Gastroenterology

Baishideng Publishing Group Inc



Contents Weekly Volume 27 Number 26 July 14, 2021

World Journal of
Gastroenterology

3951

FRONTIER
Liver dysfunction and SARS-CoV-2 infection

Gracia-Ramos AE, Jaquez-Quintana JO, Contreras-Omaria R, Auron M

3971

OPINION REVIEW
Chronic hepatitis B infection with concomitant hepatic steatosis: Current evidence and opinion

Shi YW, Yang RX, Fan JG

3984

4004

4018

4045

4088

4104

REVIEW

Acute kidney injury and hepatorenal syndrome in cirrhosis

Gupta K, Bhurwal A, Law C, Ventre S, Minacapelli CD, Kabaria S, Li Y, Tait C, Catalano C, Rustgi VK

Progress and challenges in the comprehensive management of chronic viral hepatitis: Key ways to achieve
the elimination

Higuera-de la Tijera F, Servin-Caamario A, Servin-Abad L

Viral hepatitis update: Progress and perspectives

Pisano MB, Giadans CG, Flichman DM, Ré VE, Preciado MV, Valva P

Biomarkers in the diagnosis of pancreatic cancer: Are we closer to finding the golden ticket?

O'Neill RS, Stoita A

Non-occlusive mesenteric ischemia: Diagnostic challenges and perspectives in the era of artificial
intelligence

Bourcier S, Klug J, Nguyen LS

Hepatocellular carcinoma in patients with renal dysfunction: Pathophysiology, prognosis, and treatment
challenges

Yeh H, Chiang CC, Yen TH

4143

4160

4172

MINIREVIEWS
Abdominal and gastrointestinal manifestations in COVID-19 patients: Is imaging useful?

Boraschi P, Giugliano L, Mercogliano G, Donati F, Romano S, Neri E

Inflammatory effect on the gastrointestinal system associated with COVID-19

Delgado-Gonzalez P, Gonzalez-Villarreal CA, Roacho-Perez JA, Quiroz-Reyes AG, Islas JF, Delgado-Gallegos JL,
Arellanos-Soto D, Galan-Huerta KA, Garza-Treviiio EN

Adult pancreatoblastoma: Current concepts in pathology

Omiyale AO

Jaishideng®

WJG | https://www.wjgnet.com I July 14,2021 | Volume27 | Issue26 |



World Journal of Gastroenterology

Contents
Weekly Volume 27 Number 26 July 14, 2021

4182  Prevention of vertical transmission of hepatitis B virus infection

Veronese P, Dodi I, Esposito S, Indolfi G

4194  Endoscopic ultrasound fine needle aspiration vs fine needle biopsy for pancreatic masses, subepithelial
lesions, and lymph nodes

Levine I, Trindade AJ

ORIGINAL ARTICLE

Retrospective Study
4236  Feasibility of totally laparoscopic gastrectomy without prophylactic drains in gastric cancer patients

Liu H, Jin P, Quan X, Xie YB, Ma FH, Ma S, Li Y, Kang WZ, Tian YT

CORRECTION

4246 Correction to “Downregulation of FoxM1 inhibits the viability and invasion of gallbladder carcinoma cells,
partially dependent on the induction of cellular senescence”

Tao J, Xu XS, Song YZ, Liu C

LETTER TO THE EDITOR
4248  Impact of COVID-19 on the clinical status of patients with Wilson disease
Zhuang YP, Zhong HJ

Bishidengs WIG | https://www.wjgnet.com I July 14,2021 | Volume?27 | Issue26 |



World Journal of Gastroenterology

Contents
Weekly Volume 27 Number 26 July 14, 2021

ABOUT COVER

Editorial Board Member of World Journal of Gastroenterology, Mortada HF El-Shabrawi, MD, FAASLD, Professor of
Pediatrics and Pediatric Hepatology, Faculty of Medicine, Cairo University, 3 Nablos Street, Off Shehab Street,
Mohandessen, Giza 12411, Egypt. melshabrawi@medicine.cu.edu.eg

AIMS AND SCOPE

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

INDEXING/ABSTRACTING

The WJG is now indexed in Current Contents®/Clinical Medicine, Science Citation Index Expanded (also known as
SciSearch®), Journal Citation Reports®, Index Medicus, MEDLINE, PubMed, PubMed Central, and Scopus. The 2021
edition of Journal Citation Report® cites the 2020 impact factor (IF) for WJG as 5.742; Journal Citation Indicator: 0.79;
IF without journal self cites: 5.590; 5-year IF: 5.044; Ranking: 28 among 92 journals in gastroenterology and
hepatology; and Quartile category: Q2. The WJG’s CiteScore for 2020 is 6.9 and Scopus CiteScore rank 2020:
Gastroenterology is 19/136.

RESPONSIBLE EDITORS FOR THIS ISSUE

Production Editor: Ji-Hong Lin; Production Department Director: Yu-Jie Ma; Editorial Office Director: Ze-Mao Gong.

