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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can cause
pancreatic damage, both directly to the pancreas via angiotensin-converting
enzyme 2 receptors (the transmembrane proteins required for SARS-CoV-2 entry,
which are highly expressed by pancreatic cells) and indirectly through locore-
gional vasculitis and thrombosis. Despite that, there is no clear evidence that
SARS-CoV-2 is an etiological agent of acute pancreatitis. Acute pancreatitis in
coronavirus disease 2019 (COVID-19) positive patients often recognizes biliary or
alcoholic etiology. The prevalence of acute pancreatitis in COVID-19 positive
patients is not exactly known. However, COVID-19 positive patients with acute
pancreatitis have a higher mortality and an increased risk of intensive care unit
admission and necrosis compared to COVID-19 negative patients. Acute
respiratory distress syndrome is the most frequent cause of death in COVID-19
positive patients and concomitant acute pancreatitis. In this article, we reported
recent evidence on the correlation between COVID-19 infection and acute pancre-
atitis.

Key Words: Acute pancreatitis; SARS-CoV-2; Severe acute pancreatitis; Multiparametric
scores; Infected necrosis; Step-up approach
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Core Tip: The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing a
severe acute respiratory syndrome, has rapidly spread from China all over the world, affecting millions of
people. Whereas typical presentations of this infection (such as fever, cough, myalgia, fatigue and
pneumonia) are well recognized, several studies report a low incidence of gastrointestinal symptoms. The
relationship between SARS-CoV-2 infection and acute pancreatitis is controversial. Acute pancreatitis is
not specifically caused by SARS-CoV-2. Furthermore, coronavirus disease 2019 positive patients are more
likely to develop severe acute pancreatitis and multiple organ failure.

Citation: Brisinda G, Chiarello MM, Tropeano G, Altieri G, Puccioni C, Fransvea P, Bianchi V. SARS-CoV-2 and
the pancreas: What do we know about acute pancreatitis in COVID-19 positive patients? World J Gastroenterol
2022; 28(36): 5240-5249

URL: https://www.wjgnet.com/1007-9327/full/v28/i36/5240.htm
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) secondary to coronavirus disease 2019
(COVID-19) has spread rapidly from China. The disease has affected millions of people[1]. Whereas
typical presentations of this infection (such as fever, cough, myalgia, fatigue and pneumonia) are well
recognized, few studies reported the incidence of atypical gastrointestinal symptoms[2-5]. COVID-19 is
linked to organ damage including lungs, heart and kidneys and can lead to multiple organ failure.
Evidence shows that SARS-CoV-2 has a strong tropism for the gastrointestinal tract[6,7]. Moreover,
pancreatic injury in COVID-19 has not been common.

Acute pancreatitis is an inflammatory process that originates from the glandular parenchyma,
causing damage and/or destruction to the acinar component first and then extending to the
surrounding tissues[8-11]. There are several etiological factors contributing to its onset. However, it is
possible to ascribe most of the episodes to two main causes, namely gallbladder lithiasis and alcohol
abuse. Pharmacological, iatrogenic and viral causes must also be taken into account[12].

The severity of acute pancreatitis does not always correlate with pancreatic structural changes. It is
possible to distinguish interstitial pancreatitis when the organ is locally or wholly increased in volume
due to the presence of interstitial edema and necrotizing pancreatitis (10%-20% of all cases)[10,13,14]. It
is unclear why COVID-19 starts with exclusively gastrointestinal symptoms, albeit in a low percentage
of cases. However, acute pancreatic involvement induced by COVID-19 is severe and can develop
rapidly. Close monitoring and admission are necessary to offer proper treatment. The following sections
of this editorial discuss some of the recent findings and the approaches for a more effective clinical
diagnosis and treatment of acute pancreatitis in patients with SARS-CoV-2 infection.

COVID-19 AND THE PANCREAS

Viral RNA has been found in the stools of COVID-19 patients[1,2,15-17]. High replication of the virus
has been documented in both the small and large intestines by electron microscopy studies on tissues
derived from biopsies and/or autopsy material[7,18,19]. Additionally, fecal-oral transmission has been
documented for SARS-CoV-2[20]. Some molecules are receptors for the virus. These determine a specific
tropism for different tissues and organs. SARS-CoV-2 uses its surface envelope called the spike
glycoprotein. By means of this protein, SARS-CoV-2 interacts and enters host cells. The virus enters the
cell via the angiotensin-converting enzyme 2 (ACE2) receptor. As such, the spike glycoprotein-ACE2
binding is the determinant for virus entry and propagation and for the transmissibility of COVID-19-
related disease. ACE2 is expressed in human pancreatic cells and pancreatic islets and highly
represented in pancreas microvasculature pericytes[6,21,22]. As ACE2 is internalized by SARS-CoV-2
binding, an imbalance of the RAS peptides can be established with a rise of angiotensin II and a
decrease in angiotensin 1-7. The latter exerts anti-thrombogenic, anti-inflammatory and pro-resolving
actions[23]. Laboratory abnormalities, suggesting pancreatic injury, have been noted in 8.0%-17.5% of
cases in several studies[24,25], with 7.0% displaying significant pancreatic changes on computed
tomography.

The etiopathogenesis of pancreatic injury in SARS-CoV-2 patients is still unclear. Both pancreatic
ACE2 expression and drugs taken before the hospitalization might be involved[26]. The inflammation
that occurs in the intestine causes the release of cytokines and bacteria. Both cytokines and bacteria can
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reach and enter the lung through the bloodstream. At this level, a direct influence on the immune
response and inflammation is observed[27-29]. The gut-liver axis is also strongly influenced by damage
to the intestinal mucosa and bacterial imbalance[30]. The host and the microbial metabolites present in
the intestine are transferred to the liver through the mesenteric-portal circulation; these affect liver
function. The liver releases bile acids and bioactive media into the biliary and systemic circulation in
order to transport them to the intestine. This could lead to pancreatic function damage in patients and
may also explain the abnormality of pancreatic function indicators in COVID-19 patients. It is important
not to consider each COVID-19 patient with increased serum amylase level as affected by acute pancre-
atitis[31]. Elevated levels of pancreatic enzymes may occur during kidney failure or diarrhea in the
course of COVID-19[32]. It could be useful to find some criteria that can guide clinical suspicion.

WHAT DO WE KNOW ABOUT ACUTE PANCREATITIS IN COVID-19 POSITIVE PATIENTS?

Available literature is not able to determine whether the tissue damage leading to acute pancreatitis
occurs as a result of direct SARS-CoV-2 infection or as a results of systemic multiple organ dysfunction
with increased levels of amylase and lipase[33,34]. Only a few COVID-19 positive patients also have
acute pancreatitis; the association between the two pathologies is infrequent. Only 10% of COVID-19
positive patients show abdominal symptoms exclusively[35]: Usually, these patients have the most
severe forms of COVID-19 infections. Furthermore, it has not been demonstrated that an increased
incidence of acute pancreatitis occurred during the COVID-19 pandemic period[36]. SARS-CoV-2 cannot
be said to be an etiological agent of acute pancreatitis[33,37]. Acute pancreatitis in COVID-19 positive
patients is idiopathic in most cases[37], and there is no sufficient evidence showing that COVID-19 can
cause acute pancreatitis or negatively impact its prognosis.

The involvement of the pancreatic gland appears possible, in consideration of the fact that ACE2
receptors are present both on exocrine cells and on pancreatic islets[23]. In addition, the ACE2 receptor
is expressed more in the pancreatic tissue than in the lungs. Furthermore, SARS-CoV-2 induces the
onset of endotheliitis, which results in ischemic damage and that can also occur in the pancreas[38].

In the COVID PAN study, it was documented that acute pancreatitis is more severe in COVID-19
positive patients than in COVID-19 negative patients. In them, the onset of multiple organ failure can be
linked to factors other than acute pancreatitis[39]. A greater severity of acute pancreatitis, an increased
risk of necrosis, intensive care unit admission, persistent organ failure and the need for mechanical
ventilation were observed in COVID-19 positive patients with acute pancreatitis. In this same study, 30-
d overall mortality from acute pancreatitis was statistically higher in COVID-19 positive (14.7%) than in
COVID-19 negative patients (2.6%, P < 0.04)[39]. Furthermore, necrosectomy was more likely to be
performed in SARS-CoV-2 positive patients, occurring in 5% compared with 1.3% in the control group (
P <0.001).

The predominant organ dysfunction was respiratory failure in the majority of COVID-19 positive
patients. In addition, acute pancreatitis with concomitant SARS-CoV-2 was more likely to have poorer
outcomes due to double pulmonary damage[40]. Lung involvement is common in severe acute pancre-
atitis. This involvement can progress to full blown acute respiratory distress syndrome[40]. At present,
it could be difficult to stratify the severity of symptoms and the degree of lung involvement. Acute
respiratory distress syndrome due to acute pancreatitis can worsen lung injury related to COVID-19
pneumonia. Moreover, changes in the gastrointestinal flora affect the respiratory tract through the
common mucosal immune system, the so-called “gut-lung axis”[27,29]. COVID-19 positive patients with
gastrointestinal symptoms are more likely to be complicated with acute respiratory distress and
pancreatic damage. In these patients the prognosis is poorer. In COVID-19 positive patients with
gastrointestinal symptoms, attention should be paid to the patient’s gastrointestinal symptoms in the
diagnosis and treatment process. It also appears essential to prevent the transmission of the virus via the
fecal-oral route. In a retrospective cohort study, Inamdar et al[37] concluded that pancreatitis should be
included in the list of gastrointestinal manifestations of COVID-19.

There are few studies in the literature that investigate the relationship between COVID-19 infection
and acute pancreatitis. In their experience, Inamdar et al[37] documented 189 cases of acute pancreatitis
in 48012 hospitalized patients (0.39%). Thirty-two (17%) of these 189 patients were COVID-19 positive,
with a prevalence of 0.27% of acute pancreatitis among the patients hospitalized for COVID-19.
Idiopathic forms were more frequent (69%) in this patient group than in COVID-19 negative patients
(21%, P < 0.0001). Wang et al[41] found that of 52 COVID-19 patients enrolled, 17% had pancreatic
injury, defined as an abnormal increase of amylase and lipase serum levels. Stephens et al[31] showed
that COVID-19 patients had an amylase serum peak not always related with acute pancreatitis. They
enrolled 234 patients, 158 of which had a serum amylase level three times greater than the normal upper
limit, but only 1.7% of the studied population met the revised criteria of Atlanta for diagnosis of acute
pancreatitis[31].
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Figure 1 Abdominal computed tomography 10 d after the onset of acute pancreatitis. A: Necrotic collection, with a noticeable wall, dislocating
stomach; B: Necrotic collection occupying the majority of pancreatic head and compressing the duodenum; C: Multiple collections of fluid and necrosis involving the
cephalad portion of the pancreas, multiple peripancreatic collections around the spleen and the left paracolic gutter.
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COVID-19 VACCINE AND PANCREATITIS

Vaccines are considered one of the most important public health achievements of the last century. Many
vaccines have side effects. One of these adverse events is the onset of pancreatitis. In these cases, it is
believed that acute pancreatitis is secondary to an immunologically induced phenomenon as
demonstrated by reports in the literature after the administration of vaccines against the hepatitis virus
or other viruses[42-44]. The vaccine BNT162b1 developed by Pfizer-BioNTech is a nucleoside-modified
mRNA that encodes the receptor binding domain of the SARS-CoV-2 spike protein. The vaccine RNA is
formulated in lipid nanoparticles for an efficient delivery into cells after injections[45].

In the literature there are several cases reporting acute pancreatitis after mRNA-based vaccine[46-50].
Although the vaccine has been proven to be effective and safe, vaccine-induced side effects have been
observed. There are nausea, diarrhea, decreased appetite, abdominal pain, vomiting, heartburn and
constipation among the most frequently reported gastrointestinal side effects. Most of the cases describe
mild acute pancreatitis, however Ozaka et al[46] and Walter et al[47] reported a single case of necrotizing
pancreatitis. According to Pfizer’s data, 1 case of pancreatitis and 1 case of obstructive pancreatitis as
adverse reactions were observed during the phase II/clinical trial of the COVID-19 mRNA vaccine. The
trial included about 38000 participants, indicating that such a link between vaccination and pancreatitis
is a very rare adverse event[51]. Between December 9, 2020 and July 21, 2021, information obtained from
the United Kingdom database showed 275820 adverse reaction reports, which included 18 cases of mild
acute pancreatitis and 1 case of necrotizing pancreatitis[52]. In France, out of a total of 42523573 doses,
the Agence Nationale de Securité du Medicament et des Produits de Santé reported 57 cases of acute
pancreatitis[53]. VigiBase, the World Health Organization global database of individual case safety
reports, included 298 cases of acute pancreatitis and 17 cases of necrotizing pancreatitis[54]. The
Agenzia Italiana del Farmaco reported 497 gastrointestinal adverse events equal to 14.1% of the total
observations in 1 year. The document does not specify the number of cases of acute pancreatitis[55].
Although it is difficult to make conclusions about the likelihood of the vaccine being the etiologic factor
of pancreatitis, it is essential to continue monitoring it for possible under-reported side effects until we
have extensive long-term data available in post-marketing surveillance for long-term and rare side
effects. Surveillance is also necessary because there are currently no conclusive data on the severity of
pancreatitis in the population of subjects vaccinated against COVID-19 compared to patients who have
not undergone vaccination. Preliminary results would document a reduced incidence of severe forms of
acute pancreatitis in subjects vaccinated against SARS-CoV-2.

DO WE NEED TO CHANGE THE DIAGNOSTIC AND THERAPEUTIC APPROACH?

Since pancreatitis in COVID-19 positive patients occurs more frequently in severe forms, treatment must
be intensive and prompt. It is crucial to define and stratify the severity of illness in patients with acute
pancreatitis because of the extreme range of potential clinical courses due to the wide range of organs
and tissues that may become involved. It is also fundamental to identify patients with potentially severe
pancreatitis who require a multidisciplinary approach and an earlier and more aggressive treatment[56,
57]. Suspected acute pancreatitis can be confirmed with laboratory and instrumental investigations.
Increased pancreatic enzymes levels are associated with a poor prognosis in COVID-19 patients. Recent
findings show that the increment of pancreatic enzymes are significant in critical COVID-19 patients,
but only a few of them progress to acute pancreatitis[58]. The rapid response of C-reactive protein to
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Figure 2 Abdominal computed tomography 6 mo after the onset of acute pancreatitis. A and B: The double pigtail stents positioned during the
endoscopic necrosectomy through the stomach is highlighted. Endoscopic necrosectomy through the stomach was performed 4 mo prior; C: A necrotic collection is
evident in the lower right quadrant of the abdomen.

DOI: 10.3748/wjg.v28.i36.5240 Copyright ©The Author(s) 2022.

Figure 3 Abdominal computed tomography scan documenting correct placement of lumen-apposing metal stents for the treatment of
walled-off necrosis in coronavirus disease 2019 positive patient. A: Sagittal scan; B: Front scan.
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changes in the inflammatory process intensity has also suggested its use in the management and
monitoring of acute pancreatitis. C-reactive protein is not specific, and although it is correlated with
severity, it cannot be used to predict clinical evolution. Serum procalcitonin is also one of the
parameters used in predicting the development of severe acute pancreatitis. Its continuous increase
correlates with a bacterial superinfection of pancreatic necrosis[59]. In all patients with or without
SARS-CoV-2 illness contrast-enhanced computed tomography scan is the gold standard for the
diagnosis of acute pancreatitis to evaluate both pancreatic and extrapancreatic alterations (Figure 1).

The revised Atlanta classification provides a good clinical distinction between mild, moderate and
severe acute pancreatitis, and it is used in most COVID-19 positive patients with acute pancreatitis[8].
Several scoring systems have been developed to predict the severity of acute pancreatitis; however,
none of them represents a gold standard. The scoring systems are without clinical relevance because of
their low predictive value[56]. The bedside index for severity in acute pancreatitis failed to identify the
severity of acute pancreatitis in COVID-19 positive patients[37].

Early fluid resuscitation is recommended in order to improve tissue perfusion[60], and the
maintenance of microcirculation may be associated with resolution of multiple organ failure[61],
especially in patients with COVID-19 and acute pancreatitis. Enteral nutrition is safe during acute
pancreatitis[62]. Moreover, supplementation of enteral nutrition with probiotics may decrease septic
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Figure 4 Intraoperative photos. A: Surgery was performed for severe abdominal hypertension due to acute pancreatitis with necrotic collections in the
retroduodenal region; B: Surgery was performed for severe abdominal hypertension due to acute pancreatitis with necrotic collections along the paracolic gutter.
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complications. In patients with COVID-19 requiring mechanical ventilation, early enteral nutrition is
associated with earlier liberation from ventilator support, shorter intensive care unit and hospital stay
and decreased cost[63,64].

Most patients with sterile necrosis can be managed without invasive treatments. Walled off necrotic
collections or pseudocysts may cause mechanical obstruction and a step-up approach is indicated.
Percutaneous or transmural endoscopic drainage are both appropriate first-line approaches in
managing these patients (Figure 2). However, endoscopic drainage is preferred as it avoids the risk of
forming a pancreatocutaneous fistula. In the earlier phase of the pandemic, patients with COVID-19,
especially with severe pneumonia and considered highly contagious, did not undergo endoscopic
ultrasound or endoscopic treatments. In the later stages, patients with COVID-19 and acute pancreatitis
were subjected, with necessary precautions, to percutaneous and endoscopic treatments similar to the
COVID-19 negative patients (Figure 3).

The step-up approach might reduce the rates of complications and death by minimizing surgical
trauma in already critically ill patients[65,66]. Currently, there is general agreement that surgery in
severe acute pancreatitis should be performed as late as possible[67]. In the management of necrotizing
acute pancreatitis, open operative debridement (Figure 4) maintains a role in cases not amenable to less
invasive endoscopic and/or laparoscopic procedures. Open operative debridement was performed in
patients with COVID-19 related lung symptoms and lesions.

CONCLUSION

In pandemic times, clinical conditions could be worsened by COVID-19 infection. SARS-CoV-2 cannot
be said to be an etiological agent of acute pancreatitis. Acute pancreatitis in COVID-19 positive patients
is idiopathic in most cases, and there is no sufficient evidence showing that SARS-CoV-2 can negatively
impact prognosis. On the other hand, acute pancreatitis with concomitant SARS-CoV-2 is more likely to
have worse outcomes due to double lung damage and greater pancreatic severity. The multiparametric
scores could not recognize and stratify the severity of pancreatic diseases and concomitant COVID-19
infection. In these patients, computed tomography is the gold standard for the diagnosis. Management
of COVID-19 positive patients with pancreatitis is complex, and it is optimally provided by a
multidisciplinary team. Operative treatments should be modulated, preferably, from the least to the
most invasive option. Thus, surgical necrosectomy is relegated to the role of “last resort”, remembering
that necrotizing pancreatitis is a heterogeneous disease with marked variations in extent and course.
This also means that one size treatment does not fit all.
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Abstract

Transforming growth factor-beta (TGF-B) is a multifunctional cytokine that
performs a dual role as a tumor suppressor and tumor promoter during cancer
progression. Among different ligands of the TGF-p family, TGF-B1 modulates
most of its biological outcomes. Despite the abundant expression of TGF-f1 in the
liver, steatosis to hepatocellular carcinoma (HCC) progression triggers elevated
TGEF-B1 levels, contributing to poor prognosis and survival. Additionally, elevated
TGEF-B1 levels in the tumor microenvironment create an immunosuppressive stage
via various mechanisms. TGF-B1 has a prime role as a diagnostic and prognostic
biomarker in HCC. Moreover, TGF-B1 is widely studied as a therapeutic target
either as monotherapy or combined with immune checkpoint inhibitors. This
review provides clinical relevance and up-to-date information regarding the
potential of TGF-B1 in diagnosis, prognosis, and therapy against HCC.

Key Words: Transforming growth factor-beta 1; Inflammation; Immunosuppression;
Fibrogenesis; Hepatocellular carcinoma; Biomarker; Immunotherapy
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Core Tip: Transforming growth factor-beta 1 (TGF-f1) exhibits a progressive elevation throughout hepatic
dysfunction starting from hepatitis to hepatocellular carcinoma (HCC) as an inflammatory cytokine, pro-
fibrogenic marker, immunosuppressive agent and pro-carcinogenic growth factor. Aberrant TGF-B1
activation in HCC is associated with poor prognosis and survival. TGF-B1 mediated immunosuppression
disturbs the anticancer surveillance and the efficacy of the immunotherapeutic agent. This pleiotropic
effect of TGF-B1 in the context of HCC makes it ideal as a diagnostic, prognostic, and therapeutic
candidate in HCC.
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beta 1 as a diagnostic-prognostic-therapeutic candidate against hepatocellular carcinoma. World J Gastroenterol
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INTRODUCTION

Hepatocellular carcinoma, an aggressive and refractory cold tumor

Liver cancer, specifically hepatocellular carcinoma (HCC) is often recognized as an aggressive
malignancy, ranking 6" in incidence and 3™ in terms of mortality in 2020, where mortality rates are
roughly equivalent to incidence rate[1]. As it develops in the background of chronic inflammation
starting from the fatty liver, HCC remains undiagnosed for years until it worsens. The progressive
transformation from cirrhosis to HCC also creates longer delays in diagnosis[2]. HCC is commonly
diagnosed by liver imaging techniques such as ultrasound, computed tomography and magnetic
resonance imaging. Blood biomarkers such as alpha fetoprotein (AFP), protein induced by vitamin K
absence or antagonist II levels, and liver biopsy are also used to diagnose HCC[3,4]. Even though the
recent guidelines recommend HCC surveillance biannually and antiviral vaccination, the lack of
effective surveillance programs significantly contributes to HCC progression to the advanced stage,
particularly in high-risk individuals. Once established, HCC cells rapidly proliferate and spread to the
extrahepatic site, such as the lungs, portal vein, and lymph nodes. In such cases, in an advanced stage,
curative interventions such as liver transplantation, resection, percutaneous ablation, and chemoembol-
ization were not responsive. Systemic drug therapy remains the primary treatment modality[5,6], where
immunotherapy and tyrosine kinase inhibitors are the approved treatment options[7]. However, limited
response to therapy, the emergence of multidrug resistance, immunosuppressive tumor microenvir-
onment, and lack of validated diagnostic and prognostic biomarkers pose significant obstacles in
establishing effective treatment against HCC[8,9].

Transforming growth factor-beta (TGF-p) is a critical homeostasis regulator, which is aberrantly
activated during inflammation, fibrosis and carcinogenesis[10]. Among the three isoforms, TGF-p1 is
superior in TGF-p signal transduction, especially those related to chronic liver diseases. Since HCC is an
inflammation-induced-immunosuppressed malignancy, the role of TGF-B1 signaling in HCC has been
extensively evaluated recently[11]. This review presents the potential of the TGF-B superfamily of
ligands, specifically TGF-B1, to develop as a therapeutic and prognostic-diagnostic marker candidate
against HCC.

TGF-B1 signaling in HCC

TGF-B superfamily of ligands is a dimeric peptide growth factor with more than 30 members in humans,
mainly TGF-fs, activins, inhibins, and bone morphogenetic proteins. TGF-Bs are categorized into three
different isoforms TGF-f1, TGF-B2, and TGF-3. Of the three isoforms, TGF-$1 is the most evaluated and
abundant, found in epithelial, endothelial, hematopoietic, and connective tissue. TGF-f 2 is expressed in
epithelial and neuronal cells, while TGF-B3 is found in mesenchymal cells[12]. TGF-Bs are implicated in
diverse physiological processes, including cell homeostasis and embryonic development[13].It is a
pleiotropic factor that regulates inflammation, fibrogenesis, cell differentiation, proliferation, epithelial-
mesenchymal transition (EMT), extracellular matrix (ECM) formation, tumor-suppressive and pro-
tumor effect in a cell-context dependent manner[14].

The three isoforms of TGF-p have structural similarity and functional redundancy[15]. However,
TGE-pB1 is often considered a potent and superior isoform with significant physiological and
pathological importance[16]. Importantly, TGF-B1 exerts a cell-context dependent effect in the liver[17,
18]. Normal to activated TGF-B1 signature confers a protective effect by inhibiting hepatocyte prolif-
eration and hepatic stellate cells (HSCs) activation, apoptosis induction, preventing fibrosis and
improving liver function. While, aberrantly activated TGF-B1 signature manifests as HSC activation and
worsening fibrosis to HCC, where tumor cells lose their sensitivity toward the inhibitory effect of TGF-
1[19-21]. Exposure of hepatocytes to various causative factors such as viruses, alcohol, toxicants and
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other metabolic disorders leads to the release of TGF-B1. Also, other pro-inflammatory cytokines such as
tumor necrosis factor-o and growth factors from non-parenchymal liver cells switch on inflammation,
production of ECM, and accumulation of fibrous material that eventually progress to cirrhosis[22,23]. A
simultaneous increase in integrins, a vital cell adhesion molecule, is observed as the fibrogenesis
continues. These integrins interact with TGF-p1 and other ECM proteins, altering signal transduction
pathways[24]. Along with the accumulation of genetic mutations, HSC induces TGF-B and B-catenin-
dependent EMT, leading to tumor growth in the liver. TGF-p1 continues to increase, promoting neo-
angiogenesis by interacting with other pathways and mediating stromal-tumor cell interaction,
conferring aggressive phenotype and metastasis[25] (Figure 1). Wang et al[26] demonstrated that both
TGF-B1 and TGFBR1 have a crucial role in regulating proliferation, invasion, metastasis and immune
response in HCC cells.

TGF-p1 exerts biological and pathological effects via Smad and non-Smad pathways. TGF-Bs are
synthesized in the inactivated form and exist as latent TGF-p complex (LTC) by binding with latency-
associated protein. Later, LTC is converted to large latent complex (LLC) by interacting with latent TGF-
B binding protein in ECM. Integrin signaling plays a significant role in the activation and subsequent
release of TGF-B1 from LLC. It is also mediated by other factors such as pH, protease enzyme etc.[27]. In
the canonical Smad pathway, activated TGF-f first binds with the extracellular domain of TGF-p
receptor type II, which triggers the cross phosphorylation of the kinase domain of TGF- receptor type 1.
TGEF-B R1 activation leads to the phosphorylation of Smad proteins, Smad 2 and Smad 3. Later Smad-2
and 3 complex bind with the co-Smad, Smad-4 to form a ternary complex. This ternary complex is then
translocated into the nucleus, binds to Smad binding elements in DNA, and activates the transcription
of TGF-B-dependent genes[28]. Binding of inhibitory Smad, Smad-7 will shut down the activated
pathway[29]. In addition to the Canonical Smad pathway, TGF-B can exert biological functions by
activating other diverse signalings such as P38, JNK, PI3K/AKT, RAS-ERK, and RHO-ROCK, which
constitute the non-Smad pathway of TGF-f signal transduction[30] (Figure 2).

Smad pathway of TGF-p signal transduction also enhances the transcription of FoxP3, predominantly
present in T regulatory (Treg) cells[31,32]. A high amount of tumor-infiltrating Treg cells and FoxP3
positive Treg cells in blood is reported in HCC patients, leading to the deterioration of effector T cells
such as CD4+ and CD+ cytotoxic T cells lymphocytes, which are pillars of anticancer immunity[33,34].
Together, TGF-B inhibits natural killer (NK) cells, blocks interferon (IFN)-y secretion, and prevents
effector immune cells recruitment to tumor tissue[35,36]. Additionally, TGF-B inhibits IFN-y secretion
by interacting with the activating transcription factor 1[37]. Likewise, TGF-B-RUNX3 transcription factor
interaction and co-expression of programmed death ligand 1 (PD-L1) and interleukin-10 promote the
transformation of naive B cells to immunoglobulin A producing B cells, which are crucial in HCC
development from non-alcoholic fatty liver[38]. Elevated TGF-f can directly enhance the transcription of
PD-1 in HCC. The interaction of PD-1 with PD-L1 causes significant immunosuppression by T cell
exhaustion, which manifests as inhibition of T cell activation, proliferation, and cytotoxic action[39,40].
In a recent study, Bao et al[41] reported that TGF-B1 trigger the expression of immune checkpoints such
as PD-1 and CTLA4 on HCC cells and attenuates T-cell-mediated anti-tumor immune surveillance.
Therefore, up-regulated TGF-p mainly isoforms 1 directly affect immune checkpoint inhibition, and it
works as an indicator of T cell exhaustion. This evidence suggests the potential of TGF-p1 targeted
immunotherapies against HCC. The pivotal role of the TGF-p1 signature in hepatic dysfunction and
HCC extends its potential as a biomarker molecule for diagnosis and prognostic prediction and a
therapeutic target.

Clinical utility of TGF-B1 as diagnostic marker of HCC

As an inflammatory-fibrogenic cytokine molecule, the involvement of TGF-p1 in all stages of liver
injury, starting from fatty liver, steatosis, fibrosis to cirrhosis, and HCC, is evident. Intergromic analysis
of TGF- gene alterations among the 33 cancer types in the TGCA dataset revealed 39% alterations.
Gastrointestinal cancers and HCC exhibited prominent mutation compared with other cancer types[42].
Later, in an HCC-specific transcriptomic analysis, 40% of HCC samples were found with mutations in
genes of the TGF-B pathway[43]. Higher TGF-B1 levels in HCC correlate with the high rate of
extrahepatic metastasis (EHM), poor prognosis, and low survival rate[44]. After acute/chronic liver
injury, liver sinusoidal endothelial cells and HSCs secrete TGF-B1 and up-regulate TGF- receptors[45,
46]. Elevated TGF-p1 level was found in viral and alcohol-induced fibrosis[47]. Thus, TGF-f levels can
be used to track the response to therapy so that the decrease in TGF-p 1 level followed by IFN treatment
in hepatitis B virus (HBV) patients is associated with improved treatment outcomes. Apart from HSC-
triggered TGF-p secretion, hepatitis C virus (HCV) infection can also induce TGF-B1 production in
hepatocytes[48]. Likewise, proteomic and phospho-proteomic characterization of 110 tumor and non-
tumor tissues of early-stage HBV-associated HCC found an increased expression of TGF-p genes
compared with the non-tumor tissue[49]. However, the dichromatic role of TGF-B1 on cancer growth
i.e,, tumor suppressive in early-stage or oncogenic effect in late-stage, is a matter of concern. Another
study indicated a comparative functional genomic approach and illustrated the link between TGF-p
expression signature and HCC subtypes. The study shows that TGF- positive HCC clusters can be
categorized into two. HCC with early TGF-B signature exhibit physiological responses while HCC
associated with late TGF-p signature showed metastasis and poor survival[50]. N-2-fluorenylacetamide-
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Figure 1 Involvement of transforming growth factor-beta 1 in various stages of liver dysfunction. Transforming growth factor-beta (TGF-B)
regulates cell homeostasis in normal physiological conditions. As an inflammatory-fibrogenic cytokine molecule, the involvement of TGF-B1 in all phases of liver injury,
from fatty liver, steatosis, fibrosis to cirrhosis, and hepatocellular carcinoma, is evident. Causative agents like viral infection, alcohol and co-morbidities like diabetes
and obesity trigger the release of a pro-inflammatory cytokine such as TGF-B1, which stimulates inflammation, extracellular matrix (ECM) production, and
accumulation of fibrous material that eventually progress to cirrhosis. As the fibrosis continues, the interaction of overexpressed TGF-f1 with integrins and other ECM
proteins can alter signaling, accumulate gene mutation, and induce epithelial-mesenchymal transition and hepatocarcinogenesis. TGF: Transforming growth factor;
ECM: Extracellular matrix; HCC: Hepatocellular carcinoma.
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induced rat hepatoma model is used to investigate the association of TGF-B1 expression with different
stages of hepatocarcinogenesis and a progressive elevation of hepatic TGF-p1 and TGF-p1 mRNA was
found during the transformation of hepatocytes to malignant cells[51]. Another study indicates that
elevated plasma TGF-p1 level was found in 89.5% of HCC patients, and interestingly, among these
patients, 93.3% had an AFP level less than 400 pg/L[52]. This suggested that TGF-p1 expression can be a
more accurate and sensitive biomarker for early diagnosis of HCC for monitoring the disease
progression.

The diagnostic importance of TGF-f1 is established significantly earlier itself. In 1997, Tsai et al[53]
investigated the correlation of urine TGF-1 level with HCC. They found a significant increase in TGF-p
1 level in HCC patients compared with other healthy control groups, cirrhotic chronic hepatitis patients.
They also reported the association of TGF- 1 levels with poor prognosis and shorter survival[53]. Later,
the same team compared the study with another important tumor marker, AFP, and found that disease
progression from cirrhosis to HCC is characterized by a typical elevation in both urinary TGF-p1 and
serum AFP with a diagnostic accuracy of about 90%[54,55]. These collective data suggest the potential of
TGF-B1 be used along with AFP as a complementary tumor marker to differentiate HCC from cirrhosis
correctly. Another study investigated the rationale for parallel determination of TGF-p1 and AFP to
diagnose HCC. They found that the TGF-p1 level exhibited a stage-dependent increase in all liver
diseases where AFP showed HCC-specific elevation[56]. As TGF-B1 estimation tracks the disease
progression pattern, TGF-p can be considered a more sensitive diagnostic marker of HCC. Its specificity
is higher when it is analyzed along with AFP. To diagnose and select patients for galunisertib (TGF-B
inhibitor) therapy, Cao ef al[57] in 2017 performed next-generation sequencing-based analysis in HCC
samples and found that m RNA levels of TGF-B1 along with SKIL and PMEPA1 could be better
diagnostic markers as well as to select patients who are more likely to respond with galunisertib.

Another study investigated the association of serum TGF-p1 with disease severity in HCC using 180
subjects in different stages of HCC. Group of cirrhotic patients, as well as healthy control, was also
maintained. Consistent with the previous reports, this study also found a significant increase in TGF-p1
level in HCC (1687.47 + 1462.81 pg/mL) as compared with cirrhotic patients (487.98 + 344.23 pg/mL)
and control (250.16 + 284.16 pg/mL). Additionally, the serum level of TGF-1 showed exponential
elevation as the disease progressed from early to advanced, i.e., during progression from Barcelona
Clinic Liver Cancer stage A to D, TGF-B 1 level increased from 652.83-1668.78 pg/mL[56]. The best cut-
off value of TGF-B1 detection was determined as 301.9 pg/mL, comparable with the value (370 pg/mL)
reported by Shehata et al[58] (Table 1).

Background inflammation and indolent transformation are the critical factors that create a waiting
time paradox in diagnosing HCC, making the tumor more aggressive and refractory. Since TGF-B,
specifically TGF-B1 plays an essential function from the initial hepatic injury to hepatocarcinogenesis, it
holds immense potential to validate as a diagnostic marker of HCC. Though the dual functioning of
TGF-p1 is still debatable, the diagnostic relevance of TGF-f1 is well evident, and thus, it warrants
further investigations and clinical validation.
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Table 1 Research progress on the clinical utility of transforming growth factor-beta 1 as diagnostic marker against hepatocellular

carcinoma
Sample size Sample
Ref. Assay type TGF-B1 level Outcome of the stud
HCClcontrol lgiss W9 type Y
[60, 26/20 ELISA Control: 1.4+ 0.8 ng/mL Plasma TGF-B1 level showed a progressive elevation from cirrhotic to HCC
61] patients to normal subjects. No significant association was found between
HCC:19.3 £1.95 ng/mL plasma TGF-B1 and serum AFP levels
(P <0.05)
[62, 70 ELISA Control: 2.7 £ 0.7 ng/mL Plasma  Elevated plasma TGF-1 levels in HCC patients are associated with
63] increased tumor size, overexpression of tissue inhibitor of metallopro-
HCC: 7.3 £4.3 ng/mL (P teinase-1 and tumor severity
<0.05)
[54, 94/50 P]Radio  Control: 1.5-33.6 pg-! Urine Urinary TGF-B1 and serum AFP levels were higher in HCC than in cirrhotic
55] Immuno creatinine patients. The study suggested that both TGF- and AFP can be used as
Assay Kit complementary biomarkers to distinguish between HCC and cirrhosis
Cirrhotic: 4.3-52.5 pg™
creatinine
HCC: 3.5-184 pg™
creatinine (P < 0.0001)
[64] 54/30 ELISA TGEF-B1 score Serum The study team calculated the serum concentration score based on the cut-
off limit of 74 pg/mL and 637 pg/mL for TGF-B1 and sFas, respectively.
Control: 0.6 +0.2 TGF-B1 levels were higher than the cut off value in 23% HCC patients with
negative AFP values, suggesting its diagnostic potential in AFP negative
HCC:1.6 £0.5 HCC
[65] 38/23 ELISA Control: 300 pg/mL Plasma Elevated plasma TGF-B1 level can be a useful diagnostic marker in
detecting small HCC, with higher sensitivity than AFP
HCC: 954.9 pg/mL (P <
0.0001)
[66] 70/32 ELISA Control: 2 ng/mL Plasma Higher circulating TGF-B1 in HCC patients is associated with suppression
of anti-tumor immunity and disease progression
HCC: 7.5 ng/mL (P <
0.0001)
[52] 50/30 ELISA Control: 0.67 + 0.1 Serum Aberrant TGF-B1 expression in HCC is associated with differentiation and
pg/mL worsening of HBV infection
HCC:2.21 £1.1 pg/mL
(sensitivity = 89.5%,
specificity = 94%)
RT-PCR Overexpression TGF-1 Circulating TGF-p1 level and TGF-p1 mRNA expression can be used as
mRNA in HCC patients, sensitive biomarkers for diagnosing HBV induced HCC
P <0.0001
[56] 23/40 ELISA Control: 14.35 £ 8.76 Serum TGF-B1 is a sensitive diagnostic marker for HCC than AFP. Specificity can
ng/mL be increased with combined evaluation of TGF-B1 and AFP levels
HCC: 64.35 + 33.68
ng/mL (P < 0.05)
[67] 54/30 ELISA Control: 39.5+ 9.8 Serum The study suggested elevated TGF-B1 and EGFR levels as reliable
pg/mL diagnostic markers for HCC induced, AFP negative HCC
HCC: 1194 + 331 pg/mL
(P < 0.0001)
[68]  120/30 ELISA Control: 250.16 +284.61  Serum TGF-B1 showed progressive elevation during various stages of liver
pg/mL dysfunction. Higher TGF-1 level in HCC is associated with tumor grade,
pathological stage and invasiveness
Cirrhotic: 487.98 + 344.23
pg/mL
HCC: 1687.47 + 1642
pg/mL (P < 0.0001)
[69] 100/36 ELISA Control: 57.29 + 11.70 Serum Serum levels of TGF-B were significantly higher in HCC patients than in

ng/mL

HCC: 225.82 + 48.93
ng/mL (P < 0.0001)

normal controls

ELISA: Enzyme-linked immunosorbent assay; RT-PCR: Reverse transcription-polymerase chain reaction; HCC: Hepatocellular carcinoma; TGF-f:

Transforming growth factor-beta; AFP: Alpha fetoprotein; HBV: Hepatitis B virus; EGFR: Epidermal growth factor receptor.
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The clinical utility of TGF-B1 as a prognostic marker of HCC

Poor prognostic characteristics of HCC contribute to late detection, aggressiveness and failure of
therapeutic interventions[70]. Molecular pathways of hepato-carcinogenesis are still confusing because
of the involvement of diverse molecular pathways, genetic alterations and evolution of malignant cells.
Thus, this ultimately results in the worst prognosis within the early stage itself[71]. The expression of
TGF-p1 is remarkably increased at the advanced stages of HCC and is involved in initiating EMT,
regulating tumor proliferation, and promoting immunosuppressive tumor microenvironment during
HCC progression under the challenges like liver cirrhosis, HBV and HCV infections. This warrants
screening TGF-B1 levels from the early stages of HCC as a tool for evaluating the clinical outcomes.
Depending upon the expression profile of TGF-B1, it is effortless to estimate the clinical impact of
therapeutic strategies[72].

A research study conducted by Giannelli et al[73] proposed that TGF-p1 promotes EMT by
stimulating homologous proteins like snail and slug. Secretion of TGF-B1 by HCC invasive cell lines,
especially cell lines with a3p1-integrin expression, is significantly higher than in non-invasive and
cirrhotic cell lines. The patients at the initial and advanced stages of HCC with a higher profile of TGF-f
1 possess a poor prognostic ratio with lower overall survival (OS) and disease-free survival rate (DFS)
[73,74]. Likewise, another notable experimental study by Lee et al[75] demonstrated that plasma TGF-p1
is positively correlated with critical conditions like EHM, portal vein thrombosis, EHM, and regional
lymph node involvement. Statistical studies involving the detailed examination of overall and
cumulative survival rates of HCC patients showed that candidates with abundant levels of plasma TGF-
B1 manifested remarkably lower survival rates than the candidates with lower expression of TGF-f1.
This evidence points to the usefulness of TGF-B1 as a prognostic marker in HCC.

Wang et al[76] elucidated the crucial involvement of TGF-p1 in tumor progression. A total of 180
patients with HCC were selected for the study, and out of 180 HCC patients, 105 patients were found
with a solid expression of TGF-B1. This study showed a positive correlation between TGF-p1 and Treg
cells. The increased secretion of TGF-p1 at the starting stage of HCC indicates that the tumor may be one
of the most critical sources of TGF-B1 in HCC patients. Earlier studies also provided evidence that TGF-
B1 promotes the regulatory phenotype and modulates the biological functions of Tregs. By Kaplan-
Meier evaluation, HCC patients overexpressing TGF-B1 in neoplastic tissues had a considerably shorter
OS and a greater recurrence rate than patients with lower expression[76]. A meta-analysis study
conducted by Peng et al[77] reported that TGF-B1 implements an unfavorable prognosis on OS rates of
HCC patients with a hazard ratio of about 1.71 and 2.29 from both univariate and multivariate analysis.
Additionally, the study indicates the worst prognosis of TGF-B1 upon DFS, relapse-free survival and
progression-free survival of 1422 patients via COX univariate analysis with a hazard ratio of about 1.60.
In summary, the results from these studies draw out the negative prognostic impact of high TGF-p1
expression on the OS in HCC patients.

TGEF-B1 possesses a dual functional role in malignancy; initially, it acts by blocking epidermal growth
and promoting tumor suppression, but in later stages, it appears to be involved in the up-gradation of
advanced tumors[78]. Embryonic liver fodrin (ELF), a novel form of p-spectrin is involved as a Smad3/4
adaptor in TGF-p mediated tumor suppression signaling pathway. Miscolocalization of Smad3 and
Smad4 caused by the dysregulation of ELF resulted in the disruption of TGF- B signaling pathways[79].
A research study conducted by Ji et al[80] investigated the predictive value of both TGF-p1 and ELF in
HCC patients after hepatic resection. The expression of TGF-1 is significantly higher in HCC tissues
than in normal liver tissues, while the incidence of ELF is higher in normal liver tissue in contrast with
HCC samples. The reports of post-operative survival rates of HCC patients with lower expressions of
TGF-B1 showed that DFS and OS rates of HCC patients over 1 (79.4%), 3 (73.5%), and 5 (62.0%) years
were significantly higher than the patients with higher expression of TGF-p1 (28.0%, 12.0%, and 12.0%).
The study also showed a negative correlation between TGF-f1 and ELF levels. The study also indicates
that DFS rates of HCC patients with higher expression of ELF and lower TGF-p1 levels are remarkably
more elevated than the HCC patients with low expression of ELF and higher TGF-p1 levels for 1, 3, and
5 years (75.0%, 60.0%, and 57.5% vs 25.0%, 15.9%, and 10.2%, respectively), with P-value less than 0.001.
Data from clinicopathological examination exhibited that TGF-B1 positively relates with hepatitis B
surface antigen, tumor size, tumor number, TNM, and recurrence, while ELF is negatively correlated
with all metastatic characteristics suggesting that ELF is associated with tumor suppressing features.
This research study indicates that both TGF-fland ELF can be included in the category of relevant
biomarkers as prognostic agents for evaluating clinical results after hepatic resection[80].

An experimental approach described the correlation and the possibility of Fibroblast growth factor
(FGF) receptor 4 (FGFR4) and TGF-B1 as prognostic biomarkers in HCC. FGFR4 is the most
predominant isoform of the FGFRs family and is actively involved in various biological activities,
including metastasis, differentiation, embryonic development, proliferation, apoptosis and angiogenesis
[81]. Multiple studies showed that FGFR4 plays a clear-cut role in the pathogenesis of HCC and the up-
regulation of FGFR4 possesses resistance to various targeted therapies[82]. A clinicopathological
examination conducted by Chen et al[83] showed that elevated expression of both TGF-B1 and FGFR4
enhances tumors’ invasiveness and metastatic nature. Clinicopathologic characteristics revealed that
HCC patients at advanced stages with high TGF-B1 and FGFR4 expression were more likely to be at a
higher TNM stage. Statistical data showed that the OS of patients over five-year survival rate is about
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Figure 2 Transforming growth factor-beta 1 signaling pathway. Smad and non-Smad pathways mainly regulate transforming growth factor-beta 1 (TGF-B
1) signal transduction. Integrin signaling triggers the activation and release of TGF-p1 from LCC (large latent complex). Activated TGF-B1 binds TGF-p type I
receptor, leading to phosphorylation of TGF-B type | receptor and associated Smad proteins, mainly Smad-2 and Smad-3. Phosphorylated Smad-2 and 3, complex
with the co-Smad, Smad-7, form a ternary complex. This ternary complex then translocates into the nucleus, binds to Smad binding elements and regulates the
transcription of TGF-B-related genes. TGF: Transforming growth factor; LAP: Latency associated protein; LTAB: Latent transforming growth factor-beta binding
protein; SBE: Smad binding elements; ECM: Extracellular matrix; mTOR: Mammalian target of Rapamycin; PI3K: Phosphoinositide 3-kinase; AKT: AKT
serine/threonine kinase 1; MKK: Mitogen-activated protein kinase kinase; JNK: C-Jun N-terminal kinase.
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8.5%, and the median survival duration is 32.3 mo in case of TGF-B1 positive cases. In contrast, in TGF-B
1 negative expression cases, the OS of the patient is about 45.6% and the median survival rate is 50.4 mo.
Candidates with high TGF-p1 expression had a short OS rate in contrast to those with negative TGF-f1
expression profiles. Likewise in cases of high levels of FGFR4, the OS rate of patients is very low, that is
five-year survival rate is only about 8.3%, and median survival rate is 29.4 mo while in the condition of
impeded FGFR4 expression, the five-year survival rate is about 70.1% and the median survival period is
51.2 mo. This study showed a positive correlation between TGF-f1 and FGFR4 as prognostic markers in
HCC. Additionally, the results from univariate and multivariate analyses showed that both TGF-p1 and
FGFR4 are independent and reliable prognostic factors in HCCs for evaluating the therapeutic response
in HCC patients, especially after post-operative procedures[83]. The strong correlation between TGF-f1
expression and survival rates of HCC patients suggests its potential as a prognostic biomarker for HCC
(Table 2). In addition to the role of TGF-B1 as an effective prognostic marker, it can also be used for
targeted therapeutic strategies.

