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Preface

As a physician working in the Department of Gastroenterology, I am very pleased to
cooperate with IntechOpen to launch a book about the digestive system in January
2019. Through persistent efforts, a total of 9 chapters, which are authored by
worldwide experts in the field of liver diseases, are included in this book entitled

as “Digestive System - Recent Advances”. The book is divided into 3 major sections:
gastrointestinal duct, liver, and biliary system. In more detail, the book covers
peptic ulcers, mid-gastrointestinal bleeding, gastrointestinal manifestations of

IgA vasculitis, biomechanics of intestinal contractions, gallbladder carcinoma,
ERCP for cholecysto-choledocholithiasis, and cystic artery variations and associ-
ated vascular complications in laparoscopic cholecystectomy and the evaluation of
serum sodium change after terlipressin in cirrhosis. The knowledge presented in the
book should be valuable for family physicians, internists, gastroenterologists, and
hepatologists who are interested in digestive diseases to guide the clinical practice
and management. This book should be also useful for patients and their relatives to
better understand the digestive system.

I am deeply indebted to the assistance from IntechOpen staff, including Andrea
Koric (Commissioning Editor) and Lada Bozic (Author Service Manager). Also, I
greatly appreciate the support from all chapter authors. Finally, I wish to dedicate
this book to my wife Jun Liu.

Dr. Xingshun Qi

Department of Gastroenterology,

General Hospital of Northern Theater Command,
China

I am extremely pleased to work with IntechOpen to launch this book on the digestive
system, with the section on the biliary system under my supervision. The chapters
cover the variations, complications, and latest modifications in various topics of

the biliary system. Some of the topics such as gallbladder carcinoma, ERCP for
cholecysto-choledocholithiasis, and cystic artery variations and associated vascular
complications in laparoscopic cholecystectomy, have been described keeping in
mind the current practice and the recent advances in the field. The knowledge pre-
sented in this book should be valuable for young surgeons as a guide for the clinical
practice and management.

As an editor [ have tried to ensure that the descriptions and techniques illustrated
are representative of contemporary practice while keeping the information current
and simple.
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Chapter 1

Peptic Ulcer Disease

Monjur Ahmed

Abstract

Peptic ulcer disease (PUD) is one of the commonest diseases seen throughout
the world. There are various risk factors for the development of peptic ulcer disease,
but the most important ones are Helicobacter pylori infection and nonsteroidal anti-
inflammatory drugs (NSAIDs). Patients generally present with dyspepsia or peptic
ulcer bleeding. Acid suppressant therapy, H. pylori eradication, and avoidance of
nonsteroidal anti-inflammatory drugs are the cornerstones of treatment of peptic
ulcer disease. Peptic ulcer bleeding could be life-threatening. It is managed by
appropriate supportive care, intravenous proton pump inhibitor therapy, and
endoscopic hemostasis. Transarterial embolization (TAE) and surgery are rarely
required if endoscopic therapy fails.

Keywords: peptic ulcer disease, dyspepsia, H. pylori infection,
peptic ulcer bleeding, endoscopic treatment of peptic ulcer bleeding

1. Introduction

Peptic ulcer disease (PUD) is defined as the mucosal break of the upper gastro-
intestinal tract due to acid peptic digestion resulting in ulcer formation which
extends beyond the muscularis mucosae into the submucosa. Most commonly it
occurs in the stomach and first part of the duodenum but can also occur in the distal
esophagus, distal duodenum, and jejunum and in the Meckel’s diverticulum with
heterotrophic gastric mucosa [1]. The size of the ulcer varies from 5 mm to several
centimeters. On the other hand, erosions are superficial, less than 5 mm in size, and
limited to the mucosa. PUD is still one of the commonest disorders we encounter in
our clinical practice. The term “peptic” comes from the hormone pepsin which
plays an important role in causing mucosal break. Peptic ulcer (PU) bleeding is the
most common cause of upper gastrointestinal bleeding in the western world [2] and
results in significant morbidity, mortality, and healthcare costs [3]. PUD is a benign
condition, is easily treatable by medical therapy, and rarely requires surgery.

2. Epidemiology

PUD affects about 4.5 million persons per year in the United States (US) and
causes huge healthcare cost of about $3.3. billion/year [4]. The prevalence of PUD
varies with the prevalence of Helicobacter pylori (H. pylori) infection. In the United
States, the seroprevalence of H. pylori infection varies with age: 16.7% in young age
(20-29 years) group and 56.9% in older age (>70 years) group. It is also different
among different ethnicities: non-Hispanic whites 26.2%, non-Hispanic blacks
52.7%, and Mexican Americans 61.6% [5]. In developing countries, the prevalence

3 IntechOpen
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of infection can be as high as 90% [6]. Systematic review of the literature from
developed countries estimated that the global incidence and prevalence of
physician-diagnosed PUD were 0.10-0.19% and 0.12-1.50%, respectively. But the
incidence and prevalence of PUD have decreased with the universal use of acid
suppressant therapy and decrease in prevalence of Helicobacter pylori infection due
to improved socioeconomic status and eradication of H. pylori infection after detec-
tion [7].

3. Etiopathogenesis

H. pylori infection and nonsteroidal anti-inflammatory drugs (NSAIDs) account
for majority of the cases of PUD. More than 90% of duodenal ulcers and >70% of
gastric ulcers are H. pylori positive [8]. A prospective study from Turkey found that
H. pylori infection alone was responsible for PUD in 75% of cases, both H. pylori
infection and NSAIDs in 50% of cases and NSAIDs alone in 10% of cases [9]. A
Japanese study showed that the long-term use of low-dose aspirin could cause PUD
in 6.2% of cases. The risk is increased in diabetic patients and in patients taking
anticoagulants [9]. Both NSAIDs and aspirin inhibit the cyclooxygenase pathway
and decrease the production of prostaglandin which is responsible for
cytoprotection of gastric mucosa by stimulating mucus and bicarbonate secretion
and increasing mucosal blood flow [10]. The chance of developing NSAID-induced
PUD increases in the presence of certain risk factors which include age more than
65, heart disease, past history of PUD, and co-administration of corticosteroid,
antiplatelets, and anticoagulants [11]. All NSAIDs can cause gastrointestinal injuries
which include inflammation, erosions, ulcerations, and bleeding. The relative risk
varies: the highest risk is associated with piroxicam and ketorolac; high risk with
indomethacin and naproxen; intermediate risk with meloxicam, diclofenac, and
ketoprofen; and low risk with ibuprofen and celecoxib [12]. About 11% of the US
population take NSAIDs on a regular basis. 15-30% of them have PUD on endos-
copy although clinical upper gastrointestinal events can occur in 1.5-4.5% of
patients taking NSAIDs [13].

H. pylori virulence factors are important in the pathogenesis of PUD. Cytotoxin-
associated gene A (Cag A), vacuolating cytotoxin A (Vac A), and induced by
contact with epithelium antigen (ice A) are associated with PUD. After entering the
stomach, H. pylori utilizes its urease enzyme to neutralize the gastric acidity.

H. pylori then moves toward the gastric epithelium where it binds to the gastric
epithelial cell receptors by its adhesion molecule [14]. Cag A is a strong immuno-
genic protein and measures the virulence of H. pylori infection. Cag A gene
increases production of IL-8 and activates nuclear factor-kB [15], and ice A
increases mucosal IL-8 expression. Gastric epithelial layer then activates its innate
immunity and neutrophils leading to gastritis and peptic ulcer formation. Vac A
toxin is a pore-forming toxin, and it not only stimulates vacuole formation in gastric
epithelial cells, parietal cells, T cells, and other immune cells but also helps H. pylori
in colonizing the stomach [16].

How H. pylori can cause duodenal ulcer while vesiding in the gastric mucus layer?

In H. pylori gastritis, the cytokine tumor necrosis factor inhibits somatostatin cells
(D cells) in the antral mucosa. As a result, gastrin secretion becomes uninhibited,
leading to hypergastrinemia, hyperacidity, and duodenal ulcer formation [17].
Another study suggests that gastric metaplasia and H. pylori colonization in the
duodenal bulb could play a critically important role in the pathogenesis of duodenal
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ulcer [18]. The gastric metaplasia becomes inflamed by H. pylori infection which
disrupts mucosal regeneration leading to duodenal ulcer formation [19].

There are certain unusual causes of PUD which we come across now and then in
our clinical practice.

Gastrinoma or Zollinger-Ellison syndrome may present as multiple gastric and
duodenal ulcers and accounts for 0.1% or more cases of PUD [20]. Other hormone
(histamine)-mediated PUD include systemic mastocytosis, polycythemia vera, and
basophilia in myeloproliferative diseases [21].

Besides NSAIDs and low-dose aspirin, few other medications can cause PUD.
These include clopidogrel (in combination with NSAIDs), corticosteroids (in
combination with NSAIDs), bisphosphonates, potassium chloride, spironolactone,
sirolimus, mycophenolate mofetil, hepatic artery infusion of 5-fluorouracil, and
selective serotonin reuptake inhibitors [22].

PUD can be due to another helicobacter infection called Helicobacter heilmannii
[23]. Gastrointestinal ulcerations due to cytomegalovirus, herpes simplex virus,
gastric and duodenal tuberculosis, and syphilis can mimic PUD.

Certain infiltrative diseases like Crohn’s disease and sarcoidosis can present like
PUD [24].

Family history is an independent risk factor for the development of PUD [25].
Blood group O individuals have higher susceptibility of getting H. pylori infection
[26] and are 35-40% more prone to develop duodenal ulcer than people with other
blood groups [27]. Salivary secretory status of A, B, and H antigens was also found
to be significant. Nonsecretor phenotypes of ABH antigens are more susceptible
to develop H. pylori infection and duodenal ulcer [28]. Genetic influence on the
formation of PUD is modest, and it is independent of the genetic susceptibility of
acquiring H. pylori infection [29]. Other risk factors for the development of PUD
include smoking and psychological stress [30].

When we think about the pathogenesis of PUD, we must consider two factors:

1. Mucosal protective factors: gastric mucus layer, prostaglandin, bicarbonate,
and mucosal blood flow.

2.Mucosal damaging factors: gastric acidity, pepsin, H. pylori infection, and
NSAIDs.

PU occurs when there is an imbalance between these factors.

3.1 Clinical features

Patients with PUD may be symptomatic or asymptomatic. Symptomatic patients
generally present with dyspepsia, i.e., upper abdominal pain or discomfort. Most of
the time, the pain is felt in the epigastric region, but sometimes it can be in the right
upper quadrant or left upper quadrant of the abdomen. The pain is burning,
gnawing, or dull aching in nature and generally non-radiating but rarely can radiate
to the back in the case of posterior penetrating ulcer. Patients with gastric ulcer may
teel pain shortly after taking food, but in the case of duodenal ulcer, pain is gener-
ally felt 2-3 h after taking meal, or sometimes patients wake up at night with
epigastric pain. Duodenal ulcer pain is generally relieved after taking antacids or
food which has minimal effect on relieving gastric ulcer pain [31]. Sometimes
patients may feel gas and bloating sensation in the abdomen and sometimes may
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experience nausea and vomiting. About 30% of elderly patients with PUD may
remain asymptomatic [32]. This is also common in patients taking NSAIDs. Silent
PU generally presents with gastrointestinal bleeding [33].

Physical examination can be entirely normal except epigastric tenderness.

3.2 Diagnosis and evaluation

A thorough history and physical examination is necessary to evaluate the
patient. In each case, we should look for alarm features which include [34]:

1. Evidence of overt or occult gastrointestinal bleeding: hematemesis, melena,
anemia, heme-positive stool

2.Iron deficiency anemia

3.Dysphagia

4.Left supraclavicular lymphadenopathy (Virchow’s nodes)

5. Palpable abdominal mass

6.Symptom of impending perforation: severe persistent epigastric pain

7. Symptom of obstruction: persistent vomiting

8.Malignancy: anorexia, unintended weight loss

9.Age: >55 years

Diagnostic tests should include complete blood count, esophagogastroduo-
denoscopy (EGD), or upper gastrointestinal (UGI) series and tests for detection
H. pylori infection. EGD is preferred over UGI series as it has much higher diagnos-
tic yield and mucosal biopsy can be taken. Endoscopic views of clean-based duode-
nal ulcer and gastric ulcer are shown in Figures 1 and 2. During endoscopy, the
location, size, depth, and any sign or stigmata of bleeding can be evaluated, and
gastric biopsy from antrum, body, and incisura can be taken to detect H. pylori

infection [35]. Although endoscopic evaluation is the gold standard of diagnosis of
PUD, it is not cost-effective to perform EGD in all suspected cases of PUD. The

Figure 1.

Duodenal ulcer.
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Figure 2.
Gastric ulcers.

alternative non-endoscopic strategies can be considered in the absence of alarm
features:

1. H. pylori test and treat: In a population where the prevalence of H. pylori
infection exceeds 20%, patients should get tested for H. pylori infection and, if
positive, should be treated by anti-H. pylori therapy [36, 37]. If H. pylori test is
negative or patients still remain symptomatic after anti-H. pylori therapy, they
should be given a 4-6 week course of proton pump inhibitor (PPI) therapy. If
PPI therapy fails, patients should be reassured, diagnosis should be reassessed,
and EGD should be considered. If patients respond to anti-H. pylori treatment
or PPI therapy, they can be managed without further investigation [38].

Stool for H. pylori antigen and urea breath tests are most accurate not only for
identification of active H. pylori infection but also for confirmation of eradication of
infection. Serology for H. pylori antibody is less reliable and cannot be used for
confirmation of cure.

2. Empiric acid suppression therapy: In a population where the prevalence of
H. pylori infection is 10% or less, empiric PPI therapy is most cost-effective. In
case of PPI failure, test-and-treat strategy should be applied as mentioned
above [39].

Physicians should make decision between test-and-treat strategy and empiric PPI
therapy for 4-6 weeks in the absence of alarm features. EGD should be considered
in the presence of alarm features. The American College of Gastroenterology (ACG)
and Canadian Association of Gastroenterology (CAG) suggest that patients

>60 years of age presenting with dyspepsia should undergo upper endoscopy to
exclude any organic cause [40].

4. Management
4.1 Uncomplicated PUD

Risk factors for the development of PUD should be evaluated. Patients should be
advised to avoid NSAID intake, stop smoking, and limit drinking of alcohol. If the
patient is H. pylori positive, it should be treated, and eradication of infection should
be confirmed >4 weeks after completion of therapy [37]. There are different
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Regimen Drugs Duration Eradication rate
(%)
PAC therapy  PPI standard dose BID plus amoxicillin 1 g BID plus 14 days 70-85
clarithromycin 500 mg BID
PAM therapy  PPI standard dose BID plus amoxicillin 1 g BID plus 14 days 70-85
metronidazole 500 mg TID
Bismuth PPI standard dose BID plus bismuth subcitrate (120~ 10-14 days 75-90
quadruple 300 mg) or subsalicylate (300 mg) QID plus
therapy tetracycline 500 mg QID plus metronidazole 250 MG
QID
Concomitant ~ PPI standard dose BID plus amoxicillin 1 g BID plus 10-14 days 94.4
therapy clarithromycin 500 mg BID plus metronidazole or
tinidazole 500 mg BID
Sequential PPI standard dose plus amoxicillin 1 g BID for 5 days Total 84.4
therapy followed by PPI plus clarithromycin 500 mg plus 10 days
either metronidazole or tinidazole 500 mg BID for
additional 5 days
Hybrid PPI standard dose plus amoxicillin 1 g BID for 7 days Total 93.4
therapy followed by PPI standard dose plus amoxicillin 1 g 14 days
plus clarithromycin 500 mg plus metronidazole
500 mg BID for additional 7 days
Levofloxacin PPI standard dose and amoxicillin 1 g BID plus 10-14 days 83.1
triple therapy levofloxacin 500 mg QD
Levofloxacin PPI standard dose plus amoxicillin 1 g BID for 5~ Total 922
sequential 7 days followed by PPI standard dose plus 10-14 days
therapy amoxicillin 1 g plus metronidazole 500 mg BID and
levofloxacin 500 mg QD for additional 5-7 days
LOAD therapy  PPI (double dose) plus levofloxacin 250 mg plus 7-10 days 88.9

doxycycline 100 mg QD and nitazoxanide 500 mg

BID
Novel PPI standard dose and amoxicillin 1 g TID (if allergic 10 days Regimen with
concomitant to penicillin, bismuth subcitrate 240 mg QID) plus amoxicillin 95.2
therapy rifabutin 150 mg and ciprofloxacin 500 mg BID Regimen with

bismuth
subcitrate 94.2

BID, twice a day; QID, four times a day; QD, once a day.

Table 1.
Treatment of H. pylori infection.

regimens of anti-H. pylori therapy available. Patients’ previous history of antibiotic

exposure and prevalence of regional antibiotic resistance should be taken into
consideration. Treatment of H. pylori infection is summarized in Table 1 [41].

Antibiotics, histamine 2 receptor antagonists (H2RA), PPI, sucralfate, and bismuth-
containing medications (Pepto-Bismol) can interfere with the results of urea breath
test and stool for H. pylori antigen test and may give a false-negative result. Patients

should stop taking these medications at least 2 weeks prior to these tests [42, 43].

But patients can continue taking antacids (except Maalox total relief) as they do not

affect the accuracy of the tests.

Bismuth quadruple therapy or concomitant therapy can be considered as the
first-line therapy against H. pylori infection. PAC therapy should be considered as
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first-line treatment in patients without history of exposure to macrolide and living
in an area where H. pylori clarithromycin resistance is low. If the first-line therapy
fails, susceptibility testing should be done if available, and susceptibility-based
therapy should be given. If susceptibility testing is not available, salvage therapy
should not contain the antibiotics used before. For example, if bismuth quadruple
therapy fails, clarithromycin- or levofloxacin-based therapy should be used as sal-
vage therapy. If clarithromycin-based therapy fails, bismuth quadruple therapy or
levofloxacin-based therapy should be used as salvage therapy. First-line therapy
generally fails in 25% of cases as a result of non-compliance, antibiotic resistance,
prior exposure to antibiotic, smoking, and younger age [44-46].

Acid suppressant therapy and mucosal cytoprotective agents are the main modes
of therapy for the healing of PU. Acid suppressant therapy includes H2RAs and PPIs
which are listed in Tables 2 and 3.

Duration of H2RA therapy: 90% of duodenal ulcers are healed by H2RA in
6-8 weeks, whereas 90% of gastric ulcers are healed by H2RA in 12 weeks [48].

Duration of PPI therapy: in the case of H. pylori-associated peptic ulcers, 90%
of the ulcers are healed by a 2-week course of PPI plus antibiotics for eradication
of H. pylori infection. This regimen followed by additional 2 weeks of PPI does
not make much difference in healing of peptic ulcer. PPI therapy should be

H2RA Dose Side effects

Cimetidine 800 mg ghs x 4-8 weeks Gynecomastia, impotence, polymyositis, interstitial
nephritis, confusion, agitation, vitamin B12 deficiency

Ranitidine 150 mg BID x 4-8 weeks Diarrhea, constipation, xerostomia, xeroderma
Vitamin B12 deficiency

Famotidine 40 mg qhs x 4-8 weeks Agranulocytosis, angioedema, anaphylaxis, seizure

Nizatidine 300 mg qhs x 4-8 weeks Nausea, vomiting, dyspepsia, insomnia, somnolence,

vitamin B12 deficiency

qhs, every night at bed time.

Table 2.
H2RA with dose and side effects.

PPI Dose Side effects
Omeprazole 20-40 mg qd x 4-8 weeks Acute: headache, diarrhea
Esomeprazole 20-40 mg qd x 4-8 weeks Chronic: hypocalcemia, hypomagnesemia, iron

deficiency, vitamin B12 deficiency, Clostridium

difficile infection, pneumonia, acute interstitial

nephritis, risk of fracture, drug-induced lupus
erythematosus [47]

Lansoprazole 15-30 mg qd x 4-8 weeks

Dexlansoprazole 30-60 mg qd x 4-8 weeks

Pantoprazole 20-40 mg qd x 4-8 weeks
Rabeprazole 20 mg qd x 4-8 weeks
qd, daily.
Table 3.

PPI with dose and side effects.
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continued for 8 weeks in case of gastric ulcer and 4 weeks in case of duodenal
ulcer [49].

In the case of NSAID-induced PUD, NSAIDs should be withdrawn if possible,
but PPIs are the drugs of choice. PPIs should be continued for at least 8 weeks for
the healing of PU. But maintenance dose of PPI should be continued to prevent
ulcer complications if the patient needs to be on NSAID or aspirin for other medical
conditions.

5. Mucosal cytoprotective agents

Misoprostol and sucralfate are mucosal cytoprotective agents.

Misoprostol is a synthetic analogue of prostaglandin E which is trophic to gas-
troduodenal mucosa, stimulates mucus and bicarbonate secretion from the gastro-
duodenal mucosa, and can form hydrophobic surfactant-like phospholipids in the
gastric epithelial cells [50]. Misoprostol can also inhibit gastric acid secretion by
suppressing histamine-stimulated cyclic AMP production but does not induce
hypergastrinemia [51]. Misoprostol can heal both gastric and duodenal ulcers.
Misoprostol 200 microgram four times a day should be given for 12 weeks. It can
prevent mucosal damage and formation of ulcers from the deleterious effects of
low-dose aspirin, NSAIDs, smoking, and alcohol [52]. Misoprostol is approved in
the United States for the prevention of NSAID-induced PUD. As misoprostol can
accelerate intestinal transit time and increase intestinal water and electrolyte secre-
tion, abdominal cramps and mild to moderate diarrhea can happen in up to 30% of
cases. Diarrhea can be reduced by taking food with misoprostol. Misoprostol can
also cause nausea, vomiting, menstrual cramps, and vaginal bleeding (due to uter-
ine contraction). Misoprostol is contraindicated in pregnant patients.

Sucralfate is the aluminum salt of sulfated sucrose. It coats the gastroduodenal
mucosa (both ulcerated and non-ulcerated areas); binds acid and pepsin; stimulates
the secretion of bicarbonate, prostaglandin, and epidermal growth factor; and thus
helps in healing of PU. Sucralfate is as good as H2RA in healing PU (duodenal ulcer
60-90% at 4-6 weeks and gastric ulcer 90% at 12 weeks) and has a lower rate of
recurrence of duodenal ulcer after healing as compared to H2RA [53, 54]. In the
United States, sucralfate is approved for the treatment of active duodenal ulcer not
related to NSAID. Side effects of sucralfate include nausea, vomiting, gastric upset,
itching, and skin rash. Less than 5% of sucralfate is absorbed from the gastrointes-
tinal tract into the systemic circulation and eliminated primarily in the urine.
Sucralfate should be avoided in patients with chronic kidney disease as it contains
aluminum.

6. Role of follow-up endoscopy

In the case of gastric ulcer, follow-up endoscopy is recommended 12 weeks after
medical therapy to evaluate for underlying malignancy. Surveillance endoscopy
should be individualized:

1. Surveillance endoscopy is necessary in patients with giant ulcer (>2 cm) and
malignant-looking ulcer (thick mucosal folds, irregular ulcer edges, mass
lesion) on index endoscopy; ulcer biopsy was not done on initial endoscopy;
initial endoscopy was done for upper gastrointestinal bleeding and unknown
etiology of the ulcer; patient remains symptomatic even after taking medical
therapy; index endoscopy showed gastric atrophy, intestinal metaplasia,
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dysplasia, or adenoma; and patient has risk factors for gastric cancer which
include H. pylori positivity, age > 50 years, family history of gastric cancer, and
coming from a high prevalent area of gastric cancer (South Korea, Mongolia,
Japan, China, Bhutan, Kyrgyzstan, Chile, etc.). If the gastric ulcer seems to be
active or healing on surveillance endoscopy, four-quadrant biopsies from the
edges and base of the ulcer should be taken [55].

2. Surveillance endoscopy may not be necessary if the patient does not have any
risk factor for malignancy and the gastric ulcer is small, benign appearing, and
antral in location due to NSAID and the initial biopsy does not show any
dysplasia or malignancy [56].

In case of duodenal ulcer, surveillance endoscopy is generally not required
because of low risk of malignancy. But if the patient remains symptomatic or
symptoms recur despite medical therapy, surveillance endoscopy should be consid-
ered to evaluate for refractory ulcer or non-peptic nature of the ulcer which
includes Crohn’s disease, lymphoma, or tuberculosis.

7. Refractory and recurrent ulcers

When the ulcer does not heal up after a 12-week course of PPI therapy, it is
called refractory ulcer. 5-10% ulcers are refractory ulcers. When the ulcer recurs
after complete healing of the ulcer, it is called recurrent ulcer. 5-30% ulcers are
recurrent ulcers. The two most important causes of refractory and recurrent ulcers
are continued NSAID use and persistent H. pylori infection [57]. Other important
factors include cigarette smoking, smoking of crack cocaine, concurrent use of
corticosteroid, cytotoxic drugs (sirolimus, mycophenolate mofetil), alendronate,
methamphetamine, idiopathic hypersecretory duodenal ulcer, antral G-cell hyper-
plasia, gastrinoma, Crohn’s disease, sarcoidosis, cancer, non-H. pylori infection
(Helicobacter heilmannii), and infiltrative condition like gastrointestinal stromal
tumor and Kaposi sarcoma.

Patients with refractory or recurrent ulcers should be thoroughly investigated to
find out the causative factors which should be addressed. Twice daily PPI therapy
should be given for another 12 weeks. Then upper endoscopy should be done to
document complete healing of the ulcer. Patients with gastric ulcer should be
referred for surgery if ulcer does not heal by 24 weeks.

8. Complications

Common complications of PUD include bleeding, perforation, penetration, and
gastric outlet obstruction.

8.1 Bleeding

About 50% of all cases of upper gastrointestinal bleeding are caused by PUD
[58]. Patients may present with hematemesis, melena, anemia, or heme-positive
stool. At presentation, the patient’s hemodynamic status (pulse, blood pressure)
should be checked and resuscitative measures should be started. Patients should be
given intravenous crystalloid fluid to maintain blood pressure, and parenteral PPI
(esomeprazole or pantoprazole) should be started (continuous infusion or twice
daily intravenously). PPI therapy increases intragastric pH with stabilization of
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blood clot and reduces the risk of rebleeding and the need for surgery but does not
decrease overall mortality [59]. Blood transfusion should be given to keep the
hemoglobin >7 gm/dl, but in patients with hypovolemia or comorbidities like coro-
nary artery disease, hemoglobin target should be higher. Risk assessment should be
done to categorize high-risk or low-risk patients, level of care, need for blood
transfusion, timing of endoscopy, and timing of discharge. The Glasgow-Blatchford
bleeding score (GBS) is a useful screening tool (Table 4) to determine the need for
intervention [60]. Patients with a score of 0 are considered as low risk with mini-
mum risk of needing interventions like blood transfusion, endoscopy, and surgery,
and they should be considered for early discharge from the hospital. But all other
values (>0) fall into the category of high risk in terms of need for blood transfusion,
endoscopy, and surgery. A score of 6 or more has >50% risk of needing interven-
tion.

After resuscitation and stabilization, EGD should be done for diagnostic and
therapeutic purposes. During endoscopy, Forrest classification should be used to
assess the need for endoscopic intervention [61]. The different Forrest classes with
their prevalence and risk of rebleeding are mentioned in Table 5 [62]. Patients with
Forrest classes Ia, Ib, Ila, and IIb are considered to be high-risk candidates, and
endoscopic treatment should be provided to reduce the risk of rebleeding. Patients
with Forrest classes IIc and III do not require any endoscopic intervention. In fact,

Admission risk marker Score component value

Blood urea (mmol/L)

6.5-8.0 2
8.0-10.0 3
10.0-25 4
>25 6
Hemoglobin (g/dL) for men

12.0-12.9 1
10.0-11.9 3
<10.0 6
Hemoglobin (g/dL) for women

10.0-11.9 1
<10.0 6
Systolic blood pressure (mm Hg)

100-109 1
90-99 2
<90 3
Other markers

Pulse >100 (per min) 1
Presentation with melena 1
Presentation with syncope 2
Hepatic disease 2
Cardiac failure 2

Table 4.
GBS.
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Forrest Endoscopic finding Prevalence  Risk of recurrent bleeding on
class (%) medical management (%)
Ia Spurting arterial bleed 10 90
Ib Oozing of blood without visible 10 10-20
vessel
IIa Non-bleeding visible vessel 25 50
IIb Adherent blood clot 10 25-30
Ilc Flat pigmented spot 10 7-10
I Clean-based ulcer 35 3-5
Table 5.

Forrest classes with prevalence and risk of recurrent bleeding.

patients with Forrest class III can resume a regular diet and can be discharged home
as long as they are hemodynamically stable, with stable hemoglobin and without
other comorbidities, and they have somebody at home to watch them [63].

13

Endoscopic treatment options can categorized into three main types:

1. Injection therapy: it is the oldest endoscopic hemostatic method. Epinephrine

(1:10,000 dilution) 0.2-2 ml aliquots are injected in four quadrants of the
bleeding stigmata. Initial hemostasis is obtained by its tamponade effect as well
as vasoconstrictive effect. But as it is less effective as a monotherapy, other
modalities of endoscopic treatment are added for better hemostasis [64].