NAME OF JOURNAL INSTRUCTIONS TO AUTHORS

World Journal of Gastroenterology https:/ /www.wijgnet.com/bpg/getinfo/204

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

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

Andrzej S Tarnawski, Subrata Ghosh https:/ /www.wijgnet.com/bpg/gerinfo/208
EDITORIAL BOARD MEMBERS ARTICLE PROCESSING CHARGE

http:/ /www.wjgnet.com/1007-9327/editorialboard.htm https:/ /www.wjgnet.com/bpg/gerinfo/242
PUBLICATION DATE STEPS FOR SUBMITTING MANUSCRIPTS
July 14, 2021 https:/ /www.wignet.com/bpg/Gerlnfo/239
COPYRIGHT ONLINE SUBMISSION

© 2021 Baishideng Publishing Group Inc https:/ /www.f6publishing.com

© 2021 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: bpgoffice@wijgnet.com https://www.wjgnet.com

JBaishideng®

WIJG | https://www.wjgnet.com 111 July 14,2021 | Volume?27 | Issue26 |


https://www.wjgnet.com/bpg/gerinfo/204
https://www.wjgnet.com/bpg/GerInfo/287
https://www.wjgnet.com/bpg/gerinfo/240
https://www.wjgnet.com/bpg/GerInfo/288
https://www.wjgnet.com/bpg/gerinfo/208
http://www.wjgnet.com/1007-9327/editorialboard.htm
https://www.wjgnet.com/bpg/gerinfo/242
https://www.wjgnet.com/bpg/GerInfo/239
https://www.f6publishing.com
mailto:bpgoffice@wjgnet.com
https://www.wjgnet.com

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

DOI: 10.3748 / wjg.v27.i26.4088

World Journal of
Gastroenterology

World | Gastroenterol 2021 July 14; 27(26): 4088-4103

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

REVIEW

Non-occlusive mesenteric ischemia: Diagnostic challenges and
perspectives in the era of artificial intelligence

Simon Bourcier, Julian Klug, Lee S Nguyen

ORCID number: Simon Bourcier
0000-0003-4358-2330; Julian Klug
0000-0002-4849-9811; Lee S Nguyen
0000-0002-6014-6269.

Author contributions: Bourcier S
wrote the manuscript; Klug J
significantly contributed to the
manuscript; Nguyen LS co-wrote
and supervised this work.

Conflict-of-interest statement: The
authors have no conflict of interest
regarding this work.

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

Manuscript source: Invited
manuscript

Specialty type: Gastroenterology
and hepatology

Country/Territory of origin: France

Jaishideng®

WJG | https://www.wjgnet.com

Simon Bourcier, Department of Intensive Care Medicine, University Hospital of Geneva,
Geneva 1201, Switzerland

Julian Klug, Department of Internal Medicine, Groupement Hospitalier de 1’Ouest Lémanique,
Nyon 1260, Switzerland

Lee S Nguyen, Department of Intensive Care Medicine, CMC Ambroise Paré, Neuilly-sur-Seine
92200, France

Corresponding author: Lee S Nguyen, MD, PhD, Doctor, Senior Researcher, Department of
Intensive Care Medicine, CMC Ambroise Paré, 25 Boulevard Victor Hugo, Neuilly-sur-Seine
92200, France. nguyen.lee@icloud.com

Abstract

Acute mesenteric ischemia (AMI) is a severe condition associated with poor
prognosis, ultimately leading to death due to multiorgan failure. Several
mechanisms may lead to AMI, and non-occlusive mesenteric ischemia (NOMI)
represents a particular form of AMI. NOMI is prevalent in intensive care units in
critically ill patients. In NOMI management, promptness and accuracy of
diagnosis are paramount to achieve decisive treatment, but the last decades have
been marked by failure to improve NOMI prognosis, due to lack of tools to detect
this condition. While real-life diagnostic management relies on a combination of
physical examination, several biomarkers, imaging, and endoscopy to detect the
possibility of several grades of NOMI, research studies only focus on a few
elements at a time. In the era of artificial intelligence (AI), which can aggregate
thousands of variables in complex longitudinal models, the prospect of achieving
accurate diagnosis through machine-learning-based algorithms may be sought. In
the following work, we bring you a state-of-the-art literature review regarding
NOM]I, its presentation, its mechanics, and the pitfalls of routine work-up
diagnostic exams including biomarkers, imaging, and endoscopy, we raise the
perspectives of new biomarker exams, and finally we discuss what Al may add to
the field, after summarizing what this technique encompasses.

Key Words: Mesenteric ischemia; Biomarkers; Critically ill; Machine learning; Artificial
intelligence
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Core Tip: In this review we focus on non-occlusive mesenteric ischemia and discuss the
challenges of a reliable diagnosis, which requires several simultaneous elements,
including physical examination, biomarkers, and imaging elements. While taken
individually these elements do not provide sufficient diagnostic accuracy, a multimodal
approach relying on artificial intelligent algorithms may increase speed and accuracy in
recognizing this rare but severe condition.

Citation: Bourcier S, Klug J, Nguyen LS. Non-occlusive mesenteric ischemia: Diagnostic
challenges and perspectives in the era of artificial intelligence. World J Gastroenterol 2021,
27(26): 4088-4103

URL: https://www.wjgnet.com/1007-9327/full/v27/i26/4088.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i26.4088

INTRODUCTION

Acute mesenteric ischemia (AMI), due to inadequacy between oxygen demand and
supply in the digestive tract, is a life-threatening emergency[1]. This term encompasses
several entities that differ regarding their initial trigger of gut ischemia but ultimately
converge towards digestive and systemic complications such as tissue necrosis,
perforation, bacterial translocation, and eventually, death due to multiorgan failure.
Contrary to most conditions, AMI is associated with a poor prognosis, which has not
improved in the last decades. Mortality ranges around 80% and mostly depends on
early diagnosis and adequate treatment.

