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Abstract

In this editorial we comment on the article titled “Inflammatory bowel diseases
patients suffer from significant low levels and barriers to physical activity: The
BE-FIT-IBD study” published in a recent issue of the World Journal of Gastroen-
terology 2023; 29 (41): 5668-5682. Inflammatory bowel diseases (IBD) are emerging
as a significant global health concern as their incidence continues to rise on a
global scale, with detrimental impacts on quality of life. While many advances
have been made regarding the management of the disease, physical inactivity in
these patients represents an underexplored issue that may hold the key for further
and better understanding the ramifications of IBD. Chronic pain, fatigue, and fear
of exacerbating symptoms promotes physical inactivity among IBD patients,
while the lack of clear guidelines on safe exercise regimens contributes to a norm
of physical inactivity. Physical activity (PA) is accepted to have a positive effect on
disease outcomes and quality of life, while inactivity exacerbates comorbidities
like cardiovascular disease and mental health disorders. The “BE-FIT-IBD” study,
focusing on PA levels and barriers in IBD patients of Southern Italy, revealed that
a significant proportion (42.9%) were physically inactive. This lack of PA is
attributed to barriers such as fear of flare-ups and misconceptions about exercise
exacerbating the disease. The study also highlighted the need for better
communication between healthcare providers and patients regarding the benefits
of PA and safe incorporation into lifestyles. Moreover, physical inactivity may
also contribute to disability in IBD patients, having a great impact on employment
status. Of note is the fact that IBD also comes with an important psychological
burden with relevant evidence suggesting that regular PA can improve mood,
reduce anxiety, and enhance mental health. The “BE-FIT-IBD” study advocated
for the integration of PA into IBD management, emphasizing the bidirectional link
between PA and IBD. Regular exercise can influence the course of IBD, potentially
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reducing symptom severity and prolonging remission periods. As such, it is mandatory that healthcare providers
actively educate patients, dispel misconceptions, and tailor exercise recommendations to improve the quality of life
and reduce IBD-related complications.

Key Words: Inflammatory bowel disease; Physical activity; Disability; Psychological burden; Body composition; Quality of life

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Physical inactivity is emerging as a widely acknowledged matter among inflammatory bowel disease (IBD)
patients. The lack of physical activity (PA) can be attributed to concerns over the potential exacerbation of symptoms and
misguided beliefs around the impact of exercise on IBD, thus increasing the susceptibility to comorbidities such as
cardiovascular disease and mental health issues. This editorial argues in favor of including PA into the management of IBD,
highlighting the reciprocal relationship between PA and the condition as well as the importance of healthcare providers
educating patients, correcting misunderstandings, and customizing exercise regimens.
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INTRODUCTION

Inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), represent a growing
global health issue, with their prevalence steadily increasing worldwide. These chronic conditions mainly affect the
gastrointestinal tract, but their impact extends beyond simply physical symptoms. They also significantly influence the
overall physical, psychosocial, and emotional well-being of individuals. The medical and research communities have
made significant progress in developing pharmacological and surgical interventions to manage these diseases effectively.
However, there is an aspect of IBD patient care that is often overlooked and largely unaddressed: The issue of physical
inactivity[1,2]. Thus, it is mandatory to bring this critical issue to the forefront to have a holistic approach in the
management of patients with IBD.

The issue of physical inactivity among individuals with IBD is multifaceted and is influenced by several factors
including chronic pain, fatigue, and exacerbation of symptoms|[3]. The erratic occurrence of IBD flare-ups and the
episodic nature of the disease instills a fear of exercise and presents a challenge in maintaining a regular regimen of
physical activity (PA), leading to a cycle of sedentary behavior. This fear is compounded by the lack of clear guidelines on
safe exercise regimens for IBD patients, creating an environment where physical inactivity becomes a norm rather than an
exception[3,4]. Despite the various obstacles encountered, there is a growing recognition of the significance of PA in the
management of IBD. This acknowledgment is supported by research indicating the positive impact of PA on disease
outcomes and the overall enhancement of quality of life[5]. The implications of a sedentary lifestyle for IBD patients are
profound. Physical inactivity is known to exacerbate comorbidities such as cardiovascular disease, osteoporosis, and
mental health disorders, which are already increased in IBD patients[6,7].

The “BE-FIT-IBD” study, published in the World Journal of Gastroenterology, delves into the PA levels and barriers faced
by patients with IBD in Southern Italy. This cross-sectional observational study aimed to assess PA levels using the
International Physical Activity Questionnaire (IPAQ) and identify barriers to regular PA among IBD patients[8]. The
findings of this study aligned with the regular pattern observed in relation to PA, indicating that a notable proportion
(42.9%) of individuals with IBD were physically inactive. In comparison, just 4.1% of individuals met the criteria for
engaging in health-enhancing PA. Gravina ef al[9] identified several barriers that contributed to this lack of PA, such as
the fear of flare-ups and a general distrust in exercise post-diagnosis. These findings are in line with the existing literature
that suggests IBD patients often have misconceptions about exercise exacerbating their condition, leading to avoidance of
physical exertion[5].

The study also highlighted that a patient’s social networks often encourage PA, yet many patients feel uninformed
about exercise in the context of IBD. This suggests a gap in communication between healthcare providers and patients
about the benefits of PA and how it can be safely incorporated into their lifestyle considering their disease status[9].

SYNERGY AND STRUGGLE: BODY COMPOSITION, IBD, AND PA

IBD often leads to alterations in body composition, characterized by a reduction in muscle mass and an increase in fat
mass. This phenomenon, known as sarcopenia, is prevalent among IBD patients and is linked to poor outcomes,
including increased disability, lower quality of life, and higher rates of surgery[10]. Sarcopenia in IBD can result from
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various factors, including chronic inflammation, malnutrition, and reduced PA. Additionally, IBD patients often
experience body composition changes due to the catabolic state induced by the chronic inflammation and the side effects
of treatments like corticosteroids[11].

While the direct effects of implementing an exercise regimen in individuals with sarcopenia and IBD remain
inconclusive, it is advisable to promote PA among patients. Based on research related to other medical conditions, it is
probable that the integration of resistance training and aerobic exercise will result in favorable outcomes. The
management of the underlying IBD is anticipated to have a positive impact on muscle health. However, additional
research is necessary to have a more comprehensive understanding of this association[12].

There exists a correlation between obesity and a decreased occurrence of clinical remission as well as elevated levels of
depression, anxiety, fatigue, and pain in individuals with IBD as compared to non-obese people. Furthermore, it was
observed that patients with obesity and IBD experienced a significantly greater annual burden and higher expenses
associated with hospitalization when compared to their non-obese counterparts. In addition to general obesity, visceral
adiposity has demonstrated a more consistent correlation with poor outcomes in individuals with IBD. Patients with CD
who had a high volume of visceral adipose tissue had an increased risk of penetrating or stricturing complications and
required a shorter time interval to undergo surgery[13].

Moderate-intensity aerobic exercise, in addition to resistance training, can help reduce fat mass and improve
cardiovascular health in IBD patients. This type of exercise is beneficial for managing body weight and reducing the risk
of comorbid conditions[14]. Ng ef al[15] demonstrated that low-intensity exercise improved the quality of life in patients
with CD, suggesting that even mild forms of PA can have beneficial effects on body composition and overall well-being
of IBD patients.

The “BE-FIT-IBD” study does not specifically detail the intensity of PA in terms of light, moderate, or intense
categories. However, it does mention the use of the IPAQ to assess PA levels among IBD patients. The IPAQ classifies PA
into different types: Intense activities (like running); moderate activities (such as carrying light weights); and mild
activities (like walking for at least 10 min). Of note, it is indicated that patients with UC had a negative correlation
between their disease activity and the intense activity scores from the IPAQ. This suggests that patients engaging in more
intense activities might have lower disease activity scores, although this relationship was not significant[8].

PHYSICAL INACTIVITY AND DISABILITY: UNDERSTANDING THE COMPLEX INTERACTION

The finding that a large percentage of IBD patients are physically inactive unveils a potential disability aspect in these
individuals. Physical inactivity is often both a consequence and a cause of disability. This phenomenon may be caused by
a variety of factors in patients with IBD, including pain, fatigue, gastrointestinal symptoms, and psychological distress
[3]. These elements can limit a patient’s ability to engage in regular PA, leading to a vicious cycle where inactivity further
exacerbates disease symptoms and quality of life. The “BE-FIT-IBD” study reports a high unemployment rate among IBD
patients especially among patients suffering from CD. It seems that the impact of physical inactivity extends beyond the
medical sphere, increased fatigue, and decreased stamina due to lower physical fitness making it challenging for some
patients to meet the physical demands of many jobs[8].

Other studies have shown that IBD can significantly impact employment status. A higher rate of unemployment is
noted among IBD patients compared to the general population, and those who are employed often report difficulties in
fulfilling their job responsibilities[15]. IBD patients often face unique challenges in the workplace due to the unpredict-
ability of their symptoms. Flare-ups can lead to frequent bathroom breaks, fatigue, and pain, which can lower job
performance and attendance. These challenges can lead to decreased productivity, absenteeism, and even job loss,
contributing to the psychological burden of the disease. The economic implications of IBD-related workplace disability
are significant. The costs associated with low productivity and unemployment can be substantial, adding to the costs of
care of these patients[16-18].

INTERPLAY BETWEEN PSYCHOLOGICAL BURDEN OF IBD AND PA

IBD is often associated with a considerable psychological burden. Patients frequently experience anxiety, depression, and
reduced quality of life due to the chronic and unpredictable nature of the disease. The psychological impact is
exacerbated by symptoms such as pain and fatigue, resulting in a negative cycle that affects both mental and physical
health. Depression in these patients may be further compounded by the social stigma and isolation associated with the
disease[19,20]. Stress and anxiety can also exacerbate IBD symptoms, creating a complex interplay between psychological
state and disease activity[21].

Engaging in PA has been recognized as a beneficial coping mechanism for IBD patients. Regular PA leads to
improvements in mood, reduces anxiety levels, and enhances overall mental health in IBD patients. This can be attributed
to the release of endorphins during exercise, which are natural mood lifters[22].

Group exercises or sports activities not only provide the physical benefits associated with exercise but also offer a
crucial social dimension. This social interaction can hold therapeutic effects for IBD patients, who often struggle with
feelings of isolation due to the chronic nature of their condition. The social support derived from group activities can
significantly enhance the mental health of IBD patients. Participating in group exercises allows individuals to connect
with others who may share similar experiences and challenges, fostering a sense of community and belonging. This can
be incredibly valuable in reducing feelings of loneliness and isolation that often accompany chronic illnesses like IBD.
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Moreover, the shared experiences in group settings can lead to the exchange of coping strategies, tips on disease
management, and general emotional support. Such interactions can improve overall mental well-being as they feel
understood and supported not just by medical professionals but also by peers who truly empathize with their daily
experiences[23,24].

IMPACT OF PA AND IBD: A BIDIRECTIONAL LINK

PA has been recognized for its potential role in influencing the course of IBD. Regular exercise can contribute to a
reduction in the severity of symptoms and may even play a role in prolonging periods of remission, particularly in CD.
Studies have shown that moderate, consistent PA can lead to a decrease in inflammatory markers commonly associated
with IBD, suggesting a potential anti-inflammatory effect of exercise. This reduction may be mediated through several
mechanisms, including the downregulation of proinflammatory cytokines and the enhancement of anti-inflammatory
mediators[3,5,25]. Regular PA is thought to contribute to a reduction in the frequency of IBD flare-ups. This is particularly
significant given the unpredictable nature of these diseases. For CD patients, some studies have indicated that those who
engage in consistent moderate exercise experience longer periods of remission and fewer episodes of acute exacerbation
[26,27].

The “BE-FIT-IBD” study did not find significant difference in PA levels, as measured by the IPAQ total score, in
relation to the PRO-2 measured IBD activity. The data related to the frequency of symptoms in patients with CD and UC
exhibited diversity, with no significant alterations seen. It is noteworthy that individuals with CD who were in a state of
remission and participated in consistent PA acquired better disease activity scores compared to those who engaged in less
PA. However, this observation was not valid in patients with UC. The study also draws attention to how treatments,
particularly biologics, influence PA levels. Patients on biologic therapy showed better IPAQ scores in moderate PA. This
suggests that effective medical management of IBD can potentially reduce disability by enabling patients to increase their
PA levels, thus breaking the cycle of inactivity[8].

CONCLUSION

The “BE-FIT-IBD” study serves as a wake-up call, bringing attention to the complex relationship between PA and IBD,
revealing concerning levels of inactivity among these patients that contributes to numerous health conditions. The study’s
findings underscore the necessity of addressing physical inactivity in IBD management, emphasizing the need for
comprehensive care strategies that integrate PA. Healthcare providers should proactively engage in patient education,
dispelling misconceptions about exercise and IBD, and tailor exercise recommendations to individual patient needs. This
approach can enhance patient well-being, reduce IBD-related complications, and improve overall quality of life. The
importance of PA in managing IBD is becoming more and more clear as research is conducted, and the incorporation of
PA into standard care practice is becoming mandatory.
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Abstract

In this editorial we comment on the article “Hotspots and frontiers of the rela-
tionship between gastric cancer and depression: A bibliometric study”. Gastric
cancer (GC) is a common malignancy in the digestive system with increased
mortality and morbidity rates globally. Standard treatments, such as gastrectomy,
negatively impact patients' quality of life and beyond the physical strain, GC
patients face psychological challenges, including anxiety and depression. The
prevalence of depression can be as high as 57%, among gastrointestinal cancer
patients. Due to the advancements in treatment effectiveness and increased 5-year
overall survival rates, attention has shifted to managing psychological effects.
However, the significance of managing the depression doesn’t lie solely in the
need for a better psychological status. Depression leads to chronic stress acti-
vating the sympathetic nervous system and the hypothalamus-pituitary-adrenal
axis, leading release of catecholamines inducing tumor proliferation, migration,
and metastasis, contributing to GC progression. The dysregulation of neurotrans-
mitters and the involvement of various signaling pathways underscore the
complex interplay between depression and GC. Comprehensive strategies are
required to address the psychological aspects of GC, including region-specific
interventions and increased monitoring for depression. Understanding the
intricate relationship between depression and GC progression is essential for
developing effective therapeutic strategies and improving overall outcomes for
patients facing this complex disease. In this Editorial we delve into double role of
depression in the pathogenesis of GC and as a complication of it.

Key Words: Gastric cancer; Depression; Anxiety; Chronic stress; Pathogenesis of gastric
cancer
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Core Tip: Gastric cancer (GC), a prevalent malignancy in the digestive system, poses a dual challenge with both physical and
psychological implications. While standard treatments like gastrectomy impact patients' quality of life, the psychological
burden, including anxiety and depression, cannot be overlooked. Depression, reaching prevalence rates of 57%, significantly
influences cancer outcomes, affecting mental well-being, treatment adherence, and overall quality of life. Chronic stress and
neurotransmitter dysregulation play a pivotal role in GC development, activating pathways that induce tumor progression.
Understanding the intricate connection between depression and GC not only highlights the need for comprehensive psycho-
logical support but also unveils potential therapeutic targets. Addressing both the physical and psychological aspects of GC
is essential for enhancing the overall well-being and outcomes of patients grappling with this complex disease.

Citation: Christodoulidis G, Konstantinos-Eleftherios K, Marina-Nektaria K. Double role of depression in gastric cancer: As a
causative factor and as consequence. World J Gastroenterol 2024; 30(10): 1266-1269

URL: https://www.wjgnet.com/1007-9327/full/v30/i10/1266.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i10.1266

INTRODUCTION

Gastric cancer (GC) stands as the most prevalent malignant tumor in the digestive system, holding the record for the
third-highest mortality and fifth-highest morbidity rates among all cancers. Global statistics underscore the gravity of the
situation, revealing an estimated 1 million new cases and 760000 deaths in 2020 alone[1-4]. The standard treatment for
GC, gastrectomy, while common, has detrimental effects on patients' quality of life (QoL) and mental well-being. Total
gastrectomy, an aspect of this treatment, triggers substantial weight loss, thereby impacting the nutritional status of
individuals with the disease. GC alone, can cause disturbing and disabling nausea, vomiting, diarrhea having a
significant impact on the patients” nutritional status[2,3,5]. Beyond the physical strain, patients diagnosed with GC
confront some psychological challenges, including anxiety, depression, pain, and fatigue[1,3,5,6]. The prevalence of
anxiety and depression can reach as high as 47.2% and 57% of patients with gastrointestinal cancer[6]. The last years,
having an increased effectiveness of the treatment options and an increased 5-year overall survival, the attention shifts to
managing the psychological effects accompanying the disease and the treatment. These challenges emphasize the urgent
need for interventions aimed to enhance the overall QoL of these patients. Depression emerges as a pervasive issue
among cancer patients, particularly affecting their mental well-being. Contributing factors include the dysregulation of
miRNA expression, abnormalities in receptors, and structural changes in the brain[1,7]. Such emotional distress not only
shapes the attitude of cancer patients but also influences treatment adherence, underscoring its critical role in
determining overall QoL[1,6]. Psychological distress becomes a notable risk factor for treatment non-compliance,
increasing the mortality rates. The repercussions of depression extend further, exerting a negative influence on the
prognosis of GC and resulting in poor survival outcomes. Depression in the context of cancer, including GC, is linked to
chronic psychological stress. Stress-associated neurotransmitters, particularly catecholamines, emerge as potential
influencers of cancer progression[5,8]. Chronic stress, often manifesting as anxiety and depression, can trigger tumor
development through pathways involving p2-adrenergic receptors and epithelial-mesenchymal transition (EMT). Despite
the acknowledgment of chronic stress and p2-adrenergic receptors in tumor progression, the precise mechanisms of how
EMT is regulated by B2-AR remain elusive[4,8]. Consequently, there is a need for a deeper understanding of these
mechanisms to guide more effective therapeutic strategies. Recognizing the gravity of depression's impact on cancer
outcomes, proper treatment is deemed essential for cancer patients. This treatment aims not only to mitigate adverse
effects but also to improve symptoms, ensuring the long-term efficacy of interventions for individuals grappling with the
complexities of GC.

ROLE OF DEPRESSION IN GASTRIC CANCER DEVELOPMENT

Under the influence of chronic stress, the sympathetic nervous system is activated as well as the hypothalamus-pituitary-
adrenal axis, thereby triggering the release of neurotransmitters such as norepinephrine and epinephrine (P < 0.005)[5].
The increased expression of catecholamines within the tumor microenvironment has been revealed to induce the prolif-
eration, migration, and metastasis of many tumors, such as breast, lung, and colon cancer. Catecholamines play a
significant role in promoting EMT by utilizing signaling pathways like c-Jun[4,5,8]. Anxiety and depression can accelerate
the onset and advancement of GC through multifaceted mechanisms (e.., influencing reactive oxygen species-activated
ABL1) and modulating the hypothalamic-pituitary-adrenal axis (e.g., FK506 binding protein 5 gene polymorphisms),
thereby inducing disease deterioration and increasing the possibility of recurrence in GC patients[9,10].

Functioning as neurotransmitters, catecholamines can influence tumor characteristics, including phenotypic
transformation, apoptosis, and drug resistance. The acquisition of a neuroendocrine phenotype in cancer cells strongly
correlates with neoplasm metastasis, drug resistance, advanced cancer stage, and the increased expression of neuroen-
docrine markers-synaptophysin (SYP), CD44, and chromogranin A[5]. The binding of catecholamines to the beta-2
adrenergic receptor (B2-AR) upregulates MACC1 expression, leading to neuroendocrine phenotypic transformation, GC
invasion, and metastasis. In this process, a-AR does not exhibit any discernible role. MACC1, an oncogene regulated by c-
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Jun, controls c-Met transcriptional levels, enhancing EMT. The activation of the hepatocyte growth factor receptor (c-Met)
orchestrates neuroendocrine features in advanced prostate cancer, assuming a parallel role in GC development. Reversal
of these effects in mouse models and in vitro is achieved through treatment with B2-AR antagonists or MACC1 silencing
[5]. MACC1 also forms a complex with SYP, a marker of neuroendocrine phenotypic characteristics, utilizing the
MACC1/SYP signaling pathway in the neuroendocrine phenotypic transformation triggered by catecholamine. Targeting
B2-AR mitigates depression-induced neuroendocrine phenotypic transformation and lung metastasis of GC, providing
potential therapeutic targets for enhancing outcomes in GC patients with concurrent depression. p2-AR stimulation may
additionally induce EMT, migration, and invasion by ERK (Extracellular-signal-regulated kinase) phosphorylation[8]. Lu
et al[8] observed that salbutamol, a B2-AR agonist, heightened the expression of the mesenchymal marker N-cadherin and
reduced the epithelial marker E-cadherin in transplanted tumor tissue, thereby inducing further EMT[8]. They also
supported the idea that the p2-AR agonist isoproterenol promotes EMT of GC cells through the STAT3-CD44 pathway,
shedding light on the association of depression with GC[11]. The p2-AR-HIF-1a-Snail signaling pathway influences the
EMT of GC cells, promoting the invasion and migration of GC[12]. Last but not least, Liu et al[4] observed that the
activation of B2-AR increases the expression of PlexinA1l, activates JAK-STAT3 signaling, and further promotes EMT in
human GC cells. Consequently, chronic stress is intricately linked with the pathogenesis of GC[4].

T helper (Th) cells modulate the stress response, oxidative stress, and neuroinflammation, potentially participating in
the pathogenesis of anxiety, depression, and cognitive impairment. Th1 (P = 0.017) and Th17 (P = 0.049) levels were found
to be elevated in patients with depression compared to those without depression[13].

When depression is quantified by the Patient Health Questionnaire-9 score, a positive correlation is observed with
serum levels of epinephrine, noradrenaline, MACC1, as well as tumor-node-metastasis (TNM) stage, supporting the
association of depression with GC pathogenesis[5].

DEPRESSION AS A RESULT OF GASTRIC CANCER

GC patients face many psychological challenges, including anxiety, depression, pain, and fatigue, underscoring the need
to prioritize their QoL. The prevalence of depression among these patients is often underestimated, despite its effects on
prognosis and QoL[2]. Notably, depression has been linked to increased suicidal thoughts, anxiety, distress, and fatigue
in cancer patients, with studies emphasizing in the need of increased monitoring for this condition[14]. The impact of
depression is particularly significant among GC patients, while they are already at risk for malnutrition, lower body mass
index, reduced physical activity, and social isolation, exacerbating their susceptibility to depression[2].

The comorbidities accompanying GC and its treatment introduces additional challenges, as gastrectomy, a commonly
employed strategy for curative resection, profoundly affects patients' QoL and mental well-being. Total gastrectomy, in
particular, results in substantial postoperative malnutrition, with patients experiencing significant weight loss within the
first year of surgery|[2].

Several studies highlight the prevalence of depression among GC patients, ranging from 4.0% to 68% with a mean of
37% (95%ClI). The variability in prevalence underscores the need for comprehensive and region-specific approaches to
address this psychological aspect of the disease. A study by Kouhestani ef al[2] in 2022, drawing data from the National
Health Service Sample Cohort, revealed a higher risk of new-onset depression in GC patients, particularly in females
aged 60-69 living in metropolitan regions with high income[2].

Kwon et al[6] investigate the correlation between depression and stomach cancer further, emphasizing the stressful
aspect of cancer diagnosis and therapy, which causes anxiety and depression in a considerable proportion of patients[6].

Patients with recurrent stomach cancer had greater levels of anxiety and sadness than newly diagnosed patients and
healthy controls. Age above 60 years, diabetes, TNM stage at diagnosis, shorter duration to recurrence, and distant
metastases at recurrence were all risk factors for anxiety. Age above 60 years, diabetes, tumor site upon diagnosis, and
shorter time to recurrence were all risk factors for depression[6].

Liu investigates factors associated with anxiety and depression in GC patients, revealing that coping style, type D
personality, and neutrophil-to-lymphocyte ratio contribute to preoperative anxiety and depression. Additionally, genetic
factors, including polymorphisms in genes related to apoptosis, may play a role in susceptibility to GC and associated
psychological distress[3,15].

However, Lou et al[15] observed that polymorphisms of BNIP3 and DAPK1 were associated with a protective effect
against GC. These two genes are shown to also have a protective effect against depression[15].

CONCLUSION

Considering the global significance of GC as the fifth most frequently diagnosed cancer, efforts to understand and
address the psychological impact of the disease, particularly depression and anxiety, are essential. Efforts should involve
a multidisciplinary approach, considering both the physical and mental well-being of patients to improve overall
outcomes and QoL.
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Abstract

In 2000, the small bowel capsule revolutionized the management of patients with
small bowel disorders. Currently, the technological development achieved by the
new models of double-headed endoscopic capsules, as miniaturized devices to
evaluate the small bowel and colon [pan-intestinal capsule endoscopy (PCE)],
makes this non-invasive procedure a disruptive concept for the management of
patients with digestive disorders. This technology is expected to identify which
patients will require conventional invasive endoscopic procedures (colonoscopy
or balloon-assisted enteroscopy), based on the lesions detected by the capsule, i.e.,
those with an indication for biopsies or endoscopic treatment. The use of PCE in
patients with inflammatory bowel diseases, namely Crohn’s disease, as well as in
patients with iron deficiency anaemia and/or overt gastrointestinal (GI) bleeding,
after a non-diagnostic upper endoscopy (esophagogastroduodenoscopy), enables
an effective, safe and comfortable way to identify patients with relevant lesions,
who should undergo subsequent invasive endoscopic procedures. The recent
development of magnetically controlled capsule endoscopy to evaluate the upper
GI tract, is a further step towards the possibility of an entirely non-invasive
assessment of all the segments of the digestive tract, from mouth-to-anus, meeting
the expectations of the early developers of capsule endoscopy.

Key Words: Non-invasive endoscopy; Panendoscopy; Magnetically controlled capsule
endoscopy; Crohn’s disease; Digestive bleeding
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Core Tip: Double-headed capsules are being increasingly used for pan-intestinal endoscopy, assessing the small bowel and
the colon in a single non-invasive procedure, mainly to monitor Crohn’s disease and to investigate cases of suspected mid to
lower gastrointestinal bleeding. Recent developments on artificial intelligence and magnetically controlled capsules have
further expanded the scope of non-invasive endoscopy.
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INTRODUCTION

Capsule endoscopy emerged at the start of the 21 Century as a disruptive technology, which was destined to change the
world of gastrointestinal (GI) endoscopy. It consists of a swallowable pill, featuring a miniaturized imaging device inside
a biocompatible resistant external casing. It is composed of an optical dome with a lens and a light source, a comple-
mentary metal oxide semiconductor image sensor, two mercury-free silver-oxide batteries and a wireless radio-frequency
transmitter and antenna, which allow the transmission of endoscopic images to a receiver (data recorder). The designers
of this innovative device foresaw the possibility of acquiring images of the whole digestive tract non-invasively. They
named it as M2A, standing for the mouth-to-anus capsule (Given Diagnostic Imaging, Yokneam, Israel)[1]. The major
achievement with these capsules at that time was the possibility to explore the small bowel, which had been until then a
largely inaccessible and unexplored segment. It was known as the last frontier of digestive endoscopy. The capsule was
soon rebranded as PillCam™ SB. This new endoscopic technique was eagerly accepted and rapidly incorporated in
clinical practice, as a safe and effective diagnostic procedure for the investigation of small bowel diseases, mainly in cases
of suspected obscure GI bleeding and suspected small bowel Crohn’s disease (CD). It was also useful in suspected non-
steroidal anti-inflammatory drug (NSAID) enteropathy, polyposis syndromes such as Peutz-Jeghers syndrome, some
cases of refractory celiac disease and suspected small bowel neoplasia[2]. Capsules with a single optical dome remain to
date the most widely used in clinical practice, with enhanced features such as a higher frame rate acquisition (up to 6
images per second), a wider angle of view, a longer battery lifespan and improved image resolution.

In 2006, the first double-headed capsule was released, called the PillCam™ COLON. In 2009, the PillCam ™ COLON 2
(Given Imaging, Medtronic) was released. At 11.6 mm x 32.3 mm, it was slightly larger than the original SB capsule (11
mm X 26mm), with an increased frame rate for image acquisition (up to 35 images per second), an extended battery time
and a wider angle of view (172° in each side), to allow for the coverage of the whole colonic surface. These capsules have
been mainly used in the case of a contraindication to conventional colonoscopy, cases of incomplete colonoscopy due to
fixed angulation or redundant colon with persistent loop formation, or in average risk populations as an alternative for
colorectal cancer screening[3,4]. Two other models of double-headed capsules were released in 2017 (PillCam™ Crohn’s,
Medtronic) and in 2023 (OMOM CC™, Jinshan). Compared to the PillCam™ COLON, the PillCam™ Crohn’s and the
OMOM CC™ do not have a sleep mode, continuously acquiring images from the start of the examination. This enables
the non-invasive examination of the small bowel and colon [pan-intestinal capsule endoscopy (PCE)], in a single
procedure, which is safe and well tolerated by patients[5-7]. The OMOM CC™ integrates a new feature for artificial
intelligence (Al) assisted diagnosis. If this is properly validated, it might overcome a current limitation of PCE, which is
its time-consuming reading, reaching on average up to 120 min[8]. This will allow a faster examination, without
compromising diagnostic accuracy. Table 1 summarizes the technical details of the currently available double-headed
capsules, which may be used to perform PCE.

PCE PROCEDURE - BOWEL PREPARATION

For PCE, unlike for small bowel capsule endoscopy, which can be carried out without prior intestinal preparation, a
demanding preparation protocol is mandatory. Optimized bowel preparation is essential to ensure an effective colon
capsule (CC) endoscopy or PCE. It is not possible to irrigate or aspirate debris, insufflate or change the patient’s position
to improve the quality of visualization during the examination, at the risk of rendering the procedure inconclusive. This
potentially poses a significant additional burden both to the patient and the healthcare system. A recently published
systematic review and meta-analysis[9] described that key quality outcomes such as adequate cleansing rate (ACR) and
complete examination rate (CR) remain sub-optimal for CC or PCE, with an ACR of 72.5% (95%CI 67.8%-77.5%) and a CR
of 83.0% (95%CI 78.7%-87.7%). The Leighton-Rex grading scale[10], and more recently the CC CLEansing Assessment
and Report (CC-CLEAR)[11,12], were created to allow a systematic description of the quality of bowel preparation in the
colon at capsule endoscopy. The CC-CLEAR basically replicates the methodology of the Boston Bowel Preparation Scale
[13], with which many gastroenterologists are familiar, as it is already common practice to use it routinely in conventional
colonoscopy. The CC-CLEAR scale divides the colon in 3 segments: Right-sided, transverse, and left-sided, and each
segment is scored according to an estimation of the proportion of clear mucosa: 0, < 50%; 1, 50%-75%; 2, > 75%; 3, > 90%.
The overall cleansing classification is the sum of each segmental score, grading between 8-9, excellent; 6-7, good; and 0-5
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Table 1 Technical details of double-headed capsules currently available to perform pan-intestinal capsule endoscopy

PillCam™ COLON2 (Medtronic, Given PillCam™ Crohn’s (Medtronic, Given OMOM™ CC
Imaging Inc.) Imaging Inc.) (Jinshan)
Dimensions (mm) 11.6 x 32.3 11.6 x 32.3 11.6 x 31.5
Optical domes 2 2 2
Resolution (pixels) 256 x 256 256 x 256 360 x 360
Lens angle (degrees per 172 168 172
side)
Frame rate (frames per 4-35 4-35 4-35
second)
Sleep mode Yes No No
Battery life (h) >10 >10 210

inadequate; with any segment scoring < 1 rendering the overall classification as inadequate. Although currently available
data support the use of a low-fibre diet and adjunctive sennosides prior to the purgative ingestion, split dose
polyethylene glycol and routine prokinetics before capsule ingestion, with sodium phosphate as the most consistent
option as a booster, there is an unmet need for improvement in order to achieve more effective bowel preparation
protocols. Table 2 summarizes a proposed bowel preparation protocol for CC and PCE, based on currently available
evidence in the literature.

PCE IN CLINICAL PRACTICE

Double-headed capsules have been used in clinical practice as a pan-enteric tool, mainly in the setting of inflammatory
bowel diseases (IBDs) and digestive bleeding [suspected small bowel or colon bleeding, i.e. mid or lower GI bleeding
(MLGIB)]. Table 3 summarizes the current indications and contraindications for PCE.

CcD

The use of PCE in patients with CD has been mainly devoted to patients with an established diagnosis of CD who have
already been submitted to ileocolonoscopy and cross-sectional imaging such as computed tomography enterography
(CTE) or magnetic resonance enterography (MRE), to evaluate the small bowel and exclude stricturing and/or
penetrating phenotypes of the disease[14,15]. In this group of patients, the use of PCE seems especially appealing for
monitoring disease progression and evaluating mucosal healing in response to therapy in those cases with extensive
disease, i.e., those that involve both the small bowel and the colon. It is estimated that approximately 40% of patients with
CD have lesions limited to the small bowel, in another 20% the disease is located only in the colon, and in near 35% it
involves both the small bowel and the colon[16]. It is also known that in these patients with small bowel and colonic
involvement, the burden of the disease is often driven by the type of small bowel lesions, which are usually more severe,
extensive and more difficult to heal. Up to 30% of patients will present with stricturing disease at diagnosis or progress to
stricturing or penetrating disease over the years[17]. The subset of patients with inflammatory-type small bowel and
colonic disease corresponds to approximately one-fourth of all patients with CD. Those are the patients who are good
candidates for PCE as the preferred modality for disease assessment over time. The current standard recommends
invasive conventional colonoscopy in addition to cross-sectional imaging of the small bowel, such as CTE or MRE. PCE
offers the possibility of a one-step examination of both the small bowel and the colon, which is safe and comfortable for
the patient, without the need for sedation, radiation exposure or multiple visits to the clinic. This strategy was
demonstrated to be at least as effective for assessing the small bowel and the colon, when compared with colonoscopy
plus dedicated small bowel cross-sectional imaging. Preliminary data indicate that under certain circumstances PCE may
represent a cost-effective approach, leading to increased quality of life and life expectancy, and making it a cost-effective
option[18]. Another study evaluated the cost of PCE vs colonoscopy, with or without MRE, in IBD patients. Although
initial costs were increased due to the use of PCE and earlier introduction of biologics, an economical benefit was
observed in the longer term, due to a significant reduction in the need for surgical interventions[19].

A recent systematic review and meta-analysis by Tamilarasan et al[20] evaluated the performance of PCE for the
detection of CD lesions in the small bowel and the colon. It found a comparable diagnostic yield of PCE compared to
MRE plus colonoscopy [pooled OR 1.25 (95%Cl: 0.85%-1.86%). Capsule endoscopy is the only non-invasive modality for
the small bowel to adequately assess the main treatment outcome, which is mucosal healing, according to the current
treat to target concept for the treatment of IBDs[21]. A meta-analysis by Dionisio et al[22] found that capsule endoscopy
has a significantly higher diagnostic yield in patients with suspected and established small bowel CD. This new approach
may have significant clinical implications, as demonstrated in the multicentric study by Tai et al[23], where PCE
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Table 2 Standard bowel preparation for pan-intestinal capsule endoscopy

Bowel preparation protocol

Day 2 Low-fibre diet
Day 1 Clear-liquids diet
7:00 - 9:00 PM 2 L of PEG
Examination day 06:30 - 7:30 AM 1 L of PEG
08:15 AM 10 mg metoclopramide p.o.
08:30 AM 100-200 mg simethicone in water for capsule ingestion
09:30 AM check real time viewer. Additional 10 mg metoclopramide p.o. if capsule still in stomach
First alert (capsule detected in SB) NaP 30 mL + 1 L water
Second alert (3h after 15 booster) NaP 15 mL + 0.5 L water

Third alert (2h after 2" booster) 10 mg bisacodyl rectal suppository

PEG: Polyethylene glycol; p.o.: Per os; NaP: Sodium phosphate; SB: Small bowel.

Table 3 Indications and contraindications for pan-intestinal capsule endoscopy

Indications Contraindications

CD (1) Known or suspected intestinal strictures and/ or fistulae (if patency not proven based on cross sectional
imaging and/or patency capsule assessment[14]); (2) Magnetic resonance imaging examination scheduled for
Inflammatory-type (non-stricturing, non-  same-day or following days (requires prior confirmation of capsule excretion); and (3) Special conditions and

penetrating), extensive (affecting small relative contraindications: pregnancy; children under 8 yr of age; swallowing disorders; gastric surgery;

bowel and colon) implanted cardiac electric devices: Pacemakers, defibrillators, ventricular assist devices, telemetry; allergy or
contraindications to any of the drugs or products used in the protocol; patients unable to walk for short

Scheduled monitoring to evaluate periods and/ or with neurological and/ or psychiatric condition potentially favouring protocol deviations

mucosal healing in response to treatment
(to justify and guide treatment change)

Evaluate disease distribution and
severity: stratify patients to low vs high
risk (prognosis); asymptomatic CD
patients with abnormal analysis; exclude
active CD or investigation of symptoms
unrelated to disease activity

Establish diagnosis in patients with IBD-
U, suspected CD or atypical ulcerative
colitis

Gastrointestinal bleeding

Suspected mid-lower intestinal bleeding
(overt or occult)

CD: Crohn'’s disease; IBD-U: Inflammatory bowel disease - type unclassified.

determined a change in disease management in 46,5% of patients with established CD. Another international multicentre
prospective study recently evaluated PCE vs ileocolonoscopy plus MRE in 158 patients with non-stricturing CD. It found
a high performance of PCE for assessing CD mucosal activity and extent as compared to MRE and/ or ileocolonoscopy,
without the need for multiple tests[24]. MRE, ileocolonoscopy, and PCE reading were performed by blinded central
readers using validated scoring systems. The gold-standard was defined by a consensus panel composed of independent
experts. Overall sensitivity for active inflammation (PCE vs MRE and/ or ileocolonoscopy) was 94% vs 100% (P = 0.125),
and specificity was 74% vs 22% (P = 0,001). PCE sensitivity was superior to MRE in the proximal small bowel (97% vs
71%, P = 0.021), and similar to MRE and/ or ileocolonoscopy in the terminal ileum and colon (P = 0.5-0.625). A study by
Yamada et al[25], using double balloon enteroscopy as the gold-standard, reported PCE sensitivities for scars, erosions,
and ulcers of 83.3%, 93.8%, and 88.5%, respectively, the specificities being 76%, 78,3%, and 81,6%, respectively.

In up to 10%-15% of cases, IBD remains unclassified after conventional colonoscopy[26]. In such cases, PCE may also
have an important role in clarifying the diagnosis, by evaluating the small bowel while simultaneously reassessing the
colon. In a study which used the PillCam™ COLON or PillCam™ COLON 2 in patients with ulcerative colitis, 7.1% of
patients changed the diagnosis from ulcerative colitis to CD due to inflammatory activity observed in the small bowel[27].
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The use of validated scoring systems to objectively evaluate small bowel and colonic lesion, such as the Capsule
Endoscopy CD Activity Index (CECDAIic) or the novel PillCam Crohn’s™ capsule score (Eliakim score), allows for the
standardization of reporting, increasing reproducibility and inter-observer agreement of PCE[28-32].

Regarding safety, in a recent meta-analysis the reported capsule retention rate was 2% for all indications, and it was
higher in the setting of CD (relative risk = 4%)[33]. A retention rate of 4.63% (95%CI: 3.42-6.25) in patients with
established CD, vs 2.35% (95%ClI: 1.31-4.19) in patients with suspected CD[34]. The risk of capsule retention can be
reduced with the use of small bowel imaging modalities such as CTE or MRE, and/or patency capsule, when indicated.
When capsule endoscopy is considered in patients with history of obstructive symptoms, known stricture or surgical
anastomosis[35-37], a patency capsule is advisable even in cases of unremarkable cross-sectional imaging[14,35]. PCE has
been proven safe in most series, and the occurrence of capsule retention has been rarely described and usually resolved
conservatively[38,39].

Gl BLEEDING

Recently, the use of PCE has been evaluated for suspected small bowel or colon bleeding[6,40], in patients with iron
deficiency anaemia, with or without overt bleeding, and with a non-diagnostic esophagogastroduodenoscopy (EGD).
Following current standards of practice, patients are initially submitted to conventional colonoscopy, and then proceed to
small bowel capsule endoscopy, when the colonoscopy is also non-diagnostic. However, the diagnostic and therapeutic
yields of colonoscopy in this setting are quite low[41]. PCE appears as a possible game changer in the clinical mana-
gement of these patients, giving the opportunity for a non-invasive and adequately timed pan-intestinal evaluation. This
may guide subsequent management, depending on the type and location of the potentially haemorrhagic lesions (PHLs)
when present, which may contribute to avoiding further unnecessary examinations[40]. The earlier evaluation of the
small bowel which is achieved with this PCE-first approach is expected to increase the diagnostic yield in patients with
suspected small bowel bleeding, particularly for patients presenting with overt bleeding[42]. Capsule endoscopy has been
shown to be able to detect proximal lesions missed by EGD in a non-negligible proportion of patients[43,44].

A fundamental premise in Medicine is to be able to offer all patients, when clinically indicated, the access to diagnostic
and therapeutic procedures that are effective, safe and proportionate, with as minimum degree of invasiveness and
discomfort possible. This supported by the Hippocratic principle of "primum non nocere". Capsule endoscopy falls
perfectly within these principles, as a promising and valuable diagnostic tool that is expected to play an increasingly
central role in the upcoming paradigm shift in the field of digestive endoscopy. Indeed, clinicians are expected to make
rational use of all the diagnostic modalities available to make a correct diagnosis, which is an essential element before
planning an adequate therapeutic and follow-up strategy. There is also a principle of minimum invasiveness, i.e., patients
should receive the safer and less invasive diagnostic or therapeutic approach, among the available equally effective
alternatives. Invasive interventions should be restricted to those cases where they are required, based on the results of
preliminary non-invasive studies, with better safety and tolerability profile, as is the case of imaging tests or endoscopic
capsules. Such strategies should also be cost-effective before being adopted in clinical practice.

Timely access to capsule endoscopy in patients with iron deficiency anaemia or melena, no suspected lower intestinal
bleeding and negative EGD, results in shortened hospital stays, increased diagnostic yield, and a significant two-third
reduction of the number of colonoscopies, when compared to those patients who receive the small bowel capsule
endoscopy only after negative upper and lower GI endoscopy have been performed[45]. Mussetto et al[46] also assessed
the use of PCE in patients presenting with melena and non-diagnostic EGD. PCE was safe and allowed for the identi-
fication of the bleeding site in 83% of 128 patients included, leading to small bowel therapeutic interventions in 50% of the
cases, therefore avoiding unnecessary invasive colonoscopy. In another retrospective investigation which analyzed 100
consecutive patients[6], PHL were observed in 61% of the cases. The capsule was able to detect small bowel lesions in 68%
and colonic lesions in 81% of patients, no further invasive procedures being required in approximately 65% of the
patients with negative gastroscopy.

A recent prospective study[47] included 100 consecutive patients with suspected small bowel or colonic bleeding also
presenting with iron-deficiency anaemia and/or overt bleeding after non-diagnostic EGD. Colonoscopy detected PHL in
23% of the cohort, which means 50% (23/46) of all patients with PHL, while for PCE the overall diagnostic yield was 44 %,
meaning 95.7% (44/46) of all patients with PHL, P < 0.001. Colonoscopy had a sensitivity of 23/46 = 50%, a specificity of
54/54 =100%, positive predictive value (PPV) 23/23 = 100% and negative predictive value (NPV) 54/77 = 70.1%, while
for PCE the sensitivity was 44/46 = 95.7%, specificity 54/54=100%, PPV 44/44 = 100% and NPV 54/56 = 96.4% for PHL.
The authors concluded that PCE was safe and more effective than colonoscopy in identifying PHL, both in the small-
bowel and colon. Moreover, PCE was negative in more than half of patients with suspected MLGIB, avoiding further
invasive endoscopic investigations. These results support the potential use of PCE as a first-line examination in patients
with suspected small bowel and/ or colonic bleeding.

MAGNETICALLY CONTROLLED CAPSULE ENDOSCOPY

Although conventional EGD remains the gold standard for the endoscopic evaluation of the upper GI tract, it may be
limited due to poor tolerability and acceptability, or in patients at increased risk of complications[48]. Recently, the
possibility of external magnetic control of the capsule [magnetically controlled capsule endoscopy (MCCE)] for non-
invasive assessment of the esophagus and stomach has been available[49-54]. This novel MCCE is a comfortable, highly
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acceptable alternative for patients refusing, or unfit for conventional EGD (including sedated EGD), or at a higher risk of
adverse events[53]. It has the advantages of non-invasiveness, with an excellent safety profile and patient acceptance.
Clinical indications for MCCE may include esophageal diseases such as esophageal varices and Barrett's esophagus[55],
screening for gastric cancer[54], detection and surveillance for gastric or duodenal lesions such as ulcers, polyps, varices,
erosive and atrophic gastritis, drug-related GI mucosal injury such as NSAIDs, remote gastric examination[56], stable
patients with acute upper GI bleeding[57], or surveillance after partial gastrectomy or minimally invasive endoscopic
treatment.

The translation of the MCCE concept and technology into a double-headed pan-intestinal capsule may soon make it
possible to assess the entire mucosa of the digestive tract, meeting the expectations of the founders of capsule endoscopy,
who coined and aimed for the concept of a mouth-to-anus (M2A) endoscopic capsule.

MCCE examination is generally safe, with a low rate of adverse events. The risks of capsule retention and aspiration
should be addressed for active prevention and appropriate management[14,58]. Contraindications for MCCE include
known or suspected significant GI stricture[14], pregnancy, implanted electronic devices (e.g., pacemakers, cochlear
device, drug infusion pumps, nerve stimulator except for MRI-compatible devices) or magnetic metal foreign bodies.

A systematic review and meta-analysis, published in 2021, compared MCCE and conventional gastroscopy in the
identification of gastric lesions[59]. Seven studies were included, with a total of 916 patients and 745 gastric lesions. The
mean capsule endoscopy examination time was 21.92 + 8.87 min. The pooled overall sensitivity of MCCE was 87%
(95%ClI: 84%-89%). The sensitivity for identifying gastric ulcers was 82% (95%Cl: 71%-89%), gastric polyps 82% (95%ClI:
76%-87%), and gastric erosions 95% (95%CI: 86%-98%). MCCE was well tolerated, with minimal adverse events. The
authors reported that MCCE was a relatively time-consuming process compared to conventional gastroscopy (21.92 + 8.87
min vs 5.35 + 3.01 min, respectively). However, when sedation is required during conventional gastroscopy, patients need
to stay in a recovery unit after the procedure and may be incapable of following their regular activity for the rest of the
day. Conversely, after MCCE they are alert and able to continue their regular activities.

MCCE still has many disadvantages that currently limit its use in clinical practice. The examination of the esophagus is
an important part of routine upper GI investigation, therefore the rapid passage of the capsule through the esophagus is a
limitation of MCCE. If proven effective and safe, the use of detachable strings[60] or enhanced magnetic fields to
decelerate the passage through the esophagus may improve the investigation of the esophagus through MCCE. The cost
of MCCE is significantly higher compared with conventional gastroscopy, and cost-effectiveness analysis in real life
clinical settings is lacking[49]. The inability to perform biopsies and therapeutic procedures such as haemostasis or
polypectomy, among others, may also be perceived as an important limitation for MCCE, as for any other type of capsule
endoscopy. The capsule may, as in other segments of the GI tract, be regarded as a filter diagnostic examination, followed
by more invasive examinations only when justified by the capsule endoscopic findings. A propensity score matching
analysis[61] for large-scale screening of asymptomatic individuals reported that most patients do not require conven-
tional gastroscopy after MCCE, while patients with GI symptoms or focal lesions detected by MCCE were more likely to
require further examination with conventional gastroscopy, for biopsy or endoscopic treatment (3.8% vs 10%). Lai ef al[62]
reported that only 18.2% of patients needed a biopsy after MCCE. MCCE may therefore be regarded as a screening tool,
allowing the identification of patients who require further evaluation with conventional gastroscopy. Regarding the role
of biopsies obtained during EGD to check for Helicobacter pylori (H. pylori) status, some preliminary evidence has shown
that the Kyoto classification of gastritis can be adapted to MCCE, to accurately predict H. pylori infection status on
conventional gastroscopy[63]. In this setting, major specific findings were mucosal swelling and spotty redness for
current infection, regular arrangement of collecting venules, streak redness, fundic gland polyp for non-infection, and
map-like redness for past infection.

AlIN CE

There has been a huge expansion of Al models in medicine, and particularly in digestive endoscopy[64-67]. The time-
consuming reading of capsule endoscopy procedures, as well as the large number of image frames which are generated,
have driven the development of convolutional neural networks (CNN) for digital imaging analysis. Al is expected to
tackle some of the current limitations of PCE, by reducing reading times and improving the ability to detect all the
relevant lesions[68]. To date, this has been mainly tested for the small bowel[69,70], while it remains scarcely explored in
the case of double-headed capsules. A few studies of CNN development for CC endoscopy revealed a very high accuracy
for detection of colorectal neoplasia or protruding lesions[71-73]. Mascarenhas et al[74] recently developed a CNN for
automatic detection of colonic blood in CC endoscopy, enabling the differentiation between normal mucosa, blood or
hematic residues and pleomorphic mucosal lesions, namely ulcers and erosions, protruding lesions and vascular lesions.
CNN revealed a global sensitivity of 96% and specificity of 98%. Ferreira et al[75] developed a CNN for automatic
detection of panenteric ulcers in PillCam™ Crohn’s capsule, with a sensitivity of 98%, specificity of 99% and accuracy of
99%, having a perfect discriminatory capacity for the detection of ulcers and erosions. Al implementation is expected to
achieve a significant reduction in the reading times per exam. Moreover, PCE reading technique is challenging and
requires specific training, and Al models are expected to contribute to assist training and shortening the learning curve
for this technique. The implementation of Al-powered PCE may therefore become a disruptive change towards an
effective and minimally invasive evaluation of the entire GI tract. A multicenter prospective study (n = 131)[76], described
a substantial reduction in the reading time of PCE with Al in patients with suspected CD. The sensitivity and specificity
for detecting CD was 97% and 90%, respectively, with a NPV of 95%, enabling a faster screening with high diagnostic
accuracy in cases of suspected CD.
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CONCLUSION

The horizons of capsule endoscopy are evolving. PCE is a non-invasive, effective, and safe procedure to evaluate the
small bowel and the colon. Its use in CD and more recently in GI bleeding is expanding in routine clinical practice.
Conventional endoscopic procedures for the esophagus, stomach and colon remain superior to PCE considering each
individual segment, and have the advantage of enabling biopsy sampling and therapeutic procedures as needed. PCE,
however, offers the opportunity to evaluate multiple segments of the digestive tract at the same time, in a single non-
invasive procedure. Currently, clinical indications for PCE include the assessment of non-stricturing, non-penetrating and
extensive CD (affecting the small bowel and colon), mainly for disease monitoring and evaluation of mucosal healing in
response to medical therapy. It could also be considered to clarify the diagnosis in patients with IBD - type unclassified or
in atypical cases of ulcerative colitis. PCE has been also proven valuable in patients with suspected overt or occult
MLGIB, driving subsequent clinical decisions and avoiding the need for additional invasive procedures in a significant
proportion of cases. The central questions that seem to be pressing for the future are: Should capsule endoscopy
technology be considered a "niche" procedure to be used only in particular patients and settings? Will it remain in the
shadows of the dominant gold standard which is invasive upper digestive endoscopy and colonoscopy? Could it
represent the archetype of a coming revolution? The capsule is a disruptive device which has been proven to have the
potential to find its place in clinical practice, able to act as a non-invasive diagnostic "filter", offering the opportunity to
change the diagnostic approach of patients with digestive tract diseases in the near future. We already have the
possibility to evaluate all the small bowel and the colon, non-invasively, with a capsule, in a single procedure, which is
effective, safe and well tolerated. Therefore, PCE may be the key to answer the question "Who needs an invasive
endoscopic procedure?", as opposed to the current practice, where "All these patients will undergo an invasive endoscopy
or colonoscopy, and then some (many) will require a small bowel capsule". PCE is a possible game changer, expanding
the field for non-invasive endoscopy and limiting the need for invasive procedures such as conventional colonoscopy or
device-assisted enteroscopy, which should be restricted to those cases where biopsies or therapeutic procedures are
required, based on the results of the PCE.
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Abstract

Yu et al’s study in the World Journal of Gastroenterology (2023) introduced a novel
regimen of Vonoprazan-amoxicillin dual therapy combined with Saccharomyces
boulardii (S. boulardii) for the rescue therapy against Helicobacter pylori (H. pylori), a
pathogen responsible for peptic ulcers and gastric cancer. Vonoprazan is a
potassium-competitive acid blocker renowned for its rapid and long-lasting acid
suppression, which is minimally affected by mealtime. Compared to proton pump
inhibitors, which bind irreversibly to cysteine residues in the H*/K*-ATPase
pump, Vonoprazan competes with the K* ions, prevents the ions from binding to
the pump and blocks acid secretion. Concerns with increasing antibiotic
resistance, effects on the gut microbiota, patient compliance, and side effects have
led to the advent of a dual regimen for H. pylori. Previous studies suggested that
S. boulardii plays a role in stabilizing the gut barrier which improves H. pylori
eradication rate. With an acceptable safety profile, the dual-adjunct regimen was
effective regardless of prior treatment failure and antibiotic resistance profile,
thereby strengthening the applicability in clinical settings. Nonetheless, S.
boulardii comes in various formulations and dosages, warranting further
exploration into the optimal dosage for supplementation in rescue therapy.
Additionally, larger, randomized, double-blinded controlled trials are warranted
to confirm these promising results.

Key Words: Vonoprazan; Saccharomyces boulardii; Helicobacter pylori; Rescue therapy;
Eradication rate
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Core Tip: Vonoprazan-amoxicillin dual therapy with Saccharomyces boulardii (S. boulardii, VAS regimen) emerges as a
novel rescue therapy for eradicating Helicobacter pylori (H. pylori). Vonoprazan, a potassium-competitive acid blocker,
exhibits superior acid suppression compared to proton pump inhibitors. Notably, dual therapy minimizes the use of an
additional antibiotic while maintaining efficacy comparable to traditional triple therapy. This paper highlights the role of S.
boulardii, a probiotic, in enhancing the efficacy of Vonoprazan dual therapy by restoring gut microbiota balance, directly
affecting H. pylori, and regulating immunomodulation. The VAS regimen emerges as a promising treatment alternative,
demonstrating remarkable eradication of H. pylori, even in triple-resistant strains.
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INTRODUCTION

Yu et al’s study introduced a novel regimen involving vonoprazan-amoxicillin dual therapy with Saccharomyces boulardii
(S. boulardii) for the rescue therapy against Helicobacter pylori (H. pylori), a critical pathogen responsible for gastroduodenal
diseases including peptic ulcers and gastric cancer[1]. First approved in Japan in 2014, vonoprazan is a potassium-
competitive acid blocker renowned for its profound acid suppression, which is minimally affected by mealtime[2]. The
target of action for vonoprazan is the H*/K*-ATPase, a proton pump that becomes activated when it gets inserted into the
canalicular membrane to secrete acid (H*) from the gastric parietal cells into the lumen[3]. The current first-line treatment
regimen for H. pylori eradication includes a standard triple therapy with proton pump inhibitors (PPIs) and two
antibiotics. PPIs are prodrugs that are activated in an acidic (low pH) environment and work by irreversibly binding to
the cysteine residue on the H*/K*-ATPase pump. On the other hand, vonoprazan works independently of the pH level
and competes with the K* ions, preventing the ions from binding to the pump and, therefore, blocking acid (H") secretion
[4]. Due to the high negative logarithm of the acid dissociation constant (pKa), vonoprazan quickly accumulates in gastric
tissue and has delayed clearance once bound to H*/K*-ATPase. This property allows vonoprazan to offer a more rapid
and longer-lasting gastric acid suppression than the PPIs. In fact, compared to lansoprazole, vonoprazan resulted in a
significantly greater 24-hour holding-time ratio for intragastric pH > 4 on days 1 and 7[3]. Therefore, the superior acid
suppression properties of vonoprazan, compared to PPIs, highly attract its potential use for treating gastric acid-related
disease[5].

VONOPRAZAN DUAL THERAPY REGIMEN: BREAKTHROUGH AND EVIDENCE

Dual therapy against H. pylori is a relatively new treatment regimen approach. Previously, the standard triple therapy
containing PPIs, Clarithromycin, and Amoxicillin or Metronidazole was the mainstay treatment for H. pylori eradication.
However, antibiotic resistance has caused the eradication rate to diminish (< 80%)[6]. In fact, resistance to clarithromycin
has continuously increased, with reports in Japan describing an increase from 7% to 28.5% over the course of 14 years[7]
and in Australia suggesting an increase of 3.7% annually over the past 20 years[8]. In the United States, eradication rates
of triple therapy with PPI have declined to less than 80%, attributable to both antibiotic resistance and failure to maintain
the intragastric pH required for effective antimicrobial activity[9].

Yu et al’s prospective single-arm trial in the World Journal of Gastroenterology introduced a novel regimen involving
vonoprazan-amoxicillin dual therapy with the addition of S. boulardii (VAS regimen) for the rescue therapy against H.
pylori in patients with a history of treatment failure[1]. In this study, the resistance of H. pylori to clarithromycin,
metronidazole, and levofloxacin was 91.3%, 100%, and 60.9%, respectively. Overall, the eradication rate of H. pylori was
92.6% (63/68). Interestingly, out of the patients with triple-resistant H. pylori (60.9%; n = 14/23), a 92.9% eradication rate
was achieved with the vonoprazan-based rescue therapy. This suggested that such a regimen was effective and safe
regardless of antibiotic resistance.

Previous studies investigating treatment-naive patients showed promising findings for Vonoprazan dual therapy. In
Chey et al’s phase 3 randomized controlled trial (RCT), the reported eradication rate for clarithromycin-resistant H. pylori
with Vonoprazan-Amoxicillin dual therapy was 69.6%, while eradication rates were 65.8% with vonoprazan-amoxicillin-
clarithromycin triple therapy and 31.9% with Lansoprazole triple therapy[9]. Despite not reaching values above 90%, the
eradication rate was numerically higher in the dual therapy, suggesting that adding Clarithromycin may be unnecessary
in treating clarithromycin-resistant strains. Zuberi et al’s study reported that the vonoprazan-based regimen was superior
to the PPI triple therapy regimen in eradicating H. pylori (93.5% vs 83.9%)[10]. Similarly, Liu et al’s network meta-analysis
suggested that vonoprazan-based therapies were significantly more effective in eradicating H. pylori than PPI triple
therapy, with the best safety profile shown by the vonoprazan dual therapy[11]. Therefore, vonoprazan dual therapy
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presents as a lower-cost, simple, yet effective treatment option for H. pylori eradication.

As for patients with a history of two treatment failures, vonoprazan-based triple therapy yielded a significantly higher
success rate in comparison to esomeprazole-based therapy[12]. Similarly, for third-line therapy, the eradication rate with
the vonoprazan-amoxicillin-sitafloxacin regimen was higher than the PPI-based regimen (75.8% vs 53.3%), despite no
significant difference in the intention-to-treat analyses (P = 0.071)[13]. The duration of therapy might explain the insigni-
ficant difference in eradication rates since Sue et al[13] had prescribed the treatment regimens for only seven days,
whereas Yu et al[1] provided the regimen for 14 d. Therefore, although no study has investigated the effect of therapy
duration on eradication rates, available data suggest that long-term regimens may be more effective.

SACCHAROMYCES BOULARDII AS AN ADJUNCT THERAPY IN H. PYLORI ERADICATION

The use of antibiotics in treatment regimens for eradicating H. pylori has been shown to disrupt the balance of gut
microbiota and may elicit adverse events. Recent studies have shown that probiotics, including S. boulardii, may
contribute to mitigating these effects by: (1) Maintaining the balance and integrity of the normal gut microbiota; (2) direct
activity against the pathogenesis of H. pylori; and (3) immunomodulation (Figure 1)[14]. In the context of therapy, Keikha
and Kamali[14] investigated the addition of S. boulardii to the standard triple regimen, and the addition of S. boulardii was
shown to be associated with a lower proportion of anaerobic bacteria, including Bacteroides and Clostridium, as well as
higher proportion of commensal bacteria including Bifidobacterium and Lactobacillus[14]. Sakarya and Gunay|[15] in vivo
study proved that S. boulardii may also directly contribute to the eradication of H. pylori via the 02,3-linked sialic
acid-selective neuraminidase activity, leading to reduced adhesion to host cells. Additionally, S. boulardii may produce
proteins that modulate cytokines, contribute to the activation of peroxisome proliferator-activated receptor-gamma, and
trigger antibody production, leading to an anti-inflammatory effect that sustains the gastrointestinal system[16].

O
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Figure 1 Mechanism of action of Saccharomyces boulardii in Helicobacter pylori eradication. H. pylori: Helicobacter pylori.

Yu et al[1] were the first to investigate the combination of a vonoprazan dual regimen with S. boulardii as an adjunct
therapy, providing new insights into its efficacy in rescue therapy. This data builds on previous studies investigating the
addition of S. boulardii for standard triple or quadruple therapy. Qu et al[17] provided a two-stage intervention for rescue
therapy, during which the patients were administered S. boulardii as monotherapy for two weeks, followed by bismuth
quadruple therapy if required. The eradication rates in patients receiving S. boulardii were reported to be higher than
those who did not receive S. boulardii, thus supporting its effectiveness. However, several other studies, including Zojaji et
al[18], did not show any significant improvement in eradication with the addition of S. boulardii; however, it was noted that
the side effects, including nausea, bloating, and diarrhea, were lower. In addition, a meta-analysis by Liu ef al[11] invest-
igating S. boulardii in addition to standard triple therapy suggested that it yielded beneficial outcomes in eradication, the
occurrence of adverse effects, and symptom reduction. Another meta-analysis of 18 RCTs by Zhou et al[19] demonstrated
a slight pooled improvement in the eradication rate by 9% while decreasing the adverse effects by half. Therefore, while
the effectiveness of adding S. boulardii for eradicating H. pylori might be modest, the reduction of adverse effects makes it
worthwhile for this probiotic to be added to the regimen.

Buissidenge WIG | hittps://www.wijgnet.com 1282 March 14,2024 | Volume30 | Issuel0 |



Dirjayanto V] ef al. Vonoprazan-amoxicillin-S. boulardii for H. pylori eradication

FACTORS AFFECTING TREATMENT FAILURE OF THE VONOPRAZAN-AMOXICILLIN- S. BOULARDII

Demographic factors such as age, gender, smoking history, and alcohol consumption were not associated with the VAS
treatment regimen failure in Yu et al[1] study. Several socio-demographic characteristics, such as gender and areas of
residence, have been significantly associated with H. pylori eradication failure[20] despite inconsistent results observed
across studies[21,22]. This suggests that the impact of socioeconomic and demographic factors on treatment outcomes
may vary across different patient populations. Such variations may stem from differences in antibiotic usage patterns,
antimicrobial resistance, and medication adherence[23-25].

It is interesting to note that anxiety was identified as a risk factor for treatment failure with the VAS treatment regimen.
This finding aligns with previous research linking psychological factors to dyspeptic symptoms. For instance, patients
with disorders of the gut-brain interaction were noted to have higher rates of anxiety and depression[26]. This
relationship may be correlated to the intricate brain-gut axis, a circuit linking the central, peripheral, and autonomic
nervous systems with gastrointestinal functions. Gut microorganisms, including H. pylori infection, were hypothesized to
interact with this axis, as evident by the observation that stress and emotional disorders negatively impact intestinal flora
and digestive function[27]. Further investigations suggest that this relationship may be bidirectional. H. pylori infection
was associated with altered eating behavior, anxiety and depression-like behaviors, cognitive dysfunction, and lower
pain thresholds[27-29]. On the other hand, a study in mice models by Guo et al[30] demonstrated that the induction of
psychological stress significantly increased H. pylori colonization and was associated with more extensive gastric mucosal
injury. The underlying mechanisms of altered brain-gut axis potentially involve direct neurotoxic effects, activation of
proinflammatory responses, and micronutrient deficiencies, areas which are still highly subject to research[27]. The
complex interplay between psychological disorders and H. pylori infection underscores the importance of psychological
assessments and interventions, such as cognitive behavioral therapy or counseling sessions, to enhance treatment success
in H. pylori infections[31,32].

Notably, Yu et al[1] also showed that the number of previous treatment failures was not associated with treatment
failure in this VAS regimen. Eradication rates were consistently high, irrespective of resistance to clarithromycin and
levofloxacin. This is in contrast to a prior study that identified any prior exposure to antibiotics as a risk factor for
treatment failure with a clarithromycin-containing triple therapy regimen[33]. Clarithromyecin resistance was shown to be
associated with Metronidazole resistance[34], leading to the prevalence of double-resistant strains, particularly in
individuals who had previously failed two eradication treatments[35-38]. Furthermore, sufficient acid inhibition is
required for successful H. pylori eradication, as it influences the stability and bioavailability of some antibiotics, including
amoxicillin. Eradication failure was often observed in patients who are extensive CYP2C19 metabolizers of PP], as they
exhibit rapid PPI inactivation and insufficient acid suppression[39,40]. Vonoprazan exhibits stronger and longer acid
suppression than PPI[41], which may explain the significant superiority of a vonoprazan-based regimen over PPI-based
therapy regarding H. pylori eradication success[42]. This suggests the potential use of the VAS regimen as a rescue
therapy for H. pylori infections resistant to other essential antibiotics, particularly in the context of increasing global
antimicrobial resistance.

SAFETY PROFILE OF VONOPRAZAN-BASED THERAPIES

The impact of adverse events on therapy discontinuation and treatment adherence is a critical aspect of any treatment
regimen. In Yu et al’s study[1], the VAS regimen exhibited a low rate of adverse events, all of which were reported as mild
or moderate. The safety profile of vonoprazan, as reported in numerous clinical studies, consistently demonstrates its
superiority or, at the very least, equivalence to that of PPIs. A meta-analysis of RCTs demonstrated a significantly lower
rate of adverse events with vonoprazan-based triple therapy (32.7%) compared to PPI-based triple therapy (40.5%) while
maintaining a higher efficacy in terms of H. pylori eradication rate[43].

Commonly reported adverse events include diarrhea, dysgeusia, loose stool, and skin eruption[44]. While Suzuki et al
[45] noted a slightly higher incidence of skin rash in vonoprazan-based therapy, it is noteworthy that the vonoprazan-
based regimen was generally well-tolerated, and no instances of therapy discontinuation occurred due to the adverse
events.

CONCLUSION

The superiority of the vonoprazan-based regimen in terms of both efficacy and safety highlights its potential as an
excellent alternative for H. pylori treatment and positions it as an effective option for rescue therapy. Notably, the
vonoprazan-amoxicillin dual therapy has exhibited acceptable efficacy in H. pylori eradication, comparable to the
outcomes of vonoprazan-based triple therapy. Given the increasing rates of clarithromycin resistance in various
geographical regions, adding clarithromycin to vonoprazan and amoxicillin may only offer a marginal benefit. The dual
regimen minimizes the use of an unnecessary additional antibiotic while maintaining efficacy similar to that of triple
therapy, a crucial consideration amid the current surge in antibiotic resistance[46]. Additionally, the supplementation of
S. boulardii as an adjunct therapy to vonoprazan-based regimens has shown positive effects on H. pylori eradication and
reduced adverse events, possibly attributed to the maintenance of normal gut microbiota.
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However, it is essential to acknowledge certain limitations in this study. While this study supported the efficacy of a
dual vonoprazan-based regimen with the addition of S. boulardii for rescue therapy, it should be noted that the number of
study participants is considered small. Additionally, the generalizability of the reduction of adverse events seen with the
addition of S. boulardii might be limited since different populations possess different gut microbiota, which is affected by
geography and dietary habits[47]. Given the various formulations and dosages available, further exploration is needed to
determine the optimal dosing of S. boulardii supplementation in such rescue therapy. Lastly, as this study employed a
single-arm design, direct comparisons of the VAS regimen to currently recommended regimens are lacking. Therefore,
randomized double-blinded controlled trials with large sample sizes are required to validate these promising results.
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Abstract

In this editorial, we comment on the article by Marano et al recently published in
the World Journal of Gastroenterology 2023; 29 (45): 5945-5952. We focus on the role
of gut microbiota (GM) in women’s health, highlighting the need to thoroughly
comprehend the sex differences in microbiota. Together, the host and GM support
the host’s health. The microbiota components consist of viruses, bacteria, fungi,
and archaea. This complex is an essential part of the host and is involved in neu-
rological development, metabolic control, immune system dynamics, and host
dynamic homeostasis. It has been shown that differences in the GM of males and
females can contribute to chronic diseases, such as gastrointestinal, metabolic,
neurological, cardiovascular, and respiratory illnesses. These differences can also
result in some sex-specific changes in immunity. Every day, research on GM
reveals new and more expansive frontiers, offering a wealth of innovative oppor-
tunities for preventive and precision medicine.

Key Words: Gut microbiota; Women; Immune system; Well-being; Hormones; Sex-
differences

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The intestinal microbiota, comprising viruses, bacteria, fungi, and archaea,
plays a crucial role in neurological development, metabolic control, immune system
dynamics, and overall host homeostasis. Differences in gut microbiota between males
and females are suggested to contribute to various chronic diseases, including gastro-
intestinal, metabolic, neurological, cardiovascular, and respiratory illnesses, as well as
sex-specific changes in immunity. The editorial highlights the ongoing research in the
field, revealing new opportunities for innovative approaches in preventive and precision
medicine.
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INTRODUCTION

The human body is home to symbiotic bacteria in a variety of sites that support a healthy organism’s function. In detail,
the gut contains trillions of microorganisms that make up the highly complex and diverse gut microbial kingdom. These
microorganisms include bacteria, fungus, viruses, and archaea[1]. As a vital host component, this complex plays a key
role in immune system maintenance and dynamics, metabolic regulation, host dynamic homeostasis, and neurological
development[2].