2. Thermal therapy: it includes contact methods by bipolar or monopolar

cauterization and noncontact method by argon plasma coagulation (APC).
Contact methods work by coaptive coagulation. Bipolar cauterization is most
commonly used nowadays. A combination of epinephrine injection and bipolar
cauterization is more effective than either modality alone in achieving
hemostasis [65]. The APC machine has a high-frequency monopolar
electrosurgical generator, argon gas chamber, gas flowmeter, grounding pad,
flexible APC delivery catheter, and foot switch to activate gas and energy.
Argon gas release with delivery of electric current is synchronized by the foot
switch. The APC probe should be within 2-8 mm from the site of the targeted
tissue to induce plasma coagulation. The depth of the burn can be preset
between 0.5 and 3 mm. APC is an effective method of hemostasis in bleeding
peptic ulcer [66]. But APC can cause superficial ulcerations which are
generally healed up in 2-3 weeks.

3. Mechanical therapy: endoclips are widely used to stop bleeding from peptic

ulcer. There are different clips available which include resolution clip,
endoscopic hemoclip, Quick Clip2 (rotatable clip), Duraclip, and SureClip. All
these clips can go through the standard 2.8 mm endoscope channel and can
stop bleeding by grasping the bleeding vessel, reducing the chance of
rebleeding and need for surgery. Endoclips have been found to be superior to
injection therapy but comparable to thermocoagulation in bleeding PU [67].
They do not cause any tissue trauma, and as a result, ulcer healing is not
impaired. They are also MRI compatible. Disadvantages of endoclipping
include the following: (a) sometimes technical difficulty to clip the lesions in
locations like the posterior duodenal bulb, posterior gastric body, and proximal
lesser curve of the stomach, (b) limitation of use in large blood vessel (>2 mm
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in diameter), (c) difficulty to grasp fibrotic tissue, and (d) requirement of
multiple clips [68].

Another clip called Ovesco clip is an over-the-scope clip used to stop peptic ulcer
bleeding. The bleeding area is suctioned into a cup attached to the scope, and then
the clip is deployed like band ligation.

A combination of at least two modalities of endoscopic treatment (injection,
thermal, or mechanical) is now the standard of care in the treatment of peptic ulcer
bleeding.

9. Endoscopic Doppler ultrasound

An ultrasound probe is passed through the endoscope channel and placed
directly onto the area of bleeding. An audible sound is heard if there is blood flow.
Arterial or venous blood flow can be detected. It is useful after endoscopic treat-
ment to evaluate the presence of any residual blood flow which can increase the
potential for rebleeding. It is also useful in Forrest IIc and III ulcers to find out any
vascular signal. Doppler ultrasound-guided endoscopic hemostasis reduces 30-day
rebleeding rate significantly and is also cost-effective [69].

Hemospray or hemostatic nanopowder is an alternative approach to obtain hemo-
stasis. The powder is delivered through a catheter which passes through the endo-
scope channel, and the powder is then sprayed over the bleeding site. The powder
forms a stable mechanical barrier at the site of bleeding. Initial success rate in
obtaining hemostasis is 75-100%, but rebleeding rate is 10-49% [70]. So hemospray
should be used as a bridge therapy in massive peptic ulcer bleeding when standard
endoscopic treatment fails.

Endoscopic therapy can control acute peptic ulcer bleeding with high success.
Primary hemostasis can be obtained in more than 90% of cases, but rebleeding can
occur in up to 15% of cases after therapeutic endoscopic procedure [71].

10. Role of second-look endoscopy

Second-look endoscopy is not routinely recommended after initial endoscopy
for the management of PU bleeding unless the endoscopist is concerned that
suboptimal treatment was given in the first endoscopy or there was poor visualiza-
tion due to blood or food debris during the first endoscopy [72].

11. Complications of endoscopic treatment

Complications could be due to sedation, patients’ comorbidities, and endoscopy
itself. Sedation-related complications include hypoventilation, hypoxia, aspiration
pneumonia, airway obstruction, arrhythmia, pulmonary embolism, myocardial
infarction, phlebitis, and vasovagal attack [73]. The complications of endoscopic
hemostasis include exacerbation of bleeding and perforation, but the overall inci-
dence is <0.5%. The rate of perforation after contact thermal therapy could be as
high as 2%. Following thermal therapy, induction or exacerbation of bleeding can
occur in up to 5% of cases [74].
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12. Failure of endoscopic therapy

If the endoscopic therapy fails to achieve hemostasis, the next step will be
angiography with transarterial embolization (TAE). Different agents are used for
embolization, and these include Gelfoam, endocoils, cyanoacrylic glues, and poly-
vinyl alcohol. The success rate of TAE in obtaining hemostasis is 52-98%, but
recurrent bleeding can occur in 10-20%, requiring repeat TAE [75].

13. Role of surgery

Surgery is indicated if TAE fails to stop PU bleeding. Emergency surgery
involves plication or oversewing of the ulcer with ligation of the bleeding artery
and truncal vagotomy and pyloroplasty. Wong et al. compared surgery vs. TAE
in bleeding PU patients who had failed endoscopic therapy. Surgery was
associated with less recurrent bleeding but more complications when compared
with TAE. There was no significant difference in the mean length of hospital
stay, need for blood transfusion, and 30-day mortality between the two groups [76].
In practice, the surgical intervention continues to diminish, but the radiological
intervention continues to increase in acute PU bleeding patients who have
unsuccessful endoscopic therapy. Surgery is also recommended for (a)
patients with perforation, (b) shock due to recurrent bleeding, (c) patients with
hemodynamic instability despite adequate resuscitative measures needing more
than three units of blood transfusion, and (d) unavailability of interventional

radiology.

14. Prognosis of bleeding peptic ulcer

The outcome depends on successful endoscopic hemostasis without recurrent
bleeding. The risk factors for recurrent bleeding include patients with renal failure
on dialysis; elderly patients on NSAID, antiplatelet agents, and anticoagulants;
patients with ulcer located on the posterior duodenal wall and lesser curve of the
stomach; and patients with active bleeding ulcer during endoscopy. Despite the
tremendous advances in technology, the mortality of acute PU bleeding remains
about 10% [77].

15. Perforation

In patients with PUD, the lifetime prevalence of perforation is 5%. Patients
generally present with acute abdomen. The triad of sudden onset of abdominal
pain, tachycardia, and abdominal rigidity is highly suggestive of PU perforation.
Smoking, NSAIDs, corticosteroids, old age, H. pylori infection, stress, and previous
history of PUD are risk factors for perforation [78]. Upright chest X-ray is generally
diagnostic, but it can miss free air under the diaphragm in 15% of cases. CT (com-
puterized tomography) is very sensitive in detecting the presence and site of perfo-
ration [79]. CT with oral contrast may also show leak. Exploratory laparotomy with
omental patch is the treatment of choice. PU perforation carries increased risk of
morbidity and mortality if not treated early.
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16. Penetration

When the ulcer crater erodes through the gastric wall or intestinal wall into the
surrounding structure but there is no free perforation or leakage of luminal contents
into the peritoneal cavity, it is called penetration [80]. The pancreas is the
commonest site of penetration. Other sites of penetration include the omentum,
biliary tract, liver, colon, mesocolon, and blood vessels. Patients may notice change
in pattern of abdominal pain, i.e., pain not being relieved by taking food or medi-
cation. Diagnosis is confirmed by CT with contrast which may show loss of fascial
plane between the gastric wall or intestinal wall and the surrounding structure,
band of soft tissue density between them, ulcer crater, sinus tract, and enlargement
of head of the pancreas in case of penetration into the pancreas [81]. Treatment is
surgical intervention.

17. Gastric outlet obstruction (GOO)

It occurs in less than 5% cases of PUD. Duodenal ulcer and pyloric channel ulcer
are generally associated with GOO. Pathophysiologically, reversible causes like
inflammation, edema, spasm, and pyloric dysmotility and irreversible cause like
fibrosis may lead to GOO. Patients present with nausea, vomiting, early satiety,
epigastric pain, and weight loss. Patients may develop severe dehydration, azote-
mia, hyponatremia, and hypochloremic and hypokalemic metabolic alkalosis with
paradoxical aciduria due to prolonged vomiting. First, the fluid and electrolyte
deficit should be corrected. Gastric contents should be removed by large-bore
Ewald tube, and then intermittent nasogastric tube suction should be continued for
a few days. Many cases of GOO due to PUD have reversible components which may
respond to this conservative treatment. Patients not responding to the conservative
treatment need endoscopic dilation or surgery [82, 83].

18. Conclusion

PUD is a common clinical problem. The two most important risk factors are
H. pylori infection and NSAIDs. Patients may present with dyspepsia or may
remain asymptomatic. Endoscopy is the gold standard for the diagnosis of PUD.
But as it is not possible to endoscope so many dyspeptic patients, there are some
non-endoscopic approaches depending on the prevalence of H. pylori infection in
the population. But ACG and CAG recommend EGD to be done in patients
>60 years of age presenting with dyspepsia irrespective of alarm features.
Bismuth quadruple therapy or concomitant therapy should be considered as the
first-line therapy against H. pylori infection. In patients with PUD, eradication of
H. pylori infection (if positive) should be confirmed >4 weeks after completion of
therapy. PPI, H2RA, misoprostol, and sucralfate are the main agents used for
healing of PU. Surveillance endoscopy is recommended in certain gastric ulcers.
PUD can be complicated by bleeding, perforation, penetration, and gastric outlet
obstruction. Patients with bleeding peptic ulcer should be evaluated, resuscitated,
and started on intravenous/infusion of PPI. Diagnostic and therapeutic endoscopy
should be done to achieve endoscopic hemostasis. If endoscopic therapy fails, the
next step will be TAE or surgery. The mortality for peptic ulcer bleeding still
remains high.
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Chapter2

Mid-Gastrointestinal Bleeding

Monjur Ahmed

Abstract

Mid-gastrointestinal bleeding constitutes a small proportion of all cases of gas-
trointestinal bleeding. It is more difficult to manage mid-gastrointestinal bleeding
than upper or lower gastrointestinal bleeding. The etiology differs in younger and
older age groups. The clinical presentation, investigations, and management are also
different. Capsule endoscopy has improved the diagnostic accuracy to a great extent.
Device-assisted enteroscopies (balloon-assisted enteroscopies and spiral enteros-
copy) have both diagnostic and therapeutic potentials. Most of the time, patients
present with obscure gastrointestinal bleeding which could be overt or occult.
Another common presentation is iron deficiency anemia. A stepwise approach is
essential to accurately diagnose and manage mid-gastrointestinal bleeding.

Keywords: small bowel bleed, occult gastrointestinal bleed, obscure gastrointestinal
bleed, capsule endoscopy and gastrointestinal bleed, small bowel angioectasia

1. Introduction

Most of the gastrointestinal (GI) bleeding occurs from the upper and lower
gastrointestinal tract. Mid-gastrointestinal (GI) bleeding refers to small bowel bleed
anywhere from the ampulla of Vater to the ileocecal valve [1]. It occurs in 5-10%
of all cases of gastrointestinal bleeding [2]. It is the most common cause of obscure
Gl bleeding, i.e., when the source of bleeding cannot be identified anywhere in the
gastrointestinal tract [3, 4]. Management of mid-GI bleeding can be challenging
to a gastroenterologist although various diagnostic and therapeutic tools are now
available to evaluate and treat mid-GI bleeding. Despite the availability of various
endoscopies and imaging studies, the exact cause of mid-GI bleeding can be still
elusive in about one third of cases [5]. The etiology, clinical presentation, evaluation,
investigations, and management of mid-GI bleeding will be discussed in this chapter.

2. Etiology

There are various etiologies of mid-GI bleeding, but their frequency depends
on patient’s age and underlying comorbidities [6]. Below the age of 40, the most
common causes include Crohn’s disease, Dieulafoy’s lesion, small bowel tumors,
Meckel’s diverticulum, and polyposis syndrome. Small bowel tumors could be
benign or malignant [7]. Benign ones include small gastrointestinal stromal tumors
(GIST), benign neuroendocrine tumors (particularly small carcinoid), heman-
gioma, adenoma, leiomyoma, lipoma, and neurofibroma. Malignant ones include
large GIST, adenocarcinoma, lymphoma, malignant neuroendocrine tumors,
leiomyosarcoma, and metastatic tumor from melanoma, lung, or breast [8-11].
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Rarely, polyposis syndromes involving the small bowel may present with mid-GI
bleeding. These include familial adenomatous polyposis, Peutz-Jeghers syndrome,
and generalized juvenile polyposis. Over the age of 40, the most common causes

of mid-GI bleeding include angioectasia, nonsteroidal anti-inflammatory drug
(NSAID)-induced ulcers, Dieulafoy’s lesion, and small bowel tumors. On rare occa-
sions, other small bowel lesions can cause gastrointestinal bleeding. These include
small intestinal diverticuli, small intestinal varices, hereditary hemorrhagic telangi-
ectasia, Kaposi sarcoma, intestinal tuberculosis, blue rubber bleb nevus syndrome,
hematobilia, hemosuccus entericus, aortoenteric fistula, infectious enteritis,
radiation enteritis, ulcerative jejunoileitis due to celiac disease, cryptogenic multifo-
cal ulcerous stenosing enteritis [12], amyloidosis, Behcet’s disease, pseudoxanthoma
elasticum, and Ehlers-Danlos syndrome [13]. The incidence of small bowel neu-
roendocrine tumors (SBNET) has been increasing over the last few decades, and
they are now considered as the most common primary malignancy of small bowel.
Adenocarcinomas are generally seen in the proximal small bowel, whereas SBNET
and lymphoma are commonly located in the distal small bowel. Sarcomas (GIST
and non-GIST mesenchymal tumors: leiomyosarcoma, liposarcoma, fibrosarcoma,
Kaposi’s sarcoma, angiosarcoma) are evenly located throughout the small bowel.

3. Clinical presentation

Patients with mid-GI bleeding generally present with melena, occult gastro-
intestinal bleeding (anemia with heme-positive stool), or iron deficiency anemia.
Sometimes, they may present with hematochezia as well when there is brisk mid-gut
bleeding. Hematemesis is rare but can happen if bleeding occurs proximal to the liga-
ment of Treitz. Patients can have abdominal pain, constipation, diarrhea, or consti-
tutional symptoms like fever, anorexia, or weight loss depending on the underlying
etiology. Symptoms (fatigue, shortness of breath, dysphagia due to esophageal web)
and signs (pallor of conjunctiva, atrophic glossitis, and koilonychia) can be present
depending on the severity and chronicity of iron deficiency anemia [14]. Patients may
give history of receiving multiple blood transfusions acutely, subacutely, or chroni-
cally despite having multiple endoscopies, colonoscopies, and imaging studies.

4. Clinical evaluation

A thorough history and physical examination are essential in the evaluation
of mid-GI bleeding. Besides the symptoms and signs mentioned above, there are
certain clinical clues which may direct us to suspect the underlying etiology of
mid-GI bleeding:

* Drug history: NSAIDs.

* Personal history: aortic stenosis (suspecting Heyde syndrome), cancer, mela-

noma, lymphoma, immunosuppressive state including human immunodefi-

ciency virus (HIV) infection, celiac disease, radiation, polyposis syndrome.

¢ Family history: early colorectal cancer or endometrial cancer (suspecting
Lynch syndrome).

* Hyperpigmentation around the mouth and on the lips, fingers, or toes may
suggest Peutz-Jeghers syndrome.
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¢ Telangiectasia on the lips and tongue may suggest hereditary hemorrhagic
telangiectasia.

* Itchy blistering rash on the extensor aspect of the elbows, knees, buttocks,
back, and scalp may suggest dermatitis herpetiformis.

* Cutaneous Kaposi’s sarcoma.
* Oral aphthous ulcers, genital ulcers, and uveitis may suggest Behcet’s syndrome.

* Cutaneous manifestations of pseudoxanthoma elasticum and Ehlers-Danlos
syndrome.

5. Investigations

The various investigations used for management of mid-GI bleeding include
wireless video capsule endoscopy (VCE), push enteroscopy, device-assisted enter-
oscopy (DAE), multiphasic CT enterography (CTE), magnetic resonance enterog-
raphy (MRE), bleeding scan, Meckel’s scan, angiography, and rarely laparoscopy
with intraoperative enteroscopy [15-18].

5.1VCE

VCE has revolutionized the visualization of the entire mucosa of the small
bowel. It was approved by the US Food and Drug Administration (FDA) in 2001.
The video capsule (size: 13 x 279 mm) takes 2 pictures per second with a total of
approximately 57,600 color pictures wirelessly over a period of 8 hours [19]. It can
detect subtle mucosal changes which cannot be detected by imaging studies. VCE
is very useful not only in patients with chronic or intermittent mid-GI bleeding but
also in acute overt mid-GI bleeding. VCE should be done as soon as possible after
the bleeding episode ideally within 14 days in the case of chronic or recurrent overt
mid-GI bleeding and within 24-72 hours of acute overt mid-GI bleeding for maxi-
mal diagnostic yield [20]. The European Society of Gastrointestinal Endoscopy
(ESGE) recommends that patients should take 2 L of polyethylene glycol (PEG)
and simethicone (80-200 mg) prior to VCE. Prokinetic drugs (metoclopramide
or domperidone) should be given if the video capsule stays in the stomach for
more than 30-60 minutes as shown by real-time VCE viewer [21, 22]. Ideally video
capsule should be placed endoscopically into the small bowel by using a capsule
endoscope delivery device in patients with dysphagia or abnormal gastrointestinal
anatomy or delayed gastric emptying where there will be increased risk of incom-
plete VCE study [23]. It is safe to perform VCE in patients with cardiac pacemaker,
automatic implantable cardioverter-defibrillator (AICD), and left ventricular assist
device [24].

5.2 Push enteroscopy

Push enteroscopy is a very useful tool in the evaluation of lesion seen in the
proximal part of the small bowel by VCE. Push enteroscopy is generally done by a
dedicated push enteroscope (250 cm long) or a pediatric or standard colonoscope.
Gastric looping and duodenal angulation prevent advancement of the scope.

An overtube back-loaded on to the scope or a stiffening wire through the biopsy
channel of the scope helps prevent loop formation of the scope allowing deeper
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intubation of the small bowel. The actual depth of insertion of small bowel by push
enteroscopy is difficult to measure but varies (120-180 cm beyond the ligament of
Treitz) among endoscopists and patients [25]. Push enteroscopy has both diagnos-
tic and therapeutic potential including biopsy, hemostasis, and tattooing [26].

5.3DAE

DAE includes balloon-assisted enteroscopy (single balloon and double balloon)
and spiral enteroscopy.

Single-balloon enteroscopy (SBE) and double-balloon enteroscopy (DBE)
were developed in 2006 and 2001, respectively, to examine the entire small bowel
mucosa. Both procedures are bidirectional, i.e., the enteroscope is introduced
anterogradely through the mouth and retrogradely through the anus, and the
midway point is marked by tattooing or endoclipping [27]. Although the rate of
complete visualization of the small bowel is three times (66 vs. 22%) higher with
DBE than that with SBE [28], the diagnostic and therapeutic yields of these two
procedures do not differ significantly [29]. In spiral enteroscopy (SE), the small
bowel is pleated on the enteroscope by a screw operated by a machine, and the
rotational force is converted into a linear force. In one study, complete enteroscopy
was successful in 92% of cases of bidirectional DBE and 8% of cases of SE, although
the diagnostic and therapeutic outcomes were not statistically different [30].

5.4 CTE

CTE is a useful tool in the evaluation of mid-GI bleed due to vascular lesion.
Characteristic enhancement of the vascular lesion can be seen [31]. They are
classified as angioectasia, arterial lesions (Dieulafoy’s lesion and arteriovenous
malformation), and venous lesions (vascular lesion with unusual morphology).
Active bleeding is evidenced by progressive accumulation of contrast material over
the three phases on the dependent surface of the intestine or distributed over a wide
area by peristalsis. CT enterography is also useful in the detection of inflammatory
and neoplastic condition of the small bowel [32].

5.5MRE

MRE is a noninvasive radiation-free method of evaluating the entire small bowel.
It can detect the mural thickening (>4 mm) and mass lesion of the small bowel. These
lesions could be secondary to inflammatory and benign conditions (like Crohn’s disease,
adenoma, lipoma, fibroepithelial polyps) or malignant conditions (like neuroendocrine
tumors, GIST, adenocarcinoma, lymphoma, and Peutz-Jeghers syndrome) [33, 34].

5.6 Bleeding scan

Bleeding scan is a nuclear medicine test performed by injecting 99 m techne-
tium-labeled red blood cells (RBC). It can detect extravasation of tagged RBC if the
bleeding rate is 0.1 ml/minute or more. It is a highly sensitive test in detecting active
bleeding in the gastrointestinal tract and can localize the site of bleeding accurately
in 52% of cases [35].

5.7 Meckel’s scan

Meckel’s scan is also a nuclear medicine test performed by injecting 99 m
technetium pertechnetate which has affinity for the gastric mucosa. It is positive in
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patients with Meckel’s diverticulum with heterotopic/ectopic gastric mucosa. Acid
secretion from the gastric mucosa can cause ulceration and bleeding near or adja-

cent to the diverticulum. In children, Meckel’s scan is performed early, whereas in
adults, it is generally performed late in the evaluation of mid-GI bleeding.

5.8 CT angiography (CTA)

CTA is increasingly being done in patients with less brisk mid-GI bleeding.
CTA can detect the bleeding site if the bleeding rate is 0.3 ml/minute or more [36].
However, CTA exposes the patient to ionizing radiation, and intravenous contrast
is required. So patients with contrast allergy, renal failure, and pregnancy should
avoid CTA.

5.9 Conventional mesenteric angiography (CMA)

CMA is rarely done in the evaluation of mid-GI bleeding unless there is ongoing
significant bleeding and patient had hemodynamic instability, positive CTE, or
bleeding scan; and embolization is considered to stop the bleeding. However, there
is risk of bowel wall infarction following embolization therapy. CMA can also detect
small bowel varices in patients with portal hypertension and Meckel’s diverticulum
by the finding of an anomalous long branch of superior mesenteric artery traversing
the mesentery toward the right lower quadrant and supplying the diverticulum.

5.10 Gallium-68 dotatate PET/CT scan

Gallium-68 dotatate PET/CT scan is now considered as the best scan for detect-
ing SBNET as 70-90% of them have somatostatin receptors. It has much better
imaging quality and can detect more lesions than Octreoscan [37]. But it does not
replace CTE or MRE for those SBNET which are not somatostatin receptor positive.

5.11 Intraoperative enteroscopy

Intraoperative enteroscopy is done in the operating room when other modali-
ties of investigations fail to detect the source of bleeding. The scope is introduced
through the mouth or through an enterotomy, and whole small bowel can be evalu-
ated. It is diagnostic as well as therapeutic in achieving hemostasis in about 70% of
cases.

6. Management

A systematic approach is essential to manage mid-GI successfully. Mid-GI
bleeding is generally established when no source of potential bleeding is found in
the upper or lower gastrointestinal tract after doing bidirectional endoscopy, i.e.,
upper endoscopy (including examination with a side-viewing duodenoscope) and
ileocolonoscopy. Second-look bidirectional endoscopy should be done considering
substantial initial endoscopic miss rates [38]. Next step to evaluate is whether the
patient is hemodynamically stable or unstable and whether the patient is having
occult or overt GI bleeding. The first investigation to evaluate mid-GI bleeding in
a hemodynamically stable patient is VCE unless there are contraindications like
small bowel obstruction [39]. On the other hand, in a hemodynamically unstable
patient, the first investigation will be angiography for both diagnostic and thera-
peutic purposes [40].
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Depending on the location of bleeding lesion in VCE, push enteroscopy or DAE
should be done, i.e., push enteroscopy for lesion in the proximal part of the small
bowel and DAE for lesion in the mid or distal part of the small bowel. If the VCE is
negative, the next step will depend on whether the patient has ongoing blood loss,
the rate of blood loss, and the presence of comorbidities:

a.If the patient has ongoing blood loss without significant comorbidities, DAE,
CTE/MRE, or even laparoscopy with intraoperative enteroscopy should be
considered to stop the bleeding.

b.If the patient does not have ongoing blood loss, further evaluation can be
stopped.

c.If the patient has significant comorbidities and slow rate of blood loss, further
investigation could be reasonably stopped. Patient should be observed with
periodic monitoring of complete blood count (CBC), and iron supplementa-
tion and/or blood transfusion should be given as necessary basis.

Definitive therapy should be given according to the findings seen in the above
investigations. Treatment modalities of some of the common conditions are listed
below:

* Small bowel angioectasia: it is by far the commonest cause of mid-GI bleed-
ing. Endoscopic ablation is the treatment of choice. Sometimes patients may
present with recurrent anemia due to bleeding from widespread or inacces-
sible angioectasia, and endoscopic treatment is risky because of patients’
comorbidities or old age. Pharmacologic treatment is generally offered in those
cases. Thalidomide prevents angiogenesis by inhibiting vascular endothelial
growth factor (VEGF). One study showed that thalidomide was effective in
reducing the rate of recurrent small bowel bleeding due to vascular malforma-
tions [41]. Octreotide decreases mesenteric blood flow, inhibits angiogenesis,
and improves platelet aggregation. One meta-analysis showed that octreotide
therapy reduced the transfusion requirement in patients with recurrent
bleeding from gastrointestinal vascular malformations [42]. Other treatment
modalities for different conditions include:

* Isolated jejunal and ileal bleeding ulcers due to NSAIDs: hold NSAIDs, endoscopic
treatment, and/or embolization. In rat model, proton pump inhibitors were found
to worsen NSAID-induced small bowel injury by inducing dysbiosis [43].

* Dieulafoy’s lesion: endoscopic (argon plasma coagulation, hemoclip, injec-
tion therapy) or angiographic intervention (embolization) or surgery if those
interventions fail [44].

* Small bowel varices: endoscopic treatment if within reach of endoscope.
Angiography, transjugular intrahepatic portosystemic shunt (TIPS) place-
ment, or surgery if endoscopic hemostasis fails or is beyond the reach of
endoscope [45].

* SBNET: surgical resection is the treatment of choice for locoregional disease.
Long-acting somatostatin analogs are given for functional and nonfunctional
metastatic SBNET because of their antiproliferative effects and ability to
control carcinoid symptoms [46].
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* Adenocarcinoma of small bowel: surgery, chemotherapy, and checkpoint
inhibitors.

* GIST: surgery and tyrosine kinase inhibitors.
* Non-GIST mesenchymal tumors: surgery.

* Benign tumors:
Adenoma: endoscopic resection.
Lipoma, leiomyoma, and hamartomas: segmental resection.

Peutz-Jeghers syndrome: segmental resection or endoscopic resection. Because
some patients are young with widespread polyps, endoscopic treatment should be
preferred [47].

* Metastatic tumor to the small bowel: palliative treatment.
* Meckel’s diverticulum: surgery.

* Crohn’s disease: endoscopic treatment, embolization, corticosteroid,
5-aminosalicylic acid, 6-mercaptopurine/azathioprine, infliximab, and
surgery [48].

* Ulcerative jejunoileitis due to celiac disease: surgical resection of the ulcerated
segment, corticosteroid, elimination diet, and total parenteral nutrition.

7. Prognosis

Prognosis depends on the etiology of the lesion causing mid-GI bleeding.
Vascular lesions carry a good prognosis if they can be successfully treated endo-
scopically, radiologically, or surgically. Most of the time, vascular lesions can be
managed endoscopically. Surgical intervention is required if the bleeding cannot
be managed endoscopically or by interventional radiology. Surgery is also required
for benign and malignant small bowel tumors, ulcerative jejunoileitis due to celiac
disease, and refractory bleeding Crohn’s ulcers. Sometimes, patients’ comorbidities
or old age do not allow invasive procedures or surgery. Symptomatic and palliative
treatments are offered in those cases. Sometimes, mid-GI bleeding remains obscure.
Patients end up getting multiple hospitalizations, multiple diagnostic tests, and
multiple blood transfusions.

8. Conclusion

Mid-GI bleeding is common in our day-to-day clinical practice. Capsule endos-
copy and imaging studies have made the diagnostic evaluations much easier than
before. Balloon-assisted enteroscopy and spiral enteroscopy are generally done
for therapeutic interventions. Interventional radiology and surgery are required if
there is massive bleeding or endoscopic therapeutic interventions fail. After hemo-
stasis is obtained, treatment of the underlying condition should be done. Patient’s
age, comorbidities, pros and cons of the procedures, and radiological and surgical
interventions should be considered.
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Abstract

Immunoglobulin A vasculitis, formerly called Henoch-Schonlein purpura
(HSP), is the most common systemic vasculitis in childhood. It is a small-vessel
vasculitis mediated by type III hypersensitivity, manifested as rash accompanied
by gastrointestinal (GI) symptoms, arthritis, and nephritis. The etiology of this
disease (a leukocytoclastic vasculitis) is still uncertain, but immune complexes of
IgA and unidentified antigens seem to have a central pathogenic role. Most often the
diagnosis is established after the clinical examination; it is easy at first glance when
the clinical presentation includes the classic tetrad of rash (nonthrombocytopenic
palpable purpura), arthralgia/arthritis, abdominal pain, and renal manifestations
but may be difficult when the gastrointestinal manifestations precede the skin
purpuric rash. Gastrointestinal involvement is frequently seen and varies from
mild symptoms to severe complications; sometimes the gastrointestinal symptoms
(colicky abdominal pain, nausea, vomiting, diarrhea, gastrointestinal bleeding)
are the first manifestations of the disease. Immunoglobulin A vasculitis is usually a
self-limited disease with a benign course, and the treatment is often symptomatic;
in severe cases corticosteroids are necessary.