Diagnosis of AMI secondary to large vessels occlusion mainly relies on imaging,
including contrast-enhanced abdominal computed tomography (CT) scan, allowing
the identification of the occluded vessel (or vessels) in order to choose between
different revascularization options (interventional, surgical, or medical treatment).

While obstructive AMI has been reported at length, and their management is
supported by evidence-based guidelines[2], AMI occurring in the absence of major
vascular occlusion, non-occlusive mesenteric ischemia (NOMI), frequently raises
diagnostic and therapeutic challenges. Indeed, NOMI often occurs as the consequence
of a critical condition[3]. The diagnosis is often suspected in the intensive care unit
(ICU) in the context of a patient’s clinical condition worsening after a prior episode of
profound and acute circulatory failure, such as a successfully resuscitated cardiac
arrest, cardiopulmonary bypass surgery, as well as septic, hypovolemic, or cardiogenic
shock. Reported mortality rates are extremely high, and time to diagnosis represents a
key factor for improving its associated prognosis[4,5].

Several leads have been pursued to achieve this goal, including the development of
new biomarkers as well as new multimodal tools. In the last decade, the advent of
artificial intelligence (AI) allowed the facilitation of complex diagnoses relying on
imaging.

In the following work, we bring you a state-of-the-art literature review regarding
NOM], its presentation, its mechanics, the pitfalls of routine work-up diagnostic
exams, and perspectives in new biomarker exams and finally discuss what Al may add
to the field. For brevity, we did not cover therapeutic management.

EPIDEMIOLOGY, MECHANISMS, AND MANAGEMENT OF NOMI

In contrast to AMI secondary to large vessels occlusion, NOMI was initially poorly
understood. Nearly 80 years ago, first reports of NOMI described intestinal gangrene
secondary to low cardiac output but without evidence of either arterial or venous
occlusion[6,7]. As of today, only case-series and retrospective cohort studies report
these severe events and in a selected population. One exception reports epidemi-
ological data in a general population[8]. This Swedish population-based study was
performed between 1970 and 1982 and suggested a population-based incidence of fatal
NOMI of 2/100000 person-years. From 23446 systematic autopsies, 62 fatal NOMI
cases were identified. After clinical data records were investigated, these patients were
more likely to have suffered from fatal cardiac failure, atrial fibrillation, and recent
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surgery. Of note, necroptic examination often showed concomitant infarction of other
visceral organs such as liver, spleen, and kidneys suggesting a state of global organ
hypoperfusion. Through non-recent retrospective monocentric surgical case-series,
NOMI ranges between 4% and 60% of AMI causes, depending on the case-mix[9,10].

Several other smaller cohorts also reported hemodialysis as a setting associated with
a risk of NOMI[11]. In a retrospective study of 57 cases occurring in the first 12 h after
the last hemodialysis session, all cases were preceded by an episode of hypotension
during hemodialysis, and investigations found diffuse (= 3) ischemic areas, in 20% of
cases[12]. Vasculitis was also reported as an occasional cause of NOMI, especially
polyarteritis nodosa[13].

In the ICU, while described for decades, interest in NOMI is growing; as shown by
an increase in reporting in the last few years[2,3,14,15]. To date, the largest retro-
spective multicenter study gathered 780 AMI diagnoses in ICU patients, reporting an
in-ICU mortality of 58%[15]. Of note, the occlusive or non-occlusive origin of AMI was
not investigated. When AMI occurs in the ICU, NOMI appears prevalent: 91% of cases
in a study of 101 AMI patients, with similar rates in other cohorts[4,16]. This increased
prevalence in ICU may be explained by the fact that many conditions leading to ICU
admission may be associated with a NOMI onset.

Several studies reported NOMI as a complication of cardiopulmonary bypass
surgery, occurring in less than 1% of patients, often in patients with peripheral artery
disease[4,17-19]. As a result, NOMI should be suspected in patients suffering from
multiple organ failure after cardiac surgery; as suggested by Guillaume et al[4] in a
cohort study of 320 patients in which NOMI rate was 10%[4]. In this study, the
incidence of NOMI was not immediate: The authors reported a median of 7 d between
cardiac surgery and NOMI diagnosis.

NOMI may also occur in patients admitted for successfully resuscitated cardiac
arrest[5,20]. According to a recent report of a cardiac arrest center, NOMI may affect
2.5% to 6% of patients after cardiac arrest, mortality being 96%][5]. Factors reflecting
the severity of the ischemia-reperfusion syndrome, such as higher admission lactate,
low flow > 17 min, and higher inotropic score, were associated with NOMI diagnosis.
Furthermore, NOMI represents a cause of secondary worsening in septic shock. Invest-
igating the cause of death in septic shock according to time since ICU admission,
Daviaud et al[21] identified NOMI respectively as the second and third causes of early
(£3d) and late (> 3 d) death.