The human body and its native microbiota have a strict symbiotic relationship that begins at birth. This interaction is
essential to preserving general health and wellbeing. The microbiota is involved in the regulation of metabolic, endocrine,
and immune processes and in influencing drug metabolism and absorption[3]. Progesterone, estrogen, and testosterone
are examples of sex hormones that have a variety of physiological functions in reproduction, differentiation, cell division,
apoptosis, inflammation, metabolism, homeostasis, and brain function. In addition, the sex hormones play a part in
communication between microorganisms and their hosts[4]. In essence, hormones generated by commensal bacteria can
influence human behavior, immunity, and metabolism through their interactions with microorganisms[5].

In this editorial we comment on the article published by Marano et al[6] in the recent issue of the World Journal of
Gastroenterology 2023. Specifically, the article focused on the emerging role of gut microbiota (GM) in the different women
phases of life. Studies on animals have shown that the mother’s microbiota during pregnancy affects the development of
the fetal brain and the behavior of the postnatal period[7,8]. Predominant opinion holds that the mother’s GM, given to
the child at birth, regulates the offspring’s gut-brain axis, which is developed postnatally and is based on the concept of a
sterile womb[9]. However, increasingly a small number of specific bacteria are being discovered in fetuses that could be
considered transitional species facilitating the development of an adequate microbiota after birth[10].

Anyway, the human microbial colonization process starts, in part, at birth and lasts for around three years, during
which time it develops and changes in species abundance until the microbiota resembles that of an adult. The diversity
and richness of gut bacteria continue to react quickly to dietary changes in infants during the first year of life and the
introduction of solid foods modifies the gut bacteria’s metabolic activity[11]. Sex-dependent differences in the gut
microbiome have been reported and the overall composition of the gut microbiomes of men and women is notably
different[12,13]. It is well known that differences in the GM of males and females can drive chronic diseases, ranging from
gastrointestinal inflammatory and metabolic conditions to neurological, cardiovascular, and respiratory illnesses. These
differences can also result in some sex-specific changes in immunity.

Sexes inequalities are becoming more and more relevant in the pathophysiology, epidemiology, and treatment of many
diseases, particularly non-communicable diseases[14]. Nonetheless, despite the fact that women make up over half of the
population, there has been documented disparity in how the sexes are presented in health research[15]. Although the
appropriate definition of a healthy gut microbiome is still unknown, a number of diseases have been linked to gut
microbial dysbiosis and the female GM is a subject that deserves further research.

Studies on both animals and humans revealed sex-related changes in GM, albeit the results are contrasting[16-18]. In
detail, animals” models, primarily mice, have unequivocally demonstrated sex-specific variations in GM composition.
Recently Stapleton et al[19] described the variations in sex-related weight gain, plasma lipid profiles, composition of the
faecal microbiota, and levels of faecal short chain fatty acids. When given the same high-fat diet, they observed that male
mice acquired significantly more weight than female mice. Nevertheless, after receiving antibiotics to deplete the
microbiota, sex differences remained.

However, the principal component analysis in a study conducted in 2005 on 91 northern Europeans subjects from
France, Denmark, Germany, the Netherlands, and the United Kingdom using fluorescent in situ hybridization with 18
phylogenetic probes, revealed no significant differences in the colonic microbiota between the sexes[20]. Whereas, an
additional research, published in 2006 and including four centres in France, Germany, Italy, and Sweden, found that
males showed higher amounts of the Bacteroides-Prevotella group[18].

In 2014, researchers who analyzed a 165 rRNA gene sequence data set from the Human Microbiome Project
Consortium, simply reported that sex was associated with the community types identified in the stool. In detail, males
were three times more likely to have community type D, with fewer Bacteroides and higher Prevotella[3]. A very recent
Japanese study[21] examined sex-related differences and potential causes, analyzing and comparing the GM compos-
itions of males and females throughout a broad age range. The authors did not observed difference between GM relative
abundances or alpha diversities between men and women at any age. However, they showed that the GM heterogeneity
among women in their 20s was greater than in men.

CONCLUSION

In this scenario, the manuscript of Marano et al[6] appears very interesting since gave us lots food for thought to deeply
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understand the relationship between women microbiota composition and not only physical but also psychological well-
being. Finally, considering the relevance of the microbiota differences in sexes and the linked-consequences such as
immune and metabolic disorders, we think that it could be useful deeply analyze the microbiota functional activities,
focusing on metabolites such as short-chain fatty acids, amino acids, and lipids, to improve the diagnosis of some diseases
and suggest new therapeutic approaches shaping the microbiota composition and function.
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Abstract

In recent years, endoscopic resection, particularly endoscopic submucosal dis-
section, has become increasingly popular in treating non-metastatic superficial
esophageal squamous cell carcinoma (ESCC). In this evolving paradigm, it is
crucial to identify factors that predict higher rates of lymphatic invasion and
poorer outcomes. Larger tumor size, deeper invasion, poorer differentiation, more
infiltrative growth patterns (INF-c), higher-grade tumor budding, positive
lymphovascular invasion, and certain biomarkers have been associated with
lymph node metastasis and increased morbidity through retrospective reviews,
leading to the construction of comprehensive nomograms for outcome prediction.
If validated by future prospective studies, these nomograms would prove highly
applicable in guiding the selection of treatment for superficial ESCC.

Key Words: Esophageal cancer; Esophageal squamous cell carcinoma; Esophageal
resection; Endoscopic mucosal resection; Endoscopic submucosal dissection; Lymph node
metastasis
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Core Tip: As endoscopic resection becomes the standard of care for non-metastatic superficial esophageal squamous cell
carcinoma (ESCC), it is imperative to identify cases with a high risk of lymphatic invasion. Current retrospective studies
suggest an association between lymph node metastasis in superficial ESCC and factors such as larger tumor size, deeper
invasion, poorer differentiation, more infiltrative growth patterns (INF-c), higher-grade tumor budding, positive
lymphovascular invasion, and specific biomarkers. Future prospective studies are required to validate these findings, isolate
other prognostic factors and confounders, and establish a more robust causal relationship.
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INTRODUCTION

Esophageal cancer ranks as the ninth most prevalent cancer and the sixth leading cause of cancer-related deaths
worldwide[1]. Approximately 85% of primary esophageal cancer falls within the esophageal squamous cell carcinoma
(ESCC) subtype, with the remainder primarily comprising esophageal adenocarcinoma (EAC)[2]. EAC typically affects
the lower third of the esophagus due to gastric reflux, while ESCC predominantly originates from the squamous cells
lining the upper and middle esophagus.

The incidence of ESCC is higher in specific regions, including Eastern Asia, Iran, Africa, and South America. It is
conversely rare in North America and Europe. Factors such as smoking, alcohol consumption, low socioeconomic status,
exposure to polycyclic aromatic hydrocarbons (e.g., from smoked foods and air pollution), and certain dietary habits (e.g.,
betel nut, hot liquids, pickled foods, and a diet low in fruits and vegetables) are associated with increased rates of ESCC
development[3,4]. While the factors above are the most identified etiologies of ESCC, other causes include TP53 gene
alterations, chromosomal alterations, genetic syndromes, slow NAT2 (n-acetyltransferase 2) acetylation, and certain
variants of Helicobacter pylori infection[5].

In general, esophageal cancers are linked to significant mortality and morbidity. The mean 5-year survival rates
(combining ESCC and EAC) have been estimated to be less than 20%, with worse outcomes in patients with histories of
heavy alcohol and tobacco use. Intervention through surgical resection, with or without chemoradiotherapy, modestly
improves mean 5-year survival rates to 35%-40%, depending on tumor characteristics[6].

TREATMENT AND PROGNOSIS

While esophageal cancer has historically been treated with surgical esophagectomy, the use of endoscopic resection (ER)
for superficial ESCC has gained popularity in recent years as it is minimally invasive and well-tolerated, while also
providing tissue samples for histological analysis. Current guidelines recommend ER for select patients due to its efficacy
in removing lesions within the muscularis mucosa and some lesions in the submucosa depending on invasion depth[7,8].
However, ER alone is insufficient for tumors with deeper invasion or tumors with a high risk of lymph node metastasis
(LNM) or lymphovascular invasion (LVI), necessitating surgical esophagectomy and neoadjuvant chemoradiotherapy
(CRT).

While both endoscopic submucosal dissection (ESD) and endoscopic mucosal resection (EMR) fall under the ER
umbrella, ESD is superior to EMR, particularly for larger tumor sizes. A retrospective study by Kawashima et al[9] found
that for tumors > 15 mm, ESD has a higher en-bloc resection rate (100% vs 64.3%, P < 0.001) and a lower 5-year cumulative
local recurrence rate (0% vs 8.3%, P < 0.01). Despite EMR and ESD, some high-risk patients may require further treatment
for complete tumor eradication.

The retrospective study titled "Risk Factors and a Predictive Nomogram for LNM in Superficial Esophageal Squamous
Cell Carcinoma”, by Wang et al[10], aims to assess prognostic factors for LNM in patients specifically diagnosed with the
ESCC subtype of esophageal cancer. Investigators enrolled patients with superficial ESCC undergoing esophagectomy
and lymph node dissection. They collected detailed pathological information to comprehensively analyze and identify
LNM risk factors. Findings indicated that patients with positive LNM were more likely to have larger tumors, deeper
invasion, poorer differentiation, more infiltrative growth patterns (INF-c), higher-grade tumor budding, and positive LVI.
Multivariate regression analysis confirmed these factors as independent risk factors for LNM.

Based on these findings, a predictive nomogram incorporating tumor size, invasion depth, tumor differentiation,
tumor budding, tumor infiltrative growth pattern, and LVI was developed. The nomogram exhibited good predictive
performance (AUC 0.789 and 0.827 on the receiver operating characteristics curve for the training and validation sets,
respectively), facilitating the assessment of LNM risk and guiding post-ESD treatment decisions.

Despite the paper's advancements, it is crucial to acknowledge the study’s limitations. As this is a retrospective study,
there is an increased potential for biases in case selection and the inability to collect other relevant measures (e.g.,, LNM
rates after EMR and ESD, changes in outcome with neoadjuvant CRT, efc.). Despite multivariate regression analysis, there
is still an increased risk for confounders with retrospection as the impact of factors such as age, tumor proximity to blood
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and lymphatic vessels, smoking, and alcohol use cannot be ascertained. Additionally, this study excludes cases where
fewer than 12 lymph nodes were dissected. Confounders (e.g., from anatomical variation or grossly visible lymphaden-
opathy due to metastasis) may result in a greater or fewer number of lymph nodes dissected during surgery, and these
may influence which cases are selected downstream.

The aims of this study in predicting the outcome of ESCC are not unprecedented. A 2021 retrospective study on 407
ESCC patients demonstrated that a low-performance status [> 2 Eastern Cooperative Oncology Group Performance Status
(ECOG-PS)] was significantly associated with increased early mortality. Additionally, higher rates of late mortality were
associated with male sex, positive smoking history, high ECOG-PS score, high Charlson Comorbidity Index score, low
psoas muscle mass index, and low prognostic nutritional index[11]. Moreover, other previous studies have developed
similar nomograms for ESCC LNM[12] and evaluated factors like tumor budding and infiltrative growth patterns[13,14].
However, this investigation provides additional data from 474 ESCC patients to determine independent LNM risk factors
through multivariate regression analysis, with greater statistical power and significance.

CONCLUSION

The emergent popularity of ESD and EMR provides effective tools in the management of superficial early-stage ESCC.
These minimally invasive and cost-effective interventions reduce complications and recovery time compared to
traditional esophagectomy. However, esophagectomy, along with lymph node dissection and CRT, may be necessary if
there is deeper tissue invasion or a high likelihood of LNM or LVI. Therefore, there is significant clinical and financial
value in being able to accurately predict cases where esophagectomy and the addition of CRT may be necessary. Due to
the limitations associated with current retrospective studies on predicting LNM and LVI with superficial ESCC, future
prospective multicenter studies are required to validate the nomogram's reliability. Prospective study designs would
reduce selection bias, permit evaluation of other risk factors and confounders, and present stronger arguments for
causation. It would also allow for further exploration of LNM rates with ESD as opposed to EMR, which may influence
the selection of specific endoscopic techniques in certain patients and circumstances. A prospective avenue of research
could explore molecular biomarkers, given their association with specific outcomes. For instance, the lack of phosphatase
and tensin homolog (PTEN), a tumor suppressor, correlates with an elevated rate of locoregional LNM in ESCC at 60.5%,
compared to cases with PTEN presence at 36.1%. In contrast, heightened expression of STMN1 (stathmin 1), a
cytoskeleton regulator, is linked to a higher 3-year post-surgery LNM rate of 52%, as opposed to cases with low STMN1
expression at 33.8%[15]. Recent studies show potential in predicting locoregional metastasis and poorer outcomes in
patients with superficial ESCC. Upon validation in future research, these findings could lead to the development of
enhanced guidelines that facilitate improved identification of patients likely to benefit from ESD and EMR procedures.
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Abstract

Hepatitis B virus (HBV) reactivation is a clinically significant challenge in disease
management. This review explores the immunological mechanisms underlying
HBYV reactivation, emphasizing disease progression and management. It delves
into host immune responses and reactivation’s delicate balance, spanning innate
and adaptive immunity. Viral factors’ disruption of this balance, as are interac-
tions between viral antigens, immune cells, cytokine networks, and immune
checkpoint pathways, are examined. Notably, the roles of T cells, natural killer
cells, and antigen-presenting cells are discussed, highlighting their influence on
disease progression. HBV reactivation’s impact on disease severity, hepatic flares,
liver fibrosis progression, and hepatocellular carcinoma is detailed. Management
strategies, including anti-viral and immunomodulatory approaches, are critically
analyzed. The role of prophylactic anti-viral therapy during immunosuppressive
treatments is explored alongside novel immunotherapeutic interventions to
restore immune control and prevent reactivation. In conclusion, this compre-
hensive review furnishes a holistic view of the immunological mechanisms that
propel HBV reactivation. With a dedicated focus on understanding its implic-
ations for disease progression and the prospects of efficient management stra-
tegies, this article contributes significantly to the knowledge base. The more
profound insights into the intricate interactions between viral elements and the

1295 March 14,2024 | Volume30 | Issuel0 |


https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v30.i10.1295
mailto:yanqingzhu@jlu.edu.cn

Ma H et al. Immunology in hepatitis B reactivation

immune system will inform evidence-based approaches, ultimately enhancing disease management and elevating
patient outcomes. The dynamic landscape of management strategies is critically scrutinized, spanning anti-viral
and immunomodulatory approaches. The role of prophylactic anti-viral therapy in preventing reactivation during
immunosuppressive treatments and the potential of innovative immunotherapeutic interventions to restore
immune control and proactively deter reactivation.

Key Words: Hepatitis B virus reactivation; Immunological mechanisms; Disease progression; Management strategies; Immune
response

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Hepatitis B virus (HBV) reactivation poses a substantial clinical challenge, demanding a nuanced understanding of
immunological mechanisms for effective management. This comprehensive review navigates the intricate landscape of HBV
reactivation, spotlighting the delicate balance between host immune responses and viral factors. Emphasis is placed on the
roles of T cells, natural killer cells, and antigen-presenting cells in disease progression, alongside the repercussions on
severity, hepatic flares, liver fibrosis, and hepatocellular carcinoma. Critical analysis of management strategies, spanning
anti-viral and immunomodulatory approaches, informs evidence-based practices. Prophylactic anti-viral therapy’s role
during immunosuppression and the potential of innovative immunotherapies are explored, contributing significantly to
informed disease management and improved patient outcomes.
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INTRODUCTION

Hepatitis B virus (HBV) infection is a significant global health challenge, affecting two billion individuals worldwide. It is
a major cause of chronic liver diseases, including Cirrhosis and hepatocellular carcinoma, and 820000 individuals
succumbed to diseases associated with HBV in 2019. In 2016, it was estimated that over 86 million individuals in China
were afflicted with chronic HBV infection, accounting for approximately 6.1% of the total population[1]. HBV is primarily
transmitted through contact with infected blood bodily fluids or from mother to child during childbirth. The infection can
lead to a broad spectrum of outcomes, ranging from asymptomatic carrier states to acute hepatitis, chronic hepatitis, and
even death in severe cases[2]. Chronic HBV infection poses a particularly concerning scenario, as it can lead to long-term
complications such as primarily targeting the liver, leading to inflammation, liver fibrosis, cirrhosis, and an increased risk
of liver cancer[3]. Developing effective prevention strategies, including vaccination and anti-viral treatments, has
significantly contributed to reducing the burden of HBV infection, although challenges remain, especially in regions with
high prevalence rates. While advancements in anti-viral therapies have improved outcomes for many patients, the virus
can persist in a latent state within the body, posing the risk of reactivation[4,5].

HBYV reactivation is characterized by the sudden reappearance or upsurge of HBV DNA in the bloodstream of
individuals who had previously had inactive or resolved HBV infection. The reactivation, also known as flare or exacer-
bation, of hepatitis B is distinguished by a sudden increase in serum alanine aminotransferase (ALT) levels. Typically, the
term “it” denotes a sudden elevation in serum ALT levels that surpasses 5-10 times the upper limit of normal or exceeds 3
times the initial baseline level. Mutations in the HBV genome, immunosuppressive therapy, and viral or drug-induced
injury are common reactivation causes. The leading factor contributing to acute liver injury in individuals with chronic
hepatitis B (CHB) in Eastern areas has been identified. It has been predicted that around 250 million individuals are
affected by CHB[6-8]. The leading cause of HBV reactivation is an imbalance between the host’s immune response and
virus replication. This phenomenon is of particular concern in individuals undergoing immunosuppressive therapies,
such as chemotherapy or transplantation, chronic inflammatory diseases, and those with compromised immune systems
[9,10].

According to prior research, HBV reactivation after chemotherapy has been shown in multiple studies, with a median
of 4 months (range, 1-9 months) separating the start of reactivation from the end of chemotherapy. In patients with
chronic HBV who have positive serum hepatitis B surface antigen (HBsAg), the rate of HBV reactivation ranges from 24-
88%, while in those with positive HBcAb, it ranges from 3%-22%. There is a 23%-71% mortality rate in cases of HBV
reactivation[11,12]. The rate of HBV reactivation in cancer patients with a history of HBV infection following
chemotherapy or immunosuppressive medication was found to be 25%, ranging from 4% to 68%. Around 65% of these
individuals experienced disease progression, potentially leading to hepatic failure, necessitating either liver
transplantation or death[13]. A new research study conducted in Egypt investigated the occurrence of HBV reactivation
in patients who were positive for HBsAg and undergoing treatment with direct-acting anti-virals for the hepatitis C virus.
The study revealed that 28.6% of the patients experienced HBV reactivation, although only 10.0% exhibited liver hepatitis
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[14,15].

Therefore, understanding the immunological mechanisms underlying HBV reactivation is crucial for developing
effective management strategies to mitigate its potential impact on disease progression and patient outcomes. The
immune system plays a central role in controlling HBV infection and contributing to the potential for reactivation[16].
Dissecting these mechanisms provides insights into the delicate balance between viral suppression and immune
responses, which, when disrupted, can lead to HBV reactivation and its associated complications. By unraveling the
intricate interplay between viral factors, immune cells, and signaling pathways, researchers and clinicians understand
how reactivation occurs and its implications for disease advancement[17]. Furthermore, insights into the immunological
underpinnings of HBV reactivation offer opportunities to develop targeted and personalized management strategies.
Leveraging this understanding, healthcare professionals can tailor therapeutic interventions to bolster the immune
response and prevent reactivation in vulnerable populations[18]. This knowledge can guide the design of prophylactic
anti-viral therapies for individuals undergoing immunosuppressive treatments, reducing the risk of HBV reactivation
and its potential impact on liver function. Additionally, insights into immunomodulatory mechanisms can inform the
exploration of novel therapeutic approaches that restore immune control over HBV, potentially leading to innovative
immunotherapies[19]. Thus, comprehending the immunological intricacies of HBV reactivation not only enhances our
understanding of disease progression but also empowers the medical community to devise more effective and targeted
strategies for its management[20,21].

This review explores the intricate immunological mechanisms underlying HBV reactivation and its profound implic-
ations for disease progression and management. With a primary focus on immunological aspects, the review delves into
the dynamic interactions between host immune responses and HBV reactivation, shedding light on the intricate processes
that govern this phenomenon. By dissecting the roles of various immune cells, cytokine networks, and signaling
pathways, the review seeks to elucidate the underlying mechanisms contributing to HBV reactivation, providing a foun-
dation for understanding its impact on disease severity. Moreover, the review highlights the potential of immunomodu-
latory strategies and anti-viral interventions in effectively managing HBV reactivation, aiming to inform evidence-based
approaches that enhance patient care and outcomes.

POSSIBLE IMMUNOLOGICAL MECHANISMS OF HBV REACTIVATION

HBYV reactivation is characterized by the sudden return or increase in the concentration of HBV DNA in the serum of
individuals who have previously experienced resolved or dormant chronic HBV infection. The administration of either
anti-cancer drugs, immunosuppressive medicines, or biological therapy can initiate this occurrence. CD8+ T cell
exhaustion resulting from the overexpression of PD-1 is observed in persistent viral infections, such as chronic hepatitis B
[22,23] (Figure 1).

HBYV reactivation and innate immunological response in the host

The innate immune responses serve as the initial barrier of immunological protection against viral, bacterial, and
tumorous pathogens. Soluble factors such as complement components, chemokines, and cytokines constitute integral
components of the innate immune system. Granulocytes, dendritic cells (DCs), macrophages, mast cells, and natural killer
(NK) cells play crucial roles as effector cells in various biological processes. The initiation of an effective innate immune
response typically occurs when pathogen-associated molecular pattern (PAMP) molecules interact with pattern
recognition receptors (PRRs)[24,25]. This interaction triggers the production of chemokines and pro-inflammatory
cytokines and the activation of innate immune cells. Consequently, this immune response eliminates viral pathogens[26].
Immune system dysfunction plays a pivotal role in HBV reactivation, with impaired host immune responses against
HBV-infected cells as a central mechanism.

Interferons type I and HBV reactivation: Interferons type I (IFN-1) plays a crucial role in orchestrating the immune
response during the reactivation of HBV. When viral components are recognized by PRRs such as Toll-like receptors
(TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors, and melanoma differentiation-associated protein 5, in liver
cells known as hepatocytes and hepatic DCs, it leads to a reduced response to PAMPs and a compromised production of
IFN-I, which include IFN-alpha and IFN-beta[27,28]. According to a report by Faure-Dupuy and Baumert[29], it has been
found that HBV infection leads to an increase in the expression of microRNA-146a (miR-146a) in liver cells. This increase
in miR-146a subsequently inhibits the expression of RIG-I-like receptors. According to Faure-Dupuy and Baumert[29],
IEN-I production is suppressed.

Furthermore, Wang et al[30] revealed that HBsAg, hepatitis B e antigen (HBeAg), hepatitis B x, and HBV virions
possess the capability to impede the synthesis of IFN-, hence reducing mitochondrial anti-viral signaling (MAVS) and
disrupt the link between MAVS and RIG-I. The study conducted by Yang ef al[31] demonstrates that IFN-I can directly
reduce HBV infection by activating IFN-stimulated genes upon binding to the IFN receptor. This activation subsequently
impedes viral replication. Nevertheless, HBV can substantially impair the signal transduction triggered by IFN-I and
attenuate the immunological responses facilitated by IFN-I[31].

Moreover, the work conducted by He et al[32] demonstrates that the regulatory effects of IFN-a on HBV covalently
closed circular DNA (cccDNA) can be linked to its capacity to disrupt the methylation and succinylation of histone H3
lysine residues, which is mediated by the general control non-depressible (GCN5) enzyme. As mentioned above, the
disruption finally results in eradicating HBV cccDNA. The effect of IFN-a on the regulation of HBV cccDNA can be
attributed to its ability to disrupt the methylation succinylation process of histone H3 Lysine, which is facilitated by
GCNBb5[32]. According to Wei et al[33], the researchers have noticed that MX dynamin-like GTPase 2 exhibits an inhibitory
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Figure 1 Reactivation mechanism of hepatitis B virus. Immune control phase: B cells produce antibodies against hepatitis B virus (HBV) and prevent the
transmission of HBV infection among hepatocytes; HBV covalently closed circular DNA is persistent in hepatocytes; HBV-specific T-cells limit viral replication via both
cytopathic effects and non-cytopathic cytokine pathways. Immunological suppression phase: HBV DNA replicates again due to treatment-induced loss of
immunological control; T-cells and B-cells are suppressed or destroyed by immunosuppressive therapies. HBV mutations cause immunological escape from T cells
specific to HBV, and HBV DNA replicates again. When HBV DNA actively amplifies in vivo, HBV reactivation takes place. T-cells, the immune system’s
reconstruction, and the active immunological phase target HBV-DNA and infected hepatocytes. The damaged hepatocytes release aspartate aminotransferase and
alanine aminotransferase. cccDNA: Covalently closed circular DNA; HBV: Hepatitis B virus; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase.

effect on converting relaxed circular DNA into cccDNA of the HBV. This inhibitory effect indirectly leads to a decrease in
the quantity of cccDNA. Bratulic et al[34] demonstrated that IFN-a can induce the synthesis of soluble constituents that
can successfully rival HBV in their affinity for heparin glycosaminoglycans, hence hindering the HBV infection process.
This finally results in the augmentation of adaptive immune responses. However, chronic HBV infection can result in the
impairment of IFN-I signaling. This impairment allows the virus to evade the host’s immune defenses and contributes to
reactivation.

DCs and HBV reactivation: DCs play a pivotal role in shaping the immune response during HBV reactivation by
bridging the gap between innate and adaptive immunity[35]. Previous studies conducted by Soto et al[36] have shown
compelling evidence suggesting that persons diagnosed with CHB demonstrate a significant reduction in the quantity of
peripheral blood DCs in comparison to individuals without the condition. A decline follows the decrease in DCs’
functional capacity, directly leading to the impairment of HBV-specific T-cell activity. As professional antigen-presenting
cells, DCs are essential for initiating and directing immune responses upon encountering viral antigens[37,38]. During
HBYV reactivation, infected hepatocytes release viral antigens captured by DCs, which then migrate to secondary
lymphoid tissues to present these antigens to T cells. Feola et al[39] revealed that DCs activate CD8+ cytotoxic T
lymphocytes (CTLs) by presenting HBV-derived peptides in the context of primary histocompatibility complex class I
(MHC-I) molecules. This primes CTLs to recognize and eliminate HBV-infected cells, contributing to viral control.

However, DCs can exhibit functional impairment in chronic HBV infection, including reduced antigen presentation
capacity and altered cytokine production (Table 1). These deficits can hinder the activation of effective anti-viral T-cell
responses, potentially leading to viral persistence and reactivation[40]. Tang et al[41] conducted an in vitro investigation
wherein DCs obtained from healthy individuals were cultivated with HBV DNA. The study revealed decreased
functionality of DCs when exposed to HBV DNA. However, the addition of lamivudine resulted in a reduction of HBV
DNA levels and a subsequent recovery of DC function. These findings show a direct impact of HBV on the functionality
of DCs[41].

Furthermore, the role of DCs in HBV reactivation extends beyond antigen presentation. DCs secrete cytokines and
chemokines that modulate the immune response’s direction and magnitude. For instance, DCs release interleukin-12 (IL-
12) and IL-18, promoting the differentiation of T helper 1 (Th1) cells that enhance anti-viral immune responses[42,43].
However, the immunosuppressive cytokine IL-10 produced by DCs can inhibit immune activation and lead to immune
tolerance, facilitating viral persistence. Additionally, DCs can interact with other immune cells, such as NK cells and
regulatory T cells (Tregs), influencing their activity and contributing to the delicate balance between immune control and
tolerance[44,45]. Further research is necessary to investigate the mechanisms underlying DC impairment resulting from
HBYV reactivation.
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Table 1 Mechanisms of immune cell response in hepatitis B virus reactivation

Immune cells  Mechanism of impairment Outcomes Ref.

Innate immune cell responses

Natural killer Downregulation of activating receptors (NKp30, NKp46, and CD56dim), inhibitory =~ Reduced viral clearance, increased [62,
cells cytokine production (IFN- and TNF-) reactivation risk 64]
Dendritic cells  Reduced antigen presentation (CD8+ CTLs), impaired cytokine (IL-12 and IL-18) Impaired antiviral response, increased [40,
production viral persistence 65]
Macrophages Dysregulated cytokine secretion (IL-1p, IL-6, and TNF-o) Altered immune balance, increased [49]
inflammation
Neutrophils Impaired chemotaxis, reduced phagocytosis Ineffective pathogen clearance, [55]

prolonged viremia

Adaptive immune cell responses

CD8+ T cells Exhaustion (CD8+ T cells), reduced cytotoxic activity Inadequate viral control, viral persistence [66]

CD4+ T cells Decreased help for B and CD8+ T cells Impaired adaptive immune response [67]

B cells Altered antibody production Reduced neutralizing antibodies, [68]
prolonged viremia

Regulatory T Dysfunction, reduced suppression Dysregulated immune response, [69]

cells increased inflammation

IL: Interleukin; CTL: CD8+ cytotoxic T lymphocyte; TNF-o: Tumor necrosis factor-alpha; IFN: Interferons.

Reactivation of HBV in macrophages and monocytes: Macrophages and monocytes, key innate immune system
components, play intricate and interrelated roles in HBV reactivation. These versatile phagocytic cells are pivotal in
recognizing, engulfing, and eliminating viral particles and infected cells. Monocytes, circulating precursors of
macrophages, are recruited to sites of infection, where they differentiate into tissue-resident macrophages specialized in
responding to viral threats[46]. Upon encountering HBV antigens, monocytes and macrophages initiate a cascade of
immune responses. Macrophages release pro-inflammatory cytokines, such as IL-1 beta (IL-1B), IL-6, and tumor necrosis
factor-alpha (TNF-a), creating an inflammatory microenvironment that attracts and activates other immune cells[47,48]
(Table 1). Macrophages play a significant role in antigen presentation, wherein they present viral peptides to adaptive
immune cells, specifically CD4+ and CD8+ T cells, to elicit targeted immune responses[49].

Macrophages help to contain viral replication and reduce viral load by phagocytosing infected hepatocytes. Monocytes
and macrophages are also involved in the phagocytosis and clearance of viral particles and infected hepatocytes,
contributing to viral containment. By phagocytosing infected hepatocytes, macrophages help to contain viral replication
and reduce viral load[50,51]. The dynamic interplay between macrophages and monocytes in HBV reactivation extends
beyond their direct anti-viral functions. HBV has evolved strategies to modulate the polarization and activity of these
immune cells. While macrophages exhibit plasticity between M1 (pro-inflammatory) and M2 (anti-inflammatory)
phenotypes, chronic HBV infection may promote an immunosuppressive M2-like phenotype, which could contribute to
impaired viral clearance and immune evasion[52]. Monocytes and macrophages are also key players in initiating and
maintaining inflammation-induced tissue damage. Their interactions with hepatic stellate cells (HSCs) and other liver-
resident cells can contribute to fibrosis, a hallmark of chronic HBV infection[53,54].

Neutrophils and HBV reactivation: Neutrophils, prominent members of the innate immune system, play a complex and
multifaceted role in HBV reactivation. These rapid-response immune cells are attracted to sites of infection in response to
chemotactic signals and are involved in both antimicrobial and inflammatory functions (Table 1). Neutrophils release
antimicrobial proteins and reactive oxygen species, killing viral particles and infected hepatocytes[55]. However,
excessive neutrophil activation can lead to tissue damage and inflammation, potentially exacerbating liver injury.
Neutrophils also contribute to immune surveillance by forming neutrophil extracellular traps (NETs), web-like structures
composed of DNA and antimicrobial proteins, which can capture and neutralize pathogens, including HBV[56]. For
example, Maronek and Gardlik[57] explained that patients diagnosed with liver cirrhosis demonstrate a reduced capacity
of neutrophils to discharge NETs. This impairment concomitates a decline in CD69 and CD80 expression.

Moreover, the study conducted by Sarkar et al[58] showed that antigens linked to HBV, namely HBeAg and hepatitis B
core antigen (HBcAg), exhibit the ability to diminish the release of NETs through the inhibition of p38 mitogen-activated
protein kinase (MAPK) and ERK activation, as well as autophagy. Utilizing this mechanism facilitates the evasion of the
immune response by the HBV, therefore enhancing its reproduction and ensuring its prolonged survival[58]. The intricate
balance between neutrophils’ beneficial anti-viral effects and their potential to induce tissue damage underscores their
role in the delicate immune response during HBV reactivation, highlighting the need for a comprehensive understanding
to inform potential therapeutic strategies that harness their anti-viral potential while minimizing detrimental effects.

NK cells and HBV reactivation: Impairment of NK cells has been recognized as a significant factor in the reactivation of
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HBYV infection. NK cells play a crucial role in the body’s defense against viral infections and tumors, primarily by
identifying and eliminating infected or malignant cells. However, during HBV reactivation, the activity and function of
NK cells can be compromised, leading to inadequate immune responses and allowing the virus to replicate and increase.
This impairment may result from various factors, including HBV-induced changes in the expression of activating
receptors on NK cells and the production of inhibitory cytokines that dampen NK cell function[59,60]. Poor prognosis
and survival in individuals with liver cancer have been associated with the persistence of CHB infection and the
development of hepatocellular carcinoma (HCC). As Chu et al[61] reported, hepatic NK cell activity is reduced, and NK
cell receptors are expressed abnormally. According to the findings of Zhang et al[62], the levels of activating receptors
such as NKp30, NKp46, and NK group 2 member D, as well as cytokines such as IFN- and TNF-, are significantly
decreased in those who have been diagnosed with chronic hepatitis B (Table 1)[63-69]. These receptors include NKG2A,
IL-10, T cell immunoglobulin, and mucin domain-containing protein 3 (Tim-3)[62,63].

Furthermore, in the context of CHB infection, Marotel et al[70] observed a correlation between the poor functionality of
NK cells and the reduced expression of CD122. CD122 is the shared B chain of the IL-2 receptor found on CD56dim NK
cells. You et al[71] explained. The precise effects of circulating antigens associated with HBV, such as Hepatitis B surface
antigen (HBsAg) and HBeAg, on suppressing NK cells remain uncertain. Researchers have observed the limitation of NK
cell cytotoxicity and cytokine production by HBsAg and HBeAg. This limitation occurs through interference with the
activation of STAT1, nuclear factor-kappa B (NF-«B), and p38 MAPK][71]. Cao et al[72] showed that the reduction in
STAT3 expression induced by HBsAg is associated with degranulation and cytokine production in people diagnosed with
HBeAg-negative chronic hepatitis B. Monocytes treated with HBsAg can transform NK cells into regulatory NK cells that
produce IL-10. This transformation is facilitated by signals from PD-L1 and MHC class I and E, and it plays a role in the
persistence of chronic hepatitis B infection[72]. The study by Kar et al[73] revealed that exosomes derived from patients
with CHB have a role in the transportation of HBV nucleic acids to NK cells. This process suppresses NK cell activity

during HBV infection, achieved through inhibiting several signaling pathways, including RIG-I, NF-xB, and p38 MAPK
(Figure 1).

HBYV reactivation and adaptive immunological response in the host

T-lymphocytes and HBV reactivation: T-lymphocytes (T cells), central players in adaptive immunity, profoundly
influence the dynamics of HBV reactivation through their multifaceted roles in viral clearance and immune regulation.
HBV-infected hepatocytes are easily identifiable and eliminated by CD8+ CTLs. CTLs directly induce apoptosis in
infected cells by recognizing viral peptides displayed on MHC-I molecules[74,75]. During acute HBV infection and
reactivation, robust CTL responses are associated with viral control and recovery. However, chronic HBV infection can
lead to T-cell exhaustion and functional impairment (Table 1), allowing the virus to persist[76]. According to Jin and Bi
[66], a microarray study shows that HBV significantly increases the expression of Bcl-2-like protein 11 in HBV-specific
CD8+ T cells, pointing to a critical mechanism for CD8+ T cell depletion during CHB infection. Inhibitory receptors such
as PD-1, CTLA-4, CD244 (2B4), Tim-3, and lymphocyte activation gene 3 are present on exhausted HBV-specific CD8+ T
cells, and these receptors closely resemble the transcriptional patterns of CD8+ T cells[66,77].

Furthermore, Tregs, a subset of CD4+ T cells, play a role in maintaining immune tolerance and preventing excessive
inflammation. While their role is critical for immune homeostasis, the expansion of Tregs during chronic HBV infection
can hinder effective anti-viral immune responses and contribute to viral persistence (Table 1). CD4+ T helper (Th) cells
also coordinate immune responses[37,38,78]. Previous research shows that HBV-related antigens, namely HBcAg and
HBsAg, can increase CD4+ T cell production of inhibitory molecules. Chuang et al[67] found that HBcAg enhanced PD-1
expression on CD4+ T cells, disrupting their function via JNK, ERK, and PI3K/AKT signaling pathways[79]. Moreover,
the expression of human protein inhibitors of activated STAT1 (dependent on ERK and p38 MAPK signaling pathways)
increased in CHB patients, making standard therapies ineffectual. CD4+ T cells develop into Foxp3+ Treg cells, which
release inhibitory cytokines IL-10 and TGF-B, leading to a decline in HBV-specific CD8+ T cells[80]. According to Churiso
et al[69], CD4+ T cells directly influence HBV clearance by regulating CD8+ T cells. IFN- is secreted by Th1 cells to
activate macrophages and CTLs, boosting anti-viral activity. Th2 and Th17 cells may promote inflammation (Table 1),
contributing to liver damage. Furthermore, the balance between different subsets of T cells shapes the immune response
during HBV reactivation.

B-lymphocytes and HBV reactivation: B-lymphocytes (B cells), prominent components of the adaptive immune system,
contribute to the complex immunological landscape of HBV reactivation through their roles in antibody production,
immune regulation, and memory formation. Upon encountering viral antigens, B cells undergo activation, leading to the
differentiation of plasma cells that secrete antibodies specific to HBV components. These antibodies, including anti-HBs
and anti-HBc, can neutralize viral particles and contribute to viral clearance[81]. A prior study indicated a decrease in
HBsAg-specific B cells in CHB patients. CHB patients also had deficient anti-HB production (Table 1). It was found that
HBsAg-specific B cells in CHB patients had a CD21-CD27-atypical memory B cell (atMBC) phenotype with high levels of
inhibitory receptors like PD-1, BTLA, and CD22[82,83]. AtMBCs in CHB patients have decreased survival, proliferation,
and cytokine production and cannot develop into antibody-producing plasma cells, resulting in reduced humoral
immune responses. Vanwolleghem et al[68] discovered that HBcAg binding to B cells leads to increased expression of
inhibitory receptors FcRL4 and FcRL5, dysfunctional phenotypes, and suppressed B cell proliferation (Table 1) and
activation via B cell receptor and TLR signaling[68,84].

Furthermore, Ma et al[85] revealed that B cells also play a role in immune regulation and memory formation during
HBYV reactivation. Regulatory B cells (Bregs) have immunosuppressive functions and can modulate immune responses to
prevent excessive inflammation. Bregs produce anti-inflammatory cytokines and interact with Tregs, influencing the
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balance between pro-inflammatory and anti-inflammatory immune pathways. Likewise, HBeAg can stimulate the
activation of B cells by promoting the production of B-cell activating factors through the secretion of IL-6 and IFN-y. It is
indicated that IL-6, in turn, can play a role in fighting against HBV by inducing the decay of cccDNA, reducing HBV
transcription, and downregulating the NTPC receptor[56].

Moreover, B cells contribute to the formation of memory responses. Lam et al[87] reported that memory B cells
generated during acute HBV infection could provide rapid and robust antibody responses upon re-exposure to the virus,
contributing to subsequent immune control. However, chronic HBV infection can lead to B cell dysfunction, impaired
antibody responses, and immune tolerance.

IMPLICATIONS FOR HBV DISEASE PROGRESSION

Exacerbations in liver inflammation

The escalation of hepatic inflammation is a crucial factor that highlights the possibility of severe consequences, such as
fulminant hepatitis (FH). The reactivation of HBV elicits a renewed phase of viral replication and the subsequent release
of viral antigens, hence inducing an intensified immune response. The activation of the immune system leads to the
migration of immune cells, including macrophages, neutrophils, and T cells, into the liver[88,89]. According to Shi et al
[90], it was found that liver injury occurring during a spontaneous exacerbation is likely influenced by an increased
population of T cells that exhibit reactivity towards HBeAg and HBcAg, which demonstrate cross-reactivity at the T-cell
level. These cells then release a wide range of pro-inflammatory cytokines and chemokines. Kawagishi et al[91] reported
study showed elevated levels of pro-inflammatory cytokines, including TNF-q, IL-1p, and IL-6.

Furthermore, Liu et al[93] have shown that chemokines such as CCL2 (MCP-1), CXCLS8 (IL-8), and CXCL10 (IP-10) are
consistently found in liver inflammation associated with HBV reactivation. These chemokines play crucial roles in
attracting immune cells to the liver parenchyma. The resultant inflammatory milieu exacerbates hepatocellular damage
and liver inflammation, leading to potentially severe clinical outcomes[92,93].

Moreover, the heightened liver inflammation that occurs after the reactivation of the HBV is of concern due to its
correlation with FH. FH is a term used to describe the development of hepatic encephalopathy, which characterizes a
severe clinical manifestation of hepatitis, including abrupt onset, rapid progression, complex clinical presentations, and
unfavorable prognostic outcomes. It may cause 5%-18% of FH in Europe, 13%-15% in Bangladesh and India, and 22% in
Sudan. HBV accounts for approximately 7% of United States FH cases[92]. The study by Kayesh et al[94] sheds light on
the alarming phenomenon of FH resulting from HBV reactivation. Their research delves into the mechanisms underlying
this severe condition, emphasizing the critical role of immune responses in HBV reactivation-related liver damage.
Through a comprehensive analysis of clinical cases and molecular studies, Lam et al[87] elucidate the intricate interplay
between viral factors, host immune responses, and the hepatic microenvironment, contributing to the development of FH.
Their findings underscore the urgent need for vigilant monitoring and proactive management strategies in patients at risk
of HBV reactivation, particularly those undergoing immunosuppressive treatments or chemotherapy[95]. The early onset
of acute liver failure is attributed to the destructive effects of HBV reactivation-induced immunological responses, which
are accompanied by the substantial release of inflammatory mediators. This situation can result in hepatic enceph-
alopathy, coagulopathy, and multi-organ failure[96].

Liver fibrosis and cirrhosis

Liver fibrosis and Cirrhosis are complex clinical phenomena that the reactivation of HBV can further aggravate. The
reactivation of HBV initiates a cascade of immunological reactions that facilitate the attraction and stimulation of various
immune cells, such as macrophages, T cells, and neutrophils, within the milieu of the liver[49,97]. According to Lee et al
[98], these immune cells release cytokines, chemokines, and profibrotic mediators that cause HSCs to change phenotyp-
ically into myofibroblast-like cells. The excessive synthesis and accumulation of extracellular matrix components by the
activated HSCs contribute to fibrotic scarring. The chronic activation of the immune system resulting from HBV
reactivation leads to the continuous presence of immune cells and the ongoing production of inflammatory mediators,
which produce an environment favorable for the sustained development of fibrosis[46,47,99].

Moreover, in their study, Jagdish et al[100] discussed the complex immunological mechanisms and intricate feedback
loops that contribute to the pathophysiological processes of liver fibrosis and Cirrhosis in the context of HBV reactivation,
according to examination by Peiseler et al[101], immune cell activation and the subsequent release of cytokines not only
promote fibrogenesis but also maintain a state of chronic inflammation. A self-sustaining cascade of inflammation and
fibrosis starts due to the persistent immunological responses, which trigger the release of additional pro-inflammatory
cytokines and chemokines. Furthermore, as understood by Gherlan et al[102], the presence of immune-suppressive
components, such as Tregs, can reduce the efficiency of anti-viral immune responses and promote the growth of fibrosis
by creating an immunologically tolerable environment. In people with HBV reactivation, the progression of liver fibrosis
and cirrhosis is caused by a complex dynamic involving the ongoing interaction of immune activation, fibrogenesis, and
immune suppression[102,103]. Comprehending the complex immunological mechanisms involved is of utmost
importance to facilitate the formulation of precise therapy strategies that might effectively disrupt these processes and
impede the progression of liver fibrosis and Cirrhosis in the context of HBV reactivation[104].

HcC

The pathogenesis of HCC is closely linked to the fundamental involvement of chronic inflammation in oncogenesis.
Chronic HBV infection represents a significant risk factor for HCC, a liver cancer. The risk is further exacerbated by HBV
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reactivation, which sustains a continuous cycle of persistent inflammation, contributing to the development of HCC. In
chronic carriers with HCC receiving chemotherapy, reported rates of HBV reactivation range from 4% to 67 %[105].
According to a recent study, the administration of anti-cancer therapy for HCC has been associated with HBV’s
reactivation. In a study by Midorikawa et al[106], 1609 patients who underwent hepatectomy were examined. This study
revealed a significant independent association between HBV reactivation and reduced overall and recurrence-free
survival. Moreover, Shiri et al[107] recommend delaying the planned therapy for HCC until the impaired liver function
has been restored in cases of reactivation. Two prospective studies have shown that the reactivation of HCC has resulted
in delayed or prematurely terminated treatment regimens.

During the process of HBV reactivation, there has been a significant rise in viral replication, leading to the release of
viral antigens. This, in turn, triggers robust immunological responses. However, the continuous activation of the immune
system can lead to the release of pro-inflammatory cytokines and chemokines[108]. This creates an environment that is
conducive to DNA damage and the transformation of cells. According to Feitelson et al[109], prolonged exposure to viral
antigens and persistent immune responses create an environment that promotes genetic mutations and epigenetic
alterations in hepatocytes. This makes the hepatocytes more vulnerable to malignant transformation.

Furthermore, the significance of chronic inflammation in HCC linked with HBV reactivation is further emphasized by
activating pivotal signaling pathways. The study conducted by Sivasudhan et al[110] demonstrated that the activation of
the NF-xB and MAPKSs signaling pathways, frequently observed in chronic inflammation cases, exert a substantial
influence on the progression of HCC. The pathways mentioned above influence cell survival, proliferation, and the
circumvention of apoptosis, all of which are vital facets of tumor progression. The enduring immunological responses
and inflammatory mediators can promote oxidative stress and DNA damage, intensifying carcinogenic potential[111,
112]. In addition, Chekol et al[113] have highlighted that the inflammatory response can lead to the production of
immunomodulatory substances, including Tregs and anti-inflammatory cytokines. These substances may hinder immune
surveillance and promote immunological tolerance. This allows modified hepatocytes to avoid immune detection and
subsequent immune response.

MANAGEMENT STRATEGIES FOR HBV REACTIVATION

Anti-viral treatment

The primary objective of existing therapeutic interventions for HBV reactivation is to inhibit viral replication and
reinstate immunological regulation. Nucleoside and nucleotide analogs (NAs) are fundamental in treating HBV. The
medications mentioned, namely lamivudine, entecavir, tenofovir, and adefovir, act as competitive inhibitors of HBV
reverse transcriptase, thereby interfering with the synthesis of viral DNA[114]. NAs demonstrate significant anti-viral
properties, resulting in the long-term inhibition of viral activity and decreased HBV DNA levels. The decrease in viral
load mitigates hepatic inflammation and contributes to preventing HBV reactivation relapse. It is of utmost significance
that the implementation of efficient anti-viral medication has the potential to impede the advancement of liver fibrosis
and Cirrhosis, offering a pivotal means of managing individuals who are susceptible to severe liver disease resulting from
HBYV reactivation[115,116]. In addition to their anti-viral properties, the immunomodulatory capacities of NAs, as
revealed by Zheng et al[25], are involved in regulating immunological reactions during the reactivation of HBV. Nucleic
acid-based therapies have been observed to lower viral load, reducing viral antigen exposure effectively. Consequently,
this reduction in viral antigen exposure leads to a subsequent decrease in immune activation triggered by antigens.
Therefore, this mitigates the inflammation commonly associated with the reactivation of HBV[117].

Furthermore, nanoparticles (NAs) can augment the functionality of several immune cells, including NK cells, T cells,
and DCs, hence facilitating the development of anti-viral immune responses. The simultaneous effect of NAs
encompasses inhibiting viral replication and promoting immunological homeostasis restoration[118]. Nevertheless, it is
crucial to acknowledge that although NAs exhibit significant efficacy, they generally do not result in a comprehensive
eradication of the viral infection. Sustained viral suppression and relapse prevention often need the ongoing adminis-
tration of these medications over an extended period[119].

Entecavir: Using Entecavir, an NA, has become a key strategy in managing HBV reactivation. The anti-viral actions of
this substance are exerted through the inhibition of HBV DNA polymerase, resulting in the efficient suppression of viral
replication (Table 2). Entecavir, a potent and specific inhibitor, effectively decreased the amounts of HBV DNA, resulting
in enhanced liver function and reduced hepatic inflammation related to HBV reactivation[120]. This treatment option’s
high genetic barrier to resistance makes it an appealing selection for extended therapeutic interventions, especially in
patients susceptible to recurring HBV reactivation[121]. Moreover, the anti-viral effectiveness of Entecavir has a signi-
ficant role in reducing the advancement of liver fibrosis and decreasing the likelihood of consequences, including
Cirrhosis and hepatocellular cancer. Nevertheless, although Entecavir has exhibited significant anti-viral efficacy, its
effectiveness can vary depending on specific patient attributes, HBV genotypes, and previous treatment experiences[122,
123]. Like any therapeutic intervention, it is essential to conduct a thorough patient assessment and develop individu-
alized treatment plans to optimize the efficacy of Entecavir in managing HBV reactivation.

Tenofovir: Tenofovir, an NA, has been identified as a fundamental intervention in managing HBV reactivation. The
strong inhibitory activity of this compound on the DNA polymerase of the HBV efficiently hampers the reproduction of
the virus (Table 2), resulting in a quick decrease in viral load and relief from liver inflammation associated with the
infection[124]. According to Mizushima et al[125], the efficacy of tenofovir in individuals with HBV reactivation,
regardless of their prior treatment history, can be due to its extensive anti-viral activity and strong resistance barrier. In
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Table 2 Strategies for the management of hepatitis B virus reactivation

Success rate,

Therapy Model Mechanism Efficacy % Resistance Ref.

Anti-viral therapy

Nucleos(t)ide Lamivudine Inhibits viral DNA synthesis High 80% Low [30]
Entecavir Potent viral DNA polymerase High 90% Rare [120]
Adefovir Inhibits viral DNA polymerase Moderate 70%-80% Occasional ~ [128]
Tenofovir Inhibits viral DNA synthesis High 90% Rare [124]

Monoclonal Anti-HBV antibodies Viral neutralization Moderate 70% Occasional ~ [137]

antibodies

Combination Tenofovir + emtricitabine Inhibits viral DNA synthesis High 95% Low [138]

therapy

Immune-modulating therapy
Toll-like receptor agonists Immune activation Moderate 70% Variable [139]
Interferon Antiviral and immune activation High 80% Occasional  [140]

Personalized treatment approaches

Tailored Targeted antiviral therapy based on genomic Variable  75%-90% Variable [141]
profile
Treatment
Combination Nucleos(t)ide + immune- Antiviral + immunomodulation High 90%-95% Low [142]
therapy modulating therapy
Monoclonal Individualized treatment Targeted viral neutralization based on Varies 60%-80% Occasional  [143]
antibodies antibody profiling

addition, a study by Hsu et al[126] has shown that using tenofovir can effectively reverse liver fibrosis and cirrhosis,
leading to persistent viral suppression. This highlights the importance of tenofovir in preventing the development of
severe liver diseases. The availability of both oral and injectable forms of medication allows for greater flexibility in
tailoring treatment to meet each patient’s unique preferences and needs[126].

Nevertheless, it is crucial to consider the potential renal and bone health consequences that may arise from using
tenofovir. In a study, Fu et al[127] proposed that tenofovir possesses strong anti-viral properties and beneficial resistance
characteristics, making it an essential component in treating HBV reactivation. This highlights the significance of tailoring
treatment approaches to individual patients to maximize outcomes’ effectiveness.

Adefovir: The potential use of adefovir, an NA, as a therapeutic intervention for the reactivation of HBV has been invest-
igated, particularly in situations where alternative treatment options may be impractical or insufficient. The mechanism
of action involves the inhibition of HBV DNA polymerase (Table 2), resulting in decreased viral replication and
subsequent reduction in viral load[128]. The anti-viral activity of adefovir has demonstrated effectiveness in suppressing
HBYV reactivation and enhancing liver function. Nevertheless, this treatment has been linked to an elevated susceptibility
to resistance in contrast to more contemporary anti-viral medications such as entecavir and tenofovir. The aforemen-
tioned highlights the significance of meticulous patient selection, consistent monitoring, and the potential utilization of
combination therapy to mitigate resistance development[129]. With more advanced anti-viral drugs emerging, adefovir’s
potential utility in managing HBV reactivation may be restricted to particular situations, underscoring the importance of
tailored treatment strategies to get the best possible results[130].

Lamivudine: Lamivudine’s early chain termination-induced HBV replication reduction was discovered in 1995. The
medication successfully treated HBV reactivation in a non-Hodgkin’s lymphoma patient in 1998. Lamivudine reduces
HBV replication within days to weeks of starting treatment, with moderate side effects (Table 2). The conventional
treatment for HBV replication is extensively used due to its efficacy, few side effects, high tolerance, and once-daily
dosing. While most patients responded well to lamivudine, the treated group had mortality rates of 18% to 40%[131,132].
The study found that non-responders had decompensated liver disease before therapy. The effectiveness of Lamivudine
may be diminished in severe hepatic damage. Thus, HBV reactivation, indicated by higher HBV-DNA levels, should be
treated immediately. The therapy duration is unclear. Anti-viral drugs reduce reactivation rates. However, a study found
a 24% reactivation rate three months after lamivudine cessation[133].

After immunosuppressive therapy, six months of treatment is advised. However, some authors recommend a year-
long treatment to prevent HBV reactivation. Drug-resistant mutant strains of HBV constitute a significant concern with
extended treatment. Viral resistance is the re-emergence of serum HBV DNA after viremia clearance, even with anti-viral
therapy. The incidence of lamivudine-resistant strains with tyrosine-methionine-aspartate (YMDD) mutations increases
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with treatment duration[134]. These symptoms usually appear after six months of treatment. The prevalence of these
symptoms is 15% in the first year, 38% in the second, 56% in the third, and 65% in the fifth year of treatment. While
multiple studies have shown that the YMDD mutant virus does not affect clinical outcomes, one found a greater rate of
hepatitis flares and other severe adverse effects in the fifth and sixth years of treatment. Mutations that confer lamivudine
resistance caused these outcomes[135,136]. The influence on chronic HBV management is apparent; however, the effects
on HBYV reactivation therapy are unclear (Table 2)[137-143].

Immune-modulating therapy
The potential efficacy of immune-modulating medications, such as interferon-based therapy, in managing HBV
reactivation is encouraging. These therapies can enhance immune surveillance and facilitate viral clearance. Interferons
are a class of cytokines that elicit anti-viral responses, augmenting the immune system’s capacity to identify and
counteract viral infections[140,144]. In the setting of HBV reactivation, therapies based on interferon can elicit immune
responses that are both innate and adaptive. The activation of NK cells, DCs, and macrophages is observed, enhancing
their ability to identify and eliminate cells infected with HBV[12,145]. In addition, interferons can augment the antigen
presentation capability of DCs, promoting T-cell solid responses that specifically target infected hepatocytes. By
coordinating a diverse immune response, therapies based on interferon can effectively suppress viral replication
(Table 2), impede the advancement of HBV reactivation, and potentially facilitate the resolution of viral infection[146].
Recently, a growing interest has been in utilizing TLR agonists as vaccine adjuvants or immune modulators. This
interest stems from their capacity to stimulate the production of IFN, pro-inflammatory cytokines, and chemokines,
which can potentially elicit anti-HBV effects. In PHH, TLR1/2 and TLR3 agonists decrease HBV replication (Table 2).
Another study found that oral TLR7 agonist G5-9620 (vesatolimod) and nucleos(t)ide analogs increased T cell and NK cell
responses and reduced NK cell suppression of T cells in chronically infected patients[139,147].

Personalized treatment approaches

The significance of tailored treatment strategies for persons encountering HBV reactivation cannot be overemphasized,
given that the efficacy of therapies can differ considerably depending on patient-specific variables. Individuals” immuno-
logical profiles are paramount in assessing and predicting treatment outcomes. Certain patients may exhibit strong
immune responses that can be effectively utilized to manage the reactivation of HBV. In contrast, others may necessitate
more intensive immune modulation to get the desired effects[148]. Genetic variables additionally influence treatment
variability. The presence of genetic differences has the potential to impact drug metabolism, immunological responses,
and the likelihood of experiencing adverse effects. As a result, it is crucial to customize treatment approaches to optimize
outcomes[149,150].

Moreover, the presence of many genotypes of HBV introduces an additional level of intricacy. Various genotypes
display varied levels of virulence and may demonstrate distinct responses to anti-viral or immune-based treatments.
Therefore, it is imperative to include the HBV genotype when designing personalized treatment plans to maximize
interventions for the individual viral strain[151].

Precision medicine and biomarker research have witnessed significant progress, presenting encouraging prospects for
customizing treatment based on specific patient characteristics. Biomarkers, including viral load, liver function tests, and
specific immune cell subsets, can offer valuable insights into the patient’s response to therapy and facilitate informed
decisions regarding treatment modifications[152]. Genetic testing can detect genetic variants that could influence the
results of treatment or the metabolism of drugs, thereby facilitating the selection of the most suitable therapies[153].
Furthermore, viral genotyping might provide valuable insights in selecting appropriate anti-viral medicines and
forecasting their effectiveness against certain strains of HBV. Incorporating these individualized characteristics into
treatment determinations can optimize treatment results, mitigate unfavorable consequences, and increase patients’
overall quality of life[110,154]. The progress of personalized medicine can significantly impact the management of HBV
reactivation by introducing patient-specific treatment approaches. This advancement can substantially improve clinical
outcomes and enhance treatments.

FUTURE DIRECTIONS AND RESEARCH GAPS

Despite considerable progress in elucidating the complex immunological mechanisms behind the reactivation of HBV,
specific knowledge gaps hinder a thorough comprehension of its pathophysiology. A significant deficiency exists in the
exact coordination of immune responses during the reactivation of HBV and its subsequent implications for the course of
the disease. The involvement of immune cells, including T cells, B cells, and innate immune components, has been widely
recognized. However, there is ongoing research to determine the precise sequence of events, factors that influence
immunological dominance, and the interactions that occur within the intricate hepatic milieu[155]. Furthermore, there is a
need for more significant investigation into the mechanisms that govern the shift from regulated viral replication to
reactivation and the subsequent effects on immune responses. Examining alternative avenues is necessary to identify
specific immunological checkpoints or regulatory pathways that can be altered for therapeutic benefit. Bridging these
information gaps is essential in developing precise therapies that aim to avoid the reactivation of HBV and minimize its
potentially severe consequences[156].

Moreover, the impact of genetic and epigenetic variables on immune responses and disease course in HBV reactivation
has not been thoroughly investigated. Genetic variants among individuals may influence the characteristics and efficacy
of immune responses, offering a plausible explanation for the observed variability in patient outcomes. The influence of
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epigenetic changes, including DNA methylation and histone acetylation, on immune cell activity and their potential
impact on the progression of HBV reactivation is a subject of interest[157]. Furthermore, the influence of comorbidities,
such as obesity, diabetes, or co-infections, on immune responses during HBV reactivation has yet to be well investigated.
The complete understanding of how these parameters intersect with immune systems can enhance our understanding of
the illness spectrum and inform the development of customized treatment methods. The imperative to improve our
comprehension of HBV reactivation and its related difficulties becomes increasingly significant as research progresses
and novel technologies emerge[158,159].

Future research efforts in HBV reactivation should prioritize numerous prospective avenues to enhance our compre-
hension and therapeutic approaches. One potential approach involves investigating innovative immune-based treatments
that use the complex interaction between immune cells and viral elements in the context of HBV reactivation. The
exploration of immune checkpoint inhibitors, adoptive T-cell treatments, and customized immune cells designed to target
HBV-infected hepatocytes specifically provide novel strategies for augmenting immune responses and achieving long-
term viral suppression[160]. Furthermore, exploring the potential of tailored immunotherapies that leverage patient-
specific immune profiles has significant opportunities for enhancing treatment outcomes. To effectively advance the
development of innovative therapeutic strategies, it is imperative to conduct comprehensive studies investigating the
dynamics of immune cell populations, cytokine profiles, and immunological checkpoint expression during HBV
reactivation[161].

Another field of prospective investigation pertains to elucidating the complex intercommunication between the
gastrointestinal tract and liver, commonly called the gut-liver axis, within the framework of HBV reactivation. Recent
research indicates that increasing evidence supports the notion that the gut microbiota and their metabolic byproducts
significantly impact liver immunity and inflammation. Examining the impact of the gut-liver axis on immune responses
during HBV reactivation holds promise for shedding fresh light on the etiology of the illness and identifying possible
targets for therapeutic intervention[162]. Moreover, gaining insight into the impact of changes in the composition and
functioning of gut microbiota on the immunological dysregulation found in HBV reactivation provides opportunities for
novel therapies, such as manipulating the gut microbiome to bolster anti-viral immune responses. Adopting a
multidisciplinary approach can illuminate aspects of HBV reactivation that have not been thoroughly investigated before
and may present innovative therapeutic approaches[163].

Likewise, it is necessary to thoroughly analyze the effects of HBV reactivation on the overall immune system. Although
the liver is known to be a primary site for HBV infection and reactivation, there is a lack of comprehensive research on its
impact on immune cell distribution, functioning, and memory responses throughout the body[164]. Examining the effects
of HBV reactivation on the immunological landscape outside of the liver may yield valuable insights into immune aging
and immune exhaustion and potentially inform the formulation of preventive measures against immunosuppression in
several scenarios[165]. By incorporating state-of-the-art methodologies like single-cell RNA sequencing and advanced
imaging modalities into these inquiries, it is possible to reveal novel understandings regarding the broader consequences
of HBV reactivation and establish a foundation for comprehensive treatment interventions[166].

CONCLUSION

In conclusion, this in-depth review article has illuminated the complex immunological mechanisms behind HBV
reactivation and their consequences for the disease and treatment approaches. The immunological components examined
highlight the complexity of HBV reactivation, particularly the interaction between viral and host immune responses.
These mechanisms underscore the need for close monitoring in high-risk populations by contributing to various clinical
presentations, from asymptomatic instances to severe liver damage. Furthermore, understanding the immunopatho-
genesis of HBV reactivation points to effective treatment approaches. Anti-viral treatments that target particular immuno-
logical pathways and novel immunomodulatory drugs that may lessen the severity of reactivation and enhance patient
outcomes are under development. The information compiled in this review article offers a vital basis for directing clinical
practice, improving our comprehension of HBV reactivation dynamics, and encouraging the creation of more efficient
management strategies in an era characterized by the development of immunotherapies.

Moreover, the consequences of this review go beyond the field of medicine. They emphasize the significance of treating
HBYV reactivation holistically, combining immunomodulation techniques with anti-viral treatments. Furthermore, they
emphasize the necessity of continued research endeavors to unearth additional complexities in the immunological
pathways underlying HBV reactivation. We will be better able to anticipate and stop reactivation occurrences due to this
knowledge, which will also help us comprehend the whole picture of viral-host interactions in chronic HBV infection.
Conclusively, this review’s synthesis of immunological insights and their clinical implications is an essential tool for
healthcare professionals, researchers, and clinicians. It will help those at risk of HBV reactivation receive better care and
achieve better results.
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Abstract

Cirrhosis is considered a growing cause of morbidity and mortality, which
represents a significant public health problem. Currently, there is no effective
treatment to reverse cirrhosis. Treatment primarily centers on addressing the
underlying liver condition, monitoring, and managing portal hypertension-
related complications, and evaluating the potential for liver transplantation in
cases of decompensated cirrhosis, marked by rapid progression and the emer-
gence of complications like variceal bleeding, hepatic encephalopathy, ascites,
malnutrition, and more. Malnutrition, a prevalent complication across all disease
stages, is often underdiagnosed in cirrhosis due to the complexities of nutritional
assessment in patients with fluid retention and/or obesity, despite its crucial
impact on prognosis. Increasing emphasis has been placed on the collaboration of
nutritionists within hepatology and Liver transplant teams to deliver compre-
hensive care, a practice that has shown to improve outcomes. This review covers
appropriate screening and assessment methods for evaluating the nutritional
status of this population, diagnostic approaches for malnutrition, and context-
specific nutrition treatments. It also discusses evidence-based recommendations
for supplementation and physical exercise, both essential elements of the standard
care provided to cirrhotic patients.
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Core Tip: Currently, there is a wealth of information on the ideal nutritional treatment for cirrhosis. Yet, a critical gap
persists: The absence of a concise clinical document encompassing the entire nutritional care process. The significance of
nutritional management is increasing, given its profound influence on both patient prognosis and quality of life. We here
strongly emphasize the need to offer a practical foundation for managing nutrition in cirrhosis, grounded in scientific
evidence.
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INTRODUCTION

Cirrhosis is a globally highly prevalent disease associated with significantly high morbidity and mortality. It is the 14*
cause of death worldwide accounting for 1.03 million deaths/year[1]. This chronic disease is a result of the progression of
many forms of necro-inflammatory liver diseases leading to fibrosis, vascular remodeling, development of portal
hypertension along with its complications, and ultimately liver failure[2]. The disease’s natural progression involves an
asymptomatic phase known as “compensated cirrhosis”, followed by “decompensated cirrhosis”, marked by rapid
progression and the emergence of symptoms including portal hypertension, bleeding, hepatic encephalopathy (HE),
ascites, malnutrition, among others[3].

Cirrhosis is a condition with a longstanding propensity for the development of malnutrition, sarcopenia, and fragility.

Malnutrition in this population is attributed to the interaction of different factors, including: Metabolic alterations[4],
inadequate dietary intake, increased energy requirements as a result of hypermetabolism and systemic inflammation[5],
deficiencies of micronutrients, and anorexia due to hormonal imbalances, among others[6]. Malnutrition is not simply an
accompanying condition but has a significant impact on the progression of the disease that further worsens the patient
prognosis. Its direct impact on patient outcomes and complications is widely acknowledged[7].

Diagnosing malnutrition can be challenging due to its complex evaluation and the potential influence of factors like
fluid overload, HE, and obesity, which can mask its effects[7-9].

As one of the few modifiable factors within cirrhosis, early diagnosis and timely treatment offer the potential to
influence positively patient outcomes.

In this review we aim to describe the impact of malnutrition in cirrhosis, the adequate strategies for a thorough
nutritional status assessment using validated screening tools. We also discuss evidence-based recommendations of
nutritional and exercise intervention that can be used to improve outcomes for patients with liver cirrhosis.

DIAGNOSIS AND TREATMENT

The most useful scores to determine the severity of the disease include the Child-Pugh and model for end-stage liver
disease (MELD) scores. The Child-Pugh score incorporates biochemical and clinical factors such as total bilirubin,
albumin, international normalized ratio (INR), ascites, and HE. However, limitations arise due to the variability in
assessing clinical variables like ascites and HE[10]. Therefore, the MELD score was developed, offering a more objective
approach. It relies on a mathematical model involving biochemical parameters like creatinine, total bilirubin, and INR.
The MELD score is widely used as a measurement to evaluate and prioritize the organ allocation for transplantation,
since it accurately predicts short-term survival (3 months). The cut-off value of 15 is widely used to prioritize candidates
to receive a liver transplantation[11].

Currently, preventing cirrhosis lacks an effective treatment approach. As a result, the present emphasis is on managing
liver diseases and their related complications. This involves meticulous assessment of individuals with decompensated
disease for potential liver transplantation[12].

Despite liver transplantation being considered a curative treatment, is not always available to everyone, and in some
cases, there is a high incidence of recurrence of the liver disease. In a retrospective cohort evaluating risk factors and
outcomes associated with recurrent autoimmune hepatitis (AIH) after liver transplantation, AIH recurrence was found in
20% of patients after 5 years and 31% after 10 years. The authors concluded that AIH recurrence after transplantation is
common and is associated with younger age at liver transplant (LT), post-LT use of mycophenolate mofetil, gender
mismatch, and elevated pre-transplant IgG levels. They demonstrated an association between disease recurrence and
graft impairment and overall survival in patients with AIH, highlighting the importance of continued efforts to better
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characterize, prevent, and treat recurrent AIH[12]. The LT community continues to be challenged by limitations in organ
supply, allocation, and quality. As the need for transplantation expands, innovations to safely use and potentially salvage
all donor organs are being explored and tested. Many groups are attempting to overcome these obstacles by gradually
developing novel techniques and using sound translational science[13].

IMPACT OF MALNUTRITION AND SARCOPENIA IN CIRRHOSIS

Malnutrition is defined as inadequate nutrient intake, nutrient imbalance, or altered utilization[14]. The prevalence of
malnutrition varies depending on the assessment method, disease etiology, and patient stage. It is higher (40%-70%) in
decompensated cirrhosis often accompanied by disease-related complications such as HE, ascites, and esophageal varices
(Child-Pugh B-C). In compensated or asymptomatic phases (Child-Pugh A), the prevalence ranges from 10% to 40%[14-
16].