Keywords: Henoch-Schénlein purpura, IgA vasculitis, gastrointestinal involvement

1. Introduction

In 1837 Schoénlein described a clinical triad manifested as purpuric rash, arthral-
gias/arthritis, and renal involvement; 1 year later, Henoch related the association of
rash, abdominal pain (with bloody diarrhea), and proteinuria; the clinical associa-
tion of these symptoms was diagnosed as Henoch-Schénlein purpura.

The term Henoch-Schénlein purpura was replaced with immunoglobulin A
vasculitis (IgA vasculitis), by the 2012 revised Chapel Hill International Consensus
Conference for Nomenclature of Vasculitides [1], based on IgAl-dominant immune
deposits affecting small vessels and typically involving the skin, joints, gastrointes-
tinal tract, and kidney.

Henoch-Schénlein purpura (HSP) is a small-vessel vasculitis, characterized
by a generalized vascular involvement, usually involving the small vessels of the
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skin, the gastrointestinal (GI) tract, the kidneys, and the joints; it is an acute IgA-
mediated disorder that rarely may affect the lungs and the central nervous system
(CNS) [2]. IgA vasculitis is a multi-system disorder characterized by palpable
purpura, arthritis, glomerulonephritis, and gastrointestinal manifestations and is
the most common form of systemic vasculitis for children (90% of cases occur in
the pediatric patients) [3].

Although alot of algorithm diagnoses were proposed (The American College
of Rheumatology, Michel’s criteria, Chapel Hill Consensus Conference, etc.)

[1], the diagnostic criteria remain the one published in 2006 [4], revised by the
European League Against Rheumatism/Pediatric Rheumatology International
Trial Organization/Pediatric Rheumatology European Society (EULAR/PRINTO/
PRES); the mandatory criterion is palpable purpura in association with at least one
of the following: diffuse abdominal pain, arthritis or arthralgia, renal involvement
(hematuria and/or proteinuria), and IgA deposition in biopsy specimen (skin,
intestinal tract) [5].

Differential diagnosis includes many diseases with systemic manifestations
(cutaneous, articular, gastrointestinal, renal) such as Crohn’s disease (no palpable
purpura or gastrointestinal bleeding), IgA nephropathy (no palpable purpura), and
hypersensitivity vasculitis (absence of IgA deposition) [4].

2. Epidemiology

IgA vasculitis is the most common vasculitis for children; it is usually seen in
children between 3 and 10 years old (the age peak is 5-7 years) and very rarely in
adults [3, 4]. The annual incidence varies greatly, from 13 to 20/100,000 for chil-
dren to 0.8-1.8/100,000 for adults [6-8]. Demographic data showed that males are
more frequently affected (male-to-female ratio varies from 1.2:1 to 1.8:1) [3, 9].

The diagnosis is more commonly established in winter and spring and rarely in
summer [7, 8], and this aspect may be explained by the association of this disease
with infection factors, while approximately 50% of IgA cases are preceded by an
upper respiratory tract infection [10].

Clinical features and severity of the disease also differ by aging, being more
severe in adults than in children [10].

3. Pathogenesis

IgA vasculitis is a small-vessel vasculitis syndrome involving the small vessels of
the skin, gastrointestinal tract, kidneys, and joints, consisting of palpable purpura,
arthralgia, and gastrointestinal and renal manifestations.

The etiology is still unknown, but precipitating factors such as drug intake and/
or upper respiratory tract infections have been associated with the disease develop-
ment [11]. Although a variety of infectious and chemical triggers are recognized,
the underlying cause remains unknown.

In approximately two-thirds of the cases, typical symptoms occur after
7-14 days from an upper respiratory tract infection (previous epidemiological
studies have found a seasonal variation of incidence in IgA vasculitis, with more
cases occurring in autumn and winter related with upper respiratory tract infec-
tion) [4, 11].

Other cases of IgA vasculitis have been associated with several viral infections or
vaccinations, foods, drugs, hematological malignancies, and tumors [4].
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Henoch-Schénlein purpura (HSP) is mediated by type III hypersensitivity with
deposition of IgA immune complex in the walls of vessels.

Histologically, this disease is characterized by leukocytoclastic vasculitis accom-
panied by IgA immune complexes within affected organs (deposition of IgA and
C3 in small-vessel walls, polymorphonuclear leukocyte infiltration around/in small
blood vessels, and leukocytoclasia) [11]. The biopsy of the purpuric lesions showed
the involvement of small vessels (primarily postcapillary venules) within the papil-
lary dermis and that the predominant cell types within the inflammatory infiltrate
are neutrophils and monocytes [12].

Although the pathogenesis of the disease remains unknown, several authors
confirmed the implication of abnormal glycosylation of the hinge region of IgA1,
elevated levels of IgA anticardiolipin antibodies, and increased levels of transform-
ing growth factor (TGF)-beta in patients with Ig A vasculitis [12, 13].

The diagnosis is often a clinical one (based on the classic symptoms and signs);
since there is no disease-specific laboratory abnormality, no specific test available
was able to establish the diagnosis.

4, Clinical manifestation

IgA vasculitis typically has a prodrome (headache, anorexia, fever); after that, a
lot of symptoms may develop: rash (especially involving the legs), abdominal pain
and vomiting, joint pain (especially involving the knees and ankles), subcutaneous
edema, scrotal edema, etc.

The classic tetrad symptoms are rash, arthralgia/arthritis, abdominal pain,
and renal manifestations. The clinical diagnosis is easily made in the presence of
all these symptoms but may be omitted when the clinical picture is incomplete; in
the absence of the classic purpuric rash, the diagnosis of Ig A vasculitis may not be
obvious [14, 15].

Purpura and joint pain are usually the main symptoms on admission, but the
symptoms may develop over the course of some days to weeks and may vary in their
order of presentation.

The major clinical manifestations are the following:

* Purpura—the appearing symptom in approximately 75% of patients, usually
preceding other symptoms

* Arthralgia/arthritis—50-75% of cases

* Abdominal pain—colicky pain in 50% of cases and gastrointestinal bleeding in
20-30% of cases

e Renal disease—20-50% [6, 11, 16-18]
4.1 Skin manifestation

The skin lesions are the earliest and most common appearance of the disease in
the majority of patients (70%) and include palpable nonthrombocytopenic pur-
pura which evolves from erythema to papules and then to non-blanching palpable
purpura with petechiae and ecchymosis (Figure 1). The rash is the hallmark of the
disease and typically appears in crops, with new crops appearing in waves (erup-
tions usually last an average of 3 weeks).
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Figure 1.
Palpable purpura on both ankles.

The typical rash is symmetrically distributed and located primarily in gravity-/
pressure-dependent areas, such as the feet, ankles, and lower legs in adults; in the
case of children, the buttocks, face, trunk, and upper extremities are more affected
[19]. In child patients purpura gradually disappears (it can recur and become
chronic), but in adults, it may be necrotic or hemorrhagic in 1/3 of cases, and
cutaneous exacerbations may be seen for 6 months or longer [20, 21].

4.2 Joint involvement

Arthralgia or arthritis is present in 2/3 of cases of patients; joint complaints are
uncommon as the first symptom, but it is the appearing complaint in approximately
25% of children [21]. The articular manifestations are seen more often in adults
than in children; typically involve the hips, knees, and ankles (less commonly the
upper extremities); and are symmetrical (as skin lesions) in distribution [4]. The
joint involvement is usually transient or migratory, typically oligoarticular and non-
deforming. A prominent periarticular swelling and tenderness are usual, without
joint effusion, erythema, or warmth. The most frequent symptom is arthralgia,
while arthritis is very rare; joint effusions are exceptional [20].

4.3 Renal involvement

Renal involvement is found in 40-85% of patients (more prevalent in older
children and adults), ranging from microscopic hematuria to progressive glomeru-
lonephritis, and is the most serious complication of Ig A vasculitis [17, 20]. The
most common presentation is hematuria (with/without red blood casts) and mild
proteinuria; proteinuria without hematuria is very rare. Renal manifestations usu-
ally develop within 4 weeks and never precede the onset of skin lesions. The risk of
renal failure is rare in children [22] but may be present in about 30% of adult cases,
especially in patients with nephrotic and nephritic syndromes [4]. Nephrotic-range
proteinuria, elevated serum creatinine, hypertension, and the coexistence of hema-
turia and proteinuria are associated with an increased risk of renal failure; 2-5% of
patients with renal involvement come to an end-stage renal failure [12, 17].

4.4 Gastrointestinal manifestations

Gastrointestinal involvement occurs in 50-75% of adult patients—abdominal
pain and bloody diarrhea may precede the typical purpuric rash [15, 23]. The diges-
tive symptoms are often present in patients with IgA vasculitis, and although less
commonly found in adults, they are more severe and often atypical. The gastroin-
testinal symptoms vary in intensity, and prudent laparotomy is required to exclude
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an acute abdominal condition. Gastrointestinal manifestations range from mild
(nausea, vomiting, abdominal pain, paralytic ileus) to severe findings (gastroin-
testinal bleeding, intussusception, bowel ischemia with secondary necrosis, bowel
perforation).

Gastrointestinal symptoms are often the most debilitating manifestations of
the disease, and they are much more common in younger patients than in elders
[23, 24].

The gastrointestinal manifestations may precede the onset of IgA vasculitis or
may develop later in the course of the disease. Typically, gastrointestinal symptoms
develop within 8 days from the rash appearance, although longer periods (weeks,
even months) have been described. In 10-15% of cases, the gastrointestinal symp-
toms occur before cutaneous manifestation, making the differential diagnosis of
other causes of acute abdomen more difficult [24]. Rarely, gastrointestinal symp-
toms may appear with no cutaneous purpura at any time [25, 26].

Abdominal pain is the most common gastrointestinal symptom, manifested by
colicky pain worsened by food (similar to bowel angina), localized to the epigastric
and periumbilical regions. The pain is attributed to the involvement of the splanch-
nic circulation (mesenteric vasculitis) with bowel ischemia and edema of the
gastrointestinal tract [4, 23, 27]. Abdominal pain associated with IgAV is caused by
submucosal hemorrhage and edema.

Abdominal pain is often associated with diarrhea with gross or occult blood,
nausea, vomiting, constipation, and gastrointestinal bleeding (hematemesis or
melena).

In most cases, on clinical examination, the abdomen is tender and slightly dis-
tended; rarely, it may resemble and be confused with an acute abdomen requiring
surgery evaluation (suspicion of perforation, intussusception). Some of these cases,
suggesting an acute abdomen, are leading to emergency computed tomography
(CT) or unnecessary surgery [4, 23]. Sometimes, particularly in young patients,
intense abdominal pain may suggest acute appendicitis, especially when the skin
rash is absent. Even in the presence of rash (suggestive in a clinical context for Ig A
vasculitis) in front of intense abdominal pain, the differential diagnosis of abdomi-
nal pain and the exclusion of acute surgical abdomen are mandatory; more, the IgA
vasculitis rash may be a nonspecific erythematous or urticarial exanthem or limited
to lesions on the buttocks or lower extremities early in the disease course.

Gastrointestinal bleeding is another symptom, with an incidence varying between
17.6 and 51% [23]. In most cases, the bleeding is occult (detected as positive
stool occult blood); when manifested, the main symptom is melena rather than
hematemesis or hematochezia, because the intestinal lesions are usually localized
in the small bowel and colon. Gastrointestinal bleeding is usually mild; in rare cases
it may be severe, requiring blood transfusion or surgical treatment, even leading to
death [4, 23].

Other rare gastrointestinal manifestations, such as esophageal ulcer, pancreati-
tis, pseudomembranous colitis, gall bladder involvement, intestinal perforation, and
ischemic vasculitis may occur [23].

Intussusception is the most common gastrointestinal complication of IgA
vasculitis. Edema and hemorrhage can act as a pathological lead point, contributing
to the development of intussusception. Intussusception is limited to the small bowel
in approximately 60% of cases, in contrast to idiopathic intussusception, which is
typically ileocolic. The overall incidence of this complication of IgA vasculitis varies
between 2.3 and 3.5%, although some retrospective series reported an incidence of
only 0.4 to 0.6% [9, 17]. Children with severe gastrointestinal pain and/or requiring
hospitalization are at greater risk.
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4.4.1 Imaging evaluation of gastrointestinal manifestation

Upper gastrointestinal endoscopy (UGD) is mandatory in patients with gastroin-
testinal bleeding. UGD is helpful in the diagnosis of IgA vasculitis, especially when
gastrointestinal symptoms develop prior to the cutaneous lesions.

The most important part of upper gastrointestinal tract is involved in the
second part of the duodenum with endoscopic features including diffuse mucosal
redness, petechiae, severe erosive duodenitis, hemorrhagic lesion, and ulcers
[28] (Figure 2). Purpuric lesions may be seen on an endoscopy, commonly in the
descending duodenum, stomach, and colon.

The spectrum of upper endoscopic findings is based upon the severity of the
vasculitis; usually, irregular, ulcerating, nodular lesions or hematoma-like protru-
sions are characteristic of IgA vasculitis in the duodenum. The stomach and colon
are often involved as well, but the duodenal bulb is rarely affected; the absence of
bulbar lesions is important to exclude the cause of the peptic disease hemorrhage
[29]. The biopsies of gastrointestinal lesions are commonly performed in patients
with or without suspected IgA vasculitis in order to rule out infection, inflamma-
tory bowel disease, and less commonly, vasculitis. In general, vasculitis is not com-
monly observed in GI biopsies, and the spectrum of findings includes neutrophilic
infiltrate within the small bowel and colon, with the duodenum most commonly
affected. While the clinical and histologic findings may mimic early inflammatory
bowel disease, the presence of predominant small bowel involvement, especially
erosive duodenitis, should raise suspicion for IgA vasculitis. Biopsies should be
obtained before steroid therapy is initiated, if possible [30].

Resolution of duodenal lesions is spectacular, in accordance with the remission
of inflammatory disorders [31] (Figure 3).

Colonoscopy: erythema of the mucosa, petechiae, and ulcers are the most com-
mon findings [32].

Computed tomography (CT) imaging: the hallmarks of IgA vasculitis are multifo-
cal symmetric, circumferential, regular wall thickening and engorgement of mes-
enteric vessels. Associated findings include free intraperitoneal fluid, ileus of the
affected loop, vascular engorgement in the adjoining mesentery, and nonspecific
lymphadenopathy [24]. The target sign is not specific; it can be seen in many other
conditions such as ischemic bowel disease, inflammatory bowel disease, infectious
enterocolitis, radiation enteritis, etc. [19].

In some selected cases, CT angiography can be used to visualize the site of the
arterial or venous occlusion; however, a normal angiogram does not rule out the
possibility of mesenteric ischemia [3]. Mesenteric vascular engorgement and skip
areas are also seen in Crohn’s disease, but terminal ileal involvement, stricture,
fistula, and abscess would favor Crohn’s disease over other conditions [12, 33].

Figure 2.
Endoscopic appearance of the second part of duodenum: multiple evosions, diffuse redness, submucosal
hemorrhage, and small ulcerations.
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Figure 3.
Endoscopic appearance of the second part of duodenum remission.

5. Conclusion

The diagnosis of IgA vasculitis (HSP) is usually based upon clinical manifesta-
tions of the disease, and in patients with an incomplete/unusual presentation,
biopsy of the affected organ (e.g., skin or kidney) demonstrating predominantly
IgA deposition supports the diagnosis. Although gastrointestinal involvement is

frequent, the diagnosis of IgA vasculitis may be difficult when gastrointestinal
manifestations occur alone or precede the characteristic skin purpura.
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Chapter 4

Biomechanics of the Small
Intestinal Contractions

Ravi Kant Avvari

Abstract

The small intestine is a part of the gastrointestinal segment comprising of
the duodenum, jejunum, and ileum. They help to process the gastric contents for
further digestion, which involves mixing with duodeno-biliary-pancreatic (DBP)
secretions to facilitate the chemical digestion, and homogenization of the luminal
contents through contractions of the circular and longitudinal smooth muscle
fibers of the intestine. The contractions of these smooth muscle fibers develops
the mechanical forces at the mucosal wall, which as a consequence, transfers its
momentum to the underlying fluid to develop the fluid flows, suggesting relevance
of mechanics in physiology. The resulting flows are what drive the digestion.
Changes in contractility of wave shapes of circular and longitudinal smooth muscle
contractions and fluid rheology are known to affect the digestive process through
generation of various flow patterns that differ in luminal pressure, peak velocity,
extent of shearing/ mixing, volume of mixing, and flow rate. Recent studies indi-
cate that the digestive process can be very specific such as to cause lipid digestion
through segmental contractions and transport by eliciting propagating contrac-
tions, suggesting that the intestine manages to digest a variety of food in an efficient
manner by eliciting appropriate contractions.

Keywords: small intestine, small intestinal motility, peristalsis, circular contraction,
local longitudinal shortening

1. Introduction

The human small intestine is a part of the gastrointestinal tract which extends
from end of the stomach to the inlet of large intestine. They form the visceral organ
of our body which helps in processing the food at various levels such as mixing,
digestion (mechanical grinding and chemical breakdown), and transport. They
are arranged in a complex 3D manner, having numerous folds (convolutions) and
flexures. The small intestine is functionally divided into duodenum, jejunum, and
ileum; each of which has a specific physiology function to play in the digestion.
They enable the digestion of meal in these compartments through coordinative
effort. The small intestine elicits a complex series of motility patterns depending
on the nature of meal to help (1) mixing with duodeno-biliary-pancreatic (DBP)
secretions to facilitate the chemical digestion, (2) homogenization of the luminal
contents of intestine, (3) regulation of pH in the duodenum, (4) mechanical disin-
tegration, (5) absorption, and (6) transport. Since the generation of such motility
patterns are highly variable and regulated by neurohormonal cues, the process of
digestion has been a challenge, hitherto, to explore the mechanisms involved.
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The mechanical relevance to digestion dates back to the classical study per-
formed by Cannon on cat’s intestine using X-ray [1]. The observations made by
Cannon reports, The constrictions causing the segmentation thovoughly mix the food
and digestive juices, and bring the digested food into contact with the absorbing mecha-
nisms [1]. Even after a century has passed, the digestion still remains to be mystery;
probably due to the multifaceted dimensions of the digestive process. In the recent
past, there has been growing literature on the involvement of the mechanics in the
digestion. Studies indicate that the mechanics of peristalsis is intertwined with
physiological function of the intestine and still remains to be explored. The idea
that the mechanics play a key role in the intestinal physiology is best described
by Costa and Brookes which reads, The discovery of the presence of multiple neuro-
chemicals in the same nerve cells in specific combinations led to the concept of “chemical
coding” and of “plurichemical transmission.” The proposal that enteric veflexes are
lavgely responsible for the propulsion of contents led to investigations of polarized reflex
pathways and how these may be activated to generate the coordinated propulsive behav-
ior of the intestine [2]. We learn that the digestion system include highly complex
organ which manages, in house, the enteric controls that are mediated through
intramural reflexes (short and long range reflexes), and centralized control
mediated through the central nervous system (involving higher nerves centers to
process the information relating to gut sensing and relay through efferent nerves).
While it has been a mystery for many decades as to how the digestion occurs in the
gut, especially the mechanical breakdown, mixing and transiting over the long
distance of the bowels, recent studies on mechanics are providing clues pertaining
to the mechanisms that may contribute towards an understanding of the process
involved at the level of mechanical digestion and their interaction with upstream
and downstream players.

In this chapter, we present the current state of art in the area of intestinal biome-
chanics addressing various aspects of digestion through clinical, mathematical, and
computational studies performed so far. This chapter is organized as follows: Section
2 describes the mechanics and physiology of the small intestine. Section 3 provides
details as to how the small intestinal motility leads to the development of flows inside
the lumen causing mixing and transport. The details of flow resulting from circular
contraction are discussed in Section 4. In Section 5, the relevance of the local longi-
tudinal shortening is explored followed by the physiological relevance of motility in
Section 6. Since the nature of forces also affect the molecular biology of the cell, the
basic principle behind the mechanotransduction is addressed in Section 7. The con-
clusions are drawn in Section 8 followed by the future scope of the work in Section 9.

2. Mechanophysiology of the small intestine and the small intestinal
digestion
2.1 Anatomy
The small intestine is the part of the gastrointestinal tract which connects to the
stomach at one end through pylorus and the large intestine at the other end through
ileocecal valve (Figure 1). The anatomy of the small intestine segments, that
includes duodenum, jejunum, and ileum, are discussed in the following.

2.1.1 Antrum

The antrum is a distal part of the stomach which is highly muscular having a
thickness of 5.1 + 1.6 mm (depends on degree of distention of antrum [3]), which
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Figure 1.
Anatomical details of the stomach and duodenum showing three layers of muscles—oblique muscle layer
(OM), circular muscle layer (CM), and longitudinal muscle layer (LM).

is higher than proximal stomach [4]. Its musculature helps the antral segment to
undergo rigorous peristalsis to perform the grinding of the food. They also help
regulating the gastric emptying and duodenogastric reflux (DGR).

2.1.2 Pylorus

The pylorus (at L1 level or Lumber region 1) is a muscular tissue that connects
the stomach at one end to the small intestine or more specifically the duodenum
at the other end. Due to its musculature they contract radially to close or open the
valve to cause the flow across the stomach and duodenum. It functions like a valve
whereby it can regulate the flow of gastric content into the duodenum.

2.1.3 Small intestine

The small intestine is a muscular and convoluted tube that extends from pyloric
region to the ileocecal valve that connects to the large intestine. It is approximately 7 m
long and 2-4 cm in diameters and divided into the duodenum, jejunum, and ileum.

2.1.3.1 Duodenum

Duodenum is the shortest segment of them all and is approximately 20-25 cm
long and 2.5 cm in diameter. They are responsible to mix the chyme with DBP
secretions, cause homogenization and pH transition from acidic to slightly alkaline.
The process occurs inside the segment that is divided into four parts as follows: (1)
the first part or par superior or duodenal bulb is about 5 cm long which begins its
journey somewhere at the pylorus region and ends at the neck region of the gall
bladder. Pars superior is the most movable region of the duodenum. (2) The second
part or pars descendens is about 7-10 cm long and extends from the neck region of
the gall bladder or L1 (lumbar region 1) to the upper border of L4 region. The com-
mon bile duct and the pancreatic duct together join and open at the major duodenal
papilla into the medial side of this segment at approximately 7-10 cm distance from
the pylorus. The minor duodenal papilla, if present, lies above the major duodenal
papilla. (3) The third part or pars horizontalis is about 5-7.5 cm long and travels
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across the inferior vena cava and aorta above the upper border of the fourth lumbar
region with the superior mesenteric vessels (the vein on the right and the artery on
the left) on its front. (4) The fourth part or pars ascendens is about 2.5 cm long and
continues to ascend toward the left side of the aorta. At its terminus, it abruptly
transforms to a jejuna-like feature, where it forms the duodeno-jejunal flexure. The
duodeno-jejunal flexure is connected to the superior mesenteric artery and celiac
artery by suspensory muscles of the duodenum also known as the ligament of Treitz
(a connective tissue), which marks the anatomical distinction between the duode-
num and the jejunum.

2.1.3.2 Jejunum

It forms second part of the small intestine that is roughly 1.5-3.5 m (two-fifth
of the small intestine) in length. They are attached to the posterior wall of the
abdomen by the mesentery. The interior wall of the segment contains of numerous
microscopic finger-like structures known as villi that help increase the surface area
of absorption for the jejunum. Most of the nutrients are absorbed in this part of
the small intestine. By the time the intestinal contents are emptied into the next
segment (ileum), around 90% of all the available nutrients in the food has been
absorbed. It also helps to shape the rheology of the digesta by absorbing about 90%
of the secreted water, 6-8 1 day_l.

2.1.3.3 Ileum

It forms the last segment of the intestine that is roughly 2.5-3.5 m (three-fifth
of the small intestine) in length and ends at the intraperitoneal pouch known as
cecum (where undigested food settle down). The remaining parts of the nutrients
that have passed through the jejunum are absorbed here (also absorbs vitamin B12
and bile acids). The segment contains numerous lymphoid follicles (forming Payer’s
patch; mainly function to survey and respond to pathogens). They are attached to
the posterior wall of the abdomen by mesentery (giving flexibility to the bowels to
adjust in the abdominal cavity during act of peristalsis and intestinal transit).

2.1.4 Ileocecal valve (ileal ostium)

The valve is a muscular tissue that separates the contents of the small intestine
from those of the large intestine. They help in controlling the volume of flow occur-
ring from the large intestine into the ileum and as a consequence of this, help in
regulating the bacterial growth (involved in causing small intestinal bacterial over-
growth; SIBO) in the small intestine in conjunction with the small intestinal motil-
ity. It also helps in vitamin B12 absorption and collecting most of bile acid (terminal
ileum) to replenish for the secreted bile for reuse (via entero hepatic circulation) [5].
They play a key role in preventing reflux of the bacteria-rich content from the large
intestine into the small intestine; thus forming a barrier separating the two bowels.

2.2 Generation of smooth muscle contractions: the precursor to luminal flows

The intestinal musculature comprises of the smooth muscle fibers arranged
in intertwined bundles; interconnected to the neighboring smooth muscle fibers
through gap junctions. This enables two neighboring muscles to be electrical coupled.
The gap junctions provide a way to propagate the electric potential (a wave of depo-
larization) from one fiber to the other, thereby spreading across adjacent segment
of the intestine resulting in a muscular contraction (initiated as a consequence of
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depolarization above threshold) to traverse the segment. In physiology, the mem-
brane of the small intestinal smooth muscle (especially the myogenic cells) cell

shows rhythmic changes in their electric potential which is referred to as the slow
waves (resting membrane potential of —50 to —60 mV). Slow waves are the waves

of partial depolarization of the membrane having the transmembrane potential of
5-15 mV. They help in nominal depolarization of the membrane, but do not initiate a
muscle contraction. It is only during the condition when the membrane potential of
smooth muscle cell cross the threshold level, an action potential is triggered causing
contraction of the smooth muscle fiber. The event of spiking is known to occur at the
crests of slow waves. To initiate the spike potential, it is necessary that smooth muscles
of the segment are in the charged condition; having the neurotransmitters released

in the vicinity by neurons. The neurotransmitters are released in response to a variety
of stimuli such as neural signaling form higher center of the brain (mediated through
vagus nerve), and distention-induced signaling (locally mediated through intramural
reflex).

2.3 Control of smooth muscle contractions through sensing

Before we discuss the factors affecting APD motility, it is worth considering

the sensory-motor integration of the intestinal segments (Figure 2). Generation of
motility patterns is in some way hardwired to the sensors present and it is because
of this reason that the APD segment can show a wide variation in its motility
patterns. Little is known about the neurohormonal control, chemical control (pH
[6], osmolarity [6, 7], lipid (also ileum) [8, 9], carbohydrates, and proteins), and
other factors like size of bolus [10] and allergic responses through jejunal dysmotil-
ity [11]. They control muscles in the APD segment (also present in jejunal and ileal

LT
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Figure 2.

A cartoon representing mechanophysiology of the APD segment; indicating (1) the bolus undergoes
disintegration due to grinding activity of the stomach, (2) smaller pieces of food, (3) food in its finely
disintegrated form and yet to be mixed with DBP secretions, and (4 and 5) homogeneous mixture.
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segments), which help in regulation of motor patterns mediated by some kind of
sensor mechanism. To support the relevance of sensory-motor integrity, let us con-
sider the report by Peter Holzer who suggested that prevention of acid damage to
the mucosal tissues are carried out by an elaborate network of acid-governed mecha-
nisms that help in protecting the tissue from acidosis and maintaining homeostasis
[12]. The pH distribution of the gut lumen follows a particular trend, having lowest
at the stomach (pH 1-3) and then goes on increasing from duodenum (pH 1.7-5 at
proximal duodenum and pH 5-6 at distal duodenum) to terminal ileum (pH 7-9)
[13, 14]. On exposure of the duodenum to acidic contents they stimulate various
defense mechanisms which include increase in mucosal secretions, bicarbonate
secretions, and blood flow. Together with this, hormones also play a major role in
acid secretion at the stomach which in turn may contribute to the overall homeo-
stasis. The pylorus also plays its role in regulatory mechanisms which run across
the terminal stomach to proximal duodenum and shares the neural tracts and the
circular muscle layer with antrum and duodenum. Besides being a muscular tissue,
it also has sensors embedded within its mucosal layers, which are involved in some
control related activities that are relayed through enteric nervous system or local
mediated reflex pathway. Digestive processes are driven by the peristalsis motion
that grinds the food rigorously in the antrum, so as to grind into small pieces less
than 3 mm, so that they can escape the pyloric channel. The remaining part of

the digestion is driven by the intestinal peristalsis which together with chemical
secretions facilitates the process of mechanical and chemical degradation of the
chyme into macromolecules and further down to simpler molecules so they can be
absorbed (Figure 2)—steps 3-5.