Mechanisms of AMI

The pathophysiological mechanical concept of AMI relies on an imbalance between
oxygen supply and demand of the intestinal tissues. Ischemic lesions first begin to
appear in the intestinal mucosa and subsequently may progress to irreversible
transmural necrosis[22,23]. Complications include intestinal perforation, peritonitis,
bacteriemia due to rupture of the gut barrier, inflammation leading to further non-
mesenteric organ dysfunction, and shock. An essential contribution to the field was the
historic work from Chiu et al[24] demonstrating how decreased mesenteric flow
generates mucosal lesions. In an animal model, superior mesenteric artery blood flow
was modulated, serial biopsies of the small intestine were performed, and ischemic
intestinal mucosal lesions were detailed. The authors observed two observations of
high importance. First, mucosal lesions appeared very early after the start of the
experience. Second, the rapidity and the severity of mucosal lesions were correlated
with the importance of decrease in blood flow. This experience highlights how urgent
it is to make the diagnosis of AMI and proceed to treatment since vital and functional
complications evolve quickly. A parallel can be drawn with acute myocardial
infarction and stroke. Hence, intestinal stroke centers allowing early multimodal
management have been suggested, and first reports showed increased survival[25].

Although the experiments performed by Chiu et al[24] strongly support the
hypothesis of a supply-demand imbalance as a primary step towards NOMI, other
complex processes may be involved, ultimately leading to the progression towards
intestinal necrosis. These processes include the promotion of remote multiorgan
failure through complex inflammatory pathways after a first insult in the form of
transient hypoperfusion of the main mesenteric arteries[3,22,26]. Other mechanisms
include impaired tissue perfusion responsible for gut barrier failure and endotoxin
translocation, endothelial dysfunction and ischemia-reperfusion injury with increased
local cytokine production, which may vary according to the primary cause of intestinal
hypoxia[3,27-29].

In septic shock, tissue perfusion may be altered at the microcirculation level; despite
seemingly optimized global hemodynamic parameters and these microcirculatory
abnormalities are directly linked to organ failure[30]. Notably, Dubin et al[31]
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demonstrated persistence of altered intestinal microcirculation disorders in deceased
animals after correction of arterial hypotension in a model of septic shock[31].
Moreover, in sepsis, other mechanisms may participate to tissue dysoxia: Cellular and
metabolic disorders[32,33]. Lobo et al[34] showed possible “cytopathic hypoxia”
without impairment of oxygen delivery in the development of gut mucosal injury
during endotoxic shock[34]. Therefore, a primary transient main mesenteric arteries
hypoperfusion may not be a mandatory step in NOMI related to sepsis.

Although NOMI is thought to represent the worst stage of acute gastrointestinal
injury in critically ill patients[35], the exact pathophysiology is still poorly understood,
and the definition of this concept remains unclear[36]. According to a working group
of the European Society of Intensive Medicine, NOMI is one of the possible facets of
acute gastrointestinal dysfunction. In a recent update, acute gastrointestinal dys-
function is outlined as the consequence of a multitude of interacting patho-
physiological mechanisms, resulting in other life-threating conditions such as Ogilvie’s
syndrome, sepsis, gastrointestinal tract perforation or bleeding, and acute com-
partment syndrome[36].

Additionally, deleterious therapeutic interventions may add to the incidence of
NOMI by worsening tissue dysoxia in ICU patients. Experimental and observational
studies suggest that the use of vasopressors such as norepinephrine and epinephrine
might result in impaired mucosal perfusion[37-39]. Other pharmacological agents such
as vasopressin and digoxin[3] as well as acute profound hypovolemia could also
worsen ischemic lesions. Lastly, the role of enteral nutrition in critically ill patients is
controversial and depends on several factors such as the dose of enteral nutrition, the
metabolic phase, and the severity of the patients. In the recent randomized controlled
trial “NUTRIREA 2”[40], enteral nutrition was compared to parenteral nutrition with a
normocaloric target (i.e. 20-25 kcal/kg per day) during the first days of admission (i.e.
catabolic phase) in mechanically ventilated patients with shock. Mortality did not
differ between the two groups, but a significantly higher rate of bowel ischemia was
reported in the enteral group [19 (2%) patients vs 5 (< 1%) patients]. However, an
ancillary study focused on citrulline and intestinal-fatty acid binding protein (I-FABP)
biomarkers showed possible protective effects of enteral nutrition on enterocyte mass,
raising an interest for further investigation[41]. In particular, some hypothesized that a
lower dose of enteral nutrition in these patients may yield a protective effect[42].

Compared with occlusive AMI, NOMI reported mortality is higher, ranging
between 70% and 100% depending on the series[4,5,16]. While complications of NOMI
are similar to those of occlusive AMI (including necrosis, perforation with peritonitis,
bacteremia secondary to digestive translocations, acute compartment syndrome,
vasoplegic shock, multi organ failure leading to death), their prognosis is indeed
different[2]. In survivor patients, late AMI complications classically include short
bowel syndrome, undernourishment, and need of total parental nutrition[43,44]. Of
note, late outcomes in NOMI patients (e.g., long-term mortality, quality of life) are
currently unknown and should be investigated.

Several reasons may explain this poor prognosis in NOMI as compared to occlusive
AMLI. To start, in the former, patients are in a critically state, due to an earlier severe
aggression, and NOMI represents a “second-hit” added on top of the reason for ICU
admission. Secondly, treatment options do not allow a rapid reversal of the causal
insult (as opposed to a revascularization of an occluded vessel), leading to late
treatment and thus worse outcomes. Thirdly, surgical treatment is complex because of
the lack of clear delimitation between viable and necrotic tissue: Lesions are often
diffuse or patchy and extensive resections are then performed, when deemed relevant,
which often is not the case after laparoscopic evaluation. Lastly, diagnosis is complex
and requires multimodal approaches, leading to delays, as compared to obstructive
AMI causes|3,45].

