(8) 3 (5)
Bismuth and Corlette classification 0.053
II 1(1) 0(0) 12 8(12)
IITa 17 (23) 11 (31) 6 (16) 9 (15)
b 5(7) 2 (6) 3 (8) 9 (15)
v 50 (69) 22 (63) 28 (74) 36 (58)
Bilirubin rate, day 0, pmol/L, 224 (158-340) 238 (162-342) 220 (150-338) 225 (132-334) 0.80
median (IQR)
Postoperative chemotherapy 25 (36) 14 (42) 11 (30) 31 (53) 0.095
Survival time, days, median (IQR) 61 (39-78) 69 (43-128) 43 (27-65) 67 (56-105) 0.24

Data are presented as n (%). IQR: Interquartile range.

Table 2 Univariate and multivariate analyses for technical success

Variables Univariate Univariate Univariate Multivariate Multivariate Multivariate
analysis, OR analysis, 95%Cl  analysis, P value analysis, OR analysis, 95%Cl analysis, P value

Baseline bilirubin ~ 0.98 0.63-1.52 0.931 0.90 0.51-1.57 0.703

rate

Bismuth and 0.50 0.17-1.45 0.202 0.23 0.42-1.22 0.085

Corlette type IV

Hilar metastasis ~ 0.45 0.17-1.19 0.106 0.27 0.06-1.10 0.068

OR: Odds ratio; CI: Confidence interval.

Clinical success

Clinical success was observed in 75% of patients in the simultaneous group and in 72% of patients in the sequential
group. In the sequential group, there was no significant difference concerning clinical success between the SBS and SIS
techniques (76% and 69%, respectively, P = 0.823).

Procedure duration
Median procedure duration was 80 min in the sequential group and 72 min in the simultaneous group (P = 0.92), with no
difference between sequential SBS and SIS techniques (75 and 80 minutes, respectively, P = 0.75).

Early AEs related to the procedure

Overall, an early AE was observed in 31% of patients in the sequential group and 21% in the simultaneous group, with no
significant difference (P = 0.205). Complication rates were similar between the SBS and SIS techniques in sequential group
(34% and 29%, respectively, P = 0.39). Early AEs included 13 pancreatitis (no patient required intensive care unit
admission or endoscopic/surgical intervention), 16 cholangitis (2 patients admitted in intensive care unit, 4 died), 6
hemorrhagic complications (due to sphincterotomy or iatrogenic duodenal ulcer, all medically managed), and 1 duodenal
perforation occurred (in SBS sequential group, surgically managed). Cholangitis had a trend to be more frequently
observed in the sequential group (16% vs 6%, P = 0.07), with no differences between the SBS or SIS techniques (17% and
16% respectively, P = 0.19). Early AE rates are represented in Figure 4A.
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Table 3 Patient outcomes

Patient outcomes Sequential group, Seqlljential group, side .Sequential group, stent  Simultaneous P
overall by side in stent group value
Technical success 56 (77) 58 (94) 0.008
56 (77) 20 (57) 36 (95) 58 (94) 0.001
Clinical success (1 = 101) 33 (72) 13 (76) 20 (69) 41 (75) 0.82
Procedure duration, minutes, 80 (60-90) 75 (35-93) 80 (60-90) 72 (58-99) 0.75
median (IQR)
Early adverse event
Overall 23 (31) 12 (34) 11 (29) 12 (21) 0.39
Pancreatitis 8 (11) 4(11) 4 (11) 5(8) 0.81
Cholangitis 12 (16) 6 (17) 6 (16) 4 (6) 0.19
Hemorrhage 2(3) 1(3) 1(3) 4 (6) 0.66
Duodenal perforation 1(1) 1(3) 0(0) 0 (0) 0.26
Recurrent biliary obstruction 9 (18) 1(5) 8 (20) 13 (22) 0.049
Time to RBO, days, mean 112 182! 103 144
Reintervention after RBO 9 (100) 1 (100) 8 (100) 11 (85) 0.49
Successful reintervention 7 (78) 1 (100) 6 (75) 9(82) 1

111 = 1. Data are presented as 1 (%). RBO: Recurrent biliary obstruction; IQR: Interquartile range.

Most of the AEs were graded AGREE II (64% of overall AEs). We observed three fatal complications (AGREE V) in the
sequential group and 1 fatal complication in the simultaneous group; both were infectious complications due to cho-
langitis. Technical and clinical failures were associated with a higher rate of AGREE V complications (9.5% and 7.4%
respectively, P = 0.02). Patients with technical success had a lower risk of infectious complications [odds ratio (OR) = 0.25,
0.08-0.78, P = 0.016], and technical failure was associated with an increased risk of fatal sepsis (AGREE V, OR = 5.89, 0.78-
44.4, P = 0.085). We did not report any procedure-related death except for patients who suffered cholangitis with multiv-
isceral failure due to septic shock (4 patients, 3% of overall patients). Distribution of AE severity is detailed in Figure 4B.

RBO

Among patients with technical success, RBO was observed in 13 patients in the simultaneous group and 9 patients in the
sequential group (22% and 18%, respectively). In the sequential group, RBO occurred in 1 patient (5%) in the SBS group
and in 8 patients (20%) in the SIS group (P = 0.049). Mean time to RBO was 144 and 112 days in the simultaneous and
sequential groups, respectively. Only 1 patient experienced RBO in the sequential SBS group after 182 days. Mean time to
RBO in the sequential SIS group was 103 days. Using the Kaplan-Meier method among the patients with technical
success, the risk of RBO was not different between the simultaneous and sequential groups (P = 0.39) (Figure 4C). After
RBO, all patients underwent endoscopic reintervention, except 2 patients in the simultaneous group (15%, P = 0.49) who
were not compatible with general anesthesia. Technical and clinical success were obtained in 82%, 75%, and 100% of cases
in the simultaneous, sequential SIS, and SBS groups, respectively. Reintervention seemed to be more efficient when SBS
bilateral drainage (either simultaneous or sequential) was performed compared with the SIS technique (83% vs 75%, P =
0.53).

Overall survival
We observed a median survival time of 67 days in the simultaneous group vs 61 days in the sequential group (69 days in
the SBS group and 43 days in the SIS group). No significant difference was observed between groups (P = 0.24).

DISCUSSION

Complete biliary drainage in cases of unresectable MHBO frequently requires bilateral metallic drainage, a technically
challenging endoscopic procedure. The emergence of SEMS associated to an ultra-thin delivery system such as aixstent®
BDH (Leufen Medical GmbH, Berlin, Germany) carried by a 5 Fr delivery system and Niti-S M-Type® (TaeWoong
Medical, Seoul, Korea) carried by a 6 Fr delivery system has been a true revolution in our practice by highly increasing
technical success without impacting clinical outcomes or RBO rate compared with sequential stenting. Our study showed
that simultaneous bilateral biliary drainage using a 6 Fr or 5 Fr delivery system was superior to sequential drainage when
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Figure 2 Sequential side by side bilateral drainage on X-ray and endoscopic view. A: Placement of guidewires across the strictures; B: Dilation of left
stricture; C: Dilation of right stricture; D: Simultaneous placement of two metallic biliary stents; E: Endoscopic view after drainage with two biliary self-expandable
metallic stent well distinct in the duodenal lumen.

an SBS approach is chosen. Technical success was achieved in 94% of cases, a success rate that is similar with previous
studies that evaluated feasibility of simultaneous SBS drainage, with a technical success ranging from 71% to 100%[14-16,
19]. Our results concerning technical success of sequential SBS drainage are comparable with Inoue et al[14] (71% of
technical success, P = 0.045). We also observed a high technical success rate of 95% for the SIS procedure and was
comparable with previously existing literature (approximately 100%). Interestingly, we observed a higher rate of technical
failure for patients who suffered hilar metastatic obstruction and for type IV of Bismuth and Corlette strictures. Baseline
bilirubin rate did not appear to interfere with technical success or failure. A high technical success is important because it
is closely related to the risk of post-procedure AE, particularly cholangitis, even though contrast agent injection in the
non-catheterized liver segments was carefully avoided, whatever technique we used.

We reported a lower rate of early AE in the simultaneous group compared with the sequential group (21% vs 31%, P =
0.205). Cholangitis was observed more in the sequential group, with no difference between the SBS or SIS technique
(Figure 4D). The higher rate of cholangitis in the sequential SBS group might be explained by the higher rate of technical
failure. Concerning the sequential SIS group, the higher rate of cholangitis might be explained by the unilateral balloon
dilatation of the bile duct before bilateral stenting or the difficulty of accurate positioning of the proximal tip of the
crossing stent due to the frictional forces at the crossing point of the two stents. Recent meta-analysis evaluating SIS and
SBS bilateral drainage found no differences in terms of AE between the two techniques (risk difference: -0.09, P = 0.07)
[20], despite the fact that some authors suggest a higher rate of cholangitis with SBS techniques due to higher incidence of
portal vein occlusion or obstruction of one of the two stents[21]. Use of thinner stents of 8 mm in simultaneous and
sequential SIS groups probably contributed to lower the portal vein occlusion rate.

Technical failure was associated with a significantly higher rate of fatal cholangitis (OR 5.89, 0.78-44.4, P = 0.085),
reminding us of the absolute necessity of adequate drainage of all opacified biliary areas, using if necessary in case of
ERCP failure, alternative techniques such as percutaneous transhepatic biliary drainage (PTBD) or EUS-guided biliary
drainage (EUS-BD). Furthermore, Vienne et al[11] proved that drainage of an atrophic biliary area is useless and im-
proved cholangitis, supporting the necessity for hepatic volumetry assessment prior to ERCP to reduce post-procedural
cholangitis. Kongkam ef al[22] compared the association of ERCP + EUS-BD over PTBD for unresectable MHBO and
showed a high technical success rate with a similar clinical success rate and a significantly lower RBO rate at 3 months
and 6 months. Vanella et al[23] confirmed superiority of EUS-BD over PTBD after failed ERCP and proposed EUS-BD as a
first option after failure of retrograde stenting. Those results are supported by the latest 2022 European Society of
Gastrointestinal Endoscopy (ESGE) recommendations, which now suggest hepaticogastrostomy using EUS-BD after
ERCP or PTBD failure[24].
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Assessed for eligibility (7 = 146)

Excluded (7 = 15)
10 patients without jaundice
1 patient with resectable obstacle

Analyzed (n = 135)

|
' !

Simultaneous drainage arm (7 = 62) Sequential drainage arm (7 = 73)
Stent in stent technigue (n = 38)
Side by side technigue (n = 35)

Technical success (7 = 56)
Technical success (7 = 58) Stent in stent technigue (n = 36)
Side by side technigue (n = 20)

Procedure failure (7 = 4) Procedure failure (7 = 17)
EUS-BD (7 = 1) EUS-BD (7 = 9)
Died (7 = 1) Unilateral biliary drainage (7 = 3)
Unilateral biliary stenting (7 = 2) PTBD (7 = 2)
Surgical drainage (7 = 1)
ERCP (7 = 1)
Lost to follow-up (7 = 1)

Figure 3 Flow diagram of the participants analyzed. EUS-BD: Endoscopic ultrasound-guided biliary drainage; PTBD: Percutaneous transhepatic biliary
drainage; ERCP: Endoscopic retrograde cholangiopancreatography.

We expected a shorter procedure time in the simultaneous group since Inoue et al[14] and Kawakubo et al[15] proved
that simultaneous drainage shortens procedure time compared with sequential procedure (22 min and 25 min for
simultaneous bilateral stenting in their study, respectively). In our study, the median procedure time was not different
between the simultaneous and sequential procedures (80 min vs 72 min, P = 0.92). It was close to the simultaneous
procedure time found by Chennat et al[19] and Law and Baron[15] (64 min and 75 min, respectively). We suffered from a
lack of data concerning procedure duration. This is explained by the possibility for a same patient to benefit from both
diagnostic EUS and therapeutic ERCP in the same procedure time. We excluded from procedure duration analysis all
patient who benefited from the two procedures at the same time to not interfere with data of ERCP alone. Procedure time
could sometimes include anesthetic induction and/or orotracheal extubation, which probably increased procedure time
in our study.

Clinical success was defined in our study as a decrease of at least 50% of the bilirubin rate at day 7. Recent ESGE
recommendations suggest that clinical success should be defined as a decrease of 50%-75% bilirubin rate after 2-4 weeks.
We observed a similar clinical success rate (72% to 75%, P = 0.82) between the sequential and simultaneous group, a result
that might be better with a different definition of clinical success, such as recommended by the ESGE[24]. Due to retro-
spective collection of data in our study, missing data would have been too important with such definition. Paik ef al[25]
reported a clinical success rate of 69%-97% after using a metallic stent, and these results are comparable to our findings.
Those results support the fact that despite the use of less wide stents in the simultaneous group (8 mm vs 10 mm
diameter), we did not observe a decrease of clinical success or stent patency.

We observed a shorter median survival time compared with other studies (61 days in the sequential group and 67 days
in the simultaneous group in our study), especially in the sequential SIS group (43 days). In comparison, median survival
time ranged from 146 days to 381 days in a meta-analysis by Chen et al[26] (five studies comparing SIS and SBS, 250
patients). This survival does not seem to be influenced by the stenting technique used but is rather a reflection of the
severity of the underlying pathology, particularly in the SIS group where a slightly higher proportion of patients present
with metastatic disease and have less access to postoperative chemotherapy.

That observation might also explain the lower RBO rate we observed in our study knowing that the usual RBO rate
ranges from 18% to 53% in the studies that compared SIS and SBS, with a median stent patency of 118 days to 262 days,
respectively[26]. Mean time to RBO was 144 days in the simultaneous group and 103 days in the SIS group. A difference
that might be explained by the large cell mesh design of the stents used in the SIS technique, favoring tumor ingrowth[26,
27]. Reintervention after RBO seems to be more successful with SBS stenting (sequential and simultaneous combined)
than with SIS stenting (83% vs 75%, P = 0.53). This non-significant difference might be explained by the easier access to
both distal tip of the stents with SBS drainage rather than with SIS techniques (two end-tip stents in the duodenal lumen
with SBS technique vs one with SIS technique).
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Figure 4 Adverse event and recurrent biliary obstruction outcomes. A: Rate of early adverse events among groups; B: Repartition of severity according
the Adverse Event Gastrointestinal Endoscopy classification among patients who suffered from an adverse event; C: Kaplan-Meier curves compared recurrent biliary
obstruction-free survival between simultaneous and sequential groups; D: Repartition of severity according to the Adverse Event Gastrointestinal Endoscopy
classification among patients with cholangitis. AGREE: Adverse Event Gastrointestinal Endoscopy; SBS: Side by side; SIS: Stent in stent.

To date, this study was the largest concerning comparison of simultaneous and sequential bilateral biliary drainage.
Patients were recruited over a large period of 13 years, and procedures were realized all along by only two trained
operators. Most reinterventions for RBO proceeded in our tertiary center. The limits of this study were the single center
retrospective design, with missing data affecting clinical success and procedure duration. It is important to note that the
only study that compared simultaneous and sequential bilateral biliary drainage was also a retrospective monocentric
study, with a smaller cohort of 34 patients[16]. Furthermore, due to a large recruitment period, technical success of the
sequential technique might have been negatively impacted (procedures performed from 2010 to 2017 in comparison with
the simultaneous technique performed from 2017 and 2023).

CONCLUSION

Endoscopic simultaneous bilateral metallic stenting using new SEMS with an ultra-thin (5 Fr or 6 Fr) delivery system is
technically easier and as efficient as sequential bilateral stenting in unresectable MHBO to achieve bilateral drainage and
can be useful to avoid the risk of a failed second stent placement. However, we reported a similar technical and clinical
success in simultaneous SBS and sequential SIS groups with a higher rate of infectious complications in the sequential
group even after successful SIS placement. Technical failure was significantly associated with fatal infectious complic-
ations. The RBO rate was similar in simultaneous and sequential SIS groups but with a shorter stent patency in the SIS
group. We failed to show a difference in terms of procedure duration between the two techniques. Both simultaneous SBS
and sequential SIS are valuable options for palliative endoscopic drainage in MHBO. However, the technical require-
ments are high and need to be completed by trained endoscopists. Further prospective multicentric trials are needed to
investigate the place of simultaneous SBS technique as a first-line treatment in unresectable MHBO compared with the
SIS technique.
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Abstract

BACKGROUND

Budd-Chiari syndrome (BCS) is caused by obstruction of the hepatic veins or suprahepatic inferior vena cava,
leading to portal hypertension and the development of gastroesophageal varices (GEVs), which are associated with
an increased risk of bleeding. Existing risk models for variceal bleeding in cirrhotic patients have limited applic-
ability to BCS due to differences in pathophysiology. Radiomics, as a noninvasive technique, holds promise as a
tool for more accurate prediction of bleeding risk in BCS-related GEVs.

AIM
To develop and validate a personalized risk model for predicting variceal bleeding in BCS patients with GEVs.

METHODS

We retrospectively analyzed clinical data from 444 BCS patients with GEVs in two centers. Radiomic features were
extracted from portal venous phase computed tomography (CT) scans. A training cohort of 334 patients was used
to develop the model, with 110 patients serving as an external validation cohort. LASSO Cox regression was used
to select radiomic features for constructing a radiomics score (Radscore). Univariate and multivariate Cox re-
gression identified independent clinical predictors. A combined radiomics + clinical (R + C) model was developed
using stepwise regression. Model performance was assessed using the area under the receiver operating charac-
teristic curve (AUC), calibration plots, and decision curve analysis (DCA), with external validation to evaluate
generalizability.

RESULTS

The Radscore comprised four hepatic and six splenic CT features, which predicted the risk of variceal bleeding.
Multivariate analysis identified invasive treatment to relieve hepatic venous outflow obstruction, anticoagulant
therapy, and hemoglobin levels as independent clinical predictors. The R + C model achieved C-indices of 0.906
(training) and 0.859 (validation), outperforming the radiomics and clinical models alone (AUC: training 0.936 vs
0.845 vs 0.823; validation 0.876 vs 0.712 vs 0.713). DCA showed higher clinical net benefit across the thresholds. The
model stratified patients into low-, medium- and high-risk groups with significant differences in bleeding rates (P
<0.001). An online tool is available at https:/ /bcsvh.shinyapps.io/BCS_Variceal Bleeding Risk_Tool/.

CONCLUSION
We developed and validated a novel radiomics-based model that noninvasively and conveniently predicted risk of
variceal bleeding in BCS patients with GEVs, aiding early identification and management of high-risk patients.

Key Words: Budd-Chiari syndrome; Gastroesophageal varices; Variceal bleeding; Radiomics; Prognostic model

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study develops a personalized, noninvasive predictive model for variceal bleeding risk in Budd-Chiari
syndrome (BCS) patients with gastroesophageal varices. By combining radiomic features from computed tomography
imaging with clinical data, the model demonstrated superior predictive performance over traditional approaches, offering a
promising tool for early risk assessment and improving patient management in BCS.

Citation: Wang ZD, Nan HJ, Li SX, Li LH, Liu ZC, Guo HH, Li L, Liu SY, Li H, Bai YL, Dang XW. Development and validation of
a radiomics-based prediction model for variceal bleeding in patients with Budd-Chiari syndrome-related gastroesophageal varices.
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URL: https://www.wjgnet.com/1007-9327/full/v31/i19/104563 .htm
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INTRODUCTION

Budd-Chiari syndrome (BCS) is a complex hepatic vascular disorder characterized by the obstruction of the hepatic veins
and/or the suprahepatic inferior vena cava, leading to impaired hepatic blood outflow. This obstruction can result in
posthepatic portal hypertension, subsequently causing gastroesophageal varices (GEVs)[1-3]. Rupture and bleeding of
GEVs are fatal complications associated with high mortality rates linked to portal hypertension. Approximately 50%-60%
of patients with liver cirrhosis develop GEVs, with 10%-15% experiencing variceal bleeding annually[4,5]. Therefore,
early and accurate prediction of variceal bleeding risk is crucial for timely intervention and improving patient prognosis.
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Currently, risk assessment models for variceal bleeding in cirrhotic patients are well established, with endoscopic
examination and clinical scoring systems widely utilized. However, the pathophysiological mechanisms of BCS differ
from those of cirrhosis, leading to distinct risks and characteristics of GEVs. Existing predictive models have limited
applicability in BCS patients[6]. Endoscopy, as an invasive procedure, may cause discomfort and potential complications,
especially in patients with severely impaired liver function[7].

Radiomics, an emerging technology, transforms medical imaging into high-dimensional quantitative features,
including shape, intensity and texture. This technique can capture complex patterns in imaging data that are difficult for
the human eye to discern, providing a more comprehensive risk assessment for portal hypertension and its complications
[8-10]. The application of radiomics holds promise for offering more accurate bleeding risk predictions in BCS patients,
addressing the limitations of traditional endoscopic evaluations.

The aim of this multicenter study was to develop and validate a radiomics-based predictive model for noninvasive
assessment of variceal hemorrhage risk in patients with GEVs associated with BCS, with the aim of providing reliable
tools for enhancing clinical decision-making and optimizing patient outcomes.

MATERIALS AND METHODS

Ethical approval and patient selection

This retrospective study was conducted at two tertiary hospitals in Zhengzhou, China: Zhengzhou University First
Affiliated Hospital and Zhengzhou University People's Hospital. The study adhered to the ethical principles outlined in
the Declaration of Helsinki and was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou
University (Approval No. 2021-KY-1137-002). As a retrospective observational study, the requirement for informed
consent was waived. To ensure confidentiality, all private patient information was deidentified before analysis.

The study included patients diagnosed with BCS complicated by GEVs, with data collected from Zhengzhou
University First Affiliated Hospital between January 1, 2016 and December 31, 2021, and Zhengzhou University People's
Hospital between January 1, 2016 and December 31, 2022. The diagnosis of BCS was based on criteria from the Chinese
Society of Hospital Medicine for Budd-Chiari Syndrome and Liver Vascular Diseases and the European Study Group on
Vascular Diseases of the Liver. Imaging modalities such as ultrasound, computed tomography (CT) venography,
magnetic resonance venography and digital subtraction angiography were used to confirm the presence of vascular
outflow obstruction. Enhanced CT imaging was utilized by two experienced radiologists to confirm the diagnosis of
GEVs and generate imaging reports.

Participants were included if they met the following criteria: (1) Definitive diagnosis of BCS based on imaging evidence
of venous outflow obstruction; and (2) First-time diagnosis of GEVs based on three-phase enhanced CT imaging. Patients
were excluded if they met any of the following criteria: (1) Previous variceal treatment; (2) Presence of malignant tumors;
(3) Other liver diseases such as viral, alcoholic or autoimmune hepatitis; (4) Incomplete or poor-quality imaging or clinical
data; (5) In-hospital death or concurrent severe organ dysfunction; (6) Transjugular intrahepatic portosystemic shunt
(TIPS) for massive ascites; or (7) Prophylactic treatment for GEVs during follow-up. The inclusion and exclusion process
is summarized in Figure 1.

Image preprocessing and feature extraction

Each patient underwent a standardized GE 64-row spiral CT examination. Patients were instructed to fast for 6-8 hours
before scanning, and an iodine allergy test was conducted. For patients without iodine allergy, 800-1000 mL of warm
water was consumed 5 minutes before scanning to ensure adequate gastric filling. Scanning parameters included a tube
voltage of 120 kVp, tube current of 290-650 mA and scan thickness of 5.0 mm. Contrast-enhanced scans were performed
using iodixanol (300 mgl/mL) as the contrast agent, with a weight-adjusted dose administered at 2.5-3.5 mL/s. Images
were acquired during the arterial (approximately 30 seconds postinjection) and venous (60-70 seconds postinjection)
phases and reconstructed on the AW4.4 workstation with a slice thickness of 0.63 mm.

