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Abstract
Inflammatory bowel diseases (IBDs) are chronic inflammatory disorders of the 
intestinal tract that have emerged as a growing problem in industrialized 
countries. Knowledge of IBD pathogenesis is still incomplete, and the most 
widely-accepted interpretation considers genetic factors, environmental stimuli, 
uncontrolled immune responses and altered intestinal microbiota composition as 
determinants of IBD, leading to dysfunction of the intestinal epithelial functions. 
In vitro models commonly used to study the intestinal barrier do not fully reflect 
the proper intestinal architecture. An important innovation is represented by 
organoids, 3D in vitro cell structures derived from stem cells that can self-organize 
into functional organ-specific structures. Organoids may be generated from 
induced pluripotent stem cells or adult intestinal stem cells of IBD patients and 
therefore retain their genetic and transcriptomic profile. These models are 
powerful pharmacological tools to better understand IBD pathogenesis, to study 
the mechanisms of action on the epithelial barrier of drugs already used in the 
treatment of IBD, and to evaluate novel target-directed molecules which could 
improve therapeutic strategies. The aim of this review is to illustrate the potential 
use of organoids for therapy personalization by focusing on the most significant 
advances in IBD research achieved through the use of adult stem cells-derived 
intestinal organoids.

Key Words: Inflammatory bowel disease; Organoids; Intestinal epithelium; 3D cell 
cultures; Personalized medicine
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Core Tip: Intestinal organoids have helped to unveil knowledge about inflammatory bowel diseases 
pathogenesis, focusing on the genetic and epigenetic factors involved in the onset of these diseases, the 
altered intestinal epithelial cell (IEC) functions, and the interplay between IECs and other surrounding 
cells, including immune cells and the intestinal bacteria. Intestinal organoids are currently being evaluated 
in pre-clinical studies as pharmacological tools to better understand the specific mechanisms of action of 
already used drugs on the IECs and to identify novel pharmacological targets and approaches.

Citation: Lucafò M, Muzzo A, Marcuzzi M, Giorio L, Decorti G, Stocco G. Patient-derived organoids for therapy 
personalization in inflammatory bowel diseases. World J Gastroenterol 2022; 28(24): 2636-2653
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2636.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2636

INTRODUCTION
Inflammatory bowel diseases (IBDs) are chronic inflammatory disorders of the gastrointestinal tract that 
have emerged as a growing problem in industrialized countries[1]. IBDs include Crohn’s disease (CD) 
and ulcerative colitis (UC)[2], which can be distinguished by differences in genetic predisposition, 
clinical aspects, and risk factors[3], and by the location and nature of inflammation[4]. UC is restricted to 
the mucosal surface of the large intestine: It starts in the rectum and extends through the entire colon in 
a continuous manner[3]. The severity of symptoms depends on the intestinal areas involved in inflam-
mation[4]: It usually occurs with bloody diarrhea with pus and mucus (often nocturnal and 
postprandial), fever, weight loss, abdominal pain, and signs of systemic inammation[5]. CD is charac-
terized by the involvement of both the small and large intestine; it most commonly affects the ileocecal 
region, the terminal ileum, the perianal area, and the colon, with segmental and transmural inflam-
mation, fissuring ulcerations, non-caseating granulomas, strictures, abscesses, and fistulas[4,6,7]. The 
clinical presentation of CD depends on the location, extent, and severity of inflammation: Patients 
usually show postprandial abdominal pain, especially around the periumbilical area, bloody diarrhea, 
nausea, emesis, dysphagia, early satiety, and weight loss[7].

Although no curative treatment is available for these diseases, current therapeutic options aim at 
achieving an improvement in symptoms and can be divided in two different groups: The remission 
induction drugs, which are used to achieve clinical remission, and the maintenance drugs which sustain 
the clinical remission and prevent disease relapse[8]. Aminosalicylates are administered as first-line 
agents to treat mild to moderately active UC. They exert their anti-inflammatory activity by binding to 
the peroxisome proliferator-activated receptor[9]. Glucocorticoids are used for inducing remission; 
when bound to their receptor, they modulate the expression of inflammatory mediators and control 
inflammatory states[9,10]. The thiopurines azathioprine and mercaptopurine are efficacious for 
maintaining remission. Thiopurines are inactive prodrugs but their metabolites (thioguanine 
nucleotides) are responsible for causing immunosuppression, either by inhibiting the de novo purine 
synthesis or by incorporating into the DNA or RNA[9]. Infliximab and adalimumab, which bind the 
pro-inflammatory cytokine tumor necrosis factor (TNF), have been introduced both for inducing 
remission and for maintenance therapy[11]. Furthermore, other monoclonal antibodies such as 
vedolizumab, a selective α4β7 integrin inhibitor, and ustekinumab, an interleukin (IL)-12/23 p40 
inhibitor, have been used as alternatives for patients who have failed or are intolerant to anti-TNF 
therapy[12]. Eventually, thalidomide, by selectively inhibiting TNF-α expression and suppressing TNF-α
-induced nuclear factor-kappa B (NF-κB) activation, can be employed when patients do not respond to 
the standard therapies[9,13]. Despite the multiple therapeutic options, high interindividual variability in 
response to these drugs is evident, and genetic and epigenetic factors could play a key role in these 
differences[14,15].

IBDs are multi-etiological diseases: It is currently believed that uncontrolled immune response 
against intestinal microbiota, combined with environmental factors in genetically predisposed 
individuals, leads to bowel inflammation, perturbing the mucosal barrier and increasing intestinal 
epithelial cell (IEC) dysfunction[16,17]. However, even today, it is not completely understood which of 
these factors are the initiators of inflammation and which are contributors[18]. An altered intestinal 
architecture and abnormalities in the intestinal wall function have been associated with the onset of the 
disease[19].

The current models employed to study the intestinal barrier in vitro show many weaknesses: 
Stabilized cell lines, such as the human epithelial colorectal adenocarcinoma cells Caco2 or HT-29, do 
not reproduce the heterogeneous intestinal cell types[20-22] and do not represent IBD pathophysiology
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[23]. Animal models are highly costly, require probands to be raised for weeks[5], and may not reflect 
human pathobiology, which may contribute to drug failure in clinical therapy[21,24]. Consequently, 
new models are necessary to better define the pathogenesis underlying IBDs and to find new clinical 
approaches in its treatment[25].

A major advancement in clinical research of human IECs is represented by the development of 3D 
organoid cultures, which re-create intestinal epithelial tissue in vitro[25] starting from adult stem cells 
(ASCs) or pluripotent stem cells (PSCs), such as embryonic stem cells or induced PSCs (iPSCs)[22]. 
These cells, grown under appropriate conditions and stimuli, self-organize and show the specific tissue 
structures, properties and functionality of the gastrointestinal tissue, forming a spheroid-like structure
[26].

INTESTINAL ORGANOIDS
ASCs are located at the base of the intestinal crypts, which can be isolated from intestinal biopsies[27]. 
Intestinal crypts are embedded in a 3D membrane-like gel, such as matrigel, which mimics the 
extracellular matrix, and supplemented with an appropriate culture medium that is crucial for the 
development and expansion of ASCs, from which intestinal organoids can be obtained[5,28,29]. The 
organoids obtained in vitro with this method present only IECs (Paneth cells, goblet cells, enterocytes 
and enteroendocrine cells) derived from the crypt-based stem cells and are oriented with their apical 
side toward the lumen and their basolateral domain in contact with matrigel[25,28]. On the other hand, 
Spence et al[30], have demonstrated that it is possible to successfully generate intestinal organoids 
starting from iPSCs with a process that mimics organogenesis, and that this type of organoids may 
present not only epithelial cells but also mesenchymal cells, including myofibroblasts, and smooth 
muscle cells, thus providing a more accurate model[30,31]. This method is advantageous when it is 
necessary to generate organoids starting from tissues not easily accessible, reprogramming peripheral 
blood mononuclear cells or fibroblasts to a pluripotent state, thus obtaining iPSCs that can be differen-
tiated to the tissue of interest by using dedicated protocols[29]. The reprogramming phase is complex 
and can be achieved using different methods. These methods are chosen according to efficiency, 
footprint (integration of viral vector sequences into reprogrammed cell genome), and type of somatic 
cells to be reprogrammed[32]. Subsequently, in order to obtain the different types of cells constituting 
the organ of interest, a microenvironment that mimics embryogenesis is required[33]. However, iPSC-
derived intestinal organoids, unlike ASC-derived intestinal organoids, can acquire genetic and 
epigenetic variations. For example, mutations can occur during the reprogramming process or arise 
during the prolonged culture which can be conserved if they facilitate cell propagation[30,34,35].

After expansion, intestinal organoids can be employed in any experimental approach developed for 
cell lines, such as DNA-, RNA-, protein-based techniques, live imaging, drug screening and “omics” 
approaches (including single-cell RNA sequencing, MethylC sequencing, and mass spectrometry)[22]. 
For example, Yin et al[36] have combined genome-wide analysis of open chromatin by Omni Assay for 
Transposase-Accessible Chromatin-seq with the transcriptome data from RNA-seq. By correlating gene 
expression with open chromatin peaks, intestine-specific processes were identified. These results 
confirm the relevance of intestinal organoids to better define the genetic characteristics and, at the same 
time, to investigate crucial physiological and biochemical processes in the gut epithelium[36].

Organoid cultures are also a powerful model for genetic manipulation tools, such as transposon 
mutagenesis, siRNAs, and CRISPR-Cas (e.g., knock-down, knock-out, knock-in, or overexpression)[29]. 
In particular CRISPR-Cas, along with transcription activator-like effector nuclease, and zinc finger 
nucleases technologies[37] allows the low frequency IBD-associated mutations to be gradually 
introduced into organoids derived from healthy patients, providing a better understanding of their 
effect on the epithelial cell functions[22,29]. In this way, intestinal organoids can be useful to explain in a 
more specific manner the effect of known genetic variants identified by genome-wide association 
studies[38] and can become crucial tools for IBD research, especially for the very early-onset IBD (VEO-
IBD).

In addition, ASC-derived organoids can undergo extensive expansion in culture and maintain 
genome stability, which makes them suitable for biobanking[39].

In this review, we focus on the most significant advances in IBD research obtained using ASC-derived 
intestinal organoids (Figure 1).

Organoid models to study the genetic and epigenetic contribution on IBD epithelium
Several forms of IBD are polygenic and multiple susceptibility loci have been correlated to IBD onset
[38]. Intestinal organoids retain the genetic and epigenetic signatures of the original tissue and can 
hence be employed for studying genetic and epigenetic-phenotypic profiles[22]. Moreover, the study of 
specific variants affecting the different cell types constituting the epithelium of IBD patients could 
identify sub-phenotypes of the disease that could help to understand their behavior and outcome[40].

Organoids also maintain the region-specific (duodenum/ileum/jejunum) gene expression of the 
gastrointestinal tract from which they derive[41]. Moreover, biopsies from IBD patients and derived 
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Figure 1 Intestinal organoid in inflammatory bowel disease research: The future of precision medicine. Patient-derived intestinal organoids are 
three-dimensional in vitro cell structures derived from stem cells that differentiate and self-organize into functional intestinal epithelium-specific cell types. For this 
reason, this model is suitable for different research approaches useful to inflammatory bowel disease (IBD) modelling and to study current and new therapeutic 
options. By retaining the disease-specific phenotypic defects, intestinal organoids can be employed to study epigenetic and transcriptomic profiles. In addition, the 
ability of intestinal organoids to differentiate into all the different cell types present in the intestinal epithelium makes this model useful to discover new cell-specific 
disease mechanisms. Furthermore, organoids can be used to study cytokine-induced apoptosis and to test currently used drugs to better understand their 
mechanisms. Co-culturing intestinal organoids with either microbiota components or immune cells helps to investigate IBD pathogenesis. Thanks to all these research 
approaches new pharmacogenomic biomarkers, new therapeutic targets and new drugs could be discovered, enabling the development of precision medicine for IBD 
patients. The image was created with https://biorender.com/.

intestinal organoids show similar expression levels of several IBD-marker genes. Dotti et al[42] have 
identified a set of genes, including LYZ, CLDN18, and HYAL1, upregulated both in the mucosa of 
patients with active UC and in the derived organoids[42]. Accordingly, the expression levels of genes 
encoding junctional proteins, such as ZO-1, also known as tight junction protein 1, OCLN and CTNNB, 
were similar in intestinal crypts from CD-patients and derived organoids.

VEO-IBDs are a subset of pediatric patients with IBD diagnosed before the age of 6 years, and up to 
15% of these patients may have a rare monogenic disorder. Several defects in genes responsible for the 
proper intestinal epithelial barrier functions have been discovered, including NOX1[43] and TTC7A[44]. 
To study the impact of these mutations on IECs, Schwerd et al[44] generated human colonic organoids 
of patients affected by IBD carrying a NOX1 p.N122H mutation[44]. These organoids show significantly 
less production of constitutive superoxide than organoids derived from healthy patients. This defect 
could favor the crypt colonization by luminal microorganisms since superoxide has an anti-adhesive or 
anti-invasive effect on bacteria. On the other hand, biallelic missense mutations in the TTC7A gene have 
been found in VEO-IBD patients, resulting in the activation of RhoA-dependent proteins which regulate 
cytoskeletal architecture by altering cell polarization and proliferation, as demonstrated in organoid 
cultures[45].

Among the genetic variants associated with the risk of developing IBD, polymorphisms in NOD-2, 
involved in the microbial pathogens recognition[46], and ATG16L1[47] genes play an important role. 
However, their biological functions in the intestinal epithelium of IBD patients remain unclear[47,48].

Organoids generated from NOD2 knockout (KO) mice show increased intracellular Escherichia coli (E. 
coli) following metabolic stress[48], while the number of Paneth cells, known to have antimicrobial 
activity in the intestinal epithelium, is not affected. Atg16L1-deficient intestinal organoids derived from 
mice present a higher activation of STING-dependent type I interferon (IFN) signaling after IL-22 
stimulation, leading to transient endoplasmic reticulum (ER) stress[49]. No data on patient-derived 
organoids with variants already associated with the increased susceptibility to IBD have been published 
yet.

Kelsen et al[50] reported transcriptomic differences from RNA sequencing between organoids derived 
from pediatric IBD (VEO and older onset) and non-IBD patients[50]. One of the most upregulated genes 
in organoids generated from pediatric IBD patients is LYZ, encoding for the antimicrobial protein 

https://biorender.com/
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lysozyme, confirming previous results by Dotti et al[42] conducted on adult IBD patient-derived 
organoids[42]. In addition, an upregulation of the antigen presentation genes HLA-DRB1 and HLA-
DRA, necessary for T-cell activation, was demonstrated[50]. Similar results have been obtained by 
McDonald and Jewell[51] in mucosal epithelial cells by histological and immunohistochemical analysis 
on colonic biopsy specimens[51]. It is therefore possible that, since these genes are upregulated, the 
continuous and pathological activation of T cells may lead to the development of IBD[50]. Moreover, the 
same authors have found that the most downregulated gene in IBD-derived organoids was CD177[50], a 
glycosylphosphatidylinositol-anchored glycoprotein expressed in neutrophils and colon crypt cells.

Looking at the role of epigenetic modifications in IBD, a recent study showed changes in DNA 
methylation profiles in purified IECs from IBD, compared to non-IBD pediatric patients, that were 
strictly correlated to IBD pathogenesis[40]. To assess whether these alterations are also preserved in 3D 
models, intestinal organoids have been developed from children newly diagnosed with IBD and from 
healthy controls. Differences in DNA methylation and transcription profiles have been found between 
pediatric patient-derived organoids and controls. This suggests that IBD-associated intestinal epithelial-
specific epigenetic alterations can be preserved in organoid cultures. Moreover, it has been observed 
that these epigenetic alterations are stable over time and therefore can contribute to chronic relapsing 
inflammation due to impaired IEC function[40].

These data suggest that intestinal organoids can be a promising tool to assess the molecular and 
functional effects on the intestinal epithelium of genetic and epigenetic variations related to IBD.

Intestinal organoids to study the epithelial barrier
The intestinal epithelium, consisting of different cell types (enterocytes, enteroendocrine cells, goblet 
cells, and Paneth cells), plays a fundamental role in maintaining intestinal homeostasis, acting as a 
physical and chemical barrier against pathogens through the production of mucus and antimicrobial 
peptides. A defect of these activities is evident in IBD patients, but it is still not clear whether these are 
primary defects or secondary effects of the inflammatory state[52].

In particular, reduced levels of trefoil factor 3 in goblet cells of IBD patients have been observed, 
which results in a decreased viscosity of the intestinal mucus layer and, as a consequence, the invasion 
of several IBD-inducing microorganisms. In IBD patients, decreased goblet cells number, diminished 
mucin 2 (MUC2) production, reduced mucus sulfation, and decreased mucus barrier have been detected
[53-55]. Moreover, a decreased expression of constitutive defensins by Paneth cells in IBD patients has 
also been observed: A low expression of the constitutive human ß-defensin 1 has been demonstrated in 
patients with UC, while a low expression of human ß-defensin 2 and human ß-defensin 3 was 
demonstrated in those affected by CD, allowing bacteria to enter the intestinal mucosa[56].

Intestinal organoids can be manipulated to induce differentiation to definite lineages, allowing the 
study of cell-type-specific functions/dysfunctions in the context of the intestinal epithelium as described 
in the study conducted by Treveil et al[57]. Intestinal organoids can be specifically differentiated 
towards goblet cell or Paneth cell lineages by specific small molecules, with improved representation of 
these cell types within the entire organoid cell population[57]. In particular, organoids enriched in 
Paneth cells can be obtained with the addition of DAPT, a small molecule inhibitor of Notch signaling, 
whereas the differentiation towards the goblet cell lineage can be induced through the addition of 
DAPT and IWP-2, which inhibits Wnt signaling[58]. To characterize the effect of cell type enrichment 
and to predict key molecular regulators involved in Paneth cell and goblet cell specific functions, 
authors have used mRNA, miRNA, and lncRNA profiles[57]. Thanks to this approach, they predicted 
key factors involved in differentiation or maintenance of Paneth cells and goblet cells, such as Cebpa, 
Jun, Nr1d1, and Rxra specific to Paneth cells, Gfi1b and Myc specific for goblet cells, and Ets1, Nr3c1 
and Vdr shared between them. Interestingly, several predicted regulators are associated with inflam-
mation and IBD, indicating that their dysregulation can contribute to IBD pathogenesis[57].

Organoids derived from a mouse model of colitis were established to investigate the relationship 
between the differentiation state and cytokine secretion in the intestinal epithelium[59]. Undifferen-
tiated mouse-derived intestinal organoids showed expression levels of pro-inflammatory cytokines and 
other inflammatory mediators higher than those differentiated into secretory or absorptive lineages. 
This suggests that the differentiation state of the intestinal epithelium, regardless of bacteria and 
immune cells, promotes the release of immunomodulatory factors and has a crucial role in maintaining 
intestinal homeostasis[59].

In IBD, cytokines play an important role in the pathological process. In particular, TNF-α, which is 
produced by immune and non-immune cells, through the activation of different pathways including 
NF-kB, can stimulate the production of other pro-inflammatory cytokines by macrophages and induce 
the death of Paneth cells, epithelial cells, and T cells[60]. TNF-α has an accepted role in the continuous 
immune stimulation in intestinal organoids by triggering several signaling cascades which lead to cell 
activation, survival, and gene expression[61]. It has also been confirmed that high expression of the 
TNF-α induced protein 3 gene, which encodes A20, a ubiquitin-editing enzyme and negative feedback 
regulator of NF-kB, promotes TNF-α dependent IEC death[62]. Intestinal organoids from A20 transgenic 
mice, in which A20 expression is driven by the Villin promoter, were more susceptible to TNF-
dependent death. Moreover, after TNF-α addition, A20 transgenic organoids showed a strong caspase 3 
and 8 expression whereas control organoids were unaffected, indicating that immune cells or gut 
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microbiota are not necessary for TNF-induced apoptosis of A20-expressing cells[62]. The authors 
demonstrated that this effect depended on receptor-interacting protein kinase 1 with its proapoptotic 
activity, and A20 was found to associate with the death-inducing signaling ripoptosome complex, 
potentiating its ability to activate caspase-8[62].

Grabinger et al[63] have found that both TNF-α receptors, TNFR1 and TNFR2, are involved in cell 
death in intestinal organoid models, although TNFR1 is the predominant mediator[63]. Indeed, the 
authors showed an almost complete abrogation of TNF-induced cell death in TNFR1-deficient 
organoids while organoids from TNFR2-deficient mice showed reduced cell death following exposure 
to TNF[63].

Ferrer-Picón et al[64] have observed that TNF-α reduces the response to butyrate of the intestinal 
epithelium by decreasing its uptake, oxidation, and consumption[64]. The authors have used differen-
tiated epithelial organoids from IBD patients, which mimic the phenotype of cells residing on the 
luminal side of the crypt and that are directly exposed to bacteria and their metabolites, and non-IBD 
controls treated with butyrate and TNF-α. The expression of the butyrate transporters monocarboxylate 
transporter 1 (encoded by SLC16A1), ABCG2, and the butyrate receptor GPR43 was evaluated. After 
TNF-α treatment, they have found a downregulation of SLC16A1 and ABCG2 genes, as well as an 
increase of GPR43 gene expression in both IBD and non-IBD derived organoids, indicating that the 
response to butyrate is not intrinsically altered in IBD patients and that inflammation affected butyrate 
uptake and oxidation[64].

TNF-α also contributes to barrier deterioration by activating the myosin light chain kinase, which 
alters tight-junctions (TJ), and, therefore, intestinal permeability[63]. TJ dislocation seems to be a crucial 
event in IBD pathogenesis as confirmed by Hall et al[65]. These authors have demonstrated that the 
downregulation of the creatine transporter (SLC6A8, also known as CRT), observed in IBD patients, is 
associated with alterations in TJ architecture[65]. In detail, CRT-KO intestinal organoids show a leaky TJ 
profile, a stressed metabolic phenotype, and a diminished epithelial barrier formation. This might be 
caused by a decreased creatine uptake, which is required by actin and myosin to regulate TJ structure 
and intestinal barrier integrity[65].

The role of inflammation in the intestinal epithelial barrier function has also been investigated by the 
FITC-dextran 4kDa (FD4) uptake assay, using murine intestinal organoids exposed in vitro to dextran 
sodium sulfate (DSS)[66]. DSS is a sulfated polysaccharide with variable molecular weights which 
causes UC-like pathologies due to its toxicity to colonic epithelial cells, which results in compromised 
mucosal barrier function. DSS caused a decline in the absorption ability of the inflamed-organoid 
intestinal barrier, confirmed by FD4 altered intestinal concentration and reduced translocation to the 
lumen. DSS also caused increased production of TNF-α, IL-6, and other important factors involved in 
the epithelial barrier disruption, including matrix metallopeptidases MMP10, MMP3, the chemokine 
ligand CXCL1, and the proteasome-dependent protein degradation ubiquitin D (UBD)[66].

Alteration in the autophagy process within different cellular compartments could potentially lead to 
an inflammatory response in the gut, increasing intestinal barrier dysfunction and IBD development
[67]. Autophagy is a housekeeping process that maintains cellular homeostasis, allowing the 
degradation and recycling of cellular components[68,69]. Autophagy is also dysregulated in intestinal 
organoids from patients with IBDs and in mouse intestinal organoids lacking ATG16L1, which show 
decreased Paneth cell levels and increased ER stress-induced cell death, exacerbated when cultured with 
TNF-α[49,68]. Additionally, recent studies have suggested a novel process by which altered autophagy 
is associated with IBDs: As already observed in other autophagy-deficient cellular models, such as 
ATG5-/- and ATG16-/- mouse embryonic fibroblast cells, Atg7−/− autophagy-deficient mouse 
intestinal organoids show increased levels of argonaute 2, a crucial effector of miRNAs whose upregu-
lation in patients with IBD results in the altered expression of genes implicated in IBD pathogenesis.

Different studies have also demonstrated a crucial relationship between unresolved ER stress, failing 
autophagy, and pro-inflammatory mediators in IECs during active IBD. For example, IL-22 potentiates 
the ER stress response caused by other cytokines via the activation of STAT3 and induces IEC apoptosis 
in synergy with IL-17A[49]. Moreover, IL-22 treatment reduces the LGR5+ intestinal stem cell (ISC) 
levels and amplifies the number of transit-amplifying (TA) cells, an undifferentiated population in 
transition between stem cells and differentiated cells, by inhibiting Wnt and Notch signaling pathways
[70]. All these findings show that IL-22 decreases organoid survival by limiting ISC expansion and 
promoting TA progenitor proliferation[71].

Intestinal organoids to study the relationship between IECs and the surrounding cells, including 
immune cells and microbiota
IECs are involved in complex crosstalk with other cell types, including immune and mesenchymal cells. 
Intestinal organoids have been used for in-depth ex vivo analyses of interactions between the epithelium 
and lamina propria cells[29] and between the epithelium and the underlying immune cells[22].

Co-culturing intestinal organoids with other specific cell types may help to investigate IBD 
pathogenesis. For example, Ihara et al[72] have established a mouse organoid–mononuclear phagocyte 
(MP) co-culture to study how MPs, such as dendritic cells and macrophages, accumulate in the inflamed 
intestine causing an imbalance between intestinal immune responses and microbiota and mediating 
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several interactions with other intestinal cell types[72]. The authors have revealed that excessive E-
cadherin, a cell adhesion molecule crucial in the formation of adherens junctions (AJs), expressed by 
MPs, mediates their adhesive interactions with the epithelium, activating Notch signaling and 
perturbing physiological IEC differentiation and epithelial homeostasis, with the promotion of goblet 
cell depletion, mucus layer disruption, dysbiosis, and gut inflammation[72].

Intestinal organoids are also useful to study the interactions between IECs and luminal bacteria, 
involved in intestinal inflammation: Abnormal growth of a specific microorganism leads to unbalance of 
the gut microbiota, which may initiate intestinal inflammatory diseases, including IBD[73]. Dysreg-
ulated immune responses towards the gut microbiota induce a tissue-damaging chronic inflammatory 
state, leading to barrier dysfunction, infections, and intestinal inflammation[74]. Therefore, the 
microbiota-epithelial interaction has been investigated to understand IBD pathogenesis. Intestinal 
organoid models have emerged as a helpful tool to study this crucial interaction in vitro, showing that 
differences in IEC behavior can contribute to the altered composition of the gut microbiome, barrier 
permeability, and microbiome interaction in IBD patients[75]. This has been confirmed by Leber et al
[74], who have used mouse intestinal organoids to study the nucleotide-binding oligomerization 
domain, leucine-rich repeat containing X1 (NLRX1) as a regulator of gut homeostasis, involved in the 
control of the immune response, microbiota composition, and metabolism[74]. Intestinal organoids 
derived from NLRX1-deficient mice show an altered glutamine metabolism because of increased 
glutamate dehydrogenase activity compared to intestinal organoids obtained from WT mice. With this 
abnormal host glutamine metabolism, intestinal bacteria may be less exposed to amino acids, and this 
may lead to increased proliferation of microorganisms capable of amino acid production[75].

In addition, it has recently been found that organoids derived from mice with highly simplified 
microbiota are different from those derived from mice harboring complex-conventional microbiota[76]. 
For example, organoids derived from mice harboring limited bacterial species have an accelerated 
proliferation rate, are less subjected to cell death, and respond differently to pro-inflammatory stimuli, 
in particular TNF-α stimulation. The effects of different concentrations of TNF-α on these two organoids 
have been studied: ISC growth from mice with limited bacterial species was inhibited only by the lower 
concentration of TNF-α tested compared to that of mice with complex bacterial species, in which growth 
was inhibited by all concentrations tested. Moreover, with increased concentration of the cytokine, the 
inhibition decreases, and, conversely, growth of organoids from mice with limited bacterial species is 
promoted. These results suggest that the microenvironment, such as microbial composition, of the 
intestinal segment from which the organoids are originated could affect ISC replication and, as a 
consequence, organoid growth, and could also affect the response to different concentrations of 
cytokines, such as TNF-α[76].

Intestinal organoids can be employed to evaluate the contribution of luminal pathogens to IBD 
pathogenesis. For example, the cytotoxic effect of Clostridioides difficile toxins on the small intestinal 
epithelium was studied using a jejunal-derived intestinal organoid culture developed by Engevik et al
[77]. These organoids show high expression of the toxin A and the binary toxin C. difficile transferase 
receptors, and as a result, are more sensitive to toxin A than to toxin B, the other toxin produced by C. 
difficile, developing mucosal damage and an altered permeability[77].

In consideration of the aforementioned data, organoid models must be implemented with the 
intestinal microbiota to determine the specific effect of bacteria on the epithelial barrier[22]. However, 
organoid cultures form a spheroid with an enclosed lumen and, therefore, pathogens introduction is 
difficult[78]. For this reason, different techniques have been generated to better introduce microor-
ganisms into the intestinal organoids. For example, Saxena et al[79] have mechanically disrupted the 
organoids to promote bacterial exposure; however, polarization was lost and, consequently, both the 
apical and basolateral domains were in contact with bacteria[79]. Leslie et al[80] have developed 
microinjection techniques to introduce bacteria into organoids but these procedures are difficult to 
perform and to replicate[80]. According to several studies, the culture of intestinal organoids in 
monolayer could overcome these limits since it preserves the major properties and factors of intestinal 
epithelium in vivo; hence, 3D organoids have been mechanically disrupted and seeded on transwell 
membrane gels to form a selective and permeable layer, separating the apical and basal domain which 
are both directly accessible[29]. This important innovation shows the ability to manipulate the model 
system, introducing bacteria and viruses in the culture medium on the luminal side, and represents a 
powerful alternative to other 2D models of primary epithelial cells by mimicking in vivo physiology and 
providing a lumen (apical side) and a lamina propria (basal domain)[29,75]. It has been demonstrated 
that the monolayer system successfully reflects the properties of intestinal epithelium in vivo, including 
epithelial barrier formation, polarization, and gene expression profiles[75]. The monolayer also reflects 
the aberrant permeability caused by pro-inflammatory cytokines, such as TNF-α and IFN-γ, which cause 
a mislocalization of both TJs and AJs and reduce their mRNA levels[81]. Another successful use of the 
organoid-derived monolayer has been demonstrated by Sayed et al[82]: These authors demonstrated 
that detection of high concentrations of the engulfment and cell motility protein 1 in the epithelium 
could be a diagnostic marker of dysbiosis and gut inflammation since it is a crucial intestinal bacterial 
sensor[82]. In addition, a co-culture of human intestinal organoid-derived monolayer and macrophages 
shows how epithelial and innate immune cells respond to pathogens[83]. In this model, macrophages 
have the capability to sense and interact with E. coli, when added to the apical side of IECs, by 
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improving their adherence properties and by promoting the generation of cell membrane projections to 
capture the pathogen. This system has provided an important tool to evaluate the host defense towards 
organisms[83].

INTESTINAL ORGANOIDS TO STUDY CURRENT THERAPIES
Intestinal organoid cultures have recently been employed to study the molecular mechanisms of action 
of already approved drugs (Table 1).

In IBDs, mucosal healing has emerged as a key prognostic parameter and represents the therapeutic 
goal in the treatment of these diseases[84]. Indeed, healing means suppression of inflammation, 
improvement of intestinal barrier by a dynamic interaction of cell regeneration, differentiation, and 
migration[19] and, consequently, sustained clinical remission, reduced rate of surgery, and lower 
incidence of potential long term complications such as colorectal cancer[85,86]. However, although a 
number of therapies have become available in recent years, IBD heterogeneity makes it difficult to 
obtain complete mucosal healing in order to avoid relapse, and it is not yet clear which is the optimal 
therapy for a specific patient. A better comprehension of the mechanisms involved in mucosal healing 
may contribute to ameliorating the therapeutic and clinical approaches currently used. For example, IL-
10 KO mouse intestinal organoids, which spontaneously develop enterocolitis, and WT mouse intestinal 
organoids have been established to understand the different molecular interactions between 
azathioprine, 5-aminosalicylic acid, and the intestinal epithelium and the mechanistic aspects of 
mucosal healing[19]. In detail, the researchers have treated with TNF-α the WT and IL-10 KO organoids 
with and without 5-aminosalicylic acid and azathioprine and have investigated the expression levels of 
E-cadherin and desmoglein-2, which are closely related to the regulation of the intestinal barrier. TNF-α-
treated WT organoids showed internalization and abnormal disruption of E-cadherin, while treatment 
with 5-aminosalicylic acid and azathioprine restored E-cadherin levels on cell membranes. On the other 
side, untreated IL-10 KO organoids resulted in defective E-cadherin membrane expression and 
increased cytoplasmatic expression, which was not further altered by TNF-α treatment. However, it was 
observed in both models that the effects on E-cadherin were greater with 5-aminosalicylic acid than 
with azathioprine treatment. Western-blot analysis confirmed that the two drugs impact only the re-
distribution of proteins on the intestinal surface. Desmoglein-2 levels were reduced by TNF-α adminis-
tration in WT models and restored only by 5-aminosalicylic acid whereas, in IL-10 KO organoids, 
desmoglein-2 expression was increased in all treatment groups by the activation of p38 mitogen-
activated protein kinase pathway, a crucial factor in the maintenance of epithelial barrier[19].

Intestinal organoids have also been employed to study the effects of the thiopurine thioguanine on 
the replication of rotavirus, a Reoviridae family virus that might play a role in the pathogenesis of IBD
[87]. Although thioguanine is rarely used to treat IBD due to its adverse effects, it has been proposed in 
the treatment or prevention of rotavirus infection via Rac1 inactivation. Rac1 is a member of the Rho 
family of small GTPases, ubiquitously expressed, which mediates several cellular signaling pathways 
including actin reorganization, gene transcription, apoptosis, and redox signaling. Rac1 shows two 
conformational states, the inactive GDP-bound structure and the active GTP-bound form which exerts 
the biological functions. Several viruses use Rac1 in the active conformational form to infect cells, a 
process impaired by a loss-of-function of Rac1 by gene knockout or knockdown. It has been 
demonstrated that virus replication is interrupted after thioguanine treatment at a dose of 100 ng/mL in 
patient-derived rotavirus isolated from human intestinal organoids. This could be due to thioguanine 
metabolites, deoxy-6-thioguanosine phosphate and 6-thioguanosine phosphate, that can bind to Rac1, 
forming a complex and inhibiting the Rac1 activity[87].

Anti-TNF agents, in particular infliximab, have been established as the reference therapy to treat 
refractory IBD. However, whether anti-TNF agents have any direct effect on IECs remains unknown
[53]. Recently it was demonstrated that treatment of organoids from UC patients with infliximab 
concurrently with TNF-α did not cause a clear effect on their viability or morphology but resulted in a 
significant reduction of UBD mRNA expression. UBD is a ubiquitin-like modifier involved in protein 
degradation that is upregulated in inflamed intestinal tissue. UBD mRNA expression pattern also 
correlated with protein levels, as confirmed by immunoblotting of organoid lysates[88].

Glucocorticoids have beneficial effects in restoring the epithelial barrier disrupted by cytokines. Xu et 
al[89] studied the epithelial barrier function of ASCs derived intestinal organoids of CD patients and the 
role of glucocorticoid treatment[89]. Using confocal microscopy, they evaluated the permeation of the 
FD4 marker, which is used to measure macromolecular paracellular permeability from the basal to the 
luminal side of organoids treated with a cytokine mixture. After an increase in intraluminal FD4 concen-
tration compared to the untreated, the authors exposed the organoids to the glucocorticoid 
prednisolone, which significantly reduced intraluminal FD4 permeation. In addition, prednisolone 
restored CLDN2 expression that was upregulated by the cytokine mixture[89]. This is crucial because 
CLDN2 is one of the most represented TJ components, forming cation-selective pores that make the 
intestinal barrier more permeable to ions and molecules and its expression is increased in CD patients 
biopsies[90,91]. The authors also found that the administration of mifepristone, a glucocorticoid receptor 
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Table 1 Molecular target identified by treatment of intestinal organoids with current therapies for inflammatory bowel disease

Molecular 
target Treatment effect Drug Species Ref.

E-cadherin Re-distribution of protein on intestinal surface restored correct 
permeability

5-aminosalycilic acid, 
azathioprine

Mouse (IL-10-/-) [19]

Desmoglein-2 Restored physiological desmoglein-2 expression levels 5-aminosalycilic acid Mouse (IL-10-/-) [19]

UBD Restored physiological UBD expression levels Infliximab Human (UC patients) [88]

CLDN-2 Restored physiological CLDN-2 expression levels Prednisolone, tofacitinib Human (CD and CRC 
patients)

[89,
92]

ZO-1 Re-distribution of protein on intestinal surface restored correct 
permeability

Tofacitinib Human (CRC patients) [92]

CD: Crohn's disease; CLDN-2: Claudin-2; CRC: Colorectal cancer; IL-10: Interleukin-10; UBD: Ubiquitin D; UC: Ulcerative colitis; ZO-1: Zonula occludens.

antagonist, reduced the beneficial effect of prednisolone, confirming that the effect is glucocorticoid 
receptor dependent[89].

A recent study published by Sayoc-Becerra and collaborators employed human colonic organoids to 
understand how tofacitinib treatment restores TJ architecture and epithelial barrier functions, achieving 
healing[92]. In addition to CLDNs, OCLN and tricellulin are induced by different pro-inflammatory 
mediators, such as IFN-γ. These proteins are highly expressed in the intestinal epithelium and control 
the paracellular transport of solutes, while ZO-1 regulates and assembles TJ structure. Therefore, the 
proper localization of these proteins is essential in the maintenance of the epithelial barrier function. 
Several genes are involved in regulating the epithelial barrier function, including genes that control the 
Janus Kinase-signal transduction and transcription pathway [Janus kinase-signal transducer and 
activator of transcription (JAK-STAT)]. The activation of JAK-STAT signaling induces the triggering of 
JAK1 and JAK2 and the phosphorylation of their downstream targets STAT1 and STAT3 which are 
associated with the upregulation of CLDN2, and the consequent altered permeability across the 
intestinal epithelium. Therefore, targeting the JAK-STAT pathway has become a new therapeutic 
approach in IBD, and tofacitinib has been approved as a pan-JAK inhibitor. The drug binds to the 
adenosine triphosphate binding site in the catalytic cleft of the kinase domain of JAK and inhibits the 
activation of JAK-STAT pathway. Tofacitinib has a direct effect on IECs, rescuing the permeability 
altered by INF-γ. After IFN-γ treatment, FD4 influx increases approximately 4-fold into the organoids, 
and the addition of tofacitinib restores the FD4 physiological flux. To better understand the specific 
mechanism of tofacitinib on IECs, ZO-1 and OCLN levels were evaluated by western blotting in 
intestinal organoids, but were unaltered after IFN-γ and tofacitinib treatments. These results suggest 
that tofacitinib is able to counter damages caused by IFN-γ on epithelial permeability by re-localization 
of TJ proteins rather than by increasing their expression[92].

Lloyd et al[93] have recently demonstrated for the first time the potential use of macrolides, in 
particular clarithromycin, in the treatment of IBDs[93]. Using human intestinal organoids generated 
from patients without evidence of IBD, these authors have demonstrated that, in addition to its 
antibiotic properties, clarithromycin shows anti-inflammatory effects in the intestinal epithelia, 
suppressing the increase in NF-kB nuclear levels induced by TNF[93].

INTESTINAL ORGANOIDS AS A RESEARCH TOOL FOR NEW POSSIBLE THERAPEUTIC 
APPROACHES
Recently, studies have been performed using mouse and human intestinal organoids to identify novel 
therapeutic targets and approaches for IBD treatment[21] (Tables 2 and 3).

The liver receptor homolog 1 (LRH-1) is a nuclear receptor that has been found in the intestinal 
crypts, where it promotes epithelial renewal by activating Wnt/β catenin signaling[94]. The use of 
human intestinal organoids has demonstrated the fundamental role of LRH-1 in intestinal epithelial 
homeostasis and cell survival, confirming the results derived from humanized mouse intestinal 
organoids in which the mouse Lrh-1 is deleted, and the human LRH-1 is expressed. Intestinal organoids 
from both CD patients and healthy controls have shown that LRH-1 overexpression abrogates TNF-α-
mediated cell death and improves epithelial resistance to the effects of fluorouracil, a chemotherapeutic 
agent with known intestinal toxicity which has been used to mimic damaged mucosa, reducing 
intestinal inflammation and epithelial wounds[94]. The activation of LRH-1 is ligand-dependent and is 
carried out by signaling phospholipids, such as phosphatidylinositol trisphosphate, which has been 
demonstrated to bind with high-affinity LRH-1[95]. It has been demonstrated that modeling 
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Table 2 Novel potential molecular targets identified using intestinal organoids

Potential molecular targets Effect Species Ref.

LRH-1 Improved resistance to pro-inflammatory mediators 
and induced mucosal healing

Humanized mouse (Lrh-1-/- LRH-1+/+) 
and Human

[94]

PXR Reduced NF-kB activity Human (IBD patients) [97]

IL-22-pSTAT3 SP Restored tissue damage and intestinal homeostasis Mouse (ATF3-/-) [98]

TGF-β SP Arrested inflammatory signals Mouse [104]

SIRT2 Regulated Wnt/β-catenin SP Mouse (Sirt2–/–) [105]

ATF3: Activating transcription factor 3; IBD: Inflammatory bowel disease; IL: Interleukin; LRH-1: Liver receptor homolog 1; NF-kB: Nuclear factor-kappa 
B; PXR: Pregnane X receptor; SIRT2: Human sirtuin protein 2; SP: Signaling pathway; STAT: Signal transducer and activator of transcription; TGF-β: 
Transforming growth factor Β.

Table 3 Potential therapeutic approaches for inflammatory bowel disease treatment identified using intestinal organoids

Potential therapeutic 
approaches Effect Species Ref. 

Sex hormones Decreased expression of ER stress markers Human (UC female 
patients)

[100]

Naltrexone Reduced ER stress levels, increased the expression of endogenous encephalins and 
endorphins

Human (IBD patients) [101]

Bacillus subtilis (RZ001) Promoted intestinal mucosa repair Mouse [102]

Bacterial indoleacrylic acid Promoted anti-inflammatory cytokines secretion while inducing goblet cells differ-
entiation

Mouse [103]

Hyaluronan 35 kDa Promoted epithelial wound healing Mouse [106]

ER: Endoplasmic reticulum; IBD: Inflammatory bowel disease; UC: Ulcerative colitis.

hydrophobic residues in the binding site of the receptor prevents ligand binding[96], resulting in a 
failed rescue of TNF-α-mediated cell death. This finding suggests that targeting LRH-1 could improve 
resistance to pro-inflammatory mediators and induce mucosal healing in IBD patients[94].

Intriguingly, pregnane X receptor (PXR), the main signal transducer in the intestinal response to 
xenobiotic stress, has been shown to reduce NF-kB activity, whose contribution in IBD pathogenesis is 
undisputed[97]. Intestinal organoids derived from patients with IBD were pretreated with TNF-α and 
then with the antibiotic rifampicin, a known PXR ligand. PXR inhibits the expression of several pro-
inflammatory genes, especially in the IEC compartment, compared to the stromal and immunological 
compartments, and reduces IL-8 and IL-1β levels, which are NF-kB target genes. Therefore, the 
stimulation of PXR by rifampicin or other PXR ligands might be of interest as a novel therapeutic 
approach in IBD management, especially in patients in which hyper-activation of NF-kB pathway 
occurs[97].

Moreover, a novel IL-22-induced signal in IECs has been observed thanks to the use of organoids. IL-
22 activates its downstream target, the activating transcription factor 3 (ATF3) which is actively 
involved in the IL-22-pSTAT3 signaling pathway to restore tissue damage and intestinal homeostasis
[98]. Stimulation of IECs by IL-22 initiates a signal cascade leading to phosphorylation and consequent 
activation of STAT3 via the involvement of ATF3. This protein has been identified as an essential factor 
for IEC proliferation by directly controlling crypt regeneration and recovering and maintaining 
epithelial barrier functionality. To confirm these data, colon organoids from WT and ATF3-/- mice have 
been implanted into DSS-treated ATF3-/- mice colon through intra-rectal injection. Only mice 
transplanted with WT organoids showed a reduction in the inflammatory state with increased cell 
survival, reduced disease activity, recovered epithelial injuries, and improved colon integrity. Most 
importantly, inducing the IL-22 pathway can promote host defense and wound restoration and can 
mitigate disease progression and perpetuation[98]. However, several studies have also reported a 
critical role of the STAT3 signaling pathway, demonstrating that it suppresses the autophagy processes, 
causing bacterial invasion and intestinal inflammation[99]. Indeed, the inhibition of this pathway 
protects the Salmonella-infected-intestinal mouse-organoid model from bacterial-induced injury, 
reducing the pro-inflammatory cytokine levels and restoring the autophagy processes. Interestingly, 
persistent alteration in autophagy processes could lead to chronic intestinal inflammation, exposing the 
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intestinal epithelium to bacteria and pathogens[99].
In addition to IL-22, IL-28 has also emerged as a novel therapeutic approach by promoting mucosal 

healing and wound repair via the phosphorylation and activation of STAT1. This has been confirmed by 
using organoids derived from WT, IL28RA-/-, and STAT1-lacking mice. IL-28 controls proliferations of 
intestinal crypts in WT organoids by activating IL-28RA and STAT1 signaling pathways, and induces 
the overexpression of several genes implicated in crucial functions, including the positive regulation of 
cytokine production, immune response, and wound healing. This suggests that the epithelial STAT1 
phosphorylation by IL-28 balances gut homeostasis.

Of note, some pro-inflammatory cytokines have also been found to be negatively modulated by high 
levels of progesterone and estrogen released during pregnancy in IBD patients[100]. To clarify the effect 
of sex hormones, van der Giessen et al[100] have established intestinal organoids from UC females and 
mimicked the tissue inflammation with tunicamycin, which results in an increased expression of ER 
stress markers, including the 78 kDa glucose-regulated protein 78 (GRP78), CCAAT-enhancer-binding 
protein homologous protein (CHOP), and phosphorylated inositol-requiring enzyme 1 (IRE1). 
Specifically, GRP78 expression is decreased after progesterone addition, the stress-downstream target 
CHOP is reduced with estrogen alone or in combination with progesterone, and IRE1 phosphorylation 
is decreased upon treatment with estrogen, progesterone, or with their combination. In addition, IL-8 
and IL-6, which are highly expressed in inflamed intestine, are modulated by hormones only in 
tunicamycin-treated organoids, thus suggesting that estrogen and progesterone decrease the stress-
induced cytokine production. Moreover, sex hormones positively modulate the intestinal barrier by 
ameliorating TJ dynamics via the upregulation of CLDN1, CLDN2, and OCLN. A limitation of this 
study is the hormone concentration used in vitro, that was significantly higher than the in vivo hormone 
levels during pregnancy. However, a new possible clinical approach in IBD, applying treatment with 
sex hormones could be proposed[100].