The clinical utility of TGF-B1 as therapeutic target in HCC

Tyrosine kinase inhibitor, Sorafenib was the first approved first-line therapy for advanced HCC.
Sorafenib was the first-line therapy for ten years until another tyrosine kinase inhibitor, Levatinib was
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Table 2 Research progress on the clinical utility of transforming growth factor-beta 1 as a prognostic marker against hepatocellular

carcinoma

Survival rate (%),

Ref. Sample size  Sample and assay TGE-p1 level (patients with .hlgher . T e
HCClcontrol  type TGF-B1 vs patients with
lower TGF-g1)
[75] 571/551 Plasma Control: 3.58 + 0.17 log; 1yrsurvival 3yrsurvival Plasma TGF-1 levels showed a positive
pg/mL (47 vs 60) (28 vs 36) P < correlation with tumor size, invasion and
0.05 extrahepatic metastasis and inversely
ELISA Cirrhotic: 3.20 + 0.37 logy,, correlated with survival rates in HCC
pg/mL patients
HCC: 3.83 £ 0.31 log;,
pg/mL
[83] 126 Tumor tissue 84% samples (106/126) 5 yr survival (8.5 vs 45.6) TGF-B1 and FGFR4 were positively
showed high intra- correlated in HCC tumor tissues and
tumoral TGF-p1 showed a significant association with
expression shorter survival rates in patients
Immunohistochemistry ~ 64.3% samples (81/126)
showed high peri-tumoral
TGEF-B1 expression
[80] 84/20 Tumor tissue TGF-B1 overexpression 1yrsurvival 5yrsurvival TGF-B1 expression was dominant, whereas
found in 59.5% samples (28vs79.4)  (12vs 62.6) ELF expression was suppressed in HCC
(50/84) than that of tissues
normal liver tissue
Immunohistochemistry Patients with high TGF-B1 and lower ELF
expression are associated with poor overall
survival and post-operative disease free
survival compared with low TGF-$1 and
high ELF group
[76] 184/30 Plasma and tumor tissue Elevated plasma TGF-f1 ~ 2yrsurvival 3 yrsurvival Higher TGF-B1 expression in tumor tissues
level (51 vs 77) (4vs68), P< triggers Treg cells mediated immunosup-
0.05 pression in tumor microenvironment and
ELISA and immunohis-  TGF-B1 was strongly contribute to poor prognosis in HCC
tochemistry stained in tumor tissue
[84] 40 Serum Before RFA: After RFA: NA Radiofrequency ablation lowered TGF-p1
63.22 + 56.33 + and AFP L3% expression in HCC patients
23.61 2424
ELISA ng/mL ng/mL Low TGF-f1 and AFP L3% levels were

observed in the no recurrence group,
suggesting its potential as prognostic
markers for HCC

ELISA: Enzyme-linked immunosorbent assay; HCC: Hepatocellular carcinoma; TGF-: Transforming growth factor-beta; AFP: Alpha feto protein; ELF:
Embryonic liver fodrin; FGFR: Fibroblast growth factor receptor 4.
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approved in 2018. Even though tyrosine kinase inhibitors dominated HCC therapy as first-line or
second-line options, the efficacy was only modest, with limited treatment outcome, the emergence of
drug resistance, and also relapse[85]. Recently treatment strategies adopted a paradigm shift to
immunotherapeutic approaches because of the importance of the immune microenvironment in carcino-
genesis.

The liver is the most extensive reticuloendothelial system and peripheral immunomodulatory organ
in the human body. Immunotherapy is being extensively evaluated in liver cancer[86]. The liver
constitutes a vast repository of immune cells including NK cells, kupffer cells, sinusoidal endothelial
cells, and innate T cells[87]. Aberrant immune checkpoint activation makes HCC a cold tumor, where
anti-tumor immune surveillance is completely abolished[88]. Combination of immune checkpoint
inhibitors (ICIs) such as Nivolumab (PD-1 inhibitor) + Ipilimumab (CTLA4 inhibitor) and Atezolizumab
(PD-L1 inhibitor) + Bevacizumab [vascular endothelial growth factor (VEGF) inhibitor] got approval as
first-line therapy for various cancer such as non-small cell lung cancer (NSCLC), HCC in 2020[89].
Though ICIs exerted a superior effect to tyrosine inhibitors, current immunotherapeutic drugs failed to
establish an effective anticancer immunity against HCC. Though the immunotherapeutic approaches
modify effector immune cells functions to elicit anti-tumor immune response, the immunosuppressive
tumor microenvironment neutralizes the effects of immunotherapy[90].

Analysis of the TGF-B profile of HCC samples in the TGCA data set revealed four categories with
typical TGF-B expression[91]. The cluster with a highly activated TGF-B signature, which accounts for
14.5% of samples, exhibited prominent immune exhaustion and poor prognosis. ICIs may not work well
in this cluster. Additionally, anti-inflammatory/anti-fibrotic agents targeting TGF-f can improve the
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Table 3 Clinical trials of transforming growth factor-beta 1 blockade with Galunisertib in hepatocellular carcinoma and other cancers

Drug Title of the study Treatment Phase Status Trial ID

Galunisertib A study of Galunisertib on the immune system in participants Monotherapy PhaseI Completed NCT02304419
with cancer

Galunisertib Galunisertib (LY2157299) and stereotactic body radiotherapy =~ Combination with radiotherapy PhaseI Completed NCT02906397
in advanced hepatocellular carcinoma

Galunisertib A study of LY2157299 in participants with unresectable Combination with Nivolumab Phase = Completed NCT02423343
hepatocellular cancer I

Galunisertib A study of LY2157299 in participants with unresectable Combination with Sorafenib PhaseI Completed NCT02240433
hepatocellular cancer

Galunisertib A study of LY2157299 in participants with advanced hepato- ~ Combination with Sorafenib Phase  Completed NCT02178358
cellular carcinoma I

Galunisertib A study of LY2157299 in participants with hepatocellular Combination with Phase  Completed NCT01246986
carcinoma Sorafenib/Ramucirumumab II

Galunisertib Galunisertib and Capecitabine in advanced resistant TGF-beta Combination with Capecitabine Phase =~ Withdrawn NCT03470350
activated colorectal cancer (EORTC1615) II

Galunisertib = A study of LY2157299 in participants with pancreatic cancer ~ Combination with Gemcitabine PhaseI Completed NCT02154646

(advanced or has spread to another part of the body)

Galunisertib A study of Galunisertib (LY2157299) and Durvalumab Combination with Durvalumab PhaseI Completed NCT02734160
(MEDI4736) in participants with metastatic pancreatic cancer

TGF: Transforming growth factor.

immune milieu[92,93]. The majority of HCC samples belong to a cluster of activated TGF-f signature
(45%) and showed a low level of an immune response. Hence, combining a TGF-p inhibitor with an
immune checkpoint inhibitor can exert a synergistic effect. 30% of HCC samples showed a normal TGF-
B signature associated with active immune surveillance; therefore, immunotherapy will be most suitable
for this cluster. The fourth cluster is a minor population (9.9%) that exhibits inactivated TGF-f signature
with poor immune cell activation and response[94]. With this evidence, it is clear that TGF-p1 signature
can be used to decide the suitable therapy or predict the outcome of immunotherapy.

Several specific and non-specific inhibitors of TGF-p, mainly TGF-p1 and 2 inhibitors, are being
developed and evaluated against various tumors, including HCC. Regarding non-specific inhibitors, as
the primary molecular target is different, its ability to block the TGF-p pathway offers additional
benefits as anticancer agents. One such example is Halofuginone, an alkaloid coccidiostat with reported
preclinical activity against HCC. In addition to the prominent inhibition of collagen synthesis, Halofu-
ginone also blocks TGF-B1, inhibits ECM formation and fibroblast proliferation, increases IFN-y and
anti-tumor immune response[95,96]. The effect of Halofuginone against advanced progressive solid
tumor has been evaluated in phase I clinical trial (NCT00027677), and in 2000, United States Food and
Drug Administration gave orphan drug approval status to Halofuginone for treatment of scleroderma
[97]. Histone deacetylase exerts epigenetic regulation of TGF-p1 mediated fibrosis and carcinogenesis
[98]. Studies indicate that histone deacetylase inhibitors such as Panobinostat have shown effectiveness
in HCC animal models and phase I human trials combined with sorafenib (NCT00823290)[99]. Apart
from the non-specific inhibitors, recent preclinical interventions combined TGF-p1 targeting antibodies
or TGF-BR1 inhibitor with PD-L1 inhibitors and obtained prominent cytotoxic effect and anticancer
immune surveillance in various solid tumors[100,101]. Likewise, M7824 is a bifunctional fusion protein
with dual targeting of PD-L1 and TGF-B, which has been evaluated in animal models of various cancers
either alone or in combination with vaccines[102]. M7824 exerted a significant inhibitory effect on TGF-p
1[103]. Among the different TGF-B inhibitors, LY2109761 is an orally bioavailable TGF- receptor type I
inhibitor, which exhibited an antitumor effect in various HCC animal models[104]. LY2109761 inhibited
TGF-B1 induced migration, invasion, and anoikis in HCC cells[105,106]. Another study suggested the
anti-angiogenic potential of LY2109761, which was superior to the typical VEGF inhibitor, Bevacizumab,
and the effect was mediated by suppression of VEGF through inhibition of Smad dependent TGF-§1
signaling[107,108]. In addition to this, anti-TGF- agents targeting other isoforms are also developed.
AP-12009 is a TGF-B2 specific antisense oligonucleotide in a clinical trial to treat glioma and anaplastic
astrocytoma[109,110]. Likewise, TGF-p1 directed mRNA was developed as AP-11011, which is
evaluated against NSCLC, colon cancer in preclinical models[111]. Lordelimumab is a TGF-B2 specific
monoclonal antibody with an anti-fibrotic effect[112]. Many preclinical studies investigated different
TGEF-B inhibitors, yet, Galunisertib (LY2157299), a kinase inhibitor of TGF-B1, is only the one in current
clinical trials[113]. Several clinical trials of Galunisertib are ongoing or completed either alone or
combined with Sorafenib, ICIs, and alkylating agents (Table 3).
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CONCLUSION

TGE-B1 exerts a unique regulatory power on inflammation, fibrogenesis, and immune response in HCC.
Among other TGF-f isoforms, significant and progressive expression of TGF-p1 during the entire course
of HCC pathogenesis, starting from chronic hepatitis to HCC makes it a sensitive and accurate
diagnostic marker of HCC. The specificity and sensitivity of TGF-p1 based diagnosis of HCC by parallel
estimation of serum AFP. Even after establishing HCC, TGF-p1 continues to elevate as HCC progresses
and is associated with poor prognosis and shorter survival. Since TGF-B1 is the master regulator of the
immunosuppressive tumor milieu in HCC, TGF-B1 inhibition could sensitize ICI, tyrosine kinase
inhibitors, and other systemic or curative interventions. HCC remains the deadliest-refractory tumor
predominantly due to its delayed diagnosis. In that context, TGF-1 is relevant for early diagnosis,
prognosis, and therapy. Even though a plethora of supporting evidence is available, still TGF-f1 is not
much studied and evaluated compared with other markers such as AFP. Notably, the dichotomic nature
of TGF-B signaling in HCC needs to be defined accurately to establish the clinical utility of TGF-B1.
Thus, proper and careful determination of the TGF-B1 profile of patients is necessary to choose the
suitable patients for TGF-B1 targeted therapy.
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Core Tip: Intestinal barrier dysfunction is usually accompanied by inflammation and the death of epithelial
cells, which may lead to an elevated concentration of extracellular adenosine triphosphate and the
intestinal immune response. Meanwhile, available studies have demonstrated that P2X7 receptor (P2X7R)
can be an important regulatory factor in the activation and differentiation of T cells, suggesting that
P2X7R may play a key role in intestinal barrier disruption by regulating T cells. Therefore, in this review,
we summarized the recent advances regarding the intestinal barrier, the role of P2X7R and T-cells in the
pathophysiology of intestinal barrier disruption, and the role of T cell-derived P2X7R in the
pathophysiology of intestinal barrier dysfunction.
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INTRODUCTION

The intestinal tract is one of the largest interfaces in the human body that directly contacts the external
environment[1]. The intestine, a highly specialized and complex organ, plays an important role in
absorbing useful substances and presenting potentially harmful substances[2]. The intestinal barrier also
maintains the homeostasis of the inner environment and develops the intestinal immune system[3]. The
intestinal barrier is composed of several parts, including the microbiological barrier, the chemical
barrier, the physical barrier and the immune barrier[4]. Dysfunction of the intestinal barrier increases
intestinal permeability and is related to the pathophysiology of several serious diseases[5]. The
intestinal tract is exposed to various commensal bacteria, dietary antigens and pathogens that are
related to immune tolerance and defense, showing the importance of the immune system in the intestine
[6]. The immune barrier mainly includes the lamina propria lymphocytes, dendritic cells (DCs), mast
cells, macrophages and lymphocytes — mainly CD8'T cells — located among epithelial cells[7].
Considering the involvement of T cells in the oral tolerance and immune defense against pathogens in
the intestine, it is not surprising that they have an essential role in the pathology of intestinal barrier
dysfunction[8,9].

The purinergic signaling pathway is highly conserved and plays a critical role in immune regulatory
response[10]. This signaling pathway is mainly mediated by adenosine triphosphate (ATP) and nicoti-
namide adenine dinucleotide (NAD"). Purinergic receptors are a group of transmembrane proteins
widely expressed in immune cells[11]. According to their different structural properties, these receptors
can be divided into the following three families: P2X receptor, P2Y receptor and P1 receptor[12]. Among
them, P2X receptors, a class of ligand-gated, cationic-selective channels, are mainly activated by
extracellular ATP (eATP)[13]. P2X7 receptors (P2X7R) have a low affinity for ATP and need to be
triggered by high concentrations of ATP[14]. When the concentration of ATP is low, P2X7R can act as
ion channels for Na*, K* or Ca?*. However, P2X7R can form nonselective and large-conductance pores in
settings with high concentrations of ATP, thereby inducing cell apoptosis[14]. Under normal conditions,
the cell membrane is impermeable to ATP and other related substances, and the maintenance of low
eATP concentration is achieved by the strong degrading activity of ATPases[15,16]. The leakage of
intracellular ATP due to the destruction of cell membrane could result in significant elevation of eATP
concentration, thereby inducing the activation of the immune system[17-19]. Indeed, an ultrahigh
concentration of eATP can be observed at the inflammatory sites[20]. In the process of acute inflam-
mation, ATP activates P2X7R on the Treg cells, inhibiting their activity and viability[21]. P2X receptor
channels on effector T cells are stimulated by eATP, facilitating the activation of nuclear factor of
activated T cells and the production of IL-2, which could increase the activation of effector T cells[22,
23]. The receptor can also be activated by NAD" released from damaged cells or activated T cells[24,25].
This NAD*-dependent process is associated with ecto-ADP-ribosyltransferase ARTC2.2, which is
activated by NAD" and induces the ADP-ribosylation of P2X7. In the presence of low micromolar
concentrations of extracellular NAD?, this process finally leads to cell death because of the activated
P2X7R, a phenomenon known as NAD*-induced cell death (NICD)[26,27]. In contrast, NAD* may be
degraded into hydrolysate in the case of high levels of ATP, which would block the NAD*-dependent
process[28,29] (Figure 1). Intestinal barrier dysfunction is usually accompanied by inflammation and the
death of epithelial cells, which may lead to an elevated concentration of eATP and the intestinal
immune response[30]. Meanwhile, available studies have demonstrated that P2X7R can be an important
regulatory factor in the activation and differentiation of T cells[31], suggesting that P2X7R may play a
key role in intestinal barrier disruption by regulating T cells.

Therefore, in this review, we summarized the recent advances regarding the intestinal barrier, the
role of P2X7R and T-cells in the pathophysiology of intestinal barrier disruption, and the role of T cell-

WJG | https://www.wjgnet.com 5266 September 28,2022 | Volume?28 | Issue36 |


https://www.wjgnet.com/1007-9327/full/v28/i36/5265.htm
https://dx.doi.org/10.3748/wjg.v28.i36.5265

Jiang ZF et al. T-cell function in intestinal barrier disruption
Cytoplasm

NAD* + Ca2+ K*
Na®, Ca*” v o ATP I-18 1 I-1B

Cytomembrane

BRR{EYY

ARTC2.2

BRRELRRLY

§

g % ¥

A The P2X7
,/ \ receptor

BRERRRBRURGRRBBRYRURRARY

®
K . IL-18 o IL-1B Cytoplasm
Na*, cazrt K oK, .
! Activated _
1 caspase-1
' l -
: «D-* Pro-IL-18
I
1
NRes PoPEel T g Pro-IL-18
AsC NLRP3
inflammatory
complex

DOI: 10.3748/wjg.v28.i36.5265 Copyright ©The Author(s) 2022.

Figure 1 The activation of the P2X7 receptor and NLRP3 inflammasome. The P2X7 receptor is activated by extracellular ATP and NAD* and serves as
an ion channel. It can also form non-selective macropores. The activated P2X7 receptor induces the decreasing of intracellular K*, which initiates NOD-like receptor
family pyrin domain containing 3 (NLRP3) inflammasome activation. The activated process of pro-interleukin (IL)-1B and pro-IL-18 are triggered by the active
caspase-1 that results from the formation of NLRP3 inflammasome. Mature inflammatory cytokines are released into extracellular space from cells, which finally
results in the cell death. ADPR: ADP-ribose; ARTC2.2: ADP-ribosyltransferase 2.2; ASC: Apoptosis-associated speck-like protein containing a CARD; NLRP3: NOD-
like receptor family pyrin domain containing 3; IL-18: Interleukin-18; IL-1f: Interleukin-1p.

derived P2X7R in the pathophysiology of intestinal barrier dysfunction.

THE OVERVIEW OF THE INTESTINAL BARRIER

The intestinal barrier, one of the most important biological barriers in the body, is composed of various
extracellular and cellular components. It works as a semipermeable membrane that allows nutrients to
pass through while limiting the transport of pathogens and noxious substances. This dual function is
regulated by the interaction among the four components of the intestinal barrier (the microbiological
barrier, the chemical barrier, the physical barrier and the immunological barrier)[2].

There are over 10" microorganisms and about 10000 bacterial species in the human intestine[32]. The
microbiological barrier is formed by symbiotic microorganisms in the outermost position of the mucus
layer, which effectively prevents harmful substances from entering intestinal epithelial cells[31,33,34].
The chemical barrier, also known as the inner mucus layer, is composed of macromolecules, including
proteins, enzymes, peptides and immunoglobulins[35,36]. Mucin2 secreted by goblet cells is the main
mucus protein and it serves as a protective barrier[37]. In intestinal crypts, pluripotent stem cells can
differentiate into five different cell types, including enterocytes, goblet cells, Paneth cells, enteroen-
docrine cells and microfold cells[38]. The physical barrier beneath the mucus layer is composed of
intestinal epithelial cells which are critical to the physical features of the intestinal barrier[30].

Beneath the intestinal epithelium, the immunological barrier consists of various immune cells,
including T lymphocytes, B lymphocytes, dendritic cells, macrophages and plasma cells. This barrier is
involved in innate and adaptive immune responses via antigen presentation and the secretion of inflam-
matory mediators and antibodies[39,40]. In addition to immune cells, substances secreted from these
cells are also important in the construction of the intestinal immunological barrier. Secretory IgA,
another constituent of the immunological barrier, is mainly found at the intestinal mucosal surface, and
it provides antipathogen protection by interacting with bacteria[41].

There are several interactions among different components of the intestinal barrier. The physical
barrier and the inner mucus layer separate the microbiological barrier and the intestinal immunological
barrier, preventing unnecessary conflict and maintaining intestinal homeostasis[42]. The intestinal
microbiota induces the functional maturation of innate and adaptive immunity, and instructs immune
response through microbiota-derived metabolites and components (such as lipopolysaccharides and
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peptidoglycans)[43,44]. The metabolites maintain intestinal homeostasis and regulate inflammation
through immune responses, while the components of the microbiota direct immune responses by
activating the intestinal TLR pathway[45-47]. For example, the expression of IL17, an inflammatory
cytokine produced by yd T cells, can be inhibited by propionate, a metabolite of intestinal bacteria[48].
Conversely, intestinal immune cells precisely regulate the microbial community both directly and
indirectly, thus establishing a sustainable balance between the immune cells and intestinal microbiota
[49-51].

The intestinal barrier should be considered a highly dynamic and complex structure that responds to
internal and external stimuli[52,53]. Dysfunction of the intestinal barrier often occurs when the damage
of the intestinal mucosa is severe and the components of the intestinal barrier change[54]. Under
pathological conditions such as stress[55] and ischemia or hypoxia[56], the intestinal barrier is destroyed
and the permeability of the intestine increases, thereby inducing bacterial translocation, electrolyte
disorders and inflammatory response[57] (Figure 2). With the increasing permeability of the intestine,
locally produced ATP is released into the intestinal microenvironment, followed by the activation of
immune cells via ATP receptors, including P2X7 purinoceptor. When the intestinal immune system is
activated, the inflammatory effects may not be regulated, which may lead to the irreversible destruction
of the intestinal barrier[58]. More recently, it has been reported that increased ATP concentrations
promote T-cell responses by enhancing the expression of the CD86 costimulatory molecule on antigen-
presenting cells, an effect mediated through P2X7 purinergic receptor. Thus, the immune system may be
the key player in barrier dysfunction and T cells may be involved in adaptive immune responses.

THE ROLE OF T CELLS IN THE INTEGRITY OF THE INTESTINAL BARRIER

T lymphocytes, which are adaptive immune cells, respond to specific antigens and remain the bacterial
diversity by complex mechanisms in the homeostatic condition[2]. In the intestine, invariant NKT
(iNKT) cells could either enhance or inhibit the immune response, and they might directly or indirectly
regulate the microbiota in the intestine[59-62]. CD8" T cells are the main intraepithelial lymphocytes that
monitor and respond to pathogens[63]. CD4"* T cells and T-helper (Th) cells are mainly located in the
intestinal lamina propria, and Thl and Th17 cells can be found in the intestine[64]. Activated intestinal
effector T cells could mount immune responses and influence the gut microbiota, and the excess of these
cells might induce advanced inflammatory responses and acute or chronic inflammatory diseases[65-
67]. In the intestinal adaptive immune response, dendritic cells ingest antigens and activate T cells, and
Th cells are induced to differentiate into three different types of Th cells[68]. When lymphocytes
respond to different stimuli, they can be divided into different groups based on their cytokine profile,
such as Thl, Th2, or Treg cells, which are regulated by P2X7 purinergic receptor, mechanistically[69].
Activated T cells can modulate immune responses by secreting inflammatory cytokines or by interacting
with other cells. The function of Th1 cells is to activate and proliferate cytotoxic T cells, thereby inducing
the damage of infected intestinal epithelial cells[70]. Th2 cells can release inflammatory cytokines (IL-4,
IL-5, and IL-13) and activate B cells to attack the infected cells[71-73]. Transforming growth factor B is
capable of suppressing immunoglobulins M and G and promoting their switch to immunoglobulin A.
This cytokine is secreted by T cells in Peyer's patches, suggesting the role of T cells in oral tolerance[74].
When intestinal permeability is damaged, antigens can pass through the intestinal epithelial cells and be
taken up by macrophages or dendritic cells. Then, the antigens are presented to T cells in the lamina
propria by these antigen-presenting cells, which stimulates T cells and induces their proliferation[75,
76]. Some antigens may be taken up by intestinal epithelial cells via endocytosis and then be presented
to T cells after intracellular processing. This process is based on the classical and nonclassical histocom-
patibility molecules[77,78]. T cells use both their receptor and a costimulatory signal to recognize
antigens[79].

Intestinal barrier disruption is usually accompanied by intestinal inflammation and pathogen
invasion. T cells, the key components of adaptive immunity, can effectively limit the invading bacteria
and regulate the inflammatory response together with the innate immune system and cytokines[80]. For
example, the T helper cell type (Th)1 immune response is necessary in antipathogen protection and is
involved in intestinal inflammation[81,82]. In humans, Th17 cells mainly reside in the intestine, where
their polarization occurs. Because of the plasticity of Th17 cells, polarized cells have antipathogenic
functions and maintain the intestinal epithelial integrity under normal physiological conditions, but
they may turn into proinflammatory cells when exposed to IL-23[83]. Th17 cells can mediate inflam-
mation by secreting a proinflammatory cytokine, IL-17A[70]. Peripheral Th17 cells are produced and
migrate to the intestine in the case of oral inflammation, which may cause intestinal inflammation[84].
In addition to suppressing the proliferation of Th cells, Treg cells can protect against bacteria and
dietary antigens and can produce anti-inflammatory cytokines to exert their anti-inflammatory function,
thereby maintaining the homeostasis of the intestinal epithelium[85-87]. With the development of
intestinal inflammation, the balance between Th17 cells and Treg cells may be broken up, biasing the
function of Th17 cells[88]. In a recent study, it has been found that tissue-resident memory T cells are
important in the development of intestinal inflammation, but the role of these cells in this process is not
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Figure 2 Intestinal barrier components and the intestinal barrier dysfunction. The normal intestinal barrier is formed by many layers which includes
cytokines, bacteria, cells and secretory IgA. The intestinal barrier dysfunction results in the increasing of the intestinal permeability, which subsequently causes the
inflammatory response and bacteria translocation.
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clear[89]. In summary, T cells are very likely to become effective regulatory targets in the intestinal
barrier, and T cell-associated therapy may be used in clinical settings in the future.

THE ROLE OF P2X7R IN THE INTESTINAL BARRIER DYSFUNCTION

Among the members of P2X receptor family, P2X7R (encoded by p2rx7) is the largest (with 595 amino
acids in humans). It has special structural and signaling features because of its long intracellular
carboxy-terminal, which helps prevent receptor desensitization[90,91]. The monomeric structure of
P2X7R has two intracellular domains (C-terminal and N-terminal) and an extracellular ATP-binding
domain that separates two transmembrane domains[92]. There were over 1500 single nucleotide
polymorphisms (SNPs) reported in NCBI database, and most of them were missense, intronic or
nonsynonymous[93]. In highly polymorphic human P2RX7, SNPs play a critical role in the biological
process and function of P2X7R. About 10 loss of function SNPs and 3 gain of function SNPs have been
identified[12]. For example, the activity of human P2X7R was reduced when Ala replaced Glu 496[94].
When Asn replaced lle-568, the expression of P2X7R was decreased to approximately 50% of normal,
and P2X7R became nonfunctional[95]. The mutation of R307Q located in the ATP-binding pocket
impaired the binding of ATP to P2X7R[96]. Genetic variants in P2X7R may be involved in the inflam-
matory response[97,98]. P2X7R function related SNPs played a regulatory role in inflammatory diseases
[32]. Unlike other P2X receptors, the complete activation of P2X7R requires a higher concentration of
ATP (range from about 0.1 to 2.5 mmol/L)[99]. When activated by ATP, P2X7R not only mediates the
uptake of cations and macromolecules, but also leads to the activation of intracellular signaling
pathways[100-102]. It has been demonstrated that the formation of macropores requires pannexin-1
channels, and pannexin-1 antagonists can decrease the formation of these pores[103]. However, recent
data have suggested that the formation of macropores may be intrinsic to P2X7R without accessory
molecules[104-106]. Moreover, P2X7R is associated with the activation of the signaling pathway and
transcription factors, including MAP kinases, the cyclic AMP response element[107,108]. P2X7R is
widely expressed in immune cells, which suggests its importance in the regulation of both the innate

WJG | https://www.wjgnet.com 5269 September 28,2022 | Volume28 | Issue36 |



Jiang ZF et al. T-cell function in intestinal barrier disruption

Jaishideng®

and adaptive immunity, especially in the regulation of inflammation[109,110].

ATP is the most important energy molecule and a common extracellular signaling nucleotide that
participates in the regulation of cellular proliferation, differentiation and death[111-113]. In a healthy
body, eATP is maintained in a low concentration thanks to ATPases in extracellular spaces. ATP can
leak from damaged or distressed cells, and can also be released by nonlytic regulated mechanisms,
which increase the concentration of eATP16[114-117]. It has been proven that the concentration of eATP
is higher in different inflammatory conditions than in normal conditions[118,119].

The intestinal barrier dysfunction induces the inflammatory response and epithelial cell death[120,
121]. In the acute-inflammatory tissue, high amounts of IL-6 are released, thereby inducing the synthesis
and release of ATP from Treg cells exposed to IL-6[122]. The concentration of eATP may increase after
intestinal barrier dysfunction, which may activate P2X7R. T follicular helper cells enhance germinal
center reactions by deleting P2X7, resisting ATP-mediated immune cell death[123]. When the concen-
tration of eATP produced by the intestinal microbiota is high, commensal-specific IgA responses
initiated by intestinal lymphoid tissues are inhibited, which influences the composition of intestinal
microbiota[124,125]. Moreover, Perruzza et al[126] showed that the blockade of P2X7R could decrease
proinflammatory cytokines and protect the intestinal barrier function by inhibiting the activation of
macrophages. Nucleotide-binding domain, leucine-rich-repeat receptor, pyrin domain-containing NLR
family pyrin domain containing 3 (NLRP3) is a multiprotein complex that participates in the occurrence
and development of many inflammatory diseases[127]. The inhibition of NLRP3 can reduce intestinal
inflammation and enhance the barrier function[128]. Both NLRP3 and P2X7R are expressed in different
immune cells, including T cells, B cells and monocytes[99]. Several signaling pathways induced by
activated P2X7R may lead to a decrease in intracellular K*, an increase in Ca® and the production of
reactive oxygen species, which are key steps in NLRP3 activation[129-132] (Figure 1).

THE ROLE OF T CELL-DERIVED P2X7R IN THE INTESTINAL BARRIER DYSFUNCTION

It has been reported that activated P2X7R can affect several of the biological processes of T cells,
including activation, differentiation and death[133]. After recognizing antigens, T cells rapidly release
ATP through pannexin channels due to the T cell receptor signaling and co-stimulatory molecules[134,
135]. Because of the highly expressed P2X7 in iNKT cells, they were susceptible to P2X7-mediated cell
death and regulated by vitamin A, finally influencing the intestinal homeostasis[136]. ATP released
from T cells can activate P2X receptor which increases the expression of the p2rx7 gene[14,135]. Yip et al
[135] found that the silencing of P2X7R blocked Ca?" influx and inhibited T cell activation in human
CD4" T cells. These findings suggest that activated P2X7R is essential for the activation of T cells. L-
selectin (CD62L) is related to the migration of T cells[137,138]. Low expression of L-selectin is necessary
for activated or differentiated T cells to egress from the lymph node[139]. P2X7R activated by ATP can
trigger CD62L shedding in human naive T cells[140]. In a lymph node, activated P2X7R also affects the
motility of T cells by inducing their calcium waves[141]. When intracellular ATP and NAD* nucleotides
are released from cells, they can trigger the activation of P2X7R and induce apoptosis or necrosis[142].
In the case of low micromolar concentration of extracellular NAD*, ADP ribosylation of P2X7R induces
cell death because of persistent P2X7R activation[27]. Under the condition of activated P2X7R, there are
two independent ways to induce T cell death: one of them depends on the phosphorylation of ERK1/2,
and the other is associated with the nonselective pore[143,144]. In addition, CD62L shedding triggered
by the activated P2X7R may induce cell death by apoptosis[145,146]. Compared with native T cells,
activated T cells are less sensitive to NICD induced by P2X7R[147]. The expression of P2X7R is different
in different populations of T cells. For example, Tregs and follicular helper T cells exhibit high
expression of the P2X7 receptor, suggesting that they are more susceptible to cell death than other
populations of T cells[148,149]. eATP and P2X7R influence the differentiation of T cells and play a
significant role in the metabolism, generation, and memory function of CD8" T cells[150]. It has been
shown that the AMP-activated protein kinase signaling pathway may promote constant efflux of
intracellular ATP in memory CD8" T cells, and is involved in the differentiation and maintenance of
memory T cells induced by P2X7R[151,152]. In an inflammatory environment, activated P2X7R drives
the differentiation from T cells to Th17 cells[153], and the receptor reduces the differentiation of Tr1 cells
with a high expression of IL-10 without Foxp3[21,155]. Activated P2X7R can also regulate the plasticity
of Th17 cells and induce Th17 cells to differentiate[156]. In addition to acting directly on T cells, P2X7R
can regulate the differentiation of T cells by affecting the physiological functions of dendritic cells[157,
158]. Although ATP may not only reduce the DCs-induced Th1 cell differentiation but can also influence
the interaction of DCs with T cells, there is little research on the role of P2X7R during this process[159,
160]. Moreover, activated P2X7R regulates the cytokine secretion and polarization of Th17 cells by
influencing dendritic cells[161,162] (Figure 3). Myeloid derived suppressor cells were considered as the
regulator of immunosuppression via affecting the amounts, functions, or phenotypes of T cells, and the
ATP/P2X7R signaling axis may be involved in this process[163].
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Figure 3 P2X7 receptor on dendritic cells and T cells influences the fate of T cells indirectly or directly, respectively. The activation of P2X7
receptor on dendritic cells induces the maturation and migration of cells and promotes the inflammasome activation, affecting the activation and differentiation of T
cells finally. The activation of P2X7 receptor in T cells can directly regulate the activation, differentiation, migration and homeostasis of T cells[33].
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DISCUSSION

The intestinal barrier dysfunction is a complex and severe pathological condition, which induces the
inflammatory response and bacterial invasion. Sepsis is a serious systemic inflammatory disease with
high morbidity and mortality in the intensive care unit because it can cause multiple organ failure in
patients[164]. Given that the progression and pathogenesis of sepsis have been attributed to intestinal
barrier dysfunction, further research on the immune and inflammatory factors of the intestinal barrier
dysfunction is necessary[165,166].

According to the above description, T cells are involved in oral tolerance and immune response to
antigens in the intestine, and they are the most common lymphocytes that reside in the intestine[167].
Moreover, infiltration by inflammatory T cells is a significant pathological characteristic of intestinal
inflammation[168]. Thus, an appropriate number and population of T cells may mitigate the damage of
intestinal barrier dysfunction.

P2X7R is widely expressed in T cells and serves as a regulatory factor of their biological processes.
Heiss et al[169] found that intestinal CD8" T cells express a high concentration of P2X7R and are highly
sensitive to extracellular nucleotides, indicating that P2X7R can regulate intestinal T cell responses.
Inflammatory effector T cells can be depleted and intestinal inflammation can be relieved after
treatment with NAD*[170]. P2X7R has been shown to be the trigger for the activation of NLRP3,
indicating that this receptor regulates the release of inflammatory cytokines (IL-18, IL-1) and the
initiation of an inflammatory response[171-174]. Therefore, P2X7R may influence inflammation via T
cells which is indirect. The selectively P2X7 antagonist was proven to significantly inhibit the innate
immune cells and upregulate the immunosuppressive-associated T cells, indicating that this antagonist
may be a kind of potential treatment[175]. The effect of P2X7-blockade drug has also been demonstrated
in the mouse models with advanced tuberculosis[176]. In addition to the above intracellular signaling
pathways (MAPK pathway), previous studies verified that P2X7R also regulated MyD88/NF-xB and
PI3K/ Akt/mTOR signaling pathways in innate and adaptive immune responses, which suggested that
the key proteins in these pathways can be considered as novel therapeutic targets[177].

CONCLUSION

In summary, T cells, the key participant in the intestinal barrier dysfunction, are regulated by P2X7R.
The roles and mechanisms of P2X7R are associated with T lymphocytes in the intestinal barrier
dysfunction and may be a potential research direction, although there have been few studies on this
topic (Figure 4). Furthermore, different specific molecules that inhibit the expression of P2X7R may be
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Figure 4 The schematic diagram of the hypothesis of the P2X7 receptor as the regulator of T-cell function in intestinal barrier disruption.
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potential therapeutic drugs in the future.
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Abstract

Alcohol-associated liver disease (ALD) is a common chronic liver disease and
major contributor to liver disease-related deaths worldwide. Despite its pre-
valence, there are few effective pharmacological options for the severe stages of
this disease. While much pre-clinical research attention is paid to drug
development in ALD, many of these experimental therapeutics have limitations
such as poor pharmacokinetics, poor efficacy, or off-target side effects due to
systemic administration. One means of addressing these limitations is through
liver-targeted drug delivery, which can be accomplished with different platforms
including liposomes, polymeric nanoparticles, exosomes, bacteria, and adeno-
associated viruses, among others. These platforms allow drugs to target the liver
passively or actively, thereby reducing systemic circulation and increasing the
‘effective dose’ in the liver. While many studies, some clinical, have applied
targeted delivery systems to other liver diseases such as viral hepatitis or hepato-
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cellular carcinoma, only few have investigated their efficacy in ALD. This review provides basic
information on these liver-targeting drug delivery platforms, including their benefits and
limitations, and summarizes the current research efforts to apply them to the treatment of ALD in
rodent models. We also discuss gaps in knowledge in the field, which when addressed, may help
to increase the efficacy of novel therapies and better translate them to humans.

Key Words: Liver targeted delivery; Nanoparticles; Liposomes; Polymeric nanoparticles; Precision medicine;
Alcohol associated liver disease

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Alcohol-associated liver disease (ALD) is a common chronic liver disease and global healthcare
burden. While a great deal of pre-clinical research attention is paid to ALD, many experimental
therapeutics which are administered systemically suffer from poor pharmacokinetics or poor efficacy.
Liver-targeted delivery may address these drawbacks while avoiding extra-hepatic side effects. This article
reviews literature applying liver-targeted drug delivery platforms such as liposomes, exosomes, polymeric
nanoparticles, viruses, and bioengineered bacteria to the treatment of ALD.

Citation: Warner JB, Guenthner SC, Hardesty JE, McClain CJ, Warner DR, Kirpich IA. Liver-specific drug
delivery platforms: Applications for the treatment of alcohol-associated liver disease. World J Gastroenterol 2022;
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INTRODUCTION

Pathogenesis and pharmacological management of alcohol-associated liver disease
Alcohol-associated liver disease (ALD) is a common chronic liver disease and contributes to the global
healthcare burden caused by excess alcohol consumption, which is defined as more than 1 or 2 standard
drinks of alcohol per day for females and males, respectively. Globally, nearly half of liver cirrhosis
deaths are attributed to alcohol abuse[1]. The pathogenesis of ALD follows a well-described pattern of
disease stages beginning with simple liver steatosis progressing to steatohepatitis (steatosis with inflam-
mation), cirrhosis (advanced liver fibrosis), and in some severe cases, hepatocellular carcinoma (HCC)
[2] (Figure 1A). In individuals who chronically consume alcohol, binge-drinking episodes may cause
acute alcohol-associated hepatitis (AH), a life-threatening condition with high short-term mortality due
to infection, severe inflammation, and multi-organ failure[3]. The pathophysiology of ALD is
multifactorial and involves a variety of effects of alcohol on multiple organs, including the liver and the
gut (Figure 1B). For example, alcohol-induced intestinal permeability and subsequent translocation of
gut bacteria and bacteria-derived products into the portal circulation may contribute to inflammation,
hepatic stellate cell (HSC) activation, and fibrosis in the liver. Further, direct effects of alcohol on the
liver may result in dysregulated lipid signaling, hepatocyte cell death, and production of reactive
oxygen species leading to steatosis as well as further inflammation, fibrosis, and ultimately liver cancer
(these concepts have been reviewed in detail previously[2]). Most patients with early-to-mid-stage ALD
(i.e., hepatic steatosis or mild steatohepatitis) are asymptomatic, therefore a diagnosis of ALD is often
not made until later stages of the disease. In those individuals where a diagnosis is made, abstinence
and nutrition are key, and indeed, some stages of the disease (e.g., steatosis) are reversible upon alcohol
cessation. Limited pharmacological options exist for patients with alcohol-related late-stage liver disease
(e.g., cirrhosis or AH), including prednisolone (a corticosteroid) and pentoxifylline (a phosphodiesterase
inhibitor used in patients for which corticosteroids are contraindicated or not effective), but importantly,
these drugs only reduce short-term mortality[4,5]. There is much research attention being given to drug
development in ALD using animal models. These therapies target various pathogenic mechanisms in
ALD including oxidative stress (e.g., S-adenosylmethionine, betaine, natural antioxidants), inflammation
[e.g., anti-tumor necrosis factor (TNF) therapy, interleukin (IL)-22, glucocorticoids, steroids, IL-1R
inhibitors, granulocyte-colony stimulating factor], fibrosis (e.g., transforming growth factor-p inhibitors,
phosphodiesterase inhibitors, PPAR agonists), gut barrier dysfunction and microbial dysbiosis (e.g.,
probiotics and antibiotics), and other processes (these drugs and others are thoroughly reviewed in[6]).

Overview of liver-specific drug delivery systems
While much pre-clinical research attention is given to new drug development for liver diseases,
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Figure 1 Spectrum and pathophysiology of alcohol-associated liver disease. A: Schematic diagram describing the spectrum of disease stages in
alcohol-associated liver disease (ALD). Percentages represent proportion of chronic drinkers who progress to the indicated disease stage; B: Schematic diagram
depicting the pathophysiology of ALD. Ethanol affects both the gut and liver to induce changes in lipid metabolism, generation of reactive oxygen species and
hepatocyte cell death, gut permeability, and downstream consequences including inflammation, hepatic stellate cell activation, fibrosis, DNA damage, and
carcinogenesis. ALD: Alcohol-associated liver disease; ROS: Reactive oxygen species; HSC: Hepatic stellate cell.
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including ALD, many experimental therapeutics relying on systemic drug administration suffer from
drawbacks including poor pharmacokinetics or a low margin of safety due to off-target effects in other
organs. An example of an early attempt to address some of these drawbacks is covalent conjugation of
polyethylene glycol (PEG) to drug molecules (termed ‘PEGylation’), a strategy that has been used for
many years to lengthen half-life, improve water solubility, and decrease immunogenicity[7]. For
instance, PEGylated interferon-a has been the first line treatment for chronic hepatitis B since 2005[8].
However, since that time, advances in nanomedicine have produced numerous liver-specific drug
delivery platforms based on lipid vesicles, inorganic nanoparticles, and biological systems which allow:
(1) Improved pharmacokinetics for drugs with poor solubility, low bioavailability, rapid metabolism,
etc.; (2) Reduced systemic side effects by delivering drugs to the liver while avoiding other organs; and
(3) Improved efficacy of drugs intended to act in the liver by increasing the ‘effective dose’.

There are several types of liver-targeting drug delivery platforms which can be broadly categorized
by their composition, including: lipid-based particles (e.g., micelles, liposomes, and exosomes,
Figure 2A), non-lipid-based particles [e.g., polymeric nanoparticles (PNPs), metallic nanoparticles, and
ceramic nanoparticles, Figure 2B], and bacterial and viral platforms (e.g., bioengineered bacteria and
adeno-associated viruses, Figure 2C). These systems are either synthetic or derived from living systems,
and have distinct advantages and disadvantages based on their efficacy, pharmacokinetics, and side
effects (summarized in Table 1). Briefly, lipid-based particles are composed of endogenous lipids which
keep the risk of immunogenicity and toxicity low. Metallic, ceramic, and some PNPs are non-
biodegradable and sometimes cytotoxic, but can be modified to reduce toxicity and have additional uses
in medical imaging and diagnostics[9]. Bacterial and viral drug delivery platforms benefit from the
natural tropism of certain bacteria or viruses for a particular organ or niche but are also potentially
immunogenic. These liver-targeting approaches have been used for the treatment of various liver
diseases including HCC (e.g., liposomal, PEGylated, or PNP-encapsulated anti-cancer compounds[10-
12]), viral hepatitis (e.g., metal nanoparticles[13] and PEGylated interferon[8]), and liver fibrosis (e.g.,

liposomal vitamin A[14]) with some reaching full FDA approval (e.g., Pegasys, Miriplatin, and others)
[15].

Biodistribution of liver-targeted drug delivery platforms

The benefits of the liver specific drug delivery platforms stem from their unique ability to biodistribute
to the liver while avoiding accumulation in other organs. To better understand the in vivo pharma-
cokinetics of these platforms, a knowledge of the structural organization of the liver and distribution of
liver cell types is necessary. A graphical representation of liver structure and cell types can be found in
Figure 3. The well-accepted lobular model of liver architecture describes the organ as being divided into
discrete hexagonal anatomical units called lobules (Figure 3A)[16]. Surrounding the perimeter of the
lobule at each vertex is a portal triad — a vascular bundle composed of a hepatic artery, portal vein, and
bile duct. Portal blood and arterial blood fill fenestrated hepatic sinusoids and drain toward the central
vein, providing oxygen and nutrients (as well as drugs and nanoparticles) to liver tissue. With regard to
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Table 1 Summary of liver-specific drug delivery platforms, including molecular composition, potential modifications, benefits, and

limitations

Platform Composition Origin  Benefits Limitations

Lipid-based

Liposomes Lipids Synthetic Non-immunogenic, non-toxic, High clearance by liver/spleen RES
modifiable

Exosomes Lipids Biological Endogenous cargo (proteins, nucleic Non-standardized isolation methods,
acids, etc.), but can add additional potentially immunogenic
cargo

Micelles Lipids Biological Non-immunogenic, non-toxic, High clearance by liver/spleen RES
modifiable

Non-lipid-based

Polymeric Polymers Synthetic Modifiable, capable of controlled High clearance by liver/spleen RES,

nanoparticles drug release potentially immunogenic

Metallic Gold, silver, aluminum, zinc, iron, Synthetic Modifiable, magnetic (iron), anti- Non-biodegradable and potentially

nanoparticles gadolinium, copper, rubidium, microbial (copper, silver, titanium) cytotoxic, immunogenic, or allergenic

palladium, titanium
Ceramic Carbon, silicon with metallic or non- Synthetic Modifiable, resistant to pH change Potentially cytotoxic or immunogenic,
nanoparticles metallic core non-biodegradable or lowly
biodegradable

Bacterial and viral

Bacteria Bacterial cells Biological Self-propulsion, chemotaxis, on-site  Immunogenicity, infection risk
drug production, transfection

Viral vectors AAVs, HSVs Biological Active liver tropism Immunogenicity, toxicity, neutralizing

antibodies

RES: Reticuloendothelial system; AAV: Adeno-associated virus; HSV: Herpes simplex virus.

cellular composition, the liver is divided into parenchymal and non-parenchymal cell types. The
parenchymal cells of the liver are the hepatocytes, constituting a majority of cells by both number and
volume (60% and 80%, respectively, Figure 3B)[17]. The remaining non-parenchymal cells include liver
sinusoidal endothelial cells (LSECs), tissue resident macrophages (Kupffer cells, KCs), HSCs, and intra-
hepatic lymphocytes (T cells, B cells, natural killer cells, etc.). LSECs form a fenestrated endothelium
lacking a basal lamina separating liver sinusoids from the liver parenchyma.