DIAGNOSTIC PITFALLS AND CHALLENGES FOR FUTURE RESEARCH

Facing a rapidly evolving disorder, the diagnostic process should provide answers to
two important issues. First of all, diagnosing AMI early is essential to avoid
progression to transmural necrosis and the associated complications[3,46]. Secondly,
reliable information on the presence or absence of intestinal necrosis, and ideally on
the intestinal location involved, is needed to guide decision regarding surgical
treatment, according to the location and indication of surgery and patients” condition.
The importance of this issue is summarized in Figure 1.
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Figure 1 Timing of events in non-occlusive mesenteric ischemia.

JBaishideng®

WIJG | https://www.wjgnet.com 4092

As of today, these vital questions remain unanswered in the setting of NOMI and
are often diagnosed too late. At time of diagnosis in NOMI studies, severity biological
parameters are usually markedly high, and necrosis is frequently observed in
comparison to recent occlusive AMI cohorts[4,5,16,47]. This severity, possibly
associated with diagnostic delay, could partially explain the discrepancies between

observed mortality rates.

Clinical examination

NOMI has always been presented as a challenging diagnosis due in particular to
clinical signs considered to be non-specific[45,46]. Diagnosis is usually suspected in
front of novel or worsening of circulatory failure in evocative contexts (e.g., cardiac
surgery or after cardiac resuscitation) and is discussed as a differential diagnosis of
secondary infections[3]. Digestive signs, similar to that of an occlusive AMI pre-
sentation, might then evoke NOMI. These signs include possibly “brutal” abdominal
pain, diarrhea, upper or lower digestive hemorrhage, and vomiting. However, a
notable difference is that the beginning of occlusive AMI is often brutal allowing to
pinpoint the exact onset time; in contrast, in the ICU setting, patients may be sedated
and curarized, abdominal exam may not yield much, even if other non-specific
digestive signs might suggest NOMI (abnormal gastric residual volume under enteral
nutrition, ileus, increase of abdominal perimeter, increased intra-abdominal pressure).

Biomarkers

Biomarkers represent additive tools to this difficult diagnosis. Routine biomarkers,
among those reflecting tissue ischemia, plasma lactate, lactate dehydrogenase (LDH),

and aspartate aminotransferase (AST), can reinforce NOMI suspicion[45,48].

D-dimers have also been reported as highly sensitive for AMI diagnosis with
plausible negative predictive value[49-51]. However, no study focused on a selected
NOMI population in which it is likely to find multiple concurring causes for an
increase in D-dimer levels, resulting in low specificity, and its dosage is not
recommended[2]. Similarly, this conclusion can be drawn with LDH levels and

leukocyte count[16,52,53].

After cardiac surgery, there has been interest in AST[53,54]. A value 2100 IU/L was
independently associated with AMI diagnosis in patients with multi organ failure[4].
Interestingly, AST was also associated with mortality in 780 AMI patients from various
causes[15]. Thus, despite obvious lack of specificity, elevation of AST may reinforce

clinical suspicion.

Procalcitonin has also been shown to be associated with mortality in AMI patients
[55]. A threshold value of 2.47 ng/mL was suggested in a monocentric retrospective
study of 128 AMI patients[56]. However, in a NOMI subgroup, procalcitonin may be

less accurate given the high prevalence of acute renal failure and infections[57].
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Serum lactate, a long-time marker of tissue ischemia, is usually associated with
mortality in the AMI setting[15]. Despite a lack of specificity, lactate could be useful to
predict necrosis when associated with other parameters. A prospective study of 67
selected patients with AMI identified three parameters associated with necrosis:
Presence of organ failure, serum lactate levels > 2 mmol/L, and bowel dilation on
computed tomography (CT) imaging[47]. When all three parameters were present,
necrosis requiring surgical resection was highly likely. However, there was only one
patient with NOMI in this cohort, and, in the setting of NOMI, an increase in plasma
lactate levels is consistent with numerous possible etiologies.

Yet, clinical exam and routine laboratory tests are of only little value to make an
early reliable diagnosis and to differentiate suspicion from confirmed NOMI[1,16,58].

Perspectives in biomarkers

Research is in progress to identify candidate AMI biomarkers. One of the most
promising is I-FABP. Preliminary studies suggest a potential interest in I-FABP, a
small cytosolic protein specific to small bowel released in the context of intestinal
ischemia[59]. Experimental studies demonstrated early increase of I-FABP after onset
of gut ischemia[60]. Thuijls et al[52] studied plasma and urinary I-FABP accuracy in 46
patients with a suspicion of AMI, of which 22 AMI cases were finally confirmed[52].
The area under the receiver-operating curve (AUC) for urinary I-FABP was 0.93,
performing better than plasma I-FABP (AUC = 0.70). Notably, the increase in I-FABP
was greater in patients with ischemia of the ileum, which is the main source of I-FABP
production. However, in critical illness and particularly in NOMI, acute renal failure is
highly prevalent, and urine samples might not be available. Further studies are needed
to refine plasma I-FABP accuracy.