ER stress has also been significantly reduced by a low dose of naltrexone, an opioid antagonist that 
acts on the μ-opioid receptor (MOR)[101]. This has been confirmed using intestinal organoids from 
patients with IBD treated with LPS, which induces the expression of GRP78, an important ER stress 
marker. Treatment with naltrexone reduced ER stress levels and increased the expression of encephalins 
and endorphins, endogenous agonists of opioid receptors. Interestingly, low doses of naltrexone 
induced clinical improvement in 74.5% of patients with refractory IBD and long-lasting disease 
remission in 25.5%. In addition, it has been reported that naltrexone is safe in pediatric IBD patients. The 
molecular mechanism by which naltrexone is able to reduce ER stress is not entirely clear; however, the 
authors hypothesize that it could be due to the antagonism on MOR[101].

Organoid cultures have also been treated with several luminal bacteria to better comprehend their 
positive modulation of inflammatory flares during IBD. For example, the probiotic Bacillus subtilis 
RZ001 promotes intestinal mucosa repair in organoid models by upregulating the expression of MUC2 
in the mucus layer[102]. On the other hand, Wlodarska et al[103] have evaluated the role of bacteria that 
are able to use mucins as an energy source as a new possible therapeutic approach by the release of the 
indoleacrylic acid (IA), a beneficial bioactive tryptophan metabolite[103]. Bacterial IA treatment does 
not change organoid growth or size but increases the expression of genes associated with goblet cell 
functions, such as MUC2, which is decreased during intestinal inflammation, and the expression of 
target genes in the NF-E2-related factor 2-mediated antioxidant pathway, which also suppresses pro-
inflammatory pathways and activates aryl hydrocarbon receptor signaling. In fact, an upregulation of 
the aryl hydrocarbon receptor target gene CYP1A1 was observed. In addition, IA increases MUC2 and 
IL-10 levels and decreases TNF expression in LPS-treated co-cultures of bone marrow-derived 
macrophages and murine intestinal organoids, thus suggesting that IA can simultaneously promote 
anti-inflammatory cytokines secretion while inducing goblet cells differentiation[103].

Another important anti-inflammatory function has been found for transforming growth factor β 
(TGF-β): TGF-β signaling pathway arrests inflammatory signals in the intestinal compartment through 
small mother against decapentaplegic (SMAD4) activation as downstream target[104]. After the binding 
to its receptors, TGF-β induces the phosphorylation and activation of receptor-SMADs, which 
consequently bind SMAD4, translocate into the nucleus, and regulate gene transcription, thus acting as 
transcriptional repressors or activators of genes. The anti-inflammatory effect of TGF-β has also been 
demonstrated using mouse intestinal organoids: In particular, it has been observed that exposure to 
TNF-α induces the expression of CCL20, that encodes for a chemokine that is up-regulated by inflam-
matory signaling pathways, and that, following the addition of TGF-β, this induction is interrupted
[104].

The canonical Wnt signaling pathway plays a fundamental role in maintaining intestinal epithelium 
homeostasis, preserving the undifferentiated ISC profile, inducing proliferation and controlling differ-
entiation[105]. The epithelial human sirtuin protein 2 (SIRT2) is also known to be involved in cell differ-
entiation, growth, and autophagy. To better investigate the role that these factors play in IBD, Li et al
[105] have used WT and SIRT2 KO mouse intestinal organoids. The inhibition of SIRT2 determines the 
activation of the Wnt/β-catenin signaling pathway and exhibits enhanced epithelial proliferation, which 
coincides with what has been seen in vivo on the mucosa of IBD patients. Furthermore, TNF treatment of 
WT organoids reduces SIRT2 expression, suggesting that TNF may induce Wnt/β-catenin signaling 
through repression of SIRT2 expression. In this way, the critical role of Wnt pathway and the beneficial 
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effect of SIRT2 in the intestinal epithelium was demonstrated[105]. More studies are required to 
understand the effective role of Wnt signals in the intestinal epithelium.

Kim et al[106] have demonstrated that oral treatment with hyaluronan 35 kDa (HA35) may be an 
effective therapy for IBD patients, promoting epithelial wound healing via the activation of RhoA/Rho-
associated protein kinase signaling. The use of mouse intestinal organoids has confirmed that HA35, 
which is specifically internalized by the layilin receptor, induces ZO-1 expression, and restores the 
epithelial barrier, which is disrupted during active IBD[106].

In addition to all these possible therapeutic targets, Davoudi et al[107] have used mouse intestinal 
organoids to study novel drug-delivery strategies, including nanoparticles and microparticles-based 
therapies, to provide drug delivery at specific areas, thus reducing the disadvantages of systemic 
treatments that result in non-selective distribution of drugs and side effects[107]. Authors have inserted 
5-aminosalicylic acid or rhodamine B, used as a tracer dye, into polylactic-co-glycolic acid nanoparticles 
and have loaded them into the lumen of intestinal organoids. By confocal fluorescent microscopy, it was 
shown that rhodamine B was released into the lumen and digested after 3 d, demonstrating the ability 
of the organoid to digest nanoparticles and confirming the adsorption of nanoparticles inside the lumen 
with no negative consequences on organoid growth. This is a trojan horse system in which the drug is 
concealed from the host cells, and could represent a new therapeutic approach for delivering drugs to 
the specific inflamed location, reducing adverse reactions[107].

LIMITATIONS OF INTESTINAL ORGANOID TECHNOLOGY
Although the future applications and clinical contributions of intestinal organoids seem to be very 
encouraging, there are still several issues to overcome. One of the limitations is that several components 
used to culture intestinal organoids, such as the matrigel and some growth factors, are derived from cell 
lines. Therefore, they might contain large amounts of xenogenic factors and unknown components that 
could potentially cause pathogen/immunogen transmission to organoid cultures, in addition to the 
large variability between the different production batches used. For these reasons, growth conditions 
must be further optimized and standardized[21]. For example, Wnt-conditioned medium might be 
replaced with commercial variants[58] and matrigel might be substituted by synthetic extracellular 
matrices, such as collagen and hydrogel. Yin et al[58] have used small molecules, including valproic acid 
and CHIR99021, a glycogen synthase kinase 3β inhibitor, as conditioned media to maintain self-renewal 
of mouse Lgr5+ ISCs, resulting in homogeneous cultures[58]. Moreover, the current protocols used to 
isolate and culture intestinal organoids must be improved because it has been shown that the intestinal 
crypts isolated from actively inflamed segments often do not allow for correct growth of intestinal 
organoids due to the loss or disruption of the epithelial layer[21]. Another limit is that intestinal 
organoids lack other cell and tissue types, including nervous tissue, endothelium-lined blood vessels, 
and immune mediators, which are crucial for drug pharmacokinetic analyses and disease modeling; in 
addition, they lack the physiological intestinal and blood flow, the mechanical deformations similar to 
those seen in the contractions of peristalsis, and the gut microbiota[21,108]. For these reasons, the 
intestinal organoid technology still requires standardized methods to include the intestinal microbiota 
and immune cells of the lamina propria, which could allow for mechanistic studies of IBDs[29]. 
Moreover, ASC-derived intestinal organoids miss the mesenchymal structure in contrast to those 
derived from iPSCs[21,22].

CONCLUSION
The intestinal epithelium plays a pivotal role in the maintenance of intestinal homeostasis by controlling 
the microbial composition and lamina propria factors and its study is important to increase knowledge 
on IBD pathogenesis. Intestinal organoids provide advantages by better reflecting the in vivo physiology 
of intestinal epithelium and are thus becoming an important tool for IBD modeling.

Intestinal organoids demonstrated that IECs play an important role in promoting the inflammatory 
states, by releasing several pro-inflammatory cytokines; the contribution of the interplay with 
surrounding cells and with bacteria-host interactions, occurring in patients with IBDs, has also been 
explored. Furthermore, intestinal organoids have been used to better understand the mechanisms of 
already-approved drugs for the management of IBD and to comprehend their effects on the intestinal 
epithelium. In addition, since they can be generated from a specific patient, they could be used to test 
different drugs to optimize and personalize treatment, reducing therapy failure and the occurrence of 
adverse effects.

However, it is important to underline that this recent technology still needs to be improved and 
currently, in the literature, the data available are few and preliminary. Therefore, more studies are 
required to improve this technique and to better understand how to use intestinal organoids, especially 
in the context of personalized therapy and drug development for IBD.
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Abstract
Drug-induced autoimmune hepatitis (DIAIH) is a specific phenotype of drug-
induced liver injury that may lead to the devastating outcome of acute liver 
failure requiring liver transplantation. Drugs implicated in DIAIH include antimi-
crobials such as nitrofurantoin and minocycline, non-steroidal anti-inflammatory 
drugs, statins as well as anti-tumor necrosis agents. The clinical features of drug-
induced liver injury are indistinguishable from idiopathic autoimmune hepatitis 
(AIH) as both may have positive AIH-related autoantibodies, elevated immuno-
globulin G, as well as similar histopathological findings. In patients who show no 
clinical improvement, or there is progressive liver injury despite cessation of the 
suspected drug, a liver biopsy should be considered, whereby the presence of 
advance fibrosis on histology favors the diagnosis of idiopathic AIH. Empirical 
treatment with corticosteroids may be required in patients with non-resolving 
liver injury. A typical clinical scenario supportive of DIAIH includes a history of 
drug exposure with spontaneous resolution of liver injury after drug withdrawal 
and the absence of relapse after rapid steroid taper. In this article we report two 
cases of DIAIH secondary to Sorafenib and Atorvastatin along with a review of 
currently available literature. Early identification and treatment often lead to a 
favorable outcome in DIAIH.

Key Words: Drug-induced liver injury; Drug-induced autoimmune hepatitis; Autoimmune 
hepatitis; Review
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Core Tip: Drug-induced autoimmune hepatitis is uncommon in clinical practice but may have devastating 
consequences. It is important to distinguish drug-induced autoimmune hepatitis from idiopathic 
autoimmune hepatitis as the former may not require prolong course of immunosuppressant. This 
minireview highlights the key differences between these two closely-linked entities.

Citation: Tan CK, Ho D, Wang LM, Kumar R. Drug-induced autoimmune hepatitis: A minireview. World J 
Gastroenterol 2022; 28(24): 2654-2666
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2654.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2654

INTRODUCTION
Idiosyncratic drug-induced liver injury (DILI) is rare and affects 14-19 per 100000 persons yearly[1,2]. 
Despite its relatively low incidence, it is a leading cause of acute liver failure in the United States[3], 
Europe[4,5], and Japan[6]. In patients with DILI, liver-related death and liver transplantation occur in 
3.6%-10% of cases[7].

Drug-induced autoimmune hepatitis (DIAIH) is a specific phenotype of idiosyncratic DILI with 
features indistinguishable from idiopathic autoimmune hepatitis (AIH), as it shares serological markers 
and/or histological features with idiopathic AIH[8]. Various terms have been used synonymously with 
DIAIH, including immune-mediated DILI[9] and drug-induced AIH-like injury[10].

Due to its rare occurrence, it is difficult to estimate the frequency of DIAIH. In addition, studies use 
varying definitions of DIAIH and drug causality assessments, as well as having diverse patient 
populations with different follow-up periods (Tables 1 and 2). It is estimated that DIAIH accounts for 
2%-18% of AIH cases[10-14], and 2.9%-8.8% of all DILI are due to DIAIH[15,16]. The increasing 
incidence of AIH has been in part attributed to prevalent use of anti-tumor necrosis factor agents[14].

DRUGS ASSOCIATED WITH DIAIH
Multiple drugs that have been associated with DIAIH are classified into those with definite association (
e.g., Minocycline, Nitrofurantoin, Infliximab), probable association (e.g., Diclofenac, Atorvastatin, 
Rosuvastatin, Etanercept), and possible association, depending on the cases reported and associations as 
summarized in the most recent American Association Society of Liver Disease AIH Practice Guidance
[10].

DIAIH is classically associated with minocycline, nitrofurantoin, methyldopa, dihydralazine, and 
tienilic acid[17]. DILI with autoimmune phenotype defined as DILI with presence of AIH antibodies 
(antibodies to nuclear antigen, smooth muscle, and soluble liver antigen) occur in 83%, 74%, 60%, and 
43% of nitrofurantoin, minocycline, methyldopa, and hydralazine related DILI cases, respectively[15]. 
Immuno-allergic phenotype characterized by any combination of rash, fever, facial edema, lymphaden-
opathy, and eosinophilia is common in DILI associated with these four drugs as well, ranging from 
11%-27%[15]. Another important cause of DIAIH include statins, where DIAIH or DILI with immune 
features occurs in about 8.5%-27.2% of all statin related DILI[18,19].

In recent years, there has been a change in the predominant culprit drugs causing DIAIH to anti-
tumor necrosis factor[14], statins, and non-steroidal anti-inflammatory drugs[16,20,21] with notable 
contribution from complementary alternative medicines in studies from Asia[22].

PATHOGENESIS OF DIAIH
Reactive metabolites generated from hepatic metabolism of drugs bind to cellular proteins such as 
components of CYP450, which is then recognized as neoantigens by heightened immunological 
response leading to AIH[11,23,24] as a result of misdirected immune response against self[25].

In this minireview, we highlight two recent cases of DIAIH induced by Sorafenib and Atorvastatin 
seen at our center. We also aim to review the current literature on DIAIH and discuss distinguishing 
features between DIAIH and AIH.

https://www.wjgnet.com/1007-9327/full/v28/i24/2654.htm
https://dx.doi.org/10.3748/wjg.v28.i24.2654
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Table 1 Studies comparing drug-induced autoimmune hepatitis and drug-induced liver injury

Ref.
a: Study population; b: 
Study period; c: Follow-up 
period 

a: Definition of 
DIAIH; b: 
Causality tool 
assessment

No. of 
DIAIH 
cases, 
% of all 
DILI 

No. of DILI 
cases Key findings for DIAIH (in addition to Table 3)

Stephens et 
al[37], 2021, 
Spain

a: Prospective multicentre DILI 
database, n = 869; b: 1994-2018; 
c: Median 96-117 d in HC injury

a: Simplified AIH 
criteria; b: RUCAM 
(definite, highly 
probable, probable 
and possible)

26, 2.9% 843 Culprit drugs: Statins (31%); antimicrobials (23%)

De Boer et 
al[15], 2015, 
United 
States

a: National prospective DILI 
database (n = 1322), subgroup 
of DILI secondary to Nitrofur-
antoin, hydralazine, 
Minocycline and methyldopa (n 
= 88); b: 2004-2014; c: 6 mo, 12 
mo or 24 mo until normal-
ization of LFT

a: Autoimmune (AI) 
DILI–AI score based 
on seropositivity for 
AIH antibodies and 
raised IgG); b: 
RUCAM (definite, 
highly probable and 
probable)

47, 3.6% Two groups: (a) 
18 non-AI DILI 
due to 4 drugs; 
(b) 67 (reference 
cohort, DILI due 
to Augmentin, 
Isoniazid, 
Diclofenac)

Similar HLA-DRB1*03:01 (15%) and HLADRB1*
04:01 (9%) percentage in patients with DILI 
compared to population controls from National 
Marrow Donor Program (12% and 9%, respectively)

Hisamochi 
et al[22], 
2016, Japan

a: All DILI who underwent liver 
biopsy, n = 62; b: 1988-2010; c: 
Median 2290 d

a: Revised IAIHG 
criteria; b: RUCAM 
and JDD-W scale

23, NA 39 Culprit drugs: CAM (69.6%); NSAIDs (8.7%). IgG 
reduction in 87%. 50% (8/16) relapsed (4 not treated 
with steroids, 2 previously received steroids and 2 
on tapering dose of steroid dosage). Median time to 
relapse 283 d (range, 47-1090 d). Rise in IgG with 
relapse

Licata et al
[16], 2014, 
Italy

a: Single centre hospitalized 
patients with DILI, n =136 (44 
with liver biopsy); b: 2000-2011; 
c: Mean 26 mo (12-84 mo), at 
least 1 yr after stopping 
immunosuppressants

a: Simplified AIH 
score ≥ 6; b: RUCAM 
(definite, highly 
probable, probable 
and possible)

12, 8.8% 124 Culprit drugs: NSAIDs (50%) - 
(Nimesulide/ketoprofen); Antimicrobials (25%) 
(Augmentin/Ceftriaxone); CAM (17%). 38.2% of all 
DILI patients had positive AIH antibodies but only 
42.9% with positive antibodies have DIAIH. All 
DIAIH were treated with corticosteroids and all 
achieved remission at 15 mo. 58.3% (7/12) had 
addition of Azathioprine. One patient had a flare 
while on tapering prednisolone. In 41% (5/12), 
immunosuppressant was stopped after 2 yr, with 
no relapse

DIAIH: Drug-induced autoimmune hepatitis; DILI: Drug-induced liver injury; RUCAM: The Roussel Uclaf Causality Assessment Model; NSAIDs: Non-
steroidal anti-inflammatory drugs; AIH: Autoimmune hepatitis; IAIHG: International AIH Group; IgG: Immunoglobulin G; CAM: Complementary 
alternative medicines.

CASE DISCUSSION
Patient A
A 61-year-old man and teetotaler presented with a 1-week history of jaundice and malaise. He was on 
Atorvastatin 40 mg daily for 4 years for hyperlipidemia. He had a normal liver function test (LFT) prior 
to admission. He was started on Sorafenib 6 wk prior to presentation with jaundice for recurrent 
sarcoma of the left thigh. Clinical examination was unremarkable apart from scleral icterus. The LFT 
showed severe hepatocellular (HC) injury [bilirubin 4.56 mg/dL, alkaline phosphatase (ALP) 190 U/L, 
alanine transaminase (ALT) 1004 U/L, aspartate transaminase (AST) 790 U/L, international normalized 
ratio (INR) of 1.53]. Viral hepatitis screen, AIH-specific antibodies, and abdominal imaging were 
unremarkable. Of note, serum immunoglobulin G (IgG) was elevated (18.6 g/L). The liver biopsy 
showed features supportive of DILI and AIH (Figure 1). The Simplified AIH score was 6. The Roussel 
Uclaf Causality Assessment Model (RUCAM) score was 9 for Sorafenib and 6 for Atorvastatin. 
Diagnosis of Sorafenib-induced AIH was made. His LFT improved spontaneously with normalization of 
LFT 8 wk after stopping Sorafenib (Figure 2A).

Patient B
A 65-year-old man who was on Atorvastatin 40 mg daily presented with an incidental finding of acute 
HC pattern of liver injury 18 mo after initiation of Atorvastatin (albumin 39 g/L, globulin 39 g/L, 
bilirubin 0.64 mg/dL, ALP 107 IU/L, ALT 696 U/L, AST 381 U/L). Viral hepatitis screening, AIH-
specific antibodies, and abdominal imaging were unremarkable. His serum IgG was normal (14.28 g/L). 
Atorvastatin was stopped, and an improvement in LFT was noted within the 1 wk (albumin ALT 474 
U/L, AST 195 U/L). The RUCAM score for Atorvastatin was 4. As such, he was given the diagnosis of 
possible Atorvastatin-induced DILI. However, despite this initial improvement in his LFT, there was 
subsequent deterioration 2 wk after stopping Atorvastatin (albumin 34 g/L, globulin 43 g/L, ALP 137 
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Table 2 Studies comparing drug-induced autoimmune hepatitis and autoimmune hepatitis

Ref. a: Study population; b: Study 
period; c: Follow-up period 

a: Definition of DIAIH/AIH; b: 
Causality tool assessment

No. of DIAIH 
cases, % of 
all AIH

No. of 
AIH 
cases

Key findings for DIAIH 
(in addition to Table 4)

Valgeirsson et al
[14], 2019, 
Iceland

a: Population based AIH study, n = 
71; b: 2006-2018; c: Median 4.8 yr

a: Simplified AIH score, if not fulfilled, 
Revised IAIHG score is used; or 
received corticosteroids; b: RUCAM 
score (highly probable, probable and 
possible)

13, 18% (9/13 
had liver 
biopsy)

58 Culprit drugs: Biologics 
(77%) - 80% were due to 
infliximab; Nitrofurantoin 
(15%)

Martínez-Casas 
et al[34], 2018, 
Columbia

a: Single centre retrospective review 
of AIH cases, n = 190; b: 2010-2016; c: 
Mean 47.4 mo

a: Simplified AIH score; b: RUCAM 12, 6.3% 178 Culprit drugs: Nitrofur-
antoin (67%); NSAIDs 
(17%)

Wang et al[20], 
2017, China

a: Single centre retrospective review 
of AIH and DILI patients; b: 2010-
2014; c: NA 

a: DILI with positive antibody; 
simplified AIH score; b: NA (DILI due 
to drugs/CAM within 6 mo of hospit-
alization)

18 (12.4% of all 
DILI with 
positive 
antibody)

52 Culprit drugs: CAM, 
NSAIDs and antibiotics 
(no breakdown)

Yeong et al[32], 
2016, United 
Kingdom

a: Single centre retrospective AIH 
cases, n = 82; b: 2005-2013; c: Median 
86.3 mo (14.6% < 18 mo)

a: Revised IAIHG criteria; b: RUCAM 
(highly probable, probable)

11, 13.4% 71 Culprit drugs: Nitrofur-
antoin (36.4%); Statins 
(36.4%); CAM (18%)

Weber et al[21], 
2019, Germany

a: Single centre cohort of 288 acute 
liver injury patients who received 
corticosteroid for DILI/AIH, n = 44; b: 
2013-2018; c: Median 19 mo in DILI; 
23 mo in AIH

a: Simplified AIH score and revised 
IAIHG criteria; b: RUCAM

22 22 Culprit drugs: NSAIDs 
(27.3%); Statins (9%); 
Direct oral anticoagulants 
(9%)

Björnsson et al
[13], 2010, 
United States

a: Single centre retrospective review 
of all AIH cases, n = 261; b: 1997-2007

a: Simplified AIH score 24, 9.2% 
(24/261)

237 Culprit drugs: 
Minocycline (45.8%); 
Nitrofurantoin (45.8%)

DIAIH: Drug-induced autoimmune hepatitis; DILI: Drug-induced liver injury; RUCAM: The Roussel Uclaf Causality Assessment Model; NSAIDs: Non-
steroidal anti-inflammatory drugs; AIH: Autoimmune hepatitis; IAIHG: International AIH Group; CAM: Complementary alternative medicines.

U/L, ALT 1404 U/L, AST 676 U/L, INR 1.09). A liver biopsy was performed 3 wk after stopping 
Atorvastatin in view of worsening acute liver injury. This showed marked HC injury with histological 
features suggestive of AIH (Figure 3). Following the liver biopsy, there was again spontaneous 
improvement (ALT 699 U/L), but this did not persist. Two months after cessation of Atorvastatin, he 
had severe HC injury with jaundice (bilirubin 11.87 mg/dL, ALP 96 U/L, ALT 1095 U/L, AST 938 U/L, 
INR 1.33) and elevated IgG (28.35 g/L). Liver biopsy was repeated, and this again demonstrated 
features of AIH. He was then started on prednisolone with rapid improvement of LFT (Figure 2B). The 
final diagnosis was Atorvastatin-induced AIH.

WHEN TO SUSPECT DIAIH IN PATIENTS WHO PRESENTS WITH DILI 
The cases described above highlight two possible presentations of DIAIH. The first patient (patient A) 
had DILI and histological features compatible with AIH on liver biopsy. Although Sorafenib has not 
been reported to be associated with DIAIH, the temporal sequence of this case presentation and 
subsequent spontaneous resolution after cessation of Sorafenib is in keeping with DIAIH.

DIAIH shares many similar characteristics with DILI without features of AIH. More than half of 
DIAIH present with acute liver injury associated with jaundice in 70%-75% of cases[16], which is similar 
to DILI. On top of that, rash may be present in 4.5% of DIAIH and 7.9% of DILI[26].

The following pointers are useful in identification of DIAIH in patients who present with DILI. The 
main differences between these two conditions are also summarized in Table 3: (1) DIAIH and AIH 
should always be considered as differentials in a patient with a hepatocellular pattern of DILI. DIAIH is 
rarely associated with a cholestatic/mixed picture, and it is only seen in 8% of cases[16]; (2) A detailed 
medication history with a focus on recent drug exposures including complementary alternative 
medicines is essential[10]; (3) The latency period of drug exposure in DIAIH is usually prolonged 
compared to other types of DILI, some with a latency period exceeding 1 year, e.g., nitrofurantoin and 
minocycline[15]; (4) Seropositivity for AIH antibodies, e.g., antinuclear antibody (ANA), anti-smooth 
muscle antibody, anti-liver kidney antibody, and elevated serum IgG suggest possible DIAIH. 
However, not all patients with DIAIH have detectable autoantibodies or elevated IgG. Similarly, a 
proportion of patients with DILI may have detectable AIH antibodies[15,16]; (5) In the presence of 
detectable AIH antibodies and elevated IgG, AIH scoring (either pre-treatment score for Revised 
International AIH Group criteria[27] or simplified AIH score[28]) is useful to assess for possible or 
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Table 3 Comparison between drug-induced autoimmune hepatitis and drug-induced liver injury

Clinical features DIAIH DILI

Demographics

Female, % 62%[37] 48% (P = 0.162)[37]

Age (yr), mean ± SD 57± 17[37]; 59 ± 17[22] 54 ± 18 (P = 0.550)[37]; 47 (P = 0.002)[22]

Clinical presentation

Jaundice, % 69%[37]; 68%[15]; 66%[16] 69% (P = 0.953)[37]; 56% (P = 0.4)[15]; 40%-47.6% (P = 
0.2)[16]

Rash, % 4.5%[37]; 19%[15] 7.9% (P = 1.000)[37]; 22% (P = 0.7)[15]

Hepatocellular injury, % 92%[37] 57% (P = 0.002)[37]

Latency period (d), median (range) 65 (27-274)[37]; 277 (8-7032)[15]; 4 (1-9)
[16]

27 (8-64) (P = 0.004)[37]; 100 (13-1572) (P = 0.03)[15]; 
7-10 (5-50) (P = 0.7)[16]

Latency period (d), mean ± SD 143 ± 188[22] 32 ± 120 (P = 0.000)[22]

Culprit drug due to CAM, % 70%[22] 25% (P = 0.000)[22]

Biochemical results

ALT × ULN, mean ± SD 28 ± 19[37] 19 ± 22 (P = 0.0002)[37]

AST × ULN, mean ± SD 24 ± 17[37] 15 ± 21 (P = 0.0001)[37]

Autoimmune antibodies and serology

Detectable ANA, % 88%[37]; 72%[15]; 52%[22] 12 (P < 0.001)[37]; 22[15]; 15 (P = 0.003)[22]

Detectable ASMA, % 44%[37]; 60%[15] 8.9% (P < 0.001)[37]; 13%[15]

Detectable AMA, % 4%[37] 1.9% (P = 0.397)[37]

Detectable anti-LKM-1, % 0%[37] 1.1% (P = 1.000)[37]

Elevated IgG, % 39%[15]; (25% > 1.1 × ULN)[15] 9%[15]

Serum IgG (g/L), mean ± SD 19.5 ± 10.7[37]; 1.07 × ULN ± 0.51[22] 11.9 ± 4.6 (P < 0.001)[37]; 0.69 × ULN ± 0.28 (P = 0.000)
[22]

Histopathology

Liver biopsy[16]

Severe portal inflammation, % 100% 56.2%-62.5%

Prominent portal plasma cells, % 58.3% 6.3%-12.5%

Rosette formation, % 66.7% 6.3%-12.5%

Severe focal necrosis, % 66% 6.3%-25%

Treatment and response to treatment

Corticosteroid therapy, % 43%[15] 61% (P = 0.3)[15]

Immunosuppressive therapy, 
(corticosteroid/Azathioprine), %

58%[37]; 60.8%[22] 9.9% (P < 0.001)[37]; 10.3% (P = 0.000)[22]

Outcomes

Mild/mod/severe DILI, % 35%/45%/7.7%[37] 31%/59%/6.2% (P = 0.784)1[37]

Outcomes (liver transplant/death), % 3.8%/0%[37]; 6%/4%[15] 2.1%/1.5% (P = 0.784)1[37]; 0/0 (P = 0.6 for liver 
transplant, P = 1.0 for death)[15]

Chronicity rate, % 17%[15] 21% (P = 0.70)[15]

1Combined comparisons of severity of drug-induced liver injury, mortality, and liver transplantation.
DIAIH: Drug-induced autoimmune hepatitis; DILI: Drug-induced liver injury; ALT: Alanine transaminase; AST: Aspartate transaminase; ULN: Upper 
limit of normal; CAM: Complementary alternative medicines; Anti-LKM: Anti-liver kidney antibody; SD: Standard deviation; IAIHG: International AIH 
Group.



Tan CK et al. Drug-induced autoimmune hepatitis

WJG https://www.wjgnet.com 2659 June 28, 2022 Volume 28 Issue 24

Figure 1 Liver biopsy specimen for patient A. A: Low power view [hematoxylin & eosin (H&E) 100 ×] displays conspicuous portal and lobular inflammation 
with lobular disarray. Mild steatosis is also noted; B: Higher magnification of the portal tract (H&E 200 ×), zone 1, shows moderate chronic inflammation, 
lymphoplasmacytic predominantly, and rare eosinophils, with interface damage; C: At similar magnification (H&E 200 ×), the lobule including the perivenular region, 
e.g., zones 2 and 3, exhibits lobulitis characterized by aggregates of plasma cells, swollen hepatocytes with rosetting, Councilman bodies, and hepatocyte drop-out; 
D: High power view (H&E 400 ×) demonstrates rosetting of hepatocytes with droplets of orange-brown bile pigment; E and F: Histochemical stains Masson trichrome 
(E, 40 ×) showing collapse with mild early young fibrosis and Victoria blue (F, 40 ×) revealing paucity of elastic fibers, thus in keeping with subacute injury. Overall, 
the appearances are supportive of subacute drug-induced liver injury in association with autoimmune hepatitis histological pattern.

probable AIH; (6) Liver-specific causality assessment tools may be used to ascertain the strength of 
association between drug exposure and clinical manifestation, e.g., RUCAM[29]; and (7) Liver biopsy is 
the cornerstone for the diagnosis of DIAIH and should be considered in the following scenarios: (a) Non 
resolving or worsening liver injury despite stopping possible culprit drugs; (b) Seropositivity of AIH 
antibodies, raised IgG, or possible AIH based on AIH scoring systems.

Known culprit drugs of DIAIH such as nitrofurantoin may be overlooked as these agents are 
associated with longer latency period and have a lower ALT at presentation. A higher fibrosis stage or 
cirrhosis may be observed as a higher proportion of these patients are unknowingly continued on 
Nitrofurantoin prior to the diagnosis[30]. This underscores the importance of understanding the 
common culprits of DIAIH, where a significant proportion of DILI presents with DIAIH[15]. LiverTox® 

is an up-to-date online resource that provides information on hepatotoxicity caused by medications and 
supplements[31].

With the increasing use of targeted tumor therapies such as kinase inhibitor and immunotherapy, 
there are some case reports of DIAIH associated with these medications. To our knowledge, this is the 
first case report of Sorafenib-induced AIH. Imatinib, another type of kinase inhibitor, has also been 
reported to be associated with DIAIH[14,32].

Several studies have attempted to compare the differences between DIAIH and DILI (Table 1)[15,16,
22], with key features of DIAIH including significantly longer duration of drug exposure and latency; 
higher ALT and AST; higher proportion of patients with positive ANA and SMA, and higher level of 
serum IgG, as summarized in Table 3.

Liver biopsy is key in differentiating DIAIH from DILI without features of AIH[10,33]. In patients 
with DIAIH, the histopathological features are similar to that of idiopathic AIH with significantly higher 
proportion of patients showing severe portal inflammation, prominent portal-plasma cells, rosettes, and 
severe focal necrosis as compared to other types of DILI[16].



Tan CK et al. Drug-induced autoimmune hepatitis

WJG https://www.wjgnet.com 2660 June 28, 2022 Volume 28 Issue 24

Figure 2 Bilirubin and alanine transaminase trend for patients A and B. A: Patient A; B: Patient B.

Though there is no significant difference in the severity and outcomes of DIAIH compared to other 
types of DILI, it is crucial to identify DIAIH in patients who present with DILI, as DIAIH may require 
treatment with immunosuppressants if liver injury does not improve with cessation of possible culprit 
drugs[10,31,33]. A significantly higher proportion of patients (50% to 80%) with DIAIH are treated with 
corticosteroids/immunosuppressants as compared to non-DIAIH DILI, and DIAIH will need longer 
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Figure 3 Liver biopsy findings for patient B. A: Low power view [hematoxylin & eosin (H&E) 100 ×] shows portal and lobular inflammation with lobular 
disarray and mild steatosis; B: Higher magnification of the portal tract (H&E 200 ×) demonstrates moderate plasma cell-rich chronic inflammation with continuous 
interface damage; C: Lobulitis with aggregates of plasma cells and rosetting of hepatocytes is present in the lobule (H&E 200 ×); D and E: Masson trichrome (D, 40 ×) 
and Victoria blue (E, 40 ×) display mild early young fibrosis and paucity of elastic fibers, respectively. The absence of old mature type fibrosis suggested not a chronic 
injury. The autoimmune hepatitis histological pattern observed was therefore interpreted to be drug related, atorvastatin-induced.

term follow up even when LFT normalizes as late relapses may occur in up to 50% of cases where 
immunosuppressants are stopped[22]. Majority of relapses occur within a year, but some may present 
late up to 3 years after the initial diagnosis, and risk factors for late disease recurrence are not clear.

DIFFERENTIATING DIAIH AND IDIOPATHIC AIH 
The second case highlights the difficulty in differentiating DIAIH from idiopathic AIH. Both conditions 
have overlapping clinical presentations with HC pattern of liver injury and may have detectable ANA, 
SMA, and raised IgG in some cases[10,11]. A number of studies compared the difference between 
DIAIH and AIH (Table 2), with the key differences summarized in Table 4. Some useful features to 
distinguish between these two entities:

Clinical presentation
Majority (60%-83%) of DIAIH present with an acute presentation, whereas it is seen in less than 20%-
35% of cases with idiopathic AIH[10,34]. Most studies of the two conditions do not demonstrate a 
significant difference in LFT levels[14,21,30,34], but ALT[13,30,34], AST[14,34], and bilirubin[14,34] tend 
to be higher in patients with DIAIH. Only one study[20] showed a significantly higher level of bilirubin, 
AST, and ALT in patients with DIAIH. There was no significant difference in the proportion of patients 
with detectable ANA (77-94%)[20,21] and elevated IgG (36%-59%)[14], although one study showed AIH 
had higher level of serum IgG compared to DIAIH; it was not, however, statistically significant[14]. 
Immuno-allergic presentation with skin rash, fever, lymphadenopathy, and eosinophilia favor DIAIH, 
as it may occur in up to 30% of DIAIH[10,11].
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Table 4 Comparison between drug-induced autoimmune hepatitis and autoimmune hepatitis

Clinical features DIAIH AIH

Demographics

Female, % 82%[32]; 91%[34] 80% (P = 0.635)[32]; 92% (P = 0.95)[34]

Clinical presentation

Acute presentation > 60%[14]; 55%[32]; 
83%[34]

< 20%[14]; 47% (P = 0.618)[32]; 35% (P < 0.001)[34]

Hypersensitivity reaction (fever, rash, eosinophilia) Up to 30%[14] Unusual[14]

Cirrhosis at presentation, % 0%[34] 34.8% (P = 0.07)[34]

Temporal relationship with drugs Positive Negative

Concurrent AI disease Unusual[14] Present in 14%-44%[14]

Biochemical results

ALT (U/L), mean ± SD 548 ± 335[20] 227 ± 121 (P = 0.021)[20]

AST (U/L), mean ± SD 460 ± 321[20] 202 ± 57 (P = 0.018)[20]

Serology

IgG, mean ± SD (g/L) 13.4 g/L[14]; 21.4 ± 7.5
[34]

18.6 g/L (P value non-significant)[14]; 24.3 ± 11.2 (P = 0.422)[34]

Pre-treatment score

RUCAM score, median (range) 6 (3-10)[21] 3.5 (0-7) (P < 0.01)[21]

Revised IAIHG score, median (range) 9.5 (4-14)[21] 13 (9-18)[21]

Simplified AIH score, median (range) 4 (2-6)[21] 5 (1-7) (P = 0.385)[21]

Histopathology

F3-F4, % 33.3%[34] 54.4% (P = 0.15)[34]

Typical histology (portal inflammation, interface 
hepatitis, plasma cells infiltrates)

18.2%[20] 54%[20]

Treatment and response to treatment

Time to biochemical remission, mean (mo) 2[34] 16.8 (P <0.001)[34]

Treatment with Azathioprine or Mycophenolic acid 
in addition to corticosteroids, %

57%[13]; 15%[14]; 28%
[20]; 20%[21]

86% (P = 0.024)[13]; 83% (P < 0.001)[14]; 90% (P = 0.023)[20]; 85% (P < 
0.01)[21]

Biochemical remission, % 95%[21] 77.3% (P = 0.08)[21]

Treatment discontinuation, % 69%[14]; 100%[20]; 85%
[21]; 25%[34]

26% (P < 0.02)[14]; 25% (P = 0.013)[20]; 5% (P < 0.1)[21]; 3% (P < 0.001)
[34]

Relapse rate, % 0%[14]; 15%[21]; 60%
[32]; 0%[34]

43% (P = 0.022)[14]; 70% (P < 0.01)[21]; 83% (P = 0.538)[32]; 18% (P = 0.10)
[34]

Time to relapse (wk), median (range) 131 (37-216)[34] 14 (1-155) (P = 0.033)[34]

Outcomes

Liver transplant/death, % 0%/0%[32,34] 2.8%/7% (P = 0.748 for liver transplant; p = 0.65 for death)[32]; 
5.6%/2.8% (P = 0.40 for liver transplant; P = 0.55 for death)[34]

DIAIH: Drug-induced autoimmune hepatitis; DILI: Drug-induced liver injury; ALT: Alanine transaminase; AST: Aspartate transaminase; RUCAM: The 
Roussel Uclaf Causality Assessment Model; SD: Standard deviation.

AIH scoring and causality assessment
In a cohort of 44 patients with DIAIH and AIH, the simplified AIH score was not useful in differen-
tiating the two entities[21]. Of note, patients with AIH had significantly higher pre-treatment AIH score 
compared to patients with DIAIH. The sensitivity and the specificity for pre-treatment AIH score (using 
a cut off of ≥ 12 – probable AIH) was shown to be 59% and 82%, respectively. As for RUCAM, using a 
cut off of ≥ 6 (probable), the specificity reaches 91%, albeit with a low sensitivity at 32%. When these are 
used in combination, there is still a potential for misdiagnosis in up to 11% of patients.
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Histopathology
Both DIAIH and AIH share similar histological findings (portal and periportal infiltrates of 
lymphocytes, lobular hepatitis, plasma cells, and eosinophils) with no clear differentiating features, 
except presence of advance fibrosis or cirrhosis favoring idiopathic AIH[11,34]. However, a significantly 
higher proportion of patients with AIH showed typical features of AIH (54%) as compared to DIAIH 
(18.2%)[20], specifically in terms of portal inflammation with interface hepatitis and plasma cell 
infiltrates. The same study also found that DIAIH tended to have more eosinophilic infiltrates, which 
was not noted in other studies[21].

Treatment and response to treatment
The cornerstone in the management of DIAIH is to stop the culprit drug. Spontaneous improvement of 
LFT may then occur, as was observed in patient A. The most consistent and significant differentiating 
feature between DIAIH and AIH in published case series thus far lies in the response to treatment 
(Table 4). In cases where liver injury does not resolve despite cessation of the culprit drug or where the 
degree of DILI is severe, corticosteroids are usually started as per the initial management of AIH. Most 
studies on DIAIH exclusively include patients who were treated with immunosuppressants[14,20,21,
30]. Both DIAIH and AIH showed excellent response to corticosteroids, with remission rate exceeding 
90% in most cases[21,30-34].

It should be borne in mind that there is discrepancy in literature regarding the mean time to achieve 
immunosuppression induced remission in DIAIH and AIH. While one study demonstrated similar 3 mo 
mean time to remission[21] in both conditions, another showed a significant difference, where DIAIH 
took a significantly shorter time than AIH to achieve remission[34] (2 mo vs 16.8 mo). This may be 
attributed to the heterogeneity of the study population. Resolution of DIAIH usually occurs after 1 mo 
(rarely up to 3 mo) of immunosuppression. Unlike in AIH, DIAIH rarely requires long term 
immunosuppression and has very low relapse rates after cessation of immunosuppressants over a long 
follow-up of up to 4 years[10,11,13-15,20,21,34] (Table 2). In cases where DIAIH relapses, the time to 
relapse is significantly longer compared to AIH[30], which implies that patients with DIAIH will require 
a longer period of follow-up after resolution of liver injury as compared to the usual DILI. Interestingly, 
despite similar time to remission in the two groups, Weber et al[21] showed that an early rapid response 
to corticosteroid treatment differentiates DIAIH from AIH with good sensitivity and specificity at 77%, 
respectively. The early rapid response was defined by 9% drop of ALT per day in the first week of 
corticosteroid therapy.

The use of steroids appears to be a promising means of differentiating DIAIH or AIH in the early 
course of disease with better sensitivity than RUCAM and AIH score[21]. This also has the potential 
benefit of avoiding long term immunosuppressive therapy in DIAIH. Also, in 30%-35% of DIAIH cases 
that were initially seropositive for ANA and SMA, the antibodies became undetectable at 6 mo 
following the initial DILI, which was independent of treatment with corticosteroids[15].

Major hepatology society guidelines recommend a similar approach in terms of corticosteroids 
initiation in non-resolving DIAIH and AIH[10,11]. However, there is no consensus regarding treatment 
duration and methods to confirm remission before discontinuation of immunosuppressants. Thus, the 
decision and timing to stop treatment should be assessed on case-by-case basis[10]. In fact, one study 
has shown success in tapering off immunosuppression within 3-17 mo without evidence of relapse[20].

Risk alleles and monocyte-derived hepatocyte like cells
Risk alleles for idiopathic AIH such as HLA DRB1 DRB1*03:01 or DRB1*04:01 are uncommon in DIAIH 
and, if this is detected, may favor a diagnosis of AIH[10]. The MetaHeps® test, which uses monocyte-
derived hepatocyte-like cells, has been used to differentiate DIAIH from AIH with high sensitivity and 
specificity[21]. However, this test is not readily available, thereby limiting its utility in clinical practice. 
The lymphocyte toxicity assay described by Neuman et al[35] can sometimes be helpful in differen-
tiating drug hypersensitivity syndromes from idiopathic AIH as well.

Outcomes
The long-term outcome of DIAIH is excellent with a survival rate between 90%-100% without liver 
transplantation[10]. This is in contrast with idiopathic AIH, where there is a high risk of relapse upon 
treatment withdrawal and risk of progression to cirrhosis, resulting in the need for liver transplantation
[10,11,34]. It is also noteworthy that DIAIH can lead to chronic DILI with abnormal LFT lasting more 
than 6 mo in 17%-22% of cases[15,36].

CONCLUSION
In summary, it is important to differentiate between DIAIH and AIH in patients who present with DILI, 
as the management and outcome differ. Early recognition of DIAIH is key as the mainstay of 
management is cessation of culprit drug and in some cases, initiation of corticosteroids with the aim to 
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avoid long-term immunosuppression.
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Abstract
Introduction of proton pump inhibitor (PPI) therapy into clinical practice has 
revolutionized treatment approach to acid-related diseases. With its clinical 
success came a widespread use of PPI therapy. Subsequently, several studies 
found that PPIs were oftentimes overprescribed in primary care and emergency 
setting, likely attributed to seemingly low side-effect profile and physicians 
having low threshold to initiate therapy. However, now there is a growing 
concern over PPI side-effect profile among both patients and providers. We would 
like to bring more awareness to the currently available guidelines on PPI use, 
discuss clinical indications for PPIs and the evidence behind the reported side-
effects. We hope that increased awareness of proper PPI use will make the 
initiation or continuation of therapy a well informed and an evidence-based 
decision between patient and physician. We also hope that discussing evidence 
behind the reported side-effect profile will help clarify the growing concerns over 
PPI therapy.

Key Words: Proton pump inhibitor; Side-effects; Gastro-esophageal reflux disease; 
Therapy
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Core Tip: Proton pump inhibitor (PPI) therapy is a cornerstone therapy for acid-related diseases. Its clinical 
success can be attributed to anti-secretory properties superior to any prior agents and seemingly low side-
effects profile. As more patients were started and continued PPI therapy long-term, some studies began 
reporting side-effects associated with this therapy. Concerns over risks associated with PPI use grew over 
the last couple of years among both patients and providers. We hope to bring awareness to the current 
guidelines and the evidence behind the reported side-effects as better understanding of this evidence can 
improve medical practice. Both patients and providers should have all the evidence at hand when 
discussing initiation or continuation of PPI therapy.

Citation: Turshudzhyan A, Samuel S, Tawfik A, Tadros M. Rebuilding trust in proton pump inhibitor therapy. 
World J Gastroenterol 2022; 28(24): 2667-2679
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2667.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2667

INTRODUCTION
Proton pump inhibitors (PPIs) were first introduced more than two decades ago but have quickly 
become a cornerstone therapy for the acid-related diseases. They were regarded for their superior 
antisecretory properties and seemingly low side-effect profile, which ultimately contributed to low 
threshold for therapy initiation[1]. They became first-line treatment for esophagitis, gastro-esophageal 
reflux disease (GERD), peptic ulcer disease (PUD), Zollinger-Ellison syndrome (ZES), and Helicobacter 
pylori (H. pylori) infection[2]. Many patients started on PPI therapy continued it long-term without a 
clear expectation of the therapy duration. Rising number of patients on chronic PPI therapy led to 
growing concerns over medication side-effect profile. Especially as some reports claimed that improper 
long-term PPI use has risen significantly in the last decade with some data suggesting that only half of 
patients on PPI therapy had an appropriate indication[3,4]. Improper PPI use is multifactorial and 
comes from a pattern of preventable chain of events (Figure 1). This discussion is important because 
PPIs affect patients’ quality of life, and need to be taken judiciously and according to the evidence-based 
guidelines.

