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Abstract
The investigative evidence and emerging concepts 
in neurogastroenterology implicate dysfunctions at 
the levels of the enteric and central nervous systems 
as underlying causes of the prominent symptoms 
of many of the functional gastrointestinal disorders.  
Neurogastroenterological research aims for improved 
understanding of the physiology and pathophysiology 
of the digestive subsystems from which the arrays of 
functional symptoms emerge. The key subsystems 
for defecation-related symptoms and visceral hyper-
sensitivity are the intestinal secretory glands, the 
musculature and the nervous system that controls and 
integrates their activity. Abdominal pain and discomfort 
arising from these systems adds the dimension of 
sensory neurophysiology. This review details current 
concepts for the underlying pathophysiology in terms of 
the physiology of intestinal secretion, motility, nervous 
control, sensing function, immuno-neural communication 
and the brain-gut axis.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Functional gastrointestinal disorders are those in which 
no abnormal metabolic or physical processes, which can 
account for the symptoms, can be identified[1]. The irritable 

bowel syndrome (IBS) is an example of  a significant 
functional disorder, which affects 10-20 percent of  the 
population worldwide[2-6]. Predominant symptoms of  
IBS are abnormal defecation associated with abdominal 
pain, both of  which may be exacerbated by psychogenic 
stress[7]. The abnormal defecation in IBS is predominately 
diarrhea or constipation. A subgroup of  IBS patients 
alternates from one to the other over time. In the absence 
of  abdominal pain, persistent diarrheal states or states of  
constipation may also fall into the category of  a functional 
disorder. Urgency to stool and incontinence for fecal 
liquid are often coincident with the diarrheal state. Patients 
with constipation-predominant IBS, and oftentimes 
functional constipation, often report bloating, straining 
and sensations of  incomplete fecal evacuation. Significant 
subpopulations of  IBS patients and functional dyspeptic 
patients are hypersensitive to distension of  the recto-
sigmoid region of  the large bowel and the hypersensitivity 
can extend to other regions of  the digestive tract (e.g. 
esophagus)[7,8].

The basic gastrointestinal physiology in this review 
deals with the normal and disordered physiology of  the 
systems out of  which the symptoms of  IBS and functional 
diarrhea or constipation emerge. Knowledge of  this kind 
is necessary for understanding the pathophysiology, which 
underlies the symptoms, and for rational therapeutic 
strategies. The subsystems involved in the defecation-
related symptoms are the intestinal secretory glands, 
the musculature and the nervous system that controls 
their activity. Abdominal pain and discomfort, which 
arise from these systems, falls into the domain of  
sensory neurophysiology. This review will explore the 
pathophysiology in terms of  current concepts of  the 
physiology of  intestinal secretion, motility, nervous control 
and sensing functions.

THE BRAIN-IN-THE-GUT
Gastrointestinal behavior reflects the integrated func-
tioning of  the musculature, mucosal epithelium and 
blood-lymphatic vasculature. The enteric division of  the 
autonomic nervous system (i.e. brain-in-the-gut) organizes 
and coordinates the activity of  the three effector systems 
to generate functionally effective patterns of  behavior 
that are adaptive for differing digestive states. The enteric 
nervous system (ENS) is a local minibrain that contains a 
library of  programs for the necessary patterns of  intestinal 
behavior. Mixing in the digestive state, the migrating motor 
complex in the interdigestive state and emetic patterns of  
small intestinal motor behavior and haustral formation in 
the large intestine are examples of  outputs from four of  
the neural programs in the ENS library. During emesis, the 



program output includes reversal of  peristaltic propulsion 
in the upper jejunum and duodenum to rapidly propel 
the contents toward the open pylorus and relaxed gastric 
antrum and corpus. 

Structure, function and neurochemistry of  the gan-
glia of  the enteric nervous system are unlike other 
autonomic ganglia. Neurons in the ganglia of  the ENS 
are interconnected by chemical synapses to form an 
independent nervous system with mechanisms for 
integration and processing of  information like those 
in the brain and spinal cord. Instead of  housing neural 
control entirely within the central nervous system (CNS), 
a minibrain has evolved within the walls of  the digestive 
tract placed in close proximity to the effector systems that 
must be controlled and regulated along several meters of  
bowel.