The pathophysiology of malnutrition and sarcopenia is complex and is attributed to the interaction of factors including
metabolic alterations caused by a decrease in hepatic glycogen reserves, increased lipid catabolism, and increased
proteolysis due to an increased gluconeogenesis[4,5]. These metabolic changes lead to a 15%-30% increase in energy
requirements[15], which if coupled with the insufficient dietary intake arising from cirrhosis-related complications such
as ascites, HE, and dysgeusia, are a significant malnutrition-contributing factor.

Ascites in patients delays gastric emptying, resulting in postprandial satiety and reduced appetite[17]. Cognitive
impairment in HE leads to decreased food consumption[18]. Protein intake is often restricted as part of routine clinical
management, leading to reduced calorie intake, despite a lack of evidence supporting improvement in HE[19].

Cirrhotic patients often experience dysgeusia, which is linked to deficiency in micronutrients like zinc[20] and other
minerals that decrease due to both the drugs used for treating the disease and associated comorbidities, including
diuretics[21], and a decreased consumption by the patients.

Following variceal gastrointestinal bleeding, patients may be kept fasting for prolonged periods. Additionally,
endoscopic procedures like variceal ligation can induce temporary dysphagia, potentially leading to reduced protein and
energy intake[14,15].

Sarcopenia, another facet of malnutrition, involves muscle mass and strength loss alongside reduced physical per-
formance[14,22]. This condition contributes to fragility, marked by reduced physiological reserve and increased stress
factors[23].

Furthermore, there is a decline in muscle fiber formation which is attributed to satellite cell differentiation inhibition
[24] and an increased in mTOR signaling pathway activity[25], promoting proteolysis. This phenomenon is linked to
elevated myostatin activity[26], a member of the TGF-p cytokine family, which is proven to be enhanced in cirrhosis and
closely related to disease severity[27].

Sarcopenia, regardless of hepatic function, has been shown to be an important predictor of pre and posttransplant
complications[28], including higher risk of infections[29], HE[30], longer hospital stay[31], low quality of life[32] and
survival (Figure 1)[33].

A weak correlation between muscle mass and liver function has prompted the consideration of sarcopenia as a
significant addition to the MELD score. The presence of sarcopenia in a patient is equivalent to adding 10 points to the
MELD score[33]. Therefore, prioritizing these patients and implementing a controlled nutritional plan before trans-
plantation becomes crucial to enhance post-transplant outcomes.

NUTRITIONAL CONTROL AND SCREENING

According to Global Leadership Initiative on Malnutrition criteria, a proper diagnosis requires combining etiological and
phenotypic patient characteristics (Table 1)[34].

Implementing the nutritional control protocol outlined by Clinical Practice Guidelines is strongly advised as a funda-
mental aspect of standard cirrhosis patient management (Figure 2). This comprehensive plan encompasses nutritional
assessment, nutritional diagnosis, a personalized nutritional intervention, and monitoring as recommended by the
European Association for the Study of the Liver[35] (Figure 3). Assessing nutritional status, interpreting parameters, and
clinically evaluating patients with cirrhosis possesses challenges influenced by numerous non-nutritional factors,
therefore, this should be a collaborative endeavor, where nutritionists and hepatologists work together to provide holistic
treatment, ensuring optimal outcomes for the patients.

Nutritional screening evaluates characteristics related to nutritional concerns, pinpointing patients who need thorough
nutritional status assessment. These screenings should occur within 24 h of hospitalization or within the initial 14 d of
long-term care facility admission[36]. The tools used must be easy to apply, reproducible, capable of detecting changes
over time, and validated for the population in which they are being used[37].

In patients with cirrhosis, the validated screening tools are the Royal Free Hospital Global Assessment (RFH-GA) and
the RFH-Nutritional Prioritizing Tool (RFH-NPT)[19].

RFH-GA

This tool evaluates mortality risk in mild/moderate and severe malnutrition stages. It considers objective and subjective
factors, incorporating body mass index (BMI). For patients with fluid overload, it considers dry weight, often calculated
from post-paracentesis weight or pre-fluid retention weight, or subtracts a percentage based on ascites severity (5% for
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Table 1 Global leadership initiative on malnutrition criteria for the diagnosis of malnutrition

Phenotypic criteria Etiological criteria

Low body Reduction of muscle Decreased intake or assimilation

Unintentional weight loss Inflammatory load

mass index  mass of foods
> 5% in the last 6 months or > <20in<70yr Evaluated by validated <50% >1wkor<100% >2wkorany Acute injury/inflammation;
10% in more than 6 months or<22in>70 body composition chronic condition that alters food chronic inflammatory pathology
yr techniques assimilation

Diagnosis requires at least 1 phenotypic criterion and 1 etiological criterion.

Impact of sarcopenia in cirrhosis

[ 4
A
\ >
~
a
o Low quality of life
transplant . o
complications and surviva

Sy

Longer
hospital stay
Increased risk of
decompensation
(HE, Ascites)

Increased risk of
infections

Figure 1 Impact of sarcopenia in cirrhosis. The presence of sarcopenia has been shown to be associated with reduced quality of life and survival. It is a
predictor of pre and posttransplant complications, including higher risk of infections, ascites, hepatic encephalopathy, and longer hospital stay. HE: Hepatic
encephalopathy. Citation: The authors have obtained the permission for figure using from the BioRender.com (Supplementary material)[112].

mild, 10% for moderate, and 15% for severe), plus an extra 5% for bilateral edema[38]. In this scheme, the corrected mid-
arm muscle area (cCAMA) is also used along with dietary intake details in a semi-structured algorithmic construction. The
RFH-GA exhibits excellent intra- and inter-observer reproducibility and has been validated against a multicomponent
model of body composition[39,40].

RFH-NPT

Currently there is international consensus to utilize this tool due to its demonstrated clinical correlation with disease
severity and efficient application[41,42]. Taking under 3 minutes to complete, this screening tool is suitable for non-
specialized personnel. It boasts remarkable intra- and inter-observer reproducibility and substantial external validity
when compared to RFH-GA[40].

The process involves three key steps: (1) Individuals with alcoholic hepatitis or on tube feeding are promptly identified
as high risk without further steps; (2) those without alcoholic hepatitis and not on tube feeding are assessed for fluid
overload’s effect on food intake and weight loss; and (3) individuals without fluid overload are evaluated for nutritional
status (BMI, unplanned weight loss, daily dietary intake). Patients are categorized as low risk (score 0), moderate risk
(score 1), or high risk (score 2 to 7)[42].
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Assessment of sarcopenia Detailed nutritional assessment Assess fluid retention and consider
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N biecti " v
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muscle area at L3 7 | evaluation g%’tl)al_ Reported intervention (Figure 4)
DEXA or BIA if there is no v Assessment _dallz/
fluid retention N intake
| Sarcopenia | I Malnutrition I | No malnutrition %
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(repeat evaluation every 1-3 months in the first year) Minimum 1 time a year

Figure 2 Assessment in patients with cirrhosis. Implementing the nutritional control protocol outlined by Clinical Practice Guidelines is strongly advised as a
fundamental aspect of standard cirrhosis patient management. HE: Hepatic encephalopathy; INR: International normalized ratio; CBC: Complete blood count; CT:
Computed tomography; DEXA: Dual energy X-ray absorptiometry; BIA: Bioelectrical impedance analysis; BMI: Body mass index; RFH-NPT: Royal Free Hospital
Nutritional Prioritizing Tool. The consent was adapted by Clinical Practice Guidelines[41]. Citation: The authors have obtained the permission for figure using from the
BioRender.com (Supplementary material)[112].

NUTRITIONAL STATUS ASSESSMENT

Body composition assessment methods vary in their characteristics, benefits, and drawbacks. Their diagnostic effect-
iveness hinges on the patient’s disease-related complications during assessment. Fluid retention can distort measure-
ments due to physical changes in body compartments. The following outlines the key measurements for assessing body
composition, including their respective advantages and disadvantages.

Anthropometry
Anthropometric assessment measures physical dimensions and body composition. It’s highly accessible but demands
evaluator training and intra-observer evaluations for measurement consistency[43,44].

The most used anthropometric measures, in addition to weight and height, are mid-arm circumference (MAC) and
triceps skinfold thickness (TSF). These measurements are taken as follows.

MAC: When measuring MAC, the subject should be standing upright with arms by their sides and palms facing inward.
The measuring area should be uncovered. To find the midpoint of the arm, the person’s arm is flexed at a 90-degree angle
with the palm upward. The person taking the measurement stands behind and locates the lateral tip of the acromion,
palpating along the upper surface of the scapula’s spine. The distance between the acromion (end of the clavicle) and the
olecranon (end of the humerus) is measured, marking the midpoint between them. After identifying the midpoint, the
arm is relaxed, and the measurement is taken in centimeters (cm)[43].

TSF: To assess TSF, locate the skinfold site on the back of the arm, directly over the triceps muscle. For accurate measure-
ment, have the subject’s arm hang to one side to establish the posterior midline. Mark the skinfold site along the posterior
midline of the arm, aligning it with the MAC. The person performing the measurement should stand behind the subject,
using their left hand to hold the skinfold 1 cm proximal to the marked site. Position the caliper tips 1 cm below the thumb
and index finger, maintaining them perpendicular to the skinfold’s longitudinal axis. Take three measurements and
record the average in millimeters (mm)[45,46].
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Figure 3 The nutritional care process includes the following steps. (1) Nutritional assessment; (2) nutritional diagnosis; (3) nutritional intervention; and
(4) monitoring. LFI: Liver frailty index; RFH-NPT: Royal Free Hospital Nutritional Prioritizing Tool; CT: Computed tomography; DEXA: Dual energy X-ray
absorptiometry; BIA: Bioelectrical impedance analysis; BMI: Body mass index. Citation: The authors have obtained the permission for figure using from the
BioRender.com (Supplementary material)[112].

cAMA: The cAMA is calculated using the values obtained from measurements of the MAC and TSF with the following
formula:

Men cAMA: [MAC cm - (w x PCT cm)}?/4r - 10

Women cAMA: [MAC cm - (m x PCT ¢cm)]*/4r - 6.5

cAMA measurements below the 5" percentile, as indicated by reference tables for sex and age by Frisancho, suggest
malnutrition resulting from low muscle mass[45,46]. However, these measurements have limitations in patients with
fluid retention, as they can lead to overestimation during assessments and show reduced sensitivity to sudden changes.
Consequently, their use is advised in the early stages of the disease[47].

Imaging methods

Radiological imaging analysis is now used to diagnose muscle mass in cirrhosis. These techniques have gained
substantial attention primarily due to their diagnostic capability in determining muscle mass and its connection to disease
prognosis. Imaging methods are considered objective and reproducible approaches to evaluate skeletal muscle mass,
utilizing indices calculated from cross-sectional images obtained via computed tomography (CT) or magnetic resonance
imaging (MRI)[16,48]. These approaches are predominantly employed for hepatocellular carcinoma screening or during
LT protocols. However, they are not specifically recommended for muscle mass assessment due to their high costs,
exposure to radiation, and a shortage of trained personnel for image analysis.

CT: A tomographic scan is taken at the L3 lumbar vertebra level, and specialized software is employed to delineate
tissues based on hounsfield unit thresholds. Muscles within the L3 region encompass the psoas, erector spinae, quadratus
lumborum, transversus abdominis, external and internal obliques, and rectus abdominis. Cross-sectional areas (cm?) are
automatically computed by summing tissue pixels and multiplying by pixel surface area[30,49].

The resulting muscle and adipose tissue cross-sectional areas are then adjusted for height (cm?/m?), yielding the L3
Skeletal Muscle Index (L3 SMI)[50].

Recent years have seen the development of specific cutoff values for cirrhosis. Presently, it is advised to utilize the
cutoff values established by the North American expert consensus, which are validated and interpreted according to
gender: L3 SMI < 39 cm?/m? for women and < 50 cm?/m? for men[51]. This method offers the advantage of maintaining
diagnostic accuracy even in the presence of ascites. However, its practical application is restricted due to factors such as
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radiation exposure, costs, and the necessity for standardized personnel to conduct measurements and interpretation.

MRI: This method utilizes an L3 vertebral level image, outlining areas expressed in pixels that are then converted into an
area measurement (cm?). This measurement is adjusted for the patient’s height and shares the same interpretation as the
L3 SMI since it uses the same cutoff points[51].

Similar to CT scans, it remains unaffected by ascites and offers the advantage of avoiding ionizing radiation, while also
assisting in quantifying intrahepatic fat. However, limitations include its limited availability, cost, and the requirement
for standardized personnel to analyze the images, rendering it less practical for routine monitoring,.

Dual-energy X-ray absorptiometry: This method evaluates fat mass, lean mass, and bone mineral content. Using this
data, muscle mass in the upper and lower limbs is calculated to eliminate the influence of ascites. After adjusting for
height, the Appendicular SMI (ASMI) is derived[52]. A value below two standard deviations from the mean indicates
muscle mass loss. Limitations involve potential overestimation of lean mass and inaccuracies due to edema. Nonetheless,
the method’s advantage is assessing bone mineral density, aiding in tailoring the dietary plan if osteopenia or
osteoporosis is detected in the patient[49,53].

Other methods

Bioelectrical impedance analysis: Bioelectrical impedance analysis (BIA) is a common method for assessing body
composition, including lean mass, fat mass, and body fluids. It works by measuring the resistance of body tissues to
alternating current. However, the equations used in this method are derived from healthy populations and can be
affected by fluid retention. Consequently, its use is not recommended due to its tendency to underestimate lean mass[39].

Vector analysis of bioelectrical impedance: This analysis was developed to enhance the diagnostic capabilities of con-
ventional impedance. It utilizes direct data from BIA and standardizes them based on the patient’s height. The process
involves using software created by Piccoli et al[54], which graphically represents the data as a vector. Unlike predicting
body composition, this analysis visually represents it as a bivariate vector, assessing both body composition and
hydration status. The correlations between these variables lead to an elliptical distribution known as the RXc graph. This
graph’s normal distribution is derived from a healthy population, yielding three reference percentiles or tolerance ellipses
at 50%, 75%, and 95%, specific to each gender. Values beyond the 95" percentile are considered abnormal. Hence, in
clinical practice, the 50% and 75% ellipses are used as ranges of normality. Within the graph, there are quadrants with
distinct values that offer qualitative insights. These values can be depicted as vectors and interpreted as follows:
Hydration variations (edema or dehydration) without tissue structure changes align with the major axis of the tolerance
ellipses. Changes in soft tissue quantity (lean and adipose) correspond to vector shifts along the minor axis of the ellipses.
The method’s advantage lies in its ability to simultaneously assess fluid presence and malnutrition, facilitating nutritional
monitoring and diuretic treatment evaluation. It also enables comparisons of a patient’s visits to the nutritionist and aims
to position the patient within the ellipses of normality[55,56].

Phase angle: The phase angle (PA), derived from bioelectrical impedance measurements, relies on the body’s conduc-
tivity properties, specifically the resistance and reactance. This metric mirrors the integrity of cell membranes and their
ability to resist impedance currents. It is considered a useful tool that indicates the balance between cellular hydration
and body mass, ultimately translating into tissue homeostasis and nutritional status. Low levels of the PA have been
associated with inflammation and loss of muscle and fat mass in patients with conditions like cancer[57], human
immunodeficiency virus[58] among others[59]. It has been validated in patients with cirrhosis from the Mexican
population, where a PA of < 4.9 has been observed to be associated with worse clinical outcomes[60,61].

Dynamometry: Dynamometry is a nutritional assessment method that measures muscle function by measuring grip
strength with a dynamometer, often using a hand dynamometer. This approach has been verified across diverse
populations, as weak grip strength has been linked to functional constraints, diminished quality of life, and heightened
morbidity and mortality[62-64]. Grip strength reflects changes occurring in prominent muscle groups, even during the
early phases of malnutrition, and likely isn’t directly influenced by liver disease. There are specific cutoff points for men
and women in different populations[65], where measurements below the mean are indicative of malnutrition or reduced
functionality[64,66]. However, in individuals with cirrhosis, its reliability is hindered, particularly in patients with HE,
even in mild forms, or those undergoing benzodiazepine therapy, due to cognitive and motor impairments that may
skew the outcome[64].

Liver frailty index: To assess frailty, the Liver Frailty Index (LFI) is utilized, previously validated in the population with
hepatic cirrhosis[23,67,68]. This index takes into account the following assessments: (1) Grip strength: It considers the
average of three measurements taken on the subject’'s dominant hand using a hand dynamometer[65,66]; (2) Timed chair
stands: Measured as the number of seconds it takes to perform five chair stands with the subject’s arms crossed over their
chest[23]; and (3) Balance test: It is evaluated by counting the number of seconds the subject can balance in three positions
(feet placed side by side, semi-tandem, and tandem) for a maximum of 10 s each[23].

The results of each test are incorporated into the following formula (calculator available at http://Liverfrailtyindex.
ucsf.edu): (-0.330 x gender - adjusted grip strength) + (-2.529 x number of chair stands per second) + (-0.040 x balance
time) + 6. A patient is considered frail when they score > 4.5.
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BIOCHEMICAL MARKERS

Biochemical markers play a crucial role in the clinical assessment of cirrhosis, including parameters like prothrombin time
(INR), albumin, creatinine, and more[69]. However, the usefulness of these markers in nutritional evaluation is limited.
The compromised hepatic synthesis in cirrhosis leads to reduced levels of serum albumin, prealbumin, transferrin, and
prolonged INR, potentially leading to an overestimation of malnutrition prevalence. Moreover, creatinine, commonly
used as a measure of malnutrition, can be inaccurate due to its sensitivity to renal function changes often present in these
patients[70]. Additionally, the lymphocyte count is influenced by the disease, with lymphopenia often caused by hypers-
plenism due to portal hypertension in cirrhosis, making it an unreliable indicator of the patient’s nutritional status.

CLINICAL EVALUATION

In the context of the nutritional care process, it is necessary to assess the presence of complications of cirrhosis, such as
ascites and HE, as they can lead to deteriorated nutritional status. Timely identification of these complications allows for
necessary adjustments in nutritional treatment.

Ascites

Ascites occurs due to disruptions in renal sodium excretion, resulting in a positive sodium balance, and subsequent fluid
retention. This accumulation of fluids leads to an increase in extracellular volume. Decreased sodium excretion is primari-
ly attributed to arterial vasodilation triggered by portal hypertension. This, in turn, activates the renin-angiotensin-
aldosterone system and the sympathetic nervous system, causing renal vasoconstriction and sodium retention.
Consequently, ascites and edema develop as a consequence of these physiological responses|[71].

Ascites is classified into the following grades: Grade I: Mild, detectable only through ultrasound; Grade II: Moderate,
evident by symmetrical abdominal distension; and Grade III: Severe and marked abdominal distension.

The cornerstone of ascites treatment is dietary sodium restriction in combination with loop diuretics and aldosterone
antagonist diuretics, aiming to create a negative sodium balance that enhances urinary sodium excretion beyond dietary
sodium intake[72]. However, dietary sodium restriction is effective in only around 14% of patients due to the poor
adherence associated with such diets.

HE

HE is a condition characterized by brain dysfunction due to hepatic insufficiency or portosystemic shunting. It manifests
as a wide range of neurological and psychiatric abnormalities, spanning from subtle or minimal presentations to a coma
state. The West Haven Criteria serve as the standard for categorizing HE. The overt form encompasses minimal HE and
West Haven grade I, whereas West Haven grades II to IV fall under the overt or clinically evident HE category[73]. In the
minimal form of HE, observable signs and symptoms are absent, prompting the need for various psychometric and
electrophysiological tests for diagnosis. These psychometric tests are straightforward to conduct, and a nutritionist with
training in this domain can periodically administer them during consultations to identify the complication when it’s not
readily apparent. This facilitates necessary adjustments in nutritional treatment. While inadequate diet, low muscle mass,
dehydration, and constipation play roles in HE development, early detection is crucial. However, it's important to note
that many other unspecified nutritional factors can also contribute to the manifestation of this complication[74,75].

Other complications of cirrhosis

Additional important complications arise during the evaluation of patients with cirrhosis. Dysgeusia and/or dysphagia
are frequently encountered in cirrhosis, influencing the patient’s dietary intake and demanding consideration during
nutritional interventions. For cases of dysgeusia, investigating deficiencies in zinc and B complex vitamins, which could
contribute to this issue, is crucial. If deficiencies are identified, supplementing these micronutrients is advisable.
Moreover, assessing the diet’s palatability is essential, as stringent restrictions on seasonings and salt can affect con-
sumption.

Following endoscopic variceal ligation, patients often experience recurring dysphagia. In such instances, a
recommended approach involves softening, chopping, or pureeing solid foods to facilitate safe oral consumption while
the patient recovers from dysphagia. Commercial thickeners can provide a valuable alternative by altering food texture
and augmenting nutritional content, thus offering a solution for managing complex cases of dysphagia[76].

ASSESSING DIETARY INTAKE, FOR APPROPRIATE NUTRIONAL INTERVENTION

Assessing dietary intake is crucial for determining the quantity of energy and nutrients a patient regularly consumes, as
well as for identifying early signs of inadequate intake. Properly identifying the specific needs of each patient and
tailoring follow-up according to the disease stage will yield better outcomes. Various methods can be employed for
dietary evaluation, including the use of 24-h recalls, food frequency questionnaires, or 3-d food diaries. The information
gathered from these assessments serves to pinpoint potential obstacles to proper dietary consumption, personalize meal
schedules, and implement strategies to ensure adherence to the prescribed diet plan. In general, opting for a 3-d food
diary is preferred over a single 24-h recall or food frequency questionnaire, as it yields more comprehensive and less
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biased information that can be both quantitatively and qualitatively assessed. These tools allow for the estimation of the
patient’s energy and protein intake, while also facilitating the monitoring of sodium, fluid, and micronutrient consump-
tion[77].

Nutritional intervention must be individualized, addressing not only the primary liver disease but also any concurrent
health issues (Figure 4). Patients with liver disease often have additional conditions like diabetes, chronic kidney disease,
and dyslipidemia. Therefore, a comprehensive nutritional strategy should consider these factors. Following global
guidelines and current scientific evidence for treating chronic hepatitis, the following recommendations are proposed:

Energy

The energy intake recommendations set forth by prominent international societies suggest a range of 30 to 40 kcal/kg/d
[78]. However, the importance of tailoring this intake to the specific clinical context cannot be overstated. For patients
without malnutrition, an appropriate range is 30 to 35 kcal/kg/d, while malnourished individuals may require 35 to 40
kcal/kg/d. In critically ill patients, the preferred method for determining energy expenditure is indirect calorimetry. In
cases where this is not feasible, a minimum intake of 35 kcal/kg/d is advised. In instances of obesity and liver cirrhosis,
an energy deficit of 500 to 800 kcal/d has been linked to weight loss[72].

When calculating nutritional requirements, the current weight is used for patients not experiencing fluid retention.
However, in the presence of ascites or edema, the ideal or dry weight is considered. The dry weight corresponds to the
weight after paracentesis, or the weight documented before fluid retention occurred. In cases where this data is
unavailable, a percentage of weight is subtracted based on the severity of ascites (mild, 5%; moderate, 10%; and severe,
15%). An additional 5% reduction is applied if bilateral lower limb edema is present[78].

Macronutrients

Protein: The controversy surrounding protein intake is prominent in macronutrient recommendations. Current evidence
suggests that protein restriction is not necessary, even in the presence of HE. Protein intake is determined at 1.0 to 1.5 g/
kg/d, varying based on the level of malnutrition. For mild malnutrition, the suggestion is 1.0 to 1.2 g/kg/d, 1.3 to 1.4 g/
kg/d for moderate malnutrition, and 1.5 g/kg/d for severe malnutrition. To enhance tolerance, it is recommended that
60% to 70% of the protein comes from plant sources[78,79].

Carbohydrates y lipids: In terms of carbohydrate recommendations, it is advised that they make up 45% to 65% of daily
caloric intake. The remaining calories are suggested to be supplied by lipids[78,79].

Micronutrients

Micronutrient deficiencies are prevalent in cirrhosis. Nevertheless, it's advisable to provide vitamin and mineral supple-
mentation solely to patients with either clinical suspicion or confirmed deficiency[21]. The goal is to restore normal serum
levels.

Sodium: Managing sodium intake is crucial for patients with ascites or edema. The recommended approach involves
limiting sodium consumption to 2000 to 2600 mg/d, which corresponds to 5.0 to 6.5 g/d of sodium chloride (NaCl)[80].
However, stricter limitations are not recommended due to the unpalatable nature of such diets, potentially leading to
reduced calorie and protein intake and an increased risk of malnutrition[81]. Reducing sodium intake can lead to a 10%-
20% reduction in fluid retention, particularly in patients experiencing initial episodes of fluid overload with adequate
sodium excretion[17]. It's important to exercise caution when using salt substitutes, as they are high in potassium and
could result in hyperkalemia. Offering proper nutritional guidance to patients and their families, including information
about salt-to-sodium equivalencies, is essential. Additionally, identifying and limiting the consumption of high-sodium
foods is crucial for effective management[82].

Zinc: Zinc deficiency in patients with cirrhosis has been linked to the development of HE due to its role in ammonia
detoxification within the urea cycle. Moreover, inadequate zinc levels have been linked to weakened immune responses
during bacterial infections and sepsis episodes[6,83,84]. Potential causes of zinc deficiency in cirrhosis include disrupted
absorption in the digestive tract and heightened urinary excretion, often caused by diuretic usage that elevates urine
output and lactulose contributing to gastrointestinal losses[85].

Vitamina D: Serum vitamin D levels decline with disease progression, and levels below 20 ng/mL are linked to an
increased risk of hepatocellular carcinoma, disease decompensation, and increased mortality[86].

Therefore, regular monitoring of serum 25-hydroxyvitamin D levels is recommended. In cases of deficiency, supple-
mentation is necessary to attain levels exceeding 30 ng/mL. For this purpose, a recommended dosage is 600 to 4000 IU/d
of cholecalciferol (vitamin D3)[86]. Patients with a T-score lower than -1.5 standard deviations are advised to begin
supplementation with calcium (1000 to 1500 mg/d) and vitamin D (400 to 800 IU/d)[87].

Others: Strategies have been devised to counteract fasting periods, and one such strategy involves incorporating a snack
into the diet[88]. This approach not only enhances nutritional metabolism but also improves glucose tolerance and
nutritional status[89]. By reducing fasting periods and minimizing the extent of gluconeogenesis, this strategy enhances
the utilization of substrates for energy production. One of the supplementation methods employed is the use of formulas
containing branched-chain amino acids (BCAAs), which have demonstrated remarkable effectiveness in improving both
nutritional status and the management of associated complications. While a unanimous agreement on dosage does not
yet exist, tested doses for BCAAs typically range from 0.15 g to 0.25 g per kilogram of body weight, which corresponds to
8 g to 20 g per day[90].
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Figure 4 General recommendations for nutritional intervention in patients with cirrhosis. BCAAs: Branched-chain amino acids. Citation: The
authors have obtained the permission for figure using from the BioRender.com (Supplementary material)[112].

Fiber

Due to its positive effects on microbiota and gastrointestinal motility, a daily fiber intake of 25 g to 45 g is recommended
[19].

Fluids

Avoiding general water restriction for all cirrhosis patients is crucial. Fluid intake should only be restricted to 800 to 1000
mL/d in cases of severe hyponatremia, where sodium levels are below 125 mmol/L. Imposing fluid limitations on
patients undergoing diuretic therapy can elevate the risk of dehydration[81].

Exercise

Physical exercise is a key component in clinical practice due to its widely recognized benefits in improving the prognosis
of various chronic degenerative diseases. Initially, evidence discouraged exercise recommendation for cirrhotic patients
due to its potential elevation of portal pressure. However, these findings were observed in a limited patient group and
only during exercise routines; this effect normalized afterward, posing no elevated risk of complications linked to portal
hypertension. Presently, clinical trials offer compelling evidence of exercise’s positive impact, showing a reduction in
portal pressure of around -2.5 mmHg[91,92]. Exercise guidelines for cirrhosis patients encompass a blend of aerobic and
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resistance training lasting 30 min to 60 min per session, at least thrice weekly[93]. For frail individuals with sarcopenia,
prioritizing balance and flexibility training is advisable, concentrating on bolstering postural muscles and expanding
range of motion before delving into aerobic and resistance training[87]. Physiotherapists, especially those specializing in
geriatrics, should be integrated into multidisciplinary teams to ensure comprehensive care for this patient population.

ALCOHOL-RELATED LIVER DISEASE

Alcohol-related liver disease (ALD), or alcoholic liver disease, encompasses a range of conditions starting with fatty liver
and progressing to alcoholic hepatitis and cirrhosis. Patients with ALD exhibit a higher incidence of malnutrition,
reported in at least 50% of both outpatients and hospitalized patients[94]. The compromised nutritional status can be
attributed to various factors, including altered olfactory and taste perception[95], changes in appetite-related hormonal
[96], lower absorption of nutrients[97] and alterations in intestinal microbiota[98].

Moreover, individuals with ALD commonly experience malnutrition, characterized by protein-energy malnutrition
and deficiencies in specific nutrients[99].

One of the key contributors to the development of protein-calorie malnutrition is accelerated catabolism, primarily
induced by patients who reduce their energy intake from food while relying on the caloric value of alcohol to meet their
basal metabolic expenditure, thereby limiting the contribution of essential macronutrients and micronutrients[100].

Another significant factor is the loss of appetite, linked to the upregulation of inflammatory cytokines (IL-1b, IL-6, and
IL-8), tumor necrosis factor (TNF-a), and leptin levels. This upregulation leads to decreased appetite and early satiety,
playing a crucial role in the cachexia observed in various acute and chronic diseases[95]. TNF-a further influences
metabolism by directly impacting the central nervous system, altering the release of neurotransmitters. This modulation
slows intestinal motility and gastric emptying, influencing the patients” food choices[101].

Alcohol interferes with the absorption, storage, metabolism, and activation of certain water-soluble vitamins (thiamine,
riboflavin, pyridoxine, ascorbic acid, and folic acid)[102]. Additionally, individuals with alcohol-related issues frequently
exhibit zinc deficiency, a consistent biochemical /nutritional manifestation resulting from poor intestinal absorption[103].
In alcohol-related cirrhosis, along with reduced enteric absorption and increased urinary excretion of zinc, patients often
adhere to diets lacking in protein and zinc. Zinc deficiency is a common cause of dysgeusia[104].

The consequences of zinc deficiency can manifest as acrodermatitis, anorexia, hypogonadism, impaired immune
function, poor wound healing, night vision problems, diarrhea, issues with mental function, and an increased incidence
of HE[20,105].

Wernicke encephalopathy can develop in patients with depleted thiamine stores, and clinically, it presents as confu-
sion, oculomotor dysfunction, and ataxia. If left untreated, patients may develop Korsakoff syndrome, which is
permanent and results in marked memory deficits[106,107]. Additionally, deficiencies in vitamin B12 and folic acid are
prevalent and can lead to macrocytic anemia[108]. Moreover, chronic alcohol consumption disrupts vitamin A
metabolism as it relies on the same pathways as alcohol metabolism. This alteration in metabolism results in the depletion
of retinoid-binding proteins and increased excretion of retinoids into the bile, ultimately causing vitamin A deficiency
[109].

For the management of ALD patients, it is crucial to advise and provide guidance on lifestyle habits such as diet and
the cessation of alcohol consumption[99]. Routine nutritional assessments, dietitian involvement, and supplementation
are recommended to enhance clinical outcomes in these patients[110]. Additionally, vitamins and trace elements should
be consumed at least in the recommended daily amounts. Nutritional support has been demonstrated to improve
nutritional status and abnormal liver tests[111].

In summary, nutritional therapy plays a vital role in addressing the complex nutritional needs of individuals with
alcoholic liver disease, with the goal of improving clinical outcomes and addressing the challenges associated with this
condition.

CONCLUSION

Patients with cirrhosis are at high risk of malnutrition, these patients should have adequate and timely nutritional
evaluation, diagnosis, intervention, and monitoring. Dietary management of liver cirrhosis is complex and may require a
multipronged approach to address issues of protein-energy malnutrition, muscle wasting, complications of fluid
retention, and HE along with other symptoms that can impact nutritional intake. Currently the limited data support
patients with liver cirrhosis receiving early nutritional intervention that is high in energy, protein, and carbohydrates, and
incorporation of frequent meals, particularly with an additional late evening nutrient-dense snack. Unnecessary dietary
restrictions in these patients should be minimized as much as possible. In addition, nutritionist involvement earlier on in
the treatment algorithm is an important step to provide aggressive nutritional intervention and ameliorating the high
rates of malnutrition in this patient population. Finally, there is an urgent need to bridge the evidence gap between
dietary intervention trials and clinical practice, with a bigger focus on the manipulation of whole diets.
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Abstract

Postoperative pancreatic fistula (POPF) is a frequent complication after pancre-
atectomy, leading to increased morbidity and mortality. Optimizing prediction
models for POPF has emerged as a critical focus in surgical research. Although
over sixty models following pancreaticoduodenectomy, predominantly reliant on
a variety of clinical, surgical, and radiological parameters, have been documented,
their predictive accuracy remains suboptimal in external validation and across
diverse populations. As models after distal pancreatectomy continue to be pro-
gressively reported, their external validation is eagerly anticipated. Conversely,
POPF prediction after central pancreatectomy is in its nascent stage, warranting
urgent need for further development and validation. The potential of machine
learning and big data analytics offers promising prospects for enhancing the
accuracy of prediction models by incorporating an extensive array of variables
and optimizing algorithm performance. Moreover, there is potential for the
development of personalized prediction models based on patient- or pancreas-
specific factors and postoperative serum or drain fluid biomarkers to improve
accuracy in identifying individuals at risk of POPF. In the future, prospective
multicenter studies and the integration of novel imaging technologies, such as
artificial intelligence-based radiomics, may further refine predictive models.
Addressing these issues is anticipated to revolutionize risk stratification, clinical
decision-making, and postoperative management in patients undergoing pancre-
atectomy.

Key Words: Pancreatic fistula; Pancreaticoduodenectomy; Distal pancreatectomy; Central
pancreatectomy; Prediction model; Machine learning; Artificial intelligence
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Core Tip: Postoperative pancreatic fistula (POPF) is a common complication following pancreatectomy, associated with
increased morbidity and mortality. Optimizing prediction models for POPF is a critical focus in surgical research. Although
over sixty models following pancreaticoduodenectomy have been documented, their predictive accuracy remains suboptimal
across diverse populations. The validation of models after distal pancreatectomy is anticipated, while POPF prediction after
central pancreatectomy requires further development and validation. Machine learning and big data analytics offer promising
prospects for enhancing prediction model accuracy. Personalized prediction models and novel imaging technologies, such as
Al-based radiomics, may further refine predictive models.

Citation: Yang F, Windsor JA, Fu DL. Optimizing prediction models for pancreatic fistula after pancreatectomy: Current status and
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INTRODUCTION

With the ongoing development of surgical techniques and technologies, the outcomes of pancreatectomy has significantly
improved. Although the mortality rate after pancreatectomy has decreased to less than 5%, the occurrence of morbidity
remains high, ranging from 15% to 65%[1,2]. One frequent complication that arises after pancreatectomy is postoperative
pancreatic fistula (POPF), which varies in incidence depending on many factors including the definition of POPF and
type of pancreatic anastomosis employed. The rate of POPF has not shown significant changes over time. Recent reports
indicate that the incidence of POPF after pancreaticoduodenectomy (PD) is about 15%-20%[3], and after distal pancre-
atectomy (DP) 20%-30%[4]. Central pancreatectomy (CP) has the highest incidence of POPF, exceeding 30%[5]. The
consequences of POPF include secondary complications of intra-abdominal abscess, sepsis, and life-threatening massive
hemorrhage, which combine to further extend hospital stay and increase healthcare costs.

While accurate prediction of patients at high risk of POPF is a high priority, it remains a challenge. Predictive models
serve as useful tools for risk stratification and resource allocation, with a focus on patients who stand to benefit the most.
By efficiently identifying patients at a higher risk of POPF, these models allow healthcare providers to tailor their
management approach based on an individual patient's risk profile. With the ability to pinpoint high-risk patients,
predictive models empower providers to proactively implement preventive strategies, including appropriate anastomotic
technique, octreotide administration, prophylactic drains, and Wirsung's duct stenting, while also initiating closer
postoperative monitoring. Furthermore, predictive models offer valuable information for shared decision-making
between healthcare providers and patients. This ensures that patients are well-informed about their risk of developing
POPYF, along with the potential benefits and risks associated with various prevention and management strategies. As a
result, patients can actively participate in decisions regarding their treatment and care. These models utilize a range of
risk factors, including clinical parameters, to determine the likelihood of POPF in individual patients, thereby improving
surgical outcomes and reducing healthcare burden. Future iterations of these models hold the potential to further
enhance their accuracy and effectiveness by incorporating valid risk factors and improving predictive algorithms. The
aim of this paper is to provide a reference for surgeons to select suitable models in their clinical practice, and to propose
strategies for optimizing these models.

LITERATURE SEARCH

A comprehensive literature search was conducted in the PubMed database to identify relevant studies on prediction
models for POPF after pancreatectomy. The search strategy included the terms "pancreatic fistula" AND "predictive
model" or "score" AND "pancreaticoduodenectomy " or "pancreatic resection". Only studies published in English between
January 2005 and October 2023 were included in the screening process.

GRADING OF POPF

The definition (drain fluid amylase level from postoperative day 3 exceeds 3 times the serum amylase activity) and
grading system of POPF was first published in 2005[6] and later revised by the International Study Group of Pancreatic
Surgery (ISGPS) in 2016[7]. This system is now widely accepted and utilized, grading POPF on the basis of its severity.
Grade A refers to a ‘biochemical leak’ that is characterized by an elevated drain fluid amylase level. However, it does not
result in adverse clinical consequences and is no longer considered a true POPF. Grade B affects postoperative recovery
and requires intervention, although it does not lead to severe consequences. This grade is clinically relevant as it can
interfere with the management and impact clinical outcome. Within Grade B, there are three subtypes: B1, B2, and B3,
each increasing in severity[8]. Bl is the least prevalent subtype and is characterized by persistent abdominal drainage for
more than three weeks. Although it does not require specific treatment, it still requires monitoring. B2 is the most
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common subtype and necessitates medical therapy, including antibiotics, enteral or parenteral nutrition, somatostatin and
analogues, and transfusions, regardless of the need for extended catheter drainage. B3 is the most severe subtype, which
demands interventional procedures under general anesthesia. Grade C is the most severe form of POPF and is associated
with significant clinical implications, including organ failure and death. This grade requires immediate attention and
intervention. Clinically relevant POPF (CR-POPF, B+C grades only) is accompanied by clinically relevant developments
or conditions directly related to the POPF. By using this grading system, healthcare professionals can effectively grade
and manage POPF based on its severity, helping to ensure appropriate treatment.

In recent study, it has been observed that patients who experienced postoperative pancreatitis (POAP) had an
increased likelihood of developing CR-POPF[9]. Although the exact mechanism by which POAP leads to CR-POPF
formation is yet to be determined, the association between them suggests a potential link. Postoperative hyperamyl-
asemia, which is considered a biochemical marker of pancreatic tissue irritation, can be likened to a biochemical leak. Its
significance in terms of clinical outcomes is not well understood. Additional research is required to clarify the clinical
implications of postoperative hyperamylasemia and its relationship with the development of POPF[10].

RISK FACTORS OF POPF

Risk factors in the models for PD

Numerous risk factors have been identified in association with POPF (Table 1), leading to the development of several
prediction models based on these factors. The risk factors can be described in three groups: preoperative, intraoperative,
and postoperative factors[11]. It's important to note that the risk factors of POPF may vary depending on the type of
pancreatic resection being performed[12].

Preoperative risk factors for POPF in patients undergoing PD include demographic characteristics such as gender, age,
and body mass index (BMI)[13-15]. Comorbidities such as diabetes and pancreatitis, as well as imaging findings including
pancreatic density, main pancreatic duct (MPD) diameter, visceral adipose tissue and radiomics score, are also risk factors
[13,15-19]. Furthermore, biochemical markers like preoperative bilirubin and albumin levels, as well as preoperative
biliary drainage and neoadjuvant chemotherapy, also contribute to the risk.

Intraoperative risk factors for POPF include pancreas-specific characteristics, such as soft pancreas and small MPD
diameter. The surgical approach utilized (open, laparoscopic, and robotic) and type of anastomosis are also important.
Other intraoperative risk factors include extended operating time, massive blood loss, combined venous resection, and
extended lymphadenectomy[20-23].

Postoperative risk factors for POPF include high drain amylase levels, hyperamylasemia, hyperlipasemia, hypoalbu-
minemia, elevated C-reactive protein (CRP) level, and increased neutrophil count. Delayed gastric emptying is also a risk
factor[24]. The pathology report may describe risk factors for POPF such as pancreatosteatosis and the absence of
pancreatic fibrosis. Many prediction models for POPF after PD have been developed, and the reported predictors for
these models are detailed in Table 1.

Risk factors in the models for DP

Numerous studies have examined the risk factors associated with POPF following DP. However, compared with PD,
there are fewer reported risk factors. These predictors can also be grouped as preoperative, intraoperative, and
postoperative factors.

Preoperative risk factors for DP include young age, high BMI, the presence of preoperative comorbidities such as
diabetes and coronary artery disease, hypoalbuminemia and certain pancreas-specific characteristics[25-27]. For instance,
large MPD diameter and thick pancreas have been identified as potential risk factors.

Intraoperative risk factors include extended operating time, massive blood loss, soft pancreas, transection at pancreatic
neck, and vascular resection.

Postoperative risk factors include surgical drain characteristics such as high amylase levels, elevated CRP, and the
presence of high-risk pathology. Interestingly, there is a reversed predictive effect of MPD diameter between DP and PD.
While a wider diameter is considered a risk factor for DP, it is reported as having a protective effect in PD[28]. Several
models for predicting POPF following DP have been developed, with their reported predictors summarized in Table 2.
Further research is needed to expand the understanding risk factors for POPF after DP, as well as to identify additional
indicators that may contribute to more accurate prediction models. By considering a broader range of factors and
conducting larger-scale studies, researchers can gain a more comprehensive understanding of POPF risk and develop
effective strategies for its prevention and management.

Risk factors in the models for CP

Only a limited number of risk factors for POPF after CP have been reported, and of potential value for establishing
prediction models. These risk factors include sex, BMI, diabetes, MPD diameter, pancreatic thickness and texture,
operating time, transection site, technique of pancreatic anastomosis, and pathology (Table 3). As research in this field
progresses, it is expected that additional risk factors will be identified to enhance our understanding of POPF risk after
CP.
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Table 1 Reported risk factors for postoperative pancreatic fistula after pancreaticoduodenectomy

Stage Factors

Preoperative (1) Sex, (2) age, (3) BMI, (4) weight, (5) weight loss, (6) smoking history, (7) hypertension, (8) diabetes mellitus, (9) history of acute pancre-
atitis, (10) history of abdominal surgery, (11) chronic steroid use, (12) ASA score, (13) preoperative biliary drainage, (14) preoperative
chemotherapy, (15) albumin, (16) bilirubin, (17) alanine transaminase, (18) creatine, (19) tumor site, (20) MPD diameter, (21) MPD index’,
(22) pancreatic thickness, (23) pancreatic density, (24) pancreatic texture, (25) relation with PV on CT, (26) pancreatic density index, (27)
intra-abdominal fat thickness, (28) visceral adipose tissue, (29) total adipose tissue, (30) sarcopenic obesity, (31) L3 subcutaneous fat area,
(32) pancreatic remnant volume, (33) stump area, (34) fat score, (35) atrophy score, (36) A/L ratio, (37) subcutaneous fat index, (38)
radiomics score, (39) combined radiomics score, (40) liver density, (41) muscle attenuation, (42) PS Slratio, (43) PM Slratio, (44) fat mass at
BIVA, (45) SWV value of pancreas, (46) MIPD experience, (47) preoperative diagnosis

Intraoperative (A) MPD diameter, (B) pancreatic texture, (C) operating time, (D) estimated blood loss, (E) transfusion, (F) intraoperative colloid infusion,
(G) surgical approach, (H) minimally invasive approach, (I) open conversion, (J) pancreatic anastomosis, (K) gastrojejunostomy, (L)
extended lymphadenectomy, (M) venous resection, (N) nasojejunal feeding tube

Postoperative  (a) Postoperative DFA, (b) change of postoperative DFA, (c) WBC on POD1, (d) change of postoperative WBC, (e) neutrophil on POD3, (f)
postoperative CRP, (g) temperature on POD3, (h) postoperative albumin, (i) albumin difference”, (j) postoperative CRP/albumin, (k)
serum creatinine on POD], (1) hyperamylasemia on POD1-2, (m) serum lipase on POD1, (n) DFL on POD], (o) pathology, (p) PV invasion,
(q) pancreatic fibrosis, (r) pancreatic steatosis, (s) deep surgical site infection, (t) DGE

IMain pancreatic duct index indicates the ratio of main pancreatic duct diameter to pancreatic thickness at the transection site.

2Albumin difference indicates the difference of albumin level between preoperative and postoperative day 1.

A/L ratio: Arterial/late phase pancreas computed tomography attenuation value ratio; ASA: American Society of Anesthesiologists; BIVA: Bioimpedance
vector analysis; BMI: Body mass index; CRP: C-reactive protein; CT: Computed tomography; DFA: Drain fluid amylase; DFL: Drain fluid lipase; DGE:
Delayed gastric emptying; L3: The third lumbar vertebra; MIPD: Minimally invasive pancreaticoduodenectomy; MPD: Main pancreatic duct; POD:
Postoperative day; PV: Portal vein; SWV: Shear wave velocity; PM Slratio: Signal intensity ratio of pancreas to muscle; PS Slratio: Signal intensity ratio of
pancreas to spleen; WBC: White blood cell.

Table 2 Reported risk factors for postoperative pancreatic fistula after distal pancreatectomy

Preoperative Intraoperative Postoperative

(1) Age (A) Epidural use (a) CRP on POD1

(2) BMI (B) Operating time (b) DFA on POD1

(3) Diabetes mellitus (C) Estimated blood loss (c) DFA on POD3

(4) Coronary artery disease (D) Transfusion (d) Change of postoperative DFA
(5) ASA score (E) Pancreatic texture (e) Pathology

(6) Albumin (F) Transection site

(7) MPD diameter (G) Splenectomy

(8) Pancreatic thickness (H) Vascular resection

(9) Pancreatic neck major diameter
(10) Pancreatic neck minor diameter

(11) Predicted pancreatic neck area

ASA: American Society of Anesthesiologists; BMI: Body mass index; CRP: C-reactive protein; DFA: Drain fluid amylase; MPD: Main pancreatic duct; POD:
Postoperative day.

DEVELOPING PREDICTION MODELS

A range of statistical methods are used to develop POPF prediction models. These models can take the form of scores,
calculation formulas, or nomograms, providing clinicians with a tool to assess individual patient risk. It is important to
note that certain risk factor can be evaluated at different stages of the patient’s journey. For example, the MPD diameter
can be measured preoperatively using enhanced CT/MRI scans or during the surgical procedure itself. Although both
measurements may introduce some degree of error, MPD diameter measured through preoperative imaging is generally
considered accurate[29]. Similarly, while pathology is typically assessed postoperative, a preoperative diagnosis by
radiological imaging or biopsy serves as a reliable proxy. Furthermore, advancements in imaging technology have
enabled evaluation of pancreatic texture not only during surgery but also with preoperative imaging by CT/MRI scans,
and elastography[30]. This expanded imaging capability provides additional insights into the identification of risk factors
such as pancreatic fibrosis or inflammation.
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Table 3 Reported risk factors for postoperative pancreatic fistula after central pancreatectomy

Preoperative Intraoperative Postoperative
(1) Sex (A) Operating time (a) Pathology
(2) BMI (B) Pancreatic texture

(3) Diabetes mellitus (C) Transection site

(4) Cephalic MPD diameter (D) Pancreatic anastomosis

(5) Distal MPD diameter

(6) Pancreatic thickness

BMI: Body mass index; MPD: Main pancreatic duct.

PREDICTION MODELS FOR POPF AFTER PD

In the past decade, over sixty prediction models for POPF after PD have demonstrated potential value in clinical practice.
Among these models, one of the earliest reported prediction scores, originating from a single-center prospective study
conducted in 2010, categorized patients into four subgroups based on the presence of three risk factors: BMI, pancreatic
steatosis and fibrosis[31]. This model shed light on the impact of pancreatic fat infiltration and fibrosis on the potential for
POPF and showed high accuracy in predicting grade B and C POPF. However, the reliance on histological analysis for
determining the scores of pancreatic steatosis and fibrosis is only available after surgery and cannot be used for surgical
strategies, limiting the applicability of this model for instituting steps to prevent or reduce the risk of POPF.
Subsequently, Wellner et al[13] and Yamamoto et al[14] proposed models that utilized preoperative indicators to predict
the occurrence of POPF. However, these models did not gain widespread acceptance possibly due to the challenges
associated with evaluating certain variables, including the MPD index and the distance from the portal vein. Fur-
thermore, subsequent external validations revealed suboptimal performance of these models[32,33], further limiting their
adoption into clinical practice.

Despite the limitations of early prediction models, continued research efforts have led to more models. These new
models take into consideration a broader range of variables and aim to improve accuracy and clinical applicability. In
2013, a prospective study introduced the fistula risk score (FRS) to predict the risk of POPF[34]. The FRS is based on four
variables: pancreatic texture, MPD diameter, intraoperative blood loss, and pathology. This scoring system was
developed to address the limitations of preoperative assessments and has been validated by several studies,
demonstrating its acceptable predictive performance with a c-statistic of over 0.7[35,36]. One of the areas of debated with
this model is the relationship between blood loss and the occurrence of POPF[37]. It has been observed that minimally
invasive surgery, which results in lower blood loss compared to open surgery, is not consistently associated with a
reduced incidence of POPF. In light of this, Mungroop et al[37] proposed an alternative FRS (a-FRS), which removes the
variables of intraoperative blood loss and pathological diagnosis. Instead, it includes the BMI as an additional variable.
Subsequently, an updated alternative FRS (ua-FRS) was introduced, which incorporates the gender variable specifically
for patients undergoing minimally invasive PD (MIPD)[38]. These modified scoring systems have shown improved
convenience and enhanced predictive performance compared to the original FRS in subsequent external validations[39].

Preoperative prediction

Preoperative prediction models may have the potential to help in enabling preventive measures and guiding surgical
decision-making compared to intraoperative and postoperative prediction models. One such preoperative predictive
score was developed by Roberts et al[15], utilizing only BMI and MPD diameter, and it showed a significant increase with
increasing severity of POPF (P < 0.001) in a subsequent multicenter study[40]. Building on this, Perri et al[41] established a
more simplified risk-tree using the same two parameters. This risk-tree effectively categorized patients into three distinct
risk groups with significantly different rates of POPF. However, it is worth noting that the area under the curve (AUC)
for this risk-tree in the validation cohort was 0.65, indicating only moderate predictive accuracy. This would mean that
35% of patients are misclassified, which is not sufficiently accurate for application to individual patients.

With the advancements in medical imaging technology, imaging parameters have gained prominence in POPF
prediction, and many preoperative prediction models now rely on these parameters (Table 4)[13-15,17,19,41-53].
However, certain imaging parameters require external software for preoperative evaluation, which poses challenges in
terms of accessibility, standardization, and compatibility with different imaging systems, as well as external validation for
these models. Additionally, the past three years have witnessed the development of over 10 POPF prediction models
based on machine learning algorithms (Table 5)[22,48,54-64]. While these models are often considered superior to
traditional regression models, it is important to highlight that a recent study revealed machine learning did not
outperform logistic regression in predicting POPF after PD[22]. Furthermore, the predictive models developed using
nationwide population data exhibited lower AUC values compared to models developed in single- and multicenter
studies[22,60,62,63]. This discrepancy implies that the generalisability of the latter two models may be compromised in
terms of their predictive value.
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Table 4 Preoperative prediction models of postoperative pancreatic fistula after pancreaticoduodenectomy

Stud Design CR-POPF . C-index/AUC N
Ref. Year Country Center perioyd cohog t (%) Variables® (95%Cl) Validation
Wellner et al[13] 2010 Germany Single  2006-2008 62 30.6" (2)(5)(6)(9)(47) Internal
Yamamoto et al[14] 2011 Japan Single  2004-2007 279 36.9 (1)(21)(25)(27)(47)  0.808 (0.757-0.860)  Internal
Roberts et al[15] 2014 United Single' 2007-2012 217 22.1* (3)(20) 0.832 (0.768-0.897)  Internal
Kingdom
Casadei et al[42] 2015 Italy Single  2008-2012 208’ 20.2 (3)(20)(47)
Zhang et al[43] 2018 China Single 80 425" (38) 0.825 (0.736-0.913)  Internal
Shi et al[44] 2020 China Multi  2009-2019 718 15.6 (20)(32)(33)(34)(35) 0.729 (0.678-0.775)  External
Yu et al[17] 2021 China Single  2016-2018 124 25.8 (21)(23) 0.775 (0.687-0.862)  Internal
Lin et al[19] 2021 China Single  2013-2019 175 21.1 (38) 0.801 (0.719-0.884)  Internal
(39) 0.871 (0.816-0.926)
Tang et al[45] 2021 China Single  2013-2019 239 19.7 (3)(20)(36) 0.823 (0.769-0.877)
Lapshyn et al[46] 2021 Germany Single' 2012-2018 120 19° (1)(20)(22) 0.808 (0.726-0.874)  Internal
Perri et al[41] 2021 Italy Multi ~ 2017-2019 566 20 (3)(20) 0.70 (0.63-0.77) External
Savin et al[47] 2021 Romania Single  2015-2020 78 28.2 (20)(23)(32) 0.846 (0.694-0.941)
(20)(32)(40) 0.774 (0.599-0.850)
Skawran et al[43] 2021 Switzerland Single  2008-2018 62 274 (43) 0.75 (0.63-0.84)
Box et al[49] 2021 United States ~ Single  2013-2018 220 15.9* (3)(20)(37) 0.822
(3)(20)(26) 0.757
(3)(20)(26)(37) 0.844
Kolbinger et al[50] 2022  Germany Single  2012-2021 195 28.7 (20)(24)(47) 0.82 Internal
(20)(24)(32)(47) 0.83
Maqueda Gonzalez et 2022 Spain Single  2010-2019 103 30.1 (20)(29) 0.78 (0.68-0.87)
al[51]
Zou et al[52] 2023 China Single  2015-2021 125 17.6 (20)(28)(42) 0.903 Internal
Tian et al[53] 2023 China Single! 2020-2021 143’ 36 (20)(45) 0.866 Internal

Indicates prospective studies, others are retrospective studies.

Surgical procedures included pancreaticoduodenectomy and distal pancreatectomy.

3The data is the CR-POPF rate of total cohort.

*The data includes biochemical leak.

SFrom Table 1.

AUC: Area under the curve; CI: Confidence interval; CR-POPF: Clinically relevant postoperative pancreatic fistula.

Intraoperative prediction

The simplest intraoperative prediction model for POPF is known as the ISGPS risk classification. This classification
categorizes patients into four risk groups based on intraoperative measurements of MPD diameter and pancreatic texture
[65]. Interestingly, a nationwide validation study of this classification revealed no significant difference between the two
intermediate risk categories, leading to the proposal of a simplified three-tier system[66]. The current literature indicates
that a-FRS[37] and ua-FRS[38] have been validated by numerous external studies with acceptable accuracy and are two
recommended models. However, the surgeon's determination of pancreatic texture by intraoperative palpation is

subjective and prone to bias. Specific details regarding more intraoperative POPF prediction model are shown in Table 6
[16,18,21,22,37,38,50,61,65,67-71].

Postoperative prediction

Recent studies have made significant advances in identifying early postoperative variables that are closely associated
with POPF, including high drain fluid amylase (DFA), hyperamylasemia, and high-risk pathology, among others. These
variables, combined with postoperative clinical data, biochemical indicators, and histopathological analysis, contribute to
the development of dynamic POPF prediction models (Table 7)[20,23,24,31,34,72-88]. One particularly intriguing model is
the "90-1000" score, which demonstrates superior performance in predicting POPF after PD compared to intraoperative
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Table 5 Machine learning prediction models of postoperative pancreatic fistula after pancreaticoduodenectomy

Study Design CR-POPF

Ref. Year Count Center . C-index/AUC (95%Cl Validation
& period cohort (%) ( )

Mu et al[54] 2020 China Multi 2006-2019 359 15.6 0.85 (0.80-0.90) Internal-
external

Han et al[55] 2020 Korea Single 2007-2016 1769 12.5 0.74

Skawran et al[48] 2021 Switzerland  Single 2008-2018 62 274 0.82 (0.74-0.89), 0.74 (0.63-0.89), Internal

0.90 (0.84-0.95)

Giovinazzo et al[56] 2021 Multinational Multi 1638 27 0.962 (0.940-0.984)

Shen et al[57] 2022 China Single 2010-2021 2421 17.5 0.79-0.81 Internal

Long et al[58] 2022 China Multi 2012-2021 618 18.1 0.897 (0.370-1.424) Internal

Capretti et al[59] 2022 Ttaly Single' 2011-2019 100 20 0.807, 0.749 Internal

Chen et al[60] 2022 United States Nationwide 2014-2019 13940 144 0.746 (0.733-0.760) Internal-
external

Zheng et al[61] 2023 China Single 20132021  257° 21.8 0.977 Internal

Ingwersen et al[22] 2023 Netherlands Nationwide 2014-2020 4912 16.3 0.74 (0.73-0.74)

Verma et al[62] 2023 United States Nationwide 2014-2018 8597 11 0.74 (0.72-0.76) Internal-
external

Ashraf Ganjoueiet 2023 United States Nationwide 2014-2019 8666 13 0.67-0.72 Internal

al[63]

Ingwersen et al[64] 2023 Multinational Multi 2013-2018 118 424 0.9 (0.71-0.99), 0.86, 0.81, 0.8 Internal-
external

Indicates prospective studies, others are retrospective studies.
Surgical procedures included open and laparoscopic pancreaticoduodenectomy.
AUC: Area under the curve; CI: Confidence interval, CR-POPF: Clinically relevant postoperative pancreatic fistula.

pancreatic parenchymal features[79]. This model relies on the measurement of DFA and serum CRP levels on the first
postoperative day. Its simplicity makes it particularly suitable for clinical practice; however, further validation is needed
to establish its reliability, accuracy and applicability.

Many postoperative prediction models incorporate a combination of preoperative and intraoperative parameters. This
approach holds the potential to enhance the clinical risk stratification of POPF and may offer a window of opportunity for
pre-emptive interventions before the actual occurrence of POPF.

PREDICTION MODELS FOR POPF AFTER DP

Compared to PD, there have been fewer studies of prediction models for POPF after DP. Efforts in developing reliable
models after DP are relatively limited. Although DP involves fewer anastomoses, it is appears to be associated with a
higher incidence of POPF[2]. A retrospective study conducted on 2026 patients from 10 institutions identified several risk
factors for CR-POPF after DP[25]. These risk factors included age below 60 years, obesity, low levels of albumin, absence
of epidural use, high-risk pathology such as neuroendocrine and benign tumors, combined splenectomy, and vascular
resection. However, the model constructed using these factors exhibited relatively poor accuracy in predicting POPF,
with a c-statistic of 0.654 [95% confidence interval (CI): 0.620-0.688].

Recently, De Pastena et al[27] developed two DP fistula risk score (D-FRS) models. The preoperative model included
two factors (pancreatic thickness and MPD diameter) and showed good predictive performance with an AUC of 0.83
(95%ClI: 0.78-0.88) and 0.73 (95%CI: 0.70-0.76) for internal and external validation, respectively. In addition to pancreatic
thickness and MPD diameter, the intraoperative D-FRS model included BMI, pancreatic texture, and operating time as
factors and this achieved an AUC of 0.80 (95%Cl: 0.74-0.85) without external validation. The DISPAIR model, developed
by Bonsdorff et al[89] in the same year, incorporated three parameters: transection at pancreatic neck, pancreatic
thickness, and diabetes. The model's internal and external validation resulted in notable AUC values of 0.904 (95%CI:
0.855-0.949) and 0.798 (95%ClI: 0.748-0.848), respectively. While these models offer valuable insights, it is vital to consider
their limitations, one of which is the need for external validation across diverse populations. To address this, Xu et al[28]
conducted a validation study on the D-FRS and DISPAIR models using 653 Chinese patients who underwent DP. The
study demonstrated acceptable discrimination for both models, with no significant differences between them. The AUC
values were as follows: preoperative D-FRS 0.723 (95%CI: 0.687-0.757), intraoperative D-FRS 0.737 (95%ClI: 0.701-0.770),
and DISPAIR model 0.721 (95%CI: 0.685-0.755). The preoperative D-FRS is the most recommended model due to its
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Table 6 Intraoperative prediction models of postoperative pancreatic fistula after pancreaticoduodenectomy

CR-
Stud Design : C-index/AUC A
Ref. Year Country Center ) y g POPF  Variables® o Validation
period cohort (95%Cl)
(%)
Kim et al[67] 2013 Korea Single 2003- 100 41* (A)B)(M) 0.728 (0.630- Internal
2008 0.812)
Chen et al 2015 China Single 2008- 921 9.7 (3)(A)(B)(D)(E) 0.812 (0.766-
[68] 2013 0.858)
Kantoretal 2017 United States Nationwide 2011- 1731 18.3 (1)(3)(16)(A)(B) 0.70 (0.65-0.74) Internal-
[69] 2012 external
Li et al[70] 2019 China Single 2011- 189 20.1 (15)(A)(B)(D) 0.821 (0.736- Internal
2014 0.905)
Mungroop 2019 Multinational Multi 2007- 1924 12* (3)(20)(B) 0.75(0.71-0.78)  Internal-
et al[37] 2016 external
Angrisani et 2020 Italy Multi’ 2016- 148 19.6 (44)(A)(B)(D) 0.774 (0.683-
al[21] 2018 0.866)
(44)(A)(B) 0.784 (0.680-
0.888)
Zhangetal 2021 China Single 2012- 232 7.8 (7)(8)(10)(B)(K) 0.916
[16] 2020
Mungroop 2021 Multinational Multi 2007- 952 21 (1)(3)(20)(B) 0.75 (0.71-0.79)  External
et al[38] 2017
Kolbinger et 2022 Germany Single 2012- 195 28.7 (47)(A)(B) 0.82 Internal
al[50] 2021
Lucassenet 2022 Netherlands Single 2009- 329 16.7 (20)(41)(B) 0.73 (0.68-0.79)
al[18] 2018
(20)(28)(B) 0.81 (0.75-0.86)
(20)(28)(41)(B) 0.81 (0.75-0.86)
Zhengetal 2023 China Single 2013- 257 21.8 (3)(20)(B) 0.743 Internal
[61] 2021
Hayashietal 2023 Japan Single 2010- 169 225 (30)(31)(B) 0.832
[71] 2021
Ingwersenet 2023 Netherlands Nationwide 2014- 4912 16.3 (1)(3)(5)(13)(16)(19)(A)(B)(G)J)M)(N) 0.73
al[22] 2020
Schuh et al 2023 Multinational Multi 2004- 5533° 15.7 (A)(B) External
[65] 2019

Indicates prospective studies, others are retrospective studies.

’The surgical procedure was minimally invasive pancreaticoduodenectomy.

3The cohort is for validation.

*The data includes biochemical leak.

SFrom Table 1.

AUC: Area under the curve; CI: Confidence interval; CR-POPF: Clinically relevant postoperative pancreatic fistula.

practicality and ease of use, as it relies on easily measurable radiographic images to assess pancreatic thickness and MPD
diameter for preoperative risk stratification. Despite these positive outcomes, there is still room for improvement in the
performance of the predictive models. Standardizing classification thresholds may help to enhance their accuracy. There
has been the emergence of additional prediction models for POPF after DP, and these are summarized in Table 8[26,79,90-
92].

PREDICTION MODELS FOR POPF AFTER CP

There is a trend toward offering CP more frequently in clinical practice because it allows for preservation of more
pancreatic endocrine and exocrine function by resecting less normal pancreatic tissue. However, it appears to have a
higher risk of POPF compared with PD and DP because of the presence of two pancreatic stumps[93]. While previous
studies have primarily focused on the safety of CP and risk factors for POPF, the exploration of prediction models for
POPF after CP has been relatively recent (Table 9). In a study by Ouyang et al[94], involving 194 CP patients, independent
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Table 7 Postoperative prediction models of postoperative pancreatic fistula after pancreaticoduodenectomy

Study Design CR-POPF . C-index/AUC
Ref. Year Count Center . Variables® Validation
i period cohort (%) (95%Cl)
Gaujoux et al[31] 2010 France Single' 2004-2005 100 24 ©3)(@Q)() 0.82
Callery etal[34] 2013 United States  Single' 2002-2007 233 13 (A)(B)(D)(o) 0.942 Internal
Xia et al[23] 2018 China Single 2009-2017 225 17.8 (A)(B)(L)(h) 0.813 (0.737- Internal
0.889)
Xingjun et al[72] 2019  China Multi 2014-2017 457 12,6’ (A)(Q@®) 0.868 External
You et al[73] 2019 Korea Single 2007-2016 1771 12.5 (1)(3)(12)(15)(A)(0) 0.709 Internal
Guo et al[74] 2020 China Single 2012-2016 220 227 (A)(B)(0)(p) 0.793 (0.731- Internal
0.855)
Li et al[75] 2021 China Single 2018-2020 176 21.1 (@)(e)(H)(g) (k) 0.814 (0.736-
0.892)
Shen et al[76] 2021 China Single 2016-2020 302 16.6 (3)(B)(a)(i) 0.87 (0.81-0.94) Internal
Liu et al[77] 2021 China Single 2016-2019  251* 7.6 (15)(18)(a)(j) 0.866 (0.737-
0.996)
(15)(18)(a)(j) 0.896 (0.814-
0.978)
(15)(18)(a)(j) 0.888 (0.806-
0.971)
Huangetal[78] 2021 China Multi 2010-2018 762 114 (3)(A)(a) 0.934 (0.914- External
0.950)
Guilbaud et al 2021 France Multi! 2017-2019  182° 212 (a)(f) 0.834 (0.769-
[79] 0.900)
Honselmannet 2021 Germany Single 2012-2017 182 16 (12)(A)(C)(c)(m) 0.903 Internal
al[20]
(12)(B)(c)(d)(m) 0.891
Suzuki et al[80] 2021 Japan Single 20072012 349 17.5 (20)(B)(b)(n)
Al Abbas et al 2021 United Sates  Nationwide 2014-2016 9867 13.9 (1)(2)(3)(7)(8)(A)(B)(0) 0.70 (0.69-0.71) Internal
[81]
Yin et al[82] 2022 China Single 2012-2016 662 16.3 (17)(A)(F)(M)(o) 0.667 Internal
(A)P)a)(e) 0.809
Gu et al[24] 2023 China Nationwide 2014-2017 3609 16.7 (4)(20)(B)(0)(s)(t) 0.855 (0.702- External
0.853)
Bannone et al[83] 2023 Italy Single' 2016-2021 905 20.2 (A)(B)(D)(a)(o) 0.85 (0.82-0.87)
(A)(B)(D)(a)(1)(o) 0.87 (0.84-0.89)
A)BD)@O0() 0.90 (0.87-0.91)
Choi et al[84] 2023 Korea Multi 2012-2020  429* 124 (12)(20)(46)(B)(E)(H)(I)(0) 0.739 (0.668- Internal
0.800)
van Dongenetal 2023 Netherlands  Nationwide 2014-2018 3271 14.6 (1)(3)(8)(20)(0) 0.73 External
[85]
Raza et al[86] 2023  United Multi 2009-2019 187 12.8 D) (a)()(h) 0.78 External
Kingdom
Mohamed etal 2023 United Sates ~ Nationwide 2015-2018 5975 17 (1)(3)(14)(A)(B)(0) 0.72 (0.704-0.737)
[87]
Ahmad et al[88] 2023 United States Nationwide 2014-2017 2417 12.6 3)(11)(B)(C)(a) 0.720 (0.687- Internal
0.752)
(3)(11)(B)(C)(a)(b) 0.758 (0.726-
0.789)

Indicates prospective studies, others are retrospective studies.
The study population was from the American College of Surgeons-National Surgical Quality Improvement Program database in the United States.
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3Surgical procedures included pancreaticoduodenectomy and distal pancreatectomy.

*The surgical procedure was minimally invasive pancreaticoduodenectomy.

®The data is the clinically relevant postoperative pancreatic fistula rate of total cohort.

®From Table 1.

AUC: Area under the curve; CI: Confidence interval; CR-POPF: Clinically relevant postoperative pancreatic fistula.

Table 8 Postoperative pancreatic fistula prediction models after distal pancreatectomy

Design Study CR-POPF

Ref. Year Count Center . Variables® AUC (95%Cl) Validation
v cohort period (%) ( )
Ecker et al[25] 2019 Multinational Multi 2026 2001-2016 15.1 (1)(2)(6)(A)(G)(H)(e) 0.654 (0.620-
0.688)
Guilbaud et al 2021 France Multi' 92 2017-2019 21.2 (a)(b) 0.762 (0.640-
[79] 0.885)
Rollin et al[90] ~ 2022 France Single 103 2015-2019 32 (2)8)(B)(c) 0.83 (0.75-0.92)
Nassour et al[91] 2022 USA Nationwide 692 2014-2018 159 (1)(B)(D)(b) 0.731 (0.685- Internal
0.796)
(1)(B)(b)(d) 0.791 (0.742-
0.836)
Bonsdorffetal ~ 2022 Multinational Multi 266 2013-2021 195 (3)(8)(F) 0.904 (0.855- Internal-
[89] 0.949) external
He et al[92] 2023  China Single 115 2005-2020 33 (2)(6)(8)(E) 0.842 (0.762-
0.921)
Pecorelli et al 2023 TItaly Single 220 2016-2019 33.6 2B)4) () 0.651 (0.58- Internal
[26] 0.73)
(2)(9)(10)(C) 0.725 (0.66-
0.79)
(5)(11)(C) 0.733 (0.64-
0.80)
De Pastenaetal 2023 Multinational Multi' 339 2014-2016 23 7)(8) 0.731 (0.70- Internal-
[27] 0.76) external
(2)(7)(8)(B)(E) 0.851 (0.80- Internal
0.90)

Indicates prospective studies, others are retrospective studies.
ZIncluding patients underwent pancreaticoduodenectomy.
3From Table 2.