BACKGROUND
PPIs work by suppressing gastric acid secretion by directly inhibiting gastric acid pump (H+/K+ 
adenosine triphosphatase (ATPase)) of the parietal cells[5]. PPIs are prodrugs that are only activated 
once exposed to the acidic environment of the parietal cells[6]. Once active, their half-life ranges from 
0.6-1.9 h, depending on the type of PPIs used (Table 1)[7-9]. After PPIs are no longer metabolically 
active, they are metabolized by the hepatic P450 enzymes, primarily by CYP2C19 with minor contri-
bution from CYP3A4 (Table 1)[6,10]. Once metabolized, they are excreted renally, with lansoprazole and 
dexlasoprazole also being excreted by the gut (Table 1)[11].

Not all patients metabolize PPIs at the same rate, causing variation in bioavailability. The hepatic 
P450 system is partially responsible for this variation. Patients of Asian ethnicity and older patients tend 
to have slower P450 systems and, as a result, have increased bioavailability of PPIs[6].

Currently available PPIs include esomeprazole, lansoprazole, omeprazole, dexlansoprazole, 
pantoprazole, and rabeprazole[12]. None of the PPIs has shown superiority in their antisecretory 
properties and are used interchangeably in clinical practice[13]. While there are no studies to support 
superiority, omeprazole is among the 10 most prescribed medications in the United States[6]. From the 
variety of PPIs available, esomeprazole and lansoprazole have the highest bioavailability: 89% and 80%-
90%, respectively (Table 1)[11]. The lowest bioavailability is seen with rabeprazole at 52%[11]. Majority 
of PPIs must be taken 30 min prior to the first meal of the day. Esomeprazole requires 60 min prior to 
food intake administration[14]. Pharmacokinetics of dexlansoprazole, pantoprazole, and rabeprazole are 
unaffected by the food ingestion and can be taken at any time (Table 1)[14].

CLINICAL INDICATIONS
PPIs are used as a first line therapy for GERD, acid-related erosive esophagitis, peptic stricture, Barrett 
esophagus, and high risk of ulcer bleeding while on nonsteroidal anti-inflammatory drugs (NSAID) 
therapy[15]. It is also considered for treatment of eosinophilic esophagitis (EoE), non-erosive reflux 
disease (NERD), H. pylori infection (in combination with antibiotics), hypersecretory syndromes (e.g. 

https://www.wjgnet.com/1007-9327/full/v28/i24/2667.htm
https://dx.doi.org/10.3748/wjg.v28.i24.2667


Turshudzhyan A et al. Rebuilding trust in PPIs

WJG https://www.wjgnet.com 2669 June 28, 2022 Volume 28 Issue 24

Table 1 Type of proton pump inhibitor available

PPI Omeprazole Esomeprazole Lansoprazole Dexlansoprazole Pantoprazole Rabeprazole

Half-life (T1/2) 
(hrs)[7-9]

0.6-1.0[7] 1.1[8] 0.9-1.6[7] 1-2[9] 0.9-1.9[7] 1[7]

Hepatic 
metabolism[10]

Major: 
CYP2C19; 
minor: CYP3A4

Major: CYP2C19; 
minor: CYP3A4

Major: CYP2C19; 
minor: CYP3A4

Major: CYP2C19; 
minor: CYP3A4

Minor: CYP3A4 CYP2C19 Non-enzymatic reduction 
minor: CYP2C19 and 
CYP3A4

Elimination[11] Renal Renal Renal/fecal Renal/fecal Renal Renal

Oral bioavail-
ability (%)[11]

40-50 89 80-90 50-60 77 52

Food effect[14] 30 min before 
breakfast

60 min before 
breakfast

30 min before 
breakfast

Pharmacokinetics 
unaffected by meals 

Pharmacokinetics 
unaffected by meals 
(exception oral 
suspension: 30 min prior 
to meal)

Pharmacokinetics 
unaffected by meals 
(exception capsule 
sprinkle: 30 min prior to 
meal)

PPI: Proton pump inhibitor.

Figure 1 Improper proton pump inhibitor use is multifactorial and comes from a pattern of preventable chain of events. PPI: Proton pump 
inhibitor.

ZES), prolonged mechanical ventilation, and functional dyspepsia[16]. While PPIs are considered for 
gastroprotection for patients on NSAID therapy, steroids are not an indication to start PPIs when used 
in ambulatory setting[17,18]. Some reports did suggest that there is an increased risk of PUD in patients 
taking steroids, but it was only statistically significant in hospitalized patients on brief courses of 
steroids[18]. As a result, these patients may be considered for a brief PPI therapy while inpatient. PPIs 
can also be used in conjunction with pancreatic enzyme replacement for refractory steatorrhea[17,19].

CURRENT GUIDELINES ON PPI USE
The current guidelines for PPIs are created for clinicians to prescribe PPIs appropriately and effectively 
to the patients who would benefit from the therapy. We are going to discuss guidelines proposed by 
multiple societies including the American College of Gastroenterology (ACG), American Gastroentero-
logical Association (AGA), Society of American Gastrointestinal and Endoscopic Surgeons (SAGES), the 
Canadian Association of Gastroenterology (CAG), and the European guidelines (Table 2). All these 
guidelines are of moderate to high quality of evidence and are recommended strongly unless indicated 
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Table 2 Guidelines on proton pump inhibitor use

ACG/ACG/CAG/SAGES/European guidelines Recommendation

Trial an 8-wk duration of once daily PPI in patients with heartburn and regurgitation 
without reflux symptoms

Once daily dosing-administer PPIs 30 min to 1 h before a meal; twice daily dosing-
administer PPIs 30 min to 1 h before breakfast and dinner

For patients experiencing refractory GERD, optimize PPI therapy with patient 
compliance, dosage and timing to achieve symptom control before further exploration

Prescribe continuous daily PPIs over H2RAs for erosive esophagitis maintenance healing

Continue lifelong PPIs in patients with LA Grade C or D erosive esophagitis

GERD[19,20,22]

If patients with normal esophageal mucosa or LA Grade A esophagitis have normal 
ambulatory reflux monitoring results after 2-4 wk discontinuation of PPI therapy, it is 
strongly recommended to stop PPI use (low level of evidence)

Patients < 60 years old, tested H. pylori negative or symptoms persist after eradication 
therapy, should start empiric PPI therapy

Dyspepsia[23]

Functional dyspepsia patients, tested H. pylori negative or symptomatic after infection 
treatment, should be on PPIs

If active or history of PUD, and tested H. pylori positive, start eradication treatment (10-
14 d) with PPIs and antibiotics

Dyspepsia patients found to be H. pylori positive on gastric biopsy, treat with eradication 
therapy consisting of PPIs and antibiotics for 10-14 d

GERD patients who are found H. pylori positive should be offered eradication therapy 
for 10-14 d course

H. pylori infection[24]

Use levofloxacin triple regimen consisting of PPI, amoxicillin and levofloxacin as salvage 
therapy if first line eradication therapy fails

Recommend once daily dosing PPIs primarily indicated for symptomatic reliefBarrett’s esophagus[25,26]

Twice daily dosing can be considered in patients with esophagitis or poor symptomatic 
relief

EoE [28,29] Recommend PPI therapy for clinical and histological remission of EoE

PPIs are indicated for patients at risk of GI bleeds for gastroprotection (age > 65 years, 
high dose NSAID use, previous history of ulcers, concomitant therapy with corticost-
eroids, anticoagulants and antithrombotics)

NSAIDs[31,32]

Prescribe continuous or intermittent high dose PPI the following 3 d after GI ulcer bleed 
was stopped endoscopically

ACG: American College of Gastroenterology; AGA: American Gastroenterological Association; SAGES: Society of American Gastrointestinal and 
Endoscopic Surgeons; CAG: Canadian Association of Gastroenterology; PPI: Proton pump inhibitor; H. pylori: Helicobacter pylori; H2RA: Histamine 2 
receptor antagonist; GERD: Gastro-esophageal reflux disease; PUD: Peptic ulcer disease; LA: Los Angeles; EoE: Eosinophilic esophagitis; NSAID: 
Nonsteroidal anti-inflammatory drug; GI: Gastrointestinal.

otherwise.

GERD treatment guidelines
An 8-wk duration of once daily PPIs is strongly recommended in patients with GERD to assess for 
adequate response. However, if GERD appears to be refractory, optimal PPI therapy should be 
confirmed first before further investigation. While there is no standardized definition of long-term PPI 
use, based on the ACG 2021 GERD guidelines, 8-wk therapy is the therapy duration following which 
patients get stratified into those who responded to therapy and those who are refractory to therapy[20]. 
Optimal therapy includes ensuring the patient is compliant with PPI therapy and takes medications 
appropriately with correct timing and dosage. Multiple studies show that a significant number of 
patients who optimize therapy improve symptoms[20]. In patients with known erosive esophagitis, 
medical therapy with daily PPIs is recommended but is given at half of the healing dose for 
maintenance to prevent recurrence[21]. PPIs should be prescribed over histamine 2 receptor antagonists 
(H2RAs) for erosive esophagitis due to their superiority in faster healing rates and better heartburn 
symptom control. It was found that almost all patients with Los Angeles (LA) grade C erosive 
esophagitis who stopped PPI therapy relapsed within 6 mo. However, recurrence of erosive esophagitis 
may occur as soon as 1 wk to 2 wk after PPI discontinuation. It is therefore recommended patients who 
have a more severe esophagitis (LA grade C or D) should be on a lifelong PPI therapy[20]. It is 
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important to note that PPI therapy may be ineffective in patients with large hiatal hernias. Transab-
dominal or transthoracic large hiatal hernia repairs should be strongly considered in patients who 
experience symptoms of severe gastroesophageal reflux, gastric outlet obstruction and/or strangulation. 
Fundoplication as a treatment option for reflux produced mixed outcomes and therefore no strong 
recommendation can be made[22].

In patients with an unclear GERD diagnosis, ambulatory reflux monitoring may be helpful in guiding 
PPI therapy in patients with refractory reflux symptoms and without severe esophagitis[23]. This 
diagnostic approach helps support or negate a GERD diagnosis. Patients with incomplete symptom 
relief after an 8-wk course of PPI therapy can discontinue PPIs for 2-4 wk. If normal results in reflux 
monitoring are seen after PPI cessation in patients with normal EGD findings or LA Grade A 
esophagitis, then other causes of symptoms should be investigated, and PPI therapy can be stopped. 
Although this approach is strongly recommended, more studies are necessary for high evidence support
[20].

Dyspepsia treatment guidelines
Several randomized control trials (RCTs) found a statistically significant effect in use of once daily PPI 
dosing for symptomatic relief of dyspepsia symptoms. It is therefore strongly recommended that 
patients under 60 years of age who tested H. pylori negative or continue to experience symptoms after H. 
pylori treatment should be prescribed empiric PPI therapy. Functional dyspepsia patients are also 
recommended a two-to-eight-week duration of PPI course for symptomatic improvement with some 
RCTs suggesting a number needed to treat of 10. However, if patients do not respond after 8 wk of 
therapy, PPIs should be discontinued as there was no utility found in increasing the dose. Other drug 
therapies can therefore be considered in symptomatic management[24].

H. pylori treatment guidelines
Patients with current or history of peptic ulcer without known H. pylori eradication should be tested 
with a urea breath test, fecal antigen test or gastric mucosal biopsy. If H. pylori positive, treatment 
options should be offered. Eradication treatments include first line bismuth quadruple therapy (PPI, 
bismuth, tetracycline and nitroimidazole) or clarithromycin triple therapy (PPI, clarithromycin, and 
amoxicillin or metronidazole) for 10-14 d. If gastric biopsies are done in patients with dyspepsia and are 
found to be H. pylori positive, multiple studies demonstrated that eradication treatment improves 
symptoms. If patients with GERD do not experience symptoms of dyspepsia or have a history of PUD, it 
is unnecessary to test for H. pylori. However, if found to be positive, treatment options should be 
offered. If first line therapy for eradication treatment fails, it is recommended to use the levofloxacin 
triple regimen as a salvage treatment. The regimen consists of PPI, amoxicillin, and levofloxacin. A 
treatment duration of 14 d can be effective but supported by low quality of evidence so further studies 
are warranted[25].

Barrett’s esophagus treatment guidelines
Patients with Barrett’s esophagus are typically prescribed PPIs due to GERD symptoms and to reduce 
the risk of neoplastic changes. Several studies demonstrated that maintenance PPI therapy reduced risk 
of neoplastic changes compared to H2RA therapy or no anti-acid reflux medications. According to the 
AGA and ACG guidelines, once-daily PPI therapy is recommended for patients with Barrett’s 
esophagus[26,27]. Twice daily dosing can be considered in BE patients with inadequate symptomatic 
control or in patients with esophagitis[26].

EoE
Previous guidelines suggested PPI use as a trial therapy to differentiate EoE from GERD[28]. However, 
the PPI trial should no longer be used as GERD and EoE share many similarities and are not mutually 
exclusive entities[29]. The 2017 United European Gastroenterology (UEG) guidelines suggested PPIs as 
recommended treatment for EoE which is proven to demonstrate symptomatic improvement and 
histological remission. Early observational studies and case reports demonstrated this phenomenon and 
many RCTs followed which supported the use of PPI therapy in EoE. A recent systematic review with 
meta-analysis showed clinical improvement and histological remission with PPI therapy[30]. Duration 
and dosage for treatment is however still under investigation; twice daily administration and long-term 
PPI therapy is recommended but has low evidence[30].

NSAID use
PPI therapy is necessary to prevent NSAID-related ulcer complications including upper gastrointestinal 
(GI) bleeds. Many studies reported decreased prevalence of upper GI ulcers and bleeds while on NSAID 
therapy if PPIs are co-administered[31]. PPI therapy is indicated in NSAID users at risk for GI bleeds 
which includes those on high dose NSAIDs, age greater than 65 years, prior history of ulcers, and/or 
concurrent use of antiplatelets, anticoagulants or corticosteroids[31,32]. Long term daily PPI therapy is 
not supported by high quality evidence and is a conditional recommendation. For patients who have a 
bleeding GI ulcer that was managed endoscopically with hemostatic therapy, high dose PPI therapy 
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should be given continuously or intermittently for the following 3 d for further gastroprotection[33].

RISKS ASSOCIATED WITH PPI USE
PPIs have been associated with electrolyte disturbances, increased fracture risk, gastrointestinal and 
lung infections, kidney disease, dementia, cardiovascular events, and gastric mucosal changes 
associated with potential increased risk of neoplasia. We are going to discuss the PPI-associated side-
effects and the supporting data behind them (Table 3).

Electrolyte abnormalities
PPIs are thought to cause reduction in vitamins and minerals due to reduced intestinal absorption 
caused by decreased gastric acid secretion. While there is data on B12 and iron malabsorption associated 
with PPI use, some studies argue against this association. One large case control study confirmed that 
PPIs were associated with increased risk of iron deficiency anemia and vitamin B12 deficiency[34,35]. In 
contrast, a small observational study evaluated patients with ZES on chronic PPI therapy and did not 
find any association with iron malabsorption[36]. Another cross-sectional study found no association 
between long term PPI use and vitamin B12 deficiency[35].

Hypomagnesemia is another electrolyte derangement that has been attributed to PPI therapy. The 
first case report that linked hypomagnesemia with PPI use was in 2006, which prompted further 
research on this topic[37]. A 2014 meta-analysis of 9 observational studies found an association between 
PPI use and hypomagnesemia, but there was notable heterogeneity among the studies reported[38]. 
After review of 38 cases in Adverse Event Reporting System and 23 case reports, the United States Food 
and Drug Administration (FDA) recommends obtaining magnesium levels prior to PPI therapy 
initiation[39].

Hypocalcemia/fracture risk
PPIs are associated with hypocalcemia and potentially increased risk of bone fractures. Calcium salts, 
such as calcium carbonate, need highly acidic environment for absorption. PPIs block acid production 
and, as a result, prevent absorption of calcium carbonate[40]. Calcium malabsorption increases risk of 
osteoporosis and subsequent bone fractures. A large case control study from the United Kingdom 
reported that patients on chronic PPI therapy were more likely to fracture their hip with incidence rate 
of 4.0/1000 person years compared to non-users of 1.8/1000 person years. It is important to note that 
patients in the study had multiple comorbidities that could have served as confounding factors[40]. In 
contrast, a large-scale case control study performed among the Danish population found no dose-
dependent relationship between PPI use and the risk of bone fracture[41]. In a 2018 meta-analysis, 12 of 
the included studies failed to show an association between PPI use and fracture incidence or decrease in 
bone mineral density[42]. Another meta-analysis of 18 observational studies demonstrated a modest 
hip, spine, and any-site fracture risk[43].

Kidney disease
In the recent studies, PPIs were noted to have an association with acute kidney injury (AKI) and 
subsequent development of chronic kidney disease (CKD). One of the proposed mechanisms is that PPIs 
lead to a cell mediated immune response causing acute intestinal nephritis (AIN). A meta-analysis of 9 
observational studies supported an association relationship between PPI use with AKI and CKD[44]. 
Furthermore, Lazarus et al[45] found that PPIs were associated with a 20%-50% higher incidence rate of 
CKD. It was unclear from the study, however, if comorbidities served as confounding factors. 
Interestingly, an observational study of a veterans database consisting of mainly elderly males reported 
an association between PPI use and development of CKD with duration-dependent risk of end stage 
renal disease (ESRD)[46]. In contrast, a recent large observational study evaluating CKD patients did not 
confirm an association of PPI use and ESRD[47]. Although there is no clear guideline yet available, 
clinicians can choose to routinely monitor creatinine levels and/or obtain urinalysis testing in high-risk 
patients on PPI therapy to assess for kidney disease progression[48].

Dementia
PPIs are thought to increase production of β-amyloid plaques and increase affinity of tau proteins 
towards brain tissue. Both processes are key in pathogenesis of Alzheimer’s Disease (AD)[40]. A 
systematic review established a 1.4-fold increased risk of dementia with PPI use. However, one of the 
studies demonstrated a negative correlation[49]. Additionally, a 2019 meta-analysis of 6 cohort studies 
found no significant association between PPI use and AD[50].

Gastrointestinal infections
PPIs are thought to alter intestinal microbiota and, as a result, may predispose patients to gastro-
intestinal infections[51,52]. A systemic review and a meta-analysis of 56 studies found that PPI therapy 
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Table 3 Proton pump inhibitor associated side effects

PPI associated adverse risks Proposed mechanism Evidence type Conditional recommendations to reduce 
risk

Electrolyte abnormalities: Hypomag-
nesemia, vitamin B12, iron

Decreased acid secretion decreases 
intestinal absorption of 
minerals/vitamins

Observational studies, 
conflicting evidence[33,
34,36,37]

Unless other risk factors present, no 
recommendation to increase intake of 
vitamins/minerals or have routine screening of 
levels[19]

Fracture risk/hypocalcemia Decreased acid secretion decreases 
calcium carbonate absorption

Observational studies, 
conflicting evidence[39,
40-42]

Without other risk factors for bone disease, no 
recommendations to increase calcium/vitamin 
D intake or have routine bone mineral density 
exam[19]

AIN/CKD/ESRD Initiate cell mediated immune 
response in kidneys

Observational studies, 
conflicting evidence[43-
46]

Without other risk factors, there is no 
recommendation to routinely screen for kidney 
function in patients on PPIs[19]

Dementia Increase β-amyloid plaque 
production and increase affinity of 
tau proteins

Observational studies, 
conflicting evidence[48,
49]

No recommendations on dementia prevention in 
patients on PPI

Gastrointestinal infections: C. diff, 
SIBO, SBP

Alter gut microbiota due to 
decreased acidic environment

Observational studies, 
conflicting evidence[34,
51-55]

For patients who develop C.diff infection while 
on PPI, can consider switching to H2 blockers
[55]

Increase bacterial colonization in 
stomach from hypochlorhydria 
leading to lung micro-aspiration 
events

Community acquired Pneumonia

Alter respiratory flora

Observational studies, 
RCTs, conflicting 
evidence[57-59]

No strong recommendation can be made

Gastrointestinal malignancies Hypergastrinemia resultant from 
decreased acid production increases 
ECL cell hyperplasia

Observational studies, 
RCTs, conflicting 
evidence[60-62,64,65]

Given conflicting data, no recommendation on 
prevention can be made

Hypomagnesemia- torsade de 
pointes

CYP450 inhibitor- decreases drug 
bioavailability

Interaction with ATP-dependent P-
glycoprotein

Adverse Cardiovascular effects- 
arrythmias, decreased clopidogrel 
bioavailability, increased digoxin 
toxicity

impair endothelial function and 
platelet induction

Observational studies, 
RCTs, conflicting 
evidence[59,66]

For patients with significant esophagitis (grade 
C or D) or with poorly controlled GERD, PPI 
treatment outweighs the debatable 
cardiovascular risks[19]

GERD: Gastro-esophageal reflux disease; PPI: Proton pump inhibitor; AIN: Acute intestinal nephritis; CKD: Chronic kidney disease; ESRD: End stage renal 
disease; C. diff: Clostridium difficile; SIBO: Small intestinal bacterial overgrowth; SBP: Spontaneous bacterial peritonitis; ECL: Enterochromaffin-like; RCTs: 
Randomized control trials.

increases the risk of clostridium difficile (C. difficile) infection[53]. While a nationwide cohort study in 
Denmark found that the risk of community acquired C. difficile doubles in patients on PPI, but several 
other studies failed to replicate these results[52,53].

A meta-analysis of 19 observational studies reported a moderate risk of small intestinal bacterial 
overgrowth (SIBO) for patients on long-term PPI[52]. In contrast, a retrospective case control study 
found no significant association between the two[54].

Another type of gastrointestinal infection that PPIs have been associated with is spontaneous 
bacterial peritonitis (SBP). A meta-analysis from 8 observation studies revealed a threefold higher risk of 
developing SBP while on PPIs in cirrhotic patients[35]. Another meta-analysis of 16 observational 
studies confirmed this association but only in the case control studies of the meta-analysis[55]. In 
contrast, one retrospective cohort study established that PPI therapy did not increase the risk of 
recurrent SBP in cirrhotic patient population[56].

Pneumonia risk
PPIs are thought to increase bacterial colonization in the stomach from hypochlorhydria and lead to 
lung micro-aspiration events or potentially alter respiratory flora leading to pulmonary infections[57,
58]. A systemic review of 33 studies and a meta-analysis of 26 studies including 4 selected RCTs found a 
1.5-fold increased risk of community acquired pneumonia (CAP) for patients on PPI therapy and a 1.6-
fold increased hospitalization risk[58]. In contrast, another meta-analysis of RCTs found no association 
between PPI use and respiratory infections[59]. PPIs have been reported as possible contributors to the 
ventilator associated pneumonia, but the quality of evidence is low[60].
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GI malignancies
There is growing number of studies reporting association of chronic PPI therapy with gastric cancer[61-
63]. The decreased acid production and subsequent hypergastrinemia may cause hyperplasia of entero-
chromaffin-like (ECL) cells[35,64]. A meta-analysis of 7 observational studies and 1 RCT showed an 
increased risk of fundic gastric polyps while on PPI therapy, but the clinical significance of this finding 
remains undetermined[65]. It is important to note that another meta-analysis of 6 RCTs revealed that 
while there was ECL cell hyperplasia noted with chronic PPI use, the hyperplasia had no stigmata of 
dysplasia or neoplasia[66].

Adverse cardiovascular events
While PPIs do not have a direct association with cardiovascular complications, they have cardiovascular 
side-effects primarily thought their effects on magnesium (hypomagnesemia), drug-drug interactions, 
impairment of endothelial function and induction of platelets[67]. PPIs, particularly omeprazole, were 
thought to decrease clopidogrel efficacy from interference of its metabolism leading to increased 
cardiovascular events. Therefore, the FDA recommends against omeprazole and clopidogrel co-
administration[67]. The COGENT study found no difference in cardiovascular events among patients on 
clopidogrel and omeprazole compared to patients on clopidogrel alone. Although the study was 
terminated early due to loss of funding[60].

The data on PPI side effect profile remains controversial. It is important to note that the evidence 
provided by ACG in their 2021 guidelines presented 95% confidence intervals for reported adverse 
events such as cardiovascular events, kidney disease, gastrointestinal complications, dementia, bone 
fractures, Vitamin 12 deficiency, gastric cancer, hypomagnesemia, and all-cause mortality-all of which 
crossed 1, making these hazard ratio and odds ratio statistically insignificant.

DRUG-DRUG INTERACTIONS
PPIs can decrease drug solubility either due to alteration in gastric pH or inhibition of the CYP450 
system leading to decreased metabolism of certain drugs. The bioavailability of ketoconazole and 
atazanavir, for example, may be decreased by 50% or more with PPI co-administration. The metabolism 
of clopidogrel, simvastatin, phenytoin and many other drugs depends on the CYP450 system and 
coadministration of PPIs can decrease its clearance[68]. Also, PPI interaction with the ATP-dependent P-
glycoprotein can inhibit digoxin efflux and increase its toxicity[69]. Another important consideration is 
in patients with hepatitis C who are placed on direct-acting antivirals (DAAs). There is a significant risk 
of failure of hepatitis C therapy in patients on concurrent PPI therapy likely because of decreased DAA 
bioavailability in the setting of altered gastric acidity[70]. It is important to be mindful of PPI adminis-
tration especially in cases of polypharmacy in the elderly to ensure adequate efficacy of the prescribed 
medications.

STRATEGIES TO MINIMIZE SIDE-EFFECT PROFILE
As perception of PPI therapy is starting to change with more studies reporting consequences of long-
term PPI use, strategies to minimize harm from its use become an important discussion. It is equally as 
important to understand the evidence behind the reported side effects and educate patients on their 
risks and benefits.

Strategy 1: Evidence-based initiation of therapy
The decision of starting PPI therapy should be evidence-based. There are several guidelines on disease 
processes that require PPI therapy, and it is important to have a good understanding of level of 
evidence and recommendation behind them. The 2021 ACG guidelines on GERD management have a 
strong recommendation supported by moderate quality evidence to start patients with heartburn and 
regurgitation symptoms on empiric PPI therapy for 8 wk[20]. Sometimes, further evaluation may be 
needed after the first empiric trial. These guidelines also have a strong recommendation supported by 
moderate evidence for patients who have high suspicion of GERD, but diagnosis is not definitive, to 
undergo reflux monitoring with BRAVO performed off PPI therapy to either confirm or rule out GERD
[20]. This study may help differentiate dyspepsia from GERD. The 2017 ACG guidelines on dyspepsia 
and H. pylori had a strong recommendation supported by high quality evidence to start empiric PPI 
therapy on patients who were confirmed to have H. pylori infection, have dyspepsia but are H. pylori 
negative, have symptoms of dyspepsia persist despite H. pylori eradication, have functional dyspepsia
[24,25]. The 2016 ACG guidelines on Barrett’s esophagus provided a strong recommendation supported 
by moderate evidence that once-daily PPI therapy should be implemented in patients at high risk for 
developing Barrett’s esophagus-male gender with more than 5 years of frequent (weekly or more) 
heartburn or regurgitation and two or more risk factors such as age greater than 50, Caucasian race, 
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central obesity, current or history of smoking, confirmed family history of Barrett’s esophagus or 
esophageal adenocarcinoma[26]. While there are no official guidelines supporting this, PPIs have been 
successfully implemented in EoE treatment with 69.2% of patient achieving histologic remission 
compared to 41.7% of patients on empiric elimination diet alone[71].

Strategy 2: Need for ongoing treatment revisited at follow up
Another important strategy is to minimize risks by evaluating whether patient needs to stay on PPI 
therapy. Ongoing risks and benefit discussion with the patient along with weaning trials play a key role. 
As of 2021, ACG has a conditional recommendation supported by low evidence to have discontinuation 
trials of PPI therapy for patients with reflux symptoms who responded to 8-wk empiric PPI treatment 
attempted or for patients who have endoscopic or histologic evidence of esophageal or gastric mucosal 
healing[20,72]. It is important to note that weaning trials should not be attempted in patients with 
significant erosive esophagitis, BE, or history of esophageal adenocarcinoma[15,26].

In 2017, American Gastroenterological Association (AGA) came up with best practice advice[15]. 
They supported weaning off trials for patients with uncomplicated GERD. For patients who are unable 
to wean off therapy, BRAVO study or high-resolution manometry (HRM) are indicated to distinguish 
GERD from a functional syndrome[15]. HRM can be further used as a diagnostic evaluation in patients 
with refractory reflux symptoms prior to anti-reflux surgery[73]. HRM helps differentiate reflux from 
hiatal hernia and esophageal dysmotility[73]. The AGA recommended that if patients had an episode of 
bleeding from NSAID therapy should be started on long-term PPI therapy, especially is they must 
continue NSAID therapy.

Strategy 3: Dosing adjustment tailored to patient
As discussed previously, PPI metabolism relies on hepatic P450 system. Some patients are fast 
metabolizers, others may be slow, so it is not always easy to predict a particular patient’s ability to 
metabolize PPIs. We know that patients of Asian descent and older patients tend to have slower P450 
system and may have a higher concentration of PPIs available from the same dose[6]. This is something 
that is important to consider when selecting a starting dose or trying to decrease the dose later in 
treatment. The 2021 ACG guidelines provided conditional recommendation supported by low quality 
evidence that patients who require maintenance therapy with PPIs should be given the lower dose that 
controls their symptoms and maintains healing of tissues[20]. This was echoed in 2017 AGA guidelines 
as well suggesting that the lowest effective PPI dose should be used[15]. Same degree recommendation 
and evidence was put forward for as needed PPI therapy for patients with NERD[20]. pH testing (such 
as BRAVO) along with pH impedance can help facilitate titration to the minimum possible PPI dose to 
achieve optimal anti-secretory effects[74]. pH testing can also help tailor PPI therapy dosage and 
duration in Barrett’s esophagus patient population[75].

Strategy 4: Looking for alternative options
While some conditions, such as erosive esophagitis, BE, prior history of esophageal adenocarcinoma, 
gastric ulcers, EoE require long-term acid-suppression with PPI therapy, many other conditions may be 
considered for an alternative therapy with H2 blockers, life-style modifications, or both[76]. One of the 
most common indication for PPI therapy is GERD and dyspepsia. Both conditions can be trialed with 
H2 blockers in attempts to come off PPI therapy. There are novel medications being developed such as 
potassium-competitive acid blockers (P-CABs), which bind to potassium inions thus blocking the 
hydrogen-potassium ATPase enzyme[77]. Similar to PPIs, P-CABs have a dose depended effects on 
gastric acid production[77]. Weight loss in overweight and obese patients had moderate evidence and 
strong recommendations for patients struggling with GERD suggested by ACG in 2021[20]. The rest of 
the life-style modifications, such as avoiding meals within 2-3 h of bedtime, tobacco products, trigger 
foods, and elevation of the head of the bed for nocturnal symptoms-all had only conditional 
recommendation supported by low quality evidence[20].

Surgical options need to be discussed with patients unwilling to commit to long-term PPI. Anti-reflux 
Surgery (LARS) is an alternative treatment to long-term pharmacologic therapy, especially in patients 
with large hiatal hernias or Barrett’s esophagus but was noted to have higher risks of symptom 
recurrence, especially in obese patients[78,79]. As a result, some studies reported that the utilization of 
anti-reflux surgery is greater when used in conjunction with weight loss in patients with BMI over 35
[80]. Despite initial success with LARS, studies reported that as many as 48% patients who have 
undergone LARS resumed PPI therapy at 5-year mark[81]. Additionally, LARS requires pre-surgery 
work up, which includes HRM.

PATIENT’S PERCEPTION OF PPI THERAPY
Patients understanding of therapy and how it works directly contribute to patient satisfaction and 
treatment success. Shared decision-making regarding duration of treatment and side-effect profile is 
key. Patient’s participation and understanding of therapy are especially important because PPI 
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treatment comes with limitations of short-half life and meal dependent administration.
In the setting of new concerns regarding PPI’s side-effects and growing media coverage of this topic, 

patients are increasingly more worried about staying on PPIs long-term. Therefore, increasing 
awareness among primary care providers on the proper use of PPIs is crucial. Additionally, managing 
patient’s expectations and educating on the evidence behind the reported side effects becomes 
important. Prior to the therapy initiation, anticipated duration of treatment should be discussed with 
the patient. Risks and benefit discussion needs to take place. Whether the PPI therapy is prescribed by 
the primary care or gastroenterology physician, the decision to start the therapy should be evidence-
based and rely on most recent guidelines supported by high quality evidence. Additionally, prescribing 
physicians should have an ongoing discussion with their patients and re-evaluation of their need to stay 
on PPI therapy. Working together with the patient, setting realistic expectations from the beginning, 
following evidence-based guidelines, and continuing to re-evaluate of need for therapy could increase 
patient satisfaction with medical care, provide reassurance, and help more people to safely benefit from 
PPI therapy.

CONCLUSION
Since their first introduction to the medical practice, PPIs have come a long way and we now know 
much more about their pharmacodynamics and side-effect profile. The side-effect data remains contro-
versial with most recent ACG guidelines arguing against significant risks associated with this therapy. 
While data provided by ACG is reassuring, PPI therapy should still be utilized according to evidence-
based practice. We now know more about which patients are more likely to benefit from this therapy 
and why some patients should only be on it short term. As our understanding of this therapy deepens, 
our practice should change to help more patients to safely benefit from PPIs. Following evidence-based 
guidelines and working together with a patient managing expectations and educating on risks may be 
the key to successful come back of PPI therapy.
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Abstract
Celiac disease (CD) is well recognized as a systemic, chronic autoimmune disease 
mainly characterized by gluten-sensitive enteropathy in genetically predisposed 
individuals but with various extraintestinal features. One of the affected organs in 
CD is the pancreas, consisting of both endocrine and exocrine alterations. Over 
the last decades there has been increasing interest in the pancreatic changes in CD, 
and this has been reflected by a great number of publications looking at this 
extraintestinal involvement during the course of CD. While pancreatic endocrine 
changes in CD, focusing on type 1 diabetes mellitus, are well documented in the 
literature, the relationship with the exocrine pancreas has been less studied. This 
review summarizes currently available evidence with regard to pancreatic 
exocrine alterations in CD, focusing on risk of pancreatitis in CD patients, 
association with autoimmune pancreatitis, prevalence and outcomes of pancreatic 
exocrine insufficiency in newly diagnosed and gluten-free diet treated CD 
patients, and the link with cystic fibrosis. In addition, we discuss mechanisms 
behind the associated pancreatic exocrine impairment in CD and highlight the 
recommendations for clinical practice.
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Core Tip: Celiac disease (CD) is currently regarded as a systemic, chronic, immune-mediated disease 
triggered by gluten ingestion in genetically susceptible individuals. In the last decade there has been an 
increasing number of publications on extraintestinal involvement during the course of CD, some of which 
have assessed the pancreatic changes associated with this disease. This review summarizes currently 
available data with respect to exocrine pancreatic changes in CD, focusing on practices for clinicians.
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Gastroenterol 2022; 28(24): 2680-2688
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2680.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2680

INTRODUCTION
Celiac disease (CD) is an immune-mediated enteropathy that occurs in genetically predisposed 
individuals upon ingestion of gluten. Initially considered a small bowel disease, now it is widely 
recognized as a systemic illness, which accounts for its many protean manifestations. The systemic 
character along with its various clinical presentations make CD a sometimes difficult to recognize 
clinical chameleon. The wide spectrum of presenting features, sometimes subclinical, hinders case-
finding strategies and delays diagnosis, as CD is often not considered among the differential diagnoses
[1,2]. Moreover, there is also the further drawback of poor awareness among different medical 
specialties[3].

Among the extraintestinal features of CD[4-6], pancreatic involvement has rarely been reported 
compared to other organ-specific manifestations such as cutaneous, hematologic, liver-related, rheumat-
ologic, cardiovascular, or neurological impairments[7-13]. Moreover, while some of these systemic 
features have been incorporated into case-finding and screening strategies such as anemia, osteoporosis 
or chronic liver disease[14], pancreatic-associated involvement in CD is scarcely reported in currently 
available guidelines[15-17]. The association between the pancreas and CD covered in guidelines is 
limited to the need to consider pancreatic exocrine insufficiency (PEI) as an alternative diagnosis in non-
responsive CD and the fact that upper gastrointestinal surgery including pancreas-related indications 
may unmask subclinical CD[15,16]. This has also been highlighted by previous reports on the impact of 
CD on exocrine and endocrine pancreas, which also set the need for further research focused on this 
association[18]. Contrasting the well-documented pancreatic endocrine changes in CD, referring to type 
1 diabetes mellitus in particular, the relationship with the exocrine pancreas has been less covered in the 
literature.

On the other hand, the wide spectrum of pancreatic diseases does not include CD as a risk factor or 
associated condition, except counting CD as a potential cause of PEI[19]. Pancreatic involvement can 
occur in patients with CD, either caused by the small-bowel disease or co-existing with it. The main 
mechanisms for this association are believed to be the impaired cholecystokinin (CCK) and secretin 
release, but also the chronic duodenal inflammation that can lead to secondary modifications of 
papillary mucosal area[20].

Our aim was to summarize currently available evidence with regard to exocrine pancreatic 
involvement in CD, looking at CD as a risk factor or associated condition with pathologies of the 
exocrine pancreas, and testing indications regarding the bidirectional association of the two diseases.

SEARCH STRATEGY
For this purpose, we searched PubMed in January 2022 for all publications on the association between 
pancreas and CD, using the medical subject headings (MeSH) terms–“pancreas” (ID: D010179) and 
“celiac disease” (ID: D002446), with the following search syntax (("pancreas" [Mesh]) OR (pancreas 
[Title/Abstract])) AND (("celiac disease" [Mesh]) OR (celiac disease [Title/Abstract])). We performed 
additional searches with pancreas-related terms, “Pancreas, exocrine” (ID: D046790), “pancreatitis” (ID: 
D010195), “pancreatitis, chronic” (ID: D050500), “autoimmune pancreatitis” (ID: D000081012) and 
“celiac disease” (ID: D002446). The extended search yielded a total of 889 results, of which 145 were 
duplicates. Search results were imported into Reference Citation Analysis (Baishideng Publishing 
Group, Inc.), which was used for article processing and selection. We filtered the search for reviews, 
editorials, comments and opinion articles (n = 140). We excluded papers referring to the association of 
CD with diabetes or alterations of the endocrine pancreas (n = 66). The remaining titles and consecutive 
abstracts were screened for pertinence to the topic. We selected relevant articles on exocrine pancreatic 
involvement in CD for full-text analysis and summarized findings according to significant associations. 
References and citing articles of selected papers were also analyzed for potentially relevant articles that 
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might have been missed in the initial search. The process of article selection is detailed in Figure 1.

CD AND RISK OF PANCREATITIS
CD patients are at risk both for acute pancreatitis (AP) and chronic pancreatitis (CP)[21-23]. While some 
have described worse outcomes and increased medical burden among CD individuals[21], others have 
found lower morbidity and mortality among this patient group[24] (Table 1).

Several pathogenic mechanisms have been theorized to account for the elevated pancreatitis risk in 
CD–malnutrition, papillary stenosis, and immune phenomena[25] (Figure 2). Severe malnutrition affects 
pancreatic secretion and can cause pancreatic atrophy[26]. Also, chronic inflammation of the duodenal 
mucosa in CD patients can also involve the papillary area and lead to papillary stenosis and consequent 
pancreatic disease[20]. Finally, autoimmune pancreatitis (AIP) or other autoimmune phenomena such as 
islet-specific autoantibodies in CD-associated type 1 diabetes mellitus can contribute to the link between 
pancreatitis and CD[27,28].

With regard to CP, results are also discordant using similar diagnostic criteria; while some authors 
have reported CP features to be common in CD patients undergoing endoscopic ultrasound (EUS) 
assessment[29], others did not reveal significant structural alterations in the pancreatic parenchyma of 
CD individuals[30]. In their study using EUS criteria and elastography, Rana et al[30] concluded that PEI 
is functional and reversible after gluten-free diet (GFD). Supporting this finding, the pathognomonic 
pancreatic calcifications have been rarely reported in CD[31-35]. However, a biopsy-based study 
published as abstract has shown CD prevalence as high as 7.4% in established CP, recommending 
screening in this group[36].

Concerning CD screening in pancreatic diseases, there have been reports of asymptomatic hyperen-
zymemia, macrolipasemia, or macroamylasemia[37-42] in CD patients, but prevalence studies are 
missing. According to these reports, decrease or even resolution of macroamylasemia/macrolipasemia 
or elevated pancreatic enzyme levels can be seen on GFD. Of note, the occurrence of hyperenzymemia 
in CD can be a confounder for the reported elevated risk of AP associated with CD, by overdiagnosing 
AP in this scenario.

On the other hand, idiopathic recurrent pancreatitis and sphincter of Oddi dysfunction might be 
considered a testing indication for CD, given the mechanism of chronic papillitis[20,43]. Non-response 
to treatment in CP might warrant testing for CD, as suggested in some case reports[31].

EXOCRINE PANCREATIC INSUFFICIENCY AND CD
CD is a well-recognized less common etiology of PEI[19,44,45]. This is well reported in currently 
available guidelines[46]. EPI has been reported with variable frequency in CD patients, depending on 
the test used to diagnose it. Early studies were based on direct pancreatic function testing (pancreatic 
enzyme or bicarbonate secretions measurements) and found that PEI is common in classical CD, but 
non-severe[47]. Fecal elastase (FE) is recommended for detecting PEI in newly diagnosed CD[48]. 
Impairment of pancreatic exocrine function can be seen both in newly diagnosed CD, in up to 80% of 
cases[19], and in treated CD, where it should be considered a cause of treatment failure in patients 
unresponsive to GFD[49,50]. In this latter group comprising GFD-treated CD patients with continuing 
diarrhea, EPI has been reported in 12%-18% of cases[51,52]. While CD patients improve with pancreatic 
enzyme replacement therapy (PERT), probably paralleling the restoring of mucosal architecture on 
GFD, some authors have reported that PERT could be discontinued in some patients who experience 
improvement in symptoms[53]. However, in CD patients with PEI, who report good adherence to GFD 
but experience continued malabsorption with adequate dosing PERT, additional pathogenic 
mechanisms such as enteric infections (e.g., Giardia), small intestinal bacterial overgrowth, or complic-
ations such as refractory CD and enteropathy associated T-cell lymphoma should be sought[54]. 
Moreover, gastroparesis in the setting of type 1 diabetes mellitus associated with CD could contribute to 
incomplete response to PERT. PEI should be readily recognized in slowly recovering children with CD 
on GFD, as it might accelerate weight increase with adequate enzyme supplementation[55].

Correlation of certain genetic polymorphisms with PEI has also been studied, but without conclusive 
associations in a small cohort of CD patients[56].

A concern with using FE is represented by the lower diagnostic accuracy compared to direct 
pancreatic function testing, variability among different tests and analytical processing of samples, 
taking into account the potential dilution due to diarrhea[57-59].

Despite the increased risk of pancreatitis in CD discussed above, changes in pancreatic enzyme 
secretion in these patients seen to be mainly functional, as reported by Rana et al[30], who found no 
correlation with structural parenchymal alterations, assessed by EUS. Another study, based on magnetic 
resonance imaging assessment, did not reveal morphological changes in CD patients with PEI[60]. This 
impaired function of the exocrine pancreas is also supported by the inverse correlation between mucosal 
damage and pancreatic enzyme levels, with reversal of PEI on GFD[19,61]. However, protein 
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Table 1 Summary of studies looking at acute pancreatitis and chronic pancreatitis prevalence among individuals with celiac disease

Ref. CD, n Pancreatitis 
prevalence OR of AP Outcome

Alkhayyat et al
[21], 2021

133400 AP 1.06%; CP 
0.52%

OR for AP = 2.66; OR for CP = 2.18 Worse outcomes compared to non-CD

Osagiede et al
[24], 2020

337201 AP 2.2% OR = 1.92 Lower morbidity and mortality, attributed to less 
severe forms of AP or lower baseline comorbidities

Sadr-Azodi et al
[22], 2012

28908 Pancreatitis 1.4% HR for gallstone-related AP = 1.59; HR for non-
gallstone-related AP = 1.86; HR for CP = 3.33

Increased risk of severe AP (gallstone-related: HR = 
3.18; non-gallstone related: HR = 2.00)

Ludvigsson et al
[23], 2007

14239 Pancreatitis any 
type 0.66%

HR for pancreatitis of any type = 3.3; HR for CP 
= 19.8

Patient population was represented by hospital 
inpatients, leaving out those managed as outpatients

AP: Acute pancreatitis; CD: Celiac disease; CP: Chronic pancreatitis; HR: Hazard ratio; OR: Odds ratio.

Figure 1 Flow diagram of the article selection process.

Figure 2 Mechanism behind the increased pancreatitis risk in celiac disease patients.

malnutrition, also present in CD patients, has been shown to be associated with acinar cell atrophy and 
fibrosis[18].

The main mechanism of PEI in CD patients is disruption of mucosal release of enteric hormones, 
mainly CCK and secretin, which represent a potent stimulus for pancreatic function. While exocrine 
pancreatic function is intrinsically normal, impaired CCK and secretin release from the atrophic mucosa 
leads to decreased secretion of enzymes into the duodenal lumen. The functional PEI that occurs in CD 
is reversible upon exogenous administration of CCK-pancreozymin[62]. Others have suggested that PEI 
can develop independent of this reduced entero-hormone release[63]. Another theorized mechanism is 
deficiency of amino acids, which leads to reduced protein synthesis for pancreatic enzymes. This 
mechanism is also backed up by the fact that correction of deficiencies alleviates PEI in CD patients[64]. 
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Table 2 Mechanisms of pancreatic exocrine insufficiency in celiac disease

No.

1 Impaired secretion of cholecystokinin and secretin from the diseased small bowel mucosa

2 Reduced amino acid uptake in the small bowel, which subsequently leads to reduction in precursors for synthesis of pancreatic enzymes

3 Morphologic alterations in pancreatic parenchyma secondary to protein malnutrition

Another hypothesis, but probably of less significance, is that of structural changes in the pancreatic 
parenchyma (acinar atrophy, fibrosis) seen in advanced malnutrition[65]. Mechanisms behind EPI in CD 
are summarized in Table 2[18,47,50,66].

