Gastroenterology

Baishideng Publishing Group Inc



Contents Weekly Volume 30 Number 16 April 28, 2024

World Journal of
Gastroenterology

2179

2184

2191

EDITORIAL
Fecal microbiota transplantation for irritable bowel syndrome: Current evidence and perspectives

Dai C, Huang YH, Jiang M

MicroRNAs in inflammatory bowel disease: What do we know and what can we expect?

Oliveira ECS, Quaglio AEV, Grillo TG, Di Stasi LC, Sassaki LY

Microplastics and microbiota: Unraveling the hidden environmental challenge

Demarquoy J

2195

REVIEW
Mechanisms of tumor immunosuppressive microenvironment formation in esophageal cancer

Zhang XJ, Yu Y, Zhao HP, Guo L, Dai K, Lv J

2209

2220

MINIREVIEWS

Laryngopharyngeal reflux disease: Updated examination of mechanisms, pathophysiology, treatment, and
association with gastroesophageal reflux disease

Cui N, Dai T, Liu Y, Wang YY, Lin JY, Zheng QF, Zhu DD, Zhu XW

Drug-induced mucosal alterations observed during esophagogastroduodenoscopy

Iwamuro M, Kawano S, Otsuka M

2233

2249

2258

ORIGINAL ARTICLE

Retrospective Study

Preoperative prediction of perineural invasion of rectal cancer based on a magnetic resonance imaging
radiomics model: A dual-center study

Liu Y, Sun BJT, Zhang C, Li B, Yu XX, Du 'Y

Observational Study

Association between childhood obesity and gut microbiota: 165 rRNA gene sequencing-based cohort
study

Li XM, Lv Q, Chen YJ, Yan LB, Xiong X

Basic Study
Chitin-glucan improves important pathophysiological features of irritable bowel syndrome

Valibouze C, Dubuquoy C, Chavatte P, Genin M, Maquet V, Modica S, Desreumaux P, Rousseaux C

Jg%,@ WIG | https://www.wjgnet.com I April 28,2024 | Volume30 | Issuel6 |



World Journal of Gastroenterology

Contents
Weekly Volume 30 Number 16 April 28, 2024

2272 Optimization of tracheoesophageal fistula model established with T-shaped magnet system based on
magnetic compression technique

Zhang MM, Mao JQ, Shen LX, Shi AH, Lyu X, Ma J, Lyu Y, Yan XP

LETTER TO THE EDITOR
2281  Ability of Helicobacter pylori to internalize into Candida
Chen ZH, Sun JC, Yang TX, Cui GZ

2285  Transjugular intrahepatic portosystemic shunt: A promising therapy for recompensation in cirrhotic
patients

Jin YN, Zhang W

Bishidenge VVIG | https://www.wjgnet.com I April 28,2024 | Volume30 | Issuel6 |



World Journal of Gastroenterology

Contents
Weekly Volume 30 Number 16 April 28, 2024

ABOUT COVER

Editorial Board Member of World Journal of Gastroenterology, Zhao-Hui Huang, MD, Director, Professor, Wuxi
Cancer Institute, Affiliated Hospital of Jiangnan University, Wuxi 214062, Jiangsu Province, China.
hzhwxsy@126.com

AIMS AND SCOPE

The primary aim of World Journal of Gastroenterology (WJ]G, World | Gastroenterol) is to provide scholars and readers
from various fields of gastroenterology and hepatology with a platform to publish high-quality basic and clinical
research articles and communicate their research findings online. WJG mainly publishes articles reporting research
results and findings obtained in the field of gastroenterology and hepatology and covering a wide range of topics
including gastroenterology, hepatology, gastrointestinal endoscopy, gastrointestinal surgery, gastrointestinal
oncology, and pediatric gastroenterology.

INDEXING/ABSTRACTING

The WJG is now abstracted and indexed in Science Citation Index Expanded (SCIE), MEDLINE, PubMed, PubMed
Central, Scopus, Reference Citation Analysis, China Science and Technology Journal Database, and Superstar
Journals Database. The 2023 edition of Journal Citation Reports® cites the 2022 impact factor (IF) for WJG as 4.3;
Quartile category: Q2. The WJ]G’s CiteScore for 2021 is 8.3.

RESPONSIBLE EDITORS FOR THIS ISSUE

Production Editor: Y#-Xi Chen; Production Department Director: Xiang 1.i; Cover Editor: Jia-Ru Fan.

NAME OF JOURNAL INSTRUCTIONS TO AUTHORS

World Journal of Gastroenterology https:/ /www.wignet.com/bpg/gerinfo/204
ISSN GUIDELINES FOR ETHICS DOCUMENTS
ISSN 1007-9327 (print) ISSN 2219-2840 (online) https:/ /www.wjgnet.com/bpg/Gerlnfo/287
LAUNCH DATE GUIDELINES FOR NON-NATIVE SPEAKERS OF ENGLISH
October 1, 1995 https:/ /www.wijgnet.com/bpg/gerinfo/240
FREQUENCY PUBLICATION ETHICS

Weekly https:/ /www.wjgnet.com/bpg/Gerlnfo/288
EDITORS-IN-CHIEF PUBLICATION MISCONDUCT

Andrzej S Tarnawski https:/ /www.wijgnet.com/bpg/gerinfo/208
EXECUTIVE ASSOCIATE EDITORS-IN-CHIEF POLICY OF CO-AUTHORS

Xian-Jun Yu (Pancreatic Oncology), Jian-Gao Fan (Chronic Liver Disease), Hou- | https://www.wignet.com/bpg/Gerlnfo/310
Bao Liu (Biliary Tract Disease)

EDITORIAL BOARD MEMBERS ARTICLE PROCESSING CHARGE

http:/ /www.wjgnet.com/1007-9327/editorialboard.htm https:/ /www.wjgnet.com/bpg/gerinfo/242
PUBLICATION DATE STEPS FOR SUBMITTING MANUSCRIPTS
April 28, 2024 https:/ /www.wjgnet.com/bpg/Gerlnfo/239
COPYRIGHT ONLINE SUBMISSION

© 2024 Baishideng Publishing Group Inc https:/ /www.f6publishing.com

PUBLISHING PARTNER PUBLISHING PARTNER's OFFICIAL WEBSITE
Shanghai Pancreatic Cancer Institute and Pancreatic Cancer Institute, Fudan | https://www.shca.org.cn

University https:/ /www.zs-hospital.sh.cn

Biliary Tract Disease Institute, Fudan University

© 2024 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: office@baishideng.com https://www.wjgnet.com

63%9@ WJG | https://www.wjgnet.com I April 28,2024 | Volume30 | Issuel6 |



https://www.wjgnet.com/bpg/gerinfo/204
https://www.wjgnet.com/bpg/GerInfo/287
https://www.wjgnet.com/bpg/gerinfo/240
https://www.wjgnet.com/bpg/GerInfo/288
https://www.wjgnet.com/bpg/gerinfo/208
https://www.wjgnet.com/bpg/GerInfo/310
http://www.wjgnet.com/1007-9327/editorialboard.htm
https://www.wjgnet.com/bpg/gerinfo/242
https://www.wjgnet.com/bpg/GerInfo/239
https://www.f6publishing.com
https://www.shca.org.cn
https://www.zs-hospital.sh.cn
mailto:office@baishideng.com
https://www.wjgnet.com

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.3748 / wjg.v30.i16.2179

World Journal of
Gastroenterology

World | Gastroenterol 2024 April 28; 30(16): 2179-2183

ISSN 1007-9327 (print) ISSN 2219-2840 (online)

EDITORIAL

Fecal microbiota transplantation for irritable bowel syndrome:
Current evidence and perspectives

Cong Dai, Yu-Hong Huang, Min Jiang

Specialty type: Gastroenterology
and hepatology

Provenance and peer review:
Invited article; Externally peer
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific
quality classification

Grade A (Excellent): 0

Grade B (Very good): B
Grade C (Good): C

Grade D (Fair): 0

Grade E (Poor): 0

P-Reviewer: Chen S, Japan;
Jovandaric MZ, Serbia

Received: November 25, 2023
Peer-review started: November 25,
2023

First decision: February 8, 2024
Revised: February 14, 2024
Accepted: April 1, 2024

Article in press: April 1, 2024
Published online: April 28, 2024

Beienideng>  VVIG | https://www.wjgnet.com

Cong Dai, Yu-Hong Huang, Min Jiang, Department of Gastroenterology, First Hospital of China
Medical University, Shenyang 110001, Liaoning Province, China

Corresponding author: Min Jiang, Doctor, PhD, Professor, Department of Gastroenterology,
First Hospital of China Medical University, No. 92 of Beier Road, Heping District, Shenyang
110001, Liaoning Province, China. congdai2006(@126.com

Abstract

In this editorial we comment on the article published in the recent issue of the
World journal of Gastroenterology. We focus specifically on the mechanisms un-
derlying the effects of fecal microbiota transplantation (FMT) for irritable bowel
syndrome (IBS), the factors which affect the outcomes of FMT in IBS patients, and
challenges. FMT has emerged as a efficacious intervention for clostridium difficile
infection and holds promise as a therapeutic modality for IBS. The utilization of
FMT in the treatment of IBS has undergone scrutiny in numerous randomized
controlled trials, yielding divergent outcomes. The current frontier in this field
seeks to elucidate these variations, underscore the existing knowledge gaps that
necessitate exploration, and provide a guideline for successful FMT imple-
mentation in IBS patients. At the same time, the application of FMT as a treatment
for IBS confronts several challenges.

Key Words: Fecal microbiota transplantation; Irritable bowel syndrome; Microbiota;
Randomized controlled trial; Meta-analysis
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Core Tip: Fecal microbiota transplantation (FMT) has emerged as a efficacious
intervention for Clostridium difficile infection and holds promise as a therapeutic
modality for irritable bowel syndrome (IBS). The utilization of FMT in the treatment of
IBS has undergone scrutiny in numerous randomized controlled trials, yielding
divergent outcomes. The current frontier in this field seeks to elucidate these variations,
underscore the existing knowledge gaps that necessitate exploration, and provide a
guideline for successful FMT implementation in IBS patients. At the same time, the
application of FMT as a treatment for IBS confronts several challenges.
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INTRODUCTION

The transplantation of the intestinal microbiome through feces obtained from a healthy individual with normal bowel
function, commonly termed fecal microbiota transplantation (FMT), has historical roots dating back to the fourth century
when the Chinese physician pioneered its application in addressing severe diarrhea and malaria[1]. In contemporary
medical contexts, FMT has emerged as a efficacious intervention for Clostridium difficile infection (CDI) and holds
promise as a therapeutic modality for various conditions, including irritable bowel syndrome (IBS)[2-4]. The utilization of
FMT in the treatment of IBS has undergone scrutiny in numerous randomized controlled trials (RCTs), yielding divergent
outcomes[5-10]. The current frontier in this field seeks to elucidate these variations, underscore the existing knowledge
gaps that necessitate exploration, and provide a guideline for successful FMT implementation in IBS patients.

Halkjeer ef al[11] conducted a comprehensive meta-analysis to evaluate the efficacy and safety of FMT in the treatment
of IBS. The study revealed that, compared to a placebo, FMT yielded no statistically significant benefits in alleviating IBS
symptoms at three months post-treatment (RR 1.19, 95%CI: 0.68-2.10). Additionally, FMT exhibited no discernible
enhancement in the quality of life for individuals with IBS (MD -6.30, 95%CI: -13.39-0.79). Notably, a subgroup analysis
indicated a noteworthy amelioration of symptoms with endoscopic FMT delivery, whereas capsules did not elicit a
comparable effect. Adverse events were documented in 97 participants within the FMT group, contrasting with 45
participants in the placebo group (RR 1.17, 95%CI: 0.63-2.15). The incongruent findings across the included studies can be
attributed to variations in the selection of IBS patient subtypes, the frequency and route of transplant delivery, FMT-
content, pre-treatment protocols, and the number of donors.

While the studies included in the analysis did not report major adverse effects linked directly to FMT, it is imperative
to maintain a low threshold for toxicity evaluation, especially in non-life-threatening conditions. It becomes incongruent
when proponents selectively reference murine transplant experiments highlighting the role of the microbiota in IBS
pathogenesis while neglecting analogous studies suggesting the potential transferability of phenotypes. Consequently,
the risks associated with FMT extend beyond infection or transmission of antibiotic-resistant organisms, encompassing
the theoretical transfer of inflammatory, metabolic, and even behavioral phenotypes from donor to recipient. Although
meticulous donor selection can mitigate these risks, certain microbiotas may harbor latent dangers associated with the
future onset of colon cancer. Then I will provide a detailed introduction to the mechanisms, the influencing factors, and
challenges of FMT for IBS.

Mechanisms of FMT for IBS

Enteroendocrine cells, mast cells, and fecal Short Chain Fatty Acids (SCFAs) in individuals with IBS exhibit distinctions
from those in healthy subjects, and these variances are thought to be pivotal in the pathophysiology of IBS[12-14].
Butyrate, an SCFA, serves as an energy source for colonic epithelial cells, modulates immune responses, mitigates
oxidative stress, reduces intestinal motility, and decreases cell permeability. Notably, butyrate also regulates colonic
hypersensitivity, and its intake has been associated with diminished abdominal pain in IBS patients. While it is premature
to definitively delineate the mechanisms underpinning the effects of FMT, available data propose that the amelioration of
IBS symptoms through FMT may be attributed to alterations in enteroendocrine cells, mast cells, and SCFAs including
butyrate.

The majority of bodily serotonin is situated in the gut, with only 10% residing in the enteric nervous system (ENS), and
the remaining portion contained in the enterochromaffin (EC) cells dispersed among the gastrointestinal epithelial cells.
Serotonin plays a crucial role in gastric emptying and intestinal peristalsis[15]. Additionally, serotonin activates the
sensory nerve endings of submucosal ENS, transmitting gut sensations to the central nervous system. Upon exerting its
effects at serotonin receptors, serotonin is transported into intestinal epithelial cells by the serotonin-selective reuptake
transporter (SERT), where it undergoes degradation. In individuals with IBS, reported lower densities of EC cells and
diminished SERT immunointensity in the gut suggest impaired serotonin uptake and degradation. Specific bacteria, such
as Corynebacterium, Streptococcus, and Enterococcus spp., alongside indigenous spore-forming bacteria, have been
identified as serotonin producers. Furthermore, Clostridium ramosum regulates serotonin release from EC cells. The
altered intestinal bacterial composition induced by FMT may influence the serotonin-regulating system.

THE INFLUENCING FACTORS OF FMT FOR IBS

FMT donor selection

Considerable variability in the outcomes of FMT for IBS has been noted among studies, a phenomenon largely ascribed to
differences in donor selection. The designation "superdonor" is bestowed upon a donor eliciting a robust response to FMT
[16]. Attempts to predict superdonors have involved pooling feces from multiple donors to augment the chances of
patients receiving superdonor feces. However, this strategy proved unsuccessful, likely due to the dilution of superdonor

gﬁ;@ WIG | https://www.wjgnet.com 2180 April 28,2024 | Volume30 | Issuel6 |


https://www.wjgnet.com/1007-9327/full/v30/i16/2179.htm
https://dx.doi.org/10.3748/wjg.v30.i16.2179

Dai C et al. FMT for IBS

feces and subsequent inadequate dosing for recipients. The divergent outcomes in RCTs of FMT in IBS can be predom-
inantly traced to variations in donor selection criteria. Notably, the RCT conducted by El-Salhy et al[17], which de-
monstrated positive FMT responses, established the strict selection of superdonor. But some RCTs omitted these criteria
for donor selection. The temporal stability of the donor's intestinal bacterial composition is another pivotal consideration
when selecting a superdonor.

Clinical criteria for superdonor selection have been grounded in factors known to impact the intestinal microbiota,
including age (> 50 years), smoking habits, birth by cesarean section, formula feeding during infancy, antibiotic use,
nonantibiotic drug consumption, and lifestyle factors such as regular exercise and diet. Genetic considerations also
underscore the need for superdonors to be non-first-degree relatives of recipients. The superdonor identified in El-Salhy
et al's RCT adhered to a profile of a healthy young male with a normal body mass index, born vaginally, breastfed, non-
smoking, medication-free, with infrequent antibiotic use, regular exercise, and a healthy diet[17]. Fecal microbiota
analysis of this donor revealed high microbial diversity, with deviations in bacterial composition from the norm of 165
healthy subjects, predominantly in the Firmicutes phylum. This included increased abundance of beneficial bacteria
including Lactobacillus, Streptococcus, and Ruminococcaceae spp. Importantly, the composition of fecal microbiota from
the superdonor can remain stable for over 18 months. Despite efforts to ensure superdonor presence by pooling feces
from multiple donors, this strategy yielded no response or only transient improvement.

IBS patient inclusion.

Caution must be exercised in generalizing the outcomes of RCTs of FMT for IBS, as the patient cohorts included in
these trials represent specific subsets of the IBS population. Notably, five RCTs exclusively enrolled patients with
diarrhea-predominant IBS (IBS-D), mixed-diarrhea-and-constipation IBS (IBS-M), or IBS unclassified (IBS-U). In contrast,
three other RCTs encompassed all IBS subtypes, encompassing IBS-D, constipation-predominant IBS (IBS-C), IBS-M, and
IBS-U. Additionally, the RCT conducted by El-Salhy et al[17] found that the patients who live with IBS patients for two
days may exhibit moderate to severe IBS symptoms, even if they completely follow the National Institute for Health and
Care Excellenc dietary regimen. The RCT by Holster et al[8] specifically included patients characterized by low levels of
fecal butyrate-producing bacteria. Furthermore, Holvoet et al[10] exclusively enrolled refractory IBS patients with severe
bloating who are ineffective in conventional therapies for at least 3 d. These variations in patient selection criteria
underscore the need for cautious interpretation and application of the outcomes of FMT trials to the broader spectrum of
individuals with IBS.

Route of administration and dose of FMT

FMT can be performed through upper gastrointestinal pathways including gastroscope and nasojejunal tube, as well as
lower gastrointestinal pathways including colonoscope. Both routes of administration have demonstrated efficacy. But a
noteworthy placebo effect was observed in 43%-44% and 23.6%-26% of patients who received FMT in the large and small
intestine, respectively[8,10]. This placebo effect might be more pronounced in patients receiving FMT in the colon,
potentially attributable to the favorable impact of bowel preparation for colonoscopy on IBS symptoms. In contrast to its
success in treating CDI, the administration of FMT via capsule ingestion proved ineffective in IBS. Possible factors
contributing to this ineffectiveness include donor selection, a low transplant dose, or the pooling of donors.

The dose of the fecal transplant appears to influence FMT outcomes, suggesting a dose-dependent response. Notably,
70% of patients unresponsive to a 30 g FMT dose exhibited a positive response to a 60 g FMT dose. The majority of
included studies utilized a dose of at least 30 g[8,10]. Concurrently, further investigations are imperative to assess the
comparative efficacy of single versus repeated FMT administrations.

Challenges of FMT for IBS

Although FMT is a promising treatment for gastrointestinal and nongastrointestinal diseases, the application of FMT as a
treatment for IBS confronts several challenges. Firstly, the absence of a definitive microbial signature and the diverse
dysbiosis patterns in IBS. Pathobiont proliferation, commensal loss, and reduced microbial diversity contribute to the
complexity of the condition in IBS. At the same time, some factors such as infection, inflammation, dietary influences,
xenobiotics, genetics, and familial transmission exert dynamic effects on the composition of the intestinal microbial
community.

Secondly, the lack of a universally defined normal microbiome limits the application of FMT. FMT has many complex
mechanisms of action, including direct effects on the host, reinstatement of missing network interactions, and microbiome
modulation. However, it is crucial to acknowledge that FMT is not a curative measure, as its benefits persist for a median
duration of four months and gradually diminish over a year.

Thirdly, FMT responsiveness varies in IBS patients, with distinct and stable subsets of responders and non-responders.
While initial responders often regain a positive response after re-FMT, those who failed to respond initially generally
continue to exhibit disappointing outcomes with subsequent FMT attempts from different donors. This raises the
prospect that disruptions in the microbiota may offer a pathway for stratifying IBS patients. While symptoms play a
central role in IBS diagnosis, their questionable value in stratification is evident as patients categorized as IBS-C, IBS-D, or
IBS-M may transition between these patterns over time. Additionally, microbiota studies do not support stratification
based on constipation or diarrhea. Integrating microbiota analysis including microbiome composition and functional
analysis before and after FMT into the design and monitoring of future FMT trials for IBS appears reasonable. This does
not imply exclusive responsiveness in those with disturbed microbiota but holds the potential to predict varying degrees
of responsiveness, offering a refined rationale for patient selection and valuable data for result interpretation.

Fourth, the risks of FMT should also be evaluated. Improving the screening of FMT donors including testing the donor
stool for beta-lactase extended-spectrum beta-lactamase, E. coli, and severe acute respiratory syndrome coronavirus 2
would reduce the risks of infection by known agents. Moreover, restricting the selection of patients with IBS for FMT to
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those without systemic disease, immune deficiency, treatment with immune-modulating medication, and severe illness
would reduce the risks.