The ENS has as many neurons as the spinal cord. The 
large number of  neurons, required for program control 
of  digestive functions, would overly expand the CNS if  
housed there. Rather than crowding the neural control 
circuits exclusively within the skull or vertebral column and 
transmitting nerve impulses over long transmission lines to 
the gut, vertebrate animals have evolved with most of  the 
neural networks, required for automatic feedback control, 
spatially distributed along the digestive tract close to the 
effector systems that must be controlled and integrated for 
whole organ function.

Like the CNS, the ENS has interneurons and motor 
neurons that are interconnected by chemical synapses 
into functional neural networks (Figure 1). Moreover, like 
the CNS, the ENS networks receive synaptic input from 
sensory neurons. The sensory neurons, most of  which 
have their cell bodies in spinal dorsal root or nodose 
ganglia and their terminations in the intestinal wall and 
spinal cord, express receptor regions specialized for 
detecting and coding information on changes in thermal, 
chemical or mechanical stimulus energy within the 

environment of  the receptor region. The receptor regions 
transform changes in stimulus energy into signals coded by 
action potentials that subsequently are transmitted along 
sensory nerve fibers to be received and processed in both 
the ENS and CNS.

Interneurons are connected by synapses into networks 
that process sensory information and determine the 
behavior of  motor neurons. Multiple connections among 
many interneurons use the same mechanisms of  chemical 
neurotransmission as the CNS to form “logic” circuits 
that decipher inputs from sensory neurons. Some of  the 
circuits are reflex circuits that organize reflex responses 
to sensory inputs and others are integrative circuits that 
contain the programs for motor behavioral patterns, such 
as the migrating motor complex, haustral formation in the 
colon and postprandial mixing movements in the small 
intestine. Motor neurons are the final common output 
pathways for transmission of  control signals from the 
interneuronal networks to the effector systems.

Enteric motor neurons
Motor neurons in the ENS are excitatory or inhibitory 
motor neurons (Figure 1). The excitatory motor neurons 
release neurotransmitters, which evoke contraction of  
the musculature and secretion from mucosal glands. 
Acetylcholine and substance P are the main excitatory 
neurotransmitters released at neuromuscular junctions 
to stimulate muscle contraction. Acetylcholine, vaso-
active intestinal polypeptide and ATP are excitatory 
neurotransmitters responsible for evoking secretion from 
the intestinal glands.

Enteric inhibitory motor neurons release neuro-
transmitters at neuromuscular junctions where they 
act to suppress contractile activity of  the musculature. 
Vasoactive intestinal polypeptide, nitric oxide and ATP 
are among the neurotransmitters implicated as inhibitory 
neurotransmitters at neuromuscular junctions in the 
digestive tract.

Inhibitory motor neurons
Enteric inhibitory motor neurons have central importance 
in consideration of  ENS neuropathy because their loss 
is manifest as profound pathologic changes in contractile 
behavior of  the intestinal musculature. The pathologic 
changes in motor behavior associated with degeneration of  
inhibitory motor neurons reflect the specialized physiology 
of  the musculature. The gastrointestinal musculature is a 
self-excitable electrical syncytium consisting of  interstitial 
cells of  Cajal (ICCs) that function as pacemakers for the 
gastric musculature and the intestinal circular muscle 
coat. The term “electrical syncytium” infers that action 
potentials and pacemaker potentials spread by way of  
gap junctions from smooth muscle fiber to muscle 
fiber in three dimensions. The action potentials trigger 
contractions as they spread through the bulk of  the 
musculature. The ICCs are a non-neural pacemaker system 
of  electrical slow waves that are electrically coupled 
to the musculature and account for the self-excitable 
characteristics of  the muscle[9-13]. The electrical slow 
waves, in this construct, are an extrinsic factor to which 
the circular muscle responds. Consideration of  these 