To avoid any variations in scanning accuracy and three-dimensional (3D) reconstruction between centers, all imaging
examinations at both hospitals were performed using identical GE 64-row spiral CT scanners, strictly standardized
acquisition protocols and the same 3D reconstruction software. This uniformity ensures that any potential differences
attributable to device or software variability are effectively minimized, thereby providing consistent imaging data
processing and reliable radiomics feature extraction.

Two regions of interest (ROIs) were manually delineated at the hepatic (Figure 2A) and splenic (Figure 2B) hilum levels
using 3D Slicer (version 5.6.1). Two experienced radiologists (each with > 7 years of experience) independently seg-
mented the ROIs, ensuring that they captured relevant anatomical structures while excluding major blood vessels,
artefacts, and focal hepatic lesions. Any inconsistencies were resolved through discussion with a senior radiologist (> 15
years of experience). To validate segmentation consistency, the ROIs were independently redrawn by two experienced
radiologists (Reader 1 and Reader 2), and the intraclass correlation coefficient (ICC) values above 0.75 confirmed high
reproducibility.

Radiomic features were extracted from the delineated ROIs using PyRadiomics (version 3.1.0). Preprocessing steps
included Z-score normalization to standardize feature distributions, grayscale discretization into 25 bins, and sym-
metrical gray-level co-occurrence matrix (GLCM) enforcement to improve texture feature reproducibility. Voxel
resampling was not applied due to consistent voxel spacing across datasets. A total of 851 radiomic features were
extracted for each ROI, spanning seven categories: shape (14), first-order intensity (162), and second-order texture
features, including gray-level co-occurrence matrix (216), gray-level run length matrix (144), gray-level size zone matrix
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Figure 1 Study flow chart. TIPS: Transjugular intrahepatic portosystemic shunt.

Figure 2 Regions of interest for the liver and spleen. A: Region of interest (ROI) for the liver delineated at the hepatic hilum; B: ROI for the spleen
delineated at the splenic hilum.

(144), gray-level dependence matrix (126), and neighbouring gray tone difference matrix (45). In total, 1702 features (851
per ROI) were extracted for subsequent analysis.

Clinical and radiomics data

The clinical data included key demographic, laboratory and imaging parameters relevant to bleeding risk and BCS
severity. Imaging parameters derived from contrast-enhanced CT scans included measurements reflecting vascular
obstruction and splenic and portal hemodynamics. These parameters were selected based on their clinical relevance and
ease of measurement, ensuring consistency and reproducibility across retrospective datasets.

Extracted radiomic features underwent preprocessing to ensure consistency and comparability across datasets.
Features were standardized using Z-score normalization, and feature selection was performed to identify the most
predictive radiomic variables for model development. The selected features were integrated with clinical data to develop
predictive models for bleeding risk.

Follow-up and outcomes

The follow-up period was set at 3 years (or until the occurrence of a bleeding event, whichever occurred first). The
primary endpoint of the study was the initial occurrence of esophagogastric variceal bleeding, which was confirmed
through clinical diagnosis. This diagnosis was based on pertinent clinical manifestations of upper gastrointestinal
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bleeding, such as hematemesis and/or melena, that necessitated treatment via endoscopic therapy, interventional
procedures, or surgery. Patients with upper gastrointestinal bleeding caused by ulcers, gastric diseases related to portal
hypertension, or other nonvariceal factors were excluded.

Statistical analysis

The statistical analysis was conducted using SPSS 26, R 4.2.3, and X-tile. Normally distributed quantitative data are
presented as mean + SD, and group comparisons were performed using t tests, while non-normally distributed data were
expressed as M (Q1, Q3) and compared using Mann-Whitney U tests. Numerical data were reported as frequencies
(percentages) and analyzed using y? tests or Fisher's exact test. Independent risk factors for bleeding were identified
through univariate and multivariate Cox regression analyses. LASSO Cox regression was applied for radiomic feature
selection, thereby reducing the dimensionality of the data. The penalty parameter () was optimized via 10-fold cross-
validation based on the minimum deviance criterion. The proportional hazards assumption was validated using a
multivariate Cox model. The receiver operating characteristic (ROC) curve for the predictive model was visualized using
the rms package and deployed as a web tool on shinyapp.io via DynNom. Model discrimination was evaluated using the
Cindex and its 95% confidence interval (95%CI), while calibration was assessed using a calibration curve generated with
the rms package. Clinical efficacy was evaluated through decision curve analysis (DCA) using the ggDCA package. The
optimal risk score cut-off for hierarchical risk classification was determined using X-tile. Kaplan-Meier survival analysis
was performed, with significance set at P < 0.05.

RESULTS

Patient demographics and baseline characteristics (bleeding vs nonbleeding groups)

A total of 444 BCS patients with GEVs were included in this study. The mean age of the cohort was 51.5 + 10.9 years
(range 21-85 years), and 58.9% were male. During the follow-up period, 61 patients (13.7%) experienced their first variceal
bleeding event. Patients were classified into the bleeding group (n = 61) and the nonbleeding group (n = 383). A
comparison of baseline characteristics between the two groups is presented in Table 1.

Patients in the bleeding group had significantly lower platelet counts, albumin levels and sodium levels but higher
creatinine, aspartate aminotransferase (AST), Child-Pugh grade, albumin-bilirubin score, and Model for End-stage Liver
Disease score (all P < 0.05). In contrast, fewer patients in the bleeding group had undergone invasive treatment to relieve
hepatic venous outflow obstruction compared to the nonbleeding group (P < 0.001), suggesting a potential protective
effect of this intervention (Table 1).

Comparison of the training and validation cohorts

To develop and validate the risk prediction model, patients from the First Affiliated Hospital of Zhengzhou University (n
= 334) were designated as the training cohort, whereas those from Zhengzhou University People’s Hospital (n = 110)
constituted the validation cohort. There were no significant differences (all P > 0.05) in baseline demographics, clinical
parameters or imaging findings between these two cohorts (Table 2). Such comparability ensures a robust basis for
subsequent model development and external validation.

Radiomics feature selection and clinical correlation analysis

A total of 1702 radiomic features were extracted per patient, with 851 features from each ROI. To ensure data stability,
reliability was assessed by computing the ICC for a randomly selected subset of 30 patients. Features with ICC > 0.75
were retained, resulting in 1333 reliable radiomic features for subsequent analysis. Feature selection was performed using
LASSO Cox regression with 10-fold cross-validation to optimize the penalty parameter (A), which identified 10 nonzero
radiomic features for constructing the Radscore (Figure 3). These features included nine wavelet-transformed texture
features and one GLCM-derived feature, reflecting their relevance in capturing multi-scale texture patterns and texture
coarseness (Supplementary Table 1). Univariate Cox regression analysis of clinical variables revealed significant associ-
ations with sex, portal vein thrombosis, invasive treatment to relieve hepatic venous outflow obstruction, use of antico-
agulant medication, ascites, spleen thickness, red blood cell count, hemoglobin level, platelet count, serum sodium level,
creatinine level, AST level, alkaline phosphatase level, albumin level, direct bilirubin level, prothrombin time, BCS type,
and Child-Turcotte-Pugh class. Multivariate Cox regression further identified three independent risk factors for GEV
bleeding in BCS patients. Invasive treatment to relieve hepatic venous outflow obstruction, use of anticoagulant
medication and hemoglobin levels (Table 3). These variables were used to construct a clinical-only risk prediction model
(C model), which demonstrated significant predictive performance.

Development and validation of a prognostic model for GEV bleeding

To construct a comprehensive risk prediction model, the radiomics-based Radscore was integrated with significant
clinical variables identified through multivariate Cox regression analysis. The final model revealed that the following
were independent risk factors for bleeding in patients with BCS. Invasive treatment to relieve hepatic venous outflow
obstruction [hazard ratio (HR) = 0.089, 95%CI = 0.044-0.181, P < 0.001), use of anticoagulants (HR = 10.653, 95%CI = 3.102-
36.582, P < 0.001), gender (HR = 2.332, 95%CI = 1.057-5.144, P = 0.036), platelet count (HR = 0.992, 95%CI = 0.984-0.999, P
= 0.035), and Radscore (HR = 1.545, 95%CI = 1.236-1.932, P < 0.001). These variables were incorporated into a nomogram
for individualized prediction (Figure 4). The predictive accuracy of the radiomics + clinical (R + C) model was assessed
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Table 1 Baseline characteristics of Budd-Chiari syndrome patients with gastroesophageal varices stratified by variceal bleeding status

Variables Bleeding group (n = 61) Non-bleeding group (n = 383) P value
Age (years) 521+11.2 51.4+10.8 0.640
Sex (male) 50 (82) 209 (54.6) <0.001
Diabetes 3(4.9) 29 (7.6) 0.633
Ascites 33 (54.1) 144 (37.6) 0.015
Hepatic encephalopathy 2(3.3) 11(2.9) 1.000
IVC or HV thrombosis 9 (14.8) 79 (20.6) 0.285
Portal vein thrombosis 7 (11.5) 16 (4.2) 0.038
Spleen thickness (mm) 46 (39, 58) 45 (39, 49) 0.041
Portal vein diameter (mm) 12.7 (10.0, 14.5) 12.7 (10.0, 15.0) 0.994
BCS type 0.042
HV type 19 (31.1) 67 (17.5)

Mixed type 35 (57.4) 269 (70.2)

IVC type 7 (11.5) 47 (12.3)

Child-Pugh grade <0.001
A 26 (42.6) 256 (66.8)

B 21 (34.4) 121 (31.6)

C 14 (23) 6 (1.6)

ALBI, median (IQR) -2.07 (-2.57, -1.28) -2.38 (-2.75, -1.97) <0.001
MELD, median (IQR) 8.22 (4.07, 13.00) 4.15 (1.72,7.19) <0.001
Use of anticoagulant medication 56 (91.8) 310 (80.9) 0.038
Invasive treatment to relieve hepatic venous outflow obstruction 27 (44.3) 344 (89.8) <0.001
White blood cell (x 10%/L) 3.8(2.9,5.0) 3.4 (2.7,45) 0.271
Red blood cell (x 10*2/L) 3.7 (2.8, 4.4) 4.0 (3.6, 4.4) 0.016
Hemoglobin (g/L) 115 (77.5, 134.0) 124 (109, 138) 0.005
Platelet (x 10°/L) 71 (48.5, 98) 90 (67, 126) <0.001
Sodium (mmol/L) 140 (137.5, 142.0) 142 (140, 143.9) <0.001
Creatinine (umol/L) 62 (48.5, 76.5) 55 (46, 65) 0.007
Alanine aminotransferase (U/L) 23 (19, 39.5) 21 (17, 27) 0.019
Aspartate aminotransferase (U/L) 32 (23.5, 50) 27 (23, 34) 0.001
Gamma-glutamyl transferase (U/L) 74 (41,151) 60.6 (36.5, 111) 0.065
Alkaline phosphatase (U/L) 106 (80.6, 142) 90 (72,117) 0.006
Total protein (g/L) 61.1 (54.1, 66.9) 63.2 (58.7, 67.8) 0.018
Albumin (g/L) 33.2(28.7,39.8) 38.3 (34, 42) <0.001
Total bilirubin (umol/L) 26.5 (14.8, 60.2) 21 (14.1, 31.5) 0.015
Prothrombin time (s) 16.3 (14.7,18.5) 14.6 (13.7,16.0) <0.001

BCS: Budd-Chiari syndrome; IVC: Inferior vena cava; HV: Hepatic veins; ALBI: Albumin-bilirubin; MELD: Model for end-stage liver disease.

using the C-index, which achieved values of 0.906 in the training set and 0.859 in the validation set, indicating excellent
discrimination. The R + C model demonstrated better predictive performance compared to the clinical-only model (C
model) and the radiomics-only model (Radscore; Table 4). ROC curves were generated to assess model discrimination
over a 3-year follow-up period. The results showed that the R + C model achieved superior discrimination compared to
the individual Radscore and C model, as reflected by its larger AUC in both the training and validation datasets
(Figure 5). Calibration curves confirmed a strong alignment between predicted and observed outcomes (Figure 6), while
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Variables Training cohort (n = 334) Validation cohort (n = 110) P value
Age (years) 514111 51.9+10.3 0.663
Sex (male) 193 (57.8) 66 (60) 0.683
Diabetes 26 (7.8) 6 (5.5) 0.412
Ascites 131 (39.2) 46 (41.8) 0.630
Hepatic encephalopathy 10 (3) 3(7) 1
IVC or HV thrombosis 60 (18) 28 (25.5) 0.087
Portal vein thrombosis 20 (6) 3(7) 0.181
Spleen thickness (mm) 45 (39, 49) 43 (38, 51) 0.700
Portal vein diameter (mm) 12.7 (10.2, 14.6) 12.7 (10, 15) 0.763
BCS type 0.389
HV type 69 (20.6) 17 (15.5)

Mixed type 227 (68) 77 (70)

IVC type 38 (11.4) 16 (14.5)

Child-Pugh grade 0.683
A 210 (62.9) 72 (65.4)

B 110 (32.9) 32(29.1)

C 14 (4.2) 6 (5.5)

ALBI, median (IQR) -2.34 (-2.74, -1.89) -2.31 (-2.64, -1.85) 0.494
MELD, median (IQR) 4.74 (2.18, 8.00) 4.14 (1.60, 7.34) 0.252
Use of anticoagulant medication 271 (81.1) 73 (66.4) 0.001
Invasive treatment to relieve hepatic venous outflow obstruction 276 (82.6) 95 (86.4) 0.360
White blood cell (x 10%/L) 3.4(2.7,4.4) 3.7 (2.7,5.0) 0.107
Red blood cell (x 10*2/L) 4.0 (3.5, 4.4) 4(3.6,4.6) 0.145
Hemoglobin (g/L) 122 (105, 136) 124 (106, 140.3) 0.358
Platelet (x 10°/L) 86 (65, 118.3) 91 (67, 141) 0.434
Sodium (mmol/L) 142 (140, 143.5) 142 (140, 143.3) 0.677
Creatinine (pmol/L) 56 (47, 67) 55 (44, 65.3) 0.251
Alanine aminotransferase (U/L) 22 (17, 27.2) 19.7 (15.6, 29.1) 0.126
Aspartate aminotransferase (U/L) 28 (23, 35) 27.3 (21.7,34.5) 0.357
Gamma-glutamyl transferase (U/L) 61 (35.8,117) 64.2 (45.0,111.6) 0.272
Alkaline phosphatase (U/L) 92 (72,121.3) 96.4 (79, 127.3) 0.273
Total protein (g/L) 63.2 (58.5, 67.7) 62.6 (57.6, 67.6) 0.526
Albumin (g/L) 38 (33.3, 41.8) 37.7 (33.3,41.3) 0.672
Total bilirubin (umol/L) 21 (13.9, 33.4) 22.8 (15.1, 35.4) 0.536
Prothrombin time (s) 14.8 (13.8,16.4) 14.6 (13.2,16.1) 0.064

BCS: Budd-Chiari syndrome; IVC: Inferior vena cava; HV: Hepatic veins; ALBI: Albumin-bilirubin; MELD: Model for end-stage liver disease.

DCA demonstrated the superior net clinical benefit of the R + C model across a wide range of threshold probabilities
(Figure 7).

Clinical performance and risk stratification
According to the R + C model, the risk analysis was performed for individuals diagnosed with BCS complicated by GEVs.
The relevant equation was as follows: Risk assessment = 0.847 Sex - 0.008 platelet count - 2.417 invasive treatment to
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Table 3 Univariate and multivariate analyses of factors associated with gastroesophageal variceal bleeding in patients with Budd-Chiari

syndrome and gastroesophageal varices

Univariate cox regression

Multivariate cox regression

Variables
HR (95%Cl) P value HR (95%Cl) P value
Age 0.994 (0.968-1.020) 0.646
Sex 3.621 (1.686-7.777) 0.001
Hepatic encephalopathy 0.712 (0.098-5.166) 0.737
Diabetes 0.535 (0.130-2.209) 0.388
Portal vein thrombosis 3.329 (1.486-7.460) 0.003
IVC or HV thrombosis 0.696 (0.295-1.645) 0.409
Invasive treatment to relieve hepatic venous outflow 0.127 (0.070-0.230) <0.001 0.123 (0.048-0.318) <0.001
obstruction
Use of anticoagulant medication 3.408 (1.056-10.994) 0.040 8.905 (2.296-34.534) 0.002
Ascites 1.798 (1.001-3.229) 0.050
Portal vein diameter (mm) 1.003 (0.915-1.099) 0.953
Spleen thickness (mm) 1.041 (1.015-1.068) 0.002
White blood cell (x 10°/L) 1.071 (0.946-1.221) 0.271
Red blood cell (x 10'2/L) 0.563 (0.388-0.818) 0.003
Hemoglobin (g/L) 0.976 (0.965-0.986) <0.001 0.974 (0.955-0.994) 0.012
Platelet (x 10°/L) 0.988 (0.979-0.997) 0.006
Sodium (mmol/L) 0.828 (0.773-0.887) <0.001
Creatinine (umol/L) 1.025 (1.014-1.037) <0.001
Aspartate aminotransferase (U/L) 1.009 (1.001-1.017) 0.020
Gamma-glutamyl transferase (U/L) 1.000 (0.998-1.002) 0.864
Alkaline phosphatase (U/L) 1.004 (1.002-1.007) 0.002
Albumin 0.899 (0.861-0.939) <0.001
Direct bilirubin 1.012 (1.007-1.016) <0.001
Prothrombin time 1.080 (1.047-1.113) <0.001
BCS type 0.081
Mixed type vs HV type 0.501 (0.265-0.945) 0.033
IVC type vs HV type 0.450 (0.149-1.355) 0.156
Child <0.001
Bus A 1.408 (0.706-2.808) 0.311
Cus A 14.353 (6.881-29.937) <0.001

HR: Hazard ratio; 95%CI: 95% confidence interval; BCS: Budd-Chiari syndrome; IVC: Inferior vena cava; HV: Hepatic veins; ALBI: Albumin-bilirubin;
MELD: Model for end-stage liver disease.

relieve hepatic venous outflow obstruction + 2.366 use of anticoagulant medication + 0.435 Radscore. The specific
threshold was identified through X-tile, and all participants were classified into low-, moderate- or high-risk categories
according to their likelihood of bleeding (low risk: < 0.57; medium risk: 0.57-1.11; high risk: > 1.11). In the training set, the
cumulative occurrence rates of variceal hemorrhage were 2.2%, 14.7% and 85.3% for the low-, moderate- and high-risk
groups, respectively (log-rank test, P < 0.001; Figure 8A). Within the validation group, the cumulative incidence rates
were 3.9%, 17.4% and 90% for each group (log-rank test, P < 0.001; Figure 8B), which suggests that the model effectively
differentiated the risk of variceal bleeding in patients with BCS complicated by GEVs.
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Table 4 C-indices of various models

Training cohort

Validation cohort

Variables

C-index (95%Cl) AIC Pvalue C-index (95%Cl) AIC Pvalue
R + C model 0.906 (0.864-0.947) 407.267 - 0.859 (0.761-0.958) 112.684 -
R model 0.825 (0.761-0.889) 474138 0.006 0.706 (0.566-0.846) 142.004 0.015
C model 0.802 (0.724-0.879) 442,580 0.003 0.699 (0.539-0.859) 136.163 0.035
MELD 0.721 (0.646-0.796) 481.666 <0.001 0.635 (0.485-0.786) 147.129 0.002
ALBI 0.667 (0.581-0.753) 490.816 <0.001 0.634 (0.491-0.776) 147.705 0.004

R + C: Radiomic + clinical model; R: Radiomic model; C: Clinical model; MELD: Model for end-stage liver disease; ALBI: Albumin-bilirubin; 95%CI: 95%

confidence Interval; AIC: Akaike information criterion.
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Figure 3 The LASSO-regularized Cox regression for radiomics feature selection is illustrated. Ten-fold cross-validation was used to determine the
optimal model parameter (A). A: Relationship between the partial likelihood deviance and log(A), which aided in selecting the optimal A value; B: Coefficient profiles of
all candidate features as a function of log(4), with each colored line representing a different feature; C: Trajectories of the feature coefficients relative to the fraction of

deviance explained.
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Figure 4 Nomogram for predicting the probability of variceal hemorrhage in patients with gastroesophageal varices associated with
Budd-Chiari syndrome. PLT: Platelet count; Inv.Treatment: Invasive treatment to relieve hepatic venous outflow obstruction; Anticoag.med: Use of anticoagulant

medication.
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Figure 5 Receiver operating characteristic curves of the nomogram. A: Receiver operating characteristic (ROC) curve in the training cohort; B: ROC
curve in the validation cohort. R + C: Radiomic + clinical model; R: Radiomic model; C: Clinical model; MELD: Model for end-stage liver disease; ALBI: Albumin-
bilirubin; AUC: The area under the receiver operating characteristic curves.

DISCUSSION

This study successfully developed and validated a noninvasive risk prediction model (R + C model) by integrating
radiomics features with clinical characteristics to evaluate the risk of first variceal bleeding in BCS patients with GEVs.
The model incorporated Radscore and key clinical predictors, such as invasive treatments to alleviate hepatic venous
outflow obstruction, anticoagulation use, sex, and platelet count, significantly enhancing the accuracy of bleeding risk
prediction. This model provides an effective tool for the management and treatment of BCS patients.

Radiomics technology, as a novel imaging analysis method, has been extensively applied in the oncology field[11-14].
It has also shown substantial potential in diagnosing and predicting outcomes in non-oncological liver diseases, such as
liver fibrosis and portal hypertension syndrome[4,15-18]. For example, Luo et al[15] successfully predicted the risk of
bleeding in cirrhotic patients by constructing liver and spleen radiomics models. Zhang et al[4] explored the risk of
variceal bleeding in hepatitis-B-related cirrhotic patients within 1 year. Due to the distinct pathophysiological character-
istics of BCS, which mainly manifest as hepatic venous outflow obstruction, the risk of variceal bleeding and treatment
response in BCS patients differ significantly from those in cirrhotic patients[19,20]. China, being the country with the
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Figure 6 Calibration curves of the radiomic and clinical model. A: Calibration curve in the training cohort; B: Calibration curve in the validation cohort.
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Figure 7 Decision curve analysis of the nomogram. A: Decision curve analysis (DCA) in the training cohort; B: DCA in the validation cohort. R + C:
Radiomic + clinical model; R: Radiomic model; C: Clinical model; MELD: Model for end-stage liver disease; ALBI: Albumin-bilirubin.

highest number of diagnosed BCS cases globally, still lacks a comprehensive risk prediction model for variceal bleeding
in BCS patients[21,22]. This study innovatively combined liver and spleen radiomics features with clinical factors,
significantly improving the predictive ability for variceal bleeding risk in BCS patients. It enables the development of
more precise treatment strategies based on individual risk levels, thereby optimizing personalized management and
significantly improving patient outcomes.

In this study, we found that invasive treatments and anticoagulation therapy are independent risk factors for variceal
bleeding in BCS patients with GEVs. Invasive treatments, such as TIPS and angioplasty, effectively reduce the risk of
variceal bleeding by relieving hepatic venous outflow obstruction and lowering portal pressure[3]. However, invasive
procedures themselves carry a risk of treatment-related bleeding events (e.g., procedural site bleeding or abdominal
hemorrhage), which are typically observed within 24-48 hours post-procedure. Although this type of bleeding is distinct
from variceal bleeding, as it is more closely associated with procedural trauma and the intensity of pre-procedural antico-
agulation therapy, it highlights the complex interplay between invasive treatments and anticoagulation management in
BCS patients. For example, Rautou et al[23] reported that in BCS patients undergoing TIPS or other invasive treatments,
excessive pre-procedural anticoagulation significantly increased the risk of procedural bleeding events, underscoring the
need for balanced anticoagulation protocols. Similarly, our study identified anticoagulation therapy as an independent
risk factor for variceal bleeding, which may reflect the broader challenge of managing anticoagulation intensity and
timing in BCS patients with GEVs. These findings emphasize the importance of tailoring anticoagulation therapy to
individual patient needs, especially in the context of invasive treatments, to minimize both treatment-related and variceal
bleeding risks.