Interestingly, Matsumoto et al[53] found an AUC of 0.88 for AMI diagnosis
including 15 cases of NOMI and 9 arterial occlusions[53]. The authors also highlighted
that I-FABP is increased in various non-vascular intestinal ischemia etiologies such
strangulated bowel obstruction, incarcerated hernia, and volvulus. While promising,
the integration of plasma I-FABP to the routine monitoring of intestinal ischemia is
probably too early at this point and should be further explored. In adults with septic
shock, Sekino et al[61] measured daily plasma I-FABP in a monocentric observational
study and found a higher incidence of NOMI when I-FABP levels were superior to a
threshold of 19.0 ng/mL[61]. Importantly, [-lFABP thresholds for AMI diagnosis are
not consensual[29], and differences in accuracy of I-FABP dosage according to
enzyme-linked immunosorbent assay kits lead to further limitations[62].

Plasmatic citrulline, an amino acid synthesized from glutamine by small bowel
enterocytes and metabolized into arginine by the kidney, reflects functional enterocyte
mass and has been proposed as a marker of acute intestinal failure in critically ill
patients[63]. However, the high prevalence of acute renal failure in the ICU population
may lead to high plasma citrulline concentrations despite a reduction of enterocyte
mass[64]. Further studies are needed to precise its performance in critical illness and
NOMI diagnosis. To a lesser extent, the ability of endothelin-1 to predict NOMI has
been investigated in 78 post cardiac surgery patients and revealed high specificity
(94 %) but poor sensitivity (51%)[65].

Imaging

From clinical suspicion of NOMI to certitude, diagnosis relies on imaging. Historically,
angiography was considered pivotal by some experts, as it was considered an efficient
treatment for NOMI[66,67]. Angiographic observations of NOMI included the visual-
ization of absence of large artery occlusion and vasoconstriction of small intestinal
arteries. Subsequently, angiography enabled the in situ administration of a continuous
infusion of vasodilatory drugs like papaverine. Small cohort studies reported efficacy,
suggesting this treatment may be associated with fewer progression to necrosis, and
improved survival[26]; the effectiveness of this strategy may not be warranted if
NOMI is diagnosed at the stage of intestinal necrosis requiring surgical treatment.
Moreover, tolerance of vasodilatory drugs in hemodynamically unstable patients is
unclear, and given the low availability of the technique, it remains reserved for expert
centers. Hence, evidence diagnostic and therapeutic angiography interventions in
NOMI remain low, for now.

On the other hand, while contrast-enhanced abdominal CT scan plays a central role
in occlusive AMI[68], indicating the occluded vessel and eventually guiding revascu-
larization possibilities, its performance in NOMI is disappointing. A monocentric
study compared the classical CT signs evoking AMI of 75 patients with NOMI, with 39
patients in which NOMI was suspected but subsequently ruled out, when compared to
macroscopic diagnosis considered as reference[16]. Portal venous gas, pneumatosis
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intestinalis, and abnormal contrast-induced bowel wall enhancement exhibited good
specificities (respectively 95%, 85%, and 71%) but were poorly sensitive to the point,
that one quarter of patients exhibited mesenteric ischemia without any suggestive
radiological signs.

Abdominal ultrasound has been recently proposed for the investigation of acute
gastrointestinal injury, emphasizing the possibilities to measure gastrointestinal
diameter, mucosal thickness, peristalsis, and blood flow[69]. As of today, data on
ultrasound performance for NOMI diagnosis are scarce, despite the evident advantage
of being performed at the bedside non-invasively and the ability to diagnose bowel
dilation, intramural, or portal venous gas[70,71].

Endoscopy

Finally, endoscopy is widely used in the ICU setting and presents the advantages of
direct visualization of intestinal mucosa at the bedside. Given the relatively low
negative predictive value of CT imaging, endoscopy is frequently performed and
allows to diagnose a significant number of NOMI cases in the ICU. In post cardiac
arrest patients, hemorrhagic or necrotic lesions are likely to be found during gut
endoscopy in the presence of clinical signs of gastrointestinal dysfunction[72].
However, its disadvantages are numerous: A large part of the intestines (i.e. small
bowel) are inaccessible, the observed mucosal necrosis does not always correspond to
transmural necrosis, there exists an inherent risk of perforation in weakened tissues,
and availability is dependent on the operators.

Hence, given the numerous pitfalls of the current diagnostic approach for the
diagnosis of NOMI, a high index of suspicion is required in populations at risk, such
as post cardiac or aortic surgery, hemodialyzed patients, and critically ill patients[23,
73]. Research is encouraged to identify or validate new biomarkers and imagery tools
and increase knowledge on the pathophysiological understanding of NOMI genesis,
especially in critically ill patients[36]. Specific accuracy of these new biomarkers
should be further evaluated in the future. However, well designed studies are
incredibly difficult due to numerous issues. Importantly, the low incidence of NOMI
requires an appropriate selection of the study population with consideration of the
pre-test probability. Additionally, patients in which NOMI has been ruled out are
difficult to define given the low negative predictive value of CT imaging. Methodo-
logical difficulties originate from the lack of knowledge of the physiopathology and
the important variability of NOMI time course due to differences in the intensity and
duration of the aggression at the origin of NOMI. Furthermore, a working group of the
European Society of Intensive Care Medicine stated the need for a consensus definition
of NOMI in order to improve the current knowledge, study epidemiology and suggest
interventions[36].

Overview of Al in healthcare

Al is a vague term reflecting the use of computers to perform tasks that are thought to
require unique skills, often in ways that are hard to pin-point and that evolve with
time. For example, although basic game algorithms such as those initially developed
for chess, were considered as such 50 years ago, they are now part of every personal
computer, and we know how to break them down into discrete steps and feel we
understand them[74].