CONCLUSION

FMT is a promising treatment for both gastrointestinal and nongastrointestinal diseases. There is currently a lot of
evidence to prove that it can improves the IBS symptoms, fatigue, and quality of life. However, several questions remain
to be answered, and further investigations are needed before FMT can be applied for IBS treatment in clinical practice.
The criteria to apply when selecting an effective donor for FMT remain unclear, including the administration route, the
optimal dose, and the frequency of treatment. Moreover, it is not clear whether FMT is effective for all IBS patients, or
certain subsets of IBS patients. At the same time, there is some concern regarding the long-term side effects of FMT.
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Abstract

MicroRNAs (miRNAs), small non-coding RNAs composed of 18-24 nucleotides,
are potent regulators of gene expression, contributing to the regulation of more
than 30% of protein-coding genes. Considering that miRNAs are regulators of
inflammatory pathways and the differentiation of intestinal epithelial cells, there
is an interest in exploring their importance in inflammatory bowel disease (IBD).
IBD is a chronic and multifactorial disease of the gastrointestinal tract; the main
forms are Crohn's disease and ulcerative colitis. Several studies have investigated
the dysregulated expression of miRNAs in IBD, demonstrating their important
roles as regulators and potential biomarkers of this disease. This editorial presents
what is known and what is expected regarding miRNAs in IBD. Although the
important regulatory roles of miRNAs in IBD are clearly established, biomarkers
for IBD that can be applied in clinical practice are lacking, emphasizing the
importance of further studies. Discoveries regarding the influence of miRNAs on
the inflammatory process and the exploration of their role in gene regulation are
expected to provide a basis for the use of miRNAs not only as potent biomarkers
in IBD but also as therapeutic targets for the control of inflammatory processes in
personalized medicine.

Key Words: MicroRNAs; Inflammatory bowel disease; Crohn’s disease; Ulcerative colitis;
Biomarker; Therapy
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Core Tip: MicroRNAs (miRNAs) function in the regulation of inflammatory pathways and the differentiation of intestinal
epithelial cells. There is substantial evidence for the important regulatory roles of miRNAs in inflammatory bowel disease
(IBD), suggesting that they may serve as biomarkers. Therefore, this editorial aims to present what is already known and
what the expectations are regarding the role of miRNAs in IBD.
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INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNAs composed of 18 to 24 nucleotides that are recognized as potent
downregulators of gene expression or messenger RNA translation[1-3]. They regulate more than 30% of protein-coding
genes and play important roles in cell survival, differentiation, proliferation, apoptosis, cell cycle control, and
homeostasis[1,2,4].

Because miRNAs regulate inflammatory cellular signaling pathways and the intestinal epithelial cell differentiation,
with an important role in the homeostasis of the intestinal mucosal[l,5,6], we explored the importance of miRNAs in
inflammatory bowel diseases (IBD). IBD is a chronic disease of the gastrointestinal tract with a multifactorial and
imbricated etiology, involving genetic, immune, and environmental factors. The main representatives of IBD are Crohn's
disease (CD) and ulcerative colitis (UC), which differ both clinically and pathophysiologically[7].

In the last decade, several clinical and experimental studies of IBD have improved our understanding of miRNAs and
contributed to the search for new and more accurate diagnostic markers and targets for treatment. Based on this, this
editorial aims to present what is already known and what the expectations are regarding the role of miRNAs in IBD.

WHAT DO WE KNOW ABOUT MIRNA IN IBD?

miRNAs play an important role as cellular and homeostasis regulators and may interfere with important inflammatory
signaling pathways, such as the nuclear transcription factor kappa B (NF-xB), interleukin 23 (IL23)/IL23R, and IL-6/
STAT3 pathways[8-11]. Therefore, alterations in the expression of certain miRNAs may be related to various immune
diseases, including IBD. To evaluate their expression profiles in diseases, miRNAs can be quantified using samples of
body fluids (circulating miRNAs), such as blood and feces, as well as through homogenized tissue biopsies (tissue
miRNAs) using microarray profiling, quantitative real-time PCR, and next-generation sequencing techniques[12-15].

One of the first studies focusing on miRNAs in IBD identified three under expressed miRNAs (miR-192, miR-375, and
miR-422b) and eight overexpressed miRNAs (miR-16, miR-21, miR-23a, miR-24, miR-29a, miR-126, miR-195, and Let-7f)
in tissues from patients with active UC compared to tissues from healthy individuals[5]. Another study conducted by the
same research group evaluated colonic tissues from patients with CD and identified three upregulated miRNAs (miR-
23b, miR-106a, and miR-191) and two downregulated miRNAs (miR-19b and miR-629) when compared with levels in
colonic tissues from healthy individuals[6]. Neither upregulated nor downregulated miRNAs in CD patients with were
altered in UC patients[6], indicating that the miRNA expression profile differs between CD and UC.

These studies prompted researchers to investigate the role of miRNA dysregulation in IBD, both as regulators of
inflammatory processes and as IBD biomarkers. Several studies have focused on the detection of miRNA biomarkers for
IBD, revealing miR-223, miR-155, and miRNA-320a as key candidates.

A study using serum samples from IBD patients suggested that miR-223 is a potential biomarker, as levels of this
miRNA were higher in both CD and UC samples than in healthy individuals[16]. Additionally, miR-223 expression is
associated with the active phase of the disease[16]. Another study using the same sample type corroborated the increase
in miR-223 expression in patients when compared with that in healthy individuals[17]. However, when active patients
were compared with those in remission, miR-223 expression showed no significant differences[17]. Similarly, miR-155
expression differed between patients and healthy individuals[17], and this was corroborated by another study that
demonstrated higher miR-155 expression levels in the colon tissues of patients than in samples from healthy individuals
[18], suggesting that miR-155 is a potential biomarker of IBD activity. Similarly, a recent study on IBD demonstrated that
miR-320a expression is higher in blood samples of IBD patients than in samples from healthy individuals and is
significantly higher in patients with active IBD than in patients in remission[19], highlighting that miR-320a is another
promising biomarker of disease activity in IBD patients.

The search for miRNA biomarkers of IBD has also led to the identification of the roles of miRNAs in inflammatory
signaling pathways modulated by various drugs, such as prednisone, Janus kinase (JAK) inhibitors, and monoclonal
antibodies, including infliximab, ustekinumab, and vedolizumab (Figure 1). Furthermore, some miRNAs can be regulated
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Figure 1 Main microRNAs involved in intestinal inflammation and inflammatory pathways targeted by medications used to treat
inflammatory bowel disease. MicroRNA (miR)-21 and miR-223 inhibit tight junctions, whereas miR-200 and miR-93 maintain tight junctions. miR-149 promotes
changes in the intestinal microbiota, favoring the growth of pathogenic bacteria. Prednisone reduces miR-486 expression, while miR320a expression is reduced by
prednisone and infliximab. miR-29 reduces the expression of transforming growth factor B, interleukin (IL)-6, and IL-23, similar to ustekinumab, a biological inhibitor of
IL12/23. miR-155 regulates the activity of Janus kinase (JAK), which activates inmune cells, whereas JAK inhibitors exert the opposite effects. miR126 regulates
vascular cell adhesion molecule-1 (VCAM-1), similar to vedolizumab, which regulates mucosal addressin cell adhesion molecule-1 (MAdCAM-1). a4f7: A4p7
integrin. Created with BioRender.com (Supplementary material).

when exposed to certain drugs, as demonstrated in the pediatric population, where it was observed that miR-146a, miR-
146b, and miR-320a were reduced with the use of infliximab and prednisone, whereas miR-486 expression was reduced
only with the use of prednisone[20].

In a study of dextran sodium sulfate (DSS)-induced intestinal inflammation in mice, tail vein injection of miR-29 linked
to a nanoparticle significantly inhibited the intestinal anti-inflammatory process, which was related to reductions in
transforming growth factor-f, IL-6, and IL-23 expression[21]. Notably, the cytokine IL-23 is the target of the monoclonal
antibody ustekinumab, which is currently used to treat CD, indicating that miR-29 is a potential therapeutic target for
IBD. In contrast, miR-155 targets regulatory proteins in the JAK signaling pathway, which controls immune cells and,
consequently, inflammatory processes[22]. This mechanism is the same as that of JAK inhibitors, such as tofacitinib and
upadacitinib, which are oral drugs used to treat UC.

In vitro and in vivo analyses have shown that miR-126 inhibits leukocyte adhesion to endothelial cells through the
regulation of vascular cell adhesion molecule-1 (VCAM-1)[23]. Vedolizumab, indicated for the treatment of UC and CD,
also inhibits the migration of leukocytes into inflamed intestinal tissue, blocking their interaction with mucosal addressin-
cell adhesion molecule 1 (MAdCAM-1) in the intestinal vasculature[24], a mechanism similar to that described for miR-
126. The development of new drugs capable of modulating the expression of these miRNAs is a promising approach for
controlling the inflammatory response.

Other studies have also reported an important relationship between miRNAs and intestinal permeability, considering
that a loss of the intestinal barrier is one of the processes that triggers intestinal inflammation in IBD patients[25,26]. In
this context, miR-21 plays an important role in regulating the intestinal epithelial barrier, as it blocks the production of the
RhoB (Ras homolog gene family member B) protein[25]. A reduction in RhoB protein levels results in the loss of tight
junctions, increasing intestinal permeability with subsequent increased exposure to antigens, which serves as a trigger for
the intestinal inflammatory process[25].
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Besides miR-21, other miRNAs destroy tight junctions and consequently weaken the intestinal epithelial barrier,
including miR-191, miR-212, miR-675, miR-874, miR-122a, miR-34c, miR-150, and miR-01a[26]. In contrast, miR-200 and
miR-93 assist in the protection of tight junctions, maintaining intestinal barrier function[26]. These recent findings
indicate that several miRNAs are important targets for the development of treatments aimed at maintaining the integrity
of the intestinal barrier, thereby preventing overexposure to antigens as a trigger in the inflammatory processes involved
in IBD pathophysiology.

A recent review published by our research group[27] reported that some miRNAs modulate the intestinal microbiota
and induce dysbiosis in IBD patients, whereas the intestinal microbiota can also regulate the expression of miRNAs,
establishing a complex relationship between these taxa and their host[27]. For example, in a DSS-induced intestinal
inflammation model, miR-149 deletion induces changes in the microbiota and promotes intestinal inflammatory processes
[28]. Additionally, the use of probiotics in mice, in addition to improving dysbiosis, reduces the expression of miR-155,
miR-223, miR-150, and miR-143, which act on both intestinal permeability and the pro-inflammatory response, improving
intestinal inflammation[29].

WHAT CAN WE EXPECT FROM MIRNAS IN IBD?

From the first studies on miRNAs to recent research, there has been a great evolution in our understanding of their
functions in the immune system and inflammatory processes. Despite this, there is a lack of data to support the use of
miRNAs as biomarkers for chronic diseases, such as IBD, limiting the application of scientific knowledge to clinical
practice. To date, specific miRNAs have not been described as biomarkers for differentiating UC from CD, as markers of
inflammatory activity, or as predictors of response to clinical treatment. However, research work has yielded new
discoveries and insights into the roles of miRNAs in the pathogenesis and maintenance of the inflammatory process in
IBD. In the near future, these findings are expected to lead to novel applications of these biomarkers in clinical practice.

Regarding IBD monitoring, few biomarkers for disease activity, such as fecal calprotectin, have been validated[30,31]
and therefore colonoscopy is needed to visualize the intestinal mucosa. Considering that colonoscopy is invasive with
inherent risks, new markers with high accuracy are required. miRNAs participate in various processes, including inflam-
mation. Therefore, miRNAs can serve as appropriate biomarkers for the diagnosis and therapeutic monitoring of IBD
patients. In addition to contributing to a more specific diagnosis and treatment, the identification of miRNAs as blood or
fecal markers of IBD provides a less invasive[8], faster, and more accurate alternative to colonoscopy. The disadvantage
of miRNA markers is the high cost of tests, which hinders their applicability in clinical practice.

Regarding the role of miRNAs in differentiating disease activity from remission, miR-223 expression is higher in the
serum, tissue from the terminal ileum, and fecal samples of active CD compared to inactive CD[32]. Furthermore, miR-
223 levels in serum, intestinal tissue, and fecal samples were correlated with Crohn’s Disease Activity Index, and fecal
miR-223 was correlated with fecal calprotectin. These findings indicated that fecal miR-223 may be a novel, noninvasive
biomarker for estimating disease activity in CD patients[32].

The Selecting Therapeutic Targets in IBD (Stride) II and IBD consensus established clinical response and remission as
well as normalization of C-reactive protein as immediate and short-term targets, and endoscopic healing, restoration of
quality of life, and absence of disability as long-term targets in IBD treatment, including mucosal healing as therapeutic
goals[33,34]. The expectations include histological healing in UC and transmural healing in CD[33]. The identification of
specific miRNAs correlated with mucosal healing, histological healing, or even transmural healing would be a revolu-
tionary milestone in IBD, facilitating patient monitoring and the development of treat-to-target strategies using a simple
blood marker.

Several miRNAs act on the same signaling pathways that are targets of drugs used to treat IBD[13,20-24], suggesting
the potential use of miRNAs as IBD targets. The modulation of these miRNAs may positively interfere with patient
responses to treatment, which is a promising strategy for drug development, as previously reported for miR-29[21], miR-
155[22], and miR-126[23].

Regarding the modulation of miRNAs as a therapeutic strategy, a clinical trial is evaluating the efficacy of the small
molecule drug candidate obefazimod for the treatment of moderate to severe active UC[35]. Obefazimod is the only
known molecule that modulates miRNAs, as it enhances miR-124 expression, which is responsible for modulating inflam-
mation and the innate immune response activated in IBD[35]. Results from this clinical trial are expected soon.
Considering this mechanism of action, future studies should include other miRNAs as therapeutic targets; for example,
the activation of miRNAs that help maintain the intestinal barrier, including miR-200 and miR-93, or inhibition of
miRNAs that negatively regulate inflammatory processes, including miR-223 and miR-320a, should be evaluated.

In addition to their potential use as diagnostic markers and therapeutic targets, miRNAs have been studied as
predictors of clinical and endoscopic responses in IBD patients. Reduced serum expression levels of let-7e at week 14 and
miR-126 at week 54 were associated with clinical remission at weeks 14 and 54 and endoscopic remission at week 54 in 37
patients with CD treated with anti-tumor necrosis factor o therapy[36]. Another study found that increased let-7d and let-
7e expression were associated with clinical remission at week 14 after infliximab induction therapy in CD, suggesting that
these miRNAs are possible therapeutic biomarkers in CD patients treated with infliximab[37].

In severe acute colitis, a study evaluated tissue miRNAs associated with the response to intravenous (IV) steroids and
in response to infliximab or cyclosporine in steroid-refractory patients[13]. Initially, 15 miRNAs associated with the
response to IV steroids were identified (hp_hsa-mir-3934, hp_hsamir-3667, hp_hsa-mir-100, hsa-miR-603, hsa-miR-718,
hsa-miR-4259, hp_hsa-mir-193b, hsa-miR-3150a-5p, hp_hsa-mir-1260b, hsa-miR-938, hsa-miR-3128, hsa-miR-4423-3p, hsa-
miR-518b, hsa-miR-1468, and hsa-miR-3152-3p), in addition to six miRNAs associated with the response to infliximab
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Table 1 Roles of microRNAs in patients with inflammatory bowel disease

What is already known about miRNAs in IBD? What can we expect from miRNAs in IBD? Ref.
Regulate cellular processes and homeostasis Discover new functions in the pathophysiology of IBD [8-11]
Differentially expressed between patients with IBD and healthy controls Can be used as diagnostic markers for IBD [5,6,16-19]
Differentially expressed between UC and CD Can be used to differentiate UC from CD [6]
Differentially expressed with respect to disease activity Can be used as biomarkers of inflammatory activity [16,17,19,32]
Regulated in response to drug exposure Can be used as markers of drug responses [20]
Regulate the expression of inflammatory cytokines Potential therapeutic targets in IBD [21,22,23]
Act on the intestinal barrier Potential therapeutic targets in IBD [25,26]
Modulate the intestinal microbiota Potential therapeutic targets in IBD [27-29]

CD: Crohn'’s disease; IBD: Inflammatory bowel disease; miRNA: microRNA; UC: Ulcerative colitis.

Table 2 Barriers to the use of microRNAs in clinical practice

High exam cost

Better definition of miRNAs as diagnostic markers in IBD (differentiation between UC and CD and diagnosis of disease activity)
Few validation studies of miRNAs as blood, fecal, and endoscopic biomarkers

Better definition of the differences between the expression of fecal, blood, and tissue miRNAs

Lack of evidence validating miRNAs as a tool for evaluating mucosal healing

Lack of evidence validating miRNAs as a tool for evaluating histological remission

Lack of evidence validating miRNAs predictors of clinical and endoscopic responses

Lack of evidence validating miRNAs in treatment monitoring

Lack of evidence validating miRNAs as predictors of severe disease

Insufficient data on the role of miRNAs in modulating the inflammatory response

Insufficient data on the effects of miRNAs on the intestinal barrier, intestinal microbiota, and the response to probiotics

CD: Crohn'’s disease; IBD: Inflammatory bowel disease; miRNA: microRNA; UC: Ulcerative colitis.

(hsa-miR-4423-3p, hsa-miR-3128, hsa-miR-3152-3p, hp_hsa-miR-193b, hsa-mi-R938, and hp_hsa-miR-100) and four
miRNA associated with the ciclosporin response (hsa-mi-R4423-3p, hsa-mi-R938, hsa-mi-R518b, and hp_hsa-miR-100). In
a validation cohort study, among the miRNAs initially identified, only two were significantly differentially expressed
between responders and non-responders: miR-3934 for IV steroids and miR-938 for second-line treatment (infliximab or
cyclosporine)[13].

In the pediatric population, five serum miRNAs (miR-126, let-7c, miR-146a, miR-146b, and miR-320a) were associated
with the clinical response; further studies are needed to validate these miRNAs as biomarkers of infliximab and glucocor-
ticoid treatment response within this specific population[38].

In the future, it will be important to consider the modulation of miRNAs by drugs or probiotics and the use of miRNAs
as treatment itself (Table 1). A recent review has highlighted promising results in preclinical cancer studies when using a
single miRNA to target multiple genes[39]. Despite these advances, several limitations and challenges must be overcome
to enable the use of miRNAs in IBD in clinical practice, as described in Table 2.

CONCLUSION

Previous studies have demonstrated that miRNAs are important mediators of the inflammatory process in IBD patients
and represent potential therapeutic targets for the development of new drugs. Experimental and clinical studies have
focused on the modulation of miRNA expression, either by stimulating miRNA expression with anti-inflammatory
functions or inhibiting miRNA expression with pro-inflammatory functions. In this editorial, we present the main
findings and future perspectives regarding miRNAs and their roles in IBD patients. Currently, there is no specific miRNA
biomarker for IBD, nor is there a specific marker for UC or CD. It is expected that in the future, miRNAs will be
developed as sensitive and specific diagnostic, therapeutic, and prognostic biomarkers in IBD, providing a non-invasive
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and accessible tool for effective monitoring,.
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Abstract

This editorial explores the intricate relationship between microplastics (MPs) and
gut microbiota, emphasizing the complexity and environmental health implic-
ations. The gut microbiota, a crucial component of gastrointestinal health, is
examined in the context of potential microbial degradation of MPs. Furthermore,
dysbiosis induced by MPs emerges as a consensus, disrupting the balance of gut
microbiota and decreasing diversity. The mechanisms triggering dysbiosis,
including physical interactions and chemical composition, are under invest-
igation. Ongoing research addresses the consequences of MPs on immune fun-
ction, nutrient metabolism, and overall host health. The bidirectional relationship
between MPs and gut microbiota has significant implications for environmental
and human health. Despite uncertainties, MPs negatively impact gut microbiota
and health. Further research is essential to unravel the complex interactions and
assess the long-term consequences of MPs on both environmental and human
well-being.
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Core Tip: The intricate relationship between microplastics (MPs) and gut microbiota, as
outlined in this article, emphasizes the growing concern for environmental health.
Although the potential microbial degradation of certain MPs is recognized, the dysbiosis
induced by these particles is widely acknowledged as a threat, impacting the balance
and diversity of gut microbiota. Ongoing research aims to unravel these complex,
bidirectional interactions, highlighting the need for a comprehensive understanding of
their implications for both environmental ecosystems and human health.
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INTRODUCTION

This editorial comments on an article published in a recent issue of World Journal of Gastroenterology, entitled “Impact of
microplastics and nanoplastics on liver health: Current understanding and future research directions”[1]. We delve
deeper into the connection between gut microbiota and plastic microparticles.

The interaction between microplastics (MPs) and microbiota is a subject of growing concern, especially in the context of
environmental and human health. Overall, the interaction between MPs and microbiota is a complex issue that requires
further research, particularly to understand the long-term health effects in both animals and humans. The growing body
of evidence suggests that MPs could be a significant environmental health concern, impacting not just ecosystems but
also the health of individual organisms by altering their gut microbiota.

MPs

MPs can at least be categorized according to their size, origin, or chemical composition.

Classification by size
MPs are tiny particles of plastic that measure less than 5 mm in length. Nanoplastics are particles smaller than 1
micrometer in size[2].

Two main categories based on their source
MPs can be classified according to their source: Primary MPs and secondary MPs.