The biodistribution of liver-specific drug delivery platforms in the body after systemic administration
is based on the physical properties of the particle. For example, before reaching target liver cells, many
particles may be opsonized by binding plasma proteins (e.g., albumin, apolipoproteins, antibodies,
complement component proteins) and cleared by the reticuloendothelial system (RES) of the liver and
spleen, including by LSECs, particularly if the particles are greater than 200 nm in diameter or carry a
negative charge[18]. Particle modifications such as PEGylation help avoid RES surveillance by
preventing plasma protein binding, thereby improving in vivo half-life. Stealth liposomes, for example,
are PEGylated phospholipid particles commonly used to improve the pharmacokinetics of a drug with a
short half-life[19]. Particles which avoid RES clearance and have favorable size and charge can pass
through the liver sinusoidal fenestrae, which are approximately 100-150 nm in diameter[20], to access
HSCs in the space of Disse and the liver parenchyma. Accordingly, particles must have roughly the
same or smaller diameter than these fenestrae and carry a charge which is not excessively positive or
negative, as high charge magnitude is associated with increased plasma clearance[21]. Controlling these
physical properties to allow accumulation of particles in the liver is called passive liver targeting,
whereas active liver targeting relies on conjugation of a “homing” ligand whose receptor is expressed in
the target organ, and in particular, the specific target cell type. For example, carbohydrate receptors
such as the asialoglycoprotein receptor can be targeted to deliver therapeutics to hepatocytes with
ligands including galactose, lactose, pullulan, and others (more information regarding active targeting
has been reviewed by Kang et al[22]).

LIVER-SPECIFIC DRUG DELIVERY: IMPLICATIONS FOR ALD

The goal of this review is to summarize pre-clinical research efforts which apply liver-specific drug
delivery platforms in various rodent models to prevent or treat ALD, as well as to further discuss the
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Figure 2 Graphical representation of targeted drug delivery platforms. A: Lipid-based particles, including micelles, liposomes, and exosomes; B: Non-
lipid-based particles, including polymeric nanospheres and nanocapsules, metallic nanoparticles, and ceramic nanoparticles; C: Bioengineered bacteria and adeno-

associated virus serotype 8. Graphics are not drawn to scale. miRNA: MicroRNA; AAV8: Adeno-associated virus serotype 8.
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Figure 3 Lobular liver architecture and biodistribution of nanoparticles. A: Top-down view of a liver lobule. Portal triads, consisting of a portal vein,
hepatic artery, and bile duct, surround a central vein in a hexagonal shape. Concentric hexagons designate zones 1-3 moving from the outside to the inside. Portal
and arterial blood flows from the triads toward the central vein, whereas bile travels the opposite direction; B: Side view. With the portal triad on the left, portal blood
brings nanoparticles from the digestive tract to the liver sinusoids where they can interact with Kupffer cells, liver sinusoidal endothelial cells, and others.
Nanoparticles of sufficiently small size can pass through the liver fenestrae formed by liver sinusoidal endothelial cells to access the Space of Disse, and
subsequently, hepatocytes. Images are not drawn to scale.
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drug delivery systems themselves, which include liposomes, exosomes, PNPs, bacteria, and adeno-
associated viruses. To this end, we searched the PubMed (https://pubmed.ncbi.nlm.nih.gov), Google
Scholar (https:/ /scholar.google.com), and Web of Science (https:/ /www.webofscience.com/wos/wosc
¢/ basic-search) databases for studies published up to June 1, 2022 using a combination of text keywords
“alcohol liver disease” and the following: “liposome(s)”, “liposomal”, “nanoparticle(s)”, “nanofor-
mulated”, “polymersome(s)”, “polymeric nanoparticle(s)”, “micelle(s)”, “exosome(s)”, “AAV”,
“adenovirus”, “adeno-associated virus”, and “bioengineered bacteria”. Our search strategy identified
846 unique results, which were screened individually by title and abstract and were included based on
relevance to liver-targeted drug delivery in ALD. Studies were not excluded based on date of
publication, model organism, funding source, or drug delivery platform used. Based on these criteria, 16
studies were included, and then categorized by drug delivery platform (n = 7 studies related to
liposomes, n = 2 related to exosomes, n = 5 related to PNPs, and n = 2 related to bacterial or viral
systems). A graphical summary of the search strategy and study categorization can be found in Figure 4.

The 16 key studies are described in detail in Table 2. The reader is encouraged to refer to this table for
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Table 2 Summary of studies employing a liver-specific drug delivery platform in animal models of alcohol-associated liver disease
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EtOH Platform, route of Cargo, paradigm Physical characterization Empty Mechanisms
Ref. feeding administration (prevention or particle Results
q 0 : :
model (targeting strategy)  treatment) Size (nm) Charge (mV) EE% control In vitro In vivo
Liposomes
Ponnappa et al[24],  Rat chronic (8- Liposomes, i.v. S-ODN, N/P N/P 10%-14% Yes | Liver injury (ALT) - | Serum and liver
2005 10 wk), males  (passive) prevention TNFa
Rodriguez et al[28], ~ Mouse acute-  Fusogenic liposomes, Rolipram, N/P N/P N/P No | Liver injury (ALT - 1 Hepatic cAMP; 1
2019 on-chronic, i.p. (passive) treatment and AST); | Steatosis; Sod1 and Sod2; |
males | Oxidative stress; | ATEF3, Atf4, CHOP,
ER Stress; | Liver cell and Gadd34; 1 Bel-xl;
apoptosis | Caspase activation
Zhao et al[32],2016 ~ Mouse chronic Liposomes, i.v. Puerarin, Approximately 182  Approximately - 93.6% +£1.7%  Yes | Liver injury (ALT = =
(8 wk), males  (passive) Prevention 294 and AST)
Wau et al[35], 2019 Mouse EtOH  Liposomes, i.p. or oral ~ Astaxanthin, 225.0 +58.3 N/P 98% Yes | Liver injury (ALT = =
binge (3 wk),  (passive) prevention and AST); | Liver
males fibrosis
Kumar ef al[36], Rat chronic (4 Liposomes, oral Silymarin, Approximately Approximately - 50.50% No | Liver injury (ALT | Apoptosis in 1 SOD, GSH, catalase;
2019 wk via 2 x (passive) treatment 146.9 474 and AST); 1 Liver Chang cells | TBARS; | IL-6,
daily gavage), function (albumin); | MPO, nitrite
males Oxidative stress; |
Liver inflammation
Yu et al[37], 2021 Mouse acute-  Liposomes, oral Saikosaponin D, 61.66 + 3.89 -37.18 £2.89 92.28% + Yes | Liver injury (ALT - | MDA; 1 GPx, SOD;
on-chronic, (passive) prevention 0.84% and AST); | Steatosis; | Liver TNFa
males | Oxidative stress; |
Liver inflammation
Jain et al[38], 2013 Rat chronic (8 Liposomes, oral Mangiferin, 980 + 230 N/P N/A No | Oxidative stress - | MDA; 1 SOD, GSH,
wk), males (passive) prevention catalase
and females
Exosomes
Gu et al[50], 2021 Mouse acute-  Exosomes, from LGG,  Endogenous cargo, 75+12.7 N/P N/A N/A | Liver injury (ALT | TNFa, I1-6, IL-18, | Tnfand II-15; 1
on-chronic, oral (passive) treatment and AST); | Steatosis ~ Mcpl in RAW264.7  Cyplal, IL-22, Reg3b,
males cells; 1 AhR activity Reg3g; | Hepatic
in gut leukocytes; 1 bacteria; | Liver
Z0O-1, occludin, endotoxin; 1 Nrf2
claudin-1, Nrf2 in
Caco-2 cells
Zhuang et al[57], Mouse acute-  Exosomes from ginger, Endogenous cargo, Approximately Approximately - N/P N/A | Liver injury (ALT - 1 Nrf2 activation
2015 on-chronic, oral (passive) prevention 340.4 27.2 and AST); | Steatosis
males
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Polymeric nanoparticles

Nag et al[64], 2020

Natarajan et al[68],
2019

Gopal et al[73], 2020

Zhang et al[75], 2022

Wang et al[76], 2020

Bacteria and viruses

Hendrikx et al[83],
2019

Satishchandran ef al
[93], 2018

Mouse chronic
drinking
water (16 wk),
males

Mouse chronic
(4 wk), males

Mouse chronic
(4 wk), males

Mouse chronic
(3 wk) + CCL,
, females

Mouse EtOH
binge (4 d),
females

Mouse acute-
on-chronic,
male and
females

Mouse chronic
(5 wk),
females

Poly(lactic-co-glycolic

acid) nanoparticles, i.p.

(passive)

Poly I-lysine-
polyethylene glycol
copolymer
nanoparticles, i.p.
(passive)

Poly 1-lysine-
polyethylene glycol
copolymer
nanoparticles, i.p.
(passive)

Chol-PCX
nanoparticles, i.v.
(passive)

Angelica sinensis
amphipathic
cholesteryl hemisuc-
cinate conjugate
nanoparticles, i.v.
(passive)

L. reuteri, oral
(intestine-targeted)

AAVS, i.v. (active)

Tannic acid/
vitamin e,
treatment

Superoxide
dismutase,
treatment

Superoxide
dismutase 1,
treatment

PCX and anti-miR-
155, Treatment

Curcumin,
prevention

IL-22, prevention

pri-MiR122,
treatment

1275+1.6

Approximately 44

Approximately 44

Approximately 70

Approximately
208.4

N/A

N/A

-21.2+0.39

N/P

N/P

Approximately 25

Approximately -20

N/A

N/A

Tannic acid:
69.7% +2.6%;
Vitamin E:
63.7% £3.2%

N/P

N/P

N/P

54.7%-86.1%

N/A

N/A

No

Yes (regular L.
reuteri)

Yes (scrambled
miRNA)

| Liver injury (ALT,

AST, ALP); | Steatosis;

| Liver fibrosis; |
Oxidative stress; |
Liver cell apoptosis; |
Liver inflammation; 1
Cell survival

| Steatosis; | Liver
inflammation

| Liver injury (ALT); |
Steatosis

| Liver injury (ALT); |
Liver fibrosis; | Liver
inflammation

| Liver injury (ALT
and AST); | Oxidative
stress

| Liver injury (ALT); |
Steatosis (ORO and
TG); | Liver inflam-
mation; 1 Intestinal
barrier defense

| Liver injury (ALT); |
Steatosis (TG, ORO); |
Liver inflammation; |
Liver fibrosis (Sirius
red)

1SOD1 and | DCF
in E47 Hepatoma
cells

| LPS-induced miR-
155 expression in
RAW264.7 cells; 1
CXCR4 antagonism
in U208 cells

1t HDL | LDL; | ROS;
1 Catalase, GPx, Nrf2;
| Bax, bad,
cytochrome C,
caspase activation; 1
Bcl2; | TFGB, IL-6,
TNFo, IL-1B, iNOS,
COX2; | EGF, EGFR,
AKT, PI3K, and
mTOR

| SREBP1; t ADHI; |
Cd68, Ccl2, Mmp12,
MCP1, and CCR2; t
P-AMPKa

| Plasma and liver
MCP-1; 1 Ppara,
Acox1, and Acotl; 1
Mt2; 1 SOD1 activity

| Collal, MMPs,
TIMPs, HSC
activation; | F480+
cells

1 GSH; | ROS (DHE
and MDA)

| Cxcll, Cxcl2; 1 Small
intestine Reg3g; |
Hepatic bacteria

| MCP1, IL-1B; |
Collal

Passive targeting denotes a strategy wherein the physical properties of a particle are modified to target the liver, and active targeting denotes a strategy wherein a particle targets the liver through a ligand/receptor interaction.
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Treatment paradigm denotes models wherein the drug is administered after liver injury has been established (e.g., half-way through the model, at the end of the model, etc.), whereas prevention paradigm denotes models wherein the
drug is administered for the entire duration of the model. Changes in results/mechanisms columns are in liver unless otherwise stated. AAV8: Adeno-associated Virus Serotype 8; ADH1: Alcohol dehydrogenase 1; AhR: Aryl
hydrocarbon receptor; AKT: Protein kinase B; ALP: Alkaline phosphatase; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; ATF3: Activating transcription factor 3; cAMP: Cyclic adenosine monophosphate; CCl4:
Carbon tetrachloride; CCR2: C-C motif chemokine receptor 2; CHOP: C/EBP homologous protein; COX2: Cyclooxygenase 2; DCF: Dichlorodihydrofluorescein; DHE: Dihydroethidium; EE%: Encapsulation efficiency percent; EGF:
Epidermal growth factor; EGFR: Epidermal growth factor receptor; ER: Endoplasmic reticulum; GPx: Glutathione peroxidase; GSH: Glutathione; HDL: High density lipoprotein; HSC: Hepatic stellate cell; i.p.: Intraperitoneal injection;
i.v.: Intravenous injection; IL: Interleukin ; iNOS: Inducible nitric oxide synthase; LDL: Low density lipoprotein; LGG: Lactobacillus rhamnosus GG; LPS: Lipopolysaccharide; MCP1: Monocyte chemoattractant protein 1; MDA:
Malondialdehyde; miR: Micro-RNA; MMPs: Matrix metalloproteinases; MPO: Myeloperoxidase; mTOR: Mechanistic target of rapamycin; N/A: Not applicable; N/P: Not provided; NRF2: Nuclear factor erythroid 2-related factor 2;
ORO: Oil red O; P-AMPKa: Phospho-AMP-activated protein kinase alpha; PCX: Polycationic CXCR4 antagonists; PEG: Polyethylene glycol; PG: Propylene glycol; PI3K: Phosphoinositide 3-kinase; RoA: Route of administration; ROS:
Reactive oxygen species; SOD: Superoxide dismutase; S-ODN: Antisense phosphorothioate oligodeoxynucleotide; TBARS: Thiobarbituric acid reactive substances; TG: Triglycerides; TGFf: Transforming growth factor beta; TIMPs:

Tissue inhibitors of metalloproteinases; TNFa: Tumor necrosis factor alpha; ZO1: Zonal occludin 1.
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information such as the platform employed, the cargo molecule(s), the physical characterization of the
particles used (if provided), and the animal model of ALD used, among other information.

Liposome-mediated drug delivery in ALD

Liposomes are one of the most common targeted drug delivery platforms, and indeed, about a third of
the studies reviewed here used liposomal drug delivery in some form. Liposomes are vesicles composed
of a phospholipid bilayer consisting of one (unilamellar) or more (multilamellar) concentric spherical
layers enclosing an aqueous center (Figure 2A, middle panel)[23]. The presence of both aqueous and
lipid compartments allows encapsulation or attachment of large quantities of both hydrophilic and
lipophilic drugs, respectively (even simultaneously). Liposomes can be modified in many ways to alter
their biodistribution in vivo, for example by modifying the lipid composition (saturated vs unsaturated,
positively charged vs negatively charged), controlling size, attaching molecules such as PEG to improve
stability, or adding proteins, antibodies, peptides, or carbohydrates to facilitate targeting of a specific
cell type. The use of naturally occurring phospholipids gives liposomes the advantage of typically being
non-immunogenic and non-pharmacologically active when administered alone. A major challenge in
using liposomes to deliver drugs to the liver is opsonization and clearance by KCs and LSECs, as well as
by RES components in the liver and other organs including the spleen, kidney, lung, bone marrow, and
lymph nodes, although the liver is the primary site of liposome retention[23]. Attaching PEG to the
liposome surface is an effective way to improve pharmacokinetics and avoid RES clearance, as PEG
prevents attachment of opsonizing molecules and subsequent recognition by macrophages[19].
Controlling liposome size and surface charge can also avoid opsonization, as smaller (approximately
200 nm), more neutral liposomes do not as readily bind plasma proteins as larger, more highly charged
liposomes.

An early study by Ponnappa et al[24] used pH-sensitive liposomes consisting of phosphatidylethano-
lamine, cholesterol hemisuccinate, and cholesterol to encapsulate an antisense oligonucleotide against
Tnf mRNA (termed S-ODN) for delivery to the liver in a passive targeting approach. TNF-a is a pro-
inflammatory cytokine elevated in ALD which, at high concentrations, sensitizes hepatocytes to cell
death signals[25]. Liver macrophages and monocytes are a large source of liver TNF-a production[26].
Given the ability of liposomes to passively target liver macrophages, liposomes were therefore a natural
choice of platform for the authors to employ in order to increase delivery of S-ODN to KCs. Intravenous
administration of liposomal S-ODNss in a rat chronic ALD model decreased liver Tnf mRNA expression
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Figure 4 Schematic representation of literature search strategy. Initial search terms included “alcohol liver disease” combined with the boxed terms.
Eight hundred and forty-six unique results were generated, screened by title and abstract, and excluded based on relevance to the scope of the review. Sixteen
studies were included in the review, broken down into four categories based on drug delivery platform. ALD: Alcohol-associated liver disease; AAV: Adeno-associated

virus.
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as expected, and subsequently prevented liver injury as demonstrated by plasma ALT[24]. The concen-
tration of S-ODN in KCs was confirmed as being 20-fold higher compared to hepatocytes. In that study,
liver-targeted delivery of the therapeutic was necessary to prevent side effects, specifically, to avoid the
inhibition of blood coagulation associated with systemic administration (a process already perturbed in
liver diseases[27]). A study by Rodriguez et al[28] also used a liposomal delivery system to avoid the
systemic side effects of the hepato-protective drug rolipram, a phosphodiesterase 4 inhibitor. Previous
studies demonstrated the beneficial effects of rolipram for ALD and other liver diseases[29]. However,
in humans, rolipram causes significant central nervous system and gastrointestinal side effects
(headache, vomiting, efc.). To this end, Rodriguez et al[28] used fusogenic liposomes composed of 1,2-
Dioleoyl-sn-glycerol-3-phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphate to passively
deliver rolipram to the liver. Fusogenic liposomes differ from conventional liposomes because they
avoid endocytosis and lysosomal degradation and instead fuse with the target cell membrane to release
the drug cargo into the cytoplasm (for hydrophilic drugs) or membrane (for lipophilic drugs)[30]. Since
phosphodiesterase 4 is expressed in the cytoplasm and plasma membrane of HSCs, among other liver
cell types[31], the fusogenic liposome platform was an obvious choice for rolipram delivery. Indeed, in
an acute-on-chronic mouse model of ALD, rolipram-loaded liposomes reduced liver damage (as
determined by plasma ALT/AST activity), steatosis, oxidative stress, and endoplasmic reticulum (ER)
stress similar to unencapsulated rolipram. However, encapsulated rolipram prevented liver cell death to
a greater degree than un-encapsulated rolipram.

In 2016, Zhao et al[32] employed a liposome approach to deliver puerarin to the liver. Unlike the
previous two studies, liposomal encapsulation in this study was used to improve pharmacokinetics,
because puerarin, a plant-derived isoflavin, is rapidly cleared from the blood by the kidneys (with a
half-life of less than one hour[33]). Liposomal encapsulation of this hydrophilic drug was achieved with
liposomes composed of phosphatidylcholine, cholesterol, and propylene glycol. The authors
demonstrated improved pharmacokinetics when administering puerarin liposomes to mice compared to
non-encapsulated puerarin. Specifically, plasma area under the curve and half-life improved by 2.37-
and 4.16-fold, respectively, and puerarin was detected most highly in the liver compared to other organs
in both preparations. Previous studies supported puerarin as a beneficial molecule in a rat ALD model
[34], but liposomal encapsulation improved efficacy further with respect to liver injury (decreased
plasma ALT and AST levels) and, to a lesser degree, steatosis. In 2019, Wu et al[35] similarly employed a
liposomal encapsulation technique to improve the pharmacokinetics of a naturally produced anti-
inflammatory carotenoid, astaxanthin. Liposomal astaxanthin was administered to mice either orally or
by intraperitoneal injection in an intragastric ethanol feeding model of ALD. Oral and intraperitoneal
liposomal astaxanthin ameliorated alcohol-induced liver injury and histological signs of fibrosis.
Whereas biodistribution of astaxanthin liposomes was not directly characterized in this study, the
physical properties of the drug (low bioavailability, poor water solubility) suggest that liposomal
encapsulation was necessary for efficacy. Silymarin is another excellent example of a beneficial
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compound with poor pharmacokinetics which can be improved by incorporation into liposomes. Kumar
et al[36] showed that encapsulation of this hepato-protective flavonolignan in phosphatidylcholine and
cholesterol liposomes (either un-modified or PEGylated) improved pharmacokinetics and efficacy.
Liposomal encapsulation improved the maximum plasma concentration and plasma area under the
curve, while also increasing the solubility of the drug. In vitro, silymarin liposomes protected Chang
Liver (HeLa) cells against ethanol-induced cell death. In vivo, in a rat chronic model of ALD, both un-
modified and PEGylated silymarin liposomes ameliorated alcohol-induced liver injury while retaining
the anti-inflammatory and antioxidant properties of silymarin. Recently, Yu et al[37] encapsulated
Saikosaponin D, an anti-inflammatory/anti-oxidant plant-derived compound, in liposomes and
demonstrated improved pharmacokinetics and efficacy in a mouse model of ALD compared to the
nonencapsulated compound.

Lastly, Jain et al[38] employed a liposomal encapsulation approach for a plant-derived molecule,
mangiferin. Like silymarin, mangiferin is a natural antioxidant with demonstrated benefits in the
treatment of ALD and other diseases[39,40], but is not efficacious when used alone due to low bioavail-
ability and metabolism by gut bacteria, as demonstrated by Jain ef al[38]. To this end, the authors used a
so-called “herbosome” encapsulation strategy for mangiferin to improve the bioavailability of this
compound. Herbosomes are defined as plant-derived compounds encapsulated in phospholipid
particles, which in this study consisted of phosphatidylcholine and cholesterol. In a chronic rat model of
ALD, unencapsulated mangiferin was able to significantly decrease liver injury, and mangiferin-loaded
herbosomes further decreased the liver injury. Mechanistically, the authors attributed this protection to
the antioxidant effects of mangiferin, as demonstrated by rescued SOD, catalase, and GSH levels and
decreased liver MDA.

These studies support liposomal encapsulation as an effective approach not only for targeting drugs
to the liver to avoid systemic side effects, but also for increasing the bioavailability of various
compounds. The studies cited herein accomplished these goals by using liposomes composed of various
glycerophospholipids including phosphatidylethanolamine, phosphatidyl choline, phosphatidic acid,
and lecithin. Selection of certain lipids over others influences membrane fluidity/rigidity, which
indirectly alters the permeability of the liposomal bilayer[41]. Certain phospholipids can also be chosen
over others to impart fusogenic character, wherein liposomal cargoes can be targeted to the cell
cytoplasm by fusing with the plasma membrane while avoiding endocytic degradation[30]. Rodriguez
et al[28] employed this approach by using liposomes composed of 1,2-dioleoyl-sn-glycero-3-
phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate to target cytosolic phosphodiesterase.
Further, most other groups incorporated cholesterol into their formulation, which can alter the release of
the drug cargo and prevent unwanted ‘leakage’, thereby contributing to the overall stability of the
nanoparticle[42].

Exosomes in ALD

Exosomes are another type of lipid-based liver-targeting nanoparticle which have been evaluated pre-
clinically as potential therapeutics for ALD as well as potential biomarkers of disease progression in AH
[43] (Figure 2A, right panel). Exosomes can be derived from bacteria or food, and are often small
(approximately 30-150 nm in diameter) compared to synthetic liposomes (150 nm and larger in the
studies cited here)[44]. Because they are products of the host cell membrane which are excreted by
exocytosis, they are composed of phospholipids and cholesterol. While originally thought to be used by
cells for waste removal, more recent evidence has supported a role in cell signaling, antigen
presentation, tissue repair and regeneration, among other processes[44]. Unlike liposomes, exosomes
contain numerous surface proteins (e.g., CD63 in eukaryotic exosomes[45]) and internal cargo molecules
including lipids, proteins, and nucleic acids. Despite the presence of existing cargo, additional molecules
including drugs can be added to exosomes after isolation. The surface proteins present on exosomes
mediate their cellular uptake, which has been shown to occur mostly in the liver and spleen, but also to
some degree in the kidney, lung, and gastrointestinal tract, although pharmacokinetics depend on the
source of the exosomes[46]. Liver macrophages are the cell type thought to be most responsible for
exosome uptake through recognition of their charge by scavenging receptors, or recognition of surface
signals such as sialic acid or phosphatidyl serine[47,48]. Thus, clearance by macrophages is again a
drawback when trying to administer drugs to the liver parenchyma. Another significant consideration is
standardization of isolation or purification protocols. Some techniques, for example, fail to completely
exclude extraneous types of extracellular vesicles, leading to an impure drug product preparation[49].
Lastly, there are many unanswered questions related to how the choice of cell type from which to isolate
exosomes impacts immunogenicity and efficacy.

A study from Gu et al[50] aimed to use exosomes derived from the beneficial bacteria Lactobacillus
rhamnosus GG (LGG) to treat ALD. LGG has previously been demonstrated to be beneficial for ALD as a
probiotic supplement which prevents gut permeability, thereby ameliorating liver injury[51,52]. The
benefits of LGG probiotic supplementation are mediated, in part, by molecules secreted by LGG, as
evidenced by the protective effects of LGG cell culture supernatant[53,54]. These soluble mediators are
thought to be released from bacteria in exosomes. Gu et al[50] showed that orally administered LGG-
derived exosomes (termed LDNPs) ameliorated experimental ALD in an acute-on-chronic mouse
model. In contrast to previous studies aiming to deliver drugs to the liver, LDNPs in this study were
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designed to ameliorate liver injury via the gut-liver axis, by targeting intestinal cells. Fluorescent labeled
LDNPs were detectable in the intestine to a much larger extent than in the liver. Mice that received
LDNPs were protected from the ethanol-associated reduction in intestinal tight junction protein
expression and had boosted expression of intestinal anti-microbial peptides (e.g., Reg3b, Reg3g) and IL-
22. As a result, circulating endotoxin levels were decreased in LDNP-treated mice. Consequently, liver
injury, steatosis, and inflammation were attenuated, confirming the critical importance of intestinal
barrier defense in preventing ALD pathogenesis. Mechanistically, Gu et al[50] showed that the beneficial
effects of LDNPs were mediated by the aryl hydrocarbon receptor (AhR), suggesting that the cargo
molecules responsible for the benefits of LDNPs are likely AhR ligands.

Foods are another excellent source of exosomes with beneficial endogenous cargo molecules which
target the intestinal epithelium or translocate to the bloodstream to target various organs including the
liver[55]. Fluorescently labelled milk-derived exosomes, for example, have been shown to localize in the
liver after oral administration to mice[56]. Food-derived exosomes from ginger, grapefruit, grape, garlic,
ginseng, lemon, and others have been shown to be efficacious in the treatment of numerous diseases by
nature of their antioxidant, anti-tumor, or anti-inflammatory cargo[55]. To investigate the efficacy of
food-derived exosomes in ALD, Zhuang et al[57] used exosomes derived from ginger, a food which has
been demonstrated to protect against liver injury of multiple etiologies, including alcohol, via
antioxidant compounds called gingerols[58]. In an acute-on-chronic mouse model of ALD, daily oral
ginger-derived exosome delivery decreased liver injury and steatosis. The antioxidant effects of the
exosomes were also demonstrated, with increased expression of antioxidant genes in the liver through
activation of NRF2. The authors also analyzed the distribution of the exosomes by fluorescent labeling,
showing that the liver was the primary site of accumulation, with no detectable signal in lung, spleen, or
other organs. Further, co-localization with albumin-positive cells by immunofluorescence showed that
the ginger-derived exosomes primarily associated with hepatocytes, indicating cell-specificity.
Collectively, these studies show the utility of exosomes as “pre-packaged’ lipid vesicles which can
deliver beneficial cargo molecules from various sources to the liver for the treatment of ALD.

PNP-mediated drug delivery in ALD

PNPs are a class of non-lipid-based nanoparticles composed of natural or synthetic polymers that are
gaining popularity in numerous applications, including medicinal and non-medicinal (material science,
electronics, ecology, etc., Figure 2B, left panel)[59]. PNPs are classified as either nanospheres (composed
entirely of polymer matrix) or nanocapsules (a polymer shell with a water or oil center) with an
approximate size of 100-250 nm, which can be controlled during synthesis. Poly(lactic-co-glycolic acid)
(PLGA) and vinyl monomer-based polymers are commonly used in PNP synthesis (e.g., polystyrene,
polyalkyl acrylates), although many other polymers can be used including polyesters, polyurethanes,
polysaccharides, polypeptides, and biopolymers (e.., lignin)[60]. Polymer choice can be adjusted to
control stability, particle size, and in vivo drug release. As with liposomes, surface modifications can also
be made to PNPs to alter their pharmacokinetic profile and biodistribution, such as active targeting
moieties or hydrophilic molecules that prevent opsonization (e.g., PEG). Surface modifications can also
change the intrinsic negative charge of most PNPs to neutral or positive. PEGylation, for example, shifts
the charge to neutral, whereas conjugation of other molecules such as chitosan imparts a positive charge
[61,62]. After reaching target cells, PNPs are up taken by pinocytosis or clathrin-mediated endocytosis
but can escape lysosomal degradation and enter the cell cytoplasm within 10 min[63]. Other benefits of
PNPs include low immunogenicity, low toxicity, and large surface area. As with liposomes, one
drawback of PNPs is their susceptibility to opsonization in plasma and rapid clearance by the liver and
spleen RES.

Several studies have applied PNPs to the treatment of ALD by attaching various cargo molecules. A
study by Nag et al[64] used PLGA PNPs to deliver tannic acid and vitamin E to the liver in a chronic
mouse model of ALD. These two naturally occurring molecules have previously been established to be
beneficial for the treatment of ALD through anti-inflammatory and antioxidant mechanisms[65]. PNP
formulation is necessary to ensure extended release of these molecules due to intestinal modification,
poor absorption, rapid metabolism, and short half-life[66,67]. Nag et al[64] demonstrated that tannic
acid/vitamin E PLGA PNPs ameliorated ALD as evaluated by multiple endpoints including reduced
liver injury, steatosis, fibrosis, inflammation, oxidative stress, and liver cell apoptosis, as well as
increased hepatocyte viability. Importantly, in vitro pharmacokinetic analysis showed that the PNPs
slowed the movement of tannic acid and vitamin E across a semi-permeable membrane compared to
free tannic acid and vitamin E, indicating that this formulation may improve the retention time of these
compounds in the liver.

Another study targeting oxidative stress in ALD was conducted by Natarajan et al[68], who employed
a PNP approach to deliver the enzyme superoxide dismutase (SOD) to the liver. Oxidative stress is a
key mechanism in ALD pathogenesis[69]. A previous study in rats demonstrated that increasing hepatic
SOD expression (via gene therapy) alleviated ALD by scavenging superoxide[70]; however, PNP-
mediated SOD delivery is a more favorable translational therapy due to clinical issues surrounding the
use of gene therapy (hepatotoxicity and generation of anti-adenovirus antibodies, for example)[71].
Further, previous studies suggest that administration of unencapsulated recombinant SOD does not
produce effects that are as long-lasting as those by encapsulated SOD[72]. After establishing successful
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delivery of functional SOD in vitro in E-47 hepatocytes and protection against ethanol and linoleic acid-
induced oxidative stress, the authors administered SOD PNPs to mice by intraperitoneal injection in a
chronic model of ALD. Compared to ethanol-treated mice, mice which received ethanol and SOD PNPs
had decreased liver steatosis and inflammation as quantified by hematoxylin-eosin staining and
decreased liver cytokine expression, respectively. Interestingly, the authors could not detect an increase
in SOD in SOD PNP-treated mice, although the authors speculate that the time course of the study may
not allow proper detection of elevated SOD levels. In a follow up study by the same research group,
Gopal et al[73] again assessed the efficacy of intraperitoneal administered SOD PNPs in ALD, although
in a modified model where mice are fed a high fat diet prior to the beginning of the ethanol feeding
paradigm. Unlike the previous study, here the authors were able to show evidence of increased SOD
expression and activity in the livers of mice administered SOD PNPs. Ethanol significantly induced liver
injury in control mice, but not in mice administered SOD PNPs, as evidenced by plasma ALT levels.
Again, ethanol-induced hepatic steatosis and inflammation were attenuated, corroborating the
beneficial effects and mechanisms of protection of liver-specific SOD delivery.

Apart from proteins, another group of novel cargo molecules which can be delivered by PNPs are
anti-micro RNAs (anti-MIRs), which are designed to inhibit endogenous MIRs, such as MIR-155, which
has been previously shown to play a pathogenic role in ALD[74]. Zhang et al[75] aimed to not only block
the effects of MIR-155, but also to deliver CXCR4 antagonists (collectively termed polycationic CXCR4
antagonists, or PCX, by the authors), which block alcohol-induced liver fibrosis via inhibition of HSC
activation. Thus, the group administered synthetic cholesterol-modified polyethyleneimine
nanoparticles via i.v. injection to mice to target HSCs and KCs in a model of alcohol + CCL,-induced
fibrosis. Indeed, compared to nanoparticles harboring a MIR negative control, the anti-MIR-155/PCX-
loaded PNPs significantly reduced liver injury, fibrosis, and inflammation when administered in a
treatment paradigm. This study supports the idea that numerous therapeutic cargos are compatible
with the PNP platform, even when combined in a dual approach.

In contrast to the synthetic PNPs used in the studies mentioned above, a study by Wang et al[76].
used PNPs synthesized from a naturally occurring polysaccharide isolated from Angelica sinensis root [
Angelica sinensis polysaccharide (ASP)]. ASP was combined with cholesterol hemisuccinate to prepare
self-assembling ASP-cholesterol hemisuccinate PNPs (termed ACNPs), which were loaded with
curcumin, a plant-derived compound with antioxidant effects which has previously shown beneficial
effects in ALD[77,78]. The authors used PNPs to improve the delivery of curcumin, which is not readily
water-soluble and has low bioavailability due to rapid metabolism[79]. In an intragastric feeding mouse
model of ALD, the authors demonstrated that curcumin-loaded ACNPs decreased liver oxidative stress,
and consequently, liver injury. Mechanistically, curcumin ACNPs increased NRF2 protein, consistent
with other studies implicating NRF2 signaling for the beneficial effects of curcumin[77,80]. These
studies show that PNPs, in addition to liposomes, are an effective choice of delivery platform to target
drugs to the liver, and importantly, improve the bioavailability of compounds such as tannic acid,
vitamin E, and curcumin.

Bacteria and adeno-associated virus-mediated liver-specific delivery in ALD

Certain bacteria have long been considered for their therapeutic potential either as whole organisms
(probiotics), colonies of many bacterial species (i.e., fecal transplant), or bacterial products[81]. More
recently, genetically engineered bacteria have been developed to facilitate delivery of drugs, proteins,
enzymes, and genes for the treatment of numerous pathologies[81] (Figure 2C, left panel). Bacteria as
drug delivery systems are beneficial in several ways, including that they can provide their own
propulsion and taxis via flagella or pili in response to external stimuli (e.g., phototaxis, chemotaxis,
thermotaxis, etc.), they can be designed to seek a certain molecule (i.e., active targeting), they can
produce a desired drug ‘on-site’ by metabolism, and they can even be designed to transfect host cells.
These benefits, and numerous others (described in great detail in[81]), come at the cost of potential host
immune response. Use of non-pathogenic bacterial strains, commensal bacteria, or genetic modification
can decrease immunogenicity, but there is still considerable risk of septic shock which can result in
mortality when targeting sterile body compartments (e.g., blood, abdominal cavity, etc.)[82]. Hendrikx et
al[83], for example, used genetically engineered Lactobacillus reuteri (L. reuteri), a commensal gut
microbe, as a means of increasing intestinal IL-22 for the treatment of ALD in an acute-on-chronic
mouse model. This approach aimed to ameliorate alcohol-associated changes in both the intestine and
the liver. The gut and liver are connected via the so-called gut-liver axis, where alcohol-induced gut
permeability allows pro-inflammatory bacteria and bacterial products (e.g., endotoxins) to enter the
hepatic portal system and exacerbate liver injury[84]. IL-22 is a cytokine which contributes to gut barrier
defense and homeostasis[85], which the authors demonstrated to be decreased in the intestines of
ethanol-fed mice. Mice which were enterally provided IL-22-expressing L. reuteri throughout the feeding
protocol had increased expression of the gut anti-microbial peptide, Reg3g, decreased translocation of
bacteria to the liver, and consequently, decreased liver injury, steatosis, and inflammation. Increased
intestinal IL-22 was confirmed, but there was no increase in plasma IL-22, indicating that a localized
increase in gut IL-22 was sufficient to restore gut barrier health and ameliorate liver injury. This
engineered bacteria approach may be more clinically useful than simply administering recombinant IL-
22 protein systemically, as systemic administration is associated with increased risk of tumor
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development in chronic liver disease patients[86-88]. Indeed, bacteria serve as a unique drug delivery
system with several key advantages, especially given that liver diseases such as ALD can be targeted
indirectly via the gut-liver axis.

AAVs (adeno-associated virus) vectors are another biological system with the capability to target
specific organs (Figure 2C, right). There exist multiple AAV serotypes with differing capsid proteins (13
in total), which confer serotype-specific functional features, including tropism for different organs[89].
AAV serotype 8 (AAVS), for example, exhibits high liver tropism, since the capsid proteins expressed in
this serotype interact with the laminin receptor, which is highly expressed in the liver (for this reason,
we have defined AAVS as “actively’ targeting the liver in Table 2)[90]. This natural ability to target the
liver comes at the cost of immunogenicity, liver toxicity, and the production of neutralizing antibodies
by the host, several key hurdles for clinical AAV8-based therapy[89]. In contrast to the previous
nanoparticle- and bacteria-based delivery systems discussed in this review, AAV vectors are used as a
gene delivery vehicle, rather than a carrier of natural or synthetic drugs, based on their ability to
transfect host cells[91]. This review will discuss one study using AAVS as a delivery mechanism for a
microRNA; for more information regarding gene therapy for the treatment of liver disease the reader is
encouraged to read Kattenhorn ef al[92]. Satishchandran et al[93] employed an AAVS vector to rescue
the ethanol-associated loss of microRNA 122 (MIR-122), which was demonstrated in both human ALD
patients and mice in a 5-week chronic model of ALD. Previous work showed that loss of liver Mir122
alone led to hepatic steatosis with spontaneous development of liver fibrosis and even HCC[94],
suggesting a beneficial or homeostatic role of this microRNA in the liver. The authors used the AAV8
serotype to transfect hepatocytes with pri-MiR122 or a scrambled control vector. Compared to controls,
mice receiving AAV8-MIR122 had increased mature liver MIR-122 and, importantly, decreased alcohol-
induced liver injury, steatosis, inflammation, and fibrosis. The AAV8 vector was shown to specifically
target hepatocytes (as liver mononuclear cells had no increase in MIR122), suggesting this platform may
be effective in targeting genes, including microRNAs, to not only the liver, but specifically to
hepatocytes.

GAPS IN KNOWLEDGE

Research efforts to apply targeted drug delivery systems for the treatment of ALD are growing, but
there are still considerable gaps in knowledge and several barriers to address. First is the lack of use of
active targeting strategies, where addition of a ligand to a liposome or nanoparticle targets a drug to a
particular liver cell type. Targeting a drug to a particular cell type (e.g., targeting an antioxidant to
hepatocytes) may increase efficacy, or produce the same beneficial effect with a lower total dose, thereby
reducing the possibility of off-target effects. In additional to hepatocytes, other cell types contribute to
ALD, including HSCs and both resident (Kupffer cells) and infiltrating macrophages, thus presenting
opportunities to target these non-parenchymal liver cells. In this way, such treatments could target
various stages of ALD such as hepatic fibrosis, which is largely driven by these cell types in their
activated states (i.e., activated HSCs or M1-polarized KCs)[95]. Fifteen of the 16 studies used a passive
targeting approach, where the physical properties of the particle (i.e., size and charge) were controlled in
such a way that the particles would passively accumulate in the liver. The Satishchandran et al[93] study
using AAV8 is one example of biological active targeting, where the AAVS8 capsid binds to a particular
receptor in the liver. Future research should consider ligand conjugation and active targeting of
liposomes and PNPs to improve their drug formulations.

Next, with respect to the paradigm in which drug therapies were administered, in the 16 studies
reviewed here, only about half used a so-called ‘treatment paradigm’, where the drug was given after
establishment of liver injury (i.e., half-way through the model or later). The remaining half administered
their therapeutics in a ‘prevention paradigm’, where the drug was given at the start (or even prior to the
start) of the alcohol feeding model. Studying the efficacy of a drug in a prevention paradigm certainly
provides useful insight into whether the drug has any beneficial effect in ALD. However, this paradigm
has limited clinical relevance, since most patients with mild to moderate ALD are asymptomatic, and
they would not receive a diagnosis nor treatment until after injury has developed. In the case of studies
establishing benefits of a liver-targeted drug in ALD in a prevention paradigm, additional studies
should be carried out to determine whether administration of that drug formulation later in the feeding
model is still effective. Another issue related to the models used in these studies is the lack of
knowledge of the efficacy of these therapies in advanced ALD stages such as fibrosis/cirrhosis. Only
one study discussed here (Zhang et al[75]), employed a model which is known to produce liver fibrosis,
in this case by use of a “second hit” of carbon tetrachloride superimposed on chronic EtOH feeding.
While the authors did note reductions in fibrosis as measured by immunohistochemistry, this is only
one study. Most of the studies discussed herein employed chronic, acute-on-chronic, or multiple-binge
models which typically produce mild ALD characterized by hepatic steatosis, low-level inflammation,
and mild liver injury with elevated ALT but no fibrosis[96,97]. Future studies should investigate the
efficacy of nanoformulated drugs in experimental models of more advanced ALD which mimic alcohol-
associated cirrhosis or severe AH, especially as better models are developed.
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Another consideration with significant clinical implications is the route of administration. The studies
reviewed here applied oral (gavage) or injection routes of delivery. Clearly, oral delivery is most
attractive from a patient compliance perspective due to ease of self-administration and the absence of
potential adverse effects from injections (injection site pain, inflammation, and infection). In general,
nanoparticle systems tend to improve the pharmacokinetics of a drug to enable oral delivery in cases
where this route would be otherwise unfeasible due to enzymatic digestion or poor absorption[98].
Indeed, many of the studies discussed here employed these platforms with this goal in mind, partic-
ularly for poorly soluble plant-derived compounds. However, compared to oral delivery, injection
allows the highest level of control over the rate of drug delivery and can bypass any issues associated
with first-pass metabolism or poor gastrointestinal absorption, resulting in a bioavailability of 100% and
a rapid onset of action[99]. Direct injection of the drug solution into circulation does, however, pose a
higher risk of adverse reactions and requires a healthcare professional to administer the treatment. This
may be most acceptable in cases where drugs are developed for advanced ALD stages such as AH,
where patients are already hospitalized. Regardless, authors should justify their chosen route of
administration in the context of their future translational goals.

Additionally, in pre-clinical ALD research, it is important to consider sex differences, since men and
women consume and metabolize alcohol differently, have different risk factors contributing to ALD,
and ultimately, have different susceptibility to developing the disease[100]. Even in mice, there are sex
differences in susceptibility to ALD when controlling for alcohol intake, diet, and other factors[101].
Further, evidence suggests biodistribution of nanoparticles may also differ by sex[102], providing an
additional rationale for studying nanoparticle systems in ALD in both sexes. Despite these differences,
many of the studies reviewed here (14 of 16) used either only male mice or only female mice, and the
remaining two which used both sexes did not report the results for each sex separately.

Lastly, keeping in mind the goal of translating effective therapies to humans for the treatment of
ALD, there is a lack of knowledge regarding the efficacy of liver-targeted therapies in humans for this
disease. Critically, however, nanoparticle platforms have been used for many years for the treatment of
other diseases. For example, liposomes have been used in numerous drug formulations for the
treatment of various cancers, fungal and viral infection, pain, and other diseases since 1995 with
excellent safety and efficacy[103]. Liposomes are also increasing in popularity as an excellent vaccine
delivery system with several benefits over conventional vaccines (e.g., liposomes are used in the
Moderna and Pfizer/BioNTech COVID-19 mRNA vaccines)[104]. Although less common than
liposomes, PNPs have also undergone clinical evaluation for the treatment of head, neck, lung, and
breast cancers[105]. Other platforms not discussed in this review, such as N-acetyl-galactosamine
(GalNac) conjugate (commonly used to delivery nucleic acids to hepatocytes by binding the asialogly-
coprotein receptor[106]), have also been shown to have favorable safety profiles in clinical trials[107].
Clearly, drug delivery platforms with the capability to deliver drugs to the liver have undergone
significant clinical evaluation, although not for the treatment of ALD. Future work should build on the
growing pre-clinical data supporting the efficacy of particle therapeutics in ALD and the existing
clinical data showing the safety of these systems in humans to move these nanomedicines to the clinic.

CONCLUSION

The research efforts reviewed here employed liver-targeted (or intestine-targeted) drug delivery
platforms to improve their drug formulations and more effectively develop pharmacological
interventions for ALD (summarized in Figure 5). These platforms, including liposomes, PNPs,
exosomes, bacteria, and AAV vectors are aimed at improving a drug’s pharmacokinetics, efficacy, and
safety by reducing off target effects associated with systemic delivery and increasing the concentration
of the drug locally in the liver. The authors of these studies used nanomedicine platforms to deliver
phosphodiesterase inhibitors, naturally occurring antioxidants, oligonucleotides, miRNAs, enzymes,
and anti-inflammatory cytokines in various rodent models of ALD, showing promising results which
will move the pace of drug development for this disease forward toward clinical translation. Future
studies should continue to apply and characterize targeted delivery platforms, as well as consider active
targeting approaches, drug administration paradigms, and sex-specific differences in the pursuit of
supporting future clinical trials in this field.
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Figure 5 Summary of studies applying nanoparticle platforms in alcohol-associated liver disease. A graphical summary of nanoparticle platforms
which to date have been applied for the treatment or prevention of alcohol-associated liver disease in rodent models. Arrows represent organ targets of each platform.
Example cargoes used in research articles discussed in this review are listed next to each platform. Current limitations of the field are described on the lower right.
AAV8: Adeno-associated virus serotype 8; HSCs: Hepatic stellate cells; IL-22: Interleukin 22; KCs: Kupffer cells; miRNA: Micro-RNA; PCX: Polycationic CXCR4
antagonists; S-ODN: Antisense phosphorothioate oligodeoxynucleotide.
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Abstract

Advances in diagnostics of inflammatory bowel diseases (IBD) and improved
treatment strategies allowed the establishment of new therapeutic endpoints.
Currently, it is desirable not only to cease clinical symptoms, but mainly to
achieve endoscopic remission, a macroscopic normalization of the bowel mucosa.
However, up to one-third of IBD patients in remission exhibit persisting
microscopic activity of the disease. The evidence suggests a better predictive
value of histology for the development of clinical complications such as clinical
relapse, surgical intervention, need for therapy escalation, or development of
colorectal cancer. The proper assessment of microscopic inflammatory activity
thus became an important part of the overall histopathological evaluation of
colonic biopsies and many histopathological scoring indices have been
established. Nonetheless, a majority of them have not been validated and no
scoring index became a part of the routine bioptic practice. This review
summarizes a predictive value of microscopic disease activity assessment for the
subsequent clinical course of IBD, describes the most commonly used scoring
indices for Crohn's disease and ulcerative colitis, and comments on current
limitations and unresolved issues.
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Core Tip: Approximately one third of the patients with inflammatory bowel diseases in endoscopic
remission show persisting signs of microscopic disease activity. Histology seems to have a predictive
value for development of severe clinical complications. Proper assessment of the microscopic activity of
the disease using respective scoring indices is thus necessary. This review summarizes the most widely
used histological scoring indices, discusses their advantages and limitations and comments persisting
unresolved issues from the perspective of gastrointestinal pathologists.
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INTRODUCTION

The first description of inflammatory bowel disease (IBD) dates back to 1932, when Burrill Bernard
Crohn published the article "Regional ileitis: A pathologic and clinical entity"[1]. In the following
decades, our understanding of IBD has evolved. Currently, we perceive both Crohn's disease (CD) and
ulcerative colitis (UC) as systemic inflammatory conditions showing predilection to the gastrointestinal
(GI) tract[2-4]. Despite persisting ominous etiology and poorly understood pathogenesis, substantial
advances in diagnostics and therapy of IBD have been made, allowing new therapeutic endpoints to be
laid out. At present, we strive not only to cease all clinical symptoms, but mainly to reach the
endoscopic remission, defined as normalization of endoscopic mucosal appearance[5,6]. However,
normal endoscopic finding does not necessarily reflect normal histology. Correlation between
endoscopy and histology is poor and up to 1/3 of both CD and UC patients in endoscopic remission
show signs of persisting histological activity[7-10]. There is increasing evidence that histological activity
of the disease may be a better predictor of important clinical endpoints such as hospitalization rate, risk
of clinical relapse, need for systemic corticosteroid use, or development of colorectal cancer when
compared to sole endoscopy[11-16]. This is even more important for certain IBD subtypes such as IBD
associated with primary sclerosing cholangitis, currently considered a distinct phenotype of IBD
entailing a four times higher risk of a colorectal cancer development compared to conventional IBD[17,
18]. The evaluation of the histological disease activity by reliable scoring indices thus represents an
important part of the overall microscopic assessment. Nonetheless, a majority of them lack proper
validation and none of them have been established in routine clinical practice. Endoscopy remains a
gold standard for the assessment of luminal activity of the disease[5].