Although invasive treatments are beneficial in reducing portal pressure and the long-term risk of variceal bleeding,
inappropriate anticoagulation therapy [e.g., excessive dosage, improper timing, or insufficient international normalized
ratio (INR) monitoring] may exacerbate the risk of variceal bleeding[24]. In BCS patients with GEVs, this risk may be
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Figure 8 Cumulative risk curves stratified by the risk score. A: Cumulative risk curve in the training cohort; B: Cumulative risk curve in the validation

cohort.

further amplified due to existing portal hypertension and variceal fragility. Our findings suggest that careful evaluation
and optimization of anticoagulation protocols are critical for balancing the risks and benefits of therapy. Specifically, for
patients undergoing invasive treatments, it is necessary to comprehensively evaluate the intensity and timing of antico-
agulation therapy before, during and after the procedure. Strict adherence to anticoagulation protocols, including
individualized dosing and careful INR monitoring, can mitigate the risk of variceal bleeding while preventing treatment-
related bleeding events. Additionally, future research should focus on developing evidence-based guidelines to further

Time (months)

refine anticoagulation management strategies in BCS patients.
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Our study identified male sex as a significant risk factor for variceal bleeding, in contrast to previous studies that
reported a higher incidence of portal-hypertension-related complications in female patients[25,26]. This discrepancy may
be attributed to differences in patient characteristics, study design or clinical management strategies. In our cohort, male
patients demonstrated a higher mean spleen thickness (46.36 mm vs 42.99 mm) and portal vein diameter (12.98 mm vs
12.00 mm) compared to females; both of which are recognized markers of severe portal hypertension. These findings may
indirectly contribute to the observed increased bleeding risk in male patients. Additionally, it is possible that male
patients were less adherent to anticoagulation protocols or presented with more advanced disease at the time of
diagnosis, as suggested by prior studies in similar populations[27]. Hormonal differences, such as the vascular protective
effects of estrogen in females, might also play a role in reducing bleeding risk in female patients. However, these
hypotheses could not be directly evaluated in the present study due to the retrospective design and require further
investigation in larger, prospective cohorts. Understanding these sex-based variations is essential for tailoring individu-
alized management strategies in BCS patients with GEVs.

Platelet count also plays a crucial role in assessing bleeding risk. BCS patients often develop splenomegaly, resulting in
thrombocytopenia, which indicates increased portal hypertension severity and a higher risk of variceal bleeding[28,29].
Our findings confirmed that low platelet count is significantly associated with bleeding risk, thereby improving the
model's predictive capability and offering clinicians a more comprehensive assessment tool.

In terms of diagnostic methods, this study used portal venous phase contrast-enhanced CT, which not only facilitates
the diagnosis of BCS but also effectively evaluates GEVs, providing a comprehensive assessment of patients[30,31].
Compared with traditional endoscopy, enhanced CT offers noninvasive, highly sensitive and simultaneous evaluation of
hepatic and splenic hemodynamics[32-34]. This imaging technology serves as a reliable alternative for patients unsuitable
for endoscopy, reducing discomfort and potential complications during examinations and providing crucial patho-
physiological information for clinical decision-making,.

The risk stratification system based on the R + C model divided patients into low-, medium-, and high-risk groups,
with a significant difference in variceal bleeding incidence between the groups. The bleeding incidence in the high-risk
group was significantly higher than that in the medium- and low-risk groups. This risk stratification system offers
valuable guidance for the clinical management of BCS patients with GEVs.

In this study, the bleeding rate in the high-risk group reached 85.3%, indicating a high risk of variceal rupture and
bleeding. For these patients, we recommend active preventive interventions, such as endoscopic treatment (e.g.,
endoscopic variceal ligation or sclerotherapy)[35]. Additionally, if high-risk patients experience recurrent hepatic venous
outflow obstruction or other portal-hypertension-related complications (e.g., symptoms of portal hypertension not
effectively controlled by medication or endoscopic therapy), TIPS treatment should be considered under certain circum-
stances even if the standard indications for TIPS have not yet been met[36]. TIPS can improve hepatic venous outflow and
reduce portal pressure, thereby decreasing the risk of variceal bleeding. It is a safe and effective treatment option[37].
Therefore, for high-risk patients, a comprehensive assessment of their condition and potential benefits should be
conducted, and TIPS intervention should be actively considered when necessary to prevent bleeding events.

For medium-risk patients, the bleeding rate was 14.7%, comparable to the annual bleeding rate reported in cirrhotic
patients with GEVs (10%-15%)[4,5]. Therefore, we recommend that medium-risk patients be managed according to
standard preventive strategies outlined in existing guidelines, including the use of nonselective beta-blockers (e.g.,
propranolol) to reduce portal pressure and regular endoscopic surveillance to monitor variceal progression. For patients
with high-risk features of variceal bleeding (e.g., severe varices or red wale marks) or significantly elevated portal
pressure (hepatic venous pressure gradient > 12 mmHg), enhanced endoscopic therapy and medication management are
recommended to further reduce bleeding risk, along with close monitoring of disease progression. If conventional
treatment is ineffective or the condition continues to worsen, early TIPS intervention should be considered to further
reduce the risk of bleeding][7].

For low-risk patients, the incidence of variceal bleeding was only 2.2%, indicating a low overall bleeding risk. For these
patients, we recommend regular follow-up and monitoring of hepatic venous outflow patency, with timely adjustment of
management strategies if significant changes in imaging parameters or hemodynamic indicators are observed[38]. The
use of nonselective beta-blockers (e.g., propranolol) in low-risk patients should be approached cautiously, especially in
cases of hemodynamic instability or poor liver function reserve, where a thorough evaluation of potential adverse effects
and benefits is necessary to avoid unnecessary interventions and treatments[39].

This study developed and validated a noninvasive risk prediction model integrating radiomics and clinical character-
istics, demonstrating excellent predictive performance and clinical utility. However, several limitations need to be
addressed. First, as a retrospective study, potential selection bias and the limited sample size may affect the general-
ization of the findings. While BCS in western populations is often driven by thrombophilic states (e.g., factor V Leiden
mutation), BCS in China predominantly arises from membranous obstruction of the inferior vena cava or short-segment
hepatic vein stenosis. Consequently, our institutional protocol favors endovascular interventions (e.g., angioplasty or
TIPS), followed by bridging low-molecular-weight heparin and long-term warfarin therapy, rather than routine thrombo-
philia workup or first-line use of direct oral anticoagulants[2]. Therefore, larger multicenter or prospective studies -
including settings where thrombophilia-driven BCS prevails - are needed to validate the stability and applicability of our
model across diverse etiological and therapeutic contexts. Second, the use of single-level ROIs for the liver and spleen
may not fully capture the heterogeneity of the entire organ. Although these specific levels are clinically relevant for
assessing portal and splenic hemodynamics, volumetric ROIs or multislice approaches should be considered to better
characterize tissue variability. Finally, greater automation and standardization of radiomics feature extraction would
enhance the clinical feasibility of the model. Global validation in broader populations remains critical to confirm the
robustness and facilitate wider adoption of this approach.
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CONCLUSION

This study was the first to combine radiomics and clinical characteristics to develop a noninvasive model capable of
predicting variceal bleeding risk in BCS patients with GEVs. The model demonstrated excellent predictive performance in
clinical applications and provides robust support for individualized patient management and treatment strategies.
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Abstract

BACKGROUND

Esophageal cancer is the sixth most common cancer worldwide, with a high
mortality rate. Early prognosis of esophageal abnormalities can improve patient
survival rates. The progression of esophageal cancer follows a sequence from
esophagitis to non-dysplastic Barrett’s esophagus, dysplastic Barrett’s esophagus,
and eventually esophageal adenocarcinoma (EAC). This study explored the
application of deep learning technology in the precise diagnosis of pathological
classification and staging of EAC to enhance diagnostic accuracy and efficiency.

AIM

To explore the application of deep learning models, particularly Wave-Vision
Transformer (Wave-ViT), in the pathological classification and staging of eso-
phageal cancer to enhance diagnostic accuracy and efficiency.

METHODS

We applied several deep learning models, including multi-layer perceptron,
residual network, transformer, and Wave-ViT, to a dataset of clinically validated
esophageal pathology images. The models were trained to identify pathological
features and assist in the classification and staging of different stages of eso-
phageal cancer. The models were compared based on accuracy, computational
complexity, and efficiency.

RESULTS
The Wave-ViT model demonstrated the highest accuracy at 88.97%, surpassing
the transformer (87.65%), residual network (85.44%), and multi-layer perceptron
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(81.17%). Additionally, Wave-ViT exhibited low computational complexity with significantly reduced parameter
size, making it highly efficient for real-time clinical applications.

CONCLUSION

Deep learning technology, particularly the Frequency-Domain Transformer model, shows promise in improving
the precision of pathological classification and staging of EAC. The application of the Frequency-Domain
Transformer model enhances the automation of the diagnostic process and may support early detection and
treatment of EAC. Future research may further explore the potential of this model in broader medical image
analysis applications, particularly in the field of precision medicine.

Key Words: Esophageal cancer; Deep learning; Wave-Vision Transformer; Pathological classification; Staging; Early detection
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Core Tip: This study demonstrates the application of deep learning models, particularly Wave-Vision Transformer, for the
pathological classification and staging of esophageal cancer. Wave-Vision Transformer outperformed other models such as
transformer, residual network, and multi-layer perceptron, achieving the highest accuracy of 88.97% with low computational
complexity. This innovative approach shows promise for improving early detection and personalized treatment strategies for
esophageal cancer, potentially enhancing clinical outcomes in real-time applications.
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INTRODUCTION

Esophageal cancer is the sixth most common cancer globally and is associated with a high mortality rate. Its progression
typically begins with esophagitis, advancing to Barrett’'s esophagus and eventually developing into esophageal adenocar-
cinoma (EAC)[1,2]. Although current medical techniques, such as endoscopy and pathological examination, enable the
diagnosis of esophageal cancer to some extent, the complexity of staging and the subtle differences in pathological
features present significant limitations in the accuracy and efficiency of traditional diagnostic methods[3,4]. Therefore,
developing a precision diagnostic method based on modern technology, particularly for the rapid and accurate
pathological classification and staging of early-stage esophageal cancer, is essential for improving patient survival and
treatment outcomes[5,6].

In recent years, with the rapid development of artificial intelligence (AI), particularly deep learning technology, the
application of image analysis in medical imaging and pathological analysis has grown significantly[7,8]. Deep learning
algorithms, through automated feature learning and extraction, surpass traditional manual feature extraction methods,
providing a more comprehensive and in-depth capacity for pathological information mining[9]. This technology
demonstrates considerable potential in cancer pathology analysis, markedly enhancing diagnostic accuracy and efficiency
[10,11]. The progression of esophageal cancer involves several distinct pathological stages, including esophagitis, Barrett’s
esophagus, and EAC. Early diagnosis of these stages is crucial for effective prevention and treatment[12,13]. However,
existing pathological analysis methods struggle to differentiate these pathological types at early stages, resulting in
missed or delayed diagnoses for many patients[14]. Thus, leveraging modern technology - especially deep learning - to
improve the precision of pathological classification and staging diagnosis in esophageal cancer has become an urgent
scientific challenge.

In the field of medical imaging analysis, deep learning models have become essential tools for disease diagnosis due to
their powerful feature extraction capabilities and high-precision classification performance[15,16]. Esophageal cancer, a
highly heterogeneous malignant tumor, requires early diagnosis to improve patient survival rates. However, traditional
imaging analysis methods rely on manual feature extraction and shallow machine learning models, which struggle to
capture the subtle differences in lesion areas. This challenge is particularly evident in complex medical images where
early-stage lesions may exhibit hidden features, increasing the risk of misdiagnosis or missed diagnosis. In recent years,
deep learning techniques - especially convolutional neural networks (CNNs)[17,18] and Vision Transformers (ViTs)[19] -
have significantly advanced medical image analysis. These models can automatically learn multi-level features within
images, enabling more accurate identification of lesion areas. However, traditional CNN models face limitations in
capturing long-range dependencies, while ViT models, despite overcoming this issue through self-attention mechanisms,
suffer from high computational complexity and limited ability to capture fine-grained local details.

Against this background, the Wave-ViT model[20] emerges as an innovative approach that integrates wavelet
transform with transformer architecture, offering distinct advantages. Wavelet transform effectively captures multi-scale
image features, which is particularly beneficial in medical imaging where lesions can exhibit different morphological and
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textural characteristics at varying scales. By incorporating wavelet transform into the ViT framework, Wave-ViT retains
the transformer’s strengths in global feature extraction while enhancing sensitivity to local details, enabling a more
comprehensive analysis of complex medical images. Additionally, Wave-ViT reduces computational complexity,
improving efficiency and making it more suitable for large-scale medical imaging data analysis.

Wave-ViT’s advantages are especially evident in esophageal cancer diagnosis. Early-stage esophageal lesions, such as
Barrett’s esophagus or mild dysplasia, often present as subtle mucosal changes in medical images. The multi-scale feature
extraction capability of Wave-ViT allows for the precise identification of these early signals[21]. Moreover, the high
computational efficiency of Wave-ViT enables rapid processing of endoscopic or computed tomography images,
providing real-time diagnostic support for clinicians. Consequently, using Wave-ViT for esophageal cancer diagnosis not
only enhances diagnostic accuracy and robustness but also offers an efficient and reliable tool for clinical applications,
potentially advancing early screening and precision treatment of esophageal cancer.

In this context, this project introduces a deep learning-based approach that integrates advanced algorithms, including
multi-layer perceptron (MLP), residual network (ResNet), transformer, and Wave-ViT, to automate the analysis and
identification of pathological features in esophageal cancer images. These models combine self-attention mechanisms
with frequency domain feature extraction, effectively capturing complex structures and lesion areas within pathological
images. In particular, the Wave-ViT employs wavelet transform to extract high- and low-frequency information from
images, significantly enhancing the model’s sensitivity and diagnostic accuracy for esophageal cancer lesions. The
inclusion of frequency domain information not only improves the model’s ability to capture both local and global image
features but also enables differentiation of subtle variations across pathological stages, thereby increasing diagnostic
precision and stability.

Additionally, this study conducts experimental validation using open datasets such as Hyper Kvasir, which includes a
large volume of high-quality esophageal pathology images labeled by professional endoscopists, covering various
pathological stages such as esophagitis and Barrett’s esophagus. Through the training and optimization of deep learning
models, the study fully exploits the key pathological features within these images to construct an accurate diagnostic
model for the classification and staging of esophageal cancer. This model not only aids clinicians in achieving faster and
more accurate diagnoses but also provides novel technological support for the early detection and personalized treatment
of esophageal cancer. In summary, this project addresses the clinical needs for esophageal cancer diagnosis and leverages
advances in deep learning technology. By incorporating deep learning and frequency domain analysis, it aims to enhance
the accuracy and efficiency of pathological classification and staging for esophageal cancer. This research holds
significant scientific value and has the potential to contribute to improved early diagnostic capabilities and treatment
outcomes for esophageal cancer in clinical applications[22].

MATERIALS AND METHODS

Sources and collection of clinical imaging data for different pathological stages of esophageal cancer

This study aims to collect clinical imaging data from various pathological stages of esophageal cancer to enable a detailed
performance comparison of four representative deep learning models in the precise diagnosis of esophageal cancer. This
data serves as a strong foundation for supporting early detection and treatment of the disease. The primary source of data
is the Hyper Kvasir dataset[23], which was collected using endoscopy equipment from the Vestre Viken Health Trust
(VV) in Norway. VV comprises four hospitals that provide healthcare services to approximately 470000 people. One of
these hospitals, Beerum Hospital, houses a large gastroenterology department that has contributed training data and will
continue to expand the dataset in the future. The dataset used in this study was obtained through the following steps: (1)
Endoscopic examination: A research team conducted routine endoscopic examinations in hospitals, covering various
parts of the gastrointestinal tract, including the esophagus, stomach, and colon. High-resolution endoscopy was used to
capture images and videos, ensuring high-quality data collection; (2) Image and video recording: During the examin-
ations, endoscopic operators recorded videos and captured multiple static images, documenting both normal and
diseased tissues. Clinicians also took additional images of regions of interest based on real-time observations, providing a
foundation for subsequent data annotation; and (3) Data storage: The collected images and videos were stored in the
Picsara image documentation database, an extension of the hospital’s electronic medical records system used for
managing medical images. Additionally, these images have been meticulously annotated by one or more medical experts
from VV and the Cancer Registry of Norway (CRN). Through cancer research, the CRN contributes new insights into
cancer and operates under the Oslo University Hospital Trust as an independent entity within the South-Eastern Norway
Regional Health Authority. CRN manages the national cancer screening program, with the objective of detecting cancer
or precancerous lesions early to prevent cancer-related mortality.

Additionally, the Hyper Kvasir dataset consists of images annotated and validated by experienced endoscopists,
covering various categories, including anatomical landmarks, pathological findings, and endoscopic procedures within
the gastrointestinal tract. Each category contains hundreds of images. For this study, we utilized a subset of this dataset,
which includes images categorized as esophagitis types A and B-D, short-segment Barrett’s esophagus, and Barrett’s
esophagus, with representative images shown in Figure 1. As part of the dataset preprocessing, the research team
performed data cleaning before publication, removing low-quality or blurry images to ensure high dataset quality. These
images have varying resolutions, ranging from 720 x 576 to 1920 x 1072 pixels, and are organized into separate folders
named according to their contents. This study primarily focuses on the reflux esophagitis and Barrett’s esophagus subsets
of the dataset.
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Esophagitis-A Esophagitis-B-D Barretts Barretts-short-segment

Figure 1 Display of different types of esophageal diseases. From left to right are esophagitis type A, esophagitis types B-D, short-segment Barrett's
esophagus, and Barrett's esophagus, with the severity of esophageal conditions increasing sequentially. By visualizing these results, the study enhances the
understanding of esophageal inflammation and Barrett's esophagus progression, providing insights into the gradual deterioration of esophageal tissue as the disease
advances[23].

Quality control and preprocessing of the esophageal cancer dataset

The original dataset contains images of varying resolutions, which can reduce the efficiency of model training. Images
with different resolutions require varying amounts of computational resources and processing time, leading to
inconsistent processing speeds and significantly impacting training efficiency. Additionally, these variations in resolution
can reduce the model’s generalization ability. The model needs to learn features from images of different resolutions,
which increases training complexity and may cause performance inconsistencies across images, ultimately lowering the
model’s generalizability. Furthermore, high-resolution images consume substantial memory, especially when dealing
with large datasets, which can lead to memory overflow and affect the stability of the training process.

To address these issues, this study standardizes the resolution of all imaging data to 256 x 256 pixels during the
preprocessing stage. This approach strikes a balance between retaining essential image information and improving
computational efficiency. The selection of 256 x 256 pixels is based on the following considerations: First, this resolution
preserves sufficient image detail to meet the model’s feature extraction requirements. Lower resolutions could result in
the loss of critical details, thereby reducing model accuracy. Second, this resolution ensures computational efficiency,
avoiding excessive processing costs associated with high-resolution images. While higher resolutions may capture
additional information, the associated increase in computational costs and training time would likely outweigh any
performance gains. Thus, a resolution of 256 x 256 pixels achieves an optimal balance between resource consumption and
information retention, enhancing model training efficiency and performance and ultimately improving the model’s
predictive accuracy and stability[24].

Selection and adaptation of early-stage esophageal cancer classification models

This study aims to develop an early-stage classification model for esophageal cancer and to evaluate the adaptability of
various models. To this end, we selected four deep learning models that perform well in image recognition and
sequential data processing: The MLP, ResNet, transformer, and Wave-ViT. Each model has unique strengths in ar-
chitecture and application scenarios. By selecting these models, we aim to investigate the suitability and performance of
different architectures in the early diagnosis of esophageal cancer, ultimately choosing or integrating the optimal model
to achieve the best classification performance and adaptability. The following provides a detailed explanation of the main
differences among the four models and the reasons for their selection.

MLP: The MLP is a basic feedforward neural network consisting of multiple fully connected layers. It learns data features
through simple linear transformations and nonlinear activation functions. The MLP is advantageous for its simple
structure, making it easy to understand and implement. However, its capacity to learn high-dimensional data and
complex features is limited, especially in image processing, where extensive feature engineering is required to achieve
satisfactory results. In this study, MLP is selected as a baseline model to facilitate comparison with the performance
improvements achieved by more complex models.

ResNet: ResNet is a CNN that addresses the vanishing gradient problem in deep network training by introducing
residual blocks, enabling the training of deeper networks with improved performance. ResNet uses skip connections,
which add the input directly to the output of subsequent layers, facilitating easier gradient backpropagation. ResNet has
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achieved remarkable success in image recognition due to its strong feature extraction capabilities, making it a key
candidate for this study. ResNet was chosen for its advantages in handling image data, particularly in early-stage
esophageal cancer diagnosis, where extracting complex image features may be necessary[25,26].

Transformer model: Originally developed for natural language processing (NLP), the transformer model is built around
a core self-attention mechanism. This self-attention mechanism captures long-range dependencies within the data,
enabling the transformer model to effectively process sequential information. In recent years, the transformer has also
been applied successfully to image recognition. In this study, the transformer model is selected to explore its potential in
handling early-stage esophageal cancer imaging data and other sequential feature data, such as time-series clinical
indicators. Its powerful capacity for modeling long-range dependencies may be beneficial for capturing patterns related
to disease progression[27,28].

Wave-ViT: Wave-ViT is a variant of the transformer model applied to frequency domain data. It first transforms the
input data into the frequency domain and then uses the transformer model to learn frequency-domain features. This
approach effectively captures frequency information, which may be more advantageous than spatial information in
certain applications. Wave-ViT was selected to explore its potential benefits in processing early-stage esophageal cancer
imaging data. If early esophageal cancer lesions exhibit more pronounced differences in frequency domain features,
Wave-ViT may be more effective than traditional spatial domain transformer models[29,30].

In summary, the selection of these four models aims to comprehensively evaluate the performance of different
architectures in early-stage esophageal cancer diagnosis. Through comparative analysis, the goal is to select or integrate
the optimal model to construct an early-stage esophageal cancer classification model with high accuracy and strong
adaptability. The model’s adaptability will be assessed based on its generalization ability across different datasets and
robustness to variations in data distribution. Additionally, since ResNet, the transformer model, and Wave-ViT all share a
U-shaped network framework (Supplementary Figure 1), the following analysis will focus on the key differences among
these three models.

MLP-based esophageal cancer pathological recognition model

The MLP is a feedforward artificial neural network consisting of multiple layers of fully connected neurons, each
employing a nonlinear activation function[31]. MLP is capable of distinguishing non-linearly separable data, making it
widely applicable across various domains such as image recognition and NLP. The strength of MLP lies in its ability to
learn and represent complex input-output relationships, making it a powerful machine learning model. MLP is typically
trained using the backpropagation algorithm, enabling it to learn and optimize based on input data and corresponding
output labels. Its structure includes an input layer, hidden layers, and an output layer. The input layer receives data, the
hidden layers perform feature extraction and transformation, and the output layer generates predictions. Connections
between neurons carry weights and biases, which are adjusted during training to minimize the loss of function. In sum,
MLP is a robust machine learning model capable of learning and representing complex relationships, making it a widely
used approach in various fields.