Primary MPs encompass various types of tiny plastic particles that directly contribute to environmental pollution.
Microbeads, deliberately added to personal care items such as scrubs and toothpaste, have faced bans in several regions
due to their detrimental impact. Nurdles, small plastic pellets used in plastic production, are released into the
environment through accidental spills during transport. Microfibers from synthetic textiles during washing, become a
notable source of microplastic pollution in water. Additionally, MPs are present in cosmetics and personal care products,
including glitter and other small plastic particles used for aesthetic purposes, contributing to the broader issue of
microplastic contamination[3].

Secondary MPs result from the breakdown of larger plastic items through environmental processes such as sunlight
exposure, wind, and wave action. Over time, exposure to environmental factors such as sunlight, heat, and mechanical
forces can lead to the breakdown of larger plastic items into smaller particles, eventually forming MPs. The deterioration
of vehicle tires represents a noteworthy contributor, as minute particles released during this process contribute to the
presence of MPs in both terrestrial and aquatic ecosystems[4]. Additionally, the degradation of paints, coatings, and
finishes on various surfaces releases small plastic particles into the environment, further contributing to the issue of
secondary MPs [5].

Chemical structure of MPs
MPs consist of various synthetic polymers, each characterized by long chains of molecules formed from repeating
subunits. The chemical composition of MPs varies according to the specific polymer used in their production.
Noteworthy polymers found in MPs encompass Polyethylene (PE), prevalent in packaging materials, bottles, and various
plastic products; Polypropylene, utilized in packaging, textiles, and plastic containers; PE terephthalate, commonly
employed in beverage bottles, food containers, and synthetic fibers; Polyvinyl chloride, used in construction materials,
pipes, and certain types of packaging; Polystyrene, commonly present in foam packaging, disposable utensils, and
insulation materials; Polyurethane, employed in foams, coatings, adhesives, and flexible plastics; Nylon, found in textiles,
fishing nets, and certain plastic components; and Acrylic, used in transparent plastics, lenses, and signage[6]. These
polymers are not easily biodegradable, contributing to the persistence of MPs in the environment.

It's important to note that the chemical composition of MPs can also be influenced by additives and colorants used in
the manufacturing process.

THE GUT MICROBIOTA

The gut microbiota is a complex and dynamic ecosystem, primarily composed of bacteria, along with archaea, viruses,
fungi, and protozoa, residing in the gastrointestinal tract. This diverse microbial community is predominantly composed
of bacteria from the Firmicutes and Bacteroidetes phyla, with significant contributions from Actinobacteria, Proteobacteria,
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and Verrucomicrobia. The specific composition varies widely among individuals due to factors such as diet, health status,
age, and genetic background. Within these microbial groups, genera such as Lactobacillus, Bifidobacterium, Escherichia,
Clostridium, and Faecalibacterium play crucial roles in maintaining gut health[7]. They contribute to nutrient absorption,
synthesis of vitamins, protection against pathogens, and modulation of the immune system. The balance and diversity of
the gut microbiota are essential for overall health, with imbalances linked to a range of diseases, including obesity,
inflammatory bowel disease, diabetes, and allergies.

INTERACTION MICROBIOTA/MPs

The relationship between microbiota and MPs can exhibit various forms of interaction. The microbiota, with its diverse
ensemble of microorganisms, may possess the ability to degrade certain MPs, a mechanism beyond the capability of
eukaryotic cells. Conversely, the gut microbiota, a complex and diverse community of microorganisms, holds the
potential to contribute to the degradation of MPs; nonetheless, this aspect is not yet fully comprehended.

DEGRADATION OF PLASTICS BY THE MICROBIOTA

Some microorganisms have been found to possess enzymes capable of breaking down certain types of plastics. These
microorganisms, often bacteria or fungi, can metabolize or degrade plastic polymers to some extent under specific
conditions.

Exploring the human digestion of MPs and their influence on colonic microbiota involves a range of methodologies,
incorporating both in vitro and in vivo approaches. While investigations using animals and human trials are considered
the standard due to their physiological relevance, they face limitations such as ethical concerns, high expenses, and the
intricate nature of the multistage processes in human digestion. Consequently, there is a legitimate need for in vitro
models that faithfully replicate the physiological conditions of human digestion.

Static models play a crucial role in identifying endpoints or kinetics of particular digestion phases, such as the biotrans-
formation occurring in the stomach and small intestine. In contrast, dynamic models, despite their increased complexity,
offer a more accurate representation of the physiological reality within the gastrointestinal tract[7]. Among these dynamic
simulators, the simgi® system for instance, has been employed to investigate the effects of various foods, for example[8].

Numerous articles have discussed the existence of enzymes within the gut microbiota capable of breaking down MPs.
However, these studies have not provided specific numbers regarding the percentage of MPs degraded by the
microbiota, nor have they clarified whether the degradation process is complete. Additionally, there is a lack of
information on the actual impact of the microbiota on eliminating MPs from the human environment. The diverse
structure of MPs also suggests that the microbiota may not be totally capable of degrading all types of MPs. The work by
Nugrahapraja et al[8] (2022) serves as an illustrative case of this issue. While the authors delineated enzymatic activities
capable of degrading plastics within the human gut microbiota, their conclusion highlighted the challenge in quantifying
the actual impact of the microbiota on the elimination of MPs.

The degradation of MPs by gut microbiota, if possible, would depend on several factors. These include the type of
plastic, the size and shape of the MPs, the specific microbial species present, and the environmental conditions within the
gut (such as pH, temperature, and oxygen levels)[9].

If gut microbiota can degrade MPs, it could have significant implications for reducing the environmental burden of
plastic pollution and its impacts on health. However, the potential byproducts or consequences of such microbial
degradation in the gut environment are not yet clear and would need to be thoroughly studied.

In summary, while there is potential for certain microorganisms to degrade plastics, the extent to which gut microbiota
can break down MPs is still an open question in scientific research. More studies are needed to understand this
interaction and its implications for environmental and human health. Regardless, it is evident that the microbiota within
the human gut lacks the capability to break down all the MPs present in the food ingested by an individual.

DYSBIOSIS INDUCED BY MPs

If there is a consensus regarding the interrelationships between MPs and the intestinal microbiota, it is indeed that of
dysbiosis. The vast majority of publications related to the connections between MPs, and the microbiota conclude that
MPs present in the intestine induce, in humans as well as in other species, particularly in fish[10], a modification of the
microbiota composition, notably resulting in a decrease in its diversity. Numerous bibliographic references on this topic
exist, and some reviews are available on this subject[11,12].

Dysbiosis induced by MPs represents a disruption in the delicate balance of the gut microbiota, a complex community
of microorganisms residing in the gastrointestinal tract. MPs, being foreign entities, can interact with the gut environment
in various ways, potentially triggering alterations in microbial composition, diversity, and function.

The precise mechanisms by which MPs trigger dysbiosis are still under investigation, with several factors currently
under consideration. First, the physical presence of MPs may lead to direct interactions with gut microorganismes,
influencing their growth, survival, and metabolic activities. Second, the chemical composition of MPs and any associated
additives might have direct or indirect effects on the microbiota. Moreover, MPs may serve as carriers for other pollutants
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or pathogens, further complicating their impact on gut microbial communities. The consequences of dysbiosis extend
beyond the gut, potentially affecting immune function, nutrient metabolism, and overall host health. Long-term exposure
to MPs and their influence on gut dysbiosis continue to be critical areas of research, with significant implications for both
environmental and human health as contamination levels rise.

CONCLUSION

Overall, MPs have no positive effect on gut microbiota and human health. The interactions between MPs and the gut
microbiota are complex, given the diverse sources, sizes, shapes, and chemical structures of MPs. The relationships
between plastics and the microbiota operate bidirectionally. While microbiota can, in certain conditions, be able to
degrade and eliminate some MPs, simultaneously, MPs can alter the function of the microbiota, inducing dysbiosis, and
subsequently may have health effects.
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Core Tip: Esophageal cancer (EC) is a significant global health issue, and immunotherapy holds promise for treating this
disease. However, resistance to immunotherapy may occur, and is usually associated with the tumor immune microenvir-
onment (TIME). Understanding the TIME, especially the suppressive TIME, is crucial. The aim of this review is to elucidate
the underlying mechanisms of the suppressive TIME in EC, including cell infiltration, immune cell subsets, cytokines and
signaling pathways, as well as the downregulated expression of major histocompatibility complex molecules in tumor cells.
This summary may help predict EC patient responses to immunotherapies and facilitate personalized treatments to optimize
immunotherapeutic outcomes.
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INTRODUCTION

According to the Global Cancer Statistics 2020 database (https://gco.iarc.fr/), approximately 20000000 people are
diagnosed with cancer each year, and approximately 10000000 people die from cancer worldwide[1]. Esophageal cancer
(EC) accounts for 3.1% of all new cancer cases and ranks eighth in incidence among all cancer types; however, EC
accounts for 5.5% of all cancer-related deaths and ranks sixth in mortality[1]. There are two main histological types of EC:
Esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC)[2]. Although nearly 90% of EC
cases are ESCC, the incidence and mortality rates of EAC are gradually increasing and even surpass those of ESCC in
some regions of North America and Europe[3,4]. The main risk factors for EAC include gastroesophageal reflux disease
and obesity, and ESCC is associated with chemical carcinogen exposure, cigarette smoking and alcohol consumption, a
diet with low amounts of fruits or vegetables, high consumption of pickled vegetables or processed meat, hot drinks, efc
[3,5]. The five-year survival rate of patients with EC is usually between 20% and 30%, and mainly depends on the tumor
stage at initial diagnosis and the therapeutic strategy, such as surgery combined with neoadjuvant therapy (radiotherapy
and chemotherapy)[6-8]. Since conventional treatments have limited efficacy and potential adverse effects, more effective
therapeutic strategies are urgently needed to improve the prognosis of patients with EC[9].

Cancer development is closely related to the accumulation of gene mutations, and researchers have focused on changes
in cancer cells for quite a long time[10]. Recently, the tumor microenvironment (TME) has become a hot topic, and the
regulation of immune cells in the TME has drawn much attention[11]. The immune system can recognize and eliminate
tumor cells expressing specific antigens, a process known as cancer immunosurveillance[12]; while, cancer cells can
escape or suppress attacks from the immune system by various mechanisms, including decreasing antigen presentation,
upregulating the expression of apoptotic inhibitors, increasing the expression of inhibitory molecules on the cell surface,
and enhancing the secretion of certain cytokines or recruitment of regulatory cells to create an immunosuppressive
microenvironment[12]. As an important component of the TME, the tumor immune microenvironment (TIME) refers to
the microenvironment involving interactions between host immune agents and tumor cells[13,14]; tumors may confront
host immune systems by gradually forming immunosuppressive conditions, and the presence of protumor and antitumor
factors in the TIME may determine cancer progression and response to treatments[14-16]. Therefore, a comprehensive
understanding of the interactions between tumor cells and various immune cells or other immune components in the
TIME is vital for further elucidating the mechanisms of EC immunotherapy[17-20].

In this review, we mainly summarize the mechanisms of immunosuppression in the TIME of EC, including immune
cells, immune checkpoints, immunosuppressive cells and tumor cell-related immunosuppressive factors, to provide
evidence for the maintenance of an immune-activated state in the TIME of EC, with the goal of improving immunothera-
peutic efficacy.

IMMUNOGENICITY OF ESOPHAGEAL CANCER

Esophageal epithelial tumor cells are the main constituents of EC and express tumor-associated antigens (TAAs)[19].
TAAs are a class of overexpressed molecules that are present mainly on the membrane of tumor cells, and are usually
expressed at lower levels or undetected in normal cells[21]. T lymphocytes may recognize and bind the TAA peptides
presented by major histocompatibility complex (MHC) molecules on tumor cells through the T-cell receptor, thereby
initiating an immune response and triggering an attack on tumor cells[21]. In addition, natural killer (NK) lymphocytes
and B lymphocytes play important roles in the regulation of immunoreactivity in EC[22,23]. For example, as a class of
TAAs associated with 276 genes in more than 70 gene families, the antigen families formed by cancer-testis antigens
(CTAs) are expressed mainly in ovarian granulosa cells and testicular germ cells, and are barely expressed in normal
tissues[24-26]. Certain CTAs, such as New York ESCC 1 (NY-ESO-1) and melanoma-associated antigen-A (MAGE-A),
have been reported to be highly expressed in EC, and specific immune responses targeting MAGE-A and NY-ESO-1 have
been observed in EC patients[27-30]. MAGE-A3-specific CD8" T cells may kill HLA-A2"/MAGE-A3* tumor cells in ESCC
patients, and functional MAGE-C2-specific CD8" T cells may independently affect the prognosis of EC patients[27,31].
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Since EC cells possess high immunogenicity, partially because of the presence of numerous antigens, these molecules
could be potential targets for immunotherapy, and immunotherapy has been shown to be more effective in EC patients
with an immuno-activated TME, leading to an improved prognosis[32]. However, current immunotherapeutic strategies
have several limitations, e.g., accompanying adverse effects and drug resistance cannot be avoided[33]. Therefore, a
comprehensive understanding of the underlying mechanisms of the TIME in EC, especially the suppressive TIME, is
pivotal and urgent for the management of EC patients.

DYSFUNCTION OF IMMUNE CELLS

A suppressive TIME is usually accompanied by the reduced infiltration or exhaustion of immune cells, and is correlated
mainly with the presence of immunosuppressive cells and coinhibitory signals[34]. Herein, we focused on the reduced
infiltration and exhaustion of T cells and NK cells, which play important roles in the TIME. In addition, immunosup-
pressive cells, such as suppressive macrophages (M2 macrophages) and myeloid-derived suppressor cells (MDSCs), can
inhibit the activities of immune cells through various mechanisms to participate in balancing immune reactions in the
TIME[35], and their presence may influence immunotherapeutic efficacy in cancers. Thus, elucidating the underlying
molecular mechanisms is highly important for improving the therapeutic efficacy of agents for cancer treatment.

T lymphocytes

T cells are the major component of infiltrated immune cells in most solid tumors, and CD8* cytotoxic T cells (CTLs) and
CD4" T helper cells (Ths) play crucial roles in eliminating tumor cells[36,37]. Specifically, activated CTLs may exert a
cytotoxic effect on tumor cells by releasing cytotoxic substances, and Ths can promote or suppress host immune activities
targeting tumor cells[36-38].

According to the single-cell sequencing results, the percentage of exhausted CD8* T cells positive for C-X-C motif
chemokine ligand 13 (CXCL13) increased, as these cells are the main T-cell type in the TME of EAC patients[39]. In ESCC,
the infiltration and proliferation of T-cell clones have also been observed, and an exhausted CD8" T-cell cluster (CD8-C7-
TIGIT) and pre-exhausted CD8-C5-CCL5 and CD8-C6-STMN1 clusters accounted for high proportions of CD8" T-cell
clusters[22]. The expression level of the E3 ubiquitin ligase MARCH?Y in ESCC tissues has been shown to be significantly
greater than that in nontumor tissues, and was negatively correlated with tumor-infiltrating immune cells, such as CD8" T
cells[40]. Moreover, a subpopulation of CD8" T cells expressing SPRY1 has been found in ESCC tissues after neoadjuvant
immune checkpoint blockade, and these cells may possess certain progenitor cell characteristics and exhibit an exhausted
phenotype[41]. Additionally, fibroblast growth factor 2 derived from tumor fibroblasts can induce the expression of
SPRY1 in infiltrating T cells and participate in T-cell exhaustion in EC[42].

Immune checkpoints: Activated T cells may express various inhibitory receptors, known as immune checkpoints, to
prevent excessive immune responses, aiming to maintain an immunologic balance; however, tumor cells may exploit
these checkpoints to induce coinhibitory signals in the TME and create an immunosuppressive TME, which plays a
pivotal role in tumor immune escape[43,44]. Thus, medications such as immune checkpoint inhibitors have been invest-
igated for their ability to block these checkpoints, subsequently enhancing the ability of the immune system to attack
tumor cells[34,45].

Programmed cell death protein 1 (PD-1), which is expressed on the T-cell membrane, is a classic immune checkpoint
that can transmit immune inhibitory signals when it interacts with its corresponding ligand programmed cell death
ligand 1 (PD-L1), which is expressed on tumor cells[46,47]. These interactions can inhibit the cytotoxic activities of T cells
and allow tumor cells to escape immune surveillance and attack, accounting for one of the mechanisms of tumor immune
escape[46,47]. For instance, EC patients with high PD-L1/PD-L2 expression, particularly patients in advanced stages, may
have a poor prognosis[20]. Therefore, inhibiting PD-1/PD-L1 by blocking their interaction may restore the vigor and
cytotoxicity of T cells in the TIME[18]. In recent years, immunotherapy involving checkpoint blockade targeting PD-1/
PD-L1 has developed rapidly, becoming a first-line treatment for many cancers[17,48], but the efficacy of PD-1/PD-L1
blockade largely depends on the expression levels of PD-1/PD-L1 in the TME[19,49,50].

The interaction between CD28 on T cells and B7-1 (CD80)/B7-2 (CD86) on antigen-presenting cells or target cells can
provide costimulatory activating signals to T cells, and subsequently boost T-cell activation[51]. Cytolytic T lymphocyte-
associated antigen-4 (CTLA-4), another important regulatory molecule primarily expressed on regulatory T cells (Tregs)
and activated T cells, can competitively bind B7 and inhibit cellular signal transduction for T-cell activation, subsequently
suppressing immune responses[52,53]. Therefore, CTLA-4 is also considered an immune checkpoint molecule, and
CTLA-4 blockade could effectively enhance immune responses against tumor cells[52]. However, the efficacy and safety
of CTLA-4 blockade in EC patients require further investigation due to the limited number of related clinical trials.

In addition to the coinhibitory molecules mentioned above[18,52,54,55], researchers have identified various other
immune checkpoints, such as T-cell immunoglobulin (Ig) and mucin domain-containing protein-3 (TIM-3)[56,57],
lymphocyte activation gene-3[57-59] and T-cell Ig and ITIM domain[60-63]; detailed information about the potential
immune checkpoints involved in EC in Figure 1[63-66].

Regulatory T lymphocytes: Tregs are CD4'*CD25'Foxp3* T cells that play an important role in suppressing the host
immune response in the TME[67-70]. The infiltration of Tregs may be correlated with tumor invasion, progression,
metastasis and poor survival after chemotherapy[68-71], and the infiltration of Tregs has also been shown to be
negatively correlated with antitumor effector cells such as CTLs and NK cells in ESCC[72]. In addition, the
hypomethylation-induced chemokine CCL20 in the TIME could affect the immune balance and promote the progression
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T cell EC cell

T cell activation

Figure 1 Summary of potentially involved immune checkpoints in esophageal cancer. T cells can be activated by interacting with major
histocompatibility complexes expressed on esophageal cancer (EC) cells, and the presence and interaction of immune checkpoints with their ligands can suppress T-
cell activation and function to achieve immunosuppression. Herein, we summarize the immune checkpoints and their ligands that are potentially involved in the tumor
microenvironment of EC. Programmed cell death protein 1, cytolytic T lymphocyte-associated antigen-4, T-cell immunoglobulin and mucin-domain containing-3 (TIM-
3), T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain (TIGIT), lymphocyte activation gene 3 (LAG-3), V-domain Ig suppressor of T-
cell activation and B- and T-lymphocyte attenuator are expressed on T cells, while TIM-3, TIGIT and LAG-3 are also expressed on natural killer cells. EC: Esophageal
cancer; TCR: T cell receptor; MHC: Major histocompatibility complex; CD: Cluster of differentiation; PD-1: Programmed cell death protein 1; PD-L1: Programmed cell
death ligand 1; PD-L2: Programmed cell death ligand 2; CTLA-4: Cytolytic T lymphocyte-associated antigen-4; TIM-3: T-cell immunoglobulin and mucin-domain
containing-3; Gal-9: Galectin-9; TIGIT: T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain; LAG-3: Lymphocyte activation gene 3;
VISTA: V-domain Ig suppressor of T-cell activation; BTLA: B- and T-lymphocyte attenuator.

of EC, possibly contributing to the infiltration of Tregs in ESCC[73]. Moreover, Han et al[74] showed that Tregs may have
the highest interleukin (IL)-32 expression in the TME of ESCC patients, and this expression is positively correlated with
that of Foxp3, potentially promoting tumor progression; in addition, IL-32 may also induce interferon (IFN)-y secretion
by CD8" T cells and facilitate antitumor immunity. Additionally, an imbalance in Th17/Treg cells has also been reported
to occur during the development of Barrett’s esophagus, the precursor of EAC, through the regulation of the release of
certain inflammatory cytokines[75].

Generally, T cells may experience functional loss or exhaustion in the TIME through interactions with various
coinhibitory factors, and Tregs could play a crucial role in immunosuppression in the TME. Therefore, elucidating the
functions and interactions of T cells with other cells in the TIME and understanding the mechanism of Treg-mediated
tumor immune escape could provide valuable insights into the mechanisms of tumor immune escape, and thus further
provide important evidence for novel immunotherapeutic strategies aimed at overcoming tumor immune escape.