The aim of this review is to provide a summary of the most commonly used scoring indices for CD
and UC, highlight clinical benefits of the microscopic disease activity assessment and comment on
current limitations and unresolved issues from the pathologists” perspective.

BASIC PRINCIPLES OF IBD HISTOPATHOLOGY

To better conceive microscopic features included in histopathological scoring indices, it seems
convenient to briefly summarize a basic IBD pathology first. UC is characterized by a continuous
inflammation affecting a rectum and progressing towards the proximal colon and terminal ileum. The
inflammatory infiltrate is usually confined to the mucosa. Submucosa may be affected in case of severe
colitis, but transmural inflammation is not a feature of UC. As far as CD is concerned, the inflammation
displays a discontinuous pattern on both macroscopic and microscopic levels. Any part of the GI tract
from the oral cavity to the anal region may be affected, while the terminal ileum is the most frequent site
of the disease. The inflammation is typically transmural, infiltrating deeper layers of the bowel wall. In
both IBD subtypes, the infiltrate is mainly mononuclear, with a predominance of lymphocytes and
plasmacytes. The presence of neutrophils is a sign of the disease activity. In case of mildly active
disease, they are scarce and confined to lamina propria. With an increasing degree of activity, they tend
to infiltrate surface epithelium and colonic crypts (defined as cryptitis). Later on, the crypt walls are
disrupted and neutrophils exudate into their lumina forming crypt abscesses. The most severe grade of
activity is usually characterized by the presence of erosions and ulcerations. Erosions were traditionally
defined as defects confined to the mucosa, whilst ulcerations penetrated deeper into the submucosa, but
there is no strict adherence to this criterion in pathological practice. Currently, ulcerations are often
recognized rather by the presence of granulation tissue and erosions by fibrinopurulent exudate
covering the defect[4,19,20]. The inflammatory infiltrate is often accompanied by numerous eosinophils.
However, their proper assessment remains challenging due to the lack of a clearly defined cut-off value
for their pathological increase[21]. Their numbers also vary among bowel segments being more
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prevalent in the right-sided colon[22] and several studies document their substantial seasonal and
geographic oscillation[23,24]. Other characteristic features of IBD are basal plasmacytosis and disrupted
mucosal architecture. Basal plasmacytosis is defined as an increased number of plasmacytes between
the base of the crypts and muscularis mucosae. It is a strong indicator of IBD and also one of the earliest
signs of chronicity[25]. Disrupted mucosal architecture refers to any distortion of the physiological
appearance of the crypts. Normally, colonic crypts are straight, parallel, and evenly spaced. In IBD, they
show changes such as branching, angulation, dilatation, shortening, or dropout[26]. A hallmark of CD
diagnosis is the presence of non-caseating epithelioid granulomas. Although a differential diagnosis of
granulomatous colitis is broad, the presence of immune granuloma in IBD patients excludes the
diagnosis of UC. Their incidence ranges from 15% to 85% according to various studies[26]. They are
more closely tied to an ileocolic form of CD or CD with upper GI involvement[27] and seem to be
almost twice as frequent in pediatric CD[28].

A PREDICTIVE VALUE OF MICROSCOPIC DISEASE ACTIVITY FOR THE DEVELOPMENT
OF CLINICAL COMPLICATIONS

According to a recent meta-analysis by Gupta et al[8] performed on 2677 UC patients in endoscopic
remission, the presence of persisting microscopic activity is associated with an increased risk of clinical
relapse [odds ratio (OR) 2.41; 95% confidence interval (CI): 1.91-3.04]. These findings are supported by
another meta-analysis by Yoon ef al[29], which showed similar results based on the analysis of 757 UC
patients in endoscopic remission. In their cohort, an absence of histological activity of the disease was
associated with a 63% lower risk of clinical relapse (risk ratio 0.37; 95%CI: 0.24-0.56). In the study by
Hefti et al[30], the authors evaluated 561 UC patients with a median follow-up of 21.4 years since the
onset of the disease. According to both univariate and multivariate analyses, a mean histological inflam-
matory activity showed to be a significant predictor of colectomy (P < 0.001). Azad et al[31] showed that
the presence of mucosal neutrophils and eosinophils in clinically and endoscopically quiescent UC was
associated with an increased risk of clinical relapse over 12 mo (P < 0.01). Last but not least, Bryant ef al
[12] performed a study on 91 UC patients assessing a prognostic value of endoscopic and histological
remission for the prediction of corticosteroid use, hospitalization and colectomy in a median 6-year
follow-up. In their analysis, a histological remission was a predictor of colectomy and development of
an acute severe colitis, in contrast to endoscopy (OR 0.42, 95%CI: 0.2-0.9, P = 0.02; OR 0.21, 95%CI: 0.1-
0.7, P = 0.02 respectively). These results suggest that persisting histological activity of the disease seems
to be associated with an adverse clinical course in UC patients.

Studies documenting a prognostic value of histology in CD are still limited in number. However,
Christensen et al[14] demonstrated that the absence of histologic activity in patients with ileal CD is
associated with a lower risk of clinical relapse [hazard ratio (HR) 2.05; 95%CI: 1.07-3.94; P = 0.031],
corticosteroid use (HR 2.44; 95 % CI 1.17 - 5.09; P = 0.018) and medical escalation (HR 2.17; 95%CI: 1.2-
3.96; P = 0.011) in a 21-mo follow-up. In the study by Brennan et al[32], the absence of histological
activity was associated with a lower percentage of disease flares at both 12 mo (2.4% vs 25.5%, P = 0.03)
and 24 mo (10.5% vs 37.8%, P = 0.05) of follow-up, in contrast to endoscopy, where no significant
difference between an endoscopically active and an inactive disease was found. On the other hand, the
aforementioned meta-analysis by Gupta et al[8], which analyzed the predictive value of histology in
2677 UC patients, did not confirm the results, which were displayed by the group of 129 CD patients.

A predictive value of histology for the development of colorectal dysplasia and cancer is of no less
importance. A meta-analysis by Flores et al[33] performed on 1443 UC patients found that even isolated
histologic activity in otherwise endoscopically normal mucosa increased the risk of neoplasia (OR 2.6,
95%CI: 1.49-4.46, P = 0.01). In the study by Gupta et al[16], the severity of histological inflammation
correlated with the risk of progression to an advanced neoplasia (high-grade dysplasia, invasive cancer),
with HR being 3.0 (95%CI: 1.4-6.3) for the mean inflammatory score, HR 3.4 (95%CI: 1.1-10.4) for the
binary inflammatory score and HR 2.2 [inter-quartile range (IQR) 1.2-4.2] for the maximum inflam-
matory score. A case-control study of Rutter ef al[34] included 68 patients with a colorectal neoplasia
matched with 136 controls without a neoplasia revealed a highly significant correlation between the
histological severity of inflammation and the risk of neoplasia development (OR 4.69, 95%ClI: 2.10-10.48,
P <0.001). Pai et al[35] correlated 52 UC patients with colorectal cancer to 122 patients without cancer.
Based on the retrospective re-evaluation of biopsies from the last five years, a mean histological disease
activity assessed by two independent histological scores appeared to be a predictor of cancer
development, in contrast to endoscopy (HR 7.53, 95%CI: 2.56-12.16, P < 0.001 and HR 5.89, 95%CI: 2.18-
15.92, P < 0.001 respectively). In CD, the predictive value of histology for cancer development is still
equivocal. However, in the study by Kirchgesner et al[36] assessing a cohort of 398 IBD patients
including 237 patients with CD, mean histological disease severity was associated with the risk of cancer
development (OR 1.69, 95%CI: 1.29-2.21, P < 0.001 per one-unit increase).

In summary, a vast majority of evidence suggests that cessation of microscopic inflammatory activity
has a positive impact on the future clinical course of the disease, especially for patients suffering from
UC. Assessment of the histological activity should therefore be an integral part of bioptic reports in all
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patients with IBD. However, the appropriate extent of the microscopic normalization is still not
precisely established. In other words, we still lack a proper definition of histological remission. As a
result, establishing it as a primary therapeutic endpoint in clinical practice or clinical trials still lacks
validity[6,37,38].

HISTOPATHOLOGIC SCORING INDICES FOR UC

The first histopathological scoring index for UC and the first scoring index for IBD, in general, was
established in the 1960s by Truelove and Richards[39]. Since then, up to thirty indices have been
proposed according to Cochrane Collaboration review[40], although only a few of them have been fully
validated. One of the most widely used remains the Geboes score (GS), established in 2000[41]. This
score assesses seven histopathological features including architectural mucosal changes, chronic inflam-
matory infiltrate, neutrophils and eosinophils in lamina propria, intraepithelial neutrophils, crypt
destruction, and mucosal defects. Each of the given variables is further subclassified according to its
severity (Table 1). The overall microscopic inflammatory severity should be based on the worst score in
the bioptic sample, not on the average grade counted from all samples. Although, such a score may
appear overly complicated at the first glance (i.e., grading of the cryptitis severity as < 5%, < 50%, and >
50% of the affected crypts in the sample), it showed surprisingly good interpersonal agreement in
preliminary phases of the study, especially when evaluating the presence of disease activity and
mucosal defects (Cohen's kappa coefficient k was above 0.9). A weak agreement was reached for the
assessment of an inactive chronic inflammation. The original purpose of the score was a classification
scheme, intended to define specific thresholds of the inflammatory severity, such as the presence of the
disease activity. In subsequent studies, the score was also used as a continuous scale, assessing
treatment efficacy in clinical trials[42,43]. The score seems to have a decent predictive value, being a
reliable predictor of a clinical relapse in patients in clinical and endoscopic remission[31,44]. However, it
has not been completely validated. In 2017, the Geboes Simplified Score was proposed[45]. The score
reduced grading of the inflammatory activity and included the presence of basal plasmacytosis
(Table 2). The score shows better overall agreement compared to the original GS (x 0.56 vs 0.4). With
regards to individual grades, the best agreement was reached for the detection of the inflammatory
activity (x 0.7). However, the score has not yet been widely used.

Robarts histopathology index (RHI)[46] was established in 2017 and was primarily intended to assess
microscopic changes induced by the treatment. The construction process of the index was based on the
original GS, from which the histopathological variables with reliable interobserver agreement and good
correlation with grades of the inflammatory activity according to Visual Analogue Scale were used and
served as a foundation for the final index. The definitive index consists of four histopathological
features including chronic inflammatory infiltrate, neutrophils in lamina propria, neutrophils in the
epithelium and mucosal defects. Each of the features is further subclassified according to its severity
(range 0 to 3), giving the final index range from 0 to 33 points (Table 3). In contrast to GS, RHI
exclusively assesses the histologic activity of the disease and excludes the features of chronicity. The
agreement among the index grades is very good, with an intraclass correlation coefficient above 0.8. A
predictive value of the index is still not fully elucidated. However, the aforementioned study by Pai et al
[35] showed that a mean index score > 8 during 5 years of observation predicted the development of
colorectal cancer.

In the same year, a Nancy histological index (NHI) was proposed[47,48]. It uses five-grade scale
based on the presence of chronic and active inflammatory infiltrate and mucosal defects (Table 4 and
Figure 1). The final grade is determined by the worst histopathologic feature found in a biopsy sample.
Despite the subjective nature of some features making the thresholds between several grades prone to
possible higher interobserver variability (i.e., mild vs moderate intensity of the chronic inflammatory
infiltrate defining grades 0 and 1 respectively), the index shows very good overall interobserver
agreement (x above 0.8) and also a good reciprocal correlation with RHI [49]. The score is fully validated
and widely used in clinical practice. With regards to its predictive value, in the study of D'Amico et al
[49] patients with histologic presence of the inflammation (NHI > 1) had a higher risk of surgical
intervention (14% vs 0%, P = 0.01) and hospitalization (36% vs 7.1%, P = 0.001) compared to patients in
histological remission (NHI grade 0) during a 30-mo median follow-up.

HISTOPATHOLOGIC SCORING INDICES FOR CD

Scoring indices for CD are limited in number. The Cochrane collaboration review mentions 14 indices
[50], but the only one used on the larger scale is the Global Histology Activity Score (GHAS)[51]. The
score was established by D"Haens et al in 1998 with the purpose to assess early postoperative recurrence
after ileocecal resection. It includes the following variables: the presence of architectural changes, degree
of chronic, neutrophilic and eosinophilic inflammatory infiltration in lamina propria, presence of intrae-
pithelial neutrophils, epithelial damage, mucosal defects, presence of granulomas, and a number of

WJG | https://www.wjgnet.com 5303 September 28,2022 | Volume?28 | Issue36 |



Fabian O et al. Assessing microscopic disease activity in IBD

Table 1 Original Geboes score

Original Geboes score

Grade 0: Architectural 0.0 No abnormality; 0.1 Mild abnormality; 0.2 Mild/moderate diffuse or multifocal abnormalities; 0.3 Severe diffuse or
changes multifocal abnormalities

Grade 1: Chronic inflam- 1.0 No increase; 1.1 Mild but unequivocal increase; 1.2 Moderate increase; 1.3 Marked increase

matory infiltrate

Grade 2A: Eosinophils in 2A.0 No increase; 2A.1 Mild but unequivocal increase; 2A.2 Moderate increase; 2A.3 Marked increase

lamina propria

Grade 2B: Neutrophils in 2B.0 No increase; 2B.1 Mild but unequivocal increase; 2B.2 Moderate increase; 2B.3 Marked increase
lamina propria

Grade 3: Neutrophils in 3.0 None; 3.1 < 5% crypts involved; 3.2 <50% crypts involved; 3.3 > 50% crypts involved
epithelium

Grade 4: Crypt destruction 4.0 None; 4.1 Probable: local excess of neutrophils in part of the crypts; 4.2 Probable: marked attenuation; 4.3 Unequivocal
crypt destruction

Grade 5: Erosions and 5.0 No erosion, ulceration or granulation tissue; 5.1 Recovering epithelium + adjacent inflammation; 5.2 Probable erosion:
ulcerations focally stripped; 5.3 Unequivocal erosion; 5.4 Ulcer or granulation tissue

Table 2 Simplified Geboes score

Simplified Geboes score

Grade 0: No inflammatory activity 0.0 No abnormalities; 0.1 Presence of architectural changes; 0.2 Presence of architectural changes and chronic
mononuclear cell infiltrate

Grade 1: Basal plasma cells 1.0 No increase; 1.1 Mild increase; 1.2 Marked increase

Grade 2A: Eosinophils in lamina propria  2A.0 No increase; 2A.1 Mild increase; 2A.2 Marked increase
Grade 2B: Neutrophils in lamina propria  2B.0 No increase; 2B.1 Mild increase; 2B.2 Marked increase
Grade 3: Neutrophils in epithelium 3.0 None; 3.1 <50% crypts involved; 3.2 > 50% crypts involved

Grade 4: Epithelial injury (in crypt and 4.0 None; 4.1 Marked attenuation; 4.2 Probable crypt destruction: probable erosions; 4.3 Unequivocal crypt
surface epithelium) destruction: unequivocal erosion; 4.4 Ulcer or granulation tissue

Table 3 Robarts histopathology index

Histopathological

. P g Grade
variable
Chronic inflammatory 0 = No increase; 1 = Mild but unequivocal increase; 2 = Moderate increase; 3 = Marked increase
infiltrate
Lamina propria 0 =None; 1 = Mild but unequivocal increase; 2 = Moderate increase; 3 = Marked increase
neutrophils

Neutrophils in epithelium 0 =None; 1 =150% crypts involved

Erosion or ulceration 0 = No erosion, ulceration or granulation tissue; 1 = Recovering epithelium + adjacent inflammation; 2 = Probable erosion-
focally stripped; 3 = Unequivocal erosion; 4 = Ulcer or granulation tissue

affected bowel segments (Table 5). Later on, the score became used separately for terminal ileum and
large bowel as Ileal and Colonic GHAS[52]. However, the score is not validated and its utility is limited.
Instead of being a continuous scale, it rather represents a sum of present variables, putting minute
changes such as architectural distortion or increased mononuclear cells in lamina propria on the same
level of importance, for instance mucosal defects. According to a recent multidisciplinary consensus
panel[53], the score does not represent a reliable index for the assessment of the inflammatory severity
in CD. Its eventual predictive value has not been evidenced.

PRACTICAL ISSUES OF THE MICROSCOPIC ACTIVITY ASSESSMENT

The sole fact that we have been regularly confronted with new indices indirectly implies that we are still
struggling to find the perfect one that would satisfy all our demands. A lot of unresolved issues persist
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Table 4 Nancy histological index

Grade

Criteria

Grade 0 (no histological significant disease) No or mild increase in chronic inflammatory infiltrate

Grade 1 (chronic inflammatory infiltrate withno ~ Moderate or marked increase in chronic inflammatory infiltrate that is easily apparent. No acute

acute inflammatory infiltrate) inflammatory infiltrate is present

Grade 2 (mildly active disease) Few or rare neutrophils in lamina propria or in the epithelium that are difficult to see

Grade 3 (moderately active disease) Presence of multiple clusters of neutrophils in lamina propria and/or in epithelium that are easily
apparent

Grade 4 (severely active disease) Loss of colonic crypts replaced with “immature” granulation tissue (disorganized blood vessels with

extravasated neutrophils) or the presence of fibrinopurulent exudate

Table 5 Global Histology Activity Score

Histopathological variable Grade

Epithelial damage 0 = Normal; 1 = Focal; 2 = Extensive

Architectural changes 0 = Normal; 1 = Moderate; 2 = Severe

Mononuclear cells in lamina propria 0 = Normal; 1 = Moderate increase; 2 = Severe increase
Neutrophils in lamina propria 0 =Normal; 1 = Moderate increase; 2 = Severe increase
Neutrophils in epithelium 1 = Surface epithelium; 2 = Cryptitis; 3 = Crypt abscess
Erosion or ulceration 0=No; 1= Yes

Granuloma 0=No; 1= Yes

Number of segmental biopsy specimens affected 1=<1/3;,2=1/3-2/3;3=>2/3

Each variable is scored independently. The total score is the sum of all individual scores.
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JBaishideng®

throughout the whole diagnostic process, reflecting both the proper biology of the disease and the
limitations of given diagnostic modalities.

Segmental and transmural character of the inflammation in CD

A correlation between endoscopic and histologic activity in CD is poor due to the segmental nature of
the inflammation on both macroscopic and microscopic levels. Indeed, some degree of discrepancy
between endoscopy and histology is desirable since the histology should not only confirm the
endoscopic findings but represent an additional value by increasing the sensitivity of the inflammatory
activity detection. On the other hand, a focal character of the disease may lead to a false underestimation
of the histological activity. It is especially true in patients on therapy since treated IBD typically shows a
focal and patchy character of the inflammation, even in UC[54].

In CD, a transmural character of the inflammation is one of the defining features, modifying the
overall clinical severity of the disease and eventual development of complications. However, both
histology and endoscopy provide information exclusively about the luminal activity of the disease.
There is thus an increasing effort to establish a reliable scoring index of transmural severity of the
disease. The well-known Lemann index[55] represents a clinical score, assessing the cumulative damage
of the intestinal wall according to the presence of strictures, penetrating disease (fistulas or abdominal
abscesses), previous surgical interventions, and perianal involvement. The majority of histopathological
indices of transmural involvement are aimed at the assessment of resection margins of ileocecal
resections. Later on, more complex indices were established, evaluating a full spectrum of transmural
CD pathology including a degree of inflammatory intensity, fibrosis, smooth muscle changes, or
neuronal hypertrophy[56-58]. However, such scores cannot be applied to endoscopic bioptic samples. In
some instances, the sample is so superficial, that the basal portion of the mucosa is missing, precluding
the assessment of important predictors such as basal plasmacytosis, which is also included in some
scoring indices such as Simplified GS.

Upper Gl and small intestinal involvement

Both CD and UC are systemic inflammatory conditions capable of affecting any part of the GI tract. This
is especially true for pediatric patients, in which the inflammation in the upper GI is more frequent. As
defined by the revised Porto criteria for the diagnosis of IBD in children and adolescents[59], pediatric
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Figure 1 Microphotographs representing individual grades of Nancy Histopathological Index (hematoxylin and eosin, magnification
100x%). A: Grade 0 with no increase in inflammatory cells; B: Grade 0 with mild increase in chronic inflammatory cells; C: Grade 1 with moderate increase in chronic
inflammatory cells including more numerous eosinophils, but no neutrophils; D: Grade 2 with scarce neutrophils in lamina propria and epithelium; E: Grade 3 with
numerous neutrophils including cryptitis and crypt abscess; F: Grade 4 with completely ulcerated colonic mucosa replaced by granulation tissue.

UC with upper GI involvement is even one of the atypical UC subtypes. However, grading of upper GI
inflammatory severity is not a part of any available histological scoring index. In adult patients, a
routine esophagogastroduodenoscopy is not even a part of the official recommendations for IBD
diagnosis[2,3,59]. A subsequent clinical course may also be aggravated by the persisting inflammatory
activity in a small bowel. However, an endoscopy can usually assess only its proximal and distal
segments, frequently missing jejunum, and a large portion of the ileum. Key modalities for assessment
the small bowel involvement are imaging techniques such as magnetic resonance imaging, computer
tomography, ultrasonography or other radiologic procedures[60]. Some of them are also accompanied
by respective scoring indices such as Simplified Magnetic Resonance Index of Activity for CD[61]. In
recent years, scoring indices for capsule endoscopy were established, with Lewis Score[62] and Capsule
Endoscopy Crohn Disease Activity Index[63] being among the most frequently used ones,
recommended by both European Crohn’s and Colitis Organisation (ECCO) and European Society of
Gastrointestinal Endoscopy. Currently, there is no feasible way to sample biopsies during capsule
endoscopy.

Number of bioptic samples

According to an official recommendation from the European Society of Pathology and ECCO[4,5], a
diagnostic endoscopy should include at least two bioptic samples from at least five or six bowel
segments including the terminal ileum and rectum. However, there is still no official recommendation
for patients on treatment. Many gastroenterologists still prefer to perform an extensive sampling of
severely affected regions and avoid normally appearing segments. This may falsely underestimate an
overall histological inflammatory severity and negatively affect some scoring indices such as GHAS,
which includes the number of affected regions into a final score.

Assessment of the disease activity in pediatric IBD

A Histopathological scoring index primarily designated for the pediatric population has not been
established. Adult indices are used instead, but their feasibility for children is not self-evident. Studies
aiming at the predictive value of histology in pediatric IBD are still limited in number. A few years ago,
our group performed a retrospective analysis of 63 children with CD[64]. The microscopic severity of
the inflammation at the time of diagnosis assessed by GHAS showed moderate correlation with
endoscopic activity evaluated by Simple Endoscopic Score for Crohn's Disease (r = 0.48, P = 0.0001), no
correlation with clinical activity of the disease, and had no predictive value for the development of
defined complications [bowel stricture, intraabdominal or perianal abscess or fistula, initiation of anti-
tumor necrosis factor (anti-TNF) therapy] during at least one year of follow-up. On the other hand,
endoscopic activity appeared to be a predictor of the complications (HR 3.20, IQR 1.04-4.91, P = 0.037).
With regards to pediatric UC, our recently conducted retrospective study[65] including 49 children with
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UC showed that microscopic activity of the inflammation assessed by NHI and GS had no predictive
value for complications development (acute severe colitis, need of colectomy, initiation of anti-TNF
therapy, initiation of systemic 5-aminosalicylic therapy and systemic corticosteroid use). By contrast,
levels of fecal calprotectin (FCPT) and clinical activity of the disease assessed by Pediatric Ulcerative
Colitis Activity Index (PUCAI) showed to be independent predictors of the systemic 5-aminosalicylic
acid induction (FCPT: HR 2.42, IQR 1.042-5.631, P = 0.040; PUCAL: HR 2.98, IQR 1.011-8.787, P = 0.048)
and systemic corticosteroid use (FCPT: HR 2.517, IQR 1.115-5.681, P = 0.026; PUCAI: HR 2.98, IQR 1.011-
8.787, P = 0.048).

ARE WE ASKING THE RIGHT QUESTION?

Histological activity in IBD is defined by the presence of neutrophils. Hence, strictly speaking, the
histological index of the disease activity should be based on the extent of neutrophilic infiltration, their
localization (lamina propria, superficial epithelium, cryptitis, crypt abscesses), and the presence of
mucosal defects. Grading of the microscopic disease activity thus seems to be apparently straight-
forward. However, such grading per se is of no use if it does not provide any additional value to other
means of disease activity assessment such as endoscopy or non-invasive biomarkers. There is thus a
fundamental question about whether histological appearance is predictive of subsequent clinical
outcomes. As mentioned before, the bulk of evidence suggests that persisting microscopic activity of the
disease harbors an increased risk of development of complications. However, disease activity is not the
only microscopic variable associated with an adverse clinical course. Other microscopic features such as
basal plasmacytosis or granulomas have proven prognostic value. According to Johnson et al[66], the
presence of granulomas was associated with increased serum levels of C-reactive protein, higher rates of
stricturing and penetrating disease, higher rates of steroid, immunomodulators, biological therapy and
narcotic use and higher healthcare utilization. With regards to basal plasmacytosis, the aforementioned
meta-analysis by Gupta et al[8] demonstrated its predictive value for clinical recurrence in UC patients
in endoscopic remission, as well. However, these features represent signs of chronicity rather than
activity. Apart from that, there is still unresolved issue regarding the contribution of eosinophils,
macrophages and other inflammatory cell types. Therefore, it seems to be more convenient to search for
a suitable combination of microscopic features, providing the most accurate prediction for the
subsequent clinical course of the disease, with a presence of neutrophils as a sign of the disease activity
among the assessed variables. Apropos, the very presence of both chronic lymphoplasmacytic and
active neutrophilic inflammatory infiltrate in one scoring index of disease activity may not properly
reflect the biology of the process. In a majority of the scoring indices, the presence of isolated chronic
inflammatory infiltrate is considered a lower grade of the inflammatory activity, aggravating with the
increasing presence of neutrophils and eventually with the appearance of mucosal defects. But the
lymphoplasmacytic infiltrate reflects rather chronicity of the process than its activity and these two
variables don’t necessarily represent a continuum. Such a hypothesis was taken into consideration in the
recently established scoring index called Inflammatory Bowel Disease-Distribution, Chronicity, Activity
(IBD-DCA) score (Table 6)[67]. The score was proposed at Erlangen International Consensus Conference
and consists of three parameters - Distribution (D), Chronicity (C) and, Activity (A), which are assessed
in this order. Distribution determines the overall extent of the disease, independently of the presence or
absence of the activity. Chronicity is represented by the disrupted mucosal architecture, presence of
basal plasmacytosis and increased lymphoplasmacytic infiltration in lamina propria. Activity is marked
by the presence of neutrophils. The score thus represents not only a scoring index of the histopatho-
logical inflammatory activity, but provides information about the overall microscopic severity of the
disease. According to the recent evidence[68], it showed moderate inter-rater reliability for parameter D
(median intraclass correlation coefficient 0.645), poor to moderate for parameter C (0.568), and moderate
to good for parameter A (0.748) for UC and moderate to good for parameter D and A (0.655 and 0.644
respectively) and poor for parameter C (0.303) for CD. The intra-rater agreement was moderate to
excellent for D and C parameters (0.894 and 0.798 respectively) and good to excellent for A (0.909)
parameter for UC, whilst CD showed moderate to excellent agreement for parameter D (0.854), poor to
excellent for parameter C (0.714) and good to excellent for parameter A (0.888). There is a moderate
correlation with NHI and Simplified GS. The unique feature of the score is its versatility, which means
that it can be used for both CD and UC, as well as for IBDU, which represents 5%-15% of both adult and
pediatric IBD[69-71] and in some cases becomes a definite diagnosis. By this, the score questions the
necessity of separate scoring indices for CD and UC. Both diseases share a similar pattern of inflam-
matory activity and the inferior utility of scoring indices for CD stems rather from the segmental and
transmural nature of the disease that from inappropriate assessment of its histological activity. Such a
hypothesis is also supported by several studies. In the aforementioned study of Kirchgesner et al[36]
assessing a predictive value of histology for the development of colorectal cancer, the authors used NHI
to evaluate microscopic disease severity for the whole IBD cohort. In both UC and CD, the grade of the
NHI correlated with the risk of cancer development. In the study by Lowenberg et al[72], the authors
evaluated the ability of vedolizumab to induce endoscopic and histological remission in patients with
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Table 6 Inflammatory Bowel Disease-Distribution, Chronicity, Activity score

Histopathological
variable

Grade

Distribution

Chronicity

Activity

0 =Normal; 1 =<50% of tissue affected per same biopsy site; 2 = > 50% of tissue affected per same biopsy

0 = Normal; 1 = Crypt distortion and/or mild lymphoplasmacytosis; 2 = Marked lymphoplasmacytosis and/or basal
plasmacytosis

0 = Normal; 1 = Two or more neutrophils in lamina propria in one high-power field and/or any presence of intraepithelial
neutrophils; 2 = Crypt abscesses, erosions, ulcers

Each variable is scored independently.
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CD and the microscopic disease activity in the study was assessed by RHI. Using UC scoring indices for
CD patients is suggested also by the recent expert consensus panel[53].

STILL FAR FROM THE HISTOLOGICAL REMISSION

Although achieving deeper mucosal healing is presumably associated with improved clinical course, it
is far from synonymous with histological remission. However, establishing its proper definition remains
challenging. In previous studies, the definition varied from the absence of active inflammation to the
complete normalization of bowel mucosa. A recent position paper from ECCO defines histological
remission as a "return to normal". Cessation of the microscopic activity undoubtedly correlates with a
lower percentage of future complications. But even a mucosa without a presence of neutrophils may
display increased chronic lymphoplasmacytic infiltration or architectonic changes that may aggravate
the clinical course of the disease. Returning to the meta-analysis by Gupta et al[8] once more, their
analysis showed that disrupted mucosal architecture was one of the features independently predicting
the disease recurrence (OR 2.22). On the other hand, strict adherence to the histological normalization of
the mucosa in each patient in endoscopic and clinical remission could lead to an unreasonable burden of
aggressive therapy including all possible side effects. More studies need to be performed until a proper
degree of histological normalization with an appropriate cost-benefit ratio will be established. One way
or another, a complex histopathological scoring index assessing not only a disease activity but rather an
overall microscopical severity seems to be necessary before we finally reach a standardized definition of
the histological remission in IBD.

CONCLUSION

A proper assessment of the histological disease activity in IBD represents an essential component of the
overall disease severity evaluation and provides important data for the subsequent clinical management
of the patients. Many histopathological scoring indices exists, especially for UC, and they seem to be
useful tools for the proper objectivization of the microscopic activity. However, their broader validation,
subsequent implementation in routine bioptic practice and establishing the universally accepted
definition of the histological remission are necessary before we could recognize the absence of the
microscopic activity as the primary therapeutic target in IBD.
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Abstract

BACKGROUND

Magnetic compression anastomosis (MCA) is a novel suture-free reconstruction of
the digestive tract. It has been used in gastrointestinal anastomosis, jejunal
anastomosis, cholangioenteric anastomosis and so on. The traditional operative
outcomes of congenital esophageal atresia and benign esophageal stricture are
poor, and there are too many complications postoperatively.

AIM
To test MCA technology to reconstruct the esophagus in dogs, prior to studying
the feasibility and safety of MCA in humans.

METHODS

Thirty-six dogs were randomized into either the study or control group (n = 18
per group). The dogs in the study group were subjected to end-to-end esophageal
anastomosis with the magnetic compression device, while those in the control
group underwent hand-sewn anastomosis with 4-0 absorbable multifilament
Vicryl. We used interrupted single-layer inverting sutures. The anastomosis time,
gross appearance, weight and pathology of the anastomosis were evaluated at one
month, three months and six months postoperatively.
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RESULTS

The anastomosis time of the MCA group was shorter than that of the hand-sewn group (7.5 + 1.0
min vs 12.5 £ 1.8 min, P < 0.01). In the MCA group, X-ray examination was performed every day to
locate the magnetic device in the esophagus before the magnetic device fell off from the
esophagus. In the hand-sewn group, dogs did not undergo X-ray examination. One month after
the surgeries, the mean weight of the dogs in the hand-sewn group had decreased more than that
of the dogs in the MCA group (11.63 = 0.71 kg vs 12.73 £ 0.80 kg, P < 0.05). At 3 mo and 6 mo after
the operation, the dogs’” weights were similar between the two groups (13.75 + 0.84 kg vs 14.03 +
0.82 kg, 14.93 + 0.80 kg vs 15.44 + 0.47 kg). The number of inflammatory cells in MCA group was
lower than that in hand-sewn group on 1 mo after operation.

CONCLUSION

MCA is an effective and safe method for esophageal reconstruction. The anastomosis time of the
MCA group was less than that of the hand-sewn group. This study shows that MCA technology
may be applied to human esophageal reconstruction, provided these favorable results are
confirmed by more publications.

Key Words: Magnetic; Anastomosis; Esophagus; Reconstruction; Hand sewn; Dog

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We used magnetic compression anastomosis (MCA) technology to reconstruct the esophagus.
The anastomosis time of the MCA group was shorter than that of the hand-sewn group (7.5 = 1.0 min vs
12.5 £ 1.8 min, P < 0.01). One month after the surgeries, the mean weight of the dogs in the hand-sewn
group had decreased more than that of the dogs in the MCA group (11.63 + 0.71 kg vs 12.73 + 0.80 kg, P
< 0.05). At 3 mo and 6 mo after the operation, the dogs’ weights were similar between the two groups.
MCA is an effective and safe method for esophageal reconstruction. This study shows that MCA
technology may be applied to human esophageal reconstruction, provided these favorable results are
confirmed by more publications.

Citation: Xu XH, Lv Y, Liu SQ, Cui XH, Suo RY. Esophageal magnetic compression anastomosis in dogs. World J
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INTRODUCTION

Esophageal atresia (EA) is a serious and fatal gastrointestinal developmental malformation in the
neonatal period. It has a worldwide prevalence of 2.4 to 3.8 per 10000 newborns[1-4]. Because of the
development of surgical and good neonatal intensive care, the survival is about 90% in those born with
EA with severe associated anomalies and is even higher in those born with EA alone[5]. However, the
postoperative complications of traditional hand-sewn anastomosis are numerous, and the therapeutic
effect is not good. The primary complications during the postoperative period are leakage (incidence
15%-20%), stenosis of the anastomosis (30%-40%), gastroesophageal reflux (40%-65%), esophageal
dysmotility, fistula recurrence, scoliosis, deformities of the thoracic wall and respiratory disorders[6-8].
After surgery, children suffer from various complications, which seriously affect their development and
quality of life.

Magnetic compression anastomosis (MCA) is a novel suture-free reconstruction of the digestive tract.
Since Kanshin et al[9] reported using a magnetic device to anastomose gastroduodenal and cecojejunal
in dogs in 1978, there have been many reports of this technique using animal experiments and regarding
its clinical applications. At present, clinically, it has been used in gastrointestinal anastomosis[10,11],
jejunal anastomosis[12,13], cholangioenteric anastomosis[14-16] and so on. Fourteen patients underwent
MCA for gastrointestinal anastomosis, and the technical success of MCA was achieved in 100% of the
cases. Two patients underwent anastomotic restenosis, and 1 patient had an anastomotic perforation
due to balloon dilatation to prevent restenosis. Fifteen patients underwent MCA for jejunal anastomosis,
of which five patients had severe systemic disease and underwent complex open urinary reconstruction
procedures. The device was successfully placed and effectively formed a side-to-side, functional end-to-
end jejunal anastomosis. Forty-seven patients underwent MCA for cholangioenteric anastomosis.
Thirty-eight patients had a malignant primary disease, while nine had benign disease. With a median
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follow-up of 547.5 d (range 223-1042 d), no patients had biliary fistula, while two developed
anastomotic stricture at 4 mo and 14 mo after surgery. Magnetic materials have noncontact suction
characteristics that will greatly simplify the process of gastrointestinal anastomosis, especially in the
case of gastrointestinal stenosis or atresia. Recently, Kamada et al[10] reported that MCA without
general anesthesia is a valuable alternative to surgery for gastrointestinal obstruction. Some patients
with biliary obstruction are not eligible for conventional endoscopic procedures or are unsuitable for
surgery. The MCA technique is an available method for performing choledochocholedochostomy and
choledochoenterostomy interventionally[16]. The mean age of the patients in these two reports was
above 60 years. Therefore, MCA technology can be designed as a minimally invasive technique and is
tolerated by elderly patients.

Because of the many complications of traditional operations and the ability to obtain minimally
invasive surgery by MCA, MCA could be a superior method to treat congenital EA. There have been
several clinical reports on esophageal reconstruction using MCA[17-19]. Muensterer et al[17] reported
that they used esophageal MCA for staged EA repair in 3 patients (Gross type A, B, and C) at high risk
for conventional surgical repair. Surgeries were all successful, and there were no perioperative complic-
ations. Liu et al[18] reported that two patients who had severe stricture after simultaneous EA and
duodenal obstruction repair underwent magnetic compression stricturoplasty. Magnetic compression
stricturoplasty successfully established the patency of the esophagus in these two patients with
refractory EA stricture. These two cases required multiple additional procedures, but durable
esophageal patency with absence of dysphagia was achieved at 15 or 10 mo after magnetic compression
stricturoplasty. Dorman ef al[19] reported a case in which EA was repaired with a proximal fistula using
endoscopic MCA after staged lengthening. Magnetic coupling occurred at 4 d, and after magnet
removal at 13 d, an esophagram demonstrated a 10 French channel without leakage. A series of studies
on MCA technology have been carried out in our laboratory. The technology has been used in
choledochojejunostomy, rectovaginal fistula repair, laparoscopic pancreatoduodenectomy (LPD) and
liver transplantation. Twenty-six mongrel dogs underwent choledochojejunostomy magnamosis with
different magnetic pressure magnets. The surgical procedures were all successful[20]. There was a
comparative study with 12 pigs for rectovaginal fistula repair. Eight animals were in the MCA group,
and four animals were in the hand-sewn group. The rectovaginal fistula site was smooth, and healing
was complete. This technology was used in one case clinically and achieved success[21]. Seven patients
received MCA technology in LPD. LPD was successfully completed in all seven patients, of which seven
underwent laparoscopic magnetic compression choledochojejunostomy and two received laparoscopic
magnetic compression pancreatojejunostomy. No leakages were observed after the operation. After a
median follow-up period of 11 mo (range 4-18 mo), there was no incidence of anastomotic stricture[22].
We also used MCA to reconstruct vessels in liver transplantation. In pig liver transplantation, we used
MCA to reconstruct the suprahepatic vena cava, infrahepatic vena cava and portal vein. They were all
successful, and the pig lived for over one month[23]. Currently, we want to use MCA technology to treat
EA, but there is a paucity of published research data and animal studies. Therefore, the purpose of this
study was to study the difference between MCA and hand-sewn anastomosis of the esophagus in dogs.

MATERIALS AND METHODS

Animals

The protocol of the animal study was reviewed and approved by the committee for Ethics of Animal
Experiments of Xi'an Jiaotong University (No. XJTULAC2020-1441). Thirty-six mongrel dogs (male =18,
female = 18) with body weights of 10-15 kg were provided by the Laboratory Animal Center of Xi’an
Jiaotong University. Dogs were acclimatized to laboratory conditions (23 °C, ad libitum access to food
and water) for 2 wk prior to experimentation. In this study, we selected mongrel dogs because the
esophagus in the neck is long enough for reconstruction. This purpose is to avoid performing surgery in
the thoracic cavity and to improve the survival rate.

Study design

Thirty-six dogs were randomized into either the MCA group or the hand-sewn group, n = 18 per group,
with the same male to female ratio. The dogs in the MCA group were subjected to end-to-end
esophageal anastomosis with the magnetic device, while those in the hand-sewn group underwent
hand-sewn anastomosis with 4-0 absorbable multifilament Vicryl. We used interrupted single-layer
sutures. In both groups, there was no surgical left in place. Postoperative complications and weight
were observed. The anastomosis time, gross appearance and pathology of the anastomoses were
evaluated at one month, three months and six months after the operation.

Magnetic anastomosis device

The magnetic anastomosis device used in the study possessed a parent magnetic ring (PMR) and
daughter magnetic ring (DMR), which were made of rare earth neodymium iron boron (NdFeB, N40)
and plated with nickel from Northwest Institute for Nonferrous Metal Research, Xi’an, China. A special
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Figure 1 Surgical procedures of magnetic compress esophagus anastomosis. A: Transecting the esophagus at the diseased region; B: Placing the
parent magnetic ring (PMR) and daughter magnetic ring (DMR) on the upper and lower ends of esophagus; C: The PMR and DMR attract each other and create the
anastomosis, and the esophagus reconstruction is complete, the dispositive allows food passage; D: The magnetic devices fall off the esophagus into the stomach,
and the esophagus lumen is completely open.

1y o~

DbI: 10.3748/wjg.v28.i36.5313 Copyright The Author(s) 2022.

Figure 2 The magnetic device and the appearance on X-ray, the esophageal anastomosis of magnetic compression anastomosis and
hand-sewn suture. A: The magnetic device, composed of two magnetic rings and one special catheter; B: The magnetic ring position on X-ray postoperatively,

and the anastomosis face is smooth; C: Using the magnetic compression anastomosis technology to finish the esophageal anastomosis; D: The anastomosis by
hand-sewn suture.

drainage tube was placed between the PMR and DMR, and both the PMR and DMR had outer
diameters of 20 mm, inner diameters of 14 mm, and thicknesses of 2 mm. The magnetic force between
the PMR and DMR is 30 Newton at zero distance with a magnetic density of 8000 GS.

Surgical procedures

The dogs were first anesthetized with an intraperitoneal injection of 30 mg/kg pentobarbital sodium
solution. The dogs were anesthetized and then placed in the right lateral position on a temperature-
controlled operating table with their cervical region shaved and sterilized. The experimental process is
shown in Figure 1. A 5 cm incision was made along the anterior edge of the sternocleidomastoid muscle
in the neck. Then, the muscle was separated layer by layer, and a 3 cm long portion of the esophagus
was found. Next, the esophagus was transected.

In the MCA group, the PMR and DMR were placed in the upper and lower esophagus, respectively,
after transecting the esophagus (Figure 1A). The magnetic anastomosis device was shown in Figure 2A.
The upper and lower ends of the esophageal anastomosis were sutured with 4-0 silk thread and
tightened to the position of the special drainage tube. Under the action of attraction, the magnetic rings
at both ends are attracted to each other automatically and press the anastomotic tissue together, and the
esophageal anastomosis is then completed (Figure 2C). When the anastomotic tissue is necrotic and falls
off, the magnetic device is discharged into the stomach with the digesta and is discharged out of the
body. In the control group, the operation was the same as that in the study group, except that end-to-
end anastomosis was performed with 4-0 absorbable sutures (Figure 2D).

Postoperative care

An X-ray (Perlove Medical Equipment incorporated company, Nanjing, China) was performed on the
dogs in the study group to confirm the target location and precise mating of the magnetic compression
rings (Figure 2B). X-ray was performed every day before the magnets fell off the esophagus. Postoper-
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Figure 3 The analysis about anastomosis time, weight changes, the time of the magnetic device fell and the number of inflammatory cells
between two groups. A: The anastomosis time of the magnetic compression anastomosis group and hand-sewn group. There were 18 dogs in each group; B:
The dogs were weighed at 1 mo, and every group contained 6 dogs. There was a significant difference between the two groups; C: The time when the magnetic
device had fallen into the stomach of 18 dogs; D-F: The number of inflammatory cells respectively at 1 mo, 3 mo and 6 mo. MCA: Magnetic compression

anastomosis.
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atively, every dog was kept in a cage. After the surgery, the dogs in the two groups were fasted for two
days and then started on enteral nutrition. However, in the hand-sewn group, dogs generally showed
poor appetite and even refused to eat. They started enteral nutrition at 4 d, 5 d, or even longer. During
this period, we can only keep them alive with parenteral nutrition. The dogs in the MCA group started
enteral nutrition earlier than those in the hand-sewn group. All dogs in both groups were given
cefazolin sodium intramuscularly for 3 d postoperatively to prevent infection. Intramuscular injection
(0.5 g) was administered twice a day. After a week, dogs were given enteral nutrition, a liquid diet, a
semiliquid diet, and a normal diet according to their recovery. Six dogs were randomly selected in each
group at 1 mo, 3 mo and 6 mo after the operation. They were weighed and intravenously injected with
an overdose of anesthetic.

Specimen collection and histological analysis

All anastomosis segments with a sufficient length were harvested. The anastomotic stoma was found
and severed 2 cm above and below the anastomosis. The gross information was observed, and all
samples were immersed in 10% buffered formalin overnight. The samples were embedded in paraffin
after fixation. Four-micrometer-thick sections were cut at the anastomosis site. Sections were stained
with hematoxylin and eosin and Masson’s trichrome dye. Then, we observed the changes in the tissue
and cells under a light microscope.