Later, Al encompassed the field of image recognition[75]. Although we humans
perform this task naturally, we often cannot articulate exactly how this is done. This
lack of supervision is one of the features of machine learning (ML), a subset of Al It is
the study of algorithms that learn from experience without being explicitly
programmed for their task. ML incorporates a broad range of statistical methods
ranging from linear regression to support vector machines, decision trees, or neural
networks that make use of new datapoints to update the function they approximate
[76].

As introduced, this field is subdivided into supervised methods, which learn from
labeled samples, and unsupervised methods that attempt to find patterns in the data
themselves[76,77]. The main applications of supervised models are classification, in
other words, choosing to which predefined class an observation belongs, and
regression, in which a value is derived from given observations. In medical imagery,
these two applications often amount to diagnosis (classification) and prognostication
(regression). Clustering, in which observations are grouped in classes that are not pre-
defined, and dimensionality reduction used for data structuring or visualization are
the most common applications of unsupervised learning. Finally, in reinforcement
learning, a model interacts with its environment, performs actions, and learns in a
trial-and-error fashion. The main applications of reinforcement learning lie in decision
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support tools and autonomous agents[78].

During the development of a ML system, the parameters of a model, termed
weights, are gradually adjusted to fit a training dataset[79]. In a second step, the model
is validated on a separate dataset. An evaluation on the initial dataset would result in
overly optimistic results, dubbed the overfitting effect. This common phenomenon
occurs when the ML model adapts itself too much to the training dataset and then fails
to generalize on other datasets. In other terms, the model remembers the examples
seen in the training phase but does not learn any relevant features that are applicable
to future observations.

The simplest way to derive a model from a set of observations is variable thre-
sholding. When combining multiple features, linear and logistic regression are the
most frequently used techniques in healthcare but require the assumption of normality
[80]. Methods capable of using non-linear discriminant functions such as support
vector machines as well as methods relying on multiple linear boundaries such as
decisions trees have been elaborated. While simple to implement, these models are
limited in their ability to process raw data, such as images or time course data, as they
struggle to model the relationships of large amounts of variables in multiple
dimensions[81]. Instead, the elaboration of such models often needs to rely on consid-
erable domain expertise to extract relevant traits from the raw data, yet, arbitrarily
selected features and the underlying physiologic assumptions may fail to capture a
specific individual’s response. This is especially true for the analysis of medical
images, in which every voxel represents an individual variable influenced by location,
tissue type, and surrounding structures as well as time-sensitive data such as those
recorded in standardized electronic healthcare records (EHRs).

Specific ML algorithms that are built in a multi-layered fashion, termed deep
learning (DL) algorithms, circumvent this limitation by automatically encoding
multiple levels of inner representations of relevant features. This is achieved by
composing simple non-linear units that sequentially transform the representation,
starting from the raw data, into a slightly more abstract representation at a deeper
level. Visually, when analyzing images, the first two layers often represent edges and
particular arrangements of edges. Subsequent deeper layers then assemble the motifs
encoded in the prior layers into larger combinations representing parts of patterns
featured in the raw data. The main advantage of this process is that the features are
learnt by a general-purpose learning algorithm without any direct human inter-
vention. This allows for the rapid development of models able to discover intricate
features in multi-dimensional data. In the last decade, DL has led to major
improvements in performance in the fields of computer vision[75,82] and natural
language processing[83,84]. The main model architectures used in these domains are
convolutional neural networks, recurrent neural networks (RNNs), auto-encoders, and
transformers. Even if DL methods have been able to produce spectacular results, it is
important to realize that these methods are still in their early days, and their
performance does not always exceed that of conventional techniques using hand-
selected features[85]. DL works well with large datasets but often requires specific
computational infrastructure for the training process, whereas conventional ML
methods have advantages for smaller datasets and can be created with classical
processors.

The advantages brought by DL-powered data analyses have rapidly been taken
over into the medical domain with first translations to radiology[86], ophthalmology
[87] and pathology. Although the implementation of such algorithms in a clinical
setting remains challenging[74], this progression has culminated in the approval of the
first insurance reimbursement for Al augmented medical care[88] for the CT-based
detection of large vessel occlusion in stroke. Modern ICUs generate vast streams of
data stored in EHRs and current in-silico research has yielded successful DL tools to
improve the prediction of mortality[89-93] and to guide clinical decisions[94]. A major
focus has been the prediction of sepsis, which, analogously to NOMI, lacks a
distinctive marker for an accurate and timely diagnosis. In recent years, multiple ML
methods have emerged to diagnose sepsis in real-time or to predict its occurrence. The
most prominent models relied on RNNs[95,96], custom hazard models[97] or a
combination of multiple models, known as ensembles. Although clinical validation
studies are often still lacking, these automated methods offer new possibilities for the
early detection of sepsis based on objective variables extracted from EHR data[98,99].
Similarly, the lack of a gold standard non-invasive definition of NOMI and the need
for rapid detection make for an excellent opportunity for the application of ML.
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Diagnostic approaches in NOMI

Likewise, the diagnosis and management of NOMI highly depends on information
obtained from imaging studies, clinical variables, and biological findings. Yet, no
single marker allows for the accurate detection of intestinal ischemia. The expertise of
gastroenterologists, intensivists, radiologists, and surgeons remains mandatory, but
their availability and the time needed to process all these complex data may delay
timely surgical intervention.