NK lymphocytes

NK cells are another type of tumor cell-killing lymphocyte that has garnered significant attention in cancer immuno-
therapy[76]. Previous preclinical and clinical studies have shown promising results for NK cell-related immunotherapy,
and provided a novel perspective on immunotherapeutic strategies for NK cell-related treatments[77]. However, NK cells
often experience a reduction or exhaustion in the immunosuppressive TME similar to that of T cells, which may also limit
their antitumor effects[76,78].

The number of NK cells has been shown to be significantly lower in ESCC tissues than in adjacent nontumor tissues; in
addition, a specific subset of cells, NK-C3-KLRC1 has been shown to differentiate from NK-C1-NCR3, and the number of
NK-C2-STMN1 cells was significantly increased in ESCC[22]. The NK-C1-NCR3 subset has been shown to express
relatively high levels of NCR3, CD266, NKG7 and LAMP1, and the NK-C3-KLRC1 and NK-C2-STMNT1 subsets have been
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shown to express relatively high levels of KLRC1 and ITGA1[22]. As a cell surface receptor primarily expressed on NK
cells and some types of T cells, NK group 2 member D (NKG2D) can interact with its ligands (NKG2DLs) to activate NK
cells and T cells, and subsequently enhance immune surveillance and the clearance of tumor cells or infected cells[79,80].
Researchers have shown that the expression of NKG2DLs is significantly higher in ESCC tissues than in control tissues,
and ESCC cells exhibit increased NKG2DL expression, thus providing a potential therapeutic target for ESCC via the use
of NK cells[78]. Moreover, the inhibitory receptor NKG2A has been shown to be upregulated in NK cells in ESCC tissues
compared to adjacent nontumor tissues[22], and a higher level of TIM-3 in tumor-infiltrating NK cells has been shown to
be correlated with functional impairment and related to tumor invasion, lymph node metastasis and advanced stages in
EC patients[56]. Notably, the expression of CD16"*CD56%™ may significantly decrease in NK cells in ESCC, leading to a
weakened antibody-dependent cell-mediated cytotoxicity response mediated by cetuximab, which binds to the CD16
receptor on NK cells and targets the epidermal growth factor receptor (EGFR)[81,82].

Furthermore, numerous cytokines may also participate in regulating the immuno-activation of NK cells. For instance,
transforming growth factor (TGF)-B partially contributes to the downregulation of CD16 expression on NK cells, resulting
in impaired NK cell function[81]. A lack of IL-18 in ESCC tissues may induce the production of IFN-y in NK cells and
CD8" T cells, and potentially promote the clearance of tumor cells and improve the TME in patients with EC[83]. The
expression level of IL-6, an important cytokine secreted by ESCC cells in the TME, has been shown to be higher in tumor
tissues and blood circulation in ESCC patients, and may significantly upregulate the expression of CD39 on NK cells and
impair the functions of NK cells, as well as be related to the poor prognosis of ESCC patients[84]. Another clinical study
reported that IL-6 and IL-8 secreted by ESCC cells may downregulate the expression of certain activating receptors on NK
cells and impair the function of NK cells by activating the signaling transducers and activators of transcription 3 (STAT3)
signaling pathway[85]. Taken together, the above results demonstrate the decreased number and dysfunction of NK cells,
effects that may disrupt immune surveillance in cancer patients, and pose a challenge for the investigation and clinical
application of NK cell-related immunotherapy in ESCC patients.

Immune suppressive cells

Macrophages: Macrophages are important components of the innate immune system, and play pivotal roles in
recognizing and removing damaged cells, pathogens and other foreign matter, as well as regulating adaptive immune
responses by secreting various cytokines and chemokines[86]. Based on their functions and phenotypes, tumor-associated
macrophages (TAMs) can be classified into two types: M1 and M2 macrophages[86,87]. M1 macrophages have proinflam-
matory properties and primarily participate in clearing pathogens, whereas M2 macrophages promote cell proliferation
and tissue repair[86,87]. M1 macrophages in the tumor stroma are involved mainly in inhibiting the migration and
invasion of ESCC cells, and serve as good prognostic factors for ESCC patients[88,89].

As an element of immunosuppression, M2 macrophages enriched in the TME of ESCC may suppress cell-mediated
immune responses, secrete immunosuppressive factors and promote tumor angiogenesis[22]. M2 polarization may
increase the expression of PD-L2 in ESCC cells, and lead to tumor immune escape and progression via PD-1-related
signaling pathways[89]. In addition, Lu et al[90] reported that the upregulation of SI00A7, a member of the 5100
superfamily, could promote macrophage infiltration and M2 polarization, facilitating tumor angiogenesis by enhancing
the activation of the p-ErK and p-FAK signaling pathways in the TME of ESCC. IL-32, which is highly secreted by Tregs,
may promote the formation of an immunosuppressive TME; in addition, researchers have shown that IL-32, which is
secreted from ESCC cells via extracellular vesicles, may shuttle into macrophages to promote M2 polarization via the
FAK-STATS3 signaling pathway, further contributing to ESCC metastasis[91]. Moreover, Wang et al[92] reported that
ESCC FOXO1* cells may promote M2 polarization and recruitment to the TME in ESCC through the transcriptional
regulation of CCL20 and CSF-1, and FOXO1* tumor-induced M2 macrophages could promote tumor proliferation
through FAK-PI3K-AKT signaling, which could be blocked by the blockade of PI3K[92]. In a rodent ESCC model,
researchers found that CCL18, a chemokine secreted by TAMs, may promote tumor cell proliferation through the Janus-
activated kinase 2 (JAK2)/STAT3 signaling pathway, and higher CCL18 levels are correlated with poor prognosis in
ESCC patients[93]. To investigate the potential therapeutic efficacy of CCL18, researchers synthesized a CCL18-blocking
peptide (Pep3) and found that it could inhibit the proliferation of EC-109 cells, suggesting potential targets through which
CCL18 represses the progression of ESCC[93]. CCL22, another chemokine produced by TAMs in ESCC, may activate the
FAK/AKT pathway and facilitate the malignant progression of ESCC cells[94]. Moreover, M2 macrophages may transmit
the long noncoding RNA (IncRNA) AFAP1-ASI to ESCC cells via secreted exosomes, downregulating miR-26a expression
and upregulating ATF2 expression, thereby promoting tumor cell invasion and metastasis in EC[95]. Furthermore, a
recent study showed that exosomes secreted by M2 macrophages carrying LINC01592 could be transferred to EC cells,
resulting in a decrease in MHC-I expression, thereby allowing tumor cells to escape from attacks by CD8" CTLs[96].
When the E2F6/NBR1/MHC-I signaling pathway was disrupted by small interfering RNAs or corresponding blocking
antibodies, the tumor-promoting effects induced by LINC01592, as well as M2-driven tumor growth, were significantly
inhibited[96]. In summary, M2 macrophages play an inhibitory role in the TIME of EC and can be recognized as key
regulators of cancer occurrence, progression and metastasis. Therefore, targeting M2 macrophages and related signaling
pathways may provide a promising perspective on therapeutic strategies for EC management.

MDSCs: MDSCs are widely accepted as a population of immature bone marrow cells, that can be classified into
granulocyte-like MDSCs (G-MDSCs) and monocyte-like MDSCs (M-MDSCs)[97]. Both G-MDSCs and M-MDSCs play
important roles in inhibiting immune cell activities in the TME, thus promoting tumor growth and metastasis[97]. It has
been reported that the proportions of MDSCs and Tregs are significantly greater in EC patients than in controls, further
suggesting an immunosuppressive role of MDSCs in EC[98]. Therefore, inhibiting the recruitment of MDSCs to the TME
might be a promising approach for treating EC via immunotherapy. For example, TGF-f secreted by MDSCs in the TME
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may induce the phosphorylation of Smad2/Smad3, and contribute to the increased expression of the cancer/testis-
associated gene Maelstrom (MAEL) in EC cells[99]. MAEL may be correlated with increased IL-8 expression by regulating
the Aktl/RelA signaling pathway, and IL-8, in turn, may guide the recruitment of MDSCs into the TME of ESSCs[99]. In
addition, the expression of MAEL in ESCC cells has been shown to be associated with recurrence and poor prognosis[99].
Moreover, it has been shown that the gene developmentally downregulated 9, which is critical for maintaining the
stemness phenotype of ESCC cells, can regulate the expression of CXCL8 through the ERK signaling pathway, thereby
contributing to the recruitment of MDSCs to the TME[100].

In addition to focusing on the recruitment of MDSCs, inhibiting MDSC function in the TME might be another
important strategy. MDSCs with higher CD38 expression have been shown to be better able to inhibit activated T cells
and promote tumor growth than MDSCs with lower CD38 expression[101]. This enhanced immunosuppressive capacity
of CD38Me" MDSCs may be attributed to their increased production of inducible nitric oxide synthase (iNOS), since the
upregulated iNOS may act as an immunosuppressive molecule to suppress the immune responses of T cells and
contribute to tumor immune escape[101]. Moreover, EC patients exhibit increased numbers of MDSCs and Th17 cells in
the peripheral circulation, as well as increased levels of plasma Argl and iNOS mRNA in peripheral blood mononuclear
cells[102]. Additionally, the expression of myeloid cell markers in ESCC may be positively correlated with the increased
expression of certain immune checkpoints, such as PD1, TIM3 and V-domain Ig suppressor of T-cell activation, as well as
the development of ESCC[103]. However, the depletion of Grl* MDSCs may reduce the number of MDSCs, decrease the
expression levels of immune checkpoint molecules, and inhibit tumor growth, suggesting the potential roles of MDSCs in
the immunosuppression and progression of ESCC[103]. Furthermore, another fundamental study reported higher levels
of Inc-17Rik in MDSCs derived from the peripheral blood of EC patients, and indicated that Inc-17Rik may enhance
tumor immunosuppression by increasing the expression and enhancing the activation of certain key genes involved in
MDSC differentiation, such as arginase 1, cyclooxygenase 2, NOS2, and NADPH oxidase 2[104]. These findings highlight
the significance of elucidating the functions of MDSCs in the TIME, and suggest potential targets for therapeutic
interventions aimed at overcoming immunosuppression and improving therapeutic efficacy in patients with EC.

TUMOR CELL-RELATED IMMUNOSUPPRESSIVE FACTORS

Although EC exhibits strong immune responsiveness, as previously mentioned, it may still achieve immune escape in the
immunosuppressive TME through various mechanisms (Figure 2), including the downregulation of MHC expression, the
secretion of immunosuppressive factors and alterations in tumor metabolism.

Downregulation of MHC expression

Tumor immune escape is often accompanied by a decrease in or loss of MHC molecules, which play crucial roles in the
recognition and killing of tumor cells by immune cells[105]. Notably, the expression of HLA-ABC molecules is usually
decreased or even absent in ESSC tissues[106]. Specifically, a previous study reported that approximately 41% of EC
patients had no HLA-ABC expression, more than half of the EC patients had weak expression, and only approximately
3% of the EC patients had strong HLA-ABC expression[106]. In addition, the reduced or absent expression of HLA-ABC
in ESCC may be strongly correlated with the expression of certain molecules that participate in antigen processing, such
as b2m, ATP binding cassette subfamily B member 1 (TAP1), TAP2, LMP2 and LMP7[107]. Moreover, allelic loss in the
6p21.3 region, observed in approximately 46.9% of ESCC patients in a Chinese study, has been shown to be associated
with the downregulation of HLA class I antigens[108,109], and DNA hypermethylation may result in deficient expression
of HLA class I genes in ESCC[110]. Numerous ncRNAs, such as miR-125a-5p and miR-148a-3p, may downregulate the
expression of TAP2 and HLA-I to affect the antigen presentation process[111], and exosomal LINC01592 released from
TAMs may also downregulate the expression of MHC-I in EC cells and promote malignant EC progression[96]. Downreg-
ulation of the expression of MHC molecules in the TME hampers antigen processing and presentation processes, thereby
enabling tumor immune evasion in patients with EC. Investigating these underlying mechanisms is crucial for advancing
innovative cancer immunotherapy focused on these molecules.

Secretion of immunosuppressive factors

An immunosuppressive TME is partially generated by immunosuppressive factors secreted by tumor cells, immune cells
and stromal cells[112], and these factors play crucial roles in tumor proliferation, angiogenesis and invasion, as well as in
EC progression[113]. Some classic immunosuppressive cytokines, such as TGF-B and IFN-y, may inhibit the functions of
immune cells, thereby weakening the ability of the immune system to attack tumor cells[113,114].

The TGF-p signaling pathway could play a dual role in cancer development depending on the stage of disease[114].
Under pathological conditions, the overexpression of TGF-p may lead to epithelial mesenchymal transition, extracellular
matrix deposition and the formation of cancer-associated fibroblasts, resulting in fibrotic diseases and cancers[115]. In
addition, TGF-p can restrict the infiltration of T cells to the TME and decrease antitumor immunoactivity[116]. Moreover,
TGEF-B derived from MDSCs in the TME of ESCC may increase PD-1 expression in CD8" T cells, leading to resistance to
immunotherapy via PD-1/PD-L1[27]. Furthermore, the combination of TGF-B and PD-L1 blockade has been shown to
significantly increase the number of tumor-infiltrating T cells and reduce the tumor burden in EAC patients[116].

The IEN signaling pathway also plays a dual role in the TME. On the one hand, IFN-y acts as a cytotoxic cytokine and
induces tumor cell apoptosis, thus exerting antitumor effects[117]. On the other hand, IFN-y may contribute to
immunosuppression in the TIME by promoting the synthesis of immune checkpoint-related factors, such as PD-L1, thus
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Figure 2 Potential mechanisms of tumor immunosuppressive microenvironment formation in esophageal cancer: Major histo-
compatibility complex downregulation and immunosuppressive factors. In esophageal cancer (EC) cells, miR-125a-5p and miR-148a-3p may
downregulate ATP binding cassette subfamily B member 2 translation and major histocompatibility complex (MHC)-I expression, and exosomal LINC01592 released
by M2 macrophages may also downregulate MHC-I expression. Transforming growth factor beta secreted by various cells can enhance programmed cell death
protein 1 expression on T cells, and interferon (IFN)-y can upregulate programmed cell death ligand 1 expression on EC cells, subsequently contributing to
immunosuppression in the tumor microenvironment. Additionally, EC cells may acquire immune resistance by downregulating the expression of IFN-y receptors and
suppressing the activation of Janus-activated kinase signaling. EC: Esophageal cancer; TCR: T-cell receptor; MHC: Major histocompatibility complex; PD-1:
Programmed cell death protein 1; PD-L1: Programmed cell death ligand 1; MDSC: Myeloid-derived suppressor cell; M2: Type 2 macrophage/suppressive
macrophage; TGF-B: Transforming growth factor beta; TBR: Transforming growth factor beta receptor; IFN: Interferon; IFNGR: Interferon gamma receptor; IRF-1:
Interferon regulatory factor 1; IRF-2: Interferon regulatory factor 2; IRF1-AS: Interferon regulatory factor 1 antisense RNA; ILF3: Interleukin enhancer binding factor 3;
DHX9: DExH-box helicase 9; STAT1: Signal transducer and activator of transcription 1; JAK: Janus-activated kinase; TAP2: ATP binding cassette subfamily B
member 2.

allowing tumors to escape immune surveillance[117,118]. Notably, interferon regulatory factors (IRFs) play important
roles in regulating the effects of IFN-y: IRF-1 is generally considered a tumor suppressor, whereas IRF-2 is regarded as an
oncogenic factor[119,120]. In addition, IRF-1 expression has been shown to be decreased, and IRF-2 expression has been
shown to be increased in EC, contributing to the suppression of immune responses[121]. Most importantly, IFN-y can
interact with various factors. For instance, an IFN-induced IncRNA, IRF1-AS, has been shown to activate IRF-1
transcription by interacting with IL enhancer binding factor 3 and DExH-box helicase 9, thereby activating the IFN
response[119]. However, IRF-2 may inhibit the transcription of IFN-y receptor 1 (IFNGR1) by binding to specific motifs in
the IFNGR1 promoter, thereby reducing the sensitivity of EC cells to IFN-y and enhancing the resistance of EC cells to
IFN-y[120]. IFNs can regulate the JAK-STAT signaling pathway, and the activation of STATs often facilitates tumor
progression[122,123]. MAGE-C3 may enhance the interaction between IFNGR1 and STAT1 by binding to IFNGR1, which
can activate IFN-y signaling and upregulate PD-L1 expression, thus contributing to immunosuppression[118]. Moreover,
the overexpression of MAGE-C3 may be associated with lymph node metastasis and poor survival in ESCC patients[118].
Therefore, various factors have been suggested to participate in the immunosuppression mediated by IFN-y in EC, but
the underlying mechanisms urgently need to be elucidated.

The interplay of cytokines and signaling pathways in the TIME of EC results in the construction of a complex network,
and certain key cytokines, such as TGF-$ and IFN-y, play dual roles in tumor progression by promoting tumor growth
and immune escape or exerting antitumor effects. Understanding the intricate interactions among these factors might
provide insights into potential therapeutic targets for enhancing antitumor immunity in patients with EC. Further
research is warranted to explore novel strategies for immune modulation and improving immunotherapeutic efficacy in
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EC patients.

Tumor metabolism

Tumor metabolism is usually characterized by high heterogeneity and constant remodeling due to the evolution of cancer
cells, and metabolic reprogramming is a distinctive feature of malignant tumors[124]. The dynamic interactions among
tumor cells and various immune cells could lead to metabolic competition within the tumor ecosystem, limiting the
availability of nutrients for immune cells and resulting in acidification of the TME, thereby impairing the functions of
immune cells[125]. In a previous study, ESCC patients were divided into high- and low-risk subtypes based on three
genes associated with tumor metabolism, namely, CD38, INPP5E and POLR3G, and the high-risk subgroup exhibited
decreased CD38 and POLR3G expression and increased INPP5E expression[126]. Compared with patients in the low-risk
subgroup, patients in the high-risk subgroup had increased Treg infiltration and decreased plasma cell infiltration in the
TME, as well as significant metabolic differences in ESCC tissues[126]. Notably, ESCC was primarily associated with
glycolysis, and EAC was strongly correlated with oxidative metabolism, glycolipid metabolism and the tricarboxylic acid
cycle[127].

Under normoxic conditions, most tumors preferentially rely on glycolysis for energy, which is considered an
advantage for survival and is known as the Warburg effect[128]. A recent study highlighted the inhibitory role of
estrogen-related receptor gamma in the occurrence, proliferation and glycolytic activity of ESCC cells, and one of its
specific agonists, DY131, could inhibit the proliferation and glycolytic activity of ESCC cells by modulating certain
specific genes involved in the glycolytic pathway[128]. In addition, the combination of DY131 with PD-1 blockade may
have a synergistic effect on the suppression of ESCC growth[128]. As a byproduct of glycolysis, lactate may play an
important regulatory role in the development and progression of ESCC, and is closely correlated with immunosup-
pression in the TME[129]. Furthermore, intracellular hypoxia is also associated with the progression, treatment resistance
and poor prognosis of various malignancies. Numerous genes associated with hypoxia, such as PGK1, PGM1 and
SLC2A3, have been shown to be correlated with poor prognosis in EAC patients; EGFR and ATF3 may be correlated with
poor prognosis in ESCC patients[130]. In addition, EAC patients with higher PGKI and SLC2A3 expression and lower
PGM]1 expression, and ESCC patients with higher ATF3 expression and lower EGFR expression, may have increased
infiltration of immunosuppression-associated cells, including memory-activated CD4" T cells, activated mast cells and M2
mac-rophages[130]. Furthermore, another clinical study focused on the co-expression of hypoxia-related genes and
IncRNAs in digestive system pancancer, and identified 18 hypoxia-related IncRNAs (HRIncRNAs); patients with six of
these identified IncRNAs (LUCAT1, MIR4435-2HG, LINC01711, AP000695.2, ADAMTS9-AS2, and AC087521.1) had
increased infiltration of immune cells, such as B cells, cancer-associated fibroblasts, endothelial cells, monocytes,
macrophages and bone marrow dendritic cells, in tumors, as well as a poor prognosis[131].

Certain metabolic pathways other than the glycolysis and hypoxia pathways are also involved in EC. Zhao et al[132]
identified six genes associated with iron metabolism and iron death (PRNP, SLC3A2, SLC39A8, SLC39A14, ATP6V0AL,
and LCN2) in ESCC, and these genes may be associated with the infiltration of immune cells, tumor mutational load and
ESCC prognosis. In addition, IncRNAs such as LINC01068, TMEM92-AS1 and AC243967.2 have been reported to be
correlated with iron metabolism and iron death, and be closely related to the infiltration of immune cells in ESCC[133].
Moreover, Zhang et al[134] reported that mitochondrial energy metabolism is associated with the TIME and poor
prognosis in ESCC patients, and identified several fatty acid metabolism-related genes that are predictors of EC prognosis
[135]. Additionally, tryptophan-derived metabolites have been shown to contribute to tumor immune escape, and been
identified as biomarkers for EC metastasis and prognosis[136].

These insights emphasize the importance of metabolic alterations in the TME of patients with EC. Understanding the
intricate metabolic interactions between tumor cells and immune cells could guide the development of targeted therapies
for different subtypes of EC, and further research in these areas may open new avenues for the management of patients
with EC.