AUC: Area under the curve; CI: Confidence interval; CR-POPF: Clinically relevant postoperative pancreatic fistula.

risk factors for POPF were identified as obesity and pancreatic anastomosis technique. They constructed a nomogram
based on these variables, which demonstrated a modest AUC of 0.678. However, this study overlooked certain pancreas-
specific features such as pancreatic texture, MPD diameters on both sides of the transection, and pancreatic thickness,
despite its large sample size.

In light of these omissions, Yang et al[95] conducted a study that identified additional risk factors for POPF after CP.
They found that BMI, pancreatic thickness, and MPD diameters at both ends of the lesion were independent predictors.
Building upon the probability (P) of the union of two events [formula: P(PD UDP) = P(PD) + P(DP) - P(PDNDP)], they
innovatively combined the existing FRS for PD and DP to develop specific FRS for CP (Figure 1). Consequently, they
obtained a total of 12 central FRS (C-FRS) models. The predictive performance of these C-FRS models was generally
acceptable, with AUC values ranging from 0.748 to 0.847. Particularly, the Preop-D-Roberts-FRS model emerged as a
preoperative prediction model composed of four parameters: BMI, MPD diameters at both ends of the lesion, and
pancreatic thickness. This model exhibited an AUC of 0.832 (95%ClI, 0.751-0.895). Using this model, patients were
categorized into three risk groups: low risk (< 25%), intermediate risk (25%-45%), and high risk (> 45%). The corres-
ponding incidence of POPF in these risk groups was 0%, 30%, and 66.7%, respectively. Due to its ease of use and accurate
preoperative prediction, the Preop-D-Roberts-FRS is recommended for clinical practice.

It is worth noting, however, that despite the promising predictive efficacy of these models, they were both derived
from single-center retrospective studies in China and lacked valid external validation. Therefore, further prospective
studies involving multiple centers and diverse populations are required for external validation and generalizability of the
C-FRS models.
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Table 9 Postoperative pancreatic fistula prediction models after central pancreatectomy

Ref. Year  Design cohort Study period CR-POPF (%) Variables' AUC (95%Cl)

Ouyang et al[94] 2022 194 2009-2020 459 ©)(D) 0.678

Yang et all] 2L 2010-2022 304 Q@WE)©) 0832 (0.751-0.895)
2@ 6)6)(B) 0.827 (0.745-0.891)
M@ E)©)(B) 0.828 (0.746-0.892)
MHREHE)6)@) 0.826 (0.744-0.890)
2)4)(5)(6)(A)(B) 0.845 (0.766-0.906)
2@ (G)©6)(A)(B) 0.847 (0.768-0.907)

M) @)E)(©)(A)(B)
MR)EAE)(E)(A)(B)(a)
@E)G)®E)(©)
2E)E)O)B)(C)
MREE)E)B)C©)
MHREG)E)(©)(a)

0.823 (0.741-0.888)
0.840 (0.760-0.902)
0.758 (0.669-0.833)
0.748 (0.659-0.824)
0.784 (0.698-0.855)

0.750 (0.661-0.826)

1From Table 3.

AUC: Area under the curve; CI: Confidence interval; CR-POPF: Clinically relevant postoperative pancreatic fistula.

| cP (C-FRS)

‘ Preoperative D-FRS ‘

a-FRS
Intraoperative D-FRS
ua-FRS
DISPAIR [\
Auditing FRS

Preop-D-Roberts-FRS
Intraop-D-Roberts-FRS
DISPAIR-Roberts-FRS
Preop-D-a-FRS
Intraop-D-a-FRS
DISPAIR-a-FRS
Preop-D-ua-FRS
Intraop-D-ua-FRS
DISPAIR-ua-FRS
Preop-D-auditing-FRS

Intraop-D-auditing-FRS
DISPAIR-auditing-FRS

Figure 1 Central fistula risk score models for central pancreatectomy based on the fistula risk score for pancreaticoduodenectomy and
distal pancreatectomy. C-FRS: Central fistula risk score; CP: Central pancreatectomy; D-FRS: Distal fistula risk score; DP: Distal pancreatectomy; FRS: Fistula
risk score; PD: Pancreaticoduodenectomy.

CURRENT STATUS AND LIMITATIONS

Due to the influence of multiple risk factors (pre, intra and postoperative) and the inherent complexity of pancreatectomy,
there is still room to improve the accuracy of predicting POPF. It is unlikely that a single model will be possible for all
circumstances. The pathophysiological mechanisms relevant to POPF are not fully understood, and with time other
factors might be identified. Moreover, the lack of consensus on diagnostic thresholds, judging criteria, non-blinded
assessment of predictors, different statistical methods and potential interactions among various risk factors contribute to
inferior performance of prediction models. A comprehensive review of 52 prediction models revealed that the average
adherence rate to the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis
(TRIPOD) guidelines for POPF prediction models after PD was 65%[33]. Only 13 models surpassed this average TRIPOD
adherence rate, indicating the importance of improving reporting standards and ensuring transparency in model
development and evaluation.
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Despite the development of many POPF prediction models, including some that are based on multicenter or
nationwide cohort studies, over 80% of them lack external validation or demonstrate modest performance during
subsequent validation[96], with AUCs ranging from 0.62 to 0.70[97]. One of the main reasons is their reliance on
retrospective data, which may not encompass all the relevant factors contributing to POPF. Additionally, different models
may incorporate varying variables and scoring systems, creating challenges when it comes to comparing and validating
their performance. The lack of standardized and objective variables and scoring systems further hampers the universal
applicability and reliability of these models. Another significant factor that has been overlooked in most models is the
impact of individual surgeon experience and skill on the occurrence of POPF[98]. The surgical technique employed,
decision-making process during operation, and proficiency of the surgeon can all have a substantial influence on the
development of postoperative complications, including POPF. Ignoring these important aspects in the prediction models
may contribute to their modest performance and decrease the translation of POPF prediction models into clinical practice.

Notably, while existing POPF prediction models show good performance in sample populations, their ability to predict
and generalize may be limited when applied to ethnically diverse populations. Blunck et al[99] conducted an external
validation study and found that although some models performed well for the overall population, their predictive value
was limited for Black patients. Kang et al[100] validated three prediction models in a Korean population, yielding AUCs
of 0.61-0.64, which were significantly lower than the original reports[15,34,37]. It is important to recognize that models
developed in Western countries may not be directly applicable to Asian populations. In recent years, numerous
prediction models have been developed in Asian countries such as China, Japan, and Korea. However, most of these
models are from single-center retrospective studies and lack external validation. Consequently, there is a pressing need
for large-scale prospective studies that integrate various factors to establish prediction models specifically suitable for
respective populations.

FUTURE PERSPECTIVES

The risk of POPF following pancreatectomy remains high, highlighting the need for a thorough understanding of
pathophysiology and risk factors in order to reduce the risk where possible and improve surgical outcomes. Continuous
improvement and refinement of POPF prediction models is necessary for better clinical utility. This iterative process
allows for development of personalized treatment strategies to optimize patient outcomes. To overcome the limitations
and challenges faced by current models, future efforts should consider collecting comprehensive and standardized data.
Ongoing research is directed towards developing robust models that account for the multifactorial nature of POPF. By
predicting the risk of POPF based on preoperative factors, clinicians will be able to adequately prepare patients before
surgery, choose appropriate surgical procedure, and make timely decisions regarding whether the patient should be
transferred to a specialized surgical center for further treatment. In addition to static variables, efforts should also be
focused on developing models that incorporate dynamic variables. Intraoperative findings and early postoperative
markers, which can provide valuable real-time information, could be integrated into the prediction models. By including
these factors, the models can better adapt to individual patient characteristics and enhance their predictive power. The
dynamic monitoring models can guide surgeons in determining the best course of postoperative treatment for patients
affected by POPF.

CONCLUSION

Prospective studies involving large cohorts and multiple centers are of utmost importance to establish reliable prediction
models. Advancements in imaging techniques hold great promise in refining prediction models. High-resolution imaging
modalities can provide detailed information about pancreatic and abdominal features and help identify important
predictive factors. The integration of machine learning algorithms and artificial intelligence systems are likely to enhance
the predictive capabilities of these models. By continuously learning from real-time data and adapting to new
information, it is anticipated these systems will provide more accurate predictions of POPF. Nevertheless, it is crucial to
validate the developed models externally to ensure their generalizability across different clinical settings and patient
populations.
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AIM

and the risk of new-onset MAFLD prospectively.
METHODS

To investigate the associations between repeated high-normal ALT measurements

A cohort of 3553 participants followed for four consecutive health examinations
over 4 years was selected. The incidence rate, cumulative times, and equally and
unequally weighted cumulative effects of excess high-normal ALT levels (ehALT)

were measured. Cox proportional hazards regression was used to analyse the
association between the cumulative effects of ehALT and the risk of new-onset

MAFLD.
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RESULTS

A total of 83.13% of participants with MAFLD had normal ALT levels. The incidence rate of MAFLD showed a
linear increasing trend in the cumulative ehALT group. Compared with those in the low-normal ALT group, the
multivariate adjusted hazard ratios of the equally and unequally weighted cumulative effects of ehALT were 1.651
[95% confidence interval (CI): 1.199-2.273] and 1.535 (95%CI: 1.119-2.106) in the third quartile and 1.616 (95%Cl:
1.162-2.246) and 1.580 (95%CI: 1.155-2.162) in the fourth quartile, respectively.

CONCLUSION
Most participants with MAFLD had normal ALT levels. Long-term high-normal ALT levels were associated with a
cumulative increased risk of new-onset MAFLD.

Key Words: Metabolic dysfunction-associated fatty liver disease; High-normal alanine aminotransferase level; Cumulative
effect; Cox proportional hazards regression; Cohort study

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Limited evidence exists regarding the association between persistently elevated high-normal alanine transaminase
(ALT) levels and the risk of new-onset metabolic dysfunction-associated fatty liver disease (MAFLD). This cohort study
analysed 3553 participants followed for four consecutive health examinations between 2017 and 2020 and measured the
cumulative effects of excess high-normal ALT (ehALT). Among the participants, the incidence rate of MAFLD showed a
linear increasing trend for the cumulative ehALT group. The hazard ratios of new-onset MAFLD were significantly
increased in the third and fourth quartiles of the equally and unequally weighted cumulative effects of ehALT. Among
Chinese adults, long-term high-normal ALT levels were related to a cumulative increased risk of new-onset MAFLD.

Citation: Chen JF, Wu ZQ, Liu HS, Yan S, Wang YX, Xing M, Song XQ, Ding SY. Cumulative effects of excess high-normal alanine
aminotransferase levels in relation to new-onset metabolic dysfunction-associated fatty liver disease in China. World J Gastroenterol
2024; 30(10): 1346-1357

URL: https://www.wjgnet.com/1007-9327/full/v30/i10/1346.htm
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INTRODUCTION

Metabolic dysfunction-associated fatty liver disease (MAFLD) is defined as the combination of nonalcoholic fatty liver
disease (NAFLD) and metabolic dysfunction and includes overweight/obesity, type 2 diabetes, or other metabolic
disorders, as indicated by liver biopsy or imaging examination or even blood biomarker tests suggesting the presence of
fatty liver[1,2]. MAFLD has become a growing public health problem, affecting up to a third of the global population, and
its burden has grown in parallel with rising rates of type 2 diabetes mellitus and obesity[3,4]. The prevalence of MAFLD
is reportedly 25.0% among adults worldwide[5], 29.2% in China[6], and 33.9% in Korea after sex and age standardization
[7], with an increasing incidence each year. MAFLD is a multisystemic disease beyond the liver that can increase the risk
of heart failure, obstructive sleep apnoea, and malignancy and can result in an increase in cancer-related and
cardiovascular disease mortality[8]. Given the high harm and enormous disease burden of MAFLD, a comprehensive
analysis of risk factors is essential[9].

Alanine aminotransferase (ALT) has been recognized globally as a reliable indicator reflecting the degree of liver cell
damage, such as the damage associated with NAFLD, chronic hepatitis, and cirrhosis[10]. Many studies have suggested
that liver damage can occur in the presence of normal ALT levels[11]. Recently, a growing body of evidence has indicated
that an ALT level that is within the normal range is an important biomarker for predicting NAFLD; additionally,
nonalcoholic steatohepatitis (NASH) or advanced fibrosis is diagnosed in up to 37.5%-59% of patients with NAFLD who
have normal ALT levels[12,13]. Our previous work also indicated that an ALT trajectory at a normal level is associated
with the risk of new-onset MAFLD based on a cohort study[14]. Thus, we hypothesized that a specific ALT level, partic-
ularly a long-term high-normal ALT level, is associated with the risk of new-onset MAFLD.

Some evidence has suggested that the Youden index, a popular summary statistic for receiver-operating characteristic
(ROC) curves, provides the optimal cut-off point for a biomarker to distinguish diseased and healthy individuals[15]. In a
study of adolescents with obesity, the optimal ALT cut-off points for diagnosing NAFLD were 36 U/L for males and 33
U/L for females[16]. However, limited evidence exists on the determination of optimal ALT cut-off points for diagnosing
MAFLD and on the associations between repeated high-normal ALT measurements and both the incidence of MAFLD
and risk of new-onset MAFLD. In light of the public health burden of MAFLD in China, we investigated the association
between repeated ALT levels that are high-normal and new-onset MAFLD using an ambispective cohort from a health
examination population.
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MATERIALS AND METHODS

Data sources and recruitment

This retrospective and prospective population-based cohort study was based on data from an ambispective cohort from a
health examination population in Henan Province. All eligible participants were interviewed by uniformly trained
medical staff to gather information about common chronic diseases and factors influencing health. Participants aged > 18
years who underwent a health examination at the First Affiliated Hospital of Zhengzhou University over a period of 3
consecutive years from January 2017 to December 2019 were retrospectively selected. We identified a total of 7817
participants (4975 male and 2842 female individuals); 4521 had no diagnosis of MAFLD according to three consecutive
health examinations and were followed up at their fourth health examination in 2020. During the follow-up period, 738
participants did not participate in the health examination for various reasons or had missing information on some of the
studied factors; we also excluded 230 participants with viral hepatitis, alcoholic hepatitis, autoimmune hepatitis, severe
cardiovascular and cerebrovascular diseases, or malignant tumours. Finally, 3553 eligible participants (1741 male and
1812 female individuals) were selected from the pool of 7817 participants.

Data collection

The data collected included physical measurements, laboratory test results, abdominal colour Doppler ultrasound results,
and diagnostic criteria for MAFLD, as described below: (1) Physical measurements. Participants’ body mass index (BMI),
systolic blood pressure (SBP), diastolic blood pressure (DBP), and waist circumference (WC) were measured by clinicians
using a uniform measurement instrument; (2) Laboratory tests. An automatic biochemical analyser was used to measure
fasting plasma glucose (FPG), glycated haemoglobin (HbA1lc), total cholesterol, triglyceride (TG), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), serum uric acid (SUA), and ALT levels[15];
(3) Abdominal colour Doppler ultrasound. Ultrasound was used to determine the presence of diffuse echogenic changes
in the liver; and (4) Diagnostic criteria for MAFLD. These findings included diffuse echogenic changes in the liver as
revealed by abdominal colour Doppler ultrasonography and were accompanied by at least one of the following
conditions: (1) Overweight/obese (BMI > 23 kg/m?); (2) Type 2 diabetes; and (3) Metabolic dysfunction, defined as the
presence of at least two of the following conditions: (1) WC = 90 cm for men and WC = 80 cm for women; (2)
Hypertension or use of blood pressure-lowering medication or SBP > 130 mmHg and/or DBP > 85 mmHg; (3) FPG 2 5.6
mmol/L or 2-h postprandial glucose = 7.8 mmol/L or HbAlc 2 5.7%; (4) TG 2 1.7 mmol/L or use of lipid-lowering drugs;
and (5) HDL-C < 1.0 mmol/L in men and HDL-C < 1.3 mmol/L in women or use of lipid-lowering medication[16].

Study design and measurements

In total, 7817 participants with three consecutive health examinations from 2017 to 2019 were analysed to determine the
optimal ALT cut-off points for the diagnosis of MAFLD, with ALT within the normal range (0-40 U/L). The participants
were divided into three groups: Those with a low-normal ALT (IALT) level, those with a high ALT (hALT) level, and
those with an abnormal ALT (aALT) level. A follow-up cohort of 3553 participants who completed their fourth health
examination in 2020 was subsequently analysed to calculate the cumulative effects of excess hALT (ehALT) and explore
its association with the risk of new-onset MAFLD. In this study, the cumulative effects of ehALT were classified into the
following three categories: (1) Cumulative number of ehALT occurrences; (2) Equally weighted cumulative effects of
ehALT; and (3) Unequally weighted cumulative effects of ehALT[17]. Finally, a single ehALT occurrence (noncumulative
ehALT) was also included as a control for the cumulative effects of ehALT. The study design is shown in Figure 1, and
some terms are defined in Table 1.

Statistical analyses

The ROC curve with the maximum value of the Youden index (sensitivity + specificity-1) was used to determine the ALT
cut-off points for the diagnosis of MAFLD using ALT in 7817 participants from 2017 to 2019. Normally distributed
continuous data are presented as the means (SD); comparisons among groups were performed using one-way analysis of
variance (ANOVA) along with pairwise comparisons, the least significant difference test for homogeneous variance, and
Dunnett’s T3 test for nonhomogeneous variance. Continuous data with a skewed distribution are presented as medians
[interquartile ranges (IQRs)], and comparisons were performed using nonparametric tests. Categorical data are described
as counts (percentages), and comparisons of rates were performed using Pearson’s y” test.

A total of 3553 participants who were followed up in 2020 were used to analyse the association between the cumulative
effects of ehALT and new-onset MAFLD via a Cox proportional hazards regression model. MAFLD and follow-up time
were regarded as dependent variables, and the cumulative number of ehALT occurrences (four groups: 0, 1, 2, 3
occurrences, with 0 occurrences regarded as the reference group), equally weighted cumulative effect, unequally
weighted cumulative effect, and single ehALT occurrence [continuous variable, analysed with the per-SD increase after Z
score standardization; discrete variable, five groups, a cumulative effect of 0 as the reference group; more than 0 was
divided into four quartile groups (Q,, Q,, Q,, Q,)] were the independent variables. Hazard ratios (HRs) and 95%
confidence intervals (CIs) were calculated, and trend tests were also conducted. Furthermore, we used restricted cubic
splines with five knots at the 5%, 35", 65", and 95" percentiles to flexibly model the associations of the equally or
unequally weighted effects of ehALT with new-onset MAFLD and adopted variance analysis to verify whether there was
a nonlinear correlation (12). All the data management and statistical analyses were performed using the statistical
software R version 4.2.0 (The R Project for Statistical Computing, Vienna, Austria). P < 0.05 was considered to indicate
statistical significance.
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Table 1 Definitions of some specific terms

Term Definition

1ALT group ALT < optimal ALT cut-off points (U/L)

hALT group Optimal ALT cut-off point < ALT <40 (U/L)

aALT group ALT >40 (U/L)

ehALT ALT-optimal ALT cut-off point, if ehALT < 0, redefine ehALT = 0

Cumulative occurrences of ehALT Sum of times that ehALT > 0 in 2017-2019, time = {0, 1, 2, 3}

Equally weighted cumulative effects of ehALT Sum of ehALT levels with a weight of 1 in 2017-2019, i.e., ehALT,y;, + ehALT,y5 + €ehALT ;4
Unequally weighted cumulative effects of ehALT Sum of ehALT levels with an increasing weight in 2017-2019, i.e., 1 X ehALT,y,; + 2 X ehALT,yg

+3 x ehALT,q;

Single ehALT occurrence ehALT,;, along with ehALT,;;, = 0 and ehALT,y;4 =0

ALT: Alanine aminotransferase; IALT: Low-normal alanine aminotransferase; hALT: High-normal alanine aminotransferase; aALT: Abnormal alanine

aminotransferase; ehALT: Excess high-normal alanine aminotransferase.
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Figure 1 Schematic description of the study design. 7817 participants with three consecutive health examinations from 2017 to 2019 were analysed to
determine the optimal alanine aminotransferase (ALT) cut-off points for the diagnosis of metabolic dysfunction-associated fatty liver disease (MAFLD). A follow-up
cohort of 3553 participants who completed their fourth health examination in 2020 was subsequently analysed to calculate the cumulative effects of excess high-
normal ALT and explore its association with the risk of new-onset MAFLD. ALT: Alanine aminotransferase; MAFLD: Metabolic dysfunction-associated fatty liver
disease; IALT: Low-normal alanine aminotransferase; hALT: High-normal alanine aminotransferase; aALT: Abnormal alanine aminotransferase; ehALT: Excess high-
normal alanine aminotransferase.

RESULTS

Prevalence of MAFLD in participants

The results of 7817 participants at baseline in 2017 showed that the prevalence of MAFLD was 34.27% (2679/7817), and
83.13% (36.36% + 46.77%) of participants with MAFLD had normal ALT levels (<40 U/L) (Figure 2A). Analysis of
differences based on nonparametric tests indicated that ALT levels were significantly greater in MAFLD patients than in
healthy individuals (P < 0.001), with median (IQR) ALT levels of 24 (18, 35) U/L and 17 (13, 23) U/L (Figure 2B).
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Figure 2 The prevalence of metabolic dysfunction-associated fatty liver disease in a large-scale, longitudinal population-based cohort. A:
Distribution of alanine aminotransferase (ALT) levels in participants with metabolic dysfunction-associated fatty liver disease (MAFLD); B: Differential analysis of ALT
levels between healthy participants and those with MAFLD. The prevalence of MAFLD was 34.27%, and 83.13% of participants with MAFLD had normal ALT levels.
ALT levels were significantly greater in MAFLD patients than in healthy individuals. ALT: Alanine aminotransferase; MAFLD: Metabolic dysfunction-associated fatty
liver disease.

The optimal ALT cut-off points for the diagnosis of MAFLD

The ROC curve was obtained for the annual and 3-year health examination data of the 7817 participants from 2017 to
2019. The optimal ALT cut-off points and corresponding sensitivity and specificity for diagnosing MAFLD were
determined according to the maximum Youden index. The results showed that the optimal ALT cut-off points were 18.5
U/Lin 2017,18.5 U/L in 2018, 17.5 U/L in 2019, and 18.5 U/L in 2017-2019, as shown in Figure 3. Therefore, the optimal
ALT cut-off point was 18.5 U/L based on ROC curve and Youden index, and the cut-off point for hALT was 18.6-40 U/L.

Baseline characteristics of follow-up participants

According to the definition of hALT (18.6-40 U/L), 3553 participants who were eligible for follow-up were included in the
baseline analysis in 2017; their mean age was 48.39 (15.13) years, and 49% were male. The baseline characteristics of the
3553 participants according to hALT level are shown in Table 2. Compared with those in the IALT group, participants in
the hALT and aALT groups were significantly more likely to have a higher DBP, BMI, SUA, and TG and lower HDL-C
levels (P < 0.001). Compared with those in the hALT group, participants in the aALT group were more likely to be
younger and to have lower FPG and HbAlc values.

Incidence rate of MAFLD under the cumulative effects of ehALT

Taking the date of the participants’ health examinations in 2019 as the starting point of follow-up and the occurrence of
MAFLD (no = 0, yes = 1) in the health examinations of participants in 2020 as the outcome, we calculated the incidence
rate of MAFLD under the cumulative effects of ehALT in different groups and analysed the linear associations, as shown
in Figure 4. For the cumulative number of ehALT occurrences of 0, 1, 2, and 3 times before the end of follow-up (by 2020),
the incidence rates of MAFLD were 5.81%, 9.64%, 13.67%, and 18.36%, respectively. For the equally weighted cumulative
effects of ehALT, the incidence rates of MAFLD in group 0 (reference), Q,, Q,, Q,, and Q, were 5.81%, 8.47%, 11.11%,
14.91%, and 17.62%, respectively. For the unequally weighted cumulative effects of ehALT, the incidence rates of MAFLD
in group 0 (reference), Q,, Q,, Q,, and Q, were 5.81%, 9.85%, 10.67%, 13.47%, and 17.84%, respectively. Furthermore, P <
0.001 for both the y* test and linear association test of the abovementioned cumulative effects, indicating that the
incidence rates of MAFLD in the different groups were significantly different, with a linear increasing trend. For a single
ehALT occurrence (control group), the incidence rates of MAFLD in group 0 (reference), Q,, Q,, Q,, and Q, were 5.81%,
4.11%, 3.92%, 7.27%, and 9.62%, respectively. The ¥* test and linear association test showed P = 0.682 and P = 0.434,
respectively, indicating that no significant difference existed in the incidence rate of MAFLD among the five groups and
that no linear increasing trend was shown.

Cox regression analysis of the cumulative effects of ehALT and risk of new-onset MAFLD

Taking the cumulative effects of ehALT in different groups and confounders such as age, sex, and WC as independent
variables and new-onset MAFLD (no = 0, yes = 1) in the health examinations of participants in 2020 as the outcome, we
used a Cox proportional hazards regression model to analyse the association between the cumulative effects of ehALT in
different groups and the risk of new-onset MAFLD. The univariate Cox proportional hazards regression model revealed
that sex, WC, SBP, DBP, BMI, SUA, TG, LDL-C, FPG, and HbA1c were risk factors for new-onset MAFLD, with an HR >1
(P <0.05). HDL-C was a protective factor against new-onset MAFLD, with an HR <1 (P < 0.05).

The results of a multivariate Cox proportional hazards regression model showed the following: (1) Cumulative number
of ehALT occurrences: After adjustment for relevant confounding factors, the risk of new-onset MAFLD in the group of
patients with 2 and 3 cumulative episodes of ehALT was 1.443 (95%CI: 1.050-1.982) and 1.551 (95%CI: 1.135-2.119),
respectively, higher than that in the group with 0.82% ehALT. Furthermore, the trend test indicated that the risk of new-
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Table 2 Baseline characteristics of 3553 participants on follow-up
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Variables Total (3553) IALT group (2409) hALT group (1046) aALT group (98) F/x¥H P value
Sex, 1 (%) 264.16 <0.001
Male 1741 (49.00) 955 (39.64) 712 (68.07) 74 (75.51)
Female 1812 (51.00) 1454 (60.36) 334 (31.93)° 24 (24.49)°
Age (yr), mean (SD) 4839 (15.13) 47.82 (15.39) 50.17 (14.54)" 4351 (12.59)*" 14.11 <0.001
WC (cm), mean (SD) 85.81 (1.81) 85.79 (1.67) 85.85 (1.94) 85.85 (3.11) 0.44 0.643
SBP (mmHg), mean (SD)  120.33 (16.66) 119.18 (16.64) 122.93 (16.70)° 121.08 (13.41) 18.77 <0.001
DBP (mmHg), mean (SD)  72.68 (10.27) 71.70 (10.03) 74.81 (10.60)° 74.07 (8.92)" 35.09 <0.001
BMI (kg/m?), mean (SD)  22.80 (2.41) 22.46 (2.39) 23.46 (2.32)° 23.94 (2.21)° 76.76 <0.001
SUA (umol/L), mean 290.53 (72.07) 280.17 (69.87) 311.33 (71.51)° 323.01 (74.16)" 82.00 <0.001
(SD)
TC (mmol/L), mean (SD) 4.53 (0.84) 451 (0.82) 4.58 (0.88)" 4.55 (0.84) 2.72 0.066
TG (mmol/L), median  0.97 (0.72, 1.29) 0.93 (0.70, 1.26) 1.06 (0.79, 1.40)* 1.09 (0.82, 1.52)° 79.73 <0.001
(IQR)
HDL-C (mmol/L), mean  1.47 (0.34) 1.50 (0.34) 1.42 (0.34)° 1.39 (0.39)°" 18.51 <0.001
(SD)
LDL-C (mmol/L), mean  2.77 (0.75) 2.74 (0.73) 2.85 (0.78)* 2.83 (0.72) 7.76 <0.001
(SD)
FPG (mmol/L), median  4.96 (4.68, 5.25) 4.95 (4.67,5.21) 5.00 (4.71, 5.30)" 4.94 (4.65,5.27)" 10.65 0.005
(IQR)
HbA1c (%), median (IQR) 5.70 (5.50, 5.70) 5.70 (5.50, 5.70) 5.70 (5.40, 5.70) 5.70 (5.40,5.70)"  10.69 0.005

P < 0.05, compared with the low-normal alanine aminotransferase level group.

PP < 0,05, compared with the high-normal alanine aminotransferase level group.

IALT: Low-normal alanine aminotransferase; hALT: High-normal alanine aminotransferase; aALT: Abnormal alanine aminotransferase; WC: Waist
circumference; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; BMI: Body mass index; TC: Total cholesterol; FPG: Fasting plasma glucose;
HbAlc: Glycated haemoglobin; TG: Triglycerides; HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; SUA: Serum

uric acid; IQR: Interquartile range.

onset MAFLD showed an increasing trend; (2) Equal and unequally weighted cumulative effects of ehALT: After
adjustment for the relevant confounding factors, the risk of new-onset MAFLD increased by 8.8% (95%CI: 0.3%-17.9%)
and 9.8% (95%CI: 1.7%-18.5%), respectively, per SD increase in the cumulative effect. For the five grouping variables,
compared with those in group 0 (reference), the HRs of new-onset MAFLD in the Q, and Q, groups for the equally
weighted cumulative effects of ehALT were 1.651 (95%Cl: 1.199-2.273) and 1.535 (95%Cl: 1.119-2.106), respectively. For
the unequally weighted cumulative effects of ehALT, the HRs of new-onset MAFLD in the Q, and Q, groups were 1.616
(95%CI: 1.162-2.246) and 1.580 (95%CI: 1.155-2.162), respectively; Q, and Q, were not significantly different from those in
the reference group. Additionally, the trend test indicated that the risk of new-onset MAFLD showed an increasing trend
for all cumulative occurrences of ehALT; and (3) Single ehALT (control group): Compared with those of the reference
group, the univariate and multivariate models did not differ significantly for the continuous or categorical variable of a
single ehALT occurrence. Additionally, the trend test showed that the risk of new-onset MAFLD did not increase
Table 3).

( Figur)e 5 shows the dose-response relationship between the cumulative effects of ehALT and the risk of new-onset
MAFLD using restricted cubic splines. After adjustment for sex, WC, SBP, DBP, BMI, SUA, TG, HDL-C, LDL-C, FPG, and
HbAlc, the equally and unequally weighted cumulative effects of ehALT had a positive nonlinear relationship with the
risk of new-onset MAFLD in approximately 95% of the enrolled participants (i.e., total association P = 0.005 and nonlin-
earity P = 0.011; total association P = 0.006 and nonlinearity P = 0.029). Specifically, for the equally weighted cumulative
effects of ehALT (Figure 5A), the HR increased rapidly to 1.5 with a cumulative effect of 10 U/L and then maintained a
steady value thereafter, to a cumulative effect of 38.5 U/L. For the unequally weighted cumulative effects of ehALT
(Figure 5B), the HR increased rapidly to 1.5 with a cumulative effect of 20 U/L and then maintained a steady value
thereafter, with a cumulative effect of 82.0 U/L.

DISCUSSION

In this study, a large-scale, longitudinal population-based cohort of 7817 participants in China had a prevalence of
MAFLD of 34.27%, and 83.13% of participants with MAFLD had normal ALT levels. The optimal ALT cut-off point for
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Table 3 Risks of new-onset metabolic dysfunction-associated fatty liver disease stratified by different categories of cumulative effects

of excess high-normal alanine aminotransferase level

Univariate, HR Sex-, WC-, SBP-, DBP-

Categories 0 P value and BMl-adjusted’, HR P value Multivariate-adjusted’ P value
(95%Cl) e

Cumulative occurrences of ehALT (n = 3553)
0(101/1738) 1.000 1.000 1.000
1(82/851) 1.672 (1.249-2.237) 0.001 1.312 (0.975-1.765) 0.073 1.261 (0.935-1.699) 0.128
2 (70/512) 2.325 (1.714-3.154) <0.001 1.495 (1.091-2.049) 0.012 1.443 (1.050-1.982) 0.024
3 (83/452) 2.963 (2.215-3.962) <0.001 1.559 (1.142-2.128) 0.005 1.551 (1.135-2.119) 0.006
P value for trend’ <0.001 0.005 0.005

Equally weighted cumulative effects of ehALT (1 = 3553)
Increase per SD* 1.227 (1.149-1.310) <0.001 1.090 (1.006-1.182) 0.036 1.088 (1.003-1.179) 0.041
0 (reference) 1.000 1.000 1.000
Q, (0.01-3.00U/L)  1.541 (1.069-2.225) 0.020 1.139 (0.785-1.652) 0.493 1.083 (0.744-1.575) 0.678
Q, (3.01-850 U/L)  1.770 (1.261-2.485) 0.001 1.329 (0.941-1.876) 0.106 1.297 (0.916-1.837) 0.916
Q;(8.51-20.50 U/L)  2.620 (1.926-3.564) <0.001 1.671 (1.214-2.300) 0.002 1.651 (1.199-2.273) 0.002
Q4 (22051U/L) 2.852 (2.120-3.838) <0.001 1.578 (1.151-2.162) 0.005 1.535 (1.119-2.106) 0.008
P value for trend’ < 0.001 0.005 0.007

Unequally weighted cumulative effects of ehALT (n = 3553)
Increase per SD* 1.231 (1.154-1.312) <0.001 1.102 (1.020-1.191) 0.014 1.098 (1.017-1.185) 0.016
0 (reference) 1.000 1.000 1.000
Q, (0.01-5.00U/L)  1.709 (1.209-2.416) 0.002 1.190 (0.835-1.697) 0.336 1.114 (0.779-1.591) 0.555
Q, (5.01-15.00 U/L)  1.749 (1.234-2.478) 0.002 1.283 (0.900-1.830) 0.168 1.278 (0.895-1.826) 0.177
Q; (15.01-40.50 2.319 (1.688-3.187) < 0.001 1.636 (1.178-2.273) 0.003 1.616 (1.162-2.246) 0.004

U/L)
Q, (24051U/L) 2.996 (2.236-4.015) <0.001 1.626 (1.191-2.220) 0.002 1.580 (1.155-2.162) 0.004
P value for trend’ <0.001 0.003 0.004

Single ehALT occurrence (control group, n = 1969)
Increase per SD* 1.055 (0.866-1.286) 0.594 1.010 (0.819-1.245) 0.929 1.012 (0.811-1.262) 0.917
0 (reference) 1.000 1.000 1.000
Q, (0.01-1.50 U/L)  0.688 (0.218-2.171) 0.524 0.497 (0.150-1.528) 0.214 0.557 (0.174-1.783) 0.324
Q, (1.51-350 U/L)  0.612 (0.151-2.485) 0.492 0.462 (0.113-1.886) 0.282 0.352 (0.085-1.462) 0.151
Q;(3.51-850U/L)  1.250 (0.460-3.397) 0.662 1.326 (0.486-3.620) 0.582 1.043 (0.374-2.908) 0.936
Q,(=8.51U/L) 1.990 (0.808-4.898) 0.134 1.688 (0.675-4.221) 0.263 1.828 (0.772-4.593) 0.199
Pvalue for trend”  0.142 0.259 0.264

lAcljustecl for sex, waist circumference, systolic blood pressure, diastolic blood pressure, and body mass index.

2Adjusted for sex, waist circumference, systolic blood pressure, diastolic blood pressure, body mass index, serum uric acid, triglycerides, high-density
lipoprotein cholesterol, low-density lipoprotein cholesterol, fasting plasma glucose, and glycated haemoglobin.

3For the trend test, Cox proportional hazards regression models were used with group medians in each group instead of grouping variables (e.g., 0, Q;, Q,,
Q;, and Q,). The cumulative excess high-normal alanine aminotransferase (ehALT) level concentrations were 12 U/L, 15 U/L, 20 U/L, and 26 U/L in the
four groups, and the equally weighted cumulative effects of ehALT were 0, 1.5 U/L, 5.5 U/L, 13 U/L, and 33.5 U/L in the five groups. The unequally
weighted cumulative effects of ehALT were 0, 2.5 U/L, 10.5 U/L, 24.5 U/L, and 69 U/L in the five groups, and the single ehALT occurrence (control
group) were 0,0.5U/L,25U/L,55U/L, and 17.5 U/L in the five groups.

“The SD of the equally weighted cumulative effects of excess high-normal alanine aminotransferase (ehALT) level was 15.93, the SD of the unequally
weighted cumulative effects of ehALT was 32.73, and the SD of a single ehALT occurrence (control group, only 2019 ALT >18.5 U/L) was 3.76.

WC: Waist circumference; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; BMI: Body mass index; ehALT: Excess high-normal alanine

Guinidenge  VWIG | https://www.wignet.com 1352 March 14,2024 | Volume30 | Issuel0 |



Chen JF et al. Excess high-normal ALT and MAFLD

aminotransferase; HR: Hazard ratio; CI: Confidence interval.
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Figure 3 Optimal alanine aminotransferase cut-off points for the diagnosis of metabolic dysfunction-associated fatty liver disease. The

optimal alanine aminotransfer (ALT) cut-off point was 18.5 U/L based on receiver-operating characteristic curve and Youden index, and the cut-off point for high-
normal ALT was 18.6-40 U/L. AUC: Area under the curve.

28% [ 0% 18.36%
5 4 —&— Equally weighted cumulative effects of ehALT
o
249 E 15% B = Unequally weighted cumulative effects of ehALT
° = 9.64%
S 10% —@— Single ehALT occurrence
— ®  581%
X 20% ]
o § 5% 17.62%
d ?é === Cumulative occurrences of ehALT
g 16% "o 14.91% 17.84%
% 0 1 2 3
9 Group
2 120 11.11%
§ 9.62%
3 10.67%
g 8% 5.81%
4%
0%
0 (Reference) Q1 Q2 Q3 Q4
Group

Figure 4 Incidence rate of metabolic dysfunction-associated fatty liver disease under the cumulative effects of excess high-normal
alanine aminotransferase levels and a single excess high-normal alanine aminotransferase level occurrence in different groups. The
incidence rate of metabolic dysfunction-associated fatty liver disease showed a linear increasing trend in the cumulative excess high-normal alanine aminotransferase

(ehALT) levels groups, while a single ehALT occurrence did not show a linear increasing trend in different groups. MAFLD: Metabolic dysfunction-associated fatty
liver disease; ehALT: Excess high-normal alanine aminotransferase.
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Figure 5 Dose-response relationship between the cumulative effects of excess high-normal alanine aminotransferase levels and the risk
of new-onset metabolic dysfunction-associated fatty liver disease. A: Equally weighted cumulative effects of excess high-normal alanine
aminotransferase (ehALT) levels; B: Unequally weighted cumulative effects of ehALT. The equally and unequally weighted cumulative effects of ehALT had a positive
nonlinear relationship with the risk of new-onset metabolic dysfunction-associated fatty liver disease in approximately 95% of the enrolled participants. Gray histogram:
The probability distribution of the population corresponding to the accumulation of ehALT. Orange solid line: The restricted cubic splines [hazard ratios (HRs)]. Black
dashed curves: The 95% confidence interval of the restricted cubic splines (HRs). Green dashed line: The reference line of the restricted cubic splines (HR = 1). Blue
dashed lines: The dividing lines indicating population proportions of less than 5%, 3%, and 1%, respectively. MAFLD: Metabolic dysfunction-associated fatty liver
disease; ehALT: Excess high-normal alanine aminotransferase; HR: Hazard ratio.

the diagnosis of MAFLD was 18.5 U/L. Our findings indicate that MAFLD has become one of the most common chronic
liver diseases and is a growing public health problem. According to a systematic review and meta-analysis, NAFLD and
normal ALT levels are closely related to diabetes, hypertension, and metabolic syndrome[18]. Additionally, the highest
ALT cut-off points among 526641 participants without excessive alcohol consumption or known liver disease were 32 U/
L, 37 U/L for men; 31 U/L for women; 39 U/L for overweight people; and 36 U/L for patients with diabetes, all of which
were lower than the upper limit for ALT (40 U/L)[19]. According to the Liver-Bible-2020 cohort study, the best ALT cut-
off for steatosis detection was 35 U/L in males and 22 U/L in females, and the best cut-off for fibrosis detection was 27
U/L in males[20]. Wahlang et al[21] reported that elevated ALT within the normal range was a substitute biomarker of
NAFLD. However, there is no scientific evidence for whether the long-term, dynamic, or continuous accumulation of
ehALT affects new-onset MAFLD (NAFLD accompanied by metabolic disorders).

The incidence rate of MAFLD was significantly different and showed a linear growth trend with the cumulative effects
of ehALT in the different groups, whereas there was no such relationship for a single ehALT occurrence (control group).
After adjustment for confounding factors, compared with those in the IALT group, the cumulative ehALT level was
significantly associated with new-onset MAFLD according to three factors: The cumulative frequency of ehALT and both
the equally and unequally weighted cumulative effects of ehALT. Moreover, there was no such relationship for a single
ehALT occurrence (control group). This finding suggested that the cumulative effects of ehALT within the long-term
normal range will significantly increase the risk of new-onset MAFLD. A prospective study conducted by Gawrieh et al
[22] revealed that the histological characteristics of NAFLD, advanced fibrosis, and the frequency and severity of NASH
gradually increase when ALT levels increase gradually from < 20 U/L to 20-39 U/L, within the normal range. Our
previous study showed that, compared with those in the stable low-ALT subgroup (13.10-13.92 U/L for 3 consecutive
years), the stable middle-ALT (22.65-24.08 U/L) and stable high-ALT (32.50-39.78 U/L) groups had a significantly
increased risk of MAFLD among men and women in the general population[14]. Thus, long-term hALT intake can
increase the risk of developing MAFLD and aggravate the severity of NASH and advanced fibrosis. However, in-depth
studies are presently lacking regarding the cumulative effects of and dynamic changes in hALT and the risk of new-onset
MAFLD.

With lifestyle changes, a growing number of patients with MAFLD (dominated by NAFLD with metabolic disorders)
who were physically asymptomatic had fluctuating ALT levels mostly within the normal range, although liver biopsy
results revealed marked inflammation or fibrosis in some patients[23]. ALT is an enzyme that exists widely in the
cytoplasm of liver cells. Once hepatocyte apoptosis and damage occur, the serum ALT concentration increases
significantly. Therefore, ALT is the most sensitive detection indicator reflecting liver function damage and liver inflam-
mation and is an important marker for detecting steatosis, diagnosing NASH, evaluating NASH-related fibrosis stages,
and detecting liver cirrhosis[24]. Clinically, most physicians assess the hepatic risk of NAFLD based on changes in ALT
levels, which are often overlooked in patients with MAFLD who have long-standing normal ALT levels, leading to
aggravation of the degree of hepatic inflammatory response with insulin resistance and multi-hit pathogenesis, and

further resulting in NASH, liver fibrosis, and eventually the development of cirrhosis and even hepatocellular carcinoma
[25].
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This study used a population-based cohort to explore the cumulative effects of ehALT and the risk of new-onset
MAFLD. The main strengths of this study were the determination of the optimal ALT cut-off points and the use of
different measurement methods for the cumulative effects of ehALT from three perspectives (i.e., cumulative number of
ehALT measurements and equally and unequally weighted cumulative effects). In contrast, previous studies have invest-
igated the association between a single ALT measurement or the ALT trajectory and neglected the effects of new-onset
MAFLD by considering the quantitative cumulative effects of ALT on long-term dynamic changes via a lifespan
approach.

This study has several limitations. First, the cohort’s follow-up time was short, and the proportion of participants with
aALT was low, which led to a decrease in the dose-response relationship and made it difficult to accurately detect a
significant difference between the aALT group (> 40 U/L) and the hALT group (18.6-40 U/L) for the cumulative effects
on the risk of new-onset MAFLD. Additionally, randomized controlled trials with different lifestyle interventions
(including weight loss through diet and physical exercise) will be conducted to explore whether those interventions can
improve long-term ALT levels in individuals who are high-normal and ultimately prevent MAFLD.

CONCLUSION

In conclusion, a large-scale population-based study in Henan Province indicated that a high-normal ALT level was 18.6-
40 U/L, that a normal ALT level was common in patients with MAFLD, and that a long-term change in the ALT level had
cumulative effects on the risk of new-onset MAFLD. We recommend that individuals in this population, especially those
in young adulthood, maintain long-term ALT levels within the normal range.

ARTICLE HIGHLIGHTS

Research background

Additional evidence is needed regarding the association between repeated high-normal alanine transaminase (ALT)
measurements and metabolic dysfunction-associated fatty liver disease (MAFLD), and only a few cross-sectional studies
have shown that ALT trajectory is associated with the risk of MAFLD. In light of the public health burden of MAFLD in
China, we investigated the association between persistently elevated high-normal ALT levels and new-onset MAFLD
using an ambispective cohort from a health examination population.

Research motivation
MAFLD has become a growing public health problem and affects up to one-third of the global population, with a heavy
disease burden. MAFLD can occur in the presence of normal ALT levels, and a trajectory within the normal range can

increase the risk of MAFLD. However, the link between repeated high-normal ALT measurements and new-onset
MAFLD has not been well studied.

Research objectives
We investigated the optimal ALT cut-off points for diagnosing MAFLD and the association between repeated high-
normal ALT measurements and the risk of new-onset MAFLD in a health examination population in China.

Research methods

This study used data from an ambispective cohort of individuals from a health examination population in China.
Repeated high-normal ALT measurements were assessed by considering equally and unequally weighted cumulative
effects of excess high-normal ALT (ehALT), and participants were categorized into quartile groups. We performed
multivariable Cox proportional hazards regression analysis to evaluate the association between cumulative ehALT and
the risk of new-onset MAFLD and calculated the hazard ratios (HRs) and 95% confidence intervals.

Research results

A total of 83.13% of participants with MAFLD had normal ALT levels. The HRs of new-onset MAFLD in the group of
patients with 2 or 3 cumulative episodes of ehALT (Q, and Q, for the equally and unequally weighted cumulative effects
of ehALT) were greater than those in the group with low-normal ALT levels from 2017 to 2019. Additionally, the dose-
response relationship indicated that the equally and unequally weighted cumulative effects of ehALT had positive
nonlinear relationships with the risk of new-onset MAFLD.

Research conclusions

A cohort study of the Chinese adult population revealed that persistently elevated high-normal ALT levels were
associated with a dose-dependent increase in the risk of new-onset MAFLD in all participants. The identification and
management of high-normal ALT levels for several years may play a crucial role in preventing MAFLD.

Research perspectives
Long-term prospective cohort or randomized controlled trials are needed to confirm the relationship between repeated
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high-normal ALT measurements and new-onset MAFLD. Future studies should focus on whether a healthy lifestyle can
improve ALT levels and prevent MAFLD.
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Abstract

BACKGROUND

Percutaneous endoscopic gastrostomy (PEG) and laparoscopically inserted
gastrostomy have become the gold standard for adult patients and children,
respectively, requiring long-term enteral nutrition support. Procedure-related
mortality is a rare event, often reported to be zero in smaller studies. National
data on 30-d mortality and long-term survival rates after gastrostomy placement
are scarce in the literature.

AIM
To study the use of gastrostomies in Sweden from 1998-2019 and to analyze
procedure-related mortality and short-term (< 30 d) and long-term survival.

METHODS

In this retrospective, population-based cohort study, individuals that had received
a gastrostomy between 1998-2019 in Sweden were included. Individuals were
identified in the Swedish National Patient Register, and survival analysis was
possible by cross-referencing the Swedish Death Register. The cohort was divided
into three age groups: Children (0-18 years); adults (19-64 years); and elderly (= 65
years). Kaplan-Meier with log-rank test and Cox regression were used for survival
analysis.

RESULTS

In total 48682 individuals (52% males, average age 60.9 + 25.3 years) were iden-
tified. The cohort consisted of 12.0% children, 29.5% adults, and 58.5% elderly. An
increased use of gastrostomies was observed during the study period, from
13.7/100000 to 22.3/100000 individuals (P < 0.001). The use of PEG more than
doubled (about 800 to 1800/ year), with a corresponding decrease in open gas-
trostomy (about 700 to 340/year). Laparoscopic gastrostomy increased more than
ten-fold (about 20 to 240/ year). Overall, PEG, open gastrostomy, and laparoscopic
gastrostomy constituted 70.0% (n = 34060), 23.3% (n =11336), and 4.9% (n = 2404),
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respectively. Procedure-related mortality was 0.1% (n = 44) overall (PEG: 0.05%, open: 0.24%, laparoscopic: 0.04%).
The overall 30-d mortality rate was 10.0% (PEG: 9.8%, open: 12.4%, laparoscopic: 1.7%) and decreased from 11.6%
in 1998-2009 vs 8.5% in 2010-2019 (P < 0.001). One-year and ten-year survival rates for children, adults, and elderly
were 93.7%, 67.5%, and 42.1% and 79.9%, 39.2%, and 6.8%, respectively. The most common causes of death were
malignancies and cardiovascular and respiratory diseases.

CONCLUSION

The annual use of gastrostomies in Sweden increased during the study period, with a shift towards more
minimally invasive procedures. Although procedure-related death was rare, the overall 30-d mortality rate was
high (10%). To overcome this, we believe that patient selection should be improved.

Key Words: Gastrostomy; Percutaneous endoscopic gastrostomy; Dysphagia; Enteral nutrition; Long-term; Survival;
Complication

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this large population-based cohort of 48682 individuals, the use of gastrostomies in Sweden increased during the
22-year study period, from 13.7/100000 to 22.3/100000 individuals. Percutaneous endoscopic gastrostomy more than
doubled, while a 10-fold increase was seen in laparoscopic gastrostomies. Although the procedure-related mortality was low
(0.1%), a 10% 30-d mortality was seen. The latter, however, decreased from 11.6% in 1998-2009 to 8.5% in 2010-2019.
One-year and ten-year survival rates for children, adults, and elderly were 93.7%, 67.5%, and 42.1% and 79.9%, 39.2%, and
6.8%, respectively. The most common causes of death were malignancies and cardiovascular and respiratory diseases.
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INTRODUCTION

In modern health care, gastrostomies play a crucial role in the management of patients that require long-term enteral
nutrition support[1]. Dysphagia due to stroke, neurodegenerative diseases like Parkinson’s or Alzheimer’s, and head and
neck cancers are among the most common indications[2]. A gastrostomy may also be placed for stomach decompression
to resolve persistent nausea and vomiting (e.g., as a palliative procedure in patients with malignant bowel obstruction)[3].

The technique for placing a gastrostomy has evolved significantly over the years with several approaches available
today. In 1980, percutaneous endoscopic gastrostomy (PEG) was introduced as a minimally invasive approach[4]. The
low complication rates associated with PEG has led to widespread acceptance, making PEG the gold standard for enteral
access in patients that require long-term enteral nutrition support[5]. Other available techniques include radiologically
inserted gastrostomy and insertion by open surgery or laparoscopic surgery. Radiologically inserted gastrostomy,
percutaneously placed under radiological guidance, is a good alternative when endoscopy is contraindicated (e.g.,
obstructing pharyngeal or esophageal cancer). Today, open surgical gastrostomy is mostly reserved for specific situations
where endoscopic or radiological approaches are not feasible or during emergent surgery for stomach decompression.
Finally, laparoscopically-inserted gastrostomy has become standard in children at many institutions because of less
complications as compared to PEG in children[6,7].

Long-term survival and quality of life outcomes following gastrostomy have been the subject of extensive research. In
short, gastrostomy has been associated with improved nutritional status, reduced hospitalizations[8], and enhanced
overall quality of life[9] in patients that require long-term enteral nutrition support. Furthermore, studies have shown
that timely gastrostomy placement is associated with improved survival rates and fewer complications when compared
to delayed placement[10-12]. However, in patients with dementia, there is no evidence that enteral tube feeding improves
survival or quality of life[13]. This underlines the importance of choosing the right indication to treat patients who
actually benefit from a gastrostomy. In addition, a delayed intervention leads to loss of benefit and greater harm, which is
illustrated by higher rates of morbidity and mortality[2].

This paper aimed to provide an overview of the use of gastrostomies in Sweden by studying the trends during the last
two decades. In addition, we analyzed data pertaining to procedure-related mortality as well as short-term (< 30 d) and
long-term survival after a gastrostomy procedure. The purpose was to assist physicians in the risk-benefit assessment of a
gastrostomy procedure in the clinical setting.
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MATERIALS AND METHODS

This retrospective population-based cohort study included all patients that had a gastrostomy between January 1, 1998 to
December 31, 2019 in Sweden, according to the Swedish National Patient Register (NPR). NPR stores sex, age, name of
hospital, admission and discharge dates, and principal and additional diagnoses on all inpatient care and outpatient visits
at hospital-based clinics. Diagnoses and surgical procedures[14] are coded according to the Swedish version of the
International Statistical Classification of Diseases and Related Health Problems (ICD)[15] with a validity of 85%-95% in
general[16]. Data from NPR were cross matched with data from the Swedish Death Register, which added information
about date of death and cause of death. All data was anonymized. The study was conducted in accordance with the
ethical standards of the Helsinki Declaration.

Population and type of gastrostomy

Individuals were identified in the NPR by the codes for gastrostomy, i.e. JDB 00 (gastrostomy inserted by open surgery),
JDB 01 (laparoscopically-inserted gastrostomy), and JDB 10 (PEG). Calculation of annual operative volumes per 100000
inhabitants was performed. For analysis of time trends, the cohort was halved into an early group (receiving gastrostomy
in 1998-2009) and a late group (receiving gastrostomy in 2010-2019). The cohort was further divided into three age
groups: Children (0-18 years); adults (19-64 years); and elderly (= 65 years).

Indication

The indication for gastrostomy was based on the principal ICD-10 diagnosis, or if not applicable (e.g., dysphagia-R13),
indication was searched in the additional diagnoses at the time of gastrostomy. Indication was then grouped into four
main categories: (1) Malignancy; (2) Neurological diseases; (3) Cerebrovascular lesions (CVL); and (4) Non-malignant
gastrointestinal conditions (e.g., gastric, duodenal, or other bowel perforations, fixation of large hiatal hernias, bowel
obstruction without concomitant gastrointestinal malignancies).

Outcome

Procedure-related mortality was defined as having a surgical complication as the cause of death (ICD10-code: T80-T88)
within 30 d. Short-term mortality was defined as death within 30 d, while long-term survival was analyzed until 10 years
after the insertion of the gastrostomy.

Statistics

Independent sample ¢ test and x* test were used as univariate analyses for continuous and categorical variables,
respectively. Kaplan-Meier with log-rank test was used for survival analyses. Multivariate adjusted survival analyses
were performed using Cox regression, adjusting for differences in sex, age group, type of gastrostomy, and time period
and presented as hazard ratios (HR) with 95% confidence intervals (CI). All P values were two-sided, and P < 0.05 was
considered statistically significant. All analyses were done using IBM SPSS Statistics version 28.

RESULTS

In total, 48682 patients had a gastrostomy during the study period, with 23500 (48.3%) in the early time period. The
cohort consisted of 52% males, and the average age was 60.9 + 25.3 years. A population-based increase in the use of
gastrostomies during the study period was observed, from 13.7/100000 to 22.3 /100000 individuals (P < 0.001).

Age distribution

Children constituted 12.0% (n = 5828), adults 29.5% (n = 14340) and elderly 58.5% (n = 28483) of the cohort. In all three
groups, the number of gastrostomies increased during the study period, from 6.1/100000 to 16.3/100000, from 7.1/100000
to 10.7/100000, and from 46.5/100000 to 62.5/100000, respectively. The total number of gastrostomies are demonstrated
in Figure 1.

Type of gastrostomy
The technique used for placing the gastrostomy was PEG, open gastrostomy, and laparoscopic gastrostomy in 70.0% (n =
34060), 23.3% (n = 11336), and 4.9% (n = 2404), respectively. The remaining 1.8% (n = 882) were not specified in the
register. During the study period, the use of PEG more than doubled (about 800 to 1800/ year), with a corresponding
decrease in open gastrostomy (about 700 to 340/ year). Laparoscopic gastrostomy increased more than 10-fold (about 20
to 240/ year). All changes were statistically significant (P < 0.001) (Figure 2).

PEG was the most commonly used technique in all three age groups, followed by open surgery in adults and elderly.
The gradual increase in laparoscopically-inserted gastrostomy made laparoscopic gastrostomy the second most common
in children (Figure 3).

Indications

The most common indication for a gastrostomy was various non-malignant gastrointestinal conditions (19.7%), closely
followed by CVL (18.9%), malignancies (18.7%), and neurological disorders (16.7%). The two most common individual
diagnoses were stroke and neurodegenerative disorders, including amyotrophic lateral sclerosis (Table 1). As
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Table 1 Indication for gastrostomy based on the International Statistical Classification of Diseases and Related Health Problems

version 10, adapted for use in Sweden

Indication Subgroup (ICD-10 codes) n % of total
Malignancy 9103 18.7
Head and neck cancer (C00-C14) 2670 b5
Esophageal cancer (C15) 1784 3.7
Other gastrointestinal malignancies (C16-C26) 3539 7.3
Laryngeal cancer (C32-C33) 469 1.0
Lung cancer (C34) 384 0.8
Malignant brain tumors (C70-C72) 257 0.5
Neurological diseases 8129 16.7
Dementia (FO0-F03) 1251 26
Meningitis/encephalitis (G00-G07) 147 0.3
Neurodegenerative disorders (G10-G37) 3185 6.5
Amyotrophic lateral sclerosis (G12.2) 2276 47
Neuromuscular disorders (G70-G73) 349 0.7
Cerebral palsy (G80) 921 0.9
Cerebrovascular lesions 9196 18.9
Hemorrhagic or ischemic stroke (I60-163) 8263 17.0
Traumatic brain injury (S06) 933 1.9
Non-malignant gastrointestinal conditions 9588 19.7
Non-malignant diseases of the esophagus (K22) 1318 2.7
Peptic ulcer with perforation (K25-K28) 1560 32
Hiatal hernia (K44) 596 1.2
Bowel obstruction (K56) 1587 3.3
Other gastrointestinal diseases (e.g., bowel perforations, pancreatitis) 4527 9.3
Other/missing 12666 26.0
Total 48682 100

ICD-10: International Statistical Classification of Diseases and Related Health Problems version 10.

demonstrated in Figure 4, PEG dominated in CVL and neurological diseases, while the opposite was seen in non-
malignant gastrointestinal conditions where open gastrostomy placement was predominantly used.

Outcome

30-d mortality: The overall 30-d mortality rate was 10.0% (n = 4863), ranging from 0.3% (n = 17) in children to 6.2% (n =
883) in adults and 13.9% (n = 3962) in elderly. For the three different types of gastrostomies, the 30-d mortality was 9.8%,
12.4%, and 1.7% for PEG, open gastrostomy, and laparoscopic gastrostomy, respectively. The 30-d mortality during the
early period was higher than during the late period (11.6% vs 8.5%, P < 0.001) (Figure 5).

Adjusted analysis (Cox regression) of differences in sex, time period, age group, and type of gastrostomy, identified
male sex (HR =1.11, 95%CI: 1.05-1.18), early time period (HR = 1.33, 95%Cl: 1.26-1.41), open gastrostomy (HR = 1.44,
95%Cl: 1.35-1.53), and belonging to the adult group (HR = 20.9, 95%Cl: 12.7-34.4) or elderly group (HR = 50.2, 95%ClI:
30.7-82.3) as risk factors for 30-d mortality (Supplementary Table 1).

Procedure-related mortality: In 44 patients (16 PEG, 27 open, and 1 laparoscopic) the primary cause of death was coded
as directly related to a complication of the procedure, giving an overall procedure-related mortality of 0.1% (PEG: 0.05%,
open: 0.24%, laparoscopic: 0.04%). The most common procedure-related death was bowel perforation (n = 16), followed
by acute cardiovascular event (1 = 9), acute respiratory failure (including aspiration and overdose of sedative drugs, n =
8), and gastrointestinal bleeding (1 = 1). In the remaining 10 cases septicemia was coded as the secondary cause of death.

Guinidenge  VWIG | https://www.wignet.com 1361 March 14,2024 | Volume30 | Issuel0 |


https://f6publishing.blob.core.windows.net/8e5cc957-de9a-44f7-8025-3b88c62023ed/WJG-30-1358-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8e5cc957-de9a-44f7-8025-3b88c62023ed/WJG-30-1358-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8e5cc957-de9a-44f7-8025-3b88c62023ed/WJG-30-1358-supplementary-material.pdf

Skogar ML et al. Gastrostomies: Time trends and outcomes in Sweden

Children (0-18) Adult (19-64) Elderly (65 +)

2000
1500

1000

500 /m

OAI\JI\JI\JI\JI\JI\)I\) =N N N N N NN HON N N NN NN
© O O O O O O O O O ©O © O O o o O O O O O O O o
© O O O = = 2 O O O O = +H = = O O O O B FH =B =
0o = A N O W o © 0 = A N O W o o 0 = DA N O W o oo
Figure 1 Total number of gastrostomies by year and age group.
—PEG
= Open surgery
2000 = Laparoscopic
1500
1000
500
0 A7ANNMNNMNNNNMMNMNNMMNN
© O©O OO0 0000000000000 O0O0O0O OO
© ©O O 0O 00000000 == 2 A aaaaaaa
VOO -_2NWAROIAIIODNOOO=NWAOOOON®O

Figure 2 Time trends for different types of gastrostomies (total number by year). PEG: Percutaneous endoscopic gastrostomy.
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Figure 3 Type of gastrostomy by age group. PEG: Percutaneous endoscopic gastrostomy.
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Figure 4 Time trends for different types of gastrostomies (total number by year) by indication. CVL: Cerebrovascular lesions; PEG: Percutaneous
endoscopic gastrostomy.
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In an additional 141 patients, a procedure-related complication was judged to have contributed to the cause of death
within 30 d. Thus, in 185 patients (0.4%), a procedure-related complication was either the direct cause of death or a
contributing factor. This was more common among those that had undergone an open gastrostomy (0.9%, n = 102)
compared to PEG (0.2%, n = 74) and laparoscopic gastrostomy (0.2%, n = 6, P < 0.001).

Long-term survival: During the mean observational time of 10.0 £ 6.1 years, 70% (n = 34055) of the patients had died after
21.9 + 35.6 mo (on average) after receiving the gastrostomy. One-year and ten-year survival rates were 93.7%, 67.5%, and
42.1% and 79.9%, 39.2%, and 6.8% in children, adults, and elderly, respectively (Figure 6). The most common stated
causes of death were malignancies (C00-D48, 24.4%), cardiovascular diseases (100-199, 23.1%), and respiratory conditions
(J0O0-J99, 20.3%).

DISCUSSION

In this nationwide cohort study of 48682 individuals who received a gastrostomy from 1998-2019 in Sweden, an increased
use of gastrostomies was seen, from 13.7/100000 to 22.3 /100000 inhabitants. The increase was found in PEG and laparo-
scopically-inserted gastrostomy, while open gastrostomy was halved. We believe that this mirrors the international shift
towards more minimally invasive procedures[17]. Very few studies have examined the number of gastrostomy
placements in other countries, but the observed doubling of PEG is similar to the 2.5-fold increase observed in Poland
from 2010-2020[18]. The United States experienced an exponential increase in PEG use from 1980-2000, resulting in more
than 216000 annual PEGs[19]. Based on a population of about 280 million in 2000, this should correspond to 77/100000
inhabitants. However, the opposite trend has been described in Japan, where a decreased use of PEG has been observed
since 2011[20], especially in patients aged 80 years and over. This has resulted in an increased use of total parenteral
nutrition in home care. Stated reasons include changes in the health insurance system, reimbursement-related factors, and
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emotional and ethical barriers.

The most common indication for gastrostomy in the present study was various non-malignant gastrointestinal
conditions (19.7%), closely followed by CVL (18.9%), malignancies (18.7%), and neurological disorders (16.7%).
Neurological dysphagia is one of the most common indications for PEG tube insertion, and the incidence among stroke
patients has been reported to be as high as 78%[21]. In our study, stroke (ischemic or hemorrhagic) was the most common
subgroup (17%). In a prospectively collected case series of 1041 PEG patients in Germany, the most common indication
was neurogenic dysphagia (43%), followed by cancer (37%)[22]. In the previously mentioned Polish PEG study[18], where
indication was also based on ICD-10 codes, the most common indication was dysphagia and malnutrition (37.2%), which
as the author states might have been a consequence of other diseases. The high proportion of non-malignant gas-
trointestinal conditions in this study was due to perioperative placement of a gastrostomy for stomach decompression in
the case of emergency surgery. Examples of such conditions include perforated ulcer, bowel obstruction, or incarcerated
hiatal hernia.

Although gastrostomy tube placement, especially PEG, is considered a relatively safe surgical procedure, complic-
ations are common, which is likely due to greater frailty given an elderly population with multiple comorbidities. About
one-third of PEG insertions result in minor complications, such as local wound infection, tube dislodgement, or
peristomal leakage. Major complications, such as bowel or liver injuries, aspiration pneumonia, or major bleedings, are
rare, affecting 2%-4% of the patients[23-26]. In this registry-based study, it was unfortunately not possible to explore the
incidence of specific complications. However, in 0.1% (PEG: 0.05%, open: 0.24%, laparoscopic: 0.04%) a procedure-related
complication was stated as the primary cause of death, and in 0.4% (PEG: 0.2%, open: 0.9%, laparoscopic: 0.2%) of the
patients, a procedure-related complication was stated as a contributing factor to death within 30 d. Our large number of
patients allowed for the detection of this rare event, which is often reported to be zero in smaller studies[22,26-28]. The
fact that the majority of the procedure-related deaths occurred after an open gastrostomy is no surprise and likely
explained by other concomitant surgical procedures as previously mentioned.

The 30-d mortality rates are difficult to compare between studies because of differences in indication, age,
comorbidities, efc. Previous PEG studies reported a 30-d mortality of 3.3% (n = 302, Taiwan)[28], 3.9% (n = 388, Japan)
[29], 6.5% (n =168, Brazil and n = 787, Germany)[26,30], 13.0% (n = 277, Canada)[27], and 23.5% (n = 272, Israel)[31]. Our
30-d mortality rate of 9.8% in PEG patients was similar to these studies. Interestingly, the overall 30-d mortality decreased
from 11.6% in the early time period (1998-2009) to 8.5% in the late time period (2010-2019). We hypothesize that the main
driving factor was the shift towards the more minimally invasive techniques, PEG and laparoscopic gastrostomy. In
addition to time period and open gastrostomy, older age and male sex was associated with an increased 30-d mortality.
Due to the registry-based design, we were not able to verify other predictive factors, such as elevated C-reactive protein,
anemia, previous intensive care admission, low albumin, high creatinine levels, malignancy, diabetes, heart failure, and
low body mass index, found in other studies[23,26,27,29,30].

One of the first publications on laparoscopic gastrostomy in children was published in 1997[32], and the technique has
since then been modified by Backman ef al[33]. In a meta-analysis from 2018[6], it was found that PEG was associated
with a significantly higher risk of major complications (odds ratio = 3.86, 95%CI: 1.90-7.81) compared to laparoscopic
gastrostomy in a pediatric population. Therefore, it was stated that laparoscopic gastrostomy should be the preferred
method in children. The adoption of the new modified technique for laparoscopic gastrostomy is mirrored in this study,
where a clear increase was observed from 2010 on. Likely, it explains the 10-fold increase in laparoscopic gastrostomy
procedures in Sweden during the study period.

Although procedure-related mortality was a rare event (0.1% overall), an observed 30-d mortality of 10% cannot be
ignored. In the cases of patient deaths within 30 d of placement, the gastrostomy hardly benefited the patient. We believe
these numbers are important to consider in the risk-benefit analysis when consulting patients before gastrostomy
placement, especially in frail patients. However, we acknowledge the difficulties in deciding which patients will benefit
from a gastrostomy. Indication, timing of the intervention, and ethical aspects are of importance. A recent Cochrane
review found no evidence that enteral tube feeding improved survival or quality of life in patients with dementia[13].
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However, in patients with amyotrophic lateral sclerosis, PEG placement was found to prolong survival if performed
before the disease had become too advanced[34]. The present 42.1% 1-year survival in the elderly is very similar to the
38% reported from a systematic review of patients (> 65 years) receiving a PEG[35]. Thus, on a national level, our patient
selection seems acceptable. In children, however, the situation is completely different, as almost 80% were alive at 10
years in this study.

The cause of death is often related to the underlying diseases[23], which we could confirm when comparing indication
for gastrostomy and cause of death, e.g., malignancies (18.7% vs 24.4%) and cardiovascular diseases (17.0% stroke vs
23.1% overall cardiovascular death). Respiratory conditions were the third most common cause of death (20.3% of the
overall mortality), likely because dysphagia (with the concomitant risk of aspiration pneumonia) was one of the main
indications for gastrostomy.