To fully leverage the potential of MLP, Tolstikhin et al[32] developed an upgraded model called the MLP-mixer, a
purely MLP-based architecture. The MLP-mixer comprises two types of layers: One type of MLP operates independently
on each image patch, mixing features at each location, while the other type applies MLP across patches, mixing spatial
information. The application of the MLP-mixer model on the dataset in this study is illustrated in Figure 2.

ResNet-based esophageal cancer pathological recognition model

ResNet is a deep CNN designed to address the issues of vanishing gradients and network degradation in deep neural
network training by introducing “residual blocks”. This innovation allows for the training of deeper networks with
improved performance[25].

The core concept of ResNet is to shift the learning objective of each layer to focus on the residual between the input and
output (i.e.,, output minus input). This is achieved by adding a “skip connection” in each layer, which directly adds the
input to the layer’s output. With this design, gradients can propagate more easily back to earlier layers, even as the
network depth increases, thus mitigating the vanishing gradient problem. The significance of ResNet lies in its ability to
overcome training limitations in deep neural networks, enabling the training of deeper networks. Such deeper networks
can learn more complex features, enhancing the model’s representational capacity and accuracy[33].

ResNet has achieved significant success in computer vision tasks such as image classification, object detection, and
image segmentation and has become the foundational architecture for many subsequent deep learning models. Its
outstanding performance in the ILSVRC 2015 competition further validated its effectiveness, making it a primary choice
for evaluating the most suitable model for the early-stage classification of esophageal cancer in this study. To adapt
ResNet for this specific application, we modified the network’s decoder structure from its original design for image classi-
fication to better suit esophageal cancer classification needs. The bottleneck block, a key component of ResNet’s residual
module, is shown in Figure 3.

Transformer-based esophageal cancer pathological recognition model

The transformer model is a deep learning architecture based on attention mechanisms, revolutionizing NLP and other
sequential data processing fields. Unlike traditional sequential models that rely on recurrent neural networks or CNN,
the transformer eliminates the need for recurrence. Instead, it processes all elements of the input sequence in parallel
through a self-attention mechanism, significantly enhancing computational efficiency and its ability to handle long
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Figure 2 Multi-layer perceptron-based pathological recognition model for esophageal cancer. This figure visualizes the patching, feature
extraction, and classification process of esophageal adenocarcinoma images using the multi-layer perceptron-based model. These three operations constitute the
core components of this model. Visualizing these processes provides valuable insights into the multi-layer perceptron model’s recognition performance, facilitating a

comprehensive analysis of its effectiveness[23]. MLP: Multi-layer perceptron.
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Figure 3 Bottleneck block of the residual network residual module. The bottleneck block in residual network’s residual module is a key architectural
component in deep convolutional neural networks and holds significant research value. This design effectively reduces the number of parameters and computational
complexity, enabling networks to be deepened to hundreds of layers without encountering vanishing or exploding gradient issues. Consequently, this enhancement
significantly improves the performance of deep learning models in image classification and other tasks.

sequences.
In this study, we adapted the basic transformer model proposed by Chen et al[34] to develop a classification model for

esophageal cancer. The overall network architecture is shown in Supplementary Figure 1, with the transformer module
illustrated in Figure 4. This transformer module overcomes the limitations of traditional sequential models by addressing
the inefficiencies of recurrent neural networks in processing long sequences and mitigating the vanishing gradient
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Figure 4 Transformer module of the transformer model. This figure provides an intuitive visualization of the core structure and functionality of the
transformer architecture. The self-attention mechanism and multi-head attention mechanism effectively capture and process relationships among different features in
the input data. This structure enhances the model’s ability to comprehend contextual information while enabling parallel processing, which improves computational
efficiency. By presenting a visual representation, researchers and clinicians can better understand how the transformer model functions in esophageal
adenocarcinoma classification, increasing confidence in the model’s reliability. Furthermore, this figure supports the study’s findings by offering clear structural
explanations and visual validations, demonstrating the effectiveness and robustness of the transformer model in tackling complex medical problems. This further
underscores its potential for clinical applications.

problem, enabling the model to handle longer sequences effectively. Additionally, its self-attention mechanism enhances
the model’s representational power by better capturing contextual information and long-range dependencies, thereby
improving both expressiveness and accuracy.

Wave-ViT-based esophageal cancer pathological recognition model

To further improve model performance, it is crucial to minimize information loss, particularly regarding high-frequency
components such as texture details within the target. Yao et al[20] addressed this by modifying the transformer structure
based on wavelet transforms, enabling the model to extract more frequency domain information and thereby enhance its
performance. The wavelets module of the Wave-ViT model is shown in Figure 5.

The wavelets module performs reversible downsampling through wavelet transform, aiming to retain original image
details for self-attention learning while reducing computational costs. Wavelet transform is a fundamental time-frequency
analysis method that decomposes the input signal into different frequency sub-bands to address aliasing issues.
Specifically, discrete wavelet transfor achieves reversible downsampling by transforming 2D data into four discrete
wavelet sub-bands. Here, the low-frequency component reflects the coarse-grained structure of the primary object, while
the high-frequency component retains fine-grained texture details[35]. In this way, different levels of image detail are
preserved in lower-resolution sub-bands without information loss. Additionally, inverse discrete wavelet transform can
be used to reconstruct the original image in the wavelet ViTs. This information-preserving transform enables the design
of an efficient transformer block with lossless and reversible downsampling, facilitating self-attention learning on multi-
scale feature maps.

Evaluation metrics and calculation methods for model validation

In deep learning research and application, evaluating model performance is crucial. This study selects three commonly
used evaluation metrics: Accuracy, computational complexity, and efficiency. Accuracy measures the proportion of
correct predictions out of all predictions. It reflects the overall classification performance of the model, with values closer
to 1 indicating stronger predictive capability. However, in cases where class imbalance exists, accuracy alone can be
misleading. Therefore, it is necessary to incorporate additional metrics such as precision, recall, and Fl-score for a
comprehensive assessment of the model’s performance. The formulas for these metrics are as follows: (1) Where: True
positives represents the number of actual positive cases correctly classified as positive. True negatives represents the
number of actual negative cases correctly classified as negative. False positives represents the number of actual negative
cases incorrectly classified as positive. False negatives represents the number of actual positive cases incorrectly classified
as negative; (2) Computational complexity evaluates the computational resources required for training or inference. This
metric is critical for understanding how computational demand scales with increasing input data size. A lower computa-
tional complexity implies better scalability and faster processing, making the model more suitable for practical applic-
ations. The formula for computational complexity is as follows: Where: N represents the input data size. d denotes the
depth or dimensionality of the model; and (3) Efficiency measures the number of correct predictions per unit of time. In
real-world applications, optimizing computation time and resource usage is essential. A highly efficient model can make
more predictions within a shorter time, improving responsiveness, especially in real-time decision-making scenarios.
Maintaining high efficiency enhances user experience and overall system performance.

To summarize, accuracy, computational complexity, and efficiency are three key evaluation metrics for deep learning
models. Accuracy provides a direct understanding of the model’s predictive performance, while computational
complexity and efficiency assess the model’s resource utilization and scalability. A comprehensive evaluation using these
metrics guides model improvement and optimization, ensuring a balance between performance and practical usability in
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Figure 5 Wavelets module of the Wave-Vision Transformer model. This figure visually illustrates the Wavelets module’s structure and functionality within
the Wave-Vision Transformer model. The module is designed to leverage wavelet transform for multi-scale feature extraction while preserving information integrity. By
integrating wavelet transform with self-attention mechanisms, Wave-Vision Transformer achieves lossless downsampling, effectively retaining high-frequency
information such as textures and edges, which enhances the model’s sensitivity to fine details. DWT: Discrete wavelet transform.

real-world applications.

Statistical analysis

In this study, various software tools and statistical methods were used to construct predictive models evaluating surgical
outcomes and postoperative recovery. The programming and data processing were primarily conducted in Jupyter
Notebook using Python. Data processing and visualization were performed with the Python libraries pandas and
Matplotlib, while visualization plots were created with Visio. Statistical methods included data normalization, calculation
of model accuracy, sensitivity, and specificity, as well as model performance assessment through loss function curves. In
the data processing phase, imaging data was first normalized to eliminate differences in scale between various features.
Additionally, all images were resized to a consistent resolution, facilitating subsequent model training.

During the model evaluation phase, we calculated accuracy, sensitivity, and specificity to assess the model’s
performance in practical applications. Accuracy reflects the model’s overall predictive capability, sensitivity measures its
ability to identify positive cases, and specificity evaluates its ability to recognize negative samples. Calculating these
metrics provides a comprehensive understanding of the model’s performance, ensuring its effectiveness in clinical applic-
ations.

During model training, we employed the cross-entropy loss function as the primary evaluation criterion. The cross-
entropy loss is highly effective for classification tasks, as it quantifies the discrepancy between the model’s predicted
probability distribution and the actual labels, thereby enhancing classification accuracy. To optimize the learning process,
we selected the Adam optimizer, which combines the advantages of momentum optimization and adaptive learning rate
adjustments. This optimization method enables faster convergence and effectively handles sparse gradient problems.

Additionally, the batch size was set as a crucial parameter for efficient data processing. A well-chosen batch size
improves training efficiency while balancing memory usage. The learning rate is another key hyperparameter that
controls the step size of weight updates, directly influencing both convergence speed and final model performance.
Through extensive experimentation, we determined an optimal initial learning rate to ensure stable training.

The entire training process was conducted in a high-performance computing environment, utilizing the NVIDIA RTX
3090 GPU. This GPU offers powerful parallel computing capabilities and efficient memory management, significantly
accelerating deep learning model training and supporting the achievement of high-quality experimental results. These
hardware settings and parameter configurations collectively enhanced the training efficiency and performance of the
model, ensuring the smooth execution of deep learning tasks.

Additionally, we used the loss function value curve to further evaluate model performance. The loss function curve is a
vital tool for assessing training effectiveness, diagnosing model issues, and guiding improvements. By analyzing the
shape, trend, and differences in loss values between the training and validation sets, we gain insights into the model’s
learning process and can identify the optimal-performing model. For data visualization, we used the matplotlib library to
display arrays, illustrating spatial features of samples and model performance. This visualization approach aids in
understanding data distribution and clearly reflects the model’s performance under varying conditions, providing
valuable insights for future research and clinical applications. Through the integration of these statistical methods and
visualization techniques, we comprehensively validate the model’s effectiveness, ensuring its reliability in practical use.

RESULTS

Quantitative analysis of four different deep learning models
In this study, the collected esophageal disease imaging data was first normalized. The data was then divided into
training, testing, and validation sets based on the quantity of images in each category. Details of the specific data split are
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provided in Table 1. To further analyze the performance of each deep learning model, we conducted a statistical
evaluation using quantitative metrics. Table 2 presents a comparison of the performance metrics for the four deep
learning models - MLP, ResNet, transformer, and Wave-ViT - on the image recognition task. By examining these metrics,
we gain a deeper understanding of each model’s efficiency, complexity, and performance, allowing us to draw important
conclusions regarding their relative strengths and suitability for this task.

The significance of each metric in the table is as follows: (1) Accuracy (%): The model’s accuracy on the image
recognition task is expressed as a percentage. Higher accuracy indicates better model performance; (2) Input size (MB):
The size of the input image in megabytes (MB), which reflects the memory space required for the model to process image
data; (3) Params (MB): The number of model parameters in megabytes (MB). The parameter count indicates model
complexity; generally, more parameters imply a more complex model with higher computational demand; (4) Madd (G):
The number of multiply-accumulate (Madd) operations in billions (G). Madd is a common computational operation in
deep learning models, and its count indicates the model’s computational complexity; and (5) Flops (G): The number of
floating-point operations (flops) in billions (G). Floating-point operations include addition, subtraction, multiplication,
and division, and the flops count serves as an essential indicator of the model’s computational complexity.

First, we observe that the input size for all four models is 3.15 MB, indicating that they process image data of the same
scale, which facilitates a direct comparison of model performance. In terms of accuracy, Wave-ViT performs the best
(88.97%), followed by transformer (87.65%), ResNet (85.44%), and MLP (81.17%). This suggests that the transformer and
Wave-ViT models exhibit higher accuracy in image recognition tasks compared to the traditional MLP and ResNet
models. This performance improvement may stem from the architectural advantages of the transformer and Wave-ViT
models; for instance, the self-attention mechanism in the transformer model allows it to better capture long-range
dependencies between image features, while Wave-ViT combines the strengths of convolutional and transformer
architectures, effectively extracting both local and global features. In this study, the Wave-ViT model demonstrated
superior diagnostic accuracy, achieving an accuracy of 0.8897, surpassing the transformer model (0.8765). This im-
provement highlights Wave-ViT’s effectiveness in esophageal cancer diagnosis. Compared to previous deep learning
approaches for esophageal cancer diagnosis, Wave-ViT outperforms CNN models, which typically achieve accuracy
scores between 0.75 and 0.85[36]. This suggests that Wave-ViT significantly surpasses traditional CNN architectures in
image recognition accuracy. Moreover, in comparison to traditional machine learning methods, such as support vector
machines, which typically achieve accuracy scores ranging from 0.70 to 0.80[37], both Wave-ViT and transformer models
demonstrate significantly improved early detection capabilities for esophageal cancer, providing a more reliable tool for
clinical diagnosis. This comparative analysis highlights Wave-ViT’s potential in processing esophageal cancer imaging
data, as it effectively captures and identifies lesion features.

However, high accuracy does not necessarily equate to high efficiency. Let us analyze model complexity and computa-
tional load. The ResNet model has a significantly larger parameter count than the other three models (45.20 MB vs 1.10
MB, 1.45 MB, 1.29 MB), indicating that ResNet is the most complex model. Correspondingly, ResNet’s Madd (71.21 G)
and flops (35.63 G) are also substantially higher than those of the other models. This suggests that while ResNet achieves
relatively high accuracy, it also incurs a considerable computational cost.

In contrast, the transformer and Wave-ViT models have relatively low parameter counts and computational loads,
comparable to or even lower than those of the MLP model. Wave-ViT has the lowest Madd and flops (1.04 G and 1.12 G),
indicating that it achieves the highest computational efficiency while maintaining high accuracy. The transformer model
also demonstrates relatively low computational demands, which can be attributed to its parallel processing capability.
Although the MLP model has the fewest parameters and lowest computational load, it also has the lowest accuracy,
suggesting that while simple models offer high computational efficiency, their limited representational capacity makes it
challenging to capture complex features within images.

In summary, the data in Table 2 indicates that transformer-based models, particularly Wave-ViT, demonstrate a
favorable balance of performance and efficiency in image recognition tasks. These models achieve a better trade-off
between accuracy and computational efficiency, suggesting a promising direction for the development of deep learning
models. Future research could explore further improvements to these models to achieve an optimal balance among
accuracy, efficiency, and resource consumption.

Analysis of the four models based on loss function variation

To further identify the optimal model, this study analyzes the variation in loss function values during training. The four
models - MLP, ResNet, transformer, and Wave-ViT - show significant differences in their training performance, as
reflected in the stability and final values of their loss functions, which follow a trend of progressive improvement and
reduction, as shown in Figure 6. These differences stem from their unique network architectures and training strategies.
The following analysis, based on Figure 6, will detail the distinctions among these models in terms of loss function
stability and final loss values.

MLP is a basic deep learning model composed of multiple fully connected layers. During training, the loss function for
MLP often exhibits significant fluctuations, especially in the early stages. This is due to the longer gradient propagation
paths in MLP, which make it prone to gradient vanishing or explosion issues, resulting in unstable parameter updates
and pronounced oscillations in the loss function. Furthermore, the MLP’s limited representational capacity makes it
challenging to effectively learn complex data features, leading to slower loss convergence and a relatively high final loss
value. Its loss function curve typically shows a jagged pattern with slow convergence and is prone to get trapped in local
minima.

ResNet mitigates the gradient vanishing problem in deep neural networks by introducing skip connections, allowing
gradients to bypass certain layers during backpropagation. This design makes the model easier to train and enables the
training of deeper networks. During training, ResNet’s loss function shows greater stability than MLP, with significantly
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Table 1 Distribution of samples across the dataset

Esophagitis A Esophagitis B-D Barretts-short-segment Barretts
Tarin set 320 208 42 32
Test set 42 26 6 )
Val set 41 26 5 4
Total 403 260 53 41
Model name Accuracy (%) Input size (MB) Params (MB) Madd (G) Flops (G)
MLP 81.17 3.15 1.10 1.57 0.95
ResNet 85.44 3.15 45.20 71.21 35.63
Transfomer 87.65 3.15 1.45 217 1.57
Wave-ViT 88.97 3.15 1.29 1.04 1.12

MLP: Multi-layer perceptron; ResNet: Residual network; Wave-ViT: Wave-Vision Transformer.

reduced fluctuations. This is due to the skip connections, which improve gradient propagation and stabilize parameter
updates. Additionally, ResNet’'s convolutional layers effectively capture local features in image data and, through
stacking multiple convolutional layers, learn higher-level feature representations, enhancing the model’s expressive
power. As a result, ResNet achieves lower final loss values and faster convergence than MLP. Its loss function curve is
relatively smooth, converges more quickly, and is more likely to approach the global minimum.

The core of the transformer model is the self-attention mechanism, which captures relationships between any two
elements in the input sequence, effectively learning long-range dependencies. Unlike MLP and ResNet, the transformer
model processes all elements in the input sequence in parallel, resulting in faster training and the ability to handle longer
sequences. During training, the transformer model’s loss function exhibits even greater stability than that of ResNet, with
smaller fluctuations. This stability arises from the self-attention mechanism’s capacity to capture contextual information,
leading to more stable parameter updates and better learning of global data features. Additionally, the transformer
model’s strong representational ability enables it to learn more complex feature representations, resulting in lower loss
values and faster convergence than ResNet. Its loss function curve is exceptionally smooth, converges very quickly, and
typically achieves very low loss values.

Wave-ViT is a model that applies the transformer architecture in the frequency domain. It first transforms input data
into the frequency domain and then utilizes the transformer model for feature extraction in this domain. This approach
effectively captures frequency information in the data and leverages the transformer model’s parallel processing
capability to enhance computational efficiency. During training, the loss function of Wave-ViT is even more stable than
that of the transformer model, with minimal fluctuations. This is because frequency domain representation can effectively
reduce noise and highlight essential features in the data, resulting in more stable parameter updates. Additionally, Wave-
ViT excels in capturing global data features and effectively learns frequency-based information, leading to lower loss
values and faster convergence than the transformer model. Its loss function curve is exceptionally smooth, with rapid
convergence to very low loss values, and is less prone to getting trapped in local minima.

In summary, from the perspective of loss function variation, these four models exhibit a clear progression in stability
and final loss values: MLP shows the most volatile loss function with large fluctuations and a high final loss value;
ResNet is relatively stable with smaller fluctuations and a lower final loss value than MLP; the transformer model is even
more stable, with minimal fluctuations and a lower final loss value than ResNet; and Wave-ViT demonstrates the highest
stability, with minimal fluctuations and the lowest final loss value. This difference primarily stems from the unique
architecture and training strategies of each model. MLP lacks effective mechanisms to address the vanishing gradient
problem; ResNet alleviates this issue through skip connections; the transformer captures long-range dependencies
through its self-attention mechanism; and Wave-ViT combines the benefits of frequency domain representation and the
transformer model, further enhancing model stability and representational capacity. This increased stability directly
translates into better generalization and robustness, with Wave-ViT often showing optimal performance on the test set.
Naturally, actual outcomes may be influenced by factors such as datasets and hyperparameters, but the overall trend
follows this pattern.

Comparison and analysis of model modules based on feature map visualization

Visualizing the feature maps of each module in each model allows us to understand the internal mechanisms by which
the models identify esophageal diseases. This is especially useful for examining the differences in feature extraction and
semantic understanding across models. Figure 7 shows the results of visualizing different models for the identification of
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Figure 6 Variation of loss function and validation accuracy during model training. A-D: The changes in loss function values during training for the
multi-layer perceptron, residual network, transformer, and Wave-Vision Transformer (Wave-ViT) models, respectively, on the training and validation sets. This
visualization illustrates the convergence behavior, generalization ability, and risk of overfitting for each model. By comparing loss function curves, we can assess
training stability and efficiency. In this study, if Wave-ViT exhibits faster convergence and lower validation loss, this directly supports its superiority in esophageal
cancer diagnosis. This would indicate that Wave-ViT can more effectively learn complex features in medical images while avoiding overfitting, providing strong
evidence for its practical application. MLP: Multi-layer perceptron; ResNet: Residual network; Wave-ViT: Wave-Vision Transformer.

a particular case of esophagitis. This paper analyzes the differences in feature maps extracted by modules across four
levels in ResNet, the transformer model, and Wave-ViT, with a focus on how Wave-ViT leverages frequency domain
information to enhance its focus on disease regions in the esophagus.

By observing the intermediate feature maps extracted by each model, this study conducted a detailed analysis of the
correlation between the model’s focus areas and pathological features[38]. ResNet primarily captures local details, such as
the texture of the esophageal wall and the distribution of blood vessels. As the network depth increases, the model
gradually learns higher-level features, such as the integrity of the esophageal mucosa and the shape and size of inflamed
areas. However, ResNet mainly focuses on local spatial information within the image and has limited sensitivity to global
information and different frequency components. The transformer model, on the other hand, captures relationships
between different regions of the esophagus, such as the connection between inflamed areas and surrounding tissue. Due
to its global perspective enabled by the self-attention mechanism, the transformer model is more effective than ResNet in
identifying disease regions. Wave-ViT has the advantage of simultaneously capturing both local details and global
contextual information in diseased regions. The wavelet transform highlights high-frequency details in diseased areas,
such as irregular edges and abnormal textures. Additionally, the wavelet block extracts information at different scales
from feature maps of various frequency components: High-frequency components highlight details within diseased
areas, while low-frequency components capture global contextual information. As a result, the Wave-ViT model
demonstrates a higher degree of focus on disease regions and achieves more precise localization of these areas.

In summary, the ResNet visualization results may indicate attention to the entire esophageal region but show a lower
degree of focus on disease areas compared to the other two models. All three models” shallow feature maps display local
texture information, while deeper feature maps reveal more abstract regional features. However, both ResNet and
transformer models lack emphasis on specific frequency domain information. Wave-ViT, in contrast, captures more
frequency domain information, allowing it to extract richer semantic information from the esophagus, which explains
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Input image

Figure 7 Visualization of feature extraction from different layers in the prognostic model. The first to third rows correspond to the feature maps
extracted by the bottleneck block in residual network, the transformer block in the transformer model, and the wavelet block in Wave-Vision Transformer (Wave-ViT),
respectively. A-D: The feature maps extracted by the four different levels of modules illustrated in Supplementary Figure 1. This visualization provides an intuitive
comparison of the feature extraction capabilities of the three models. The contrast in feature maps clearly reveals Wave-ViT's advantage in multi-scale feature
extraction, particularly in its balance between detail and global information. These results support Wave-ViT's superiority in medical imaging analysis, particularly in
esophageal cancer diagnosis, where it more accurately detects early-stage lesions and complex pathological features. This visualization validates Wave-ViT’s
architectural design and provides critical insights for further model optimization[23].

why Wave-ViT demonstrates a higher focus on esophageal disease regions.

To further analyze how the wavelet block in Wave-ViT extracts frequency domain features, this study visualizes the
first wavelet block’s feature extraction process, as shown in Figure 8. The wavelet block employs a fundamental time-
frequency analysis method, decomposing the input signal into different frequency sub-bands - namely, low-frequency
components (top-left in Figure 8) and high-frequency components (top-right, bottom-left, and bottom-right in Figure 8) -
to address aliasing issues. Specifically, the low-frequency component reflects the coarse-grained structure of basic objects,
while the high-frequency components retain fine-grained texture details. In this way, various levels of image detail are
captured in the extracted feature maps without information loss.