2.4 Coordination among the small intestinal segments

The APD contractions are very much time synchronized and work in coordina-
tion. These neurally activated contractions push the luminal contents by transfer-
ring their momentum, which helps to facilitate mixing, grinding, and transporting
of the food. Two kinds of pumping action take place here, one at the antral side
and the other in duodenum which tries to push their contents to the other side. It is
not well understood on how these two motor actions play their part in causing the
transport, i.e., either gastric emptying or reflux of duodenal content back into the
stomach. However, from a mechanics point of view, we know that the flow would
result in emptying when the pressure at the antral side is higher than duodenal
side (Figure 3). However, a reverse situation can exist, i.e., reflux when duodenal
pressure becomes higher than antral pressure leading to a disease condition known
as the duodenogastric reflux (DGR). The mechanism by which the transport across
the pylorus occurs is not clear; however, it is known that the transport occurs by
developing two kinds of pressure waves via pressure pump (common cavity pres-
sure wave) and peristaltic activity [15]. Multiple studies have been performed for
estimating gastric emptying in relation to the generation of intragastric pressures
using manometric studies. Though little is known about the relationship between
the pump mechanism (gastric pumping) and the coordinative muscle contractions,
few researchers have reported that the process of gastric emptying is observed only
during those occasions when the antral pressure (Pa) is higher than the duodenal
pressure (Pd). Study also indicates that the base line pressure or the common cavity
pressure is the major determinant of gastric emptying (GE) rather than the antral
contraction-induced emptying [15]. This idea is supported by literature which
demonstrates that alternations in pressure inside the proximal stomach correlate
well with the varying rates of gastric emptying of different liquid meals [16].
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Pa>Pd

Emptying

Figure 3.

A cartoon diagram depicting the antrum, pylorus, and the duodenal (APD) segments, respectively. The
dashed line represents the APD axis, while the blue colored plot shows pressure profile along the axial divection
indicating higher antral pressure (Pa) in comparison to lower duodenal pressure (Pd).

The local generation of high pressure and appearance of anterograde and retrograde
flow patterns suggest that the geometry is closely linked to the way emptying
proceeds. In addition to the complexity present in gastric emptying predictions, the
gut works by intelligently sensing the food content and accordingly modulating the
contraction patterns.

The coordination is established through neural feedback means; e.g., entero-
gastric, ileogastric, intestino-intestinal reflex, and vago-vagal reflexes. One of the
well-known reflexes is the ileal brake. The ileal brake refers to the ability of the ileal
segments to modulate the motility patterns upon exposure to the nutrients such as
lipid through enteric reflex [17]. The intestinal segments communicate with each
other through such reflex in process to regulate the digestive process such as regu-
lating the flow at which the gastric contents enter into the duodenum by suppress-
ing pyloric channel.

3. From small intestinal motility to flows to the digestion

A fluid is a substance which continually deforms under the application of a
shear force. When an external force is applied to a solid object it undergoes whole
body translation; whereas, fluid undergoes both translation and deformation.
Transport of fluid can be better appreciated by considering an example of the flow
through a cylindrical pipe, also referred to as the Hagen-Poiseuille flow (flow in
a cylindrical pipe). Applying a relatively higher pressure force at left end of the
tube, in comparison to right end, sets up a pressure gradient along the length of
the tube. As a result of this, the fluid tends to move down the pressure gradient
only if it has overcome the viscous resistance. In the case of viscous flow the fluid
eventually gains inertia and reaches a steady state when the axial velocity profile
becomes parabolic. In a similar fashion, we can draw some parallels between the
Hagen-Poiseuille flows to those of intestinal flows. In physiological scenario, as the
contraction (i.e., the circular constriction that appear around the periphery) propa-
gate thorough the small intestinal segment, it imparts a part of the momentum to
the fluid underneath, which as a consequence of having gained the momentum
can now hit the neighboring fluid particle and transmits a part of its momentum;
eventually developing the flow.
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4. Mechanics of small intestinal digestion: mixing, transport, and
absorption

4.1 Basic mechanics
4.1.1 Law of Laplace

We discuss the basic principles of mechanics as applied to the small intestine.
The small intestine, as we know, is a muscular conduit having two types of muscle
layers—circular and longitudinal muscles. When muscles undergo contraction
(reduction in the length of the muscles) they happen to either close the lumen
(circular contraction) or shorten the segment (longitudinal contraction). From
mechanics point of view, such contraction develops forces by virtue of muscular
activity. By applying basic principles of mechanics, we can deduce as to how the
muscular contraction results in the generation of pressure forces and flows inside
the lumen. In general, whenever the tissue undergoes contraction, we explain
the principle that the reduction is caused by generation of forces per unit area or
stress. Parameters of interest are the percentage reduction in the length or strain
that is caused by the stress. So, there exists some relation between the stress and
the strain of the material under consideration. This leads us to assess the elasticity
of the material or modulus of elasticity that measures the ability of the material
to resistance deformation when a stress is applied to it. The nature of resistance or
wall stiffness can be visualized by referring to the stress vs. strain plots obtained by
allowing the material to deform under various strains and measuring the stress. The
stress-strain plot provides details relevant to the mechanical properties of the tissue.

For simple geometry such as intestine approximated as a uniform and circular cyl-
inder, the relation between the stress and luminal pressure under the assumption of
thin wall is given by Laplace’s law. It says that, under equilibrium condition, the tensile
stress developed in wall is proportional to the intraluminal pressure and the radius of
the intestinal tube. Suggesting that if the pressure inside the intestine is increased by
gas formation (fermentation), for a non-significant change in the radius to wall thick-
ness, then there would be a corresponding increase in the tensile force of the wall.

4.1.2 Flow through the channel

Transport of fluid across narrow constriction can be better appreciated by
considering a familiar example of flow through a cylindrical pipe, also referred to as
the Hagen-Poiseuille flow. Applying a relatively higher pressure force at left end of
the tube, in comparison to the right end, causes the fluid to move down the pres-
sure gradient only if it has overcome the viscous resistance. In case of viscous flow,
the fluid eventually gains inertia and reaches a steady state when the axial velocity
profile is parabolic. Let us assume a straight channel that is static (i.e., no contrac-
tions), with occlusion at the center and applied pressure at the ends as if they were
generated by the APD contractions. In steady state, the flow rate can be derived as Q
= 7r* 6P/ (8 pl), which relates the rate of flow at the outlet to the pressure difference
applied to the channel. Suggesting that, the flow rate is highly sensitive to the fourth
power of the channel radius and inversely proportional to the channel length.

4.1.3 Longitudinal shortening
Using high-frequency ultrasound, Nicosia et al. were able to calculate the per-
centage reduction in the length of the longitudinal muscles [18]. As discussed in

the later section, using the principle of mass conservation, the authors were able
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to quantify local longitudinal shortening as the ratio of longitudinal length after con-
traction relative to the initial length as inversely related to the ratio of cross-sectional
area of the muscle after contraction relative to the initial area; L/L* = 1/(A/A¥).

4.2 Modeling small intestinal contractions

Unlike the gastric contractions, the small intestine motility patterns are not
regular. In preprandial state, the small intestine enter into the interdigestive phase
showing distinct patterns of activity every 90-120 min™" (also known as Migrating
motor complex or MMC) which include (1) a period of quiescence with no contrac-
tions (Phase I), (2) along period of unsynchronized contractions (Phase II), and (3)

a burst of strong and regular contractions (Phase III) [19]. Of these, phase III plays an
important role in sweeping the undigested food particles (left over debris) and bacte-
ria out of the small intestine and into the large intestine. However, after meal ingestion
(postprandial), the small intestine switches to a more synchronized motility patterns.

4.3 Pyloric contraction

Pylorus plays a key role in mediating the flow across the stomach and the
duodenum. It does by developing higher resistance to flow through closing of the
lumen. They typically open and close the lumen at intervals of 20 s [20]. Flow
through the channel is driven by generating a pressure gradient across the two
ends of the channel and depends on luminal diameter, degree of opening, length
of canal; thus, regulating gastric emptying (GE) or duodenogastric reflux (DGR)
[21-26]. Both antegrade and retrograde flow have been reported in the literature
to be normal; however, when the quantity of flow in the reverse direction leads to
increased volume of reflux, then it leads to DGR disease. The flow is found to be
pulsatile in nature [27-34]. The pylorus exhibits both tonic and phasic contractions
[35-38], which develops a pressure of 10.8 + 4.5 mmHg at 1-4 min™" rates of phasic
contraction [35]. In postprandial state, pylorus opens and closes with mean diam-
eter 5.4 + 1.0 mm [21]. Out of 193 pyloric closure events, 133 occurred in 2 s of the
antral and duodenal contraction in a study carried out in patients. The pylorus was
reported to be in closed position for 55.5% of 154 isolated duodenal contractions
recorded. In porcine flow, pulses happen at 11.2 + 0.4 min™" frequency and occur
between subsequent pyloric pressure events with each flow lasting for 3.5+ 0.1s
with volumes of 0.3 + 0.01 ml being release during the stroke. They occur 2.8 + 0.7 s
before pyloric pressure event, and 2.3 + 0.5 s before antral wall motion [39]. Meal-
dependent effects of pyloric motility using clinical trials of intravenous injection
of 20% dextrose solution indicated causation of pyloric contraction, suppression
of antral contraction, and duodenal phase-3-like motility [40]. The duration and
intensity of phasic and tonic contraction of the pylorus showed direct correlation
with caloric content of dextrose solution been infused into duodenum. Increase in
caloric content caused increase in isolated pyloric pressure waves and basal pyloric
pressure [41]. Duodenal infusion of saline shows no change in motility patterns of
APD; whereas, triglyceride and fatty acid infusion suppresses antral contractions,
but enhances pyloric phasic and tonic activity and delays gastric emptying [42, 43].

4.4 Intestinal peristalsis
Contractions of the intestine are a mix of elementary contractions such as
stationary (SW), antegrade (APW), or retrograde propagating wave (RPW). A

literature survey of the motility patterns indicate frequency of 15-18 wave min™’,
velocity of propagation of 0.1-0.4 cm s™", and higher propensity to develop
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propagating contraction in the intestine in comparison to stationary contraction
[44]. Retroperistalsis have been linked to the reflux of duodenal contents and trigger
the development of DGR diseases. Standing contractions are the non-propagating
contractions they are confined over a particular segment (12 waves min™"). They

are known to be involved in the mixing process. Contractions appearing on one side
of the channel are known as sleeve contractions. It involves longitudinal muscle for
generating contraction [45] and help in mixing and churning of luminal contents
[46]. Pendular movements are the longitudinal contraction of the muscles, which
develops motility patterns involving to-and-fro motions of segmental shorten-

ing and extension. In physiology, the contractions occur as a mixture of the basic
contractions, as discussed above. It is a well-known fact that upon nutrient infusion
of duodenum, the duodenal motility patterns changes from propulsive to a segmen-
tal contraction that traveled only for a short span. Such contractions form segmental
contractions or cluster contractions, which can be stationary or non-stationary [47].

4.5 Flow due to circular muscle contractions

Flow due to circular contraction were investigated by the author by approxi-
mating the flow for a Newtonian liquid meal with viscosity 1000 cP and density
1000 g cc " inside the APD segment [44]. The rationale for choosing such an
assumption was—(1) for a liquid meal intake the meal mixes with gastric and
duodeno-biliary-pancreatic secretions giving a mixture that is also a liquid; (2) the
rheology of the contents present inside the duodenum is not yet known; therefore,
a Newtonian approximation was made; (3) modeling a semi-solid meal increases
the complexity, therefore, aliquid meal was considered to simplify the development
of the APD segment. Further, the APD segment was assumed to be a rigid wall to
simplify the flow model.

There is a formation of recirculation eddies near the occlusion zone (with veloci-
ties reaching its peak at its center) and occurrence of a local transport at the pyloric
region (arising due to the pressure difference across it) (Figure 4). Results indicate
that a retrograde moving wave cause pressurization at the head region of the wave
in comparison to the tail region. As a result of this behavior, a steep pressure rise
is developed to cause flow in the direction that is downward the steep. It was also
found that this wave generates a pressure difference across the pylorus, that is,
higher pressure on the antrum side in comparison to a lower pressure on proximal
duodenum thereby causing reflux.

To understand the impact of variations in the intestinal peristalsis, the author
performed a parametric study by varying the geometry and wave parameters of
the contraction. Based on literature, a hypothetical range was considered for these
parameters presuming that this range falls within the physiological regime.

The study demonstrated that higher degrees of occlusion and higher velocity
for the propagatory contractions have a profound effect on the flow rate across the
channel (Table 1). Although, for APWs, the emptying rate increases with occurrence
of multiple waves, they also induce reflux when occurring in four numbers spread
across the duodenum and centered at 8 cm away from pylorus. The effect of multi-
plicity in the RPW shows an increasing trend in reflux. In general, it can be inter-
preted that the APW type contractions lead to emptying while RPW lead to reflux.

Standing contractions (SW type) of closing type were found to be reflux
inducing. However, they occur at less than one-tenth of a magnitude for variations
in distance, wavelength, and degree of occlusion in comparison to the APW and
the RPW contractions. They also show an increasing level of reflux with increasing
values of parameters except for distance. When multiple standing waves occur they
result in significant increase in the reflux.
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Figure 4.
Flow due retrograde wave traveling toward the pylorus. Arrows indicate velocity vector over the local region
and colors indicate the magnitude.

On overall comparison of the reflux levels caused by the elementary contrac-
tions, it is clear that the SW of higher frequency and the RPW of higher occlusion
(70%), higher velocity and occurring in multiple numbers dominate the list of
reflux inducing contractions of the duodenum.

The APW and RPW contraction show mixing at higher intensity that is typically
of the order of hundreds that is ten times those of SW. Variations in distance and
wavelengths of the APW and RPW type contractions show similar levels of mixing
(Table 2). Contractions cause higher degree of mixing with increasing occlusions
and are highly sensitive to the velocity, wherein a change from 1 to 4 cm s™* can
lead to a ten-fold increase in Inixing. Further, it was seen that multiple waves can
cause significant rise in mixing. However, the standing contractions show negligible
mixing that are typically of the order of tens and are highly sensitive to frequency
and multiple waves. While Iyiying shows extent of mixing in the whole duodenum,

Contraction Distance Wavelength % Velocity (cm s™) Multiple

type 1) 1) Occlusion or frequency (1) waves (1)
M

APW Negligible Negligible T T T

RPW Negligible Negligible 1 t T

Sw* ! 1 1 1 1

*For SW, frequency is considered. APW, antegrade propagating wave; RPW, retrograde propagating wave; and SW,
standing wave.

Table 1.
Effects of duodenal pumping on transpyloric flow rate (GE or DGR) studied for various parameters of APW,
RPW, and SW type of contractions.
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Contraction Distance Wavelength % Velocity (cm s™) Multiple
type 1) 1) Occlusion or frequency (1) waves (1)
)
APW Torl | T 1 Torl
RPW Negligible 1 1 1 1
sw ! ? 1 1 1
Table 2.
Effect of APD contractions on intensity of mixing.
Contraction Distance Wavelength % Velocity (cm s™") Multiple
type 1) 1) occlusion or frequency (1) waves (1)
)
APW Negligible Negligible 1 1 1
RPW Negligible Negligible t 1 1
SW Negligible Negligible Negligible 1 Negligible
Table 3.

Effect of APD contractions on volume of mixing.

we also wanted to quantify the region over which the mixing or the volume of
mixing is significant (computed as the volume of duodenum that has mixing index
above 1.005). Changes in distance and wavelength of the peristaltic waves showed
no major change in volume of mixing; however, it was sensitive to occlusion to
some extent and highly sensitive to velocity and multiple waves. Standing contrac-
tions, on the other hand, showed zero or negligible volumes of mixing, except for a
frequency of 6 Hz where they showed some mixing (Table 3).

5. Significance of the longitudinal muscles
5.1 Whatis LLS?

Contractions of the longitudinal muscles, when occurring over short range of
the gut segment, are referred to as the local longitudinal shortening. In literature,
longitudinal shortening have been investigated as if they are advancing with the
contraction, which we define as the advancing LLS and those that are stationary or
stationary LLS are rarely considered. During LLS, the longitudinal muscles contract
to shorten the segment along the axial direction only.

5.2 Learning from esophageal studies of LLS

LLS studies of the intestinal segments have been rarely considered. In order to
understand the mechanophysiology of the LLS in intestine, we resort to the LLS
studies of the esophageal segment.

One of the classical studies of LLS was the study of esophageal peristalsis dur-
ing feline. By using a widely spaced metal clips clamped to the esophageal mucosa
(four tantalum wires that were imbedded in the outer esophageal wall), Dodds et al.
[48] captured the longitudinal shortening of the esophageal segment which varies
with their relative position. The study demonstrated the existence of a wave of local
longitudinal shortening that moves in conjunction with the bolus. They also found
that the relative displacements of the markers vary from one location to the other
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location suggesting that the LLS is effective over a given segment of the esophagus
(especially the distal most esophagus). Subsequent studies, using widely spaced
metal clips attached to the esophageal mucosa, support the contractive nature of the
longitudinal muscles in the local regions of the esophageal wall during peristalsis
[49-51]. Measuring local longitudinal shortening was, however, a challenge using
the mucosal clip studies; given the large spacing of 3-10 cm. Nicosia et al. provided
amore accurate method of determining the LLS and their coordination with CC
using the high-frequency ultrasound transducer [18]. By employing the principle of
law of mass conservation, the changes in the cross-sectional area with the temporal
variation in local longitudinal shortening was made; which were compared with

the luminal pressure measured using high resolution manometry. Following rela-
tion was derived: cross-sectional area during rest phase/cross-sectional area during
contraction = length of the segment during contracted state/length during rest.

Key observations were as follows: (1) during luminal filling (with bolus entry), the
esophagus distends reducing the effective thickness of the muscles, (2) the wave of
longitudinal shortening was followed by the circular contraction, (3) contraction of
the longitudinal muscles were found to nearly coincide with the peak luminal pres-
sure, (4) longitudinal shortening overlaps the CC and occur prior to CC and ended
after CC, and (5) lastly, the strength of LLS directly relates to the generation of higher
luminal pressure. Further clinical studies by the investigators also indicate the prior
contraction of the longitudinal muscle during onset of distal esophageal peristalasis
[18, 49, 50]. Such fine coordination the contraction of two muscles fibers provides for
a mechanical advantage of gathering the neighboring circular muscle fiber closer to
ensure that the circular contraction occurs at ease [52]. The coordination of CC and
LLS is managed by the enteric and central nervous system. The delay in the onset of
contraction is due to the existence of a gradient of latency of contraction along the

length of the esophagus [53].
5.3 Effect of advancing LLS on flows

Like the peristalsis waves (which are modeling as trains of periodic sinusoidal
waves traversing the muscular tube at certain velocity), the LLS is modeled asa
sinusoidal wave whose amplitude relates to the local shortening (I/ly) and propa-
gates with the CC. As shown in Figure 5, LLS brings together the neighboring
tissues through generation of a localized wave of shortening. As a result of this, the
circular muscles become denser giving its advantage to compress the lumen at ease.
We consider that the longitudinal contraction is in relative motion to the CC; hence,
we define them as LLS of advancing type.

As the LLS traverse the intestine with CC, the intestinal wall undergoes defor-
mation. Such change in the wall generates wall momentum which acts as a source
of energy to push the fluid and develop flows. The details of the wall motions are
provided in the form of a local wall velocity in Figure 5. Circular contractions
are wall motions that appear as ripples traveling over the surface of water. As the
circular muscles contract, the wall moves radially inward; however, as the wave
moves at certain velocity they appear to close the head region of the wave leav-
ing behind the tail end to relax or open (outward velocity vector; first panel in
Figure 5). For advancing LLS, a wave of localized shortening occurs which travels
at certain speed. During such activity, the surface of the intestinal wall appear to
move forward but recoils back to its original position after the disturbance has
traverse the segment. This generates a net forward velocity, as shown in second
panel of Figure 5. Superimposing both the waves result in a summation of the two
velocity vectors (third panel in Figure 5). We may summarize that the introduction
of LLS results in an axial displacement of the wall and CC in radial displacement.
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Figure .

A cartoon diagram illustrating the civcular (CC) and longitudinal contractions (LLS) in the intestinal wall. L
is the length and R is the radius of the intestine. CC is characterized by the wavelength ()) and the percentage
occlusion of the lumen (po.). Peak value of LLS is given by the peak l/lo ratio which is spaced at a relative
distance (8) from the peak CC or the point of maximal occlusion.

Considering no-slip condition (fluid particle at wall moves with the same velocity
with which the wall moves), we also learn that there is an effective axial displace-
ment of the fluid adjacent to wall and helps to drag the peripheral part of the food
along with it (Figure 6).

Rheology plays an essential role in regulating the transport of the digesta from
stomach to duodenum (gastric emptying) and duodenum (duodenogastric reflux).
For a meal that is highly viscous, the mixing and transport can be a difficult task to
be performed by the enteric system when compared to low viscous digesta. Since
the mechanical processes taking part in intestine correlates to the rate at which
absorption takes place and determines the serum glucose levels, the subject matter
is of high relevance to satiety, indigestion, and other digestive disorders of the gut.

Let us estimate the flow regime of water, juice, and honey. We consider an
intestinal geometry with diameter 2.5 cm (2.5-3 cm), and wave traveling ata
characteristic velocity of 2.5 cm s™' (2.5-5 cm s™) for short and long wavelength
of one and ten times the diameter. Assuming a fluid density of 1 g cc™" and fluid
viscosities of 1 cP (water), 0.65P (juice), and 33P (honey) and substituting into the
formula (Re = pvD/u) we determine Reynolds number as 625, 9.615, and 0.189. As
per the long wavelength approximation [54], we perform viscous scaling by a factor
(=diameter/wavelength of the wave) to get an approximate Reynolds number. At
one-tenth of scaling, the Reynolds number is found to be 62.5, 0.9615, and 0.0189.
At higher Reynolds number, the inertial forces of the fluid are much higher than
viscous resistance and as a result lead to turbulence flow. We speculate that a fast
moving contraction of the intestine help in pushing the fluid to a higher extent that
it leads to turbulence and upon interaction with air leads to borborygmus (a rum-
bling, growling or gurgling noise of the intestine). The studies of the bowel sounds
(auscultation) were pioneered by Cannon in the early twentieth century. However,
due to technical challenges, the method appears to be of some hope to clinicians in
diagnosing GI disorders through bowel sound computational analysis (BSCA) [55].
At low Re, the flows are laminar and silent.

Flow details of the intestinal peristalsis have been recently reported in the lit-
erature [56]. When a wave of contraction propagates along the intestinal wall, they
develop peripheral forces that can be directed radially inward, axially oriented,
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Figure 6.

A snapshot of a simulation study indicating the wall velocity (blue line) along the radial divection (CC) and no
shortening (LLS, red line) (first panel). Study involving LLS (approximated by sinusoidal waveform) without
CC; the wall is pulled toward the point of peak LLS (second panel). Effect of CC and LLS on wall velocity.

or inclined depending on the nature of contraction (CC and/or LLS) (Figure 7).
As aresult, the head region develops a higher pressure relative to the tail end.
While at the tail end, development of low pressure field results from the retrac-
tion of the wall as if they were to open the channel. As a result the development of
differential pressure forces across the segment, a pressure gradient which acts as

a driving force to propel the luminal contents from a region of higher pressure to
the lower pressure (retrograde flow). Flow due to advancing LLS is less prominent
due to generation of low fluid velocity and low shear stress. Since they develop
axial velocity at the wall, the advancing LLS, through viscous behavior, drags the
neighboring fluid to move along with the wall creating a whirlpool-like motion in
the region of contraction.
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Figure7.
Effect of simultaneous circular and longitudinal contractions on flow.

The advancing LLS and CC lead to the generation of pressure field and shear
stress of similar trend. Local variations in the pressure along the axis indicate a
linear variation in the non-contraction region and a nonlinear variation in the con-
traction region; zero at the center and boundaries—inlet and outlet of the intestinal
segment. The pressure peaks at an offset from the center and shows symmetry
about the axis for a contraction wave at the mid-segment. The wall shear stress
shows a peak at the center of the contraction region and reduces to lower value at
the either end of the wave and remains constant throughout the non-contraction
region. Axial variations in the pressure and wall shear stress are similar for fluid of
pseudo-plastic, Newtonian, and dilatants type. The study also reports that the pres-
sure developed is higher for shear thickening fluids in comparison to shear-thinning
fluid (Table 4). In a similar manner, wall shearing is highest for the dilatants. Shear
stress in the lumen is highest at the wall and reduces linearly to the lowest value

Parameter (1) Pressure Shear stress Flow Peak Physiological
rate luminal relevance
velocity

Viscosity 1 T No No change Extent of viscous
change behavior

Flow behavior 1 1 l l Captures the

index rheology of diverse

fluids

LLS spacing (about | 1 tor| tor| CCand LLS

optimal) coordination

Wavelength torl l 1 T Effect of motility

Occlusion 1 1 1 1 Effect of motility

Table 4.

Effect of contractility and rheology (normalized values) on flow; based on semi-analytical method.
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at the center. At region where the shearing is higher there is a more stirring of the
fluid. CC and LLS coordination is found to affect the luminal pressure, shearing of
the contents, flow rate, and peak velocity significantly.

6. Physiological relevance of intestinal motility
6.1 Mixing

Using imaginary tracers, the author was able to determine particle trajectories
due to the peristalsis—CC and LLS [56]. Two kinds of flows were observed; one
resulting in axial displacement of the fluid and other causing circulation of the
fluids (eddies). The radial displacement brought the fluid from the core region
to the periphery and vice versa; thus allowing for flushing of the fluid proximal
to the mucosa. However, the particles were displaced when the wave traverses
the segment. Particle motion is highly dependent on the type of intestinal motil-
ity. Positioning of the tracers at various depths of the lumen showed different
trajectory and followed the wall; particles close to the wall tend to follow the
wall, while those near the axis exhibited near circulation. The authors report that
the radial dimension of the whorls is found to be higher when the particles were
positioned close to the wall and least at the center. Suggesting that, the contrac-
tions are more effective near the wall since the particles experience most of the
wall momentum and least at the center of the lumen. Such a behavior is indicative
of the mixing of the contents; given that the shearing is effective near the wall
with formation of eddies.

6.2 Transport

When contraction traverses at 50% occlusion, there is a higher tendency for the
particles to undergo circulation; favoring mixing [56]. However, at 80% occlusion,
the particles tend to under more of axial displacement and less of a radial displace-
ment with no circulation; favoring transport. Particles positioned near the center
were found to travel a longer distance in comparison to those near the wall. Such
behavior reminds us the parabolic velocity profile in case of pressure driven flows
in pipe. Previous studies corroborates with the understanding that the flows in
occlusion regions tend to show a parabolic profile [44]. Rheological effects of the
particle displacement suggest that the eccentricity of the particle trajectory for
Newtonian fluid is more and undergoes a near complete circulation. Particle tra-
jectory for dilatants showed formation of a complete circulation. For fluid having
flow behavior index less than 1.0, following observations were made (1) particles
tend to travel with higher velocity over longer distance and (2) particles showed
more of a radial predominance. There were no significant changes in the flow
developed by introducing the LLS; however, due to additional momentum along
the axial direction they tend to suppress the radial displacement of the tracer lead-
ing to a more translocation. The transport has been linked to malabsorption of the
nutrients and electrolyte concentration. Alternations in the intestinal transit can
disturb the equilibrium of osmolality and intestinal absorption leading to diarrhea
or constipation [57]. Knowledge of the intestinal transit of bolus is essential when
design the drug. Orally administered drugs have to be tuned to the environmental
conditions of the small intestine so that drug bioavailability can be maximized.
Since the physical properties of the meal, such as viscosity can greatly influence
the transport behavior, clinical preparation of the food can be administered to help
manage the patient suffering from motility disorders.
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6.3 Frictional advantage

Frictional effects of the intestinal wall have been attributed to a disadvantage
when considering transport. By estimating the flow resistance, the author was able
to assess the importance of the slowing down of the fluid flow and increase in the
retention time of the fluid near the mucosa; providing more time to undergo chemi-
cal digestion and absorption [56]. The extent of friction offered by the intestine
to fluid of different flow behavior index (n = 0.6, 1.0, and 1.4) suggests that the
friction is highest for pseudo-plastics and decreases with increase in flow behavior
index [56]. In addition to this, friction is found to be dependent on pressure gradi-
ent; showing increasing trend with increase in pressure. They are linearly related
to the Reynolds number; higher the Re higher is the resistance. Since the friction is
analyzed for a channel with smooth inner surface, we presume that the contribution
resulting from plicae circulares would be much higher.

Friction is more at the occlusion center and drops significantly as one recedes
away from occlusion center to the wave end. The friction due to mucosal layer
of the intestine is a subject matter of interest to intestinal digestion. We may
consider the problem similar to the flooding of the terrain occupied by numerous
trees. At the flood end, where the fluid velocity is very high, the fluid particles
tend to slow down upon interacting with the tree. Since the surface area of the
tree is more, the effectiveness to slow the fluid particle is much higher. In physiol-
ogy, such resistance to flow is provided by the intestinal folds of mucosa known
as the plicae circulares or the valves of kerckring. The author speculates that
these structures help in reducing the luminal transport and increase the time of
retention of the fluid near the mucosa so as to allow for increased absorption of
the nutrients. Depending on the flow regime, the flow may be highly agitated to
flush the contents and allow for replenishment of the nutrient-rich contents. Such
a behavior prevents the formation of trapped fluids and cause continuous flush-
ing of the mucosa without stagnation. Such understanding is necessary to know
the dynamics of nutrient transport near the intestinal mucosa and equilibration.
While, stagnation of the acidic contents near the duodenum can have drastic
impact on the mucosal layer leading to duodena ulceration.