Statistical analysis

Data were analyzed using GraphPad Prism v8 software (GraphPad, La Jolla, CA, United States).
Quantitative data are expressed as the mean + SD, and differences between the two groups were
analyzed with the independent samples t test. The anastomosis time and weight data conformed to a
normal distribution and homogeneity of variance. Statistical significance was set at P < 0.05.

RESULTS

Procedural parameters

Anastomosis was successfully created in all dogs. The anastomosis time of the MCA group was shorter
than that of the hand-sewn group (7.5 £ 1.0 vs 12.5 + 1.8, P < 0.01) (Figure 3A). X-ray examinations
showed that the esophagi were all unobstructed and that the contrast agent could pass through the
anastomosis in the MCA group. All dogs survived. There was one dog in the hand-sewn group and one
dog in the MCA group with stenosis after the operation. These were found when we obtained
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Figure 4 Gross appearance of the anastomosis in magnetic compression anastomosis and hand-sewn group. A: The tissue of magnetic
compression anastomosis (MCA) group is thin at 1 mo, but the mucous membrane is intact; B: Anastomotic tissue of the MCA group at 3 mo; C: At 6 mo, the tissue
becomes smooth and flat in the MCA group. There is little difference from normal tissue; D: The tissue of the hand-sewn anastomotic stoma is incomplete, and the
mucous membrane has a small pinhole at 1 mo, which was caused by the suture needle. Red arrow indicates; E: Anastomotic tissue of the hand-sewn group at 3 mo;
F: Anastomotic tissue of the hand-sewn group at 6 mo.
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anastomotic stoma tissue. We observed one dog in the hand-sewn group who suddenly refused to eat,
and the incision skin was red, swollen and purulent 8 d after the operation. We performed surgical
exploration and performed a second esophageal reconstruction.

Expulsion time of the magnetic compression rings and weight changes

We observed how long the magnetic rings took to fall off into the stomach. The mean time was 8.3 2.7
d (range 3-15 d) (Figure 3C). The weights of dogs in the MCA group (13.87 + 0.63 kg) and the hand-sewn
group (13.98 * 0.80 kg) were similar at the beginning of the experiment. The difference in weight
between the two groups was not statistically significant. However, the weights decreased more in the
hand-sewn group than in the MCA group 1 mo after the operation. The mean weight of the MCA group
was 12.73 + 0.80 kg, while the mean weight of the hand-sewn group was 11.63 + 0.71 kg, P < 0.05. At 3
mo and 6 mo after the operation, the dog weights were similar between the two groups (13.75 + 0.84 kg
vs 14.03 £ 0.82 kg, 14.93 * 0.80 kg vs 15.44 + 0.47 kg).

Gross appearance of the anastomosis

The esophagi grew well, and there were no ulcerations or fistulas. The mucosa layers were intact.
However, the anastomotic stomas were slightly thinner than the peripheral tissue at 1 mo. We could see
that the muscle layer tissues were not completely covered. In the hand-sewn anastomosis group, the
suture plots were still visible 1 mo after the operation (Figure 4D). With the passage of time, the
submucosa and muscle layers were gradually covered, and the anastomoses became increasingly
smooth and flat. However, at 1 mo, 3 mo and 6 mo, the anastomoses of the MCA group were smoother
than those of the hand-sewn group.

Histological appearance of the anastomosis

Light microscopy showed that the anastomotic mucosa of the MCA group had grown well during the
first month after surgery, while the submucosal and muscular layers were still fractured (Figure 5A).
Three months after the operation, the submucosal and muscular layers had completely covered the
anastomoses, and the anastomotic tissue was similar to the normal esophageal tissue under light
microscopy (Figure 5C). In the hand-sewn group, the mucosa was continuous one month after surgery,

WIJG | https://www.wjgnet.com 5318 September 28,2022 | Volume28 | Issue36 |



Xu XH et al. MCA esophagus reconstruction in dogs

1 500 pm!
DOI: 10.3748/wjg.v28.i36.5313 Copyright ©The Author(s) 2022.

Figure 5 Hematoxylin and eosin dye of the anastomotic tissue in magnetic compression anastomosis and hand-sewn group. Each image
consists of two parts, one with a 2 x objective view and the other with a 40 x objective view. A: The anastomotic tissue of the magnetic compression anastomosis
(MCA) group at 1 mo. The mucous membrane was intact, but the muscularis was separated; B: The anastomotic tissue of the hand-sewn group at 1 mo. There were
more inflammatory cells in the tissue of the hand-sewn group than that of the MCA group; C: The anastomotic tissue of the MCA group at 3 mo. The muscularis
became continuous; D: The anastomotic tissue of the hand-sewn group at 3 mo; E: The anastomotic tissue of the MCA group at 6 mo; F: The anastomotic tissue of
the hand-sewn group at 6 mo.
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but the submucosa and muscle layers were still broken, similar to the findings in the MCA group at one
month (Figure 5B). At 3 mo postoperatively, the anastomotic site was covered by the submucosa and
muscularis (Figure 5D). The number of inflammatory cells in the hand-sewn group was greater than
that in the MCA group at 1 mo (Figures 5A and B). We counted the number of inflammatory cells in one
high-power field (40 %) in both groups (334 + 37 vs 572 £ 65, P < 0.01). At 3 mo and 6 mo, the number of
inflammatory cells was less than that at 1 mo. Between the two groups, the number of inflammatory
cells was equal at 3 mo and 6 mo (Figures 5C-F). Masson staining showed that the number of collagen
fibers in the hand-sewn group was greater than that in the MCA group. The blue fibers are collagen
fibers (Figures 6A-F).

DISCUSSION

We studied the tissue status of the anastomotic esophagus after esophageal reconstruction by magnetic
anastomosis technology and clarified the safety of MCA surgery. A comparative study was conducted
between magnetic anastomosis and hand-sewn anastomosis for esophageal reconstruction to determine
whether the effects of MCA were superior to those of the hand-sewn method.

By observing gross specimens and tissue sections at different time periods in the MCA and hand-
sewn groups, we found that in both the MCA group and the hand-sewn anastomosis group, the
anastomotic tissues were not completely healed at 1 mo after surgery. The mucosal surface of the two
groups was smooth without ischemia or necrosis, while some submucosa and muscularis were still
missing. After 3 mo, the anastomotic sites of the two groups had healed well, and the mucosal layer,
submucosal layer and muscular layer were continuous. Liquid food is still the main diet in the early
stage to reduce the stimulation of esophageal mucosa and prevent the occurrence of ulcers. Based on the
results of the experiment, we suggest that MCA patients should consume a liquid diet or a semiliquid
diet for at least one month.

The tissue healing of the MCA group was faster and better than that of the hand-sewn group. Six
months after the operation, the specimens of the MCA group were smoother than those in the hand-
sewn group, and a slight amount of scar tissue was observed in the hand-sewn group. There are several
reasons for this. Magnetic anastomosis technology applies the mutual attraction between magnetic rings
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Figure 6 Masson Thrichrome dye staining of the anastomotic tissue in magnetic compression anastomosis and hand-sewn group. Each
image consists of two parts, one with a 2 x objective view and the other with a 40 x objective view. A: The anastomotic tissue of the magnetic compression
anastomosis (MCA) group at 1 mo. The mucous membrane was intact, but the muscularis was separated at 1 mo, and the appearance was similar to that of
hematoxylin and eosin staining; B: The anastomotic tissue of the hand-sewn group at 1 mo. There were more collagenous fibers than that in MCA group; C: The
anastomotic tissue of the MCA group at 3 mo. The muscularis became continuous; D: The anastomotic tissue of the hand-sewn group at 3 mo; E: The anastomotic
tissue of the MCA group at 6 mo; F: The anastomotic tissue of the hand-sewn group at 6 mo.
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to maintain a constant and balanced pressure on the tissues at the anastomosis, resulting in slow
ischemic necrosis of the tissues between the magnetic rings and the growth and healing of the
surrounding tissues. This is a slow process that allows time for esophageal compensation to grow.
Hand-sewn sutures use Vicryl to quickly tighten the tissues at both ends of the esophagus. There is a
certain tension at both ends of the esophagus, which may lead to shearing forces placed on the
esophageal tissue from Vicryl. Second, Vicryl, as an absorbable thread, will exist in the tissue for a long
time as a foreign body, which may cause infection and scar hyperplasia. The suture material could play
an important role in the healing of esophageal anastomosis. Vicryl is an absorbable material, but the
time of absorption is more than 1 mo. During this period, Vicryl may act as a foreign body, leading to
foreign body granuloma or anastomosis edema. Braided sutures are more prone to infection than
monofilament sutures. Vicryl is the braided suture and perhaps in this study Vicryl is not the best
selection.

At six months postoperatively, the magnetic anastomosis group grew slightly better than the hand-
sewn group. Before surgery, the weights of the dogs in both groups were the same. One month after
surgery, the body weight of the hand-sewn group was significantly lower than that of the magnetic
anastomosis group. Three months after surgery, the weights of the dogs were similar in both groups.
This suggests that MCA may contribute to enhanced recovery after esophageal reconstruction. There are
two reasons that may contribute to the enhanced recovery with MCA technology: (1) The magnetic
device has a gap in the middle, through which the liquid can enter the stomach, while it will not contact
the anastomotic tissue. It may relieve pain and reduce the incidence of infection; and (2) The shedding
time of the magnetic device is shorter than the time of the suture being discharged or absorbed by the
tissues. The absorbable time of Vicryl RapideR is approximately 40 d[24], while the magnetic device
discharge time is approximately 8 d. We observed that the dogs in the MCA group could feed earlier
than those in the hand-sewn group. The MCA group of dogs recovered faster and better than the dogs
in the hand-sewn group.

During 6 mo of observation, there was 1 stenosis in the MCA group and 1 stenosis and 1 Leakage in
the hand-sewn group. Because the sample size was small, there was no statistically significant difference
between the two groups. The rate of stenosis and leakage of anastomosis using the traditional hand-
sewn operation is high. This has seriously affected the postoperative growth of children. We hope that
this novel MCA technology can improve EA. The complication rate needs to be verified by more animal
experiments and clinical case reports.
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One clinical report showed that anastomosis was achieved in an average of 6 d (range 3 to 7 d) in 5
patients (age 6 mo to 5.9 years) with severe recurrent postsurgical esophageal stenosis refractory to
dilatation[25]. Another MCA was achieved on day 36[26]. Clinical reports have shown that the
anastomosis time ranges from 3 d to 36 d[26-28]. It involves many factors, such as the age of the child,
type of EA, size of the magnetic ring and field strength of the magnetic device. This will be our next
experimental purpose. Based on a large amount of experimental and clinical data, a model was
established to estimate various parameters of magnetic devices preoperatively.

There are also some limitations of the study. First, our surgery location was on the dog’s neck, not in
the thoracic cavity. This is not consistent with the clinicopathology. The position of EA is generally flush
with the bifurcation of the main bronchus and may have a tracheoesophageal fistula. Second, in this
study, we did not consider the effect of different structural sutures on the anastomosis. Does
monofilament have less effect on anastomotic healing than multifilament? Third, this is a model of
esophageal anastomosis, and not of anastomosis in the setting of an atresia, there are several differences.

CONCLUSION

MCA is an effective and safe method for esophageal reconstruction in dogs. The anastomosis with MCA
is faster than the hand-sewn anastomosis. Postoperatively, some aspects of the recovery of the MCA
group were faster and better than those of the hand-sewn group. We provide some information useful
for the future clinical application of the device in selected cases.

ARTICLE HIGHLIGHTS

Research background

Magnetic compression anastomosis (MCA) is a novel suture-free reconstruction of the digestive tract. It
has been used in gastrointestinal anastomosis, jejunal anastomosis, cholangioenteric anastomosis and so
on. The traditional operative outcomes of congenital esophageal atresia and benign esophageal stricture
are poor, and there are too many complications postoperatively.

Research motivation
There are several case reports of using MCA to treat esophageal stenosis. However, systematic animal
experimental studies are scarce. This has restricted further clinical application of MCA.

Research objectives
This study was conducted to demonstrate the feasibility and safety of MCA for esophageal
reconstruction and studied the difference between MCA and hand-sewn esophageal reconstruction.

Research methods

Thirty-six dogs were randomized into either the study or control group (n = 18 per group). The dogs in
the study group were subjected to end-to-end esophageal anastomosis with the magnetic compression
device, while those in the control group underwent hand-sewn anastomosis with 4-0 absorbable
multifilament Vicryl. We used interrupted single-layer sutures. The anastomosis time, gross appearance,
weight and pathology of the anastomosis were evaluated at one month, three months and six months
postoperatively.

Research results

The anastomosis time of the MCA group was shorter than that of the hand-sewn group (7.5 + 1.0 min vs
12.5 £ 1.8 min, P < 0.01). One month after the surgeries, the mean weight of the dogs in the hand-sewn
group had decreased more than that of the dogs in the MCA group (11.63 £ 0.71 kg vs 12.73 + 0.80 kg, P
< 0.05). At 3 mo and 6 mo after the operation, the dogs” weights were similar between the two groups
(13.75 £ 0.84 kg vs 14.03 + 0.82 kg, 14.93 + 0.80 kg vs 15.44 + 0.47 kg). Under an optical microscope, the
number of inflammatory cells in MCA group was lower than that in hand-sewn group on 1 mo after
operation.

Research conclusions

MCA is an effective and safe method for esophageal reconstruction. The anastomosis time of the MCA
was less than that of the hand-sewn group. This study shows that MCA technology may be applied to
human esophageal reconstruction, provided these favorable results are confirmed by more publications.

Research perspectives
MCA for esophageal reconstruction in the thoracic cavity needs to be tested, and further clinical trials
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are needed to test its safety and guide its clinical application.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the Laboratory Animal Center of Xi’an Jiaotong University for
skillful technical assistance.

FOOTNOTES

Author contributions: Xu XH, Liu SQ, Lv Y designed and coordinated the study; Xu XH, Liu SQ, Cui XH and Suo RY
performed the experiments and acquired and analyzed the data; XH Xu and Lv Y wrote the manuscript; and all
authors approved the final version of the article.

Supported by the National Natural Science Foundation of China, No. 82170676; and Natural Science Foundation of
Shaanxi Provincial Key Industries Innovation Chain (Cluster)-Social Development Project, No. 2020ZDLSF02-03.

Institutional animal care and use committee statement: All experimental protocols were approved by the Committee
on the Ethics of Animal Experiments of Xi'an Jiaotong University (Permit Number: XJTULAC2020-1441).

Conflict-of-interest statement: All the authors report no relevant conflicts of interest for this article.
Data sharing statement: No additional data are available.

ARRIVE guidelines statement: The authors read the ARRIVE guidelines, and the manuscript was prepared and
revised according to the ARRIVE guidelines.

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: Xiang-Hua Xu 0000-0001-6144-3938; Yi Lv 0000-0003-3636-6664; Shi-Qi Liu 0000-0002-2274-7880; Xiao-
Hai Cui 0000-0002-7856-7117; Rui-Yang Suo 0000-0003-3622-958X.

S-Editor: Wang JJ
L-Editor: A
P-Editor: Wang JJ

REFERENCES

1 Comella A, Tan Tanny SP, Hutson JM, Omari TI, Teague WJ, Nataraja RM, King SK. Esophageal morbidity in patients
following repair of esophageal atresia: A systematic review. J Pediatr Surg 2021; 56: 1555-1563 [PMID: 33051081 DOI:
10.1016/j.jpedsurg.2020.09.010]

2 Nassar N, Leoncini E, Amar E, Arteaga-Vazquez J, Bakker MK, Bower C, Canfield MA, Castilla EE, Cocchi G, Correa A,
Csaky-Szunyogh M, Feldkamp ML, Khoshnood B, Landau D, Lelong N, Lopez-Camelo JS, Lowry RB, McDonnell R,
Merlob P, Métneki J, Morgan M, Mutchinick OM, Palmer MN, Rissmann A, Siffel C, Sipek A, Szabova E, Tucker D,
Mastroiacovo P. Prevalence of esophageal atresia among 18 international birth defects surveillance programs. Birth Defects
Res A Clin Mol Teratol 2012; 94: 893-899 [PMID: 22945024 DOI: 10.1002/bdra.23067]

3 Oddsberg J, Lu Y, Lagergren J. Aspects of esophageal atresia in a population-based setting: incidence, mortality, and
cancer risk. Pediatr Surg Int 2012; 28: 249-257 [PMID: 22020495 DOI: 10.1007/s00383-011-3014-1]

4 Pedersen RN, Calzolari E, Husby S, Garne E; EUROCAT Working group. Oesophageal atresia: prevalence, prenatal
diagnosis and associated anomalies in 23 European regions. Arch Dis Child 2012; 97: 227-232 [PMID: 22247246 DOI:
10.1136/archdischild-2011-300597]

5 Smith N. Oesophageal atresia and tracheo-oesophageal fistula. Early Hum Dev 2014; 90: 947-950 [PMID: 25448787 DOI:
10.1016/j.earlhumdev.2014.09.012]

6 Pinheiro PF, Simdes e Silva AC, Pereira RM. Current knowledge on esophageal atresia. World J Gastroenterol 2012; 18:
3662-3672 [PMID: 22851858 DOIL: 10.3748/wjg.v18.128.3662]

7  van Lennep M, Singendonk MMJ, Dall'Oglio L, Gottrand F, Krishnan U, Terheggen-Lagro SWJ, Omari TI, Benninga
MA, van Wijk MP. Oesophageal atresia. Nat Rev Dis Primers 2019; 5: 26 [PMID: 31000707 DOI:
10.1038/s41572-019-0077-0]

WJG | https://www.wjgnet.com 5322 September 28,2022 | Volume?28 | Issue36 |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0001-6144-3938
http://orcid.org/0000-0001-6144-3938
http://orcid.org/0000-0003-3636-6664
http://orcid.org/0000-0003-3636-6664
http://orcid.org/0000-0002-2274-7880
http://orcid.org/0000-0002-2274-7880
http://orcid.org/0000-0002-7856-7117
http://orcid.org/0000-0002-7856-7117
http://orcid.org/0000-0003-3622-958X
http://orcid.org/0000-0003-3622-958X
http://www.ncbi.nlm.nih.gov/pubmed/33051081
https://dx.doi.org/10.1016/j.jpedsurg.2020.09.010
http://www.ncbi.nlm.nih.gov/pubmed/22945024
https://dx.doi.org/10.1002/bdra.23067
http://www.ncbi.nlm.nih.gov/pubmed/22020495
https://dx.doi.org/10.1007/s00383-011-3014-1
http://www.ncbi.nlm.nih.gov/pubmed/22247246
https://dx.doi.org/10.1136/archdischild-2011-300597
http://www.ncbi.nlm.nih.gov/pubmed/25448787
https://dx.doi.org/10.1016/j.earlhumdev.2014.09.012
http://www.ncbi.nlm.nih.gov/pubmed/22851858
https://dx.doi.org/10.3748/wjg.v18.i28.3662
http://www.ncbi.nlm.nih.gov/pubmed/31000707
https://dx.doi.org/10.1038/s41572-019-0077-0

Jaishideng®

10

11

12

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Xu XH et al. MCA esophagus reconstruction in dogs

Schmedding A, Wittekindt B, Schloesser R, Hutter M, Rolle U. Outcome of esophageal atresia in Germany. Dis
Esophagus 2021; 34 [PMID: 32995846 DOI: 10.1093/dote/doaa093]

Kanshin NN, Permiakov NK, Dzhalagoniia RA, Nikulin BI, Kuznetsov AA. [Sutureless anastomoses in gastrointestinal
surgery with and without steady magnetic field (experimental study)]. Arkh Patol 1978; 40: 56-61 [PMID: 365148]
Kamada T, Ohdaira H, Takeuchi H, Takahashi J, Ito E, Suzuki N, Narihiro S, Yoshida M, Yamanouchi E, Suzuki Y. New
Technique for Magnetic Compression Anastomosis Without Incision for Gastrointestinal Obstruction. J Am Coll Surg
2021; 232: 170-177.e2 [PMID: 33190786 DOI: 10.1016/j.jamcollsurg.2020.10.012]

Marrache MK, Itani MI, Farha J, Fayad L, Sharara SL, Kalloo AN, Khashab MA, Kumbbhari V. Endoscopic
gastrointestinal anastomosis: a review of established techniques. Gastrointest Endosc 2021; 93: 34-46 [PMID: 32593687
DOI: 10.1016/j.gie.2020.06.057]

Graves CE, Co C, Hsi RS, Kwiat D, Imamura-Ching J, Harrison MR, Stoller ML. Magnetic Compression Anastomosis
(Magnamosis): First-In-Human Trial. J Am Coll Surg 2017, 225: 676-681.el [PMID: 28843832 DOI:
10.1016/j.jamcollsurg.2017.07.1062]

Machytka E, Buzga M, Zonca P, Lautz DB, Ryou M, Simonson DC, Thompson CC. Partial jejunal diversion using an
incisionless magnetic anastomosis system: 1-year interim results in patients with obesity and diabetes. Gastrointest Endosc
2017; 86: 904-912 [PMID: 28716404 DOI: 10.1016/j.gie.2017.07.009]

Liu XM, Li Y, Xiang JX, Ma F, Lu Q, Guo YG, Yan XP, Wang B, Zhang XF, Lv Y. Magnetic compression anastomosis
for biliojejunostomy and pancreaticojejunostomy in Whipple's procedure: An initial clinical study. J Gastroenterol Hepatol
2019; 34: 589-594 [PMID: 30278106 DOI: 10.1111/jgh.14500]

Liu XM, Yan XP, Zhang HK, Ma F, Guo YG, Fan C, Wang SP, Shi AH, Wang B, Wang HH, Li JH, Zhang XG, Wu R,
Zhang XF, Lv Y. Magnetic Anastomosis for Biliojejunostomy: First Prospective Clinical Trial. World J Surg 2018; 42:
4039-4045 [PMID: 29947988 DOI: 10.1007/s00268-018-4710-y]

Ttoi T, Kasuya K, Sofuni A, Itokawa F, Tsuchiya T, Kurihara T, Ikeuchi N, Takeuchi M, Nagano T, Iwamoto H,
Yamanouchi E, Shimazu M, Tsuchida A. Magnetic compression anastomosis for biliary obstruction: review and experience
at Tokyo Medical University Hospital. J Hepatobiliary Pancreat Sci 2011; 18: 357-365 [PMID: 21127913 DOI:
10.1007/s00534-010-0350-9]

Muensterer OJ, Evans LL, Sterlin A, Sahlabadi M, Aribindi V, Lindner A, Konig T, Harrison MR. Novel Device for
Endoluminal Esophageal Atresia Repair: First-in-Human Experience. Pediatrics 2021; 148 [PMID: 34615695 DOI:
10.1542/peds.2020-049627]

Liu S, Fang Y, Lv Y, Zhao J, Luo R, Cheng J, Yang H, Zhang A, Shen Y, Jiang N. Magnetic compression stricturoplasty in
patients with severe stricture after simultaneous esophageal atresia and duodenal obstruction repair: A case report. Exp Ther
Med 2022; 23: 93 [PMID: 34976135 DOI: 10.3892/etm.2021.11016]

Dorman RM, Vali K, Harmon CM, Zaritzky M, Bass KD. Repair of esophageal atresia with proximal fistula using
endoscopic magnetic compression anastomosis (magnamosis) after staged lengthening. Pediatr Surg Int 2016; 32: 525-528
[PMID: 27012861 DOI: 10.1007/s00383-016-3889-y]

Xue F, Guo HC, Li JP, Lu JW, Wang HH, Ma F, Liu YX, Lv Y. Choledochojejunostomy with an innovative magnetic
compressive anastomosis: How to determine optimal pressure? World J Gastroenterol 2016; 22: 2326-2335 [PMID:
26900294 DOI: 10.3748/wjg.v22.i7.2326]

She ZF, Yan XP, Ma F, Wang HH, Yang H, Shi AH, Wang L, Qi X, Xiao B, Zou YL, Lv Y. Treatment of rectovaginal
fistula by magnetic compression. Int Urogynecol J 2017; 28: 241-247 [PMID: 27530520 DOI:
10.1007/s00192-016-3097-2]

LiY, Liu XM, Zhang HK, Zhang XF, Tang B, Ma F, Lv Y. Magnetic Compression Anastomosis in Laparoscopic
Pancreatoduodenectomy: A Preliminary Study. J Surg Res 2021; 258: 162-169 [PMID: 33011447 DOI:
10.1016/j.js5.2020.08.044]

Liu K, Yang H, Huang G, Shi A, Lu Q, Wang S, Qiao W, Wang H, Ke M, Ding H, Li T, Zhang Y, Yu J, Ren B, Wang R,
Wang K, Feng H, Suo Z, Tang J, Lv Y. Adhesive anastomosis for organ transplantation. Bioact Mater 2022; 13: 260-268
[PMID: 35224307 DOI: 10.1016/j.bioactmat.2021.11.003]

Al-Qattan MM. Vicryl Rapide versus Vicryl suture in skin closure of the hand in children: a randomized prospective
study. J Hand Surg Br 2005; 30: 90-91 [PMID: 15620501 DOI: 10.1016/j.jhsb.2004.08.005]

Zaritzky M, Ben R, Johnston K. Magnetic gastrointestinal anastomosis in pediatric patients. J Pediatr Surg 2014; 49:
1131-1137 [PMID: 24952802 DOL: 10.1016/j.jpedsurg.2013.11.002]

Liu SQ, Lv Y, Fang Y, Luo RX, Zhao JR, Luo RG, Li YM, Zhang J, Zhang PF, Guo JZ, Li QH, Han MX. Magnetic
compression for anastomosis in treating an infant born with long-gap oesophageal atresia: A case report. Medicine
(Baltimore) 2020; 99: €22472 [PMID: 33080683 DOI: 10.1097/MD.0000000000022472]

Slater BJ, Borobia P, Lovvorn HN, Raees MA, Bass KD, Almond S, Hoover JD, Kumar T, Zaritzky M. Use of Magnets as
a Minimally Invasive Approach for Anastomosis in Esophageal Atresia: Long-Term Outcomes. J Laparoendosc Adv Surg
Tech A 2019; 29: 1202-1206 [PMID: 31524560 DOI: 10.1089/1ap.2019.0199]

Woo R, Wong CM, Trimble Z, Puapong D, Koehler S, Miller S, Johnson S. Magnetic Compression Stricturoplasty For
Treatment of Refractory Esophageal Strictures in Children: Technique and Lessons Learned. Surg Innov 2017; 24: 432-439
[PMID: 28745145 DOI: 10.1177/1553350617720994]

WJG | https://www.wjgnet.com 5323 September 28,2022 | Volume?28 | Issue36 |


http://www.ncbi.nlm.nih.gov/pubmed/32995846
https://dx.doi.org/10.1093/dote/doaa093
http://www.ncbi.nlm.nih.gov/pubmed/365148
http://www.ncbi.nlm.nih.gov/pubmed/33190786
https://dx.doi.org/10.1016/j.jamcollsurg.2020.10.012
http://www.ncbi.nlm.nih.gov/pubmed/32593687
https://dx.doi.org/10.1016/j.gie.2020.06.057
http://www.ncbi.nlm.nih.gov/pubmed/28843832
https://dx.doi.org/10.1016/j.jamcollsurg.2017.07.1062
http://www.ncbi.nlm.nih.gov/pubmed/28716404
https://dx.doi.org/10.1016/j.gie.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/30278106
https://dx.doi.org/10.1111/jgh.14500
http://www.ncbi.nlm.nih.gov/pubmed/29947988
https://dx.doi.org/10.1007/s00268-018-4710-y
http://www.ncbi.nlm.nih.gov/pubmed/21127913
https://dx.doi.org/10.1007/s00534-010-0350-9
http://www.ncbi.nlm.nih.gov/pubmed/34615695
https://dx.doi.org/10.1542/peds.2020-049627
http://www.ncbi.nlm.nih.gov/pubmed/34976135
https://dx.doi.org/10.3892/etm.2021.11016
http://www.ncbi.nlm.nih.gov/pubmed/27012861
https://dx.doi.org/10.1007/s00383-016-3889-y
http://www.ncbi.nlm.nih.gov/pubmed/26900294
https://dx.doi.org/10.3748/wjg.v22.i7.2326
http://www.ncbi.nlm.nih.gov/pubmed/27530520
https://dx.doi.org/10.1007/s00192-016-3097-2
http://www.ncbi.nlm.nih.gov/pubmed/33011447
https://dx.doi.org/10.1016/j.jss.2020.08.044
http://www.ncbi.nlm.nih.gov/pubmed/35224307
https://dx.doi.org/10.1016/j.bioactmat.2021.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15620501
https://dx.doi.org/10.1016/j.jhsb.2004.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24952802
https://dx.doi.org/10.1016/j.jpedsurg.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/33080683
https://dx.doi.org/10.1097/MD.0000000000022472
http://www.ncbi.nlm.nih.gov/pubmed/31524560
https://dx.doi.org/10.1089/lap.2019.0199
http://www.ncbi.nlm.nih.gov/pubmed/28745145
https://dx.doi.org/10.1177/1553350617720994

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

DOI: 10.3748 / wjg.v28.i36.5324

World Journal of
Gastroenterology

World | Gastroenterol 2022 September 28; 28(36): 5324-5337

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

Retrospective Cohort Study

ORIGINAL ARTICLE

Impact of sarcopenia on tumor response and survival outcomes in
patients with hepatocellular carcinoma treated by trans-arterial
(chemo)-embolization

Gael Roth, Yann Teyssier, Maxime Benhamou, Mélodie Abousalihac, Stefano Caruso, Christian Sengel, Olivier
Seror, Julien Ghelfi, Arnaud Seigneurin, Nathalie Ganne-Carrie, Elia Gigante, Lorraine Blaise, Olivier Sutter,
Thomas Decaens, Jean-Charles Nault

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): 0
Grade C (Good): C, C, C
Grade D (Fair): 0

Grade E (Poor): 0

P-Reviewer: Posa A, Italy; Xi D,
China; Zhao G, China

Received: May 2, 2022
Peer-review started: May 2, 2022
First decision: June 19, 2022
Revised: June 22, 2022
Accepted: August 30, 2022
Article in press: August 30, 2022
Published online: September 28,
2022

Jaishideng®

WJG | https://www.wjgnet.com

Gael Roth, Yann Teyssier, Julien Ghelfi, Arnaud Seigneurin, Thomas Decaens, Univ. Grenoble-
Alpes, Grenoble 38058, France

Gael Roth, Mélodie Abousalihac, Thomas Decaens, Department of Hepatology, Gastroenterology
and Digestive Oncology, CHU Grenoble Alpes, Grenoble 38043, France

Gael Roth, Julien Ghelfi, Thomas Decaens, Institute for Advanced Biosciences, INSERM
U1209/CNRS UMR 5309, Grenoble 38043, France

Yann Teyssier, Christian Sengel, Julien Ghelfi, Department of Radiology, CHU Grenoble Alpes,
Grenoble 38043, France

Maxime Benhamou, Olivier Seror, Olivier Sutter, Department of Radiology, CHU Avicenne-
APHP, Bobigny 93000, France

Stefano Caruso, Olivier Seror, Nathalie Ganne-Carrie, Jean-Charles Nault, Functional Genomics
of Solid Tumors Laboratory, Centre de Recherche des Cordeliers-INSERM UMR 1138,
Inserm, Université Paris, Paris 75006, France

Olivier Seror, Nathalie Ganne-Carrie, Jean-Charles Nault, Unité de Formation et de Recherche
Santé Médecine et Biologie Humaine, Université Paris Nord, Paris 93430, France

Arnaud Seigneurin, Service d'Epidémiologie et Evaluation Médicale, CHU Grenoble Alpes,
Grenoble 38043, France

Nathalie Ganne-Carrie, Elia Gigante, Lorraine Blaise, Jean-Charles Nault, Department of
Hepatology, CHU Avicenne-APHP, Bobigny 93000, France

Corresponding author: Jean-Charles Nault, MD, PhD, Full Professor, Department of
Hepatology, CHU Avicenne-APHP, 125 Rue de Stalingrad, Bobigny 93000, France.
naultjc@gmail.com

Abstract
BACKGROUND

5324 September 28,2022 | Volume?28 | Issue36 |


https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v28.i36.5324
mailto:naultjc@gmail.com

Jaishideng®

Roth G et al. Sarcopenia in HCC treated by TACE

At the diagnosis of hepatocellular carcinoma (HCC), more than 90% of HCC patients present
cirrhosis, a clinical condition often associated to malnutrition. Sarcopenia is an indirect marker of
malnutrition assessable on computed tomography (CT).

AIM
To evaluate the prognostic value of sarcopenia in patients with HCC treated by trans-arterial
(chemo)-embolization.

METHODS

Patients with HCC treated by a first session of trans-arterial (chemo)embolization and an available
CT scan before treatment were included. Sarcopenia was assessed using skeletal muscle index at
baseline and at the first radiological assessment. Radiological response was recorded after the first
session of treatment using mRECIST.

RESULTS

Of 225 patients treated by trans-arterial bland embolization (n = 71) or trans-arterial chemoembol-
ization (n = 154) for HCC between 2007 and 2013, Barcelona Clinic of Liver Cancer stage was A, B,
and C in 27.5%, 55%, and 16.8% of cases, respectively. Sarcopenia was present in 57.7% of the
patients. Patients with sarcopenia presented a higher rate of progressive disease (19% vs 8%, P =
0.0236), a shorter progression-free survival (8.3 vs 13.2 mo, P = 0.0035), and a shorter median
overall survival (19.4 mo vs 35.5 mo, P = 0.0149) compared with non-sarcopenic patients. Finally,
patients whose sarcopenia appeared after first transarterial treatment had the worst prognosis (P =
0.0004).

CONCLUSION
Sarcopenia is associated with tumor progression and poor survival outcomes after trans-arterial
(chemo)-embolization for HCC.

Key Words: Hepatocellular carcinoma; Transarterial chemoembolization; Bland embolization; Sarcopenia;
Skeletal muscle index

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This work evaluated the predictive value of sarcopenia for tumor response and survival outcomes
in hepatocellular carcinoma patients treated by transarterial chemoembolization or transarterial
embolization. In this study, sarcopenia at imaging was observed in 57.7% of patients. It was associated
with a higher rate of progressive disease and a decreased overall survival after adjustment with usual risk
factors of death. Sarcopenia is an easy-to-assess radiological biomarker of poor prognosis that should be
measured in order to assess prognosis and test a targeted intervention mixing nutritional support and
physical activity.

Citation: Roth G, Teyssier Y, Benhamou M, Abousalihac M, Caruso S, Sengel C, Seror O, Ghelfi J, Seigneurin A,
Ganne-Carrie N, Gigante E, Blaise L, Sutter O, Decaens T, Nault JC. Impact of sarcopenia on tumor response and
survival outcomes in patients with hepatocellular carcinoma treated by trans-arterial (chemo)-embolization. World
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URL: https://www.wjgnet.com/1007-9327/full/v28/i36/5324 .htm

DOI: https://dx.doi.org/10.3748/wjg.v28.i36.5324

INTRODUCTION

Liver cancer is the second cause of cancer-related deaths worldwide[1], mostly represented by hepato-
cellular carcinoma (HCC). At the diagnosis, 70% of HCC patients have only access to palliative
treatments, and among intermediate HCC, classified as Barcelona Clinic of Liver Cancer (BCLC)-B|[2],
transarterial chemoembolization (TACE) and transarterial embolization (TAE) are the best therapeutic
options to offer[3-5]. Nonetheless, despite a good level of tumor response, around 50%-55% of patients
receiving these treatments suffer from a high level of relapse[6]. It is well demonstrated that TACE
presents the best results on patients with a good general status and a low level of liver insufficiency|[7],
but additional reliable predictive markers are needed to better define which patients will take full
benefit of this procedure, and which ones present an increased risk of low efficacy and liver deteri-
oration. At the diagnosis, more than 90% of HCC patients present with cirrhosis, a clinical condition
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often associated to malnutrition with sarcopenia. Indeed, sarcopenia, defined as the “progressive loss of
muscle mass and strength with a risk of adverse outcomes such as disability, poor quality of life, and
death”[8], is a consequence of chronic inflammation, hypercatabolism, and anorexia found in cirrhosis
and advanced tumor stages. Sarcopenia has already been described as a poor prognostic factor in HCC
patients undergoing surgical resection or treated by systemic therapies[9-12]. Further studies are needed
to clarify the predictive value of sarcopenia in other HCC treatment settings, such as TAE or TACE.
Indeed, several studies with small numbers of patients showed interesting results on the predictive
value of sarcopenia regarding survival outcomes of patients treated by TACE but without clear impact
on tumor response[13]. This study aimed to evaluate the predictive value of sarcopenia for tumor
response and survival outcomes in a bicentric cohort of HCC patients treated by TACE or TAE.

MATERIALS AND METHODS

Patient selection

Patients were retrospectively included from December 1, 2007 to November 1, 2013 in Jean Verdier
Hospital and from June 1, 2011 to December 1, 2014 in Grenoble-Alpes University Hospital. The
inclusion criteria were as follow: Age > 18 years, HCC diagnosed by histology or non-invasive criteria
[7], first treatment using TAE or TACE, and available pre- and post-therapeutic computed tomography
(CT) scan. Transarterial procedures performed for acute bleeding of HCC were excluded.

Transarterial procedures
Patients were treated with transarterial therapy following standard local protocol[14]. Each indication of
TACE or TAE was validated during multidisciplinary tumor board including a hepatologist, an
interventional radiologist, and a liver surgeon. In case of TACE, chemotherapy was either doxorubicin
or idarubicin according to institutional standards of care, as previously described[15]. The choice of
chemotherapy was left to the investigator’s discretion. Every TACE or TAE was performed by an expert
interventional radiologist.

As recommended by European guidelines, TACE could be repeated 2 mo after the first treatment in
case of partial response on postoperative scan and preserved liver function after rediscussion in
multidisciplinary tumor board[7].

Ethical approval

Written consent was obtained for every patient before transarterial procedures and the study protocol
respects the ethical guidelines of the 1975 Declaration of Helsinki (6 revision, 2008). Study ethics was
also approved by the independent French ethic committee CERIM (Comité d’éthique de la recherche en
imagerie médicale; No. CRM-2004-084).

Clinical and paraclinical data collection
Clinical and biological data were recorded before the treatment: Demographic data, body mass index,
liver function, platelets, presence of cirrhosis, etiology of the underlying liver disease, alpha-fetoprotein
(AFP) level, tumor size, number of nodules, tumor portal invasion, and esophageal varices at the last
upper endoscopy.

After the first treatment, all patients were prospectively followed until death or the last recorded visit
until June 30, 2018.

Anthropometric measurements
Anthropometric measurements were assessed on the pre-therapeutic CT scan and the first follow-up CT
scan realized 1-3 mo after the transarterial treatment by two radiologists (OSu and YT) using the
software Image J®. Skeletal muscle and psoas muscle area were measured on a cross-sectional CT image
at the level of the 3" lumbar vertebra. Skeletal muscle index (SMI) was calculated using the total muscle
area on the L3 CT slice divided by squared height as previously described[16]. Sarcopenia was defined
by SMI < 50 cm?/m? in male and < 39 cm?/m?in female patients as defined by the North American
expert statement on sarcopenia in liver transplantation[17]. Psoas muscle index (PMI) defined as the
psoas muscle area on height ratio was also assessed as previously described[17].

The following data were recorded on imaging: Liver volume, spleen volume, presence of ascites at
imaging, presence of para-umbilical vein, presence of esophageal varices, and presence of splenomegaly
defined by a spleen’s cranio-caudal diameter superior to 12 cm.

Assessment of tumor response and survival outcomes

All imaging examinations were archived in a picture archiving and communication system and blindly
read by two radiologists (OSu and YT). Clinical and paraclinical parameters were extracted from the
patient’s electronic medical records.
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Radiological response was assessed by two radiologists (OSu and YT) comparing the baseline
imaging and the imaging available 1-3 mo after the first session of trans-arterial treatment as
recommended[7]. Radiological response was classified into complete response, partial response, stable
disease, and progressive disease as defined by the modified RECIST criteria[7].

Progression-free survival was defined as the time between the date of the first treatment and the date
of death, radiological progression, or the last recorded visit. Patients were censured at the date of liver
transplantation. Overall survival (OS) was defined as the time between the date of the first treatment
and the date of death or the last recorded visit, with censoring at the date of liver transplantation in
transplanted patients.

Statistical analysis
Categorical variables were compared using the Fisher exact test for two groups and Chi squared test for
three groups and more. Continuous variables were compared using the Mann-Whitney test. Logistic
regression was used to compare the association with radiological response and baseline variables.
Survival outcomes as OS and progression free survival (PFS) were computed using the Kaplan-Meier
method, and the Log-rank test was used to compare survival rates. The association between baseline
variable and OS and PFS was assessed in univariate analysis using the Cox model. Variables with a P
value < 0.05 in the univariate analysis were computed in multivariate analysis using the Cox model.
Statistical analyses were performed using Graph Pad (PRISM) and R software.

RESULTS

Description of the population

A total of 225 patients were included in the analysis, including 93 from Jean Verdier Hospital and 132
from Grenoble-Alpes University Hospital (Figure 1). Patients were mainly male (88.8%) with a median
age of 65 (58-75) years old. The underlying liver diseases were mainly related to chronic alcohol intake
(61%), hepatitis C (28%), and non-alcoholic steatohepatitis (29%) with 81.6% of patients classified as
Child-Pugh A.

HCCs were classified as BCLC-A in 27.5%, BCLC-B in 55.5%, and BCLC-C due to segmental portal
vein thrombosis in 16.8% of patients. One hundred and fifty-four (68.4%) of the patients were treated by
TACE (127 with doxorubicin and 27 with idarubicin; including 87 by lipiodol TACE and 40 by TACE
using drug eluting beads). Seventy-one (31.5%) patients were treated by TAE using lipiodol with gelatin
sponge. Patients’ characteristics are detailed in Table 1.

Anthropometric and portal hypertension assessment at imaging

Anthropometric measurements including the value of total muscle area in L3 and psoas area in L3 are
detailed in Table 1. Ascites was identified in 23.5% of the cases at imaging as well as splenomegaly in
57% of the cases, umbilical vein repermeabilization in 36.4%, and esophageal varices in 71.1%. About
57.7% (n =130) of the patients had sarcopenia based on the SMI. The value of psoas area/squared height
(cm?/m?) was significantly positively associated with body mass index (BMI), liver volume, albumin,
alcohol intake, male, and non-alcoholic steatohepatitis (NASH), and negatively associated with age and
hepatitis C virus (Figure 2A). Sarcopenia at imaging (defined by SMI < 50 cm?/m? in male and < 39 cm?
/m?in female patients) was observed in 130 (57.7%) patients.

Sarcopenic patients were significantly older (67.5 years old vs 62.5 years old; P = 0.0338), with a lower
BMI (24.3 vs 28.7 P < 0.0001) and a higher median serum AFP level (11.5 ng/mL vs 7.7 ng/mL; P =
0.0152) compared to non-sarcopenic patients at imaging (Table 1 and Figure 2B). Sarcopenia was also
associated with a higher tumor burden (sum of the size of the 2 main tumors) and a lower BMI, ALAT
level, and spleen volume, and was less frequent in alcohol-related cirrhosis and in NASH patients
(Figure 2B). At the first radiological assessment, 28.7% of the patients with sarcopenia harbored an
increase in Child-Pugh Class (A to B/C or B to C) compared to 24.53% of patients without sarcopenia (P
= 0.6862, Fisher exact test). Patients” baseline features as well as treatments following TACE or TAE,
according to the presence or not of sarcopenia, are detailed in Table 1.

Relationship between sarcopenia and radiological response

At the first radiological evaluation after TACE or TAE, 23% (n = 52) of patients harbored a complete
response, 39% a partial response (1 = 88), 23% a stable disease (1 = 52), and 15% (n = 33) a progressive
disease based on mRECIST criteria. Presence of portal hypertension signs on endoscopy or imaging was
not encountered as predictive markers of radiological response. Presence of sarcopenia had a significant
impact on progression proportions after TACE (P = 0.0084, Chi square test Figure 3A). Whereas
objective tumor response (complete and partial radiological response) was not statistically different in
sarcopenic (64%) compared to non-sarcopenic patients (67%, P = 0.66, Fisher exact test), a higher rate of
progressive disease was observed in patients with sarcopenia compared to patients without (19% vs 8%,
P =0.0236, Fisher exact Test, Figure 3B). In univariate analysis, sarcopenia [odds ratio (OR): 2.59; 95%CI:
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Table 1 Description of population features according to presence of sarcopenia or not

Overall cohort (n =

225) Sarcopenia (n = 130) No sarcopenia (n=95)  Pvalue
Clinical and biological features
Age (years old)’ 65 (58-75) 67.5 (59.25-76) 62.5 (57-72.5) 0.0338
Gender” 200 (88.8%) 120 (92%) 80 (84%) 0.0841
Alcohol” 138 (61%) 72 (55%) 66 (69%) 0.04
NASH” 66 (29%) 28 (22%) 38 (40%) 0.003
HCV* 64 (28%) 42 (32%) 22 (23%) 0.14
HBV* 21 (9%) 11 (8%) 10 (11%) 0.65
Cirrhosis” 206 (91.5%) 116 (89.2%) 90 (94.7%) 0.1554
Platelets (10°/mm®)’ 123 (83-180) 131 (83.5-198.3) 113 (82-169) 0.1561
Creatinine (pmol/L) 77 (64-89) 77 (64-90) 77 (65-89) 0.93
Total bilirubin (pmol/L) 16 (9.9-22) 15.8 (9-22) 16 (10-22) 0.55
Albumin (g/dL) 36 (32-39) 35 (32-38) 36 (32-40) 0.11
AFP (ng/mL)" 10 (4.3-49) 11.5 (5.135-76.5) 7.7 (4-25.5) 0.0152
Child-Pugh A 184 (81.57%) 105 (80.7%) 79 (83.2%) 0.728
MELD 8.7 (7-11) 8.5 (7.6-10) 9.1 (7.3-11) 0.53
BCLC-A’ 62 (27.5%) 33 (25.3%) 29 (30.5%) 0.1796
BCLC-B 125 (55.5%) 70 (53.8%) 55 (57.89%)
BCLC-C 38 (16.8%) 27 (20.76 %) 11 (11.57%)
Segmental portal vein thrombosis” 34 (15.1%) 24 (18.46%) 10 (10.5%) 0.1314
Type of treatment
TACE” 154 (68.4%) 86 (66.6%) 68 (71.5%) 0.4681
Bland embolization” 71 (31.5%) 43 (33.3%) 27 (28.4%) 0178
Number of procedures per patient’ 2 (1-3) 2 (1-2) 2 (1-3) 0.0178
Body mass index' 26.4 (23.5-29.18) 24.3 (22.3-26.9) 28.7 (26.4-32.33) <0.0001
Oesophageal varices” 107 (49.3%) 61 (48.4%) 46 (50.5%) 0.784
Radiological features
Size of the largest nodule (mm)’ 37 (24-61) 40 (24-70) 34 (23-53) 0.0665
Multiples nodules” 169 (75.1%) 99 (76.1%) 70 (73.7%) 0.7552
Skeletal muscle index (cm?/m?)’ 47.12 (41.75-53.2) 42 85 (38.61-46.79) 54.19 (51.38-58.27) <0.0001
Psoas muscle index (cm?/m?)’ 10 (8.575-11.94) 9.205. (8.087-10.97) 11.51 (9.679-14.26) < 0.0001
Psoas L3 (cm?)’ 17 (14.72-37.27) 15.95 (13.95-18.7) 19.8 (16.6-23.8) <0.0001
Muscle L3 (cm?)’ 137 (119.3-155.4) 125.8 (113.8-138.1) 156.2 (145-176) <0.0001
Umbilical vein repermeabilization” 82 (36.4%) 51 (39.2%) 31 (32.6%) 0.3292
Oesophageal varices” 160 (71.1%) 91 (70%) 69 (72%) 0.7661
Ascites” 53 (23.5%) 29 (22.3%) 24 (25.2%) 0.6355
Liver/spleen volume ratio' 4.346 (2.885-6.798) 4.562 (2.927-7.205) 3.797 (2.605-6.187) 0.1085
Liver volume (cm?)! 1715 (1430-2071) 1701 (1407-1978) 1800 (1461-2142) 0.0833
Spleen volume (cm?)! 414 (252-606) 382 (230.5-573.3) 480 (308-634) 0.0283
Splenomegaly” 129 (57.6%) 71 (55%) 58 (61%) 0.4127
Treatments following TAE/TACE
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Curative-intent

Liver resection 2(0.9%) 1(0.8%) 1(1.1%)
RFA /Microwaves/ Alcoholization 27 (12.0%) 14 (10.8%) 13 (13.7%)
Liver transplantation 46 (20.4%) 19 (14.6%) 27 (28.4%)

Palliative-intent

SIRT 2(0.9%) 2 (1.5%) 0
Sorafenib 44 (19.6%) 28 (21.5%) 16 (16.8%)
Other systemic treatments 8 (3.6%) 4 (3.1%) 4 (4.2%)
No additional treatment 82 (36.4%) 50 (38.5%) 32 (33.7%)

"Median (25%-75'" percentiles).
“Numbers (percentages).