The Wave-ViT model incorporates wavelet transform to leverage frequency domain decomposition, significantly
improving the detection of EAC lesions. Wavelet transform allows the model to conduct multi-scale analysis in the
frequency domain, enabling effective feature extraction across different frequency bands[39]. Specifically, the model first
applies wavelet transform to decompose EAC images (e.g., biopsy tissue slides or medical scans) into low-frequency and
high-frequency components: Low-frequency components retain global structural information. High-frequency com-
ponents capture fine-grained texture features, such as cell morphology and pathological changes. This multi-scale feature
extraction enables Wave-ViT to distinguish subtle differences between healthy and cancerous tissues. In EAC, where
lesion features can be extremely subtle, capturing high-frequency information is particularly critical. By integrating self-
attention mechanisms, Wave-ViT can dynamically focus on the most representative regions in medical images, further
enhancing sensitivity to key lesions. For example, when detecting specific cellular structures in adenocarcinoma, the
model prioritizes regions with prominent high-frequency features, improving detection accuracy and reliability.

Overall, Wave-ViT integrates frequency domain decomposition with deep learning, advancing early diagnosis and
precise recognition of EAC, and supporting clinical decision-making[40]. This frequency domain mechanism enables
Wave-ViT to simultaneously analyze local details and global context, capturing EAC’s pathological characteristics more
comprehensively. High-frequency information helps identify subtle anomalies in early-stage lesions, while low-frequency
information assists in assessing lesion extent and severity. Experimental results further confirm that Wave-ViT precisely
localizes lesion areas and achieves higher classification accuracy on EAC datasets. This advancement provides critical
support for early detection and treatment planning. This translation effectively conveys the training process, performance
comparison, feature visualization, and clinical implications of Wave-ViT while integrating relevant references from the
manuscript.

From the quantitative and visualization results, it is evident that none of the four models achieved optimal accuracy,
and each exhibited different errors. When applying MLP, CNNs, transformers, and Wave-ViT for EAC classification,
various sources of error may significantly impact model performance and clinical interpretability.
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Figure 8 Visualization of wavelet block extracting different frequency domain features. The top left image represents the low-frequency sub-band,
while the other images depict high-frequency sub-bands. After processing the different sub-band images, they can be combined into a single image through the
inverse wavelet transform, allowing for the extraction of additional information. After processing different sub-bands and applying the inverse wavelet transform, these
components can be recombined into a single image, thereby extracting richer information. This demonstrates how wavelet transform decomposes an original image
into low- and high-frequency sub-bands, where the low-frequency sub-band preserves the primary structure and global information, while the high-frequency sub-
bands capture fine details and edge features. By processing and reconstructing these sub-bands, the multi-scale feature representation of the image is enhanced
without losing critical information. This process significantly improves the model’s ability to detect subtle pathological changes, which is crucial for esophageal cancer
diagnosis. Particularly in early-stage esophageal cancer, small and hidden morphological differences among subtypes can be better captured. Therefore, the figure
not only validates the effectiveness of wavelet transform in feature extraction but also provides strong technical support for the study. The findings demonstrate that

the Wave-Vision Transformer model, by integrating multi-scale feature fusion, substantially enhances the accuracy and robustness of esophageal cancer diagnosis
[23].

MLP: Limited feature engineering, overfitting, and nonlinear constraints may prevent the model from effectively
capturing the complexity of clinical data, reducing diagnostic accuracy and generalizability.

CNN: CNN models may be affected by data bias, image quality variations, and overfitting, leading to missed or misdia-
gnosed high-risk patients, which increases psychological burdens on patients.

Transformer: While transformers have strong feature extraction capabilities, their reliance on large datasets makes them
vulnerable to performance degradation due to insufficient training samples. Additionally, high computational complexity
in inference may limit real-time decision-making.

Wave-ViT: Although Wave-ViT excels in multi-scale feature extraction, improper utilization of multi-scale information
may lead to performance degradation or overfitting. These potential sources of error could lead to the omission of critical
pathological features, undermining model interpretability and credibility, thereby affecting clinical decision-making and
treatment strategies. In clinical practice, physicians must carefully assess these models’ limitations to make compre-
hensive patient evaluations and deliver more effective treatments. To further reduce these errors, future research will
focus on optimizing multiple aspects of esophageal cancer prediction models.

Expanding the dataset: Enhancing generalization and performance by collecting diverse, multi-center data covering
various patient demographics (age, gender, ethnicity) and pathological subtypes of esophageal cancer. This diversity will
improve rare lesion detection and ensure better adaptability across different clinical scenarios.

Optimizing models for different esophageal cancer types: Specialized testing and optimization of models for adenocar-
cinoma and squamous cell carcinoma are crucial due to their distinct pathogenesis, pathological characteristics, and
clinical manifestations. Optimizing models for specific subtypes can improve classification accuracy, while exploring
subtype-specific feature selection and preprocessing techniques can further enhance performance.
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Integrating AI models into clinical workflows: Embedding deep learning models into clinical decision support systems
can facilitate real-time diagnostic suggestions following patient examinations. Future studies should also prioritize model
interpretability and transparency to help physicians understand model decisions, thereby increasing trust and adoption
in clinical settings. By expanding datasets, optimizing models for specific cancer subtypes, and integrating Al technology
into clinical workflows, this research aims to improve the accuracy and precision of esophageal cancer detection and
treatment.

Evaluating model generalization using 5-fold cross-validation

To assess the generalization ability of the Wave-ViT model, we conducted a 5-fold cross-validation. The dataset was
evenly split into five subsets, where one subset was used for validation while the remaining four were used for training in
each iteration. This process was repeated five times, and the final accuracy was calculated as the average of all
experiments. The results demonstrated that the Wave-ViT model performed consistently across all subsets, achieving an
average accuracy of 89%, confirming its robustness under different data distributions. Moreover, a comparison of the loss
curves between training and validation sets indicated no significant overfitting, further validating its strong general-
ization ability. This evaluation method ensures that the Wave-ViT model effectively mitigates data bias, demonstrating
strong potential for real-world applications in esophageal cancer diagnosis. Future research will continue to expand the
dataset by incorporating more EAC samples to further enhance model generalizability.

DISCUSSION

This study demonstrates significant research value and clinical potential by applying deep learning technology to the
pathological classification and staging of esophageal cancer. As the sixth most common cancer worldwide, esophageal
cancer is characterized by a high mortality rate and complex pathological features, making early diagnosis and staging
crucial for improving patient survival rates[41,42]. However, traditional diagnostic methods often rely on the manual
judgment of pathology experts, which is not only time-consuming and labor-intensive but also prone to human error,
leading to misdiagnoses or missed diagnoses[43]. Therefore, enhancing diagnostic accuracy and efficiency for esophageal
cancer, particularly through automated diagnostic tools in early pathological classification and staging, has become a
pressing issue in the medical field.

In this context, deep learning serves as an automated and intelligent image analysis tool, providing a new solution for
processing pathological images. The use of ResNet, MLP, transformer model, and Wave-ViT in this project significantly
enhances the diagnostic accuracy of esophageal cancer pathological images. Among these, the Wave-ViT represents an
innovative aspect of this study, combining the advantages of self-attention mechanisms and frequency domain
information extraction. This model not only captures complex features in pathological images but also precisely identifies
high-frequency and low-frequency characteristics through wavelet transform. As a result, the model demonstrates
outstanding performance in classifying pathological stages from esophagitis to esophageal cancer, exhibiting higher
accuracy and efficiency compared to traditional methods, particularly in the staging diagnosis of complex pathological
structures.

In the application of deep learning models, the authenticity and validity of the dataset directly influence the model’s
generalization ability and reliability. This study utilized clinical real-world data from two types of esophagitis and two
types of Barrett’s esophagus, encompassing a diverse range of pathological classification and staging scenarios, which
enhances the practical applicability of the model. In contrast, some existing studies often rely on publicly available
datasets or relatively homogeneous pathological types, making it difficult to cover the variable pathological features
encountered in clinical practice. Moreover, the quality of the data and the consistency of annotations largely determine
the model’s diagnostic accuracy and generalizability. We strictly controlled data balance during model training and
validation to ensure that the model could accurately identify different types of lesions. In comparison, other studies may
struggle to achieve the same level of recognition performance due to limitations in their datasets. The dataset construction
strategy employed in this research not only improves the model’s adaptability but also provides a solid foundation for
clinical implementation.

Through a detailed evaluation of the performance of each model, this study found that the Wave-ViT excels in both
accuracy and efficiency. In the tasks of pathological classification and staging of esophageal cancer, Wave-ViT achieved
an accuracy of 88.97%, significantly higher than that of the transformer (87.65%), ResNet (85.44%), and MLP (81.17%).
Furthermore, Wave-ViT exhibits low computational complexity, with key metrics such as parameter count, Madd, and
flops maintained at appropriate levels, indicating its suitability for real-time analysis in practical applications. In contrast,
existing studies often report deep learning models that require high computational resources and parameter counts,
making them less feasible for implementation in resource-limited clinical settings. This research demonstrates the
advantage of Wave-ViT in maintaining high accuracy while reducing computational complexity, laying the groundwork
for its widespread application in pathological diagnosis. One of the key aspects to highlight is that the Wave-ViT model,
by integrating wavelet transform with the transformer architecture, has demonstrated exceptional performance in
medical image analysis. Its multi-scale feature extraction capability enables more accurate detection of subtle early-stage
esophageal cancer lesions, such as Barrett’s esophagus or mild dysplasia, thereby significantly enhancing early detection
sensitivity. Additionally, Wave-ViT effectively differentiates between esophageal cancer subtypes, including esophageal
squamous cell carcinoma and EAC, providing clinicians with more precise pathological classification information to
support personalized treatment planning. For example, based on the model’s high-precision diagnostic outputs, phy-
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sicians can implement early interventions, choosing targeted therapies or chemo-radiotherapy strategies tailored to the
specific esophageal cancer subtype, ultimately improving treatment outcomes and patient survival rates. Furthermore,
the high computational efficiency of Wave-ViT allows for the rapid processing of large-scale medical imaging data,
offering real-time support for clinical decision-making, thereby advancing the field of precision medicine. Thus, Wave-
ViT’s advantages extend beyond technical performance to tangible clinical value, providing a powerful tool for early
esophageal cancer screening and personalized treatment.

In this study, we propose a step-by-step clinical workflow to integrate Wave-ViT as an auxiliary screening tool into the
endoscopic examination process to improve early diagnosis efficiency and accuracy for EAC. Specifically, this model is
designed to automatically analyze images from real-time endoscopic video streams and utilize frequency-domain
decomposition techniques (e.g., wavelet transform) to extract high-frequency details (such as irregular edges and
abnormal textures) and low-frequency global information (such as lesion size and its relationship with surrounding
tissues). When a suspicious lesion is detected, the model automatically highlights the region in real time, prompting
endoscopists to focus on potentially malignant areas, thereby reducing the risk of missed or misdiagnoses. This real-time
assistance not only enhances endoscopic examination efficiency but also provides clinicians with a more comprehensive
understanding of lesions, supporting more accurate clinical decision-making. Additionally, we explored the potential
complementary role of Wave-ViT in pathological biopsy analysis. Traditional biopsy-based histopathology relies heavily
on subjective assessment by pathologists, whereas Wave-ViT can provide objective, quantitative lesion characterization,
including lesion size, shape, texture features, and contrast with surrounding tissues. For instance, the model can generate
probability heatmaps of malignancy likelihood and combine frequency-domain feature analysis to offer multi-scale lesion
descriptions. These quantitative insights, when combined with microscopic pathological observations, can significantly
enhance diagnostic accuracy and consistency. This is particularly valuable for early-stage EAC diagnosis, where the
model’s heightened sensitivity to microscopic lesions can compensate for sampling bias and the limited field of view in
biopsies. Notably, Wave-ViT exhibits significant advantages for clinical applications.

Multi-scale feature extraction for complex lesion detection
Its frequency-domain decomposition enables superior lesion detection in complex backgrounds, effectively distin-
guishing early-stage esophageal cancer from normal tissues.

Real-time & automated screening for large-scale clinical use
The model’s efficiency and automation make it well-suited for high-throughput screening scenarios, significantly
reducing the workload of endoscopists.

Enhanced integration with pathological biopsy for precision medicine

By combining Wave-ViT analysis with histopathology, the model enables more accurate and personalized EAC
diagnoses. Future research should focus on optimizing the model’s generalization ability and conducting multi-center
clinical trials to validate its clinical applicability.

This study focuses on the classification and staging of different pathological types of esophageal cancer, particularly
the precise identification and analysis of the progression from esophagitis to Barrett’s esophagus and EAC. Traditional
pathological classification methods often face challenges in accurately identifying precancerous lesions, especially in
distinguishing atypical hyperplasia from typical hyperplasia in Barrett’'s esophagus[44,45]. However, deep learning
models can automatically extract deep features from images, significantly enhancing the accuracy and consistency of
classification. The Wave-ViT model employed in this study effectively extracts frequency domain information, enabling it
to accurately differentiate between various pathological types, thus providing a more reliable tool for early cancer
screening. Compared to models in other studies, the model presented here demonstrates not only greater efficiency in
recognizing pathological features but also excellent adaptability in maintaining stability during staging.

We also performed a subgroup analysis of the two primary histological subtypes of esophageal cancer: Esophageal
squamous cell carcinoma: Predominantly associated with smoking, alcohol consumption, and malnutrition. More
prevalent in Asian and African populations. Pathologically characterized by dysplastic changes in squamous epithelial
cells, progressing to invasive carcinoma. Treatment options: Surgery and chemo-radiotherapy remain the mainstay.
Molecular characteristics: Frequently involves TP53, CDKN2A mutations, and Wnt/B-catenin pathway alterations[46].
EAC: More common in Western populations, strongly linked to gastroesophageal reflux disease, obesity, and Barrett’s
esophagus. Pathologically originates from columnar epithelium with glandular dysplasia. Treatment options: In addition
to surgery and chemo-radiotherapy, targeted therapies (e.g., anti-human epidermal growth factor receptor 2 drugs) show
promising results. Molecular characteristics: Frequently involves TP53, ERBB2 mutations, and alterations in the
epidermal growth factor receptor/human epidermal growth factor receptor 2 signaling pathway[47,48]. These findings
emphasize the distinct etiological, pathological, molecular, and therapeutic differences between esophageal squamous
cell carcinoma and EAC, underscoring the importance of subtype-specific treatment strategies in clinical practice.

The most significant highlight of this study is the introduction of frequency domain information, an innovative
approach that enables deep learning models to capture and recognize subtle changes in pathological images that may
otherwise be difficult to detect. While traditional deep learning models demonstrate considerable advantages in
processing large-scale image data, they often exhibit limitations in recognizing minor changes, particularly the gradual
transitions between different stages of esophageal cancer progression. The frequency domain features obtained through
wavelet transform allow the model to extract more detailed image information from various frequency dimensions,
significantly enhancing its sensitivity to pathological features. This is especially crucial in the diagnosis of early lesions,
making early detection of esophageal cancer possible.
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Another significant value of this study lies in the selection and application of the dataset. This project utilizes the
Hyper Kvasir and other publicly available datasets, which contain a large number of high-quality esophageal pathology
images annotated by professional endoscopists, covering multiple pathological stages from esophagitis and Barrett’s
esophagus to EAC. The use of this dataset not only ensures the quality of the training data for the model but also
guarantees its generalization ability and practicality through validation with extensive real clinical data. The model’s
excellent performance in both training and validation demonstrates the broad applicability of deep learning technology in
complex medical image processing, laying a solid foundation for future larger-scale clinical applications.

From a clinical perspective, this study provides a novel tool for the precise diagnosis and personalized treatment of
esophageal cancer. The introduction of deep learning models not only enhances the accuracy of pathological classification
and staging but also reduces the workload for physicians through automated diagnostics, shortening diagnostic times
and improving clinical efficiency. Additionally, Wave-ViT’s analytical approach enables physicians to make precise
assessments at earlier stages of lesions, thereby providing a more scientific basis for personalized treatment plans. This
advancement not only helps to lower the mortality rate associated with esophageal cancer but also significantly improves
patient treatment outcomes and quality of life.

CONCLUSION

In summary, this project demonstrates that the application of deep learning technology in the pathological classification
and staging of esophageal cancer not only achieves a dual enhancement of diagnostic accuracy and efficiency but also
establishes a new technological pathway for early detection, precision medicine, and personalized treatment of
esophageal cancer. This research holds significant implications and broad clinical application prospects.
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Abstract

BACKGROUND

Despite the promising prospects of utilizing artificial intelligence and machine
learning (ML) for comprehensive disease analysis, few models constructed have
been applied in clinical practice due to their complexity and the lack of reasonable
explanations. In contrast to previous studies with small sample sizes and limited
model interpretability, we developed a transparent eXtreme Gradient Boosting
(XGBoost)-based model supported by multi-center data, using patients' basic
information and clinical indicators to forecast the occurrence of anastomotic
leakage (AL) after rectal cancer resection surgery. The model demonstrated robust
predictive performance and identified clinically relevant thresholds, which may
assist physicians in optimizing perioperative management.
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AIM
To develop an interpretable ML model for accurately predicting the occurrence probability of AL after rectal cancer
resection and define our clinical alert values for serum calcium ions.

METHODS

Patients who underwent anterior resection of the rectum for rectal carcinoma at the Department of Digestive
Surgery, Xijing Hospital of Digestive Diseases, Air Force Medical University, and Shaanxi Provincial People's
Hospital, were retrospectively collected from January 2011 to December 2021,. Ten ML models were integrated to
analyze the data and develop the predictive models. Receiver operating characteristic (ROC) curves, calibration
curve, decision curve analysis, accuracy, sensitivity, specificity, positive predictive value, negative predictive value,
and F1 score were used to evaluate model performance. We employed the SHapley Additive exPlanations (SHAP)
algorithm to explain the feature importance of the optimal model.

RESULTS

A total of ten features were integrated to construct the predictive model and identify the optimal model. XGBoost
was considered the best-performing model with an area under the ROC curve (AUC) of 0.984 (95%confidence
interval: 0.972-0.996) in the test set (accuracy: 0.925; sensitivity: 0.92; specificity: 0.927). Furthermore, the model
achieved an AUC of 0.703 in external validation. The interpretable SHAP algorithm revealed that the serum
calcium ion level was the crucial factor influencing the predictions of the model.

CONCLUSION

A superior predictive model, leveraging clinical data, has been crafted by employing the most effective XGBoost
from a selection of ten algorithms. This model, by predicting the occurrence of AL in patients after rectal cancer
resection, has identified the significant role of serum calcium ion levels, providing guidance for clinical practice.
The integration of SHAP provides a clear interpretation of the model's predictions.

Key Words: Machine learning; Rectal cancer; Anastomotic leakage; SHapley Additive exPlanations algorithms

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Ten machine learning models were established using ten factors and interpreted using the SHapley Additive
exPlanations model. Through model evaluation and comparison, we selected the best prediction model and performed
external validation in multiple centers. We found for the first time that perioperative serum calcium ion level plays an
important role in the occurrence of anastomotic leakage (AL) after anterior resection of rectal cancer, and proposed that
preoperative serum calcium level lower than 2.1 and postoperative calcium level lower than 2.2 are clinical warning values
for the occurrence of AL.

Citation: Kang BY, Qiao YH, Zhu J, Hu BL, Zhang ZC, Li JP, Pei YJ. Serum calcium-based interpretable machine learning model for
predicting anastomotic leakage after rectal cancer resection: A multi-center study. World J Gastroenterol 2025; 31(19): 105283

URL: https://www.wjgnet.com/1007-9327/full/v31/i19/105283.htm

DOI: https://dx.doi.org/10.3748/wjg.v31.i119.105283

INTRODUCTION

Colorectal cancer is recognized as a critical public health issue, being the third most common cancer and the second
leading cause of cancer-related mortality worldwide[1]. Rectal cancer is one of the most common and severe diseases that
threatens human health worldwide as well[2]. And the global burden of rectal cancer is expected to increase by 2040[3].
Up to 20% of patients undergoing low anterior resection for rectal cancer experience anastomotic leakage (AL)[4]. AL is a
severe complication after rectal cancer surgery, leading to increased permanent stoma formation and cancer recurrencel[5,
6]. Therefore, it is of great importance to investigate the risk factors for AL to reduce its incidence.

Machine learning (ML), an artificial intelligence (AI)-based predictive tool, holds significant advantages in dealing with
the complex relationships between diseases and contributing factors in the medical field[7,8]. Currently, ML is exten-
sively employed for predicting diseases and survival outcomes, aiding physicians in making precise clinical decisions[9-
12]. SHapley Additive exPlanations (SHAP) is a tool for explaining predictions made by ML models. By leveraging the
SHAP algorithm to analyze and interpret individual model predictions, as well as to provide a more comprehensive view
of the impact of inputs on the output, the model gains increased clinical value. Currently, this type of interpretable
predictive model has been successfully applied across various medical fields, such as predictions for sepsis and hepato-
cellular carcinoma[13,14].
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Despite the promising prospects of utilizing AI and ML for comprehensive disease analysis, few models have been
applied in clinical practice due to their complexity and the lack of reasonable explanations[15,16]. In contrast to previous
studies with small sample sizes and limited interpretability, we developed a transparent eXtreme Gradient Boosting
(XGBoost)-based model supported by multi-center data, using patients' basic information and clinical indicators to
forecast the occurrence of AL after rectal cancer resection. The model demonstrated robust predictive performance and
identified clinically relevant thresholds, which may assist physicians in optimizing perioperative management.

MATERIALS AND METHODS
Data and participants

This study encompassed 1818 patients diagnosed with rectal cancer, all of whom underwent anterior resection of the
rectum for rectal carcinoma at the Department of Digestive Surgery, Xijing Hospital of Digestive Diseases, Air Force
Medical University, from January 2011 to December 2021. The external validation data was collected from Shaanxi
Provincial People's Hospital, encompassing 60 cases of patients who underwent anterior resection for rectal cancer from
January 2021 to January 2024. The implementation of radical resection for rectal carcinoma strictly adhered to the
treatment guidelines of the corresponding period, with standard surgical procedures employed. The case information
came from electronic medical records. This study was a secondary analysis of retrospective data and was a retrospective,
multi-cohort, observational study using de-identified data. Therefore, informed consent and research ethics committee
approval were not required. The study protocol adhered to the ethical guidelines of the 1995 Declaration of Helsinki, and
the previous study was approved by the ethics committee of the First Affiliated Hospital of Air Force Military Medical
University (approval No. KY20212211-N-1).

Inclusion and exclusion criteria
Inclusion criteria: (1) Age > 18 years; (2) Patients with confirmed AL after anterior resection of the rectum for rectal
cancer; and (3) Primary rectal carcinoma confirmed by preoperative pathology.

Exclusion criteria: (1) Non-unifocal primary cancer lesions; (2) Development of rectourethral or rectovaginal leakage; (3)
Incomplete clinical data; (4) Abnormal or unclear clinical data; (5) All cases with severe heart, lung, and brain diseases or
serious infections; and (6) All cases with coagulation dysfunction or severe blood disorders. The flowchart of patient
selection and model construction is illustrated in Figure 1.

Definitions and data preprocessing

The diagnosis of rectal cancer was based on the 2021 guidelines from the National Comprehensive Cancer Network for
the diagnosis and treatment of rectal cancer. The definition of AL adopted the criteria proposed by The International
Study Group of Rectal Cancer in 2009, and patients with three grades of A, B, and C were included in the study[17].
Based on 28 continuous variables, the median was taken as the cutoff value for dichotomization and 11 categorical
variables were analyzed in dummy form. Preoperative and postoperative patient data were collected three days prior to
surgery and one day after surgery, respectively, and subsequently entered into the electronic medical records. The data
did not contain missing values.