Strengths and limitations

The registry-based nature of this study was both a strength and a limiting factor. The registries made it possible to
include all gastrostomies in Sweden with a 100% follow-up on survival time and cause of death since it is mandatory for
physicians to register these data in the Swedish Death Register. However, the major limiting factor of this study was the
impossibility of determining the indication for the gastrostomy since it was based on ICD-10 codes. Many patients had
symptomatic diagnoses such as dysphagia (R13) as the principal diagnosis or a principal diagnosis was missing at the
index occasion of gastrostomy. Despite efforts to find the indication among secondary diagnosis or at the occasion before
gastrostomy, it was not possible to categorize 26% of the patients into one of the four main categories.

CONCLUSION

During the last two decades in Sweden, there has been a significant increase in the number of PEG and laparoscopically-
inserted gastrostomies, while open gastrostomy has become less common. Although, procedure-related death was rare,
the overall 30-d mortality rate was high (10%). One-year and ten-year survival rates were 93.7%, 67.5%, and 42.1% and
79.9%, 39.2%, and 6.8% in children, adults, and elderly, respectively. This study contributes robust survival data that can
assist physicians in a risk-benefit assessment before gastrostomy placement, and we predict that the 30-d mortality
should be lowered by selecting patients who actually benefit from a gastrostomy.

ARTICLE HIGHLIGHTS

Research background

Placing a gastrostomy in patients requiring long-term nutritional support is standard care. Since the introduction of
percutaneous endoscopic gastrostomy (PEG), there has been a continuous shift towards minimally invasive procedures.
However, nationwide population-based data on the use of different techniques and overall outcomes is scarce.

Research motivation

As many patients are frail, the balance between risk and benefit is of particular importance. In the present nationwide
population-based cohort, we could evaluate indication, choice of gastrostomy technique, complications, mortality, and
time trends over two decades. The dissemination of such findings can lead to improved care.

Research objectives

To study the use of gastrostomies in clinical praxis concerning number and type of procedures (PEG, open gastrostomy,
and laparoscopic gastrostomy) as well as indication (malignancy, neurological diseases, cerebrovascular lesions, and non-
malignant gastrointestinal conditions). To analyze time trends concerning any shift between the three different methods,
procedure-related mortality, and short-term mortality (within 30 d). To explore long-term survival up until 10 years after
gastrostomy placement.

Research methods

Data on 48682 individuals who had a gastrostomy between 1998-2019 in Sweden were collected from the mandatory
National Patient Register. Indication, type of gastrostomy, and complications were based on registered International
Statistical Classification of Diseases and Related Health Problems-diagnoses. Date and cause of death were retrieved by
cross-matched data from the Death Register. The cohort was divided into three age groups: Children (0-18 years); adults
(19-64 years); and elderly (= 65 years). The cohort was also divided by type of gastrostomy: PEG; open gastrostomy; and
laparoscopic gastrostomy.

Research results

The annual use of gastrostomies in Sweden increased during the study period, from 13.7/100000 to 22.3/100000
individuals. PEG more than doubled, while a 10-fold increase was seen in laparoscopic gastrostomies. Although the
procedure-related mortality was low (0.1%), a 10%-overall 30-d mortality was seen. The latter, however, decreased over
time. One-year and ten-year survival rates for children, adults, and elderly were 93.7%, 67.5%, and 42.1% and 79.9%,
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39.2%, and 6.8%, respectively. The most common causes of death were malignancies, cardiovascular conditions, and
respiratory diseases.

Research conclusions

More and more gastrostomies were placed in Sweden. The increase was due to the number of PEG procedures doubling.
Although the 30-d mortality rate decreased during the study period, it was still high (10%). The most common causes of
death were consistent with the gastrostomy indication, and as expected long-term survival was mainly dependent on
patient age.

Research perspectives
The present nationwide population-based results can be used as a reference in future trials and in quality controls at
various levels.
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Abstract

BACKGROUND

Colorectal cancer (CRC) is a global health concern, with advanced-stage diagnoses
contributing to poor prognoses. The efficacy of CRC screening has been well-
established; nevertheless, a significant proportion of patients remain unscreened,
with > 70% of cases diagnosed outside screening. Although identifying specific
subgroups for whom CRC screening should be particularly recommended is
crucial owing to limited resources, the association between the diagnostic routes
and identification of these subgroups has been less appreciated. In the Japanese
cancer registry, the diagnostic routes for groups discovered outside of screening
are primarily categorized into those with comorbidities found during hospital
visits and those with CRC-related symptoms.

AIM
To clarify the stage at CRC diagnosis based on diagnostic routes.

1368 March 14,2024 | Volume30 | Issuel0 |


https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v30.i10.1368
mailto:agatsuma@kuhp.kyoto-u.ac.jp

Agatsuma N et al. Stages of CRC through diagnostic route

METHODS

We conducted a retrospective observational study using a cancer registry of patients with CRC between January
2016 and December 2019 at two hospitals. The diagnostic routes were primarily classified into three groups: Cancer
screening, follow-up, and symptomatic. The early-stage was defined as Stages 0 or I. Multivariate and univariate
logistic regressions were exploited to determine the odds of early-stage diagnosis in the symptomatic and cancer
screening groups, referencing the follow-up group. The adjusted covariates were age, sex, and tumor location.

RESULTS

Of the 2083 patients, 715 (34.4%), 1064 (51.1%), and 304 (14.6%) belonged to the follow-up, symptomatic, and cancer
screening groups, respectively. Among the 2083 patients, CRCs diagnosed at an early stage were 57.3% (410 of 715),
23.9% (254 of 1064), and 59.5% (181 of 304) in the follow-up, symptomatic, and cancer screening groups,
respectively. The symptomatic group exhibited a lower likelihood of early-stage diagnosis than the follow-up
group [P < 0.001, adjusted odds ratio (aOR), 0.23; 95% confidence interval (95%CI): 0.19-0.29]. The likelihood of
diagnosis at an early stage was similar between the follow-up and cancer screening groups (P = 0.493, aOR for
early-stage diagnosis in the cancer screening group vs follow-up group = 1.11; 95%CI = 0.82-1.49).

CONCLUSION
CRCs detected during hospital visits for comorbidities were diagnosed earlier, similar to cancer screening. CRC
screening should be recommended, particularly for patients without periodical hospital visits for comorbidities.

Key Words: Colorectal neoplasms; Cancer registry; Diagnostic route; Cancer screening; Stage at diagnosis

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Colorectal cancer (CRC) screening reduces CRC deaths, yet several patients remain unscreened. To encourage
more individuals to participate in screening, identifying subgroups at high risk is crucial. This study used cancer registries
from two Japanese facilities to clarify the stage at diagnosis in three groups: cancer screening, follow-up (patients detected
during follow-up for other comorbidities), and symptomatic. The proportion of early-stage diagnoses was higher in the
follow-up group than in the symptomatic group and was comparable to that in the cancer screening group. Therefore, CRC
screening should be recommended, particularly for patients without periodical hospital visits for comorbidities.
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INTRODUCTION

Colorectal cancer (CRC) is a commonly diagnosed cancer and is a leading cause of cancer-related deaths worldwide[1].
CRC has a poor prognosis when diagnosed at an advanced stage, and screening can lead to more early-stage diagnoses,
potentially improving patient survival[2-5]. Despite evidence showing the effectiveness of CRC screening, some (30%-
50%) of the eligible population does not undergo the process, with over 70% of all CRC cases discovered through non-
screening routes[6-8]. Although encouraging individuals to participate in CRC screening is essential, there remains
insufficient guidance on effectively and efficiently recommending screening for the non-adherent population.

Understanding the individuals for whom screening should be particularly recommended is crucial for its efficient
promotion. Screening should be recommended for all eligible individuals; however, personalized messages for all eligible
individuals are impractical due to limited human and financial resources[9-13]. Targeted interventions to increase cancer
screening are considered cost-effective[14]. Therefore, identifying individuals for whom CRC screening should be partic-
ularly recommended based on the subgroup to which the screening-eligible population belongs is beneficial. However,
few reports have appreciated the value of the diagnostic route to clarify subgroups of patients that are more likely to be
diagnosed at a later stage.

CRC is diagnosed through various routes besides screening, leading to different stages at diagnosis. In Western
countries, diagnostic routes for CRC are primarily classified into emergency and non-emergency pathways, with
emergency cases typically diagnosed at more advanced stages than those of non-emergency[8,15,16]. Conversely, the
Japanese cancer registry categorizes CRC cases other than those in the screening pathway into two primary groups: Those
discovered during hospital visits owing to comorbidities and those found through symptom-driven medical con-
sultations[17]. CRC cases detected during hospital visits for comorbidities are those detected during the monitoring or
management of other chronic diseases or pre- and post-operative examinations for unrelated benign or malignant
diseases or malignant tumors. They may be discovered at an earlier stage compared with those of patients with CRC-

WJG | https://www.wjgnet.com 1369 March 14,2024 | Volume30 | Issue10 |

Jaishideng®


https://www.wjgnet.com/1007-9327/full/v30/i10/1368.htm
https://dx.doi.org/10.3748/wjg.v30.i10.1368

Agatsuma N et al. Stages of CRC through diagnostic route

related symptoms. However, there are no reports on the comparison regarding the stages at diagnosis between the two
groups to determine which group is more likely to be diagnosed at a later stage.

This study aimed to clarify the stages at diagnosis based on the diagnostic routes of CRC using hospital-based cancer
registries from two Japanese facilities. We evaluated the diagnostic stage distribution and compared the proportion of
early-stage cases among three groups: (1) Patients detected during hospital visits for other comorbidities; (2) patients
detected following presentation with CRC-related symptoms; and (3) patients detected during cancer screening,.

MATERIALS AND METHODS
Study population

This retrospective observational study was conducted at Kyoto University Hospital (KU) in Kyoto Prefecture and
Japanese Red Cross Wakayama Medical Center (WMC) in Wakayama Prefecture. Both facilities are among the hospitals
that have treated the largest CRC cases in each prefecture and are designated cancer care hospitals. KU covers approx-
imately 20% of patients with CRC in Kyoto Prefecture, and WMC covers approximately 40% of these patients in
Wakayama Prefecture[18]. All patients with CRC registered in the hospital-based cancer registry at both institutions
between January 2016 and December 2019 were included in this study.

Assessments

Data from each registry were extracted from cancer registrars based on medical records according to the standard registry
definition. The diagnostic routes were primarily classified into three groups: Cancer screening, follow-up (patients
detected during the follow-up of comorbidities), and symptomatic[19]. The two other groups were CRC cases with
unknown diagnostic routes and those discovered at autopsy. However, the total number is less than 5% nationwide[18].
The cancer screening group included patients who underwent a population-based or opportunistic screening. In the
cancer screening group, almost all patients were estimated to undergo an immunochemical fecal occult blood test (iFOBT)
because iFOBT is strongly recommended for population-based and opportunistic screening in the Japanese CRC
screening guidelines[20]. The follow-up group comprised patients detected during examinations conducted as part of the
follow-up for existing comorbidities (lifestyle-related diseases, such as hypertension and diabetes, heart disease, other
organ cancers, and benign digestive disorders). Cases in which CRC was discovered due to CRC-related symptoms
during a hospital visit for comorbidity follow-up were classified as the follow-up group. Patients with CRC who
presented to the hospital primarily for CRC-related symptoms were classified as “other group” in the cancer registry,
distinguished from the patients with CRC detected via screening or during hospital visits for comorbidities[17,19]. Stages
were recorded according to the tumor-node-metastasis staging system of the Union for International Cancer Control (8"
edition). If the patient had undergone surgery, the post-operative stage was used; if the patient had not, the preoperative
stage was used. Data on age, sex, diagnostic routes, tumor location, clinical and pathological stages, and pathological
findings were obtained from a hospital-based cancer registry. No data were missing. We excluded patients with non-
epithelial or neuroendocrine tumors, those whose stage or route of discovery was unknown, and autopsy-detected cases.
Patients with multiple CRCs were considered to have advanced-stage disease. Regarding tumor location, we defined
right-sided CRC as tumors from the cecum to the splenic flexure, whereas left-sided CRC was defined as tumors from the
descending colon to the rectum. For advanced lesions on both sides of the colorectum, left-sided lesions were excluded
because previous reports indicated a poorer prognosis in right-sided primary CRC than in left-sided[21]. Localized
disease, corresponding to Stages 0 and I, is associated with a 5-year survival rate of over 90%, making its prognosis more
favorable than that in the regional or distant stages[2]. Hence, as in previous reports, we categorized Stages 0 and I as
early stages in this study[22,23]. The stage distribution and proportion of patients with early-stage CRC were evaluated
using the diagnostic routes. We compared the proportion of patients with early-stage CRC between the follow-up,
symptomatic, and cancer screening groups.

Statistical analysis

Pearson’s Chi-square test was used to compare the proportion of early-stage CRCs in the follow-up group with those in
the symptomatic and screening groups. Differences were considered statistically significant at P < 0.05. Logistic
regression analysis was used to determine the odds of early-stage diagnosis in the symptomatic and cancer screening
groups using the follow-up group as a reference. Univariate logistic regression analysis was used to calculate the crude
odds ratios of early-stage detection, comparing the follow-up group with the symptomatic and cancer screening groups.
Multivariate logistic regression analysis was also used to calculate adjusted odds ratios (aORs), adjusted for age, sex, and
tumor location. Statistical results were calculated as point estimates with a 95% confidence interval (95%CI). All statistical
analyses were performed using JMP Pro® 16.1.0 (SAS Institute Inc., Cary, NC, United States).

RESULTS

A flowchart of the participants is shown in Figure 1. Of the 2575 lesions and 2435 patients, the study included 2083
patients (879 at KU and 1204 at WMC). Table 1 presents patient characteristics for each discovery route. Among the 2083
patients included in the study, 715 (34.4%), 1064 (51.1%), and 304 (14.6%) belonged to the follow-up, symptomatic, and
cancer screening groups, respectively. Patient characteristics at each hospital are presented in Table 2. The stage distri-
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Table 1 Characteristics of the patients and colorectal lesions according to diagnostic routes in two hospitals

Variable Follow-up group (n = 715) Symptomatic group (n = 1064) Cancer screening group (n = 304)
Age (median, IQR) 74 (68-79) 71 (62-78) 64 (56-71)

Sex, male, 1 (%) 444 (62.1) 559 (52.5) 172 (56.6)

Right side, 1 (%) 318 (44.5) 302 (28.4) 96 (31.6)

Follow-up group: Patients with cancer detected during follow-up for other comorbidities; symptomatic group: Patients with complaints associated with
colorectal cancer-related symptoms; cancer screening group: Patients detected by screening or medical check-up. IQR: Interquartile range; Right side:

Tumors from the cecum to the splenic flexure.

Table 2 Characteristics of the patients and colorectal lesions according to diagnostic routes at each hospital

KU wMC
Variable Follow-up Symptomatic group Cancer screening Follow-up Symptomatic group Cancer screening
group (n=271) (n=480) group (n = 128) group (n =444) (n=584) group (n =176)
Age (median, 72 (66-79) 69 (59-76) 64 (54-70) 74 (69-79) 72.5 (64.3-80.0) 64.0 (56.3-71.8)
IQR)
Sex, male,n 168 (62.0) 251 (52.3) 71 (55.5) 276 (62.2) 308 (52.7) 101 (57.4)
(%)
Right side, n 116 (42.8) 125 (26.0) 41 (32.0) 202 (45.5) 177 (30.3) 55 (31.3)

(%)

KU: Kyoto University Hospital; WMC: Japanese Red Cross Wakayama Medical Center.

2575 lesions in 2435 patients
(KU: 1091 lesions in 1052 patients, WMC: 1484 lesions in 1383 patients)

Excluded
O Non-epithelial tumor: 198 lesions in 194 patients

(KU: 89 lesions in 85 patients, WMC: 109 lesions in 109 patients)
O Unknown diagnostic route: 105 lesions in 101 patients

(KU: 61 lesions in 60 patients, WMC: 44 lesions in 41 patients
O Stage unknown: 66 lesions in 65 patients

(KU: 31 lesions in 31 patients, WMC: 35 lesions in 34 patients)
O Multiple colorectal lesions: 123 lesions in 113 patients

(KU: 31 lesions in 30 patients, WMC: 92 lesions in 83 patients)

2083 lesions in 2083 patients
(KU: 879 lesions in 879 patients, WMC: 1204 lesions in 1204 patients)

Figure 1 Flow diagram of colorectal lesions and patients from two hospitals. Between January 2016 and December 2019, cancer registries listed
2575 colorectal lesions in 2435 patients. Of these, 198 non-epithelial tumors in 194 patients were excluded. From the remaining 2377 lesions, 105 lesions in 101
patients with unknown diagnostic routes were excluded. Further, 66 lesions in 65 patients with unknown stages were excluded. Of the remaining 2206 lesions, 123
lesions in 113 patients were identified as synchronous colorectal cancers, and after excluding early-stage lesions, 2083 lesions in 2083 patients remained. KU: Kyoto
University Hospital; WMC: Japanese Red Cross Wakayama Medical Center.

bution and early-stage diagnosis proportions for each diagnostic route are presented in Table 3. In each hospital, as for
the early-stage diagnosed proportion, the follow-up, symptomatic, and cancer screening groups had 55.7%, 21.7%, and
54.7%, respectively, in KU, and 58.3%, 25.7%, and 63.1%, respectively, in WMC, indicating similar trends at both
institutions (Table 4). The proportion of patients with CRC diagnosed at an early stage was 57.3% (410 of 715), 23.9% (254
of 1064), and 59.5% (181 of 304) in the follow-up, symptomatic, and cancer screening groups, respectively. The
symptomatic group exhibited a lower likelihood of early-stage diagnosis than the follow-up group (P < 0.001; aOR: 0.23;
95%CI: 0.19-0.29). The likelihood of being diagnosed at an early stage was similar between the follow-up and cancer
screening groups (P = 0.493; aOR for early-stage diagnosis in the cancer screening group vs the follow-up group = 1.11,
95%CI = 0.82-1.49) (Table 5).
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Table 3 Stage distribution of colorectal cancer by diagnostic route in two hospitals, n (%)

Tumor stage Follow-up group (n = 715) Symptomatic group (n = 1064) Cancer screening group (n = 304)
Stage 0 216 (30.2) 92 (8.7) 81 (26.6)

Stage I 194 (27.1) 162 (15.2) 100 (32.9)

Stage II 106 (14.8) 240 (22.6) 39 (12.8)

Stage I1I 109 (15.2) 297 (27.9) 54 (17.8)

Stage [V 90 (12.6) 273 (25.7) 30 (9.9)

Early-stage 410 (57.3) 254 (23.9) 181 (59.5)

Follow-up group: Patients with cancer detected during follow-up for other comorbidities; symptomatic group: Patients with complaints associated with
colorectal cancer-related symptoms; cancer screening group: Patients detected by screening or medical check-up. Early stages: 0 and I.

Table 4 Stage distribution according to diagnostic routes at each hospital, n (%)

KU WMC

Tumor

stage Follow-up Symptomatic group  Cancer screening Follow-up Symptomatic group  Cancer screening
group (n=271) (n=480) group (n =128) group (n=444) (n=584) group (n=176)

Stage0 62 (22.9) 22 (4.6) 20 (15.6) 154 (34.7) 70 (12.0) 61 (34.7)

Stage I 89 (32.8) 82 (17.1) 50 (39.1) 105 (23.7) 80 (13.7) 50 (28.4)

StageIl 39 (14.4) 113 (23.5) 14 (10.9) 67 (15.1) 127 (21.8) 25 (14.2)

Stage Il 43 (15.9) 120 (25.0) 23 (18.0) 66 (14.9) 177 (30.3) 31 (17.6)

Stage IV 38 (14.0) 143 (29.8) 21 (16.4) 52 (11.7) 130 (22.3) 9 (5.1)

Early- 151 (55.7) 104 (21.7) 70 (54.7) 259 (58.3) 150 (25.7) 111 (63.1)

stage

KU: Kyoto University Hospital; WMC: Japanese Red Cross Wakayama Medical Center.

Table 5 Univariate and multivariate analyses of early-stage detection rate comparing follow-up group vs symptomatic group and cancer

screening group

. . Univariate Multivariate
Variable Early-stage detection rate (%)
cOR (95%Cl) P value aOR (95%Cl) Pvalue
Follow-up group 573 Reference Reference
Symptomatic group 23.9 0.23 (0.19-0.29) <0.001 0.23 (0.19-0.29) <0.001
Cancer screening group 59.5 1.09 (0.83-1.44) 0.516 1.11 (0.82-1.49) 0.493

Adjusted covariates are age, sex, and tumor location. cOR: Crude odds ratio; CI: Confidence interval; aOR: Adjusted odds ratio.

DISCUSSION

In this study, we conducted a comparative analysis of stages at diagnosis of CRC based on diagnostic routes. This study
had two major findings. First, patients with CRC, which was detected during hospital visits for existing comorbidities,
exhibited a higher proportion of early-stage diagnoses than those who presented with CRC-related symptoms. Second,
the proportion of early-stage CRC diagnoses detected during hospital visits for comorbidities was comparable to that in
the cancer screening group.

Patients with CRC detected at a comorbidity visit had a higher rate of early-stage diagnosis than those who presented
with CRC-related symptoms. The first potential explanation for this derived from the fact that asymptomatic patients
were included among the patients with CRC who were detected during hospital visits for other comorbidities. The
frequency of symptomatic early-stage cancer is low, and the proportion of symptomatic cases increases with cancer
progression[23]. Follow-up testing for comorbidities would incidentally detect asymptomatic CRC at an earlier stage
compared to CRC detected in symptomatic patients. Second, the increased frequency of hospital visits owing to
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comorbidities likely results in early-stage cancer diagnosis due to incidental detection (surveillance hypothesis)[24].
Previous studies have shown that certain chronic diseases, such as end-stage kidney disease and high levels of
comorbidities, are correlated with the detection of CRCs in earlier stages owing to frequent visits to healthcare providers
[25,26]. In our study, patients with comorbidities were more likely to undergo imaging studies and colonoscopies because
of abnormal tests and some symptoms, which could lead to an earlier diagnosis. Therefore, CRC detection during
hospital visits for comorbidities may have been at an earlier stage than that in symptomatic patients.

We also found that the proportion of early-stage CRCs detected during hospital visits for comorbidities was
comparable to that in the cancer screening group. The proportion of early-stage detection was 57.3% in the follow-up
group compared with 59.5% in the screening group (P = 0.493). The odds of early detection were similar between groups,
with an OR of 1.11 (95%ClI: 0.82-1.49) (screening vs follow-up), and no significant differences were observed between the
two groups. There have been no reports comparing the proportion of early-stage CRC diagnoses detected during hospital
visits for comorbidities with those detected through regular screening. Our findings can be attributed to the unique
medical context seen in Japan, characterized by unrestricted access to medical facilities facilitated by the universal
insurance system[27]. The swift examinations during hospital visits potentially increase the chances of rapid diagnosis
and early detection. Extended diagnosis periods are reportedly correlated with later detection stages[28]. Notably, Japan’s
healthcare infrastructure facilitates easy access to advanced diagnostic technologies, such as colonoscopies and computed
tomography, potentially contributing to early detection. Therefore, patients regularly monitored for comorbidities may
have an increased early-stage diagnosis rate, which is comparable to that of patients who undergo cancer screening, even
if they present with CRC-related symptoms.

Therefore, CRC screening should be recommended, particularly for patients without periodical hospital visits for
comorbidities. Our study suggests that, in clinical practice, CRC is detected relatively early when it is found in patients
presenting for follow-up for existing comorbidities. To date, no report has demonstrated that CRC detection during the
follow-up of comorbidities is at an earlier stage than that after presenting with symptoms and that it occurs as early as
that during cancer screening. Previous studies suggest that patients who visit hospitals for comorbidities can be
recommended for cancer screening during consultation with their family physician[29,30]. Conversely, individuals
without underlying conditions or those who do not undergo CRC screening may harbor undiagnosed CRC owing to a
lack of hospital visits. CRC screening should be recommended for all screening-eligible individuals. Tailored message
interventions for screening recommendations targeting segmented individuals reportedly increase screening attendance
rates[9]. However, the resources required for screening outreach are limited, and colonoscopies for diagnostic testing
require financial and human resources[10-13]. CRC detected at late stages contributes to higher medical costs[31].
Therefore, recommending screening would be essential, particularly for populations at a high risk of diagnosis with late-
stage cancer, to take advantage of limited resources. Hence, it would be beneficial to develop policies that specifically
encourage cancer screening for those who do not regularly visit the hospital due to comorbidities, considering the
barriers to acceptance of screening and the causes of lack of access to healthcare facilities in this population. Encouraging
populations other than those who regularly visit the hospital for any comorbidities to undergo screening could increase
the earlier-stage detection, which would further contribute to an improved prognosis for patients with CRC.

Our study has some limitations in interpreting the results. First, the type and number of comorbidities and frequency
of hospital visits in patients with CRC detected during follow-up for other comorbidities in this study have not been
considered. Second, whether individuals presenting with CRC-related symptoms include those who undergo regular
cancer screening is unclear. However, in Japan, approximately half of the eligible candidates do not undergo screening,
and it is presumed that most individuals exist within the symptomatic group who do not undergo regular cancer
screening[6]. Third, our study was conducted at two designated cancer care hospitals in Japan and may not apply to other
regions or countries. Healthcare systems and classification of CRC routes for diagnosis may differ in other countries;
however, there were no significant differences in the proportions and stage distributions of each population between our
study population and the Japanese cohort[18]. While our study only had access to cancer registration data from two
facilities, using cancer registration data from other facilities or nationwide cancer registration data in Japan would aid in
investigating whether the trends observed in this study are universally applicable.

CONCLUSION

This study suggests that CRC detection during hospital visits for comorbidities is likely at earlier stages than those
detected via the symptomatic route. Furthermore, CRCs detected during hospital visits for comorbidities may be detected
as early as those detected through cancer screening. While CRC screening should be recommended for all eligible
individuals, particular attention could be directed towards populations without periodical hospital visits for
comorbidities as they may not derive early CRC detection benefits due to fewer opportunities for hospital visits.

ARTICLE HIGHLIGHTS

Research background
Colorectal cancer (CRC) screening reduces CRC mortality, yet several patients remain unscreened.

Buissidenge WIG | hittps://www.wijgnet.com 1373 March 14,2024 | Volume30 | Issuel0 |



Agatsuma N et al. Stages of CRC through diagnostic route

Research motivation
Although identifying specific subgroups at high risk is crucial to encourage more individuals to participate in screening,
the association between the diagnostic routes and identification of these subgroups has been less appreciated.

Research objectives
To determine the stage at diagnosis of CRC based on various diagnostic routes.

Research methods

A retrospective observational study was conducted using data from the cancer registry of two hospitals to clarify the
stage at diagnosis in three groups: Follow-up (patients detected during follow-up for other comorbidities), symptomatic
(patients detected following presentation with CRC-related symptoms), and cancer screening.

Research results

In a study of 2083 patients, early-stage CRCs were diagnosed in 57.3% of the follow-up group, 23.9% of the symptomatic
group, and 59.5% of the cancer screening group. The symptomatic group had a lower likelihood of early-stage diagnosis
compared to the follow-up group, while the follow-up and cancer screening groups showed similar likelihoods of early-
stage diagnosis.

Research conclusions
CRCs detected during hospital visits for comorbidities were diagnosed earlier, similar to cancer screening.

Research perspectives
Encouraging CRC screening in individuals who do not make regular hospital visits for comorbidities could enhance early
detection and improve patient prognoses.
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Abstract

BACKGROUND

Crohn’s disease (CD) is often misdiagnosed as intestinal tuberculosis (ITB).
However, the treatment and prognosis of these two diseases are dramatically
different. Therefore, it is important to develop a method to identify CD and ITB
with high accuracy, specificity, and speed.

AIM
To develop a method to identify CD and ITB with high accuracy, specificity, and
speed.

METHODS

A total of 72 paraffin wax-embedded tissue sections were pathologically and
clinically diagnosed as CD or ITB. Paraffin wax-embedded tissue sections were
attached to a metal coating and measured using attenuated total reflectance
fourier transform infrared spectroscopy at mid-infrared wavelengths combined
with XGBoost for differential diagnosis.

RESULTS
The results showed that the paraffin wax-embedded specimens of CD and ITB
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were significantly different in their spectral signals at 1074 cm™ and 1234 cm™ bands, and the differential diagnosis
model based on spectral characteristics combined with machine learning showed accuracy, specificity, and
sensitivity of 91.84%, 92.59%, and 90.90%, respectively, for the differential diagnosis of CD and ITB.

CONCLUSION

Information on the mid-infrared region can reveal the different histological components of CD and ITB at the
molecular level, and spectral analysis combined with machine learning to establish a diagnostic model is expected
to become a new method for the differential diagnosis of CD and ITB.

Key Words: Infrared spectroscopy; Machine learning; Intestinal tuberculosis; Crohn’s disease; Differential diagnosis;
Inflammatory bowel disease

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Crohn’s disease (CD) is often misdiagnosed as intestinal tuberculosis (ITB). However, the treatment and prognosis
of these two diseases are dramatically different. Therefore, it is important to develop a method to identify CD and ITB with
high accuracy, specificity, and speed. For the first time the paraffin wax-embedded tissue sections were attached to a metal
coating and measured using attenuated total reflectance fourier transform infrared spectroscopy at mid-infrared wavelengths
combined with XGBoost for differential diagnosis of CD and ITB. Information on the mid-infrared region can reveal the
different histological components of CD and ITB at the molecular level, and spectral analysis combined with machine
learning to establish a diagnostic model is expected to become a new method for the differential diagnosis of CD and ITB.

Citation: Li YP, Lu TY, Huang FR, Zhang WM, Chen ZQ, Guang PW, Deng LY, Yang XH. Differential diagnosis of Crohn’s disease
and intestinal tuberculosis based on ATR-FTIR spectroscopy combined with machine learning. World J Gastroenterol 2024; 30(10):
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INTRODUCTION

Crohn’s disease (CD) is an inflammatory bowel disease involving interactions between various pathogenic factors of
unknown etiology[1,2]. CD has a high prevalence in North America and Europe but has shown an apparent increasing
prevalence across the globe in recent years, especially in the Asia-Pacific region (China, India, etc.)[3,4]. Intestinal
tuberculosis (ITB) is a primary or secondary chronic intestinal infection caused by Mycobacterium tuberculosis (M.
tuberculosis)[5]. Due to economic development, lifestyle, and other reasons, ITB is mostly prevalent in Asia, but its
prevalence in developed countries and regions has increased in recent years[6]. CD and ITB are two completely different
diseases with similar symptoms, signs, and examination results, but completely different treatment methods, and misdia-
gnosis and mistreatment may cause serious consequences and even patient death[7]. Therefore, it is important to differ-
entiate between CD and ITB prior to treatment.

Currently, CD and ITB can be diagnosed by many methods, such as observation of clinical manifestations[8],
endoscopy[9-13], histopathological examination[14], imaging examination[15,16], and M. tuberculosis detection[17-19], but
these methods have limitations. Patients with CD and ITB have similar clinical manifestations. On histopathological
biopsy examination, the specific manifestation of ITB was caseous necrotizing granuloma, and the specific manifestation
of CD was non-caseous granuloma, but the detection rate of each manifestation was not high. Given the many similarities
between ITB and CD, high misdiagnosis rates, and likely severe consequences of misdiagnosis and mistreatment, there is
an urgent need to develop a new, rapid, and accurate differential diagnostic method.

Infrared spectroscopy is a fast and non-destructive detection technology that works mainly through illumination of the
surface of a material with infrared light to induce changes in the molecular vibrations of the material, which are then used
to conduct qualitative and quantitative analyses of the material. Regular fourier transform infrared (FTIR) spectrometers
equipped with accessories for attenuated total reflectance (ATR) have the advantages of simple specimen preparation, no
need for chemical reagents, non-destructiveness, and no special requirements for specimen size and water content. The
main component of biological tissues is water, and in addition to water, tissues mainly contain organic compounds, such
as proteins, lipids, and sugars, which have strong infrared activity. For example, the characteristic absorption of proteins
in the mid-infrared region is mainly attributed to the stretching vibration of the amide carbonyl C = O in the band-1685-
1630 cm?, also known as the amide I band, and the scissoring vibration of NH, in R-CONH, molecules in the band-1640-
1600 cm™, also known as the amide II band[20]. These materials undergo significant changes in structure, conformation,
and quantity during the pathological processes of tissues and cells, which may cause a certain degree of difference
between diseased and normal tissues in the infrared absorption spectra. Different pathological processes result in
different tissue components. Infrared spectroscopy is particularly sensitive to specimen changes, thereby providing a
possibility for differential diagnosis of the disease.
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Given that infrared spectroscopy may contain abundant characteristic biochemical information, and in view of the
complexity of CD and ITB pathology, this study is the first to propose a new differential diagnosis method for CD and
ITB based on ATR-FTIR spectroscopy combined with machine learning. Paraffin wax-embedded tissue sections with a
confirmed diagnosis of CD or ITB were subjected to ATR-FTIR measurements, and the spectral feature changes in the two
types of sections in different spectral regions were analyzed. Next, the spectral features were combined with eXtreme
Gradient Boosting of the gradient boosted decision trees (XGBoost) to establish a machine-learning model as a new, fast,
and accurate detection method for the differential diagnosis of CD and ITB.

MATERIALS AND METHODS

Experimental instruments

A Bruker Vertex 70 FTIR spectrometer equipped with an ATR specimen measurement accessory was used. The ATR
specimen cell was composed of a mixed crystal of diamond and ZnSe. The specimen was illuminated with infrared light
at an incident angle of 45° such that total internal reflection occurred three times. Spectra were acquired in the range of
4000-600 cm™ using a deuterated triglycine sulfate detector with a KBr beam splitter. The number of scans was 16, the
resolution was 4 cm?, the experimental temperature was 25 ‘C £ 1 °C, and the relative humidity was 46%. During spectral
acquisition, paraffin wax-embedded tissue sections of the intestinal mucosa were attached to the ATR accessory to obtain
the FTIR absorption spectra. Each specimen was measured in three regions and each measurement was repeated 16 times
and averaged.

Experimental specimen preparation

Specimen information: A total of 72 paraffin wax-embedded tissue sections that were pathologically and clinically
diagnosed with CD or ITB with typical microscopic pathological features were collected from four hospitals: The
Department of Gastroenterology of the 74™ Army Group Hospital (formerly the 421 Hospital), Nanfang Hospital of
Southern Medical University, Guangzhou Chest Hospital, and General Hospital of Southern Military Command,
consisting of 28 CD tissue sections (16 males and 12 females) and 44 ITB tissue sections (36 males and 8 females). All
specimens were from the same ethnic group with the same socioeconomic background, and were collected in accordance
with the relevant laws and regulations.

Specimen preparation process: (1) Metal-coated slide preparation: Ordinary quartz glass slides were coated with a metal-
silver film, as shown in Figure 1. We filed an application for a patent for the invention of our method for coating a metal-
coated slide; (2) Conventional paraffin wax embedding: The study objects were paraffin wax-embedded tissue sections;
after collection from patients. All fresh tissue specimens were fixed in formalin solution, washed, dehydrated, and
embedded according to routine methods; (3) Mounting: Paraffin wax-embedded tissues were sectioned and picked with
forceps after being subjected to routine warming treatment, and the selected tissue sections were accurately mounted
onto a metal-silver film; and (4) Dewaxing: Dewaxing was carried out using xylene and gradient ethanol in a typical
procedure as follows: the specimen was treated with the solvent in the order of xylene (first time, 15 min), xylene (second
time, 15 min), 100% ethanol (first time, 3 min), 100% ethanol (second time, 3 min), 95% ethanol (3 min), 83% ethanol (3
min), 70% ethanol (3 min), 50% ethanol (3 min), 30% ethanol (3 min), and distilled water (3 min); after dewaxing, the
sections were allowed to stand for more than 30 h and then subjected to spectral measurement.

Optimization of dewaxing durations: To explore the effect of the dewaxing duration on the spectral measurement
results, tissue sections attached to the metal slides were dewaxed for different durations and then subjected to spectral
measurements: (1) Pre-test: Two paraffin wax-embedded specimens (one CD and the other ITB) were taken and each was
sliced into eight sections for dewaxing. Every six hours from the start of the dewaxing, two sections from the same
original specimen were removed from the dewaxing process and subjected to spectral measurements in the time order of
0 (not dewaxed), 6 h (waxed; the same hereinafter), 12 h, 18 h, 24 h, 30 h, 36 h, and 42 h for a total of eight time points; and
(2) Confirmation test: Two paraffin wax-embedded specimens (one CD and the other ITB) were obtained, and each was
sliced into five sections for dewaxing. Two sections were sequentially removed from the dewaxing procedure at 25 h, 26
h, 27 h, 28 h, and 29 h after the start of dewaxing and were subjected to spectral measurements, resulting in five time
points.

Principle of the XGBoost method

XGBoost is short for Extreme Gradient Boosting, which works by constructing a set of classification and regression tree
(CART) models and summing up the results of multiple CARTSs as the final predictive output. The greatest advantage of
this method is that during training, classifiers with good classification performance can compensate for those with poor
classification performance. The theoretical basis is that the model classification output based on a combination of
multiple-base classifiers is better than that based on a single-base classifier[21].

This principle is illustrated in Figure 2. In each iteration of gradient boosting, residuals are used to correct the previous
predictor by optimizing a specific loss function. The loss function was significantly improved by including a regular-
ization term to balance the gradient of the objective function and complexity of the model to avoid overfitting[22]. This
principle is mathematically expressed by equation (Eq.) 1.

J(©)=L©®)+Q0®)
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Figure 2 Schematic of XGBoost.

The training parameters for a given data set are denoted as, and “L” is the loss function of the training set, such as
square loss or logic loss, which measures the fitness of the model to the training data. is a regularization term, such as an
L1-regularization or L2-regularization term, which mainly measures the complexity of the model. The simpler the model,
the better its ability to prevent over-fitting. Because the base classifiers are decision trees, the output of the model is
obtained by averaging every tree’s classification or regression result over the ensemble F of k decision trees.

The objective function after t iterations can be expressed as Eq. 2.

n - t
)
JO=SHyySaf) o
i1 k=1
In Eq. (2), n is the number of predictions, and —(t)/y; is expressed by Eq. 3.
) )
- ! -
= (x)= +f (x) ©
Vi ;f Xy i f’ X
The regularization term Q (f,) of the decision tree is defined as Eq. 4.
1< 2
Qf )= yT+5/1lZ:I‘,wj @

In Eq. 4, y is the complexity of each leaf, T is the number of child leaf nodes in the decision tree, and A is the penalty
parameter. In the XGBoost method, the loss function is approximated using a second-order Taylor expansion rather than
the first-order Taylor expansion, which is adopted for general gradient boosting. Assuming that the loss function is the
mean square error (MSE) function, the objective function can be expressed as below.

n 1 1 T 2
® 2
~ . — . +—A : (5)
J ;[gzwq(xi)"'z(hzw q(x;) )] P ;WJ

In Eq. 5, the constant term can be dropped for simplicity, and q (xi) is a function that assigns data points to a corres-
ponding child leaf node, with g; and h, representing the first and second derivatives of the MSE loss function, respectively.
In Eq. 5, the loss function was determined by the sum of the loss values of each data sample. As each data sample
corresponds to only one leaf node, the loss function can also be represented by the sum of the loss values of each leaf
node. Accordingly, Eq. 5 can be rewritten as Eq. 6.
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According to Egs. 3-13, G, and H, can be defined as in Eq. 7.

G,:Z,g,- Hf:z:hi @)

Where [, represents all data samples in leaf node j. Therefore, the optimization of the objective function can be
transformed into minimizing the quadratic function.

Regarding the main model parameters, the parameter space of XGBoost is mainly comprised of three types of
parameters: general, booster, and learning objective. The general and learning objective parameters are intended to guide
the overall functioning and control the metrics for the results of each step, whereas the booster parameters control each
boosting step and are the main tuning parameters. The booster parameters include n_estimators, learning_rate,
min_child_weight, gamma, subsample, and alpha. The parameter n_estimators is the number of base classifiers. If the
number is set to a value that is too small or too large, underfitting or overfitting will occur. Learning_rate represents the
weight reduction coefficient of each base classifier, and an incorrect setting of this parameter leads to failure in model
fitting. Min_child_weight represents the minimum sum of instance weights required in a child leaf node and is used to
improve the generalization of the model. Gamma controls the decrease in the value of the model loss function when a
node splits. The subsample mainly controlled the probability of random sampling for each tree, which was typically set in
the range of 0.5-1.0. The regularization parameter alpha represents the L1-regularization term of the weight and is used to
reduce the complexity of the model.

The machine learning model was mainly run in Python 3.6.1, and scientific computing libraries, such as numpy 1.12.1,
and pandas 0.19.2, were used for training and importing. Scikit-learn 0.18.1, and Xgboost 0.6 were used to support the
XGBoost-based integrated learning model.

Evaluation parameters

The accuracy, specificity, and sensitivity are important evaluation indicators for XGBoost-based diagnosis models. The
greater the accuracy of these indicators, the better the diagnostic performance of the model. The formulas for each
parameter are shown in Egs. 8-10.

n__
Accuracy = =L (g
nlolal
TPR = TPTPFN
W

FPR=————

FP+TN

i MO+ M)
AUC Z ie positiveClass ran i # (10)
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In Eq. 8, “TPR” is the sensitivity, “FPR” is the specificity, “TP” is the number of positive samples in the dataset
correctly classified by the model, “FN” is the number of positive samples in the dataset incorrectly classified by the
model, “FP” is the number of negative samples in the dataset incorrectly classified by the model, and “TN” is the number
of negative samples in the dataset correctly classified by the model. In Eq. 10, “M” and “N” represent the number of
positive and negative samples, respectively.

RESULTS
Typical pathological features

Pathological diagnosis was conducted in accordance with the “Chinese Consensus on the Diagnosis and Treatment of
Inflammatory Bowel Disease”[23]. The CD biopsy specimens included in this study all had characteristic manifestations,
such as focal chronic inflammation, structural abnormalities of the focal crypt, and non-caseous granulomas. In the
absence of granulomas, at least three of the following characteristic pathological manifestations must be observed: (1)
Segmental or focal lesions; (2) confluent longitudinal linear ulcers; (3) pebble-like appearance and fistula formation; (4)
mesenteric fat-enwrapped lesions; and (5) intestinal wall thickening and stenosis. If there were non-caseous granulomas,
another characteristic manifestation of CD was observed under an optical microscope, and all specimens with ITB
symptoms were excluded. Typical CD specimens are shown in Figure 3A. The characteristic manifestations of CD under
an optical microscope include: (1) Transmural inflammation; (2) aggregated distribution of inflammation and transmural
lymphoid hyperplasia; (3) submucosal thickening (due to fibrosis and fibromuscular tissue damage, inflammation, and
edema); (4) fissures (fissure-like ulcers); (5) non-caseous granulomas (including lymph nodes); (6) abnormalities of the
intestinal nervous system (submucosal nerve fiber hyperplasia, ganglion inflammation, and proliferation of
intermuscular nerve fibers); and (7) normal maintenance of mucus secretion in the epithelium (the goblet cells are usually
normal). ITB specimens underwent typical pathological changes, such as the appearance of caseous granulomas or
related cell structures, as shown in Figure 3B. Specimens without the aforementioned significant pathological features
were excluded from the study, as shown in Figure 3C and D.
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Figure 3 Pathological images of Crohn’s disease and intestinal tuberculosis. A: Typical pathological images of Crohn’s disease (CD); B: Pathological
images of typical intestinal tuberculosis (ITB); C: Atypical pathological images of CD; D: pathological images of atypical ITB.

Spectral analysis

Effects of the background glass and paraffin wax: The effects of the background quartz glass and paraffin wax were
investigated. As shown in Figure 4A, the characteristic absorption bands of quartz glass are centered at 785 cm?, 990 cm™,
and 1145 cm?, whereas the characteristic absorption bands of paraffin wax are centered at 2956 cm™, 2916 cm?, 2848 cm,
1461 cm?, and 719 cm™, as shown in Figure 4B. The characteristic absorption of proteins, lipids, and carbohydrates in the
mid-infrared region occurs mainly in the 1800 cm™-600 cm™ and 3000 cm?-2500cm™ bands. Therefore, these bands
interfere with the characteristic signals of the tissues.

To remove the interference of the background quartz glass and paraffin wax, a metal-silver film with a diameter of 5
mm was coated on quartz glass to shield the interfering absorption of the quartz glass. Figure 5 presents the shielding
performance of the metal-silver in undewaxed sections 1, 2, and 3. The characteristic absorption of quartz glass at 785
cm?, 990 cm?, and 1145 cm™ was substantially shielded. In addition, paraffin wax-embedded tissue sections were
dewaxed to reduce the interfering absorption of paraffin wax, as depicted in Figure 5. After being subjected to the
dewaxing for 6 h, 12 h, and 18 h, the characteristic absorption of paraffin wax at 1461 cm™ and 719 cm™ was essentially
eliminated, whereas its characteristic absorption at 2956 cm?, 2916 cm™, and 2848 cm™ remained to some extent.

Optimization of dewaxing duration: To further reduce the interfering effects of paraffin wax on the absorption of tissue
sections, the duration of dewaxing was optimized. First, the paraffin wax-embedded tissue sections were subjected to the
dewaxing process for a time series of 6 h, 12 h, 18 h, 24 h, 30 h, 36 h, and 42 h, followed by observation of the absorption
at 3000-2500 cm™ as shown in Figure 6A. An abrupt decrease in absorption occurred from 24 h to 30 h of dewaxing, while
the absorption after 30 h showed little variation. Second, further optimization was performed for a dewaxing duration of
24-30 h as shown in Figure 6B; after 26 h, the characteristic absorption of paraffin wax leveled off without further
reduction. Therefore, the optimal dewaxing time was determined to be 26 h.

Spectral feature analysis: The infrared spectral features of the biological tissues are outlined in Table 1. In addition to
water, the intestinal mucosa mainly contains organic compounds such as lipids, proteins, and sugars, all of which have
strong infrared activity. For example, the absorption band at 1800-1700 cm™ is mainly attributed to the stretching
vibration of lipid C = O; the absorption band at 1685-1630 cm™ is mainly attributed to the stretching vibration of amide
carbonyl C = O, also known as the amide I band; the absorption band at 1640-1600 cm™ is mainly attributed to the
scissoring vibration of NH, in R-CONH, molecules, also known as the amide II band; the 1500-800 cm™ absorption band is
mainly attributed to the stretching vibration of the P-O bond and the P = O double bond in nucleic acids as well as the
stretching vibration of sugar C-OH[24]. The FTIR-ATR spectra of CD and ITB tissues are shown in Figure 7. The water
absorption band was centered at approximately 3302 cm?, and the vibration absorption bands of CH, and CH, were
mainly centered at 2956 cm™, 2916 cm?, and 2848 cm”, whereas the characteristic absorption bands of other tissue
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Table 1 Signature fingerprint of infrared spectra

Bands position (cm)

Assignments of group

Assignments of substance

2925 vas, CHj, Lipid related
2855 vas, CH, Lipid related
1740 vC=0 Lipid
1640 Amide I Protein
1550 Amide IT Protein
1460 6C-H Lipid related
1400 6C-H, 8C-O-H Lipid related
1305 8C-H, 6C-O-H Undetermined
1240 vas, PO, Nucleic acid related
1160 vC-O, 6C-O-H, 6C-O-C Carbohydrate related
1120 vC-0O, 6C-O-H, 6C-O-C Carbohydrate related
1080 vas, PO, Nucleic acid related
A 0030 B 030 —
=== ——Quartz glass —— Paraffin organization
Affected band —— Quartz glass + metallic silver paraffin
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Figure 4 Background absorption spectra of quartz and paraffin. A: Quartz; B: Paraffin.

components mainly appeared at 1645 cm™, 1539 cm?, 1456 cm™, 1394 cm™, 1234 cm?, and 1056 cm™ in the mid-infrared
fingerprint region (1800-800 cm™).

Analysis results of the ITB and CD FTIR-ATR spectra are shown in Figure 7. Figure 7B depicts the average spectral
intensity of the characteristic absorption bands, with the error bars representing the intrinsic fluctuation of the spectral
band intensity. The average spectral intensity of ITB at 3302 cm?, 2956 cm™, 2916 cm™, 2848 cm™, 1645 cm™, 1539 cm?, 1456
cm?, 1394 cm™, and 1234 cm™? was slightly higher than that of CD, while CD had slightly higher average spectral intensity
at 1056 cm™ than ITB. However, both ITB and CD showed large intrinsic fluctuations in spectral intensity, with a
significant overlap of spectral intensity within the error ranges. Therefore, the differential diagnosis of ITB and CD based
on the original spectral intensity is subject to large uncertainties and likely leads to misjudgment.

The derivative spectra are shown in Figure 8. Between ITB and CD, the first- and second-derivative spectra differed
significantly at 1134 cm™ (carbohydrate C-O bond) and 1074 cm™ (phosphodiester bond P-O), respectively. An intensity
comparison of the two characteristic absorption bands is shown in Figure 9, with the error bars representing the intrinsic
fluctuations of CD and ITB in the spectral intensity. The average spectral intensity of CD at 1134 cm™ was stronger than
that of ITB, with the former fluctuating in a relatively large range and the latter in a relatively small range; however, the
two intensities overlapped severely within almost half of the error ranges. The average spectral intensity of CD at 1074
cm™ was stronger than that of ITB, with the former fluctuating in a relatively large range and the latter in a relatively
small range; the two intensities overlapped within almost one-third of the error ranges. As shown above, ITB and CD still
showed a significant overlap in the intensity distribution of the derivative spectra despite the obvious characteristic
absorption bands, which likely led to misdiagnosis. Therefore, it is necessary to employ a machine learning-based classi-
fication method to extract the spectral characteristics of the ITB and CD in a more effective manner.
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XGBoost model

Sample set partitioning: At present, the methods for selecting data samples mainly include the random sampling (RS)
method, the Kenard-Stone (KS) method, the SPXY method (i.e., sample set partitioning based on joint x-y distances), and
the duplex method. In the experiment, the RS method was used to partition sample sets. The prediction set samples of an
XGBoost model are usually required to be independent; that is, they should not originate from the original calibration set
samples. Therefore, for the 72 specimens collected in the study, each was measured in three different regions to generate
three average spectra, totaling 194, after excluding spectra with outlying data points. Next, 194 spectra were randomly
partitioned at a ratio of 3:1 into a calibration set (1 = 145) and an independent prediction set (n = 49), as shown in Table 2.

XGBoost model results: In this study, an XGBoost model was designed in accordance with the characteristics of the ATR-
FTIR spectral data and the classification requirements to perform the binary classification of ITB and CD. The entire
procedure is shown in Figure 10. The procedure consisted of three steps: Figure 10A and B acquisition of ATR-FTIR
spectral datasets; Figure 10C implementation of principal component analysis and independent component analysis to
extract the fingerprint spectral features of ITB and CD; and Figure 10C-E the use of a series of XGBoost decision trees as
classifiers to classify the extracted fingerprint spectral features to produce the classification information for ITB and CD.

As shown in Table 3, a comparison of different data preprocessing methods revealed that the first-derivative spectra
yielded the best results, with 17 ITB specimens and 23 CD specimens correctly identified by the model using original
data, 20 ITB specimens and 25 CD specimens correctly identified by the model using first-derivative spectral data, and 16
ITB specimens and 26 CD specimens correctly identified by the model using second-derivative spectral data. As shown
above, the preprocessing methods significantly influenced the models, and the number of misdiagnosed cases based on
the derivative spectra was smaller than that based on the original spectra. In particular, the first-derivative spectral model
exhibited the highest accuracy (91.84%).

In this study, the XGBoost model parameters were optimized using a grid search method. The relevant search ranges
were set as follows: Max_depth varied between 1 and 50 with steps of 1; n_estimators varied between 1 and 500 with
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Table 2 Sample set divisions of Crohn’s disease and intestinal tuberculosis

Sample set Total
Training set 145
Prediction set 49

CD: Crohn’s disease; ITB: Intestinal tuberculosis.

Table 3 Results of the XGBoost model

Predicted value

Group True value Accuracy (%)
ITB cD

Original spectral data ITB 17.0000 5.0000

CD 4.0000 23.0000

Specificity (%) 0.8519

Sensitivity (%) 0.7727

Accuracy (%) 0.8163
First derivative spectral data ITB 20.0000 2.0000

CD 2.0000 25.0000

Specificity (%) 0.9259

Sensitivity (%) 0.9090

Accuracy (%) 0.9184
Second derivative spectral data ITB 16.0000 6.0000

CD 1.0000 26.0000

Specificity (%) 0.9630

Sensitivity (%) 0.7270

Accuracy (%) 0.8571

CD: Crohn’s disease; ITB: Intestinal tuberculosis.

steps of 10; min_child_weight varied between 1 and 30 with steps of 1; gamma varied between 0 and 15 with steps of 1;
subsample varied between 0 and 1.1 with steps of 0.1; alpha varied between 0 and 10 with steps of 0.2; and learning_rate
varied between 0 and 0.2 with steps of 0.01. The optimization process of the XGBoost model parameters is illustrated in
Figure 10, and the optimal parameters are listed in Table 4.

As shown in Figure 11, the accuracy and area under the curve (AUC) increased gradually with the increase in
max_depth, n_estimators, subsample, and learning_rate, eventually approaching a stable value, and decreased with an
increase in min_child_weight, gamma, and alpha, eventually approaching a stable value. The AUC was significantly
greater than accuracy in all cases. The optimal parameters of the XGBoost model are listed in Table 4: Max_depth =3,
n_estimators = 71, min_child_weight = 4, gamma = 0, subspecimen = 1, alpha = 0.3, and learningrate = 0.1. Finally, all
optimal parameters were used to establish an optimal XGBoost model, which led to a sensitivity of 90.90% (20/22),
specificity of 92.59% (25/27), and accuracy of 91.84% (45/49) for differential diagnoses, as shown in Table 3.

DISCUSSION

Differential diagnosis of CD and ITB has long been the focus of research worldwide. Daperno et al[25] established a
diagnostic model for CD and ITB based on endoscopic parameters, with a sensitivity and specificity of 82.9% and 82.0%,
respectively. Ramadass et al[26] extracted DNA from fecal specimens and conducted a polymerase chain reaction for M.
tuberculosis (TB-PCR) targeting the IS6110 sequence, achieving a sensitivity of 79% and a specificity of 88% for the differ-
ential diagnosis of CD and ITB. Li et al[27] of the Department of Gastroenterology, Peking Union Medical College
Hospital of the Chinese Academy of Medical Sciences, investigated the usefulness of in vitro interferon y release assay (T-
SPOT.TB) in differentiating ITB from CD and determined the sensitivity and specificity of T-SPOT. The prevalence of TB
in the diagnosis of CD was 84.2% and 75.4%, respectively. Kedia et al[28] used computed tomography of the small
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Table 4 Optimal parameters of the XGBoost model based on first-derivative spectral data

. AUC (%) Accuracy (%)
Parameters Step length Optimal range - :
Optimal value Test Optimal value Test
Max_depth 1.00 (1,50.0) 3.0 79.9 4.0. 745
N_estimators 10.00 -1500 71.0 80.3 81.0 74.4
Min_child_weight 1.00 (1,30.0) 4.0 82.1 4.0 76.0
Gamma 1.00 (0,15.0) 0 82.1 0 76.0
Subsample 0.10 (0,1.1) 1.0. 82.1 1.0. 76.0
Alpha 0.10 (0,10.0) 03 82.0 2.8 75.9
Learning_rate 0.01 0,0.2) 0.1 82.0 0.1 752
AUC: Area under the curve.
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Figure 7 Fourier transform infrared spectrometers equipped with accessories for attenuated total reflectance spectral analysis of
intestinal tuberculosis and Crohn’s disease. A: Original spectrum; B: Spectral intensity of the characteristic bands. CD: Crohn’s disease; ITB: Intestinal
tuberculosis.
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intestine to diagnose CD and ITB and achieved a sensitivity of 68% and specificity of 80%. Despite many clinical studies
on the differential diagnosis of CD and ITB using clinical features, radiology, endoscopy, histopathology, immunology,
M. tuberculosis identification, and serum markers, these methods have drawbacks that result in great difficulty in the
differential diagnosis of CD and ITB and high misdiagnosis rates.

In order to overcome obstacles to the differential diagnosis of CD and ITB, ATR-FTIR spectroscopy in the mid-infrared
region was adopted in this study as a new method for the differential diagnosis of CD and ITB. In recent years, extensive
studies have been conducted on the application of ATR-FTIR spectroscopy for the differential diagnosis of diseases[29-
34]. However, one drawback of infrared spectroscopy is that groups with infrared activity are subject to a high degree of
collinearity, making it difficult to understand disease progression through changes in the groups. As shown in Figures 7B
and 9, the pathological differences between tissues and cells were prone to be obscured by the differences between
individual specimens and the noise of instrumentation, with a significant overlap in the distribution of the band position
and peak intensity of the ATR-FTIR spectroscopy. Therefore, the differential diagnosis of TB and CD based solely on
spectral intensities is subject to large errors and is likely to lead to misdiagnosis. Therefore, to reduce the influence of
these factors and extract effective discriminative information, this study, for the first time, proposes a differential
diagnosis model for CD and ITB based on the combination of spectral information with machine learning.

XGBoost is a type of machine learning algorithm based on multiple classifiers, with the advantages of fast computation
speed, good learning performance, and ability to process large-scale complex data[35]. This algorithm has been widely
used in biomedicine[36-38]. The results of this study showed that the differential diagnosis model of CD and ITB based
on ATR-FTIR spectral information combined with XGBoost achieved an accuracy rate of up to 91.84%, a significant
improvement over previous research results. The high diagnostic accuracy of the XGBoost-based method is mainly due to
its ability to differentiate subtle differences in the composition and concentration of the intestinal mucosa by differen-
tiating the differences in the position, intensity, and shape of the characteristic absorption bands in ATR-FTIR
spectroscopy. Machine learning can be used to determine the best classification function from these spectral feature
differences to obtain satisfactory classification results.

In addition, to eliminate the background interference of the glass substrate and paraffin wax, ATR-FTIR spectroscopy
was improved in three ways: (1) Quartz glass was used as the substrate. As shown in Figure 4A, compared with ordinary
glass, quartz glass is transparent in the infrared region and does not interfere with the spectral signal of paraffin wax-
embedded tissues; (2) The paraffin wax-embedded tissue specimens were dewaxed, and the optimal dewaxing duration
was determined. According to a recent study, paraffin wax does not affect ATR-FTIR spectroscopy. However, in this
study, paraffin wax seriously interfered with the signals of the intestinal tissues. As shown in Figure 4B, the characteristic
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absorption bands of paraffin wax were centered at 2956 cm?, 2916 cm™, 2848 cm?, 1461 cm™, and 719 cm™. The charac-
teristic absorption of proteins, lipids, and carbohydrates in the mid-infrared region was mainly at 1800 cm?-600 cm™ and
3000 ecm™-2500 cm™. Therefore, the characteristic spectral signals of paraffin wax had a large overlap with the charac-
teristic signals of tissues, causing significant interference in the later spectral analysis. To reduce the spectral signal
interference of paraffin wax-embedded tissues, the tissues were subjected to dewaxing treatment, and the dewaxing
duration was optimized. These improvements ultimately minimized the influence of paraffin wax (Figures 5 and 6); and
(3) The spectra were preprocessed. Converting the original spectra into derivative spectra improved the spectral
resolution and reduced noise, thereby increasing the model accuracy from 81.63% to 91.84%.

CONCLUSION

A differential diagnosis model of CD and ITB based on ATR-FTIR spectral information in the mid-infrared region
combined with a machine learning algorithm (XGBoost) was established in this study, aimed at exploring the feasibility
of applying ATR-FTIR mid-infrared spectra to the differential diagnosis of CD and ITB. The results showed that the
derivative spectra of the ATR-FTIR mid-infrared spectra could not only provide spectral features of CD and ITB but also
reveal more differential information for the machine learning algorithm to learn, so that the algorithm could use the
spectral features of CD and ITB to achieve classification. The XGBoost model based on ATR-FTIR spectral information
showed significant improvements in accuracy, specificity, and sensitivity compared to previous models. The results
suggest that owing to the advantages of non-destructiveness, high sensitivity, and the ability for real-time diagnosis,
ATR-FTIR mid-infrared spectroscopy technology may serve as a new method for the differential diagnosis of CD and ITB.

ARTICLE HIGHLIGHTS

Research background

Crohn’s disease (CD) is often misdiagnosed as intestinal tuberculosis (ITB). However, the treatment and prognosis of
these two diseases are dramatically different. Therefore, it is important to develop a method to identify CD and ITB with
high accuracy, specificity, and speed.

Research motivation
Here we present the application of ATR-FTIR Spectroscopy as an easy-to-use method without chemical reagents and
label-free diagnostic tool for the identification of CD and ITB.

Research objectives
To develop a method to identify CD and ITB with high accuracy, specificity, and speed.

Research methods

For the first time the paraffin wax-embedded tissue sections were attached to a metal coating and measured using
attenuated total reflectance (ATR) fourier transform infrared (FTIR) spectroscopy at mid-infrared wavelengths combined
with XGBoost for differential diagnosis of CD and ITB.
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Research results
ATR-FTIR spectroscopy combined with XGBoost methods led to a sensitivity of 90.90% (20/22), specificity of 92.59% (25/
27), and accuracy of 91.84% (45/49) for differential diagnoses of CD and ITB.

Research conclusions
ATR-FTIR spectroscopy combined with XGBoost methods can effectively increase the accuracy of differential diagnosis of
CD and ITB.

Research perspectives
ATR-FTIR spectroscopy combined with XGBoost methods is expected to become a new method for the differential
diagnosis of CD and ITB.

FOOTNOTES

Co-first authors: Yuan-Peng Li and Tian-Yu Lu.

Co-corresponding authors: Fu-Rong Huang and Wei-Min Zhang.

Author contributions: Huang FR and Zhang WM conceived, designed, and refined the study protocol; Chen ZQ, Guang PW, Deng LY,
and Yang XH were involved in the data collection; Li YP, Lu TY, and Chen ZQ analyzed the data; Li YP and Lu TY drafted the
manuscript; all authors were involved in the critical review of the results and have contributed to, read, and approved the final
manuscript. Li YP and Lu TY contributed equally to this work as co-first authors; Huang ER and Zhang WM contributed equally to this
work as co-corresponding authors. The reasons for designating Huang ER and Zhang WM as co-corresponding authors are threefold.
First, the research was performed as a collaborative effort, and the designation of co-corresponding authorship accurately reflects the
distribution of responsibilities and burdens associated with the time and effort required to complete the study and the resultant paper.
This also ensures effective communication and management of post-submission matters, ultimately enhancing the paper’s quality and
reliability. Second, the overall research team encompassed authors with a variety of expertise and skills from different fields, and the
designation of co-corresponding authors best reflects this diversity. This also promotes the most comprehensive and in-depth
examination of the research topic, ultimately enriching readers” understanding by offering various expert perspectives. Third, Huang FR
and Zhang WM contributed efforts of equal substance throughout the research process. The choice of these researchers as co-
corresponding authors acknowledges and respects this equal contribution, while recognizing the spirit of teamwork and collaboration of
this study. In summary, we believe that designating Huang FR and Zhang WM as co-corresponding authors of is fitting for our
manuscript as it accurately reflects our team’s collaborative spirit, equal contributions, and diversity.

Supported by the National Natural Science Foundation of China, No. 61975069 and No. 62005056; Natural Science Foundation of
Guangxi Province, No. 2021]JJB110003; Natural Science Foundation of Guangdong Province, No. 2018 A0303131000; Academician
Workstation of Guangdong Province, No. 2014B090905001; and Key Project of Scientific and Technological Projects of Guangzhou, No.
201604040007 and No. 201604020168.

Institutional review board statement: The Institutional review board statement has been exempted since we used wax-embedded tissue

sections collected over many years from two hospitals.

Informed consent statement: Patients were not required to give informed consent to the study because the patients to whom these wax-
embedded tissue sections belonged have been discharged for a long time, or have moved away from the area, and we are unable to
contact them.

Conflict-of-interest statement: There are no conflicts of interest to declare.
Data sharing statement: Technical appendix, statistical code, and dataset available from the co-first author at lutianyu1978@163.com.

STROBE statement: The authors have read the STROBE Statement —checklist of items, and the manuscript was prepared and revised
according to the STROBE Statement — checklist of items.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers.
It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to
distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the
original work is properly cited and the use is non-commercial. See: https:/ /creativecommons.org/ Licenses/by-nc/4.0/

Country/Territory of origin: China
ORCID number: Tian-Yu Lu 0009-0001-1215-2664; Wei-Min Zhang 0000-0003-0318-5189.