CONCLUSION

In this review, we mainly described the potential mechanisms of immunosuppression in the TME of patients with EC,
which opens up an interesting and promising field of future immunotherapies. The presence of decreased immune cells
and increased immunosuppressive cells, including exhausted CD8" T cells and NK cells, Tregs, M2 macrophages and
MDSCs, in the TIME of EC is not rare, and these cells may contribute to tumor immune escape and tumor progression.
Moreover, various other factors related to tumor cells also participate in the formation of an immunosuppressive micro-
environment in EC, such as the downregulated expression of MHC molecules on tumor cells, the release of immunosup-
pressive cytokines by tumor cells and their surroundings, and altered tumor metabolism. With a deeper and more
comprehensive understanding of the complexity and heterogeneity of the TME, such as tumor types, the distribution and
function of infiltrating immune and nonimmune cell subsets, the expression of cytokines and the activation or inhibition
of signaling pathways in the TME, we may better elucidate the mechanisms of the immunosuppressive microenvir-
onment, better understand the differences in patient response to the same immunotherapeutic strategies, and accurately
predict the efficacy of immunotherapeutic approaches; thus, personalized treatments can be developed to overcome the
effects of immune suppressive factors, improve the efficacy of immunotherapy, and maximize the advantages of
immunotherapy.
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Abstract

Laryngopharyngeal reflux disease (LPRD) is an inflammatory condition in the
laryngopharynx and upper aerodigestive tract mucosa caused by reflux of
stomach contents beyond the esophagus. LPRD commonly presents with sym-
ptoms such as hoarseness, cough, sore throat, a feeling of throat obstruction,
excessive throat mucus. This complex condition is thought to involve both reflux
and reflex mechanisms, but a clear understanding of its molecular mechanisms is
still lacking. Currently, there is no standardized diagnosis or treatment protocol.
Therapeutic strategies for LPRD mainly include lifestyle modifications, proton
pump inhibitors and endoscopic surgery. This paper seeks to provide a compre-
hensive overview of the existing literature regarding the mechanisms, patho-
physiology and treatment of LPRD. We also provide an in-depth exploration of
the association between LPRD and gastroesophageal reflux disease.
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Core Tip: The pathological mechanism underlying laryngopharyngeal reflux disease (LPRD) is still unclear. There is still a
lack of unified standards for the diagnosis of LPRD. Comprehensive evaluation of multiple diagnostic methods is the most
reasonable choice, and help clinician to systematically establish personalized treatment options, ranging from lifestyle/diet
changes, to medication, and possibly even surgery. LPRD may be pathogenically associated with gastroesophageal reflux
disease. As our ability to understand LPRD, and diagnose and classify patients on the basis of diagnostic tests improves, we
hope to develop a more simplified approach to treat these patients.
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INTRODUCTION

Laryngopharyngeal reflux disease (LPRD) is an inflammatory disease caused by gastroduodenal contents regurgitating
into the pharynx, stimulating and damaging the pharyngeal mucosa, and remains one of the most complex and socially
relevant problems in modern medicine[1]. Reflux of stomach contents into the upper aerodigestive tract causes many
clinical symptoms, including hoarseness, cough, sore throat, a feeling of throat obstruction, and excessive throat mucus.
The stomach contents usually include gastric acid, nonacid substances, bile and pepsin. Reflux of the upper respiratory
tract mainly involves the pharynx, larynx and nasal cavity. The mucosal changes of the pharynx and larynx mainly
include interarytenoid mucosal hyperemia and edema, posterior commissure hyperplasia and vocal cord edema. More
serious conditions include ulcers, granulomas and laryngeal compartment disappearance, although these are rare. LPRD
has become a societal burden in recent years[2]. It has been found that 15% of otorhinolaryngology outpatient patients
have laryngeal reflux. In one study, 50% of patients with laryngeal and voice disorders were diagnosed with LPRD
through 24-h dual-probe pH monitoring.

However, because of the variety of symptoms and signs, the current limited diagnostic methods and the lack
sensitivity or specificity, LPRD is sometimes treated empirically and without a correct diagnosis. At the same time, its
pathophysiological mechanism has not been clarified. In the reflux theory, factors that cause LPRD include inhaling
pepsin, trace amounts of stomach and bile acids, which can damage the throat and cause inflammation. The resistance of
the laryngeal forces to these substances is weak, so some patients may not respond well to proton pump inhibitors (PPIs)
alone. In addition, in reflex theory, acidic stomach contents are postulated to stimulate the vagus nerve at the distal end of
the esophagus to induce laryngeal. Therefore, different pathological mechanisms lead to differences in the clinical
manifestations of LPRD, and there are also differences in treatment strategies. Recent studies have found that the disease
is closely related to other common diseases, such as sinusitis, otitis media, asthma and laryngeal cancer[3]. Although
LPRD has gradually developed in recent years, its prevalence has become more evident in this decade. Patients with
LPRD who experience severe clinical manifestations can have increased physiological and psychological burden, and
impaired quality of life and emotional state. LPRD is considered an extraesophageal manifestation of gastroesophageal
reflux disease (GERD). The present article reviews the characteristics, pathophysiology, diagnostic work-up, and new
therapeutic strategies for LPRD, and investigates the association between LPRD and GERD.

PATHOPHYSIOLOGY OF LPRD

In 2002, the American Academy of Otolaryngology Head and Neck Surgery first proposed the concept of LPRD[4].
Currently, the definition of LPRD is still controversial and there is disagreement between specialists about its
pathogenesis. Many researchers believe that LPRD is a form of extraesophageal symptoms of GERD, and its pathogenesis
is roughly similar to GERDI[5]. But, otolaryngologists consider LPRD to be an independent disorder. It is widely believed
that the pathogenesis of LPRD includes reflux theory, reflex theory, behavioral changes and psychological factors.

Reflux theory

Reflux refers to the backflow of stomach contents to the pharynx and larynx, causing direct damage to mucosal tissue.
Under physiological conditions, the body has an antireflux mechanism, including the upper esophageal sphincter (UES),
lower esophageal sphincter, diaphragmic foot, esophageal peristalsis associated with swallowing, and acid resistance and
clearance ability of the esophageal mucosa[6]. The antireflux mechanism prevents gastric contents from regurgitating into
the pharynx and directly damaging the pharyngeal mucosal tissue. However, under pathogenic conditions, the antireflux
mechanisms can be damaged individually or simultaneously, causing the gastric contents to regurgitate to the laryngo-
pharyngeal mucosa. Studies have shown that the esophageal mucosa can resist 50 potential episodes of reflux per day
without causing tissue damage[7]. However, the laryngopharyngeal mucosa can be damaged by four reflux episodes per
day. This indicates that the laryngopharyngeal mucosa is more fragile and more sensitive to stimulation. At the same
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time, the gastric contents of reflux are complex, including hydrochloric acid, pepsin, bile and trypsin. These different
substances cause the symptoms and pathogenesis of laryngopharyngeal injury. This is why, although PPIs are the leading
choice for drug treatment of LPRD, up to 40% of patients with LPRD do not obtain relief[8]. The effect of PPIs on non-
acidic LPRD is not satisfactory. Therefore, the development of drugs targeting non-acidic LPRD is very urgent. A survey
showed that the prevalence of non-acidic and mixed LPRD reached 25.4% and 35.5%, respectively[9]. Considering the
complexity of LPRD, it is necessary to study the action mechanism of different reflux substances on LPRD. The main
factors affecting the severity of LPRD include the composition, duration and frequency of regurgitation.

Reflex theory

The pharynx is an essential organ in humans that connects the mouth with the respiratory and digestive systems. It is
important for both breathing and swallowing. Because the esophageal and bronchial trees have the same embryonic
origin, there is a common vagal reflex pathway between them. In the physiological state, if the nerve receptors in the
pharynx are stimulated by acidic substances, it can cause bronchospasm, accumulation of sticky mucus, involuntary
swallowing, glottal closure reflex and cough reflex, through nerve reflexes[10]. Once LPRD occurs, patients often cough
and clear their throat in order to relieve throat discomfort. The above actions further aggravate throat mucosal edema and
damage, resulting in throat sensory disorders, and then enter a vicious cycle of chronic persistent cough and throat
clearing.

Connection between LPRD and related respiratory diseases

LPRD is an inflammatory reaction that occurs in the mucosa of respiratory organs such as larynx and pharynx. Reflux of
stomach contents outside the esophagus may cause diseases of the upper and lower airways. Current studies[11-13] have
shown that LPRD is associated with a variety of upper and lower airway diseases, such as chronic pharyngitis, chronic
laryngitis, laryngeal contact granuloma, paroxysmal laryngeal spasm, space edema, vocal cord leukoplasia, glottic
laryngeal cancer, chronic cough, asthma, pediatric subglottic stenosis, secreted otitis media, sinusitis and sleep apnea
hypopnea syndrome.

LPRD and sinusitis

There is a relationship between LPRD and chronic recurrent sinusitis (CRS). Although CRS and LPRD have different
courses, they can coexist in the same patient. In case-control studies, patients with LPRD were found to be at risk of
developing sinusitis one year after diagnosis. DelGaudio et al[14] found that patients with refractory CRS had a higher
incidence of LPRD than control patients had. The pathogenesis of CRS is still unclear, but most scholars believe that it is
related to mucosal injury caused by direct stimulation, pepsin action and autonomic hyper-responsiveness caused by
reflux. The above factors all cause edema and retention of secretions in the mucosa of the nasal cavity and sinuses, and
then secondary infection[15]. LPRD can cause sneezing, runny nose, nasal congestion and a series of similar allergic
rhinitis symptoms of throat reflux rhinitis.

LPRD and vocal fold polyps

Recent studies have shown that laryngeal reflux is associated with vocal cord polyps, but whether it is an independent
risk factor is unclear. Kantas et al[16] found that antipharyngeal reflux played an important role in preventing the
incidence of vocal cord polyps and reducing the recurrence rate of vocal cord polyps, and proposed that pharyngeal
reflux was related to the damage of vocal cord regeneration. At present, research on laryngeal reflux and vocal cord
polyps is limited, and the specific mechanism of laryngeal reflux causing vocal cord polyps is still unclear. The epithelium
is the first barrier of the vocal cords for resistance to foreign irritants, and studies have shown that laryngeal epithelial
injury caused by laryngeal reflux is the main pathogenesis[17]. First, gastric acid, pepsin, trypsin, bile salt and gas-
troduodenal protein directly stimulate the throat mucosa, but the larynx lacks the defense mechanism against gastric and
duodenal reflux. Second, the reflux stimulates the distal mucosal chemoreceptors of the esophagus to cause vagal nerve
reflex, which leads to indirect laryngeal injury such as coughing and throat clearing, but the mechanism is still contro-
versial. Some studies have located pepsin in vocal cord polyps, and speculated that the mechanism of laryngeal reflux
participating in the pathogenesis of vocal cord polyps may be that pepsin promotes the aggregation of immune cells and
leads to the increase of local cytokines. Bile acids disrupt the epithelial barrier function of the esophagus by regulating the
expression of claudin (CLDN)1 and CLDN4 and increasing the gap between epithelial cells[18]. However, the expression
of CLDN1 and CLDN#4 in vocal cord polyp tissue is increased, and the reflux bile acids may destroy the epithelial barrier
of the vocal cords and induce the occurrence of vocal cord polyps.

LPRD and asthma

In 40%-80% of patients with asthma, laryngoscopy also found LPRD[19]. There is a growing belief that sinusitis and
asthma can co-occur, but often asthma symptoms caused by LPRD are overlooked. Therefore, with the exception of
asthma and/or allergic rhinitis, pH probe detection is recommended for the diagnosis of LPRD patients. In addition, the
use of beta agonists has become possible. Laryngeal reflux may be induced by reducing the contractile force of the lower
esophageal sphincter (LES)[20]. Studies on this have been inconsistent. Some studies suggest that severe asthma may
aggravate LPRD, but the incidence of LPRD is similar in children with asthma. Based on the current level of research, the
feasibility of simultaneous treatment needs to be considered in the future for the reality that LPRD and asthma often
occur together.
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Relationship between LPRD and stomach contents
Different substances of reflux have different pathological mechanisms. Compared nonacidic and mixed regurgitation of
LPRD, the patients with mixed regurgitation of LPRD were more severe cough then nonacidic regurgitation[21].

Hydrochloric acid

Hydrochloric acid is the main determinant of reflux symptoms. Acid in gastric juices regurgitate and contact the
laryngeal tissues, causing damage and inflammation to the epithelium of the laryngeal mucosa. In general, the throat
mucosa is more sensitive to acid stimulation than the esophagus. Small amounts of acid may also cause damage to the
throat mucosa. Carbononic anhydrase III (CA III) secretes bicarbonate, regulates pH, and neutralizes stomach acid. In one
study, it was found that some LPRD patients lacked CA III in the throat tissue, stomach acid could not be neutralized,
and pH value was unbalanced[22]. E-cadherin is a transmembrane glycoprotein, which affects the intercellular adhesion
of epithelial tissue and forms an anti-permeability barrier to prevent the penetration of solutes[23]. Hydrochloric acid can
down-regulate the expression of E-cadherin, improve the intercellular permeability and weaken the barrier function of
throat mucosa.

Pepsin

The abnormal secretion and activation of pepsin may play an important role in the pathogenesis of LPRD. Pepsin, which
is obtained by the conversion of pepsinogen, is the main factor that causes cell damage and protein hydrolysis. Normally,
pepsin is not detected in the mucosa of the larynx in normal people. When gastric contents regurgitate into the throat,
pepsin enters the throat, and at different pH environments, the signaling pathways that disrupt the integrity of the
epithelial barrier include E-cadherin, CA III, nuclear factor (NF)-«xB and interleukin (IL)-8[24]. It causes mucosal damage
in the throat and induces inflammation. Roh et al[25] found that under acidic conditions (pH 1-2), pepsin and bile acids
had more serious damage to subglottic tissue. In addition to damaging the laryngeal mucosa, pepsin may also cause
chronic inflammation of surrounding tissues such as vocal cord polyps, tonsil hypertrophy, otitis media, and laryngeal
tumors.

Bile acid

Bile acid reflux is the main cause of laryngeal injury. Bile acids are normally secreted by the liver to maintain fat digestion
and absorption, regulate inflammation, and affect intestinal flora. The bile acid will be protonated under the action of
hydrochloric acid, enhancing their cytotoxic effects and can penetrate and dissolve cell membranes. The main mechanism
of bile acid induced throat mucosal injury is as follows[26]. Bile acid induces cell epithelial-mesenchymal transformation
(EMT) and induces transforming growth factor-p1 (TGF-B1), matric metalloproteinase (MMP)-9 and fibronectin to
increase. It reduces expression of E-cadherin, leading to laryngotracheal scar formation and tracheal stenosis. Bile acids
can cause NF-kB activation, DNA/RNA damage, and induce abnormal expression of tumor factors[27].

Trypsin
The laryngeal mucosa is damaged by trypsin reflux[28]. Trypsin is secreted by pancreatic cells mainly in the form of
proenzyme. And zymogen acts as the main activator of protease activating receptor-2 (PAR-2). PAR-2 affects the
functionality of LES. LES dysfunction is considered to be the main factor inducing LPRD. Trypsin activates PAR-2,
induces IL-8 and transient receptor potential vanilloid (TRPV) secretion, and causes epithelial barrier dysfunction in the
throat[29].

Taken together, the pathogenesis of LPRD is caused by a variety of factors, including bile acids, pepsin, acids and
trypsin, as shown in Figure 1. At present, the mechanism of the interaction of various reflux substances is not clear.

CLINICAL FEATURES AND DIAGNOSIS OF LPRD
Clinical features of LPRD

LPR lacks specific symptoms and signs, which can be manifested as sore throat globus pharyngeus, chronic throat
clearing, and dysphonia[30]. The initial stages of LPR are characterized by hoarseness, globus pharyngeus, excessive
mucus in the throat, chronic cough and persistent throat clearing. If LPRD is not treated in time, it will be complicated
with laryngeal granuloma and vocal cord polyps. It can develop from GERD, along with the typical symptoms of GERD.
GER may also be absent and present only with throat discomfort. Different from the characteristics of patients with
esophageal reflux, LPRD mostly occurs when patients remain upright or during the day, while esophageal peristalsis and
gastric acid clearance was within the normal range. However, regurgitation in GERD patients is usually in the supine
position. At night, it is often accompanied by esophageal peristalsis disorder and prolonged exposure to gastric acid. The
two have different clinical characteristics.

Diagnosis of LPRD

LPRD is a common disease with a vast number of clinical symptoms that are sometimes treated empirically and without a
correct diagnosis. There is disagreement in the diagnosis of LPRD between specialists in different area about its
definition. The specificity of the diagnostic methods reported in the literature is not ideal, which faces great challenges
[31]. Currently, diagnostic methods commonly used include medical history, physical examination, fibrolaryngoscopy,
24-h pH monitoring, 24-h multichannel intraluminal impedance (MII), esophageal manometry, biomolecular marker
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Figure 1 Pathogenesis of laryngopharyngeal reflux. Laryngopharyngeal reflux disease is an inflammatory disease of the upper aerodigestive tract caused
by reflux of gastroduodenal content. The stomach contents usually include gastric acid, nonacid substances, bile and pepsin. Reflux of the upper respiratory tract
mainly involves the pharynx, larynx and nasal cavity.

detection, pepsin detection nuclide scanning, esophagography, reflux scale scoring and experimental treatment. The 24-h
MII can identify gas, liquid, or a mixture of both, and can detect acid reflux and non-acid reflux, so it is recommended as
the preferred method for the diagnosis of LPRD. However, 24-h MII is expensive, limiting its popularity in the clinic.
Pepsin, bile acid, and MMP are easy to detect. However in different research centers, their detection standards, sensitivity
and specificity are different. Therefore, they are still not suitable for clinical diagnosis of LPRD. The pepsin-positive
threshold and the timing of saliva specimen collection are inconclusive. Na ef al[32] suggested that the best time to collect
saliva is when LPRD patients have just woken. De Corso et al[33] believed that bile acid was the most suitable for the
diagnosis of LPRD, and its sensitivity and positive predictive value both exceeded 80%. Salivary bile acid is one of the
indexes to evaluate LPRD grade[34]. Hoppo et al[35] believed that Sep70 was a predictive indicator, and the absence of
Sep70 meant that hypopharyngeal cells were damaged. In addition, the Sep70/ pepsin ratio can be used to predict LPRD
damage with a sensitivity of over 90%. The disadvantage is that the specificity is low, and further clinical research is
needed. Moreover, the sensitivity and specificity of MMP-7 as a marker were found to be 71.43% and 79.75%[36],
respectively. When MMP-7 is combined with pepsin, its sensitivity and specificity exceed 80%.

24-h pH monitoring

Twenty-four-hour pH monitoring of the hypopharynx and esophagus is the gold standard for the diagnosis of LPRD[37].
A catheter with a pH monitoring probe is placed at the lower end of the esophagus through the patient’s nose and
oropharynx, and the catheter is fixed to monitor reflux and removed on the next day. It is a currently accepted form of
diagnosis and has become an acceptable method for most researchers to significantly improve patient compliance. The
greatest advantage of this method is that intermittent reflux can be recorded by daily measurement of patients, and the
pH change in the esophagus can be objectively recorded in the physiological state, so as to determine whether there is
reflux, and to distinguish physiological and pathological reflux. The hypopharyngeal-esophageal multichannel
intraluminal impedance catheter with dual pH (HEMII-pH) has been used to monitor hypopharyngeal reflux in patients
with LPR. HEMII-pH monitoring can differentiate LPR and GERD. There is no universal definition of pH for pharyngeal
acid reflux. Some analysts believe that pH 5 can be judged as the defining diagnostic value. pH 5 indicates damaged
laryngeal epithelium, and pH < 4 damaged cells in the esophageal epithelium. pH < 4 is considered to be highly sensitive
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and specific.

Fibrolaryngoscopy

Currently, fibrolaryngoscopy is the most commonly used method of examination (Figure 2). Fibrolaryngoscopy can also
rule out other nasal and throat lesions such as laryngeal cancer, allergic rhinitis or sinusitis. Fibrolaryngoscopy has
diagnostic value for LPRD. Endoscopic findings include subglottic edema, diffuse laryngeal edema, laryngeal ventricle
disappearance, granuloma, contact ulcer and vocal cord lesion. Belafsky et al[38] proposed reflux discovery score (RFS)
and reflux Symptom Index (RSI) for screening LPRD. The RSI scale includes nine symptoms. It is rated on a scale of 0-5
depending on the severity. The RFS scale is a score given by clinicians according to the characteristics of electronic
laryngoscopy images. In LPRD patients, due to long-term repeated stimulation of reflux, the throat mucosal tissue is
damaged, and various characteristics such as mucosal erythema, edema and posterior connective hyperplasia are shown
by laryngoscopy. It is proved that RSI/RFS scale has high reliability and good clinical practical value. LPRD can be
diagnosed by RSI > 13 and/or RFS > 7 points[39].