6.4 Power demands of peristalsis

Contraction leading to flow is majorly determined by the muscular contractions
of the circular and longitudinal muscle layers of the intestine. Although extramural
pressure forces may contribute in the modulating the flow patterns, much of the
mechanics is initiated and driven by the muscles. Efficiency to pump is defined as
the ratio of energy due to pressure force to the energy spent by intestine through
muscular contraction. The circular contractions are majorly known to cause the
positive displacement of the fluid, and hence primarily responsible to transport.
However, the LLS results in the developed for axial forces that are small in com-
parison to circular contraction and have minor contribution to efficiency at lower
occlusions. LLS is advantageous at higher occlusion, where they primarily help to
forcefully shrink the intestinal wall along the axial direction to concentrate more
circular fibers. The energy spent on contraction can be reduce dramatically from
26.5 (CC along) to 22.5 units (CC with 0.65% LLS) approximately; a 15% reduction
in energy spent by the intestinal motility to drive shear thickening fluid. However,
in contrast to the above, we also identify that power advantage of LLS negatively
correlates for shear-thinning fluid driven by CC with 0.65% LLS. Suggesting that
rheology of the luminal contents shares some relation with the nature of LLS. This
emphasizes an important observation as to whether such a correlation exists, and
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if so, how does the intestine senses the fluid rheology? Although there are no direct
sensors to detect the rheology or viscosity of the contents, we speculate that the

gut may use an indirect mechanism to serve the purpose of assessing the rheology
through stretch sensors. Since this sensor respond to distension, we also speculate
that the difficulty to pump highly viscous fluid are reflected in the form of stretch.
The concept of mechanical sensing of the stretch in the intestinal wall was observed
by infusing a larger bolus of isotonic saline directly into the intestinal lumen [58].
The study reported that a controlled distension of the intestine activates a subset of
vagal sensory neurons. Perhaps, the sensors data are relayed to the higher centers of
the brain or through the local reflex to trigger certain feedback controls. Somehow,
the intestine is aware of the trade-offs between the power demands of peristalsis at a
certain occlusion against the percentage LLS. It may not prefer to contract at higher
LLS for circular contraction of lower occlusion; since it would be non-economical.
However, on the contrary, it is economical to contract at higher LLS for circular
contraction of higher occlusion; an optimal strategy in conserving the amount of
energy it spends to perform the peristalsis.

6.5 What is the optimal parameter space for contractility?

The intestine has its own ability to perform muscular contraction to an extent
that can be mapped onto a phase space (multidimensional space in which each
state variable represented by an axis is constructed to specify the state of a physical
system at a given point of time). To derive such plots for intestine, we resorted to lit-
erature reports related to the clinical observations of the intestinal motility during
fed and fasted state, and, normal and pathology condition [22]. The parameters of
interest are: incidence of propagatory versus stationary contractions per min, per-
centage incidence of antegrade and retrograde propagating waves, frequency of the
wave, wave velocity in mm/s, and duration of MMC (interdigestive contractions)
cycle. The ability of the intestine to perform digestion optimally depends on how
well it coordinates with neurohormonal system. Eliciting segmental contraction on
duodenal infusion of fat or hydrochloric acid requires that the contents are mixed
well with the biliopancreatic secretions to cause buffering and emulsification. Such
motility patterns are known to transform the fat into droplets which help providing
more surface area for lipase binding to take place and perform the digestion [59].
Previous study by the author shows intestinal preference to digestion especially
extent of mixing, and volume of mixing, and to-and-fro motion of contents [44].
Since the peristalsis provides sufficient shearing forces to help cause the droplet for-
mation, we learn that some correlation exist between the motility and emulsifica-
tion. Similarly, transport of the contents requires forceful expulsion of the contents
by through muscular contraction of the intestinal wall; which demands generation
of sufficient forces or right motility patterns. Studies indicate that the intestine
utilizes the LLS at its advantage to perform forceful contractions; with peak LLS
not exceeding 65% [18, 52]. The optimal choice of wavelength at which the shear-
ing attains its maximum value is equal to the intestinal diameter (1 unit); higher
wavelength (1.5 units) is inefficient [56]. Similarly occlusive contractions show two
functions—mixing at lower occlusion and transport at higher occlusion. The choice
of occlusion is dependent on whether the meal needs further processing or not.

7. From wall shear and strain to influencing cell biology of the intestine

As aresult of the mechanical forces arising from muscular contraction (CC,
LLS, due to muscularis mucosa) or due to luminal contents (distension during
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gasification), the intestinal tissues are remodeled in accordance to the nature of
forces. The epithelial and non-epithelial cells undergo various types of mechanical
forces during the physiology function. Contractions of the circular muscle leads

to generation of a tangential force along the periphery (shear) and contraction

of longitudinal muscle layer leads to axial force (shear). In reality, such contrac-
tions are highly irregular and occur in conjunction that varies in wave geometry
and kinetics (velocity). Shear forces at the mucosal layer affect the villi structure
which modulates the adsorptive function of the organ and strain in the intramural
structure affect the tissue (intestinal wall) and its compliance. The responsive
nature of the intestine comes from the fact that the intestinal walls have several
mechanosensitive cell types that respond to various types of mechanical stimuli
such as—epithelial enterochromaffin cells (ECL), enteric neuronal cells (intrinsic
and extrinsic), smooth muscle cells, and interstitial cells of Cajal (ICC). These cells
contain ion channels (stretch-activated ion channel) that respond to mechanical
forces and in response to stimuli they generate ionic currents in the channel thereby
affecting mechanotransduction process. In mechanotransduction, the mechanical
forces such as shear, stretch, and pressure trigger a biochemical pathway (through
conformation change) initiating the chain reaction (involving second messengers)
to affect the gene expression, and protein synthesis. I vitro experiment involving
the seeding of scaffolds with human umbilical vein endothelial cells (HUVECs)
demonstrated that the mechanical stimuli provided in the form of a pulsatile shear
stress (12 + 4 dyne cm™?) leads to changes in the expression of the mechanosensitive
genes (Pecaml, Enos) [60].

8. Conclusion

The digestive process of the intestine is complex and depends on multiple param-
eters such as rheology of food, chemical composition, motility pattern, and neuro-
hormonal signaling. In this chapter, we have addressed the question as to how the
mechanics play a key role in performing the disintegration of the partially digested
food through shearing action of the peristalsis. Both circular and longitudinal con-
traction participate in the process in a way to optimally perform the digestion at ease;
which otherwise would be uneconomical. LLS is advantageous when driving con-
tents having shear thickening behavior, where the longitudinal shortening brings the
circular muscles closer to reduce the tension in the individual fibers during peristal-
sis. LLS have no significant contribution in the development of the flows. In conclu-
sion, biomechanical studies indicate that the flow is highly sensitive to the motility
patterns (geometry and wave parameters), and in order to perform the digestion, the
intestine elicits the right kinds of contraction to perform the physiological functions
(such as preventing duodenal ulceration through segmental contraction, buffering of
chyme in the duodenum, preventing duodenogastric reflux, and digestion of meal).

9. Future scope

Previous study involving the 3D computer simulations of the flow provided
details of relevance to physiology. Contraction types analyzed so far include: (1)
stationary contractions (contractions that close and open at a given location) (a)
closure type, (b) Opening type*, (c) multiple contractions, (d) cluster/repetitive
contractions; (2) propulsive contractions (contractions moving in either direc-
tion) (a) antegrade type, (b) retrograde type, (c) multiple contractions, (d) short
distance traveling contractions®, (e) long distance traveling contractions*; and (3)
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Figure 8.
Compartment model of the APD segment showing various segments (1) stomach, (2) pylorus, (3) duodenal
bulb, and (1) distal duodenum.

mixed (mixture of both stationary and propulsive contractions)*. The contractions
marked with * could not be analyzed due to computational limitations. This gives
us a huge opportunity to the biomechanical engineers to explore the mechanism as
to how the motility leads to digestion. Literature suggests a compartmental model
to describe the physiological relevance of antrum, pylorus and the duodenum
(Figure 8). The jejunal and ileal segments still remain a mystery as to how they
coordinate with each other and how they contribute to digestion.
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Chapter 5

Serum Sodium Concentration in
Patients with Portal Hypertension
and Acute Gastrointestinal
Bleeding Treated with
Terlipressin: A Retrospective
Observational Study

Xinmiao Zhou, Lichun Shao, Tingxue Song, Wenchun Bao,
Xiaozhong Guo and Xingshun Qi

Abstract

This retrospective observational study aimed to investigate the risk of serum
sodium concentration in patients treated with terlipressin and attempted to explore
the factors associated with serum sodium concentration. We included 17 patients with
portal hypertension treated with terlipressin (Group 1), 7 with portal hypertension
treated with somatostatin/octreotide (Group 2), 20 with acute non-variceal gastroin-
testinal bleeding treated with somatostatin/octreotide (Group 3), and 19 with acute
pancreatitis treated with somatostatin/octreotide (Group 4). In all groups, serum
sodium concentration at baseline was not significantly different from the lowest value
during the infusion of terlipressin, somatostatin, or octreotide (Group 1: 136.95 + 4.68
versus 135.52 £ 4.79, p = 0.426; Group 2: 139.64 + 3.86 versus 138.41 + 5.34, p = 0.813;
Group 3:138.02 & 4.08 versus 137.69 & 3.11, p = 0.630; Group 4: 135.96 £ 6.87 versus
134.60 + 3.40, p = 0.098). The rate of serum sodium concentration reduction in
Group 1 (8/17) was not significantly different from Group 2 (3/7, p = 1.000), Group 3
(11/20, p = 0.746), or Group 4 (14/19, p = 0.171). Age, sex, baseline MELD and Child-
Pugh scores, cDDD value and duration of terlipressin, blood transfusion, and diuretics
and paracentesis during terlipressin were not significantly associated with serum
sodium concentration reduction in Group 1. In conclusion, serum sodium concentra-
tion is often reduced in patients treated with terlipressin. However, the association of
sodium concentration reduction with terlipressin should be clarified.

Keywords: hyponatremia, terlipressin, sodium, portal hypertension,
gastrointestinal bleeding
1. Introduction

Terlipressin is a prodrug of vasopressin, which transforms into vasopressin by
enzymatic cleavage of the glycyl residues [1, 2]. It has been approved as the choice
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of treatment for acute esophagogastric variceal bleeding (EGVB) [3-6]. Such a
potent effect is mainly due to the activation of V1 receptors, which are dominantly
located in the arterial smooth muscles of splanchnic circulation. The activation of
V1 receptors causes the splanchnic vasoconstriction and thereby reduces the
splanchnic blood flow and portal pressure [7]. In addition, terlipressin also activates
the V2 receptors and increases the number of aquaporin-2 channels in the apical
plasma membrane, thereby causing the water reabsorption in the renal collecting
ducts [8]. This V2 receptor-mediated antidiuretic effect may result in dilutional
hyponatremia. Mild to severe hyponatremia has been reported in a proportion of
patients receiving terlipressin [9-12]. More notably, scattered case reports have
also shown that patients with hyponatremia related to terlipressin develop the
seizure [13-15].

Herein, this retrospective observational study aimed to investigate the risk of
serum sodium concentration during terlipressin treatment and attempted to explore
the factors associated with serum sodium concentration hyponatremia.

2. Materials and methods

Study protocol was reviewed and approved by the institutional review board
of the General Hospital of Northern Theater Command (formally General Hospital
of Shenyang Military Area).

2.1 Study population

All patients who were consecutively admitted to our department between
February 2016 and November 2017 and were treated with terlipressin and/or
somatostatin and/or octreotide by an attending physician (XQ) were considered
as the study population.

Seventeen patients with portal hypertension who were diagnosed with acute
gastrointestinal bleeding and were treated with terlipressin were considered as the
experimental group (Group 1). Among them, 14 patients were diagnosed with liver
cirrhosis due to hepatitis B virus alone (n = 5), hepatitis C virus plus alcohol abuse
(n = 2), alcohol abuse alone (n = 2), autoimmune-related liver diseases alone (n = 2),
drug-related liver diseases alone (n = 1), or unknown causes (n = 2); 4 patients had
hepatocellular carcinoma; 15 patients underwent endoscopic examinations, of
whom 6 and 9 had both esophageal and gastric varices and esophageal varices alone,
respectively, but 2 patients refused; 9 patients received a combination of somato-
statin (n = 6), octreotide (n = 1), and somatostatin plus octreotide (n = 2); 10
patients underwent endoscopic treatments, including esophageal variceal ligation
alone (n = 6), esophageal sclerotherapy alone (n = 1), esophageal variceal ligation
plus gastric tissue glue injection (n = 2), and esophageal sclerotherapy plus gastric
tissue glue injection (n = 1).

Seven patients with portal hypertension who were diagnosed with acute gastro-
intestinal bleeding and were treated with somatostatin or octreotide but without
terlipressin were considered as the first control group (Group 2). Among them, 6
patients were diagnosed with liver cirrhosis due to hepatitis B virus alone (n = 1),
hepatitis B virus plus alcohol abuse (n = 2), alcohol abuse alone (n = 2), or unknown
causes (n = 1); 2 patients had hepatocellular carcinoma; 6 patients underwent
endoscopic examinations, of whom 3 and 3 had both esophageal and gastric varices
and esophageal varices alone, respectively, but 1 patient was hemodynamically
unstable and died before endoscopic examination; 4, 1, and 2 patients received
somatostatin alone, octreotide alone, and somatostatin plus octreotide, respectively;
and 5 patients underwent endoscopic treatments, including esophageal variceal
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ligation alone (n = 2), gastric tissue glue injection alone (n = 1), and esophageal
variceal ligation plus gastric tissue glue injection (n = 2).

Twenty patients treated with somatostatin or octreotide for acute non-variceal
gastrointestinal bleeding were considered as the second control group (Group 3).
Among them, 15 patients underwent endoscopic examinations. The causes of
bleeding were peptic ulcer (n = 9), acute gastric mucosal lesions (n = 1), gastric
cancer (n = 1), Mallory-Weiss syndrome (n = 1), post-resection of colonic polyps
(n = 1), colon cancer (n = 2), gastric occupation (n = 1), or unknown causes (n = 5).

Nineteen patients treated with somatostatin or octreotide for acute pancreatitis
were considered as the third control group (Group 4).

2.2 Terlipressin

Terlipressin (Ferring Pharmaceuticals, Kiel, Germany) was given by continuous
intravenous infusion 1 mg every 6 hours in 16 patients and intravenous bolus 1 mg
followed by continuous intravenous infusion 1 mg every 6 hours in 1 patient.
Terlipressin can be maintained for a maximum of 5 days [16]. Terlipressin was
discontinued till bleeding ceased for 72 hours (no hematemesis and melena) or
patients received successful endoscopic treatments.

2.3 Somatostatin/octreotide

Somatostatin was given by continuous intravenous infusion 3 mg every 12 hours.
Octreotide was given by continuous intravenous infusion 0.3 mg every 12 hours or
subcutaneous injection 0.1 mg every 8 hours depending upon the severity of dis-
eases. Somatostatin and octreotide can be used for 5 days or even longer [3]. As for
patients with acute gastrointestinal bleeding, somatostatin or octreotide was
discontinued till bleeding ceased for 72 hours (no hematemesis and melena) or
patients received successful endoscopic treatments. As for patients with acute pan-
creatitis, somatostatin/octreotide was discontinued till abdominal symptoms
disappeared, serum amylase and lipase levels returned to the normal range or was
close to the normal range, inflammation parameters levels returned to the normal
range, and peri-pancreatic exudation disappeared or remarkably reduced.

2.4 Data collection

Baseline data refer to the data recorded before terlipressin, somatostatin, or
octreotide was initiated. They included demographic information; etiology of liver
cirrhosis; major clinical presentations, such as hepatic encephalopathy, acute upper
gastrointestinal bleeding, and ascites; major laboratory tests, such as white blood
cell, hemoglobin, platelet count, total bilirubin, albumin, alanine aminotransferase,
aspartate aminotransferase, blood urea nitrogen, serum creatinine, potassium,
serum sodium, prothrombin time, activated partial thromboplastin time, interna-
tional normalized ratio, D-Dimer, Model for End-Stage Liver Disease (MELD) and
Child-Pugh scores, blood transfusion, amount of red blood cell transfused, diuretics
and paracentesis, and duration of terlipressin, somatostatin, and octreotide.

We screened the hepatic and renal function, blood cell counts, and serum elec-
trolytes during hospitalization depending upon the patients’ profiles. The lowest
serum sodium concentration was collected when terlipressin, somatostatin, or
octreotide was being given.

We also recorded the first re-examination value during the infusion of
terlipressin and the value after stopping the infusion of terlipressin.
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2.5 Outcomes

The primary end point of the study was to investigate the changes of serum
sodium concentration during the administration of terlipressin and/or somatostatin
and/or octreotide. The changes of serum sodium concentration were compared (i.e.,
the baseline value versus the lowest value or the value after stopping the pharma-
cological treatment). The rate of serum sodium concentration reduction among
groups was assessed.

In the Group 1, we evaluated the difference between the baseline and lowest
value of serum sodium during the treatment and classified as sodium decreased
and sodium stable or increased. The secondary end point was to assess the factors
associated with serum sodium concentration reduction in patients treated with
terlipressin for portal hypertension.

2.6 Statistical analysis

Continuous variables were presented as mean = standard deviations and
medians with ranges, and categorical variables as frequency (%). Comparison of
continuous variables between groups was performed by using Mann-Whitney
U-test and paired comparison rank sum test, and that of categorical variables by
using Chi-square or Fisher’s exact test. The statistical analyses were performed by
using SPSS version 24.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism version
6.0 (7825 Fay Avenue, Suite 230, La Jolla, CA 92037, USA). p < 0.05 for the
difference was statistically significant.

3. Results
3.1 Patient characteristics

Overall, 17, 7, 20, and 19 patients were included in Group 1, 2, 3, and 4,
respectively (Figure 1). Characteristics of patients are shown in Table 1.

Vasoconsiriciors
(n=93)

]

Terliprassin Somatostatin‘octrectide
(n=26) | | (m=69) ]

[ Portal hypertansian | Portal hypertension Non-variceal ) )
and GIB and GIB bleeding A:::m&:ﬁa:;grramls
(n=26) (n=13) (=31} i
1. Lacking of serum 1. Lack of serum 1. Lack of serurm 1. Lack of sansm
sodium during sodium data during sedium data during sodium data during
= treatrment (n=T) treatmeant {n=3) — treatment (n=5) treatmeant (n=3)
2. Lack of basaling 2. Lack of basaline 2. Lack of baseline 2. Lack of basaline
serum sodium (n=2) senum sodium (n=3) serum sodium (n=6) senum sodium (n=3)
Group 1 Group 2 Group 3 Group 4
{n=17} n=T) (=20} (n=18)
Figure 1.

Flow chart of patient envollment. Abbreviations: GIB, gastrointestinal bleeding.
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3.2 Change in serum sodium concentration

Group 1. Serum sodium concentration before the infusion of terlipressin was not
significantly different from the lowest value during the infusion of terlipressin
(136.95 + 4.68 versus 135.52 £+ 4.79, p = 0.426) (Figure 2A), the first re-
examination value during the infusion of terlipressin (136.24 + 4.97, p = 0.989)
(Figure 2B), or the value after stopping the infusion of terlipressin (136.29 =+ 2.86,
p = 0.926) (Figure 2C).

Group 2. Serum sodium concentration before the infusion of somatostatin or
octreotide was not significantly different from the lowest value during the infusion
of somatostatin or octreotide (139.64 + 3.86 versus 138.41 + 5.34, p = 0.813)
(Figure 2D).

Group 3. Serum sodium concentration before the infusion of somatostatin or
octreotide was not significantly different from the lowest value during the infusion
of somatostatin or octreotide (138.02 & 4.08 versus 137.69 + 3.11, p = 0.630)
(Figure 2E).

Group 4. Serum sodium concentration before the infusion of somatostatin or
octreotide was not significantly different from the lowest value during the infusion
of somatostatin or octreotide (135.96 + 6.87 versus 134.60 + 3.40, p = 0.098)
(Figure 2F).

3.3 Percentage of patients who developed serum sodium concentration
reduction among groups

The percentage of patients who developed serum sodium concentration reduc-
tion in Group 1 (8/17, 47.1%) was not significantly different from Group 2 (3/7,

m

o
i
-

A Pt Az

[ LLETL]
145 145 145
2 . -
iuﬂ FRL i 140
H £ i i i
[}
;1“ + % 135 g1 ¢ ¢
Em § 120 f 130
i §
x ..--—"'""4 1.________._.--ln L]
128 125 125 ' i}
Bassbng vaken [Ep— Basaliag vakis [T — [ TR Tha widun shar
[ bedors the infunicn  during S avdenica Elore i avfaseon ilaqupiog e ifubsne
ol Inrpreasin abesigrane Prpe——— of Ietiigressan ol lnripresm L]
D P=3.811 E Peg e F PeOLrs
145 48 145
7 g
i . ; £ 140 i 140
5140 . E H 8 .
: $ I E ] . 1
| 1 § 135 S1s{ 1 i
%1 i 1
i '_H_,,..--*"’ g 130 § 130
i i i
130 125 125
[T Tr——— I — [ PP —— [ ————— [ ——
bartars the mbersce o durisg Uhe sbanae of bedore the Inhunien  during B bybssion berbare tha inbenion  Suring the ks
romalcatstn o s phoel gt o off BOIAGEIINE 3F O LOMHCULIR O of somsicetsn or of somricatstn o
ocirectda ooireatide actrectids octrectids octreotdes echreoitide

Figure 2.

Change in serum sodium concentration. (A) Serum sodium concentration before the infusion of terlipressin
versus the lowest value during the infusion of terlipressin in Group 1. (B) Serum sodium concentration before
the infusion of terlipressin versus the first re-examination value during the infusion of terlipressin in Group 1.
(C) Serum sodium concentration before the infusion of terlipressin versus the value after stopping the infusion of
terlipressin in Group 1. (D) Serum sodium concentration before the infusion of somatostatin or octreotide versus
the lowest value during the infusion of somatostatin or octreotide in Group 2. (E) Serum sodium concentration
before the infusion of somatostatin or octreotide versus the lowest value duving the infusion of somatostatin or
octreotide in Group 3. (F) Serum sodium concentration before the infusion of somatostatin or octreotide versus
the lowest value during the infusion of somatostatin or octreotide in Group 4.

79



Digestive System - Recent Advances

80% P=0.171
TO0% -
60% -
50% -
40% -
30% -

P=0.746

P=1.000

20% -
10% -
0%

Sodium decreased

Group1 Group2 Group3 Groupd

Figure 3.
Percentage of patients who developed serum sodium concentration reduction among groups.

42.9%, p = 1.000), Group 3 (11/20, 55%, p = 0.746), or Group 4 (14/19, 73.7%,
p = 0.171) (Figure 3).

3.4 Factors associated with serum sodium concentration reduction in Group 1

Age, sex, baseline MELD and Child-Pugh scores, cDDD value and duration of
terlipressin, blood transfusion, and diuretics and paracentesis during terlipressin

were not significantly associated with serum sodium concentration reduction
(Table 2).

Variables Sodium decreased Sodium stable or increased P
value
No. Mean + SD Median No. Mean + SD or Median
pts or n (%) (range) pts n (%) (range)
Age (years) 8 57.38+10.18 59 (44-73) 9 58.67 +12.34 57 (34-75) 0.819
Sex—male, n (%) 8 3 (37.5%) — 9 6 (66.7%) — 0.347
Clinical presentations
Hepatic 8 0 — 9 1 (11.1%) — 1.000
encephalopathy,
n (%)
Upper 8 8 (100%) — 9 9 (100%) — —
gastrointestinal
bleeding, n (%)
Ascites, n (%) 8 5 (62.5%) — 9 7 (77.8%) — 0.620

Laboratory tests

White blood cell 8 5384223 47(29-85 9 672+504  5(15-185) 0.773
(10°/L)

Hemoglobin (g/L) 8  74.5+7.45  74(64-85) 9  69.11+28.80 60 (37-124) 0.360
Platelet count 8 11313 +63.75 92.5 (40-237) 9 121.67 £117.06 76 (29-387) 0.441
(10°/L)

Total bilirubin 8 3091+ 25.64 255 9 258742452 13.4 0.248
(umol/L) (12.8-92.3) (8.1-79.9)
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Variables Sodium decreased Sodium stable or increased P
value
No. Mean + SD Median No. Mean + SD or Median
pts or n (%) (range) pts n (%) (range)
Albumin (g/L) 8 29.06 +£5.92 29.4 9 29.11 & 4.81 29.8 0.847
(18.7-39.1) (19-35.3)
Alanine 8 23.35+122.08 16.67 9 21.58 4 14.73 14.69 0.923
aminotransferase (10.13-77.1) (11.89-56.9)
(U/L)
Aspartate 8 30.91+12.85 25.51 9 3321+2260 24.64 0.773
aminotransferase (17.17-52.5) (17.22-89.1)
(U/L)
Blood urea 8 111+ 6.54 9.6 9 9.60 + 4.77 9.24 0.700
nitrogen (mmol/L) (4.56-25.97) (4.11-18.83)
Serum creatinine 8 70.38 £30.66 68.53 9 65.33 £10.31 62.78 0.847
(umol/L) (31.85-117.38) (50-78.35)
Potassium 8 4224+ 0.76 4.01 9 3.98 + 0.64 3.8 0.290
(mmol/L) (3.72-6.03) (3.1-5.21)
Sodium (mmol/L) 8 138.04 +4.12 138.9 9 135.98 £+ 5.17 137 0.359
(130-142.9) (126.3-142)
Prothrombin time 8 16.95 +2.02 16.25 9 17.29 + 2.63 16.8 0.629
(seconds) (15-20.4) (15.1-23.9)
Activated partial 8 39.06 £6.12 39.7 9 37.44 + 4.26 373 0.501
thromboplastin (30.6-47.8) (29-44.8)
time (seconds)
D-Dimer (mg/L) 8 214 +£2.13 13 9 2.05+2.44 1.07 0.630
(0.37-6.45) (0.15-7.39)
Ammonia 7  49.57 £19.44 53 (9-71) 8 50 4 18.75 56.5 (19-72) 0.772
(umol/L)
Model for End- 8 8.61 + 5.69 9.49 9 7.87 £ 3.88 7.56 0.847
Stage Liver Disease (0.9-16.84) (1.94-15.06)
score
Child-Pugh score 8 7.75+212 7 (6-12) 9 7.78 +1.86 8 (5-11) 0.807
c¢DDD value of 8 1.15 + 0.46 113 9 1.01 + 0.41 1 0.530
terlipressin (0.5-1.67) (0.42-1.67)
Duration of 8 325+ 122 3.13 (1.5-5) 9 3.03+1.22 3(1.25-5) 0.699
terlipressin (days)
Blood transfusion, 8 4 (50%) — 9 7 (77.8%) — 0.335
n (%)
Amount of red 4 45+1.73 5(2-6) 7 539 +£1.84 5.2 (2-8) 0.331
blood cell
transfused (U)
Diuretics during 8 1 (12.5%) — 9 1 (11.1%) — 1.000
terlipressin, n (%)
Paracentesis 8 0 — 9 0 — —

during terlipressin,
n (%)

Table 2.

Factors associated with serum sodium concentration veduction in patients treated with terlipressin.
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4, Discussion

In the present study, approximately half of our patients receiving terlipressin
developed serum sodium concentration reduction after short-term treatment with
terlipressin (3.15 £ 1.18 days). The incidence of hyponatremia or serum sodium
concentration reduction was often heterogeneous among studies due to the charac-
teristics of patients enrolled; definitions of hyponatremia or serum sodium concen-
tration reduction; and indications, approaches, durations, and dosages of
terlipressin. In randomized controlled trials regarding terlipressin for the treatment
of EGVB, the incidence of hyponatremia, which was defined as serum sodium
<130 mmol/L, was 0-6% [17-20]. Sola et al. [10] found that the incidence of serum
sodium decreased >10 mmol/L from the baseline was 36% (21/58) in patients with
EGVB treated by terlipressin for 5 days. Yim et al. [12] found that the incidence of
serum sodium decreased >10 mmol/L from the baseline was 26.5% (40/151) in
patients with EGVB treated by terlipressin for 5 days. Kang et al. [11] also reported
that the incidence of serum sodium decreased >5 mmol/L from the baseline was
35.4% (45/127) during or after terlipressin treatment in patients with EGVB and
hepatorenal syndrome (HRS).