S-Editor: Chen YL
L-Editor: A
P-Editor: Yuan YY

gﬁ;@ WJG | https://www.wjgnet.com 1390 March 14,2024 | Volume30 | Issuel0 |


mailto:lutianyu1978@163.com
https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0009-0001-1215-2664
http://orcid.org/0009-0001-1215-2664
http://orcid.org/0000-0003-0318-5189
http://orcid.org/0000-0003-0318-5189

Li YP et al. Diagnosis CD from TB by Al

REFERENCES

N8}

w

10

19

20

21

N9
(92}

26

27

Baumgart DC, Sandborn WJ. Crohn’s disease. Lancet 2012; 380: 1590-1605 [PMID: 22914295 DOI: 10.1016/S0140-6736(12)60026-9]
Makharia GK. Rising incidence and prevalence of Crohn’s disease in Asia: is it apparent or real? J Gastroenterol Hepatol 2006; 21: 929-931
[PMID: 16724974 DOIL: 10.1111/§.1440-1746.2006.04471 .x]

Baumgart DC, Sandborn WJ. Inflammatory bowel disease: clinical aspects and established and evolving therapies. Lancet 2007; 369: 1641-
1657 [PMID: 17499606 DOI: 10.1016/S0140-6736(07)60751-X]

Torres J, Mehandru S, Colombel JF, Peyrin-Biroulet L. Crohn’s disease. Lancet 2017; 389: 1741-1755 [PMID: 27914655 DOI:
10.1016/S0140-6736(16)31711-1]

Donoghue HD, Holton J. Intestinal tuberculosis. Curr Opin Infect Dis 2009; 22: 490-496 [PMID: 19623062 DOI:
10.1097/QC0.0b013e3283306712]

Almadi MA, Ghosh S, Aljebreen AM. Differentiating intestinal tuberculosis from Crohn’s disease: a diagnostic challenge. Am J Gastroenterol
2009; 104: 1003-1012 [PMID: 19240705 DOI: 10.1038/aj2.2008.162]

Ma JY, Tong JL, Ran ZH. Intestinal tuberculosis and Crohn’s disease: challenging differential diagnosis. J Dig Dis 2016; 17: 155-161 [PMID:
26854750 DOI: 10.1111/1751-2980.12324]

Huang X, Liao WD, Yu C, Tu Y, Pan XL, Chen YX, Lv NH, Zhu X. Differences in clinical features of Crohn’s disease and intestinal
tuberculosis. World J Gastroenterol 2015; 21: 3650-3656 [PMID: 25834333 DOI: 10.3748/wjg.v21.112.3650]

Lee YJ, Yang SK, Byeon JS, Myung SJ, Chang HS, Hong SS, Kim KJ, Lee GH, Jung HY, Hong WS, Kim JH, Min YI, Chang SJ, Yu CS.
Analysis of colonoscopic findings in the differential diagnosis between intestinal tuberculosis and Crohn’s disease. Endoscopy 2006; 38: 592-
597 [PMID: 16673312 DOL: 10.1055/5-2006-924996]

Makharia GK, Srivastava S, Das P, Goswami P, Singh U, Tripathi M, Deo V, Aggarwal A, Tiwari RP, Sreenivas V, Gupta SD. Clinical,
endoscopic, and histological differentiations between Crohn’s disease and intestinal tuberculosis. Am J Gastroenterol 2010; 105: 642-651
[PMID: 20087333 DOI: 10.1038/aj2.2009.585]

Lee JM, Lee KM. Endoscopic Diagnosis and Differentiation of Inflammatory Bowel Disease. Clin Endosc 2016; 49: 370-375 [PMID:
27484813 DOI: 10.5946/ce.2016.090]

Moka P, Ahuja V, Makharia GK. Endoscopic features of gastrointestinal tuberculosis and crohn’s disease. J Dig Endosc 2017; 8: 1-11 [DOI:
10.4103/jde.jde 48 16]

Pratap Mouli V, Munot K, Ananthakrishnan A, Kedia S, Addagalla S, Garg SK, Benjamin J, Singla V, Dhingra R, Tiwari V, Bopanna S,
Hutfless S, Makharia G, Ahuja V. Endoscopic and clinical responses to anti-tubercular therapy can differentiate intestinal tuberculosis from
Crohn’s disease. Aliment Pharmacol Ther 2017; 45: 27-36 [PMID: 27813111 DOIL: 10.1111/apt.13840]

Magro F, Langner C, Driessen A, Ensari A, Geboes K, Mantzaris GJ, Villanacci V, Becheanu G, Borralho Nunes P, Cathomas G, Fries W,
Jouret-Mourin A, Mescoli C, de Petris G, Rubio CA, Shepherd NA, Vieth M, Eliakim R; European Society of Pathology (ESP); European
Crohn’s and Colitis Organisation (ECCO). European consensus on the histopathology of inflammatory bowel disease. J Crohns Colitis 2013; 7:
827-851 [PMID: 23870728 DOI: 10.1016/j.crohns.2013.06.001]

Zhao XS, Wang ZT, Wu ZY, Yin QH, Zhong J, Miao F, Yan FH. Differentiation of Crohn’s disease from intestinal tuberculosis by clinical
and CT enterographic models. Inflamm Bowel Dis 2014; 20: 916-925 [PMID: 24694791 DOI: 10.1097/MIB.0000000000000025]

Park MJ, Lim JS. Computed tomography enterography for evaluation of inflammatory bowel disease. Clin Endosc 2013; 46: 327-366 [PMID:
23964329 DOI: 10.5946/ce.2013.46.4.327]

Pulimood AB, Peter S, Rook GW, Donoghue HD. In situ PCR for Mycobacterium tuberculosis in endoscopic mucosal biopsy specimens of
intestinal tuberculosis and Crohn disease. Am J Clin Pathol 2008; 129: 846-851 [PMID: 18479999 DOI: 10.1309/DKKECWQWMG4J23E3]
Zhang T, Fan R, Wang Z, Hu S, Zhang M, Lin Y, Tang Y, Zhong J. Differential diagnosis between Crohn’s disease and intestinal tuberculosis
using integrated parameters including clinical manifestations, T-SPOT, endoscopy and CT enterography. Int J Clin Exp Med 2015; 8: 17578-
17589 [PMID: 26770348]

Abreu C, Afonso J, Camila Dias C, Ruas R, Sarmento A, Magro F. Serial Tuberculosis Screening in Inflammatory Bowel Disease Patients
Receiving Anti-TNFo Therapy. J Crohns Colitis 2017; 11: 1223-1229 [PMID: 28605520 DOI: 10.1093/ecco-jcc/jjx080]

Rohman A. The use of infrared spectroscopy in combination with chemometrics for quality control and authentication of edible fats and oils:
A review. Appl Spectrosc Rev 2017; 52: 589-604 [DOI: 10.1080/05704928.2016.1266493]

Ding C, Cao XY, Naess P. Applying gradient boosting decision trees to examine non-linear effects of the built environment on driving distance
in Oslo. Transp Res Part A Policy Pract 2018; 110: 107-17 [DOI: 10.1016/j.tra.2018.02.009]

Chen T. Introduction to boosted trees, University of Washington Computer Science. 2014. [cited 10 January 2024]. Available from: https://
web.njit.edu/~usman/courses/cs675_falll6/BoostedTree.pdf

Gionchetti P, Dignass A, Danese S, Magro Dias FJ, Rogler G, Lakatos PL, Adamina M, Ardizzone S, Buskens CJ, Sebastian S, Laureti S,
Sampietro GM, Vucelic B, van der Woude CJ, Barreiro-de Acosta M, Maaser C, Portela F, Vavricka SR, Gomollén F; ECCO. 3rd European
Evidence-based Consensus on the Diagnosis and Management of Crohn’s Disease 2016: Part 2: Surgical Management and Special Situations. J
Crohns Colitis 2017; 11: 135-149 [PMID: 27660342 DOI: 10.1093/ecco-jcc/jjw169]

Hands JR, Dorling KM, Abel P, Ashton KM, Brodbelt A, Davis C, Dawson T, Jenkinson MD, Lea RW, Walker C, Baker MJ. Attenuated total
reflection fourier transform infrared (ATR-FTIR) spectral discrimination of brain tumour severity from serum samples. J Biophotonics 2014; 7:
189-199 [PMID: 24395599 DOI: 10.1002/jbi0.201300149]

Daperno M, D’Haens G, Van Assche G, Baert F, Bulois P, Maunoury V, Sostegni R, Rocca R, Pera A, Gevers A, Mary JY, Colombel JF,
Rutgeerts P. Development and validation of a new, simplified endoscopic activity score for Crohn’s disease: the SES-CD. Gastrointest Endosc
2004; 60: 505-512 [PMID: 15472670 DOI: 10.1016/s0016-5107(04)01878-4]

Ramadass B, Chittaranjan S, Subramanian V, Ramakrishna BS. Fecal polymerase chain reaction for Mycobacterium tuberculosis 1IS6110 to
distinguish Crohn’s disease from intestinal tuberculosis. Indian J Gastroenterol 2010; 29: 152-156 [PMID: 20577845 DOI:
10.1007/s12664-010-0022-3]

LiY, Zhang LF, Liu XQ, Wang L, Wang X, Wang J, Qian JM. The role of in vitro interferony-release assay in differentiating intestinal
tuberculosis from Crohn’s disease in China. J Crohns Colitis 2012; 6: 317-323 [PMID: 22405168 DOI: 10.1016/j.crohns.2011.09.002]

Kedia S, Sharma R, Nagi B, Mouli VP, Aananthakrishnan A, Dhingra R, Srivastava S, Kurrey L, Ahuja V. Computerized tomography-based
predictive model for differentiation of Crohn’s disease from intestinal tuberculosis. Indian J Gastroenterol 2015; 34: 135-143 [PMID:

3%9@) WJG | https://www.wjgnet.com 1391 March 14,2024 | Volume30 | Issuel0 |


http://www.ncbi.nlm.nih.gov/pubmed/22914295
https://dx.doi.org/10.1016/S0140-6736(12)60026-9
http://www.ncbi.nlm.nih.gov/pubmed/16724974
https://dx.doi.org/10.1111/j.1440-1746.2006.04471.x
http://www.ncbi.nlm.nih.gov/pubmed/17499606
https://dx.doi.org/10.1016/S0140-6736(07)60751-X
http://www.ncbi.nlm.nih.gov/pubmed/27914655
https://dx.doi.org/10.1016/S0140-6736(16)31711-1
http://www.ncbi.nlm.nih.gov/pubmed/19623062
https://dx.doi.org/10.1097/QCO.0b013e3283306712
http://www.ncbi.nlm.nih.gov/pubmed/19240705
https://dx.doi.org/10.1038/ajg.2008.162
http://www.ncbi.nlm.nih.gov/pubmed/26854750
https://dx.doi.org/10.1111/1751-2980.12324
http://www.ncbi.nlm.nih.gov/pubmed/25834333
https://dx.doi.org/10.3748/wjg.v21.i12.3650
http://www.ncbi.nlm.nih.gov/pubmed/16673312
https://dx.doi.org/10.1055/s-2006-924996
http://www.ncbi.nlm.nih.gov/pubmed/20087333
https://dx.doi.org/10.1038/ajg.2009.585
http://www.ncbi.nlm.nih.gov/pubmed/27484813
https://dx.doi.org/10.5946/ce.2016.090
https://dx.doi.org/10.4103/jde.jde_48_16
http://www.ncbi.nlm.nih.gov/pubmed/27813111
https://dx.doi.org/10.1111/apt.13840
http://www.ncbi.nlm.nih.gov/pubmed/23870728
https://dx.doi.org/10.1016/j.crohns.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24694791
https://dx.doi.org/10.1097/MIB.0000000000000025
http://www.ncbi.nlm.nih.gov/pubmed/23964329
https://dx.doi.org/10.5946/ce.2013.46.4.327
http://www.ncbi.nlm.nih.gov/pubmed/18479999
https://dx.doi.org/10.1309/DKKECWQWMG4J23E3
http://www.ncbi.nlm.nih.gov/pubmed/26770348
http://www.ncbi.nlm.nih.gov/pubmed/28605520
https://dx.doi.org/10.1093/ecco-jcc/jjx080
https://dx.doi.org/10.1080/05704928.2016.1266493
https://dx.doi.org/10.1016/j.tra.2018.02.009
https://web.njit.edu/~usman/courses/cs675_fall16/BoostedTree.pdf
https://web.njit.edu/~usman/courses/cs675_fall16/BoostedTree.pdf
http://www.ncbi.nlm.nih.gov/pubmed/27660342
https://dx.doi.org/10.1093/ecco-jcc/jjw169
http://www.ncbi.nlm.nih.gov/pubmed/24395599
https://dx.doi.org/10.1002/jbio.201300149
http://www.ncbi.nlm.nih.gov/pubmed/15472670
https://dx.doi.org/10.1016/s0016-5107(04)01878-4
http://www.ncbi.nlm.nih.gov/pubmed/20577845
https://dx.doi.org/10.1007/s12664-010-0022-3
http://www.ncbi.nlm.nih.gov/pubmed/22405168
https://dx.doi.org/10.1016/j.crohns.2011.09.002

Li YP et al. Diagnosis CD from TB by Al

25966870 DOI: 10.1007/s12664-015-0550-y]

Baker MJ, Hussain SR, Lovergne L, Untereiner V, Hughes C, Lukaszewski RA, Thiéfin G, Sockalingum GD. Developing and understanding
biofluid vibrational spectroscopy: a critical review. Chem Soc Rev 2016; 45: 1803-1818 [PMID: 26612430 DOI: 10.1039/c5¢s00585j]

Butler HJ, Smith BR, Fritzsch R, Radhakrishnan P, Palmer DS, Baker MJ. Optimised spectral pre-processing for discrimination of biofluids
via ATR-FTIR spectroscopy. Analyst 2018; 143: 6121-6134 [PMID: 30484797 DOI: 10.1039/c8an01384¢]

Siqueira LFS, Lima KMG. A decade (2004-2014) of FTIR prostate cancer spectroscopy studies: An overview of recent advancements. Trac-
Trend Anal Chem 2016; 82: 208-21 [DOI: 10.1016/j.trac.2016.05.028]

Paraskevaidi M, Morais CLM, Lima KMG, Snowden JS, Saxon JA, Richardson AMT, Jones M, Mann DMA, Allsop D, Martin-Hirsch PL,
Martin FL. Differential diagnosis of Alzheimer’s disease using spectrochemical analysis of blood. Proc Natl Acad Sci U S A 2017; 114: E7929-
E7938 [PMID: 28874525 DOI: 10.1073/pnas.1701517114]

Paraskevaidi M, Morais CLM, Lima KMG, Ashton KM, Stringfellow HF, Martin-Hirsch PL, Martin FL. Potential of mid-infrared
spectroscopy as a non-invasive diagnostic test in urine for endometrial or ovarian cancer. Analyst 2018; 143: 3156-3163 [PMID: 29878018
DOI: 10.1039/¢8an00027a]

De Bruyne S, Speeckaert R, Boelens J, Hayette MP, Speeckaert M, Delanghe J. Infrared spectroscopy as a novel tool to diagnose
onychomycosis. Br J Dermatol 2019; 180: 637-646 [PMID: 30216405 DOI: 10.1111/bjd.17199]

Chen TQ, Guestrin C. XGBoost: A Scalable Tree Boosting System. Data Min Knowl Disc 2016; 785-794 [DOI: 10.1145/2939672.2939785]
Li YY, Bingham A, Li QJ, Zhuang Y, Umbach DM, Li LP. Using tumor sample gene expression data to infer tumor purity levels with
stochastic gradient boosting machines. Cancer Res 2018; 78 [DOI: 10.1158/1538-7445.AM2018-2255]

Ogunleye A, Wang QG. Enhanced XGBoost-Based Automatic Diagnosis System for Chronic Kidney Disease. /CCA 2018; 805-810 [DOI:
10.1109/ICCA.2018.8444167]

Torlay L, Perrone-Bertolotti M, Thomas E, Baciu M. Machine learning-XGBoost analysis of language networks to classify patients with
epilepsy. Brain Inform 2017; 4: 159-169 [PMID: 28434153 DOI: 10.1007/s40708-017-0065-7]

3%9@) WJG | https://www.wjgnet.com 1392 March 14,2024 | Volume30 | Issuel0 |


http://www.ncbi.nlm.nih.gov/pubmed/25966870
https://dx.doi.org/10.1007/s12664-015-0550-y
http://www.ncbi.nlm.nih.gov/pubmed/26612430
https://dx.doi.org/10.1039/c5cs00585j
http://www.ncbi.nlm.nih.gov/pubmed/30484797
https://dx.doi.org/10.1039/c8an01384e
https://dx.doi.org/10.1016/j.trac.2016.05.028
http://www.ncbi.nlm.nih.gov/pubmed/28874525
https://dx.doi.org/10.1073/pnas.1701517114
http://www.ncbi.nlm.nih.gov/pubmed/29878018
https://dx.doi.org/10.1039/c8an00027a
http://www.ncbi.nlm.nih.gov/pubmed/30216405
https://dx.doi.org/10.1111/bjd.17199
https://dx.doi.org/10.1145/2939672.2939785
https://dx.doi.org/10.1158/1538-7445.AM2018-2255
https://dx.doi.org/10.1109/ICCA.2018.8444167
http://www.ncbi.nlm.nih.gov/pubmed/28434153
https://dx.doi.org/10.1007/s40708-017-0065-7

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

DOI: 10.3748 / wjg.v30.i10.1393

World Journal of
Gastroenterology

World | Gastroenterol 2024 March 14; 30(10): 1393-1404

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

Prospective Study

ORIGINAL ARTICLE

Establishment and validation of an adherence prediction system for
lifestyle interventions in non-alcoholic fatty liver disease

Ming-Hui Zeng, Qi-Yu Shi, Liang Xu, Yu-Qiang Mi

Specialty type: Gastroenterology
and hepatology

Provenance and peer review:
Unsolicited 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): 0

Grade D (Fair): 0

Grade E (Poor): 0

P-Reviewer: Abbas Z, Pakistan

Received: December 24, 2023
Peer-review started: December 24,
2023

First decision: January 4, 2024
Revised: January 16, 2024
Accepted: February 18, 2024
Article in press: February 18, 2024
Published online: March 14, 2024

Jaishideng®

WIG | https://www.wjgnet.com

Ming-Hui Zeng, Liang Xu, Yu-Qiang Mi, Clinical School of the Second People’s Hospital, Tianjin
Medical University, Tianjin 300192, China

Qi-Yu Shi, Department of Gastroenterology, Cangzhou People’s Hospital, Cangzhou 061000,
Hebei Province, China

Liang Xu, Yu-Qiang Mi, Department of Hepatology, Tianjin Second People’s Hospital, Tianjin
300192, China

Liang Xu, Yu-Qiang Mi, Tianjin Research Institute of Liver Diseases, Tianjin 300192, China

Corresponding author: Yu-Qiang Mi, MD, Chief Doctor, Professor, Department of Hepatology,
Tianjin Second People’s Hospital, Clinical School of the Second People’s Hospital, Tianjin
Medical University, No. 7 Sudi South Road, Nankai District, Tianjin 300192, China.
yuqiangmi68@163.com

Abstract

BACKGROUND

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease
worldwide, affecting about 1/4" of the global population and causing a huge
global economic burden. To date, no drugs have been approved for the treatment
of NAFLD, making the correction of unhealthy lifestyles the principle method of
treatment. Identifying patients with poor adherence to lifestyle correction and
attempting to improve their adherence are therefore very important.

AIM

To develop and validate a scale that can rapidly assess the adherence of patients
with NAFLD to lifestyle interventions.

METHODS

The Exercise and Diet Adherence Scale (EDAS) was designed based on com-
pilation using the Delphi method, and its reliability was subsequently evaluated.
Demographic and laboratory indicators were measured, and patients completed
the EDAS questionnaire at baseline and after 6 months. The efficacy of the EDAS
was evaluated in the initial cohort. Subsequently, the efficacy of the EDAS was
internally verified in a validation cohort.

RESULTS
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The EDAS consisted of 33 items in six dimensions, with a total of 165 points. Total EDAS score correlated
significantly with daily number of exercise and daily reduction in calorie intake (P < 0.05 each), but not with
overall weight loss. A total score of 116 was excellent in predicting adherence to daily reduction in calorie intake (>
500 kacl/d), (sensitivity/specificity was 100.0% /75.8%), while patients score below 97 could nearly rule out the
possibility of daily exercise (sensitivity/specificity was 89.5% /44.4%). Total EDAS scores > 116, 97-115, and < 97
points were indicative of good, average, and poor adherence, respectively, to diet and exercise recommendations.

CONCLUSION
The EDAS can reliably assess the adherence of patients with NAFLD to lifestyle interventions and have clinical
application in this population.

Key Words: Fatty liver; Lifestyle intervention; Behavioral change; Patient adherence; Compliance

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study developed and validated an Exercise and Diet Adherence Scale (EDAS) to rapidly assess adherence to
lifestyle interventions in patients with non-alcoholic fatty liver disease (NAFLD). Patients can be grouped based on their
EDAS scores and receive personalized treatments accordingly. The EDAS demonstrated reliability and effectiveness in
predicting adherence to lifestyle changes and served as a vital tool in the clinical management of patients with NAFLD.
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INTRODUCTION

The prevalence of non-alcoholic fatty liver disease (NAFLD) has been increasing over the past few decades, with this
disease estimated to affect more than 30% of adults worldwide[1]. NAFLD is a progressive disease that can give rise to
complications, such as hepatocellular carcinoma (HCC) and cardiovascular disease, which place a burden on the health
care system and economy|2]. Additionally, the United Network for Organ Sharing has reported that NAFLD is currently
the second leading indication for all liver transplants and will become the primary indication for liver transplantation in
patients with HCC[3,4].

To date, no drugs have been approved for the treatment of NAFLD, with correction of unhealthy lifestyles remains a
fundamental means of curing it. Therapeutic lifestyle changes can have a direct or significant effect on patients with
NAFLD and contribute to a high rate of “placebo response”[5-8]. Because exercises and diets vary greatly, however, it has
been difficult to quantify and evaluate patient adherence with these changes. Lifestyle interventions rely on patients’
“conscious” adherence to recommendations, with patient “self-reporting” required to evaluate adherence. Thus, patients
must be intrinsically motivated to change their lifestyles. Some patients, however, are unable or unwilling to adhere to
recommendations about diet and exercise. Approximately 3%-4% of healthy people are diagnosed with NAFLD each
year, with lifestyle changes resulting in improvements in only 60% of these patients[9]. Additionally, the high rates of
cardiovascular diseases, osteoarthritis and rheumatism in patients with NAFLD make exercise interventions difficult,
with other conditions, including depression and anxiety, limiting the persistence of dietary interventions[10]. The
adherence to lifestyle interventions for NAFLD remains largely unexplored. A questionnaire assessing adherence with
lifestyle interventions is therefore urgently needed. This questionnaire can be used in the clinical and scientific
assessment of patients with NAFLD, especially in assessing their responses to lifestyle changes (Figure 1).

MATERIALS AND METHODS

Objects

Data from NAFLD patients aged 18-70 years who were admitted to the Second People’s Hospital of Tianjin from August
2013 to January 2014 were used to design the Exercise and Diet Adherence Scale (EDAS). The practice guidelines of the
American Gastroenterological Association, the American Association for the Study of Liver Diseases, and the American
College of Gastroenterology have defined NAFLD as an imaging or pathological diagnosis of hepatic steatosis in the
absence of other known secondary causes of hepatic steatosis[11]. Patients with NAFLD combined with viral hepatitis,
autoimmune liver disease and other types of hepatitis, those suspected of having cirrhosis or liver cancer; and men and
women who consumed > 140 g and > 70 g, respectively, of alcohol per week were excluded. Also excluded were patients
with serum creatinine concentrations > 1.5 times the upper limit of normal, and those with other serious systemic or
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Figure 1 Study flow chart, showing the method used to develop and verify the Exercise and Diet Adherence Scale. EDAS: Exercise and Diet
Adherence Scale.

infectious diseases, such as malignant tumors and severe cardiopulmonary diseases. Patients unable to control their diets
or perform aerobic exercises due to illness or other reasons were also excluded. The validation cohort consisted of
patients with NAFLD who were admitted between October 2022 and June 2023, using the same inclusion and exclusion
criteria.

Sample size was calculated using a factor analysis approach, with eight times the number of items in the largest
dimension of the EDAS, which has seven items. Based on a 20% dropout rate, the target enrollment was 67 participants.
All patients enrolled in this study after providing informed consent.

Establishment of an item pool

Professional medical workers conducted face-to-face conversations with 20 patients with typical NAFLD. The reasons
mentioned by the patients that affected their exercise and diet adherence were recorded in detail. Subsequently, the scale
was divided into the following five dimensions and 36 items: Understanding and valuing (eight items), belief (six items),
self-control (12 items), conditional restrictions (eight items), and mental stress in life and work (two items). To assess the
validity of these items, the scale was analyzed using the Delphi method.

Initial screening of items

Five professors with NAFLD as their research field and one professor of psychology were selected for consultation. Some
of these experts believed that “mental stress in life and work” should be incorporated into the condition “conditional
restriction”; that “self-control” should be divided into “self-control of diet” and “strengthen exercise self-control”; and
that “conditional restriction” should be divided into “control dietary conditions”, and “strengthen conditions for
exercise”. After modification, the experts were again consulted and the importance of these items were scored. Each item
was rated on a scale of 1-9 points, with higher score indicating greater importance. Feedback was received from all six
experts, with the average score of each item being greater than 7; moreover, the coefficients of variation were less than
0.25, and the expert opinions tended to be consistent. The EDAS questionnaire was divided into the following six
dimensions and 36 items: understanding and valuing (eight items), belief (six items), self-control of diet (seven items),
strengthen exercise self-control (five items), control dietary conditions (three items), and strengthen conditions for
exercise (seven items).

Rescreening and modification of the items

Based on the inclusion and exclusion criteria, 30 NAFLD patients were selected. Analysis of their completed question-
naires showed that the item “I believe that taking medicine can control fatty liver” in the dimension of “understanding
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and valuing” had a low degree of discrimination, and that, after deleting the items “I will measure my weight” and “I
will review it regularly” in the dimension of “belief” improved the internal consistencies of the dimension “belief” and
the total scale. Thus, these three items are deleted. Analysis of exploratory factors found six common factors, which can
correspond to six dimensions, indicating that the EDAS scale had good construct validity. The final version of the EDAS
consisted of 33 items across six dimensions, with 15 items of these items being reverse scored. The lowest score on this
scale was 33, and the highest was 165, with higher scores indicating better patient adherence with lifestyle interventions.

Survey of samples

Lifestyle interventions: The enrolled patients were subjected to exercise and dietary interventions for 6 months. Mode-
rate aerobic exercise was generally recommended, consisting of walking quickly more than four times a week for a
cumulative total of at least 150-250 min. Patients with a preferred exercise method were allowed to do so, while recording
it in detail. The 24-h diet of each patient was reviewed at baseline, including the names of foods and raw materials, the
quantity of raw materials, and the time and place of eating. Dietary recommendations included a reduction of 500-1000
kcal per day, consuming a balanced diet with low sugar and low fat, reducing the intake of sugary drinks and saturated
fats, and increasing dietary fiber content. Beginning one week from the date of enrollment, the 24-h diet of each patient
was reviewed after dinner on one day a week for the next 24 wk.

Demographic characteristics and laboratory indices: Body composition indices of patients were analyzed at baseline and
after 3 and 6 months using InBodyS10 (Biospace, Seoul, South Korea). Parameters evaluated included weight, waist
circumference, upper arm circumference and abdominal fat area. Laboratory variables, including serum concentrations of
alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT), alkaline
phosphatase (ALP), total bilirubin (TBIL), triglyceride (TG), total cholesterol (TC), fasting blood glucose (FBG), and
umbilical artery, were measured by a chemiluminescence method an Hitachi automatic biochemical instrument-7180 and
reagents purchased from Guang Co., Ltd. Controlled attenuation parameter (CAP) and liver stiffness measurement (LSM)
were determined using a the FibroScan 502 Touch device (Echosens, Paris, France). A pedometer was given to each
subject to record the number of days per week of exercise, the type of exercise and the number of steps walked by fast
walking patients, and the type and time of daily exercise in non-fast walking patients.

Reliability and validity testing of the EDAS

Reliability was determined by measuring Cronbach’s a coefficient and test-retest reliability. Validity analysis included
content, criterion, and construct. Content validity was evaluated by experts, criterion validity was assessed to select a
recognized criterion to test the correlation between the criterion and the scale. Construct validity was tested by
confirmatory factor analysis.

Statistical analysis

Normally distributed continuous data were reported as the mean + SD and compared by ¢-tests, abnormally distributed
continuous data were reported as median and interquartile intervals and compared by rank sum tests, and categorical
variables were reported as number (%) and compared by chi-squared tests. Reliability was analyzed by determining
internal consistency and test-retest reliability. Internal consistency was expressed as Cronbach’s a coefficient, which
ranged from 0-1, with values of 0.8-0.9, 0.7-0.8, and 0.6-0.7 indicating very good, good, and minimally acceptable values.

The retest interval was one week, with test-retest reliability determined by analyzing the correlation coefficient of two
scores, with a retest reliability > 0.7 considered good. Correlations of normally distributed data were determined using
Pearson correlation coefficients, whereas correlations of non-normally distributed data were determined using Spearman
correlation coefficients.

Validity analysis included content validity, criterion validity and construct validity. Content validity was evaluated by
experts, with the content validity index of each item scored as 1 (irrelevant), 2 (weakly relevant), 3 (strongly relevant), or 4
(very relevant). The proportion of experts providing scores of 3 and 4 was defined as the content validity index of each
item. Construct validity was evaluated by confirmatory factor analysis.

The efficacy of the EDAS score in judging exercise steps and reducing calorie intake was evaluated by determining the
areas under the receiver operating characteristics curves (AUROC). The optimal critical value for adherence, as well as
the sensitivity, specificity, positive predictive value, negative predictive value positive likelihood ratio and negative
likelihood ratio, were determined based on the maximum value of the Jordan index. AUROCs of 0.9-1.0, 0.8-0.9, 0.7-0.8,
and < 0.7 were indicative of excellent, good, average, and poor effectiveness of judgment, respectively.

Statistical analyses were performed using SPSS 27.0 (SPSS Inc., Chicago, IL, United States) and MedCalc 9.3 (MedCalc
Software, Mariakerke, Belgium) software and OriginPro 9.0 (OriginPro, Northampton, United States) was used for
mapping. A P value < 0.05 was considered statistically significant.

RESULTS

Characteristics of the enrolled population
This study included a total of 81 patients with NAFLD, with 66 completed the follow-up. The average amount of daily
exercise completed was 4519 steps/d, and the caloric intake was reduced to 68 kcal/d. Of the 66 subjects, 37 (56.1%) lost

weight. The average weight loss of these 37 subjects was 4.2 kg + 2.9 kg, with the maximum weight loss being 15 kg
(Table 1).
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Table 1 Characteristics of enrolled subjects

Variable Numerical value
Male, 1 (%) 49 (74.2)
Age (yr), mean = SD 39+12
Fatty liver disease course (month) (M, Q) 36 (9.0)
Smoking, 1 (%) 15 (22.7)
Likes fried food, 1 (%) 20 (30.3)
BMI (kg/mz), mean + SD 28.4+33
Waist-hip ratio, mean + SD 0.9+£0.0
Abnormal blood pressure, 1 (%) 20 (30.3)
ALT (U/L) (M, Q) 64.5 (60.8)
AST (U/L) M, Q) 36.0 (25.4)
GGT (U/L) M, Q) 48.0 (44.0)
ALP (U/L) (M, Q) 78.0 (29.5)
TBIL (umol/L) (M, Q) 14.7 (7.3)
FBG (mmol/L) (M, Q) 6.0 (0.9)

TG (mmol/L) (M, Q) 2.0 (1.3)
CHO (mmol/L), mean + SD 50+1.1
FINS (uU/L) (M, Q) 13.9 (8.2)
UA (umol/L) (M, Q) 421.5 (116.5)
CAP (dB/m), mean + SD 331.4 +£33.0
LSM (kPa) (M, Q) 6.6 (2.9)
Walking (number of steps) (M, Q) 4519.0 (4564.5)
Reduction in caloric intake (kcal) (M, Q) 68.0 (127.8)

ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; GGT: Gamma-glutamyl transferase; ALP: Alkaline phosphatase; TBIL: Total bilirubin;
TG: Triglyceride; TC: Total cholesterol; UA: Umbilical artery; BMI: Body mass index; FBG: Fasting blood glucose; FINS: Fasting insulin; CAP: Controlled

attenuation parameter; LSM: Liver stiffness measurement.

Discrimination and reliability analysis of the EDAS

A comparison of the 27% of patients with the highest scores and the 27% of patients with the lowest scores showed that
each item differed significantly (P < 0.05). The test-retest reliability after one week was 0.82. The internal consistency
reliabilities of the seven dimensions were 0.739, 0.747, 0.771, 0.813, 0.791, 0.776, and 0.874, respectively, with each being
above 0.7, and the Cronbach’s o coefficient of the total scale being 0.874 (Table 2). The inter-dimension correlation of
EDAS ranged from 0.050 (understanding and valuing and strengthening conditions for exercise) to 0.624 (controlling diet
and exercise conditions). The correlations between pairs of dimensions were not strong, indicating that the contents of
these items were less repetitive (Table 3).

Validity analysis of the EDAS

Evaluation by experts showed that the content validity index of the EDAS items was 1, indicating good content validity.
The total score of the scale correlated significantly with daily walking or other exercises and daily reduction in calorie
intake, but not with weight loss. The number of exercise steps per day correlated significantly with belief (r = 0.29, P =
0.020), strengthening exercise self-control (r = 0.40, P = 0.001) and strengthening exercise conditions (r = 0.33, P = 0.007),
whereas reduced daily calorie intake correlated significantly with belief (» = 0.34, 0.006), self-control of diet (r = 0.64, P <
0.001), control of dietary conditions (r = 0.56, P < 0.001) and strengthening exercise conditions (r = 0.26, P = 0.035)
Table 4).

( Confi)rmatory factor analysis of the EDAS showed that the KMO coefficient was 0.675 (P < 0.001 on the Bartlett
spherical test), with the spherical hypothesis being rejected. Variance maximization orthogonal rotation in factor analysis
identified six common factors. These six factors explained 66.2% of the total table, with factor 1 accounting for 25.4% of
the variation in interpretation. After the second dimensionality reduction of the six dimensions, the KMO coefficient was
0.710 (P < 0.001 on the Bartlett spherical test). Two common factors accounted for 64.7% of the total table; the first factor
can be explained by external conditions and the second factor by internal motives.
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Table 2 Basic information and internal consistency reliability

EDAS Number of entries Score Mean score Standard deviation Lowest score Highest score Cronbach’s a
Understanding and valuing 7 35 24.65 4.64 13 35 0.739
Belief 4 20 16.23 2.39 7 20 0.747
Self-control of diet 7 35 22.39 3.89 10 33 0.771
Strengthen exercise self-control 5 25 15.00 3.65 7 25 0.813
Control dietary conditions 3 15 10.35 2.58 ) 15 0.791
Strengthen exercise conditions 7 35 21.80 5.07 9 33 0.776
Total scale 33 165 110.42 14.49 67 149 0.874

EDAS: Exercise and Diet Adherence Scale.

Table 3 Correlations among the six dimensions

Understanding and . . Self-control  Strengthen exercise ~ Control dietary Strengthen exercise
EDAS . Belief . s o
valuing of diet self-control conditions conditions
Understanding and 1.000
valuing
Belief 0.280 1.000
Self-control of diet 0.056 0.335  1.000
Strengthen exercise 0.096 0.324  0.455 1.000
self-control
Control dietary 0.057 0137 0583 0.398 1.000
conditions
Strengthen exercise 0.050 0322 0473 0.494 0.624 1.000
conditions

EDAS: Exercise and Diet Adherence Scale.

Table 4 Calibration validity analysis

r (P value)
EDAS

Daily exercise steps Daily calorie intake reduction (kcal) Weight loss (kg)
Understanding and valuing 0.03 (0.842) 0.11 (0.373) 0.05 (0.712)
Belief 0.29 (0.020)" 0.34 (0.006)" 0.24 (0.054)
Self-control of diet 0.23 (0.064) 0.64 (< 0.001)" 0.14 (0.262)
Strengthen exercise self-control 0.40 (0.001)" 0.17 (0.183) 0.14 (0.279)
Control dietary conditions 0.20 (0.104) 0.56 (< 0.001)" 0.26 (0.037)"
Strengthen exercise conditions 0.33 (0.007)" 0.26 (0.035)" 0.19 (0.133)
Total scale 0.37 (0.002)° 0.50 (< 0.001)° 0.24 (0.056)
2P <0.05.

EDAS: Exercise and Diet Adherence Scale.

ROC curve analysis of the exercise and diet compliance of the EDAS

Exercise conditions were divided into five categories: < 3000, 3000-5000, 5000-8000, 8000-10000, and > 10000 steps per day.
The EDAS in patients with NAFLD was highly sensitive in determining exercise conditions, but its specificity was low.
EDAS scores < 97 were therefore indicative of a lack of daily exercise (Figures 2A and 3).
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Figure 2 Receiver operating characteristics analysis. A: Receiver operating characteristics (ROC) analysis of the relationship between total Exercise and
Diet Adherence Scale (EDAS) score and daily exercise; B: ROC analysis of the relationship between total EDAS score and daily calorie reduction. AUROC: Areas
under the receiver operating characteristics curves.

Daily exercise Reduce daily calorie intake
Reduce
g = 3000 = 5000 = 8000 = 10000 . 50 100 200 500
Exercise calorie
steps/d steps/d steps/d steps/d intake kcal/d kcal/d kcal/d kcal/d
0.613 0.580 0.733 0.816 0.834 0.646 0.666 0.774 0.798 0.911
Area under curve
(0.485-0.730) (0.452-0.700) (0.609-0.834) (0.702-0.901) (0.723-0.915) (0.518-0.760) (0.539-0.777) (0.654-0.868) (0.681-0.886) (0.815-0.967)
Optimal critical value 97.0 99.0 109.0 109.0 113.0 102.0 107.0 108.0 108.0 116.0
Sensitivity (%) 89.5 87.5 75.0 100.0 100.0 83.3 71.8 83.3 92.3 100.0
Specificity (%) 44.4 38.9 70.6 59.3 68.9 50.0 63.0 61.9 54.7 75.8
Positive predictive value
%) 91.1 79.2 70.6 35.3 20.8 81.7 73.7 55.6 33.3 211
0
Negative predictive
40.0 53.8 75.0 100.0 100.0 52.9 60.7 86.7 96.7 100.0
value (%)
Positive likelihood ratio 1.6 1.4 2.6 2.5 3.2 1.7 1.9 2.2 2.0 4.1
Negative likelihood ratio 0.2 0.3 0.4 0.0 0.0 0.3 0.4 0.3 0.1 0.0

Figure 3 Efficacy of total score in judging daily exercise and daily calorie reduction.

The average daily calorie intake of patients was also divided into five categories: reductions of < 50 kcal/d or an
increase, and reductions of 50-100 kcal/d, 100-200 kcal/d, 200-500 kcal/d, and = 500 kcal/d. The EDAS was highly
sensitive and specific in determining large daily reductions in diet (> 500 kcal/d). EDAS scores > 116 were therefore
indicative of a greater control of diet than scores below (Figures 2B and 3).

Verification of the effectiveness of the EDAS

Characteristics of the enrolled population: 121 NAFLD patients admitted to our hospital for fatty liver treatment from
January 2022 to June 2023, with 103 of these patients’ completing follow-up. After excluding 22 patients who were not at
the first visit and 10 who were not followed up after 3 or 6 month, 84 patients were included, including 62 who completed
the 3-month follow-up and 57 who completed the 6-month follow-up. The average age of these 84 patients was 38 years.
They had a mean + SD body mass index of 28.19 + 2.99 kg/m?, ALT of 87.64 + 44.80 U/L, AST of 40.2 U/L, GGT of 52.0
U/L, ALP of 72.0 U/L, and TBIL of 14.9 pmol/L. They had a mean * SD FBG of 5.96 + 0.76 mmol/L, TG of 1.8 mmol/L,
FINS of 18.16 pU/L, CAP of 315.81 £ 35.16 dB/m, and LSM of 6.8 kPa. The EDAS questionnaire survey showed that 26
patients (31.0%) had poor compliance, 37 (44.0%) had moderate compliance, and 21 (25.0%) had good compliance.

Results of verification: NAFLD patients with better adherence had a greater proportion of weight, abdominal circum-
ference, LSM reduction and ALT return to normal, but this difference decreased with the extension of follow-up months
(Figure 4). The worse the compliance, the lower the proportion of blood glucose returning to normal in 6 months, in-
dicating that fatty liver will affect the control of blood sugar and make blood sugar fluctuate. Further exploring the effects
of exercise and diet intervention on patients in different groups, it was found that ALT, abdominal circumference, arm
circumference, CAP, and LSM of patients with high EDAS scores all changed significantly (P < 0.05), while TC in the
three groups did not change significantly (P > 0.05) between 6 months of follow-up (Figure 5).
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Figure 4 Relationships between Exercise and Diet Adherence Scale grouping and various indicators of non-alcoholic fatty liver disease.
A: 3 months; B: 6 months. ALT: Alanine aminotransferase; TBIL: Total bilirubin; GLU: Glucose; TC: Total cholesterol; AC: Abdominal circumference; CAP: Controlled
attenuation parameter; LSM: Liver stiffness measurement.

DISCUSSION

Therapeutic changes in patient lifestyle remains the treatment of choice in NAFLD[12]. Because many of these patients
are at high risk of cardiovascular disease, a healthy lifestyle can reduce its incidence[13]. Although adherence with
therapeutic recommendations is important in managing chronic diseases[14], most patients have difficulty changing their
long-standing dietary habits[15]. In addition, regular exercise decreases as patients age, with more than 50% of
individuals stopping routine exercise and treatment within 1 year[16-18]. Early identification of patients with poor
adherence can result in efforts to improve their adherence[19].

Most assessments of adherence are in relation to medication, but these studies have generally shown poor adherence
[20-23]. For example, a retrospective study of initial treatment of patients with type 2 diabetes found that 48% stopped
their medication within the first year, with most discontinuations occurring within the first 3 months after starting
treatment[24]. Moreover, only about 50% of patients with myocardial infarction show adherence with the long-term use
of antihypertensive and lipid-lowering drugs[25]. Fewer studies to date have assessed adherence with lifestyle
interventions than those on drugs. with physicians paying no attention to lifestyle modifications. Therefore, patients were
less able to recognize the importance of lifestyle interventions.

NAFLD is a progressive liver disease, with histology ranging from steatosis to fibrosis and cirrhosis. NAFLD is the
eighth most common cause of death worldwide, being responsible for 1.2 million annual deaths. To date, however, there
is currently no comprehensive scale to evaluate adherence with lifestyle interventions for NAFLD at home or abroad. The
EDAS scale described in the present study was based on standardized scale preparation requirements and is, to our
knowledge, the first scale to measure adherence in patients with NAFLD.

The internal consistency reliability of each dimension of the EDAS was above 0.7, and the Cronbach’s a coefficient of
the total volume table was 0.874. No strong correlation was observed among the dimensions, indicating that the item
content was less repetitive. The test-retest reliability at one-week was 0.820, indicating that the EDAS has high stability,
consistency, and reliability. Experts rated each item of the EDAS as level 3 or 4, making the item content validity index of
the EDAS 1, indicating that content validity was good.

Daily number of exercise steps was directly proportional to three dimensions on the EDAS: Belief, exercise self-control
and strengthen conditions for exercise. In addition, daily calorie intake reduction was proportional to three dimensions:
Belief, self-control of diet and control dietary conditions. These findings indicate that the EDAS reflects the actual
adherence of NAFLD patients before exercise and diet intervention. Belief was significantly and positively correlated
with exercise enhancement and diet control, suggesting that physician encouragement and a good doctor-patient
relationship can establish a belief in patients that they can cure or control NAFLD. Strengthening exercise self-control and
conditions were related to exercise, whereas dietary self-control and conditions were related to diet, indicating that the
EDAS can independently reflect the exercise and diet conditions of patients. In contrast, weight loss was only
significantly related to the control of diet, possibly because a controlled diet is more likely to lead to weight loss than
exercise.

Confirmatory factor analysis showed that the KMO coefficient was 0.710, with Bartlett’s spherical test showing a P
value < 0.001. Two common factors were identified, with the most frequent variation being the control of dietary
conditions. Thus, the importance of improving diet control conditions should be emphasized in patients with poor ad-
herence.

Clinically, patients with EDAS scores > 116 should be regarded as having good adherence. If abnormalities in the liver
function are not evident, lifestyle interventions alone can be administered. Adherence is considered general for patients
with EDAS scores ranging from 97 to 115. The importance of lifestyle improvement should be emphasized in these
patients, including improved adherence with exercise and diet recommendations, as well as treatment with hepatopro-
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Figure 5 Effects of lifestyle interventions on body composition and biochemical indices of patients grouped by Exercise and Diet
Adherence Scale scores. A: Alanine aminotransferase; B: Total cholesterol; C: Abdominal circumference; D: Biceps circumference; E: Controlled attenuation
parameter; F: Liver stiffness measurement. ALT: Alanine aminotransferase; TBIL: Total bilirubin; GLU: Glucose; TC: Total cholesterol; CAP: Controlled attenuation
parameter; LSM: Liver stiffness measurement.

tective drugs when necessary. Patients with EDAS scores < 97 have poor adherence and should receive early adminis-
tration of anti-inflammatory agents and psychotherapy (Figure 6).

To the best of our knowledge, this is the first study to use a questionnaire to assess adherence with lifestyle inter-
ventions in patients with NAFLD and it has been verified to show the generalizability of its results. This study also had
several limitations. First, the follow-up duration was relatively short. NAFLD is a chronic, long-term disease, and short-
term evaluations may not fully reveal the actual effects of lifestyle interventions in these patients. Second, a self-report
questionnaire about lifestyle changes and patient behavior is likely to be affected by recall, measurement bias and
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Figure 6 Associations of Exercise and Diet Adherence Scale scores with adherence with lifestyle interventions and associated clinical
guidelines. EDAS: Exercise and Diet Adherence Scale.

emotions. Patients may tend to provide answers that meet social expectations, leading to an overly idealized description
rather than a reflection of the actual situation. Additionally, these participants go to the hospital for treatment more
regularly than the general population of patients with NAFLD, suggesting they may be more strongly interested in being
treated intention, which may have introduced sampling errors. This was a single center study, suggesting the possibility
of selection bias. Prospective, multicenter studies should be conducted with a longer follow-up large sample size,
including verification by physical examination and more stringent sampling methods to ensure the representativeness of
samples, and improve the external validity of the study. In addition, prospective studies are needed to assess the corre-
lation between EDAS scores and outcome events, such as liver cirrhosis and liver cancer.

CONCLUSION

Lifestyle intervention adherence scale developed in this study for patients with NAFLD was effective in determining the
adherence of these patients with exercise and diet. This scale, which was relatively comprehensive in content, underwent
appropriate verification in an independent patient cohort. The EDAS scale can be used as a tool to measure adherence
with lifestyle interventions in patients with NAFLD and guide clinical interventions.

ARTICLE HIGHLIGHTS

Research background

Non-alcoholic fatty liver disease (NAFLD) is a progressive disease that can lead to complications such as liver fibrosis,
cirrhosis, hepatocellular carcinoma, cardiovascular diseases, and metabolic disorders such as type 2 diabetes. However, to
date, no medications have been approved for treating NAFLD, and lifestyle modifications remain the cornerstone of
treatment.

Research motivation

Changing an unhealthy lifestyle can be useful for alleviating hepatic steatosis in patients with NAFLD. However, not
everyone is able or willing to adhere to the dietary and exercise guidelines. The variety of exercise and dietary controls
makes it challenging to quantify and evaluate patient’s adherence.

Research objectives
To evaluate adherence effectively and swiftly with the recommendations for lifestyle changes in patients with NAFLD,
implementing various intervention strategies based on adherence levels to prevent disease progression is crucial.

Research methods

First, we identified factors affecting exercise and dietary adherence in patients with NAFLD. The Delphi method was
used to analyze and modify the Exercise and Diet Adherence Scale (EDAS). After a preliminary small-scale survey and
further adjustments, the EDAS was established. Enrolled patients with NAFLD followed exercise and diet interventions,
filled the EDAS at the beginning, and were followed up for 6 months. Finally, we evaluated and validated the reliability
of the EDAS.

Research results

The EDAS demonstrated good item discrimination; internal consistency reliability; test-retest reliability; and content,
construct, and criterion validity. It can reliably measure the adherence of patients with NAFLD to exercise and dietary
interventions.

Research conclusions

The EDAS has been established to assess the adherence of patients objectively, directly, and rapidly with NAFLD to
changing unhealthy lifestyles. This reliable tool supports early intervention in NAFLD, aims to prevent disease
progression, and reduces the healthcare burden.
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Research perspectives

EDAS plays an important clinical role in the assessment, treatment, and management of NAFLD. However, its
widespread application requires multicenter prospective studies. Additionally, the participants in this study did not
undergo a liver biopsy. Thus, future research should explore the impact of EDAS on liver pathology.
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Abstract

BACKGROUND

Ulcerative colitis is a chronic inflammatory disease of the colon with an unknown
etiology. Alkaline sphingomyelinase (alk-SMase) is specifically expressed by
intestinal epithelial cells, and has been reported to play an anti-inflammatory role.
However, the underlying mechanism is still unclear.

AIM

To explore the mechanism of alk-SMase anti-inflammatory effects on intestinal
barrier function and oxidative stress in dextran sulfate sodium (DSS)-induced
colitis.

METHODS
Mice were administered 3% DSS drinking water, and disease activity index was
determined to evaluate the status of colitis. Intestinal permeability was evaluated
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by gavage administration of fluorescein isothiocyanate dextran, and bacterial translocation was evaluated by
measuring serum lipopolysaccharide. Intestinal epithelial cell ultrastructure was observed by electron microscopy.
Western blotting and quantitative real-time reverse transcription-polymerase chain reaction were used to detect the
expression of intestinal barrier proteins and mRNA, respectively. Serum oxidant and antioxidant marker levels
were analyzed using commercial kits to assess oxidative stress levels.

RESULTS

Compared to wild-type (WT) mice, inflammation and intestinal permeability in alk-SMase knockout (KO) mice
were more severe beginning 4 d after DSS induction. The mRNA and protein levels of intestinal barrier proteins,
including zonula occludens-1, occludin, claudin-3, claudin-5, claudin-8, mucin 2, and secretory immunoglobulin A,
were significantly reduced on 4 d after DSS treatment. Ultrastructural observations revealed progressive damage to
the tight junctions of intestinal epithelial cells. Furthermore, by day 4, mitochondria appeared swollen and
degenerated. Additionally, compared to WT mice, serum malondialdehyde levels in KO mice were higher, and the
antioxidant capacity was significantly lower. The expression of the transcription factor nuclear factor erythroid 2-
related factor 2 (Nrf2) in the colonic mucosal tissue of KO mice was significantly decreased after DSS treatment.
mRNA levels of Nrf2-regulated downstream antioxidant enzymes were also decreased. Finally, colitis in KO mice
could be effectively relieved by the injection of tertiary butylhydroquinone, which is an Nrf2 activator.

CONCLUSION
Alk-SMase regulates the stability of the intestinal mucosal barrier and enhances antioxidant activity through the
Nrf2 signaling pathway.

Key Words: Alkaline sphingomyelinase; Intestinal mucosal barrier; Antioxidant capacity; Dextran sulfate sodium-induced
colitis; nuclear factor erythroid 2-related factor 2

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The protective effect of alkaline sphingomyelinase (alk-SMase) against intestinal inflammation has been
demonstrated, but the underlying molecular mechanism remains unclear. In the present study, we found that alk-SMase
deficiency exacerbated damage to the intestinal mucosal barrier in dextran sulfate sodium-induced colitis. Additionally, alk-
SMase was shown to enhance antioxidant activity, thereby reducing susceptibility to proinflammatory factors in colitis.
Furthermore, our findings revealed that alk-SMase may maintain intestinal barrier stability and increase antioxidant capacity
through the nuclear factor erythroid 2-related factor 2 signaling pathway.
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INTRODUCTION

Ulcerative colitis (UC), which is a kind of inflammatory bowel disease (IBD), is a chronic and recurrent inflammatory
disease of the colon that causes destruction and inflammation in the colonic mucosa and a persistent increase in the risk
of developing colorectal cancer (CRC)[1,2]. However, the etiology of UC is unclear, and it is believed that UC is related to
many factors, such as genetics, the environment, infection and immunomodulatory disorders, and damage to the
intestinal mucosal barrier is the core of its pathogenesis[3]. The intestinal mucosal barrier includes the mechanical barrier,
immune barrier, microbial barrier and chemical barrier. Any instability in intestinal barrier function leads to the
destruction of intestinal mucosal tissue and causes inflammatory disease[4,5]. However, inflammation might be an
important risk factor for the development of colitis-associated CRC[6,7].

It is well known that the intestinal mucosa is exposed to immune and inflammatory stimuli triggered by various
pathogenic and oxidative factors[8,9]. Currently, most people believe that intestinal inflammation is caused by a
weakened intestinal mucosal barrier and increased permeability of the intestinal mucosa, which leads to the passage of
intestinal pathogenic bacteria through the barrier[10-12]. Therefore, intestinal barrier integrity and normal immune
function are crucial for maintaining cellular homeostasis[13,14].

Alkaline sphingomyelinase (alk-SMase), which is also called nucleotide pyrophosphatase/phosphodiesterase 7 (NPP7),
is specifically expressed in the gut in mammals and in the human liver and is the key enzyme for hydrolyzing
phospholipids, such as SM, lysophosphatidylcholine (lyso-PC) and platelet activating factor (PAF), in the intestinal lumen
[15,16]. In addition, a recent study reported that alk-SMase might play a role in intestinal immune homeostasis through
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the regulation of dendritic cell and T-lymphocyte numbers in mesenteric lymph nodes and both the small and large
intestines[17]. Therefore, the potential role of alk-SMase in intestinal inflammation has attracted increasing attention.
Sjoqvist et al[18] reported that chronic colitis was associated with a reduction in mucosal alk-SMase activity, and the
authors first suggested the role of alk-SMase in intestinal inflammation. Several studies have confirmed the anti-inflam-
matory effects of the enzyme on colitis and colitis-associated carcinogenesis[19-21]. Our previous research showed that
alk-SMase deficiency increased autotaxin (NPP2) and upregulated the levels of the proinflammatory factor lysophos-
phatidic acid in a dextran sulfate sodium (DSS)-induced colitis model. Furthermore, the early increase in PAF could
trigger DSS-induced inflammation[20]. However, whether alk-SMase affects specific factors related to the stability and
permeability of the intestinal mucosa is still unknown.

In this study, we used alk-SMase gene knockout (KO) mice to further investigate the effect of alk-SMase on intestinal
barrier function and mucosal permeability in DSS-induced colitis; DSS is a widely used colitis model because of its
simplicity and many similarities with human UC[22]. We identified significant changes in several key molecules related
to intestinal stability, permeability and antioxidant activity, thus deepening our understanding of the protective roles of
these enzymes in the intestinal tract.

MATERIALS AND METHODS

Animals

Duan’s group at Lund University, Sweden generously provided alk-SMase”’- mice generated from mice on a C57BL/6
background[23]. The alk-SMase*/* mice and alk-SMase”- mice used in the experiments were crossbred from alk-SMase*/-
mice. The genotypes of the animals were confirmed by polymerase chain reaction (PCR). All mice were kept in the animal
facilities under laboratory conditions (23 °C, 12 h/12 h light/dark, 50% humidity, commercial standard pellets and free
access to drinking water). The animal protocol was designed to minimize pain or discomfort. All the experimental
animals were anesthetized with isoflurane prior to the operation.

Treatment of mice with DSS

Twelve-week-old mice were provided 3% DSS (MW 36000-50000) (MP Biomedicals, Santa Ana, CA, United States) in
their daily drinking water for 4 or 6 d and were fed a normal diet during the induction of acute colitis. The disease
activity index (DAI) was measured by examining weight loss, stool consistency and blood in the stool during the
experiments according to previous methods[20] (Table 1). After DSS was induced, the mice were anesthetized by
isoflurane inhalation, and blood was harvested for subsequent analysis. The organs were removed, and the colon length
was measured. Colon tissue sections (0.5 mm) were stained with hematoxylin-eosin, and histopathological examinations
were performed by microscopy. Colonic mucosal tissues were scraped for subsequent experiments. For the colitis model
treated with tertiary butylhydroquinone (t-BHQ) (Sigma-Aldrich, St Louis, MO, United States), KO mice in the t-BHQ
group were intraperitoneally injected with 50 mg/kg/d t-BHQ for 6 d and subsequently sacrificed. The experiments were
performed as described above.

Detection of intestinal permeability

A fluorescein isothiocyanate dextran (FITC-D) experiment was performed to examine intestinal permeability. Briefly, on
days 0, 4 and 6 after 3% DSS treatment, the mice were administered 4 kDa FITC-D (50 mg/100 g body weight) by gavage
and sacrificed after 4 h. Serum was obtained by centrifugation at 1000 x g for 15 min, after which the fluorescence of
FITC-D was measured with a fluorescence microplate reader at excitation and emission wavelengths of 485 nm and 535
nm, respectively. The concentration of FITC-D in serum was calculated based on the standard curve.

Analysis of lipopolysaccharide in serum and secretory immunoglobulin A in mucosal tissue by enzyme-linked

immunosorbent assay

Mouse serum lipopolysaccharide (LPS) concentrations were analyzed using an enzyme-linked immunosorbent assay
(ELISA) kit (AndyGene Biotechnology, Beijing, China). An anti-mouse LPS antibody was added to the microporous plate.
Serum samples and standards were pipetted into separate wells, followed by the addition of a biotin-conjugated LPS
antibody. The LPS in the sample or standard was sandwiched between pairs of antibodies. After the wells were
thoroughly washed, HRP-conjugated streptavidin was added. The solution turned blue after the addition of the TMB
substrate (HRP catalyzes the enzyme-substrate reaction). The LPS concentration of each serum sample was calculated
using the standard curve. Intestinal mucosal tissue was homogenized and centrifuged, after which the proteins were
extracted. The supernatant was carefully collected. The level of secretory immunoglobulin A (sIgA) in the intestinal
mucosa was assessed by an ELISA kit (AndyGene Biotechnology) according to the manufacturer’s instructions.

Assessment of intestinal ultrastructural changes by electron microscopy

Colon sections (0.5 cm) were removed and fixed in 2% glutaraldehyde. After fixation, embedding and staining, 60 nm
continuous sections were cut. These sections were stained with 1% uranyl acetate for 20 min and lead citrate for 7 min.
The microvilli, cell structure, organelles and cell junctions of intestinal mucosal epithelial cells were observed by electron
microscopy.
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Table 1 Assessment of the disease activity index scores

Score Weight loss Stool consistency Blood in stool

0 None Normal pellets Negative

1 1%-5% Slight loose but still sharp Hemoccult positive

2 5%-10% Loose pellet Visual slightly bleeding

3 10%-15% Loose feces and no shape Obvious bleeding but no adhesion around the anus

4 >15% Diarrhea Gross bleeding and blood incrustation around the anus

Protein isolation and western blotting

Colonic mucosal tissues were first lysed in RIPA buffer and subsequently homogenized on ice using a homogenizer. The
supernatants of the homogenates were collected after centrifugation at 13500 x rpm at 4°C for 15 min. Total extracted
proteins (50 pg) were separated by sodium-dodecyl sulfate gel electrophoresis, transferred to nitrocellulose membranes
and blocked with 5% skim milk for 1 h at room temperature. Afterward, the membranes were incubated with primary
antibodies overnight at 4°C. The primary antibodies used were claudin-3 (1:800 dilution) (Abcam, Cambridge, United
Kingdom), claudin-5 (1:800 dilution) (Abcam), occludin (1:400 dilution) (Abcam), zonula occludens-1 (ZO-1) (1:500
dilution) (Abcam), nuclear factor erythroid 2-related factor 2 (Nrf2) (1:500 dilution) (Santa Cruz Biotechnology, Dallas,
TX, United States) and B-actin (1:8000 dilution). The membranes were washed with TBST buffer three times for 10 min
each. Then, the membranes were incubated with the appropriate peroxidase-conjugated secondary antibodies (1:20000
dilution), after which chemiluminescence was detected. Image] software was used to measure the optical density of the
bands. The expression levels of the target proteins relative to B-actin were calculated.

Total RNA isolation and quantitative real-time reverse transcription-PCR

Total RNA was isolated from colonic mucosal tissues using TRIzol reagent (Invitrogen of Thermo Fisher Scientific,
Waltham, MA, United States). To remove the inhibitory effect of DSS on qPCR, the RNA was purified using lithium
chloride[24]. RNA concentration and purity were determined by using a Nanodrop (Thermo Fisher Scientific), and RNA
integrity was verified by 2% agarose gel electrophoresis. Briefly, the RNA was reverse-transcribed into cDNA using
ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). Real-time PCR was performed
according to the instructions of the SYBR Green Real-time PCR Master Mix Kit (Toyobo). The primers used are shown in
Table 2. The relative expression levels of the target genes were normalized to that of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)[25,26] in each sample by the 244 method.

Detection of serum oxidant and antioxidant markers

The concentration of malondialdehyde (MDA) and the activities of superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) were determined using commercially available kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions. The assay for SOD activity was based on its ability to
inhibit the oxidation of hydroxylamine by O, - produced from the xanthine-xanthine oxidase system. One unit of SOD
activity was defined as the amount that reduced the absorbance at 550 nm by 50%. GSH-Px activity was assayed by
quantifying the rate of oxidation of reduced glutathione to oxidized glutathione by H,O,, as catalyzed by GSH-Px. MDA
levels were measured according to the thiobarbituric acid (TBA) method (Nanjing Jiancheng Bioengineering Institute).
The method was based on spectrophotometric measurements of the color produced during the reaction of TBA with
MDA. MDA concentrations were calculated by measuring the absorbance of TBA reactive substances at 532 nm.

Statistical analysis

The data are presented as the mean * standard error of the mean. Each experiment was performed in triplicate and
independently repeated a minimum of three times, and every experiment was performed with a sample size of no less
than 3 mice per group. Statistical significance was assessed using an unpaired Student’s ¢-test for 2-group comparisons.
Multigroup comparisons were performed using one-way analysis of variance (ANOVA), followed by using the Least
Significant Difference test. A P value < 0.05 was considered statistically significant. Data analysis was conducted using
SPSS 20.0 software (IBM Corp., Armonk, NY, United States), while graphical representations were created using
GraphPad Prism software, version 5 (GraphPad Software, Inc., La Jolla, CA, United States).

RESULTS

alk-SMase (NPP?7) deficiency exacerbates DSS-induced colitis

In this study, 3% DSS successfully induced acute colitis in both wild-type (WT) and KO mice. As shown in Figure 1A, the
body weights of WT and KO mice were slightly decreased on day 4 but were substantially decreased from day 5 to day 6
of DSS treatment. On day 6, the weight of KO mice decreased by 23.1%, whereas that of WT mice decreased by 14.5%.
Similarly, the changes in the DAI scores were consistent with the effects on body weight, and the scores were significantly
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Table 2 Quantitative real-time reverse transcription-polymerase chain reaction primers for target genes

Gene Gene ID Primer

ZO-1F 21872 AGCTGCCTCGAACCTCTACTCTAC
ZO-1R GCCTGGTGGTGGAACTTGCTC
Occludin F 18260 TGCTTCATCGCTTCCTTAGTAA
Occludin R GGGTTCACTCCCATTATGTACA
Claudin2 F 12738 GGGCAATCGTACCAACTA
Claudin2 R CAGTCAGGCTGTATGAGTTG
Claudin3 F 12739 GGCGGCTCTGCTCACCTTA
Claudin3 R CGTACAACCCAGCTCCCATC
Claudin5 F 12741 TGGTGCTGTGTCTGGTAGGATGG
Claudin5 R GTCACGATGTTGTGGTCCAGGAAG
Claudin8 F 54420 TGTCTGCCTTCATCGAAAGTAA
Claudin8 R GGCATGCCTCATACAATTCATC
MUC2 F 17831 TGCTGACGAGTGGTTGGTGAATG
MUC2R TGATGAGGTGGCAGACAGGAGAC
Nrf2 F 18024 CGAGATATACGCAGGAGAGGTAAGA
Nrf2 R GCTCGACAATGTTCTCCAGCTT
HO-1F 15368 ACCGCCTTCCTGCTCAACATTG
HO-1R CTCTGACGAAGTGACGCCATCTG
GSH-Px F 14775 AGGGCTGTGCTGATTGAGAATGTG
GSH-Px R CTCCTGATGTCCGAACTGGTTGC
GCLc F 14629 ATGTGGACACCCGATGCAGTATT
GCLcR TGTCTTGCTTGTAGTCAGGATGGTTT
SOD2 F 20656 TCCCAGACCTGCCTTACGACTATG
SOD2 R CTCCTCGGTGGCGTTGAGATTG
GAPDH F 14433 GGTTGTCTCCTGCGACTTCA
GAPDH R TGGTCCAGGGTTTCTTACTCC

F: Forward; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GCLc: Glutamate-cysteine ligase catalytic subunit; GSH-Px: Glutathione peroxidase;
HO-1: Heme oxygenase-1; MUC2: Mucin 2; Nrf2: Nuclear factor erythroid 2-related factor 2; R: Reverse; SOD: Superoxide; ZO-1: Zonula occludens-1.

higher in KO mice than in WT mice on day 6 (Figure 1B). Compared with those of WT mice, the colon lengths of KO mice
were significantly shorter before DSS treatment or after DSS treatment for 6 d, as shown in Figure 1C. The changes in
tumor necrosis factor-alpha and interleukin-6 levels were significantly higher in KO mice than in WT mice after DSS
treatment for 4 d (Figure 1D).

Histopathological changes were characterized, and there were different degrees of epithelial damage, inflammatory
cell infiltration, goblet cell depletion and crypt damage (Figure 1E). Before DSS induction, the colonic mucosal epithelium
of WT and KO mice was intact, and abundant goblet cells were observed, with a clear mucosal structure and no inflam-
matory cell infiltration. On day 4 after DSS induction, WT mice exhibited relatively minor epithelial cell damage, reduced
goblet cells, mild glandular hyperplasia, and infiltrating inflammatory cells. In contrast, KO mice exhibited extensive
infiltration of inflammatory cells in the submucosal layer of connective tissue and a small amount of necrosis and
desquamation of mucosal epithelial cells. By day 6, WT mice exhibited disorderly arranged glands, with partial necrosis
and loss and a significant decrease in goblet cells. KO mice exhibited disruption of the intestinal epithelial layer, marked
vascular dilation, abnormal morphology of goblet cells with a large cellular cavity, and widespread inflammation and
inflammatory cells extending to blood vessels, the submucosa, and even the muscle layers.

alk-SMase (NPP?7) deficiency increases intestinal mucosal permeability in DSS-induced colitis

To explore why the KO mice had more severe colitis than the WT mice, intestinal permeability after DSS administration
was examined by measuring changes in the serum concentration of FITC-D. As shown in Figure 2A, the intestinal
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Figure 1 Alkaline sphingomyelinase deficiency exacerbates dextran sulfate sodium-induced colitis in mice. The mice were treated with 3%
dextran sulfate sodium (DSS) in drinking water for 6 d. A: Body weight (BW) was measured, and the percentage of BW loss was calculated (n = 6 per group); B: The
disease activity index (DAI) was calculated according to the stool bleeding score, BW loss, stool consistency, and disease signs (n = 4 per group); C: After 6 d of DSS
treatment, the colon was removed, and the length of the colon was measured (before DSS, n = 3 per group; after DSS, n = 4 per group); D: The mRNA levels of tumor
necrosis factor (TNF)-alpha and interleukin (IL)-6 in colonic mucosal tissue were analyzed (n = 4 per group); E: Histopathological characterization of the colon was
performed. Arrows: Decreased goblet cells; dysplastic glands; dilated congested blood vessels; destroyed mucosal layer; severe damage to the intestinal epithelium;
intensive inflammatory cell infiltration to the submucosa and muscularis. 2P < 0.05, °P < 0.01, °P < 0.005 compared with wild-type (WT). KO: Gene knockout.

permeability of WT mice and KO mice did not change before DSS induction. However, on day 4 (P < 0.005) and day 6 (P
< 0.05) after DSS induction, the intestinal permeability of KO mice was significantly higher than that of WT mice.
Therefore, we verified that alk-SMase deficiency enhanced intestinal epithelial permeability on day 4 of DSS-induced
colitis.

To observe the extent of colonic epithelial cell damage, we compared the levels of the bacterial translocation marker
LPS in the serum of WT and KO mice (Figure 2B). We found that the serum concentration of LPS was significantly
increased in WT and KO mice after DSS induction, but there was no significant difference between WT and KO mice on
day 4, while serum concentrations were significantly higher in KO mice than in WT mice on day 6. The damage to the
colonic mucosal epithelial cells in the KO mice had occurred on day 4 and was more severe on day 6.

alk-SMase deficiency changes the expression of intestinal barrier proteins

The expression of ZO-1, occludin, claudin-2, claudin-3, claudin-5 and claudin-8 in mouse colonic mucosal tissues before
and after DSS induction was examined. Before DSS treatment (day 0), the mRNA levels of claudin-3 and claudin-8 were
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Figure 2 Alkaline sphingomyelinase deficiency increases intestinal permeability in dextran sulfate sodium-induced colitis. The mice were
treated with 3% dextran sulfate sodium (DSS) water, and blood was collected on days 0, 4, and 6. A: The mice were administered 4 kDa fluorescein isothiocyanate
dextran (FITC-D) by gavage 4 h before blood sampling, after which the fluorescence intensity of FITC-D in serum was measured (n = 5-9 per group); B: Serum
lipopolysaccharide (LPS) concentrations were detected on days 0, 4, and 6 after DSS treatment (n = 3 per group). ?P < 0.05, °P < 0.005 compared with wild-type
(WT) mice. KO: Gene knockout.

significantly lower in KO mice than in WT mice, but claudin-5 mRNA levels were significantly lower (Figure 3A).
However, the mRNA levels in KO mice were significantly lower than those in the WT mice after DSS induction (day 4)
(Figure 3B). Western blotting was subsequently performed to detect the protein expression of ZO-1, occludin, claudin-3
and claudin-5. Before DSS treatment (day 0), the expression levels of all the proteins in KO mice were lower than those in
WT mice (P < 0.05) (Figure 3C). However, after DSS induction for 4 d, the decreases in proteins levels in KO mice were
more significant than those in WT mice (P < 0.01) (Figure 3D). Furthermore, the level of mucin 2 (MUC2), which is an
important secretory protein in the gut, was significantly lower in KO mice than in WT mice on days 0 and 4 after DSS
induction. We also examined the levels of the intestinal secretory protein sIgA, which is an important component of the
intestinal mucosal immune barrier. On day 4 after DSS induction, sIgA levels were lower in WT and KO mice than before
DSS induction, but no significant difference was observed between the two groups. However, on day 6, KO mice
exhibited significantly lower levels of sIgA than WT mice, suggesting greater impairment of the intestinal immune barrier
in KO mice (Figure 3E and F).

Ultrastructural changes in the colonic epithelial cells of alk-SMase KO mice

As shown in Figure 4, before DSS treatment (day 0), the ultrastructure of colonic mucosal epithelial cells was normal, as
shown by electron microscopy. However, there was slight loss of microvilli, swollen mitochondria and impaired tight
junctions (TJs) in WT mice and KO mice on day 4 of DSS induction. The damage to the intestinal mechanical barrier in
KO mice was more severe than that in WT mice on day 4. Moreover, we found widespread mitochondrial swelling and
degeneration in intestinal epithelial cells after DSS induction for 4 d. However, on day 6, compared with WT mice, KO
mice exhibited more severe colonic epithelial damage, and the intestinal epithelial cells in KO mice showed abscission of
microvilli, widening of intercellular spaces, severe disruption of TJs, nuclear pyknosis, and epithelial ablation, as shown
by the arrows in Figure 4.

alk-SMase deficiency decreases antioxidant capacity in vivo

To verify whether mitochondrial damage caused changes in oxidative stress levels, changes in the antioxidant capability
of serum were measured after DSS induction for 4 d. There was no difference in the levels of the antioxidant enzymes
GSH-Px and SOD before DSS induction, but these levels were significantly lower in KO mice than in WT mice after DSS
induction (Figure 5A and B). In contrast, the MOD of KO mice was significantly higher than that of WT mice after DSS
induction (Figure 5C).

alk-SMase deficiency attenuates the antioxidant activity of colon tissues

To explore the extent to which antioxidant capacity decreased, changes in the expression of the key transcription factor
Nrf2 in colonic mucosal tissues were examined. As shown in Figure 6A and B, the expression of Nrf2 in KO mice was
significantly lower than that in WT mice after DSS stimulation for 4 d. Heme oxygenase-1 (HO-1), which is an antioxidant
enzyme regulated by Nrf2, was further examined, and the mRNA level in KO mice was significantly lower than that in
WT mice. Similarly, on day 4 after DSS treatment, the mRNA levels of GSH-Px, glutamate-cysteine ligase catalytic
subunit (GCLc), and SOD in KO mice were significantly lower than those in WT mice (Figure 6C).