CYSTIC FIBROSIS AND CD
Another underrecognized, pancreas-related association for CD is cystic fibrosis (CF), an autosomal 
recessive disease characterized by mutations in the CF transmembrane conductance regulator gene, 
which encodes a chloride and bicarbonate channel expressed in epithelial cells in multiple organs[67]. 
While the pancreatic dysfunction in CF is well known, altered immune regulation has been described in 
these patients, which predisposes them to developing autoimmune phenomena. The systematic review 
and meta-analysis by Imrei et al[68] showed pooled prevalence of 1.8%-2.3% of biopsy-proven CD 
among CF patients, which is more than twice that of the general population[69]. Based on this 
observation, the authors recommend routine screening for CD in CF patients. This recommendation is 
supported by another group[70], who suggested performing CD screening in CF with persistent 
gastrointestinal symptoms or malabsorption (including improper weight and/or height gain in 
pediatric patients), despite adequate enzyme replacement therapy.

AIP AND CD
AIP is a chronic fibroinflammatory disease of the pancreas, with a relapsing steroid-responsive pattern. 
Given the common immune dysregulation background of both AIP and CD, researchers have looked 
whether there is an association of the two. While some isolated reports have shown a potential link 
between AIP and CD[71,72], a study looking at CD frequency in a cohort of AIP patients did not show 
an increased CD prevalence among this group (1.4%) and concluded that serologic screening for CD is 
not supported[73]. However, a murine model of AIP has provided insight that gliadin sensitization and 
challenge can induce pancreatitis and extrapancreatic inflammation in HLA-DQ8 transgenic mice[74]. 
On the other hand, immunoglobulin G4-positive cells, which have been searched for in 
duodenal/ampullary biopsies as an alternative to pancreatic biopsy for diagnosing AIP, have also been 
reported in 7 of 18 CD patients in the study by Cebe et al[75]. Given the scarce data on AIP and CD, 
further research is warranted to conclude if there is a link between the two beyond the plausible biologic 
mechanism. A recognized association is that of type 2 AIP and ulcerative colitis, and considering the 
also established connection between CD and inflammatory bowel diseases[76], linking the three 
diseases might provide some insight on the relationship between AIP and CD.

CONCLUSION
Pancreatic involvement, both endocrine and exocrine, is frequent in CD and should be searched for in 
the appropriate clinical setting. Conversely, certain pancreatic-related diseases should prompt looking 
for CD–CF with ongoing digestive symptoms, non-responsive CP, idiopathic recurrent pancreatitis. 
Concomitant pancreatic disease in a CD patient may contribute to aggravated malnutrition and should 
be readily recognized in order to improve nutritional status and prognosis. Also, there is increasing data 
that impaired pancreatic function in CD can improve on a GFD.
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Abstract
BACKGROUND 
Chronic inflammation due to Helicobacter pylori (H. pylori) infection promotes 
gastric carcinogenesis. Tumour necrosis factor-α (TNF-α), a key mediator of 
inflammation, induces cell survival or apoptosis by binding to two receptors 
(TNFR1 and TNFR2). TNFR1 can induce both survival and apoptosis, while 
TNFR2 results only in cell survival. The dysregulation of these processes may 
contribute to carcinogenesis.

AIM 
To evaluate the effects of TNFR1 and TNFR2 downregulation in AGS cells treated 
with H. pylori extract on the TNF-α pathway.

METHODS 
AGS cell lines containing TNFR1 and TNFR2 receptors downregulated by specific 
shRNAs and nonsilenced AGS cells were treated with H. pylori extract for 6 h. 
Subsequently, quantitative polymerase chain reaction with TaqMan® assays was 
used for the relative quantification of the mRNAs (TNFA, TNFR1, TNFR2, 
TRADD, TRAF2, CFLIP, NFKB1, NFKB2, CASP8, CASP3) and miRNAs (miR-19a, 
miR-34a, miR-103a, miR-130a, miR-181c) related to the TNF-α signalling pathway. 
Flow cytometry was employed for cell cycle analysis and apoptosis assays.

RESULTS 
In nonsilenced AGS cells, H. pylori extract treatment increased the expression of 
genes involved in cell survival and inhibited both apoptosis (NFKB1, NFKB2 and 
CFLIP) and the TNFR1 receptor. TNFR1 downregulation significantly decreased 
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the expression of the TRADD and CFLIP genes, although no change was observed in the cellular 
process or miRNA expression. In contrast, TNFR2 downregulation decreased the expression of the 
TRADD and TRAF2 genes, which are both important downstream mediators of the TNFR1-
mediated pathway, as well as that of the NFKB1 and CFLIP genes, while upregulating the 
expression of miR-19a and miR-34a. Consequently, a reduction in the number of cells in the 
G0/G1 phase and an increase in the number of cells in the S phase were observed, as well as the 
promotion of early apoptosis.

CONCLUSION 
Our findings mainly highlight the important role of TNFR2 in the TNF-α pathway in gastric 
cancer, indicating that silencing it can reduce the expression of survival and anti-apoptotic genes.

Key Words: Gastric cancer; Helicobacter pylori; Tumour necrosis factor-α signalling pathway; TNFR1; 
TNFR2; miRNAs

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

Core Tip: This study demonstrated for the first time the effect of TNFR1 and TNFR2 downregulation on an 
AGS cell line treated with Helicobacter pylori extract. Although TNFR1 downregulation did not promote 
significant changes in the expression of mRNA and miRNAs of the tumour necrosis factor-α (TNF-α) 
signalling pathway, TNFR2 downregulation promoted important changes in the signalling mediators 
evaluated. We observed a reduction in the expression of cell survival and anti-apoptotic genes and an 
increase in the expression of miR-19a and miR-34a, which affected cell cycle kinetics and contributed to 
early apoptosis. Thus, our findings highlight the important role of TNFR2 in the TNF-α signalling 
pathway in gastric carcinogenesis.

Citation: Rossi AFT, da Silva Manoel-Caetano F, Biselli JM, Cabral ÁS, Saiki MFC, Ribeiro ML, Silva AE. 
Downregulation of TNFR2 decreases survival gene expression, promotes apoptosis and affects the cell cycle of 
gastric cancer cells. World J Gastroenterol 2022; 28(24): 2689-2704
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2689.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2689

INTRODUCTION
Gastric cancer (GC) has high rates of incidence and mortality worldwide, especially in Eastern Asia, 
Eastern Europe and Latin America[1]. In Brazil, it is the fourth most common cancer in men and the 
sixth most common in women[2]. Helicobacter pylori (H. pylori) is the main risk factor for the 
development of gastric neoplasms, since it is responsible for chronic inflammation in the gastric mucosa 
and for the GC progression cascade[3]. Consequently, it can trigger the host’s immune response, which 
leads to changes in the expression of genes related to inflammation, cell kinetic regulation and miRNAs
[4-6]. After infection by this bacterium, tumour necrosis factor-α (TNF-α) stands out among the 
mediators of inflammation and is considered to be a key mediator linking inflammation and cancer[7,8].

TNF-α is a pleiotropic proinflammatory cytokine that is important in the signalling and regulation of 
multiple cellular responses and processes, such as the production of other inflammatory cytokines, and 
cell communication, survival, proliferation and apoptosis[9]. These different functions are accomplished 
due to the ability of TNF-α to bind to TNFR1 (TNFRSF1A) or TNFR2 (TNFRSF1B) receptors, thus 
resulting in different cellular processes. Both receptors are transmembrane proteins, and although they 
are largely similar in terms of extracellular structure, their intracellular domains are different, and thus 
dictate the cellular fate for either survival or death. Though only TNFR1 has a death domain, the TNF-α 
signalling pathway triggered by this receptor is able to induce both cell survival and apoptosis, while 
TNFR2 results only in cell survival[10,11]. The signalling cascade after TNF-α/TNFR1 binding that 
results in cell survival starts with the recruitment of TRADD and is mediated by activation of nuclear 
factor-kappaB (NF-κB) and transcription of pro-survival and anti-apoptotic genes, such as cellular 
inhibitor of apoptosis proteins (cIAP), TRAF2 and cFLIP, and of inflammatory cytokines. However, this 
signal complex is transient; TNF-α rapidly dissociates from TNFR1 and binds to the Fas-associated 
death domain protein to form another signal complex, which coordinates downstream signalling of the 
caspase cascade and apoptosis. Conversely, as TNFR2 does not have a death domain, it induces long-
lasting NF-kB activation by recruiting existing cytoplasmic TRAF-2/cIAP-1/cIAP-2 complexes that can 
inhibit pro-apoptotic factors and maintain cell survival and proliferation[9-12].

https://www.wjgnet.com/1007-9327/full/v28/i24/2689.htm
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Regulation of signal transduction triggered by TNF-α requires a constant balance between the 
opposing functions of cell survival and cell death to maintain homeostasis. Thus, an imbalance in these 
processes due to changes in the expression of receptors, downstream genes, ligands and pro-/anti-
apoptotic mediators may support the tumorigenic process[13]. A recent study by our research group 
showed dysregulation in the TNF-α signalling pathway in GC samples with an upregulation of cell 
survival-related genes and of TNFR2 expression, thus suggesting a prominent protumor role by TNA-α
/TNFR2 binding in gastric neoplasm[14]. Furthermore, we showed through a miRNA:mRNA 
interaction network that this signalling pathway can be regulated by miRNAs. In addition, H. pylori 
infection was also associated with an increased expression of TNF-α mRNA and protein, and dysreg-
ulated miRNA expression in chronic gastritis patients. The expression pattern of these genes/miRNAs 
was normalized after treatment to eradicate bacteria, indicating that this pathogen influences the host’s 
inflammatory response in part by its action on miRNAs[6].

In accordance with our previous results, we thought it was important to evaluate the effect of 
silencing TNFR1 and TNFR2 receptors in an AGS gastric cell line after treatment with an H. pylori 
extract on TNF-α mRNA expression and on downstream genes related to its signalling pathway (
TRADD, TRAF2, CFLIP, NFKB1, NFKB2, CASP8 and CASP3). In addition, we also investigated the same 
miRNAs previously studied (miR-19a, miR-34a, miR-103a, miR-130a and miR-181c)[14], as well as the 
cell cycle and apoptosis. Overall, our results highlight the main role of the TNFR2 in TNF-α signalling in 
an AGS cell line, while treatment with H. pylori extract induces prosurvival gene expression mainly 
through TNFR1.

MATERIALS AND METHODS
Cell culture
AGS GC cells from the Cell Bank of Rio de Janeiro, Brazil (BCRJ code 0311) were incubated at 37 °C and 
5% CO2 in HAM-F10 medium (Cultilab, SP, Brazil) supplemented with 10% foetal bovine serum and 1× 
antibiotic/antimycotic (Gibco, Invitrogen Life Technologies, Carlsbad, CA, United States). The culture 
medium was replaced every two to three days. The HGC-27 GC cell line, provided by Dr Marcelo Lima 
Ribeiro (São Francisco University-USF, SP, Brazil), was also used in early experiments as an alternative 
line for follow-up experiments, and 293T cells of human embryonic kidney were provided by Dr Luisa 
Lina Villa (University of São Paulo–USP, SP, Brazil) for transfection experiments. The cells were 
maintained under the same conditions as the AGS cell line except for the culture medium, which was 
Dulbecco’s modified Eagle medium (Gibco, Invitrogen Life Technologies, Carlsbad, CA, United States). 
Stable shRNA-expressing cell lines with reduced expression of TNFR1 (called shTNFR1) and TNFR2 
(called shTNFR2) were kept in a similar culture medium to the nonsilenced AGS cells, and further 
supplemented with 0.5 μg/mL puromycin or 200 μg/mL G418, respectively.

Treatment with H. pylori extract
The previously described H. pylori Tox+ strain (cagA+/vacA s1m1) was grown in a selective medium 
(pylori-Gelose; BioMérieux, Marcy-l’Étoile, France) at 37 °C under microaerophilic conditions[15]. This 
strain is not resistant to any antibiotic used to treat H. pylori. H. pylori extract was prepared according to 
the protocol described by Li et al[16]. In brief, the H. pylori Tox+ strain was harvested and suspended in 
distilled water at a concentration of 2 × 108 CFU/mL. Next, the suspension was incubated at room 
temperature for 40 min and centrifuged at 20000 g for 20 min. The supernatant was filtered using a 0.2 
mm filter and stored at -20 °C until use. The extract was tested several times (4, 6 and 24 h) using 
differing H. pylori extract volumes (50, 100, 150 and 200 μL) to verify the best experimental conditions. 
Then, 2 × 105 nonsilenced AGS cells and AGS cells with downregulation of TNFR1 (shTNFR1) and 
TNFR2 (shTNFR2) were seeded in 12-well plates. After 48 h, the medium was replaced with 500 μL of 
HAM-F10 containing 30% v/v H. pylori extract or the same proportion of water (control). Cells were 
incubated with H. pylori extract for 6 h in an incubator at 37 °C. For all experiments, three temporally 
independent events were performed.

Cell viability assay
MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) assays (Sigma–Aldrich, St. Louis, 
MO, United States) were employed to evaluate the viability of silenced and nonsilenced AGS cells after 
different treatment conditions with H. pylori extract (times and H. pylori extract volumes). In summary, 
the culture medium was removed, and 300 μL of fresh medium containing 1 mg/mL MTT reagent was 
added to each well. After 30 min of incubation at 37 °C, the medium with MTT reagent was replaced by 
the same volume of dimethyl sulfoxide (DMSO) (Sigma–Aldrich, St. Louis, MO, United States). The 
absorbance at 540 nm was measured using a FLUOstar Omega spectrophotometer (BMG Labtech, 
Ortenberg, Germany).
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Transfection with shRNA
MISSION® Lentiviral Transduction Particles (Cat. SHCLNV, Sigma–Aldrich, St. Louis, MO, United 
States) were used to integrate shRNA into the genome of AGS cells to knockdown TNFR1 and TNFR2 
expression. Verified viral vectors were purchased from Sigma–Aldrich, and the standard manu-
facturer’s protocol was followed to generate the cell line. Stably transfected clones were selected by 
growing the cells in the presence of puromycin or G418, which acted as selection pressure (for TNFR1: 1 
μg/mL puromycin and for TNFR2: 400 μg/mL G418). Different plasmids containing shRNAs were used 
to generate clones, of which the one showing the best knockdown efficiency was used for all 
experiments. The sequence of the shRNA in the construct was CTTGAAGGAACTACTACTAAG for 
TNFR1 and GCCGGCTCAGAGAATACTATG for TNFR2. TNFR1 and TNFR2 levels were assessed by 
quantitative polymerase chain reaction (PCR) and Western blotting to verify the knockdown. Similar 
transfections were carried out with an empty vector (Sigma–Aldrich, St. Louis, MO, United States), 
which served as the transfection control.

Western blot analysis
Protein extraction was performed by lysis of nonsilenced AGS cells and AGS cells containing a shRNA 
or an empty vector with CelLyticTM MT Cell Lysis Reagent (Sigma–Aldrich, St. Louis, MO, United 
States). The lysis reaction was centrifuged at 12000 g for 10 min after a 15 min incubation. The protein 
concentration was determined using a PierceTM BCA Protein Assay kit (Thermo Scientific, 
Massachusetts, United States) according to the manufacturer’s protocol. Thirty micrograms of protein 
was separated on an 8%-12% sodium dodecyl sulphate-polyacrylamide gel by electrophoresis (120 min) 
and then transferred to PVDF or nitrocellulose membranes (MilliPore Corporation, Burlington, 
Massachusetts, EUA) using an Electrotransfer TE70XP system (Hoefer) for 80 min. Membranes were 
blocked with 5% nonfat dry milk for 60 min and were then incubated overnight at 4 °C with the 
following primary antibodies: Anti-TNFR1 (dilution 1:500) (Cell Signalling, Massachusetts, United 
States), anti-TNFR2 (dilution 1:5000) (Abcam Cambridge, United Kingdom) and anti-GAPDH (dilution 
1:30000) (Abcam, Cambridge, United Kingdom). After being washed, the membranes were incubated at 
room temperature under stirring with horseradish peroxidase-conjugated goat anti-rabbit (dilution 
1:2000) secondary antibodies (Abcam, Cambridge, United Kingdom). Bands were revealed by enhanced 
chemiluminescence, visualized in a ChemiDocTM Imaging System (BioRad, Hercules, California, United 
States) and quantified using Image Lab 6.0 Software (BioRad, Hercules, California, United States).

Quantification of mRNA and miRNA expression by RT–qPCR
After 6 h of incubation, the medium containing H. pylori extract or water was removed, and total RNA 
was extracted from AGS cells with a miRNeasy Micro Kit (Qiagen, Valencia, CA, United States) 
according to the manufacturer’s protocol. Complementary DNA (cDNA) for mRNA and miRNA was 
synthesized using a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, United 
States) and a TaqMan® MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, 
United States), respectively. Quantitative PCR (qPCR) was performed with TaqMan® assays (Applied 
Biosystems, California, United States) for the genes TNFA (Hs01113624_g1), TNFR1 (TNFRSF1A) 
(Hs01042313_m1), TNFR2 (TNFRSF1B) (Hs00961749_m1), TRADD (Hs00182558_m1), TRAF2 
(Hs00184192_m1) ,  CFLIP (CFLAR) (Hs00153439_m1) ,  NFKB1 (Hs 00765730_m1), NFKB2 
(Hs01028901_g1), CASP8 (Hs01116281_m1) and CASP3 (Hs00234387_m1) and for the target miRNAs 
hsa-miR-19a-3p (MIMAT0000073; ID 000395), hsa-miR-34a-3p (MIMAT0004557; ID 002316), hsa-miR-
103a-3p (MIMAT0000101; ID 000439), hsa-miR-130a-3p (MIMAT0000425; ID 000454) and hsa-miR-181c-
5p (MIMAT0000258; ID 000482) (Applied Biosystems, California, United States), as described in our 
previous study[14]. ACTB (Catalogue#: 4352935E) and GAPDH (Catalogue#: 4352934E) genes were used 
for normalization of mRNA quantification, while endogenous RNU6B (ID 001093) and RNU48 (ID 
001006) levels were used for miRNAs. All reactions were performed in triplicate. Relative quantification 
(RQ) of mRNA and miRNA expression was calculated by the 2(-∆∆Ct) method[17], and nonsilenced AGS 
without H. pylori extract treatment was used as a calibrator (AGS-C). RQ values are expressed as the 
mean ± SD of gene and miRNA expression for all experimental groups in relation to nonsilenced and 
untreated AGS, with RQ = 1.

Cell cycle analysis
The cell distribution at different phases of the cell cycle was estimated by measuring the cellular DNA 
content using flow cytometry. After incubation with H. pylori extract or water, nonsilenced AGS, 
shTNFR1 and shTNFR2 cell lines were harvested with trypsin and fixed in 70% ethanol at 4 °C for at 
least 24 h. Subsequently, the cells were washed, centrifuged and incubated with 200 μL of Guava® Cell 
Cycle Reagent (Merck Millipore, Burlington, Massachusetts, United States) for 30 min in the dark. Cell 
cycle distribution was measured by a Guava® EasyCyte Flow Cytometer and analysed with Guava® 
InCyte software (Merck Millipore, Burlington, Massachusetts, United States).

Apoptosis analysis
Apoptotic cell death was also measured by flow cytometry using a fluorescein isothiocyanate (FITC) 
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Annexin V Apoptosis Detection Kit (BD PharmingenTM; BD Biosciences, Franklin Lakes, NJ, United 
States) according to the modified manufacturer’s protocol. After treatment, adherent cells were 
harvested with Accutase® (Sigma–Aldrich, St. Louis, MO, United States) since this solution avoids 
membrane damage[18]. After this step, the cells were washed with cold phosphate-buffered saline, 
centrifuged, resuspended in 1× binding buffer and stained with 5 μL of Annexin V-FITC and 5 μL of 
propidium iodide (PI, 50 μg/mL) for 15 min at room temperature in the dark. The labelling of cells was 
evaluated using a flow cytometer and was analysed with Guava® InCyte software. From the scatter 
diagram and quadrant plotting, the results are presented as follows: Living cells (FITC-/PI-) located in 
the lower left quadrant, early apoptotic cells (FITC+/PI-) in the lower right quadrant and late apoptotic 
cells (FITC+/PI+) in the upper right quadrant.

Statistical analysis
Statistical analysis of the data was performed in GraphPad Prism Software version 6.01 using two-way 
ANOVA with Bonferroni post hoc test. The results are expressed as the mean ± SD from three 
experiments conducted independently. A P < 0.05 was considered statistically significant.

RESULTS
The AGS cell line treated with H. pylori extract expresses TNFA, TNFR1, and TNFR2 receptors
Initially, both AGS and HGC-27 cell lines were cultured to evaluate the mRNA expression levels of 
TNFA, TNFR1 and TNFR2 receptors by qPCR. The analyses showed that both cell lines expressed TNFA 
and TNFR1, but TNFR2 was expressed at lower levels in HGC-27 cells than it was in AGS cells 
(Supplementary Figure 1). The AGS cell line was chosen for additional experiments since it was not 
reasonable to use HGC-27 in the TNFR2 silencing experiments.

To standardize treatment conditions, several volumes of H. pylori extract (50, 100, 150 and 200 μL) 
were tested at different incubation times (4, 6 and 24 h) in the AGS cell line to establish the best 
conditions for inducing TNFA expression without reducing cell viability. The best results were obtained 
with an H. pylori extract concentration of 30% v/v (150 μL) at 6 h of incubation (Supplementary 
Figures 2 and 3). Under these conditions, there was an increase in TNFA expression (RQ = 3.59) without 
an impact on cell viability (98.9%).

The effect of TNFR1 and TNFR2 downregulation and treatment with H. pylori extract on TNF-α 
signalling downstream gene expression
The effect of TNFR1 and TNFR2 downregulation on GC cells was evaluated after transfection of the 
AGS cell line with two specific shRNAs targeting the genes, TNFR1 (called shTNFR1) and TNFR2 
(called shTNFR2), followed by antibiotic selection. RT–qPCR and Western blotting were used to 
evaluate the efficiency of silencing. Stable lines with the shRNAs exhibited a 59% reduction in TNFR1 
and a 63% reduction in TNFR2 protein expression (Figure 1).

Initially, we evaluated the effect of treatment with H. pylori extract on the expression of genes of the 
TNF-α signalling pathway in nonsilenced AGS cells. After H. pylori extract treatment (AGS-H. pylori 
extract), nonsilenced AGS cells showed significantly upregulated mRNA expression of TNFR1 and of 
anti-apoptotic and cell proliferation genes, such as CFLIP, NFKB1 and NFKB2 (Supplementa- 
ry Figure 4A), compared to the control (AGS-C). In addition, H. pylori extract treatment increased the 
mRNA expression of NFKB1 and NFKB2 in a TNFR1-downregulated cell line (shTNFR1-H. pylori 
extract), whereas the expression of TNFR2 and TRADD was reduced (Supplementary Figure 4B). On the 
other hand, the expression of the evaluated genes was not significantly changed by H. pylori extract 
treatment in the shTNFR2 cell line (Supplementary Figure 4C).

With regard to the influence of TNFR1 and TNFR2 downregulation on the expression of TNF-α 
signalling genes (Figure 2), a significantly downregulated mRNA expression of TNFR1 (RQ = 0.83 and 
1.03, respectively), TRADD (RQ = 0.60 and 0.41, respectively) and CFLIP (RQ = 1.25 and 1.36, 
respectively) was observed in shTNFR1-H. pylori extract and shTNFR2-H. pylori extract cells compared 
to that in AGS-H. pylori extract cells (RQ = 1.73, 0.98 and 2.09, respectively) (Figure 2B, D and F). 
Furthermore, TNFR2 (RQ = 0.27, P < 0.05), TRAF2 (RQ = 0.68, P < 0.05) and NFKB1 (RQ = 1.67, P < 0.05) 
were reduced in shTNFR2-H. pylori extract cells compared to AGS-H. pylori extract cells (RQ = 0.86, 1.29 
and 2.39, respectively) (Figure 2C, E and I). When we compared the nonsilenced and silenced AGS cell 
lines without H. pylori extract treatment (control-C), TNFR2 mRNA expression was increased in 
shTNFR1-C (RQ = 1.49) compared to AGS-C (RQ = 1.00) and reduced in shTNFR2-C (RQ = 0.50) 
compared to shTNFR1-C and AGS-C. Likewise, TRADD mRNA expression was downregulated in 
shTNFR2-C (RQ = 0.35) compared to the other control groups (AGS-C and shTNFR1-C). There was no 
significant change in TNFA, CASP3, CASP8 and NFKB2 mRNA expression.

In general, the downregulation of TNFR1 and TNFR2 significantly influenced the mRNA expression 
of TRADD (P < 0.001) and TRAF2 (P < 0.01), whereas the expression of TNFR1, TNFR2 and CFLIP was 
also affected by treatment with H. pylori extract (P < 0.01 for all). In contrast, only the H. pylori extract 
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Figure 1 The efficiency of TNFR1 and TNFR2 expression silencing in AGS cells. A and B: Expression levels of TNFR1 and TNFR2 mRNA evaluated 
by real-time reverse transcription-quantitative polymerase chain reaction; C and D: Protein expression of TNFR1 and TNFR2 evaluated by Western blotting. 
Downregulation of TNFR1 (A-C) and TNFR2 (B-D) was confirmed by the reduction in the expression of receptors TNFR1 and TNFR2 following treatment with 
shRNAs 2 and 4, respectively. AGS: Nonsilenced cell line; C: Control transfected with empty vector; 1 and 2: Different shRNA clones for TNFR1; 3 and 4: Different 
shRNA clones for TNFR2.

treatment contributed to the differences observed in NFKB1 and NFKB2 mRNA expression (P < 0.001 for 
both).

TNFR2 downregulation upregulates miR-19a and miR-34a expression
The expression of miRNAs miR-19a, miR-34a, miR-103a, miR-130a and miR-181c was evaluated in the 
AGS, shTNFR1 and shTNFR2 cell lines with and without H. pylori extract treatment (Figure 3 and 
Supplementary Figure 5). No significant change in the expression of these miRNAs was found in AGS 
and shTNFR1 cells regardless of H. pylori extract treatment. However, TNFR2 receptor downregulation 
resulted in a significant increase in the expression of miR-19a and miR-34a in shTNFR2-C cells (RQ = 
3.70 and 2.64, respectively) compared with that of the AGS-C (P < 0.01 and P < 0.001, respectively) and 
shTNFR1-C cells (P < 0.05 and P < 0.001, respectively) cells and in shTNFR2-H. pylori extract cells (RQ = 
3.89 and 1.69, respectively) compared to AGS-H. pylori extract (P < 0.01 and P < 0.05, respectively) and 
shTNFR1-H. pylori extract cells (P < 0.01 and P < 0.01, respectively) (Figure 3A and B).

TNFR2 downregulation promotes a reduction in G0/G1 phases and an increase in S phase
The effect of TNFR1 and TNFR2 downregulation after H. pylori extract treatment on cell cycle 
progression was evaluated by flow cytometry. Overall, H. pylori extract treatment did not affect the 
cellular distribution in the G0/G1, S and G2/M phases in nonsilenced AGS, shTNFR1 and shTNFR2 
cells (Supplementary Figure 6). However, TNFR2 downregulation significantly reduced the number of 
cells in G0/G1 phase regardless of H. pylori extract treatment and led to an increase in the number of 
cells in S and G2/M phases in shTNFR2-C cells compared to that of the AGS-C cells (Figure 4).

Downregulation of TNFR2 promotes early apoptosis
In addition, we also investigated the effect of partial TNFR1 and TNFR2 inhibition and H. pylori extract 
treatment on apoptosis, which was evaluated through Annexin-V and PI double staining by flow 
cytometry. Treatment with H. pylori extract did not induce changes in the rates of early and late 
apoptosis in the nonsilenced AGS and both silenced AGS cell lines compared to the respective untreated 
cell lines (Supplementary Figure 7). However, after H. pylori extract treatment, the percentage of early 
apoptotic cells was significantly higher in shTNFR2 cells (1.27%) than in AGS (0.56%) and shTNFR1 cells 
(0.52%), whereas the percentage of late apoptotic cells was significantly reduced after H. pylori extract 
treatment (Figure 5). Together with the cell cycle results, these data indicate a relationship between 
decreased cell quantity in the G0/G1 phase and increased early apoptosis as a result of TNFR2 
downregulation.

https://f6publishing.blob.core.windows.net/38db6cbf-3eef-4fd1-8e9e-1c37583c3925/WJG-28-2689-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/38db6cbf-3eef-4fd1-8e9e-1c37583c3925/WJG-28-2689-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/38db6cbf-3eef-4fd1-8e9e-1c37583c3925/WJG-28-2689-supplementary-material.pdf
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Figure 2 Relative expression of tumour necrosis factor-α signalling pathway genes. Expression levels of TNFA, TNFR1, TNFR2, TRADD, TRAF2, 
CFLIP, CASP8, CASP3, NFKB1 and NFKB2 mRNA in nonsilenced AGS, AGS with TNFR1 downregulation (shTNFR1), and AGS with TNFR2 downregulation 
(shTNFR2) either not treated (control) or treated with a Helicobacter pylori extract. A: TNFA; B: TNFR1; C: TNFR2; D: TRADD; E: TRAF2; F: CFLIP; G: CASP8; H: 
CASP3; I: NFKB1; J: NFKB2. Bars represent the mean ± SD from three independent trials. The dotted line indicates relative quantification: RQ = 1.0. Statistically 
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significant difference: aP < 0.05; bP < 0.01; cP < 0.001. eHP: Helicobacter pylori extract.

Figure 3 Relative expression of miRNAs related to the tumour necrosis factor-α pathway. Expression levels of miR-19a, miR-34a, miR-103a, miR-
130a and miR-181c in nonsilenced AGS, AGS with TNFR1 downregulation (shTNFR1), and AGS with TNFR2 downregulation (shTNFR2) either not treated (control) 
or treated with the Helicobacter pylori extract. A: miR-19a; B: miR-34a; C: miR-103a; D: miR-130a; E: miR-181c. Bars represent the mean ± SD from three 
independent trials. The dotted line indicates relative quantification: RQ = 1.0. Statistically significant difference: aP < 0.05; bP < 0.01; cP < 0.001. eHP: Helicobacter 
pylori extract.

DISCUSSION
TNFR1 and TNFR2 differ in their intracellular domains and cellular expression; thus, the role of each 
receptor in the TNF-α-triggered signalling pathway varies according to the pathological condition, 
activating different cellular processes, such as cell survival and apoptosis[10]. This is the first study to 
investigate the effect of TNFR1 and TNFR2 downregulation on AGS cells treated with H. pylori extract. 
Our results show that H. pylori extract treatment of nonsilenced AGS cells upregulated the mRNA 
expression of proliferation (NFKB1 and NFKB2) and antiapoptotic genes (CFLIP) by activating TNFR1. 
TNFR1 downregulation did not promote extensive changes in the expression of genes or miRNAs 
involved in the TNF-α signalling pathway or in cellular processes. In contrast, TNFR2 downregulation 
significantly decreased TRADD and TRAF2 mRNA expression, which may impair TNFR1-mediated 
TNF-α signalling, and increased miRNA expression, which promoted a block in the G1/S transition and 
an increase in early apoptosis.

H. pylori infection can deregulate the expression of several genes and miRNAs, as previously shown 
by our research group[6]. Recently, increased mRNA levels of TNFA and other proinflammatory 
mediators, such as interleukin (IL)-1β and IL-8, have been reported in an AGS cell line after infection by 
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Figure 4 Cell cycle distribution analysis. Number of cells in the G0/G1, S and G2/M phases of the cell cycle in nonsilenced AGS cells, cells with TNFR1 
downregulated (shTNFR1), and cells with TNFR2 downregulated (shTNFR2) without additional treatment (control) and those treated with the Helicobacter pylori 
extract. A: G0/G1; B: S; C: G2/M. Bars represent the mean ± SD from three independent trials. Statistically significant difference: aP < 0.05; bP < 0.01; cP < 0.001. 
eHP: Helicobacter pylori extract.

H. pylori[19]. Our results show high TNFR1 mRNA expression after H. pylori extract treatment in 
nonsilenced AGS cells, suggesting that H. pylori infection promotes activation of the TNFR1-mediated 
TNF-α signalling pathway in AGS cells, directing signal transduction to the cell survival pathway due to 
the increased expression of NFKB1, NFKB2 and CFLIP (Figure 6A). In agreement with this finding, 
previous studies showed that H. pylori activates NF-κB in a manner dependent on the bacterial cell 
number[20] due to significant IκB-α degradation[21], resulting in the induction of anti-apoptotic gene 
transcription, such as CFLIP transcription[22]. Therefore, our results indicate that H. pylori extract also 
induces cell survival and inflammation due to TNFR1-mediated TNF-α signalling, which leads to NF-κB 
activation and the consequent production of antiapoptotic mediators, such as cFLIP.

TNFR1 downregulation resulted in a significant increase in TNFR2 mRNA expression in nontreated 
AGS cells, while a decrease in the expression of TRADD and CFLIP mRNA was observed in cells treated 
with H. pylori extract, although no change was observed in apoptosis and cell cycle assays (Figure 6B). 
In oesophageal carcinoma cells treated with TNFR1-siRNA, Changhui et al[23] demonstrated an increase 
in cell proliferation and a reduction in apoptosis rate after 24 h of transfection, and the cell proliferation 
level was time-dependent[19]. The present study, when evaluated together with the results of H. pylori 
extract, suggests that the assays of cellular processes after 6 h of treatment may have been insufficient in 
shTNFR1 and nonsilenced AGS cells. Wan et al[24] showed that AGS cell coculture with H. pylori 
inhibited apoptosis and increased viability through upregulation of TRAF1, which was triggered by NF-
κB activation. However, the peak of TRAF1 expression occurred after 12 h of infection, and its effect on 
cell viability started only after 24 h. Therefore, the role of TNFR1 downregulation in GC cell lines still 
needs to be further investigated.

Conversely, the downregulation of TNFR2 expression significantly decreased the expression of two 
important mediators of the TNFR1-mediated signalling pathway, TRAF2 and TRADD, in addition to 
NFKB1, CFLIP and TNFR1 expression. Moreover, there was an increase in early apoptosis, with 
concomitant G1/S transition phase arrest (Figure 6C). These results agree with those previously 
reported by our group in GC patient samples, in which we found upregulation of TNF/TNFR2 and 
cellular survival genes such as TRAF2, CFLIP, and NFKB2 and downregulation of TNFR1 and CASP3
[14], thus emphasizing the important role of TNFR2 in gastric carcinogenesis and TNFR2 silencing as a 
promising strategy for anticancer therapy[25].

TRADD is an essential adaptor protein that functions in TNFR1-mediated apoptotic signalling under 
physiological conditions[26]. However, the dependence of this mediator seems to be cell-type specific
[27], as TRADD knockout mice were resistant to TNFR1-induced toxicity in a hepatitis model[28]. 
However, this pathway was not completely impaired in macrophages deprived of TRADD[27]. 
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Figure 5 Apoptosis distribution analysis in nonsilenced AGS cells, cells with TNFR1 downregulated (shTNFR1), and cells with TNFR2 
downregulated (shTNFR2). A: Cells without additional treatment (control); B: Cells treated with the Helicobacter pylori extract; A and B: Representative images 
of the cell distribution and percentage in the different quadrants indicating viable cells (Annexin V-/PI-) in the lower left, early apoptotic cells (Annexin V+/PI-) in the 
lower right and late apoptotic cells (Annexin V+/PI+) in the upper right; C and D: Histogram bars represent the mean ± SD from three independent trials for early (C) 
and late (D) apoptosis. Statistically significant difference: aP < 0.05; bP < 0.01. eHP: Helicobacter pylori extract.

Therefore, apoptosis can occur even with reduced expression of TRADD, as observed in the present 
study after TNFR2 downregulation. In turn, TRADD inhibition reduces NF-κB activation[12], impairing 
the transcription of anti-apoptotic genes, such as TRAF2 and CFLIP, as observed in this study.

As mentioned, shTNFR2 cells also exhibited reduced expression of TRAF2. This protein has an 
essential role in signal transduction and is triggered by both TNFR1 and TNFR2, suggesting the 
existence of crosstalk between them[29], which influences the signalling outcome after TNF binding
[30]. TRAF2 recruits cIAP1 and cIAP2 after interaction with these receptors, thereby triggering nuclear 
translocation of NF-κB[30]. Therefore, TRAF2 is a negative regulator of TNF-induced apoptosis[30], and 
the use of this protein after TNFR2 activation results in TNFR1-induced apoptosis to the detriment of 
proliferation[25]. Therefore, a decrease in TRAF2 expression favours TNFR1-mediated apoptosis, 
contributing to the increase in the percentage of early apoptotic cells after TNFR2 downregulation.
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Figure 6 Schematic comparison of the tumour necrosis factor-α signalling pathway and cell fate in nonsilenced AGS, shTNFR1 and 
shTNFR2 cells with downregulation after treatment with Helicobacter pylori extract. After the tumour necrosis factor (TNF)-α/TNFR1 interaction, 
TRADD, RIP1, TRAF2 and cellular inhibitor of apoptosis proteins are recruited, which results in nuclear factor-kappaB (NF-κB) activation and transcription of 
prosurvival and antiapoptotic genes, such as CFLIP, that inhibit the activity of the death-inducing signalling complex, which is formed after dissociation between 
TRADD and TNFR1. As with TNFR1, TNFR2 stimulation leads to NF-κB activation and cell survival; A: Treatment with Helicobacter pylori (H. pylori) extract resulted 
in increased expression of TNFR1, NFKB1, NFKB2 and CFLIP mRNAs in nonsilenced AGS cells. Therefore, the cell survival pathway is activated due to NF-kB 
activation (red ellipse) through the TNFR1-TNF signalling pathway with consequent production of the antiapoptotic CFLIP; B: In shTNFR1-H. pylori extract cells, 
TNFR1 downregulation resulted in decreased expression of TRADD and CFLIP mRNAs; however, it did not change cell fate; C: In shTNFR2-H. pylori extract cells, 
TNFR2 downregulation decreased the expression of TRAF2 and TRADD, decreased NFKB1, CFLIP and TNFR1 expression, and upregulated miR-19a and miR-34a. 
This led to an increase in apoptosis, impairing cell survival due to arrest in the G1/S transition phase.

Moreover, we found that TNFR2 downregulation also promoted a decrease in the ratio of cells in the 
G0/G1 phase and an increase the ratio of cells in the S and G2/M phases, suggesting that TNFR2 
inhibition may delay cell cycle progression and arrest cells at the G1/S transition[31]. These changes in 
the cell cycle could also be related to the DNA damage response[32], leading cells to early apoptosis, as 
seen in our results. Recent studies have shown increased expression of genes related to the response to 
DNA damage and repair, such as APE1, H2AX and PARP-1, in GC samples, thus possibly influencing 
the survival of tumour cells[33,34]. Yang et al[35] demonstrated that TNFR2 enhances DNA damage 
repair by regulating PARP expression in breast cancer cells. Furthermore, they showed that TNFR2 
silencing led to an increase in pH2AX, which is a DNA damage marker.

Based on the function of each receptor and the existence of crosstalk between them, it is possible that 
the simultaneous inhibition of both TNFR1 and TNFR2 may have a greater antitumor effect on GC than 
the downregulation of TNFR2 alone. Furthermore, TNF-α and its receptors, in addition to being 
expressed by tumour cells, are also expressed by cells present in the tumour microenvironment as 
immune cells[36]. Oshima et al[8] demonstrated that the stimulation of TNFR1-mediated TNF-α 
signalling in cells in the tumour microenvironment promoted gastric tumorigenesis through the 
induction of tumour-promoting factors (Noxo1 and Gna14) in tumour epithelial cells, highlighting the 
importance of the tumour microenvironment[37] and the need for in vivo studies.

Furthermore, considering the important role of miRNAs in the development of cancer, as they act as 
regulators of signalling pathways and are consequently involved in various cellular processes, we also 
evaluated the expression of miRNAs miR-19a, miR-34a, miR-103a, miR-130a and miR-181c. These 
miRNAs were chosen from data analysis publishedin public databases[38-42] and due to their 
interaction with TNF-α pathway genes, as observed in our recent study[14]. Regardless of H. pylori 
extract treatment, shTNFR1 and nonsilenced AGS cells did not dysregulate miRNA expression. 
However, TNFR2 downregulation caused an upregulation of miR-19a and miR-34a (Figure 3A and B).

MiR-34a is dysregulated in different types of cancer and is linked to the proliferation, differentiation, 
migration, invasion, treatment, and prognosis of cancer[43]. Although most studies suggest a tumour-
suppressor role for miR-34a[44-46], we recently observed overexpression of this miRNA in GC samples
[14], thus also indicating its oncogenic action. In contrast, in both AGS and BGC-823 cell lines, an 
upregulation of this miRNA inhibited proliferative and migratory abilities in sevoflurane-induced GC 
cells, whereas in vivo knockdown of miR-34a stimulated tumour growth, indicating its action as a 
tumour suppressor in the AGS cell line[47]. In addition, stable transfection of pre-mir-34a in KatoII cells 
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increased the percentage of apoptotic cells and reduced the proliferation rate, suggesting that its high 
expression promotes apoptosis[48]. In the present study, upregulation of this miRNA in shTNFR2 cells 
suggests that miR-34a expression can be modulated by TNFR2-mediated TNF-α signalling and is able to 
exert an anti-proliferative and pro-apoptotic effect. Similarly, miR-19a was overexpressed in the 
shTNFR2 cell line, indicating that miR-19a and TNFR2 are related to each other in GC. miR-19a has a 
known oncogenic function in various kinds of cancer[49], with TNFA, TNFR1 and TNFR2 being its 
validated targets[38,39,50]. However, miR19a may play a tumour-suppressive role, as reported in 
prostate cancer, by suppressing invasion and migration in bone metastasis[51], and in rectal cancer cells, 
by inducing apoptosis[52]. For both miRNAs, functional studies are needed to assess what targets the 
miRNAs are related to with respect to TNF-α signalling in GC.

The other miRNAs evaluated (miR-103a, miR-130a and miR-181c) were not dysregulated in the AGS 
cell line. Although different studies have shown the involvement of these miRNAs in gastric neoplasms
[53-55], their pro- or antitumor roles are still controversial. This is due to the influence of several factors 
in the regulation of gene expression, such as the stage of tumour development and the presence or 
absence of infectious agents[6].

CONCLUSION
In conclusion, based on our results, shRNA-mediated downregulation of TNFR2 in AGS cells was able 
to reduce the expression of pro-survival and anti-apoptotic genes, in addition to affecting miRNA 
expression, the cell cycle, and promoter apoptosis. The blocking of TNFR2 expression may cause 
antitumor effects, suggesting possible targets for future studies into therapeutic strategies for treating 
GC. Furthermore, the H. pylori extract increased the expression of prosurvival genes, mainly through 
TNFR1-mediated TNF-α signalling, thus emphasizing the role of bacterial infection in promoting GC 
progression.

ARTICLE HIGHLIGHTS
Research background
The tumour necrosis factor-α (TNF-α) signalling pathway triggered by TNFR1 and TNFR2 controls 
several biological processes, influencing cell fate. Thus, the deregulation of this pathway to cause an 
imbalance between the processes of cell survival and death may contribute to the tumorigenic process. 
This variety of functions is exercised by the ability of TNF-α to bind to TNFR1 or TNFR2, which results 
in different cellular processes. Both receptors are transmembrane proteins and are largely similar in 
extracellular structure, but their intracellular domains are different, and dictate the cellular fate for 
either survival or death. Since only TNFR1 has a death domain, the TNF-α signalling pathway triggered 
by TNFR1 is able to induce both cell survival and apoptosis, whereas TNFR2 results only in cell 
survival. The TNF-α signalling pathway also modulates the immune response and inflammation, so 
deregulation of this pathway has been implicated in inflammatory diseases and cancer. Therefore, 
studies are needed to better understand the relationships of this signalling network via TNFR1 and 
TNFR2 and its protumorigenic or antitumorigenic effects.

Research motivation
We proposed the present study based on our previous studies, which showed deregulation in the 
expression of genes and miRNAs of the TNF-α signalling pathway and its receptors TNFR1 and TNFR2 
in fresh tissues of chronic gastritis and gastric cancer (GC) patients. Therefore, we decided to evaluate 
the effect of silencing TNFR1 and TNFR2 on GC cell lines.

Research objectives
According to the role of TNFR1 and TNFR2 in cellular responses triggered by TNF-α, and considering 
that studies addressing the role of these receptors in gastric neoplasm are limited and inconclusive, we 
proposed to couple the silencing of TNFR1 and TNFR2 receptors in an AGS gastric cell line and the 
treatment with Helicobacter pylori (H. pylori) extract to determine the effects on TNF-α mRNA expression 
and on downstream genes related to its signalling pathway. Moreover, we also investigated previously 
studied miRNAs that target genes in the TNF-α pathway to jointly determine their influence on the cell 
cycle and apoptosis.

Research methods
Stable AGS GC cells containing TNFR1 and TNFR2 receptors downregulated by specific shRNAs and 
nonsilenced cell lines were treated with 30% v/v H. pylori extract [H. pylori Tox+ strain (cagA+/vacA 
s1m1)] for 6 h. After silencing, TNFR1 and TNFR2 levels were assessed by quantitative polymerase 
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chain reaction (qPCR) and Western blotting to confirm the knockdown effect. Subsequently, mRNA and 
miRNAs were quantified by qPCR using TaqMan gene and miRNA expression assays. The MTT assay 
was employed to evaluate the viability of silenced and nonsilenced AGS cells after different treatment 
conditions with H. pylori extract, and flow cytometry was used for cell cycle analysis and apoptosis.

Research results
Our results showed that H. pylori extract treatment increased the expression of genes involved in cell 
survival (NFKB1 and NFKB2) and inhibited apoptosis (CFLIP) and TNFR1 in nonsilenced AGS cells. 
TNFR1 downregulation significantly decreased the expression of the TRADD and CFLIP genes; 
however, no change in the cell cycle, apoptosis or miRNA levels was observed. In turn, TNFR2 
downregulation decreased the expression of the TRADD and TRAF2 genes, which are both important 
downstream mediators of the TNFR1-mediated pathway, as well as the NFKB1 and CFLIP genes, while 
upregulating the expression of miR-19a and miR-34a. Consequently, there was a decrease in the ratio of 
cells in the G0/G1 phase and an increase in cells in the S phase, as well as the promotion of early 
apoptosis.