Theoretically, terlipressin can induce the reduction of serum sodium concentra-
tion, because it activates the V2 receptors, thereby increasing the number of
aquaporin-2 water channels in the apical plasma membrane and causing the water
reabsorption in the renal collecting ducts [8]. However, there is little effect of
terlipressin on V2 receptors, which is equal to only 3% of antidiuretic effect of
vasopressin [13]. Indeed, the present study did not find any severe hyponatremia in
our patients receiving terlipressin. Additionally, serum sodium concentration
change (i.e., the baseline value versus the lowest value or the first re-examination
value) was not statistically significant in all patients receiving terlipressin.

Somatostatin and its analogues cause the splanchnic vasoconstriction mainly by
inhibiting the production and release of vasodilators, such as glucagon and vasoac-
tive intestinal peptide, to reduce the portal pressure [6, 21]. They do not cause the
change of serum sodium concentration. Thus, in order to further explore the effect
of terlipressin on serum sodium concentration, the present study also compared the
risk of serum sodium concentration reduction between patients receiving
terlipressin and those receiving somatostatin or octreotide. We found that serum
sodium concentration change in patients receiving terlipressin was not different
from those receiving somatostatin or octreotide. These findings also suggested little
effect of terlipressin on serum sodium concentration.

Several previous studies reported the risk factors for hyponatremia due to
terlipressin. In 2010, Sola et al. [10] found that high baseline serum sodium level
and low MELD score were independent risk factors for decreased serum sodium
level. In 2013, Kang et al. [11] found that high baseline serum sodium level was an
independent risk factor for hyponatremia. In 2015, Yim et al. [12] found that
younger age, lower Child-Pugh score, higher baseline serum sodium, and long-term
use of terlipressin (>5 days) were independent risk factors for hyponatremia and
that lower body mass index and Child-Pugh score and higher baseline serum
sodium were independent risk factors for rapid and severe hyponatremia. In 2017,
Kim et al. [9] found that hepatitis B, diabetes mellitus, baseline serum sodium and
creatinine levels, and shock at admission were independent risk factors for
hyponatremia. Taken together, higher baseline serum sodium level and better liver
function (low MELD or Child-Pugh score) are risk factors for hyponatremia during
the treatment with terlipressin. In patients with more severe liver dysfunction, the
portal pressure might be higher and the release of endogenous vasopressin was
increased, thereby occupying the V2 vasopressin receptor. Thus, the antidiuretic
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effect of terlipressin is compromised. We attempted to explore the baseline factors
associated with serum sodium concentration reduction during terlipressin. Unfor-
tunately, the duration of terlipressin, cDDD value of terlipressin, blood transfusion,
amount of blood transfusion, and diuretics and paracentesis during terlipressin
were not significantly associated with serum sodium concentration reduction. Cer-
tainly, this analysis should be performed again in a larger number of patients.

The duration, dosage, and route of terlipressin may be also associated with the risk
of hyponatremia related to terlipressin. Bruha et al. [22] conducted a multicenter
randomized double-blind study to compare the efficacy and safety of 10-day versus
5-day terlipressin for the treatment of EGVB, and found that prolonged terlipressin
treatment was the only risk factor of hyponatremia. Chang et al. [23] conducted a
randomized controlled study to compare the efficacy and safety of high-dose versus
low-dose terlipressin for the treatment of EGVB. They did not find any patient with
hyponatremia in both groups. Cavallin et al. [24] conducted a randomized controlled
study to compare continuous intravenous infusion versus intravenous bolus
terlipressin for type 1 HRS. Similarly, they found that no patient developed
hyponatremia in both groups. By comparison, in the present study, we prescribed a
relatively short duration of terlipressin and minimized the dosage of terlipressin.

There are several limitations in the present study. First, the patient characteris-
tics were heterogeneous in the Group 1. Second, this was a single-center retrospec-
tive cohort study, and the sample size was small. Third, a combination of
somatostatin and/or octreotide was also given in some of our patients. Fourth, the
time point when we re-checked the serum sodium concentration was defined
according to the patients’ conditions and disease course. Thus, it was not uniform
among patients.

In conclusion, serum sodium concentration reduction can be observed in
patients with portal hypertension during terlipressin treatment. However, this phe-
nomenon might not be closely associated with the use of terlipressin. The present
study failed to identify any factors associated with serum sodium concentration
reduction. Future studies with a larger number of patients should be performed to
validate our findings.
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Chapter 6
Prologue: Biliary System - History
and Background

Sam Koruth and Sooraj Sankar

1. Introduction

Cholecystectomy is one of the most common surgeries performed all around the
world; over 600,000 people in the US undergo cholecystectomies each year. It is the
treatment of choice for inflammation of the gallbladder (cholecystitis), pain and
inflammation related to gall stones (calculus cholecystitis) and pancreatitis caused
by gall stones.

Carl Johann August Langenbuch, a 27-year-old director of the Lazarus Hospital
in Berlin, first practiced cholecystectomy on a cadaver, and then in the year 1882,
he performed a cholecystectomy on a man who had suffered from gallstones for
16 years and cured his painful condition overnight. He was initially frustrated and
disturbed that his patients continued to suffer after minor procedures to drain or
clean the gallbladder, and then he became determined to give these patients a cure
rather than temporary relief, and thus the first open cholecystectomy captured the
history books.

By 1897, over 100 cholecystectomies had been performed, and it turned out that
the removal of the gallbladder not only would not take life but could in fact provide
a pain-free future. Then in 1985, the modern era of cholecystectomies began when
the surgeon Erich Miihe of Béblingen, Germany, did the first endoscopic cholecys-
tectomy. Thereafter the pioneers in France and the US surgeons attached a CCD
video camera to a laparoscope allowing the surgical team to view the operative field
and perform with laparoscopic instruments. A French gynecologic surgeon per-
formed a laparoscopic gallbladder removal in 1987. Soon after that in just 2 years,
demand for the laparoscopic approach transformed surgical practice in the US and
other countries and subsequently recognized laparoscopic cholecystectomies as
the gold standard treatment for gallstone disease. The benefits of the laparoscopic
approach were ultimately codified in the new National Institutes of Health (NIH)
guidelines in 1992, and they stated that it provided a safe and effective treatment for
most patients with symptomatic gallstones.

To date, it is documented that more than 80% of the cholecystectomies are done
via laparoscopic approach. The advantages of laparoscopic over open surgeries are
quite clear. These advantages include shorter length of hospital stay, very less opera-
tive pain, avoiding a big scar over the abdomen, earlier return of bowel function,
improved cosmesis, earlier return to normal activities and overall decreased cost.
The rates of cholecystectomies have increased subsequently with the introduction
of laparoscopic procedures accompanied by evidence of lower clinical thresholds for
operative therapy of gallstone diseases.
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2. Tips for a safe cholecystectomy
I have personally penned down certain points in my personal experience which
can be used as a guide or may be even as a checklist before the young talented
surgeons place their hands on cholecystectomies:
1. Selection of initial cases—female thin built patients with short history of
biliary colics and especially no history of cholecystitis as there would be adhe-

sions and would be a task to dissect during the initial days.

2.Informed consent including chances of conversion and high risk of various
injuries to bile duct or other nearby structures.

3.Proper cleaning and sterilization of instruments.
4.Good quality equipment and instruments.
5.A good first assistant and a qualified and trained surgeon.

6. Formal training in laparoscopic surgeries to have a basic knowledge about the
instruments and the technique.

7.30° telescope.

8. Open technique of first port.

9. Urine to be evacuated just before the surgery.
10.Fundus should be retracted towards the right shoulder.

11.Vascular anatomy and biliary tract anatomies are different and vary from
person to person.

12.Consider cystic lymph node of Lund as a guide for the cystic duct.

13.Hydrodissection and suction cannula can be a good instrument for blunt
dissection.

14.1t is safer to leave a few mm of cystic duct than to shave it off near to the com-
mon bile duct.

15.Double clips are always safer on the patient side of the structures.

16.Cystic ducts can be wider, longer, tortuous, double or even very short.
17.Fundus-first techniques can be adopted for difficult cases.

18.Bleeding seen on the screen will usually be less as they are magnified versions.
19.All bleedings will stop with pressure except the physiological menstrual bleed.

So in case if there is bleeding, avoid panic, give pressure with gauze piece and
control the bleed.
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20.Partial cholecystectomies are an option for difficult cases.

21.Do not hesitate to open the abdomen in case of bleeding or difficult anatomy.
22.All stumps should be carefully examined.

23.Bile spillage and stone spillage should be sucked out or removed.

24.Conversions are not failures, and surgeons should not have an ego to finish all
cases via a laparoscopic approach.

25.Whatever taken out of the body including all gallbladders should be sent for
histopathology.

3. Gallstone pancreatitis

Acute pancreatitis is now the most common reason for hospital admission
among all gastrointestinal disorders [1]. Population-based studies indicate that the
incidence of acute pancreatitis is rising from 14.8 in 100,000 (1990-1994) to 31.2 in
100,000 (2010-2013) among British males [2]. The most common (about 30-50%)
preventable cause of pancreatitis in the United Kingdom is gallstones [3]. Recurrent
attacks of gallstone pancreatitis (GSP) carry a mortality rate of 10% and a major
morbidity rate of 30-40%. Most of these cases follow a mild course and are self-
limited with supportive care, but approximately 20% progress to severe disease,
requiring a prolonged hospital stay and intensive care, and are associated with a
mortality rate approaching 30%. Three key areas in the management of patients
with gallstone pancreatitis are diagnosis, risk stratification with predictors of
severity and the type and timing of definitive intervention. In this chapter we have
attempted to cover all relevant clinical aspects of gallstone pancreatitis regarding its
etiopathogenesis, disease severity and management.

3.1 Etiopathogenesis

Considering all non-malignant gastrointestinal diseases, currently acute pancre-
atitis has become the most frequent reason for hospital admission. An overall mortal-
ity of 4.3% within 90 days and a 1-year mortality of 7.9% make it a lethal disease [2].
Gallstone disease is becoming more common along with heavy alcoholism as the
cause of pancreatitis. Population-based studies indicate that the prevalence of gall-
stones in some Western countries surpasses 20% of the adult population [4] The con-
tinuous rise in gallstone prevalence is much more likely to be due to nutritional and
life style factors, though genetic predisposition plays an important part in formation
of gallstones [5, 6]. When a patient develops pancreatitis due to gallstones, the disease
is likely to recur until the migrating bile duct stones are removed or their impaction at
the duodenal papilla is prevented. According to a study involving some 5000 patients
admitted with first episode of acute gallstone-associated pancreatitis, the recurrence
rate was reduced from 30 to 6.7% with endoscopic sphincterotomy done during the
first week; an elective interval cholecystectomy reduced it to 4.4%, and it was further
reduced to 1.2% by performing endoscopic sphincterotomy combined with elective
cholecystectomy during the same hospital admission [7]. The manipulation of the
papilla while removing a gallstone or during a sphincterotomy, the consequent swell-
ing can obstruct the pancreatic duct, and triggers pancreatitis in some patients. A way
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to address this problem is the transient insertion of small plastic stent into the pancre-
atic duct, which prevents the prolonged impairment of pancreatic secretion and has
been shown to significantly reduce the incidence of ERCP-induced pancreatitis [8].

Taking into account the observations from various clinical and population-based
studies:

a.Carrying gallstones increases the risk of developing acute pancreatitis.

b.Only gallstones that are small enough to pass through the biliary tract confer
a pancreatitis risk, rather than the ones that remain asymptomatically in the
gallbladder.

c. The risk of developing pancreatitis in the first place and the risk of a recurrence
of pancreatitis can be reduced by strategies intended to remove the source of
migrating gallstone or that prevent their impaction near the duodenal papilla.

d.Preserving the flow from the pancreatic duct is an effective way of preventing
ERCP-induced pancreatitis.

3.2 Mechanisms of gallstone-induced pancreatitis

In 1856, Claude Bernard discovered that bile, when injected into the pancreatic
duct of laboratory animals, can cause pancreatitis [9]. It is firmly established today
that requires the passage of a gallstone from the gallbladder through the biliary tract
causes initiation of pancreatitis and not gallstones, which remain in the gallbladder
[10]. Eugene Opie, in 1901, postulated that impairment of the pancreatic outflow
due to obstruction of the pancreatic duct causes pancreatitis [11]. Later, he modi-
fied this theory and published “common channel hypothesis,” which predicted that
an impacted gallstone at the papilla of Vater creates a communication between the
pancreatic and the bile duct (the so-called common channel) through which bile
flows into the pancreatic duct and thus causes pancreatitis (Figure 1).

There is inadequate experimental and clinical evidence compatible with Opie’s
assumptions. In fact, anatomical studies have shown that an impacted gallstone
would most likely obstruct both common bile duct and pancreatic duct [12], as the
communication between the pancreatic duct and the common bile duct is much too
short (< 6 mm) to permit biliary reflux into the pancreatic duct [13]. The pancre-
atic secretory pressure is higher than biliary pressure, and pancreatic juice would
flow into the bile duct rather than bile into the pancreatic duct, in the event of an
existing anatomical communication between bile and pancreatic ducts [14, 15].
However, when pancreatic necrosis is firmly established, the observation of a bile-
stained necrotic pancreas at the time of surgery may explain a biliopancreatic reflux
due to a loss of barrier function in the damaged pancreatic duct. But this should not
be regarded that biliary reflux initiates the disease process.

The “common channel” hypothesis has its own inconsistencies. In order to over-
come that, it was proposed that the passage of a gallstone could damage the duodenal
sphincter in a manner to cause sphincter insufficiency. This, in turn, could permit
duodenal content, including bile and activated pancreatic juice, to flow through the
incompetent sphincter and into the pancreatic duct [16], thus inducing pancreatitis.
The perfusion of bile through the pancreatic duct has been shown to be completely
harmless [17]. It has been identified that an influx of infected bile, which might occur
after prolonged obstruction at the papilla, may represent an aggravating factor, as
opposed to an initiating event, for the course of pancreatitis when the pressure gradi-
ent between the pancreatic duct (higher) and the bile duct (lower) is reversed [18, 19].
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Figure 1.

Thge two “Opie hypotheses” for the pathogenesis of gallstone induced pancreatitis. (A) A gallstone in the biliary
tract obstructs the pancreatic duct to cause an impaired flow from the exocrine pancreas triggering acinar

cell or duct cell damage. Obstruction of the common bile duct is immaterial to the triggering mechanism of
pancreatitis in this scenario. (B) The duodenal papilla is obstructed by an impacted gallstone, and creates a
communication between the pancreatic duct and the common bile duct. This “common channel” allows passage
of bile into the pancreatic duct and would trigger the onset of acute pancreatitis. Lerchand Aghdassi [23].

These data rtaken together, it is the acinar cells which are affected by the initial
pathophysiological events [20] and are triggered by obstruction or impairment
of flow from pancreatic duct, in accordance with Opie’s initial hypothesis. Biliary
reflux into pancreatic duct, by whichever mechanism, is neither required nor likely
to occur during initial course of acute pancreatitis [21].

Intra-acinar pancreatic enzyme activation induces auto digestion of normal
pancreatic parenchyma. As a result, acinar cells release proinflammatory cytokines,
such as tumor necrosis factor-a (TNF-a) and interleukin (IL)-1, IL-2 and IL-6, and
anti-inflammatory mediators, such as IL-10 and IL-1 receptor antagonist. These
mediators propagate the initial injury response locally and systemically so that
TNF-a, IL-1 and IL-7, neutrophils and macrophages are recruited into the pan-
creatic parenchyma and cause the release of more TNF- a, IL-1 and IL-6, reactive
oxygen metabolites, prostaglandins, platelet-activating factor and leukotriene. The
local inflammatory response increases the permeability and causes damages to the
microcirculation of the pancreas further aggravating the pancreatitis. Local hemor-
rhage and pancreatic necrosis occur in severe cases as a result of local inflammatory
response. In addition, neutrophils release some of the inflammatory mediators and
aggravate the pancreatic injury by causing pancreatic enzyme activation [22].

The inflammatory cascade is self-limited in approximately 80-90% of patients.
However, in the remaining patients, a vicious circle of recurring pancreatic injury
and local and systemic inflammatory reaction persist. In a small number of patients,
there is a massive release of inflammatory mediators to the systemic circulation.
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Active neutrophils mediate acute lung injury and induce the adult respiratory distress
syndrome frequently seen in patients with severe pancreatitis. The mortality seen in
the early phase of pancreatitis is the result of this persistent inflammatory response.

3.3 Clinical presentation

The patients with gallstone pancreatitis usually present with acute onset of epi-
gastric pain that radiates to back. The pain is unrelenting and accompanied typically
by severe nausea and occasional vomiting. In the presence of choledocholithiasis/
acute cholangitis, they have high-grade fever with chills, jaundice, acholic stools and
dark urine as accompaniments.

3.4 Disease severity

In general, patients with gallstone pancreatitis can be classified into one of the
three categories (mild acute pancreatitis, moderately severe acute pancreatitis and
severe acute pancreatitis) according to pancreatic morphology, the presence of organ
failure and local or systemic complications (Table 1). Morphologically as assessed by
CECT, acute pancreatitis is defined as interstitial pancreatitis, which is characterized
by edematous changes in the pancreatic parenchyma with or without accompanying
acute peripancreatic fluid collections (APFC; Figure 2) or necrotizing pancreatitis
with the presence of nonviable pancreatic parenchyma and, most typically, a sur-
rounding acute necrotic collection (ANC; Figure 3) in the peripancreatic tissues.
Organ failure in patients with gallstone pancreatitis may be transient (less than 48 h)
or persistent (more than 48 h) and usually initially is accompanied by respiratory
failure followed by renal failure and, in severe cases, cardiovascular failure. The
Modified Marshall scoring system is being used to grade organ dysfunction by the
2012 revised Atlanta classification of acute pancreatitis, but for categorizing and
managing patients with gallstone pancreatitis, the presence of transient or persistent
single- or multi-organ failure is adequate. Local complications of pancreatitis are
defined as an APFC, acute necrotic collection (ANC), pancreatic pseudocyst (PP) or
walled-off pancreatic necrosis (WOPN). Briefly, peripancreatic fluid in the presence
of interstitial edematous pancreatitis without necrosis is called an APFC, and it often

Mild acute pancreatitis Moderately severe Severe acute
pancreatitis pancreatitis
Morphology Interstitial/edematous Necrotizing Necrotizing
SIRS response Absent Transient Persistent for
1-2 weeks

Organ failure Absent <48h >48h
Local complications
APFC Occasional Often Present initially
ANC Absent Occasional Present
PP Absent Rare Occasionally
WOPN Absent Rare Often
Risk of infection Nil Low Moderate

ANG, acute necrotic collection; APFC, acute peripancreatic fluid collection; PB, pancreatic pseudocyst; SIRS, systemic
inflammatory response syndrome; WOPN, walled-off pancreatic necrosis.

Table 1.
Chavacteristics of the various forms of gallstone pancreatitis (2012 revised Atlanta classification).
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Figure 2.
APFC.

Figure 3.
WOPN.

resolves spontaneously within weeks. An ANC is a collection of fluid and necrosis
associated with necrotizing pancreatitis, and it may involve the parenchyma, the
peripancreatic tissues alone or both the pancreas and the retroperitoneal tissues. A
pancreatic pseudocyst is an encapsulated, homogenous, enzyme-rich fluid collec-
tion with a well-defined wall that matures over 4 weeks. Finally, WOPN is a mature
encapsulated collection of necrosis that develops over 4 weeks. Systemic complica-
tions of pancreatitis represent exacerbations of pre-existing comorbidities, such as
coronary artery disease or chronic obstructive pulmonary disease.

3.4.1 Mild acute gallstone pancreatitis

Abdominal pain, nausea or vomiting; an increased serum amylase or lipase
concentration; and transient increases in serum bilirubin, alkaline phosphatase
or alanine aminotransferase concentrations characterize patients with mild acute
gallstone disease. These symptoms and abnormal laboratory findings usually abate
within 24-48 h. CECT is not indicated, because an APFC is not present or is not
significant clinically. These findings are consistent with a gallstone or sludge which
produced a transient obstruction of the pancreatic duct. The presence of gallstones
is confirmed by an abdominal ultrasonography.

3.4.2 Moderately severe gallstone pancreatitis

A patient with moderately severe gallstone pancreatitis is complicated by
persistent typical abdominal symptoms that may be accompanied by the presence
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of a fever, leukocytosis or persistently increased pancreatic- and/or liver-associated
enzymes. These symptoms persist for over 48 h and may be accompanied by
transient organ failure manifested by increasing oxygen requirements and an
abnormally elevated creatinine or blood urine nitrogen (BUN). A CECT is indicated
provided the symptoms last for more than 3 days, and that may reveal interstitial,
edematous pancreatitis with an APFC or sterile pancreatic necrosis without per-
sistent organ failure. Magnetic resonance cholangiopancreatography (MRCP) is
indicated to confirm or exclude the presence of an obstructing stone in patients
with continually increased liver-associated enzymes (bilirubin >4) which may have
biliary obstruction from gallstones.

3.4.3 Severe acute gallstone pancreatitis

Patients with severe acute gallstone pancreatitis have severe abdominal symp-
toms and develop persistent single or multiple organ failure. These patients exhibit
signs of the systemic inflammatory response syndrome with tachycardia, hypo-
thermia or hyperthermia, leukocytosis and tachypnea. They require admission to
the intensive care unit and often require intubation and mechanical ventilation,
renal replacement therapy and/or inotropic support due to progressive organ
failure. After resuscitation and stabilization, CECT may demonstrate pancreatic
necrosis with local complications; however, necrotizing pancreatitis evolves over
days and weeks, and early CECT may not demonstrate significant pancreatic or
peripancreatic findings. Patients with high suspicion of acute cholangitis require
evaluation with MRCP, and perhaps, in these critically ill patients, the most
efficient procedure for the relief of biliary obstruction is endoscopic retrograde
cholangiopancreatography (ERCP).

3.5 Diagnosis

A definitive diagnosis of acute pancreatitis requires two of the following three
criteria:

(1) Abdominal pain that is constant, severe, epigastric and often radiating
to the back; accompanied by nausea, vomiting and anorexia; and exacerbated
by oral intake; (2) serum lipase (or amylase) level at least three times the upper
limit of normal; and (3) characteristic imaging findings, ideally with a contrast-
enhanced computed tomography (CT). It is often advisable to delay CT for 72 h,
in patients with typical abdominal pain and elevated lipase or amylase, and at
that time to perform a dedicated pancreas protocol CT (PPCT) with an early
arterial phase and a delayed portal venous phase, ideally calibrated to cardiac
output. Important advantages of this 72-hour delay in the PPCT include avoiding
excessive radiation and contrast exposure associated with repeat CT imaging,
allowing free fluid to begin to coalesce and increasing the ability to distinguish
pancreatic necrosis from transiently ischemic areas. In some cases of obviously
mild pancreatitis, or frequently recurrent alcoholic pancreatitis, CT may be
omitted.

The diagnosis of gallstones as the cause of the pancreatitis is largely a diagnosis
of exclusion. Careful history-taking is essential for patients who have acute pancre-
atitis to help rule out non gallstone causes. In addition, several different laboratory
values, such as elevated aminotransferases, bilirubin and alkaline phosphatase, are
useful in identifying a biliary origin of pancreatitis. Initial imaging with ultrasound
(US) is essential to confirm the presence of gallstones or sludge and to measure the
diameter of the common bile duct. Although the US is optimally 95% sensitive in
detecting cholelithiasis, in gallstone pancreatitis, the sensitivity may decrease to
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Finding Points
Grade A: Normal pancreas 1
B: Pancreatic enlargement 2
C: Pancreatic or peripancreatic inflammation 3
D: Single peripancreatic fluid collection 4
E: Two or more fluid collections or peripancreatic air 5
Necrosis <30% 2
30-50% 4
>50% 6
CT severity index 0-3 (%) 4-6 (%) 7-10 (%)
Morbidity 8 35 92
Morality 3 6 17
Table 2.

Computer tomography severity index (Balthazar score).

60% from 80% because of the increased bowel gas caused by concomitant ileus. A
CECT with pancreatic protocol is indicated in patients with moderate and severe
pancreatitis, ideally 48-72 h after diagnosis, and may demonstrate pancreatic
necrosis with local complications (Table 2).

3.6 Treatment

In acute gallstone pancreatitis, intravenous fluid resuscitation is the mainstay of
treatment regardless of disease severity. All patients require frequent serial re-
evaluations because even patients with apparently mild disease may go on to rapidly
develop severe pancreatitis and require intensive care, which may include mechani-
cal ventilation and cardiovascular support.

3.6.1 Mild-moderate disease

The initial fluid administration should be in boluses followed by titration
of infusion based on urine output, heart rate, blood pressure and correction of
acidemia. Oral intake may be restricted in these patients on presentation but
should begin soon after, as tolerated, typically within 24 h. If nausea and vomiting
persist, however, nasogastric tube decompression can protect against vomiting and
aspiration. While this treatment is going on, the primary complaint of the patient
is to be addressed, which is severe abdominal pain. This is taken care of mainly by
intravenous opiates. There is no role for prophylactic antibiotics unless an infec-
tion has been identified. However those patients with cholangitis and those who
go on to develop extensive necrotizing pancreatitis, intravenous antibiotics may be
warranted. Patients with significant cholangitis in addition to gallstone pancreatitis
require urgent ERCP. Some people advocate early routine ERCP for all patients, but
the latest guidelines limit ERCP and sphincterotomy to those patients with severe
disease, to decrease complications.

Patients with moderately severe gallstone pancreatitis have evidence of local
complications from pancreatic injury and transient organ failure and thus should be
managed in a monitored setting. Because organ failure is transient with this condi-
tion, rapid improvement is anticipated, and a prolonged intensive care unit stay
should be unnecessary.
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However, the duration of hospitalization may be dependent on the local compli-
cations related to pancreatic injury. Edematous pancreatitis with an APFC should
resolve relatively quickly, whereas sterile necrosis may cause persistent symptoms
and limit per oral intake, necessitating institution of enteral nutrition. For patients
who have sterile necrosis, follow-up CECT is recommended to ensure resolution of
the pancreatic injury without complicating features such as the development of a
pancreatic pseudocyst.

Laparoscopic cholecystectomy should be offered to patients with mild GSP
during the index hospitalization, generally as soon as the patient is stable with
significant resolution of acute symptoms.

3.6.2 Severe disease

Patient with severe disease should be treated aggressively in a higher center with
well-equipped intensive care units, endoscopy and operative rooms all of which are
staffed by critical care experts, gastroenterologists, interventional radiologists and
surgeons. These patients develop a profound SIRS response and often have rapid
deterioration requiring intubation and mechanical ventilation, renal replacement
therapy and inotropic support. This critical period is driven by cytokine response
and may last for 1-2 weeks. Aggressive fluid resuscitation is the cornerstone of
initial therapy in severe. The goals of therapy during this period of critical illness
include maintenance of oxygen delivery to the central nervous system and viscera
by mechanical ventilation, adequate resuscitation with Lactated Ringer’s solution,
inotropic administration as needed to support blood pressure and decrease heart
rate, maintenance of renal function with or without renal replacement therapy and
nutritional support. Enteral nutrition should be tried, though less often possible,
because of less incidence of infected pancreatic necrosis. Antibiotics are often used
to prevent conversion of sterile necrosis to infected necrosis, if the necrosis is <30%.

As the systemic inflammatory response wanes over 1-2 weeks, these patients
will develop local complications of necrotizing pancreatitis. An early ERCP plus
sphincterotomy along with conservative management can help decrease complica-
tions of severe disease. By 4-6 weeks these complications mature and management
to be guided according to symptoms. Unlike in mild disease, an early operation
should be avoided in severe pancreatitis, whether for cholecystectomy or pancreatic
debridement. There are, however, a few notable exceptions, such as abdominal
compartment syndrome, refractory hemorrhage and colonic necrosis or perfora-
tion, in which case immediate operation is warranted.

An ANC accompanying pancreatic necrosis may be sterile or infected. Sterile
necrosis often requires no intervention, and patients recover over time except for
the infrequent patient who develops failure-to-thrive syndrome as a result of sterile
necrosis. Patients with failure-to-thrive syndrome may require percutaneous drain-
age or endoscopic or operative debridement for full recovery. Those patients with
infected necrosis require drainage and debridement of infected pancreatic tissues
with vigorous antibiotic therapy. The mode of drainage or debridement can vary
from percutaneous drainage, endoscopic or laparoscopic debridement to dual-
modality drainage (combined percutaneous and endoscopic drainage). The open
surgical approaches are heterogenous, and some of these approaches are no longer
used in contemporary management.

Importantly, before debridement, a CECT should be obtained to ascertain
the presence of the disconnected pancreatic duct syndrome. A viable pancreatic
remnant in the tail separated by a substantial area of pancreatic necrosis in the neck
of the gland should lead to the suspicion of a disconnected pancreas. This warrants
the need for distal pancreatectomy and splenectomy accompanied by pancreatic
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debridement as necessary, regardless of the surgical approach. Finally, concomitant
with or following pancreatic drainage or debridement, the patient must have a
cholecystectomy to prevent further episodes of gallstone-induced pancreatitis. The
outcomes of patients with severe acute gallstone pancreatitis are variable depending
on the patient’s overall condition, the extent of the disease, the type of procedure
performed, the expertise of the providers and the institutional experience with
such patients.