Nrf2 activation can rescue the effects of alk-SMase deficiency in colitis

To verify the effect of alk-SMase on the Nrf2 signaling pathway, KO mice were intraperitoneally injected with the Nrf2
activator t-BHQ every day during DSS induction. Body weight loss (Figure 7A), active state, stool consistency and blood
in the stool were effectively alleviated by t-BHQ in KO mice. The increased DAI of KO mice after DSS treatment was
significantly decreased by t-BHQ-mediated activation of Nrf2 (Figure 7B). Furthermore, the changes in the thymus,
spleen, and liver weights caused by the knockout of alk-SMase were significantly reversed to almost the same levels as
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Figure 3 Changes in intestinal mucosal barrier proteins in mice after dextran sulfate sodium induction. The mice were given normal drinking
water before dextran sulfate sodium (DSS) treatment, and then the mice were given 3% DSS water for 4 d. Quantitative real-time reverse transcription-polymerase
chain reaction and western blot analysis of intestinal barrier proteins were performed on homogenates of colonic mucosa tissues. A and B: The relative mRNA levels
were determined relative to those in the wild-type (WT) group; C and D: The densities of the bands were determined relative to those in the WT group; E: Mucin 2
(MUC2) mRNA levels were examined in the homogenates of colonic mucosa tissues; F: The animals were euthanized on days 0, 4, and 6 after receiving DSS water.
The levels of secretory immunoglobulin A (slgA) in the homogenates of colonic mucosa tissues were examined by enzyme-linked immunosorbent assay. n = 3 per

group. 2P < 0.05, °P < 0.01, °P < 0.005 compared with WT mice. KO: Gene knockout; ZO-1: Zo|

Days of DSS treatment

nula occludens-1.

those in WT mice after t-BHQ treatment of experimental colitis (Figure 7C-E). The colons of the KO mice treated with t-
BHQ were obviously longer than those of KO mice that were not treated with t-BHQ (Figure 7F).
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Figure 4 Ultrastructure of colonic mucosal epithelial cells in mice after dextran sulfate sodium induction. Mice were treated with 3% dextran
sulfate sodium (DSS) water. Colon sections (0.5 cm) were removed on days 0, 4, and 6 after DSS treatment and fixed in 2% glutaraldehyde. The microvilli, cell
structure, organelles and cell junctions of intestinal mucosal epithelial cells were examined by electron microscopy. Before DSS induction, the junctions between
epithelial cells in wild-type (WT) and gene knockout (KO) mice were normal. After DSS induction, WT mice exhibited a loss of microvilli, pyknotic nuclei and impaired
tight junctions. In KO mice, severe colonic epithelial damage was observed, and the intestinal epithelial cells exhibited damaged microvilli, widening of intercellular
spaces, nuclear pyknosis, and mitochondrial swelling and degeneration (green arrows show damaged microvilli, orange arrows show mitochondrial swelling, and blue
arrows show the intercellular space).
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Figure 5 Changes in antioxidant enzyme activity in the serum of mice after dextran sulfate sodium induction. The mice were given normal
drinking water before dextran sulfate sodium (DSS) treatment, and the mice were then given 3% DSS water for 4 d. The concentration of malondialdehyde (MDA) and
the activities of superoxide (SOD) and glutathione peroxidase (GSH-Px) were determined before and after DSS induction for 4 d. A: Serum MDA levels; B: GSH-Px
activity; C: SOD activity. n = 4 per group. 2P < 0.05, °P < 0.01 compared with wild-type (WT) mice. KO: Gene knockout.

DISCUSSION

Alk-SMase is the key enzyme that hydrolyzes SM in the intestinal lumen. It can also hydrolyze many other phospho-
lipids, such as lyso-PC and PAF[15,16]. In this study, alk-SMase KO mice were used to elucidate the pathogenesis of
intestinal inflammation in an experimental colitis model and explore the mechanisms underlying the anti-inflammatory
effect of alk-SMase. Our results were consistent with those of previous studies, in which weight was lower, the colon was
shorter and the DAI was higher in alk-SMase KO mice than in control mice[20]. These findings confirmed that mice with
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Figure 6 Changes in the expression of colonic nuclear factor erythroid 2-related factor 2 and antioxidant enzymes after dextran sulfate
sodium induction. The mice were given normal drinking water before dextran sulfate sodium (DSS) treatment, and the mice were then given 3% DSS water for 4
d. A and B: Western blot analysis of nuclear factor erythroid 2-related factor 2 (Nrf2) was performed on homogenates of colonic mucosa tissues before and after DSS
induction; C: Quantitative real-time reverse transcription-polymerase chain reaction was used to measure the mRNA levels of Nrf2 and its target antioxidant genes in
colonic mucosa tissues. n = 4 per group. 2P < 0.05, °P < 0.01 compared with wild-type (WT) mice. GCLc: Glutamate-cysteine ligase catalytic subunit; GSH-Px:
Glutathione peroxidase; HO-1: Heme oxygenase-1; KO: Gene knockout; SOD: Superoxide.

alk-SMase deficiency developed more severe colitis than normal animals after DSS exposure. In this colitis model, we
noticed significant changes in body weight and the DAI score on day 5 after DSS induction and only slight changes in all
symptoms on day 4, indicating that intestinal epithelial damage did not occur on day 4. Therefore, it was reasonable to
select the fourth day of DSS induction as the time point for follow-up experiments to observe the molecular changes
induced by DSS in the intestine[27].

Previous studies have demonstrated the progressive downregulation of alk-SMase activity in patients with chronic UC
and colorectal adenocarcinomal[18]. Intestinal alk-SMase has been shown to exert anti-inflammatory effects through the
hydrolysis of SM and lyso-PC and inactivation of PAF[16,20,28,29]. However, the specific role of alk-SMase, which is a
key enzyme involved in the hydrolysis of phospholipids in intestinal cell membranes, in intestinal barrier function and
the underlying mechanism of its anti-inflammatory effect are poorly understood.

To assess damage to the intestinal mucosal barrier, we initially investigated changes in intestinal permeability in mice
with DSS-induced colitis by measuring the concentration of FITC-D in the blood, which serves as a reliable indicator of an
increase in permeability[30]. We observed a significant increase in FITC-D concentrations in the serum of all the mice
following DSS induction, and KO mice exhibited higher levels of FITC-D than WT mice beginning on day 4. These
findings suggest that KO mice experience more severe intestinal permeability during the inflammatory response than WT
mice, indicating that alk-SMase deficiency exacerbates damage to the intestinal mucosal barrier in a DSS-induced colitis
model.

The mechanical barrier of the intestine is crucial for preventing pathogen migration into the mucosa and subsequent
inflammation; this barrier consists of TJs, adherens junctions, and desmosomes and plays a crucial role in maintaining the
normal permeability of the intestinal mucosa[31]. Proteins such as occludin, claudins, and ZO-1, ZO-2, and ZO-3 are
integral components of these junctions[32-34]. Clinical studies have demonstrated that patients with Crohn’s disease
exhibit decreased protein expression and redistribution of occludin, claudin-3, claudin-5, and claudin-8, while patients
with UC exhibit decreased protein expression and redistribution of occludin, claudin-1, and claudin-4[33,34]. The
physical and biochemical functions of the intestinal epithelium and its associated mucus layer are important not only for
the colonization of beneficial bacteria but also for the maintenance of mucosal immune homeostasis[10].

To evaluate alterations in intestinal permeability, we assessed the expression of various proteins implicated in the
integrity of the intestinal mucosal barrier. Our findings revealed that the deletion of alk-SMase in mice resulted in a
significant reduction in the protein levels of ZO-1, occludin, claudin-3, and claudin-5 and in the mRNA level of MUC2
before and after DSS induction, indicating that the colonic mucosal barrier was unstable in KO mice that did not receive
any inflammatory agents[35,36]. However, when stimulated with an inflammatory agent, the susceptibility of intestinal
epithelial cells increased significantly, resulting in exacerbated intestinal barrier function damage in KO mice. Notably,
these changes in protein expression were observed on day 4 of DSS treatment and preceded the onset of severe epithelial
cell damage induced by DSS. Moreover, the levels of sIgA, an immune protein secreted by intestinal epithelial secretory
cells[37], did not significantly change in mucosal tissue on day 4 after DSS induction but did significantly decrease on day
6. This observation suggested that intestinal secretory cells did not experience severe damage on the 4™ d but did exhibit
damage by the 6" d, which aligns with our initial hypothesis. These findings suggest that alk-SMase plays a critical role in
maintaining mucosal barrier function by upregulating the expression of intestinal TJ] proteins and mucin secretory
molecules during the early stages of inflammation.

Furthermore, we performed electron microscopy to examine the ultrastructure of intestinal epithelial cells. Our
observations revealed significant alterations in intercellular junctions, the inflammatory response, and organelles
following inflammatory induction, and there were more pronounced changes in alk-SMase KO mice than in WT mice.
Notably, alk-SMase-deficient intestinal epithelial cells exhibited substantial damage in the presence of the inflammatory
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Figure 7 Changes in the incidence of experimental colitis after intraperitoneal injection of tertiary butylhydroquinone in mice. The mice
were given 3% dextran sulfate sodium (DSS) drinking water for 6 d, and gene knockout (KO) mice in the tertiary butylhydroquinone (t-BHQ) group were
intraperitoneally injected with 50 mg/kg t-BHQ every day. A: Body weight (BW) loss; B: The disease activity index (DAI), calculated according to BW loss, active state,
stool consistency, and blood in the stool; C-E: On day 6 of DSS treatment, the mice were killed, the organs were removed and weighed, the ratios of organ weight to
BW were calculated; F: The colon lengths were measured. n = 4 or 5 per group. 2P < 0.05, °P < 0.01, °P < 0.005, compared to wild-type (WT) mice. ¢P < 0.05, °P <
0.01, P < 0.005, compared to KO mice.

agent. These ultrastructural changes provide evidence of intestinal mucosal barrier damage that could lead to increased
intestinal permeability. Additionally, during the ultrastructural examination, we observed common mitochondrial
swelling in intestinal epithelial cells following DSS-induced inflammation, particularly in the context of alk-SMase
deletion, indicating more pronounced mitochondrial degeneration. DSS-induced murine colitis has been previously
reported to affect mitochondrial function, resulting in reduced intestinal barrier function and increased permeability[38-
40].

To investigate whether alk-SMase exerts protective effects through the mitochondrial antioxidant pathway, we
observed changes in the activity of several serum antioxidant enzymes. In general, mitochondria can be stimulated by
cellular oxidative stress and produce antioxidants that play a key role in the anti-inflammatory response and in protecting
against inflammatory agent invasion[41]. We observed changes in the activities of several serum antioxidant enzymes,
such as GSH-Px and SOD, and the serum oxidative stress product MDA; we found that alk-SMase-deficient mice showed
greater oxidative stress and decreased antioxidant capacity than WT mice after DSS induction. Several studies have
reported the significant roles of SM, PC, and lyso-PC in maintaining intestinal mucosal barrier function and regulating
permeability in UC[42-44]. Lipid peroxidation has been suggested to be a mechanism underlying sustained membrane
permeability[45]. alk-SMase deficiency disrupts phospholipid metabolism and alters the levels of oxidized lipid
molecules, which may contribute to changes in mucosal barrier function and the increase in permeability, thereby
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influencing the progression of colon inflammation.

In the DSS-induced colitis model, intestinal inflammation regulates oxidative stress. Our study aimed to investigate the
changes in oxidative stress molecules in intestinal mucosal tissue. Nrf2 is a transcription factor that binds to the
promoters of downstream genes to upregulate expression and initiate the transcription of oxidative stress-related and
anti-inflammatory genes[46,47]. In this study, we observed that alk-SMase regulated Nrf2 expression in colonic mucosal
tissues during DSS-induced colitis. This regulation impacted the transcription levels of Nrf2 and its downstream genes,
including HO-1, GSH-Px, GCLc¢, and SOD[48]. The downregulation of these antioxidant enzymes in the colonic mucosal
tissues of alk-SMase-deficient mice confirmed the role of alk-SMase in regulating antioxidant capacity by decreasing Nrf2
levels in the DSS-induced colitis model.

The Nrf2 signaling pathway plays a crucial role in gastrointestinal tract function and is directly involved in the
development of IBD. Drugs that modulate Nrf2 may be used to treat IBD[49]. Additionally, the previous study de-
monstrated that t-BHQ reduced intestinal epithelial cell injury and intestinal mucositis via activation of Nrf2[50]. To
further confirm that alk-SMase regulates intestinal inflammation through the Nrf2 signaling pathway, alk-SMase KO
mice with DSS-induced colitis were treated with t-BHQ, an activator of Nrf2[51]. In the present study, DSS inflammatory
responses were effectively alleviated, and there were improvements in colonic length, body weight loss, stool bleeding,
stool consistency, and disease signs. These results indicated that the downregulation of Nrf2 expression induced by alk-
SMase deficiency was reversed.

Additionally, several studies have shown that Nrf2 can strengthen TJs in the intestinal epithelium[52,53]. Activation of
the ERK/Nrf2/HO-1 signaling cascade reportedly enhanced the expression of occludin and ZO-1 proteins in the
intestinal epithelial layer[54]. Furthermore, Nrf2 has been shown to bind to the promoter regions of certain claudins and
increase their expression[55]. In our study, alk-SMase could maintain intestinal permeability, increase antioxidant
capacity in colitis mice, and upregulate Nrf2. This effect may be one of the molecular mechanisms underlying the anti-
inflammatory effect of alk-SMase. We propose that alk-SMase regulates intestinal mucosal barrier function and
antioxidant capacity through the regulation of the Nrf2 signaling pathway. However, further research is needed to
explore the relationship between these events and whether alk-SMase exerts anti-inflammatory effects through other
pathways.

CONCLUSION

In conclusion, alk-SMase regulates the stability of the intestinal mucosal barrier and enhances antioxidant activity
through the Nrf2 signaling pathway.

ARTICLE HIGHLIGHTS

Research background
Ulcerative colitis (UC) is a chronic inflammatory condition of the colon with unknown causes. Alkaline sphingomyelinase

(alk-SMase), expressed in intestinal epithelial cells, shows anti-inflammatory effects, but its mechanism remains to be
clarified.

Research motivation
This study was motivated by the need to understand the mechanism behind the anti-inflammatory effects of alk-SMase,
particularly in relation to intestinal barrier function and oxidative stress in dextran sulfate sodium (DSS)-induced colitis.

Research objectives
The primary objective was to explore how alk-SMase impacts intestinal barrier function and manages oxidative stress,
contributing to its anti-inflammatory role in DSS-induced colitis.

Research methods

Mice were given 3% DSS drinking water to induce colitis. The study assessed disease activity, intestinal permeability,
bacterial translocation, and the ultrastructure of intestinal epithelial cells. Western blotting and quantitative real-time
reverse transcription-polymerase chain reaction were employed to evaluate intestinal barrier proteins and mRNA, and
serum oxidant and antioxidant levels were analyzed.

Research results

In gene knockout (KO) mice, inflammation and intestinal permeability were more severe compared to wild-type mice
after DSS induction. There was a significant reduction in intestinal barrier proteins and an increase in serum malondial-
dehyde levels, indicating lower antioxidant capacity. Notably, the administration of the nuclear factor erythroid 2-related
factor 2 (Nrf2) activator tertiary butylhydroquinone (t-BHQ) relieved colitis in KO mice.

Research conclusions
This study introduces the model that alk-SMase regulates intestinal barrier stability and antioxidant activity via the Nrf2
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pathway, offering a new perspective on managing colitis. We employed a novel approach by using alk-SMase KO mice
and treating them with t-BHQ to isolate and understand the specific effects of alk-SMase and Nrf2 in colitis.

Research perspectives

The findings underscore the potential of alk-SMase in maintaining intestinal barrier stability and increasing antioxidant
capacity, offering insights into novel therapeutic approaches for colitis. Future research will delve into the mechanisms by
which alk-SMase influences the Nrf2 pathway, further illuminating its therapeutic potential in colitis.
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Abstract

BACKGROUND

Various animal models have been used to explore the pathogenesis of choledochal
cysts (CCs), but with little convincing results. Current surgical techniques can
achieve satisfactory outcomes for treatment of CCs. Consequently, recent studies
have focused more on clinical issues rather than basic research. Therefore, we
need appropriate animal models to further basic research.

AIM
To establish an appropriate animal model that may contribute to the investigation
of the pathogenesis of CCs.

METHODS

Eighty-four specific pathogen-free female Sprague-Dawley rats were randomly
allocated to a surgical group, sham surgical group, or control group. A rat model
of CC was established by partial ligation of the bile duct. The reliability of the
model was confirmed by measurements of serum biochemical indices, morpho-
logy of common bile ducts of the rats as well as molecular biology experiments in
rat and human tissues.

RESULTS

Dilation classified as mild (diameter, > 1 mm to < 3 mm), moderate (=3 mm to <
10 mm), and severe (= 10 mm) was observed in 17, 17, and 2 rats in the surgical
group, respectively, while no dilation was observed in the control and sham
surgical groups. Serum levels of alanine aminotransferase, aspartate aminotrans-
ferase, total bilirubin, direct bilirubin, and total bile acids were significantly
elevated in the surgical group as compared to the control group 7 d after surgery,
while direct bilirubin, total bilirubin, and gamma-glutamyltransferase were
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further increased 14 d after surgery. Most of the biochemical indices gradually decreased to normal ranges 28 d
after surgery. The protein expression trend of signal transducer and activator of transcription 3 in rat model was
consistent with the human CC tissues.

CONCLUSION
The model of partial ligation of the bile duct of juvenile rats could morphologically simulate the cystic or fusiform
CC, which may contribute to investigating the pathogenesis of CC.

Key Words: Choledochal cyst; Animal model; Partial ligation; Cystic and fusiform dilation; Juvenile rats
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Core Tip: Recent studies have focused more on clinical issues rather than etiology and pathogenesis of choledochal cyst
(CC). In this study, our partial ligation of the bile duct of juvenile rats successfully simulated the pathological processes of
recanalization after incomplete obstruction of the distal bile duct. The postoperative disease progression of this model was
more consistent with the natural course of CC formation which may assist in further basic research on the pathogenesis of
CC.
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INTRODUCTION

Choledochal cyst (CC) is a congenital hepatic malformation characterized by cystic or fusiform dilation of the common
bile duct either with or without dilation of the intrahepatic bile duct. The hypothesis of pancreaticobiliary maljunction
(PBM) proposed by Babbit[1] in 1969 is the most likely cause of CC, emphasizing that pancreatic juice could cause
segmental stricture, fibrosis, and thinning of the common bile duct. However, with the increased proportion of prenatal
diagnosis of CCs, researchers have found that pancreatic acini are just beginning to appear, enzymes are immature
during that time period, and there is no evidence of pancreatic secretion observed by electron microscopy[2]. Therefore,
the role of fetal pancreatic juice in the formation of CCs remains controversial because the pancreas of newborns does not
yet produce functional enzymes[3]. Accumulating evidence from clinical cases suggests that PBM cannot fully explain the
pathogenesis of CCs.

Various animal models to simulate the disease process in humans have been used to investigate the pathogenesis of
cystic and fusiform CCs. However, anastomosis of the pancreatic and biliary ducts, which allow pancreatic juice to enter
the bile duct, only resulted in mild dilation of the common bile duct without cystic dilatation[4]. Moreover, even in large
animal models, such as minipigs, no one was observed to have dilatation of the bile ducts[5]. In contrast, complete
ligation of the lower segment of the common bile duct in neonatal lambs[6] and infant rats[7] can successfully create a
model of cystic dilation, while in mature sheep, rats, dogs or rabbits, no cystic dilation was observed through the ligation
of the lower segment of the common bile duct. However, it is not recognized as a conventional CC animal model because
it does not conform to the mainstream hypothesis of PBM. Some researchers also constructed an animal model by
combining anastomosis of the pancreatic and biliary ducts with ligation of the lower segment of the common bile duct.
However, it is still unclear whether dilation of the common bile duct is caused solely by ligation of the lower segment or
by the combination of both factors. Satisfactory outcomes achieved with current surgical techniques for CCs have led to a
pause in basic research on the etiology of CCs, and recent studies have primarily focused on reporting large clinical
series, improvements of surgical techniques and the management of postoperative complications[8]. Hence, appropriate
animal models should be established to further basic research. In our study, our partial ligation of the bile duct of juvenile
rats successfully simulated the pathological processes of recanalization after incomplete obstruction of the distal bile duct.
The postoperative changing trends of biochemical indexes in rat model was similar to those observed in CCs, and the
changing trend of signal transducer and activator of transcription 3 (STAT3) in the rat model was consistent with that
observed in human CC tissues. Therefore, our study has established an animal model that may contribute to the invest-
igation of the pathogenesis of CCs.

MATERIALS AND METHODS

Experimental animals and grouping
Specific pathogen-free female SD rats (1 = 84; mean body weight, 200 g + 10 g) were purchased from Sibeifu Biotech-
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nology Co., Ltd. (Beijing, China) and housed in an animal care facility operated by Zhejiang Yingyang Pharmaceutical
Co., Ltd., (Hangzhou, China) at a constant temperature of 22 °C + 2 °C and humidity of 50%-60% under a 12-h light-dark
cycle with total air exchange at 15-20 times/h.

The 84 rats were randomly allocated to one of 7 groups of 12 rats each. Rats in groups A, B, and C were dissected on
days 7, 14, and 28 after partial ligation of the bile duct, respectively. Rats in group D were dissected on day 28 after sham
surgery without bile duct ligation. Rats in groups E, F, and G were dissected after 7 d, 14 d, and 28 d of feeding,
respectively.

Partial ligation surgery of the bile duct of infant rats

(1) Anesthesia: 2.5% pentobarbital sodium (0.25 mL/100 g) was injected into the abdominal cavity; (2) Positioning: After
anesthesia, the rats were fixed with a supine position on the surgical table; (3) Skin preparation: The hair below the
xiphoid process in the middle of the abdomen was removed with an electric shaver, exposing about 5 cm x 3 cm of skin,
followed by iodine disinfection; (4) Skin incision: A midline longitudinal incision was made on the abdomen with
surgical scissors, about 2 cm in length; (5) Bile duct isolation: Wet cotton swabs were used to separate the organs and
locate the duodenum and pancreas, and then the bile duct was located with forceps; (6) Partial ligation: Place a 1 mL
needle parallel to the bile duct and use 6-0 absorbable suture to ligate the bile duct and needle together at the lower
segment of the bile duct. Then the needle was removed carefully after tightening the absorbable suture; and (7) Closure of
the incision: After ligation, and the incision was intermittently sutured with 5-0 silk thread. Penicillin was administered
intraperitoneally to prevent infection (0.3 mL, 400000 units/mL). Detailed surgical procedures were shown in Figure 1.

IncRNA sequencing analysis

An adequate amounts of human bile duct tissues were sent for IncRNA sequencing analysis. The pretreatment of tissue
specimens, filtration of sequencing data, obtainment of clean reads, calculation of gene expression levels and differential
expression analysis were performed by BGI Genomics CO., Ltd (seen in previous reported study[9]). To gain insights into
the phenotypic changes, GO (http:/ /www.geneontology.org/) and KEGG (https:/ /www .kegg.jp/) enrichment analysis
of annotated differentially expressed genes was performed using Phyper (https://en.wikipedia.org/wiki/Hypergeo
metric_distribution) based on the Hypergeometric test. The significant levels of terms and pathways were rigorously
corrected using a Q value threshold of < 0.05 by Bonferroni[10].

Biochemical indices in rat plasma

The rat blood samples were centrifuged at 3000-4000 rpm for 10 min at 4 °C and the plasma was frozen for further ana-
lysis of biochemical parameters, which included alanine aminotransferase (ALT), aspartate aminotransferase (AST), total
bilirubin (TBIL), direct bilirubin (DBIL), gamma-glutamyltransferase (GGT), and total bile acids (TBA). Reagent kits from
Ningbo Puruibo company were shown as follows: ALT kit (Lot: ALT01), AST kit (Lot: AST01), TBA kit (Lot: TBAO1S),
DBIL kit (Lot: DBIO1), TBIL kit (Lot: TBIO1), and GGT kit (Lot: GGTO1).

Molecular biology detection of human and rat common bile duct tissues

RNA Isolation and quantitative reverse transcription-polymerase chain reaction: Total cellular RNA was extracted
from CC patients’ common bile ducts and rats’ common bile ducts with TRIzol reagent (Invitrogen, cat. 15596026/
15596018) and subjected to reverse transcription with PrimeScript RT reagent Kit (Takara, cat. RR037A) according to the
manufacturers’ instructions. The expressions of IL-6 and STAT3 were analyzed via quantitative reverse transcription-
polymerase chain reaction (RT-qPCR) with a SYBR Premix EX Taq (Tli RNaseH plus, Takara, cat. RR420A) with primers
listed in Table 1. For analysis, expression levels of the genes were normalized to the values of GAPDH. Analysis of
relative gene expression data using real-time quantitative PCR was calculated with the 2-11Ct method[11].

Western blot: Tissue samples (50 mg) were washed with Tris-buffered saline to remove residual blood and ground into
small fragments, which were lysed with radioimmunoprecipitation assay on ice for 30 min. After addition of protein
inhibitors, the mixture was centrifuged at 13000 rpm for 10-15 min and the supernatant was collected. Then, 5 x loading
buffer was added and the mixture was heated in a metal bath at 95 °C for 5 min to fully denature the proteins. Protein
levels were determined against standards. Protein expression levels of STAT3 and phosphorylated (p)-STAT3 and were
normalized to expression of glyceraldehyde 3-phosphate dehydrogenase.

Immunofluorescence histochemistry: The common bile duct sections were deparaffinized in three changes of xylene and
two changes of 100% ethanol and subsequent gradation of 95%, 80%, and 70% alcohol for 3 min each. After being heat-
induced epitope retrieval with a preheated epitope retrieval solution (pH 8.0, Enzo Life Sciences, Inc. United States),
endogenous peroxidase was inactivated by incubation in 3% H,O, for 20 min. Next, the sections were pre-incubated with
10% normal goat serum and then incubated overnight with primary antibodies: p-STAT3 (Abcam, ab76315). The next
day, after washing, sections were incubated with Alexa Fluoro 488 Goat Anti-Rabbit IgG (Jackson, 111-545-144). At last,
sections were counterstained with DAPI (Sigma-Aldrich). Slides were imaged using the Carl Zeiss Scope.Al.

Statistical analysis

Data were shown as the medians + IQRs or mean + SEM depending on data characteristics. Statistical analysis was
performed with SPSS18.0 and Graphpad Prism 6. Statistical P values were analyzed by a two-tailed Student’s t-test. P
values < 0.05 were considered statistically significant.
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Table 1 Primers of interleukin-6, signal transducer and activator of transcription 3, and GAPDH

Gene Gene ID Forward primers Reverse primers

IL-6 3569 GGTGGGTGTGTCCTCATTCC GGCATTGCATCCCTGAGTTG
STAT3 6774 GTGGGAAGAATCACGCCTTC AGATCCTGCACTCTCTTCCG
GAPDH 2597 GAACGGGAAGCTCACTGG GCCTGCTTCACCACCTTCT

IL: Interleukin; STAT3: Signal transducer and activator of transcription 3.

Figure 1 Surgical procedures of partial ligation of the bile duct of juvenile rats. A: Anesthesia: 2.5% pentobarbital sodium (0.25 mL/100 g) was
injected into the abdominal cavity; B: Positioning: After anesthesia, the rats were fixed with a supine position; C: Skin preparation: The hair was removed to expose
about 5 cm x 3 cm of skin, followed by iodine disinfection; D: Bile duct isolation: The bile duct was located with forceps; E and F: Partial ligation: Place a 1 mL needle
parallel to the bile duct and use 6-0 absorbable suture to ligate the bile duct and needle; G: Remove: The needle was removed after partial ligation; H: Closure of the
incision: After ligation, and the incision was intermittently sutured.

RESULTS
Rat models of CC

All 84 rats survived to the time of dissection. Rats in groups A-C showed varying degrees of dilation of the common bile
ducts with slight damage to the liver, but no significant cholestasis or cirrhosis. Rats in group D developed slight
adhesions around the surgical site and those in groups D-G showed no dilation of the common bile ducts. For normal
rats, the diameter of the common bile duct is less than 1 mm. Based on measurements taken during dissection, dilation of
the common bile duct was classified as none (< 1 mm), mild (=1 mm to < 3 mm), moderate (= 3 mm to < 10 mm), and
severe (= 10 mm). Mild to moderate dilation resembled fusiform CC, while severe dilation resembled cystic CC11
(Figure 2). Bile duct dilation for each group is summarized in Table 2.
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Table 2 Numbers of various degrees of bile duct dilation in each group

No dilation Mild dilation Moderate dilation Severe dilation
S (¢ <1 mm) (1 mm <@ <3mm) (3mm < ¢ <10 mm) (9210 mm)
A 0 10 2 0
B 0 5 7 0

0 2 8 2
D 11 1 0 0
E-G 36 0 0 0

@: The maximum diameter of rat bile duct.

Figure 2 Representative pictures of dilated bile ducts. A: No dilation of the bile duct; B: Mild dilation of the bile duct; C: Moderate dilation of the bile duct; D:
Severe dilation of the bile duct.

Identification of differentially expressed genes in human tissues

Of 103116 genes detected in the bile duct tissues between cystic and fusiform CCs, 993 were identified as differentially
expressed genes (DEGs). Reference to the Kyoto Encyclopedia of Genes and Genomes (https://www.genome.jp/kegg/)
revealed that 19 of the DEGs were enriched in the JAK-STAT signaling pathway (Figure 3). A protein-protein interaction
network of the 19 DEGs in the JAK-STAT signaling pathway demonstrated that interleukin (IL)-6 had the highest node
connectivity in the network, followed by the key factor STAT3 (Figure 3).
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Figure 3 Analysis of differentially expressed genes in human tissues. A: Enrichment analysis of the differentially expressed genes (DEGs) by KEGG
pathway; B: Protein interaction network analysis of the 19 DEGs in the JAK-STAT signaling pathway. IL: Interleukin; PPI: Protein interaction; STAT3: Signal
transducer and activator of transcription 3.

Levels of biochemical indices in rats

The mean normal serum concentrations (ranges) of ALT, AST, TBIL, DBIL, GGT, and TBA for female SD rats (groups E-
G) were 33.55 (24.50-39.10) U/L, 59.60 (38.95-75.35) U/L, 0.60 (0.40-0.70) pmol/L, 0.30 (0.20-0.40) pmol/L, 7.95 (7.30-8.40)
pmol/L, and 17.45 (13.55-22.27) pmol/L, respectively. Serum ALT levels were significantly higher in group A than group
E (P = 0.0145) and decreased to the normal range in group C. Serum AST levels were significantly higher in groups A and
B than groups E and F (P = 0.0447 and 0.0204, respectively), and decreased to the normal range in group C. Serum TBIL
levels were significantly higher in groups A and B than groups E and F (both, P < 0.0001), significantly higher in group B
than group A (P < 0.0001), and decreased to the normal range in group C. Serum DBIL levels were significantly higher in
groups A and B than groups E and F (both, P < 0.0001), significantly higher in group B than group A (P < 0.0001), and
decreased to the normal range in group C. Serum GGT levels were significantly higher in group B than group F (P =
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Figure 4 Comparison of biochemical indices levels in each group. A: Alanine aminotransferase; B: Aspartate aminotransferase; C: Total bilirubin; D:
Direct bilirubin; E: Gamma-glutamyltransferase; F: Total bile acids. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TBIL: Total bilirubin; DBIL:
Direct bilirubin; GGT: Gamma-glutamyltransferase; TBA: Total bile acids.

0.0042) and decreased to the normal range in group C. Serum TBA levels gradually decreased in group A-C, but were
slightly higher than the normal range (P < 0.0204) (Figure 4 and Table 3).

Western blot and immunofluorescence histochemical analyses for human and rats’ tissues

The Western blot results of human bile duct tissues confirmed significant differences in the expression levels of p-STAT3
between cystic and fusiform CCs (Figure 4). Meanwhile, the Western blot results of the rat bile duct tissue (Figure 5A)
showed upregulated expression of p-STAT3 on day 7 after partial ligation surgery, which further increased on day 14.
However, p-STAT3 expression was significantly decreased on day 28. The expression level of p-STAT3 protein in group
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Table 3 Biochemical indices of rats in each group

Biochemical indices ~ Group A Group B Group C Group D Group E Group F Group G

ALT (U/L) 61.55 29.30 37.40 35.20 37.15 24.80 35.90
(45.95-78.90) (20.85-50.68) (27.13-51.25)  (30.65-46.60)  (33.53-50.68) (1013-32.70)  (29.03-41.27)
AST (U/L) 131.80 80.60 52.30 46.60 75.20 46.75 50.20

(8550-20815)  (41.23-146.28)  (35.05-6848)  (4050-5475)  (66.93-119.18)  (18.90-59.75)  (38.95-87.25)

TBIL (pmol /L) 12.90 82.90 0.20 0.40 035 0.50 0.70
(9.48-27.85) (68.45-98.70) (0.20-0.55) (0.23-0.50) (0.30-0.58) (0.40-0.70) (0.60-0.80)
DBIL (pmol/L) 11.25 75.20 0.10 0.20 0.20 0.20 0.40
(7.68-23.35) (64.95-89.65) (0.10-0.28) (0.13-0.30) (0.10-0.28) (0.20-0.45) (0.33-0.50)
GGT (pmol/L) 6.45 9.65 7.75 815 835 7.65 7.50
(315-13.78) (8.08-21.33) (7.38-7.90) (7.83-8.45) (8.05-8.90) (7.18-8.48) (7.00-8.08)
TBA (pmol/L) 72.05 31.25 2555 27.45 16.45 17.05 18.10
(25.60-21153)  (17.33-105.60)  (21.93-34.93)  (16.40-40.65)  (13.03-25.70) (1145-2228)  (14.90-22.30)

ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TBIL: Total bilirubin; DBIL: Direct bilirubin; GGT: Gamma-glutamyltransferase; TBA:
Total bile acids.

D-G were extremely low. And the expression level of STAT3 was significantly higher in groups A-D than groups E-G.
Representative images of immunofluorescence staining of p-STAT3 in the bile duct tissues of groups B and F are shown
in Figure 5B. Notably, p-STAT3 expression was significantly greater in the epithelial cells of group B as compared to
group F, indicating potential involvement of the JAK-STAT signaling pathway in bile duct dilation after partial ligation.

DISCUSSION

Although the etiology of CC has been investigated for over a century, there is still a lack of appropriate animal models. In
1977, Spitz[6] reported an animal model of CC which involved distal ligation of the common bile duct in 2-d-old lambs.
Subsequently, in 1979, Miyano et al[7] performed distal ligation of the common bile duct in 2-wk-old rats, thereby
successfully establishing an animal model with dilated extrahepatic bile duct, while maintaining the normal intrahepatic
bile duct. However, after the PBM hypothesis gained widespread recognition, subsequent animal models were mostly
based on the anatomical structure of PBM. A dog model of PBM was initially constructed because of the similarity to the
anatomical structures of the human pancreatic and bile ducts. Although anastomosis of the pancreatic and bile ducts
causes abnormal anatomical structure and reflux of pancreatic juice, the refluxed pancreatic juice did not result in stenosis
or typical cystic dilatation of the bile duct[12,13]. Improvements to the dog model have been attempted, such as partial
ligation of the distal end of the common bile duct after pancreaticobiliary anastomosis[14]. However, it remains unclear
whether dilation of the bile duct was caused by reflux of pancreatic juice, distal ligation, or both. In addition, most
previous studies failed to provide an image of the model.

In our center, over 95% of CCs diagnosed prenatally are the cystic type and over 90% of cystic CCs were diagnosed in
infants aged < 1 year. And several previous studies of CCs had reported the existence of distal stenosis of the bile duct[2,
15]. Babbitt[1], who proposed the hypothesis of PBM, also claimed that distal stenosis played a key role in the
pathogenesis of bile duct dilation. Based on previous animal models, we conclude that morphological mimicry of CCs
requires the use of an infant animal and stenosis of the distal bile duct. Therefore, we established a juvenile rat model by
partial ligation of the distal bile duct. In the present study, all 36 rats in groups A-C and all 12 in group D survived to the
day of dissection. The bile ducts of rats in groups A-C exhibited various degrees of dilation, but not those of the rats in
group D. Notably, all rats with severe bile duct dilation were in group C. Therefore, this model is relatively stable and
repeatable.

In this study, the cystic and fusiform dilations of the bile duct in the partially ligated rat model were morphologically
similar to the cystic or fusiform CCs. Further analysis of biochemical indices showed that the serum levels of ALT, AST,
DBIL, TBIL, and TBA were significantly elevated at 7 d after surgery, indicating that partial ligation of the bile duct
simulated the pathological process of bile stasis caused by biliary obstruction. Meanwhile, serum levels of DBIL, TBIL,
and GGT increased to higher levels at 14 d after surgery, and most indices, with the exception of TBA, gradually
decreased to normal ranges at 28 d after surgery. These findings indicate that partial ligation of the bile duct results in
increasing intra-cystic pressure and dilation of the bile ducts until bile production and outflow reached a dynamic
equilibrium. Then, the indices returned to normal or near-normal levels. During this process, the bile duct continued to
dilate and eventually formed cystic or fusiform CCs. Hence, partial ligation was more consistent with the natural course
of CC formation than complete ligation. Meanwhile, the reliability of the partial ligation rat model was further validated

3%9@) WJG | https://www.wjgnet.com 1427 March 14,2024 | Volume30 | Issuel0 |



Zhang SH et al. Animal models of CCs

A 1 2 3 4 5 6 A B C D E F G

p-STAT3 — —— 88 KD

STAT3-~_.—!--—-— 88 KD

GAPDH W SN S S S s R S e SIS SR e e 37O

B p-STAT3 p-STAT3

Group F

p-STAT3

Group B

Figure 5 Western blot and immunofluorescence histochemical analyses for human and rats’ tissues. A: The western blot results for human bile
duct tissues were on the left, numbers 1, 2, and 3 represent fusiform choledochal cysts (CCs), while numbers 4, 5, and 6 represent cystic CCs. The western blot
results for rat bile duct tissues were on the right, representative picture of each group (group A-group G) was shown; B: The representative picture of the expression
of phosphorylated signal transducer and activator of transcription 3 protein in group B and group F. STAT3: Signal transducer and activator of transcription 3.

by comparison to the characteristics of the human bile duct. Notably, activation of the IL-6/JAK/STAT3 signaling
pathway, which is involved in cell proliferation and differentiation[16], was significantly elevated in cystic CCs. Also,
immunofluorescence staining showed that expression of p-STAT3 was significantly elevated in the subepithelial layer of
the bile duct, which may cause accelerated cell proliferation in the bile duct and make it easier for the formation of cystic
dilation. In the rat model, p-STAT3 expression was also increased after partial ligation and gradually decreased at 28 days
after surgery but was still higher than normal rats, which was consistent with the results of biochemical indices.

CONCLUSION

In summary, our partial ligation of the bile duct in juvenile rats successfully morphologically simulated the cystic or
fusiform human CCs. The postoperative disease progression was more consistent with the natural disease course of CC
formation compared to complete ligation. Therefore, this stable and repeatable model can be utilized to investigate the
pathogenesis of CC and further explore the causes of cystic and fusiform bile duct dilatations.

ARTICLE HIGHLIGHTS

Research background

Pancreaticobiliary maljunction (PBM) is the main hypothesis of choledochal cyst (CC). However, accumulating clinical
evidence suggests that PBM cannot fully explain the pathogenesis of CC. Previously reported animal models, including
models of anastomosis of the pancreatic and biliary ducts, models of complete ligation of the lower segment of the
common bile duct, have been unable to adequately support basic researches on CCs.
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Research motivation
Satisfactory outcomes achieved with current surgical techniques for CCs have led to a pause in basic research on the
pathogenesis of CCs. Thus, we need appropriate animal models of CCs to further basic researches.

Research objectives
To establish a stable and repeatable animal model of CC based on partial ligation of the bile duct to investigate the
pathogenesis of CCs.

Research methods

Specific pathogen-free female SD rats were randomly allocated to a surgical group (partial ligation of the bile duct), sham
surgical group, or control group. The partial ligation of the bile duct was performed by ligating a 1 mL needle and the bile
duct together, followed by the careful removal of the needle after tightening the absorbable suture. The reliability of the
model was confirmed through measurements of serum biochemical indices, the morphology of common bile duct and
molecular biology experiments in rat and human tissues.

Research results

All 84 rats survived to the time of dissection. Rats in the surgical group (groups A-C) showed varying degrees of dilation
of the common bile ducts with slight damage to the liver and those in the sham surgical and control groups (groups D-G)
showed no dilation of the common bile ducts. The changing trends of biochemical indexes indicated that the partially
ligated bile ducts experienced a pathological process of recanalization after incomplete obstruction of the distal bile duct.
And the reliability of the model was also confirmed by molecular biology experiments in rat and human tissues.

Research conclusions

The model of partial ligation of the bile duct of juvenile rats could morphologically simulate the cystic or fusiform CCs.
This stable and repeatable model was more consistent with the natural disease course of CC formation than complete
ligation which may assist in the basic researches of CCs.

Research perspectives
We hope our partial ligation of the bile duct of juvenile rats can promote the basic research of CCs and provide a reliable
animal model for further research on the formation of cystic CCs or fusiform CCs.
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Abstract

BACKGROUND

Serotonin receptor 2B (5-HT,; receptor) plays a critical role in many chronic pain
conditions. The possible involvement of the 5-HT,; receptor in the altered gut
sensation of irritable bowel syndrome with diarrhea (IBS-D) was investigated in
the present study.

AIM
To investigate the possible involvement of 5-HT,; receptor in the altered gut
sensation in rat model and patients with IBS-D.

METHODS

Rectosigmoid biopsies were collected from 18 patients with IBS-D and 10 patients
with irritable bowel syndrome with constipation who fulfilled the Rome IV
criteria and 15 healthy controls. The expression level of the 5-HT,, receptor in
colon tissue was measured using an enzyme-linked immunosorbent assay and
correlated with abdominal pain scores. The IBS-D rat model was induced by
intracolonic instillation of acetic acid and wrap restraint. Alterations in visceral
sensitivity and 5-HT,; receptor and transient receptor potential vanilloid type 1
(TRPV1) expression were examined following 5-HT,, receptor antagonist adminis-
tration. Changes in visceral sensitivity after administration of the TRPV1 antago-
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nist were recorded.

RESULTS

Here, we observed greater expression of the 5-HT,; receptor in the colonic mucosa of patients with IBS-D than in
that of controls, which was correlated with abdominal pain scores. Intracolonic instillation of acetic acid and wrap
restraint induced obvious chronic visceral hypersensitivity and increased fecal weight and fecal water content.
Exogenous 5-HT,; receptor agonist administration increased visceral hypersensitivity, which was alleviated by
successive administration of a TRPV1 antagonist. IBS-D rats receiving the 5-HT,; receptor antagonist exhibited
inhibited visceral hyperalgesia.

RESULTS

Moreover, the percentage of 5-HT,; receptor-immunoreactive (IR) cells surrounded by TRPV1-positive cells (5-HT,;
receptor I") and total 5-HT,; receptor IR cells (5-HT,; receptor I;) in IBS-D rats was significantly reduced by the
administration of a 5-HT,; receptor antagonist.

CONCLUSION

Our finding that increased expression of the 5-HT,; receptor contributes to visceral hyperalgesia by inducing
TRPV1 expression in IBS-D patients provides important insights into the potential mechanisms underlying IBS-D-
associated visceral hyperalgesia.

Key Words: Diarrhea-predominant irritable bowel syndrome; Serotonin receptor 2B; Transient receptor potential vanilloid type-
1; Visceral hypersensitivity; Abdominal pain

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Higher expression of the serotonin receptor 2B (5-HT,, receptor) was found in patients with irritable bowel
syndrome with diarrhea (IBS-D) than in that of controls, which was correlated with abdominal pain scores. Exogenous 5-
HT,, receptor agonist administration increased visceral hypersensitivity, which was alleviated by successive administration
of a transient receptor potential vanilloid type 1 (TRPV1) antagonist. IBS-D rats receiving the 5-HT,, receptor antagonist
exhibited inhibited visceral hyperalgesia. Hence, 5-HT,, receptor-induced visceral hyperalgesia may be mediated by TRPV1
channels, and the analgesic effect of 5-HT,, receptor antagonist could be used as a novel treatment for IBS-D.

Citation: Li ZY, Mao YQ, Hua Q, Sun YH, Wang HY, Ye XG, Hu JX, Wang YJ, Jiang M. Serotonin receptor 2B induces visceral
hyperalgesia in rat model and patients with diarrhea-predominant irritable bowel syndrome. World J Gastroenterol 2024; 30(10):
1431-1449

URL: https://www.wjgnet.com/1007-9327/full/v30/i10/1431.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i10.1431

INTRODUCTION

Irritable bowel syndrome (IBS) is a chronic functional bowel disorder characterized by recurrent abdominal pain with
altered bowel habits that affects approximately 15% of the population worldwide[1]. IBS significantly impacts the quality
of life of patients. Although the pathogenesis of IBS is not completely understood, the role of abnormal visceral sensitivity
in IBS has recently emerged[2,3]. 5-Hydroxytryptamine (5-HT) is known to play a key role in the physiological states of
the gastrointestinal tract. Plasma 5-HT levels in IBS with diarrhea (IBS-D) patients were greater than those in healthy
controls[4], suggesting a possible role of 5-HT in the pathogenesis of IBS-D.

The serotonin receptor 2 (5-HT, receptor) family comprises three subtypes: 5-HT,,, 5-HT,; and 5-HT,.. All 5-HT,
receptors exhibit 46%-50% overall sequence identity, and all of these receptors preferentially bind to G, to increase
inositol phosphates and intracellular calcium mobilization[5]. 5-HT,; receptors are widely expressed throughout the gut,
and experimental evidence suggests that the primary function of 5-HT,; receptors is to mediate contractile responses to 5-
HT through its action on smooth muscle[6]. The 5-HT,; receptor is localized to both neurons of the myenteric nerve
plexus and smooth muscle in the human colon. The 5-HT,; receptor mediates 5-HT-evoked contraction of longitudinal
smooth muscle[6]. These findings suggest that the 5-HT),; receptor could play an important role in modulating colonic
motility, which could affect sensory signaling in the gut. Other laboratories have shown that the 5-HT,; receptor
participates in the development of mechanical and formalin-induced hyperalgesia[7,8]. A 5-HT,, receptor antagonist
reduced 2,4,6-trinitrobenzene sulfonic acid (TNBS) and stress-induced visceral hyperalgesia in rats[9,10]. However, the
role of the 5-HT,; receptor in IBS-D patients and in acetic acid- and wrap restraint-induced IBS-D rat models was not
investigated.
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Transient receptor potential vanilloid type 1 (TRPV1) is a receptor that responds to heat, acidosis, capsaicin, and
endovanilloids and is present on peripheral nerve endings, where its activation and signaling to the brain result in
nociception[11]. Upregulation and/or sensitization of TRPV1 is considered an important mechanism of visceral
hyperalgesia both in preclinical rat models and in patients with IBS[11,12]. The 5-HT,, receptor mediates 5-HT-induced
mechanical hyperalgesia by regulating TRPV1 function[13]. TRPV1 function is enhanced by 5-HT,; receptor activation in
mouse colon sensory neurons[14]. However, whether TRPV1 is involved in 5-HT,; receptor-induced visceral hyperalgesia
in IBS-D patients is unknown.

In this study, we demonstrated that 5-HT,; receptor-induced visceral hyperalgesia in IBS-D patients occurs via the
TRPV1 channel. 5-HT,, receptor expression was increased in the colonic mucosa of IBS-D patients and correlated with
abdominal pain scores. Administration of a 5-HT,; receptor agonist significantly enhanced visceral sensitivity, and this
increase was attenuated upon treatment with a TRPV1 antagonist. The number of 5-HT,; receptor- and TRPV1-positive
cells was greater in IBS-D rats than in control rats. Interestingly, a 5-HT,; receptor antagonist not only alleviated visceral
hypersensitivity but also decreased TRPV1 expression in IBS-D rats.

MATERIALS AND METHODS

Human subjects

A total of 15 healthy volunteers (9 women and 6 men; 51.1 + 10.3 years), 10 patients with IBS with constipation (IBS-C) (6
women and 4 men; 51.0 £ 11.5 years), and 18 patients with IBS-D (10 women and 8 men; 51.4 + 9.8 years) meeting the
Rome IV criteria were consecutively enrolled[15]. Patients who underwent colonoscopy for polyps and cancer
surveillance had negative results. Patients who were subjected to major abdominal surgery, who received nonsteroidal or
other anti-inflammatory drugs, or who had organic diseases, including celiac disease, psychiatric disorders, or allergic
diseases, were excluded. All participants had macroscopically normal bowel mucosa upon examination. In total, four
biopsy specimens were obtained from each participant from the rectosigmoid junction to standardize the site of sampling.
In all the patients, one biopsy sample was sent for hematoxylin and eosin (HE) histological analysis and immunohisto-
chemical staining. One biopsy sample was subjected to tissue immunofluorescence. Another two biopsy samples were
immediately placed into a prepared Eppendorf tube, frozen immediately on ice and stored at -80 °C for enzyme-linked
immunosorbent assay (ELISA) analysis.

Informed consent statement
The use of human tissue samples and clinical data was approved by the ethics committee of Dalian Friendship Hospital.
All donors were informed of the aim of the study and gave consent to donate their samples.

Symptom questionnaires

All patients and controls were asked to score abdominal pain over 2 wk using a previously described validated
questionnaire[16] since recollection was poor beyond this limit. Shorter periods may not have appropriately reflected the
usual clinical picture, and this timeframe has previously been shown to be a reliable predictor of average pain intensity
[17]. The severity of abdominal pain was graded as 0-4 based on the influence on daily activities of patients: 0, absent; 1,
mild (no influence on activity); 2, relevant (diverting from but not urgently necessitating modification of activity); 3,
severe (influencing activity to a marked extent, consequently requiring modifications); and 4, extremely severe
(precluding daily activity). The frequency of abdominal pain was graded as 0-4 according to the frequency of symptoms
per week: 0, absent; 1, up to 1 day/week; 2, 2 or 3 days/week; 3, 4-6 days/week; and 4, daily.

Drugs and chemicals

The 5-HT,; receptor agonist (BW723C86; Sigma-Aldrich, St. Louis, MO, United States) was diluted with saline. The 5-
HT,; receptor antagonist 2-amino-4-(4-fluoronaphth-1-yl)-6-isopropylpyridine (RS-127445; Tocris Bioscience, Ellisville,
Missouri, United States) was dissolved in 20% dimethylsulfoxide in physiological saline. The TRPV1 antagonist N-(3-
methoxyphenyl)-4-chlorocinnamide (SB366791; Sigma-Aldrich, St. Louis, MO, United States) was dissolved in 50%
dimethylsulfoxide in physiological saline. A human anti-5-HT,; receptor polyclonal antibody (MAB10322) was purchased
from R&D Systems (Minneapolis, MN, United States). Mouse anti-5-HT),; receptor (AB194333), anti-alpha smooth muscle
actin (AB5694) and rabbit anti-TRPV1 polyclonal antibodies (AB10296) were purchased from Abcam (Cambridge, MA,
United States). Rabbit anti-Ecadherin antibody (CST 3195) was purchased from Cell Biological Technology, Inc. (Boston,
United States). The rabbit anti-protein-encoding gene product (PGP) 9.5 (14730-1-AP) polyclonal antibody, rabbit anti-
pankeratin (26411-1-AP) polyclonal antibody, and mouse anti-TRPV1 polyclonal antibody (66983-1-Ig) were obtained
from Proteintech Group, Inc. (Chicago, United States). A 5-HT,; receptor ELISA kit was purchased from Jianglai Bio
(Shanghai, China). A RNA polymerase chain reaction (PCR) kit was purchased from Takara Biotechnology (Dalian,
China).

IBS-D model

Adult male Sprague-Dawley rats (180-200 g) were obtained from Shanghai SIPPR-BK Laboratory Animal Co., Ltd.
(Shanghai, China). Animals were housed with ad libitum access to food and water in standard rodent cages at 23 °C in a
temperature- and light-controlled room. IBS-D rats were established by intracolonic instillation of acetic acid and wrap
restraint as described by Williams et al[18] and Chen et al[19], with slight modifications. In brief, on the first day, after an
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overnight fast, the rats were anesthetized using ether, 1 mL of 4% acetic acid was instilled 8 cm proximal to the anus for
30 s, and then 1 mL of phosphate-buffered saline (PBS) was used to dilute the acetic acid and wash the colon. The rats
were not subjected to any treatment for the following 3 d. From Days 5 to 18, the rats were subjected to wrap restraint
stress for 2 wk (1 h per day).

Experimental protocol

The colorectal distension (CRD) test was carried out on Day 19 to evaluate visceral sensitivity, which was quantified
using abdominal withdrawal reflex (AWR) scores. The threshold intensity of CRD was measured in rats on the same day,
and the threshold intensity was determined as the pressure inducing the first abdominal contraction. Fecal weight and
fecal water content were recorded on the same day. Rats that met the criteria for visceral hypersensitivity and had
increased fecal weight and fecal water content were considered IBS-D rats.

The rats were divided into 6 groups, with 10 rats per group: (1) The normal control group included normal rats
without any treatment; (2) In the BW723C86 group, normal control rats were injected intraperitoneally with BW723C86
(25 pg/kg/d, 100 pL/injection) daily for seven days; (3) In the BW723C86 + SB366791 group, normal control rats were
injected intraperitoneally with SB366791 (10 mg/kg/d, 100 pL/injection) 30 min before BW723C86 was administered
daily for seven days; (4) IBS-D rats without any treatment; (5) In the IBS-D + Vehicle group, IBS-D rats were injected
intraperitoneally with 20% dimethylsulfoxide in physiological saline (100 pL/injection) daily for seven days; and (6) In
the RS-127445 group, IBS-D rats were injected intraperitoneally with RS-127445 (10 mg/kg/d, 100 pL/injection) daily for
seven days.

The doses and timings used in this study were chosen from previous studies[7,20]. At the end of the experiment,
visceral sensitivity was evaluated by measuring the behavioral responses of the AWR to CRD in every animal group. The
threshold intensity of CRD was measured in all the animal groups. Then, the animals were sacrificed, and distal colon
tissue was collected. The colon was divided into 3 parts: One sample was used for ELISA analysis, and one sample was
fixed in 4% paraformaldehyde for routine HE histological analysis, immunohistochemical staining and immunofluor-
escence. Under a stereomicroscope, another colon sample was gently peeled off, and the intestinal wall was peeled off
into the mucosal layer and the intestinal muscle layer. Then, the tissue was stored at -80 °C for quantitative real-time
reverse transcriptase polymerase chain reaction (RT-PCR). This study was approved by the Fudan University School of
Medicine Animal Care and Use Committee and was performed in accordance with the guidelines of the International
Association for the Study of Pain.

CRD test for visceral hyperalgesia

Briefly, rats were sedated with isoflurane for 1 min in a sealed cage connected to an animal anesthesia machine, and a
flexible balloon guide wire (received as a gift from the Vascular Intervention Department of Jinshan Hospital of Fudan
University) was then quickly inserted approximately 2.0 cm into the descending colon via the anus and firmly fixed with
adhesive tape. The rats were placed in a restraint chamber that prevented them from escaping or turning around and
allowed to adapt for 15 min. CRD was generated by slowly inflating the balloon to a constant pressure using a balloon
vasodilation catheter to control inflation. The balloon was inflated to 15, 30, 45 and 60 mmHg for 20 s, followed by a
resting interval of 5 min, and this process was repeated 3 times to achieve an accurate result. The responses of the animals
to CRD were carefully observed until pain-related behaviors were observed. AWR scores were graded on a scale of 0-4
[21] (0, normal behavior; 2, contraction of abdominal muscles; 3, lifting of the abdominal wall; 4, body arching and lifting
of pelvic structures). The final score was calculated from the mean scores of three data points.

Recordings of fecal weight and fecal water content

Fecal weight and fecal water content were recorded on Day 19 to evaluate the establishment of the IBS-D rat model. To
measure the fecal weight and fecal water content, the feces expelled by each rat were collected and recorded after 3 h. The
feces were weighed again after drying in an oven. Fecal water content = [wet fecal weight (g)-dried fecal weight (g)]/wet
fecal weight (g) x 100%[19].

Histological examination of the colon
For histological experiments, distal colon tissue from each rat was fixed in 4% paraformaldehyde, embedded in paraffin,
and cut into 4 pm sections. Sections were stained with HE and scored for histopathological structures by a pathologist.

ELISA

Mucosal samples and muscular samples were homogenized in a prepared ice-cold 100 nM Tris mixture containing
protease inhibitors (Beyotime, Shanghai, China) supplemented with 1 mmol/L phenylmethanesulfonyl fluoride. The
mucosal and muscular samples were centrifuged at 12000 x g for 15 min at 4 °C. The homogenates were centrifuged at
low temperature for 20 min at 3000 rpm. The protein concentration in the supernatant was detected on a Nanodrop 2000
(Thermo Fisher Scientific, Waltham, MA, United States). The concentrations of the 5-HT,; receptor in the supernatants
were detected via ELISA using specific kits (Jianglai bio, Shanghai, China). The detection range for this assay was 2.5-40
ng/mL. Each sample was measured in duplicate. Reactivity was assessed at 450 nm.

Quantitative real-time RT-PCR

Total RNA was extracted from colon samples with TRIzol reagent (Tiangen Biotech, Beijing, China). SYBR Green
quantitative RT-PCR was performed to determine the expression of the 5-HT,; receptor and TRPV1 genes with a 7900HT
Fast real-time PCR system (Applied Biosystems, Foster City, CA, United States) according to the instructions of the SYBR
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Premix EX Taq Kit (Takara Biotechnology, Dalian, China). Control quantitative reactions were performed in the absence
of cDNA template. B-Actin was used as the reference gene. The primer sequences are shown in Table 1.

Immunohistochemistry

Biopsy samples from participants and colon tissues from rats were fixed in 4% formalin, and 4 pm thick sections were
used for immunohistological analyses. Following routine deparaffinization, rehydration and antigen retrieval, the
sections were incubated with a rabbit anti-TRPV1 polyclonal antibody (1:300, AB1029) and mouse anti-5-HT,; receptor
(1:500, AB194333) overnight at 4 °C. Next, the sections were incubated at room temperature for 2 h with a horseradish
peroxidase-conjugated secondary antibody (Jingmei Biological Engineering Co., Shenzhen, China). Visualization
involved the use of diaminobenzidine as a chromogen. Subsequently, the slides were counterstained with hematoxylin
and examined under a light microscope (Olympus, Tokyo, Japan).

Tissue immunofluorescence

Colonic tissue samples collected from rats and biopsy samples from participants were perfused with saline followed by
fixative containing 4% paraformaldehyde. Sections of colonic tissues were incubated with a rabbit anti-TRPV1 polyclonal
antibody (1:300, AB1029), mouse anti-5-HT,; receptor (1:200, AB194333) or human anti-5-HT,; receptor polyclonal
antibody (1:200, MAB10322) overnight at 4 °C, followed by donkey anti-rabbit and anti-mouse secondary antibodies at a
dilution of 1:200 (Sigma). Sections of colonic tissues from rats were costained with mouse anti-5-HT,; receptor (1:100,
AB194333), mouse anti-TRPV1 (1:200, Proteintech), rabbit anti-E-cadherin (1:400, CST 3195), rabbit anti-pankeratin
(1:1500, Proteintech), anti-alpha smooth muscle actin (1:100, AB5694), and rabbit anti-PGP9.5 (1:1000, Proteintech)
primary antibodies; FITC-conjugated goat-anti-rabbit-immunoglobulin G (IgG) antibody (1:200, Sigma); FITC-conjugated
goat-anti-mouse-IgG antibody (1:200, Sigma); and FITC-conjugated goat-anti-guinea pig-IgG (1:200, Jackson
ImmuoResearh). All the antibodies were diluted in PBS containing 1% BSA. The specimens were identified via a confocal
microscope (Carl Zeiss AG, Jena, Germany). The digitized images were captured by using an automated acquisition
system (TissueFAXS Plus, TissueGnostics GmbH, Austria). Then, 5-HT,; receptor-immunoreactive (IR) cells surrounded
by TRPV1-positive in one-third or more of the 5-HT,; receptor-immunoreactive circumference were counted (5-HT,;
receptor I*) and expressed as a percentage of total 5-HT,; receptor IR cells (5-HT,; receptor I;) in the fields analyzed (5-
HT,; receptor I*/5-HT,, receptor I). The data for each group were collected from 10 slides. A t test for two proportions
was used to test the level of significance.

Statistical analysis

Depending on the distribution of the variables, Student's t-test, Chi-square test, or Wilcoxon rank sum was used to test for
differences in parameters between groups. Continuous variables are presented as arithmetic mean * SD. Categorical
variables are presented as numbers (percentages). Associations between two parameters were analyzed via Spearman's
rank correlation. All statistical analyses were performed using R software (version 4.1.0) and GraphPad Prism (version
6.0). The statistical significance level was set at P < 0.05 (both sides).

RESULTS

Group characteristics

The clinical characteristics of the IBS-D patients, IBS-C patients and control subjects are described in Table 2. No
significant differences in age or sex were evident among the three groups. A total of 18 patients with IBS-D were
examined, and the mean scores of severity of abdominal symptoms were significantly greater in IBS-D patients than in
controls (P < 0.001). The mean frequency of abdominal symptoms was significantly greater in IBS-D patients than in
controls (P < 0.001). The mean scores of severity of abdominal symptoms in the IBS-C patients were significantly greater
than that in the controls (P < 0.001). The mean frequency of abdominal symptoms in IBS-C patients was markedly greater
than that in control patients (P < 0.001). We observed no significant differences between the IBS-D and IBS-C groups.

Measurement of the 5-HT, receptor in the intestinal mucosa

Compared with healthy controls, IBS-D patients exhibited significant upregulation of the 5-HT,; receptor in the intestinal
mucosa (IBS-D: 11.78 + 1.67 ng/mg protein vs healthy controls: 5.22 + 1.95 ng/mg protein, P < 0.001) (Figure 1A).
Compared with healthy controls, IBS-C patients also exhibited slight upregulation of the 5-HT,; receptor in the intestinal
mucosa, but there was no significant difference between the IBS-C group and healthy controls (IBS-C: 6.08 + 1.75 ng/mg
protein vs. healthy controls: 5.22 + 1.95 ng/mg protein, P = 0.42) (Figure 1A). Therefore, we selected the IBS-D group as
our research group.

Correlation analysis

In patients with IBS-D, there was a significant correlation between mucosal 5-HT,; receptor levels and both the severity
and frequency of abdominal pain (r = 0.71, P = 0.001 and r = 0.68, P = 0.001, respectively) (Figure 1B and C); however, this
correlation was not observed in the control group.

Immunohistochemistry findings

As shown in Figure 1D, the immunohistochemical data confirmed the abundant expression of the 5-HT,; receptor in
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Table 1 Gene primer sequences (5°-3’)

Gene Primer sequences (5’-3’)

ACTB Forward GGCTGTATTCCCCTCCATCG
Reverse CCAGTTGGTAACAATGCCATGT

5-HT2B receptor Forward AGAACCAGGGGAATACAG
Reverse GGGAAATGGCACAGAGA

TRPV1 Forward TGAAGCCGTTGCTCAGAATAACTG
Reverse CTCAGGGTCTTTGAACTCGTT

5-HT g receptor: Serotonin receptor 2B; TRPV1: Transient receptor potential vanilloid type 1.

Table 2 Characteristics of the study subjects, n (%)

Clinical characteristics Subjects (n=43) IBS subtype (n = 28)
IBS (n = 28) Control (1 =15) P value IBS-D (1 =18) IBS-C (1 = 18) P value
Age 51.2 (10.2) 51.1 (10.3) 0.96 514 (9.8) 51.0 (11.5) 0.93
Sex 0.86
Male 12 (42.9) 6 (40.0) 8 (44.4) 4 (40.0) 1.00
Female 16 (51.7) 9 (60.0) 10 (55.6) 6 (60.0)
Severity of abdominal pain <0.001 0.49
Absent (0) 0(0.0) 8 (53.4) / /
Mild (1) 10 (35.7) 7 (46.7) 7 (38.9) 3 (30.0)
Relevant (2) 12 (42.9) 0(0.0%) 8 (44.4) 4 (40.0)
Severe (3) 6 (21.4) 0(0.0) 3(16.7) 3 (30.0)
Frequency of abdominal pain <0.001 0.88
Absent (0) 0(0.0) 9 (60.0) / /
Up to 1 day/week (1) 9 (32.1) 6 (40.0) 6(33.3) 3 (30.0)
2 or 3 days/week (2) 14 (50.0) 0(0.0) 9 (50.0) 5 (50.0)
4-6 days/week (3) 4(14.3) 0(0.0) 2 (11.1) 2 (20.0)
Daily (4) 1(3.57) 0(0.0) 1(5.6) 0(0.0)

Depending on the distribution of the variables, Student's t-test, Chi-square test, or Wilcoxon rank sum was used to test for differences in parameters
between groups. Continuous variables are presented as arithmetic mean + SD. Categorical variables are presented as numbers (percentages). IBS: Irritable
bowel syndrome; IBS-D: IBS with diarrhea; IBS-C: IBS with constipation.

human colonic mucosal epithelial cells. TRPV1 was also expressed in human colonic mucosal epithelial cells (Figure 1D).
The 5-HT,; receptor and TRPV1 were coexpressed in human colonic mucosal epithelial cells (Figure 1E).

The establishment of the IBS-D rat model

Visceral sensitivity was determined in animals on Day 19 by measuring the AWR scores in response to CRD. IBS-D rats
had higher mean AWR scores at pressures of 30, 45 and 60 mmHg but not at 15 mmHg (Figure 2A). Compared with those
in the normal control group, the threshold pressure in the IBS-D group also decreased (Figure 2B). Compared with that in
the normal control group, the water content of the feces in the IBS-D group was significantly greater (Figure 2C).
Additionally, the weight of the fecal pellets in the IBS-D group was greater than that in the normal control group
(Figure 2D). HE-stained sections showed no obvious differences in histopathological structure between the IBS-D rats and
normal control rats (Figure 2E). These results suggested that the IBS-D model was established successfully.

5-HT,, receptor and TRPV1 expression was upregulated in the IBS-D group

We investigated the changes in 5-HT,, receptor expression in the IBS-D rat group. A previous study showed that the 5-
HT,; receptor is located mainly in smooth muscle layers and the myenteric nerve plexus[6]. Our results showed that 5-
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Figure 1 Irritable bowel syndrome with diarrhea patients presented increased serotonin receptor 2B and transient receptor potential
vanilloid type 1 protein levels. A: Expression of the serotonin receptor 2B (5-HT,y) receptor protein in colonic biopsies of patients with irritable bowel syndrome
with diarrhea (IBS-D) (n = 18), patients with irritable bowel syndrome with constipation (n = 10), and control subjects (n = 15); B: Correlation between the severity of
abdominal pain and the 5-HT,g receptor level in patients with IBS-D (Spearman correlation coefficient = 0.71, P = 0.001); C: Correlation between the frequency of
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abdominal pain and the 5-HT,g receptor level in patients with IBS-D (Spearman correlation, r = 0.68; P = 0.001); D: Representative photomicrographs showing
positive 5-HT,; receptor and transient receptor potential vanilloid type 1 (TRPV1) immunoreactivity in two serial sections of biopsy tissues from healthy controls and
IBS-D patients. The magnification was 20 x; E: Double-label immunofluorescence analysis of the 5-HT,g receptor (green) and TRPV1 (red) in the colonic mucosa of
healthy controls and IBS-D patients. Merged image showing colocalization (yellow) of the 5-HT,g receptor and TRPV1 immunoreactivity. Magnification 20 x. 2P <
0.05. IBS-C: Irritable bowel syndrome with constipation; IBS-D: Irritable bowel syndrome with diarrhea; 5-HT,;: Serotonin receptor 2B; HC: Healthy controls; TRPV1:
Transient receptor potential vanilloid type 1.
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Figure 2 Validation of the establishment of an irritable bowel syndrome with diarrhea rat model. A: The irritable bowel syndrome with diarrhea
(I1BS-D) group had higher abdominal withdrawal reflex scores than did the normal control group, with colorectal distension pressures of 30, 45 and 60 mmHg but not
15 mmHg; B: The IBS-D group also had a decreased threshold pressure compared with that of the normal control group; C: The water content of the feces in the IBS-
D group and normal control group; D: The weight of fecal pellets in the IBS-D group and normal control group; E: Inflammation evaluation of the colon in IBS-D rats
and normal control rats using hematoxylin and eosin stain. No significant inflammation or abnormalities in structure were observed in IBS-D rats or normal control
rats. Magpnification 20 x; 2P < 0.05, °P < 0.01, °P < 0.001. IBS-D: Irritable bowel syndrome with diarrhea; HE: Hematoxylin and eosin; AWR: Abdominal withdrawal
reflex.

HT,; receptor immunoreactivity not only localized to the smooth muscle layer and myenteric nerve plexus but also to the
colonic mucosa layer (Figure 3A). Notably, the expression of the 5-HT,, receptor in the IBS-D group was greater than that
in the normal control group. The intestinal tissue of the 5-HT,; receptor in the IBS-D group was significantly upregulated
compared with that in the normal control group (Figure 3B and C). qRT-PCR revealed that the expression of 5-HT,;
receptor mRNA in the IBS-D group was significantly greater than that in the normal control group (Figure 3D and E).
Immunohistochemistry showed that TRPV1 was localized in the colonic mucosa layer, smooth muscle layer, and
myenteric nerve plexus (Figure 3F). qRT-PCR revealed that the expression of TRPV1 mRNA in the IBS-D group was
greater than that in the normal control group (Figure 3G and H). These results indicated that upregulated 5-HT,; receptor
and TRPV1 expression were involved in the pathogenesis of IBS-D.

Involvement of the 5-HT,, receptor in visceral hyperalgesia in IBS-D patients

The 5-HT,; receptor was reported to participate in the pathophysiology of peripheral hyperalgesia[8]. The role of the 5-
HT,; receptor in visceral hyperalgesia in IBS-D rats was investigated in our study. The 5-HT,; receptor antagonist RS-
127445 was injected intraperitoneally into IBS-D rats. The results showed that, compared with vehicle, RS-127445
treatment induced a marked decrease in AWR and increased the threshold pressure (Figure 4A and B). Immunohisto-
chemistry, qRT-PCR, and ELISA results demonstrated that 5-HT,; receptor protein and mRNA expression was downreg-
ulated in RS-127445-treated IBS-D rats (Figures 4C and 5A-D). Moreover, the 5-HT,; receptor agonist BW723C86 was
injected intraperitoneally into healthy control rats once daily for 7 consecutive days. Interestingly, the results showed that
the application of the 5-HT,; receptor agonist BW723C86 induced a marked increase in AWR scores and a decrease in
threshold pressure in healthy rats compared with those in normal control rats (Figure 5E and F). These results
demonstrated that the 5-HT,; receptor participated in the pathophysiology of visceral hyperalgesia in IBS-D rats.