AFP: Alpha-fetoprotein; BCLC: Barcelona clinic liver cancer staging system; HCV: Hepatitis C virus; HBV: Hepatitis B virus; NASH: Non-alcoholic

steatohepatitis; RFA: Radiofrequency ablation; SIRT: Selective internal radiation therapy; TACE: Trans-arterial chemoembolization.

265 patients treated either by a first bland or
TACE for HCC between 2007 and 2013

in two centers

40 patients without
availaible CT scan before
treatment

225 patients with available
anthropometric assessment

71 treated by bland 154 treated by
embolization TACE

DOTI: 10.3748/wjg.v28.i36.5324 Copyright ©The Author(s) 2022.

Figure 1 Flowchart of the study. TACE: Transarterial chemoembolization; CT: Computed tomography; HCC: Hepatocellular carcinoma.

Jaishideng®

1.16-6.40, P = 0.0274], serum AFP level (OR: 1.00029; 95%CI: 1.00008-1.0006, P = 0.0226), and BCLC-C
stage (OR: 2.22; 95%Cl: 1.25-4.05; P = 0.00758) were related to progressive disease at imaging. In
multivariate analysis, only BCLC-C stage (OR: 1.98; 95%CI: 1.038-3.88, P = 0.0416) remained
independently associated with a higher rate of progressive disease.

Relationship between sarcopenia before TACE and survival

The median progression-free survival was 9.4 mo. Patients with sarcopenia had a lower median PFS
compared to patients without (8.3 mo vs 13.2 mo, P = 0.0035, log rank test, Figure 4A). In univariate
analysis, sarcopenia, tumor portal vein thrombosis, size of the largest nodule, serum AFP level, and
platelet level were significantly associated with a lower PFS (Table 2). In multivariate analysis,
sarcopenia [hazard ratio (HR): 1.62; 95%CI: 1.15-2.28], tumor portal vein thrombosis (HR: 1.77; 95%CI:
1.11-2.83), size of the largest nodule (HR: 1.008; 95%ClI: 1.002-1.013), and platelet level (HR: 1.002; 95%ClI:
1.002; 95%ClI: 1.0001-1.005) remained independently associated with a lower PFS (Table 2).

The median OS was 24.3 mo. OS was shorter in patients with sarcopenia compared to patients
without (19.4 mo vs 35.5 mo, P = 0.0149, log rank test, Figure 4B). Sarcopenia, ascites at imaging, size of
the largest nodule, serum AFP level, Child-Pugh score, and BMI were associated with OS at univariate
analysis (Table 3). In multivariate analysis, sarcopenia (HR: 1.68; 95%CI: 1.04-2.72), AFP level (HR:
1.0001; 95%CI: 1.00001-1.002), and size of the largest nodule (HR: 1.007, 95%CI: 1.0015-1.013) were
independently associated with a higher risk of death (Table 3).
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Table 2 Univariate and multivariate Cox analyses of baseline variables associated with progression-free survival

Univariate analysis

Multivariate analysis

Variable
HR 95%Cl P value HR 95%Cl P value
Sarcopenia (yes vs no, imaging) 1.58 1.17-2.15 0.003 1.62 1.15-2.28 0.006
Skeletal muscle index (imaging)’ 0.91 0.98-1.01 0.306
Psoas muscle index (imaging)" 0.97 0.92-1.02 0.18
Paraombilical vein (imaging) 1.21 0.88-1.65 0.24
Esophageal varices (imaging) 0.94 0.68-1.30 0.72
Ascites (imaging) 1.38 0.97-1.97 0.07
Liver/spleen ratio (imaging)’ 1.02 0.98-1.07 0.21
Liver volume (imaging)' 1.00 1.00-1.00 0.062
Spleen volume (imaging)’ 0.99 0.99-1.00 0.54
Splenomegaly (imaging) 1.18 0.87-1.60 0.28
BCLC stage 1.24 0.98-1.58 0.068
Multiple nodules 1.03 0.73-1.45 0.88
Portal vein thrombosis 1.58 1.05-2.39 0.03 177 1.11-2.83 0.02
Size of the largest nodule’ 1.01 1.00-1.01 0.0003 1.008 1.002-1.013 0.006
Esophageal varices at endoscopy 0.98 0.72-1.33 0.88
Serum AFP' 1.00 1.00-1.00 0.0007 1.0001 1.00001-1.00002 0.07
Platelets’ 1.00 1.00-1.01 0.002 1.002 1.0001-1.005 0.04
Child Pugh B7 1.02 0.67-1.56 0.93
Creatinin’ 1.00 0.99-1.01 0.097
Prothrombin time' 1.00 0.99-1.01 0.68
Total bilirubin' 0.99 0.99-1.01 0.99
Albumin' 0.99 0.97-1.03 0.84
Clinical ascites 1.00 0.63-1.59 0.99
Cirrhosis 0.87 0.53-1.45 0.60
NASH 121 0.60-1.14 0.24
HCV 0.85 0.61-1.18 0.32
HBV 0.73 0.41-1.28 0.27
Alcohol intake 1.013 0.75-1.37 0.93
Body mass index' 0.98 0.95-1.01 0.21
Gender (Male) 137 0.86-2.19 0.19
Age (years old)’ 1.00 0.99-1.02 0.68

Parameters expressed as continuous variables.

Sarcopenia was analyzed as a categoric factor (yes vs no). AFP: Alpha-fetoprotein; BCLC: Barcelona clinic liver cancer; HCV: Hepatitis C virus; HBV:

Hepatitis B virus; NASH: Non alcoholic steatohepatitis.

Evolution of sarcopenia after TACE and its impact on OS
Post-TACE SMI was assessed by CT scan at the first radiological assessment in 218 patients in order to
assess the evolution of sarcopenia after treatment. Among the patients without sarcopenia at baseline,
71 were still non-sarcopenic, and 22 became sarcopenic. Among the 22 patients who became sarcopenic,
19 had a progressive disease at the first radiological assessment.

Patients with post-TACE sarcopenia presented a shorter median OS (n = 147, 18.15 mo) compared
with non-sarcopenic patients (n = 71, 35.7 mo, P = 0.0019) (Figure 4C).
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Table 3 Univariate and multivariate Cox analyses of baseline variables associated with overall survival

Univariate analysis Multivariate analysis
Variable
HR 95%Cl P value HR 95%Cl P value
Sarcopenia (yes vs no, imaging) 1.57 1.09-2.27 0.016 1.68 1.04-2.72 0.03
Skeletal muscle index (imaging)’  0.99 0.97-1.01 0.19
Psoas muscle index (imaging)" 0.95 0.89-1.01 0.14
Paraombilical vein (imaging) 1.16 0.80-1.66 043
Esophageal varices (imaging) 1.09 0.75-1.61 0.63
Ascites (imaging) 1.74 1.16-2.60 0.007 1.59 0.97-2.60 0.07
Liver/spleen ratio (imaging)’ 1.03 0.98-1.08 0.13
Liver volume (imaging)' 1.00 0.99-1.00 0.86
Spleen volume (imaging)’ 0.99 0.99-1.00 0.19
Splenomegaly (imaging) 0.95 0.66-1.35 0.77
BCLC stage 1.28 0.97-1.68 0.08
Multiple nodule 0.83 0.56-1.22 0.34
Portal vein thrombosis 1.52 0.98-2.38 0.06
Size of the largest nodule’ 1.01 1.00-1.01 0.003 1.007 1.0015-1.013 0.014
Esophageal varices (endoscopy) 1.17 0.82-1.69 0.38
AFP! 1.00 1.00-1.00 0.00018 1.0001 1.00001-1.0002 0.006
Platelet' 1.00 0.99-1.00 0.170
Child-Pugh B7 2.04 1.21-3.45 0.007 1.59 0.86-2.96 0.14
Creatinin’ 1.00 0.99-1.00 0.18
Prothrombin time' 1.01 0.98-1.01 045
Total bilirubin' 1.02 1.00-1.03 0.035
Albumin’ 0.94 0.91-0.98 0.003
Clinical ascites 1.46 0.88-2.42 0.143
Cirrhosis 1.27 0.71-2.26 0.42
NASH 0.70 0.47-1.04 0.075
HCV 1.32 0.89-1.95 0.17
HBV 0.71 0.33-1.54 0.39
Alcohol intake 1.05 0.67-1.37 0.80
Age (years old)' 1.00 0.99-1.02 0.79
BMI' 0.96 0.93-0.99 0.026 0.99 0.95-1.040 0.75
Gender (Male) 1.08 0.63-1.85 0.79

Parameters expressed as continuous variables.
Sarcopenia was analyzed as a categoric factor (yes vs no). AFP: Alpha-fetoprotein; BCLC: Barcelona clinic liver cancer; HCV: Hepatitis C virus; HBV:
Hepatitis B virus; NASH: Non alcoholic steatohepatitis; BMI: Body mass index.

In non-sarcopenic patients at baseline, emergence of a post-TACE sarcopenia was associated with a
significant shorter median OS of 17 mo when compared with already sarcopenic patients before TACE
(19.3 mo) and patients who stayed non-sarcopenic along TACE procedure (36.43 mo, P = 0.0004)
(Figure 4D).
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Figure 2 Correlation of biological and clinical features with sarcopenia. A: Association of clinical, biological, and radiological features with skeletal
muscle index expressed as a continuous variable; B: Association of clinical, biological, and radiological features with the presence or not of sarcopenia. Comparison
of a continuous variable in two or more than two groups was performed using Wilcoxon signed-rank test or Kruskal-Wallis test, respectively. Qualitative data were

compared using the Fi
two-tailed and a P-valu
index.
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sher’s exact test. Correlation analysis between continuous variables was performed using Spearman's rank-order correlation. All tests were
e < 0.05 was considered significant. BMI: Body mass index; HCV: Hepatitis C virus; NASH: Non-alcoholic steatohepatitis; SMI: Skeletal muscle

DISCUSSION

This study is the largest multicentric cohort study exploring the impact of sarcopenia on tumor response
and survival outcomes in patients with HCC treated by TACE or TAE. Sarcopenia represents a major
challenge in chronic diseases and especially in the treatment of cancers in which the general status is
classically altered, and aggressive treatments with poor tolerance profiles are frequent. Sarcopenia in
cirrhosis has already been described as impacting survival, confirming the need of a global approach
with a close nutritional support of these patients. Sarcopenia measures were assessed on the open-access
software Image J®, which has been proved as equivalently efficient as other commercial programs,
meaning that radiological assessment of sarcopenia is accessible to every center[18]. The use of SMI was
preferred to methods only based on the measurement of PMI or the transverse psoas muscle thickness.
Even though the two latter are simple to assess and showed interesting results in term of survival in
HCC patients treated by TACE in previous studies, SMI seems to offer a more robust and complete
measurement of the muscle mass in cirrhotic patients. Besides, PMI may identify fewer patients at risk
of an increased mortality and presents a higher inter-observer variability. To finish, SMI is easy to use
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Figure 3 Radiological response according to presence of sarcopenia. A: Complete response vs partial response vs stable disease vs progressive
disease assessed using the mRECIST criteria after the first session of treatment; B: Complete and partial response and stable disease vs progressive disease
assessed using the mRECIST criteria after the first session of treatment. Statistical analysis was performed using the chi square test. CR: Complete response; PR:
Partial response; SD: Stable disease; PD: Progressive disease; TACE: Trans-arterial chemoembolization.
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Figure 4 Survival according to presence of sarcopenia before and after trans-arterial chemoembolization. A and B: Progression free survival (A)
and overall survival (OS) (B) according to the presence or not of sarcopenia before trans-arterial chemoembolization (TACE); C: OS according to presence or not of
sarcopenia after TACE; D: OS according to the presence or not of sarcopenia before TACE, and appearance of sarcopenia after TACE designated as post-TACE
sarcopenia. Results were computed using the Kaplan-Meier method and compared by the log rank test. The patients at risk are represented under the x-axis.
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and recommended by the North American Expert Opinion Statement on Sarcopenia in Liver
Transplantation[17,19,20]. In this study, measures were performed by only one radiologist per center,
which limits bias induced by potential interobserver variability. This also constitutes a limit as interob-
server variability should be studied to improve result exportability and better evaluate their reprodu-
cibility.
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In this study, a high prevalence of sarcopenia (57%) in patients with HCC treated by transarterial
treatment was observed despite the predominance of Child-Pugh A patients and intermediate stage
tumors (BCLC-B). This is consistent with a recent HCC cohort study exploring the impact of sarcopenia
on survival in patients treated by hepatectomy where 54% of patients were sarcopenic, as well as
published data in liver transplantation[17]. Even if patients with sarcopenia have a lower BMI than
patients without, most of patients with sarcopenia harbored a normal BMI (median value of 24).
Moreover, with the increase of overweight and obesity which represents 15%-20% of the worldwide
population[21], BMI is even less sensitive to detect malnutrition in patients with chronic diseases and
especially liver diseases. These elements suggest that sarcopenia measured by performant radiological
methods reflect more precisely the nutritional state and the protein catabolism of these patients.
Nonetheless, other markers that could impact the outcomes after trans-arterial (chemo)embolization
such as patient’s daily activities and diet are not collected in this study due to its retrospective character.
As well, this study lacked of other frailty parameters such as grip strength or walking speed. It
constitutes another limit that cannot be addressed due to the retrospective character of the study.

One of the main strengths of this study is the radiological reviewing of radiological response using
mRECIST criteria. This analysis revealed that sarcopenia was associated with a higher risk of
progressive disease after trans-arterial treatment but without any difference on objective tumor
response. Nevertheless, in multivariate analysis, only BCLC-C (segmental portal thrombosis) was
independently associated with progressive disease. Sarcopenia was also associated with a shorter PFS
together with tumor size in multivariate analysis. These data suggest that a subgroup of patients with
advanced tumor stage and sarcopenia have a more aggressive disease which is more prone to resist to
trans-arterial treatments. Indeed, sarcopenia may reflect the consequences of an intense hypercatabolism
due to a particularly aggressive disease. In these patients, transarterial treatment may be deleterious in
addition to be less effective as it could lead to liver failure and decrease the possibility of using systemic
treatments after progression. Besides, the increased rate of radiological response obtained with the
recent combination atezolizumab-bevacizumab forces us to better select the optimal treatment for
patients between TACE and systemic treatments[22]. However, as sarcopenia has also been associated
with poorer survival outcomes in patients under systemic therapies[10], it remains to be studied if
sarcopenic patients with a high tumor burden benefit more from systemic treatments than trans-arterial
procedures. In any case, sarcopenia needs to be detected as early as possible to initiate a medical
intervention using nutritional support and physical activity to reverse sarcopenia and potentially
improve survival. Indeed, muscle restoration before starting these treatments showed interesting results
in terms of survival[10,23], and this type of intervention should be tested in a randomized controlled
trial as up to 60% of patients treated by TACE harbored sarcopenia.

Sarcopenia was also associated with a shorter OS independently of tumor burden, suggesting that
undernutrition and loss of muscle are key prognostic factors in patients with HCC treated by TACE or
TAE. As sarcopenia is easily assessable using a CT scan in clinical practice, it could be useful to stratify
patients in clinical trials. This study showed that sarcopenia assessed at the first radiological evaluation
after TACE was also associated with a shorter OS, underlying the robustness of this association.
Moreover, a subset of patients rapidly developed sarcopenia at the first radiological assessment which
was particularly associated with a poor OS. Almost all these patients presented a progressive disease at
the first evaluation, suggesting that they harbored an aggressive tumoral disease potentially responsible
for the fast development of sarcopenia.

CONCLUSION

In conclusion, sarcopenia is associated with a higher rate of tumor progression and shorter survival in
patients with HCC treated by TACE or TAE. Moreover, sarcopenia is an easy-to-assess radiological
biomarker of poor prognosis that should be measured in order to better estimate prognosis and test a
targeted intervention mixing nutritional support and physical activity.

ARTICLE HIGHLIGHTS

Research background

At the diagnosis of hepatocellular carcinoma (HCC), more than 90% of HCC patients present a cirrhosis,
a clinical condition often associated to malnutrition. Sarcopenia has been associated with a lower tumor
response or poorer survival of patients undergoing various treatments such as surgery or systemic
therapies. Transarterial chemoembolization is the treatment of choice for intermediate HCC and is
largely used worldwide, but the impact of sarcopenia on its results was poorly studied.

Research motivation
Finding easy ways to detect sarcopenia within daily practice should benefit to patients by better charac-
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terizing their prognosis and taking their nutritional status into account in therapeutic decisions.

Research objectives

This study aimed to evaluate the prognostic value of sarcopenia in patients with HCC treated by trans-
arterial (chemo)-embolization based on baseline computed tomography (CT) findings and study its
impact on objective tumor response and survival outcomes.

Research methods

Sarcopenia is easy to assess on CT by measuring the skeletal muscle index. A skeletal muscle index
(SMI) < 50 cm?/m? in male and < 39 cm?/m? in female patients corresponding to sarcopenia was
observed in 57.7% of the patients.

Research results

Based on SMI analysis measured on baseline imaging, sarcopenia was observed in 57.7% of the patients.
After full review of radiological response using mRECIST criteria, sarcopenia was associated with a
higher rate of progressive disease. It was also associated with a decrease overall survival even after
adjustment with usual risk factors of death.

Research conclusions
Sarcopenia is an easy-to-assess radiological biomarker of poor prognosis that should be measured in
order to better assess prognosis of HCC patients.

Research perspectives

Sarcopenia should be systematically detected at baseline, and induce a targeted intervention mixing
nutritional support and physical activity. Further studies are needed to assess the benefit of these
strategies in HCC patients.
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Abstract

BACKGROUND

The most important consideration in determining treatment strategies for
undifferentiated early gastric cancer (UEGC) is the risk of lymph node metastasis
(LNM). Therefore, identifying a potential biomarker that predicts LNM is quite
useful in determining treatment.

AIM

To develop a machine learning (ML)-based integral procedure to construct the
LNM gray-level co-occurrence matrix (GLCM) prediction model.

METHODS
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We retrospectively selected 526 cases of UEGC confirmed through pathological examination after
radical gastrectomy without endoscopic treatment in four tertiary hospitals between January 2015
to December 2021. We extracted GLCM-based features from grayscale images and applied ML to
the classification of candidate predictive variables. The robustness and clinical utility of each
model were evaluated based on the following factors: Receiver operating characteristic curve
(ROC), decision curve analysis, and clinical impact curve.

RESULTS

GLCM-based feature extraction significantly correlated with LNM. The top 7 GLCM-based factors
included inertia value 0° (IV_0), inertia value 45° (IV_45), inverse gap 0° (IG_0), inverse gap 45°
(IG_45), inverse gap full angle (IG_all), Haralick 30° (Haralick_30), Haralick full angle
(Haralick_all), and Entropy. The areas under the ROC curve (AUCs) of the random forest classifier
(RFC) model, support vector machine, eXtreme gradient boosting, artificial neural network, and
decision tree ranged from 0.805 [95% confidence interval (CI): 0.258-1.352] to 0.925 (95%CI: 0.378-
1.472) in the training set and from 0.794 (95%CI: 0.237-1.351) to 0.912 (95%CI: 0.355-1.469) in the
testing set, respectively. The RFC (training set: AUC: 0.925, 95%Cl: 0.378-1.472; testing set: AUC:
0.912, 95%CI: 0.355-1.469) model that incorporates Entropy, Haralick_all, Haralick_30, IG_all,
IG_45, IG_0, and IV_45 had the highest predictive accuracy.

CONCLUSION

The evaluation results indicate that the method of selecting radiological and textural features
becomes more effective in the LNM discrimination against UEGC patients. Additionally, the ML-
based prediction model developed using the RFC can be used to derive treatment options and
identify LNM, which can hence improve clinical outcomes.

Key Words: Undifferentiated early gastric cancer; Machine learning; Lymph node metastasis; Gray-level co-
occurrence matrix; Feature selection; Prediction

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Gray-level co-occurrence matrix-based feature extraction can be a robust and promising tool to
improve the efficiency in predicting lymph node metastasis of individual undifferentiated early gastric
cancer patients. Additionally, machine learning adopts more optimized algorithms and more clear feature
extraction. Models developed using random forest classifier have the highest predictive accuracy in terms
of Entropy, Haralick full angle, Haralick 30°, inverse gap full angle, inverse gap 45°, inverse gap 0°, and
inertia value 45°. Further research is required to develop these models for clinical practice.
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occurrence matrix signature for predicting lymph node metastasis in undifferentiated-type early gastric cancer.
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INTRODUCTION

Gastric cancer (GC) is one of the most common and fatal malignancies worldwide and is an important
part of the global cancer burden[1,2]. In GC, undifferentiated early GC (UEGC) differs from differen-
tiated-type GC in terms of clinical features and disease state, and their treatment and prognosis vary[3].
Therefore, UEGC should be identified and diagnosed early.

The incidence of lymphatic vessel invasion and risk of lymph node metastasis (LNM) in UEGC are
high in surgical specimens of GC[4,5]. Endoscopic resection (ER), including endoscopic mucosal
resection (EMR) and endoscopic submucosal dissection (ESD), has been considered a minimally
invasive treatment option for early GC with negligible risk of LNM[6,7]. Nevertheless, indication or
curability evaluation has not been conducted for ESD of undifferentiated GC (e.g., poorly differentiated
adenocarcinoma, signet ring cell carcinoma, or mucinous adenocarcinoma) due to the potential risk of
LNM. Although ER can be used as painless treatment, the LNM incidence after non-curative ER can be
as low as 5.1% and as high as 12.2%[8-10]. Additionally, ESD is only applicable to intramucosal cancer
with a tumor diameter of < 20 mm and without ulcer lesions; thus, treating lesions that meet the ESD
indications through surgery is unnecessary[11,12]. That is, when resection beyond the expanded
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standard is considered ineffective, the potential risk of LNM cannot be ignored. Hence, additional
surgical resection and lymph node dissection should be performed. Unlike differentiated early GC, ER
indications of UEGC are limited. Therefore, to address this challenging problem, a precise tool that can
predict LNM must be explored.

Previous studies have mainly focused on risk factors for LNM or distant metastasis of differentiated-
type early GC[13-15]. However, for UEGC, LNM has different risk factors. Thus, objective and universal
evaluation indicators for evaluating its risk are lacking. In this study, we clarified the LNM risk factors
of patients with UEGC who underwent surgical resection. Subsequently, we analyzed clinical-
pathological factors by introducing gray-level co-occurrence matrix (GLCM) image feature extraction
mining to classify LNM risk groups according to the combination of risk factors. This study aims to
provide a reference for clinical diagnosis and treatment.

MATERIALS AND METHODS

Patient selection

The clinical records of 526 patients who were diagnosed with UEGC were confirmed through
pathological examination after radical gastrectomy without endoscopic treatment at four tertiary
hospitals. These hospitals are Shaanxi Provincial People’s Hospital, Shaanxi Provincial Tumour
Hospital, the First Affiliated Hospital of Xi’an Jiaotong University, and the Second Affiliated Hospital of
Xi’an Jiaotong University. The clinical records were between January 2015 to December 2021 and were
retrospectively reviewed. The following were the inclusion criteria: (1) Imaging examination was
performed; (2) Patients have a complete set of medical data; (3) Primary lesion was resected either via
open surgery or laparoscopic surgery and not via EMR or ESD; and (4) The status of infiltrating lymph
nodes was assessed through routine hematoxylin-eosin staining. To minimize the confounding effect of
unnecessary variables, the following were the exclusion criteria: (1) Sufficient information cannot be
extracted or mismatched clinical data of patients; and (2) Patients without complete magnetic resonance
imaging (MRI) plain scan or the MRI image quality being unacceptable. This study complies with the
provisions of the Helsinki Declaration (revised in 2013) and was approved by the Institutional Review
Committee of Shaanxi Provincial People’s Hospital (2021-Y024). Figure 1 presents in detail the patient
screening steps and modeling process.

Construction strategy of the GLCM

All texture parameter post-processing was conducted on Omni dynamics software (GE pharmaceuticals,
Shanghai). Two radiologists who have vast experience in gastrointestinal diagnosis referred to the MRI
images to sketch the lesions on the ADC map. First, they manually sketch the entire area with cancer on
each layer of the map, avoiding the gas in the intestine, until the whole tumor volume was cut out.
Second, the software automatically generates the texture features. In this study, the following are the
selected texture parameters of the GLCM: Total frequency, energy value, entropy, inertia value,
correlation coefficient, inverse moment, cluster shadow, and cluster prominence.

Data extraction and quality assessment

For variables with missing values (often this missing value is less than 10%), the variable’s mean value
should be filled. If > 10% of the given variables are missing, this value is excluded from the variable
screening of the final model. Similarly, this study adopted unit feature interpolation for the missing
values that meet the interpolation requirements. That is, the missing values can be interpolated using
the constant values provided or using the statistical data of each column where these missing values are
located (e.g., average value, median value, or the most frequently occurring value)[16,17].

Construction and effectiveness evaluation of the LNM model

Based on the machine learning (ML) algorithm, the commonly used iterative algorithm models are
included: Random forest classifier (RFC), decision tree (DT), support vector machine (SVM), eXtreme
gradient boosting (XGBoost), and artificial neural network (ANN). The RFC is an integrated method
that forms a cumulative effect by integrating multiple relatively simple evaluators. Random forest is an
integrated learning tool based on DT. The SVM is a type of a generalized linear classifier that categorizes
data binary through supervised learning. The ANN is a nonlinear equation transformation output
algorithm comprising input, hidden, and output layers. Finally, XGBoost is an additive model. In each
iteration, only the sub-models in the current step are optimized. In this study, we refer to the guide
proposed by Luo et al[18] for the best use of prediction models in biomedical research, that is, the Delphi
method, which is used to generate the list of reported items.

For the screening of candidate variables, we mainly rely on the principle of “bag repeatedly put back
and extract”, sort according to variables” weight, and finally obtain the final predictor of the prediction
model from the top 10 variables[19]. For the effectiveness evaluation of the prediction model, the
receiver operating characteristic (ROC) curve is used to evaluate the accuracy of the model. Meanwhile,
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Patients who were diagnosed with UEGC confirmed by pathological examination after radical
gastrectomy without endoscopic treatment at tertiary hospitals between January 2015 to December
2021were retrospectively reviewed (7 = 547)

Select only: (1) Imaging examination was performed; (2) Patients with complete set of medical
data was available; (3) The primary lesion was resected either by open surgery or laparoscopic
surgery, not by EMR or ESD; and (4) The status of infiltrating lymph nodes was assessed by routine
hematoxylin eosin staining (7 = 526)

70% of the patients were randomly 30% of the patients were randomly
divided into training set (7 = 368) divided into testing set (7 = 158)

Screening of candidate risk factors
for predicting LNM

‘ Machine learning algorithms

RFC

ANN

XGboost DT SVM

}

Construction of LNM predictive model

Evaluation of model effectiveness by
ROC, DCA, and CIC
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Figure 1 Flowchart of patient selection and data processing. UEGC: Undifferentiated early gastric cancer; EMR: Endoscopic mucosal resection; ESD:
Endoscopic submucosal dissection; RFC: Random forest classifier; SVM: Support vector machine; DT: Decision tree; ANN: Artificial neural network; XGboost:
Extreme gradient boosting; ROC: Receiver operating characteristic; DCA: Decision curve analysis; CIC: Clinical impact curve; LNM: Lymph node metastasis.
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the decision curve analysis and clinical impact curve (CIC) were used to evaluate the model’s
robustness and differentiation, respectively.

Statistical analysis

The measurement and counting data in this study are expressed by interquartile spacing (25%, 75%) and
percentage (%), respectively. For the comparison between groups, the continuous variables adopt the t-
test or Mann-Whitney U test of independent samples (provided that it does not conform to the normal
distribution). The counting data adopt the chi-square goodness-of-fit test. Values of Bonferroni corrected
probability are used to compare the qualitative data[20]. The prediction model visualization and other
data analysis are performed using R software (version 4.0.4, http://www.r-project.org/). For the
comparison between groups, P value < 0.05 is considered statistically significant and vice versa.

RESULTS

Comparison of baseline data between LNM and non-LNM queues

Table 1 summarizes the baseline characteristics of 526 hospitalized patients with UEGC. For internal
validation, the patients were randomly divided into two sets using the caret package: Training set (n =
368, 70%) and validation set (n = 158, 30%). Regarding the LNM rate, the training and validation cohorts
were 62 (16.85%) and 29 (18.35%), respectively. In addition to the previously reported clinical-related
indicators (e.g., tumor size, infiltration depth, vascular_invasion, and vascular tumor thrombus),
significant differences exist between the LNM and non-LNM groups. We found that GLCM-based
texture acquisition features also have significant statistical differences between the two groups.

Feature correlation and potential predictors
We conducted a correlation analysis on the variables with significant differences based on the statistical
difference analysis of baseline data. As shown in Figure 2A, the correlation matrix (based on Pearson
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Table 1 Patient baseline population and image index characteristic

Training set Testing set
Variables g;’;ra" (n= Yes(n=62) No(n=306) Pvalue :)svse)rall (n= Yes(n=29) No(n=129) Pvalue
Age (median, IQR), yr ~ 51.00 (40.75, 52.50 (40.25, 51.00 (41.00, 0.185 47.00 (37.25, 53.00 (39.00, 46.00 (37.00, 0.215
61.00) 64.50) 60.00) 58.75) 63.00) 57.00)
Sex (%)
Male 266 (72.3) 48 (77.4) 218 (71.2) 0.404 123 (77.8) 21 (72.4) 102 (79.1) 0.594
Female 102 (27.7) 14 (22.6) 88 (28.8) 35 (22.2) 8 (27.6) 27 (20.9)
Site (%)
Nearly 1/3 81 (22.0) 10 (16.1) 71 (23.2) 0.384 37 (23.4) 9 (31.0) 28 (21.7) 0.138
Medium 1/3 73 (19.8) 15 (24.2) 58 (19.0) 23 (14.6) 1(34) 22 (17.1)
Far1/3 214 (58.2) 37 (59.7) 177 (57.8) 98 (62.0) 19 (65.5) 79 (61.2)
Ulcer (%)
Yes 103 (28.0) 21 (33.9) 82 (26.8) 0.329 45 (28.5) 11 (37.9) 34 (26.4) 0.308
No 265 (72.0) 41 (66.1) 224 (73.2) 113 (71.5) 18 (62.1) 95 (73.6)
Gross_type (%)
Uplift 98 (26.6) 14 (22.6) 84 (27.5) 0.587 56 (35.4) 8 (27.6) 48 (37.2) 0.227
Flat 72 (19.6) 11 (17.7) 61 (19.9) 27 (17.1) 8 (27.6) 19 (14.7)
Sunken 198 (53.8) 37 (59.7) 161 (52.6) 75 (47.5) 13 (44.8) 62 (48.1)
Tumor_size (%)
<2cm 296 (80.4) 18 (29.0) 278 (90.8) <0001 120 (75.9) 6 (20.7) 114 (88.4) <0.001
>2cm 72 (19.6) 44 (71.0) 28 (9.2) 38 (24.1) 23 (79.3) 15 (11.6)
Infiltration_depth (%)
Mucosal layer 267 (72.6) 12 (19.4) 255 (83.3) <0001 113 (71.5) 9 (31.0) 104 (80.6) <0.001
Submucosa 101 (27.4) 50 (80.6) 51 (16.7) 45 (28.5) 20 (69.0) 25 (19.4)
Vascular_invasion (%)
Yes 124 (33.7) 42 (67.7) 82 (26.8) <0001 56 (354) 21 (72.4) 35 (27.1) <0.001
No 244 (66.3) 20 (32.3) 224 (73.2) 102 (64.6) 8 (27.6) 94 (72.9)
VTT (%)
Yes 124 (33.7) 45 (72.6) 79 (25.8) <0001 44 (278) 23 (79.3) 21 (16.3) <0.001
No 244 (66.3) 17 (27.4) 227 (74.2) 114 (72.2) 6 (20.7) 108 (83.7)
TF (median, IQR) 378 (356,399) 413(3.97,427) 370(351,390) <0001 379 (352,4.01) 416 (4.00,431) 370 (349,3.93) <0.001
EV (median, IQR) 0.88 (0.64,1.12) 0.60 (0.49,0.68) 0.98 (0.72,1.20) <0.001  0.85 (0.65,1.09) 0.64 (0.54,0.70) 0.92 (0.72,1.16) <0.001
Entropy (median, IQR)  8.68 (8.37,8.98) 10.51 (10.07, 8.57 (8.33,8.83) <0.001 8.79 (8.43,9.02) 10.44 (10.16, 8.65 (8.38,8.89) <0.001
10.88) 10.96)
IG_all (median, IQR)  2.16 (1.76,2.47) 3.04 (2.64,3.62) 2.03 (1.69,2.30) <0001 212 (1.75,247) 294 (270,354) 197 (1.64,2.31) <0.001
IG_0 (median, IQR) 226 (1.75,2.66) 3.34(2.72,380) 210 (1.69,248) <0.001 241 (1.90,2.79) 3.70(3.16,4.18) 2.22(1.77,2.62) <0.001
IG_45 (median, IQR) 1.88 (1.54,2.18) 2.85(2.32,3.26) 1.78(1.47,2.04) <0.001 1.85(1.48,2.18) 2.73(2.31,3.11) 1.74(1.40,2.03) <0.001
IG_90 (median, IQR)  2.34 (1.85,2.85) 3.36(2.89,3.84) 2.20(1.75,2.63) <0.001  2.42(1.94,2.78) 3.27(3.03,3.61) 225 (1.75,2.61) <0.001
IV_all (median, IQR) 176.90 (148.98,  134.80 (109.30,  182.00 (156.00, < 0.001 175.50 (143.25, 133.50 (105.80, 183.00 (154.00, < 0.001
207.25) 163.02) 210.75) 200.75) 155.70) 206.00)
IV_all_SD (median, 4584.00 2166.50 5025.00 <0.001 4940.50 2849.00 5618.00 <0.001
IQR) (3148.00, (1340.50, (3747.00, (2987.25, (1841.00, (3813.00,
6602.50) 3535.00) 7011.75) 6682.00) 3428.00) 6897.00)
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IV_0 (median, IQR)

IV_45 (median, IQR)

IV_90 (median, IQR)
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14985 (122.75, 96.40 (7895, 16320 (13400, <0.001 14670 (112.78, 7410 (65.60,  158.40 (131.40, < 0.001
186.75) 125.82) 195.65) 185.57) 90.60) 196.20)

23955 (20140, 16440 (123.83, 25430 (220.67, <0001  22625(201.25, 157.40 (13390, 243.90 (214.30, < 0.001
284.75) 188.62) 290.60) 266.67) 193.80) 273.50)

129.00 (103.00, 101.00 (77.75,  134.00 (109.25, <0.001 12450 (109.00, 105.00 (77.00,  133.00 (117.00, < 0.001
154.00) 119.00) 159.00) 150.75) 118.00) 156.00)

Haralick_all (median, ~ 0.10 (0.09,0.10) 0.12 (0.11,0.13) 0.09 (0.09,0.10) <0.001  0.10(0.09,0.10) 0.12 (0.12,0.14) 0.09 (0.09,0.10) < 0.001

IQR)

Haralick_30 (median, 0.10 (0.09,0.11)  0.14 (0.12,0.15) 0.10 (0.09, 0.11) < 0.001 0.10 (0.09, 0.11)  0.14 (0.13,0.15) 0.10 (0.09, 0.11) < 0.001

IQR)

Haralick_45 (median,  0.09 (0.08,0.10) 0.1 (0.10,0.12) 0.09 (0.08,0.10) <0.001  0.09 (0.08,0.10) 0.11 (0.10,0.13) 0.09 (0.08,0.10) < 0.001

IQR)

Haralick_90 (median, ~ 0.11(0.10,0.13) 0.14 (0.12,0.16) 0.11(0.09,0.12) <0001 012 (0.10,0.13) 0.5 (0.12,0.16) 0.11(0.09,0.13) < 0.001

IQR)

CSV (median, IQR)

CP (median, IQR)

106.00 (102.00,  108.00 (105.00, ~ 106.00 (101.00,  0.001 107.00 (102.25,  109.00 (105.00, ~ 107.00 (102.00,  0.007
111.00) 111.00) 111.00) 111.00) 113.00) 111.00)

65.50 (60.00,  68.00(66.00, 6400 (59.00, <0001 6400 (60.00,  67.00 (6400,  63.00 (59.00,  0.002
70.00) 71.00) 70.00) 68.00) 68.00) 68.00)

IQR: Interquartile range; TF: Total frequency; EV: Energy value; IV_0: Inertia value 0°; IV_45: Inertia value 45°; IV_90: Inertia value 90°; IG_0: Inverse gap
0°; IG_45: Inverse gap 45°; IG_90: Inverse gap 90°; IG_all: Inverse gap full angle; Haralick_30: Haralick 30°; Haralick_45: Haralick 45°; Haralick_90: Haralick
90°; Haralick_all: Haralick full angle; CSV: Cluster shadow value; CP: Cluster prominence.

Jaishideng®

correlation analysis) indicates that the characteristic variables in the GLCM and LNM had a strong
correlation degree (r > 0.6). For example, Entropy, Haralick full angle (Haralick_all), Haralick 30°
(Haralick_30), Inverse gap full angle (IG_all), Inverse gap 45° (IG_45), Inverse gap 0° (IG_0), etc. were
highly correlated with LNM. This suggests that these potential candidate variables can be used as LNM
predictors and for the construction of subsequent models. Interestingly, in the subsequent models
developed based on ML algorithms, we found that Entropy, Haralick_all, Haralick_30, IG_all, IG_45,
IG_0, and Inertia value 45° (IV_45) occupied high weights as the top 7 GLCM-based factors (Figure 2B).
Specifically, Entropy has the largest weight among these factors.

Establishment and performance evaluation of the LNM prediction model

When constructing the RFC model [training set: Areas under the ROC curve (AUC): 0.925, 95%
confidence interval (CI): 0.378-1.472; testing set: AUC: 0.912, 95%ClI: 0.355-1.469], we repeatedly
randomly selected N samples from the original training set N to generate the new training set DT and
then generate M DTs to form a random forest according to the above steps. As shown in Figure 3A and
Supplementary Table 1, the smallest Gini index after splitting was selected, including that for Entropy,
Haralick_all, Haralick_30, IG_all, IG_45, IG_0, and IV_45. Similarly, Haralick_30 and IG_all served as
important weight at DT branches (training set: AUC: 0.856, 95%ClI: 0.309-1.403; testing set: AUC: 0.813,
95%CI: 0.256-1.370) (Figure 3B). In the ANN model (Figure 4), the accuracy of the prediction model
developed using the prediction variables in the GLCM can also reach 0.887 (95%CI: 0.340-1.434) and
0.837 (95%ClI: 0.280-1.394) in the training and verification sets, respectively. Although this accuracy is
slightly inferior to that of the RFC model, it is better than those of other prediction models (i.e., DT,
XGBoost, and SVM). Table 2, Supplementary Table 1, and Figure5 summarize the predictive
performance of ML-based models. In general, the prediction model constructed by using any ML
algorithm was better than the logistic regression algorithm in predicting LNM, further confirming the
superiority of ML algorithm, especially the robustness of the RFC.

Internal validation of the optimal RFC predictive model

The prediction efficiency of the RFC model was the best in the process of precise stratification of LNM
patients. To further evaluate the “stratification effect” of the RFC, results of CIC analysis indicate that
high-risk LNM was accurately distinguished using the RFC model, and “cross-linking” did not occur in
the stratification process. The results of this model for the validation and training sets were consistent
(Supplementary Table 2), implying that the robustness and LNM discrimination of the RFC model were
satisfactory.

DISCUSSION

The standard treatment for early GC is surgery. However, recently, ER has become the standard local
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Figure 2 Variable screening and weight allocation. A: Correlation matrix analysis of candidate features; B: Weight distribution of candidate variables for
each mL based model. RFC: Random forest classifier; SVYM: Support vector machine; DT: Decision tree; ANN: Artificial neural network; XGboost: Extreme gradient
boosting.

treatment for some patients with early GC without LNM[21]. For a long time, it has been used to treat
differentiated-type early GC limited to the mucosa, with a diameter of < 2 cm[22,23]. Recent studies
have shown that ER indications have been expanded in many studies, even including UEGC and <2 cm
diameter, without ulcer or lymphatic vessel invasion[24]. However, whether UEGC can accept the
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Figure 3 Visualization model prediction based on machine learning based algorithm. A: Random forest classifier model; B: Decision tree model.
Candidate factors associated with fracture risk are named through random forest classifier algorithm, and prediction nodes and weights are assigned by the decision

tree algorithm.
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standard treatment of ER remains a subject of debate. That is, additional surgery should be performed if
curability is considered questionable. Given this situation, the risk factors of LNM or distant metastasis
and mortality after non-curative ER of UEGC should be investigated. Previous studies have also shown
that patients with two or more risk factors (e.g., ulcer, submucosal invasion, and positive vertical
margin) benefit greatly from surgical resection after ER that cannot be cured by UEGC[14,25]. However,
due to the heterogeneity of clinical characteristics, risk stratification based on these predictions provides
a simple prediction, which is challenging to apply in clinical practice.

The potential application of the GLCM in the prediction of LNM of UEGC has not been systematically
explored thus far. In this study, GLCM-based features were extracted from underlying grayscale images
collected through MRI. We developed an LNM risk prediction model for patients with UEGC using an
ML-based algorithm. The following are the two important findings of our study. First, the accurate risk
stratification of UEGC patients who should undergo additional surgery depends on the added value of
the GLCM. Second, a new ML-based prediction model was used to identify patients and whether they
have LNM. According to previous studies[26], texture analysis can quantify the spatial differences of
pixels and the subtle differences reflected in gray values, which is consistent with the conclusion of this
study. To some extent, we used GLCM features to gather spatial information and reduced the
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Figure 4 Visualization of prediction models based on artificial neural network algorithm. A: Artificial neural network model; B: Importance of
variables using connection weights. Candidate factors associated with lymph node metastasis are ordered via artificial neural network (ANN) algorithm and prediction
nodes, and weights are assigned via an ANN algorithm. IV_0: Inertia value 0°; IV_45: Inertia value 45°; 1G_0: Inverse gap 0°; IG_45: Inverse gap 45°; IG_all: Inverse
gap full angle; Haralick_30: Haralick 30°; Haralick_all: Haralick full angle.

overfitting effect by replacing the softmax layer with the ML-based algorithm.

In this study, we created five types of ML-based models (i.e., RFC, ANN, DT, XGBoost, and SVM),
which used GLCM features to predict LNM. Interestingly, there were differences in the prediction
efficiency obtained by ML-based models of different algorithms. For example, the RFC model had the
highest predictive accuracy, which was achieved by incorporating Entropy, Haralick_all, Haralick_30,
IG_all, IG_45, IG_0, and IV_45. Meanwhile, the ANN, DT, XGBoost, and SVM exhibited an inferior
performance compared with the RFC. This suggests that the accuracy of the RFC in predicting LNM is
superior to that of the ML model. A previous study indicated that a random forest algorithm is more
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Table 2 Receiver operating characteristic curve analysis of lymph node metastasis in each mL based model

Training set Testing set .
Model Variables'
AUC mean AUC 95%CI AUC mean AUC 95%CI
REC 0.925 0.378-1.472 0.912 0.355-1.469 Entropy, Haralick_all, Haralick_30, IG_all,
1G_45,1G_0,1v_45
ANN 0.887 0.340-1.434 0.837 0.280-1.394 Entropy, IG_all, IG_0, IG_45, IG_90,
IV_all, IV_all_SD, IV_0, IV_45,
Haralick_all, Haralick_30
DT 0.856 0.309-1.403 0.813 0.256-1.370 Entropy, Haralick_all, Haralick_30, IG_all,
1G_45,1G_0,1V_45
XGboost 0.814 0.267-1.361 0.807 0.250-1.364 Entropy, Haralick_all, Haralick_30, IG_all,
1G_45,1G_0, IV_45,1G_90
SVM 0.805 0.258-1.352 0.794 0.237-1.351 Entropy, Haralick_all, Haralick_30, IG_all,
1G_45,1G_0,1V_45
GLM 0.796 0.229-1.362 0.799 0.233-1.365 Entropy, Haralick_all, Haralick_30, IG_all,
1G_45,1G_0,1v_45
Radiologist 0.789 0.242-1.336 0.801 0.254-1.348 -

Wariables are included in the model.
RFC: Random forest classifier; SVM: Support vector machine; DT: Decision tree; ANN: Artificial neural network; XGboost: Extreme gradient boosting;
GLM,; Generalized linear model; AUC: Area under the receiver operating characteristic curve; 95%CI: 95% confidence interval; IV_0: Inertia value 0°; IV_45:
Inertia value 45°; IV_90: Inertia value 90°; IG_0: Inverse gap 0° IG_45: Inverse gap 45°; IG_90: Inverse gap 90°; IG_all: Inverse gap full angle; Haralick_30:

Haralick 30°.
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Figure 5 Predictive performance of candidate models based on machine learning based algorithm. A: Decision curve analysis (DCA) for five mL
based models in training sets; B: DCA for five ml based models in test sets. RFC: Random forest classifier; SVM: Support vector machine; DT: Decision tree; ANN:
Avrtificial neural network; XGboost: Extreme gradient boosting.
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efficient in processing classification problems, which is consistent with the results of this study[27].
Meanwhile, DT is not as good as the RFC in terms of fitting, and the low prediction ability of the ANN
model indicates that an “overfitting” phenomenon may occur. In general, different ML models show
consistent accuracy, indicating that the prediction performance of ML can be improved through data
processing.