4. Conclusion

Acute gallstone pancreatitis represents a wide spectrum of disease ranging from
mild disease that resolves spontaneously to severe disease with SIRS and necrotiz-
ing pancreatitis. These patients are best managed by a multidisciplinary approach

to combat complications. Finally they should have a timely cholecystectomy to treat
the cause of disease.
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Abstract

Gallbladder cancer (GBC) is the most common cancer of the biliary tract and
has a particularly high incidence in Chile, Japan and northern India. The clinical
presentation of GBC is often vague or delayed relative to pathologic progression,
contributing to advanced staging and dismal prognosis at the time of diagnosis.
In the diagnosis of GBC, differential diagnosis and determination of the local
extension of tumor are important. For these purposes, imaging modalities such as
endoscopic ultrasonography (EUS), CT, MRI and magnetic resonance cholangio-
pancreatography (MRCP) are useful. The treatment of localized GBC is based on
surgery. Chemotherapy has been used extensively in advanced GBC, and we have
gained some experience with gemcitabine-based combination (with cisplatin and
oxaliplatin or with capecitabine) regimens.

Keywords: gallbladder carcinoma, clinical presentation, treatment

1. Introduction

Biliary tract cancers (BTCs) are invasive adenocarcinomas that arise from the
epithelial lining of the gallbladder and intrahepatic and extrahepatic (hilar and
distal common bile duct) bile ducts. Gallbladder cancer (GBC) is one of the most
common malignant tumors of the extrahepatic bile ducts with high incidence in
Japan, Chile and northern India [1]. The incidence of GBC steadily increases with
age. Women are affected two to six times more often than men, with predominance
in whites. Several risk factors are incriminated in the occurrence of this malignant
tumor, and the main one is gallstone disease. The symptomatology is varied and
nonspecific, dominated mainly by the pain of the right hypochondrium, which
poses a problem of early diagnosis and management. The circumstances of discov-
ery are multiple: preoperative, intraoperative and postoperative. GBC is character-
ized by local extension, regional lymph node metastases and distant metastases.
Usually, GBC is the most aggressive of the biliary cancers with the shortest overall
survival [1]. Complete surgical resection is the only chance for cure. However,
only 10% of patients are considered surgical candidates [1]. Among patients who
undergo curative resection, recurrence rates are high. Patients with unresectable or
metastatic GBC have a very poor prognosis.
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2. Epidemiology

Gallbladder cancer is the most common cancer of the bile ducts. It accounts for
3% of all malignant tumors and ranks fifth among digestive cancers after cancer of
the colon, rectum, stomach and pancreas [2].

The incidence rates are high in Asia and Latin America, relatively high in some
countries in eastern and central Europe, yet low in the United States and most
Western and Mediterranean European countries [3]. Gallbladder cancer tends to
afflict indigenous populations, according to a vast global cancer registry on five
continents (representing 704.4 million people or 11% of the world population) [4].
Mapuche Indians from Valdivia, Chile and South America exhibit the highest rate of
gallbladder cancer: 12.3/100,000 for males and 27.3/100,000 for females. American
Indians in New Mexico, USA, follow with an average annual rate of 8.9/100,000.
For these native people, GBC mortality rates exceed those for breast (8.7/100,000),
cervical (8.0/100,000), pancreatic (7.4/100,000) and ovarian cancers (7.3/100,000)
[5]. According to the literature, the sex ratio women-men ranges from 2:1 to 3:1. In
India and South America, the sex ratio is particularly very high: 5/1 to 6/1. However,
this difference between the two sexes is less pronounced in East Asia, where the
sex ratio between men and women [6]. Gallbladder cancer rates tend to increase
with advancing age. The median age was 67 years in a Memorial Sloan-Kettering
report of 435 gallbladder cancer patients [7]. Gallbladder cancer is found in 1-2% of
cholecystectomized patients. It is suggested that the presence of vesicular calculus
may cause dysplasia of the vesicular mucosa after chronic irritation.

Usually, gallbladder cancer develops over 5-15 years, when metaplasia progresses
to dysplasia, carcinoma in situ and, then, invasive cancer. Only 10% of patients are
resectable at the time of surgery [6] with high recurrence rates [8].

3. Diagnosis
3.1 Symptoms and signs of gallbladder carcinoma

The clinical presentation of GBC is often vague or delayed relative to pathologic pro-
gression, contributing to advanced staging and dismal prognosis at the time of diagnosis.
The clinical presentation is nonspecific. Pain is the most constant symptom. It is present
in72-77% of patients [9]. Frequently, it is an intense paroxysmal pain with respiratory
inhibition, sitting in the right hypochondrium, and with posterior irradiation to the tip
of the right shoulder blade and anterior to the right shoulder, realizing the classic pain in
sling. It could be atypical such as epigastralgia and diffuse abdominal pain [9].

Jaundice is observed in 58% of cases. It may be secondary to either tumor inva-
sion or extrinsic compression of the bile ducts by lymphadenopathy or tumor or by
the presence of liver metastases [10]. Nausea and vomiting are found in 20-49%
of cases. Clinical examination may be strictly normal at the early stages. The most
common signs are evidence of a very advanced disease. GBC is manifested in
15-50% of cases by a mass of the right hypochondrium [11]. Abdominal palpation
shows a sensitivity of the right hypochondrium in 50-80% of cases [11]. A defense
of the right hypochondrium or even a positive sign of Murphy can be found on the
examination, but they remain an unspecific signs [11].

3.2 Diagnosis

Imaging modalities such as ultrasonography (US), endoscopic ultrasonogra-
phy (EUS), computed tomography (CT), magnetic resonance imaging (MRI) and
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magnetic resonance cholangiopancreatography (MRCP) are useful. EUS has good
sensitivity in differentiating benign gallbladder diseases from GBC [12]. CT and
MRI examinations are useful for local and metastatic staging [13].

Ultrasonography is the first examination to be carried out in the diagnostic
approach in front of a patient presenting a biliary symptomatology or for the preop-
erative study of a vesicular tumor (Figure 1, [14, 15]). It has a sensitivity of 85% and
a specificity of 80% in the diagnosis of tumors of the gallbladder. Budding image is
the most common image [15]. It is a vegetative lesion projecting into the vesicular
lumen. It can be single or multiple and is manifested by a hypo or iso-echoic image
without shadow cone, irregular edge and implantation base. EUS allows directly
visualizing the tumor and evaluating its deep extension in the vesicular wall, in the
hepatic parenchyma and the bile ducts [14]. It also makes it possible to differenti-
ate an early tumor from an advanced tumor. It has a significant sensitivity for the
etiological diagnosis of neoplastic icterus.

If US suggest a resectable GBC, CT, MRI with magnetic resonance cholangiogra-
phy (MRC) and/or traditional cholangiography often provide additional informa-
tion [16]. These modalities allowed specific staging [17].

CT is to be done in second intension after the ultrasound. It allows the diagnosis
of GBC in 60-74% of cases. However, its main interest lies in the establishment
of the tumor extension report. The CT scan aspects are similar to those detected
by ultrasound. A parietal thickening (Figure 2) or a budding tumor presenting
as a hypodense, heterogeneous lesion containing hypodense zones and other
hyperdense secondary to tumor necrosis may be found. The enhancement by the
tumor may be diffuse or partial, preferentially, peripheral in case of avascular
central necrosis [18, 19]. Although CT is inferior to ultrasound in depicting mucosal
irregularity, mural thickening and cholelithiasis, it is superior for evaluating the
thickness of portions of the gallbladder wall that are obscured by gallstones or
mural calcification on ultrasound. In unclear cases, hybrid PET-CT systems may
provide structural and functional information simultaneously and may offer early
and accurate staging with high specificity [20].

The GBC appears hypo- or isosignal in T1 and hypersignal in T2 at MRI, the
perilesional inflammation in hypersignal T2 and the calculations are hyposignal.
Intravenous gadolinium injection increases sensitivity and provides additional data

Figure 1.

Ultrasonography shows hyperechoic shadowing portions of gallbladder wall (arrowheads) consistent with
porcelain gallbladder and hypoechoic, polypoid mass (arrow) suggestive of malignant degeneration into
gallbladder carcinoma.
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Figure 2.

Contrast-enhanced CT scan during portal venous phase shows focal nodular thickening (arrow) and diffuse

gallbladder wall thickening.

Figure 3.

Axial fat-saturated T2 fast spin image shows a mildly hyperintense, polypoidal and intraluminal gallbladder

mass (arrow).

Extension MO M1
NO N1* N2**
Tis Carcinoma in situ 0 — — —
Tla Tumor invades the lamina propria I 111B IVB
T1b Tumor invades the muscular layer
T2 Tumor invades the perimuscular connective tissue; no II
extension beyond the serosa or into the liver
T3 Tumor perforates the serosa and/or invades the liver and/ IIIA
or other adjacent organ or extrahepatic bile ducts
T4 Tumor invades the main portal vein or the hepatic artery IVA

or two or more extrahepatic organs

"Along the cystic duct, the common hepatic duct, the common hepatic artery and the portal vein.

**Peri-aortic, peri-cellay, celiac trunk and superior mesenteric artery.

Table 1.
TNM classification (7th edition).
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Figure 4.
PET/CT image: gallbladder carcinoma (arrow) with lymph nodes (asterisk).

on vascular involvement (Figure 3). The section thickness should be 5 mm or less,
with a 1-2 mm gap between sections.

Cholangio-MRI is a very useful test for jaundice. It allows to specify the tumor
extension. It may be the only examination to be performed after ultrasound in
patients with jaundice. Dynamic MRI with MRCP is an accurate and a reliable
method of showing GBC and in assessing its local and regional extent as part of
preoperative assessment [13]. However, only the pathological study could confirm
the diagnosis of gallbladder carcinoma.

In unclear cases, fluorodeoxyglucose-positron emission tomography (FDG-PET)
can be considered to establish the benign or the malignant nature of the lesion and
to obtain a primary staging study (Figure 4).

Table 1 showed TNM classification (7th edition)—UICC—AJCC (2010) cancers
of gall bladder.

4. Treatment

4.1 Localized GCC

4.1.1 Surgery
4.1.1.1 Tis, T1a, T1b and T2 cancers discovered incidentally on the cholecystectomy

The reference is IVb-V bisegmentectomy with lymph node dissection and
possibly resection of the bile duct. Bisegmentectomy can be discussed in favor of
resection of the vesicular bed for these “small cancers,” especially if the cancer
is located on the free side of the gallbladder. Similarly, resection of the bile duct
is reccommended only in cases of cystic involvement or patent nodal invasion
(Figure 5) [21].

Systematic secondary resection of trocar orifices is currently controversial.
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Figure 5.
Photos d’une bi-segmentectomy IVh-V.

4.1.1.2 Locally advanced tumors >T2

The extent of liver resection remains controversial. Thus, an IVb-V bisegmen-
tectomy or a more extensive hepatic resection of the trisegmentectomy type may be
proposed, and for tumors invading the hepatic pedicle, an enlarged right hepatec-
tomy or a central hepatectomy (IV, V, VIII) associated with a segment I resection.
Segment I resection is especially useful for tumors invading the hepatic hilum.
Direct invasion of the colon, duodenum or liver is not an absolute contraindication
to resection, but the morbidity and mortality of these combined resections are high.
Ganglion dissection should include extensive resection of the hepatic pedicle gan-
glia, anterior and posterior pancreatic ganglia and peeling of the hepatic artery until
birth in the celiac trunk. Some authors recommend extensive curling, extended to
the celiac trunk, to the trunk of the superior mesenteric artery down the anterior
aspect of the aorta (para-aortic ganglia). Involvement of the hepatic pedicle and the
main bile duct is early in gallbladder cancer without necessarily having a clinical
impact (jaundice) or contact with the tumor [22]. In addition, removal of the main
bile duct facilitates nodal dissection of the hepatic pedicle. It is therefore recom-
mended for tumors >T?2.

4.1.1.3 Palliative surgery

Surgical biliary shunts (and trans-tumor intubations) have not been demon-
strated superior to prosthetic drainage in terms of quality of life or survival time.
Their mortality (>25% in several series) and their morbidity are not negligible.
However, the surgical biliary drainage usually allows prolonged palliation to the
entire survival patients [22].

4.1.2 Adjuvant treatment
The role of adjuvant chemoradiotherapy is not well defined because of a lack

of randomized trials. Most of the published studies are retrospective with small
numbers of patients and a mix of gallbladder and bile duct tumors.
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A systematic review and meta-analysis of published data from 20 studies
between 1960 and 2010 (6712 patients) showed a nonsignificant improvement
in overall survival with any adjuvant therapy (chemotherapy (CT), radiotherapy
(RT) or radiochemotherapy (RCT)) compared to curative surgery alone (HR 0.74,
p = 0.06). There was no difference between gall bladder tumors and bile duct
tumors (p = 0.68). The association became significant when both cancer registries
were excluded, with a significantly higher benefit of CT or RCT than RT alone
(OR: 0.39, 0.61 and 0.98, respectively, p = 0.02). The greatest benefit of adjuvant
treatments was observed with N+ status (OR: 0.49, p = 0.004) or R1 (OR: 0.36,
p = 0.002) [23]. There is no randomized trial of adjuvant RT or RCT. However,
there are only heterogeneous retrospective series, addressing the issue of adjuvant
radiation therapy. In these small series, differences in patient selection criteria,
staging systems, extent of resections, radiation therapy techniques and doses and
chemotherapy schedules, it is difficult to pinpoint the exact role of adjuvant therapy
in GBC [24, 25]. Bilcap study is a phase III study that included patients with com-
pletely resected cholangiocarcinoma (CCA) or gallbladder cancer (including liver
and pancreatic resection, as appropriate), with adequate biliary drainage, no ongo-
ing infection, adequate renal, hematological and liver function and ECOG PS < 2.
It demonstrated that capecitabine improved overall survival when used as adjuvant
and should become standard of care [26].

4.2 Metastatic GCC

A small Scandinavian randomized controlled trial showed that a chemother-
apy by 5Fluorouracil and (more etoposide so good general condition) increased
the quality of life and survival compared exclusive supportive care in patients
with advanced pancreatic or biliary cancer (6.0 vs. 2.5 months, p < 0.01), how-
ever not significantly in the patient subgroup with biliary cancer, and at the cost
of considerable toxicity (grade 3—4, 41%) [27]. A single-center Indian random-
ized controlled trial in 81 patients with carcinoma of the gallbladder has shown
a global survival benefit of chemotherapy by gemcitabine and oxaliplatin not
only compared to exclusive supportive care but also compared to a chemotherapy
with 5FU and folinic acid (9.5, 4.5 and 4.6 months respectively, p = 0.039) [28].
Collectively, these two trials show that first-line chemotherapy is legitimate
in patients with advanced biliary cancer whose general condition is not too
impaired (PS 0-2).

The British randomized controlled trial ABC-02 demonstrated, in 410 patients
with PS ECOG 0-2 (ECOG 0-1: 88%) and controlled biliary obstruction (total
bilirubinemia <1.5 N), superiority of gemcitabine-cisplatin combination (GEMCIS
regimen) on gemcitabine alone (survival overall: 11.7 vs. 8.1 months, hazard ratio
[HR]: 0.64 [95% CI, 0.52-0.80], p < 0.001) [29]. The benefit of survival with the
GEMCIS regimen was independent not only of tumor stage (locally advanced or
metastatic) but also of the primary tumor site (intra- or extrahepatic bile ducts,
hile, gallbladder, vater bulb). These results were supported by those of the random-
ized trial Phase II Japanese BT-22 in 84 patients (ECOG 0-1: 100%) [30]. These
results make the GEMCIS regimen the first standard of first-line chemotherapy in
patients with advanced biliary cancer. The GEMOX scheme [31] is an alternative,
despite the lack of a randomized controlled trial comparing these two regimens.
The treatment of metastatic forms is to be discussed according to the general condi-
tion (PS, age). In case of PS > 2, it is recommended to do exclusive support care. In
case of PS between 0 and 2, it is the indication of a palliative CT by gemcitabine-
cisplatin. The GEMOX scheme is an alternative.

109



Digestive System - Recent Advances

5. Conclusion

GBC represents a major challenge in oncology. The only curative treatment for
this disease is surgical resection. The roles of radiation and chemoradiation in the
neoadjuvant and adjuvant settings remain to be defined in prospective studies.
Bilcap study demonstrated that capecitabine improved overall survival in adjuvant
situation. The treatment of metastatic forms is to be discussed according to the
general condition (PS, age). In case of PS > 2, it is recommended to do exclusive
support care. For patients with PS between 0 and 2, it is the indication of a palliative
CT by gemcitabine-cisplatin. The GEMOX scheme represents an alternative.
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Chapter 8

Intraoperative ERCP for
Management of Gallbladder and
Common Bile Duct Stones

Ahmed Abdelraouf Elgeidie

Abstract

It is not an uncommon scenario to have CBD stones in association with
gallbladder stones. There is a general agreement in the surgical society that CBD
stones should be removed. The classic option is to do open cholecystectomy and
CBD exploration. With the emergence of minimally invasive surgery, namely
laparoscopic cholecystectomy and ERCP, the therapist has better option to treat
such patients such as preoperative ERCP, postoperative ERCP, and laparoscopic
CBD exploration. The latest advance in that field is the use of ERCP at the time of
laparoscopic cholecystectomy, i.e. intraoperative ERCP. This chapter with discuss
the issue of minimally invasive management of cholecystocholedocholithiasis
stressing on intraoperative ERCP.

Keywords: laparoscopic cholecystectomy, ERCP, LCBDE, CBD stones,
intraoperative ERCP

1. Introduction

Patients undergoing LC may have concomitant CBD stones in about 15% of cases
[1, 2]. These CBD stones may pass spontaneously in about one third of cases [3],
but the complications of retained CBD stones are often dangerous. These complica-
tions include cholangitis, liver abscess, biliary pancreatitis. Therefore, there isa
general agreement among biliary surgeons that CBD stones should be removed once
detected even if asymptomatic [1, 4].

The orthodox therapeutic option in this setting is to solve the two problems
by removing the gallbladder and at the same time retrieving CBD stones via open
surgery. In fact this option is a good option with good outcome. Nevertheless, it may
be associated with a considerable morbidity (11-14%) and even mortality (0.6-1%)
particularly in elderly patients [5].

Two important revolutions had emerged in the past few decades that changed
the face of CBD stone management and gave therapists new safe and minimally
invasive options when dealing with such patients. The first one was the develop-
ment of endoscopic retrograde cholangiopancreatography (ERCP) and the second
is laparoscopic cholecystectomy (LC). ERCP has become a widely available and
routine procedure, whilst open cholecystectomy has largely been replaced by a
laparoscopic approach, which is considered the treatment of choice for gallbladder
removal since NIH Consensus on 1993 [6].
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Nowadays, not only biliary surgeons and endoscopists but also patients prefer
minimally invasive options over old open surgery. This is simply because of the
well-known benefits of better cosmesis, less adhesions, less wound complications,
less postoperative pain and analgesia, and fast recovery.

2. Minimally invasive option

Minimally invasive options for treatment of gallbladder and concomitant CBD
stones may be categorized in two sections; one-stage and two-stage options. In the
two-stage option, the two pathologies are treated at timely different occasions.
This option includes preoperative ERCP followed by LC and LC followed later on
by postoperative ERCP. In the one-stage option, the two pathologies are treated in
the same sitting under the same anesthesia, and it includes LC/laparoscopic CBD
exploration (LCBDE) and LC/intraoperative ERCP.

2.1 Preoperative ERCP followed by LC

In this two-stage strategy the CBD stones are removed firstly to be followed
later on by LC at another stetting. Actually this strategy is the most commonly used
treatment policy worldwide [7] as it had been proved to be efficient and safe [8-10].

Despite its advantages it has a myriad of disadvantages. Biliary endoscopists may
not find CBD stones at the time of ERCP and this means that you are exposing your
patient to unnecessary and at the same time risky maneuver. The reported inci-
dence of false negative preoperative ERCP is about 40-70% which is a high figure
[11-13]. Ordering magnetic resonance cholangiopancreatography (MRCP) before
preoperative ERCP may increase the sensitivity and specificity of preoperative
detection of CBD stones [14, 15] but CBD stones may spontaneously pass before
ERCP. More than 50% of patients with CBD stones may have spontaneous passage
of the stones [16].

At the time of LC, laparoscopists still could identify CBD stones despite success-
ful pre-LC endoscopic clearance during LC. Pierce and collaborators reported an
incidence of 12.9% [17]. These stones may be missed at the time of pre-LC ERCP
or new stones that passed from the gallbladder onto the CBD in period between the
two procedures.

Preoperative ERCP definitely affects the subsequent surgery. Some authors
reported more conversion to open cholecystectomy, longer operating time, higher
morbidity, especially postoperative infection, and longer hospital stay [18-20].

Finally, the time delay between preoperative ERCP and LC, may allow some
patients to escape LC being satisfied by the results of preoperative ERCP [21-23].
Those escaping patients are subjected to recurrent biliary problems [24, 25].

2.2 Post-LC ERCP

Herein, at the first stage the gallbladder is removed by LC to be followed later
on by postoperative ERCP as a second stage. The disadvantage of this strategy is
obvious. Failed post-LC ERCP, which may the case in up to 5% of cases, necessitates
a third stage for operative removal of CBD stones [26, 27].

2.3LCBDE

In the surgical literature, LCBDE has been proved to be a safe, efficient and
cost-effective minimally invasive option [28, 29]. Many authors reported excellent
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results for LCBDE with a high stone clearance rates up to 100% associated with a
low morbidity and mortality rates [30-32].

Besides being a one-stage procedure, the most important advantage of LCBDE
is avoidance of ERCP and ES. ERCP is not a totally benign procedure, it may have a
short-term consequences as pancreatitis, bleeding and perforation, medium-term
complications as cholangitis and recurrent stone formation, or even long-term
problems as bile duct malignancy.

In the light of all these advantage, LCBDE would be expectedly to be the stan-
dard option for management of gallstones and concomitant CBD stones. But this is
not the case in real surgical life for many reasons. LCBDE needs experience and a
long learning curve. This is mainly due to the need for laparoscopic suturing skills
that must be mastered by the surgeon for T-tube insertion or even primary CBD
closure. In case of large, multiple or impacted stones the procedure may be time
consuming and exhausting. Finally, LCBDE required specialized instruments that
may be not readily available (such as real-time fluoroscopy) or delicate and nondu-
rable (such as fragile 3-mm choledochoscope).

3. Intraoperative ERCP

The most recent advance in management of patients with CCL is intraopera-
tive ERCP [33-36] that was found by many experts to be safe, efficient and cost-
effective one-stage option [11, 32-34, 36-39].

3.1 Advantages

Intraoperative ERCP has many theoretical benefits that makes this option of big
value. It is a one-session option with single anesthesia and single hospital stay and
this is not only cost-effective but safer and seems likable by patients and surgeons.
Intraoperative ERCP avoids opening the CBD for stone removal and thereby avoids
laparoscopic suturing which needs some experience. Unlike postoperative ERCP,
there is no possibility of failure of stone extraction. Simply if intraoperative ERCP
failed, stones are removed under the same anesthesia either by open or laparoscopic
CBD exploration depending on facilities and expertise. Another final advantage is
the performance of ES at intraoperative ERCP. This definitely facilitates subsequent
postoperative ERCP if indicated for retrieval of any retained CBD stones.

Nevertheless, all the above mentioned benefits of intraoperative ERCP did not
result in widespread application and adoption of this approach. This is because of
organizational problems. It may be difficult to have the immediate availability of
ERCPist with all required equipment and facilities in the operating room at the time
of cholecystectomy.

3.2 Technique

There are many described techniques for performing Intraoperative ERCP
during LC but they all fall in two big categories; standard ERCP during LC and
combined laparoendoscopic (rendezvous) technique.
3.2.1 Standard ERCP

The first described one was standard ERCP during LC. During LC intraoperative

cholangiography is performed and if yielded positive result, intraoperative ERCP
is performed in the operating room. After verification of clearance of CBD, LC was
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continued [37, 40]. This technique has two main shortcomings; firstly, cannulation
of the bile duct in the supine position is definitely more difficult than the standard
prone/left lateral position and secondly, the resultant bowel distension from endo-
scopic manipulation may render subsequent LC more challenging.

A variation of this technique is postponing ERCP till after completion of LC and
closure of the ports. This is to avoid the two mentioned problems of supine posi-
tion and bowel distension making LC more demanding [41]. However, the obvious
disadvantage of this approach is the problem of failure.

3.2.2 Rendezvous technique

This technique was first described by Cavina et al. [35]. At laparoscopy the
surgeon passes a basket through the opened cystic duct and threaded down to the
duodenum. At endoscopy a sphincterotome is passed through the scope biopsy
channel. The basket caught the sphincterotome and guides it inside the CBD for
sphincterotomy.

A simpler modification of the RV technique was proposed by others and now
is considered the gold standard technique of intraoperative ERCP [12, 33, 34]. At
laparoscopy a standard ERCP guidewire is passed through the opened cystic duct
and threaded into the CBD under fluoroscopic guidance till protruding into the
duodenum out of the papilla. At endoscopy a snare or basket is passed and catches
the protruding guidewire, which is withdrawn into the biopsy channel of the scope
and then a standard sphincterotome is threaded over this guidewire for subsequent
sphincterotomy (Figure1).

Figure 1.

Rendezvous technique of intraoperative ERCP. (A) Laparoscopic view showing standard ERCP guidewire
passing through the cystic duct into CBD; (B) fluoroscopic view showing passage of the guidewire into the
duodenum; (C) endoscopic view showing snare catching the protruding guidewire; (D) endoscopic view showing
standard sphincterotome threaded over the guidewire for sphincterotomy.
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RV technique rapidly became the favorite technique of intraoperative
ERCP. This is mainly due to two reasons; the high success cannulation rate in supine
position and reduction of postprocedural hyperamylasemia and acute pancreatitis
[34, 42, 43]. The obvious cause for reduction of the risk of hyperamylasemia and
pancreatitis in intraoperative ERCP compared to standard ERCP is selective can-
nulation of CBD without inadvertent cannulation and dye injection of pancreatic
duct, which is one of the risk factors for post-ERCP pancreatitis [12, 44].

Some technical problems may occur during RV technique. Sometimes it may be
difficult for the guidewire to negotiate the spiral valves of the cyst duct. This prob-
lem can be overcome by opening the cystic duct as close as possible to its juncture
with CBD. Rough manipulation may result in tearing of the cystic duct and this
definitely makes subsequent steps more difficult. When there is a deeply impacted
stone at the papilla, the guidewire may fail to pass into the duodenum. Finally,
bowel distension usually make subsequent LC more difficult. This problem can
be easily solved by completely dissecting the Calot triangle before the endoscopic
phase [42].

4. Conclusion

Intraoperative ERCP for managing patients with concomitant gallbladder
stones and CBD stones is a promising technique that is efficient, cost-effective and
safe. The only limitation for its widespread use is lack of immediate availability of
endoscopists and endoscopic equipment necessary for the procedure. When local
resources and expertise are available it should be offered to fit patients. Surgeons
are encouraged to learn ERCP and to use it as an important tool in their hands when
dealing with such patients.
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Cystic Artery Variations and
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in Laparoscopic Cholecystectomy

Pankaj Prasoon, Tomohiro Katada, Kohei Miura, Yuki Hirose,
Jun Sakata and Toshifumi Wakai

Abstract

Substantial knowledge of the arterial supply and its anatomical variations of the
gall bladder and liver are important in all the hepatobiliary surgical procedures. The
arterial supply of gallbladder called cystic artery (CA) is a vital structure required
to get ligated or clipped in the path of laparoscopic cholecystectomy. The possible
concerns like intra-operative bleeding or adjoining accidental injuries will almost
always be focused on the research consisting of dissection and clipping with cystic
artery. Pseudoaneurysm of the cystic artery has additionally been belonging to the
presence of acute cholecystitis or pancreatitis. An original supply of CA is usu-
ally assessed depending on the existence of hepatic artery variants. Laparoscopic
cholecystectomy is really a recent and arduous noninvasive procedure and might
even result in substantial unintended effects possibly iatrogenic or in the form of
post-procedural complications. The perfect knowledge of anatomy in addition to
feasible variation of cystic artery is mandatory. An efficient operative strategy and
consciousness are probably the key components with all the results and marginal
likelihood of complications, which often can be ultimately attainable. Within this
chapter, we have attempted to explore some variations of cystic artery, complica-
tions and management.

Keywords: cystic artery (CA), laparoscopic cholecystectomy (LC), proper hepatic
artery (PHA), right hepatic artery (RHA), inferior mesenteric artery (IMA)

1. Introduction

Laparoscopic cholecystectomy (LC) is commonly used nowadays to treat
numerous conditions and diseases of the gallbladder and biliary tree. It is manda-
tory to specialists to get acquainted with all the technique, but additionally with
anatomical variants of vascular supply in the extrahepatic biliary structures [1].
The cystic artery is often a solitary blood vessel that arises from the right branch
from the proper hepatic artery (PHA). It constantly goes to the hepatobiliary
triangle, which is encircled superiorly with the inferior surface of the liver, infe-
riorly with the cystic duct and, the common hepatic duct corresponds to medially
[2]. According to Calot’s triangle illustration, the superior border is made with the
cystic artery [2]. While getting closer to the gallbladder, the cystic artery divides
into two branches superficially and deeply running on the anterior and posterior
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components of the gallbladder, correspondingly. Variants at the originations and
course of CA are extremely typical. Uncontrolled arterial bleeding during LC is
often a significant issue and might increase the likelihood of biliary duct injury.
Consequently, appropriate recognition of the anatomy of the CA is essential. Cystic
artery is excessively acknowledged to possess a highly diverse branching pattern.
Therefore, given that LC had become the defacto standard to treat cholelithiasis,
comprehension of anatomical vascular variations in hepatobiliary surgery has
attained significance [3].