Research conclusions
Our findings highlight that treatment with H. pylori extract increased the expression of pro-survival 
genes, mainly through TNFR1-mediated TNF-α signalling, emphasizing the role of bacterial infection in 
promoting GC progression. In the AGS cell line, TNFR1 and TNFR2 downregulation decreased the 
expression of prosurvival and antiapoptotic genes and affected miRNA expression and cellular 
processes, such as the cell cycle and apoptosis, emphasizing that shRNA-mediated downregulation of 
these receptors can have an antitumor effect.

Research perspectives
According to our results, we can mainly highlight the important role of TNFR2 in the TNF-α pathway in 
GC, indicating that silencing TNFR2 can reduce the expression of survival and anti-apoptotic genes. 
Thus, blocking this receptor may result in antitumor effects, suggesting possible targets for future in vivo 
studies into therapeutic strategies for treating GC.
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Abstract
BACKGROUND 
Stool DNA (sDNA) methylation analysis is a promising, noninvasive approach for 
colorectal cancer screening; however, reliable biomarkers for detecting early-stage 
colon cancer (ECC) are lacking, particularly in the Chinese population.

AIM 
To identify a novel stool-based assay that can improve the effectiveness of ECC 
screening.

METHODS 
A blinded case-control study was performed using archived stool samples from 
125 ECC patients, and 125 control subjects with normal colonoscopy. The cohort 
was randomly divided into training and test sets at a 1.5:1 ratio. Targeted bisulfite 
sequencing (TBSeq) was conducted on five pairs of preoperative and postop-
erative sDNA samples from ECC patients to identify DNA methylation 
biomarkers, which were validated using pyrosequencing. By logistic regression 
analysis, a multiplex stool-based assay was developed in the training set, and the 
detection performance was further assessed in the test set and combined set. The 
χ2 test was used to investigate the association of detection sensitivity with clinico-
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pathological features.

RESULTS 
Following TBSeq, three hypermethylated cytosine-guanine sites were selected as biomarkers, 
including paired box 8, Ras-association domain family 1 and secreted frizzled-related protein 2, 
which differed between the groups and were involved in important cancer pathways. An sDNA 
panel containing the three biomarkers was constructed with a logistic model. Receiver operating 
characteristic (ROC) analysis revealed that this panel was superior to the fecal immunochemical 
test (FIT) or serum carcinoembryonic antigen for the detection of ECC. We further found that the 
combination of the sDNA panel with FIT could improve the screening effectiveness. In the 
combined set, the sensitivity, specificity and area under the ROC curve for this multiplex assay 
were 80.0%, 93.6% and 0.918, respectively, and the performance remained excellent in the 
subgroup analysis by tumor stage. In addition, the detection sensitivity did not differ with tumor 
site, tumor stage, histological differentiation, age or sex, but was significantly higher in T4 than in 
T1-3 stage tumors (P = 0.041).

CONCLUSION 
We identified a novel multiplex stool-based assay combining sDNA methylation biomarkers and 
FIT, which could detect ECC with high sensitivity and specificity throughout the colon, showing a 
promising application perspective.

Key Words: Colon cancer; Early screening; Stool biomarker; DNA methylation; Fecal immunochemical test
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Core Tip: Stool DNA (sDNA) methylation analysis has a promising application in the early diagnosis of 
colorectal cancer. However, reliable biomarkers for detecting early-stage colon cancer (ECC) are lacking. 
In this study, by targeted bisulfite sequencing, we identified a novel multiplex stool-based assay 
combining three sDNA methylation biomarkers and fecal immunochemical test. Further validation in 
larger samples by pyrosequencing showed that it enabled the diagnosis of ECC with high sensitivity and 
specificity throughout the colon. To our knowledge, this is the first study to focus on ECC screening in 
China.

Citation: Jiang HH, Xing SW, Tang X, Chen Y, Lin K, He LW, Lin MB, Tang EJ. Novel multiplex stool-based 
assay for the detection of early-stage colon cancer in a Chinese population. World J Gastroenterol 2022; 28(24): 
2705-2732
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2705.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2705

INTRODUCTION
Colorectal cancer (CRC) has emerged as a major public health issue in China, with 521400 new cases and 
248000 deaths occurring in 2018[1]. The incidence of colon cancer has increased significantly in the past 
decades, with a trend in younger patients, and most cases are in advanced stages at initial diagnosis[2]. 
Early screening is the key to improving survival and reducing morbidity[3]. Compared with the high 
positive rate of rectal palpation in rectal cancer, colonoscopy is currently the main tool and gold 
standard for detecting colon cancer, but is invasive, costly and poorly tolerated[4]. The fecal immuno-
chemical test (FIT), computed tomography (CT) colonography and blood tumor markers, such as serum 
carcinoembryonic antigen (CEA), provide relatively noninvasive and painless methods, but their 
sensitivity for detecting early-stage colon cancer (ECC) is limited[5,6]. Thus, the identification of novel 
biomarkers that are highly specific, sensitive, and noninvasive is urgently needed for the screening of 
ECC.

CRC development is characterized by the progressive accumulation of genetic and epigenetic 
alterations that transform colonic epithelial cells into adenocarcinoma cells[7,8]. These cells are 
continuously shed into the colonic lumen and mixed with stool[9]. Moreover, the molecular changes 
caused by CRC tumorigenesis are reportedly present in the stool earlier than in the blood[10]. Hence, 
detecting aberrant DNA methylation in stool DNA (sDNA) has been proposed as a promising 
noninvasive alternative for CRC screening. To date, a number of sDNA methylation biomarkers have 
been reported for the detection of different stages of CRC, including secreted frizzled-related protein 2 

https://www.wjgnet.com/1007-9327/full/v28/i24/2705.htm
https://dx.doi.org/10.3748/wjg.v28.i24.2705
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(SFRP2), N-myc downstream-regulated gene 4 (NDRG4), ventralis intermedius, COL4A2 and GATA4
[11]. Further studies revealed that the combination of multiple biomarkers contributed to a higher 
diagnostic accuracy than a single biomarker[12]. For instance, a multitarget sDNA test Cologuard, 
combining NDRG4 and BMP3 methylation, Kirsten rat sarcoma mutations, β-actin and a hemoglobin 
assay, has been approved for average-risk CRC screening by the US Food and Drug Administration and 
is now available clinically[13]. However, the reported sensitivity and specificity of the same sDNA 
methylation biomarker varied greatly among studies, due to the different study populations (mainly the 
ethnic, geographic and dietary differences), inclusion criteria and levels of examination[14,15]. 
Moreover, few studies have focused on the sDNA screening test for ECC, especially in the Chinese 
population.

In this study, using targeted bisulfite sequencing (TBSeq), we identified a novel panel of sDNA 
methylation biomarkers for ECC detection, which was validated in a training and test design with 
pyrosequencing (PSQ). We further investigated the detection performance of the sDNA panel 
combining conventional screening methods, and assessed the effects of clinical covariates on test 
performance. To our knowledge, this is the first work to focus on ECC screening in China.

MATERIALS AND METHODS
Study design and study population
Between November 2018 and June 2020, a single-center, case-control study was performed at Yangpu 
Hospital Affiliated to Tongji University, using archived stool samples from 125 patients with sporadic 
ECC and 125 individuals with normal colonoscopy results. The diagnosis of stage I and II colon cancer 
was histologically confirmed after surgery. All subjects were of Han race living in Shanghai, and the 
inclusion of patients and controls was carried out to achieve a good match in terms of age and sex. 
Those who had a history of digestive cancer, inflammatory bowel disease or familial adenomatous 
polyposis, or an unconfirmed diagnosis were excluded. In addition, clinical information including 
tumor site, histological differentiation, tumor stage and preoperative serum CEA level was abstracted 
from medical records. These participants were randomly divided into training and test sets with a 
sample size ratio of 1.5:1. All subjects provided written informed consent, and this study was approved 
by the Ethical Committee and Institutional Review Board of our hospital (LL-2018-SCI-003). This study 
was registered at the Chinese Clinical Trial Registry (ChiCTR1800019552). The study design consisted of 
three stages: Biomarker selection, biomarker validation and model evaluation, as shown in Figure 1.

Sample collection and processing
All participants were required to undergo screening colonoscopy and provide a fresh stool sample 
before bowel purgation. In addition, 20 randomly selected ECC patients (6 stage I and 14 stage II cases) 
were asked to provide stool samples at six months after radical surgery with no tumor recurrence. One 
part of the stool sample was used for FIT (FASURE; NewScen Coast, China), and the result was 
evaluated at the manufacturer’s recommended positivity cut-off of 200 ng hemoglobin/mL buffer. The 
other part (minimum 50 g) was immediately extracted or stored at -80 °C for further use, sDNA was 
extracted with a QIAamp DNA Fast Stool Mini Kit (Qiagen, Germany), and the quality and concen-
tration were determined by spectrophotometry (NanoDrop 2000; Thermo-Fisher Scientific, United 
States). Among the 20 pairs of preoperative and postoperative sDNA samples, five pairs (2 stage I and 3 
stage II cases) were randomly selected for biomarker identification using TBSeq and named cancer 
sample group (CSG) and healthy sample group (HSG), respectively.

TBSeq
We used CATCH-Seq target enrichment technology (Novogene, China) to perform bisulfite sequencing, 
to evaluate 23441 [cytosine-guanine (CpG) islands] (CGIs) (about 83% of the 28226 CGIs in the human 
genome) and the promoter regions of 19369 RefSeq genes (within 2 kb before the transcription start site)
[16,17]. Briefly, according to the manufacturer’s protocol, genomic DNA (1 μg) was fragmented into 200-
300 bp fragments using a Covaris S220 (Covarias, United States). The DNA fragments were then 
sheared, end-repaired and dephosphorylated. The blunt fragments were subsequently A-tailed and 
ligated to sequencing adaptors that were synthesized with 5’-methylcytosine instead of 5’-cytosine and 
index sequences. Following the liquid hybridization capture procedure, the target enriched library was 
bisulfite-converted (EZ DNA Methylation Kit; Zymo Research, United States) and then amplified by 
polymerase chain reaction (PCR). After quantification and quality control, sequencing was performed 
on an Illumina Hiseq 2500 platform (Illumina, United States).

Analysis of sequencing data
Preprocessing included quality control using FastQC, adapter trimming using cutadapt, and read 
alignment and methylation calling using Bismark with Bowtie2 (hg19/GRCh37). The coverage depth of 
each base and CpG site was calculated, and the results were filtered by criteria of at least 5X coverage. 
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Figure 1 Flow diagram of the study design. Candidate methylation biomarkers were selected by targeted bisulfite sequencing and then validated using 
pyrosequencing. At last, a diagnostic model was constructed and evaluated. CSG: Cancer sample group; HSG: Healthy sample group; DMRs: Differentially 
methylated regions; DMSs: Differentially methylated sites; ROC: Receiver operating characteristic; sDNA: Stool DNA; FIT: Fecal immunochemical test; PAX8: Paired 
box 8; RASSF1: Ras-association domain family 1; SFRP2: Secreted frizzled-related protein 2; CpG: Cytosine-guanine; ECC: Early-stage colon cancer.

The CpG sites that were located on the Y chromosome and overlapped with single nucleotide 
polymorphisms (SNPs) registered in the SNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/) 
were excluded from the analysis. For the methylated sites, the methylation level was calculated using 
the formula: ML = mC/(mC + umC), where ML represents the methylation level, and mC and umC 
represent the number of methylated and unmethylated C-sites, respectively. Methylation levels of the 
specified functional regions including CGI, CGI shore (0-2 kb from CGI), CGI shelf (2-4 kb from CGI), 
promoter, 5’ untranslated regions (UTR), 3’UTR and exon, were summarized to show the distribution
[18]. Methylation density was defined as the percentage of methylated CpG sites among all CpG sites 
within the given region.

In-house scripts were used to identify a differentially methylated site (DMS) by Fisher’s exact test 
with false discovery rate correction. Statistical significance for DMS between the two groups was 
determined if the adjusted P value < 0.05 and the difference in methylation level > 0.25. A differentially 
methylated region (DMR) was identified by swDMR software (http://122.228.158.106/swDMR/) using 
the sliding-window approach, in which the window was set to 1000 bp and the step length was 100 bp. 
The DMR should contain at least two CpG sites (all sites are hypermethylated or hypomethylated), and 
the distance between the adjacent CpG sites was < 100 bp. In addition, the DMRs with an adjusted P 
value < 0.05 and a difference in methylation level > 0.1 were considered candidate DMRs.

Biomarker selection
By comparing the methylation status between the CSG and HSG, 7458 DMRs were obtained based on 
the above standards. To strengthen the robustness of the candidate biomarker, the DMRs located far 
from CGIs and promoter regions were filtered out. Moreover, to reduce the noise due to sample hetero-
geneity, it was essential to select biomarkers that had greater methylation difference between groups (P 
> 0.35) and that were significantly enriched in well-established cancer pathways (adjusted P < 0.05). In 
total, 58 target DMRs were selected, and each DMR contained at least two significant DMSs. According 
to the guanine-cytosine percent, primer lengths, amplicon lengths, predicted melting temperatures and 
the number of SNPs in the primers, the score representing the difficulty levels for all the candidate 

http://www.ncbi.nlm.nih.gov/projects/SNP/
http://122.228.158.106/swDMR/
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Table 1 Primers for pyrosequencing of three DNA methylation biomarkers

Target 
gene Primer Sequence Size 

(bp) Target DMS

Forward 5’-GGGGGTTAGGGGATTTTGATTATA-3’ 166

Reverse Biotin-5’-ATCTCATACCCTTCTCCTAAATTTATAC-3’

PAX8

Sequencing 5’-ATGGAGTTGTGAGGT-3’

chr2:114035984; 114035988; 114035995; 114035998; 
114036006

Forward 5’-TTTATTTATTGGGTGGGGTAGGA-3’ 141

Reverse Biotin-5’-CCTCAAAATCACCATCCAACCTCTAC-3’

RASSF1

Sequencing 5’-GGGAGATAGGTTAGTAGTTTTA-3’

chr3:50378714; 50378718

Forward 5’-GATTAGGGATAATTAGGTAAAAGGAGTT-3’ 166 chr4:154711281; 154711305

Reverse Biotin-5’-ATTCATCCCCTACCTACCAAAAAACACC-
3’

SFRP2

Sequencing 5’-AGTTAGAGATATTAGATTTTAGG-3’

PAX8: Paired box 8; RASSF1: Ras-association domain family 1; SFRP2: Secreted frizzled-related protein 2; DMS: Differentially methylated site.

Figure 2 DNA methylation analysis by targeted bisulfite sequencing. A: Principal component analysis of the methylation profiles between cancer 
sample group (CSG) and healthy sample group (HSG); B: Comparison of methylation density between CSG and HSG; C: Comparison of methylation level distribution 
between CSG and HSG. CSG: Cancer sample group; HSG: Healthy sample group; PC: Principal component.

regions was obtained. Finally, we selected the top three target CpG regions with the best chance of 
being amplified and conducted in the PSQ assay, and removed the other candidate regions for further 
validation.
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Table 2 Clinicopathological features of the early-stage colon cancer patients enrolled in this study, n (%)

Variable Total (n = 125) Training set (n = 75) Test set (n = 50)
Age (yr) 69 (range, 48-94) 68 (range, 51-94) 70 (range, 48-88)

Sex

Male 66 (52.8) 39 (52.0) 27 (54.0)

Female 59 (47.2) 36 (48.0) 23 (46.0)

Serum CEA (≥ 5 ng/mL)

Positive 37 (29.6) 21 (28.0) 16 (32.0)

Negative 88 (70.4) 54 (72.0) 34 (68.0)

FIT (≥ 200 ng/mL)

Positive 78 (62.4) 48 (64.0) 30 (60.0)

Negative 47 (37.6) 27 (36.0) 20 (40.0)

Tumor site

Proximal 64 (51.2) 36 (48.0) 28 (56.0)

Distal 61 (48.8) 39 (52.0) 22 (44.0)

TNM stage

I 47 (37.6) 30 (40.0) 17 (34.0)

II 78 (62.4) 45 (60.0) 33 (66.0)

T stage

T1-3 71 (56.8) 44 (58.7) 27 (54.0)

T4 54 (43.2) 31 (41.3) 23 (46.0)

Histological differentiation

Well/moderately 98 (78.4) 60 (80.0) 38 (76.0)

Poorly 27 (21.6) 15 (20.0) 12 (24.0)

CEA: Carcinoembryonic antigen; FIT: Fecal immunochemical test; TNM: Tumor-node-metastasis.

PSQ
To measure the methylation levels of the three target CpG regions in the 250 stool samples, PSQ was 
conducted (Oebiotech, China) without knowledge of either the clinical diagnosis or FIT result, sDNA 
extraction and bisulfite conversion were performed as previously described[19]. The PSQ primers were 
designed to amplify two to five CpG sites in target sequences using PyroMark Assay Design software 
(Qiagen, Germany). Primer sequences were listed in Table 1. For methylation-specific PCR (MSP), 50 ng 
of bisulfite modified DNA was amplified in a 25 μL reaction. The cycling conditions were recommended 
by the manufacturer and were as follows: A denaturing step of 15 min at 95 °C, then 45 cycles at 94 °C 
for 30 s, 56 °C for 30 s and 72 °C for 30 s, and a final elongation step of 10 min at 72 °C. PSQ was 
performed on a PSQ HS96A instrument according to the manufacturer’s guidelines using PyroMark 
Gold Q96 Reagents (Qiagen, Germany). The methylation index of each gene in each sample was 
calculated as the mean percentage of mC for all examined CpGs in target regions. All experiments 
included a negative control without a template[19].

Diagnostic model building
Based on the PSQ results, a logistic regression model was developed to define a linear combination of 
variables that optimized the discrimination between ECC patients and healthy controls. The modeling 
strategy consisted of age, sex, FIT, preoperative CEA level and sDNA methylation biomarkers in a base 
model and adding quadratic and pairwise interactions of these variables using backward selection with 
P < 0.05 for retention. The formula was as follows: Y = β0 + β1X1 + β2X2 + … + βnXn where X 
represented the exploratory variable[20]. The linear discriminant score with the corresponding cut-off 
value was then applied to the study population. Receiver operating characteristic (ROC) analysis was 
applied to compare the accuracy of nested logistic models and to investigate the added value of each 
variable.
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Table 3 Diagnostic sensitivity, specificity and area under the receiver operating characteristic curve for various indexes

Study population Index Sensitivity (%) Specificity (%) AUC (95%CI)

Training set Serum CEA 28.0 100.0 0.640 (0.551-0.729)

FIT 64.0 96.0 0.800 (0.726-0.874)

PAX8_P4 76.0 77.3 0.810 (0.741-0.880)

RASSF1_P1 50.7 93.3 0.782 (0.709-0.854)

SFRP2_P1 50.7 86.7 0.697 (0.612-0.782)

sDNA panel 82.7 77.3 0.866 (0.810-0.923)

(n = 150 subjects)

sDNA panel + FIT 86.7 86.7 0.924 (0.881-0.966)

Test set Serum CEA 32.0 100.0 0.660 (0.552-0.768)

FIT 60.0 98.0 0.790 (0.697-0.883)

sDNA panel 76.0 84.0 0.864 (0.795-0.933)

(n = 100 subjects)

sDNA panel + FIT 82.0 96.0 0.909 (0.850-0.967)

Combined set Serum CEA 29.6 100.0 0.648 (0.580-0.716)

FIT 62.4 96.8 0.796 (0.738-0.854)

sDNA panel 75.2 84.0 0.859 (0.815-0.904)

(n = 250 subjects)

sDNA panel + FIT 80.0 93.6 0.918 (0.884-0.952)

Subgroup for stage I FIT 63.8 96.8 0.803 (0.716-0.891)

(n = 172 subjects) sDNA panel + FIT 74.5 93.6 0.891 (0.832-0.950)

Subgroup for stage II FIT 61.5 96.8 0.792 (0.721-0.863)

(n = 203 subjects) sDNA panel + FIT 83.3 93.6 0.934 (0.899-0.970)

AUC: Area under the receiver operating characteristic curve; CI: Confidence interval; CEA: Carcinoembryonic antigen; FIT: Fecal immunochemical test; 
sDNA: Stool DNA.

Statistical analysis
All statistical analyses were conducted using Prism 8 for Windows (GraphPad, United States) and R 
software v3.5.2 (R Foundation for Statistical Computing, Austria). c2 test or Fisher’s exact test was used 
to compare categorical variables, and Student’s t-test or Mann-Whitney U test was used to compare 
continuous variables. Principal component analysis (PCA) was performed to visualize the degree of 
similarity between samples according to their DNA methylation state[21]. A volcano plot and a Circos 
plot were used to present the differences in DMR methylation levels between groups[22]. To determine 
the functions and enriched pathways of these DMR-related genes, Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed[23]. The sensitivity, 
specificity, and area under the ROC curve (AUC) with corresponding 95% confidence intervals (CIs) 
were calculated and compared. The χ2 test was also used to assess the association of detection sensitivity 
with clinicopathological covariates. For all analyses, P < 0.05 was considered statistically significant.

RESULTS
Clinicopathological features of the study population
Overall, this study enrolled 125 ECC patients and 125 healthy controls, with a median age of 69 (range, 
48-94) and 68 (range, 42-92) years, respectively; 47.2% of patients and 49.6% of controls were females. 
Age and sex were well-balanced between patients and controls. With the conventional 5 ng/mL cut-off, 
serum CEA positivity was observed in 29.6% of patients and 0% of controls, and the difference was 
statistically significant (P < 0.001). FIT also showed a significantly higher positivity rate in the patients 
than in the controls (62.4% vs 3.2%, P < 0.001). Of these ECCs, 64 (51.2%) tumors were located proximal 
to the splenic flexure and 61 (48.8%) were distal. According to the postoperative pathological 
examination, there were 47 (37.6%) stage I tumors and 78 (62.4%) stage II tumors; 98 (78.4%) cases were 
well or moderately differentiated, and 27 (21.6%) were poorly differentiated. In addition, study 
participants were randomly divided into training and test sets with a 1.5:1 split. The differences in all 
these features between the training and test sets were not significant (all P > 0.05), indicating similar 
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Figure 3 Differentially methylated region analysis and biomarkers discovery. A: Volcano plot of differentially methylated regions (DMRs) in cancer 
sample group (CSG) vs healthy sample group (HSG); B: The distribution of the identified DMRs in the genome in relation to cytosine-guanine islands (CGIs); C: 
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Circos plot of 2531 candidate DMRs on each of the 22 autosomes and the X chromosome; D: Kyoto Encyclopedia of Genes and Genomes pathway analysis of 2062 
DMR-related genes; E: Gene Ontology analysis of 2062 DMR-related genes; F: Venn diagram of the overlapping target DMRs among different signatures. aP < 0.05. 
DMRs: Differentially methylated regions; CGI: Cytosine-guanine islands.

composition and the comparability (Table 2).

DNA methylation analysis by TBSeq
A total of 11.69 G and 11.08 G raw bases were generated on average for the HSG and CSG, respectively. 
All samples showed a bisulfite conversion rate greater than 99%. After data filtering, approximately 2.8 
million CpGs on the target sequencing region were obtained for each sample, and the depth of coverage 
ranged between 23.66 and 32.24 (Supplementary Table 1). A PCA was performed on the methylation 
profiles, and demonstrated that the groups had intragroup similarity, but also intergroup dissimilarity 
(Figure 2A). In addition, the mean methylation densities of the HSG and CSG were 52.8% and 65.4%, 
respectively (Figure 2B); compared with 50.4% of CpG sites in the HSG, 58.0% of CpG sites in the CSG 
had a methylation level above 80% (Figure 2C).

Candidate biomarkers discovery
As shown in Figure 3A, in total, 7458 DMRs were identified in the CSG compared with the HSG 
(adjusted P < 0.05 and methylation level difference > 0.1), including 3743 hypermethylated and 3715 
hypomethylated DMRs. Among them, 1883 DMRs (25.3%) were located in the CGIs, and 1978 (26.5%) 
were located in the regions flanking CGIs (CGI shore and shelf) (Figure 3B). Moreover, of the 3861 CGI-
related DMRs, 2531 overlapped with the promoter regions of the 20579 genes with known functions 
(Figure 3C). To determine changes in the methylation status of gene functions, GO and KEGG pathway 
analyses were conducted and revealed that these 2062 DMR-related genes were significantly enriched in 
cell migration, focal adhesion, Wnt, Ras, Rap1 and MAPK signaling pathways, etc (Figures 3D and 3E, 
adjusted P < 0.05). To mine the data for potential early screening biomarkers, 58 DMR-related genes that 
differed most in methylation level between the groups and that were involved in the important cancer 
pathways were selected (Figure 3F). With the PSQ criteria, the top three target CpG regions within the 
promoters of paired box 8 (PAX8), Ras-association domain family 1 (RASSF1) and SFRP2 were finally 
identified, and contained five, two and two significant DMSs, respectively (Table 1).

Biomarkers validation by PSQ
To assess the screening effectiveness of these three biomarkers, PSQ was successfully performed in all 
sDNA samples. Using the 150 subjects in the training set, ROC analyses showed that the AUCs for the 
five DMSs of PAX8 ranged from 0.784 to 0.826, the AUCs for the two DMSs of RASSF1 were 0.782 and 
0.763, and the AUCs for the two DMSs of SFRP2 were 0.697 and 0.641, respectively (Supple-
mentary Figures 1A, 1B and 1C). In addition, serum CEA positivity was detected in 14.0% of the 150 
subjects, with a sensitivity of 28.0% and an AUC of 0.640; FIT positivity was detected in 34.0% of the 150 
subjects, with a sensitivity of 64.0% and an AUC of 0.800 (Table 3). By stepwise logistic modeling, an 
sDNA methylation panel including three DMSs was constructed as follows: Y = -10.937 + 0.097 × 
PAX8_P4 + 0.054 × RASSF1_P1 + 0.058 × SFRP2_P1. These three DMSs showed significantly increased 
methylation in patients compared with controls (all P < 0.05; Figure 4A) as well as in the comparison 
between the 20 pairs of preoperative and postoperative patient samples (all P < 0.05; 
Supplementary Figures 1D, 1E and 1F). The sensitivity and AUC for this sDNA panel were 82.7% and 
0.866 (95%CI: 0.810-0.923), respectively, which were superior to any single index above (Figure 4B, 
Table 3). Subsequently, this panel was validated in an independent test set, and the AUC reached 0.864 
(95%CI: 0.795-0.933), also offering an advantage over FIT (Figure 4C).

Evaluation of the diagnostic model
The diagnostic performance of the sDNA panel was also confirmed in the combined set, achieving an 
AUC of 0.859 (0.815-0.904) (Figure 4D). In addition, among the 168 subjects with negative FIT and the 
213 subjects with negative serum CEA, the AUCs for this panel reached 0.807 (95%CI: 0.734-0.880) and 
0.864 (95%CI: 0.816-0.913), respectively (Supplementary Figure 2). We further investigated whether the 
combination of the sDNA panel with clinical variables could improve the effectiveness of ECC 
screening. The results showed that the inclusion of FIT was accompanied by a relative increase in 
sensitivity and AUC, as compared with the sDNA panel, serum CEA or FIT alone (Table 3, Figure 5). In 
contrast, the contribution of age, sex or preoperative CEA level to aggregate panel discrimination was 
minimal (data not shown). For example, in the combined set, the sensitivity, specificity and AUC for the 
sDNA panel combining FIT were up to 80.0%, 93.6% and 0.918 (95%CI: 0.884-0.952), respectively 
(Figure 4D, Table 3). In the subgroup analysis by tumor stage, this multiplex assay showed excellent 
performance for both stage I and II ECCs, with an AUC of 0.891 (95%CI: 0.832-0.950) and 0.934 (95%CI: 
0.899-0.970), respectively (Figures 4E and 4F).

https://f6publishing.blob.core.windows.net/3dbc586e-dce5-4957-b547-d5f0d04e6996/WJG-28-2705-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3dbc586e-dce5-4957-b547-d5f0d04e6996/WJG-28-2705-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3dbc586e-dce5-4957-b547-d5f0d04e6996/WJG-28-2705-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3dbc586e-dce5-4957-b547-d5f0d04e6996/WJG-28-2705-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3dbc586e-dce5-4957-b547-d5f0d04e6996/WJG-28-2705-supplementary-material.pdf
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Figure 4 The evaluation of diagnostic model based on pyrosequencing. A: Comparison of methylation percentage of the three target biomarkers 
between the patients and controls in training set; B: Receiver operating characteristic (ROC) curves comparing fecal immunochemical test (FIT), stool DNA (sDNA) 
panel and sDNA panel + FIT for the detection of early-stage colon cancer (ECC) in training set; C: ROC curves comparing FIT, sDNA panel and sDNA panel + FIT for 
the detection of ECC in test set; D: ROC curves comparing FIT, sDNA panel and sDNA panel + FIT for the detection of ECC in combined set; E: ROC curves 
comparing FIT and sDNA panel + FIT for the detection of stage I ECC in combined set; F: ROC curves comparing FIT and sDNA panel + FIT for the detection of 
stage II ECC in combined set. aP < 0.05. sDNA: Stool DNA; FIT: Fecal immunochemical test; ROC: Receiver operating characteristic; PAX8: Paired box 8; RASSF1: 
Ras-association domain family 1; SFRP2: Secreted frizzled-related protein 2.

Impact of covariates on screening
We also analyzed the impact of clinicopathologic covariates on assay screening. First, we found that the 
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Figure 5 Impact of clinicopathologic covariates on screening. A: Sensitivities of fecal immunochemical test (FIT), serum carcinoembryonic antigen (CEA) 
and stool DNA (sDNA) panel + FIT for the detection of early-stage colon cancer (ECC), according to tumor-node-metastasis stage or T stage; B: Sensitivities of FIT, 
serum CEA and sDNA panel + FIT for the detection of ECC, according to tumor site or histological differentiation. sDNA: Stool DNA; FIT: Fecal immunochemical test; 
CEA: Carcinoembryonic antigen.

detection sensitivities of the sDNA panel combining FIT for stage I and II ECCs were 74.5% and 83.3%, 
respectively, with no statistical difference (P = 0.254; Figure 5A). However, the detection sensitivity of 
88.9% for T4 stage tumors was significantly higher than the aggregate sensitivity of 73.2% for T1-3 stage 
tumors (P = 0.041; Figure 5A). Second, this multiplex assay detected 81.3% of proximal ECCs vs 78.7% of 
distal ECCs (P = 0.824; Figure 5B). Third, the detection rate for poorly differentiated tumors was 
comparable to that for well or moderately differentiated tumors (77.8% vs 80.6%, P = 0.788; Figure 5B). 
In addition, the sensitivity also did not vary significantly according to age or sex of the patients (data 
not shown).

DISCUSSION
CRC is the third most prevalent cancer in China, with an increasing proportion of colon cancer 
diagnoses over the decades[2]. Effective screening measures are highly needed to lessen this burden, 
especially for ECC due to its occult onset. Compared with conventional methods, the sDNA test 
provides a biologically rational approach based on tumor exfoliation and is noninvasive, requires no 
unpleasant cathartic preparation, no diet or medication restriction[24]. However, reliable biomarkers 
particularly for ECC detection are lacking. In the present study, we provided a novel multiplex stool-
based assay that enabled the diagnosis of ECC with high sensitivity and specificity.

Aberrant DNA methylation is an early and frequent event in carcinogenesis and therefore has great 
potential for ECC screening[25]. To identify the candidate methylation biomarkers, we performed high 
throughput TBSeq with five pairs of preoperative and postoperative sDNA samples from ECC patients, 
where the paired design can help reduce the influence of background noise and improve the feature 
discriminability. Three of our candidate biomarkers were finally selected: RASSF1, SFRP2 and PAX8. 
The first two have been identified in various cancers including CRC[26,27], to be the commonly silenced 
tumor-suppressor genes by promoter hypermethylation[28]. PAX8 is a member of the paired box family 
of transcription factors[29], and its epigenetic silencing has also been observed in some tumor types, 
including colon cancer[30]. A recent study found that PAX8 hypermethylation accelerated gastro-
intestinal stromal tumor progression by downregulating Wnt4 expression[31]. Anglim et al[32] reported 
a panel of eight hypermethylated genes containing PAX8, which showed high sensitivity and specificity 
for the early detection of squamous cell lung cancer.

To date, there have been various methods for detecting abnormal DNA methylation[33,34]. MSP is a 
simple, rapid and inexpensive method, but is not capable of pattern recognition and identification of 
CpG sites outside the methylation-specific primers. Bisulfite sequencing was once considered the gold 
standard for DNA methylation determination. The disadvantage lies in its tedious and time-consuming 
procedure, and a minimum number of 10-20 clones are required to detect interindividual variabilities in 
DNA methylation. Methylation-sensitive high-resolution melting is a relatively new technique for 
methylation assessment based on post-PCR melting curve analysis. It gives a range of methylation 
estimates rather than a single value, being mainly suitable for large sample screening[35]. MethyLight is 
a sensitive, high-throughput methylation assay that was developed based on MSP, while the major 
disadvantage is the high cost of a TaqMan probe[36,37]. In our study, biomarker validation was 
performed using PSQ, which overcomes the defects of the above methods, combining the measurement 
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of multiple methylation biomarkers with high throughput in a single test[38]. Therefore, PSQ has been 
suggested as the new gold standard test for methylation detection. The results of PSQ confirmed that 
the three biomarkers by TBSeq were reliable and feasible.

By logistic regression analysis, a three-DMS panel was developed in this study and was proven more 
effective than a single biomarker for ECC screening. We further found that the combined detection of 
the sDNA panel and FIT was characterized by a relative increase in diagnostic performance, which was 
successfully validated in an independent test set, as well as in the combined dataset. Actually, many 
attempts at CRC early screening in the Chinese population have been made, but none have gained wide 
acceptance[12]. Liu et al[39] developed an sDNA methylation panel, including COL4A2 and TLX2, 
which showed a high sensitivity of 91% for advanced-stage CRC detection with 97% specificity, but the 
performance for early-stage CRC was significantly weakened, with a sensitivity of 52% and specificity of 
86%. In the study by Zhang et al[40], an sDNA panel that examined SFRP2 and WIF-1 promoter 
methylation was identified, and the sensitivities for detecting stage I and II CRC were 55% and 80%, 
respectively. Recently, another novel multidimensional assay combining FIT, sDNA mutation, 
methylation and intestinal bacteria analysis was reported by Mo et al[41]. It displayed the highest 
sensitivity of 91.89% in stage III CRC, whereas the sensitivity for stage I-II CRC was relatively low 
(76.27%). Comparatively, the sensitivity, specificity and AUC of our multiplex stool-based assay for 
detecting ECC reached 80.0%, 93.6% and 0.918, respectively, showing a promising prospect for practical 
application.

The effect of covariates on test performance was also investigated. It has been suggested that the 
conventional screening modalities, including colonoscopy and FIT, seem less sensitive for proximal than 
distal colon neoplasms[42,43]. In this study, our stool multiplex assay showed comparable efficacy for 
the detection of both proximal and distal ECC, which was consistent with the previous finding by 
Imperiale et al[13]. Given this performance characteristic, the sDNA test has the potential to improve the 
screening efficiency for neoplasms throughout the colon, and would be a valuable complement to 
colonoscopy as an interval test. Furthermore, we found that the sensitivity of this stool multiplex assay 
for ECC did not vary significantly according to age, sex, histological differentiation or tumor stage, but 
was significantly higher at T4 stage. Further studies are needed to determine their association and 
causality. In addition, some studies revealed that the sDNA test sensitivity increased as the tumor size 
increased[13,41]. Unfortunately, this variable was not included in our study.

The major strength of our study was the training and test set design involving blinded assays in the 
laboratory, which provided objective data to assess the test performance. The limitations of this study 
should also be mentioned. First, these analyses were based on data obtained from a single institution in 
China, and the sample size was relatively small. Second, other factors not included in this study could 
not be examined for confounding effects. As a result, a large-scale, prospective multicenter study is 
warranted to further confirm the value of our assay.

CONCLUSION
In conclusion, we developed and validated a novel multiplex stool-based assay combining sDNA 
methylation biomarkers and FIT, which could detect ECC with high accuracy throughout the colon.

ARTICLE HIGHLIGHTS
Research background
Colorectal cancer (CRC) is one of the most prevalent malignancies in China with an increasing ratio of 
colon to rectal cancer over the decades. Early screening is the key to reducing this burden. The 
traditional screening methods, including colonoscopy, fecal immunochemical test (FIT) and serum 
carcinoembryonic antigen (CEA), have reached a bottleneck, especially for early-stage colon cancer 
(ECC) due to its occult onset. Thus, precision and effective non-invasive biomarkers are highly 
desirable.

Research motivation
Detection of aberrant methylated DNA in stool has been proven to be a promising noninvasive method 
for the early diagnosis of CRC. However, the reported screening efficacy of the same biomarker varied 
across different studies. Moreover, effective biomarkers for detecting ECC are scarce, especially in the 
Chinese population.

Research objectives
The objective of our study was to identify a novel assay based on stool DNA (sDNA) methylation 
biomarkers which could improve the effectiveness of ECC screening. We also investigated the influence 
of clinicopathologic covariates on test performance.
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Research methods
We performed a blinded, single-center, case-control study using archived stool samples from 125 ECC 
patients and 125 individuals with normal colonoscopy (controls); the subjects were randomly assigned 
to a training or test set at a 1.5:1 ratio. Targeted bisulfite sequencing (TBSeq) was performed on five 
pairs of preoperative and postoperative sDNA samples from ECC patients to identify DNA methylation 
biomarkers. Pyrosequencing (PSQ) was used for validation of the candidate biomarkers in large 
samples. A stepwise logistic regression analysis was applied to the data of the training set to develop a 
multiplex stool-based assay. The detection performance was further evaluated in the test set and 
combined set. In addition, the association of detection sensitivity with clinicopathologic covariates were 
analyzed by χ2 test.

Research results
Through TBSeq, the three top hypermethylated genes, paired box 8, Ras-association domain family 1 
and secreted frizzled-related protein 2, that were involved in the important cancer pathways were 
selected as biomarkers. Based on the PSQ results, an sDNA panel containing the three biomarkers was 
developed by logistic regression modelling. Receiver operating characteristic (ROC) analysis showed 
that this panel offered an advantage over any single biomarker, FIT or serum CEA in the detection of 
ECC. Further analysis revealed that the inclusion of FIT could effectively improve the detection 
accuracy. In the combined set, the sensitivity, specificity and area under the ROC curve for the sDNA 
panel combining FIT reached 80.0%, 93.6% and 0.918, respectively. Moreover, this multiplex assay 
maintained excellent performance in the subgroup by tumor stage. Additionally, we found that the 
detection sensitivity of the multiplex assay was significantly higher in T4 than in T1-3 stage tumors (P = 
0.041), but was not affected by tumor site, tumor stage, histological differentiation, age or sex.

Research conclusions
The present study identified a novel multiplex stool-based assay, including three sDNA methylation 
biomarkers and FIT, capable of detecting ECC with high sensitivity and specificity. Importantly, the 
detection rate by this assay was related to T stage but not tumor site, tumor stage, histological differen-
tiation, etc.

Research perspectives
Our study provided a new and promising approach for improvement of ECC screening in the Chinese 
population. Further demonstrations on a large-scale, prospective multicenter study are needed to 
conclusively evaluate its value.
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Abstract
BACKGROUND 
Bleeding is one of the major complications after endoscopic submucosal dissection 
(ESD) in early gastric cancer (EGC) patients. There are limited studies on 
estimating the bleeding risk after ESD using an artificial intelligence system.

AIM 
To derivate and verify the performance of the deep learning model and the 
clinical model for predicting bleeding risk after ESD in EGC patients.

METHODS 
Patients with EGC who underwent ESD between January 2010 and June 2020 at 
the Samsung Medical Center were enrolled, and post-ESD bleeding (PEB) was 
investigated retrospectively. We split the entire cohort into a development set 
(80%) and a validation set (20%).  The deep learning and clinical model were built 
on the development set and tested in the validation set. The performance of the 
deep learning model and the clinical model were compared using the area under 
the curve and the stratification of bleeding risk after ESD.

RESULTS 
A total of 5629 patients were included, and PEB occurred in 325 patients. The area 
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under the curve for predicting PEB was 0.71 (95% confidence interval: 0.63-0.78) in the deep 
learning model and 0.70 (95% confidence interval: 0.62-0.77) in the clinical model, without 
significant difference (P = 0.730). The patients expected to the low- (< 5%), intermediate- (≥ 5%, < 
9%), and high-risk (≥ 9%) categories were observed with actual bleeding rate of 2.2%, 3.9%, and 
11.6%, respectively, in the deep learning model; 4.0%, 8.8%, and 18.2%, respectively, in the clinical 
model.

CONCLUSION 
A deep learning model can predict and stratify the bleeding risk after ESD in patients with EGC.

Key Words: Clinical model; Deep learning model; Post-endoscopic submucosal dissection bleeding; 
Stratification of bleeding risk

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

Core Tip: Bleeding is one of the major complications after endoscopic submucosal dissection (ESD) in 
early gastric cancer patients and requires hospital-based intervention. We established a deep learning 
model to stratify the bleeding risk after ESD and demonstrated its performance compared with a clinical 
model. The deep learning model showed acceptable area under the curve and could stratify the post-ESD 
bleeding risk as low-, intermediate-, and high-risk categories, which correlated with actual bleeding rate 
comparatively. A deep learning model would be valuable in assessing the bleeding risk after ESD in early 
gastric cancer patients.

Citation: Na JE, Lee YC, Kim TJ, Lee H, Won HH, Min YW, Min BH, Lee JH, Rhee PL, Kim JJ. Utility of a deep 
learning model and a clinical model for predicting bleeding after endoscopic submucosal dissection in patients 
with early gastric cancer. World J Gastroenterol 2022; 28(24): 2721-2732
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2721.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2721

INTRODUCTION
In South Korea, gastric cancer has a high incidence and is the second most common malignancy and the 
fourth most common cause of cancer-related mortality[1]. After the advent of screening programs for 
gastric cancer in South Korea and Japan, up to 50%–70% of cases with gastric cancers have been 
diagnosed at an early stage[2-4]. With the increasing rate of diagnosis at early stages, endoscopic 
submucosal dissection (ESD) is being actively applied for the minimally invasive treatment of early 
gastric cancer (EGC) without suspicion of regional lymph node metastasis[5,6].

In accordance with the current trend of active use of ESD, it is necessary to pay attention to the post-
ESD complications. Bleeding is one of the significant complications, with an incidence of 3.6%–6.9%[7,
8]. Because bleeding after ESD requires hospitalization and hemostatic interventions, there is a need to 
predict patients at a high risk of bleeding after ESD. Therefore, there have been reports on risk factors 
related to bleeding after ESD[9-12]. Recently, a predictive risk-scoring model for bleeding after ESD was 
proposed in Japan; this tool is expected to raise awareness regarding the potential bleeding sources and 
thus, help physicians manage patients with EGC who are treated with ESD[13].

Currently, artificial intelligence systems are being applied in various fields of gastroenterology[14]. 
The machine learning models showed good performance in the triage of necessity for intervention in 
patients with upper gastrointestinal bleeding and predicting recurrent ulcer bleeding[15,16]. Deep 
learning is advantageous over the machine learning model among artificial intelligence systems; its 
performance is optimized by automatic learning while experiencing various cases. It can integrate and 
interpret multiple factors simultaneously without external intervention. Hence, the automatically 
trained deep learning model can generalize well. There has been no study on the efficacy of deep 
learning for predicting post-ESD bleeding (PEB), and no study has compared these systems with a 
clinical model.

This study aimed to develop and compare the performance of the deep learning and clinical model 
for predicting PEB in EGC patients. We chose deep learning among the artificial intelligence systems as 
a sophisticated algorithm.

https://www.wjgnet.com/1007-9327/full/v28/i24/2721.htm
https://dx.doi.org/10.3748/wjg.v28.i24.2721
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MATERIALS AND METHODS
Patients
Patients who underwent ESD for EGC between January 2010 and June 2020 at the Samsung Medical 
Center, Seoul, South Korea, were screened retrospectively. We excluded cases with: Failure to complete 
ESD (n = 1); prior gastrectomy (n = 2); additional gastrectomy within 28 d after ESD (n = 497); no 
residual tumor in the ESD specimen (n = 48); multiple procedures, such as EMR for other benign lesions 
and ESD for EGC (n = 46); and missing values for important variables (n = 7) (Figure 1). A total of 5629 
patients were included in the analysis, and they were randomly categorized into the development set 
(80%) and the validation set (20%). The Institutional Review Board of the Samsung Medical Center, 
Korea, approved this study, and the requirement for obtaining informed consent was waived owing to 
the study's retrospective nature.

Outcome, data sources, study variables, and definitions
The main outcome included the development of a deep learning model and a clinical model that predict 
the bleeding after ESD in patients with EGC and the comparison of performance between the deep 
learning model and the clinical model.

The variables used to build the deep learning and clinical models were collected from the medical 
records retrospectively based on the date of ESD. These variables included: Age; sex; comorbidities such 
as hypertension, diabetes mellitus, liver cirrhosis, and chronic kidney disease (estimated glomerular 
filtration rate < 60 mL/min per 1.73 m2); patient management with antithrombotic agents (ATs) [aspirin, 
P2Y12 receptor agonist (P2Y12RA), warfarin, direct-acting oral anticoagulants (DOAC), and cilostazol], 
non-steroidal anti-inflammatory drugs (NSAIDs), interruption of ATs, replacement of antiplatelet 
agents (APA), and heparin bridging; tumor characteristics (single or multiple lesions, location, 
pathologic size, type of differentiation); piecemeal resection; and laboratory data (albumin level and 
international normalized ratio).

Bleeding after ESD was defined as the presence of signs of bleeding (melena, hematemesis, or a 
decrease in the hemoglobin level by > 2 g/dL) along with endoscopic stigmata of recent bleeding, such 
as Forrest class Ia, Ib, IIa, and IIb, within 28 d after ESD. Interruption of ATs was defined as the discon-
tinuation of these medications before the procedure, according to the recommended duration. 
Replacement of APA was described as when the procedure was performed with aspirin or cilostazol 
alone in patients who were receiving multiple APAs. Heparin bridging was defined as the adminis-
tration of heparin during the period between the discontinuation and resumption of anticoagulants. A 
hemoglobin reduction of > 2 g/dL was evaluated by calculating the differences in the hemoglobin levels 
between the day before and after ESD.