Figure 1  The heuristic model for the enteric nervous system is the same as for 
the central nervous system. Sensory neurons, interneurons and motor neurons 
are synaptically interconnected to form the neural networks of the ENS. Like the 
central nervous system, sensory neurons, interneurons and motor neurons are 
connected by chemical synapses for directional flow of information from sensory 
neurons to interneuronal integrative networks to motor neurons to effector 
systems. The ENS organizes and coordinates the activity of each effector system 
into meaningful behavior of the whole organ. Bidirectional communication occurs 
between the ENS and the central nervous system.
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functional aspects of  the musculature raises the question 
of  why the circular muscle fails to respond with action 
potentials and contractions to each and every pacemaker 
cycle and why action potentials and contractions do not 
spread in the syncytium throughout the entire length of  
intestine whenever they occur at any point along the bowel. 
The answer is that the circular muscle in a segment of  
bowel can only respond to invading electrical slow waves 
from ICCs when the inhibitory motor neurons in the ENS 
of  that segment are inactivated by input from the control 
circuits formed by interneurons (Figure 1). Likewise, action 
potentials and associated contractions can propagate only 
into regions of  musculature where the inhibitory motor 
neurons are inactivated. Therefore, activity of  inhibitory 
motor neurons determines when the omnipresent slow 
waves initiate a contraction, as well as the distance and 
direction of  propagation once the contraction has begun.

Some of  the inhibitory motor neurons to the circular 
muscle fire continuously and continuously release 
inhibitory neurotransmitters at their junctions with the 
muscle. This results in ongoing inhibition of  contractile 
activity. Action potentials and contractions of  the muscle 
are permitted only when the active inhibitory neurons 
are inactivated by input from the interneuronal control 
circuitry[14,15]. The behavior of  inhibitory motor neurons 
to smooth muscle sphincters (e.g. lower esophageal and 
internal anal sphincters) is opposite to that of  the intestinal 
circular muscle coat. Inhibitory motor neurons to the 
sphincters are normally silent and are switched to firing 
mode with timing appropriate for coordinated opening of  
the sphincter with physiological events in adjacent regions. 
When inhibitory motor neurons fire, they release inhibitory 
neurotransmitters that relax ongoing muscle contraction in 
the sphincteric muscle and prevent excitation-contraction 
in the musculature on either side of  the sphincter from 
spreading into and closing the sphincter.

In non-sphincteric circular muscle, the activity state 
of  the inhibitory innervation determines the length of  a 
contracting segment by controlling the distance of  spread 
of  action potentials within the three-dimensional electrical 
geometry of  the smooth muscle syncytium. Contraction 
can occur in segments in which ongoing inhibition is 
inactivated while adjacent segments with continuing 
inhibitory input cannot contract. The boundaries of  
the contracted segment reflect the transition zone from 
inactive to active inhibitory motor neurons. The directional 
sequence in which the inhibitory motor neurons are 
inactivated establishes the direction of  propagation of  
the contraction. Normally, inhibition is progressively 
inactivated in the aboral direction, resulting in contractile 
activity that propagates in the aboral direction. During 
emesis, the inhibitory motor neurons must be inactivated 
in a reverse sequence to account for small intestinal 
propulsion that travels toward the stomach. In general, any 
treatment or condition that ablates the intrinsic inhibitory 
neurons results in spastic contractile behavior of  the 
intestinal circular muscle coat.

Several conditions associated with ablation of  enteric 
inhibitory neurons are associated with conversion from 
a hypoactive contractile condition of  the circular muscle 
to a hyperactive contractile state. Observations of  this 

nature, usually made by manometric recording methods 
in vivo, reinforces the evidence that a subset of  the pool 
of  inhibitory motor neurons is tonically active, and that 
blockade or ablation of  these neurons releases the circular 
muscle from the inhibitory influence[14-16]. The behavior of  
the muscle in these cases is tonic contracture and recurring 
disorganized phasic contractile activity that is non-
propulsive.

Disinhibitory motor disease
The inhibitory neuromuscular relations in the intestine 
predict that spasticity and “achalasia” (i.e. failure to relax) 
will accompany any condition where inhibitory motor 
neurons are rendered inactive or destroyed. Without ENS 
inhibitory neural control, the self-excitable smooth muscle 
contracts continuously and behaves as an obstruction. 
This occurs because the muscle responds to each and 
every ICC-generated electrical slow wave with contractions 
that propagate in all directions without any control of  
amplitude or distance of  propagation. Contractions 
spreading in the uncontrolled syncytium collide randomly 
resulting in chaotic-ineffective behavior in the affected 
intestinal segment in ways which are reminiscent of  
fibrillation in the myocardium.