Our results confirm a GLCM-based LNM classification, which has an ideal predictive effect on the
diagnosis and treatment of patients with UEGC. However, the following problems were inevitably
encountered in this study. First, because this study involved a retrospective analysis, the case inclusion
criteria may have a certain bias on the results, which remains to be confirmed by a large sample of
prospective studies in the future. Second, there were relatively few selected cases in this study, and only
some parameters of the GLCM were extracted. Thus, the results of its prediction model should be
verified by external data. Third, when data from multi-center and large sample studies are available in
the future, it is crucial to predict the presence or absence of LNM. Additionally, the GLCM is an
important imaging sequence of UEGC, and hence we will further perform other image texture analyses
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in subsequent research.

CONCLUSION

GLCM-based feature extraction could, in general, serve as a robust and promising tool to improve
predictive efficiency for LNM in individual UEGC patients. ML adopts the algorithm of “classification
and pruning” and clearer feature extraction, leading to better data fitting than the conventional
prediction model. The model constructed using the RFC had the highest predictive accuracy, with the
following being the most important predictors: Entropy, Haralick_all, Haralick_30, IG_all, IG_45, IG_0,
and IV_45. In the future, we are still required to validate and optimize these prediction models using
datasets of various scenarios to better apply them to clinical practice.

ARTICLE HIGHLIGHTS

Research background

Gray-level co-occurrence matrix (GLCM) based feature extraction could serve as a robust and promising
tool to improve the predictive efficiency for lymph node metastasis (LNM) of individual undifferen-
tiated early gastric cancer (UEGC) patients. Additionally, machine learning (ML) adopts more
optimized algorithms and more clear feature extraction. Models built using random forest classifier
(RFC) have the highest predictive accuracy in Entropy, Haralick full angle (Haralick_all), Haralick 30°
(Haralick_30), Inverse gap full angle (IG_all), Inverse gap 45° (IG_45), Inverse gap 0° (IG_0), and Inertia
value 45° (IV_45). Further research is needed to develop these models for clinical practice.

Research motivation

The evaluation results indicate that the method of selecting radiological and textural features becomes
more effective in the discrimination of LNM from UEGC patients. In addition, an ML-based prediction
model developed using RFC can be used to derive treatment options and identify LNM that can
improve clinical outcomes.

Research objectives

GLCM based feature extraction significantly correlated with LNM. The top 7 GLCM based factors
included Inertia value 0°, IV_45, IG_0, IG_45, IG_all, Haralick_30, Haralick_all, and Entropy. The areas
under the receiver operating characteristic (ROC) curve (AUCs) of the RFC model, support vector
machine (SVM), eXtreme gradient boosting (XGBoost), artificial neural network (ANN), and decision
tree (DT) ranged from 0.805 [95% confidence interval (CI): 0.258-1.352] to 0.925 (95%Cl: 0.378-1.472) in
the training set and from 0.794 (95%CI: 0.237-1.351) to 0.912 (95%CI: 0.355-1.469) in the testing set,
respectively. The RFC (training set: AUC: 0.925, 95%ClI: 0.378-1.472; testing set: AUC: 0.912, 95%Cl:
0.355-1.469) model incorporating Entropy, Haralick_all, Haralick_30, IG_all, IG_45, IG_0, and IV_45 had
the highest predictive accuracy.

Research methods

We retrospectively selected 526 cases of UEGC confirmed by pathological examination after radical
gastrectomy without endoscopic treatment in four tertiary hospitals between January 2015 to December
2021. GLCM-based features were extracted from grayscale images and ML was applied to the classi-
fication of candidate predictive variables. In order to evaluate robustness and clinical utility of each
model, the following were made: ROC, decision curve analysis, and clinical impact curve.

Research results
Identifying a potential biomarker that predicts LNM is proven to be very useful in determining
treatment.

Research conclusions

To develop a ML-based integral procedure to construct the LNM gray level co-occurrence matrix
(GLCM) prediction model.

Research perspectives
The risk of LNM is the most important consideration in determining treatment strategies for UEGC.
Therefore, identifying a potential biomarker that predicts LNM is proven to be very useful in
determining treatment.
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Abstract

BACKGROUND

Surgical resection is one of the most widely used modalities for the treatment of
hepatocellular carcinoma (HCC). Early extrahepatic recurrence (EHR) of HCC
after surgical resection is considered to be closely associated with poor prognosis.
However, data regarding risk factors and survival outcomes of early EHR after
surgical resection remain scarce.

AIM

To investigate the clinical features and risk factors of early EHR and elucidate its
association with survival outcomes.

METHODS

From January 2004 to December 2019, we enrolled treatment-naive patients who
were 2 18 years and underwent surgical resection for HCC in two tertiary
academic centers. After excluding patients with tumor types other than HCC
and/or ineligible data, this retrospective study finally included 779 patients.
Surgical resection of HCC was performed according to the physicians’ decisions
and the EHR was diagnosed based on contrast-enhanced computed tomography
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or magnetic resonance imaging, and pathologic confirmation was performed in selected patients.
Multivariate Cox regression analysis was performed to identify the variables associated with EHR.

RESULTS

Early EHR within 2 years after surgery was diagnosed in 9.5% of patients during a median follow-
up period of 4.4 years. The recurrence-free survival period was 5.2 mo, and the median time to
EHR was 8.8 mo in patients with early EHR. In 52.7% of patients with early EHR, EHR occurred as
the first recurrence of HCC after surgical resection. On multivariate analysis, serum albumin < 4.0
g/dL, serum alkaline phosphatase > 100 U/L, surgical margin involvement, venous and/or
lymphatic involvement, satellite nodules, tumor necrosis detected by pathology, tumor size > 7
cm, and macrovascular invasion were determined as risk factors associated with early EHR. After
sub-categorizing the patients according to the number of risk factors, the rates of both EHR and
survival showed a significant correlation with the risk of early EHR. Furthermore, multivariate
analysis revealed that early EHR was associated with substantially worse survival outcomes
(Hazard ratio, 6.77; 95% confidence interval, 4.81-9.52; P < 0.001).

CONCLUSION

Early EHR significantly deteriorates the survival of patients with HCC, and our identified risk
factors may predict the clinical outcomes and aid in postoperative strategies for improving
survival.

Key Words: Early extrahepatic recurrence; Hepatocellular carcinoma; Prognosis; Surgery; Survival

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Surgical resection of hepatocellular carcinoma is effective and curative treatment modality.
However, early extrahepatic recurrence (EHR) after resection is related to poor prognosis. This study
indicates the close correlation between the early EHR and survival outcome (hazard ratio 6.77, 95%
confidence interval 4.81-9.52). The time to EHR was 8.8 mo and in 52.7% of early EHR group, EHR
occurred as the first recurrence. On multivariate analysis, serum albumin < 4.0 g/dL, serum alkaline
phosphatase > 100 U/L, surgical margin involvement, venous and/or lymphatic involvement, satellite
nodules, tumor necrosis, tumor size > 7 cm, and macrovascular invasion were associated risk factors with
early EHR.

Citation: Yoon JH, Choi SK, Cho SB, Kim HJ, Ko YS, Jun CH. Early extrahepatic recurrence as a pivotal factor
for survival after hepatocellular carcinoma resection: A 15-year observational study. World J Gastroenterol 2022;
28(36): 5351-5363

URL: https://www.wjgnet.com/1007-9327/full/v28/i36/5351.htm

DOI: https://dx.doi.org/10.3748/wjg.v28.i136.5351

INTRODUCTION

Surgical resection remains one of the best options for treating early hepatocellular carcinoma (HCC),
along with liver transplantation and radiofrequency ablation[1-3]. With the development of surgical
techniques and medical devices, surgical resection of tumors has been performed for a wide spectrum of
patients with HCC. Nonetheless, HCC recurrence after surgery leads to an unfavorable prognosis and is
still a major issue, with the 2-year recurrence rate ranging from 30.0% to 43.0%][4,5].

HCC recurrence after surgical resection mostly occurs inside the liver (intrahepatic), but recurrence
outside the liver (extrahepatic) can also occur[2,6]. Most cases of extrahepatic recurrence (EHR) of HCC
generally have an aggressive phenotype, and this contributes to poor survival outcomes|[7]. Taketomi et
al[6] reported the 3-, 5-, and 10-year cumulative survival rates of EHR as 60.3%, 24.0%, and 6.0%,
respectively, which were lower than those in patients with intrahepatic recurrence (IHR) (74.5%, 57.7%,
and 23.1%, respectively; P = 0.004). Although IHR of HCC can be managed by various loco-regional
treatment modalities and systemic therapies, there are only limited methods for the treatment of EHR.
However, despite an expected poor prognosis, favorable outcomes in selected patients with limited
EHR have been reported with treatment modalities, such as metastasectomy[8]. Therefore, predicting
the risk of EHR is essential, and better outcomes can be accomplished by predicting high-risk patients
and monitoring these patients with close follow-up surveillance for early detection of EHR and/or
timely postoperative adjuvant therapy.
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We have reported simple parameters for predicting EHR after hepatectomy[9], and in that study,
approximately 49.2% of the patients with EHR (31 of 63 patients) showed early EHR and demonstrated
poorer recurrence-free survival (RFS) and overall survival rates. There have been many reports
regarding the risk factors and predictive models for early recurrence mostly concerning IHR of HCC
after surgery[10-12]; however, there are limited data regarding the risk factors and survival outcomes
related to early EHR after surgical resection of HCC. Moreover, the clinical characteristics and survival
outcomes of patients with early EHR in comparison with those with a later onset of EHR have not been
examined. Hence, we aimed to investigate the characteristics and potential risk factors of early EHR
after curative surgical resection for HCC and explore the relationship between early EHR and survival
outcomes.

MATERIALS AND METHODS

Patients

This study enrolled 890 patients who underwent surgery for HCC from January 2004 to December 2019
at two tertiary hospitals. Patients with tumor types other than HCC, previous treatment experience, and
ineligible data were excluded. Finally, 779 patients were enrolled for this study and were analyzed.
Surgical resection of HCC was determined by a physician’s decision regarding the tumor stage, liver
function, and the patient’s physical status. There had been no changes in the keynote of surgical
resection during the study period in both centers. To exclude potential bias regarding surgical technique
and concentrate on EHR development and survival rate based on tumor findings, patients who
developed EHR prior to the completion of the post-surgical duration of 60 d were excluded.

Baseline HCC staging, surgical resection, and follow-up

HCC was diagnosed according to the guidelines of the Korean Liver Cancer Study Group and the
National Cancer Center[13]. HCC staging at the time of diagnosis was determined using the modified
Union for International Cancer Control (mUICC) staging system[14] and the Barcelona Clinic Liver
Cancer (BCLC) classification system[3]. Milan criteria were based on radiologic findings at initial the
diagnosis of HCC[15]. Abdominal computed tomography (CT) or magnetic resonance imaging (MRI)
and assessment of serological tumor markers were routinely performed 1 mo after surgical resection
and at each 3-6-month follow-up visit.

The tumor sizes were measured by radiologic modalities with CT or MRI. The histological differen-
tiation of HCC was graded according to the criteria of Edmondson and Steiner[16]. The presence of
macrovascular invasion was defined as vascular invasion of HCC detected on CT imaging or MRI while
microvascular invasion was defined as invasion of vascular structures on microscopic analysis of
resected tumor specimens. Lymph node metastasis, serosal invasion, bile duct invasion, capsule
formation, multicentricity, satellite nodule, intrahepatic metastasis, tumor necrosis, tumor hemorrhage,
and fatty changes within tumors were all confirmed from pathological findings of resected specimens.
Overall survival was defined as the time interval in days between the date of diagnosis of HCC and the
date of death or last follow-up examination. The cause of death of each patient is presented in Supple-
mentary Table 1.

Diagnosis of recurrence and EHR

The diagnosis of EHR was confirmed by contrast-enhanced CT or MRI, and pathological examination
was performed only for selected patients as decided by the physician. In addition, chest radiographs,
bone scintigraphy, positron emission tomography-CT, and brain MR or CT imaging were used when
new signs suggesting tumor metastasis manifested. Early EHR was defined as EHR that developed
within 2 years after initial surgical resection. Most cases of EHR were diagnosed during the routine
follow-up studies, with a few cases diagnosed during the evaluation of new-onset symptoms or based
on significant elevation in alpha-fetoprotein (AFP) or serial AFP elevation without definite intra-hepatic
lesions.

Ethics statement

This study was approved by the Institutional Review Board of Chonnam National University Hospital
(IRB No. CNUH-2019-203). Because of the retrospective design of our study and the use of de-identified
data, the requirement for informed consent was waived under the approval of the Institutional Review
Board of Chonnam National University Hospital. The study was performed in compliance with the
tenets of the 1975 Helsinki Declaration.

Statistical analysis

The data are presented as means + SD or as medians and ranges, as appropriate, for the data type and
distribution. Univariate analyses were performed using the chi-squared test or Student’s ¢-test, as
appropriate. Variables with a P value of < 0.05 on univariate analyses were included in a multivariate
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logistic regression analysis to identify factors predictive of EHR. A multivariate Cox regression model
was built using a stepwise backward selection of variables, and variables with a P value of < 0.05 were
retained as predictive factors. The risk levels of EHR were defined based on the number of risk factors
present, and Kaplan-Meier survival curves were constructed for each risk level. All statistical analyses
were performed using SPSS software version 27.0 (IBM Corp., Armonk, NY, United States). The
statistical methods of this study were reviewed by Cho Hee Hwang from the Biomedical research
institute of Chonnam National University Hospital.

RESULTS

Baseline characteristics of the enrolled patients

The baseline characteristics of patients with early EHR were assessed (Table 1). These patients were
younger, had lower serum albumin levels, and higher initial serum AFP concentration > 400 (IU/mL)
than those without early EHR. Additionally, patients with early EHR showed more advanced tumor
stage with respect to tumor size, BCLC stage, mUICC stage, and beyond Milan criteria. The patients in
the early EHR group presented higher rates of macrovascular invasion and longer duration of hospital
stay after liver resection. Furthermore, when we subdivided the patients into those without EHR, those
with non-early EHR, and those with early EHR, the following factors exhibited a close relationship to
the interval of EHR development: younger age, ALP levels, albumin levels, preoperative serum AFP >

1500 IU/mL, tumor size, tumor numbers, tumor stages, and the presence of macrovascular invasion
(Supplementary Table 2).

Comparison of clinicopathological findings and clinical outcomes

We analyzed the surgical findings of tumor specimens categorized by the presence of early EHR
(Table 2). Patients with early EHR had more metastatic lymph nodes, microvascular invasion, and
satellite nodules (0.1% vs 4.1%, 16.3% vs 44.6%, and 12.2% vs 23.0%, respectively). Furthermore, the
tumor specimens in the early EHR group showed a higher probability of tumor necrosis, hemorrhages,
and absence of fatty changes (41.5% vs 82.4%, 43.0% vs 62.2%, and 36.0% vs 20.5%, respectively). On
subgroup analysis stratifying patients with EHR into the early EHR and non-early EHR groups,
microvascular invasion, serosal invasion, presence of satellite nodules, tumor necrosis, hemorrhages,
and absence of fatty changes still showed consistent significance (Supplementary Table 3).

When comparing the findings on the first recurrence between the early and non-early EHR groups,
the proportion of patients with serum AFP > 400 IU/mL was higher (10.2% vs 31.0%, P < 0.001) (Table 2)
and the RFS was shorter (32.4 vs 5.21 mo, P < 0.001) in the early EHR group. These trends for serum AFP
and RFS also showed consistency when we compared all patients with non-early EHR and early EHR
(Supplementary Table 1). Furthermore, the mUICC stage at first recurrence was more advanced in the
early EHR group (38.7% vs 75.7% with mUICC stage = 3, P < 0.001), and 52.7% of patients developed
EHR as the first recurrence after surgical resection.

Analysis of factors associated with early EHR

We performed Cox regression analysis to assess multiple factors relevant to EHR after surgical resection
of HCC (Table 3). Among various risk factors, eight were proven to be closely associated with EHR,
including serum albumin < 4.0 g/dL [Hazard ratio (HR), 2.12; P < 0.001], serum ALP > 100 U/L (HR,
1.586; P = 0.018), surgical margin involvement (HR, 2.53; P = 0.032), venous and/or lymphatic
involvement (HR, 1.900; P = 0.002), satellite nodules (HR, 1.73; P = 0.011), tumor necrosis (HR, 1.92; P =
0.001), sum of tumor size 27 cm (HR, 1.84; P = 0.004), and macrovascular invasion (HR, 2.30; P = 0.008).

Analysis of factors associated with overall survival

We conducted Cox regression analysis to determine the risk factors associated with survival after
surgical resection of HCC and to assess the relationship between early EHR and survival. On multi-
variate analysis, serum albumin < 4.0 g/dL (HR, 2.44; P < 0.001), serum ALP > 100 U/L (HR, 1.61; P =
0.001), major Edmondson-Steiner grade > 3 (HR, 1.45; P = 0.008), pathological mUICC stage III or IVa
(HR, 1.63; P = 0.002), satellite nodules (HR, 1.92; P < 0.011), tumor necrosis (HR, 1.35; P = 0.030), and
early EHR (HR, 6.77; P < 0.001) were identified as factors related to survival outcome.

Cumulative rates of early EHR and overall survival

Among the 779 patients enrolled, 136 (17.5%) developed EHR during a median follow-up period of 4.41
years, and 74 (54.4%) exhibited early EHR after surgical resection of HCC. Both the cumulative rates of
recurrence and the overall survival rates after surgical resection of HCC showed stepwise correlations
with the interval to EHR (Figure 1). The 1-, 3-, 5-, and 10-year cumulative rates of recurrence were
15.8%, 35.4%, 46.5%, and 60.1% in the non-EHR group and were 32.3%, 64.5%, 85.5%, and 100.0% in the
non-early EHR group. The early EHR group had a 1-year recurrence rate of 83.8% and 100.0% from the
2nd year after surgical resection (Figure 1A). The 1-, 3-, 5-, and 10-year cumulative rates of overall
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Table 1 Baseline characteristics of the enrolled patients

Patients without early EHR (n =

705) Patients with early EHR (n=74) P value
Age (yr) 59.49 +10.08 56.51 £10.37 0.020
Male sex (1, %) 603 (85.5) 64 (86.5) 0.824
BMI (kg/m?) 23.89 £3.03 2410 £2.98 0.790
Etiology of hepatitis, 1 (%) 0.569
HBV/HCV 425 (63.2)/55 (8.2) 53 (73.6)/8 (11.1)
Alcohol/combined 40 (10.4)/49 (7.0) 5(6.9)/2 (2.8)
NASH/unknown 1(0.1)/73 (10.8) 0/4 (5.6)
ALP (U/L) 89.25 +44.04 113.23 £ 106.76 0.059
Albumin (mg/dL) 436+045 419+0.48 0.002
ALBI grade 22, n (%) 97 (13.8) 16 (21.9) 0.063
ICGR15 12.02+7.29 12.58 +7.62 0.566
Preoperative serum AFP > 400 (IU/mL) 127 (18.6) 24 (32.9) 0.004
Sum of tumor size 417 +2.44 6.06 +3.38 <0.001
Tumor numbers 1.19 £0.54 1.32£0.82 0.176
BCLC stage, n (%) <0.001
0/A/zB 89 (12.7)/491 (69.9)/122 (17.4) 3 (4.1)/44 (59.5)/27 (36.5)
Pathological mUICC stage, 1 (%) <0.001
I/11/> 1L 111 (15.8)/431 (61.4)/160 (22.8) 2(2.7)/32 (43.2)/40 (54.1)
Radiological mUICC stage, 1 (%) <0.001
I/11/> 111 112 (15.9%)/463 (66.0%)/127 (18.1%) 4 (5.4)/43 (58.1)/27 (36.5)
Beyond Milan criteria, 1 (%) 179 (25.4) 40 (54.1) <0.001
Macrovascular invasion, 7 (%) 32 (4.6) 11 (14.9) <0.001
Hospital stay, days (median, range) 133+7.1 15.6 +75.6 0.049
Follow-up duration, years (median, range) 4.8 (0.23-15.36) 1.8 (0.31-1.43) <0.001

Values are presented as mean + SD. SD: Standard deviation; EHR: Extrahepatic recurrence; BMI: Body mass index; HBV: Hepatitis B virus; HCV: Hepatitis
C virus; AST: Aspartate transaminase; ALT: Alanine transaminase; ALP: Alkaline phosphatase; AFP: Alpha-fetoprotein; BCLC: Barcelona Clinic Liver

Cancer; mUICC: Modified Union for International Cancer Control.
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survival were as follows: 97.8%, 90.2%, 80.9%, and 66.8% for the non-EHR group; 100.0%, 90.3%, 67.2%,
and 9.9% for the non-early EHR group; and 74.9%, 23.0%, 15.2%, and 10.8% for the early EHR group
(Figure 1B).

Cumulative rates of early EHR and survival categorized by risk factors

Depending on the eight factors proven to be associated with early EHR, we categorized the patients
according to the number of risk factors. The cumulative rates of early EHR onset and survival were
analyzed in the sub-categorized patients, and both rates showed stepwise correlations according to the
number of risk factors (Figure 2A and B). Consequently, we stratified the patients into three categories: a
low-risk group with 0-1 risk factor, an intermediate-risk group with 2-3 risk factors, and a high-risk
group with > 4 risk factors. The rates of EHR and survival exhibited a significant correlation with the
risk stratification model (Figure 2C and D). The 1-, 2-, 3-, 5-, and 10-year cumulative rates of EHR in
each group were as follows: 0.5%, 2.0%, 3.4%, 6.2%, and 16.8% in the low-risk group; 10.3%, 16.1%,
18.6%, 23.8%, and 42.8% in the intermediate-risk group; and 31.7%, 44.0%, 50.2%, 66.2%, and 77.5% in
the high-risk group. The 1-, 3-, 5-, and 10-year overall survival rates in each group were as follows:
98.9%, 94.7%, 89.5%, and 70.0% in the low-risk group; 93.9%, 75.7%, 59.3%, and 38.1% in the
intermediate-risk group; and 78.8%, 47.7%, 31.2%, and 12.5% in the high-risk group.
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Table 2 Comparison of surgical findings and clinical outcomes in patients with and without extrahepatic recurrence

Patients without early EHR (n=705)  Patients with early EHR (n=74) P value

Margin involvement, 1 (%) 16 (2.3%) 4 (5.5%) 0.104
Metastatic lymph nodes, 1 (%) 1(0.1) 341) <0.001
Microvascular invasion, 1 (%) 114 (16.3) 33 (44.6) <0.001
Serosal invasion, 7 (%) 13 (1.9) 4(5.4) 0.052
Bile duct invasion, 1 (%) 9(1.3) 1(1.4) 0.975
Capsule formation, n (%) 456 (66.7) 53 (71.6) 0.389
Multicentricity, 1 (%) 54 (7.8) 8 (10.8) 0.372
Satellite nodule, n (%) 84 (12.2) 17 (23.0) 0.009
Intrahepatic metastasis, 1 (%) 8(1.2) 2(27) 0.268
Necrosis, 1 (%) 286 (41.5) 61 (82.4) <0.001
Haemorrhage, 1 (%) 296 (43.0) 46 (62.2) 0.002
Fatty change, n (%) 246 (36.0) 15 (20.5) 0.008
Major Edmondson-Steiner grade, n (%) 0.243

1/2 30 (4.4)/352 (51.8) 2(2.7)/30 (41.1)

3/4 274 (40.3)/24 (3.5) 38 (52.1)/3 (4.1)

Worst Edmondson-Steiner grade, 1 (%) 0.094
1/2 8 (1.1)/130 (18.9) 1(1.4)/5 (6.8)

3/4 357 (51.8)/194 (28.2) 40 (54.1)/28 (37.8)

Serum AFP > 400 IU/mL on first recurrence 34 (10.2) 22 (31.0) <0.001
Recurrence-free survival, mo (median, range) 32.4 (2.24-177.34) 5.21 (2.04-20.28) <0.001
mUICC T stage on first recurrence, n (%) <0.001
0/1 6 (1.8)/144 (43.6) 10 (13.7)/23 (31.5)

2/3 131 (39.7)/39 (11.8) 14 (19.2)/20 (27.4)

4 10 (3.0) 6(8.2)

Second treatment modality 0.070
Surgery/RFA 46 (6.5)/95 (13.5) 9(12.2)/10 (13.5)

TACE/RFA + TACE 156(22.1)/14 (2.0) 13 (17.6)/6 (8.1)

RT/systemic chemotherapy/BSC 20 (2.8)/11 (1.5)/20 (2.8) 3(41)/1(1.4)

AFP: Alpha-fetoprotein; mUICC: Modified Union for International Cancer Control stage; RFA: Radiofrequency ablation; TACE: Trans-arterial chemo-

embolization; RT: Radiotherapy; BSC: Best supportive care.
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DISCUSSION

EHR of HCC is a well-known predictive marker of poor survival outcomes, and EHR after surgical
resection of HCC is deemed to be a pivotal factor for grave prognosis[7,9,17,18]. In this large-scale 15-
year observational study conducted at two academic tertiary hospitals, EHR and early EHR occurred in
17.5% and 9.5% of 779 patients with HCC, respectively. Patients with early EHR had a rapid recurrence
of HCC after surgical resection and poor survival outcomes. Furthermore, we elucidated the potential
risk factors for early EHR after curative surgical resection of HCC.

Since the proportion of IHR cases is higher than that of EHR cases after surgical resection of HCC,
previous studies have analyzed various risk factors associated with IHR alone, previous studies have
analyzed various risk factors associated with IHR. Portolani ef al[19] examined the early and late
recurrence of HCC after liver resection and showed that the survival rates in the early recurrence group
were significantly lower than those in the late recurrence group (25.7% vs 4.5% at 5 years). Moreover,
similar results were demonstrated in a large-scale multicenter study conducted in China by Yan et al[20]
comprising 1426 patients, where patients in the early recurrence group showed poor post-recurrence
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Table 3 Univariate and multivariate analyses of factors associated with early extrahepatic recurrence

Univariate analysis Multivariate analysis

HR (95%Cl) P value HR (95%Cl) Pvalue
Serum albumin < 4.0 g/dL 2.27 (1.56-3.29) <0.001 2.19 (1.45-3.31) <0.001
Serum ALP >100 U/L 1.76 (1.24-2.52) 0.002 1.59 (1.08-2.32) 0.018
ALBI grade >2 1.71 (1.12-2.59) 0.012
Surgical margin involvement 2.30 (1.07-4.93) 0.032 2.53 (1.09-5.90) 0.032
Pathological mUICC stage (III, IVa) 2.94 (2.09-4.12) <0.001
Multiple tumors' 3.21 (1.57-6.56) 0.002
Venous/lymphatic involvement” 2.98 (2.09-4.25) <0.001 1.90 (1.28-2.83) 0.002
Serosa invasion 2.86 (1.33-6.12) 0.007
Bile duct invasion 3.25 (1.20-8.83) 0.020
Satellite nodule 2.69 (1.83-3.94) <0.001 1.73 (1.14-2.63) 0.011
Intrahepatic metastasis 2.99 (1.10-8.09) 0.032
Tumor necrosis 3.18 (2.20-4.61) <0.001 1.92 (1.29-2.79) 0.001
Tumor hemorrhage 1.81 (1.28-2.55) 0.001
Sum of tumor size 27 cm 3.25 (2.23-4.73) <0.001 1.84 (1.21-2.77) 0.004
Macrovascular invasion 2.48 (1.37-4.50) 0.003 2.30 (1.24-4.26) 0.008
Serum AFP > 1500 IU/mL 1.99 (1.27-3.12) 0.003

"Number of tumors examined during pathological evaluation.

2Confirmed findings during pathological evaluation.

HR: Hazards ratio; CI: Confidence interval; ALP: Alkaline phosphatase; ALBI: Albumin-bilirubin; mUICC: Modified Union for International Cancer
Control; AFP: Alpha-fetoprotein.
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survival (13.5 vs 36.6 mo, P < 0.001). Furthermore, Yang et al[21] stated that recurrent HCC cases with
multicentric recurrence may have had greater survival than intrahepatic metastasis cases. In contrast,
Byeon et al[22] compared the outcomes of 111 patients with IHR and 41 patients with EHR who had
undergone surgical resection for HCC and found that patients in the EHR group showed significantly
lower 5-year survival rates than those in the IHR group (21.5% vs 36.3%, P < 0.001). Considering the
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non-negligible rates of EHR after surgical resection of HCC and the dismal prognosis of patients with
EHR, risk stratification and prediction of early EHR may have been of great importance in improving
the clinical outcome.

In 52.7% of the patients with early EHR, EHR was the first recurrence of HCC after surgical resection
(Supplementary Table 1), and both interval to first recurrence and EHR were significantly shorter in the
early EHR group compared with that in the non-early EHR group (5.2 vs 21.6 mo, P < 0.001; and 8.81 vs
58.57 mo, P < 0.001). Moreover, a higher proportion of patients with early EHR showed an advanced
stage at first recurrence (mUICC stage > 3, 75.7% vs 38.7%, P < 0.001), and 43.2% of patients had no
intrahepatic HCC (mUICC T stage 0) at EHR. This suggests that EHR may occur within a very short
interval after surgical resection of HCC with an advanced tumor stage while intrahepatic HCC is not
exhibited. Considering the aggressive nature of the tumors in patients with early EHR, adjuvant therapy
after surgical resection or meticulous postoperative surveillance may be highly required in a specific
group of patients to prompt detection of EHR. In addition, with respect to the high proportion of
patients with EHR as their first recurrence (52.7%), pre- and/or peri-operative factors are considered to
play critical roles in predicting early EHR.

Among the several factors associated with early EHR, serum albumin < 4.0 g/dL, serum ALP > 100
U/L, surgical margin involvement, venous and/or lymphatic involvement, satellite nodules, tumor
necrosis, tumor size > 7 cm, and the presence of macrovascular invasion confirmed on radiologic
examination were identified as risk factors related to early EHR, as determined by multivariate Cox
regression analysis (Table 3). The concentrations of albumin and/or ALP alone or in combination with
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other parameters have been proposed as useful markers for predicting recurrence after surgical removal
of HCC in previous studies[23-26]. Li et al[27] showed the prognostic value of the albumin-to-ALP ratio
in patients with HCC who received liver transplants, whereas Yu et al[26] determined ALP concen-
tration as an independent factor influencing disease-free survival and overall survival that aids in the
prediction of recurrence in high-risk patients with HCC. Additionally, involvement of the surgical
margins was related to poor clinical outcomes, as shown by a previous study[28] and a meta-analysis
conducted by Zhong et al[29], which is consistent with the findings of our study. Chen et al[30] reported
a poorer prognosis related to microvascular invasion in solitary small HCC in their meta-analysis, while
Hasegawa et al[31] reported the association between lymphatic system involvement and patient survival
after surgical resection of HCC, which are consistent with our findings. In a large-scale study of 734
patients who underwent surgery for HCC, satellite nodules, tumor size (> 5 cm), and the presence of
macrovascular invasion were closely related to late recurrence of HCC in multivariate analysis (HR,
1.59, 1.49, and 4.63, respectively), and these findings are concordant with our study[32]. A recent study
by Wei et al[33] reported that tumor necrosis was associated with the prognosis of patients undergoing
surgery for HCC with regard to overall survival and RFS and advanced tumor characteristics, and Ling
et al[34] also reported tumor necrosis as a potential parameter of the aggressiveness of HCC. Concordant
with these previous study results, our study also demonstrated a significant association between tumor
necrosis and early EHR.

In addition, we analyzed multiple factors associated with overall survival after surgical resection of
HCC and identified that serum albumin < 4.0 g/dL, serum ALP > 100 U/L, major Edmondson-Steiner
grade > 3, pathological mUICC stage III or IVa, satellite nodules, tumor necrosis, and early EHR were
related to survival (Table 4). Most risk factors exhibited similar results in the multivariate analysis of
factors associated with early EHR (serum albumin < 4.0 g/dL, serum ALP > 100 U/L, satellite nodules,
and tumor necrosis). The Edmondson-Steiner grade has been previously reported as a crucial predictor
of recurrence and survival by Zhou et al[31] and Martins-Filho et al[32], and our study also showed poor
survival outcomes in patients with major Edmondson-Steiner grade > 3. Finally, early EHR showed a
significant association with poor survival and increased the risk of death more than six times (HR, 6.77;
95%CI, 4.81-9.52; P < 0.001).

The cumulative rates of first recurrence and overall survival were correlated with the development of
EHR and the interval to EHR (Figure 1). In particular, patients with early EHR showed substantially
worse survival outcomes (HR, 6.77; 95%ClI, 4.81-9.52; P < 0.001). Furthermore, considering the hetero-
geneity of patient characteristics regarding the tumor nature, degree of liver cirrhosis, and diverse
disease courses after surgical resection, predictive markers of early EHR within 2 years after surgical
resection with preoperative and/or operative factors may well reflect the initial state of the tumor.

We categorized the patients by the number of eight risk factors associated with early EHR and
assessed the probability rates of EHR and overall survival. As demonstrated in Figure 2, there was a
significant relationship between the number of the risk factors and the cumulative rates of both EHR
and overall survival (P < 0.001). For a simple and intuitive predictive model of EHR, we subgrouped the
patients into three categories: a low-risk group with 0-1 risk factor, an intermediate-risk group with 2-3
risk factors, and a high-risk group with > 4 risk factors. The rates of both EHR and survival showed a
substantial correlation with these risk stratifications. Hence, the prediction of early EHR after surgical
resection of HCC may be regarded as essential, especially for high-risk patients.

Our study had several limitations. First, this study was retrospective and included patients with
heterogenous clinical courses and outcomes. The postoperative surveillance methods, schedule, and
treatment methods for recurrence of HCC were not fully standardized. To minimize the potential bias
owing to the design of this study, we strived to enroll a large number of patients in multiple tertiary
academic hospitals. Furthermore, the fact that more than half of the patients (52.7%) developed EHR as
their first recurrence highlighted the importance of preoperative and operative factors. Second, although
pathological confirmation of EHR was performed for a few patients, most instances of EHR were solely
identified at the physician’s discretion using imaging diagnostic modalities. Finally, owing to patient
geographic characteristics, the majority of patients had chronic hepatitis B as the etiology of liver
cirrhosis and HCC. Further studies are warranted to investigate characteristics and risk factors for early
EHR in patients with diverse chronic hepatitis by using a standardized study protocol. Especially, the
use of radiomic tumor features for the prediction of recurrence after HCC treatment can be considered
as an additional tool for prompt detection of early EHR[35,36]. Using an accurate tool for the prediction
of early EHR, the prognosis of patients with a high risk of early EHR may be improved with the
utilization of adjunctive post-operative therapy.

CONCLUSION

Patients with early EHR showed rapid recurrence of HCC after surgical resection and significantly
worse survival outcomes. . We derived several risk factors associated with early EHR and the numbers
of risk factors correlated with not only with cumulative rates of EHR but also with survival rates. In
terms of poor prognosis associated with early EHR, patients who undergo surgical resection for HCC
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Table 4 Univariate and multivariate analysis of factors associated with overall survival

Univariate analysis Multivariate analysis

HR (95%Cl) Pvalue HR (95%Cl) P value
Serum albumin < 4.0 g/dL 2.14 (1.61-2.85) <0.001 2.44 (1.79-3.32) <0.001
ALBI grade > 2 1.84 (1.36-2.51) <0.001
Serum ALP >100 U/L 1.84 (1.41-2.41) <0.001 1.62 (1.22-2.16) 0.001
Single tumor’ 1.87 (1.21-2.91) 0.005
Major Edmondson-Steiner grade >3 1.64 (1.26-2.13) <0.001 1.45 (1.10-1.90) 0.008
Venous/lymphatic involvement” 2.44 (1.84-3.22) <0.001
Pathological mUICC stage (III, IVa) 2.59 (2.00-3.35) <0.001 1.63 (1.21-2.22) 0.002
Bile duct invasion 2.72 (1.21-6.13) 0.016
Intrahepatic metastasis 3.66 (1.72-7.77) 0.001
Multicentricity 1.91 (1.29-2.82) 0.001
Satellite nodule 2.45 (1.82-3.30) <0.001 1.92 (1.38-2.69) <0.001
Tumor necrosis 2.12 (1.63-2.77) <0.001 1.35 (1.030-1.78) 0.030
Tumor hemorrhage 1.58 (1.21-2.05) 0.001
Sum of tumor size 27 cm 2.21 (1.63-3.00) <0.001
Beyond Milan criteria 1.79 (1.38-2.33) <0.001
Serum AFP > 1500 IU/mL 1.47 (1.01-2.15) 0.046
Early extrahepatic recurrence 7.72 (5.67-10.51) <0.001 6.77 (4.81-9.52) <0.001

INumber of tumors examined during pathological evaluation.

%Confirmed findings during pathological evaluation.

HR: Hazards ratio; CI: Confidence interval; ALBI: Albumin-bilirubin; ALP: Alkaline phosphatase; mUICC: Modified Union for International Cancer
Control; AFP: Alpha-fetoprotein.

can be stratified by the risk of EHR with our model, and meticulous postoperative surveillance and
adjuvant therapies may be required for timely EHR detection and positive clinical outcomes.

ARTICLE HIGHLIGHTS

Research background

Surgical resection is one of the most widely used modalities for the treatment of hepatocellular
carcinoma (HCC). Early extrahepatic recurrence (EHR) of HCC after surgical resection is considered to
be closely associated with poor prognosis.

Research motivation
Data regarding risk factors and survival outcomes of early EHR after surgical resection remain scarce.

Research objectives
We decided to investigate the clinical features and risk factors of early EHR and elucidate its association
with survival outcomes.

Research methods

From January 2004 to December 2019, we enrolled treatment-naive patients who were > 18 years and
underwent surgical resection for HCC in two tertiary academic centers. After excluding patients with
tumor types other than HCC and/or ineligible data, this retrospective study finally included 779
patients. Surgical resection of HCC was performed according to the physicians’ decisions and the EHR
was diagnosed based on contrast-enhanced computed tomography or magnetic resonance imaging, and
pathologic confirmation was performed in selected patients. Multivariate Cox regression analysis was
performed to identify the variables associated with EHR.
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Research results

Early EHR within 2 years after surgery was diagnosed in 9.5% of patients during a median follow-up
period of 4.4 years. The recurrence-free survival period was 5.2 mo, and the median time to EHR was 8.8
mo in patients with early EHR. In 52.7% of patients with early EHR, EHR occurred as the first
recurrence of HCC after surgical resection. On multivariate analysis, serum albumin < 4.0 g/dL, serum
alkaline phosphatase > 100 U/L, surgical margin involvement, venous and/or lymphatic involvement,
satellite nodules, tumor necrosis detected by pathology, tumor size > 7 cm, and macrovascular invasion
were determined as risk factors associated with early EHR. After sub-categorizing the patients
according to the number of risk factors, the rates of both EHR and survival showed a significant
correlation with the risk of early EHR. Furthermore, multivariate analysis revealed that early EHR was
associated with substantially worse survival outcomes (hazard ratio, 6.77; 95% confidence interval, 4.81-
9.52; P < 0.001).

Research conclusions
Early EHR significantly deteriorates the survival of patients with HCC, and our identified risk factors
may predict the clinical outcomes and aid in postoperative strategies for improving survival.

Research perspectives

Further studies are warranted to investigate characteristics and risk factors for early EHR in patients
with diverse chronic hepatitis by using a standardized study protocol. Using an accurate tool for the
prediction of early EHR, the prognosis of patients with a high risk of early EHR may be improved with
the utilization of adjunctive post-operative therapy.
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Abstract

BACKGROUND

Early identification of metabolic-associated fatty liver disease (MAFLD) is urgent.
Atherogenic index of plasma (AIP) is a reference predictor of obesity-related
diseases, but its predictive value for MAFLD remains unclear. No studies have
reported whether its combination with waist circumference (WC) and body mass
index (BMI) can improve the predictive performance for MAFLD.

AIM

To systematically explore the relationship between AIP and MAFLD and evaluate
its predictive value for MAFLD and to pioneer a novel noninvasive predictive
model combining AIP, WC, and BMI while validating its predictive performance
for MAFLD.

METHODS

This cross-sectional study consecutively enrolled 864 participants. Multivariate
logistic regression analysis and receiver operating characteristic curve were used
to evaluate the relationship between AIP and MAFLD and its predictive power
for MAFLD. The novel prediction model A-W-B combining AIP, WC, and BMI to
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predict MAFLD was established, and internal verification was completed by magnetic resonance
imaging diagnosis.

RESULTS

Subjects with higher AIP exhibited a significantly increased risk of MAFLD, with an odds ratio of
12.420 (6.008-25.675) for AIP after adjusting for various confounding factors. The area under
receiver operating characteristic curve of the A-W-B model was 0.833 (0.807-0.858), which was
significantly higher than that of AIP, WC, and BMI (all P < 0.05). Subgroup analysis illustrated that
the A-W-B model had significantly higher area under receiver operating characteristic curves in
female, young and nonobese subgroups (all P < 0.05). The best cutoff values for the A-W-B model
to predict MAFLD in males and females were 0.5932 and 0.4105, respectively. Additionally, in the
validation set, the area under receiver operating characteristic curve of the A-W-B model to predict
MAFLD was 0.862 (0.791-0.916). The A-W-B level was strongly and positively associated with the
liver proton density fat fraction (r = 0.630, P < 0.001) and significantly increased with the severity
of MAFLD (P < 0.05).

CONCLUSION

AIP was strongly and positively associated with the risk of MAFLD and can be a reference
predictor for MAFLD. The novel prediction model A-W-B combining AIP, WC, and BMI can
significantly improve the predictive ability of MAFLD and provide better services for clinical
prediction and screening of MAFLD.

Key Words: Atherogenic index of plasma; Metabolic-associated fatty liver disease; Receiver operating
characteristic curve; Predictor

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Metabolic-associated fatty liver disease (MAFLD) is the most common chronic liver disease, and
early identification of MAFLD is urgent. This study demonstrated that the atherogenic index of plasma
was strongly and positively associated with the risk of MAFLD, and it can be a reference predictor for
MAFLD. Then, we pioneered a novel noninvasive prediction model, A-W-B, combining atherogenic
index of plasma, waist circumference, and body mass index and validated its excellent predictive
performance for MAFLD. Furthermore, we also pointed out the optimal cutoff values of the A-W-B model
to predict MAFLD in males and females, which will facilitate early clinical identification of MAFLD in
different sex populations. This study is highly innovative, and the noninvasive prediction model, A-W-B,
is convenient, affordable, and easy to obtain, which can provide better services for clinical prediction and
screening of MAFLD and metabolic-related diseases.

Citation: Duan SJ, Ren ZY, Zheng T, Peng HY, Niu ZH, Xia H, Chen JL, Zhou YC, Wang RR, Yao SK.
Atherogenic index of plasma combined with waist circumference and body mass index to predict metabolic-
associated fatty liver disease. World J Gastroenterol 2022; 28(36): 5364-5379

URL: https://www.wjgnet.com/1007-9327/full/v28/i36/5364.htm

DOI: https://dx.doi.org/10.3748/wjg.v28.i36.5364

INTRODUCTION

Metabolic-associated fatty liver disease (MAFLD), formerly known as nonalcoholic fatty liver disease, is
a common disease closely related to genetic, obesity, and metabolic abnormalities and has become a
global public health problem[1,2]. In recent decades, obesity has become increasingly widespread owing
to huge changes in dietary structure and living habits[3,4]. The prevalence of MAFLD has risen rapidly,
and patients tend to be younger[5]. Notably, MAFLD can not only progress to hepatitis, liver cirrhosis,
and liver cancer[6] but also increase the occurrence and development of diabetes[7] and cardiovascular
diseases[8,9], which seriously endangers individual health and increases the social and medical
economic burden[10]. Therefore, it is necessary to predict and screen MAFLD at an early stage to
intervene in a timely manner.

The occurrence and development of MAFLD are closely related to lipid metabolism disorders and
dyslipidemia caused by the accumulation of visceral fat[11]. Patients with fatty liver usually have
elevated triglycerides (TG) and generally lower high-density lipoprotein cholesterol (HDL-C) than
healthy people[12]. Waist circumference (WC) and body mass index (BMI) are commonly used as
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indicators to assess obesity, and it has been shown that elevated WC and BMI can significantly increase
the risk of fatty liver disease. However, they have certain limitations in accurately reflecting the
accumulation of visceral fat[13].

Recently, the atherogenic index of plasma (AIP), calculated from the logarithm of the ratio of TG to
HDL-C[14], has been proven to be closely related to abdominal obesity, and it can sensitively reflect the
accumulation of visceral fat and effectively predict the risk of atherosclerosis and cardiovascular disease
[15,16]. Previous studies indicate that AIP is significantly higher in patients with fatty liver and may be a
potential indicator for identifying fatty liver disease[17]. However, few studies have systematically
reported the predictive value of AIP for MAFLD and whether AIP combined with WC and BMI can
improve the predictive ability for MAFLD is unclear.

Therefore, the two main objectives of this study were: (1) To systematically assess the relationship
between AIP and MAFLD and evaluate its predictive value for MAFLD; and (2) To establish a novel
noninvasive prediction model combining AIP, WC and BMI and validate its predictive performance for
MAFLD.

MATERIALS AND METHODS
Study design and participants

This study was conducted in Beijing, China. Among the adults who underwent a physical examination
for health at China-Japan Friendship Hospital in Beijing from September 2018 to October 2021, we
consecutively recruited 943 participants who completed the standardized questionnaire, finished
anthropometric and laboratory tests, and underwent liver ultrasonography. All subjects agreed to
participate in this study voluntarily and submitted informed consent forms.

According to quality control, after excluding pregnant and lactating women, subjects who had a
history of any severe brain, heart, lung, kidney, or blood diseases, mental illness, infectious diseases,
malignant tumors, etc as well as the subjects with incomplete data, a total of 864 subjects were finally
included (Figure 1), with 624 males and 240 females, aged from 20-years-old to 78-years-old.

This study was approved by the Clinical Research Ethics Committee of China-Japan Friendship
Hospital (2018-110-K79-1).

Data collection and definition
The physical examination was performed in the morning in a fasting state. Anthropometric indicators
were measured by professionally trained doctors. Height, weight, and waist circumference were
measured while subjects were naturally standing barefoot with lightweight clothes. After 10 min of rest,
the blood pressure was measured with an upper arm electronic sphygmomanometer. Peripheral blood
was drawn into an EDTA-containing tube and subjected to biochemical experiments within 2 h. The
relevant laboratory indicators were obtained through the electronic database of this physical
examination center, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), total
cholesterol, TG, HDL-C, low-density lipoprotein cholesterol, fasting blood glucose (FBG), serum uric
acid (SUA) and so on.