Development of the deep learning and clinical models 
We built a deep learning model and a clinical model based on the development set, which comprised 
80% of the overall cohort. Subsequently, we validated the deep learning and clinical models in the 
validation set, which comprised 20% of the overall cohort. The categorical variables were converted 
using one-hot encoding, and the continuous variables were normalized, as preprocessing. We built the 
deep learning model as follows: First, we augmented the development set using the borderline synthetic 
minority over-sampling technique to overcome the imbalance of the dataset. Synthetic data were 
generated from 5%–100% of the majority class. Second, we constructed the deep learning model using 
automated machine learning, called Keras Tuner, to tune hyperparameters automatically. The initial 
architecture of the model was configured similarly to a transformer based on the attention mechanism
[17]. Then, we set the number of neurons as a hyperparameter variable, ranging from 12 to 24, in four 
dense layers. The learning rate was also set to a range from 1e-2 − to 1e-4 −. The combination of 
hyperparameters was determined using Bayesian optimization. Finally, we evaluated the performance 
in the validation set using a model tuned with the 20% of synthetic data of the majority class. The 
optimal units of dense layers were selected to 24. The optimal number of attention head was chosen to 
16. The architecture is depicted in Supplementary Figure 1. The optimal learning rate with Adam 
optimizer was 1e-3.

Multivariable logistic regression analysis was performed in the development set to build the clinical 
model. Then, the clinical model was constructed as a formula with the sum of the beta coefficient values 
of significant factors with a P value of < 0.05.

The calculated value from the deep learning and clinical models was multiplied by 1000 and 
converted as a score. The score that indicated the risk probability was divided by the decile in the 
development set. We selected cutoff to discriminate the risk categories as low-, intermediate-, and high-
risk at a bleeding rate of < 5% and < 9% in the development set referred to in a previous report[13]. 
Decile 1st to 4th was allocated to low risk, 5th to 8th to intermediate risk, and 9th to 10th to high-risk 
category. Link to the deep learning and clinical models: https:// github.com/YeongChanLee/Predict-
PEB.

https://f6publishing.blob.core.windows.net/ec66e258-8bc2-4eed-93df-7583a764e619/WJG-28-2721-supplementary-material.pdf
https:// github.com/YeongChanLee/Predict-PEB
https:// github.com/YeongChanLee/Predict-PEB
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Figure 1 Patient flowchart. EGC: Early gastric cancer; ESD: Endoscopic submucosal dissection.

Statistical analysis 
Descriptive statistics for continuous and categorical variables are presented as means (standard 
deviation) and frequencies (%). The deep learning model and the clinical model for prediction of 
bleeding after ESD were evaluated using two methods. First, sensitivity, specificity, positive predictive 
value (PPV), negative predictive value (NPV), and receiver operating characteristic area (ROC) curve 
along with the area under the curve (AUC) were analyzed. The performance with AUC was compared 
using the bootstrap test. Second, the risk stratification of PEB based on the development set was applied 
to the validation set and compared with the actual bleeding rate in the validation set. For example, if the 
score of calculated cases belongs to the high-risk category, we verified that the real bleeding rate was in 
the predicted range of 9% or higher. The predictors for PEB were identified with multivariable logistic 
regression analysis in the entire cohort and development set. Model development for deep learning was 
performed using Tensor Flow 2.4.0, and Python 3.8.5. statistical analyses were performed using the R 
software (version 3.5.1, Vienna, Austria).

RESULTS
Baseline characteristics
Of the 5629 patients, 325 experienced post-ESD bleeding (PEB). The non-PEB and PEB groups were 
comparable in age, liver cirrhosis status, albumin level, international normalized ratio level, a 
proportion of aspirin or cilostazol use, undifferentiated tumor type, and piecemeal resection. The PEB 
group had a higher proportion of males and comorbidities (hypertension, diabetes mellitus, and chronic 
kidney disease) than the non-PEB group. P2Y12RA and anticoagulants (warfarin or DOAC) and the 
proportion of patients receiving replacement therapy or heparin bridging were higher in the PEB group 
than in the non-PEB group. The PEB group had a higher proportion of multiple tumors and middle 
location of tumors and larger size of tumors than the non-PEB group (Table 1). There was no difference 
in the baseline characteristics between the development and validation sets (Supplementary Table 1).

Predictors for bleeding after ESD
In the overall cohort, the independent predictors were identified as follows: Age [odds ratio (OR) = 0.98; 
95% confidence interval (CI): 0.96–0.99; P value < 0.001], male (OR = 1.65; 95%CI: 1.19–2.28; P value = 
0.003), hypertension (OR = 1.56; 95%CI: 1.19–2.03; p value = 0.001), chronic kidney disease (OR = 1.78; 
95%CI: 1.18–2.70; P value = 0.006), P2Y12RA (OR = 2.40; 95%CI: 1.22–4.74; P value = 0.011), DOAC (OR 
= 4.31; 95%CI: 1.26–14.78; P value = 0.020), middle location (OR = 1.72; 95%CI: 1.07–2.74; P value = 
0.024), and size (OR = 1.03; 95%CI: 1.02–1.04; P value < 0.001) (Supplementary Table 2).

In the development set, age (OR = 0.98; 95%CI: 0.96–0.99; P value = 0.001), male (OR = 1.54; 95%CI: 
1.09–2.19;  P value = 0.015), hypertension (OR = 1.35; 95%CI: 1.00–1.82; P value = 0.049), chronic kidney 
disease (OR = 1.78; 95%CI: 1.12–2.84; P value = 0.015), P2Y12RA (OR = 2.26; 95%CI: 1.05–4.88; P value = 
0.037), middle location (OR = 1.97; 95%CI: 1.14–3.41; P value = 0.015), and size (OR = 1.04; 95%CI: 
1.03–1.05; P value  < 0.001) were identified as independent predictors. The clinical model was a formula 
described bottom of Table 2.

https://f6publishing.blob.core.windows.net/ec66e258-8bc2-4eed-93df-7583a764e619/WJG-28-2721-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/ec66e258-8bc2-4eed-93df-7583a764e619/WJG-28-2721-supplementary-material.pdf
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Table 1 Baseline characteristics of patients in entire cohort

Variable Non-PEB, n = 5304 PEB, n = 325 P value1

Age2 64 ± 10 63 ± 11 0.065

Sex 0.001

Female 1245 (23.5) 49 (15.1)

Male 4059 (76.5) 276 (84.9)

Hypertension 1413 (26.6) 120 (36.9) < 0.001

Diabetes mellitus 936 (17.6) 74 (22.8) 0.024

Liver cirrhosis 93 (1.8) 4 (1.2) 0.629

Chronic kidney disease 299 (5.6) 33 (10.2) 0.001

Aspirin 515 (9.7) 42 (12.9) 0.074

P2Y12RA 181 (3.4) 23 (7.1) 0.001

Warfarin 22 (0.4) 7 (2.2) < 0.001

DOAC 31 (0.6) 6 (1.8) 0.017

Cilostazol 47 (0.9) 3 (0.9) 1.000

NSAIDs 28 (0.5) 3 (0.9) 0.583

Preprocedure management of AT < 0.001

No indication 4605 (86.8) 264 (81.2)

Interruption 676 (12.7) 53 (16.3)

Replacement or heparin bridge 23 (0.4) 8 (2.5)

Tumor 

Multiple 284 (5.4) 28 (8.6) 0.018

Location < 0.001

Upper 433 (8.2) 22 (6.8)

Middle 1728 (32.6) 157 (48.3)

Lower 3143 (59.3) 146 (44.9)

Size2, mm 17 ± 10 21 ± 13 < 0.001

Undifferentiated type 125 (2.4) 7 (2.2) 0.963

Piecemeal resection 64 (1.2) 4 (1.2) 1.000

Laboratory data

Albumin2, g/dL 4.3 ± 0.3 4.4 ± 0.4 0.345

INR2 1.0 ± 0.1 1.0 ± 0.1 0.106

1P value calculated using Student’s t-test for continuous variables or Pearson’s chi-square test for categorical variables for overall data.
2mean ± SD presented for continuous variables.
Values are expressed as n (%) unless otherwise specified. AT: Antithrombotic; DOAC: Direct oral anticoagulant; INR: International normalized ratio; 
NSAIDs: Non-steroidal anti-inflammatory drugs; PEB: Post-endoscopic submucosal dissection bleeding; P2Y12RA: P2Y12 receptor antagonist.

Performance and comparison of deep learning model and clinical model 
The deep learning model was found to have a sensitivity of 64.3%, specificity of 74.0%, PPV of 11.4%, 
NPV of 97.5%, and AUC of 0.71 (95%CI: 0.63–0.78). The clinical model had a sensitivity of 69.6%, 
specificity of 71.0%, PPV of 11.1%, NPV of 97.8%, and AUC of 0.70 (95%CI: 0.62–0.77) (Table 3 and 
Figure 2). There were no significant differences in the AUCs between the deep learning and clinical 
models (Table 3).

The score multiplied by 1000 to the derived value based on the deep learning and clinical models 
reflects the risk probability and was divided into deciles. The maximum cutoff was 35.9 in low risk, 57.5 
in intermediate risk, and over the 57.5 was assigned to a high-risk category of the deep learning model 
based on development set (Table 4). In the clinical model, the maximum cutoff was 12.7 in low risk, 24.6 
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Table 2 Logistic regression analysis for predictors of bleeding after endoscopic submucosal dissection in development set

Multivariable
Variables

OR 95%CI P value ß regression coefficient

Age 0.98 0.96–0.99 0.001 -0.024

Sex Female/male 1.54 1.09–2.19 0.015 0.435

Hypertension No/yes 1.35 1.00–1.82 0.049 0.299

Diabetes mellitus No/yes 1.27 0.92–1.75 0.145 0.238

Liver cirrhosis No/yes 0.59 0.18–1.95 0.385 -0.532

Chronic kidney disease No/yes 1.78 1.12–2.84 0.015 0.578

Aspirin No/yes 1.51 0.62–3.69 0.363 0.414

P2Y12RA No/yes 2.26 1.05–4.88 0.037 0.818

Warfarin No/yes 1.51 0.28–8.07 0.629 0.413

DOAC No/yes 3.24 0.76–13.82 0.113 1.174

Cilostazol No/yes 1.35 0.35–5.18 0.662 0.300

NSAIDs No/yes 2.65 0.77–9.14 0.124 0.973

No indication 1

Interruption 0.63 0.24–1.67 0.353 -0.464

Preprocedure management of 
AT

Replacement orHeparin 
bridge

3.32 0.47–23.60 0.231 1.199

Multiple No/yes 1.48 0.92–2.38 0.104 0.393

Upper 1

Middle 1.97 1.14–3.41 0.015 0.680

Location

Lower 1.11 0.64–1.91 0.711 0.103

Size 1.04 1.03–1.05 < 0.001 0.036

Undifferentiated type No/yes 0.56 0.20–1.57 0.271 -0.579

Piecemeal No/yes 0.98 0.30–3.22 0.976 -0.019

Albumin, g/dL 1.33 0.89–2.00 0.168 0.286

INR 2.04 0.37–11.08 0.410 0.711

Clinical model = 1/[1 + exp(-1 × [-0.024 × Age in years + 0.435 × Sex (0: female, 1: male) + 0.299 × Hypertension (0: no, 1: yes) + 0.578 × Chronic kidney 
disease (0: no, yes: 1) + 0.818 × P2Y12RA (0: no, 1: yes) + 0.680 × Middle location (0: no, 1: yes) + 0.036 × Size in mm])]. AT: Antithrombotic; DOAC: Direct 
oral anticoagulant; ESD: Endoscopic submucosal dissection; INR: International normalized ratio; NSAIDs, Non-steroidal anti-inflammatory drugs; 
P2Y12RA: P2Y12 receptor antagonist; OR: Odds ratio; CI: Confidence interval.

in intermediate risk, and over 24.6 was considered a high-risk category based on development set 
(Table 4). In the validated set, the deep learning model showed an actual bleeding rate in low-, 
intermediate-, high-risk categories, respectively, of 2.2%, 3.9%, and 11.6%; the clinical model showed an 
actual bleeding rate of 4.0%, 8.8%, and 18.2%, respectively, in low-, intermediate-, high-risk categories 
(Table 4).

DISCUSSION
The deep learning and clinical models for predicting bleeding after ESD in patients with EGC showed 
good performance. We demonstrated that deep learning and clinical models could stratify the PEB risk, 
which correlated with actual bleeding rates. Hence, we suggest that the deep learning model can aid in 
the prediction of bleeding after ESD, in addition to the clinical model.

This study was the first to establish a deep learning model for predicting bleeding after ESD and 
demonstrate its performance compared to that of a clinical model. The strengths of this study were its 
large sample size and the relatively recent data from a single institution. In addition, we included all 
essential variables and sought the advantages of the deep learning model that can deal with extensive 
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Table 3 Utility of deep learning model and clinical model

Deep learning model Clinical model P value

Sensitivity (%) 64.3 (45.8–84.1) 69.6 (54.2–80.8)

Specificity (%) 74.0 (50.6–89.2) 71.0 (68.5–79.5)

PPV (%) 11.4 (7.4–18.1) 11.1 (8.0–15.4)

NPV (%) 97.5 (96.4–98.7) 97.8 (96.6–98.7)

AUC (95%CI) 0.71 (0.63–0.78) 0.70 (0.62–0.77) 0.730

One thousand times for bootstrapping were conducted to measure 95% confidence intervals. P value for statistical significance between area under the 
curves was derived from Delong’s test. AUC: Area under the curve; CI: Confidence interval; NPV: Negative predictive value; PPV: Positive predictive 
value.

Table 4 Decile of risk probability based on deep learning model and clinical model

Deep learning Clinical model
Decile Risk categories

Score1 Patients Bleeding Rate (%) Score1 Patients Bleeding Rate (%)
Development set

1 Low 25.7 451 11 2.4 8.4 451 12 2.6

2 29.1 451 15 3.3 12.2 451 15 3.3

3 32.5 451 6 1.3 12.4 451 12 2.6

4 35.9 450 17 3.8 12.7 450 20 4.4

5 Intermediate 40.2 450 27 6.0 14.8 450 34 7.6

6 45.3 450 29 6.4 16.6 450 15 3.3

7 50.8 450 36 8.0 23.3 450 24 5.3

8 57.5 450 24 5.3 24.6 450 32 7.1

9 High 67.2 450 41 9.1 31.0 450 54 12.0

10 197.0 450 63 14.0 122.0 450 51 11.3

Validation set

Low 35.9 411 9 2.2 12.7 956 38 4.0

Intermediate 57.5 466 18 3.9 24.5 137 12 8.8

High 147.0 249 29 11.6 155.0 33 6 18.2

1The score is calculated with probability multiplied by 1000 and presented as maximum cutoff in each decile.
Decile 1st to 4th: Low-risk category. Decile 5th to 8th: Intermediate-risk category. Decile 9th to 10th: High-risk category. The Cochran–Armitage test for trend 
was performed.

data and complex problems and improve its performance incrementally by automated learning. We 
included all types of ATs separately and clarified the distinction between patients without an indication 
for ATs, patients who received an interruption before the procedure, and patients who received 
replacement or heparin bridging.

Our study identified younger age, male sex, hypertension, chronic kidney disease, P2Y12RA use, 
DOAC use, middle tumor location, and tumor size as the predictors of PEB.  Previous studies also 
reported that younger age was associated with PEB[18-20]. It is unclear why younger age was associated 
with PEB. Several reports proposed that atrophic change along with aging might relate to decreasing the 
vascularity on the mucosal and submucosal layers[18,20-23]. Although aging and changes in intestinal 
vasculature have not been clearly elucidated, a decrease in the volume of vasculature with aging was 
observed in animals[24]. Aspirin did not increase the PEB risk after discontinuation about 1 wk[25]. 
Although some reported that maintaining aspirin did not increase the PEB risk[25-28], a meta-analysis 
showed that aspirin was associated with increased bleeding risk, requiring clinical caution[29]. There is 
still controversial due to limited evidence for P2Y12R[9,13,20,30]. In comparison, an increased bleeding 
risk after ESD has been reported consistently in patients receiving dual antiplatelets. In addition, there 
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Figure 2 Area under the curve for prediction of bleeding after endoscopic submucosal dissection in deep learning model and clinical 
model.

were reports that warfarin or DOAC are related to bleeding risk[13]; rather, some reported heparin 
bridging was associated with PEB risk[9,26]. The irony is that most of the patients who experience 
heparin bridging take warfarin or DOAC, but the results about each factor were inconsistent in previous 
retrospective studies. It is assumed that the duration of discontinuation and other individual factors 
might influence these results. In addition, it has been suggested that large size[8,19,20], CKD with 
hemodialysis[13,26,31], and long procedure time[20] were associated with bleeding after ESD. The 
upper location showed increased PEB risk[18,32]; in contrast, some others reported lower location 
related to increased PEB risk[18,32]; a recent meta-analysis did not prove significance according to the 
location[8].

Recently, a predictive risk-scoring model for PEB in Japan showed that CKD with hemodialysis, 
usage of aspirin, P2Y12RA, cilostazol, warfarin, DOAC, lower third tumor location, tumor size > 30 mm, 
and the presence of multiple tumors were the predictors of PEB, whereas interruption was a protective 
factor against PEB[13]. Another recent model proposed a simple algorithm including significant factors 
with continuous use of ATs, size ≥ 49 mm, and age < 62 years.  We also found an association between 
P2Y12RA or DOAC usage and PEB; however, other ATs were not associated with PEB, and interruption 
and heparin bridging or replacement of APA were not identified as the protective factors. In our 
institution, ESD is classified as a high-risk procedure based on the national practice guidelines, and 
experts are consulted before ESD in patients receiving ATs. The expert assesses the thromboembolic risk 
depending on the underlying disease and recommends the possibility of interruption, duration of 
interruption, and the need for heparin bridging or replacement of APA[33-36]. Recently, a guideline 
published in South Korea also categorized ESD as an ultra-high-risk procedure and recommended 
interruption of ATs with heparin bridging or replacement of APA according to the thromboembolic risk
[37].

The deep learning model in our study showed an AUC of 0.71, which was comparable to the AUC of 
0.72 for a risk-scoring model in Japan[13] and the AUC of 0.70 for the clinical model in our study. In the 
validation set, predicted low-, intermediate-, and high-risk categories showed an actual bleeding rate of 
2.2%, 3.9%, and 11.6%, respectively in the deep learning; 4.0%, 8.8%, and 18.2%, respectively, in the 
clinical model. Our study demonstrated that the deep learning and clinical models can stratify the 
bleeding risk after ESD. The predicted risk categories correlated with actual bleeding rate; even 
considering the actual bleeding rate was slightly lower than predicted range of ≥ 5% and < 9% 
(intermediate risk) in the deep learning and was close to upper range in the clinical model. Our findings 
support the clinical potential of the deep learning model for predicting PEB risk based on its comparable 
performance. Because bleeding after ESD requires intervention and hospitalization, physicians are 
concerned about the occurrence of PEB as a major complication. Based on the risk-prediction model, 
physicians could carefully assess the bleeding risk and perform preventive hemostasis during the 
procedure. Suppose additional management like the shielding method for preventing PEB in the 
selected high-risk group is attempted; in that case, it is anticipated that the deep learning model could 
support risk stratification.

Our study has several limitations. Due to its retrospective design, information such as the timing of 
the resumption of ATs, endoscopist’s experience, defect size, and procedure duration was missing. 
Furthermore, our study was designed as a single-center study; hence, hospital-based validation in other 
hospitals was not performed, and further proof is warranted. However, the deep learning model might 



Na JE et al. Prediction of post-ESD bleeding

WJG https://www.wjgnet.com 2729 June 28, 2022 Volume 28 Issue 24

be generalizable because it automatically identifies the risk or probability of bleeding without the 
external intervention of known relevant factors. Both the deep learning and clinical models showed a 
low PPV, which may be related to the low incidence of bleeding after ESD, even though bleeding is one 
of the major complications. In our cohort, the number of patients who received anticoagulants (warfarin 
or DOAC) was small; therefore, it is possible that the statistical significance of these variables was 
insufficient for establishing a clinical model in the development set. In this regard, despite the fact that 
our study focused on the development of a deep learning model and a clinical model, as well as the 
utility of the deep learning model, further accumulation of data and additional analysis will be required 
before the commencement of the clinical application of artificial intelligence systems.

CONCLUSION
In conclusion, we introduced a deep learning model to predict the risk of bleeding after ESD in patients 
with EGC. The model demonstrated its performance as comparable to the clinical model. The deep 
learning model could help physicians raise caution to the PEB and would be a desirable tool for 
supporting ESD application.

ARTICLE HIGHLIGHTS
Research background
With the increasing rate of diagnosis at early stages of gastric cancer, endoscopic submucosal dissection 
(ESD) is being actively applied as the minimally invasive treatment. Bleeding is one of the significant 
complications, with an incidence of 3.6%–6.9%. Because bleeding after ESD requires hospitalization and 
hemostatic interventions, there is a need to predict patients at a high risk of bleeding after ESD.

Research motivation
Currently, artificial intelligence systems are being applied in various fields of gastroenterology. Deep 
learning among artificial intelligence systems was automatically trained so that it could be generalized 
well. There has been no study on the efficacy of deep learning for predicting post-ESD bleeding (PEB), 
and no study has compared these systems with a clinical model.

Research objectives
This study aimed to develop and compare the performance of the deep learning and clinical model for 
predicting PEB in early gastric cancer (EGC) patients.

Research methods
Patients who underwent ESD for EGC between January 2010 and June 2020 at the Samsung Medical 
Center, Seoul, South Korea, were screened retrospectively. We built a deep learning model and a clinical 
model based on the development set, which comprised 80% of the overall cohort. Subsequently, we 
validated the deep learning and clinical models in the validation set, which comprised 20% of the 
overall cohort. The deep learning model and the clinical model for prediction of bleeding after ESD 
were evaluated using two methods. First, sensitivity, specificity, positive predictive value, negative 
predictive value, and receiver operating characteristic area curve along with the area under the curve 
(AUC) were analyzed. The performance with AUC was compared using the bootstrap test. Second, the 
risk stratification of PEB based on the development set was applied to the validation set and compared 
with the actual bleeding rate. The authors selected cutoff to discriminate the risk categories as low-, 
intermediate-, and high-risk at a bleeding rate of < 5% and < 9% in the development set referred to in a 
previous report.

Research results
Of the 5629 patients, 325 experienced PEB. The AUC for predicting PEB was 0.71 (95% confidence 
interval: 0.63-0.78) in the deep learning model and 0.70 (95% confidence interval: 0.62-0.77) in the clinical 
model, without significant difference (P = 0.730). In the validated set, the deep learning model showed 
an actual bleeding rate of 2.2%, 3.9%, and 11.6% in low-, intermediate-, high-risk categories, 
respectively; the clinical model showed an actual bleeding rate of 4.0%, 8.8%, and 18.2% in low-, 
intermediate-, high-risk categories, respectively.

Research conclusions
In conclusion, we introduced a deep learning model to predict the risk of bleeding after ESD in patients 
with EGC. The model demonstrated its performance as comparable to the clinical model.
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Research perspectives
Based on the risk-prediction model, physicians could carefully assess the bleeding risk and perform 
preventive hemostasis during the procedure. Suppose additional management like the shielding 
method for preventing PEB in the selected high-risk group is attempted; in that case, it is anticipated 
that the deep learning model could support risk stratification.
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Abstract
BACKGROUND 
The prognosis of hepatocellular carcinoma (HCC) remains poor and relapse 
occurs in more than half of patients within 2 years after hepatectomy. In terms of 
recent studies, microvascular invasion (MVI) is one of the potential predictors of 
recurrence. Accurate preoperative prediction of MVI is potentially beneficial to 
the optimization of treatment planning.

AIM 
To develop a radiomic analysis model based on pre-operative magnetic resonance 
imaging (MRI) data to predict MVI in HCC.

METHODS 
A total of 113 patients recruited to this study have been diagnosed as having HCC 
with histological confirmation, among whom 73 were found to have MVI and 40 
were not. All the patients received preoperative examination by Gd-enhanced 
MRI and then curative hepatectomy. We manually delineated the tumor lesion on 
the largest cross-sectional area of the tumor and the adjacent two images on MRI, 
namely, the regions of interest. Quantitative analyses included most discriminant 
factors (MDFs) developed using linear discriminant analysis algorithm and 
histogram analysis with MaZda software. Independent significant variables of 
clinical and radiological features and MDFs for the prediction of MVI were 
estimated and a discriminant model was established by univariate and 
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https://dx.doi.org/10.3748/wjg.v28.i24.2733
mailto:3502505836@qq.com


Li YM et al. MRI radiomic analysis predicts HCC MVI

WJG https://www.wjgnet.com 2734 June 28, 2022 Volume 28 Issue 24

multivariate logistic regression analysis. Prediction ability of the above-mentioned parameters or 
model was then evaluated by receiver operating characteristic (ROC) curve analysis. Five-fold 
cross-validation was also applied via R software.

RESULTS 
The area under the ROC curve (AUC) of the MDF (0.77-0.85) outperformed that of histogram 
parameters (0.51-0.74). After multivariate analysis, MDF values of the arterial and portal venous 
phase, and peritumoral hypointensity in the hepatobiliary phase were identified to be independent 
predictors of MVI (P < 0.05). The AUC value of the model was 0.939 [95% confidence interval (CI): 
0.893-0.984, standard error: 0.023]. The result of internal five-fold cross-validation (AUC: 0.912, 
95%CI: 0.841-0.959, standard error: 0.0298) also showed favorable predictive efficacy.

CONCLUSION 
Noninvasive MRI radiomic model based on MDF values and imaging biomarkers may be useful to 
make preoperative prediction of MVI in patients with primary HCC.

Key Words: Hepatocellular carcinoma; Microvascular invasion; Magnetic resonance imaging; Radiomic 
analysis; Imaging biomarkers

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

Core Tip: We developed a radiomic analysis model based on pre-operative magnetic resonance imaging 
data to predict microvascular invasion (MVI) in hepatocellular carcinoma (HCC). Quantitative analyses 
included most discriminant factors (MDFs) developed using the linear discriminant analysis algorithm and 
histogram analysis with MaZda software. The area under the receiver operating characteristic curve value 
of the model and the result of internal five-fold cross-validation showed favorable predictive efficacy. 
Noninvasive radiomic model based on MDF values and imaging biomarkers may be useful to make 
preoperative prediction of MVI in patients with primary HCC.

Citation: Li YM, Zhu YM, Gao LM, Han ZW, Chen XJ, Yan C, Ye RP, Cao DR. Radiomic analysis based on 
multi-phase magnetic resonance imaging to predict preoperatively microvascular invasion in hepatocellular 
carcinoma. World J Gastroenterol 2022; 28(24): 2733-2747
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2733.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2733

INTRODUCTION
As important therapies for hepatocellular carcinoma (HCC), liver resection and transplantation are 
widely applied in clinic and the techniques have great advances. However, the prognosis remains poor 
and relapse occurs in more than half patients within 2 years after hepatectomy[1]. In terms of recent 
studies, microvascular invasion (MVI) is one of the potential predictors of recurrence[2,3]. MVI, only 
seen under the microscope, is defined as the appearance of tumor cells in smaller vessels inside the liver 
which include small portal vein and small lymphatic vessels or hepatic artery[4,5]. And MVI can be 
classified as four subclasses varying from M0 to M3, and higher grade usually indicates higher 
invasiveness of HCC and poorer survival rate[6]. Nonetheless, MVI is diagnosed by post-surgery 
histological result at present, which is the gold standard. The accurate prediction of MVI before 
operation can help achieve the anatomic resection with expanding resection margin even for a small 
tumor[7]. Thus, accurate preoperative prediction of MVI is potentially beneficial to the optimization of 
treatment planning[3,8].

There have been some studies to preoperatively predict MVI in terms of serum markers, radiological 
features, or imaging techniques[9-11]. For example, albumin was independently associated with MVI
[9]. Besides, non-smooth tumor margins had strong diagnostic power and were of great importance for 
MVI assessment[10]. Moreover, gadolinium ethoxybenzyl-diethylenetriaminepentaacetic acid (Gd-EOB-
DTPA), a special hepatocellular parenchymal contrast agent for magnetic resonance imaging (MRI), was 
valuable for MVI prediction as well[11,12]. However, the levels of serum markers are instable and likely 
to be affected by other diseases, and the imaging characteristics are evaluated subjectively and lack of 
conformance between observers. Thus, a more reliable biomarker is needed for preoperative prediction 
of MVI.

https://www.wjgnet.com/1007-9327/full/v28/i24/2733.htm
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Quantitative analysis may have advantages over subjective analysis in reflecting valuable 
microscopic image features. Radiomic analysis can quantify the spatial variations in gray-level patterns, 
image spectral properties, and pixel interrelationships, which therefore has attracted great interest[13-
15]. Using automation algorithms based on big data and with the advantages of noninvasiveness, 
radiomics analysis provides a powerful tool for modern medicine, and it can broadly combine multiple 
biomarkers and then guide clinical decision-making for patients suspected with cancer[16]. Various 
machine-learning methods have been used for radiomic analysis for MVI prediction, such as support 
vector machine and random forest[17,18]. To the best of our knowledge, there is not yet radiomics study 
based on linear discriminant analysis (LDA) algorithm to predict MVI. Additionally, even without 
spatial information, histogram analysis alone can indicate a gray-level distribution and is used for MVI 
prediction[19,20].

Our aim was to identify the histogram parameters alone that are predictive for MVI, and determined 
the prediction capacity of LDA radiomic models based on multiple phases in pre-operative Gd-
enhanced MRI alone or combined with the image features for detecting MVI.

MATERIALS AND METHODS
Patients
Patients who underwent Gd-enhanced MRI examination before surgery were consecutively recruited 
between June 2019 and November 2021. The inclusion criteria were: (1) Solitary HCC lesion which was 
resectable or multiple HCC lesions appearing within one liver lobe; (2) No macroscopic vascular 
invasion; (3) Received the examination of Gd-enhanced MRI of the liver [with or without hepatobiliary 
phase (HBP)] within 1 mo before surgery; (4) Received curative hepatectomy; and (5) Verification of 
MVI by pathological evidence. The exclusion criteria were as follows: (1) Other anti-tumor therapies had 
been performed before surgery; (2) Pathological or clinical information was incomplete; (3) Imaging was 
not enough for analysis as a result of motion artifact; and (4) MRI performed in a different 3.0T MR 
machine. A total of 113 patients (91 men and 22 women; age ranging from 29–88 years, median age 58 
years old) were included. According to pathologic results, HCC patients were allocated into MVI-
positive (MVI+) and MVI-negative (MVI-) groups. The inclusion and exclusion criteria are shown in the 
flow diagram (Figure 1). This single-center retrospective cohort study was approved by the Institutional 
Review Board (No. [2019]283), and the requirement for informed consent was waived.

MRI examination
A 3.0T MR machine (MAGNETOM Verio; Siemens, Healthcare, Erlangen, Germany) with a dedicated 
phased-array body coil was used for MRI. The standard abdominal MRI protocol included: (1) Axial T2-
weighted fat-suppressed turbo-spin-echo: Repetition time (TR)/echo time (TE), 4700/79 msec, slice 
thickness, 5 mm, slice gap, 1 mm, FOV, 21 mm × 38 mm; (2) In-phase and out-of-phase axial T1-
weighted imaging (T1WI): TR/TE, 133/2.5 msec (in-phase), 6.2 msec (out-phase), slice thickness, 5 mm, 
slice gap, 1 mm, FOV, 21 mm × 38 mm; (3) Diffusion-weighted imaging (b = 50, 800 sec/mm2) 
performed using a free-breathing single-shot echo-planar technique, TR/TE, 9965/73 msec, slice 
thickness, 5 mm, slice gap, 1 mm, FOV, 21 mm × 38 mm. The MRI system automatically calculated the 
corresponding ADC maps; and (4) Contrast enhanced MRI: A 3D gradient echo sequence with 
volumetric interpolated breath-hold examination was performed before and after injection of 
gadobenate dimeglumine (MultiHance; Bracco) at a dose of 0.2 mL/kg and at a rate of 2 mL/sec 
followed by a 20 mL saline flush with the following parameters: TR/TE, 3.9/1.4 msec, slice thickness 3 
mm, slice gap, 0.6 mm, FOV, 25 mm × 38 mm. Hepatic arterial phase (AP), portal venous phase (PVP), 
equilibrium phase (EP), and HBP images were obtained at 20–30 sec, 70–80 sec, 180 sec, and 90 min after 
contrast medium injection, respectively.

Radiomic analysis
MaZda software (version 4.6.0, available at http://www.eletel.p.lodz.pl/mazda/) was used for 
radiomic analysis[21], and Digital Imaging Transformation and Communications in Medicine (DICOM) 
format was needed for compatibility with MaZda software. Images (MVI+ and MVI-) were loaded into 
the MaZda software; then, regions of interest (ROIs) were segmented manually by one radiologist, on 
the largest cross-sectional area and adjacent two images of the tumor or largest lesion (in the case of 
multiple lesions), which also included cystic necrotic regions. To delineate the tumor, the reference was 
based on HBP or T2-weighted imaging (T2WI) (in the case of artifact) images which were first 
segmented. Subsequently, the ROI was overlaid onto other phase images as required. If the respiratory 
movement caused the change of tumor location, the ROI was finely adjusted.

Radiomic analysis was performed with the MaZda package after loading all segmented tumor T2WI 
and T1WI + Gd images; within each ROI, 101 features were generated. Six different statistical image 
descriptors including gradient features, histogram features, gray level co-occurrence matrix, gray level 
run-length matrix, wavelet transform, and autoregressive model were used to create these radiomic 
features[21,22]. In each ROI, gray-level was normalized to minimize the effect of brightness and contrast 

http://www.eletel.p.lodz.pl/mazda/
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Figure 1 Flowchart of study selection process. HCC: Hepatocellular carcinoma; MVI: Microvascular invasion.

variation by image intensities in the range μ ± 3σ (μ, gray-level mean; σ, standard deviation), and the 
range was quantized to 6 bits/pixel[23,24].

Dimension reduction is necessary because it is impractical for clinicians to analyze all radiomic 
features on each patient and curse of dimensionality may happen in the case of too many features. Thus, 
the useful features were selected among 101 features in each sequence using algorithms, i.e., mutual 
information (MI), Fisher coefficient (Fisher), and probability of classification error and average 
correlation coefficients (POE + ACC). These algorithms were used to select 30 highest discriminative 
power features in each sequence for further analysis. The statistical B11 radiomic analysis package (a 
plug-in of Mazda software) was used for analyzing these 30 features. A LDA model with the lowest 
misclassification rate was used to calculate the most discriminant factor (MDF)[25], which served as a 
comprehensive variable for discrimination and represented a linear transformation of these input 30 
features that achieved the maximum separation for samples the between MVI+ and MVI- groups and 
the minimum separation of samples within each group. Hence, there were six MDFs, i.e., MDFT1WI, 
MDFT2WI, MDFAP, DMFPVP, MDFEP, and MDFHBP.

The values of the nine histogram features (mean, variance, skewness, kurtosis, percent 1%, percent 
10%, percent 50%, percent 90% and percent 99%) previously described (i.e., one of six different statistical 
image descriptors used for radiomic analysis) were separately saved in addition for the comparison 
with MDF values. All characteristics of radiomic analysis were generated as presented in Figures 2 and 
3.

Analysis of semantic features
In each case, an optimal window setting was adjusted to evaluate the preoperative MR images in the 
Picture Archiving and Communication System. The imaging features for each HCC were evaluated by 
two abdominal radiologists independently based on the following criteria: (1) Arterial rim enhance-
ment, defined based on the image with irregular ring-like enhancement with relatively hypovascular 
central areas in the AP[26,27]; (2) Arterial peritumoral enhancement, defined based on the detectable 
crescent or polygonal shaped enhancement outside the tumor margin, which broadly contact with the 
tumor border in the AP, changing to isointense with liver parenchyma background in the delayed phase
[28]; (3) Tumor margin, also defined as smooth margin, with the representative image being nodular 
tumors with smooth contour, or non-smooth margin presenting as non-nodular tumors with irregular 
margin that had surrounding budding portion in the transverse and coronal HBP images[10,28]; (4) 
Radiological capsule, presenting as peripheral edge of smooth hyperenhancement in the portal venous 
or EP[28,29]; (5) Tumor hypointensity in the HBP, shown as lower SI than that of the surrounding liver
[12,30]; and (6) Peritumoral hypointensity in the HBP, defined as wedge-shaped or flame-like 
hypointense area of hepatic parenchyma located outside of the tumor margin in the HBP[31]. Two 
radiologists assessed the features of the HCC images or the largest lesion (in the case of multiple 
lesions). The nal decision was based on their consensus.
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Figure 2 Hepatocellular carcinoma without microvascular invasion in a 60-year-old man. A: The lesion showed slightly high signal intensity on T2-
weighted imaging (T2WI) and was first regions of interest segmented; B: T1WI showed hypointensity; C: Hyper-enhancement in the arterial phase; D: The lesion 
showed wash-out in the portal venous phase; E: Histogram map derived from the portal venous phase.

Figure 3 Hepatocellular carcinoma with microvascular invasion in a 68-year-old woman. A: The lesion also showed slightly high signal intensity on 
T2-weighted imaging (T2WI) and was segmented; B: T1WI showed hypointensity; C: Hyper-enhancement in the arterial phase; D: The lesion showed wash-out in the 
portal venous phase; E: Histogram map derived from  the portal venous phase indicating that the parameter of histogram was significantly different between the two 
groups.

Histopathological analysis
The tumor size, number, and capsule condition were collected and analyzed. The histological type, 
differentiation grade, lymphocyte infiltration, satellite nodules, MVI status, and chronic liver disease 
were compared[32]. The definition of MVI was the presence of tumor emboli in an endothelial cells-
lined vascular space. The experienced pathologists reported the histopathological results after reviewing 
the clinical and imaging files.
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Figure 4 Similar histogram features but different most discriminant factors. A: Hepatocellular carcinoma without microvascular invasion and the 
feature derived from the portal venous phase (PVP); B: Hepatocellular carcinoma with microvascular invasion and features derived from the PVP. Case B showed 
similar histogram features but different most discriminant factors (MDF) compared with case A; C: Hepatocellular carcinoma without microvascular invasion and 
features derived from the arterial phase (AP); D: Hepatocellular carcinoma with microvascular invasion and features derived from the AP. Case D showed similar 
histogram features but different MDF compared with case C.

Figure 5 Hepatocellular carcinoma with microvascular invasion in a 47-year-old man. A: Gd-enhanced arterial phase magnetic resonance imaging 
showed arterial rim enhancement (arrow); B: Hepatobiliary phase image showing peritumoral hypointensity (arrow).

Statistical analysis
SPSS for Windows (version 25.0) and Medcalc (Version 15.2.2) were used to generate the receiver 
operating characteristic (ROC) curves and compare the diagnostic performance for identifying MVI. The 
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Table 1 Comparison of patient characteristics according to microvascular invasion

Characteristic MVI+ (n = 73) MVI- (n = 40) P value

Age (yr)1 56.82 ± 13.38 57.50 ± 11.98 0.790

Gender, n (%) 0.374

Male 57 (78.1) 34 (85.0)

Female 16 (21.9) 6 (15.0)

Tumor number, n (%) 0.152

1 58 (79.5) 36 (90.0)

≥ 2 15 (20.5) 4 (10.0)

AFP, n (%) 0.023

≤ 20 23 (31.5) 23 (57.5)

20-400 22 (30.1) 9 (22.5)

> 400 28 (38.4) 8 (20.0)

HBsAg, n (%) 0.267

Negative 13 (17.8) 4 (10.0)

Positive 60 (82.2) 36 (90.0)

Pathologic grade, n (%) 0.042

Well 0 (0.0) 1 (2.5)

Moderate 39 (53.4) 28 (70.0)

Poor 34 (46.6) 11 (27.5)

Location, n (%) 0.891

Left lobe 21 (28.8) 13 (32.5)

Right lobe 51 (69.9) 27 (67.5)

Caudate lobe 1 (1.3) 0 (0.0)

1Data are the mean ± SD.
AFP: Alpha-fetoprotein; HBsAg: Hepatitis B surface antigen; MVI: Microvascular invasion.

areas under the ROC curve (AUCs) were used to assess the predictive efficacy and the optimal cutoff 
values from the maximum Youden’s index were calculated, as well as the corresponding sensitivity and 
specificity for discriminating between MVI+ and MVI-. Univariate and multivariate logistic regression 
analyses were performed to confirm the significant variables related to MVI including clinical factors, 
imaging features, and MDFs in different sequences, and then build a discriminant model. Multivariate 
logistic regression analysis was performed using forward stepwise elimination method to identify the 
independent predictors. The prediction ability of significant MDF and the discriminant model was 
evaluated by AUC. Five-fold cross-validation was performed using the “caret” package, and nomogram 
was used as a graphical representation using the “rms” package (R software version 4.0.2, http://
www.r-project.org). Student’s t-test or Mann-Whitney U test was used to compare the continuous 
variables. Fisher’s exact test or Pearson’s chi-squared test was used to compare the categorical variables. 
P < 0.05 indicated statistical significance.

RESULTS
Patient characteristics
The patients were divided into two groups according to the histopathological results: MVI+ group and 
the MVI- group. Among 113 HCCs, 73 had MVI (4 patients had no HBP images), while 40 had no MVI 
(4 patients had no HBP images). The patients’ clinical and radiological characteristics are listed in 
Tables 1 and 2, respectively. There were statistically significant differences in alpha-fetoprotein (AFP), 
pathologic grade, maximum tumor diameter (MTD), arterial rim enhancement, tumor margin, and 
peritumoral hypointensity in the HBP between the MVI+ and MVI- groups (P < 0.050).

http://www.r-project.org
http://www.r-project.org
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Table 2 Comparison of different imaging features according to microvascular invasion

MRI feature MVI+ (n = 73) MVI- (n = 40) P value

MTD (cm)1 7.23 ± 4.30 3.80 ± 2.43 < 0.001

Arterial rim enhancement (%) 0.002

Absent 37 (50.7) 32 (80)

Present 36 (49.3) 8 (20)

Arterial peritumoral enhancement (%) 0.134

Absent 53 (72.6) 34 (85)

Present 20 (27.4) 6 (15)

Tumor margin (%) 0.004

Smooth 36 (49.3) 31 (77.5)

Non-smooth 37 (50.7) 9 (22.5)

Radiological capsule (%) 0.303

Absent 19 (26.0) 7 (17.5)

Present 54 (74.0) 33 (82.5)

Tumor hypointensity in the HBP (%) 0.336

Absent 2 (2.9) 3 (8.3)

Present 67 (97.1) 33 (91.7)

Peritumoral hypointensity in the HBP (%) 0.016

Absent 17 (24.6) 34 (94.4)

Present 52 (75.4) 2 (5.6)

1Data are the mean ± SD.
There were eight patients who had no HBP images. HBP: Hepatobiliary phase; MVI: Microvascular invasion; MTD: Maximum tumor diameter; MRI: 
Magnetic resonance imaging.

Radiomic analysis 
For the MVI+ and MVI- patients, the values of MDFs resulting from the LDA model under B11 analysis 
were significantly different between the two groups (P < 0.001). The analysis of MDF values with ROCs 
generated an AUC of 0.82 [95% confidence interval (CI): 0.77-0.87] for T1WI; 0.77 (95%CI: 0.72-0.83) for 
T2WI; 0.84 (95%CI: 0.80-0.88) for AP; 0.85 (95%CI: 0.81-0.90) for PVP; 0.84 (95%CI: 0.79-0.88) for EP; and 
0.83 (95%CI: 0.78-0.87) for HBP images. Cutoff values of -1.38 × 10-3 (T1WI), 4.73 × 10-3 (T2WI), 1.97 × 10-2 

(AP), 4.17 × 10-3 (PVP), 2.25 × 10-2 (EP), and 4.30 × 10-4 (HBP) were obtained with corresponding high 
sensitivities and specificities (T1WI: 78% and 78%; T2WI: 59% and 80%; AP: 87% and 66%; PVP: 67% 
and 90%; EP: 68% and 85%; HBP: 76% and 79%, respectively). The predictive power (AUC) of MDFs 
derived from the radiomics analysis was better than that of all other histogram parameters (T1WI: 0.52-
0.68; T2WI: 0.53-0.70; AP: 0.54-0.69; PVP: 0.50-0.74; EP: 0.51-0.74; HBP: 0.52-0.65) (Tables 3 and 4). The 
MRI images of four MVI+ and MVI- cases in the AP and PVP are presented, which show similar 
histogram features but different MDFs (Figure 4 and Supplementary Table 1).