Study variables

Based on patient information, clinical variables, and hematological indicators, we included 39 variables for analysis and
screened for important factors using least absolute shrinkage and selection operator (LASSO) regression, stepwise
Logistic regression, and Boruta regression. By employing LASSO regression, we used the optimal regularization lambda
parameters, divided the entire dataset into 10 folds, and sequentially incorporated each variable into the model, ceasing
the addition when the area under the receiver operating characteristic (ROC) curve (AUC) no longer increased, thereby
conducting feature selection. Nine variables were considered significant in all regression analyses. Preoperative and
postoperative serum creatinine levels, as well as postoperative cystatin C, were considered to be of significant importance
in both regression models. These three variables all reflect renal function. To minimize potential interactions and
considering that postoperative serum creatinine is more commonly used in clinical practice, we selected postoperative
serum creatinine for inclusion in the model construction.

Model construction and validation

The patients (1 = 1818) were randomly assigned to training and testing datasets in a 7:3 ratio. To evaluate the impact of
data imbalance, models were constructed and evaluated using both raw data and SMOTE resampled data (n = 3721), and
the most effective data processing method was selected. Additionally, the efficacy of the model will be rigorously
evaluated through external validation processes to guarantee the precision and dependability of its prognostic
capabilities. Subsequently, an optimal predictive model was developed utilizing 10 distinct ML algorithms: Logistic
regression, support vector machine, gradient boosting machines, neural network, random forest, XGBoost, K-nearest
neighbors, AdaBoost, light gradient boosting machine, and CatBoost. The performance of the models was rigorously
assessed employing ROC curves, calibration curve, decision curve analysis (DCA), accuracy, sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV), and F1 score.
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Figure 1 Flowchart of study procedure. SHAP: SHapley Additive exPlanations.

Evaluating predictive factors using SHAP values

SHAP, originally developed by Lee, is an approach grounded in cooperative game theory for elucidating ML models[18].
By assigning SHAP values that quantify the contribution of each predictor variable, SHAP creates a consistent framework
ideal for assessing variable contributions within predictive models, thus mitigating the challenge of model opacity.
Distinct from alternative methodologies, SHAP values offer local interpretability, enhancing the comprehension of model
intricacies. Positive SHAP values indicate that the variable is more instrumental in predicting patients with AL, while
negative values suggest that the variable is more conducive to predicting patients without AL.

Statistical analysis

Statistical analyses were performed by using R, version 4.4.1 (R, Foundation for Statistical Computing). SMOTE
resampling was calculated using the R package DMwR. LASSO regularization model, Boruta regression, and Logistic
regression were calculated using the R packages Boruta and glmnet. Ten ML models were calculated using the R
packages 1071, gbm, caret, XGBoost, nnet, Adaboost, lightgbm, and Catboost. ROC curve, DCA, and calibration curve
were calculated using the R packages pROC and rmda and risk regression. All continuous variables in this study were
converted into categorical variables by median, and all categorical variables appeared in frequency and percentage form.
The y test was used to compare the differences between groups, and P < 0.05 was considered statistically significant. The
kernelshap and shiny packages in R were utilized to ascertain the significance and hierarchy of variables within the
model. The directional influence of each variable on the outcome was established based on SHAP values and detailed
visual explanations were generated at the individual observation level.

RESULTS

Patients’ baseline characteristics
This retrospective study included 1818 patients (average age, 61.6 years; range, 20-89 years) from January 2011 to
December 2021, including 1119 males and 699 females, of whom 86 (4.73%) suffered from AL. The baseline data of
included patients are shown in Table 1. Baseline data for the training set, validation set, and external validation are
shown in Supplementary Tables 1-3.

There was no significant difference in age, location, or other aspects between the AL group and NAL group (P = 0.433,
P =0.517). In the univariate analysis, significant differences (P < 0.05) were observed between the AL group and the NAL
group with respect to family history, tobacco and alcohol history, CD34, T stage, preoperative and postoperative blood
calcium levels, preoperative platelet count, preoperative plasma albumin and globulin levels, positive lymph node count
(rLNs), and neoadjuvant therapy. Upon further multivariate analysis, significant differences were observed between the
AL group and the NAL group in family history, tobacco and alcohol history, CD34, T stage, preoperative and post-
operative blood calcium levels, preoperative platelet count, rLNs, and neoadjuvant therapy. These factors also emerged
as common key variables across the three multivariate analysis results. Based on statistical analysis and clinical
experience, we ultimately selected ten variables, namely, family history, tobacco and alcohol history, CD34, T stage,
preoperative and postoperative blood calcium levels, preoperative platelet count, postoperative creatinine, rLNs, and
neoadjuvant therapy, as parameters for the ML model (Supplementary Figure 1). Correlation coefficients between these
variables are presented as a correlation matrix (Figure 2) and all the correlation coefficients were below 0.8, which
demonstrated no serious collinearity. At this point, we identified the significant impact of serum calcium ion, as both
preoperative and postoperative levels are important determinants of AL.
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Table 1 Baseline characteristics of patients with and without anastomotic leakage, n (%)

NAL (n=1732) AL (n = 86) P value

Sex = male 1055 (60.9) 64 (74.4) 0.016
Tobacco or alcohol <0.001

No 1256 (72.5) 46 (53.5)

Tobacco 258 (14.9) 18 (20.9)

Alcohol 25 (1.4) 1(1.2)

All 193 (11.1) 21 (24.4)
T stage <0.001

T1 192 (11.1) 2(23)

T2 453 (26.2) 17 (19.8)

T3 995 (57.4) 43 (50.0)

T4 92 (5.3) 24 (27.9)
N stage 0.025

NO 291 (16.8) 12 (14.0)

N1 1260 (72.7) 57 (66.3)

N2 181 (10.5) 17 (19.8)
Histological type <0.001

Adenocarcinoma 36 (2.1) 0(0.0)

Adenosquamouscarcinoma 0 (0.0 6 (7.0)

Others 1663 (96.0) 80 (93.0)

Multi 1(0.1) 0(0.0)

Neuroendocrine 17 (1.0) 0(0.0)

Stromal 15 (0.9) 0(0.0)
Family = yes 32(1.8) 10 (11.6) <0.001
CD34 = yes 647 (37.4) 67 (77.9) <0.001
FOBT = M1 1276 (73.7) 64 (74.4) 0.978
Location = others 76 (4.4) 2(2.3) 0.517
Age = high 871 (50.3) 39 (45.3) 0.433
Neoadjuvant = yes 142 (8.2) 57 (66.3) <0.001

NAL: Non-anastomotic leakage; AL: Anastomotic leakage.

Comparative performance analysis of ML models for predicting risk of AL

We trained 10 different ML prediction models on a dataset of 1273 raw samples and a dataset of 3721 samples, which
were balanced using the SMOTE (Synthetic Least Squares) method and focused on 10 key factors. The performance of
each model in the test set is shown in Table 2.

Most models demonstrated satisfactory predictive performance in terms of accuracy, sensitivity, specificity, PPV, NPV,
and F1 score. When comparing the models derived from the raw dataset and the SMOTE-resampled dataset, it was
observed that while the resampled group exhibited higher accuracy, the F1 score and calibration curve were inferior. The
F1 score, as the harmonic mean of precision and recall, accurately shows a model's ability to predict minority classes[19].
The calibration curve, which compares predicted and actual outcomes, indicates how well the model performs in real-
world scenarios[20]. When early stopping was applied, SMOTE resampling of the data led to worse F1 scores and
calibration curves for AL patients. This suggests that resampling the minority data amplifies the noise and raises the risk
of overfitting. XGBoost, Logistic regression, and Neural Network performed well on the ROC curve, with the highest
AUC values of 0.988, 0.986 and 0.984, respectively, signifying their robust predictive capacity for AL. In terms of
calibration curves and F1 scores, XGBoost outperformed the other two models, leading us to conclude that XGBoost is the
optimal model in terms of performance for predicting AL occurrence, with the best PPV (0.92) and NPV (0.927). DCA is a
method for evaluating the potential impact of predictive models on clinical decision-making and it assesses the clinical
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Figure 2 Interaction between variables in a correlation matrix. PrCa: Prstoperative calcium ion concentration; PrCRE: Preoperative serum creatinine
concentration; PoCa: Postoperative calcium ion concentration; rLNs: Positive lymph node count; PrPLT: Preoperative platelet concentration.

utility of a model by comparing the net benefits of different threshold probabilities for treatment decisions[21]. The
calibration curve in predictive modeling serves as a graphical representation that delineates the agreement between the
predicted probabilities and the observed outcomes, thereby assessing the model's accuracy[22]. Therefore, to further
evaluate the fitting effect of the XGBoost model, we drew its DCA curve and calibration curve. The DCA curve shows
that the XGBoost model can provide profitable predictive performance within a threshold probability range of around
0.05 to 0.9. Despite the presence of data imbalance, the model demonstrated good performance in calibration curves, ROC
curves, and confusion matrices, indicating that it indeed possesses high predictive performance (Figures 3 and 4).

External validation of the model

Although the model exhibited satisfactory predictive performance in the training and validation cohorts, the generaliz-
ability of findings from a single-center study is inherently constrained. To bolster the evidence for the model's predictive
utility and to underscore the pivotal role of serum calcium ion concentrations, we pursued external validation. This
rigorous assessment culminated in an AUC of 0.703 (95% confidence interval: 0.525 to 0.881) (Figure 5).

The SHAP to model interpretation

While ML models can achieve high predictive accuracy, their decision-making processes are often opaque, limiting their
interpretability in clinical contexts. The application of SHAP has effectively demystified the "black box" nature of ML
models, endowing them with interpretability. Through the lens of SHAP, we are able to gain a deeper comprehension of
the predictive processes and, consequently, enhance the reliability of our models[23]. This approach allows for a more
transparent understanding of how features contribute to the output and the individual characteristics of patients, which
is crucial for the credibility and effectiveness of ML applications. In this study, we employed SHAP values to quantify the
contribution of each variable to the predictive outcomes for patients (Figure 6). The greater the SHAP value, the more
significant the increase in the incidence of AL that the variable was associated with. This method provided a robust
framework for understanding the impact of individual factors on AL risk. Therefore, we analyzed one AL patient and one
NAL patient separately (Figure 7). By using the interaction of significant factors diagram, we can clarify the effects of
different factor combinations on the model and gain a deeper understanding of its behavior (Figure 8).

DISCUSSION

AL is a serious complication after anterior resection of rectal cancer, with a clinical incidence ranging from 3% to 20%, and
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Figure 3 Testing and evaluation of eXtreme Gradient Boosting model based on raw data. A: Area under the receiver operating characteristic curve
comparison between models; B: The confusion matrix of eXtreme Gradient Boosting model; C: Comparison of decision curve analysis curves between models; D:
Comparison of calibration curves between models. AUC: Area under the receiver operating characteristic curve; ROC: Receiver operating characteristic; SVM:
Support vector machine; GBM: Gradient boosting machines; KNN: K-nearest neighbors; LightGBM: Light gradient boosting machine.

can lead to severe mortality and poor prognosis[24]. In recent studies, AL has been confirmed to be associated with poor
overall survival and disease-free survival[25]. Although new surgical methods have been recognized to be able to
improve surgical outcomes[26], the occurrence of AL still poses a significant threat to patients. Therefore, reducing the
occurrence of AL or intervening early in AL becomes a top priority.

In this study, to better predict the occurrence of AL and clarify the risk threshold for its development, we divided the
clinical information, hematological indicators, and surgical details of 1818 patients into binary variables for analysis and
external validation among 60 patients. This approach not only refined the model's predictive capabilities but also
provides a clearer benchmark for clinical decision-making and perioperative care. And this study included 86 cases of AL,
which is a larger number of positive cases compared to previous studies. This increased sample size of affected
individuals contributes to a more accurate and reliable model. In the selection of patients, with the criterion that missing
values should be less than 10%, we opted to exclude those with incomplete clinical data to ensure the most authentic
dataset. To ensure data authenticity and minimize potential biases, we opted not to impute missing values and instead
excluded incomplete records.

From a methodological perspective, in order to improve the accuracy of the model variables, we used three variable
importance assessment methods and selected variables that are deemed significant by at least two of these methods for
the construction of our ML model. Furthermore, to mitigate issues such as noise amplification and overfitting that may
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Figure 4 Testing and evaluation of eXtreme Gradient Boosting model based on SMOTE-resampled data. A: Area under the receiver operating
characteristic curve comparison between models; B: The confusion matrix of eXtreme Gradient Boosting model; C: Comparison of decision curve analysis curves
between models; D: Comparison of calibration curves between models. AUC: Area under the receiver operating characteristic curve; ROC: Receiver operating
characteristic; SVM: Support vector machine; GBM: Gradient boosting machines; KNN: K-nearest neighbors; LightGBM: Light gradient boosting machine.

arise from SMOTE resampling, we constructed models using two sets of data: One before and one after SMOTE
resampling. This approach enhanced the quality of the data, ensuring a more robust and reliable model. In the realm of
ML, this study incorporated 10 distinct mainstream ML models. We employed a validation set to assess the models,
conducting a comprehensive comparison that considered both graphical representations and data metrics. Ultimately, we
determined that the XGBoost ML model demonstrated optimal performance across all assessed metrics. Moreover, this
model demonstrated commendable predictive performance on imbalanced datasets as well, which aligned with the
clinical reality of the low incidence of AL. Although the occurrence of AL is highly correlated with the medical
environment and the surgical team at the time of surgery, the construction of this model can serve two main purposes.
On the one hand, it allows for the estimation of the likelihood of an anastomotic leak in patients, guiding the medical
team to pay closer attention to those at risk. On the other hand, it helps in identifying significant factors and determining
clinical alert values, thereby improving patients outcomes.

From the importance ranking of features displayed by SHAP, which was used to assess the risk factors for the
development of anastomotic leaks. the number of positive lymph nodes was considered the most significant prognostic
factor, which was associated with tumor spread and metastasis, indicating the need for a more extensive lymph node
dissection. In terms of hematological indicators, preoperative and postoperative serum calcium ion levels and
preoperative platelet level were identified as the primary contributors. By synthesizing previous research and clinical
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Table 2 Evaluation indicators in testing set of 10 machine learning models

Model Accuracy Sensitivity/PPV Specificity/NPV F1
Logistic.R 0.916 0.98 0.912 0.521
SVM.R 0.873 0.76 0.879 0.355
GBM.R 0.901 0.96 0.898 0.471
NeuralNetwork.R 0.89 0.98 0.885 0.455
RandomForest.R 0.974 0.56 0.994 0.667
XGBoost.R 0.925 0.92 0.927 0.708
KNN.R 0.919 0.88 0.921 0.5
Adaboost.R 0.903 0.8 0.908 0.43
LightGBM.R 0.916 0.92 0.915 0.5
CatBoost.R 0.906 0.96 0.904 0.485
Logistic.S 0.914 0.98 0.91 0.515
SVM.S 0.952 0.92 0.954 0.639
GBM.S 0.956 0.96 0.956 0.667
NeuralNetwork.S 0.958 0.96 0.958 0.676
RandomForest.S 0.95 0.76 0.96 0.585
XGBoost.S 0.939 0.96 0.938 0.593
KNN.S 0.952 0.84 0.958 0.618
Adaboost.S 0.804 0.92 0.798 0.301
LightGBM.S 0.927 0.96 0.925 0.545
CatBoost.S 0.943 0.96 0.942 0.608

Models denoted with 'S' are established using data post-SMOTE resampling, while those denoted with 'R' are constructed from the original data set. PPV:
Positive predictive value; NPV: Negative predictive value; SVM: Support vector machine; GBM: Gradient boosting machines; XGBoost: eXtreme Gradient
Boosting; KNN: K-nearest neighbors; LightGBM: Light gradient boosting machine.
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Figure 5 Receiver operating characteristic curve analysis of the eXtreme Gradient Boosting model based on the external validation
dataset. AUC: Area under the receiver operating characteristic curve; ROC: Receiver operating characteristic; SVM: Support vector machine; GBM: Gradient
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boosting machines; KNN: K-nearest neighbors; LightGBM: Light gradient boosting machine.
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Figure 6 Interpretation of the eXtreme Gradient Boosting model using SHapley Additive exPlanations. A: Mean importance ranking of features
displayed by SHapley Additive exPlanations (SHAP); B: Bee colony diagram of characterization attributes in SHAP. SHAP: SHapley Additive exPlanations.

A SHAP force plot for patient 24

5 other features  MNeoadjuvant=0 PoCa=0 rLiMs=1 PrPLT=1 CD?i4=1

| 0338 | +0438

fG)=2.5

E[f¢:0]=3.06
1.5 2.0 2.5 3.0 3.5 4.0
Prediction
B SHAP force plot for patient 28
5 other features
CD3.4:D ‘ Neoadj}want:ﬂ tLMs=0 PoCa=1 PrPLT=1
“. T .“Iv‘ T T
o) s0165)] +0215 ) +0397 | +0512 ,
H (=435
E[f(x)]=3.06
3.0 3.5 4.0 4.5
Prediction

Figure 7 Interpretation of the light gradient boosting machine model using SHapley Additive exPlanations. A: A patient who did not develop
anastomotic leakage; B: A patient who developed anastomotic leakage. SHAP: SHapley Additive exPlanations; PoCa: Postoperative calcium ion concentration; rLNs:
Positive lymph node count; PrPLT: Preoperative platelet concentration.

experience, it is posited that both of these factors are intricately linked to the processes of infection and healing at the
anastomotic site. A study in 2021 demonstrated that postoperative serum calcium ion level may be used to identify
patients at risk for AL, and postoperative low serum calcium ion level can represent a risk factor for AL in digestive
surgery[27]. In our study, we found that postoperative serum calcium ion levels have a greater impact on AL compared
to preoperative serum calcium ion levels. On the other hand, this also highlights the importance of continuous blood
calcium monitoring. In the context of coagulation, calcium ions, also known as clotting factor IV, can activate the intrinsic
pathway of blood coagulation in conjunction with other coagulation factors, thereby accelerating the formation and
activation of thrombin[28].

From a mechanistic perspective, existing studies have demonstrated that local calcium can modulate keratinocytes and
fibroblasts, as well as contribute to the formation of the stratum corneum lipid barrier through signal transduction and
gene expression[29]. Further research indicates that calcium flash (rapid calcium waves) dependent on TRP channels is
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Figure 8 Interaction of significant factors based on SHapley Additive exPlanations. SHAP: SHapley Additive exPlanations; PrCa: Preoperative
calcium ion concentration; PrCRE: Preoperative serum creatinine concentration; PoCA: Postoperative calcium ion concentration; rLNs: Positive lymph node count;
PrPLT: Preoperative platelet concentration.

involved in the early stages of wound healing, which could partially explain the poor intestinal anastomosis associated
with low calcium levels[30]. Building on the aforementioned theories, researchers have utilized calcium silicate ceramics
to stimulate adipose-derived stem cells, thereby promoting angiogenesis and enhancing skin wound healing, as
confirmed in animal models[31]. Beyond these functions, calcium ions can also enhance the antimicrobial activity of
antimicrobial dressings by damaging and destroying bacterial cell membranes, as well as by oxidizing bacterial media,
which further contributes to bacterial killing[32,33]. Clinical applications bestow greater significance upon basic research,
and studies on the role of calcium in wound healing have been performed in animal models[34]. Therefore, in response to
the present clinical practice, we can initially maintain the normal serum calcium ion levels in patients to minimize the risk
of anastomotic leaks. In the future, it may be possible to further develop calcium-rich dressings or sutures to promote the
healing of anastomotic sites in patients. Preoperative systemic immune-inflammation index (SII) in patients with
colorectal cancer is considered a marker for evaluating the systemic inflammatory status of patients and associated with
patient prognosis[35]. SII is calculated with the formula SII = (P x N)/L, where P, N, and L refer to platelet, neutrophil,
and lymphocyte counts, respectively. Therefore, we believe that elevated preoperative platelet counts may indicate a
heightened systemic inflammatory response, which could increase the risk of AL in patients and reduce their prognosis.

In this research, we found that neoadjuvant therapy is a risk factor for anterior resection of rectal cancer, which is
consistent with previous studies[36]. A new significant risk factor was identified: Perioperative serum calcium ion levels.
Patients with preoperative serum calcium ion levels below 2.2 or postoperative serum calcium ion levels below 2.06 are
considered to be at risk for AL. This finding can not only aid clinicians in identifying high-risk populations for AL, but
also provide clinical alert values. We posit that calcium plays a crucial role in anastomotic healing by exerting antimi-
crobial effects, promoting hemostasis, and enhancing the function of keratinocytes and fibroblasts. Consequently,
hypocalcemia significantly impacts the risk of AL in patients post-proctectomy for rectal cancer.

Our multicenter study has constructed an ML predictive model that exhibits superior predictive accuracy, de-
monstrating commendable performance in both internal and external validation processes. Furthermore, the dichotom-
ization of variables within our model has yielded clinically relevant threshold values for alerting purposes. With the aim
of enhancing clinical utility and facilitating widespread adoption across a broad spectrum of hospitals, we have
engineered an intuitive user interface (UI) designed for medical practitioners. This interface empowers clinicians to
conduct real-time assessments of patients' risk for AL, thereby enabling them to modify treatment strategies in a timely
and informed manner. At present, we have collected the survival data of 963 patients, and further survival analysis is
expected.
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However, our study was not without its limitations. Primarily, our retrospective study was inevitably subject to
information bias, which included omissions and errors in data collection. Additionally, during the data processing phase,
factors such as missing data also came into play. In addition, due to the limitations of our center's database, some
important factors may be overlooked in model construction and multicenter validation, such as body mass index and the
distance from the lower edge of the tumor to the dentate line. The lower AUC in the external validation may be attributed
to the following reasons: (1) The external validation dataset is relatively small and there are differences in the baseline
characteristics of patients from different centers; and (2) Variations exist in the testing conditions of hematological
indicators across different centers, and during the study period, the testing techniques for hematological indicators have
evolved. This omission may result in a less comprehensive model and could diminish its accuracy and stability. Finally,
while this study provided an interactive, physician-friendly Ul, there was still a gap before it meets clinical application
standards. Therefore, we plan to develop a related app based on this model to facilitate its widespread use in clinical
practice.

CONCLUSION

We have developed an ML predictive model based on perioperative serum calcium ion levels and other indices, which
has shown excellent performance in predicting the occurrence of AL following anterior resection for rectal cancer. The
application of SHAP has significantly enhanced the model's interpretability, playing a crucial role in both understanding
the model and facilitating its clinical application. During the model construction, we have also identified the significant
role of perioperative serum calcium ion and defined clinical alert values, which aids in the early warning of AL and
provides prognostic information for patients.
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Abstract

BACKGROUND

Gastric cancer (GC) and head and neck squamous cell carcinoma (HNSCC) are
common malignancies with high morbidity and mortality rates. Traditional
treatments often yield limited efficacy, especially in advanced cases. Recent ad-
vancements in immunotherapy, particularly immune checkpoint inhibitors
targeting programmed death-ligand 1 (PD-L1), have shown promise. However,
the expression and interaction of pescadillo ribosomal biogenesis factor 1 (PES1)
and PD-L1 in these cancers remain unclear. Understanding their roles could
provide new insights into tumor biology and improve therapeutic strategies.

AIM
To investigate the expression levels of PES1 and PD-L1 in tumor tissues of pa-
tients with GC and HNSCC.