2. Types of cystic artery and its variation
2.1 Single cystic artery

The cystic artery commences within the Calot’s triangle and most often starting
from the right hepatic artery. When getting close to the gallbladder, it bifurcates
into deep and superficial branches to the gallbladder neck. The exterior branch
proceeds eventually left facet of the gallbladder. The deep branch goes throughout
the connective tissues between gallbladder and liver parenchyma. The deep branch
engenders really small offshoots to furnish the gallbladder, which anastomoses with
all the superficial branches [4]. During open cholecystectomy, such type of CA
is laterally located through the cystic duct within Calot’s triangle. However in LC
procedure, it is merely at the back and a bit much deeper contrary to cystic duct [4].
In a study, such type of variations were documented (73.3%) in 440 of 600 patients
[4]. The intricate anatomical deviation among cystic arteries might increase the
likelihood of injury throughout LC procedure [5]. Yet in another research, CT
images had been analyzed prior to LC, were compared with intra-operative findings
and postoperative results. It was witnessed that, cystic artery originating from the
right hepatic artery were (76%) in most of the cases, while 55 (60%), CA originat-
ing from the right hepatic artery and it undergoes the Calot’s triangle and reached
the neck of the gallbladder in total of the 91 cases [5]. A single artery to cystic duct
together with the conventional configuration of “H shaped” was revealed in 161
(91.47%) patients [6]. Within a current overview of 9800 patients, It is documented
that the typical origination of cystic artery were from the RHA (79.02%), where as
in 5427 patients (81.5%), origination was found in the hepatobiliary triangle [7].
Variations within cystic artery possessing clinical significance, located anterior to
the common hepatic duct in 485 of 2704 patients (17.9%); whereas in 228 (5.4%),
out of 4202 patients, located anterior to CBD, correspondingly [7]. A single CA
was witnessed in 340 cases out of 740 patients. [8]. Single CA is present in 85%
of sufferers out of 300 cases of LC [9]. On standard cholecystectomy, single CA
sometimes appears within the hepatobiliary triangle and much more laterally
positioned with the cystic duct, although while in laparoscopic view, it could be
observed behind and marginally deeper compared to cystic duct [10]. In a recent
study by Yang et al., the original source and variety of cystic arteries as well as
their relationship together with the Calot’s triangle was assessed by CT images and
further it was compared with laparoscopic cholecystectomy results. They witnessed
single CA was in 53 (73%) of the 73 patients [5]. In one study, normal origin of CA
originating from the right hepatic artery was noticed in 72% of patients [11]. In
accordance to the reported results, the conventional position of the cystic artery
can be found in 70-80% of scenarios [4, 10-12] (Figure 1A). Within the study with
Kenyan’s populations, it had been stated that the CA stood a typical origin from the
right hepatic artery in 92.2% of cases, although only one CA supplied the gallblad-
der within a comparable ratio [13]. With the laparoscopic point of view, a single or a
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Figure 1.

Schematic illustrations of various anatomic anomalies of cystic artery during LC. (A) Cystic artery origination
from right hepatic artery; (B) double cystic artery origination from right hepatic artery; (C) cystic artery
origination from gastroduodenal artery; (D) cystic artery origination from aberrant vight hepatic artery; (E)
cystic artery origination from left hepatic artery; (F) cystic artery origination from liver parenchyma; (G)
cystic artery syndrome.

bit larger CA in length necessitates gentle exploration, as it can really be an aberrant
hepatic artery, which needs to be dissociated from the cystic duct or gallbladder by
cautious dissection [10].

2.2 Double cystic artery

The double cystic artery shows scenarios in which the superficial and deep
branches of the CA have independent origins [14] (Figure 1B). Double cystic
artery could be divided up based upon the position with regards to the bile ducts
and portal vein and the hepatobiliary triangle [1, 4, 10]. Concerning the origins of
double cystic arteries, they sometimes seem to be with the right hepatic artery or its
partitions [1, 15]. According to Loukas et al., double cystic arteries originating both
from Right hepatic artery and the posterior superior pancreaticoduodenal artery
coexists having an accessory left hepatic artery originating from the left gastric
artery [16].

Ding et al.; defined a terminology called “compound cystic artery,” in which the
cystic arteries endured not just in the hepatobiliary triangle, but additionally out-
side of it [4]. Congenital absence of the deep branch of CA indicates the presence of
an additional CA, and that is often recognized by subsequent hemostasis following
LC. The posterior CA is extremely fragile in some instances, and it is frequently
cut by electrocoagulation while in dissection. According to one study, such types
of likelihood of vessel occurrence in 73 patients (12.2%); i.e. (double cystic artery)
right after LC [4]. Suzuki et al. revealed incidence of double cystic artery in 27 cases
(11.1%) out from 244 Japanese patients who undergone LC [1]. Zubair et al. noted
the most typical variant with double CA in the Pakistani patients during the LC
procedure. He witnessed the CA passing over the Calot’s triangle, which had been
observed in 26 (11.8%) scenarios out of 220 [17]. While in another research double
cystic artery was present in only 3 of 300 cases (1%) [9]. In Western communities
of Slovenians and Croatians, double cystic artery was documented in 13.6 and 5.5%
of cases, correspondingly [10, 15]. In the recent research conducted by Yang et al.,
all patients experienced LC following the CT examinations [5]. The relationship
between CA as well as the Calot’s triangle was compared by the interventional radi-
ologist and surgeon. Double cystic arteries were witnessed in 20 (27%) patients [5].
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2.3 Cystic artery origination from gastroduodenal artery (GDA)

On few occasions, the CA emanate from the gastroduodenal artery or its
branches, it is termed as “a low-lying cystic artery.” Its terminal segment getting
close to the gallbladder is essential for laparoscopic visual image [10]. On stand-
ing point of laparoscopic view, it is actually identified much more superficially or
anteriorly to the cystic duct. Therefore, to be the first structure stumbled upon on
cholecystectomy. In this instance, there is a probability of its intersection on dissect-
ing the peritoneal replication hooking up the hepatoduodenal ligament to Hartman’s
pouch with the gall bladder or even the cystic duct. This anatomic deviation was
discovered in 9 (4.5%) individuals [10]. The incidence with this anatomic discrep-
ancy varies from 1 to 30% [2, 10, 18].(Figure 1C). In a latest review, based on clini-
cally important anatomical variations of the cystic artery, it was witnessed that the
aberrant gastroduodenal origination of cystic artery was (1.94%) out of 6898 cases
[7]. Ding et al., founded such anatomic variation in 45 patients (7.5%) out from 600
sufferers addressed with LC [4]. As a whole of these terminal branches of artery, the
way it approaches the gallbladder is essential for laparoscopic surgeons [4]. Given
that, it should not merely be altered at an initial course. However, it is also vulner-
able to injuries and hemorrhage throughout the dissection, especially while dealing
with peritoneal folds at the joining point of hepatoduodenal ligament to Hartman’s
pouch on the gallbladder or the cystic duct [4].

2.4 Aberrant right hepatic artery (RHA)

The right hepatic artery (RHA) typically yields several tiny divisions providing
gallbladder in contrast to a solitary cystic artery (Figure 1D). When masked by the
gallbladder in the gallbladder fossa, it is prone to get the injury by cautery directly
or by thermal injuries [10]. With the laparoscopic standpoint, a single large cystic
artery necessitates gentle exploration, as it might be an aberrant hepatic artery,
which needs to be dissociated with the cystic duct or gallbladder which addition-
ally needs meticulous exploration [10]. The biliary anatomy of the Calot’s triangle
and extrahepatic vascular supply is widely known to become unpredictable and
extremely diverse [19]. This allows a persistent obstacle to the surgeon carrying out
LC. Cautious dissection of the cystic duct and artery is needed having consistent
thoughts within the several anatomical chances to stay clear of either conversion
necessitating postoperative bleeding or biliary leak. A replaced RHA is observed in
15-25% of patients, that the great majority disclose the RHA branching from the
superior mesenteric artery [20, 21]. Inadvertent RHA ligation in cholecystectomy
has become linked to liver ischemia, occasionally warranting resection of affected
lobes of liver [22]. An aberrant RHA adherent to the cystic duct and gallbladder
neck is referred to one of the most uncommon defects [19, 23]. Anatomical variants
are frequent; in 6-16%, the right hepatic artery flows intently parallel to the cystic
duct and could be mistakenly ligated during the LC, the structures within the trian-
gle of Calot’s are usually not evidently recognized [24]. Andall et al.; noted aberrant
RHA origination of (5.58%), 385 out from 6898 cases. An aberrant RHA originating
from the celiac trunk is an extremely unusual anatomical variant. Nevertheless, it
might be connected with an irregular path of the cystic artery. Specialists have to
know anatomical variations of the extrahepatic biliary tree and arterial supply in
order to avoid feasible injuries throughout LC [25]. According to recent publicized
research, focusing on the patients with combined bile duct and hepatic artery
injuries during LC revealed, formation of liver abscesses in three of four cases and
stricture’s anastomotic site by 50% of four sufferers; on the other hand, these com-
plications just weren’t recognized in cases with separated biliary duct injuries [26].
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The earlier LC studies demonstrated an anomaly of right hepatic artery and were
being disrupted during excessive hemorrhage throughout Calot’s triangle dissection
[27]. The outline with the surgery described the explanation for blood loss and also
the intra-operative management with unspecified amounts of clips [27]. Ding et al.,
witnessed aberrant RHA in 18 (3%) of cases in their study [4]. The complicated
structure of hepatic artery tends to make the hilar and perihilar area much more
hazardous and vulnerable to a variety of traumas. The potential for biliary injuries
might be of interest in patients who endure complicated or extended dissection with
the Calot’s triangle, accompanied by the roll-out of discomfort, fever and altered
liver function assessments [28].

2.5 Aberrant left hepatic artery

The cystic artery in some instances emanates from the left hepatic artery, heading
for the tunnel or through the liver and attaining the center of the gallbladder body
or within the gall bladder fossa where it bifurcates it into two branches, which are
namely called ascending and descending branches [10] (Figure 1E). This CA variance
is simply not observed on endoscopic visualization with the hepatobiliary triangle,
consequently necessitating extreme caution when treatment of gall bladder with the
fossa [10]. Within one study, this sort of CA variation with typical caliber was discov-
ered in 2 (1%) patients [10]. In accordance with the literature, it possesses an occur-
rence of 4%, where it was acknowledged and clipped [29]. The findings of CA origin
were being with the left hepatic artery (2.07%), 143 out from 6898 cases. An aberrant
RHA originating from the celiac trunk is an extremely uncommon anatomical vari-
ant. Nevertheless, it could be connected with an irregular path of the CA. Specialists
should always keep in mind about the extrahepatic biliary tree and arterial supply
anatomical variations to counteract attainable injuries while performing LC [25].

2.6 Cystic artery origination from liver parenchyma

As outlined by Ding et al. [4]; This CA pierces the hepatic parenchyma getting
close to the gallbladder base (Figure 1F). It usually situates inside the right lateral
to the edge of gallbladder body and bottom part. Even so, a few are found in the
middle of the gallbladder bed or located left lateral of gallbladder base. Hardly any
other arterial blood vessels are located inside Calot’s triangle [4]. This anatomic
variation with the cystic artery is just not witnessed right until hemorrhaging and
is because of dissection of the gallbladder fundus. It is sometimes complicated
to understand more about and needs cautious dissection. It was witnessed in 15
patients (2.5%) within one another study [4].

2.7 Cystic artery syndrome

Suzuki et al.; referred to a condition known as “cystic artery syndrome”, in
which the CA originates from the right hepatic artery, but uncommonly has a course
that wraps across the cystic duct [1] (Figure 1G). They suggested that this course
could result in reduced blood flow in the cystic duct, which exhibits clinically
within the patient as cholelithiasis [1]. According to Zubair et al., this syndrome
was discovered within 2% of the patients who underwent LC procedure [17].

2.8 Abnormal origination of cystic artery

Andall et al. lately have summarized the experiences of 55 experts, they ana-
lyzed 9800 cases and discovered only 20 instances where the CA arise straight

127



Digestive System - Recent Advances

from the superior mesentric artery (SMA) [7]. An uncommon scenario has been
documented possessing CA arising from the SMA with abnormal branching in the
CT and MRI within a Japanese woman cadaver [30]. The CA typically come across
the ventral facet with the portal vein as well as the posterior side of the common
bile duct. Additionally, in their case the CA have origination with the SMA and
RHA and they leaped concurrent to Calot’s triangle [30]. Consequently, in such
instances, it is sometimes complicated for medical professionals to evaluate the
origination of CA on account of the SMA [30]. The absence of congenital cystic
artery was documented in 33 of 9836 (0.34%) cases [7]. While in another study,
scholars mentioned the advantages of computed tomography angiography (CTA),
and estimated that, it is quicker, much less intrusive and is through with consider-
ably fewer irradiation exposure. CTA offers an appropriate and efficient depiction
of cystic artery vessels in 924% of cases (95% CI, 87-98%) [7]. Nonetheless,
variations, for instance, small or short CA, origins from aberrant hepatic artery or
from an additional vessel completely results in the CA not passing throughout the
cystohepatic triangle [7].

3. Complications associated with cystic artery injuries
3.1 Twisted cystic artery

The signs and symptoms of torsion imitate acute cholecystitis, but various
clinical attributes (slim person, older people, and spine problems) and image
conclusions are helpful for differentiating it from standard acute cholecystitis
[31]. Even so, preoperative recognition continues to be challenging to identify the
anomalies of vessels. Considering torsion of CA, it was initially reported in 1898.
There are almost 500 cases have been acknowledged inside the literary works,
and many of them were diagnosed throughout the surgical procedure [32]. The
ultrasonography, computed tomography (CT), and magnetic resonance imaging
(MRI) have already been stated to be helpful for proper diagnosis of gallbladder
torsion such as twisting of the pedicle of the cystic duct and gallbladder mesentery
designated as “whirl sign” [33]. Variety of twisted CA by 3D CT, angiography
signifies unique and primary verification with this concern that enables definitive
medical diagnosis and obviates the entire overall performance of other assessments
[32]. Whenever a patient is assumed of owning torsion with the gallbladder, 3D-CT
angiography ought to be carried out for making an earlier significant and exact
diagnosis [32].

3.2 Cystic artery pseudoaneurysm (CAP)

Pseudoaneurysm of the cystic artery is actually an uncommon side-effect right
after laparoscopic cholecystectomy (Figure 2). CA involvement is documented
significantly less in the literature. Pseudoaneurysm formation is resulted in by vas-
cular injuries. The important causes consist of arterial access procedures, accident
trauma, and surgical trauma [34]. Cystic artery pseudoaneurysm which develops
carrying out a cholecystectomy and leading to upper gastrointestinal bleeding are
usually an unusual entity, with merely four instances referred to inside the literature
[35] .Generally, in most patients (80%), the PSA typically presents roughly a month
following LC surgery; on the other hand, delayed PSA presentation after 5 years
following the surgical procedure had been documented in the literature [36, 37].

Emergency abdominal angiogram unveiled a CA stump pseudoaneurysm,
without any proof of active contrast extravasation and it was managed by coiling
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Figure 2.
Pseudoaneurysm in the hepatic artery after radical cholecystectomy.

or embolization’s technique, consequently the patient did not have any additional
hemorrhagic episodes. In cases like this, an angiogram and embolization in contrast
to surgical treatment are the most preferred method of management equally when

Figure 3.
After the post-embolization of the pseudo aneurysm.
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it comes to treatment and diagnosis (Figure 3). The existence of a dilated cystic
artery stump on angiogram adhering to cholecystectomy is definitely the threaten-
ing indicator even without the active extravasation of contrast [35]. The signs and
symptoms might appear during the early postoperative period or as late as 4 months
following surgical procedure. One of the several attainable causes includes the
unnecessary use of electrocautery throughout the dissection at the infundibulum
of the gallbladder, leading to thermal damage to the vascular wall, and break down
in the inner wall of the cystic artery. A result of exposure to the tip of the metal clip
utilized to occlude the cystic duct [38]. The management of their patient incorpo-
rated several plans such as attaining hemostasis, managing the cystic duct stump
leak, alleviating obstructive jaundice, managing the infections with antibiotics, and
depleting the intra-abdominal collection [34].

3.3 Hemobilia due to cystic artery pseudoaneurysm

The mixed injuries of bile ducts and vessels create the pathologic vascular-
biliary interconnection and also the hemorrhage with the bile duct, which can be
described as hemobilia [39]. Therefore, hemobilia has turned into a specific issue in
the laparoscopic age. The likelihood of hemobilia right after an emergency LC for
acute cholecystitis (within just 72 h) had been stated to be 0.001%, although it is
been witnessed being 0.0003% for all those going through an elective LC [40]. Bile
acids are potent solubilizers of lipid membrane for their cytotoxic and amphipathic
qualities, leading to cell death in patients with bile leaks; it has been postulated to
result in immediate deterioration and break down in the vascular walls, ultimately
causing a PSA [41, 42]. Hemobilia has been considered to be the most prevalent
presentation (90%), although abdominal pain (70%) and jaundices (60%) are
also typical presentations [40, 43]. CAP is usually an unusual entity and therefore,
there is absolutely no comprehensive agreement to the medical treatments for this
problem. The potential risk of a PSA rupture relates to its dimensions, having a
greater than 10 times risk in the event the aneurysm is much larger than 5 cm [44].
A hold off in presentation after thermal injuries could possibly be as a result of
charring of the vessel which may get separate several days or weeks later, especially
in the existence of bile [40]. The pathophysiology of aneurysmal dilatation of the
cystic artery in the existence of calculus cholecystitis just isn’t apparent. However,
it is considered that the artery is eroded possibly by immediate tension of gallstones
or swelling from the arterial wall [45]. This subsequently contributes to harm the
adventitia with the localized weak point within the vessel wall and development of
the pseudoaneurysm [45].

Hemobilia induced by non-iatrogenic injuries of the CA is really an intense
uncommon but attainable etiology, and thus it has to be deemed. Pseudoaneurysm
in the CA is an extremely unusual reason behind hemobilia, and its particular
pathogenesis remains to be ambiguous [46]. Cholecystitis could produce arterial
wall weakness and necrosis leading hemobilia [46]. Many experts have revealed
that bleeding pseudoaneurysm of the cystic artery as a result of re-activation of
the continual cholecystitis treated by endovascular embolization and subsequent
cholecystectomy [47]. Whenever a sufferer presents with significant gastrointes-
tinal internal bleeding, an ascending total bilirubin level and recent hepatobiliary
treatment or intervention, a higher index of suspicions is definitely required [48].
Loizides et al.; evaluated altogether, 25 reported cases since 1983-2015 and found
that pseudoaneurysm of CA is to be secondary to acute and chronic cholecystitis
[45]. During its natural course, a PSA will steadily develop in its dimensions prior to
rupture, seen in 21-80% of cases [49]. The rupture of a PSA in the peritoneal cavity
may be possibly usual to hypovolemic shock or might be comprised quickly with
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the encompassing tissue also known as “double rupture phenomenon,” since the
preliminary comprised hemorrhage might be accompanied by additional blood loss,
which can be more severe situation [36].

Unattended hemobilia presents an instantaneous risk to life. It can result in
acute hemodynamic imbalances, requiring diagnosis, accessibility, and control
over the pseudoaneurysm. Arterial-phase CT is an excellent initial noninvasive
mode of detection of LC complication’s [34]. This technology not only help to gauge
intra-abdominal collection, biliary tree dilatation, and doable bile duct injury, but
also to visualize pseudoaneurysms or hemorrhage [34] Several different treatment
methods have already been documented within the literature together with selective
embolization and coiling, open cholecystectomy with ligation of the aneurysm, or
perhaps a two-step approach involving radiological treatments for the pseudoaneu-
rysm accompanied by an elective cholecystectomy [45]. Angiography is a significant
restorative technique simply because it make possible for embolization of the cystic
pseudoaneurysm, transforming an urgent scenario to a semi elective one [50]. It has
a substantial proportion of good results attaining hemostasis in 75-100% of suffer-
ers with hemobilia [50], with a reported of less than 2% [51].

Some patients having typical obstructive jaundice and hemophilia may addi-
tionally need endoscopic retrograde cholangiopancreatography, CBD exploration
or transhepatic biliary drainage to vacate the clot in the event the jaundice doesn’t
getrelieved [49, 52]. Natural or spontaneous rupture of normal cystic artery is
undoubtedly an extremely exceptional reason behind hemoperitoneum [53].
Medical co-morbidity, for instance, arteriosclerosis, diabetes, arterial hypertension
and long-term usage of corticosteroid are the most prevalent components liable for
vascular fragility [53]. Selective embolization is an efficient and also a noninvasive
treatment alternative, which can result in ischemic gallbladder necrosis few days
following the treatment [53]. The patients having good hemodynamically status,
cholecystectomy can be carried out averting biliary ischemic problems and also the
related morbidity and mortality [53].

3.4 Hematemesis due to cystic artery pseudoaneurysm (CAP)

Dependent upon the latency from surgery to presentation, the rate of bleeding
differs from the minimum to enormous, with the increased amount of blood loss are
much more likely in later presentations [39]. Some possible components of injury
considered to play a role in CAP incorporate the unnecessary use of electrocautery
when taking apart the infundibulum from the gallbladder, which might trigger
thermal damage to the vascular wall and erosion of the tip of the metal clip utilized
to ligate the cystic duct into the internal walls of the cystic artery [38]. In cases with
repeated hematemesis and a medical history of earlier biliary interventions, upper
endoscopy is undoubtedly a suitable first diagnostic step. Direct visualization of
blood emanating from the ampulla of vater, diagnostic of hemobilia, is hardly ever
experienced [54]. If recurring endoscopic and cholangiographic assessments are
not able to uncover a possible bleeding point, angiography may be recommended
as the next phase in assessment [54]. Surgical ligation via an open or laparoscopic
approach is recognized as second-line treatments for pseudoaneurysm of hepatic
artery and CAP, restricted to controls exactly where an angiographic approach isn’t
feasible or does not work out [54]. In another study, they assessed the importance
of choledochoscopy within the evaluation of hemobilia, considering that several
EGDs and ERCPs skipped diagnosing, contrary to choledochoscopic visual image
of the clip, eroding into the cystic duct remnant by having an adjoining soft-tissue
protuberance was the initial indication of potential vascular injury, resulting in the
right examination and remedial assistance [55]. Gallbladder ischemia is an issue for
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patients having an intact gallbladder that endure embolization of the cystic artery.
Therefore, in such circumstances gall bladder removal is normally carried out right
after embolization procedure [56].

CAPs are unusual but possibly despondent complications of LC procedures.
Right upper quadrant pain, hemorrhaging, and jaundice after biliary interven-
tion are an indication of hemobilia, a typical manifestation of pseudoaneurysm,
even though introductory signs and symptoms can differ considerably. In the
cases where the PSA continues to grow following preliminary management with
TAE, following operative management had been documented through which an
exploratory laparotomy and ligation of the nourishing vessel ended in an entire
recuperation [57]. Infection might also result in a high-risk of vascular suture rup-
ture right after ligation of the artery; within this report, the patient passed away 2
days following surgical repair of a PSA as a result of severe bleeding from GI tract
[58]. Gastrointestinal internal bleeding may perhaps present as hematemesis or
melena, depending on the rate of blood loss [59]. Erosion on the PSA in GI tract or
into the cystic duct stump or forming a fistula between these two structures was
earlier documented [58, 60-62]. An increased index chart of diagnostic doubts
is really important for earlier acknowledgement and treating this additional
unwanted effect. In combination with endoscopy, cholangiography, angiography,
and choledochoscopy might be helpful diagnostic resources in order to evaluate of
suspected hemobilia [55]. Lately, numerous scientific studies have documented the
effective treatments for PSAs by injecting thrombin straight into the hepatic artery
aneurysm [37, 63].

On the other hand, embolization employing this approach could possibly be
not discerning. It could result in unwanted additional complications, for instance,
infarctions of liver and bowel; adding small quantities of thrombin with real-
time sonography and Doppler assistance may perhaps lessen this threat [37].
Alternatively, angiographic embolization might be related to considerable hazards,
such as shatter in the PSA throughout coil’s embolization, an expansion in the
thrombosis within the RHA, necrosis, hemorrhage, abscess creation and CBD
stricture resulting from poor vascular supply [64-66]. A current review discovered
that post-embolization syndrome took place in 9 out from 14 sufferers, and it was
linked to the ages of the patient as well as time period relating to the LC procedure
and TAE therapy [67]. Some others have recommended usage of a protected stent
when dealing with the PSA to be able to sustain blood circulation towards liver
preventing additional complications relevant to diminished circulation [68]. Stents
could also be used for individuals with accompanying hepatic artery stenosis and
PSAs [68]. From a technical perspective, the positioning of the stent for the PSA in
the RHA is recognized as complicated owing its far away position, more compact
dimension and quite often intricate or transformed [68]. In one report, a patient
presented with acute pancreatitis due to corrosion of TAE coils in the CBD subse-
quently 24 months after the LC [69].

Nevertheless, as a result of substantial advancements in catheter-based treat-
ment plans now are generally given TAE by occluding the providing vascular supply
with various embolic agents, which includes gel foam, coils, N-butyl cyanoacrylate
and thrombin, ahead of preferably embolizing the vessel proximal and distal
towards the PSA to avoid equity filling up in the PSA [37, 60, 65, 66, 70, 71]. In
82% of scenarios, embolization was documented typically effective while, surgical
procedures needed in remainder 18% of the subjects [36]. When coils are utilized,
they are able to the originator of thrombosis; consequently, in sufferers with consid-
erable coagulopathies, the blood vessel might still continue to be distinct regardless
of embolization plus the course of action could possibly be inadequate to managing
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blood loss [72]. In modest PSAs, glue works extremely well as an alternative because
the adhesive contours towards the type of PSA [73]. Additionally, coil’s positioning
could be tricky in individuals having a modest PSA [71]. In some instances, equally
techniques could be implemented [71].

Failing to excise the PSA may bring about its burst since the aneurysm is usually
inflamed and infected. An infection may also result in a high-risk of vascular suture
split adhering to ligation of the artery; within a review, a person passed away 2 days
following surgical repair of a PSA due to catastrophic gastrointestinal hemorrhage
[58]. In the event wherein the PSA continues to be expanded following preliminary
management with TAE, following operative management had been documented by
which an exploratory laparotomy and ligation of the nourishing vessel ended in an
entire recuperation [57]. Excision helps to ensure that a PSA won’t expand result-
ing from continual arterial blood pressure; furthermore, failing to excise the PSA
may bring about its burst because the aneurysm is frequently contaminated [72]. A
number of people who typical to hemobilia and obstructive jaundice may addition-
ally need endoscopic retrograde cholangiopancreatography and transhepatic biliary
drainage while in some circumstances CBD exploration to vacate the blood clot in
the event the jaundice won’t get better [49, 52]. Operative control over to substantial
hemobilia is apparently effective for 90% of patients, with rebleeding and fatality
rates of lower than 5 and 10%, correspondingly [66].

4. Summary

Most often, vascular injuries and biliary duct injuries may occur concomi-
tantly during the LC procedure. They arise more frequently than contemplated
formerly, and it is witnessed much more proximal in LC contrast to those observed
in open surgical procedure. Ultimately, it enhances the fatality rate. However, it
could potentially cause greater morbidity and endanger the long-term functional
outcomes of biliary reconstruction by triggering anastomotic strictures. When
recognized earlier, there is certainly some space for restoration and reconstruction,
even though this is contentious. Where as in delayed instances, it appears to be
acceptable not to consider the vascular injuries by itself.

A hepatic or cystic artery PSA following the LC procedure is definitely infre-
quent. However, when it ensues occurs as life-threatening complications. The
delayed presentation of the situation, which could take place weeks following the
surgical procedure, and the typical symptoms with gastrointestinal internal bleed-
ing can potentially lead to incorrect diagnosis or late treatment. Consequently,

a higher index of clinical suspicions is needed for patients with inexplicable GI
hemorrhage after having the LC procedure. A contrast CT scan or angiogram
typically verifies the diagnosing, and trans arterial embolization is most likely the
defacto standard of management, having a higher rate of success. On the other
hand, operative treatment is essential for cases where TAE is unachievable or does
not work out. Safety measures ought to be taken to prevent vascular injury while
conducting the LC in order to prevent a PSA, especially when the cholecystectomy
procedure is essentially problematic. An increased likelihood of symptomatic sus-
picion is needed for earlier recognition and management of this unwanted effect. In
combination with endoscopy, cholangiography, angiography, and choledochoscopy
could be efficient diagnostic tools while in the evaluation of assumed hemobilia.
Specialist’s consultation is mandatory while having any diagnostic and operative
dilemma during the LC procedure in order to deter the unwanted complications and
to attain the optimal consequences.
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