Association of MDFs and patient characteristics with microvascular invasion
We excluded the patients who had no HBP images. MDF values were derived from the largest cross-
sectional area of images for univariate analysis. Univariate analysis showed that MDFT1WI greater than -
1.38 × 10-3 [odds ratio (OR) = 11.2000, 95%CI: 4.346-28.861; P < 0.001], MDFT2WI greater than 4.73 × 10-3 (OR 
= 6.066, 95%CI: 2.334-15.765; P < 0.001), MDFAP greater than 1.97 × 10-2 (OR = 8.552, 95%CI: 2.967-24.650; 
P < 0.001), MDFPVP less than 4.17 × 10-3 (OR = 0.050, 95%CI: 0.017-0.143; P < 0.001), MDFEP less than 2.25 × 
10-2 (OR = 0.095, 95%CI: 0.037-0.244; P < 0.001), and MDFHBP greater than 4.30 × 10-4 (OR = 8.800, 95%CI: 
3.222-24.032; P < 0.001) were important risk factors related to the presence of MVI. Among patient 
characteristics, univariate analysis showed that MTD (OR = 1.351, 95%CI: 1.146–1.593; P < 0.001), AFP 
level (OR = 3.818, 95%CI: 1.357–10.605; P = 0.028), arterial rim enhancement (present vs absent, OR = 
5.683, 95%CI: 1.977–16.340; P = 0.001), tumor margin (non-smooth vs smooth, OR = 4.024, 95%CI: 
1.555–10.414; P = 0.004), and peritumoral hypointensity in the HBP (present vs absent, OR = 52.000, 
95%CI: 11.287–239.569; P < 0.001) were significant risk factors associated with the presence of MVI 

https://f6publishing.blob.core.windows.net/923dadda-de95-4fc3-a1dc-6a7cb7c8e99e/WJG-28-2733-supplementary-material.pdf
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Table 3 Receiver operating characteristic results of radiomic analysis based on most discriminant factors in arterial phase and 
histogram parameters to discriminate between microvascular invasion+ and microvascular invasion- groups

MVI (-) MVI (+) AUC Sensitivity Specificity P value Cut-off value

MDF (-4.80 ± 6.14) × 10-2  
   

(2.63 ± 4.74) × 10-2    
 

0.84 (0.80-0.88) 87% 66% < 0.001 1.97 × 10-2

Histogram 
parameters

Mean (1.27 ± 0.28) × 102      
   

(1.09 ± 0.26) × 102    
     

0.68 (0.63-0.74) 78% 52% < 0.001 1.06 × 102

Variance (5.28 ± 4.24) × 102      (4.57 ± 3.21) × 102    
 

0.54 (0.48-0.61) 68% 45% 0.204 3.32 × 102

Skewness (-9.71 ± 58.46) × 10-2  
           

(2.52 ± 5.79) × 10-1    
         

0.68 (0.62-0.74) 76% 58% < 0.001 1.30 × 10-1

Kurtosis (-5.24 ± 91.73) × 10-2  
           

(4.06 ± 11.19) × 10-1  
           

0.60 (0.53-0.66) 90% 25% 0.004 -5.96 × 10-1

Perc.01% (0.80 ± 0.20) × 102 (0.68 ± 0.20) × 102 0.68 (0.62-0.74) 78% 50% < 0.001 64.5

Perc.10% (0.99 ± 0.23) × 102 (0.84 ± 0.22) × 102 0.68 (0.62-0.74) 96% 32% < 0.001 69.5

Perc.50% (1.28 ± 0.30) × 102 (1.08 ± 0.27) × 102 0.69 (0.63-0.74) 76% 47% < 0.001 105.5

Perc.90% (1.54 ± 0.34) × 102 (1.35 ± 0.31) × 102 0.65 (0.59-0.71) 57% 70% < 0.001 148.5

Perc.99% (1.73 ± 0.39) × 102 (1.57 ± 0.35) × 102 0.62 (0.55-0.68) 48% 74% < 0.001 177.5

AUC: Area under the receiver operating characteristic curve; MDF: Most discriminant factor; MVI: Microvascular invasion.

Table 4 Receiver operating characteristic results of radiomic analysis based on most discriminant factors in portal venous phase and 
histogram parameters to discriminate between microvascular invasion+ and microvascular invasion- groups

MVI (-)      MVI (+)      AUC Sensitivity Specificity P value Cut-off value

MDF (7.84 ± 9.26) × 10-3  
       

(-4.30 ± 7.00) × 10-3  
       

0.85 (0.81-0.90) 67% 90% < 0.001 4.17 × 10-3

Histogram 
parameters

Mean (1.24 ± 0.24) × 102 (1.08 ± 0.24) × 102 0.69 (0.63-0.75) 78% 54% < 0.001 106.6

Variance (3.07 ± 4.11) × 102 (4.30 ± 3.59) × 102 0.67 (0.61-0.74) 80% 50% < 0.001 165.9

Skewness (1.93 ± 6.11) × 10-1  
   

(1.87 ± 5.85) × 10-1  
   

0.50 (0.44-0.57) 16% 88% 0.09 7.76 × 10-1

Kurtosis (0.60 ± 1.20) (0.62 ± 1.19) 0.51 (0.44-0.57) 57% 51% 0.787 1.62 × 10-1

Perc.01% (91.84 ± 30.33) (67.16 ± 24.85) 0.74 (0.68-0.80) 50% 90% < 0.001 101.5

Perc.10% (1.06 ± 0.29) × 102 (0.84 ± 0.25) × 102 0.72 (0.67-0.78) 56% 81% < 0.001 107.5

Perc.50% (1.25 ± 0.24) × 102 (1.07 ± 0.24) × 102 0.69 (0.64-0.75) 78% 55% < 0.001 106.5

Perc.90% (1.44 ± 0.27) × 102 (1.32 ± 0.27) × 102 0.62 (0.56-0.68) 63% 61% < 0.001 137.5

Perc.99% (1.61 ± 0.31) × 102 (1.56 ± 0.34) × 102 0.55 (0.49-0.61) 35% 77% 0.179 176.5

AUC: Area under the receiver operating characteristic curve; MDF: Most discriminant factor; MVI: Microvascular invasion.

(Table 5).

Multivariate analysis of MDF values and patient characteristics with microvascular invasion
Multivariate analysis of the above 11 significant parameters showed that only MDFAP (> 1.97 × 10-2 vs ≤ 
1.97 × 10-2, OR = 7.654, 95%CI: 1.860-31.501; P = 0.005), MDFPVP (> 4.17 × 10-3 vs ≤ 4.17 × 10-3, OR = 0.182, 
95%CI: 0.047-0.705; P = 0.014), and peritumoral hypointensity in the HBP (present vs absent, OR = 
37.098, 95%CI: 6.861-200.581; P < 0.001) were independent predictors related to the presence of MVI 
(Figure 5).
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Table 5 Univariate analysis of risk factors for most discriminant factors and patient characteristic

Variable OR 95%CI P value

MDFT1 11.200 4.346-28.861 < 0.001a

MDFT2 6.066 2.334-15.765 < 0.001a

MDFAP 8.552 2.967-24.650 < 0.001a

MDFPVP 0.050 0.017-0.143 < 0.001a

MDFEP 0.095 0.037-0.244 < 0.001a

MDFHBP 8.800 3.222-24.032 < 0.001a

MTD 1.351 1.146-1.593 < 0.001a

AFP 3.818 1.375-10.605 0.028a

Pathologic grade 0.105

Arterial rim enhancement 5.683 1.977-16.340 0.001a

Arterial peritumoral enhancement 0.215

Tumor margin 4.024 1.555-10.414 0.004a

Radiological capsule 0.275

Tumor hypointensity in HBP 0.215

Peritumoral hypointensity in HBP 52.000 11.287-239.569 < 0.001a

aP < 0.05, statistically signicant results from logistic regression analysis. Variables with aP < 0.05 in univariate logistic regression analysis were applied to a 
multivariate logistic regression analysis.
MDF: Most discriminant factor; AFP: Alpha-fetoprotein; AP: Arterial phase; CI: Condence interval; EP: Equilibrium phase; HBP: Hepatobiliary phase; 
MTD: Maximum tumor diameter; OR: Odds ratio; PVP: Portal venous phase.

The risk scores for individual patients based on the final discriminant model were calculated using 
the following formula: Logit (P) = −4.612 + 3.614 × peritumoral hypointensity on HBP (absent = 0, 
present = 1) + 2.035 × MDFAP (≤ 1.97 × 10-2 vs > 1.97 × 10-2, ≤ 1.97 × 10-2 = 0, > 1.97 × 10-2 = 1) - 1.876 × 
MDFPVP (≤ 4.17 × 10-3 vs > 4.17 × 10-3, ≤ 4.17 × 10-3 = 0, > 4.17 × 10-3 = 1). The probabilities of MVI were 
calculated by the formula [P = e Logit (P)/1 + e Logit (P)].

The AUC of the final model was 0.939 (95%CI: 0.893-0.984; standard error: 0.023) and the optimal 
cutoff value was 0.595881 ≈ 0.60 (specificity: 89%; sensitivity: 90%; Youden’s index: 0.788) (Figure 6A). 
The result of internal five-fold cross-validation (AUC: 0.912; 95%CI: 0.841-0.959; standard error: 0.0298) 
also showed favorable predictive efficacy (Figure 6A). The independent predictive factors were 
integrated into a nomogram by the multivariate logistic regression analysis (Figure 6B).

Comparison of area under the receiver operating characteristic curve values of MDF values and 
imaging features
We generated the ROC curves of MDFAP and MDFPVP, respectively, which were independent predictors. 
The ROC curves of imaging features which were significantly different were also generated alone. The 
results were compared using the Delong test. The MDFAP and MDFPVP had significantly higher AUCs 
than MTDs, arterial rim enhancement, and tumor margin (P < 0.05; Supplementary Table 2). However, 
there were no differences in AUCs among MDFAP, MDFPVP, and peritumoral hypointensity in the HBP (P 
> 0.05; Supplementary Table 1). Comparison of ROC curves is shown in Figure 6C.

DISCUSSION
MVI indicates the invasiveness of HCC and poor prognosis[2,3]. Therefore, the pre-operative prediction 
of MVI is an important factor for assessing long-term patient survival and treatment optimization. The 
quantification of MRI images by radiomic analysis can characterize the heterogeneity of tumor and has 
demonstrated previous success in reflecting histological subtype[33,34]. In the present study, through 
the analysis of the top 30 parameters in each sequence, an overall discriminator, MDF, was generated 
with the LDA model, providing better prediction ability for MVI than the histogram features.

Our study showed a high sensitivity of MDF values from radiomic analysis on preoperative Gd-
enhanced MRI images and/or specificity in distinguishing between MVI+ and MVI-. The AUCs of MDF 
values of six sequences, all of which were more than 0.75, outperformed those of all histogram 

https://f6publishing.blob.core.windows.net/923dadda-de95-4fc3-a1dc-6a7cb7c8e99e/WJG-28-2733-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/923dadda-de95-4fc3-a1dc-6a7cb7c8e99e/WJG-28-2733-supplementary-material.pdf
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Figure 6 Area under the receiver operating characteristic curve of the final model. A: Receiver operating characteristic (ROC) curves of the selected 
model and the ROC curve of the 5-fold cross-validation; B: Nomogram of the integrated model. Hepatobiliary phase (HBP) means peritumoral hypointensity in the 
HBP, most discriminant factor (MDF)AP means the MDF of the arterial phase, and MDFPVP means the MDF of the portal venous phase; C: Comparison of ROC curves 
for prediction of microvascular invasion. The area under the ROC curve (AUC) was largest for the MDFPVP alone (AUC = 0.881). ARE: Arterial rim enhancement; 
MTD: Maximum tumor diameter; PHOH: Peritumoral hypointensity in the HBP; TM: Tumor margin.

parameters and imaging features. The MDF values of AP and PVP images had significantly higher 
AUCs than most of imaging features. MDF values could provide additional information useful for 
clinical management decisions. Moreover, MaZda software can be easily used for general clinicians 
without additional requirement of expertise, easily serving as a potential powerful tool in preoperative 
prediction of MVI.

LDA has been used in radiomics studies recently[35]. Han et al[35] found that LDA and support 
vector machine achieved optimal performance when compared with multiple machine learning 
methods[35]. In our study, among the LDA models based on various sequences, MDFAP and MDFPVP 

were significant independent factors for the prediction of MVI, and showed satisfactory predictive 
efficacy with an AUC greater than 0.80. Histogram parameters have been used in quantitative analysis 
of MVI in clinical studies[19,20]. Li et al[19] performed histogram analysis of intravoxel incoherent 
motion and the best parameter provided a sensitivity of 81% and specificity of 85%[19]. It was based on 
whole tumor volume, but only 41 patients were enrolled. Wang et al[20] used computational 
quantitative measures based on the maximum cross-sectional area to predict MVI of small HCC, but 
only in HBP images[20]; the AUC, sensitivity, and specificity were 0.91, 0.87, and 0.80, respectively. In 
our study, the radiomic analysis-based MDF outperformed each individual histogram parameter in 
predicting the presence of MVI. Therefore, we considered that MDFs on the basis of LDA model that 
contained more comprehensive information could evaluate the Gd-enhanced MR images and determine 
MVI status better than histogram analysis alone.

Multivariate analysis of the 11 risk factors identified in the univariate analysis found that only 
peritumoral hypointensity in HCCs in the HBP, MDFPVP, and MDFAP were independent predictors of 
MVI. Pathologically, MVI is usually found in the small portal vein and hepatic artery[4]. It may be 
detected in the small liver lymphatic vessels. But it is mostly found in small branches of the portal vein. 
This may explain why the MDFPVP and MDFAP were independent predictors of MDF values in the model 
that predicted MVI. The MDFPVP whose OR was less than 1 may be a protective factor, which means that 
the higher the MDFPVP, the less possible the presence of MVI. MVI may affect the biological functions of 
the canalicular transporter multidrug resistance-associated protein 2 or the organic anion transporting 
peptides, both of which lead to the elimination of gadoxetate disodium. That may be the reason why 
peritumoral hypointensity appeared in HCCs in the HBP[12]. The OR of peritumoral hypointensity in 
the HBP was quite high, which may result from relatively small sample size.
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It has been reported that MR ndings including arterial peritumoral enhancement and non-smooth 
tumor margin were independent predictors associated with the presence of MVI or indicated the 
association between the hypointensity of HCCs in HBP images and a higher frequency of MVI[12,17], 
which is not consistent with our study. One possible reason for the inconsistence may be the differences 
between study populations, as all patients enrolled in that study had a single HCC with a diameter ≤ 5 
cm. The inherent and technical inconsistencies between the observers in two studies may also account 
for the incompatible results. Arterial rim enhancement can predict biological characters of HCCs, 
including MVI, rapid progression, and early recurrence[26,36]. Our study showed that rim enhancement 
in the AP was not an independent predictor of MVI, and the reason may be that rim enhancement in AP 
is uncommon in HCC but more often seen in mass-forming cholangiocarcinoma or metastasis[37].

There are some limitations in this study. First, a selection bias may exist due to the retrospective 
study. Second, the radiomic analysis was performed only on the largest cross-sectional area and two 
adjacent images of the tumor. There may be information loss compared to whole tumors. In spite of this, 
our results showed excellent discriminative efficacy between the MVI+ and MVI- groups. Third, 
different MVI grading indicates a decreasing gradient of overall survival and time to early recurrence, 
which was not analyzed in the MVI+ group due to the small sample size. Finally, this study was 
performed at only one institution, causing the sample size small relative to the number of variables. 
Further multicenter, prospective studies are needed to validate the results of this study.

CONCLUSION
In conclusion, radiomic analysis based on preoperative Gd-enhanced MR images may be feasible for 
predicting MVI of HCC. Upon the application of MRI ndings and radiomic variables in our model, the 
diagnostic prediction of MVI showed a high specificity and sensitivity, indicating that this method is a 
useful tool for clinicians in treatment decision-making.

ARTICLE HIGHLIGHTS
Research background
The prognosis of hepatocellular carcinoma (HCC) remains poor and relapse occurs in more than half of 
the patients within 2 years after hepatectomy. Microvascular invasion (MVI) is one of the potential 
predictors of recurrence. MVI is defined as the appearance of tumor cells in smaller vessels inside the 
liver which include small portal vein, and small lymphatic vessels or hepatic arteries. Accurate 
preoperative prediction of MVI is potentially beneficial to the optimization of treatment planning.

Research motivation
There have been some studies to preoperatively predict MVI in terms of serum markers, radiological 
features, or imaging techniques. However, the levels of serum markers are instable and likely to be 
affected by other diseases, and the imaging characteristics are evaluated subjectively and lack of 
conformance between observers. Thus, a more reliable biomarker is needed for preoperative prediction 
of MVI.

Research objectives
The aim of this study was to develop a radiomic analysis model based on pre-operative magnetic 
resonance imaging (MRI) data to predict MVI in HCC.

Research methods
A total of 113 patients recruited to this study have been diagnosed as having HCC with histological 
confirmation, among whom, 73 were found to have MVI and 40 were not. All the patients received 
preoperative examination by Gd-enhanced MRI and then curative hepatectomy. We manually 
delineated the tumor lesion on the largest cross-sectional area of the tumor and the two adjacent images 
on MRI. Quantitative analyses included most discriminant factors (MDFs) developed using a linear 
discriminant analysis algorithm and histogram analysis via MaZda software. Independent significant 
variables of clinical and radiological features and MDFs for the prediction of MVI were estimated and a 
discriminant model was established by univariate and multivariate logistic regression analysis. 
Prediction ability of the above-mentioned parameters or model was then evaluated by receiver 
operating characteristic (ROC) curve analysis, and five-fold cross-validation was applied via R software.

Research results
The area under the ROC curve of the MDF (0.77-0.85) outperformed the histogram parameters (0.51-
0.74). After multivariate analysis, MDF values of the arterial and portal venous phase, and peritumoral 
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hypointensity in the hepatobiliary phase were identified to be independent predictors of MVI (P < 0.05). 
The area under the ROC curve (AUC) value of the model was 0.939. The result of internal five-fold 
cross-validation (AUC: 0.912) also showed favorable predictive efficacy.

Research conclusions
Noninvasive MRI radiomic model based on MDF values and imaging biomarkers may be useful to 
make preoperative prediction of MVI in patients with primary HCC.

Research perspectives
We believe that noninvasive radiomic models based on pre-operative MRI data have potential to be 
widely used in clinical fields.
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Abstract
BACKGROUND 
Accurate diagnosis of colorectal premalignant polyps, including adenomas, is 
vital in clinical practice.

AIM 
To investigate the diagnostic yields of novel findings of brown slits for adenomas.
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METHODS 
Patients who underwent colonoscopy at the Toyoshima Endoscopy Clinic were enrolled. Polyps 
sized ≥ 5 mm suspected of adenomas or clinically significant serrated polyps were included in the 
study. We defined the surface structures of colorectal polyps, which were brown curves inside and 
along the tubular glands identified using a combination of a new X1 system (Olympus 
Corporation) and a conventional magnifying colonoscope with non-staining narrow band imaging 
(NBI), as brown slits. The brown slits corresponded to slit-like lumens on endocytoscopy and 
histological crypt openings of an adenoma. We evaluated the diagnostic performance of brown 
slits for adenoma.

RESULTS 
A total of 108 Lesions from 62 patients were eligible. The average age was 60.4 years and 41.9% 
were male. The mean polyp size was 7.45 ± 2.83 mm. Fifty-seven lesions were positive for brown 
slits. Histopathological diagnosis comprised 59 low-grade tubular adenomas, 16 sessile serrated 
lesions, and 33 hyperplastic polyps. Among 59 adenomas, 56 (94.9%) were positive for brown slits. 
Among 16 sessile serrated lesions, 0 (0%) was positive for brown slits. Among 33 hyperplastic 
polyps, 1 (3.0%) was positive for brown slits. The sensitivity, specificity, and accuracy of brown 
slits for adenoma were 94.9%, 98.0%, and 96.3%, respectively. The positive predictive value and 
negative predictive value of brown slits for adenoma were also excellent for 98.2%, and 94.1%, 
respectively.

CONCLUSION 
Brown slits on conventional magnifying endoscopy with non-staining NBI using the X1 system 
were useful for diagnosing colorectal adenoma. The new endoscopy system could be examined 
using new standards.

Key Words: Adenoma; Colonoscopy; Narrow band imaging; Magnifying endoscopy; X1; Serrated polyp; 
Colorectal neoplasm; Endocytoscopy

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

Core Tip: We defined the polyp’s surface structure observed on conventional magnifying endoscopy with 
non-staining narrow band imaging using the X1 system as brown slits. The brown slits corresponded to 
slit-like lumens on endocytoscopy and histological crypt openings of an adenoma. Brown slits were useful 
for diagnosing colorectal adenoma.

Citation: Toyoshima O, Nishizawa T, Yoshida S, Watanabe H, Odawara N, Sakitani K, Arano T, Takiyama H, 
Kobayashi H, Kogure H, Fujishiro M. Brown slits for colorectal adenoma crypts on conventional magnifying 
endoscopy with narrow band imaging using the X1 system. World J Gastroenterol 2022; 28(24): 2748-2757
URL: https://www.wjgnet.com/1007-9327/full/v28/i24/2748.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i24.2748

INTRODUCTION
Colorectal adenoma is a premalignant neoplasm composed of a dysplastic epithelium. Removal of 
adenomas reduces the risk of colorectal adenocarcinoma[1,2]. Colorectal adenomas are found in ≥ 40% 
of proper colonoscopies, given that an accurate diagnosis of adenoma is crucial in routine endoscopic 
practice[3-6]. Colorectal serrated polyps are precursors with different molecular pathways and 
biological behaviors from adenomas[2,7,8]. Clinically significant serrated polyps (CSSPs), comprising all 
sessile serrated lesions (SSLs), all traditional serrated adenomas (TSAs), hyperplastic polyps ≥ 10 mm in 
size anywhere in the colorectum, and hyperplastic polyps ≥ 5 mm in size between the cecum and 
descending colon are recommended to be endoscopically removed[9-12]. The number, size, grade of 
dysplasia, and histological subtype of premalignant polyps, including both adenomas and serrated 
polyps, are the best determinants of the long-term risk of advanced neoplasia and inform surveillance 
decision-making[7,13-16].

Magnification, dye sprays, and modified light wavelengths, such as narrow band imaging (NBI) and 
blue laser imaging (BLI), are used to diagnose premalignant polyps better. The criteria for conventional 
magnifying endoscopy include pit pattern diagnosis using chromoendoscopy[17] and the Japan NBI 
expert team (JNET) classification using NBI and BLI[18-20]. The standards for ultra-high magnifying 
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endocytoscopy (EC) are as follows: EC classification, which evaluates the glandular structure and 
cellular atypia after double staining with methylene blue and crystal violet[21-24], and EC vascular 
classification, which evaluates the microvessels using NBI[25,26]. Slit-like lumens and microvessels with 
clear margins showing a network are good indicators of adenoma in EC, whereas narrow serrated 
lumens and obscure microvessels predict hyperplastic polyps. Sasajima et al[21] and Mori et al[23] have 
elucidated that long tubular pits (slit-like lumens) on EC are histologically equivalent to the crypt 
opening using the horizontal and vertical sections of specimens, respectively.

In 2020, a novel endoscopic system, which is a set of an EVIS X1 Video System Center (CV-1500) and 
a 4K ultra-high definition 32-inch liquid crystal display (LCD) monitor (OEV321UH), was released by 
Olympus Corporation, Tokyo, Japan. When using the same scope, this system has higher image quality 
and higher magnification than the previous generation’s Olympus system, which is a set of EVIS Elite 
Video System Center (CV-290) and a high-definition 26-inch LCD monitor (OEV262H). For example, the 
magnifications of conventional magnifying endoscopes of Olympus’ CF-HQ290Z and PCF-H290Z were 
80 × and 110 ×, respectively, using the Elite system, while the magnifications increased to 95 × and 170 
×, respectively, using the X1 system. Given this, we hypothesized that the new X1 system allows 
conventional magnifying endoscopy to visualize the structures that could only be observed with EC, 
and to improve polyp diagnosis. Using a combination of the X1 system and the conventional 
magnifying endoscope with non-staining NBI, we identified the findings corresponding to the slit-like 
lumens, which present the crypts of adenoma. Then, we defined the findings as “brown slits” 
(Figure 1A and B).

To the best of our knowledge, there are no studies in which conventional magnifying endoscopy has 
verified the evidence accumulated by EC. Therefore, we focused on brown slits detected on conven-
tional magnifying endoscopy using the X1 system and investigated their performance for adenoma 
diagnosis.

MATERIALS AND METHODS
Study design and overview
This retrospective study was conducted at the Toyoshima Endoscopy Clinic, a representative outpatient 
endoscopy-specialized clinic in Japan. This study was conducted in accordance with the ethical 
guidelines for medical studies in Japan. Written informed consent to use clinical information was 
obtained from the patients before colonoscopy. The study design was described in a protocol prepared 
by the Toyoshima Endoscopy Clinic and the Sakitani Endoscopy Clinic, and was approved by the 
Certified Institutional Review Board, Yoyogi Mental Clinic on July 16, 2021 (approval No. RKK227). We 
published this study’s protocol on our institute’s website (www.ichou.com) so that patients could opt 
out of the study if desired. All clinical investigations were performed in accordance with the ethical 
guidelines of the Declaration of Helsinki.

Study subjects
We enrolled patients who underwent colonoscopy at the Toyoshima Endoscopy Clinic in May and June 
2021. Polyps sized ≥ 5 mm suspected of adenomas or CSSPs were included in this study[23,27,28]. The 
exclusion criteria were ulcerative colitis, poor bowel preparation, lesions for which endoscopic imaging 
could not be obtained, and lesions for which the specimen could not be collected. We also excluded 
histologically diagnosed adenocarcinomas, TSAs, and normal mucosa.

Brown slits for adenoma
Figure 1 shows typical images of a tubular adenoma observed using a combination of the conventional 
magnifying endoscope (CF-HQ290Z) and the X1 system, at full zoom magnification with NBI and WLI 
with or without indigo carmine spraying. Brown slits inside and along the tubular glands surrounded 
by microvessels were identified (pink curves in Figure 1B). We defined this brown pattern as a brown 
slit. The brown slit was additionally defined as having a length longer than the width of the tubular 
gland (approximately 100 µm). The brown slits were visible as faint and pale red slits on WLI 
(Figure 1C). Indigo carmine accumulated in the crypt openings that corresponded to brown slits 
(Figure 1A, B and D).

Figure 2 shows representative images of a tubular adenoma using a combination of the endocyt-
oscope (CF-H290EC, Olympus Corporation) and the X1 system. To obtain a fully zoomed image with 
790× magnification with a focusing depth of 35 µm, the endoscopist softly contacted the lesion with the 
endoscope lens[26]. On ultra-high magnifying observation with NBI, slits with a mixture of brown and 
white colors inside and along the tubular glands were visualized (Figure 2D, blue arrows). This tubular 
structure corresponded to a slit-like lumen for staining EC[22-25]. The microvessels were clearly 
identified surrounding the tubular gland and showed a vessel network[25]. On ultra-high magnifying 
observation with white light imaging (WLI), although microvessels were obscure, slits with a mixture of 
red and white colors were seen similar to the slits on NBI observation (Figure 2B, blue arrows). We 
could recognize tubular glands surrounded by the microvessels and brown and pale red slits inside and 
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Figure 1 Representative images of “brown slits” in a low-grade tubular adenoma using conventional magnifying endoscopy. A set of a 
conventional magnifying endoscope (CF-HQ290Z), X1 system, and 4K 32-inch monitor was used. A, B: Full-zoom (95 ×) magnification, narrow band imaging. Brown 
slits were observed inside and along the tubular glands surrounded by the microvessels; C: Full-zoom magnifying, white-light imaging observation without indigo 
carmine spraying showed faint and pale red slits inside and along the tubular glands; D: Full-zoom magnifying, white light imaging with indigo carmine spraying 
showed indigo carmine accumulated in the site corresponding to the brown slits.

along the tubular glands with NBI and WLI, respectively, when we observed with approximately 100 × 
magnification, which was similar to the full zoom of conventional magnifying endoscopy (Figure 2A 
and C, pink arrows).

The correspondence between EC and histology is presented in Figure 3. Variably shaped tubular 
glands (surrounded by white and red curves in Figures 3A and B, respectively) with homogeneous 
widths of approximately 100 µm were observed. The crypts (blue arrows in Figure 3A and B) were 
detected as brown and white slits inside and along the tubular glands on EC. The microvessels (yellow 
arrows in Figure 3) were observed in the intervening part (black arrows in Figure 3). The size and 
position of the crypt, intervening part, and microvessels were consistent between EC and histology.

From the above, the brown slits on conventional magnifying endoscopy with NBI corresponded to 
slit-like lumens on EC and crypt openings on histology.

Colonoscopy
Brown slits were diagnosed in real-time during colonoscopy. Before the colonoscopy, the endoscopists 
discussed and obtained consensus for the brown slits while viewing the images on non-magnifying, 
conventional magnifying, and ultra-high magnifying observation. Two expert endoscopists conducted 
all colonoscopies. An endoscopic set of the X1 system and CF-HQ290Z or PCF-H290Z was used. 
Colonoscopes without a magnifying function and those with an autofocus function were excluded. The 
optical enhancement of the NBI was set in mode A8. When a lesion was detected, the surface was 
washed to remove mucus and dye, and a non-magnifying observation was conducted. Subsequently, 
the endoscopists focused on and diagnosed brown slits at almost full zoom. The polyp was observed 
without indigo carmine staining. Location, size, and morphology according to the Paris classification, 
the presence or absence of brown slits, and endoscopic polyp diagnosis were recorded. The colono-
scopists classified each polyp as an adenoma, SSL, or hyperplastic polyp. The lesion size was calibrated 
by comparison with closed cups of biopsy forceps (approximately 2.5 mm).

Before examination, patients underwent bowel preparation with 2 L of polyethylene glycol solution 
or 1.8 L of isotonic magnesium citrate. If necessary, additional magnesium citrate or polyethylene glycol 
was provided. Patients were sedated using midazolam and pethidine hydrochloride. Scopolamine 
butylbromide or glucagon was intravenously administered to suppress bowel peristalsis. The polyps 
were resected using snear polypectomy with or without submucosal saline injection.
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Figure 2 Representative images of “slit-like lumens” and “brown slits” in a low-grade tubular adenoma using endocytoscopy. A set of an 
endocytoscope (CF-H290EC), X1 system, and 4K 32-inch monitor was used. A, B: White light imaging observation; C, D: Narrow band imaging observation; A, C: 
Conventional (100 ×) magnifying observation. The yellow box represents the site for full-zoom observation; B, D: Full-zoom (790 ×) magnifying observation; D: Slit-
like lumens were observed (blue arrows). The microvessels were clearly observed surrounding the slit-like lumen and showed a vessel network; C: A “brown slit” sign 
was observed (pink arrows); B: Slit-like lumens were obscurely observed (blue arrows).

Figure 3 Correspondence between endocytoscopy and histology in a low-grade tubular adenoma. A: A set of an endocytoscope (CF-H290EC), 
X1 system, and 4K 32-inch monitor was used. Full-zoom magnifying, narrow band imaging observation. Variably shaped tubular glands (surrounded by white curves) 
with homogeneous widths of about 100 µm. The crypts (blue arrows) are detected as brown and white slits inside and along the tubular glands. The microvessels 
(yellow arrows) are identified in the intervening part (black arrows); B: Vertical sections stained with hematoxylin-eosin. The tubular glands (surrounded by red 
curves), crypts (blue arrows), intervening parts (black arrows), and microvessels (yellow arrows) are seen in endocytoscopy.

Pathology
Fixed specimens were subjected to histological examination. The reference standard was histopathology 
using standard hematoxylin-eosin staining. All lesions were diagnosed according to World Health 
Organization criteria[2] by a gastrointestinal pathologist. The pathologist classified each polyp as a 
tubular adenoma, villous adenoma, adenocarcinoma, SSL, TSA, microvesicular hyperplastic polyp 
(MVHP), goblet cell-rich hyperplastic polyp (GCHP), or normal mucosa.
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Statistical analysis
The diagnostic performance of brown slits for colorectal adenoma was calculated using BellCurve for 
Excel (version 3.21; Social Survey Research Information Co., Ltd., Tokyo, Japan).

RESULTS
Of the 115 Lesions in 64 patients who met the criteria, 1 adenocarcinoma in situ, 1 TSA, 4 normal 
mucosae, and 1 lost specimen were excluded. A total of 108 Lesions in 62 patients were enrolled. Table 1 
shows the characteristics of the study participants (mean age, 60.4 years; males, 41.9%). Of the lesions, 
the mean polyp size was 7.45 mm (range, 5–15 mm), and 57 and 51 were positive and negative for 
“brown slit” signs, respectively. Histopathological diagnosis of the polyps comprised 59 low-grade 
tubular adenomas, 16 SSLs, 27 MVHPs, and 6 GCHPs.

Table 2 presents the number of lesions in the brown slits. The diagnostic performance of brown slits 
for colorectal adenomas is shown in Table 3. The sensitivity, specificity, accuracy, positive predictive 
value, and negative predictive value were excellent for 94.9%, 98.0%, 96.3%, 98.2%, and 94.1%, 
respectively.

DISCUSSION
We defined the polyp’s surface structure observed on conventional magnifying endoscopy with non-
staining NBI using the X1 system as brown slits. The brown slits corresponded to the slit-like lumens 
detected on EC and to the histological crypt opening of the tubular gland of the adenoma. This study 
elucidated that the brown slits were highly accurate for differentiation between colorectal adenomas 
and serrated polyps with a sensitivity, specificity, and accuracy of 94.6%, 98.3%, and 96.5%, respectively. 
Kudo et al[22] reported that the sensitivity, specificity, and accuracy of slit-like lumens were 82.5%, 
100%, and 83.9%, respectively, when comparing colorectal adenoma and hyperplastic polyps. The 
strength of the brown slits is not only the high diagnostic performance, but also the convenience of 
identification using a conventional magnifying endoscope with non-staining NBI. Kudo et al[25] 
reported that obtaining a clear ultra-high magnification view using EC was difficult and long. Thus, 
brown slits are simple and meaningful in daily practice.

Compared with EC, conventional magnifying endoscopy has advantages, such as not requiring 
contact, thereby reducing bleeding or tissue damage; easy focusing; and high familiarity. Additionally, 
CF-HQ290Z (4700000 yen: $ 40941) and PCF-H290Z (4500000 yen: $ 39199) are cheaper than CF-H290EC 
(7900000 yen: $ 68817). In the future, it would be beneficial if the accumulating evidence with the EC 
could be applied with conventional magnifying endoscopy.

JNET types 1 and 2A correspond to histological classifications of hyperplastic polyp/SSL and low-
grade intramucosal neoplasia, respectively. JNET classification was comprehensively judged with two 
scales: surface pattern and vessel pattern[18,19]. Kobayashi et al[19] reported that the sensitivity, 
specificity, and accuracy of JNET 2A for low-grade intramucosal neoplasia were 91.4%, 75.1%, and 
89.1%, respectively. Because the brown slit sign is based only on the surface pattern, it may be simpler 
and easier than the JNET classification.

The reasons why the set of X1 system allowed the visualization of the brown slits, which accurately 
predicted adenomas, were considered as follows: compared to the Elite system, the X1 system has a 
higher magnification and image quality due to 4K resolution, additional amber color LED, and a new 
noise reduction system. We previously reported that the new 290 series endoscopic system had 
advantages in polyp detection and procedure over the previous 260 series model[29]. Improvements of 
the endoscopic system may increase the visibility of the polyp findings.

The present study had some limitations. The slit-like lumens and a normal pit-like structure on 
staining EC distinguish low-grade adenoma from advanced neoplasia and allow DISCARD strategy[13,
24,30]. Fused gland formations on EC staining can predict the histological grade of differentiation and 
risk factors for lymph node metastasis in T1 colorectal adenocarcinoma[31]. EC with NBI can examine 
the diameter and caliber variation of tumor microvessels that are associated with the depth of cancer 
invasion[32]. EC with NBI also possibly differentiates diminutive hyperplastic polyps from adenomas 
based on the microvessel pattern[26]. However, the present study excluded carcinomas, TSAs, and 
diminutive polyps. Furthermore, there were no villous adenomas. Validation of these EC-based 
evidence by applying conventional magnifying endoscopy in the future is desirable. Second, this was a 
retrospective study that was limited to single-center expert endoscopists. Prospective analysis at 
multiple centers, including non-experts, is needed. Third, the NBI mode and 290 series endoscopes were 
used in this study. Verification using other image-enhancing modalities, such as BLI[20], linked color 
imaging (LCI, Fujifilm Corporation)[33], texture and color enhancement imaging (TXI, Olympus 
Corporation), and using new colonoscopes, such as CF-EZ1500D and CF-XZ1200 (Olympus 
Corporation), are warranted. Fourth, the diagnostic efficacy of brown slit sign has not been proven to be 
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Table 1 Characteristics of study subjects

Patient (n) 62

Age [mean ± SD (range), yr] 60.4 ± 12.8, (40-89)

Sex (male) 41.9%

Polyp (n) 108

Location (cecum/ascending/transverse/descending/sigmoid/rectum, n) 13/20/38/7/25/5

Morphology (0-Is/0-IIa, n) 13/95

Size [mean ± SD (range), mm] 7.45 (2.83, 5-15)

Brown slits (positive/negative, n) 57/51

Endoscopic diagnosis (adenoma/SSL/hyperplastic polyp, n) 59/30/19

Histopathological diagnosis (adenoma/SSL/MVHP/GCHP, n) 591/16/27/6

Endoscopist (1/2, n) 75/33

Endoscope (CF-HQ290Z/PCF-H290Z, n) 60/48

1All adenomas were tubular, low grade.
SD: Standard deviation; SSL: Sessile serrated lesion; MVHP: Microvesicular hyperplastic polyp; GCHP: Goblet cell-rich hyperplastic polyp.

Table 2 Number of colorectal lesions for brown slits

Adenoma1 SSL MVHP GCHP
Positive 56 0 1 0

Negative 3 16 26 6

1All adenomas were tubular, low grade.
SSL: Sessile serrated lesion; MVHP: Microvesicular hyperplastic polyp; GCHP: Goblet cell-rich hyperplastic polyp.

Table 3 Diagnostic performance of brown slits for colorectal adenoma

Sensitivity 94.9 (85.9-98.9)

Specificity 98.0 (89.1-99.9)

Accuracy 96.3 (90.8-99.0)

Positive predictive value 98.2 (90.6-100)

Negative predictive value 94.1 (83.8-98.8)

Data are presented as percentage (95% confidence interval).

equivalent to that of the JNET classification, although the brown slit sign may be simpler and easier than 
the JNET classification. The comparison of the diagnostic efficacy between brown slit sign and the JNET 
classification is future issue.

CONCLUSION
Brown slits on conventional magnifying NBI endoscopy using the X1 system were useful for diagnosing 
colorectal adenoma. The new endoscopy system could be examined using new standards.



Toyoshima O et al. Brown slits for colorectal adenoma crypts

WJG https://www.wjgnet.com 2755 June 28, 2022 Volume 28 Issue 24

ARTICLE HIGHLIGHTS
Research background
Accurate diagnosis of colorectal premalignant polyps, including adenomas, is vital in clinical practice.

Research motivation
Using a combination of the X1 system and the conventional magnifying endoscope with non-staining 
narrow band imaging (NBI), we identified the findings corresponding to the slit-like lumens, which 
present the crypts of adenoma.

Research objectives
The authors investigated the diagnostic yields of novel findings of brown slits for adenomas.

Research methods
Patients who underwent colonoscopy at the Toyoshima Endoscopy Clinic were enrolled. Polyps sized ≥ 
5 mm suspected of adenomas or clinically significant serrated polyps were included in the study. We 
defined the surface structures of colorectal polyps, which were brown curves inside and along the 
tubular glands identified using a combination of a new X1 system (Olympus Corporation) and a 
conventional magnifying colonoscope with non-staining NBI, as brown slits. The brown slits corres-
ponded to slit-like lumens on endocytoscopy and histological crypt openings of an adenoma. We 
evaluated the diagnostic performance of brown slits for adenoma.

Research results
A total of 108 Lesions from 62 patients were eligible. The average age was 60.4 years and 41.9% were 
male. The mean polyp size was 7.45 mm. Fifty-seven lesions were positive for brown slits. Histopatho-
logical diagnosis comprised 59 low-grade tubular adenomas, 16 sessile serrated lesions, and 33 
hyperplastic polyps. The sensitivity, specificity, and accuracy of brown slits for adenoma were 94.9%, 
98.0%, and 96.3%, respectively.

Research conclusions
Brown slits on conventional magnifying endoscopy with non-staining NBI using the X1 system were 
useful for diagnosing colorectal adenoma.

Research perspectives
The new endoscopy system could be examined using new standards.
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BACKGROUND 
Colorectal anastomotic leakage (CAL) is one of the most dreaded complications 
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after colorectal surgery, with an incidence that can be as high as 27%. This event is associated with 
increased morbidity and mortality; therefore, its early diagnosis is crucial to reduce clinical 
consequences and costs. Some biomarkers have been suggested as laboratory tools for the 
diagnosis of CAL.

AIM 
To assess the usefulness of plasma C-reactive protein (CRP) and calprotectin (CLP) as early 
predictors of CAL.

METHODS 
A prospective monocentric observational study was conducted including patients who underwent 
colorectal resection with anastomosis, from March 2017 to August 2019. Patients were divided into 
three groups: G1 – no complications; G2 – complications not related to CAL; and G3 – CAL. Five 
biomarkers were measured and analyzed in the first 5 postoperative days (PODs), namely white 
blood cell (WBC) count, eosinophil cell count (ECC), CRP, CLP, and procalcitonin (PCT). Clinical 
criteria, such as abdominal pain and clinical condition, were also assessed. The correlation 
between biomarkers and CAL was evaluated. Receiver operating characteristic (ROC) curve 
analysis was used to compare the accuracy of these biomarkers as predictors of CAL, and the area 
under the ROC curve (AUROC), specificity, sensitivity, positive predictive value, and negative 
predictive value (NPV) during this period were estimated.

RESULTS 
In total, 25 of 396 patients developed CAL (6.3%), and the mean time for this diagnosis was 9.0 ± 
6.8 d. Some operative characteristics, such as surgical approach, blood loss, intraoperative complic-
ations, and duration of the procedure, were notably related to the development of CAL. The length 
of hospital stay was markedly higher in the group that developed CAL compared with the group 
with complications other than CAL and the group with no complications (median of 21 d vs 13 d 
and 7 d respectively; P < 0.001). For abdominal pain, the best predictive performance was on POD4 
and POD5, with the largest AUROC of 0.84 on POD4. Worsening of the clinical condition was 
associated with the diagnosis of CAL, presenting a higher predictive effect on POD5, with an 
AUROC of 0.9. WBC and ECC showed better predictive effects on POD5 (AUROC = 0.62 and 0.7, 
respectively). Those markers also presented a high NPV (94%-98%). PCT had the best predictive 
effect on POD5 (AUROC = 0.61), although it presented low accuracy. However, this biomarker 
revealed a high NPV on POD3, POD4, and POD5 (96%, 95%, and 96%, respectively). The mean 
CRP value on POD5 was significantly higher in the group that developed CAL compared with the 
group without complications (195.5 ± 139.9 mg/L vs 59.5 ± 43.4 mg/L; P < 0.00001). On POD5, 
CRP had a NPV of 98%. The mean CLP value on POD3 was significantly higher in G3 compared 
with G1 (5.26 ± 3.58 μg/mL vs 11.52 ± 6.81 μg/mL; P < 0.00005). On POD3, the combination of CLP 
and CRP values showed a high diagnostic accuracy (AUROC = 0.82), providing a 5.2 d reduction 
in the time to CAL diagnosis.

CONCLUSION 
CRP and CLP are moderate predictors of CAL. However, the combination of these biomarkers 
presents an increased diagnostic accuracy, potentially decreasing the time to CAL diagnosis.

Key Words: Anastomotic leakage; Colorectal; Surgery; Biomarkers; C-reactive protein; Calprotectin

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

Core Tip: Colorectal anastomotic leakage (CAL) remains a serious postoperative complication. It is 
associated with high morbidity rates, affecting overall costs and patients’ quality of life. Clinical criteria, 
imaging studies, and biomarkers have been considered to increase diagnostic accuracy. Plasma C-reactive 
protein, calprotectin, procalcitonin, white blood cell count, and eosinophil cell count have been proposed 
as predictors of anastomotic leakage. The combination of C-reactive protein and calprotectin after a 
minimal clinical suspicion of CAL has shown good diagnostic accuracy, allowing clinicians to reduce the 
time to CAL detection. Regression models can facilitate building a decision model, as the score proposed 
for the early detection of CAL.
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INTRODUCTION
Colorectal anastomotic leakage (CAL) is one of the most frequent complications after colorectal surgery, 
representing a dreaded issue for patients and surgeons. The reported incidence ranges from 0.2% to 
27.2%, depending on the study nature, level of anastomosis, or pathology[1-5]. This occurrence is 
associated with increased morbidity, mortality, reoperation, and health care costs[6-9]. Thus, its clinical 
relevance should not be underestimated. It also has a negative impact on a patient’s quality of life[2,4].

Early CAL detection is key to decreasing related morbidity and mortality; therefore, a prompt and 
timely diagnosis is crucial[5,10,11]. Initially, it is difficult to distinguish CAL from other postoperative 
abdominal complications. Surgeons should be aware of subtle clinical signs, and then order additional 
tests including serum biomarkers, proper imaging, or even early reoperation. Unfortunately, diagnosis 
is often delayed, because of a misleading clinical picture, non-systematic assessment, or inconclusive 
investigations[11-15]. Besides clinical parameters, several biomarkers (plasma or intraperitoneal), 
imaging methods such as abdominal computed tomography (CT) scan or water-soluble contrast enema, 
and scores have been proposed to reduce the time to diagnosis and to establish an appropriate 
management pathway[16-19].

Plasma C-reactive protein (CRP) has been proposed as an early predictor of postoperative infectious 
complications[16,20-23]. This biomarker is an acute phase protein, increasing between 6 h and 48 h after 
surgery, and returning to baseline if inflammation ceases. After this period, a high CRP level is 
associated with postoperative infectious complications, especially in patients with CAL[24-26]. On the 
other hand, calprotectin (CLP) is a useful biomarker of inflammation and infection[18,27]. Fecal CLP has 
been widely used as a marker of gastrointestinal inflammation. However, some authors suggest that 
high levels of serum CLP could be associated with septic intra-abdominal complications, such as early-
stage CAL[18,28].

The aim of this study was to evaluate the utility of plasma CRP and CLP, individually or combined, 
to shorten the time to CAL diagnosis.

MATERIALS AND METHODS
Study design and population
This was a prospective observational, single-center study that included adults over 18-years-old who 
underwent urgent or elective colorectal resection, regardless of the surgical approach (open or laparo-
scopic), indication (benign or malignant), and option for a protective stoma. The study was conducted in 
the colorectal division of a non-academic hospital accredited by Joint Commission International® and 
included about 500000 inhabitants. The data were collected between March 1, 2017 and August 31, 2019. 
The local ethics committee approved the study, and potential participants provided written informed 
consent before inclusion.

Definitions
CAL was defined in accordance with the following criteria[29]: (1) Clinical: Enteric discharge from 
abdominal drain or wound, rectovaginal fistula, or anastomotic defect found by digital examination; (2) 
Radiological (CT): Extravasation of endoluminally administered contrast, intra-abdominal collection 
around the anastomosis, presacral abscess near the anastomosis or perianastomotic air, and free intra-
abdominal air; and (3) Surgical findings (reoperation): Necrosis of the anastomosis or signs of peritonitis 
and anastomotic defect.