METHODS

A total of 58 cases of GC and HNSCC undergoing surgical resection were selected
from January 2022 to January 2024. Paraffin specimens of GC and HNSCC tissues
were taken from the patients, and the sections were subjected to staining with
immunohistochemistry and hematoxylin-eosin staining, and the protein expre-
ssion of PES1 and PD-L1 was observed microscopically.
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RESULTS

Among 58 GC and HNSCC tissues, 30 cases were positive and 28 cases were negative for PES] expression, and 34
cases were positive and 24 cases were negative for PD-L1 expression. The positive expression rates of PES1 and PD-
L1 were 51.72% and 58.62%, respectively. PES1 expression was correlated with the TNM stage, lymph node me-
tastasis, and the depth of infiltration (P < 0.05), and PD-L1 expression was correlated with the differentiation
degree, lymph node metastasis, and infiltration depth (P < 0.05).

CONCLUSION
PES1 and PD-L1 were positively expressed in GC and HNSCC tissues and correlated with clinical features. They
may serve as potential biomarkers for immune-targeted therapies.

Key Words: Pescadillo ribosomal biogenesis factor 1; Programmed death-ligand 1; Gastric cancer; Head and neck squamous
cell carcinoma; Expression level

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study investigated the expression of pescadillo ribosomal biogenesis factor 1 (PES1) and programmed death-
ligand 1 (PD-L1) in tumor tissues from patients with gastric cancer and head and neck squamous cell carcinoma. We found
that both proteins exhibited significant positive expression rates (51.72% for PES1 and 58.62% for PD-L1) and were
associated with clinical features such as TNM stage and lymph node metastasis. Our results suggest that PES1 and PD-L1
may play critical roles in tumor progression and immune escape, potentially serving as biomarkers for immune-targeted
therapies.
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INTRODUCTION

Gastric cancer (GC) and head and neck squamous cell carcinoma (HNSCC) are common malignant tumors that pose a
grave menace to human health worldwide[1,2]. GC is ranked fifth in tumor frequency across the globe and is the fifth-
leading cause of cancer-related deaths, especially in China where its incidence and mortality rates remain high[3]. This
scenario not only presents a significant danger to the well-being of patients but also imposes a substantial strain on the
societal public health infrastructure. The high morbidity and mortality of GC requires continuous innovation and
breakthroughs in treatment strategies, especially for patients with advanced and/or recurrent disease in which existing
treatments, such as chemotherapy and radiotherapy, have limited efficacy.

Meanwhile, head and neck tumors are a part of the most common and widespread malignant tumors worldwide.
HNSCC is the most frequently occurring head and neck tumor. The effectiveness of conventional treatments, especially in
patients with advanced or recurrent disease, is still limited, and there is a pressing necessity to identify novel treatment
approaches, particularly for patients who are resistant to chemotherapy or experience recurrence[4].

In recent years, with the rise of immunotherapy, especially the clinical application of immune checkpoint inhibitors,
new hope has been brought to tumor treatment. Among them, programmed death-ligand 1 (PD-L1), as an important
immune checkpoint molecule, is strongly expressed in a spectrum of tumor tissues and inhibits T cell activity by binding
to programmed death 1 (PD-1), leading to tumor immune escape[5,6]. The PD-L1/PD-1 pathway is a cornerstone of
regulating immune response and maintaining immune tolerance, and its inhibitors can block this pathway and restore T
cell activity, thus enhancing immune response and inhibiting tumor growth.

PD-L1 has been demonstrated to be highly elevated in GC and HNSCC, with its expression level being significantly in
line with clinicopathological features and patient outcomes. In GC, the expression of PD-L1 was closely linked to the
depth of infiltration of tumor cells, the degree of differentiation, and the survival of patients. In HNSCC, PD-L1 expre-
ssion was also closely in line with clinical stage. Additionally, patients with PD-L1 positivity had a higher likelihood of
deriving benefits from anti-PD-1/PD-L1 treatment[7-10]. Although the important role of PD-L1 in tumor immunotherapy
has been widely recognized, much remains unknown about its expression mechanism and interaction with other immune
molecules.

Pescadillo ribosomal biogenesis factor 1 (PES1), as a new biomarker, has not yet been intensively investigated in terms
of its expression in tumor tissues and its relationship with PD-L1[11]. Therefore, the purpose of this study was to detect
the expression of PES1 and PD-L1 in tumor tissues of patients with GC and HNSCC, to explore the differences in their
expression in different pathological grades and clinical stages, to provide theoretical and experimental bases for the
immune-targeted therapy of GC and HNSCC, and to provide new ideas for the future immunotherapeutic strategies.
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MATERIALS AND METHODS

Patient selection

A total of 58 cases of GC and HNSCC admitted to our hospital for surgical resection between January 2022 and January
2024 were selected, all of which were definitively diagnosed as GC or HNSCC by pathology. Among them, there were 37
male patients and 21 female patients. The age range was 39 to 72 years with a mean of 52.33 + 8.29 years. Surgical
resection specimens were used for analysis, and other relevant clinical data were taken from patients” pathology reports
and medical records. The utilization of the specimens for clinical purposes in this study was examined and sanctioned by
the hospital’s Ethics Committee.

Inclusion criteria were: (1) Patients and their families have signed informed consent; (2) Patients have not received
radiotherapy, chemotherapy, or immunotherapy for tumors; and (3) All specimens were fixed in 40 g/L formaldehyde
and embedded in paraffin within 60 min after removal from the body, and the thickness of the tissue sections was 4 pm.
Exclusion criteria were: (1) Patients with metastatic tumors or recurrent tumors; (2) Patients with severe consciousness
disorders; (3) Patients with combined cardiac, pulmonary, and renal function abnormalities; (4) Patients with pathological
conditions; and (5) Patients with incomplete pathological and clinical data. The research was endorsed by the hospital’s
Ethics Committee, and all participants provided informed consent.

Reagents and instruments

Reagents: (1) PES1 antibody. Select a highly specific and sensitive PES1 monoclonal antibody for detecting PES1 ex-
pression in tumor tissues; (2) PD-L1 antibody. Select a highly specific and sensitive PD-L1 monoclonal antibody for
detecting PD-L1 expression in tumor tissues; (3) Inmunohistochemistry staining kit. Contains all necessary stains such as
hematoxylin, eosin, etc, reagents, antibody diluent, fixative, dehydrating agent, transparency agent, etc., for immunohisto-
chemical staining of tumor tissues; (4) PBS. Use to wash the samples and remove excess antibodies and stains; (5) Sealing
agent. Use to seal the samples, protect the samples, and prevent discoloration; and (6) Pipette. Use for the precise addition
of samples, such as antibodies and staining solutions.

Instruments: (1) Microscope. For observing the results of immunohistochemical staining and evaluating the expression of
PES1 and PD-L1 in tumor tissues; (2) Thermostatic incubator. For temperature control during fixation, dehydration,
transparency, and staining of the samples; (3) Paraffin slicer. For cutting paraffin-embedded tumor tissue blocks into thin
slices; and (4) Tissue dehydrator. For the gradual transition of the tissue samples from a watery state to solvents such as
alcohol and xylene to facilitate paraffin embedding.

Sample collection

Representative tumor tissues from patients with GC and HNSCC were obtained under sterile conditions by surgical
resection or biopsy. Surgically resected tumor tissues were immediately placed in formalin fixative, and the fixation time
was usually 24-48 h. After fixation, the tissue samples were processed into paraffin blocks through dehydration,
clarification, wax immersion, and embedding procedures and stored in a 4 °C refrigerator for a long time. Before immu-
nohistochemical testing, 4-6 pm thick slices were cut out from the paraffin blocks, attached to anti-detachment slides, and
dried at 60 °C.

Immunohistochemical testing

Sections were immersed twice in xylene for 10 min each time to remove paraffin and then sequentially hydrated by
passing through a gradient of 1000 g/L, 950 g/L, 900 g/L, 800 g/L, and 700 g/L ethanol for 5 min each time. Finally, the
sections were washed with distilled water to remove any residual ethanol.

Antigen repair

Sections were positioned in citrate buffer (pH 6.0) and thermally repaired with antigen using a microwave oven or an
autoclave to increase antigen exposure and antibody binding efficiency. After repair was completed, the sections were
allowed to cool to ambient temperature and subsequently rinsed with PBS three times, each for a duration of 5 min.

Sections were treated with 30 g/L hydrogen peroxide solution and incubated at room temperature for 10 min to
quench endogenous peroxidase activity, followed by rinsing with PBS three times, each for 5 min. Sections were closed
using 50 g/L goat serum or bovine serum albumin and incubated at ambient temperature for a duration of 30 min to
minimize nonspecific binding.

Appropriate dilution ratios of PES1 and PD-L1 specific primary antibodies were added dropwise to the sections,
ensuring that the antibodies covered the tissue area evenly. The sections were placed in a wet box and incubated
overnight at 4 °C or for 1-2 h at ambient temperature. The sections were washed with PBS three times, each time for 5 min
to remove the unbound primary antibody.

Horseradish peroxidase-labeled secondary antibody was added dropwise on the sections and incubated at room
temperature for 30 min to allow the reaction to proceed. The sections were washed with PBS 3 times for 5 min each time.
Freshly prepared DAB staining solution was added by drops on the sections. The staining was observed under the
microscope and immediately rinsed with distilled water to terminate the staining when a brown precipitate appeared.

Sections were re-stained using hematoxylin to color the nuclei, followed by hydrochloric acid alcohol differentiation
and ammonia return to blue. Sections were subjected to graded ethanol dehydration (700 g/L, 800 g/L, 900 g/L, 950 g/L,
1000 g/L) and xylene transparency. Neutral gum was used to seal the sections, ensuring that the sections were flat and
free of air bubbles. The slices were observed under a microscope, and the staining of PES1 and PD-L1 was recorded. The
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positive expression rate was evaluated according to the staining intensity and distribution range.

Observation indicators
(1) Expression of PES1 and PD-L1 in GC and HNSCC tissues; and (2) Association between PES1 and PD-L1 expression
levels and the clinical characteristics of GC and HNSCC.

Statistical analysis

Statistical analysis was conducted using SPSS 25.0. Measurement data that followed a normal distribution were presented
as mean * SD. Comparisons between groups were made using the ¢ test. Counting data were represented as n (%), with
the y? test employed for analysis. The immunohistochemical staining expression of PES1 and PD-L1 proteins in GC and
HNSCC tissues was evaluated using Fisher’s discriminant method (Fisher’s test). Statistical signi-ficance was set at P <
0.05.

RESULTS
Expression of PES1 and PD-L1 in GC and HNSCC tissues

Among 58 cases of GC and HNSCC, 30 cases were positive and 28 cases were negative for PES1 expression. In addition,
34 cases were positive and 24 cases were negative for PD-L1 expression. The positive expression rates of PES1 and PD-L1
were 51.72% and 58.62%, respectively (Table 1).

Association between PES1 and PD-L1 expression levels and the clinical characteristics of GC and HNSCC

PES1 expression correlated with TNM stage, lymph node metastasis, and infiltration depth (P < 0.05), while it was not
correlated with gender, age, degree of differentiation, tumor diameter, and diabetes mellitus (P > 0.05). PD-L1 expression
was correlated with degree of differentiation, lymph node metastasis, and infiltration depth (P < 0.05) but was not
correlated with gender, age, TNM stage, tumor diameter, and diabetes (P > 0.05) (Tables 2 and 3).

DISCUSSION

GC ranks as one of the foremost causes of cancer-related fatalities on a global scale[12,13]. The majority of patients with
GC are in advanced stages at the time of diagnosis and have shorter survival times and poor overall quality of life[14].
Traditional treatments include surgery, radiotherapy, and chemotherapy, but for advanced GC the cure rate of surgery is
low, and the efficacy of radiotherapy is poor. Over the past few years, the development of immunotherapy and the
achievement of certain clinical efficacy have made it a new treatment mode, in which immune checkpoint inhibitors play
an important role[15-17].

PESI is a nucleolin protein and has gradually been paid attention to in recent years[18]. It has been noted that in GC
cell lines (AGS and N87) inhibition of PES1 expression leads to cell cycle arrest in the G1 phase, a finding that implies that
low expression levels of PES1 play a part in inhibiting cell proliferation[19]. However, PES1 has not received sufficient
attention within the field of GC research, and its specific significance in the clinical diagnosis and prognostic assessment
of GC remains unclear.

HNSCC is a routine malignant tumor that is highly heterogeneous[20]. Although classical tumor TNM staging has
been widely used for clinical diagnosis and to assist in clinical treatment decisions, TNM staging is based only on the
tumor itself and fails to accurately predict the projection of patients with HNSCC. More and more studies have shown
that various immune cells in the tumor microenvironment, especially B cells, contribute significantly to tumor pro-
gression and prediction of outcomes[21-24]. However, the presentation of PES1 in HNSCC and its relationship with
immune infiltration have not been clarified.

In view of this, GC and HNSCC were chosen as the subjects of this study, covering two common malignant tumors,
thus expanding the scope of the study. For the detection method, we used monoclonal antibodies with high specificity
and sensitivity for immunohistochemical detection, which improved the accuracy of the results. In addition, this study
explored the relationship between PES1 and PD-L1 for the first time, which provided new ideas for future research on the
synergistic role of both in tumor immune escape.

In this study, 58 GC and HNSCC tissues were examined, and the experiments established that PES1 and PD-L1 had
positive expression rates of 51.72% and 58.62%, respectively, in both tumor tissues. This finding suggests that PES1 and
PD-L1 may contribute significantly to the development and progression of GC and HNSCC. Specifically, the expression
level of PES1 may change with the increase of tumor malignancy and may be involved in the process of tumor invasion
and metastasis. It has been shown that the high expression of PESI in tumor tissues may be closely related to tumor
development and progression, and as a potential biomarker for some tumors, it serves the purpose of early diagnosis,
prognostic assessment, and monitoring of therapeutic efficacy[25-27].

PES1 is an important biomarker, and its aberrant expression has been in line with the onset and progression of a
variety of cancers. In some tumors, high expression of PES1 tends to predict a more malignant, aggressive, and metastatic
tumor. Therefore, PES1 may be a powerful indicator for assessing the prognosis of tumor patients. In addition, the
expression of PESI has certain specificity in the tissues of different tumors and makes its application in individualized
therapy a great potential. In this study, we found that PES1 was contingent upon high expression rates in tumor tissues of
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Table 1 Expression of pescadillo ribosomal biogenesis factor 1 and programmed death-ligand 1 in gastric cancer and head and neck

squamous cell cancer tissues

Negatives Positive
PES1 28 (48.28) 30 (51.72)
PD-L1 24 (41.38) 34 (58.62)

Data are presented as 1 (%). PES1: Pescadillo ribosomal biogenesis factor 1; PD-L1: Programmed death-ligand 1.

Table 2 Relationship between pescadillo ribosomal biogenesis factor 1 expression and clinical features of gastric cancer and head and

neck squamous cell carcinoma

PES1
Diagnostic trait n X Pvalue
Negative (n = 28) Positive (n = 30)

Sex 0.222 0.637
Male 37 17 (45.95) 20 (54.05)
Women 21 11 (52.38) 10 (47.62)

Age (years) 0.210 0.647
<60 41 19 (46.34) 22 (53.66)
260 17 9 (52.94) 8 (47.06)

Degree of differentiation 0.672 0.412
Poorly differentiated 32 17 (53.13) 15 (46.88)
Moderately to well differentiated 26 11 (42.31) 15 (57.69)

TNM staging 8.312 0.004
I-II 28 19 (67.86) 9 (32.14)
11 30 9 (30.00) 21 (70.00)

Lymphatic node transfer 5.287 0.021
Yes 39 15 (38.46) 24 (61.54)
No 19 13 (68.42) 6 (31.58)

Infiltration depth 6.846 0.009
T1/T2 25 17 (68.00) 8 (32.00)
T3/T4 33 11 (33.33) 22 (66.67)

Tumor diameter (cm) 0.485 0.486
<5 41 21 (51.22) 20 (48.78)
25 17 7 (41.18) 10 (58.82)

Diabetes 0.021 0.885
Yes 15 7 (46.67) 8 (53.33)
No 43 21 (48.84) 22 (51.16)

Data are presented as n (%). PES1: Pescadillo ribosomal biogenesis factor 1.

both GC and HNSCC, a result that further supports the value of PES] as a potential biomarker.

In terms of PD-L1, the findings of this research indicated a substantial association between its expression and the
degree of differentiation, lymph node metastasis, and depth of infiltration of the tumor (P < 0.05). This finding is in
accordance with earlier studies and suggests that PD-L1 is vital to tumor immune escape. PD-L1 inhibits T cell activation
and proliferation by binding to PD-1 on the surface of T cells, which in turn helps tumor cells to dodge surveillance and
clearance by the immune system[28-30]. This immune escape mechanism enables tumors to continue to grow under the
suppression of the immune system and exhibits strong invasiveness and metastatic ability. Therefore, high PD-L1
expression is usually highly tied to malignant biological behaviors of tumors, such as high tumor aggressiveness, high
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Table 3 Relationship between programmed death-ligand 1 expression and clinical characteristics of gastric cancer and head and neck

squamous cell carcinoma

PD-L1
Diagnostic trait n X P value
Negative (n = 24) Positive (n = 34)

Sex 0.879 0.349
Male 37 17 (45.95) 20 (54.05)
Women 21 7 (33.33) 14 (66.67)

Age (years) 0.367 0.545
<60 41 18 (43.90) 23 (56.10)
> 60 17 6 (35.29) 11 (64.71)

Degree of differentiation 6.508 0.011
Poorly differentiated 32 18 (56.25) 14 (43.75)
Moderately to well differentiated 26 6 (23.08) 20 (76.92)

TNM staging 0.049 0.825
-1 28 12 (42.86) 16 (57.14)
111 30 12 (40.00) 18 (60.00)

Lymphatic node transfer 5.525 0.019
Yes 39 12 (30.77) 27 (69.23)
No 19 12 (63.16) 7 (36.84)

Infiltration depth 9.269 0.002
T1/T2 25 16 (64.00) 9 (36.00)
T3/T4 33 8 (24.24) 25 (75.76)

Tumor diameter (cm) 0.000 0.984
<5 41 17 (41.46) 24 (58.54)
>5 17 7 (41.18) 10 (58.82)

Diabetes 1.192 0.275
Yes 15 8 (53.33) 7 (46.67)
No 43 16 (37.21) 27 (62.79)

Data are presented as # (%). PD-L1: Programmed death-ligand 1.

metastatic capacity, and poor prognosis.

However, unlike PES1, PD-L1 expression showed no significant association with TNM staging (P > 0.05). This result
suggests that more complex factors may need to be considered when assessing the clinical significance of PD-L1. For
example, the tumor microenvironment, immune cell infiltration, and other immune escape mechanisms may have an
impact on the expression level of PD-L1. Therefore, the independence of PD-L1 expression from TNM staging also
suggests that relying solely on PD-L1 as a prognostic marker may have certain limitations and that multiple factors must
be combined to more accurately predict patient prognosis.

In addition, this study also found that PD-L1 expression was independent of patient gender, age, tumor diameter, and
diabetes mellitus status (P > 0.05), which further supported the exact function of PD-L1 in tumor immunomodulation.
These results suggest that the important role played by PD-L1 in the immune escape process is not affected by these
common clinical features and makes its potential and application value in tumor immunotherapy even more prominent.

Combined with the observations made in this research, we can speculate that PES1 and PD-L1 may serve as potential
biomarkers for GC and HNSCC and that their high expression may be intertwined with tumor invasiveness, metastatic
ability, and poor prognosis. Recent studies have shown that immune checkpoint molecules play a key role in tumor
immune escape. PD-L1, as an important immune checkpoint molecule, inhibits the activation and proliferation of T cells
by binding to PD-1 on the surface of T cells, which in turn helps tumor cells to evade the surveillance and clearance of the
immune system.

The abnormal expression of PES1 in tumors may be related to immune regulation. In this study, we found that PES1
and PD-L1 had certain positive expression rates in GC and HNSCC tissues, and the expression of PES1 was related to
TNM staging, lymph node metastasis and infiltration depth, while the expression of PD-L1 was related to differentiation
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degree, lymph node metastasis, and infiltration depth. This suggests that PES1 and PD-L1 may interact with each other
and participate in the immune escape process of the tumor. This finding provides new ideas and directions for clinical
selection of appropriate therapies, especially in the context of immunotherapy, and PES1 and PD-L1 may provide
valuable references for individualized treatment. However, more large-sample studies and in-depth mechanistic studies
are needed to verify this hypothesis.

Notably, although this study revealed the expression of PES1 and PD-L1 in GC and HNSCC and their relationship with
clinical features, their interaction has not been directly explored yet. In view of this, future studies could further explore
the interaction mechanism between PES1 and PD-L1. From the theoretical analysis, PES1 may regulate the expression
level of PD-L1 by affecting the signaling pathways in tumor cells and thus regulating the expression level of PD-L1. For
example, PES1 may promote the transcription of the PD-L1 gene by affecting the activity of certain transcription factors,
thereby increasing the protein expression of PD-L1. In addition, PES1 may also indirectly affect the function of PD-L1 by
influencing immune cell infiltration in the tumor microenvironment. For example, high expression of PES1 may attract
more immune-suppressive cells to infiltrate into tumor tissues, and these immune-suppressive cells may enhance the
immunosuppressive function of PD-L1 by secreting cytokines, thereby promoting immune escape from the tumor.

An in-depth study of the interaction between PES1 and PD-L1 will not only help to further reveal the mechanism of
tumor immune escape but may also provide an important theoretical basis for the development of new tumor immuno-
therapy strategies. For example, if we can find the key targets to block the interaction between PES1 and PD-L1, it may
provide new ideas for combination immunotherapy, thus improving the effectiveness of tumor treatment. In addition,
exploring whether PES1 and PD-L1 can be used as biomarkers for joint prediction of tumor prognosis is also an important
direction for future research. By gaining a deeper understanding of the roles of these two in tumor immunomodulation,
we may be able to develop more precise and effective therapeutic strategies to further enhance the efficacy of tumor
therapy and the quality of patient survival.

CONCLUSION

This study provided valuable information on the articulation of PES1 and PD-L1 in GC and HNSCC and their clinical
significance. However, the present study has some limitations, such as a small sample size, which limits the generaliz-
ability and reliability of the findings. In addition, the current study only conducted univariate analysis and did not
consider the effects of potential confounders such as age and gender. Therefore, future studies need to further expand the
sample size and employ multifactorial regression analyses to more comprehensively reveal the roles of PES1 and PD-L1
in tumor biology to more accurately assess the relationship between their expression and the clinical features of GC and
HNSCC.
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We read with great interest the article by Cao et al on 15 cases of emphysematous
P-Reviewer: Zhang YG pancreatitis (EP). The study highlights the high mortality rate associated with EP
and emphasizes the role of next-generation sequencing (NGS) in identifying its

Received: November 28, 2024 etiology. Additionally, it suggests treatment strategies such as antimicrobial

Revised: March 16, 2025 therapy and early percutaneous catheter drainage, which may improve patient
Accepted: April 1, 2025 outcomes. However, we have identified certain limitations related to case se-
Published online: May 21, 2025 lection, the evaluation of NGS technology, and the timing of computed tomo-
Processing time: 173 Days and 22.8  graphy scans. To enhance the study’s findings, we recommend expanding the
Hours study population, systematically evaluating the role of NGS in EP, and providing

a more detailed analysis of the antibiotic initiation and duration. Furthermore,
specifying the timing of computed tomography scans would improve clarity.
Addressing these concerns could strengthen the study’s contribution to the
evidence-based management of EP, offering valuable insights for clinical practice.
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Core Tip: The results section of the abstract states that 5 cases of extensive emphysematous pancreatitis accounted for 33.3%,
not 66.7%, and 7 cases of early-onset emphysematous pancreatitis accounted for 46.7%, not 47.1%. We recommend
including details on the timing of antibiotic initiation and duration, as well as the timing of EP detection by computed
tomography.