TREATMENT OF LPR

Routine intervention — behavioral adjustment of life and diet

Lifestyle behavior and dietary habits of patients can be adjusted to maximize improvement of LPR symptoms[40].
Patients who followed diet and lifestyle recommendations had significantly greater improvements in RSI compared with
patients who did not. In a retrospective study, researchers found that patients with LPRD who took anti-reflux drugs and
took behavioral change measures improved their RSI scores significantly (mean 32 d of first follow-up), while the RSI
scores of patients in the control group taking only antireflux drugs (mean 62 d of first follow-up) did not improve
significantly. Recommended lifestyle habits include: wearing loose clothing on a daily basis; standing as upright as
possible for 30 min after eating; not eating or drinking 2-3 h before bedtime; chewing gum to increase saliva secretion;
controlling blood pressure; quitting smoking; eating slowly; avoiding talking while eating; avoiding drugs such as
aspirin, progesterone, corticosteroids, and nonsteroidal anti-inflammatory drugs and fried foods and fatty animal
products such as chicken/fish and meat.

Drug treatment

There is no reliable treatment for LPRD because its pathogenesis is not clear. To study the etiology of LPRD, it is
necessary to consider the influence of self and environmental factors[3]. The acid-suppressing PPIs are currently the main
drug used for the treatment of LPRD and are suitable for LPRD patients with GERD symptoms. PPIs combined with
gastroenterokinetic drugs is the most common clinical treatment for LPRD, and they are recommended for at least 8 wk.

PPIs can inhibit the secretion of gastric acid, down-regulate the activity of pepsin, damage the throat mucosa, and
finally achieve the treatment of lesions and alleviate symptoms. Some analysts believe that PPIs twice daily are the best
choice to treat this disease[41]. Therefore, the study of pathogenesis of LPRD has become the research focus at home and
abroad.

A recent multicenter study found that patients with different phenotypes, such as no LPRD or GERD, LPRD/GERD
with hiatic hernia, reflex cough, LPRD with mild GERD, etc., were most responsive to PPIs[42]. This was followed by
LPRD and LPRD with mild reflux and reflux cough. Therefore, it is speculated that classification based on phenotype
may be more conducive to matching patients and corresponding treatment methods. Esophagopharyngeal reflux may not
be entirely acidic. Previous research has suggested that acid reducers may not be effective for patients with nonacid reflux
events. A mixed response to PPIs depends on their underlying complicating disease pathology. Despite the failure of
empiric PPI treatment, 24-h MI-pH testing is still considered necessary. If significant acid reflux occurs, the PPI regimen
needs to be optimized, for example, by increasing the dose, extending the duration of treatment and adjusting the time of
administration. Patients with acid reflux who do not respond to PPIs may try switching to potassium-competitive acid
blockers[43].

H2 receptor antagonists are commonly used in the treatment of LPRD. Due to the short duration of action of the drug,
the acid inhibition efficacy is lower, and its status is slightly lower than that of PPIs[44]. The study found that 51 percent
and 54 percent of anti-reflux prod patients who took 20 mg of omeprazole and 20mg of famotidine at night experienced
relief from symptoms, respectively. Eighty-three percent of patients improved after taking 20mg of omeprazole at night.

Alginate is an oral drug. It prevents reflux of gastric acid or non-acid substances by forming a viscous mechanical
barrier on the surface of the stomach contents, ultimately reducing the contact of the stomach contents with the eso-
phagus or pharynx[45]. It works regardless of whether the reflux is acidic or nonacidic. In addition, alginate inhibits
pepsin and bile salts. Alginate also improves symptoms in patients with LPRD. In a randomized controlled trial, patients
treated with alginate showed significant improvement in symptoms at 2, 4 and 6 months after treatment.

Baclofen can inhibit LES relaxation and prevent acidic and non-acidic reflux[46]. In one study, Baclofen was found to
significantly reduce the duration of reflux, the incidence of GER, and the incidence of LES relaxation compared to
placebo.

Considering the different mechanisms of action of reflux substances in LPRD, a variety of receptor antagonists and
enzyme inhibitors have emerged as new inhibitors, such as trypsin inhibitors, protease activating receptor 2 (PAR-2)
antagonists, pepsin inhibitors or receptor antagonists, NF-xB antagonists, TRPV1 antagonists and MMP inhibitors.
Hossain thinks PAR-2 may play an important role in unresolved heartburn symptoms after PPI treatment. TRPV1 and
PAR-2 antagonists have the potential to be targeted agents for ameliorating LPRD-induced heartburn and pain[47].
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Figure 2 Fibrolaryngoscopy diagnostic value for laryngopharyngeal reflux disease. Fibrolaryngoscopy showed granulations of the posterior wall of
the nasopharynx and edema of the retrocricoid region, epiglottis erythema, and posterior commissure hypertrophy, and laryngeal erythema.

Yoshida et al[48] found that MEK inhibitors and p38 inhibitors reduce IL-6 or IL-8 secretion through MAPK signaling
pathway, thereby reducing esophageal inflammation and achieving the treatment of LPRD.

Surgical intervention
Experts suggest that surgery may be considered for patients with refractory extraesophageal symptoms treated with
medication in the latest American Gastroenterological Association guidelines[49].

In a retrospective controlled trial, Swoger et al[50] evaluated the difference between surgical treatment and PPI. They
found significant differences in fundus dilation. Fundus dilation is associated with improved RSI scores and is expected
to be an effective treatment for patients with LPR. However, how to judge the effect of surgery and accurately select the
right patients for surgical treatment is a difficult problem, worthy of further study. It would be irresponsible to
recommend that every LPR patient undergo major abdominal surgery. Previous studies often assessed the effect of
treatment according to the subjective judgment of patients, which has great subjectivity and individual differences.
Therefore, when selecting and evaluating the effect of treatment, patient-reported results must be given priority in a
patient-centered approach, and reflux and symptoms must be evaluated in detail in combination with pH monitoring and
RSI score. Although fundoplication is more effective than PP], it is more risky. The most common complaint is dysphagia.
In one study[51], all patients experienced dysphagia after surgery. These patients may have dysphagia in the initial
postoperative period, but it resolves spontaneously after 2 wk, and 13 patients (4.53%) reported prolonged dysphagia
after surgery. And the second most common complaint was postoperative gas/abdominal distension. One study[52]
reported that abdominal distension occurred in all 12 patients during the first 2 wk. Sahin et al[53] found that
postoperative complications mainly included emphysema (10.8%), intraoperative hemorrhage (4.4%), pleural
displacement (2.9%), etc. 2.4% patients needed a second operation due to postoperative complications, and 0.4% patients
needed a second operation due to surgical failure.

For granulomas in the laryngeal cavity that are large and may affect normal breathing, surgical treatment is required
and antacid therapy can be performed after surgery. A number of recent data have confirmed that esophageal diseases
such as hiatal hernia can lead to an increase in the incidence of LRPD and refractory extraesophageal symptoms. The
main symptoms of primary esophageal diseases are significantly improved after receiving standard laparoscopic surgery.
The fundoplication is achieved by reconstructing the gastroesophageal junction area and re-establishing the barrier
function[54]. Currently, fundus folding has relatively obvious value. Overall, endoscopic and surgical interventions are
considered as the last line of care for patients with LPRD, and only some patients should be considered for surgical or
endoscopic interventions.

Nonsurgical treatment

The UES external pressure device is a new treatment for LPRD[55]. Reflux Band (Somna Therapeutics, Germantown, WI,
United States) has received United States Food and Drug Administration approval. It has been reported that patients with
typical reflux symptoms and supresophageal symptoms have impaired esophageal and UES responses that mimic reflux
and are therefore at greater risk for esophagopharyngeal reflux. After wearing an external UES compression device at
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night for 2-4 wk, RSI scores improved significantly.

Speech therapy

In addition to medication, speech therapy is proven to be effective and is recommended by CHEST guidelines[56]. The
treatment is achieved through speech and breathing training. In one study[57], it was found that compared with a control
group, patients who received 6 months of PPI therapy and 3-5 sessions of breathing therapy and after treatment with
speech therapy and guidance on a healthy lifestyle such as relaxation, exercise, diet, and stress management, patients
showed significant improvement in upper respiratory tract breathing and cough. The results suggest that speech therapy
may potentially improve laryngeal allergy symptoms in patients with chronic cough. It was found that 100% of patients
experienced an improvement in their cough symptoms. Further research in this field is still needed in the future.

Behavioral therapy

In cognitive behavioral therapy[58], psychiatrists use a range of behavioral therapies, including stress management,
cognitive reconstruction, coping strategies, problem solving, and anxiety management, to improve patients' throat
symptoms, which have been shown to be a safe and effective treatment option. It was reported that hypnotherapy was
used to treat! patients with allergic laryngeal symptoms and foreign body sensation in the pharynx[59,60]. The patients
experienced a significant reduction in the severity and symptoms of throat discomfort after relaxation breathing therapy,
which involves adjusting breathing and relaxing muscles, and esophageal-oriented hypnotic-assisted relaxation therapy.
In another study, nine patients with functional heartburn who received esophageal directed hypnotherapy seven times a
week experienced significant improvements in heartburn symptoms, visceral anxiety, and quality of life. In a recent
study, it was found that, based on the available evidence, hypnotherapy for patients presenting with dysphagia, foreign
body sensation, indigestion, and functional heartburn has been comprehensively studied in patients with bowel disease
as a form of cognitive behavioral therapy (CBT). Future research is needed in behavioral therapy for laryngeal hypersens-
itivity and laryngeal dysfunction.

ASSOCIATION BETWEEN LPRD AND GERD

LPRD is considered to be a substantially part of the extraesophageal manifestations of GERD. Koufman[61] first reported
an important epidemiological study on LPRD in 1991. In that study, LPR was initially differentiated from GERD based on
dual-probe pH monitoring in the esophagus and pharynx. Many existing studies have shown that the prevalence of
LPRD is generally higher in GERD patients[62]. Clinical symptoms of GERD include regurgitation and heartburn,
resulting from esophageal mucosal disruption caused by gastric content reflux. However, some patients with GERD have
no symptoms of LPRD. According to the results of pH monitoring, the incidence of GERD in LPRD was 52.7%, while the
incidence of LPRD in GERD was 46.3%[42]. Otolaryngologists believe that LPRD is an independent, but common in their
practice, upper airway disorder. GER and LPR have similar pathological mechanisms, but their clinical manifestations
and 24-h double pH-probe monitoring are different. Patients with GERD have a lower proportion of nonacid and mixed
LPRD compared with LPRD/GERD patients. The recent use of HEMII-pH monitoring gave evidence that physiology
may differ between LPRD and GERD. LPRD is induced by daytime and upright gaseous weakly or nonacid
hypopharyngeal reflux. A series of symptoms beyond the esophagus may be caused by nonacid content such as bile,
pepsin and trypsin 1[6]. However, the presence of GERD is strongly associated with acid reflux in the esophagus.
However, due to the reflux of gastric contents, the treatment plan with acid suppression with PPIs is similar. Helicobacter
pylori (H. pylori) is found in many sites, including laryngeal mucosa and interarytenoid region[63]. For cases complicated
with H. pylori infection, this should be considered as a cause of LPRD.

PROSPECT

For LPRD caused by different regurgitation substances, 24-h MII-pH test, salivary pepsin and bile acid test are usually
performed clinically. On the one hand, it can determine the cause of the disease, on the other hand, it can determine the
cause of the disease, record the therapeutic effect of the drug, and then provide the best treatment plan for the patient. For
patients with refractory LPRD, multidisciplinary evaluation is required in conjunction with otolaryngologists and
gastroenterologists. The efficacy of PPIs in some patients is not satisfactory, indicating that the pathogenesis of non-acidic
components in throat mucosal injury needs further study. Furthermore, the reliability of biomarkers such as pepsin and
bile acids for the diagnosis and prognosis of LPRD needs to be further evaluated. At the same time, more clinical
prospective studies are needed to evaluate the selection of laparoscopic surgical treatment methods and indications in
order to provide more effective treatment strategies for the patients.

CONCLUSION

The pathological mechanism leading to LPRD is still unclear. There is still a lack of unified standards for the diagnosis of
LPRD. Comprehensive evaluation of multiple diagnostic methods is still the most reasonable choice. The treatment of
LPRD also presents new challenges for clinicians. Although empirical PPI trials are the first-line treatment, nearly half of
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patients do not respond well. Therefore, it will help clinicians to systematically understand LPRD and develop rational,
personalized treatment options to help patients, ranging from lifestyle/diet changes, to medication, and possibly even
surgery. LPRD may be pathogenically associated with GERD. Future clinical and experimental studies are still needed to
investigate the association between LPRD and GERD in LPRD patients with or without GERD, through extensive gastric
content analysis and impedance-pH monitoring. Eventually, as our ability to understand LPRD, and diagnose and
classify patients on the basis of diagnostic tests improves, we hope to develop a more simplified approach to help these
complex patients.
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Abstract

Several features of drug-induced mucosal alterations have been observed in the
upper gastrointestinal tract, i.e., the esophagus, stomach, and duodenum. These
include pill-induced esophagitis, desquamative esophagitis, worsening of
gastroesophageal reflux, chemotherapy-induced esophagitis, proton pump
inhibitor-induced gastric mucosal changes, medication-induced gastric erosions
and ulcers, pseudomelanosis of the stomach, olmesartan-related gastric mucosal
inflammation, lanthanum deposition in the stomach, zinc acetate hydrate tablet-
induced gastric ulcer, immune-related adverse event gastritis, olmesartan-asso-
ciated sprue-like enteropathy, pseudomelanosis of the duodenum, and lanthanum
deposition in the duodenum. For endoscopists, acquiring accurate knowledge
regarding these diverse drug-induced mucosal alterations is crucial not only for
the correct diagnosis of these lesions but also for differential diag-nosis of other
conditions. This minireview aims to provide essential information on drug-
induced mucosal alterations observed on esophagogastroduodenoscopy, along
with representative endoscopic images.

Key Words: Diagnosis; Esophagogastroduodenoscopy; Non-neoplastic lesions; Esophageal
lesions; Gastric lesions; Duodenal lesions
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Core Tip: Various lesions associated with medication use are detected during esophagogastroduodenoscopy, including pill-
induced esophagitis, desquamative esophagitis, deteriorating gastroesophageal reflux, chemotherapy-induced esophagitis,
proton pump inhibitor-induced gastric mucosal changes, medication-induced gastric erosions and ulcers, pseudomelanosis of
the stomach, olmesartan-related gastric mucosal inflammation, lanthanum deposition in the stomach, zinc acetate hydrate
tablet-induced gastric lesions, immune-related adverse event gastritis, olmesartan-associated sprue-like enteropathy,
duodenal pseudomelanosis, and lanthanum deposition. Endoscopists must diagnose these mucosal alterations by acquiring
pertinent knowledge regarding medication-induced lesions, concomitant with inquiries concerning patient medication
history.
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INTRODUCTION

The primary purpose of screening esophagogastroduodenoscopy (EGD) is to comprehensively examine the esophagus,
stomach, and duodenum to detect neoplasms. Furthermore, EGD provides invaluable information for disease diagnosis,
assessment of disease state, and treatment planning in symptomatic patients. This procedure can reveal a spectrum of
conditions, including cancer, and can also enable the identification of mucosal changes attributed to medications taken by
the patient[1,2]. Although gastric and duodenal ulcers caused by nonsteroidal anti-inflammatory drugs (NSAIDs) have
long been known as drug-induced upper gastrointestinal lesions[3,4], the advent of various medications on the market
has led to the emergence of new types of mucosal injuries and alterations. Despite the inclusion of information on some
drug-induced upper gastrointestinal mucosal lesions in the package inserts of medications, not all prescribing physicians
are acquainted with these conditions due to their infrequency. Therefore, endoscopists should acquire accurate know-
ledge regarding diverse drug-induced mucosal alterations for appropriate diagnosis. This knowledge is also crucial for
the differential diagnosis of other conditions, including neoplastic lesions. Herein, we review articles associated with
drug-induced mucosal alterations in the esophagus, stomach, and duodenum, and present endoscopic images of repres-
entative lesions detected on EGD.

LITERATURE REVIEW

Search strategy

We conducted a systematic search of the PubMed database to retrieve all peer-reviewed articles published between
January 1, 2013, and August 3, 2023, without imposing any study design filters. To augment our search results, we
manually screened additional relevant articles using a reference list of selected publications that met our eligibility
criteria. Our search used the keywords “drug-induced” and “esophagus”, “stomach”, or “duodenum”, and was
performed by the principal investigator Iwamuro M. The inclusion criteria were as follows: (1) Peer-reviewed articles
describing cases of drug-induced upper gastrointestinal tract lesion; and (2) Review articles, original articles, case series,
and case reports. Articles were excluded if they: (1) Did not focus primarily on drug-induced upper gastrointestinal tract
lesion; (2) Were animal or cell studies; (3) Were letters, editorials, or correction notices; or (4) Were written in languages
other than English. All the eligible articles were evaluated.

Search results

Figure 1 presents a flow diagram summarizing the identification, screening, eligibility, and exclusion processes of the
literature search. The keywords “drug-induced” and “esophagus” yielded 45 papers of which 19 were excluded for the
following reasons: Not primarily focused on drug-induced upper gastrointestinal tract lesion (n = 14); animal or cell
studies (n = 2); and written in languages other than English (n = 3). The keywords “drug-induced” and “stomach”
yielded 173 papers, of which 149 papers were excluded for the following reasons: Not primarily focused on drug-induced
upper gastrointestinal tract lesion (n = 65); animal or cell studies (n = 72); and studies written in languages other than
English (n = 12). The keywords “drug-induced” and “duodenum” yielded 30 articles, of which 19 were excluded due to
the following reasons: Not primarily focused on drug-induced upper gastrointestinal tract lesion (1 = 8); animal or cell
studies (n = 8); and studies written in languages other than English (n = 3). Finally, 61 articles were retrieved from the
initial PubMed search after applying the exclusion criteria. After a manual screening, 33 additional articles were deemed
relevant and included. A total of 94 articles were reviewed in detail.

Virtually all drugs may cause adverse events, including those involving the digestive tract, and various changes in the
gastrointestinal mucosa due to different drugs have been reported. Drugs reported in two or more papers are presented
in Table 1. In the subsequent sections, we elucidate the discernible categories of drug-induced mucosal alterations
accompanied by illustrative EGD images.
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Table 1 Drugs described in two or more papers

Esophagus Stomach Duodenum
NSAIDs Warfarin PPIs Olmesartan
Bisphosphonates DOACs NSAIDs Iron tablets
Iron tablets SSRIs Steroids Diuretics
Doxycycline Benzodiazepine Bisphosphonates Lanthanum carbonate
Tetracycline Phenytoin Iron tablets

Ciprofloxacin Pinaverium Doxycycline

Clindamycin Ascorbic acid Diuretics

Amoxicillin L-arginine Olmesartan

Metronidazole Opiates Lanthanum carbonate

Rifaximin 5-fluorouracil Zinc acetate

Potassium chloride Bleomycin Immune checkpoint inhibitors

Antihypertensives Dactinomycin

Nitrates Methotrexate

Quinidine Cytarabine

Acetaminophen Vincristine

Colchicine

NSAIDs: Nonsteroidal anti-inflammatory drugs; DOACs: Direct oral anticoagulants; SSRIs: Selective serotonin reuptake inhibitors; PPIs: Proton pump
inhibitors.

Articles identified through PubMed database search
through January 2013 to August 2023
Esophagus (77 = 45)

Stomach (n = 173)

Duodenum (n = 30)

Excluded
Primary focus is not drug-induced lesions (17 = 87)
Animal or cell studies (n = 82)
Written in languages other than English (7 = 18)

Y

Eligible articles
(n=61)

Added
Manual screening (n = 33)

A J

Article included in this review
(n=194)

Figure 1 Flow diagram summarizing the identification, screening, eligibility, and exclusion processes of the literature search.

PILL-INDUCED ESOPHAGITIS

Given that tablets are ingested in a supine posture or preceding sleep, accompanied by inadequate water intake, the
entrapment of medication within the esophagus may result in the release of deleterious agents, imparting noxious
constituents capable of inflicting damage to the esophageal wall. The mucosal injury to the esophagus due to the
retention of such medications is also referred to as pill-induced esophagitis[5-19]. Esophageal injury can be caused by
over hundred distinct substances consumed in the form of oral pharmaceuticals. Principal contributors include
antibiotics, notably tetracycline and doxycycline, along with other agents such as bisphosphonates[20], NSAIDs,
potassium chloride[21], and iron pills. Acetaminophen, warfarin, colchicine, ascorbic acid, L-arginine, pinaverium,
antihypertensives, and antiarrhythmic agents may also induce esophagitis. These pharmaceutical agents are believed to
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exert a corrosive effect on the esophageal mucosa, thereby instigating processes that lead to inflammation, irritation,
erosion, and ulceration within the esophagus. Pill-induced esophagitis manifests as dysphagia, pain during swallowing,
thoracic discomfort, heartburn, and general esophageal irritation. To attenuate the risk of esophageal injury, it is
imperative for patients to ingest medications with a copious volume of plain water and concurrently adopt an upright
posture (either sitting or standing) for a minimum of 30 min following the intake of the medication.