BMI was calculated as the body weight (in kilograms) divided by the square of the height (in meters).
WC referred to the waist circumference at the level of the flat navel. AIP was calculated as the
logarithmic transformation of the ratio of TG to HDL-C [log (TG/HDL-C)].

Diagnostic criteria and detection methods of MAFLD

The diagnostic criteria of MAFLD refer to the consensus of international experts in 2020 that in addition
to the evidence of hepatic steatosis[18], one of the following three criteria, namely, overweight/obesity,
type 2 diabetes, or metabolic dysregulation, needs to be met[19,20]. Among them, metabolic dysregu-
lation refer to the existence of at least two of the following metabolic risk criteria: (1) Waist circum-
ference > 102/88 cm in Caucasian males and females, respectively, or > 90/80 cm in Asian males and
females; (2) Blood pressure > 130/85 mmHg or specific drug treatment; (3) Plasma TG > 1.70 mmol/L or
specific drug treatment; (4) Plasma HDL-C < 1.0 mmol/L for males and < 1.3 mmol/L for females or
specific drug treatment; (5) Prediabetes (i.e. fasting glucose levels 5.6 to 6.9 mmol/L or 2-h post load
glucose levels 7.8 to 11.0 mmol or glycated hemoglobin 5.7% to 6.4%; (6) Homeostasis model
assessment-insulin resistance score > 2.5; and (7) Plasma high-sensitivity C-reactive protein level > 2
mg/L.

In the training set, fatty liver (hepatic steatosis) was defined by liver ultrasound examination based
on at least two of the following three abnormal findings: (1) Diffusely increased echogenicity of the liver
relative to the kidney or spleen; (2) Ultrasound beam attenuation; and (3) Poor visualization of
intrahepatic structures.

In the validation set, the proton density fat fraction (PDFF) based on magnetic resonance
spectroscopy and magnetic resonance imaging (MRI) was used to diagnose fatty liver and to evaluate
the severity of MAFLDI[21]. PDFF < 5% was defined as no fatty liver, PDFF 5.0%-14.0% was defined as
mild MAFLD, and PDFF > 14.0% was defined as moderate to severe MAFLD.
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943 participants were initially recruited

Exclusion criteria
Pregnant and lactating women;
Subjects with a history of any severe brain,
heart, lung, kidney, blood diseases, mental
diseases, infectious diseases and malignant
tumors;
Subjects with incomplete data
Finally, 79 subjects were excluded

864 participants with liver ultrasound diagnosis Training set

!

MAFLD group

‘

Control group

n =512 n =352
131 participants with MRI diagnosis Validation set
MAFLD group Control group
n =96 n=35

DOI: 10.3748/wjg.v28.i36.5364 Copyright ©The Author(s) 2022.

Figure 1 Flow chart of the study subjects. MAFLD: Metabolic-associated fatty liver disease; MRI: Magnetic resonance imaging.
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Statistical analysis

First, the baseline characteristics of the MAFLD and non-MAFLD groups were compared. The
independent samples t test was used for comparing normally or approximately normally distributed
quantitative data between groups, expressed as the mean and standard deviation (SD). The Mann-
Whitney U test was used for comparing nonnormally distributed quantitative data between groups,
represented as medians and quartiles. The y? test was used for comparing categorical data between
groups, represented as numbers and percentages.

Then, multivariate logistic regression analysis was conducted to calculate the odds ratios (ORs) and
95% confidence intervals of AIP for MAFLD under different adjustment conditions. The logistic
regression prediction model A-W-B combining AIP, WC, and BMI was established. The Hosmer-
Lemeshow test and the receiver operating characteristic (ROC) curve were used to evaluate the
calibration and discrimination of this model. The DeLong test was used to compare the predictive
ability of the AIP, WC, BMI, and A-W-B model for MAFLD. Spearman’s correlation analysis was used to
explore the correlation between parameters. Finally, the internal verification was completed with MRI
as the diagnostic standard.

All statistical tests were two-tailed and were considered significant for P less than 0.05 (P < 0.05).
Statistical analyses were performed using Statistical Package for the Sciences (SPSS, version 25.0) and
MedCalc statistical software (version 19.6.4).

RESULTS

Characteristics of participants

The demographics, anthropometrics, and laboratory test characteristics of 864 subjects are presented in
Table 1. The prevalence of male and young patients (age < 40-years-old) and the percentage of smoking
history, drinking history, overweight, obesity, elevated ALT, and elevated ALT in MAFLD subjects
were significantly higher than those in the non-MAFLD subjects (all P < 0.05). Participants with MAFLD
had dramatically higher WC, BMI, SBP, DBP, ALT, AST, total cholesterol, TG, low-density lipoprotein
cholesterol, FBG, and SUA and significantly lower AST/ALT and HDL-C (all P < 0.05). In addition, a
significant association between AIP and MAFLD was initially demonstrated.

Multivariate logistic regression analysis of AIP on the risk of MAFLD

Multivariate logistic regression analyses were conducted to further explore the relationship between
AIP and MAFLD, and the results are shown in Table 2. AIP had a strong association with the risk of
MAFLD, and the OR for a 1-SD increase in AIP was 50.286 (26.953-93.819) without adjustment (Model
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Table 1 Baseline characteristics of the study subjects

Variable Non-MAFLD, n = 352 MAFLD, n =512 Statistics’ P value
Demographics

Sex ¥ =14.020 <0.001
Male 230 (65.3) 394 (77.0)

Female 122 (34.7) 118 (23.0)

Agein yr 37.750 £ 10.736 41.240 £10.852 t =-4.634 <0.001
Age > 40 yr 115 (32.7) 254 (49.6) P =24461 <0.001
Age <40 yr 237 (67.3) 258 (40.4)

Smoking history 81 (23.0) 174 (34.0) =12.073 <0.001
Drinking history 76 (21.6) 145 (28.3) 1P=4.962 0.027
Anthropometrics

WCincm 86.240 + 9.893 96.790 + 8.618 t=-16.219 <0.001
BMI in kg/m2 24.436 +3.169 28.028 +3.221 t=-16.228 <0.001
SBP in mmHg 125.880 +14.883 133.610 £ 16.859 t=-6.908 <0.001
DBP in mmHg 77.500 + 11.658 82.950 +12.525 t=-6.461 <0.001

Laboratory tests

ALT in U/L 21.0 (15.0, 30.0) 34.0 (24.0, 54.0) Z=-12276 <0.001
AST in U/L 19.0 (17.0, 23.0) 23.0 (19.0,29.0) Z=-9.058 <0.001
TC in mmol/L 4539 + 0.847 4783 +0.902 t=-4104 <0.001
TG in mmol/L 1.1 (0.7, 1.5) 1.8 (13,2.6) Z =-13.650 <0.001
HDL-C in mmol/L 1351 +0.283 1191 +0.256 t=8321 <0.001
LDL-C in mmol/L 2.645 +0.708 2.906 +0.884 t=-4.568 <0.001
FBG in mmol/L 52 (49,5.4) 54 (5.1,5.9) Z=-7637 <0.001
SUA in pmol /L 332.722 + 86.289 377.836 + 85.859 =-7.590 <0.001
AIP -0.11 (-0.30, 0.08) 0.20 (0.03, 0.39) Z = -14.006 <0.001

IComparison of significant differences between the two groups; y2 value calculated by the y2 test; Z value calculated by the Mann-Whitney U test; t value
calculated by the independent samples f test. Data are presented as median and interquartile range, mean and standard deviation or frequency
(percentage). MAFLD: Metabolic-associated fatty liver disease; WC: Waist circumference; BMI: Body mass index; SBP: Systolic blood pressure; DBP:
Diastolic blood pressure; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TC: Total cholesterol; TG: Triglyceride; HDL-C: High-density
lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; FBG: Fasting blood glucose; SUA: Serum uric acid; AIP: Atherogenic index of plasma.

1). After adjusting for sex and age, the OR for a 1-SD increase in AIP was 48.874 (26.087-91.569) (Model
2). After further adjusting for smoking history, drinking history, WC, and BMI, the degree of this
association changed but was still strong; the OR for a 1-SD increase in AIP was 16.184 (7.961-32.902)
(Model 3). Further adjusting for SBP, DBP, ALT, AST, total cholesterol, TG, HDL-C, low-density
lipoprotein cholesterol, FBG, and SUA attenuated the association but only slightly; there was still a
12.420-fold (6.008-25.675) higher risk for MAFLD with a 1-SD increase in AIP (Model 4).

After dividing AIP into quartiles, the risk of MAFLD increased robustly with higher AIP quartiles.
When comparing the top quartiles with the bottom categories, the risk of MAFLD increased 16.882-fold
to 7.160-fold from Model 1 to Model 4. The P values for the linear trend were less than 0.01, signifying
that linear trends from the lowest to the highest quartiles were eminent.

Predictive ability of AIP for MAFLD in different subgroups

The ROC curve of AIP for predicting MAFLD in different sex, age, and weight subgroups was plotted,
and the DeLong test was used to compare the area under the ROC curve (AUC) between the subgroups.
As shown in Figure 2, the AUC of AIP for MAFLD in the young was significantly higher than that in
middle-age and elderly subjects [0.816 (0.779-0.849) vs 0.726 (0.678-0.771), P < 0.05]. The AUC of AIP for
MAFLD in nonobese subjects was significantly higher than that in obese subjects [0.783 (0.747-0.816) vs
0.579 (0.519-0.638), P < 0.0001]. However, there was no significant difference between males and females
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Table 2 Multivariate logistic regression of atherogenic index of plasma for the risk of metabolic-associated fatty liver disease

Variable B SE Wald x2 P value OR (95%Cl)
Model 1 AIP level (per change in  3.918 0.318 151.599 <0.001 50.286 (26.953-93.819)
SD)
Quartiles of AIP
Al (<-0.1265) - - - - 1 (Ref)
A2 (-0.1265-0.0947) 1.241 0.209 35.108 <0.001 3.460 (2.295-5.217)
A3 (0.0947-0.3023) 2.323 0.226 105.794 < 0.001 10.204 (6.554-15.885)
A4 (>0.3022) 2.826 0.245 132.611 < 0.001 16.882 (10.436-27.311)
Model 2 AIP level (per changein  3.889 0.32 147.414 < 0.001 48.874 (26.087-91.569)
SD)
Quartiles of AIP
Al (<-0.1265) - - - - 1 (Ref)
A2 (-0.1265-0.0947) 0.847 0.241 12.347 < 0.001 3.218 (2.124-4.876)
A3 (0.0947-0.3023) 1.690 0.260 42107 <0.001 9.774 (6.256-15.270)
A4 (>0.3022) 2.103 0.281 55.913 < 0.001 16.514 (10.176-26.799)
Model 3 AIP level (per changein  2.784 0.362 59.147 < 0.001 16.184 (7.961-32.902)
SD)
Quartiles of AIP
Al (<-0.1265) - - - - 1 (Ref)
A2 (-0.1265-0.0947) 0.847 0241 12.347 <0.001 2.334 (1.455-3.744)
A3 (0.0947-0.3023) 1.690 0.260 42107 < 0.001 5.421 (3.253-9.032)
A4 (>0.3022) 2.103 0.281 55.913 <0.001 8.194 (4.721-14.22)
Model 4 AIP level (per changein  2.519 0.371 46.230 <0.001 12.420 (6.008-25.675)
SD)
Quartiles of AIP
Al (< -0.1265) . = . . 1 (Ref)
A2 (-0.1265-0.0947) 0.828 0.249 11.088 0.001 2.288 (1.4063-725)
A3 (0.0947-0.3023) 1.642 0.268 37.636 <0.001 5.167 (3.058-8.732)
A4 (>0.3022) 1.969 0.289 46.343 < 0.001 7.160 (4.062-12.62)

Model 1: Unadjusted. Model 2: Adjusted for age and sex. Model 3: Adjusted for age, sex, smoking history, drinking history, waist circumference and body

mass index. Model 4: Adjusted for age, sex, smoking history, drinking history, waist circumference, body mass index, systolic blood pressure, diastolic

blood pressure, alanine aminotransferase, aspartate aminotransferase, total cholesterol, triglyceride, high-density lipoprotein cholesterol, low-density

lipoprotein cholesterol, fasting blood glucose, and serum uric acid. AIP: Atherogenic index of plasma; SE: Standard error; OR: Odds ratio; CI: Confidence

interval; SD: Standard deviation.
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(P =0.0639).

In addition, the best cutoff values for AIP to predict MAFLD in males and females were 0.0821 and -
0.1390, respectively. The AUCs of AIP, WC, and BMI for predicting total MAFLD were 0.780 (0.751-
0.807), 0.790 (0.761-0.817), and 0.788 (0.759-0.814), respectively, with no significant difference among the
three (Table 3).

Establishment of the A-W-B model for better predicting MAFLD
To further improve the predictive ability of MAFLD, we combined AIP, WC, and BMI and put them
into the binary logistic regression model to construct a new logistic regression prediction model, A-W-B.
The regression equation was logit (A-W-B) =-8.782 + 2.560 x AIP + 0.049 x WC + 0.170 x BMI (Table 4).
The Hosmer-Lemeshow test and ROC curve analysis were used to evaluate the calibration and
discrimination of the A-W-B model. Figure 3A illustrated the calibration line graph of the A-W-B model,
and the result of the Hosmer-Lemeshow test showed that y? = 8.5901, P = 0.3780 > 0.05, indicating that
the A-W-B model had a good calibration ability for MAFLD. Figure 3B illustrated the ROC curve of the
A-W-B model, with the AUC of 0.833 (0.807-0.858), indicating that the A-W-B model had a good
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Table 3 Results analysis of the receiver operating characteristic curves

Variable AUC (95%Cl) Pvalue Sensitivity (%) Specificity (%) Youden index Cutoff value
Total

AIP 0.780 (0.751-0.807) <0.0001 75.20 69.89 0.4508 0.0340
WCincm 0.790 (0.761-0.817) <0.0001 85.94 58.52 0.4446 88.00
BMI in kg/m? 0.788 (0.759-0.814) <0.0001 83.20 59.09 0.4229 25.10
A-W-B 0.833 (0.807-0.858)*7 < 0.0001 86.13 68.47 0.5460 0.5019
Male

AIP 0.755 (0.719-0.788) <0.0001 75.89 64.78 0.4067 0.0821
WCin cm 0.770 (0.735-0.803) <0.0001 72.59 67.39 0.3998 92.50
BMI in kg/m? 0.773 (0.738-0.805) <0.0001 7234 68.70 0.4103 26.32
A-W-B 0.814 (0.781-0.843)** < 0.0001 82.99 65.65 0.4865 0.5932
Female

AIP 0.819 (0.764-0.865) <0.0001 822 70.49 0.5270 -0.1390
WCin cm 0.820 (0.765-0.866) <0.0001 81.36 69.67 0.5103 85.50
BMI in kg/m? 0.804 (0.748-0.852) <0.0001 88.98 58.20 04718 23.34
A-W-B 0.874 (0.826-0.914)*° < 0.0001 78.81 83.61 0.6242 0.4105
Age 240 yr

AIP 0.726 (0.678-0.771) <0.0001 71.26 66.96 0.3822 0.0367
WC in cm 0.736 (0.688-0.780) <0.0001 82.68 52.17 0.3485 88.00
BMI in kg/m? 0.736 (0.688-0.780) <0.0001 71.26 66.96 0.3822 26.03
A-W-B 0.787 (0.742-0.828)'*° < 0.0001 77.56 69.57 0.4712 0.5574
Age <40 yr

AIP 0.816 (0.779-0.849) <0.0001 73.64 77.22 0.5086 0.0814
WCin cm 0.824 (0.787-0.856) <0.0001 89.15 61.60 0.5075 88.00
BMI in kg/m? 0.820 (0.783-0.853) <0.0001 83.72 66.24 0.4997 2531
A-W-B 0.863 (0.830-0.892)*° < 0.0001 89.92 71.73 0.6165 0.4947
BMI 2 28 kg/m?

AIP 0.579 (0.519-0.638) 0.0849 25.63 90.91 0.1654 0.4140
WCincm 0.597 (0.688-0.780) 0.0303 36.97 79.55 0.1652 104.50
BMI in kg/m? 0.648 (0.589-0.704) 0.0005 65.13 68.18 0.3331 29.38
A-W-B 0.644 (0.585-0.700)" 0.0007 43.28 84.09 0.2737 0.9009
BMI < 28 kg/m?

AIP 0.783 (0.747-0.816)° < 0.0001 69.71 76.30 0.4601 0.0340
WCin cm 0.754 (0.717-0.789) <0.0001 78.1 63.31 0.4141 87.50
BMI in kg/m? 0.733 (0.695-0.768) <0.0001 77.37 59.42 0.3679 24.56
A-W-B 0.822 (0.789-0.852)"** < 0.0001 80.66 72.08 0.5273 0.4531

Indicates significantly larger compared with atherogenic index of plasma.

ZIndicates significantly larger as compared with waist circumference.

3Indicates significantly larger as compared with body mass index.

AUC: Area under the receiver operating characteristic curve; AIP: Atherogenic index of plasma; WC: Waist circumference; BMI: Body mass index; A-W-B:
Prediction model combining atherogenic index of plasma, waist circumference, and body mass index; CI: Confidence interval.
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Table 4 Establishment of the logistic regression prediction model A-W-B combined with the atherogenic index of plasma, waist

circumference, and body mass index

Variable B SE Wald x? P value OR (95%Cl)

AIP 2,560 0345 55.017 <0.001 12.939 (6.578-25.45)
WC 0.049 0.017 7.951 0.005 1.050 (1.015-1.087)

BMI 0.170 0.051 11.087 0.001 1186 (1.073-10311)
Constant -8.782 1.003 76.689

AIP: Atherogenic index of plasma; WC: Waist circumference; BMI: Body mass index; SE: Standard error; OR: Odds ratio; CI: Confidence interval.
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Figure 2 Receiver operating characteristic curves of atherogenic index of plasma in predicting metabolic-associated fatty liver disease in
different subgroups. A: Comparison between the young (age < 40 years) and middle-age and elderly (age = 40 years) subjects (P = 0.0102); B: Comparison
between male and female subjects (P = 0.0639); C: Comparison between nonobese and obese subjects (P < 0.0001). AlP: Atherogenic index of plasma; AUC: Area
under the receiver operating characteristic curve.

discrimination ability for MAFLD.

Predictive ability of the A-W-B model for MAFLD in different subgroups

To further evaluate the predictive power of the A-W-B model for MAFLD in different populations, we
performed a subgroup analysis. As shown in Figure 4, the AUCs of A-W-B for MAFLD in female,
young, and nonobese subjects were 0.874 (0.826-0.914), 0.863 (0.830-0.892), and 0.822 (0.789-0.852),
respectively, which were significantly higher than those in male [0.814 (0.781-0.843)], middle-aged and
elderly [0.787 (0.742-0.828)], and obese subjects [0.644 (0.585-0.700)] (all P < 0.05). These results indicated
that the A-W-B model had stronger predictive power for MAFLD in female, young, and nonobese
subjects. Furthermore, the results in Table 3 showed that the best cutoff values for A-W-B to predict
MAFLD in males and females were 0.5932 and 0.4105, respectively.

Comparison of the A-W-B model and AIP, WC, and BMI for predicting MAFLD

The DeLong test was used to compare the predictive ability of the A-W-B model and AIP, WC, and BMI.
The AUC of the A-W-B model for MAFLD was 0.833 (0.807-0.858), which was significantly higher than
that of AIP, WC, and BMI (P < 0.05). The sensitivity, specificity, Youden index, and cutoff value of the
A-W-B model were 86.13%, 68.47 %, 0.5460, and 0.5019, respectively (Table 3).

As shown in Figure 5A-E, subgroup analysis showed that the AUCs of the A-W-B model were
significantly higher than those of AIP, WC, and BMI in male, female, young, middle-aged and elderly,
and nonobese subjects (all P < 0.01), demonstrating that the A-W-B model has a higher ability to predict
MAFLD than AIP, WC, and BMI in different age, sex, and nonobese subjects. However, as shown in
Figure 5F, among obese subjects, the predictive ability of the A-W-B model for MAFLD was only better
than that of AIP. In addition, the Z values between the AIP, WC, BMI, and the A-W-B model in different
subgroups were illustrated in Supplementary Table 1.
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Figure 3 Calibration line and receiver operating characteristic curves of the A-W-B model. A: Calibration line of the prediction model combining
atherogenic index of plasma, waist circumference, and body mass index (A-W-B) model (Hosmer-Lemeshow test: x* = 8.5901, P = 0.3780); B: Receiver operating

characteristic curve of the A-W-B model in the training set (area under the receiver operating characteristic curve [AUC] = 0.833); C: Receiver operating characteristic
curve of the A-W-B model in the validation set (AUC = 0.862).
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Figure 4 Receiver operating characteristic curves of the A-W-B model to predict metabolic-associated fatty liver disease in different
subgroups. A: Comparison between young (age < 40 years) and middle-age and elderly (age > 40 years) subjects (P = 0.0138); B: Comparison between male and

female subjects (P = 0.0395); C: Comparison between nonobese and obese subjects (P = 0.0001); AUC: Area under the receiver operating characteristic curve; A-W-
B: Prediction model combining atherogenic index of plasma, waist circumference, and body mass index.

The concrete ROC curve results of the AIP, WC, BMI, and A-W-B model for predicting MAFLD in
different subgroups were illustrated in Table 3. Compared to AIP, WC, and BMI, the A-W-B model had
the best sensitivity in male, young and nonobese subjects, which may be more conducive to identifying
patients with positive MAFLD to reduce the missed diagnosis rate. Meanwhile, the A-W-B model had
the best specificity in female and middle-aged and elderly subjects, which may be more beneficial to
identifying people without MAFLD and reducing the misdiagnosis rate.

Moreover, Spearman’s correlations between A-W-B, AIP, WC, BMI, and various physical and
chemical indicators are illustrated in Table 5. Compared with AIP, WC, and BMI, the A-W-B model had
a higher positive association with SBP, DBP, ALT, AST, FBG, and SUA.

Validation of the A-W-B model

To further validate the diagnostic performance of the A-W-B model for MAFLD, we randomly selected
approximately 15% of the subjects (131 cases) from the overall subjects as the validation set and used
MRI to diagnose MAFLD. Among them, 35 cases were in the control group, 67 cases were mild MAFLD,
and 29 cases were moderate to severe MAFLD. The data comparison between the training set and
validation set was shown in Table 6. There was no statistically significant difference in age, sex, and
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Table 5 Spearman’s correlation analysis results between various indicators (r value)

Variable AIP WC BMI A-W-B
SBP in mmHg 0.299" 0.358" 0.362" 0.392"
DBP in mmHg 0.327" 0.325" 0.315" 0.375"
ALTinU/L 0.470° 0.455" 0.451° 0.530"
ASTinU/L 0.306" 0.307" 0.304° 0.351°
TC in mmol/L 0.193" 0.070° 0.056 0.132°
TG in mmol/L 0.954° 0.455" 0.430° 0.763"
HDL-C in mmol/L -0.617" -0.365" -0.373" -0.543"
LDL-C in mmol/L 0.253" 0.128" 0.105° 0.190°
FBG in mmol/L 0.294" 0.280" 0.274" 0.334"
SUA in pmol/L 0.462° 0.375" 0.358" 0.469°
3P < 0.05.

bp < 0.01.

SBP: Systolic blood pressure; DBP: Diastolic blood pressure; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TC: Total cholesterol; TG:

Triglyceride; HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; FBG: Fasting blood glucose; SUA: Serum uric acid;

AIP: Atherogenic index of plasma; WC: Waist circumference; BMI: Body mass index; A-W-B: Prediction model combining atherogenic index of plasma,

waist circumference, and body mass index.
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various indicators between the two groups (all P > 0.05).

Figure 3C illustrated the ROC curve of the A-W-B model in the validation set, with the AUC of 0.862
(0.791-0.916), indicating that the A-W-B model also exhibited outstanding discrimination for MAFLD in
the validation set. In addition, Figure 6 shows that the A-W-B level was strongly and positively
associated with the PDFF (r = 0.630, P < 0.001). With the degree of severity of MAFLD increased, the A-
W-B level also increased significantly (P < 0.05).

DISCUSSION

In this study, the relationship between AIP and MAFLD was systematically assessed, and it was
confirmed that AIP had a strong and positive association with the risk of MAFLD and can be used as a
reference predictor for MAFLD. Then, to further improve the predictive power for MAFLD, we
combined AIP, WC, and BMI to pioneer a novel noninvasive prediction model, A-W-B, and confirmed
that it had a better predictive value for MAFLD than AIP, WC, and BMI. At the same time, we also
pointed out the optimal cutoff values of the A-W-B model to predict MAFLD in males and females,
which will facilitate early clinical identification of MAFLD in different sex populations. Finally, we
internally validated the model with MRI as the diagnostic standard, further affirming its outstanding
predictive performance for MAFLD, which provided a new tool for the early prevention and screening
of MAFLD.

As a new type of body fat index calculated as the logarithmic transformation of the ratio of TG to
HDL-C, AIP is more sensitive to visceral fat accumulation than WC and BMI and has shown predictive
potential for fatty liver in previous studies[15]. Xie et al[17] found that a higher AIP level was positively
associated with fatty liver, which might be a novel and strong predictor associated with fatty liver in the
Chinese Han population. In this study, the multivariate logistic regression results showed that the
subjects with higher AIP still exhibited a significantly increased risk of MAFLD after adjusting for age,
sex, smoking history, drinking history, WC, BMI, and various physical and chemical indicators,
indicating that AIP was strongly and positively associated with the risk of MAFLD.

Visceral fat accumulation has been proven to increase the prevalence of a variety of cardiovascular
risk factors, including insulin resistance and dyslipidemia, which also play a tremendously crucial role
in the pathogenesis of fatty liver disease[16]. It is widely accepted that the increased TG caused by liver
lipid accumulation is a prerequisite for MAFLD and that insulin resistance is a key factor during its
development. Previous studies demonstrated that increasing levels of TG and decreasing concentrations
of HDL-C could reduce sensitivity to insulin, and higher TG/HDL-C usually indicates insulin resistance
[22], which may explain the close relationship between AIP and MAFLD. In addition, this study also
pointed out the optimal cutoff values of AIP for predicting MAFLD in males and females, which
provided a new idea for the early prevention of MAFLD. People with AIP levels above this cutoff point
may be at higher risk for MAFLD and require more attention to liver conditions.
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Table 6 Data comparison between training set and validation set

Variable Training set, n = 864 Validation set, n =131 P value
Sex, female 240 (27.8) 38 (29.0) 0.770
Ageinyr 39.820 +10.934 39.660 + 10.861 0.885
Smoking history 255 (29.5) 38 (29.0) 0.906
Drinking history 221 (25.6) 24 (18.3) 0.072
WC in cm 92.490 +10.522 93.690 + 10.759 0.057
BMI in kg/m? 26.563 + 3.653 27.055 +3.772 0.155
SBP in mmHg 130.460 + 16.517 129.090 + 16.822 0.386
DBP in mmHg 80.730 + 12.464 78.560 + 12.192 0.063
ALT in U/L 28.0 (19.0, 42.0) 28.0 (19.0, 43.0) 0.837
AST in U/L 21.0 (18.0, 26.0) 22.0 (18.0, 26.0) 0.612
TC in mmol/L 4.683 +0.888 4.607 + 0.865 0.349
TG in mmol/L 15 (1.0,2.2) 1.6 (1.0,2.5) 0.307
HDL-C in mmol/L 1.256 +0.279 1.241 +0.293 0533
LDL-C in mmol/L 2.800 + 0.826 2.763 + 0.769 0.651
FBG in mmol/L 53 (5.0,5.7) 5.2 (4.9,5.8) 0.326
SUA in pmol/L 359.434 + 88.800 342.901 + 88.448 0.052
AIP 0.09 (-0.13, 0.30) 0.12 (-0.13, 0.33) 0.306

Data are presented as median and interquartile range, mean + SD, or 1 (%). WC: Waist circumference; BMI: Body mass index; SBP: Systolic blood pressure;

DBP: Diastolic blood pressure; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TC: Total cholesterol; TG: Triglyceride; HDL-C: High-

density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; FBG: Fasting blood glucose; SUA: Serum uric acid; AIP: Atherogenic index of

plasma.
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Xie et al[17] indicated that the ORs of AIP on the risk of fatty liver disease in women and young
adults increased faster. This study showed that the AIP had a better predictive ability for MAFLD in
young subjects, which may be related to the higher excessive fat accumulation of young people caused
by dietary irregularities and insufficient exercise. However, there was no significant difference between
males and females. Wang et al[23] and Dong et al[24] studied the predictive value of AIP for
nonalcoholic fatty liver disease in obese and nonobese populations separately, with AUCs of 0.718 and
0.803, respectively. It seems that the predictive ability of AIP in the nonobese population might be
better, but no studies have directly compared the ability of AIP in identifying MAFLD between different
weights. Fortunately, our study filled this gap, and confirmed that the AIP had a remarkably higher
predictive ability for MAFLD in nonobese subjects. A cohort study demonstrated that visceral obesity
was dose-dependently associated with nonalcoholic fatty liver disease[25]. It is worth noting that lean
people with unhealthy metabolism may have a greater accumulation of visceral fat[26], and nonobese
MAFLD patients with unhealthy metabolism usually exhibit higher liver damage and cardiovascular
risks[27]. AIP, as a sensitive indicator that reflects the accumulation of visceral fat, might have a
stronger association with nonobese MAFLD patients and thus might have a better predictive ability for
MAFLD in nonobese populations.

WC and BMI are common indicators for obesity evaluation and have been proven to be good
predictors of fatty liver[17]. This study confirmed that they also had good predictive ability for MAFLD,
with no significant difference compared to AIP. However, no previous study has assessed the predictive
power of AIP combined with WC and BMI for MAFLD. Therefore, another focus of this study was to
explore whether AIP combined with WC and BMI can improve the ability to identify MAFLD. The
results showed that the logistic regression prediction Model A-W-B established by AIP combined with
WC and BMI had excellent calibration and discrimination for MAFLD and had a significantly better
ability to identify MAFLD. At the same time, it also had an outstanding ability to identify MAFLD in the
validation, further affirming its outstanding predictive performance for MAFLD. Interestingly, we also
found that the level of A-W-B was positively correlated with the liver fat content and the degree of
severity of MAFLD in the validation, which may be objective evidence explaining the positive
association and excellent predictive ability of the A-W-B model for MAFLD.
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Figure 5 Receiver operating characteristic curves of atherogenic index of plasma, waist circumference, body mass index, and A-W-B
model to predict metabolic-associated fatty liver disease in different subgroups. A-E: The area under the receiver operating characteristic curve
(AUC) of the prediction model combining atherogenic index of plasma, waist circumference (WC), and body mass index (BMI) (A-W-B) model was significantly higher

than that of A-W-B in male, female, young, middle-aged and elderly, and nonobese subjects (all P < 0.01); F: The AUC of the A-W-B model was only better than
atherogenic index of plasma (AIP) in obese subjects (P = 0.0465).
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The Spearman’s correlation analysis showed that AIP, WC, and BMI were all positively associated
with SBP, DBP, ALT, AST, FBG, and SUA. Notably, these physical and chemical indicators were also
risk factors for MAFLD, and compared with AIP, WC, and BMI, the A-W-B model had a higher
correlation with SBP, DBP, ALT, AST, FBG, and SUA, which may indirectly explain the better
correlation and predictive ability of the A-W-B model for MAFLD. Furthermore, this study also pointed
out that the optimal cutoff values of the A-W-B model to predict MAFLD in males and females were
0.5932 and 0.4105, respectively, which will facilitate early clinical identification of MAFLD in different
sex populations. When the A-W-B level of the subject is above the cutoff point, it can be preliminarily
identified as MAFLD.

In summary, compared with other studies, this study has the following advantages. First, this study
confirmed that AIP was strongly and positively associated with the risk of MAFLD, and it can be a
reference predictor for MAFLD and determined the optimal cutoff values of AIP for predicting MAFLD
in males and females, providing a new idea for early prevention of MAFLD. Then, we pioneered a novel
noninvasive prediction model A-W-B combining AIP, WC, and BMI that can significantly improve the
predictive ability for MAFLD and determined its optimal cutoff values of the A-W-B model to predict
MAFLD in males and females. Furthermore, we also validated the model with MRI as the diagnostic
standard, further affirming its outstanding predictive performance for MAFLD. This study is highly
innovative, and this noninvasive prediction model A-W-B is convenient, affordable, and easy to obtain,
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Figure 6 Correlation between A-W-B levels with liver proton density fat fraction and the severity of metabolic-associated fatty liver
disease. A: The prediction model combining atherogenic index of plasma, waist circumference, and body mass index (A-W-B) level was strongly and positively
associated with liver proton density fat fraction (PDFF) (r = 0.630, P < 0.001); B: Compared with the control group, °P < 0.001; compared with the mild group, 2P <
0.01. MAFLD: Metabolic-associated fatty liver disease.
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which can provide better services for clinical prediction and screening of MAFLD and metabolic-related
diseases.

However, there are still some limitations. First, to avoid subject recall bias, this study did not collect
confounding factors, such as specific dietary structure and physical activity, and mainly focused on
objective laboratory indicators and basic demographic indicators, which may slightly affect the results
of multiple logistic regression analysis. Second, the subjects in this study were limited to a single
physical examination center, which may cause selection bias. Third, fatty liver in the training set of this
study was diagnosed by abdominal ultrasonography, and we did not use ultrasonography to accurately
classify the severity of MAFLD. Therefore, the relationship between AIP, A-W-B model, and the severity
of fatty liver by ultrasonography was unclear. Notably, we found that the A-W-B levels were positively
correlated with MRI-diagnosed MAFLD severity in the validation set. However, due to limited funds,
the number of validation sets using MRI as the diagnostic standard was relatively small. Therefore,
further multicenter, large-sample prospective cohort studies are needed in the future to verify and
explore the predictive value of AIP and A-W-B for MAFLD and differential severity.

CONCLUSION

AIP was strongly and positively associated with MAFLD, and it can be a reference predictor for
MAFLD. The novel noninvasive prediction model A-W-B combining AIP, WC, and BMI can
significantly improve the predictive ability for MAFLD and provide better services for clinical
prediction and screening of MAFLD.

ARTICLE HIGHLIGHTS

Research background
Metabolic-associated fatty liver disease (MAFLD) is the most common chronic liver disease and poses
great harm to people’s health. Early identification of MAFLD is imminent.

Research motivation

Atherogenic index of plasma (AIP) is a reference predictor of obesity-related diseases, but its predictive
value for MAFLD remains unclear. No studies have reported whether its combination with waist
circumference (WC) and body mass index (BMI) can improve the predictive performance for MAFLD.

Research objectives

This study had two main objectives: (1) To systematically explore the relationship between AIP and
MAFLD and evaluate its predictive value for MAFLD; and (2) To pioneer a novel prediction model
combining AIP, WC, and BMI and validate its predictive performance for MAFLD.
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Research methods

This cross-sectional study consecutively enrolled 864 participants. Multivariate logistic regression
analysis and receiver operating characteristic curve were used to evaluate the relationship between AIP
and MAFLD and its predictive power for MAFLD. The novel prediction model A-W-B combining AIP,
WC, and BMI to predict MAFLD was established, and internal verification was completed by magnetic
resonance imaging diagnosis.

Research results

Subjects with higher AIP exhibited a significantly increased risk of MAFLD, with an odds ratio of 12.420
(6.008-25.675) for AIP after adjusting for various confounding factors. The area under receiver operating
characteristic curve of the A-W-B model was 0.833 (0.807-0.858), which was significantly higher than
that of AIP, WC, and BMI (all P <0.05). The best cutoff values for the A-W-B model to predict MAFLD in
males and females were 0.5932 and 0.4105, respectively. Additionally, in the validation set the area
under receiver operating characteristic curve of A-W-B model to predict MAFLD was 0.862 (0.791-
0.916). The A-W-B level was strongly and positively associated with the liver proton density fat fraction
(r=0.630, P < 0.001) and significantly increased with the severity of MAFLD (P < 0.05).

Research conclusions

AIP was strongly and positively associated with MAFLD and can be a reference predictor for MAFLD.
The novel noninvasive prediction model A-W-B combining AIP, WC, and BMI can significantly
improve the predictive ability for MAFLD and provide better services for clinical prediction and
screening of MAFLD.

Research perspectives
Studies that may be conducted in the future should further explore the predictive value of AIP and the
A-W-B model for different severities of MAFLD and other related metabolic diseases.
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Abstract

The burden of non-alcoholic steatohepatitis (NASH) related hepatocellular
carcinoma (HCC) is drawing attention due to the emerging epidemic of obesity
and metabolic syndrome and is expected to increase in the near future.
Antidiabetic medications, air pollutants, and newer genetic mutations are latest
concerns as risk factors for HCC development in patients with NASH. Although
molecular signatures are very accurate, they are not cost-effective and cannot be
applied in larger population due to logistic issues. We need multicentric longit-
udinal studies including diverse geographical areas to evaluate the complex
interplay of different risk factors and genetics in these patients.

Key Words: Non-alcoholic steatohepatitis; Hepatocellular carcinoma; Cirrhosis; Genetic
factors; Lifestyle factors; Surveillance

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Nonalcoholic steatohepatitis (NASH) is a metabolic liver disease which also
involves multiple organs like the heart, lungs, and kidneys. NASH may arise primarily,
followed by involvement of other organs, or it may come late in the course of metabolic
syndrome. The multidisciplinary approach is needed towards a patient with diabetes,
obesity, and metabolic syndrome to address all issues related to the liver, heart, efc.
Genetic and molecular signatures have provided a ray of hope for estimating risk in
these patients; however, it has many practical issues. The impact of environmental
pollutants and toxins as a causative factor in NASH, especially lean patient population,
should also be considered. We need population based studies from different
geographical areas for estimation of metabolic, environmental, and genetic risk factors.
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TO THE EDITOR

Chrysavgis et al[1] have extensively reviewed the literature on non-alcoholic steatohepatitis (NASH)
related hepatocellular carcinoma (HCC) with regard to its risk stratification, screening, and surveillance
strategies. Metabolic syndrome is a systemic disease involving the heart, kidneys, lungs, and liver, etc.
NASH is the liver manifestation of metabolic syndrome. With the emerging epidemic of obesity and
metabolic syndrome, NASH is expected to supersede all other etiologies of liver cirrhosis as well as
HCC. In various studies as discussed by Chrysavgis et al[1], the prevalence of HCC in non-cirrhotic non-
alcoholic fatty liver disease (NAFLD) patients ranges from 15%-55%. Factors like age, male sex,
concomitant smoking and alcohol intake, obesity, and type 2 diabetes mellitus have been shown to
increase the risk of HCC in non-cirrhotic NASH. Recently, use of insulin and sulfonylureas has also
been shown to increase the long-term risk of HCC in patients with diabetes. In an Italian study[2], an
increased HCC risk with an odds ratio of 3.7 for insulin, 1.3 for sulfonylureas, and 2.1 for repaglinide
was found in patients with diabetes. Even the duration of treatment with insulin, though not with other
therapies, increased the risk of HCC. The same has also been confirmed in a nationwide nested case-
control study[3] in Korea which showed an increased HCC risk with glimepiride instead of other
sulfonylureas. And yet we do not have long-term data for GLP-1 agonists and DPP4 inhibitors. Chinese
data[4] recently showed an increased association of air pollutants of particulate matter (PM) with an
aerodynamic diameter of <1 (PM,), < 2.5 (PM,;), and < 10 pm (PM,,) with metabolic associated fatty
liver disease. The role of intestinal dysbiosis has also been investigated in animal models and found to
be associated with an increased risk of NASH and HCC.

In a multicentric trial, Pinyol et al[5] collected samples from NASH-HCC and NASH patients,
performed expression array and whole exome sequencing, and compared it with HCC from non-NASH
etiologies like viral/alcohol. They found TERT promoter, CTNNB1, TP53, and ACVR2A most frequently
to be present in NASH-HCC patients. The ACVR2A (activin type 2 receptor gene) mutation was found
in a higher number of patients with NASH-HCC as compared to those with HCC of other etiologies.
The molecular signature revealed higher expression of bile acid and fatty acid signaling pathways. The
Wnt/TGEF-p proliferation subclass was more common in NASH-HCC. The upcoming data suggests that
the molecular signature of NASH-HCC is different from that of HCC due to other etiologies.
Collectively, the development of NAFLD-HCC results from a complex interplay of multiple factors
related to unhealthy life style, environment, and genetics of an individual.

The authors have included abbreviated magnetic resonance imaging (MRI) in their suggested
algorithm for HCC surveillance in NAFLD due to a poor window of ultrasound in obese patients. We
have concerns regarding this strategy. First, a large number of individuals would need surveillance, so
its cost-effectiveness, availability on large scale, and practicality need to be addressed. Second, how
frequently MRI would have to be repeated is a practical issue. Third, when during the clinical course of
NASH, screening should be performed. Although authors have included HCC risk model as suggested
by Ioannou et al[6] in their algorithm, we believe that future prospective longitudinal studies are needed
to determine the weightage of different risk factors in determining HCC risk in patients with cirrhotic
and non-cirrhotic NAFLD, separately. The role of extracellular vesicles (EVs) for molecular character-
ization of HCC in patients with NASH may further be evaluated for HCC surveillance also. NAFLD is a
risk factor not only for HCC but also for colorectal and breast cancers. Instead of screening for each
carcinoma separately, we need to have studies on a common platform targeting the molecular
signatures in blood for surveillance of different carcinomas in the body which share the pathogenetic
mechanisms or pathways. The challenges involved are large population-based studies in different
geographical regions, mapping of molecular signatures, and implementation. It has to be cost-effective,
easily accessible, and readily available.

In patients with NAFLD, all-cause mortality includes mortality related to issues of the liver, heart,
kidneys, lungs, etc. It is time to recognise the need for multidisciplinary approach towards a patient with
diabetes, obesity, and metabolic syndrome to address all issues related to the liver, heart, kidneys, etc.
Large prospective, multicentric studies including diverse geographical regions and dietary habits are
needed to evaluate for risk stratification in these patients regarding need for HCC surveillance.

FOOTNOTES

Author contributions: Gupta T wrote and critically revised the manuscript.

WJG | https://www.wjgnet.com 5381 September 28,2022 | Volume?28 | Issue36 |


https://www.wjgnet.com/1007-9327/full/v28/i36/5380.htm
https://dx.doi.org/10.3748/wjg.v28.i36.5380

Gupta T. NASH and HCC-beyond the liver

Jaishideng®

Conflict-of-interest statement: There are no conflicts of interest to report.

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: India
ORCID number: Tarana Gupta 0000-0003-3453-2040.

Corresponding Author's Membership in Professional Societies: American Association for the Study of Liver Diseases,
226223.

S-Editor: Chen YL
L-Editor: Wang TQ
P-Editor: Chen YL

REFERENCES

1  Chrysavgis L, Giannakodimos I, Diamantopoulou P, Cholongitas E. Non-alcoholic fatty liver disease and hepatocellular
carcinoma: Clinical challenges of an intriguing link. World J Gastroenterol 2022;28: 310-331 [PMID: 35110952 DOI:
10.3748/wjg.v28.i3.310]

2 Bosetti C, Franchi M, Nicotra F, Asciutto R, Merlino L, La Vecchia C, Corrao G. Insulin and other antidiabetic drugs and
hepatocellular carcinoma risk: a nested case-control study based on Italian healthcare utilization databases.
Pharmacoepidemiol Drug Saf 2015; 24: 771-778 [PMID: 26013675 DOI: 10.1002/pds.3801]

3 LeeJY, Jang SY, Nam CM, Kang ES. Incident Hepatocellular Carcinoma Risk in Patients Treated with a Sulfonylurea: A
Nationwide, Nested, Case-Control Study. Sci Rep 2019; 9: 8532 [PMID: 31189966 DOI: 10.1038/s41598-019-44447-1]

4 Guo B, Guo Y, Nima Q, Feng Y, Wang Z, Lu R, Baimayangji, Ma Y, Zhou J, Xu H, Chen L, Chen G, Li S, Tong H, Ding
X, Zhao X; China Multi-Ethnic Cohort (CMEC) collaborative group. Exposure to air pollution is associated with an
increased risk of metabolic dysfunction-associated fatty liver disease. J Hepatol 2022;76: 518-525 [PMID: 34883157 DOI:
10.1016/j.jhep.2021.10.016]

5 Pinyol R, Torrecilla S, Wang H, Montironi C, Piqué-Gili M, Torres-Martin M, Wei-Qiang L, Willoughby CE, Ramadori P,
Andreu-Oller C, Taik P, Lee YA, Moeini A, Peix J, Faure-Dupuy S, Riedl T, Schuehle S, Oliveira CP, Alves VA, Boffetta P,
Lachenmayer A, Roessler S, Minguez B, Schirmacher P, Dufour JF, Thung SN, Reeves HL, Carrilho FJ, Chang C, Uzilov
AV, Heikenwalder M, Sanyal A, Friedman SL, Sia D, Llovet JM. Molecular characterisation of hepatocellular carcinoma in
patients with non-alcoholic steatohepatitis. J Hepatol 2021; 75: 865-878 [PMID: 33992698 DOI:
10.1016/j.jhep.2021.04.049]

6 loannou GN, Green P, Kerr KF, Berry K. Models estimating risk of hepatocellular carcinoma in patients with alcohol or
NAFLD-related cirrhosis for risk stratification. J Hepatol 2019; 71: 523-533 [PMID: 31145929 DOI:
10.1016/j.jhep.2019.05.008]

WJG | https://www.wjgnet.com 5382 September 28,2022 | Volume?28 | Issue36 |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0003-3453-2040
http://orcid.org/0000-0003-3453-2040
http://www.ncbi.nlm.nih.gov/pubmed/35110952
https://dx.doi.org/10.3748/wjg.v28.i3.310
http://www.ncbi.nlm.nih.gov/pubmed/26013675
https://dx.doi.org/10.1002/pds.3801
http://www.ncbi.nlm.nih.gov/pubmed/31189966
https://dx.doi.org/10.1038/s41598-019-44447-1
http://www.ncbi.nlm.nih.gov/pubmed/34883157
https://dx.doi.org/10.1016/j.jhep.2021.10.016
http://www.ncbi.nlm.nih.gov/pubmed/33992698
https://dx.doi.org/10.1016/j.jhep.2021.04.049
http://www.ncbi.nlm.nih.gov/pubmed/31145929
https://dx.doi.org/10.1016/j.jhep.2019.05.008

JRnishideng®

Published by Baishideng Publishing Group Inc
7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA
Telephone: +1-925-3991568
E-mail: bpgoffice@wijgnet.com
Help Desk: https://www.t6publishing.com/helpdesk

https:/ /www.wjgnet.com

© 2022 Baishideng Publishing Group Inc. All rights reserved.


mailto:bpgoffice@wjgnet.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