Citation: Li X, Li HJ, He WYZ, Fu HY. Limitations and suggestions for emphysematous pancreatitis: Diagnosis, treatment, and
prognosis. World J Gastroenterol 2025; 31(19): 103727
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TO THE EDITOR

We read with great interest the recent publication by Cao et al[1], which retrospectively examines the diagnosis,
treatment, and prognosis of 15 cases of emphysematous pancreatitis (EP). The study highlights the alarmingly high
mortality rate of EP and emphasizes the role of next-generation sequencing (NGS) in its etiological diagnosis.
Furthermore, it introduces potential treatment strategies, including antimicrobial therapy and early percutaneous catheter
drainage, which may significantly improve patient prognosis. While this work provides valuable insights, we would like
to highlight some important limitations that warrant further discussion.

First, the study reported a mortality rate of 60% (9 of 15 cases), which is notably higher than the rates observed in
previous studies[2]. This raises concerns about potential case selection bias. Clarification of the inclusion criteria would
help contextualize these findings. Second, EP is characterized by the presence of gas within or around necrotic pancreatic
tissue, often due to gas-forming bacterial infections or enteric pancreatic fistulas. Considering that patients with EP may
have diabetes or immune disorders, single bacterial cultures may fail to detect all pathogens. Although NGS enhances
pathogen identification, it is important to consider the potential presence of conditional pathogens. Additionally,
previous studies emphasize the necessity of timely antibiotic administration targeting gram-negative bacteria[3].
However, the study did not provide details on antibiotic initiation or duration, which are critical for optimizing
treatment. Although NGS was performed in cases 1 to 5, three of these patients succumbed to the disease, reinforcing the
importance of early recognition and timely intervention.

Third, computed tomography (CT) imaging remains the gold standard for diagnosing EP due to its high specificity and
sensitivity in detecting intraparenchymal and free gas around the pancreas[4]. However, the study did not specify the
timing of the initial CT scan. Delayed CT evaluations may contribute to diagnostic delays, potentially missing the optimal
therapeutic window and leading to increased mortality[5]. Timely CT assessment, followed by immediate empirical
antibiotic therapy targeting gram-negative bacteria (most commonly, Escherichia coli), is crucial[5]. NGS should be used
concurrently to identify causative pathogens, allowing for subsequent antibiotic adjustments to improve outcomes[6]. An
integrated approach that combines imaging and molecular diagnostics could optimize EP management. Finally, the
management of EP necessitates a multidisciplinary team, involving radiologists, gastroenterologists, infectious disease
specialists, critical care physicians, and emergency surgeons[5].

In conclusion, this study provides valuable insights into EP but could be further strengthened by addressing the
aforementioned limitations. Expanding the study population, providing more detail on antibiotic administration, and
specifying CT timing would enhance the robustness of the findings and further contribute to the evidence-based
management of EP. We greatly appreciate the authors” contributions to this critical area of research.
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Abstract

The “obesity paradox” in hepatocellular carcinoma (HCC) suggests patients with
obesity may experience better treatment outcomes compared to patients without
obesity. Wang et al highlighted this paradox in HCC immunotherapy, demon-
strating superior progression-free survival and overall survival in patients with
overweight and obesity treated with lenvatinib and camrelizumab, focusing on
hepatitis B virus-related HCC. Mechanisms such as better nutritional reserves,
leptin-mediated immune modulation, and reduced protein breakdown may
explain these outcomes. Obesity’s role in anti-programmed cell death protein-1
therapy appears could have a benefit, while its effects on other treatments, such as
anti-vascular endothelial growth factor therapy, may reduce efficacy. Further
research is needed to explore how obesity influences the effectiveness of other
most common immunotherapies like nivolumab, pembrolizumab, and beva-
cizumab, and whether weight loss as well as weight-loss related sarcopenia
impacts these benefits.

Key Words: Obesity paradox; Hepatocellular carcinoma; Immunotherapy; Anti-pro-
grammed death-1 therapy; Leptin; Anti-vascular endothelial growth factor therapy
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Core Tip: The “obesity paradox” in hepatocellular carcinoma suggests better outcomes in patients with obesity undergoing
immunotherapy, potentially due to leptin-driven immune modulation and enhanced nutritional reserves. While promising,
these findings have only been demonstrated with lenvatinib and camrelizumab, and have not yet been observed with more
commonly used immunotherapy treatments for hepatocellular carcinoma, such as nivolumab, pembrolizumab, or beva-
cizumab. Although intriguing, this phenomenon remains limited by the scope of current studies.
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TO THE EDITOR

The “obesity paradox” in liver disease refers to the observation that, contrary to the general expectation that obesity
worsens health outcomes, patients with obesity with certain liver diseases may have better survival rates and treatment
responses compared to patients without obesity. The study by Wang et al[1] provides further insight into this underex-
plored issue, examining the impact of body mass index (BMI) on outcomes of lenvatinib plus camrelizumab treatment in
advanced hepatocellular carcinoma (HCC). This study highlights the “obesity paradox” in immunotherapy for HCC and
suggests its potential applicability to other liver diseases in various contexts. The purpose of our brief communication is
to expand the understanding of immunosuppressant treatment strategies for individuals with obesity and HCC,
providing insights that may guide clinical decisions. Additionally, it will be pivotal for further research studying the role
of obesity in other immunotherapies, as well as their role in other liver diseases.

Main findings and limitations of the study

Wang et al[1] demonstrated that overweight patients and those with obesity (BMI = 25 kg/m?) achieved superior
progression-free survival (8.53 months vs 6.30 months, P < 0.001) and overall survival (OS, 15.30 months vs 11.90 months,
P =0.001) compared to their non-overweight counterparts. Subgroup analyses further revealed that patients with obesity
(BMI 2 30 kg/m?) had the best progression-free survival (10.00 months, hazard ratio 0.13, 95% confidence interval: 0.06-
0.31) and OS (16.60 months, hazard ratio 0.28; 95% confidence interval: 0.14-0.57) compared to patients without obesity
[1]. This paradoxical relationship suggests that the metabolic and immunological changes associated with obesity may
enhance the efficacy of certain immune checkpoint inhibitors. Notably, the study was conducted in a subset of the
population with hepatitis B virus-related HCC and did not include other causes of HCC, such as hepatitis C virus,
metabolic-associated fatty liver disease, or alcohol-related liver disease. Additionally, the study focused solely on
treatment with lenvatinib plus camrelizumab, excluding other commonly used anti-programmed death-1 (PD-1)
therapies for HCC, such as nivolumab or pembrolizumab. This limitation makes it challenging to extrapolate the findings
to routine clinical practice.

Obesity role in liver disease

Multiple studies have shown that the presence of obesity may improve inpatient mortality in cirrhotic patients[2-4]. For
instance, a study by Karagozian et al[2] found that cirrhotic patients with obesity had a lower crude mortality rate (2.7%
vs 3.5%, P = 0.02) compared to cirrhotic patients without obesity, despite having longer hospital stays and higher
healthcare costs[2]. One key factor is the enhanced nutritional reserve in patients with obesity, which may provide a
buffer against the catabolic stress of acute illness. The degradation of fatty acids in critically ill patients releases 3-
hydroxybutyrate, which significantly decreases phenylalanine-to-tyrosine degradation and reduces net forearm
phenylalanine release, leading to a reduction in protein breakdown and enhanced muscle regeneration post-hospital-
ization[5,6]. In HCC, studies have demonstrated that lean patients with metabolic-associated fatty liver disease-associated
HCC have poorer long-term surgical outcomes compared to overweight and obese patients, suggesting an obesity
paradox in this subgroup. Specifically, in one study, lean patients exhibited a 5-year OS of 55.4% and recurrence-free
survival of 35.1%, whereas overweight patients had a 5-year OS of 71.3% and recurrence-free survival of 55.6%][7].
Another study using data from the Korean Central Cancer Registry indicated that overweight males with HCC had better
OS compared to normal-weight males, particularly after transarterial chemoembolization[8].

Role of obesity in HCC immunotherapy

Adipose cells cause an increase in leptin, which is a proinflammatory adipokine believed to be the primary factor
responsible for differences in the effectiveness of immunotherapy for HCC. Leptin enhances the efficacy of anti-PD-1
checkpoint therapy through several mechanisms. It repolarizes tumor-associated macrophages to an inflammatory type 1
macrophages-like phenotype with antitumor activity. Leptin also downregulates the immunosuppressive function of
regulatory T-cells, boosting CD8* T-cell activity. Additionally, it activates natural killer cells and enhances the migratory
and stimulatory capacity of dendritic cells, further promoting antitumor immunity (Figure 1). However, while these
mechanisms benefit anti-PD-1 therapy, obesity may reduce the effectiveness of other treatments. For instance, 5-
fluorouracil may be less effective in HCC patients with obesity due to reduced dihydropyrimidine dehydrogenase
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Figure 1 Mechanism of obesity in the role of immunosuppressants for hepatocellular carcinoma. M1 macrophages: Type 1 macrophages; NK
cells: Natural killer cells; PD-1: Programmed Death-1; VEGF: Vascular endothelial growth factor.

activity, which exacerbates toxicity. Similarly, anti-vascular endothelial growth factor (VEGF) treatments like
bevacizumab may be less effective in patients with obesity. Obesity increases the production of alternative proangiogenic
factors, such as interleukin-6 and fibroblast growth factor 2, which promote angiogenesis independently of VEGF,
reducing the efficacy of anti-VEGF therapies (Figure 1).

Conclusion

The impact of immunosuppressants on HCC patients with obesity remains largely unexplored. In fact, the article by
Wang et al[1] is the first to study this intervention in a real-world population. However, the treatment analyzed is not one
of the most commonly used immunotherapies, leaving an opportunity for further research on how obesity influences the
effectiveness of treatments such as nivolumab, pembrolizumab, or bevacizumab for HCC. Additionally, it is unclear
whether the benefits diminish once a patient loses weight through interventions such as lifestyle modification, glucagon-
like peptide-1 therapy, or bariatric surgery. Further research on this subject is crucial to guide clinicians in tailoring
treatments based on individual patient characteristics.
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Abstract

In this article we comment on the paper by Xu et al describing retrospective data
on endoscopic treatment outcome of esophageal gastrointestinal stromal tumors
(GISTs). Esophageal GIST is a rare type of mesenchymal tumor. GISTs originate
from the interstitial cells of Cajal, which are pacemaker cells involved in gut
motility. GISTs are most commonly found in the stomach and small intestine, but
esophageal involvement is rare. Esophageal GISTs account for < 1% of all GISTs.
Endoscopic resection remains the mainstay for small, localized tumors with
excellent outcomes. However, larger tumors may require multidisciplinary stra-
tegies to provide the best oncological outcomes. Here, we discuss the usefulness
of endoscopic ultrasound (EUS) of subepithelial tumors of the upper gastro-
intestinal tract. EUS is a crucial tool in the diagnosis, staging, and management of
subepithelial masses. Given the subepithelial nature of these tumors, standard
endoscopy is not adequate, making EUS essential for a comprehensive asse-
ssment. EUS provides accurate tumor size assessment and enables fine needle
aspirations guided biopsy, for treatment planning.

Key Words: Subepithelial tumors; Esophageal gastrointestinal stromal tumors; Endoscopic
ultrasound; Artificial intelligence; Endoscopic resection
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Core Tip: Esophageal gastrointestinal stromal tumor (GIST) is a rare type of mesenchymal tumor. Esophageal GISTs account
for < 1% of all GISTs. Endoscopic resection remains the mainstay for small, localized tumors with excellent outcomes.
Endoscopic ultrasound (EUS) is a crucial tool in the diagnosis, staging, and management of esophageal GIST. Given the
submucosal nature of these tumors, standard endoscopy is not adequate, making EUS essential for a comprehensive
assessment. EUS provides accurate tumor sizing, and enables fine needle aspiration guided biopsy of carefully selected large
inoperable tumors or where diagnosis is in doubt, which is critical for risk stratification and treatment planning.
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TO THE EDITOR

In this article we comment on the paper describing retrospective data on endoscopic treatment outcome of esophageal
gastrointestinal stromal tumors (GISTs) by Xu et al[1] in World Journal of Gastroenterology. The authors performed
endoscopic resection of the esophageal subepithelial lesions with optimal outcomes (RO resection). However, it is not
clear if the authors performed endoscopic ultrasound (EUS) prior to the planned resection to assess the tumor size and
other aspects necessary for surgical planning. We discuss some salient points associated with esophageal GISTs and the
role of EUS in treatment of these tumors. The common subepithelial tumors of the upper gastrointestinal tract are GISTs,
lipomas, leiomyoma, carcinoid tumors and ectopic pancreatic tissue. These lesions are diagnosed and differentiated based
on their unique histochemical staining and the gastrointestinal layer of origin. Most lesions are identified incidentally and
considered benign; however, some tumors such as GISTs and carcinoids have a strong propensity for malignant
transformation[2,3].

Esophageal GIST is a rare type of mesenchymal tumor. GISTs originate from the interstitial cells of Cajal, which are
pacemaker cells involved in gut motility. These tumors are most commonly found in the stomach and small intestine, and
esophageal involvement is rare. Esophageal GISTs account for < 1% of all GISTs. They typically occur in the lower
esophagus and are characterized by spindle or epithelioid cells. Most GISTs, including of the esophagus, display
mutations in the ¢-KIT (CD117) or PDGFRA genes. Certain rare molecular, familial types such as neurofibromatosis
neurofibromin 1, succinate dehydrogenase, BRAF or NTRK genes are also associated with GISTs and generally show
primary resistance to standard tyrosine kinase inhibitors (TKIs)[4,5]. Common symptoms include dysphagia, sensation of
food stuck in the esophagus, chest pain or discomfort. This may lead to weight loss. Erosion of the overlying mucosa may
cause hematemesis. Smaller lesions may be asymptomatic[3,6].

Diagnostic modalities and tumor markers

Diagnostic modalities include upper gastrointestinal endoscopy, which may detect a submucosal bulge into the
esophageal lumen and may have superficial ulcerations. Biopsy is usually not necessary as it may lead to capsule
disruption and tumor spread. EUS helps assess tumor size, morphology and depth[6,7]. However current endoscopic
imaging tools struggle to differentiate GISTs from leiomyomas. Recently, a few studies have demonstrated that
incorporation of real-time artificial intelligence (Al) systems during EUS examinations can assist endoscopists in rapidly
and accurately differentiating various types of subepithelial tumors of the upper GI tract, facilitating improved diagnostic
and therapeutic decision-making. A cohort of 59 participants with subepithelial tumors was prospectively enrolled and
compared to that of endoscopists to assess the real-time clinical application of the Al system. The Al system was superior
in differentiating between GISTs and leiomyomas diagnosis, respectively, markedly surpassing endoscopists[8].

Similarly, an automatically optimized radiomics modeling system (AORMS) based on EUS images was evaluated for
the diagnosis and the risk stratification of gastric GIST. A total of 205 patients with EUS images of small (< 2 cm) gastric
GISTs were retrospectively enrolled in the development phase of AORMS and compared to 178 patients with images
obtained by endoscopists from different centers. The performance of AORMS was compared to that of endoscopists in the
development set and evaluated in the independent testing set. AORMS outperformed endoscopists by > 20% in
diagnosing small gastric GISTs[9]. A computed tomography scan of the abdomen and pelvis is necessary for assessment
of the size of the mass, regional lymphadenopathy (although uncommon with GIST) and local extraluminal abutment
associated with these tumors. The characteristic biomarkers associated differentiating these tumors from other
mesenchymal tumors of the gastrointestinal tract include immunochemistry markers positive for c¢-KIT (CD117),
discovered on GIST 1 (DOG 1), and smooth muscle actin[3-5].

Esophageal GISTs are subepithelial tumors and out of reach of conventional biopsy forceps and pose a diagnostic
challenge for gastroenterologists. Standard upper endoscopy is inadequate, making EUS essential for a comprehensive
assessment[7-9]. EUS is indispensable in diagnosing and managing subepithelial gastrointestinal tumors. It provides
detailed imaging, enables guided biopsy, aids in risk assessment, and helps guide treatment decisions. EUS provides
accurate tumor sizing and delineates tumor borders with high resolution, which is critical for risk stratification and
treatment planning. EUS is useful to confirm the layer of origin, as these tumors arise from the muscularis propria or
submucosa which is typical for GISTs. Benign small tumors are generally hypoechoic with well-delineated borders.
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Heterogeneous echotexture may indicate necrosis or malignancy. Use of contrast-enhanced EUS has demonstrated the
ability to differentiate GISTs with early and clear enhancement from leiomyomas that displays little or no enhancement[6,
10].

EUS-fine needle aspiration (FNA) enables histological and immunohistochemical analysis [CD117, discovered on GIST
(DOG-1) etc.] to confirm the diagnosis. However, some studies have demonstrated that EUS-FNA tissue acquisition does
not reliably reflect the mitotic index and GIST proliferation[11]. Smaller lesions (< 2 cm) have a poor diagnostic yield with
EUS-FNA. Biopsy is generally not necessary for smaller tumors as it may lead to capsule disruption and tumor spread
and it may be feasible to proceed immediately with endoscopic resection for histological diagnosis. Pre-resection EUS,
however, will help assess tumor size and depth. Resection of small subepithelial lesions of <2 cm can be accomplished en
bloc with an endoscopic cap band mucosectomy device[6,7].

If FNA is inconclusive, EUS-guided core biopsy may be needed. It is especially useful when distinguishing GISTs from
other submucosal lesions such as leiomyomas, schwannomas and malignant sarcomas. For larger lesions, tissue diagnosis
is necessary. For larger lesions of the fourth hypoechoic layer, EUS-FNA and core biopsy are safe and have a good
diagnostic yield. EUS features, suggestive of high malignant potential include heterogeneous mass with irregular borders,
ulceration of overlying mucosa, size > 5 cm, and presence of enlarged lymph nodes[7].

Management modalities

The primary treatment for localized esophageal GIST < 3 c¢m is surgical resection with a disease-free, 1-mm margin, i.e.,
RO resection. In carefully selected patients this may be accomplished by endoscopic enucleation as is demonstrated by Xu
et al, with optimal results and excellent prognosis[1]. Larger lesions may pose a significant problem due to their location
and abutment into the periesophageal tissues and organs and require a careful multidisciplinary approach. Minimally
invasive approaches, i.e., robotic-assisted abdominal laparoscopy or thoracoscopy, can be considered for resection. There
is no indication routinely to perform lymph node dissection, as most GISTs do not metastasize to lymph nodes with the
possible exception of some succinate-dehydrogenase-deficient GISTs, which may metastasize to lymph nodes. Eso-
phagectomy is usually not necessary; however, it may be required if the tumor is larger and does not respond to
neoadjuvant therapyl[4,5,7]. Targeted therapy with TKIs is necessary as first-line treatment for unresectable, metastatic, or
high-risk GISTs. Imatinib (400 mg daily orally for 6 months) is most commonly used to shrink large locally invasive
tumors and make them amenable for resection. However, there remains a proportion of patients with tumors resistant to
imatinib and other newer second- and third-generation TKIs are recommended, i.e., sunitinib and regorafenib,
respectively, as well as the new broad-spectrum TKI ripretinib[4,5].

Prognosis

The prognosis of esophageal GIST depends on several factors, including tumor size, mitotic index, nongastric site, tumor
rupture and presence of metastases[4]. Esophageal GISTs are rare and tend to have a worse prognosis compared to GISTs
from other parts of the gastrointestinal tract. The prognosis depends on several factors, including tumor size, mitotic rate,
molecular mutations, and resectability. In general, smaller tumors < 2 cm with a low mitotic index have an excellent
prognosis after complete resection. Tumor size (= 10 cm) and high mitotic rate (> 5/5 mm?) with deletion mutation in KIT
exon 11 involving codons 557-558 and a positive microscopic margin are associated with increased risk for recurrence
and metastasis[12]. KIT/PDGFRA mutations may influence response to therapy. Some PDGFRA mutations are resistant to
imatinib. For large tumors with a high mitotic index, adjuvant therapy with imatinib 400 mg daily for 3 years is
recommended to reduce recurrence[3,5,7]. The 5-year survival rates vary; for localized disease (completely resected, small
tumors with low mitotic index) it is greater than 70%-80%. For higher risk features, i.e., large tumors with high mitotic
index, the 5-year survival decreases to 30%-50%, while for metastatic or unresectable tumors, the survival is < 20%. The
overall 5-year disease-free survival and disease-specific survival were 65.1% and 65.9%, respectively[13]. Surveillance
with computed tomography scan or magnetic resonance imaging is recommended every 6 mo to yearly for 5 years[3,5,7].

Conclusion

Esophageal GIST is a rare type of mesenchymal tumor. Esophageal GISTs account for < 1% of all GISTs. Endoscopic
resection remains the mainstay for small, localized tumors, with excellent outcomes. EUS is a useful tool in the diagnosis,
staging and management of esophageal GIST. Given the submucosal nature of these tumors, standard endoscopy is
inadequate, making EUS essential for a comprehensive assessment. EUS provides accurate tumor sizing, and enables
FNA-guided biopsy for carefully selected large inoperable tumors or where diagnosis is in doubt, which is critical for risk
stratification and treatment planning,.
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Abstract

Correction to "CMA down-regulates p53 expression through degradation of
HMGBT1 protein to inhibit irradiation-triggered apoptosis in hepatocellular
carcinoma. World | Gastroenterol 2017; 23: 2308-2317 [PMID: 28428710 DOI:
10.3748 /wjg.v23.i13.2308]”. Due to the high number of images, the Tubulin bands
intended for Figure 2D were incorrectly stored in the folder for Figure 3D,
resulting in the wrong image being used for the Tubulin bands in Figure 3D.
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Core Tip: This manuscript is to add a correction note to "CMA down-regulates p53
expression through degradation of HMGBI1 protein to inhibit irradiation-triggered
apoptosis in hepatocellular carcinoma. World J Gastroenterol 2017; 23: 2308-2317
[PMID: 28428710 DOI: 10.3748/wjg.v23.113.2308]”.
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CORRECTION

In this correction, we wish to address an error identified in our published manuscript titled "CMA down-regulates p53
expression through degradation of HMGB1 protein to inhibit irradiation-triggered apoptosis in hepatocellular carcinoma"
in the World Journal of Gastroenterology[1].

During figure preparation, the Tubulin bands intended for Figure 2D were inadvertently misplaced in the folder for
Figure 3F, resulting in an incorrect image being used for the Tubulin bands in Figure 3F. This error arose solely from
image misplacement and does not affect the scientific validity or conclusions of the paper. Additionally, Figure 3D and 3F
derive from the same experimental batch (HMGB1 knockdown). For clarity, Figure 3D (Clone formation assay after
HMGB1 knockdown) includes HMGB1 and Tubulin bands, which are also shown in Figure 3F (see Figure 1 in this
correction). Similarly, Figure 2D and Figure 4A originate from the same experiment (LAMP-2a knockdown), in which the
expression levels of p53, p21, HMGBI, and Tubulin proteins were simultaneously detected by Western blot. To more
clearly present our findings, we separately display the relevant protein expression results in Figures 2D and 4A (Figure
2D: Changes in p53 and p21 protein levels after LAMP-2a knockdown; Figure 4A: Changes in HMGB1 protein levels after
LAMP-2a knockdown).

Figure 3D
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Figure 1 Corrected Figure 3D and F. A: Corrected Figure 3D; B: Corrected Figure 3F.

We apologize for the error in our published article[1]. However, we believe that this correction ensures the accuracy
and integrity of the paper.
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