DESQUAMATIVE ESOPHAGITIS

Desquamative esophagitis, also known as esophagitis dissecans superficialis, or sloughing esophagitis, is an infrequent,
unique endoscopic finding characterized by mucosal sloughing into the esophageal lumen. Desquamative esophagitis
occurs in patients taking direct oral anticoagulants, which are commonly prescribed for the prevention and treatment of
blood clots. While dabigatran is frequently implicated[22-26], rivaroxaban, apixaban, and edoxaban can also induce this
condition. A typical appearance is depicted in Figure 2, illustrating the presence of diffuse white membranous deposits in
the mid to distal esophagus. Endoscopic biopsy of the white membranous deposits reveals a degenerated squamous
epithelium accompanied by inflammatory cell infiltration[26]. A previous study found that the use of psychoactive
agents, particularly selective serotonin reuptake inhibitors or serotonin-norepinephrine reuptake inhibitors, was
prevalent in patients with desquamative esophagitis[27]. Other medications, such as benzodiazepines, opioids, and
antiepileptic agents, similarly contribute to the occurrence of desquamative esophagitis[8,28]. Such esophageal mucosal
injuries are believed to occur through a mechanism similar to that of pill-induced esophagitis, in which damage arises
from the retention of medication in the esophagus. Therefore, for prevention, it is crucial to take medication with a full
glass of water while in an upright position to ensure smooth passage into the stomach.

WORSENING OF GASTROESOPHAGEAL REFLUX

In gastroesophageal reflux, the primary precipitant of mucosal injury is the refluxed gastric acid. However, various
medications may exacerbate or trigger the onset of gastroesophageal reflux[13,14]. Nitrates such as nitroglycerin are
commonly used to treat conditions such as angina by relaxing and dilating blood vessels. This relaxation effect is not
specific to the blood vessels in the heart, but also extends to other smooth muscles, including the lower esophageal
sphincter (LES), allowing stomach acid to flow back into the esophagus. Calcium channel blockers, anticholinergic
medications, sedatives, tranquilizers, and theophylline may also relax the LES and contribute to acid reflux. In
symptomatic individuals, it is imperative not only to administer proton pump inhibitors (PPIs), but also to evaluate the
potential exacerbating effects of pharmacological agents on gastroesophageal reflux. Therefore, it is important to
promptly discontinue or modify medication accordingly.

CHEMOTHERAPY-INDUCED ESOPHAGITIS

Chemotherapy-induced esophagitis refers to inflammation and irritation of the esophagus, which occurs as a side effect
of chemotherapy drugs. These potent medications used to treat cancer can inadvertently damage the esophageal lining,
leading to a range of symptoms and complications[8,11,18]. Drugs such as 5-fluorouracil, bleomycin, dactinomycin,
methotrexate, cytarabine, and vincristine have been identified as causative agents.

PPI-INDUCED GASTRIC MUCOSAL CHANGE

PPIs, a class of medications that reduce stomach acid production, are commonly prescribed to treat conditions such as
gastroesophageal reflux disease and peptic ulcers. Although PPIs are generally regarded as safe with a low incidence of
adverse effects, emerging evidence suggests that their long-term use can elicit diverse endoscopic and histopathological
alterations in the gastric mucosa[29,30]. These include multiple white and flat elevated lesions, fundic gland polyps,
hyperplastic polyps, cobblestone-like mucosa, black spots, and a white globe appearance.

The term “multiple white and flat elevated lesions” was proposed in 2011 to describe a new type of polyp associated
with PPI use that was observed in the gastric cardia, fornix, or corpus[31-34] (Figure 3A-C). These lesions manifest as
circumscribed and sharply demarcated areas characterized by a whitish appearance, exhibiting a round morphology and
slight elevation of the mucosa with a smooth surface. Multiple white and flat elevated lesions were more easily identified
on narrow band imaging than on normal white-light observation. Pathologically, a straight, enlarged, and hyperplastic
foveolar epithelium was observed, which is a typical feature of this lesion.

Fundic gland polyps are one of the most prevalent types of gastric polyps, with an estimated incidence ranging from
approximately 2% to 11%, albeit subject to variation among diverse populations (Figure 3D and E)[35]. Notably, their
occurrence tends to diminish in patients with Helicobacter pylori infection, but conversely increases in individuals
undergoing PPI therapy. Fundic gland polyps reportedly regress after cessation of PPIs in some patients[36-40].
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Figure 2 Dabigatran-induced desquamative esophagitis. A-C: White membranous material is observed in the middle to lower esophagus of a 73-year-old
woman taking dabigatran.

Figure 3 Proton pump inhibitor-induced gastric mucosal changes. A-C: Multiple white and flat elevated lesions. Whitish slight elevations are observed in
the gastric fornix of a patient taking proton pump inhibitor (PPI). Lesions are easily identified on narrow-band imaging observation (C); D and E: Fundic gland polyps
in a PPl user. After indigo carmine dye spraying (E); F-H: Hyperplastic polyps in the stomach. Multiple reddish, friable, long polyps are seen.
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Several studies have explored the potential association between PPI use and the development of hyperplastic polyps in
the stomach (Figure 3F-H). Some studies suggest that the long-term use of PPIs may be associated with an increased risk
of gastric polyps[41]. The frequency of hyperplastic polyps exhibited a propensity for elevation among individuals testing
positive for Helicobacter pylori. Similar to fundic gland polyps, hyperplastic polyps reportedly regress in some patients
following the discontinuation of PPIs[36,42].

Cobblestone-like mucosa refers to the manifestation of numerous, approximately 3-5 mm-sized, irregular, elevated
mucosal lesions in the gastric body[34,43,44] (Figure 4A-C). This distinctive mucosal pattern has a similar coloration as
that of contiguous mucosa and is typically discerned as interspersed among the gastric folds. This represents a histopath-
ological alteration attributable to prolonged PPI use. The histopathological characterization of the cobblestone-like
mucosa involves the presence of parietal cell protrusions and cystic dilatation of the fundic glands, with these changes
particularly accentuated in non-atrophic gastric regions.

Prolonged usage of PPIs induces the formation of black spots in the gastric mucosa, which are discerned as diminutive,
dark, dot-like lesions on EGD (Figure 4D and E)[45]. Histopathologically, these spots are characterized by the entrapment
of brownish substances within the dilated lumina of the expanded fundic gland cysts. The cystic dilatation of fundic
gland cysts induced by the use of PPIs is strongly posited as a key etiological factor contributing to the development of
black spots.

The term “white globe appearance” is defined as a small (< 1 mm) white globe-shaped feature located beneath the
gastric epithelium, observed during magnifying endoscopic observation with narrow band imaging[46]. This feature is
associated with early gastric cancers and is often detected near the demarcation line. It indicates cancers with a differen-
tiated component. Conversely, a white globe appearance has also been noted in the gastric mucosa of non-cancer patients
with autoimmune gastritis or during PPI use[47,48] (Figure 4F and G).

MEDICATION-INDUCED GASTRIC EROSIONS AND ULCERS

Gastric mucosal damage caused by NSAIDs has long been recognized. The mechanism involves several complex
interactions[1,3,4,49]. NSAIDs inhibit cyclooxygenase and subsequently reduce the synthesis of prostaglandins, which
play a protective role in maintaining the integrity of the gastric mucosa. NSAIDs cause vasoconstriction and thereby
reduce the blood flow, which compromises the delivery of oxygen and nutrients to the gastric mucosa, resulting in
mucosal damage. Some NSAIDs have direct toxic effects on the gastric mucosa. Epidemiological investigations have
shown that the relative risk for the development of gastrointestinal complications escalates in patients concomitantly
administered with corticosteroids and NSAIDs[50,51]. Similar to pill-induced esophagitis, bisphosphonates, iron tablets,
and doxycycline directly irritate the gastric mucosa due to the chemical properties of the drug and its direct contact with
the lining of the stomach.

PSEUDOMELANOSIS OF THE STOMACH

Pseudomelanosis is an infrequent and benign pathological condition in which a dark pigment accumulates within
macrophages located in the lamina propria. Unlike melanosis coli, the onset of gastric pseudomelanosis is unrelated to
laxative use, but is thought to be associated with diuretics, beta-blockers, and iron supplementation. While gastric
pseudomelanosis induces alterations in mucosal coloration, patients are devoid of accompanying clinical symptoms and
do not manifest mucosal damage such as erosions or ulcers[52-55]. Deemed a benign condition, a diagnosis of gastric
pseudomelanosis does not necessarily mandate any modification in the prescribed medication.

OLMESARTAN-RELATED GASTRIC MUCOSAL INFLAMMATION

Olmesartan, an angiotensin II receptor antagonist commonly used to treat hypertension, induces enteropathy with sprue-
like symptoms. Although infrequent, olmesartan has been reported to induce lymphocytic, collagenous, or chronic
gastritis[18,56-59].

LANTHANUM DEPOSITION IN THE STOMACH

Lanthanum carbonate is used for the therapeutic management of hyperphosphatemia, primarily in patients with chronic
renal insufficiency. White lesions are characteristic endoscopic features indicative of gastric lanthanum deposition[60-67].
These whitish deposits are easily discernible through narrow band or blue laser imaging. We have elucidated that the
endoscopic manifestations of gastric lanthanum deposition vary between mucosa with and without atrophy. In non-
atrophic mucosa, lanthanum was initially deposited on the posterior wall to the greater curvature of the gastric body,
presenting as diffuse white lesions, the extent of which increased over time (Figure 5A and B). The susceptibility of the
posterior wall to the greater curvature of the gastric body suggests that the active ingredient of the orally ingested
lanthanum remains in prolonged contact with this region. Conversely, in atrophic mucosa, particularly with intestinal
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Figure 4 Proton pump inhibitor-induced gastric mucosal changes. A-C: Cobblestone-like mucosa. Numerous, approximately 3-5 mm-sized, elevated
mucosal lesions are seen in the gastric body of a proton pump inhibitor user. After indigo carmine dye spraying (B and C); D and E: Black spots. Dark, dot-like spots
are observed in the gastric body; F and G: White globe appearance. A small, round, white deposit observed during esophagogastroduodenoscopy. Magnifying
endoscopic observation with blue laser imaging emphasized the lesion (G).

metaplasia, lanthanum deposition manifested as circular or granular white lesions (Figure 5C and D), and the extent of
lanthanum deposition increased concurrently with the expansion of the intestinal metaplasia. The increased permeability
of lanthanum in areas with intestinal metaplasia compared to that in normal mucosa may facilitate its deposition on the
gastric mucosa. We speculate that the multifocal occurrence and mosaic-like distribution of intestinal metaplasia result in
the circular or granular appearance of lanthanum deposition. Confirming a history of ingestion of lanthanum carbonate is
essential for diagnosing this condition.

The pathological significance of lanthanum deposition in the human gastric mucosa remains unclear. To date, there
have been no reports of health impairments associated with gastric lanthanum deposition, suggesting that the diagnosis
of gastric lanthanum deposition does not necessarily mandate the discontinuation of lanthanum carbonate intake.
However, the long-term prognosis of this condition is currently unknown, and ongoing follow-up of individual cases is
desirable.

ZINC ACETATE HYDRATE TABLET-INDUCED GASTRIC LESIONS

Zinc acetate tablets are used to treat zinc deficiency and Wilson’s disease. We found that approximately two-thirds of the
patients subjected to oral administration of zinc acetate tablets manifested gastric mucosal injuries characterized by
mucosal erythema, erosions, white patches, and ulcers[68] (Figure 6). Localization occurred predominantly in the middle
third region, followed by the upper third region. Owing to the potential occurrence of hemorrhagic gastric ulcers, patients
undergoing oral administration of zinc acetate hydrate should be monitored for gastric mucosal damage.
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Figure 5 Lanthanum deposition in the stomach. A and B: Lanthanum deposition shows diffuse white lesions in non-atrophic mucosa. Magnifying
observation with narrow-band imaging reveals tiny whitish depositions within the gastric mucosa (B); C and D: Multiple circular white lesions are seen in the gastric
antrum with atrophic change. Magnifying observation with narrow-band imaging of the circular white lesions (D).

Figure 6 Zinc acetate hydrate tablet-induced gastric lesions. A 73-year-old Japanese woman had been taking zinc acetate dihydrate tablets for eight
months to treat dysgeusia and hypozincemia. A: A round erosion with adhesion of the white coat is observed; B: Linear erosions are also seen in the gastric body
(arrow); C: Esophagogastroduodenoscopy performed two months after cessation of zinc acetate hydrate tablet shows a resolution of erosions.

IRAE GASTRITIS

Immune checkpoint inhibitors can alleviate T-cell deactivation by reinstating the immune response against tumor cells.
However, systemic activation of immune cells simultaneously induces self-reactive T cells in organs other than the tumor,
potentially leading to the onset of immune-related adverse event (irAE) in various organs. Among the immune
checkpoint inhibitor-induced gastrointestinal injuries, irAE colitis is well recognized[69]. Although the incidence of irAE
gastritis is presumed to be lower than that of irAE colitis, endoscopic features of erythema, white exudates, and friable
mucosa have been documented (Figure 7)[70-77]. The destruction of the glandular structure is visible upon magnifying
observation with narrow band imaging[78]. If such lesions are observed after the administration of immune checkpoint
inhibitors, the possibility of irAE gastritis should be considered. In irAEs, the prompt cessation of the causative agent
does not consistently lead to rapid symptom amelioration and often necessitates the administration of steroids.
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Figure 7 Immune-related adverse events gastritis. Esophagogastroduodenoscopy images after 16 wk of pembrolizumab administration in a 57-year-old
female. A: White exudate and coarse mucosa are observed in the gastric body; B: Magnifying observation with narrow-band imaging shows that the glandular
structures are absent.

OLMESARTAN-ASSOCIATED SPRUE-LIKE ENTEROPATHY

Olmesartan-associated sprue-like enteropathy denotes a condition associated with the usage of olmesartan, an
angiotensin II receptor blocker. Sprue-like enteropathy is characterized by symptoms resembling those of celiac disease,
such as chronic diarrhea, weight loss, and malabsorption of nutrients. Unlike in celiac disease, these symptoms persist
even with a gluten-free diet. Villous atrophy, crypt hyperplasia, and inflammation are discernible in biopsied specimens
[79-81]. Consequently, if a patient presents with persistent diarrhea, weight loss, and malabsorption, particularly when
using olmesartan, duodenal biopsy, along with EGD, is essential for the evaluation of these characteristic pathological
features and for diagnosis. Discontinuation of olmesartan typically resolves the symptoms and mucosal changes.

PSEUDOMELANOSIS OF THE DUODENUM

A black to dark brown pigmentation can be observed in the duodenum, termed duodenal pseudomelanosis (Figure 8)[54,
82-85]. This condition is often observed in patients with chronic diseases such as hypertension, chronic kidney failure,
and diabetes. A history of oral iron supplementation, antihypertensive agents (hydralazine), diuretics (thiazides,
furosemide), and beta-blockers was noted in most cases. As mentioned in the section on gastric pseudomelanosis, this
condition is considered benign and a change in oral medications is not necessarily required.

LANTHANUM DEPOSITION IN THE DUODENUM

Lanthanum deposition in the duodenum refers to the accumulation of lanthanum in patients with chronic kidney disease
taking lanthanum carbonate as a phosphate binder to treat elevated phosphate levels. The representative endoscopic
feature is the presence of whitish discoloration of the villi, displaying numerous pinpoint or dot-like white deposits
(Figure 9)[86-88]. Although this discoloration is a notable finding, the clinical significance of lanthanum deposition in the
duodenum is still not fully understood, and its presence does not necessarily indicate pathology or adverse effects.

CONCLUSION

Diagnosing drug-induced mucosal alterations in the upper gastrointestinal tract is important for several reasons. First, in
cases where a specific drug is identified as causing alterations in the esophageal, gastric, and duodenal mucosa,
reassessment of treatment strategies is imperative. Discontinuation of the causative medication is generally recommended
for patients presenting with symptoms or displaying evident mucosal damage, such as ulcers. If discontinuation of the
causative agent proves challenging, dose reduction or transitioning to a medication with similar effects should be
considered. Additionally, in the presence of lesions such as ulcers or erosions, acid-suppressing agents and mucosal
protective agents may be administered. Second, establishing a diagnosis enables discerning whether gastrointestinal
symptoms are attributable to a particular drug, prevents unnecessary examinations aimed at excluding other diseases,
and facilitates the identification of appropriate interventions. In conclusion, the diagnosis of drug-induced upper
gastrointestinal tract lesion is crucial for ensuring patient safety and facilitating appropriate medical management.
Understanding the characteristic endoscopic images presented in this paper and conducting a thorough diagnosis will
enable the implementation of suitable treatments and preventive measures.
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Figure 9 Lanthanum deposition in the duodenum. A: The duodenal mucosa is whitish; B: Magnifying observation reveals numerous dot-like white deposits
in the duodenal villi; C: Magnifying observation with blue laser imaging emphasized the white deposits.
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Abstract

BACKGROUND

Perineural invasion (PNI) has been used as an important pathological indicator
and independent prognostic factor for patients with rectal cancer (RC).
Preoperative prediction of PNI status is helpful for individualized treatment of
RC. Recently, several radiomics studies have been used to predict the PNI status
in RC, demonstrating a good predictive effect, but the results lacked generaliz-
ability. The preoperative prediction of PNI status is still challenging and needs
further study.

AIM
To establish and validate an optimal radiomics model for predicting PNI status
preoperatively in RC patients.

METHODS

This retrospective study enrolled 244 postoperative patients with pathologically
confirmed RC from two independent centers. The patients underwent pre-
operative high-resolution magnetic resonance imaging (MRI) between May 2019
and August 2022. Quantitative radiomics features were extracted and selected
from oblique axial T2-weighted imaging (T2WI) and contrast-enhanced T1WI
(T1CE) sequences. The radiomics signatures were constructed using logistic
regression analysis and the predictive potential of various sequences was
compared (T2WI, T1CE and T2WI + T1CE fusion sequences). A clinical-radiomics
(CR) model was established by combining the radiomics features and clinical risk
factors. The internal and external validation groups were used to validate the
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proposed models. The area under the receiver operating characteristic curve (AUC), DeLong test, net reclassi-
fication improvement (NRI), integrated discrimination improvement (IDI), calibration curve, and decision curve
analysis (DCA) were used to evaluate the model performance.

RESULTS

Among the radiomics models, the T2WI + T1CE fusion sequences model showed the best predictive performance,
in the training and internal validation groups, the AUCs of the fusion sequence model were 0.839 [95% confidence
interval (CI): 0.757-0.921] and 0.787 (95%CI: 0.650-0.923), which were higher than those of the T2ZWI and T1CE
sequence models. The CR model constructed by combining clinical risk factors had the best predictive
performance. In the training and internal and external validation groups, the AUCs of the CR model were 0.889
(95%Cl: 0.824-0.954), 0.889 (95%ClI: 0.803-0.976) and 0.894 (95%ClI: 0.814-0.974). Delong test, NRI, and IDI showed
that the CR model had significant differences from other models (P < 0.05). Calibration curves demonstrated good
agreement, and DCA revealed significant benefits of the CR model.

CONCLUSION
The CR model based on preoperative MRI radiomics features and clinical risk factors can preoperatively predict
the PNI status of RC noninvasively, which facilitates individualized treatment of RC patients.

Key Words: Rectal cancer; Perineural invasion; Magnetic resonance imaging; Radiomics; Nomogram
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Core Tip: We constructed radiomics predictive models, clinical predictive model and clinical-radiomics (CR) model based on
preoperative magnetic resonance imaging images of rectal cancer (RC), and independent clinical risk factors, to predict the
preoperative perineural invasion (PNI) status of RC patients. The reliability and repeatability of the established predictive
models were analyzed using internal and external validation groups. The CR model had the best stable neutral performance
in both the internal and external validation groups. Therefore, the CR model was able to predict the PNI status of RC
noninvasively before surgery, thereby providing support for the individualized treatment of RC patients.
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INTRODUCTION

Rectal cancer (RC) is one of the most common gastrointestinal malignancies worldwide, and its incidence is increasing
annually. Most patients with RC are diagnosed in the middle and late stages[1]. Perineural invasion (PNI), a potential
pathway for the metastatic spread of RC, has been used as an important pathological indicator and independent
prognostic factor for patients with RC since the 7* edition of the cancer staging system developed by the American Joint
Commission on Cancer (AJCC)[2].

PNI refers to the invasion of nerves by tumor cells, followed by the spread of tumor cells along the nerve sheath. It is
categorized as tumor cell invasion of endoneural, neuronal sheath, and epineural membrane layers, or tumor cells
surrounding the nerve and wrapping around > 33% of the epineural membrane[3]. Multiple studies have shown that the
PNI status is correlated with postoperative recurrence rates and poor prognosis of RC[4-8]. Preoperative stratification of
RC patients according to the PNI status facilitates individualized treatment and improves the prognosis of RC patients.
Studies have shown that neoadjuvant chemoradiotherapy (nCRT) can significantly reduce the incidence of PNI[9-12].
Preoperative assessment of PNI is helpful in decision-making regarding nCRT, especially in patients with stage II RC.
Currently, the use of nCRT for stage II patients is controversial. Stage II RC is a heterogeneous disease; therefore, distinct
clinicopathological features may lead to different clinical outcomes and should be treated differently[13]. The latest
European Society of Medical Oncology RC Guidelines indicate that PNI is a key factor in determining whether stage II
patients will benefit from nCRT and postoperative adjuvant chemotherapy[14,15]. In addition, n"CRT combined with total
mesorectum excision is regarded as the standard treatment for locally advanced RC. Although the local recurrence rate is
reduced to <10%, the distant metastasis rate is still more than 20%-30%. Postoperative adjuvant chemotherapy is used to
prevent distant metastasis, and the PNI status is an indicator of postoperative adjuvant chemotherapy[14-16]. However,
nCRT can significantly reduce the incidence of PNI in patients with RC, promoting the downward phase of the tumor.
Therefore, the postoperative pathological conditions do not fully reflect the patient’s status[17]. The preoperative
evaluation of PNI is helpful for guiding the use of postoperative adjuvant chemotherapy for patients with locally
advanced RC.
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Currently, PNI status cannot be assessed based on conventional preoperative biopsy or magnetic resonance imaging
(MRI), but can only be determined through postoperative pathological examination. Conventional preoperative biopsy
only obtains the mucosal and submucosal layers, whereas peripheral nerves mostly exist outside the mucosal muscle
layer or even outside the intestinal wall. Additionally, MRI cannot display small nerves. The efficiency and timeliness of
postoperative pathological testing limit the use of PNI[13].