In NOMI prediction, multivariate logistic regressions models have been described
several times[16,100-102]. When applying a threshold to a linear combination of
weighted clinical variables, these have been used for the prediction of NOMI in 865
patients after cardiac surgery, of which 78 were angiographically confirmed to have
developed mesenteric ischemia[19]. According to the authors, this linear discriminant
analysis yielded a sensitivity of 76.9% and specificity of 93.8%. The interpretation of
these results remains, however, limited as variables and weights were derived and
tested in the same cohort. A follow-up logistic regression model used preoperative,
intraoperative, and postoperative risk factors derived from 4449 patients after cardiac
surgery to predict the occurrence of NOMI[103]. The authors report an AUC of 0.91 in
their control cohort (1 = 4299). Although these are encouraging results, the evaluation
of these models suffers from methodological flaws as derivation and validation
datasets of the model weights were not distinct.

Future models may benefit from more advanced algorithms such as those employed
for the prediction of sepsis as discussed above. Furthermore, using continuous data
streams instead of single timepoints as input would result in models with closer
resemblance to clinical and physiologic reality. Long short-term memory networks in
particular, a specific form of RNN, have shown promising results on temporal
sequences sampled from ICU EHRs[93,95,96]. The so-called transformer, a successor
model to long short-term memory networks integrating the concept of selective
attention, has since emerged from the natural language processing domain[104].
Although the application of transformer models to medical EHRs is only beginning
[105,106], it is possible model architecture will be prominent in the coming years.

Abdominal CT findings can reveal intestinal ischemia, although inter-rater
agreement often remains limited. A multivariate combination of radiological signs has
been identified through a logistic regression model in a cohort of 68 patients requiring
cardiopulmonary bypass during surgery[107]. The resulting model was not accurately
validated but performed well on the training cohort (AUC = 0.84). A model for the
detection of transmural intestinal infarction confirmed on laparotomy has been
elaborated on CT scans of 207 patients with superior mesenteric venous thrombosis
[108]. A follow-up validation on an external cohort (n = 89), demonstrated satisfying
performance (AUC = 0.84) and led to the development of a nomogram. Although this
model has been developed in a different patient population, it remains one of the most
accurately validated models for the detection of intestinal ischemia.

The use of image-based models could strongly improve performance and usability
as they do not depend on the detection of a few selected findings and may integrate
holistic imaging features, using convolutional neural networks such as those used in
abdominal CT scans for the detection of acute appendicitis[109,110]. It is of note that
although feature-based models (such as presence of pneumatosis intestinalis or
abnormal bowel wall enhancement) for the detection of intestinal ischemia developed
on patients with occlusion may translate to patients without occlusion, the features
used by image-based models are often hidden to the user and will inadvertently rely
on findings extracted from the site of occlusion. Much attention should therefore be
paid to a careful selection of the study population and a clear restriction of use-cases
for the developed models.

Perspectives in NOMI prediction

The availability of diverse and complex data points makes the use of Al for the
detection and prognostication of NOMI in the ICU a valuable clinical opportunity.
Currently developed ML models show encouraging results but lack rigorous statistical
validation. Moreover, the use of state-of-the-art DL methods is likely to benefit model
performance. As such, algorithms can encode an inner representation of relevant
patterns and can approximate more complex non-linear functions, their use would
forego the need of handcrafted features. This is especially relevant for the analysis of
temporal sequences extracted from EHRs and abdominal CT scans. Indeed, although
many signs of bowel ischemia have been identified, their performance[16] and inter-
rater agreement remain limited[107,111]. Recent advances in fusion models leveraging
both imaging and EHR data have performed well in the detection of pulmonary
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embolism[112] and may be tested in NOMI. To fast-forward the development of future
models there is a clear need for the collection and release of datasets incorporating
patients with suspicion and definite diagnosis of NOMI. The diagnosis of NOMI in
such datasets should ideally be verified pathologically or surgically, be it via
laparotomy or laparoscopy, to obtain a clean target definition for model development.
Moreover, it is essential to obtain clinical validation through prospective studies of not
only the performance of developed models but also the ease of implementation into
the ICU setting and their clinical utility following recently published guidelines[113,
114]. While most attention is often directed to increasing predictive performance,
future Al solutions should account for their predictions to lead to wider clinical applic-
ability and acceptance. Ideally, future Al systems should therefore strive to achieve
ease-of-use, interpretability, and diagnostic performance.

It is likely that the results achieved by ML will continue to improve as the computa-
tional power at disposition increases, collected datasets grow, and more performant
and adequate algorithms are developed. When applied to EHR data and medical
imaging with statistical rigor, ML models could refine the accuracy and speed of
diagnosis of NOMI in critically ill patients. Used appropriately, this emerging
technology could further be leveraged to identify and explore new disease me-
chanisms and single-out yet unrealized connections between datapoints, paving the
way for a deeper understanding of the intricated interactions leading to NOMI in the
ICU.

CONCLUSION

NOMI is associated with poor prognosis due to lack of accurate diagnostic tools. While
taken individually, several biomarkers and imagery modalities exist, their
combination and the study of their variation through time, which requires sheer
computational power that may be provided by artificial intelligent tools, is bound to
increase diagnostic performance in NOMI and improve therapeutic management.
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