5-HT,, receptor-induced visceral hyperalgesia was mediated via TRPV1

A previous study reported that a 5-HT,; receptor agonist induces mechanical hyperalgesia by regulating TRPV1 function
[13]. In mouse colon sensory neurons, 5-HT,; receptor activation enhances TRPV1 function[14]. We hypothesized that 5-
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Figure 3 Increased serotonin receptor 2B and transient receptor potential vanilloid type 1 levels in the irritable bowel syndrome with
diarrhea group. A: Immunohistochemical staining revealed the expression of the serotonin receptor 2B (5-HT , receptor) in the colon tissue in irritable bowel
syndrome with diarrhea (IBS-D) rats and normal control rats; Magnification 20 x; B: Expression of 5-HT, receptor protein in the colonic mucosa layer of the IBS-D
group and normal control group; C: Expression of 5-HT, receptor protein in the colonic muscular layer of the IBS-D group and normal control group; D: Levels of 5-
HT,g receptor mRNA in the colonic mucosa layer from the IBS-D group and normal control group; E: Levels of 5-HT,g receptor mRNA in the colonic muscular layer
from the IBS-D group and normal control group; F: Immunohistochemical staining showing the expression of transient receptor potential vanilloid type 1 (TRPV1) in
the colon tissue in IBS-D rats and normal control rats. Magnification 20 x; G: Levels of TRPV1 mRNA in the colonic mucosa layer from the IBS-D group and normal
control group; H: Levels of TRPV1 mRNA in the colonic muscular layer from the IBS-D group and normal control group. 2P < 0.05, °P < 0.001. IBS-D: Irritable bowel
syndrome with diarrhea; 5-HT,;,: Serotonin receptor 2B; TRPV1: Transient receptor potential vanilloid type 1.

HT,; receptor-induced visceral hyperalgesia in IBS-D patients is mediated via the TRPV1 channel. First, we detected the
coexpression of TRPV1 and the 5-HT,; receptor in colonic tissues. Immunofluorescence revealed that TRPV1 and the 5-
HT,; receptor were coexpressed not only in smooth muscle layers and the myenteric nerve plexus but also in the colonic
mucosa layer in humans and rats (Figures 1E, 6A and B). The percentage of 5-HT,; IR cells surrounded by TRPV1-positive
cells (5-HT,; receptor I') and total 5-HT,; receptor IR cells (5-HT,; receptor 1) in the IBS-D group was greater than that in
the normal control group (Figure 6C and D).

Second, we aimed to identify in which layer the receptor of 5-HT,; and TRPV1 mediates visceral hyperalgesia in the
IBS-D model. Then, 5-HT,; and TRPV1 were labeled with molecular markers of epithelial cells, peripheral nerve fibers
and smooth muscle cells via immunofluorescence to determine the functions of these receptors in visceral pain sensation.
Immunofluorescence staining demonstrated that 5-HT,; and TRPV1 were colocalized mainly in peripheral nerve fibers
and colon epithelial cells (Figure 7). The 5-HT,; receptor and TRPV1 were not colocalized in smooth muscle cells. Visceral
hypersensitivity is the most important pathophysiological alteration associated with visceral pain in IBS patients. The
expression of 5-HT,; and TRPV1 in peripheral nerve fibers and the colonic mucosa layer may be involved in the gut
sensation and visceral hyperalgesia observed in IBS-D patients.

Third, the TRPV1 antagonist SB366791 was administered to normal control rats 30 min before BW723C86, and the
results showed that the BW723C86-induced visceral hyperalgesia was alleviated by SB366791 (Figure 5E and F).

Fourth, qRT-PCR and immunohistochemistry were used to detect the expression of TRPV1 in RS-127445-treated IBS-D
rats. The results showed that injection of RS-127445 significantly decreased the expression of TRPV1 in the colonic tissues
of IBS-D rats compared with those of control IBS-D rats (Figure 8).

3%’@) WIG | https://www.wjgnet.com 1440 March 14,2024 | Volume30 | Issuel0 |



Li ZY et al. 5-HT,; R induces visceral hyperalgesia in IBS-D

A B b
— IBS-D + RS-127445 B o -
4| ~IBS-D + Vehicle c :g
¢ E 20
o 3 =
9 2
S ¢ 2 15 -
8 g
2 =
« S 10 -
= ]
< o
1 T 5
[
£
0 T - - . o 04
15 30 45 60 =]

IBS-D + RS-127445 IBS-D + Vehicle

Colorectal distension (mmHg)

C IBS-D + RS-127445
‘ ELAL AT PPy i

5-HT,, R mucosa layer

5-HT,, R muscular layer

= a =
=40y S 404 a 2
B B { I
£ 1] £ 2]
o=l I o
2 8 20- 235201
] 20 o
8o 8 3
Q g a3
&~ 104 = €404
= =
I I
L 0 T ) 0 T
Control  IBS-D IBS-D + Control ~ IBS-D IBS-D +
+ Vehicle RS-127445 + Vehicle RS-127445

Figure 4 RS12-7445 decreased the visceral sensitivity and serotonin receptor 2B levels in irritable bowel syndrome with diarrhea rats. A:
The irritable bowel syndrome with diarrhea (IBS-D) + Vehicle group had significantly greater abdominal withdrawal reflex scores than did the IBS-D + RS-127445
group with the same colorectal distension (CRD) pressure; B: The IBS-D + Vehicle group had significantly reduced threshold pressure than did the IBS-D + RS-
127445 group with the same CRD pressure; C: Immunohistochemical staining showing the expression of the serotonin receptor 2B receptor in the colon mucosa
layer and colon muscular layer of each group. Magnification 20 x; 2P < 0.05, °P < 0.01, °P < 0.001. IBS-D: Irritable bowel syndrome with diarrhea; 5-HT,g: Serotonin

receptor 2B; AWR: Abdominal withdrawal reflex.

DISCUSSION

The 5-HT,; receptor has generated considerable interest in the research community owing to its critical role in the
generation of hyperalgesic diseases. Previous studies have shown that peripheral and spinal 5-HT,; receptors have
pronociceptive effects and participate in the development and maintenance of formalin-induced hyperalgesia[22]. The 5-
HT,; receptor mediates 5-HT-induced mechanical hyperalgesia in mice[8]. Activation of the 5-HT,; receptor in meningeal
nociception causes neurogenetic inflammation and the generation of migraine pain[23].

In the present study, we investigated the potential involvement of the 5-HT,, receptor in the visceral pain of IBS-D
patients. Compared with those from control participants, colonic biopsies from patients with IBS-D revealed significant
upregulation of the 5-HT,; receptor. Moreover, enhanced expression of the 5-HT,; receptor was positively correlated with
the severity and frequency of abdominal pain symptoms. We instilled 1 mL of 4% acetic acid intracolonically and applied
wrap restraint stress to induce an IBS-D rat model. Compared with normal control rats, this rat model showed visceral
hypersensitivity and increased fecal weight and fecal water content, which was consistent with the clinical symptoms of

3%’@) WIG | https://www.wjgnet.com 1441 March 14,2024 | Volume30 | Issuel0 |



Li ZY et al. 5-HT,z R induces visceral hyperalgesia in IBS-D

>
w
1
o
o
W
N
3]
I

c a c 20+ b a
] f T ] - r T l
z ST 201 D _,i,_
= Q = B
E 274 ES gg 15
g 5 5 15 . . 4 )
= ° - J
5 S 35 1. g1 Y _A‘;‘ﬁ.—
Seol E =
> @ ~
g< S 5] e 5
o T ® = >
o th B
0 T 0 T T T 1 0 T T T
Control IBS-D + IBS-D + Control 1BS-D + IBS-D + Control IBS-D + IBS-D +
Vehicle RS-127445 Vehicle RS-127445 Vehicle RS-127445
D E F
2.51 ~ 25- a a
a a 4 - = Control+BW723C86 C
<Z’: 2.0 [ —+ Control+BW723C86+SB366791 £
g - Control E 201
Ez =R c z
&5 1.5 g c 2 154
- [
£3 ? 24 e
th 5 1.0 n;c - 104
g E < °
8505 1 Z
2 . é 54
0.0 T 0 T T T T é’ 0-
Control IBSD+  IBSD + 15 30 5 60 Control ~ Control +  Control +
Vehicle RS-127445 Colorectal distension (mmHg) BW723C86 BW?723C86
+ SB366791

Figure 5 RS§12-7445 decreased the serotonin receptor 2B levels in irritable bowel syndrome with diarrhea rats. Visceral sensitivity was
detected by the colorectal distension. A: Serotonin receptor 2B (5-HT, receptor) mRNA levels in the colonic mucosa layer were detected via quantitative
reverse transcriptase polymerase chain reaction (qQRT-PCR); B: Expression of the 5-HT, receptor in colon mucosa tissues from each group was detected by ELISA;
C: Expression of the 5-HT, receptor in colon muscular tissues from each group was detected by ELISA; D: 5-HT,, receptor mRNA levels in the colonic muscular
layer were detected via qRT-PCR; E: The Control + BW723C86 group had higher abdominal withdrawal reflex (AWR) scores than did the Control group, with
colorectal distension (CRD) pressures of 30, 45 and 60 mmHg but not 15 mmHg. Similarly, the Control + BW723C86 group had increased AWR scores with the same
CRD pressure compared with those of the Control + BW723C86 + SB366791 group; F: The Control + BW723C86 group had a decreased threshold pressure
compared with that of the Control group. Similarly, the Control + BW723C86 group had reduced threshold pressure with the same CRD pressure compared with
those of the Control + BW723C86 + SB366791 group. 2P < 0.05, °P < 0.01, °P < 0.001. IBS-D: Irritable bowel syndrome with diarrhea; 5-HT,5: Serotonin receptor 2B;
AWR: Abdominal withdrawal reflex.

IBS-D patients. Our findings showed that the 5-HT,; receptor was expressed not only in the colonic smooth muscle layers
and myenteric nerve plexus but also in the colonic mucosa layer in rats. Increased expression of the 5-HT,; receptor in
colon tissue was found in IBS-D rats compared with that in normal control rats. Previous studies demonstrated that the 5-
HT,; receptor was expressed in smooth muscle layers and the myenteric nerve plexus of human and mouse intestines[6].
To our knowledge, this is the first study to explore the expression of the 5-HT,; receptor in the colon mucosa layer in IBS-
D patients and rats. The upregulation of the 5-HT,; receptor in the colon mucosa layer may be involved in the gut
sensation and visceral hyperalgesia of IBS-D patients.

Considering that visceral hypersensitivity is the most important pathophysiological alteration associated with visceral
pain in IBS-D patients, we used a 5-HT,; receptor agonist (BW723C86). The administration of BW723C86 to normal
control rats significantly increased visceral hypersensitivity. A 5-HT,; receptor antagonist (RS-127445) significantly
decreased visceral hypersensitivity in IBS-D rats. In RS-127445-treated IBS-D rats, decreased mRNA expression of the 5-
HT,; receptor was found in colon tissues. These results suggested the involvement of the 5-HT,; receptor in visceral
hypersensitivity in rats. Our findings were consistent with previous work showing that RS-127445 inhibited visceral
hyperalgesia in both TNBS-induced and stress-sensitive rat models of visceral hypersensitivity[9,10]. Tegaserod, which is
effective at alleviating abdominal pain symptoms in IBS patients, is a potent 5-HT,; receptor antagonist[24]. Taken
together, these data support the use of 5-HT,; receptor antagonists as novel treatments for visceral hyperalgesia in IBS-D
patients.

Previous research has shown that 5-HT-induced excitatory effects in the human colon in vitro are mediated by the 5-
HT,; receptor. RS-127445 inhibited 5-HT-induced excitatory effects[6]. Other research revealed that RS-127445 concen-
tration-dependently reduced fecal output and peristaltic frequency in healthy mice[25]. A new study showed that the 5-
HT,; receptor on interstitial cells of Cajal in diabetic mice was decreased and associated with constipation. Activation of
the 5-HT,; receptor improved colonic motility and constipation in diabetic mice[20]. Taken together, these results
indicated that 5-HT,; receptor activation was related to gut motility. Considering that the 5-HT,; receptor induces colonic
motility, the upregulation of the 5-HT,; receptor may be related to the development of diarrhea in patients with IBS-D.
Additionally, it is conceivable that the upregulation of the 5-HT,; receptor may be relevant to the visceral hyperalgesia
that we observed in this study because disorders of muscle tone and colonic motility have been postulated to be related to
visceral hyperalgesia.

The 5-HT,; antagonist RS-127445 effectively alleviated pain in the IBS-D model. However, it is not clear in which kind
of cell these two receptors are located. It is also unclear in which layer of the colon the receptor of 5-HT,; and TRPV1
mediates visceral hyperalgesia in the IBS-D model. Because the same receptor plays different roles in different cells, 5-
HT,; and TRPV1 were labeled with molecular markers of epithelial cells, peripheral nerve fibers and smooth muscle cells
via immunofluorescence to determine the functions of these receptors in visceral pain sensation. The results demonstrated
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Figure 6 Double-label immunofluorescence analysis in the rat colon. A and B: Double-label immunofiuorescence analysis of serotonin receptor 2B (5-
HT,; receptor) (green) and transient receptor potential vanilloid type 1 (TRPV1) (red) in the colon mucosa layer (A) and muscular layer (B) in normal control rats,
irritable bowel syndrome with diarrhea (IBS-D) + Vehilce rats and RS-127445-treated IBS-D rats. Merged image showing colocalization (yellow) of the 5-HT,g receptor
and TRPV1 immunoreaction. Magnification 20 x; C: The data are the percentages of 5-HT,g receptor I* cells in the colon mucosa layer among the total 5-HT g
receptor-immunoreactive (IR) cells in the colon mucosa layer (5-HT,g receptor I;); D: The data are presented as the percentage of 5-HT,g receptor I* cells in the colon
muscular layer relative to the total 5-HT, IR cells in the colon muscular layer (5-HT,; receptor I;). 2P < 0.05, °P < 0.01. IBS-D: Irritable bowel syndrome with diarrhea;
5-HT,5: Serotonin receptor 2B; TRPV1: Transient receptor potential vanilloid type 1.
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Figure 7 Immunofluorescence analysis of colon tissues costained with serotonin receptor 2B (green fluorescence), transient receptor
potential vanilloid type 1 (red fluorescence), protein gene product 9.5 (purple fluorescence) and Pan-Keratin (purple fluorescence). A:
Serotonin receptor 2B (5-HT, receptor) receptor (green fluorescence), transient receptor potential vanilloid type 1 (TRPV1) (red fluorescence) and protein gene
product 9.5 (PGP9.5) (purple fluorescence) in the rat colon mucosa layer. Merged image showing colocalization (pink) of the 5-HT,g receptor, TRPV1 receptor and
PGP9.5 immunoreactivities in the rat colon mucosa layer; B: 5-HT.;, receptor (green fluorescence), TRPV1 (red fluorescence) and PGP9.5 (purple fluorescence) in
the rat colon muscular layer. Merged image showing colocalization (pink) of the 5-HT,g receptor, TRPV1 receptor and PGP9.5 immunoreactivities in the rat colon
muscular layer; C: The 5-HT,g receptor (green fluorescence), TRPV1 (red fluorescence) and Pan-Keratin (purple fluorescence) in the rat colon mucosa layer. Merged
image showing colocalization (pink) of the 5-HT,; receptor and TRPV1 and pankeratin immunoreactivities in the rat colon mucosa layer. Magnification 20 x. PGP9.5:
Protein gene product 9.5; 5-HT,: Serotonin receptor 2B; TRPV1: Transient receptor potential vanilloid type 1.

that 5-HT,; and TRPV1 were colocalized mainly in peripheral nerve fibers and colon epithelial cells. Visceral hypersens-
itivity is the most important pathophysiological alteration associated with visceral pain in IBS patients. The expression of
5-HT,; and TRPV1 in peripheral nerve fibers and the colonic mucosa layer may be involved in the gut sensation and
visceral hyperalgesia observed in IBS-D patients.
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Figure 8 RS12-7445 decreased the transient receptor potential vanilloid type 1 levels in colon tissues in irritable bowel syndrome with
diarrhea rats. A: Inmunohistochemical staining showing the expression of transient receptor potential vanilloid type 1 (TRPV1) in the colon mucosa layer and colon
muscular layer of each group. Magnification 20 x; B: Levels of TRPV1 mRNA in colon mucosa layer tissues were measured by quantitative reverse transcriptase
polymerase chain reaction (QRT-PCR); C: Levels of TRPV1 mRNA in colon muscular layer tissues were measured by qRT-PCR. 2P < 0.05. IBS-D: Irritable bowel
syndrome with diarrhea; TRPV1: Transient receptor potential vanilloid type 1.

TRPV1 channels are critical contributors to normal and pathological pain and are likely to be activated by inflam-
matory products in IBS[26]. Upregulation and/or sensitization of TRPV1 is considered an important mechanism of
visceral hyperalgesia both in preclinical rat models and in patients with IBS[27]. Our results indicated that TRPV1 was
upregulated in IBS-D patients and rats, which was consistent with previous findings[27]. A previous report showed that
TRPV1 activity is regulated by inflammatory mediators, including prostaglandins and bradykinin, likely through protein
kinase C (PKC)- or cAMP-dependent protein kinase-mediated phosphorylation of the receptor. Generally, protein kinase-
mediated phosphorylation of the TRPV1 receptor results in peripheral sensitization[28]. Data from a mouse model
suggested that 5-HT,; receptor activation may enhance the responsiveness of the TRPV1 receptor to temperature and acid
and thereby contribute to peripheral sensitization[14]. Serotonin signaling alterations in IBS may occur in part through
TRPV1 sensitization[29].

A previous study demonstrated that the administration of antagonists of 5-HT,;, PLCB, PKCe, and TRPV1 inhibited 5-
HT-induced mechanical hyperalgesia. In DRG neurons, 5-HT injection increased capsaicin- or 5-HT-induced calcium
signals, which were regulated by the 5-HT,;-PLCB-PKCe pathway. The possible mechanism is as follows: Injection of 5-
HT induces activation of 5-HT,,-PLCB-PKCe in the peripheral nociceptors, after which TRPV1 is relieved from PIP2
inhibition to produce peripheral sensitivity, which increases the number of neurons responding to 5-HT[13]. Thus, 5-HT,;
mediates 5-HT-induced mechanical hyperalgesia by regulating TRPV1 function[13]. In mouse colon sensory neurons, 5-
HT,; receptor activation enhances TRPV1 function[14]. Our present study demonstrated that 5-HT,; and TRPV1 are
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Figure 9 The visceral pain conduction pathway involves transient receptor potential vanilloid type 1. The expression of the serotonin receptor 2B
(6-HT,g) receptor and transient receptor potential vanilloid type 1 (TRPV1) increased in colon tissues from irritable bowel syndrome with diarrhea patients and rats.
The administration of a 5-HT,g receptor agonist increased visceral pain, which was alleviated by successive administration of a TRPV1 antagonist. Treatment with a
5-HT, receptor antagonist suppressed TRPV1. The sensation of pain is thus attenuated, and the pain threshold is increased. 5-HT,g receptor: Serotonin receptor 2B;
TRPV1: Transient receptor potential vanilloid type 1.

located mainly in peripheral nerve fibers and that the number of 5-HT,; receptor- and TRPV1-positive cells was
significantly greater in IBS-D rats than in normal control rats. The modulation of TRPV1 function by the 5-HT,; receptor
may increase afferent input from the colon and provide a peripheral mechanism for the development of visceral pain
symptoms in IBS-D patients. 5-HT,; receptor agonist-induced visceral hyperalgesia in normal rats was alleviated by a
TRPV1 antagonist. RS-127445 not only inhibited visceral hyperalgesia but also decreased the expression of TRPV1. These
results indicated that increased 5-HT,; receptor expression may participate in visceral hyperalgesia in IBS-D rats via
TRPV1 channels. However, the exact underlying mechanism requires further research.

CONCLUSION

In conclusion, our present study showed that the 5-HT,; receptor may participate in visceral hyperalgesia in IBS-D
patients. In addition, 5-HT,; receptor-induced visceral hyperalgesia may be mediated by TRPV1 channels (Figure 9). The
analgesic effect of RS-127445 in IBS-D rats could be used as a novel treatment for IBS-D.

ARTICLE HIGHLIGHTS

Research background

Patients with irritable bowel syndrome with diarrhea (IBS-D) experience a significant reduction in their quality of life.
While the exact pathogenesis of IBS-D remains incompletely understood, research indicates that serotonin receptor 2B (5-
HT,; receptor) plays a critical role in many chronic pain conditions. The role of 5-HT,; receptor in the altered gut
sensation of IBS-D was not investigated.

Research motivation
This study is to identify the role of 5-HT,; receptor in the altered gut sensation via transient receptor potential vanilloid
type 1 (TRPV1) channels in rat model and patients with diarrhea-predominant IBS.

Research objectives
This study aims to elucidate the role of the 5-HT,; receptor in both IBS-D patients and rat models induced by acetic acid
and wrap restraint. The findings are anticipated to offer novel insights into potential avenues for IBS-D treatment.

Research methods

Rectosigmoid biopsies were collected from IBS-D patients and healthy controls. The expression level of 5-HT,; receptor in
colon tissue was measured and correlated with abdominal pain scores in IBS-D patients. The IBS-D rat model was
induced by intracolonic instillation of acetic acid and wrap restraint. Alterations in visceral sensitivity, 5-HT,; receptor
and TRPV1 expression were examined following 5-HT,; receptor antagonist administration. Changes in visceral
sensitivity after the administration of the TRPV1 antagonist were recorded.
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Research results

A higher expression of 5-HT,; receptor was observed in the colonic mucosa of patients with IBS-D compared to controls,
correlating with abdominal pain scores. The IBS-D rats was successfully established through intracolonic instillation of
acetic acid and wrap restraint. Administration of the exogenous 5-HT,; receptor agonist increased visceral hypersens-
itivity, which was subsequently alleviated by successive administration of TRPV1 antagonist. IBS-D rats receiving the 5-
HT,; receptor antagonist displayed inhibition of visceral hyperalgesia. Additionally, the percentage of 5-HT,; receptor-
immunoreactive (IR) cells surrounded by TRPV1-positive cells (5-HT,; receptor I*) and total 5-HT,; receptor IR cells (5-
HT,; receptor ;) in IBS-D rats significantly decreased with the administration of 5-HT,; receptor antagonist.

Research conclusions

The increased expression of 5-HT,; receptor contributing to visceral hyperalgesia through the induction of TRPV1
expression in IBS-D, providing important insights into the potential mechanisms underlying IBS-D-associated visceral
hyperalgesia.

Research perspectives
The analgesic effect of RS-127445 in IBS-D rats suggests its potential as a novel treatment for IBS-D.
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Abstract

BACKGROUND

Direct-acting antiviral agents (DAAs) are highly effective treatment for chronic
hepatitis C (CHC) with a significant rate of sustained virologic response (SVR).
The achievement of SVR is crucial to prevent additional liver damage and slow
down fibrosis progression. The assessment of fibrosis degree can be performed
with transient elastography, magnetic resonance elastography or shear-wave
elastography (SWE). Liver elastography could function as a predictor for hepato-
cellular carcinoma (HCC) in CHC patients treated with DAAs.

AIM
To explore the predictive value of SWE for HCC development after complete
clearance of hepatitis C virus (HCV).

METHODS

A comprehensive literature search of clinical studies was performed to identify
the ability of SWE to predict HCC occurrence after HCV clearance. In accordance
with the study protocol, a qualitative and quantitative analysis of the evidence
was planned.

RESULTS
At baseline and after 12 wk of follow-up, a trend was shown towards greater liver
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stiffness (LS) in those who go on to develop HCC compared to those who do not [baseline LS standardized mean
difference (SMD): 1.15, 95% confidence interval (95%ClI): 020-2.50; LS SMD after 12 wk: 0.83, 95%CI: 0.33-1.98]. The
absence of a statistically significant difference between the mean LS in those who developed HCC or not may be
related to the inability to correct for confounding factors and the absence of raw source data. There was a statist-
ically significant LS SMD at 24 wk of follow-up between patients who developed HCC vs not (0.64; 95%CI: 0.04-
1.24).

CONCLUSION
SWE could be a promising tool for prediction of HCC occurrence in patients treated with DAAs. Further studies
with larger cohorts and standardized timing of elastographic evaluation are needed to confirm these data.

Key Words: Shear-wave elastography; Hepatocellular carcinoma; Hepatitis C virus; Sustained virologic response

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The role of shear wave-elastography (SWE) is still unclear in predicting hepatocellular carcinoma (HCC) after
hepatitis C virus eradication. This is the first systematic review and meta-analysis that focuses on SWE as a predictor of
HCC in sustained virologic response patients.
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INTRODUCTION

The hepatitis C virus (HCV) is an RNA virus that predominantly affects the liver, leading to both acute and chronic
hepatitis. Its prolonged presence often leads to progressive liver damage, which can manifest as cirrhosis, decompensated
liver disease, and hepatocellular carcinoma (HCC). In 2016, the World Health Organization aimed to eliminate HCV
infection as a significant public health threat by 2030[1]. Despite notable advancements, an estimated 57 million
individuals were still grappling with HCV infection in 2020, with an annual toll of 300000 HCV-related deaths[2].

Direct-acting antiviral agents (DAAs) have emerged as highly effective treatments for chronic hepatitis C (CHC)[3,4].
Numerous studies have highlighted the exceptional tolerability of these drugs, even among the most vulnerable patients,
including those undergoing dialysis[5], awaiting liver transplantation[6], or affected by cardiac pathologies[7]. This
tolerability has led to a significant increase in the number of treated patients achieving a sustained virologic response
(SVR), which exceeds 90%[8] and represents a crucial benchmark for success in hepatitis C treatment. In fact, the primary
objective of achieving SVR is the prevention of additional liver damage or complications associated with CHC infection.

However, despite positive data regarding DAA treatment response and improved outcomes, several cases of pharma-
cological resistance have been described[9], making HCV infection increasingly challenging and difficult to manage.
Furthermore, emerging evidence suggests a persistent risk of HCC in CHC patients post-DAAs therapy, even after
achieving SVR[10]. Therefore, in the effort to eradicate HCV and subsequently minimize its associated complications,
there are countless studies focused on identifying high-risk patient profiles prone to post-SVR complications[11,12].

A recent study by Zou et al[13] demonstrated the ability to identify individuals who achieved SVR but remain
susceptible to HCC. They developed a risk prediction model that includes liver function laboratory indices, which proved
to be a pivotal step toward identification of patients at higher risk.

In addition, DAA therapy exerts an impact at the organic level, improving the degree of liver fibrosis and reducing key
clinical scores such as Model for End-Stage Liver Disease, Child-Pugh-Turcotte (CPT) and Fibrosis-4 score[14,15].

For assessing the degree of hepatic fibrosis, liver stiffness (LS) measurement techniques have been implemented
alongside clinical scores. Ultrasound (US) elastography[16] or magnetic resonance elastography (MRE)[17] are
dependable alternatives to liver biopsy for evaluating fibrosis levels. These validated non-invasive methods play a crucial
role in monitoring fibrosis regression and forecasting the risk of complications following DAA therapy[18].

In this context, various studies have aimed to understand how liver elastography could function as a predictor for
HCC in CHC patients treated with DAAs, highlighting its role in assessing the risk of HCC[19-22]. These studies mainly
employed Fibroscan®, and a recent meta-analysis[23] confirmed the capability of LS in predicting HCC onset in DAA-
treated CHC patients.

Alongside Fibroscan® and MRE, shear-wave elastography (SWE) represents another novel technique used for
evaluation of liver fibrosis. SWE holds several advantages over Fibroscan® as it allows the operator to vary depth and to
select areas of liver parenchyma without vessels or structures that could interfere with the measurement. Additionally,
while Fibroscan® requires dedicated machinery solely for measurements without offering a panoramic view of the liver,
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SWE is performed using the same US device used for US B-mode imaging, providing a higher quality B-mode image
compared to that obtained with Fibroscan®[24]. This could also influence operator variability, making SWE less exposed
toit.

To the best of our knowledge, this represents the first systematic review and meta-analysis examining how SWE could
serve as a predictor of HCC post-SVR.

MATERIALS AND METHODS

Research question
A systematic literature review was conducted to answer the following research question: “Can liver Shear Wave
Elastography be used to predict risk of developing HCC after HCV eradication?”

Protocol registration

The study was performed according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses[25,26]
and synthetized with meta-analysis. The protocol for this systematic review was written and submitted to the Interna-
tional Register of Systematic Reviews (PROSPERO, ID: CRD42023491042) prior to the completion of the literature search.

Literature search strategy

The search was performed in the following electronic bibliographic databases: Medline (via PubMed), Embase (via Ovid),
and Web of Science. To guarantee adequate sensitivity, the search strategy included terms strictly related to the
diagnostic technique evaluated and the target population of patients affected by HCV who had undergone DAAs therapy
and obtained SVR. Therefore, the three domains were combined regarding SVR, HCV and elasticity. The search string for
each database can be found in Supplementary Table 1. The search was complemented by manual review of retrieved
articles’ references and of prior systematic reviews on this topic.

Selection criteria

According to the prognostic study design, studies were considered eligible if they met the following criteria: (1)
Prospective and retrospective cohort studies; (2) written in English; (3) describing patients with HCV treated with DAAs
who reached SVR; and (4) being evaluated with SWE after SVR. Moreover, meeting abstracts and oral or poster
communications at scientific congresses were excluded. The results of the literature search were combined using
EndNote™. Then, individual records were manually screened with title and abstract analysis by two independent
reviewers (Esposto G and Galasso L). Any disagreement was settled by discussion. Records selected by manual screening
were eligible for full-text analysis. Study selection, full-text analysis, and data extraction were performed by two
reviewers (Esposto G and Galasso L). In the case of multiple records on a single study, the most recent published paper in
which the outcomes of the review were reported in the most exhaustive and complete way was included.

Data extraction and data synthesis

The following data were collected: Author, location, publication year, study design, dates of study, origin of the study
population, type of DAAs treatment, total number of patients, Fibrosis index (FI) measured via ultrasound SWE, and
confounding factors reported in each study. In the case of ambiguity, the study investigators were contacted to provide
clarification. Missing data were requested from study authors. In accordance with the study protocol, a qualitative
analysis of the evidence was planned.

LS measured via SWE was reported as FI, i.e. the Young’s modulus expressed in kPa. Where the original article
expressed LS in terms of shear-wave velocity (Vs) expressed in m/s, a conversion formula was used. In fact, assuming an
isotropic tissue density of 1 g/mL, shear-wave velocity can be converted into FI according to the following equation: 3 x
Vs (m/s)* = FI (kPa)[27,28].

The quantitative synthesis of the data was performed through analysis of the Hedges’ g standardized difference of the
LS means in those who received a diagnosis of HCC vs those who did not develop this complication. Whenever the
original work did not report the results in terms of mean and standard deviation, the relative median and interquartile
range were converted according to the indications of the Cochrane Library[29]. Hence, standardized mean differences
(SMDs) were meta-analyzed using a Random Effect model due the very high heterogeneity documented.

It was not possible to perform a quantitative synthesis of effect measures [i.e. hazard ratio (HR) or odds ratio] due to
the absence of a predefined LS cut-off and the consequent non-comparability of the evidence reported by the individual
studies.

Heterogeneity was assessed by t and I? statistics. The first accounts for the between-studies variance, while the latter
represents the proportion of total variation across studies due to heterogeneity rather than chance.

Risk-of-bias assessment
Risk of bias of eligible studies was assessed with the Quality Assessment of Prognostic Accuracy Studies (QUAPAS) tool
[30]. This assessment was performed by two independent authors (Santini P and Esposto G), and any disagreement
between the two reviewers was settled by discussion with involvement of a third review author if necessary.

The number of studies was insufficient to allow a graphical assessment of publication bias by funnel plot or statistical
assessment by Egger’s test. However, all of the identified studies showed a statistically different LS by univariate or
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multivariate analysis between patients who developed HCC and those who did not. Consequently, it cannot be excluded
that this could reflect the presence of a certain degree of unmeasurable publication bias.

Outcomes

The primary outcome of this systematic review and meta-analysis is the development of HCC in HCV patients treated
with DAAs who reached SVR. HCC was defined as an established radiological diagnosis with contrast-enhanced
abdominal ultrasound, magnetic resonance imaging, or CT.

RESULTS

Study selection
Screening of three biomedical databases was conducted using the prespecified search methods on 21 November 2023, and
a total of 10231 studies were found (Medline via PubMed: 1912; Embase: 4855; Web of Science: 3464). After duplicates
were removed, 7313 records were screened for eligibility based on title and abstract. A total of 111 papers were
considered eligible for full-text analysis. Exclusion occurred for 99 experimental studies: 87 studies evaluated the use of
transient elastography, while 12 studies did not evaluate HCC development as an outcome. Moreover, we excluded seven
previously published reviews according to the aforementioned inclusion criteria. Finally, five studies matched the pre-
established eligibility requirements for the current systematic review and meta-analysis.

After a comprehensive risk-of-bias assessment, one original paper was excluded from quantitative synthesis due to an
estimated high concern about applicability related to the systematic review and meta-analysis research question.

Figure 1 shows the PRISMA selection flow diagram that describes the study-selection process in detail.

Risk-of-bias assessment

Using the QUAPAS tool for QUAPAS[30], a structured examination of the risk of bias was conducted to assess the
internal and external validity of each included study (Tables 1 and 2). It is important to emphasize that the risk-of-bias
assessment does not judge the overall scientific quality of each included study; rather, it assesses each study in relation to
the research questions of the current systematic review and meta-analysis.

Three studies were categorized as having an unknown risk of bias in the “Participants” domain because the enrollment
strategy was not provided. Selection bias may have occurred because patients in these retrospective analyses are not
specified to be consecutive or not[31-33]. In the same domain, one study was found to be at high risk of bias due to the
exclusion of study subjects who had CPT stage C liver cirrhosis. The exclusion of these patients determines a selection of
those who present lower HCC risk[34]. The “Index test” domain was judged to be at low risk of bias for all studies,
although the question about the use of a prespecified threshold was ignored due to the absence of a validated LS cutoff
predictive for the development of HCC. All studies were assessed as being at unclear risk of bias regarding the
“Outcome” domain. In fact, no study has specified whether the subsequent screening for HCC was performed blind to
the elastographic measurement of LS. One study was at high risk of bias in the “Flow and timing” and “Analysis”
domains due to the lack of reporting of patients lost to follow-up and the lack of description of the statistical management
of these subjects and censoring events[31].

The evaluation of concerns about applicability was found to be at high risk in the “Participants” domain in one study
[31]. Hamada and colleagues described patients treated with both DAAs and interferon[31]. The impossibility of
performing a sub-analysis of those who received therapy with DAAs determines an assessment of non-applicability of the
results of this study to the research question of the present systematic review and meta-analysis. Consequently, this study
was excluded from quantitative synthesis. A visual summary of distribution of Risk of Bias and Applicability Concerns
across QUAPAS domains can be found in Supplementary Figures 1 and 2.

SWE to predict HCC after SVR: qualitative summary

The five studies considered eligible for qualitative synthesis had different study designs, inclusion and exclusion criteria,
different baseline SWE evaluation and timing of elastographic evaluation after SVR (Table 3). A summary of the baseline
characteristics of patients included in each study is available in Table 4. The number of study participants run from 196 to
525, for a total of 1458 patients. All of the included studies used SWE in the evaluation of LS. All five studies performed
the first assessment of LS before treatment initiation[31-35], while only two evaluated LS at the End of Treatment (EOT)
[32,33]. The successive SWE evaluations were conducted at 12 wk after EOT in three out of five studies[32,33,35] and at 24
wk after EOT in four out of five studies[31-34].

Hamada et al[31] included 196 patients treated with DAAs (1 = 107) or interferon (n = 89). SVR was defined as negative
search of HCV RNA at 24 wk after EOT. SWE was conducted with an Aixplorer® ultrasound system (SuperSonic Imagine
S.A., Aix-en-Provence, France) to measure LS (kPa). The authors performed SWE before treatment initiation and at SVR
24 wk (SVR24). Median follow-up time after SVR was 26 [interquartile range (IQR): 5-109] mo, during which patients
underwent regular liver screening for HCC every 3-4 mo. Eight patients developed HCC, and the median time to develop
HCC from SVR was 28 (IQR: 6-46) mo. SWE results were 8.3 kPa (IQR: 3.4-36.2 kPa) at baseline and 5.9 kPa (IQR 2.7-31.3
kPa) at SVR24. Several factors were associated with HCC development, including SWE at SVR24. Multivariate analysis
revealed that this association was independent and that the cut-off, determined by a receiver operator characteristics
(ROC) analysis, was = 11 kPa [relative risk= 28.71, HR: 28.71, 95% confidence interval (95%ClI): 2.58-320.03; P = 0.006].
Patients with SWE values below this level had substantially lower risk of developing HCC during follow-up time.
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Table 1 Risk of bias assessment according to Quality Assessment of Prognostic Accuracy Studies tool for quality assessment of

prognostic accuracy studies

Risk of bias
Ref. . . N . .

Participants Index test Outcome Flow and timing Analysis
Gyotoku et al[32], 2022 Unclear Low Unclear Low Low
Hamada et al[31], 2018 Unclear Low Unclear High Unclear
Kumada et al[35], 2022 Low Low Unclear Low Low
Masaoka et al[33], 2023 Unclear Low Unclear Low Low
Nicoletti et al[34], 2023 High Low Unclear Low Low

Table 2 Concerns about applicability according to Quality Assessment of Prognostic Accuracy Studies tool for quality assessment of

prognostic accuracy studies

Applicability concerns

Ref Participants Index test Outcome Flow and timing
Gyotoku et al[32], 2022 Low Low Low Low

Hamada et al[31], 2018 High Low Low Low

Kumada et al[35], 2022 Low Low Low Low

Masaoka et al[33], 2023 Low Low Low Low

Nicoletti et al[34], 2023 Low Low Low Low

Ref. Country Study design Patients, n SWE evaluation Follow-up time
Hamada et al[31], 2018 Japan Retrospective 196 24 wk 26 (5-109) mo
Gyotoku et al[32], 2022 Japan Retrospective 229 EOT, 12 and 24 wk 32.6 +19.5 mo
Kumada et al[35], 2022 Japan Prospective 525 12wk 5.0 (4.0-5.4) yr
Masaoka et al[33], 2023 Japan Retrospective 279 EOT, 12 and 24 wk 33.8 (6-85) mo
Nicoletti et al[34], 2023 Italy Prospective 229 24 wk 3.25 (0.5-4.7) yr

Continuous variables are described as mean # standard deviation or median and interquartile range, when reported. EOT: End of treatment; SWE: Shear-

wave elastography.

Table 4 Baseline patient characteristics in the included publications

Ref. Ageinyr Sex as male/female Fib4 score HCC, n Time to HCC in mo
Hamada ef al[31], 2018 62 (29-89) 89/107 2.56 (0.39-12.13) 8 28 (6-46)

Gyotoku ef al[32], 2022 66 (21-84) 93/136 3.49 (0.30-19.10) 8 213

Kumada ef al[35], 2022 72 (65-79) 227/298 2.73 (1.90-4.23) 21 Not reported
Masaoka et al[33], 2023 66 (21-86) 118/161 3.41 (0.23-22.00) 12 33.8 (6-85)

Nicoletti et al[34], 2023 6711 136/93 5.77 £ 5.40 30 241145

Continuous variables are described as mean * standard deviation or median and interquartile range, when reported. Fib4 score: Fibrosis-4; HCC:

Hepatocellular carcinoma.
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Identification of studies via databases

Records identified from:

c
5 .
% Medline (via PubMed; n = 1912) Records removed before screening:
= EMBASE (via Ovid; n = 4855) Duplicate records removed (n =

:.E. Web of Science (n = 3464) 2918)

]

]

Total (n = 10231)

Records screened Records excluded
(n=7313) (n=7202)

Full-text articles excluded based on

Abstracts assessed for eligibility the eligibility criteria:

(n=111) Transient Elastography (n = 87)
Review (n = 7)
Shear Wave Elastography but
outcome differs from hepatocellular
carcinoma development (n = 12)

Eligibility

Studies included in systematic review
(n=5)

Studies included in qualitative synthesis
after risk of bias assessment
(n=5)

Studies included in meta-analysis
(n=4)

Figure 1 PRISMA study selection flow diagram.

Gyotoku et al[32] included 229 patients treated with DAAs. SVR was defined as negative search of HCV RNA at 12 wk
after EOT. SWE was conducted with a LOGIQ E9 ultrasound system (GE Healthcare, Milwaukee, WI, United States) to
measure shear wave velocity (Vs, m/s). All patients underwent SWE measurement before initiating treatment and later at
EOT, 12 and 24 wk after EOT. During follow-up time, abdominal ultrasound was performed every 6 mo to screen for
potential HCC. The mean observation time was 32.6 £ 19.5 mo, and HCC was diagnosed in eight patients with a mean
time from EOT to HCC development of 21.3 mo. Patient characteristics were then grouped into those who developed
HCC and those who did not. Vs values decreased during follow-up and were statistically higher in the HCC group than
those in the non-HCC group at various stages of evaluation. At baseline, Vs was 1.86 + 0.20 m/s in the HCC group
compared to 1.58 £ 0.26 m/s in the non-HCC group (P = 0.004). Vs at EOT was 1.58 £ 0.26 m/s in the non-HCC group
compared to 1.75 + 0.22 m/s in the HCC group (P = 0.004). Vs at 12 wk follow-up was 1.49 + 0.25 m/s compared to 1.66 +
0.15 m/s in thee HCC group (P = 0.018). At 24 wk follow-up, Vs was 1.44 + 0.24 m/s in the non-HCC group compared to
1.69 £ 0.121 m/s of HCC group (P = 0.031). ROC curve analysis revealed an area under the curve of 0.80 at baseline, 0.75
at EOT, 0.72 at 12 wk follow-up and 0.86 at 24 wk follow-up. A cut-off value with corresponding HR was not calculated.

In the study by Kumada ef al[35], 525 patients treated with DAAs were enrolled. SVR was defined as undetectable
HCV RNA at 12 wk after EOT. SWE was conducted with a LOGIQ S8 or E9 US system (GE Healthcare, Milwaukee, WI,
United States) to measure LS (kPa). All patients underwent baseline measurement before initiating treatment and 12 wk
after EOT. Patients were monitored for HCC every 6 mo for a median follow-up time of 5.01 (IQR: 3.97-5.41) years. In this
period, HCC was diagnosed in 21 patients with a median time to HCC of 3.70 (IQR: 2.44-4.50) years. Median FI at baseline
was 7.8 (IQR: 6.1-10.2) kPa in non-HCC group vs 15.7 (IQR: 11.7-19.1) kPa in HCC patients (P < 0.001). Median SWE at
SVR12 was 6.8 (IQR: 5.6-8.6) kPa in non-HCC group vs 11.6 (IQR: 8.0-15.6) kPa in HCC patients (P < 0.001). ROC analysis
identified a value of 11.7 kPa at baseline as the cut-off above which HCC risk increases (incidence of 3.3% and 8.9% at 2.5
years and 5 years vs 0.0% and 0.9% if FI <11.7 kPa; P = 0.001).

Masaoka et al[33] included 279 patients treated with DAAs. SVR was defined as the absence of HCV RNA at 12 wk
after EOT. SWE was conducted with a LOGIQ E9 ultrasound system (GE Healthcare, Milwaukee, WI, United States) to
measure Vs (m/s). All patients underwent SWE measurement before initiating treatment and later at EOT, 12 and 24 wk
after EOT. Abdominal ultrasound was performed every 6 mo after EOT for surveillance of HCC. The median observation
time was 33.8 (IQR: 6-85) mo, and HCC was diagnosed in 12 patients. Based on age-male-albumin-bilirubin-platelets
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Table 5 Predictive liver stiffness threshold for development of hepatocellular carcinoma after sustained virologic response and relative

adjusted hazard ratio and area under the curve

Ref. LS threshold in kPa SWE timing aHR (95%Cl) Pvalue AUC
Hamada et al[31], 2018 211.0 24 wk after EOT 28.71 (2.58-320.03) 0.006 0.93
Gyotoku et al[32], 2022 Not reported 24 wk after EOT Not reported Not reported 0.86
Kumada et al[35], 2022 11.7 Baseline 28.08 (5.53-132.60) <0.001 0.93
Masaoka et al[33], 2023 7.0 12 wk after EOT Not reported Not reported Not reported
Nicoletti et al[34], 2023 ALS <20% Baseline and 48 wk after 2.98 (1.01-8.11) 0.03 0.69

EOT

ALS = Baseline liver stiffness (LS) - LS at 48 wk. 95%CI: 95% Confidence interval; aHR: Adjusted hazard ratio; AUC: Area under the curve; EOT: End of
treatment; FU: Follow-up; HCC: Hepatocellular carcinoma; SVR: Sustained virological response; SWE: Shear-wave elastography.

(aMAP) score, patients were divided into low, medium, and high-risk groups. Those in the medium and high-risk groups
(aMAP scores = 50, number of patients = 237) at 12 wk follow-up were further divided into HCC and non-HCC groups. In
the non-HCC group, the median Vs was 1.45 (IQR: 0.95-2.14) m/s while it was 1.69 (IQR: 1.45-2.31) m/s (P = 0.0011) in
the HCC group. Multiple regression analysis at 12 wk follow-up revealed a statistical difference in Vs (P = 0.030).
Through ROC curve, the authors derived a cut-off value for Vs of 1.53 m/s for HCC development.

Nicoletti et al[34] enrolled 229 patients treated with DAAs. SVR was defined as negativity of HCV RNA at 12 wk after
EOT. SWE was conducted with an Aixplorer® US system (Supersonic Imagine S.A., Aix-en-Provence, France) and LS was
measured in kPa. Patients were evaluated within 3 mo before initiating therapy (baseline) and after 24 (T1) and 48 (T2)
wk from EOT. Patients were then followed up for a median time of 3.25 years (IQR: 0.50-4.70) and HCC was diagnosed in
30 out of 229 patients, with a mean time to HCC of 24 + 14.5 mo. LS decreased over time after treatment (EOT: 18.1 + 6.6
kPa, T1: 13.6 + 6.1 kPa, T2: 12.5 + 6.1 kPa (P < 0.001) and was inversely correlated to HCC development. ROC curve
analysis identified a decrease of at least 20% at 1-year follow-up as the optimal cut-off for risk of HCC (AUC: 0.690,
sensitivity: 74%, specificity: 65%). Multivariate analysis confirmed that 1-year delta LS < 20% (HR: 2.98; 95%ClI: 1.01-8.11;
P =0.03) was independently associated with HCC development. Hence, patients with a difference in LS less than 20% had
higher risk for HCC at 1-year follow-up. This cut-off maintained its predictive capacity at 24, 48, 36 and 60 mo.

Table 5 shows the predictive LS threshold for developing HCC identified by each study and the related HR, when
calculated.

SWE to predict HCC after SVR: Meta-analysis

The absence of a validated LS threshold predictive for HCC has determined a non-comparability of the effect measures
reported by individual studies. Our quantitative synthesis then focused on the distribution of mean LS among those who
did or did not develop HCC during follow-up. The SMD, calculated as Hedges” g SMD, at baseline and at 12 and 24 wk of
follow-up is reported in Figure 2. Because of very high heterogeneity, SMDs were meta-analyzed using a Random Effect
model.

At baseline and after 12 wk, standardizing the difference between LS means by the standard deviation of the
measurement itself resulted in an SMD that was not statistically significant. The absence of a statistically significant
difference between the mean LS in those who developed HCC or not may be related to an inability to correct for
confounding factors in the absence of raw source data. Nonetheless, at these follow-up times, a trend was shown towards
greater LS in those who will develop HCC compared to those who will not (baseline LS SMD: 1.15, 95%CI: 020-2.50; LS
SMD after 12 wk: 0.83, 95%ClI: 0.33-1.98). The LS measured at 24 wk showed a statistically significant SMD of 0.64 (95%CI:
0.04-1.24).

The measurement of LS in the two groups was burdened by very high heterogeneity at each of the follow-up times, as
shown by the 1% and I* statistics, with a trend towards lower heterogeneity at 24 wk of follow-up.

DISCUSSION

In this meta-analysis, we included four out of five studies for a total of 1261 patients. The exclusion of Hamada et al[31] in
2018 from the quantitative synthesis is due to the heterogeneous population that included both patients treated with
DAAs and interferon without the possibility to separate the data by treatment. The quantitative analysis of the remaining
four studies showed a positive trend between higher LS values, measured in kPa, and risk of developing HCC, although
statistical significance was not reached at EOT and 12 wk of follow-up, while LS at 24 wk showed a statically significant
association with HCC development. The lack of statistical significance at EOT and 12 wk could be due to the small
number of patients included and to the great heterogeneity among the studies, mainly in terms of included patients and
timing of elastographic evaluation. However, it is possible that patients with higher LS at 24 wk after EOT have a
percentage of liver fibrosis that cannot regress with antiviral treatment and therefore are at higher risk of HCC.
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Figure 2 Standardized mean difference of liver stiffness. A: Standardized mean difference (SMD) of liver stiffness (LS) at baseline in patients who did or
did not develop hepatocellular carcinoma (HCC) during follow-up; B: SMD of LS at 12 wk after sustained virological response (SVR) in patients who did or did not
develop HCC during follow-up; C: SMD of LS at 24 wk after SVR in patients who did or did not develop HCC during follow-up. 95%ClI: 95% Confidence interval.

Concerning the heterogeneity, only two out of four studies measured SWE at EOT[32,33], while the other two studies
[34,35] considered the baseline values as those measured before starting antiviral treatment. SVR evaluation, intended as
SWE measure at 12 wk after EOT, was performed in three out of four studies[32,33,35]. Three studies explored SWE
values at 24 wk after EOT[32-34], but only two of them reported complete data for HCC and non-HCC groups[32,34]. The
absence of complete data for Gyotoku et al[32] and Masaoka et al[33] could have influenced the quantitative analysis and
the capability to reach statistical significance.

In terms of patient inclusion, Nicoletti et al[34] excluded patients with CPT stage C cirrhosis, possibly leading to an
underestimation of HCC occurrence. These exclusion criteria are explained by the nature of the study that aimed to
identify non-invasive parameters that could predict liver-related complications; hence patients with decompensated
cirrhosis had to be excluded from the study population.

The major difference between mean LS from HCC and non-HCC groups was seen in the study of Kumada et al[35].
Apart from the higher number of subjects in the study, this could be explained by the design of the study itself. The
authors followed up with patients with both SWE and MRE. Therefore, this could have led to an increased rate of
detection of low-grade HCC.
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These data are consistent with previous studies that focused mainly on TE. A recent meta-analysis by You et al[23] on a
total of 3398 patients subjected to TE concluded that the pooled HR for HCC development between positive and negative
LS results was 3.45 (95%CI: 1.63-7.19). This implies that a high LS is associated with higher HCC occurrence rate, as we
found in our meta-analysis of SWE.

Our study has several limitations, starting from the small number of included studies and patients. These studies were
heterogeneous in many aspects, including population, SVR definition, LS unit measure (m/s and kPa) and timing of LS
measurement. Due to the absence of a validated LS threshold for HCC prediction, we could not compare the effect
measures reported by individual studies nor derive a pooled HR for the intended outcome. Hence, we focused the
quantitative synthesis on the distribution of mean LS among those who developed HCC and those who did not.
Moreover, the comparison of LS between the two sets of patients was burdened by a significant heterogeneity at each of
the follow-up times, as shown by the 1> and I statistics, with a trend towards lower heterogeneity at 24 wk after EOT.

Despite the described limitations, SWE seems to be a promising tool for predicting HCC occurrence. To explore the
presence of a statistically significant relationship between SWE measured LS and HCC occurrence, future studies need to
be designed in a more homogenous way in order to be easily compared. SWE evaluation should be conducted prior to
initiating treatment, at EOT, 12 and 24 wk after EOT, to derive the optimal follow-up point in which SWE has the higher
predictive capability for HCC occurrence.

CONCLUSION

This meta-analysis highlights the potential value of SWE in routine US follow-up of SVR patients, for early identification
of those at higher risk of developing HCC. SWE acquisition can be performed with the same ultrasound machine used for
B-mode evaluation and it takes only a few minutes more than standard US. LS measure with Fibroscan® has already
shown its value in routine follow-up of CHC patients. Because SWE could soon replace TE, further studies with larger
cohorts and standardized timeline are needed to confirm its value in prediction of HCC after clearance of HCV.

ARTICLE HIGHLIGHTS

Research background

Direct-acting antiviral agents (DAAs) modified the natural history of chronic hepatitis C. However, despite the
advancements in sustained virologic response (SVR), some patients remain at risk of developing hepatocellular
carcinoma (HCC). In this context, liver stiffness (LS) measurement could serve as a predictor of HCC, allowing for the
identification of patients at higher risk.

Research motivation
Identification of SVR patients at higher risk of HCC development could enhance follow-up timing and improve early
diagnosis and overall prognosis.

Research objectives
The aim of this meta-analysis is to investigate shear-wave elastography (SWE) as a predictor of HCC occurrence after
hepatitis C virus (HCV) clearance with DAAs.

Research methods

We conducted a systematic literature review and planned a qualitative and quantitative synthesis of the evidence through
analysis of the Hedges” g standardized difference of the LS means in those who developed HCC and those who did not.
The absence of a predefined LS cut-off prevented us from deriving the effect measures (i.e. hazard ratio or odds ratio).

Research results

LS at baseline and 12 wk follow-up showed a trend towards greater values in those who will develop HCC compared to
those who will not [baseline LS standardized mean difference (SMD): 1.15, 95% confidence interval (95%CI): 020-2.50; LS
SMD after 12 wk: 0.83, 95%CI: 0.33-1.98]. The standardized mean difference between LS in the two groups at 24 wk
follow-up was statistically significant (0.64; 95%CI: 0.04-1.24).

Research conclusions
This study explored the ability of SWE to predict HCC after HCV eradication.

Research perspectives

LS, measured by SWE, looks a promising predictor of HCC occurrence in SVR patients. These results need to be further
confirmed by larger cohorts.
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Abstract

Pancreatobiliary intraductal papillary neoplasms (IPNs) represent precursors of
pancreatic cancer or bile duct cholangiocarcinoma that can be detected and
treated. Despite advances in diagnostic methods, identifying these premalignant
lesions is still challenging for treatment providers. Modern imaging, biomarkers
and molecular tests for genomic alterations can be used for diagnosis and follow-
up. Surgical intervention in combination with new chemotherapeutic agents is
considered the optimal treatment for malignant cases. The balance between the
risk of malignancy and any risk of resection guides management policy; therefore,
treatment should be individualized based on a meticulous preoperative
assessment of high-risk stigmata. IPN of the bile duct is more aggressive; thus,
early diagnosis and surgery are crucial. The conservative management of low-risk
pancreatic branch-duct lesions is safe and effective.

Key Words: Biliary tree diseases; Pancreatic cystic neoplasms; Biliary tract neoplasms;
Extrahepatic cholangiocarcinoma; Pancreatic adenocarcinoma

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The balance between overlooking a potential malignancy and the outcomes of
a high-risk major operation should be accounted for in the decision-making process of
the therapeutic plan. Despite the use of modern diagnostic modalities, overtreatment
may occur in many patients; thus, the correct management of pancreatobiliary
intraductal papillary neoplasms (IPNs) must be individualized. The proper management
of pancreatobiliary IPNs is based on a precise preoperative diagnosis that correctly
evaluates the defined high-risk stigmata and worrisome features.
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TO THE EDITOR

We read the paper by Mocchegiani et al[1] with great interest, and we would like to congratulate the authors for their
very nice work on intraductal papillary neoplasm of the bile duct (IPNB), which is an updated impressive approach. This
neoplasm resembles the pancreatic intraductal papillary mucinous neoplasm (IPMN). Taking this opportunity, we will
make some considerable comments on pancreatobiliary intraductal papillary neoplasms since both IPNB and pancreatic
IPMN have a common genomic background, corresponding manifestations and several similarities; however, peculi-
arities and some differences exist in their biological behavior and subsequent management. IPMN was first described by
Ohashi et al[2] in 1982 as a different entity from mucinous cystic neoplasms and cancer and is considered a premalignant
lesion of pancreatic ductal adenocarcinoma[3]. However, IPNB is rare, less common than IPMN, and more aggressive
since it can progress to cholangiocarcinomal[4]. Both IPNB and IPMN are characterized by intraductal overproduction of
mucin and growth of the papillary epithelium, which results in similar imaging findings[4].

Panceatobiliary intraductal neoplasms include: (1) IPMN pancreatic, IPNB; (2) Intraductal oncocytic papillary
neoplasm (IOPN); and (3) Intraductal tubulopapillary neoplasm[5].

IBNB, first described by Chen et al[6] in 2001, is a slow-growing precancerous lesion that evolves into carcinoma[1,7,8].
The other precursor lesion of invasive cholangiocarcinoma, an aggressive disease with poor outcomes, is biliary intrae-
pithelial neoplasia[7,9]. The mucin produced may cause transient ductal obstruction manifested by recurrent episodes of
acute cholangitis, obstructive jaundice and bile duct dilatation[8,10]. IPNB must be considered when a patient presents
with such a clinical situation without common bile duct gallstones. Early diagnosis and proper management of this
precancerous lesion are important for preventing a dismal disease course and improving long-term oncological outcomes
[4].

IPNB has histopathological features and genetic substrates, i.e., gene mutations, similar to those of pancreatic IPMN.
IPNB and IPMN usually constitute distinct entities with separate development. However, rare cases of simultaneous
coexistence or even metachronic tract occurrences after initial surgical resection, which are rarer, have been reported[11].
Additionally, metachronic development of another new lesion may occur after curative intervention, but the
development of a new lesion in the bile duct is less common than that in the pancreatic remnant[12].

The involved mutations included mutations in the Tp16, TP53, KRAS, GNAS, BRAF, SMAD4, STK11 CTNNB1, PIK3CA,
RNF43, APC, CTNNB1, ZNRF3, CDKNZA, BRCA 1 and BRCA 2 genes[1,13,14]. There is an association between KRAS and
GNAS gene mutations in IPNNs and between the PRKACA and PRKACB genes in IOPNs, which influences oncocytic
tumorigenesis and morphology and may lead to therapeutic targets[13].

IPNB represents 5%-15% of relatively rare bile duct neoplasms and is found mainly in East Asia, particularly in elderly
individuals older than 67 years[8,10,14,15]. These tumors develop throughout the intrahepatic (type 1) and extrahepatic
(type 2) biliary tree[8,14]. Type 2 tumors are more common than type 1 tumors and have a worse prognosis. Magnetic
resonance imaging (MRI)-magnetic resonance cholangiopancreatography (MRCP) features may be valuable in distin-
guishing between the two types of lesions and evaluating the risk of malignancy[15]. These tumors may be adenomas,
borderline neoplasias, in situ carcinomas with regular overgrowth, or tubular mucinous adenocarcinomas with irregular
overgrowth[1]. High peritumoral and intratumoral budding may be prognostic factors for worse outcomes in patients
with extrahepatic distal cholangiocarcinoma[16].

Extensive radical surgical resection is the management method of choice for surgically fit patients with IPNB.
Depending on the location, hepatectomy, pancreatoduodenectomy or radical common bile duct resection can be
performed[10].

A recent European multicenter study showed a median postoperative survival of 5.7 years and a 5-year overall
survival of 63%[17]. In unfit patients, novel endoscopic resection[1], endoscopic radiofrequency ablation or photodynamic
therapy can be performed[8]. High-risk imaging findings and strong indications for surgery included a mural nodule
more than 12 mm in length and mural nodule enhancement[1]. They are shown in Figure 1[1,4].

Pancreatic IPMNs represent approximately 1% of all pancreatic neoplasms and usually cause recurrent episodes of
acute pancreatitis, which can lead to pancreatic dysfunction but may also be asymptomatic. The biological behavior of
these tumors ranges from benign to malignant according to the type. The majority of these tumors do not progress to
invasive pancreatic carcinoma. There are three types of lesions: Main-duct (MD)-IPMNs, branch-duct (BD)-IPMNs and
mixed IPMNs[3]. Both age and metabolic syndrome increase the occurrence of IPMNs[18]. Acute pancreatitis predicts
malignancy and constitutes an indication for pancreatectomy[19]. High-risk stigmata and worrisome features may predict
malignant transformation in clinical practice and determine management policy, as shown in Table 1[3,20].

Improvements in diagnostic modalities have led to a continual increase in the incidence of IPNB[6]. MRI is the main
imaging tool used[4,8,15]. These lesions are intraductal masses accompanied by proximal dilatation and occasionally
distal dilatation. The “thread sign” shown in MRCP corresponds to filling defects due to mucin hypersecretion[4].

The first-line modern imaging techniques include contrast-enhanced ultrasound (US), MRI-MRCP and multidetector
helical computed tomography, followed by endoscopic US (EUS)[8,21,22]. Additionally, EUS may provide guided needle
biopsy[21].
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Table 1 High-risk stigmata and worrisome features of malignant pancreatic intraductal papillary mucinous neoplasms

High-risk stigmata Worrisome features

Dilated main pancreatic duct 210 mm Cyst size 3 > cm

Enhanced solid mural nodule 5> mm Thickened and enhanced cyst wall

Obstructive jaundice Abrupt dilatation of the main pancreatic duct 5-9 mm

Distal atrophy of the pancreas

Lymph node involvement

High-risk imaging findings of malignant intraductal
papillary neoplasms of bile duct

‘ Extrahepatic location (T2) ‘ ‘ Bile duct proximal dilatation ‘

‘ Bile duct wall thickening and enhanced ]

‘ Mural nodule = 12 mm ‘ ‘ Mural nodule enhancement ‘ “Thread-sign” (filling defects) ‘

Figure 1 Scheme of Magnetic resonance imaging-cholangiopancreatography indications for malignant intraductal papillary neoplasm of
the bile duct (bile duct).

Tumor metabolic activity was detected by positron emission tomography (PET) using *FDG-PET[8] or the novel “Ga-
labeled fibroblast activation protein inhibitors-PET[23].

Peroral cholangioscopy[24] or pancreatoscopy[25] can directly visualize ducts to aid in diagnosing neoplastic lesions.
Additionally, intraoperative pancreatoscopy[26] or even robotic pancreatectomy[27] can assist in determining the extent
of pancreatectomy.

The serum elastase-1 concentration[28] and carbohydrate antigen 19-9 concentration or pancreatic juice cytology[29]
may predict malignancy. Liquid biopsy may assist in determining malignancy by detecting cancer cells or molecular parts
in the blood[30].

For the vast majority of MD-IPMNs and mixed IPMNs, surgery is needed. BD-IPMNs without high-risk stigmata have
a low possibility of malignancy; thus, conservative management with long-term imaging surveillance is appropriate[31-
34].

After curative resection, IPNB malignancies exhibit a better prognosis than original cholangiocarcinomas[8], and
IPMNSs exhibit a better prognosis than pancreatic ductal adenocarcinomas[35]; however, the recurrence rate is up to 27%
for IPNB[15] and up to 43% for IPMN][36]. Thus, regular follow-up is mandatory for early recurrence detection and
reoperation in the pancreatic remnant[37].

In conclusion, surgery is the cornerstone of management for patients at high risk for potential malignancies, partic-
ularly bile duct IPNB and pancreatic main duct IPMN. Long-term follow-up ensures early detection of recurrence.
Conservative management and surveillance are indicated for patients with low-risk pancreatic branch duct IPMNs.
However, management must be individualized to avoid overtreatment or overlooking a malignancy.
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Abstract

For ulcerative colitis (UC), the variability in inflammatory activity along the colon
poses a challenge in management. The focus on achieving endoscopic healing in
UC is evident, where the UC Endoscopic Index of Severity and Mayo Endoscopic
Subscore are commonly used for evaluation. However, these indices primarily
consider the most severely affected region. Liu et al recent study validates the
Toronto Inflammatory Bowel Disease Global Endoscopic Reporting (TIGER) score
offering a comprehensive assessment of inflammatory activity across diverse
segments of the colon and rectum and a reliable index correlating strongly with
UC Endoscopic Index of Severity and moderately with Mayo Endoscopic
Subscore (MES). Despite recommendation, certain aspects warrant further invest-
igation. Fecal calprotectin, an intermediate target, correlates with TIGER and
should be explored. Determining TIGER scores defining endoscopic remission
and response, evaluating agreement with histological activity, and assessing inter-
endoscopist agreement for TIGER require scrutiny. Exploring the correlation
between TIGER and intestinal ultrasound, akin to MES, adds value.
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Core Tip: For ulcerative colitis (UC), the degree of inflammatory activity can vary along the length of the colon, ranging
from the rectum to the proximal colon. Currently, achieving endoscopic healing is a long-term goal in the management of
UC, with the UC Endoscopic Index of Severity score and Mayo Endoscopic Subscore being the most suggested indices to
evaluate this target. However, both scores only consider the most severely affected area in their final assessment. Recently,
the Toronto Inflammatory Bowel Disease Global Endoscopic Reporting score has shown its usefulness in determining the
extent and severity of inflammatory activity across various segments of the colon and rectum. Despite this, there is no
consensus regarding the endoscopic method (total colonoscopy or sigmoidoscopy) for evaluating the achievement of
endoscopic healing in UC patients.
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TO THE EDITOR

Early recognition of inflammatory activity, prompt intervention, along with tight monitoring constitute the cornerstones
of the treat-to-target approach in ulcerative colitis (UC)[1,2]. Recently, the Therapeutic Goals Consensus in Inflammatory
Bowel Disease (STRIDE-II) has highlighted that achieving mucosa healing in the rectum and colon is the long-term goal
for patients with UC (Figure 1)[2]. Total colonoscopy provides comprehensive information about the extent and severity
of inflammatory activity in patients with UC. This approach enhances the precision of UC management, whether
conducted via colonoscopy or sigmoidoscopy[3]. With this in mind, we would like to extend our congratulations to Liu et
al[4] for their article published last month in the World Journal of Gastroenterology. Their results confirm that the Toronto
Inflammatory Bowel Disease Global Endoscopic Reporting (TIGER) score is a reliable and straightforward endoscopic
index for UC patients to assess the overall endoscopic disease burden[4]. In a retrospective study involving 166 patients
with UC, the authors demonstrated a strong correlation between the TIGER index and the UC Endoscopic Index of
Severity (UCEIS) score (r = 0.721, P < 0.001) and a moderate correlation with the Mayo Endoscopic Subscore (MES) (r =
0.626, P < 0.001). UCEIS and MES are widely used indices in UC. Furthermore, a TIGER score > 317 was identified as an
independent risk factor for advanced treatment. This includes, the use of systemic corticosteroids, biologics,
immunomodulators, thalidomide, and surgery. Nonetheless, there are certain aspects that warrant further investigation
in subsequent studies.

To commence, fecal calprotectin is regarded as an intermediate target in UC[2]. While Liu et al[4] did not incorporate
this biomarker in their research, other studies have established a correlation between fecal calprotectin levels and TIGER.

Secondly, it is important to determinate the TIGER scores that define endoscopic remission and endoscopic response.
While the UCEIS score and MES 0 have been proposed as definitions for endoscopic remission, a decrease in UCEIS by >
2 points or a decrease in Mayo endoscopic score by > 1 grade is suggested for defining endoscopic response in UC[5].

Thirdly, exploring the agreement between the TIGER score and histological activity in UC is crucial. Previous studies
have established correlations between the endoscopic scores (UCEIS score and MES) and histological indices[6,7].

Fourthly, it is essential to assess the agreement among endoscopists for the TIGER score. Studies have demonstrated
adequate, though not perfect, correlation between different endoscopists when using MES or UCEIS in UC patients[8],
but agreement among endoscopists for the TIGER score has not been conclusively demonstrated[9].

Finally, considering the potential of intestinal ultrasound as a tool for assessing inflammatory activity in UC patients,
like MESJ[10], it would be valuable to explore whether there is a correlation between the TIGER score and the intestinal
ultrasound index.

As previously mentioned, there is currently a lack of consensus regarding the preferred endoscopic method for
evaluating the goal of endoscopic healing in UC patients. Some studies have suggested that sigmoidoscopy might be
sufficient, given the highest inflammatory activity is typically observed in the distal colon[11,12]. However, this
recommendation has not been universally confirmed, as some UC patients may exhibit higher inflammatory activity in
the ascending colon. In such cases, total colonoscopy becomes the most appropriate endoscopic examination to assess
inflammation in UC patients[13,14]. Although sigmoidoscopy is limited to evaluating inflammatory activity from the
rectum to the descending colon, it is essential to recognize some benefits of this procedure. Sigmoidoscopy is safer,
requires reduced preparation, has a lower cost, and takes less time to perform compared to a total colonoscopy.
Moreover, some patients may find this procedure preferable.

Given the current lack of consensus and the need for confirmation through prospective multicenter studies, a person-
alized approach should be recommended for the evaluation of activity and severity of inflammatory activity in UC
patients using the TIGER score. Total colonoscopy is likely the preferred method in scenarios where sigmoidoscopy
results are inconsistent with clinical setting or biomarkers. This is particularly applicable in patients with UC and primary
sclerosing cholangitis and during surveillance for the development of colorectal neoplasia.
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Figure 1 Treat-to-Target approach for ulcerative colitis. MES: Mayo Endoscopic Subscore; UCEIS: Ulcerative Colitis Endoscopic Index of Severity score;
TIGER: Toronto Inflammatory Bowel Disease Global Endoscopic Reporting score; QoL: Quality of life; CRP: C-reactive protein; FC: Fecal calprotectin[15]. Citation:
The authors have obtained the permission for figure using from the BioRender.com (Supplementary material)[16].
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