Radiomics can extract quantitative features that reflect tumor heterogeneity, allowing the extraction of deep mining
data from images and analyzing noninvasive clinical predictors to provide detailed information for personalized
treatment and patient management[18]. This technique is widely used for auxiliary diagnosis, pathological staging,
prediction of treatment outcomes, and prognostication. Several radiomics studies have been used to predict PNI status in
RC, demonstrating a good predictive effect. However, most studies were based on computed tomography or single
sequences of MRI and were conducted at single centers without external validation. Therefore, the results lacked general-
izability[13,19-23].

This two-center study aimed to construct a radiomics prediction model for the PNI status of RC based on T2-weighted
imaging (T2WI) and contrast-enhanced T1WI (T1CE) sequences of high-resolution MRI and to systematically compare the
performance of different radiomics predictive models. The optimal radiomics predictive model combined with PNI-
related clinical features was selected to construct the final clinical-radiomics (CR) model, which provided the basis for
individualized management strategies for RC patients.

MATERIALS AND METHODS

Patients

This two-center retrospective study was approved by the Ethical Review Committee of the Affiliated Hospital of North
Sichuan Medical College (AHNSMC, file number: 2022ER431-1), which waived the need for informed consent from
participants.

The study inclusion criteria were: (1) Postoperative pathologically confirmed RC; (2) high-resolution contrast-enhanced
MRI of rectum performed using 1.5 T MRI within 1 wk before the operation, and a complete TNM staging report was
obtained; and (3) preoperative peripheral blood carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9)
levels were detected within 1 wk before the operation.

The exclusion criteria included: (1) nCRT and other antitumor treatments were administered preoperatively; (2)
postoperative pathological report did not record the PNI status; and (3) poor image quality, which made it difficult to
segment the image of the lesion.

A total of 613 patients who underwent surgical resection of rectal RC were recruited between May 2019 and August
2022. Finally, 244 patients from two independent centers were enrolled. Among them, 170 consecutive patients from
Center 1 (Affiliated Hospital of North Sichuan Medical College) were randomly divided into a training group (1 = 118)
and an internal validation group (n = 52) at a ratio of 7:3, whereas 74 consecutive patients from Center 2 (Second Clinical
School of North Sichuan Medical College) served as an external validation group. The detailed workflow of the study is
presented in Figure 1.

Preoperative information on clinical and radiological variables was collected retrospectively from our medical records
and Picture Archiving and Communication System (PACS). The clinical variables included age, gender, CEA level (<5 or
=5 ng/mL), CA19-9 level (< 30 or = 30 U/mL), histopathological grade, and clinical M stage. The radiological variables
included the distance between the tumor and anal margin, MRI T stage, MRI N (mN) stage, clinical TNM (cTNM) stage,
MRI-based circumferential resection margin (mCRM), and MRI-based extramural vascular invasion (mEMVI). PNI status
data were derived from postoperative pathological analysis of hematoxylin and eosin (HE)-stained sections and immuno-
histochemical analysis of the resected specimens.

MRI

All patients in Center 1 were scanned using Siemens Aera 1.5 T MRI, and all patients in Center 2 were scanned using GE
Sigma HDxt 1.5 T MRI. The sequences included high-resolution oblique axial T2WI and axial T1CE. T1CE sequences were
obtained after intravenous administration of gadolinium contrast agent using an MRI-compatible power injector at a rate
of 2 mL/s and a dose of 0.2 mL/kg, followed by flushing 20 mL of saline using a high-pressure syringe. The detailed
sequence parameters are presented in Table 1.

Imaging analysis and segmentation

MR images were derived from PACS in the Digital Imaging and Communications in Medicine format. Two experienced
radiologists, with 8 and 10 years of work experience, independently evaluated the MR images while being blinded to the
postoperative pathological findings. Discrepancies among the readers were resolved through discussion. The diagnostic
methods were based on the 8th AJCC staging system[24].

In cases with unknown pathological findings, Reader 1 used the 3D slicer software (version 4.11.2; https:/ /www slicer.
org) to manually delineate the lesion layer-by-layer on oblique axial T2ZWI and axial T1CE sequences, thereby obtaining
the volume of interest (VOI) of the tumor. Subsequently, the 3D mask of the tumor was exported. One month after
completing the image segmentation of all patients by Reader 1, 30 patients were randomly selected, for whom Readers 1
and 2 independently performed repeated segmentation of the lesion and output masks. Repeatability analysis was
conducted within and between observers to evaluate the stability of subsequent radiomics features.
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Table 1 Magnetic resonance imaging parameters of each sequence

Scanner Sequence Orientation TR (ms) TE (ms) FOV (mm?) Matrix Thickness (mm)
Siemens Aera 1.5T T2WI Oblique axial 4480 87 190 x 190 320 x 320 3

TICE Oblique axial 7 3 210 x 210 256 x 256 3
GE Signa HDxt 1.5T T2WI Oblique axial 4120 70 180 x 180 256 x 192 3

TICE Oblique axial 6 3 200 x 200 288 x 160 3

TR: Repetition time; TE: Echo time; FOV: Field of view; T2WTI: T2-weighted imaging; T1CE: Contrast-enhanced TIWI.

245 patients underwent surgical
resection of rectal cancer.
May 2019-August 2022 at center 2

368 patients underwent surgical
resection of rectal cancer.
May 2019-August 2022 at center 1

369 rectal cancer patients were excluded:
nCRT and other antitumor treatments before
operation (n = 187)
Lack of pathological PNI status (n = 71)
Lack of CEA and CA19-9 data (n = 18)
Lack of preoperative MRI examination (7 = 80)
Poor image quality (7 = 13)

A J

170 patients available
PNI+ (n = 56)
PNI- (n = 114)

74 patients available
PNI+ (n = 25)
PNI- (17 = 49)

A

Training group (n = 118)
PNI+ (n = 39)
PNI- (n=79)

Internal validation group (1 = 52)
PNI+ (n=17)
PNI- (n = 35)

External validation group (n = 74)
PNI+ (n = 25)
PNI- (17 = 49)

Figure 1 Flowchart of participant selection. nCRT: Neoadjuvant chemoradiotherapy; CEA: Carcinoembryonic antigen; CA19-9: Carbohydrate antigen 19-9;
MRI: Magnetic resonance imaging; PNI: Perineural invasion.

Radiomics feature extraction and selection

The Radiomics package of the 3D-Slicer software (version 4.11.2; https:/ /www.slicer.org) was used for original image
preprocessing and radiomics feature extraction. To minimize the image extraction of radiomics features using different
MRI models, the preprocessing of the original images included the following steps: (1) Voxel spacing was standardized,
and all images were resampled to a volume of 1 mm x 1 mm x 1 mm; and (2) the image noise and normalized voxel
intensity were controlled, and the voxel intensity values were discretized using a fixed bin width (25 HU)[25].

All VOIs were imported into the 3D-Slicer software for feature extraction. In total, 944 radiomics features were
extracted for each VOI. The image types of the extracted radiomics features included the following: (1) A total of 107
radiomics features extracted from the original image after image preprocessing [including shape features, first-order
statistical features, gray-level co-occurrence matrix (GLCM) features, gray-level dependence matrix features, gray-level
run length matrix (GLRLM) features, gray-level size zone matrix (GLSZM) features, and neighboring gray tone difference
matrix features]; (2) a total of 93 radiomics features of images extracted (including first-order statistical, GLCM, gray-level
dependence matrix, GLRLM, GLSZM, and neighboring gray tone difference matrix) using the Laplace operator of the
Gaussian filter and the image derived from the transformation of 1o (0.5); and (3) a total of 744 radiomics features
extracted from eight image types derived from wavelet transformation (including first-order statistical features, GLCM
features, gray-level dependence matrix features, GLRLM features, GLSZM features, and neighboring gray tone difference
matrix features). The specific radiomics feature types extracted based on the abovementioned images are shown in
Supplementary Table 1. For further details, please refer to http:/ /pyradiomics.readthedocs.io/en/Latest/features.html.

Based on the training group data, the radiomics features were reduced and screened. First, dimensionality reduction,
Z-score standardization, and maximum-minimum normalization of radiomics eigenvalues were used to remove
irrelevant and redundant features. Then, radiomics features were screened using the following steps: (1) Radiomics
features with inter- and intraclass correlation coefficients > 0.75 were screened to ensure their stability; (2) radiomics
features with significant differences (P < 0.05) were screened using univariate logistic regression analysis; and (3) the least
absolute shrinkage and selection operator regression algorithm was used to adjust the penalty parameters using 10-fold
crossvalidation, and the regression coefficients of each radiomics feature were compressed, according to the principle of
the simplest model. The radiomics features with non-zero coefficients were screened to establish the Rad-score.
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Model construction and evaluation

Based on the training group data, univariate logistic regression analysis was carried out for all clinical and MRI factors.
According to our results and clinical practice, relevant factors were selected for multifactorial logistic regression analysis.
We constructed a clinical predictive model and three radiomics predictive models, namely T2WI, T1CE and T2WI + T1CE
fusion sequence. Finally, the best radiomics predictive model was selected and combined with selected clinical and MRI
risk factors to construct a combined CR predictive model.

The above predictive models were tested in the internal and external validation groups to determine their differen-
tiation, calibration and clinical effectiveness. The area under the receiver operating characteristic (ROC) curve (AUC),
Delong test, net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were used to
compare the differentiation of each predictive model. Calibration curves were used to evaluate the calibration degree of
each predictive model; that is, the consistency between the predicted and actual results. Decision curve analysis (DCA)
was used to evaluate the efficacy of each predictive model. Finally, the optimal model was selected to construct a
nomogram and an online interactive nomogram. The detailed research process is presented in Figure 2.

Statistical analysis

The clinical and MRI factors were analyzed using SPSS software version 26.0. Categorical variables are expressed as
percentages and analyzed using y? or Fisher’s exact tests. Continuous variables with normal data distribution were
expressed as mean * SD, whereas those with non-normal distribution were expressed as median (interquartile range). P <
0.05 (two-tailed) was considered statistically significant. R version 4.2.1 was used for feature screening, construction and
evaluation of the predictive models. Several R packages were used for data analysis, including caret, irr, car, MASS,
glmnet, pROC, nricens, rms, DynNom, rsconnect, rmda, plot, and ggplot2.

RESULTS

Patient characteristics

In this study, two hundred and forty-four patients were enrolled and categorized into the training (n = 118), internal
validation (n = 52) and external validation (n = 74) groups. Table 2 summarizes the detailed clinical and radiological
characteristics of the patients. There were no significant differences in the proportion of PNI-positive patients between the
training group and the two validation groups (32.1, 32.7 and 33.8%, respectively; P > 0.05). There were no significant
differences between the training, internal validation and external validation datasets (P > 0.05). In contrast, the training
group dataset demonstrated significant differences between PNI-positive and PNI-negative patients in terms of CA19-9
level, mN, mCRM, mEMVI and histological grade (P < 0.05). In the internal validation group, there were significant
differences in the CEA and CA19-9 levels between the PNI-positive and PNI-negative patients (P < 0.05). In the external
validation group, there were significant differences in CEA, mN and mEMVI between the PNI-positive and PNI-negative
patients (P < 0.05).

Model construction and evaluation

In this study, twelve features were retained from the three sequences: T2WI (n = 5), TICE (n = 2) and T2WI + T1CE fusion
sequence (1 =5). The detailed information regarding these features is presented in Figure 3 and Supplementary Table 2.
The radiomics scores were calculated by multiplying the selected features with the corresponding coefficients for each
modality as follows: T2WI_Rad-score = 14.86872 + (0.03702 x original_glem_Correlation) + (0.10289 x ori-
ginal_glem_MCC) + (8.2082 x original_glszm_ZoneEntropy) + (9.15542 x wavelet-LLL_glem_MCC) + (-3.61471 x
wavelet-LLL_glrlm_GrayLevelNonUniformityNormalized). TICE_Rad-score = -26.133 + (2.919 x origi-
nal_shape_Maximum?DDiameterSlice) + (22.566 x original_gldm_DependenceEntropy). (T2WI + T1CE)_Rad-score =
-7.0772 + (-0.1798 x T2WI _original_glem_MCC) + (0.7251 x T2WI_original_glszm_ZoneEntropy) + (7.5941 x
T2WI_wavelet-LLL_glem_MCC) + (-4.442 x T2WI_wavelet-LLL_glrlm_GrayLevelNonUniformityNormalized) + (2.3265 x
T1CE_original_shape_ Maximum’DDiameterSlice).

Three radiomics predictive models were constructed based on the Rad-score using logistic regression. In the training
group, the AUCs of the T2WI sequence radiomics predictive model, T1CE sequence radiomics predictive model, and
T2WI + T1CE fusion sequence radiomics predictive model were 0.817, 0.798 and 0.839, respectively, and these values
were 0.763, 0.689 and 0.787 in the internal validation group, respectively, and 0.759, 0.841, and 0.836 in the external
validation group, respectively. Detailed information regarding the predictive models is presented in Table 3 and Figure 4.

Univariate and multivariate logistic regression analyses of training group data demonstrated that cTNM [odds ratio
(OR): 42.002; 95% confidence interval (CI): 2.913-605.511] (P = 0.006) and histological grade (OR: 0.113; 95%CI: 0.020-0.658)
(P = 0.015) were independent risk factors for PNI in RC. Further details are presented in Table 4. The AUCs of the clinical
predictive models for the training, internal validation and external validation groups were 0.804, 0.828 and 0.813,
respectively. Further details are presented in Table 3.

The Delong test for the training group data showed no significant differences among the three radiomics predictive
models (P = 0.476). However, the NRI and IDI indices demonstrated that the T2WI + T1CE fusion sequence radiomics
predictive model had significantly higher predictive ability compared to the T2WI and T1CE sequence radiomics
predictive models (NRI index > 0, IDI index > 0, P < 0.05). The T2WI + T1CE fusion sequence radiomics predictive model
was superior to the T2WT and T1CE sequence radiomics predictive models. Further details are presented in Table 5. The
T2WI + T1CE_Rad-score and independent clinical risk factors (cTNM and histological grade) were selected to construct a
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Table 2 Characteristics of patients in the training, internal validation and external validation groups, n (%)

Training group (n = Internal validation group External validation
Characteristics i P value e P value JELP P value
PNI+(n= PNI-(n= PNI+(n=  PNI-(n= PNI+(n=  PNI-(n=
39) 79) 17) 35) 25) 49)
Sex 0.854 0.882 0.640
Male 25 (64.1) 52 (65.8) 12 (70.6) 24 (68.6) 16 (64.0) 34 (69.4)
Female 14 (35.9) 27 (34.2) 5 (29.4) 11 (31.4) 9 (36.0) 15 (30.6)
Age (yr) 68 (56.5-73) 68 (58.5-75) 0.479 66591257 64.17+10.32 0497 6524+11.70 6684985  0.562
CEA 0.150 0.027 0.005
Negative (< 5 23 (59.0) 57 (72.2) 9 (52.9) 30 (85.7) 14 (56.0) 42 (85.7)
ng/mL)
Positive (25 ng/mL) 16 (41.0) 22 (27.8) 8 (47.1) 5 (14.3) 11 (44.0) 7 (14.3)
CA19-9 0.034 0.019 1.000
Negative (< 30 30 (76.9) 72 (91.1) 12 (70.6) 34 (97.1) 23 (92.0) 46 (93.9)
U/mL)
Positive (230 U/mL) 9 (23.1) 7 (8.9) 5 (29.4) 1(29) 2 (8.0) 3(6.1)
DIS 0.050 0.444 0.823
High 24 (61.5) 31 (39.2) 9 (52.9) 15 (42.9) 12 (48.0) 22 (44.9)
Mid 3(7.7) 16 (20.3) 5 (29.4) 9(25.7) 5 (20.0) 13 (26.5)
Low 12 (30.8) 32 (40.5) 3 (17.6) 11 (31.4) 8 (32.0) 14 (28.6)
mT 0211 0.885 0314
mT1-2 3(7.7) 15 (19.0) 6 (35.3) 10 (28.6) 5 (20.0) 9 (18.4)
mT3 24 (61.5) 47 (59.5) 8 (47.1) 18 (51.4) 14 (56.0) 32 (65.3)
mT4 12 (30.8) 17 (21.5) 3 (17.6) 7 (20.0) 6 (24.0) 8 (16.3)
mN 0.003 0.063 0.028
mNO 5 (12.8) 27 (34.2) 3 (17.6) 18 (51.4) 6 (24.0) 19 (38.8)
mN1 13 (33.3) 33 (41.8) 5 (29.4) 7 (20.0) 7 (28.0) 21 (42.9)
mN2 21 (53.8) 19 (24.1) 9 (52.9) 10 (28.6) 12 (48.0) 9 (18.4)
M 0.070 1.000 0.064
cMO 34 (87.2) 77 (97.5) 17 (100.0) 34 (97.1) 22 (88.0) 49 (100.0)
cM1 5 (12.8) 2(2.5) 0(0.0) 1(29) 3 (12.0) 0(0.0)
cTNM 1.000 1.000 1.000
I 1(2.6) 29 (36.7) 0(0.0) 16 (45.7) 0(0.0) 18 (36.7)
11 9 (23.1) 25 (31.6) 5 (29.4) 13 (37.1) 3 (12.0) 12 (24.5)
I 25 (64.1) 23 (29.1) 11 (64.7) 5 (14.3) 19 (76.0) 19 (38.8)
v 4(10.3) 2(2.5) 1(5.9) 1(2.9) 3 (12.0) 0(0.0)
mCRM 0.002 0.374 0.236
Negative 14 (35.9) 52 (65.8) 9 (52.9) 23 (65.7) 15 (60.0) 36 (73.5)
Positive 25 (64.1) 27 (34.2) 8 (47.1) 12 (34.3) 10 (40.0) 13 (26.5)
mEMVI 0.016 0.935 0.009
Negative 15 (38.5) 49 (62.0) 10 (58.8) 21 (60.0) 10 (40.0) 35 (71.4)
Positive 24 (61.5) 30 (38.0) 7 (41.2) 14 (40.0) 15 (60.0) 14 (28.6)
Histological grade 0.000 0.920 0.894
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Well differentiated 4 (10.3) 27 (34.2) 2 (11.8) 11 (31.4) 4 (16.0) 13 (26.5)

Moderately differen- 26 (66.7) 49 (62.0) 12 (70.6) 23 (65.7) 18 (72.0) 34 (69.4)
tiated

Poorly differentiated 9 (23.1) 3(3.8) 3 (17.6) 1(2.9) 3 (12.0) 2(41)

P value represents analysis of PNI-positive and PNI-negative datasets between each group. PNI: Perineural infiltration; CEA: Carcinoembryonic antigen;
CA19-9: Carbohydrate antigen 19-9; mCRM: MRI-based circumferential resection margin; mEMVI: MRI-based extramural vascular invasion; mT: MRI T
stage; mN: MRI N stage; cM: Clinical M stage; cTNM: Clinical TNM stage; DIS: The distance between tumor and anal margin, Low (0-5 cm from the anal
verge), middle (5.1-10 cm from the anal verge), and high (10.1-15 cm from the anal verge).

Table 3 Performance of various predictive models in the training, internal validation and external validation groups

Models Training group Internal validation group External validation group
T2WI

AUC (95%CI) 0.817 (0.733-0.901) 0.763 (0.626-0.900) 0.759 (0.644-0.875)
Sensitivity 0.564 0.294 0.480

Specificity 0.899 0.886 0.857

Positive predictive value 0.733 0.556 0.632

Negative predictive value 0.807 0.721 0.764

T1CE

AUC (95%CI) 0.798 (0.707-0.890) 0.689 (0.521-0.857) 0.841 (0.752-0.930)
Sensitivity 0.487 0.471 0.480

Specificity 0.937 0.857 0.878

Positive predictive value 0.792 0.615 0.667

Negative predictive value 0.787 0.769 0.768

T2WI + T1CE

AUC (95%CI) 0.839 (0.757-0.921) 0.787 (0.650-0.923) 0.836 (0.735-0.937)
Sensitivity 0.641 0.529 0.560

Specificity 0.899 0.914 0.939

Positive predictive value 0.758 0.750 0.824

Negative predictive value 0.835 0.800 0.807

Clinical model

AUC (95%CI)

0.804 (0.727-0.881)

0.828 (0.719-0.937)

0.813 (0.724-0.903)

Sensitivity 0.718 0.706 0.800

Specificity 0.747 0.829 0.694

Positive predictive value 0.583 0.667 0.5