Faced with clinical deterioration and/or serum biomarker increase, patients underwent further 
imaging with abdominopelvic CT scan (and water-soluble contrast enema if colorectal anastomosis was 
present). Once diagnosed, anastomotic leakage was classified into two categories: (1) Minor: Patients 
with CAL and Clavien-Dindo grade I or II, requiring no active intervention (radiological or surgical 
intervention) (Grade A of the International Study Group of Rectal Cancer definition); and (2) Major: All 
other patients with CAL[30,31]. Definitions of other postoperative complications, such as pneumonia, 
urinary tract infection, paralytic ileus, and surgical wound infection, are available in Supplementary 
material 1A (Definitions).

https://www.wjgnet.com/1007-9327/full/v28/i24/2758.htm
https://dx.doi.org/10.3748/wjg.v28.i24.2758
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
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Exclusion criteria
Patients were excluded from the study if they were younger than 18-year-old, pregnant, unable to give 
or not providing written informed consent, R0 resection with anastomosis not having been performed, 
or presence of inflammatory bowel disease.

Study protocol and variables
Prospective data were collected and recorded in an electronic database according to the study protocol (
Supplementary material 1B – Study protocol). Five biomarkers were measured in the first 5 posto-
perative days (POD), including white blood cell (WBC) count, eosinophil cell count (ECC), CRP, CLP, 
and procalcitonin (PCT). Clinical criteria, such as abdominal pain and clinical condition, were also 
assessed. Blood samples were analyzed at the Leiria Hospital Centre laboratory, according to the 
techniques described in Supplementary material 1C (Laboratory). The 90-d follow-up included data of 
all postoperative complications, the length of hospital stay, and the readmission rate. Discharge criteria 
are available in the Supplementary material 1B (Study protocol). All patients received prophylactic 
antibiotic accordingly to hospital infection control committee protocol.

Statistical analysis
Data were analyzed by using standard descriptive statistics and graphical analysis. One-way analysis of 
variance was performed to compare the differences in mean biomarkers’ values across the three relevant 
groups of patients (G1 – no complications; G2 – complications not related to CAL; and G3 – CAL). Chi-
squared tests were conducted to assess the association between other categorical variables and the 
patients. Receiver operating characteristic (ROC) curve analysis was employed to evaluate each 
biomarker as an appropriate classifier to detect CAL early. The area under the receiver operating charac-
teristic curve (AUROC) was used to establish the diagnostic performance of the studied biomarker. 
Liu’s method was used to establish the threshold value of each biomarker, and its sensitivity (SS) and 
specificity (SP) were defined[32]. The negative likelihood ratio (NLR) and positive likelihood ratio 
(PLR), and the negative predictive value (NPV) and positive predictive value (PPV) were computed by 
combining the observed incidence of CAL with the estimated SS and SP at the optimum cut-off value.

The added value of combining two different biomarkers, observed on POD3 or POD5, as a classifier 
to predict early CAL was explored. Regression models (probit, logit, and complementary log-log) were 
used to analyze binary dependent variables, and the observed CAL status (0/1) in a pairwise manner of 
all biomarkers included in our study: WBC, ECC, CRP, PCT, and CLP. Several potential classifiers of 
CAL were built, applying a non-linear combination of two different biomarkers. To minimize 
overfitting, the “leave-one-out” methodology was adopted[33]. The AUROC graph was used to select 
the classifier (defined by the model and the combination of two biomarkers) with the best predictive 
diagnostic performance. Liu’s method was adopted to select the cut-off value for CAL.

The expected reduction in time to CAL diagnosis obtained by using one biomarker or a pairwise 
combination of biomarkers was estimated. This was the difference between the observed and the 
expected mean time to CAL diagnosis, if a specific classifier is used. The expected time to CAL 
diagnosis was computed by using the following expression: S × d1 + [(1 – S) × d2], where S is the SS of 
the classifier, d1 is the POD of the classifier yielding a positive cut-off value for CAL, and d2 is the day 
of diagnosis if the classifier provides a false-negative result (time to CAL diagnosis estimated in the 
dataset). The statistical methods of this study were reviewed by Óscar Lourenço from the Faculty of 
Economics, CeBER, University of Coimbra, Portugal. All data management and statistical analyses were 
conducted with Stata Statistical software (Release 16; StataCorp, College Station, TX, United States).

RESULTS
Patients and outcomes 
During the study period, we included 458 consecutive patients who underwent colorectal resection, and 
62 (13.5%) were ruled out [exclusion criteria (n = 31), no consent (n = 15), no anastomosis (n = 16)] as 
shown in Figure 1. Patient characteristics, divided into three groups (G1, G2, and G3, as previously 
defined), are shown in Table 1. Age, the Charlson Comorbidity Index, and American Society of 
Anesthesiologists grade seem to affect CAL onset.

Table 2 summarizes the main operative characteristics. Eighty-two percent of patients had a laparo-
scopic approach, and the most common procedures performed were right colectomy (n = 196; 49.5%) 
and sigmoid colectomy/rectosigmoid resection (n = 74; 18.7%). The surgical approach (P < 0.001), the 
volume of blood loss (P < 0.001), the occurrence of intraoperative complications (P < 0.001), and the 
duration of the procedure (P = 0.011) were significantly related to the development of CAL.

In this study, CAL developed in 25 of 396 patients (6.3%) and was more frequent in men than women 
(68% vs 32%). Twenty-three patients with CAL (92.0%) were diagnosed during the first hospital 
admission. The mean ± SD and median time for CAL detection were 9.0 ± 6.8 d and 8 d (interquartile 
range = 7), respectively. Anastomotic leak was significantly associated with a longer hospital stay 

https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
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Table 1 Patient demographic and clinical characteristics

Group 1, n = 277 Group 2, n = 94 Group 3, n = 25 P value

Age, mean ± SD 68.8 ± 11.3 72.2 ± 14.5 73.6 ± 13.6 0.02

Sex, n (%) 0.505

Male 161 (58.1) 59 (62.7) 17 (68.0)

Female 116 (41.9) 35 (37.3) 8 (32.0)

BMI, mean ± SD 26.8 ± 3.99 26.3 ± 4.05 26.0 ± 3.97 0.33

BMI, n (%) 0.33

17.5 < BMI < 25 95 (35.0) 32 (34.0) 12 (48.0)

25 ≤ BMI < 30 129 (46.0) 51 (54.0) 9 (36.0)

BMI ≥ 30 53 (19.0) 11 (12.0) 4 (16.0)

CCI, mean ± SD 5.12 ± 1.83 5.55 ± 2.38 6.04 ± 2.15 0.03

Prior abdominal surgery, n (%) 77 (27.8) 32 (34.0) 9 (36.0) 0.41

Immunosuppression, n (%) 10 (3.6) 5 (5.3) 0 (0) 0.45

Preoperative diagnosis malignant, n (%) 272 (98.2) 90 (95.7) 24 (96.0) 0.38

ASA score, n (%) 0.018

I–II 187 (67.5) 47 (50.0) 13 (45.8)

III–IV 90 (32.5) 47 (50.0) 12 (54.2)

Group 1: No complications; Group 2: Complications not related to colorectal anastomotic leakage (CAL); Group 3: CAL. BMI: Body mass index; CCI: 
Charlson Comorbidity Index; ASA: American Society of Anesthesiologists.

Figure 1 Flow diagram of patients according to the study protocol. POD1: Postoperative day 1.

(median of 21 d vs 7 d and 13 d, in G1 and G2 patients, respectively; P < 0.001), the readmission rate 
(20% vs 6.4% and 5.4%), and the reoperation rate (12% vs 3.2% and 1.8%). Table 3 provides a summary of 
90-d morbidity and mortality rates. Based on the Clavien-Dindo classification, grades III and IV 
complication were significantly higher in the G3 cohort (84.0% vs 17.0%; P < 0.001) (Table 4).

Table 5 outlines the intraoperative and postoperative details of patients with CAL (G3) based on the 
CAL classification (minor vs major). Seven patients (28.0%) were managed nonoperatively and two 
(8.0%) underwent radiologic drainage of intraabdominal collections. The remaining 16 patients (64.0%) 
required surgical intervention. Of the 16 reoperated patients, 10 (56%) had an anastomosis takedown 
with an end stoma and 6 (44%) received a defunctioning stoma. The 90-d mortality rate was 0.8%, 
representing 3 patients with CAL.
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Table 2 Patients’ operative characteristics

Group 1, n = 277 Group 2, n = 94 Group 3, n = 25 P value

Type of surgery, n (%) 0.071

Elective 238 (86.0) 72 (76.6) 19 (75.0)

Urgent 39 (14.0) 22 (23.4) 6 (25.0)

Surgical approach, n (%) < 0.001

Open 25 (9.0) 15 (16.0) 2 (8.0)

Laparoscopic 238 (86.0) 72 (77.0) 15 (60.0)

Conversion 14 (5.0) 7 (7.4) 8 (32.0)

Procedure, n (%) 0.739

Right colectomy1 138 (49.8) 47 (50.0) 11 (44.0)

Left colectomy 17 (6.1) 7 (7.4) 1 (4.0)

Sigmoid/RS resection 55 (19.8) 15 (15.9) 4 (16.0)

Low anterior resection 48 (17.3) 16 (17.0) 8 (32.0)

Other 19 (6.8) 9 (9.6) 1 (4.0)

Level of anastomosis, n (%) 0.66

Ileocolic 150 (54.1) 50 (53.2) 11 (44.0)

Colocolic 23 (8.3) 5 (5.3) 1 (4.0)

≥ 6 cm from AV 67 (24.2) 25 (26.6) 10 (40.0)

< 6 cm from AV 37 (13.4) 14 (14.9) 3 (12.0)

Covering stoma, n (%) 23 (8.3) 8 (8.51) 2 (8.0) 0.99

Blood loss, mean ± SD, mL 51.6 ± 36.6 58.8 ± 47.7 104.0 ± 191.1 < 0.001

Intraoperative complications, n (%) 3 (1.1) 5 (5.3) 4 (16.0) < 0.001

Operative time in min, mean ± SD 141.9 (48.3) 146.2 (50.0) 172.8 (57.2) 0.011

1Included ileocecal resection/extended right-sided colectomy.
Group 1: No complications; Group 2: Complications not related to colorectal anastomotic leakage (CAL); Group 3: CAL. RS: Rectosigmoid; AV: Anal verge.

Clinical criteria – postoperative trend and predictive effect
Abdominal pain: Abdominal pain was markedly higher and persistent from POD3 onwards in G3 
patients (Figure 2A). The AUROC for abdominal pain on POD3, POD4, and POD5 was 0.77, 0.84, and 
0.83, respectively, as shown in Supplementary Table E (Supplementary material 2A) and Figure 3A. The 
predictive effect was higher on POD4 with an estimated AUROC of 0.84.

Clinical condition: The clinical condition was worse in G3 compared with G2 patients, and it was 
significantly different after POD3 (P = 0.001). The overall postoperative trend was a declining clinical 
condition, as shown in Figure 2B. The AUROC for the clinical condition on POD3, POD4, and POD5 
was 0.62, 0.81, and 0.90, respectively, as shown in Supplementary Table E (Supplementary material 2A) 
and Figure 3B. The prediction effect was higher on POD5 with an estimated AUROC of 0.90.

Biomarkers – postoperative trend and predictive effect
WBC count and ECC: During the first five POD, WBC in G3 patients was higher than that in patients 
without CAL and was significantly different on POD2, POD4, and POD5 (P = 0.01 for each day). On the 
other hand, ECC was lower in G3 patients and significantly different on POD1 and POD5 (P = 0.04 and 
P = 0.01, respectively), as presented in Supplementary Figures 1 and 2 (Supplementary material 2B). 
Overall, the postoperative course showed a sustained trend for both blood cell counts, except for ECC 
on POD5. The AUROC for WBC and ECC from POD1 to POD5 is presented in Supplementary 
Figures 3 and 4, respectively ( Supplementary material 2B). The predictive effects of blood cell count 
were better on POD5. On POD5, when ECC was greater than 250 cells/μL, the AUROC, SS, and SP were 
0.70, 89.0%, and 43.0%, respectively, as shown in Table 6.

CRP, PCT, and CLP: The mean values of CRP, PCT, and CLP increased promptly after surgery in all 

https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
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Table 3 Ninety-day postoperative morbidity and mortality

Patients, n (%) Length of hospital stay in d, mean ± SD

With complications 119 (30.0) 16.4 ± 9.91

With no complications 277 (70) 7.4 ± 2.10

Noninfectious complications 49 (41.2) 14.2 ± 6.93

Infectious complications

Surgical wound 36 (30.3) 14.6 ± 8.34

Respiratory tract 10 (8.4) 16.1 ± 7.22

Urinary tract 11 (9.2) 16.2 ± 6.00

Anastomotic leakage classification

Minor 7 (28) 28.0 ± 17.00

Major 18 (72) 22.4 ± 12.88

Postoperative mortality 3 (0.8) NA

NA: Not applicable.

Table 4 Short-term outcomes by group

Group 1, n = 277 Group 2, n = 94 Group 3, n = 25 P value

LOHS in d < 0.001

mean ± SD 7.4 ± 2.1 14.3 ± 7.4 24.0 ± 14.0

Median 7 13 21

90-d morbidity, n (%) < 0.001

Clavien-Dindo I 64 (68.1) 0 (0)

Clavien-Dindo II 14 (14.9) 4 (16.0)

Clavien-Dindo III 8 (8.5) 16 (64.0)

Clavien-Dindo IV

NA

8 (8.5) 5 (20.0)

Readmission, n (%) 15 (5.4) 6 (6.4) 5 (20.0) 0.019

Reoperation, n (%) 4 (1.1) 3 (3.2) 3 (12.0) 0.005

90-d mortality, n (%) 0 (0) 0 (0) 3 (12.0) < 0.001

Group 1: No complications; Group 2: Complications not related to colorectal anastomotic leakage (CAL); Group 3: CAL. LOHS: Length of hospital stay; 
NA: Not applicable.

groups. CRP decreased in G1 patients and remained elevated in patients with a complicated 
postoperative course, but was significantly higher than in G3 patients. On POD5, the mean CRP level in 
G3 patients was significantly higher than that in G1 patients (195.5 ± 139.9 mg/L vs 59.5 ± 43.4 mg/L; P 
< 0.00001) (Figure 4A). Patients with major CAL had a higher mean CRP level than those with minor 
CAL (251.45 mg/dL vs 107.64 mg/dL; P = 0.01) (Table 5). On POD3, POD4, and POD5, the overall 
diagnostic accuracy of CRP to detect CAL was expressed by an AUROC of 0.76, 0.76, and 0.81, 
respectively (Figure 5A). On POD5, the optimum cut-off value of 96.8 mg/L was estimated, resulting in 
an SS and SP of 78%, an NPV of 98%, and a PPV of 19% (Table 6).

The PCT level tended to be stable from POD3 onwards. The mean values were higher in G3 patients 
than in patients without CAL, but without statistical significance [on POD5, 0.23 ± 0.08 ng/mL vs 0.22 ± 
0.07 ng/mL; Supplementary Figure 5 (Supplementary material 2C)]. The AUROC on POD3, POD4, and 
POD5 was 0.57, 0.50, and 0.61, respectively, as shown in Supplementary Figure 6 (Supplementary 
material 2C). The best predictive effect was on POD5. When PCT was greater than 0.39 ng/mL, the SS 
and SP were 44.0% and 79.0%, respectively (Table 6).

https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/15258073-3483-46ba-864f-ac4ceebac6d6/WJG-28-2758-supplementary-material.pdf
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Table 5 Intraoperative and postoperative details of patients with colorectal anastomotic leakage (minor vs major)

Minor CAL, n = 7 Major CAL, n = 18 P value

Type of anastomosis, n (%) 0.52

Intrabdominal 3 (42.8) 9 (50.0)

Pelvic 4 (57.2) 9 (50.0)

Covering stoma, n (%) 1 (14.3) 1 (5.6) 0.47

Abdominal pain

POD3 1.86 1.94 0.08

POD4 1.57 2.13 0.04

POD5 1.86 1.92 0.03

Clinical condition

POD3 1 1.25 0.07

POD4 1.14 1.47 0.13

POD5 1.29 1.58 0.02

CRP levels in mg/L

POD3 178.35 221.02 0.28

POD4 146.30 226.01 0.13

POD5 107.64 251.45 0.01

CLP levels in μg/mL

POD3 2.75 12.99 < 0.001

POD4 3.34 10.60 0.01

POD5 2.52 10.96 0.004

CAL diagnosis in d, median 8 5.5 0.07

Diagnostic method, n (%) 0.12

Clinical 0 (0) 7 (38.9)

Abdominopelvic CT 7 (100) 11 (61.1)

CAL management, n (%) < 0.001

Drainage 2 (11.1)

Reoperation

NA

16 (88.9)

LOHS in d, mean ± SD 28.0 ± 17.0 22.4 ± 12.9 0.38

CAL: Colorectal anastomotic leakage; POD: Postoperative day; CRP: C-reactive protein; CLP: Calprotectin; CT: Computed tomography; LOHS: Length of 
hospital stay; NA: Not applicable.

In the first 5 POD, the mean CLP value tended to follow the pattern of CRP, although it was not as 
pronounced (Figure 4B). The mean CLP value was significantly higher in G3 patients from POD2 
onwards. On POD3, the mean values of G1 vs G3 patients were 5.26 ± 3.58 μg/mL vs 11.52 ± 6.81 μg/mL 
(P < 0.00005). On POD3, POD4, and POD5, the CLP AUROC was 0.78, 0.67, and 0.65, respectively, as 
presented in Table 6 and Figure 5B. On POD3, a cut-off value of 6.57 μg/mL yielded a sensitivity of 
71.0% and a specificity of 72.0% (Table 6).

Finally, when we analyzed the best predictors (CRP and CLP) for major CAL, the AUROC of CRP 
was 0.74 and 0.88 for POD3 and POD5, respectively. CLP was a better predictor of CAL than CRP at 
POD3, with an AUROC of 0.92 (Figure 5C and D).

Combination of biomarkers: Tables 7 and 8 present the AUROC of several possible classifiers of CAL, 
built with the Probit model, on POD3 and POD5, respectively. The combination of CRP and CLP on 
POD3 showed the best performance, with an AUROC of 0.82 (Table 7). Of note, on POD5, the 
combination of CRP and ECC also generated good predictive performance (AUROC = 0.81). However, 
with the aim of early CAL diagnosis, we chose the combination of CRP and CLP on POD3. Thereafter, 
we determined the probability of CAL, based on the computed equation P (CAL) = F [-3.0842 + (0.094 × 
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Table 6 Summary of the predictive performance of the studied plasma biomarkers

AUROC Cut-off value SS SP NPV PPV PLR NLR

WBC in g/L

POD3 0.57 9.75 0.46 0.75 0.95 0.11 1.84 0.72

POD4 0.60 8.25 0.52 0.68 0.96 0.10 1.64 0.70

POD5 0.62 7.55 0.56 0.62 0.95 0.09 1.48 0.71

ECC in cells/μL

POD3 0.59 150 0.50 0.59 0.95 0.08 1.23 0.84

POD4 0.54 150 0.33 0.71 0.94 0.07 1.14 0.94

POD5 0.70 250 0.89 0.43 0.98 0.10 1.55 0.26

CRP in mg/L

POD3 0.76 175.90 0.64 0.83 0.97 0.20 3.77 0.44

POD4 0.76 152.40 0.62 0.89 0.97 0.27 5.40 0.43

POD5 0.81 96.80 0.78 0.78 0.98 0.19 3.48 0.29

PCT in ng/mL

POD3 0.57 0.19 0.68 0.47 0.96 0.08 1.28 0.68

POD4 0.50 0.31 0.38 0.76 0.95 0.10 1.56 0.82

POD5 0.61 0.39 0.44 0.79 0.96 0.12 2.10 0.71

CLP in μg/mL

POD3 0.78 6.57 0.71 0.72 0.97 0.15 2.55 0.40

POD4 0.67 8.34 0.56 0.86 0.97 0.21 3.89 0.51

POD5 0.65 6.98 0.58 0.80 0.97 0.16 2.84 0.52

AUROC: Area under the receiver operating characteristic curve; SS: Sensitivity; SP: Specificity; NPV: Negative predictive value; PPV: Positive predictive 
value; PLR: Positive likelihood ratio; NLR: Negative likelihood ratio; WBC: White blood cell count; POD: Postoperative day; ECC: Eosinophil cell count; 
CRP: C-reactive protein; PCT: Procalcitonin; CLP: Calprotectin.

Table 7 Area under the receiver operating characteristic curve of pairwise combination of biomarkers on postoperative day 3

CLP PCT CRP ECC

PCT 0.76

CRP 0.82 0.72

ECC 0.77 0.52 0.72

WBC 0.74 0.53 0.72 0.54

CLP: Calprotectin; PCT: Procalcitonin; CRP: C-reactive protein; ECC: Eosinophil cell count; WBC: White blood cell count.

CLP_D3) + (0.0059 × CRP_D3)], where F is the cumulative standard normal distribution. Applying Liu’s 
method, this classifier had an optimum cut-off point of 0.055, evidencing the existence of CAL above 
0.055 on POD3, with an SS and SP of 86% and 75%, respectively. For hypothetical patient X on POD3 
with CRP and CLP plasma levels of 137.4 mg/L and 8.75 μg/mL, respectively, the computed 
probability of CAL is high (score = 0.074). By adopting this classifier, the time to CAL diagnosis is 
estimated as 3.8 d [(0.86 × 3) + (0.14 × 9.0)], which represents a 5.2-d reduction compared with the 
baseline results.
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Table 8 Area under the receiver operating characteristic curve of pairwise combination of biomarkers on postoperative day 5

CLP PCT CRP ECC

PCT 0.60

CRP 0.78 0.79

ECC 0.61 0.63 0.81

WBC 0.57 0.60 0.78 0.67

CLP: Calprotectin; PCT: Procalcitonin; CRP: C-reactive protein; ECC: Eosinophil cell count; WBC: White blood cell count.

Figure 2 Distribution of rates of abdominal pain (A) and clinical condition (B). G1: No complications; G2: Complications not related to colorectal 
anastomotic leakage; G3: CAL. POD: Postoperative day.

DISCUSSION
This study assessed the usefulness of biomarkers for the early detection of CAL. Clinical criteria 
demonstrated high diagnostic accuracy (AUROC > 0.8) on POD4 and POD5. Changes in the abdominal 
pain pattern and worsening of the clinical condition were associated with an increased risk of CAL 
diagnosis. Both clinical criteria seem to be an useful early markers for this condition, producing the best 
overall diagnostic accuracy of the parameters analyzed. Three large and well-conducted studies on the 
association between pain and postoperative complications are worth reporting. Boström et al[34] 
examined a cohort of 3084 patients and estimated that increased postoperative pain is associated with a 
high risk of CAL, being an independent marker and suggesting a need for further diagnostic measures. 
The other two studies had similar conclusions, although they were not exclusive for colorectal surgery
[14,35]. A worse clinical condition and abdominal pain not localized to the wound are two of four 
modified Dutch leakage (DULK) score criteria, scoring 1 point each. Using a cut-off value of 1 point 
produced an overall SS and NPV of 97.0% and 99.5%, respectively[10]. We should bring the clinical 
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Figure 3 Area under the receiver operating characteristic curve of colorectal anastomotic leakage for clinical criteria. A: Abdominal pain from 
postoperative day 1 to postoperative day 5; B: Clinical condition from postoperative day 1 to postoperative day 5. POD: Postoperative day.

Figure 4 C-reactive protein (A) and calprotectin (B) levels. Values are the mean ± SE. G1: No complications; G2: Complications not related to colorectal 
anastomotic leakage; G3: CAL; ▲: P statistically significant (P < 0.05).

method to the forefront, being aware of the clinical signs of CAL. They are very helpful for the early 
diagnosis, as “red flags” for further investigation.

In our study, particularly on POD4 and POD5, WBC and ECC showed a distinct tendency in patients 
with and without CAL, with a high NPV (from 94%-98%) but low accuracy (AUROC from 0.54 to 0.70). 
In G3 patients, WBC plateaued after the acute inflammatory response, a phenomenon that was notably 
different from patients without CAL. In a large retrospective study, Warschkow et al[16] found that the 
WBC level contributed little to the early detection of septic complications, with a lower diagnostic 
accuracy than plasma CRP. In several other studies, researchers have estimated, from POD5 to POD7, 
an AUROC and SS ranging from 0.63 to 0.82 and from 58% to 74%, respectively[15,16,20,24,35].

Some researchers have proposed eosinopenia as a biomarker in this scenario. They concluded that it 
might help to identify several sepsis-related conditions, distinguished from other causes of systemic 
inflammatory response syndrome. It seems to be an interesting biomarker because of its widespread 
availability and low cost[36]. Shaaban et al[37] defined an optimum cut-off value of 50 cells/μL, which 
produced an SS, SP, and NPV of 81%, 65% and 80%, respectively. At hospital admission, ECC < 40 
cells/μL is an independent prognostic factor for mortality[38,39]. Our study is original in assessing the 
usefulness of ECC for the early diagnosis of CAL. The mean ECC level showed a non-significant decline 
after POD4 in G3 patients, and a modest diagnostic accuracy (AUROC from 0.54 to 0.70) when 
compared with other biomarkers. Nevertheless, ECC could still be used in CAL diagnosis as a fast, 
simple, convenient, and inexpensive biomarker. It should be considered in the decision-making process 
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Figure 5 Area under the receiver operating characteristic curve of colorectal anastomotic leakage. A: For C-reactive protein from postoperative 
day 1 to postoperative day 5; B: For calprotectin from postoperative day 1 to postoperative day 5; C: For calprotectin from postoperative day 3 to postoperative day 5; 
D: For C-reactive protein from postoperative day 3 to postoperative day 5. Left: All leaks; Right: Major leaks; POD: Postoperative day.

and future research[40].
The usefulness of CRP as a biomarker for early detection of CAL has been investigated by several 

groups[19,25,39,41,42]. In this study, the plasma CRP level exhibited a propensity to normalize from 
POD3 onwards in patients without CAL (G1 and G2). However, it remained steadily increased in G3 
patients, with a markedly high mean value from POD1 to POD5. Yeung et al[43] performed the most 
comprehensive meta-analysis available in the literature, including nearly 7000 patients pooled from 23 
studies. From POD1 to POD7, patients with CAL had a significantly higher mean CRP level compared 
with patients without CAL (P < 0.001)[43]. In this study, CRP was the best predictor for CAL on POD4 
and POD5, with a maximum AUROC of 0.81 (cut-off value of 96.8 mg/L and an NPV of 98%) on POD5. 
Similar results have been published by other authors. Ortega-Deballon et al[26] estimated on POD4 an 
AUROC of 0.72 with a cut-off of 125 mg/L, yielding an SS and NPV of 81.8% and 95.8%, respectively. 
Garcia-Granero et al[25] reported that CRP level showed a good predictive ability for major CAL on 
POD5, with an AUROC of 0.85 (cut-off value of 135 mg/L and an NPV of 98%). In the Italian ColoRectal 
Anastomotic Leakage (iCral) multicentric prospective observational study, the CRP level was a good 
positive and excellent negative predictor of CAL, with an AUROC of 0.81 on POD6 (cut-off value of 81.5 
mg/L), and an SS and NPV of 80.9% and 97.7%, respectively[41]. In the meta-analysis by Yeung et al
[43], AUROC analysis established a threshold CRP level for CAL of 115 mg/L on POD5, with an SS and 
SP of 100%. All of these authors recommended CRP levels to predict CAL, and our group advocates a 
similar practice and suggests the use of this biomarker to expedite further investigation and treatment
[25,26,41,43].

CLP, a sign of neutrophil activation, could be a promising early marker for excessive inflammatory 
response in major abdominal catastrophes, such as CAL. To date, only Reisinger et al[18] have studied 
the predictive value of CLP in CAL diagnosis. In G3 patients, the mean postoperative CLP level peaked 
on POD3 and was notably higher, persisting thereafter. On POD3, the AUROC (0.78) and SS (71%) were 
slightly higher than the CRP level, although they were lower than those obtained in the pioneering 
study by Reisinger et al[18] (0.92 and 86%, respectively). One possible explanation could be our compre-
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hensive definition of CAL and the larger sample size. It remains unclear to what extent CLP level is an 
early predictor that is better than CRP for detecting CAL. As a neutrophil activation marker, CLP could 
be increased early after anastomotic failure, compared with CRP, which indicates a delayed systemic 
inflammatory response. Our study shows that CLP is worth evaluating for early diagnosis of CAL.

We demonstrated in the first 5 POD, the mean PCT values were marginally higher in G3 patients but 
with lower accuracy, SS, and SP than CRP and CLP levels. However, it had a high NPV (> 95%), making 
it an adequate and useful marker for early and safe discharge after colorectal surgery, considering the 
current enhanced recovery after surgery routine. In contrast to our study, Giaccaglia et al[17] estimated 
that on POD5, PCT had better accuracy than CRP (0.86 vs 0.81), as well as a high NPV (98.3%). A recent 
meta-analysis published by Su'a et al[44] determined a diagnostic accuracy of 0.88 on POD5 and an 
optimum cut-off value on POD3 and POD5 of 0.25 and 680 ng/mL, respectively. The NPV ranged from 
95% to 100%. In agreement with these authors, we believe that PCT is a useful negative predictor for 
CAL; as a single test, however, it is worthless for CAL diagnosis.

We verified that, with the exception of plasma CRP on POD5 (AUROC > 0.80), each biomarker 
individually was a modest predictor of CAL[45]. The combination of two or more biomarkers has been 
considered in previous studies[17,18,41]. In this study, the combination of CRP and CLP values on 
POD3 increased diagnostic accuracy, shortening the mean CAL diagnosis by 5 d. This reduction would 
likely lead to reduced morbidity and mortality. Reisinger et al[18] confirmed a significant improvement 
in diagnostic accuracy (AUROC = 0.93) with the combination of CRP and CLP plasma levels on POD3, 
an SS of 100%, and an SP of 89.0%, decreasing the median time to diagnosis by 3 d. Furthermore, 
Giaccaglia et al[17] found that by adding PCT to CRP on POD5, the diagnostic accuracy markedly 
improved (AUROC = 0.90). Similarly, the iCral study demonstrated that the combination of CRP and 
PCT with a clinical score (DULK score) allowed the exclusion of CAL on POD2 (NPV = 99%)[41]. We 
believe that a user-friendly diagnostic tool, combining CLP and CRP levels by this mathematic model, 
would help the surgeon to diagnose CAL early. Consequently, this biomarkers’ combination may be 
included in a standard postoperative surveillance program, as a warning tool for CAL. In the case of a 
“positive test”, this protocol recommends abdominal and pelvic CT scan or early reoperation in case of 
imaging-dubious or -negative, to reduce the time to CAL detection and enable prompt management.

Strengths and limitations of the study
One strength of this study was its prospective design and independent data collection model, which 
minimized observer bias. Second, it was one of the largest monocentric sample size published to date. 
Based on the recent meta-analyses of Waterland et al[46] van Helsdingen et al[47], only two monocentric 
prospective studies have enrolled more than 400 patients. Furthermore, we analyzed five biomarkers, 
including plasma CLP, which was first studied by Reisinger et al[18]. Third, we chose a comprehensive 
definition of CAL, recently defined by van Helsdingen et al[29] to include all patients with CAL, 
minimizing selection bias. We did not exclude minor CAL from the cohort, which also affected the 
predictive effect of the analyzed biomarkers. In addition, to keep the biomarkers optimum cut-off values 
in AUROC analysis both standardized and reproducible, we adopted Liu’s method. This method 
defines the optimum cut-off point as the point maximizing the product of SS and SP[48]. These reasons 
may explain some differences in biomarkers’ diagnostic accuracy in this study. Fourth, we tried to adapt 
the study protocol to daily practice, making its enforcement easier in the future. Hence, we included all 
patients undergoing colorectal resection, even those with a diverting ostomy. In addition, clinicians 
were not blinded to the daily biomarkers’ results and might use those data according to the study 
protocol. Finally, we proposed a predictive tool based on the combination of two biomarkers that 
improved CAL diagnostic accuracy. Adoption of this tool in daily practice might shorten the time to 
CAL diagnosis and management. Moreover, the data from this study provide information for the 
development of more complex mathematical predictive models, including machine learning methods.

This study had several limitations. First, the monocentric design may limit the external validity of the 
results. Second, our sample had some grade of heterogeneity, because the study population included 
benign and malignant disorders, elective and urgent procedures, and anastomosis within different 
levels of the colon and rectum. Third, we designed a phase I diagnostic study and estimated cut-off 
values for early CAL detection. However, we should change the direction of interpretation, running 
from the diagnostic test result toward the CAL diagnosis. To address this issue, we are performing a 
new multicentric prospective phase II diagnostic study, using the predictive tool and defined 
biomarkers cut-off values[49]. Fourth, plasma CLP measurement is expensive and these kits are not 
easily accessible in daily clinical practice. Finally, our study did not address the cost-effectiveness of 
biomarkers’ measurement. It is crucial to estimate the economic burden of CAL, including the cost 
related to a delayed diagnosis, the high rate of false positives, and unjustified reoperations or frequent 
readmissions.

CONCLUSION
In conclusion, we found that clinical criteria have added value as a warning sign of CAL. On the other 
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hand, CRP and CLP levels are the best early predictors of CAL. Particularly relevant is the combination 
of CLP and CRP early during POD3, and its potential to markedly reduce the time to diagnosis of CAL. 
By reducing the time to CAL diagnosis, reduced morbidity and mortality are expected. Additional 
studies are needed to confirm the predictive ability of this model on early CAL detection and its utility 
in routine clinical care.

ARTICLE HIGHLIGHTS
Research background
Colorectal anastomotic leakage (CAL) is a major complication in abdominal surgery. Prompt diagnosis 
can reduce morbidity and mortality associated with this condition. Serum biomarkers have been 
proposed as predictors of CAL.

Research motivation
Biomarkers such as C-reactive protein (CRP) and white blood cell (WBC) count are frequently requested 
in the postoperative period of colorectal surgery. However, the usefulness of these and other biomarkers 
remains unclear.

Research objectives
To assess the role of CRP, WBC, eosinophil cell count, calprotectin (CLP), and procalcitonin in the first 5 
postoperative days (PODs) after colorectal surgery, and thus, discuss in what order these biomarkers 
can be employed in clinical practice.

Research methods
From March 2017 to August 2019, we measured and analyzed five serum biomarkers daily in 396 
patients who underwent colorectal surgery. The area under the receiver operating characteristic curve, 
specificity, sensitivity, positive predictive value (PPV), and negative predictive value (NPV) were used 
to estimate the best predictive diagnostic performance.

Research results
CRP had an NPV of 98% on POD5. The combination of CLP and CRP measurement presented a high 
diagnostic accuracy (AUCROC = 0.82) on POD3. We identified a reduction of 5.2 d to the diagnosis of 
CAL.

Research conclusions
The combination of CRP and CLP demonstrated good diagnostic accuracy. These tests can likely be 
used to reduce time to CAL detection.

Research perspectives
Further studies should test a warning index score built from selected predictive variables as biomarkers 
CRP and CLP.
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Abstract
We read the article titled, “Long-term follow-up of liver alveolar echinococcosis 
using echinococcosis multilocularis ultrasound classification,” by Schuhbaur J 
with great interest. However, we found some worthwhile issues that we believe 
should be discussed with the authors, and have provided our comments in this 
letter. It would be valuable if the authors could provide further information about 
the clinical stages, follow-up time, and clinical outcomes of the patients.

Key Words: Alveolar echinococcosis; Albendazole; Surgical treatment; Ultrasound; 
Follow-up

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

Core Tip: Although many experts suggest that radical surgery combined with 
albendazole treatment is the optimal option for alveolar echinococcosis patients, no 
clear consensus has been reached on whether long-term treatment using albendazole 
alone without any surgical intervention can cure or control the disease. Therefore, some 
professional issues need to be clarified by discussion with peers, in order to benefit as 
many patients as possible.
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TO THE EDITOR
We read the article titled, “Long-term follow-up of liver alveolar echinococcosis using echinococcosis 
multilocularis ultrasound classification,” by Schuhbaur et al[1] with great interest. In this significant 
study, the authors observed changes in sonomorphology during the follow-up of hepatic lesions using a 
sonomorphologic classification scheme. However, after reading the article carefully, we found some 
worthwhile issues that we would like to discuss with the authors.

Alveolar echinococcosis (AE) is an infectious zoonotic parasitic disease, which has been a major 
public health problem in its epidemic area[2]. In the large majority of cases, the liver is the first organ to 
be infested by the larvae. Hepatic AE often invades the surrounding vessels and adjacent organs in its 
advanced stages. The mortality rate within 10 years after diagnosis is more than 90% if the lesion is 
inadequately or not treated[3]. According to the World Health Organization Informal Working Group 
on Echinococcosis criteria[4], radical surgery combined with albendazole treatment is the optimal 
option for AE patients. In this article, the authors included 59 patients from Germany’s national echino-
coccosis database, who were “considered” to have hepatic AE, and long-term follow-up using 
ultrasound was performed. However, they did not mention the clinical stages, specific follow-up time, 
and clinical prognosis of these patients. Hepatic AE is known as “parasitic cancer,” due to its tumor-like 
characteristics with infiltration of vessels or biliary structures and distant metastasis. To date, no clear 
consensus has been reached on whether long-term treatment using albendazole alone without any 
surgical intervention can cure or control the disease. A 5-year analysis of two distinct cohorts in Bern, 
Switzerland and Besancon, France demonstrated that conservative treatment was less effective than 
surgical therapy[5]; however, longer follow-up results have not been available. Currently, “watch and 
wait” is not recommended unless complete inactivity of the AE lesion can be confirmed, in order to 
avoid delayed treatment resulting in adverse outcomes[6].

The authors’ team proposed an ultrasonographic classification scheme for hepatic AE in 2015[7], 
which was used to follow 59 patients. However, we noted that the authors stated that all but 1 patient 
received antiparasitic drugs, but they also claimed that more than half of the patients (55.9%) were 
defined as “probable” hepatic AE. In such a case, the use of albendazole and other drugs with hepato-
toxicity may cause unnecessary harm to patients. According to a recent study with long-term 
observation of 117 AE patients, about 44.4% experienced adverse reactions when taking albendazole, 
and severe liver toxicity occurred in 7.7% patients[8]. We believe that the authors should have provided 
a more detailed explanation about whether the use of albendazole is indeed necessary for these patients. 
The high rate of inoperable disease at diagnosis underscores the need for an early, definitive diagnosis. 
However, in cases that cannot be confirmed by conventional examination, supplementary tests such as 
serology and positron emission tomography (PET)/computed tomography (CT) may be useful.

Bresson-Hadni et al[9] suggested that “surgical resection, if feasible, is the gold standard for 
treatment.” We also believe that early radical resection of the lesion should be considered in patients 
with hepatic AE, unless it is defined as unresectable. Based on the clinical guidelines and previous 
reports, the objectives for the treatment of hepatic AE should include the following: Completely 
removing the parasitic lesion, combined with 2 years of albendazole treatment after surgery; if this is 
not possible, reducing the proliferating potential of echinococcosis multilocularis by continuous 
administration of albendazole; and lesions that are massively calcified and/or negative by CT or PET 
may benefit from a “watch-and-wait” approach.

In summary, we admire the efforts of the authors in using ultrasound to assess sonomorphology 
changes over time in hepatic AE lesions. Nevertheless, it would be valuable if the authors could provide 
further information about the clinical stages, follow-up time, and clinical outcomes of the patients.
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Abstract
Significant developments in colorectal cancer screening are underway and include 
new screening guidelines that incorporate considerations for patients aged 45 
years, with unique features and new techniques at the forefront of screening. One 
of these new techniques is artificial intelligence which can increase adenoma 
detection rate and reduce the prevalence of colonic neoplasia.

Key Words: Basic concepts; Assessment of artificial intelligence in endoscopy; Current 
applications; Ethics; Safety challenge

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

Core Tip: Artificial intelligence (AI) is an integral part of endoscopy and health care in 
colorectal cancer screening because it has been shown to increase adenoma detection 
rates and reduce the prevalence of colonic neoplasia. It will soon provide an “optical 
biopsy” of polyps, assisting advanced therapeutic endoscopy-resection and ‘discard– no 
pathology present. ’Innovations in AI have changed and improved the lives of gastroen-
terologists by examining quality monitoring via a single integrated system. The only 
boundaries of AI are clinical research trials and reimbursement.
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TO THE EDITOR
Artificial intelligence can increase adenoma detection rate in randomized control trials
Artificial intelligence (AI) has been shown to improve the adenoma detection rate (ADR) in colorectal 
cancer screening. It has been evaluated in multiple randomized controlled trials, showing that the 
withdrawal time does not vary at any polyp size, location, or morphology[1]. It also improves detection 
in serrated lesions; however, its usefulness is not clear for advanced adenomas, given that data are 
available from only three studies. A potential weakness of these studies is that they are largely confined 
to China and Italy. While the ADRs in China are low, ranging from 17% to 28%, in Italy, Repici et al[2] 
reported a rate of 40% to 55%. Studies conducted in the United States will be forthcoming.

AI in gastroenterology: Potential weaknesses
In this issue of the World Journal of Gastroenterology, a review article by Kröner et al[3] is entitled 
“Artificial intelligence in gastroenterology: a state-of-the-art review discussing the findings and a broad 
spectrum of clinical applications.” The authors reviewed the literature highlighting the use of AI in 
current and future applications, especially in the detection of lesions and identification of pre-malignant 
or malignant lesions. However, we would like to mention that colonic disease detection of lesions using 
techniques such as polyp identification and classification are limited in number; these are not available 
in all AI systems, and clinical trial data from the USA are particularly limited[4]. Pentax Medical, 
Medronic, and EndoBrain provide only colonic polyp detection, and they lack the ability to classify the 
features of the CAD EYE system (Fujifilm) used in Europe and Japan[4]. Although the authors outlined 
the study limitations because of the lack of creating “universal datasets” and the lack of validating 
external in clinical settings and advise on future directions for research in this field, the important 
boundaries of AI are around clinical research trials, assessing AI in daily clinical practice, and around 
reimbursement and other ethical issues and safety challenges not highlighted here[3].

We would like to mention recent studies related to these important boundaries of AI use. It is 
expected that AI will compensate for human errors and the limits of human capabilities in performing 
real-time diagnostics of colonic lesions by providing accuracy, consistency, and greater diagnostic 
speed. However, Byrne et al[5] showed that 15% of polyps can not be classified. Therefore, further 
clinical trials are required to assess these benefits[5]. Whether endoscopic procedures become more 
efficient and of a higher quality when assisted by AI is yet to be proven. However, this new technology 
can mimic human behavior, identify colonic lesion precursors of colorectal cancer in at-risk patients[6], 
and can support medical decision-making[6].

Current endoscopy practices include the real-time administration of AI with computer vision to 
identify and delineate colonic lesions. This was achieved using an algorithm to diagnose and classify 
defined lesions. By applying machine learning (ML), the algorithm was trained using a large dataset of 
predefined polyp-containing video frames. These images include several key characteristics such as 
virtual chromoendoscopy, surface pit pattern morphology, microvascular pattern, high-magnification, 
and endocytoscopic appearance.

However, the promising applications of AI-assisted endoscopy raise several issues. Validation and 
quality control, video and image limitations, and annotation burden are primary areas of concern. 
Additionally, the data gathered has inherent biases due to a disproportionate representation of those 
with certain ethnicities, geographic and cultural inequities, and small segments of the population. Even 
if represented proportionately, inaccuracies can result in harmful consequences. Other contributors to 
bias included technical differences in colonoscopy techniques, bowel preparation, and colonoscopy 
equipment. The algorithm is as effective as the database.

Other issues with AI/ML are ethical and can be resolved by the careful and thorough regulation of 
data ownership and security. Data ownership could involve the patient, doctor, and/or the healthcare 
system, and the involvement of the Health Insurance Portability and Accountability Act, General Data 
Protection Regulation, industry, and science must be addressed. Finally, the endoscopist is responsible 
for the patient, not the computer.

The use of AI to demonstrate and characterize colonic lesions based on real-time signalling profiles is 
feasible. Video camera movement and tissue pathology captures a pair of frames, identifies recognized 
landmarks, and matches them by computing relative frames. Tissue classification was performed for all 
lesion types in real-time[7]. Its accuracy is evaluated by comparing it with the dual judgments of 
humans; however, few health professionals and patients wish to submit tissues for histological analyses
[8].

Computer-assisted endoscopy has many clinical applications, including safety alerts, no-go zones, 
difficult notifications, staff notifications, and auto reports. Furthermore, AI supports decision-making by 
endoscopists, improves advanced therapeutic endoscopy and workflow, increases safety, reduces the 
need for manpower, and minimizes the need for humans to perform autonomous functions. Its 
limitations include physician resistance, limited video availability, data ownership, regulations, liability, 
privacy, lack of reimbursement, and cultural perceptions.

Currently, the fees for AI services are not standardized; however, there is an implementation cost. 
Given that better polyp detection results in more surveillance examinations, quality-based 
reimbursements could result in increased compensation. On the other hand, polyp diagnosis assisted by 
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AI has been shown to result in cost savings for the patient, particularly when the resultant strategy is 
“diagnose and leave without pathology”[9]. Overall, AI did not change the withdrawal timing and 
reduced the time required for endoscopic procedures. However, the cost and burden of these 
procedures remain unproven.

Real world testing needed
Evaluation of AI in healthcare requires real-world testing, including a minimal amount of randomized 
control trial data and a concentration of early stage research statistics such as ex vivo data, still images, 
and retrospective videos. Images should be carefully selected, and study designs should meet published 
standards such as preservation and incorporation of valuable endoscopic innovations, resect and 
discard criteria, and medical device approval by the US Food and Drug Administration. Furthermore, 
technical performance studies such as ML accuracy, system output accuracy, and usability, in addition 
to workflow studies such as effectiveness, efficiency, satisfaction, ease of use, learning ability, and 
utilization should be conducted. Additionally, health impact studies evaluating decision impact, patient 
outcomes, process outcomes, cost-effectiveness, care variability, and population impact should be 
conducted. Therefore, examination quality metrics are necessary, such as colonoscopy quality 
assessment via AI[10].

At this time, algorithms meet the preservation and incorporation of valuable endoscopic innovation 
criteria; however, multi-center trials have not been started. Experience is gained primarily from single-
center studies conducted by expert endoscopists. Additionally, randomized controlled trials have not 
been performed, and magnifying scope technology is not available in some countries such as the 
USA[11].. Once these requirements are met, AI can become widely used in the daily practice of 
endoscopy, providing examination quality, polyp detection, polyp classification, and automatic reports. 
There are still a lot of unanswered questions and issues to be furthered discussed. However, we believe 
that the AI assisted colonoscopy, all in one integrated system, quality metrics of the colonoscopy exam, 
detection and classification of colonic lesions will play a key role in daily endoscopy clinical settings 
after 4-5 years.
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