Loss or malfunction of  inhibitory motor neurons is the 
pathophysiological starting point for disinhibitory motor 
disease, which includes several forms of  chronic intestinal 
pseudoobstruction and sphincteric achalasia. Neuropathic 
degeneration of  the ENS includes loss of  the pool of  
inhibitory motor neurons along with the interneuronal 
pool and is a progressive disease that in its early stages may 
be manifest as symptoms that could be interpreted as a 
functional gastrointestinal disorder (e.g. IBS).

Intestinal pseudoobstruction is a pathophysiological 
state with symptoms that resemble those of  a mechanical 
obstruction to forward propulsion, but without the 
presence of  a mechanical obstruction. Chronic intestinal 
pseudoobstruction can be myopathic or neuropathic. The 
neuropathic form of  chronic intestinal pseudoobstruction 
is a form of  disinhibitory motor disease linked with 
neuropathic degeneration in the ENS. Failure of  propulsive 
motility in the affected length of  bowel reflects loss of  
the neural microcircuits that program and control the 
repertoire of  motility patterns required for the necessary 
functions of  that region of  bowel. Pseudoobstruction 
occurs mainly because contractile behavior of  the circular 
muscle is hyperactive, but disorganized in the denervated 
regions[17,18]. Hyperactivity determined by manometric 
recording methods is a diagnostic sign of  the neuropathic 
form of  chronic small bowel pseudoobstruction. The 
hyperactive and disorganized contractile behavior reflects 
the absence of  inhibitory nervous input to the muscles, 
which are autogenic when released from the braking 
action of  the inhibitory motor neurons of  the ENS. 
Chronic pseudoobstruction is therefore symptomatic of  
the advanced stage of  a progressive enteric neuropathy. 
Retrospective review suggests that IBS-like symptoms in a 
subgroup of  patients can be an expression of  early stages 
of  the neuropathy[19-21]. 

Degenerative non-inflammatory and inflammatory 
ENS neuropathies are two kinds of  disinhibitory motor 
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disorders that culminate in pseudoobstruction. Non-
inflammatory neuropathies are classified as familial or 
sporadic[22]. In the former, the neuropathological findings 
include a marked reduction in the number of  neurons 
in both myenteric and submucosal plexuses, and the 
presence of  round, eosinophilic intranuclear inclusions 
in roughly 30% of  the residual neurons. Histochemical 
and ultrastructural evaluations reveal the inclusions not 
to be viral particles, but rather proteinaceous material 
forming filaments that is are in some ways reminiscent 
of  Alzheimer’s disease in the brain[23,24]. Members 
of  two families have been described with intestinal 
pseudoobstruction associated with the autosomal 
dominant form of  ENS neuropathy[25,26]. The numbers of  
enteric neurons in these patients were decreased with no 
alterations found in the CNS or parts of  the autonomic 
nervous system outside the gut.

Degenerative inflammatory ENS neuropathies are 
characterized by a dense inflammatory infiltrate confined 
to enteric ganglia. Paraneoplastic syndrome, Chagas disease 
and idiopathic degenerative disease are recognizable 

forms of  pseudoobstruction related to inflammatory 
neuropathies. 

Paraneoplastic syndrome is a form of  pseudoo-
bstruction where commonality of  antigens between some 
forms of  cancer cells (e.g. small-cell carcinoma of  the 
lungs) and enteric neurons leads to autoimmune attack, 
which results in loss of  neurons[27,28]. Most of  the patients 
with symptoms of  pseudoobstruction in combination 
with small-cell lung carcinoma express immunoglobulin-G 
autoantibodies that react with neurons in their ENS[29]. 
These antibodies react with molecules expressed on the 
nuclear membranes of  neurons (e.g. Hu and Ri proteins) 
and with cytoplasmic Yo protein of  Purkinje cells in 
the cerebellum[30,31]. Immunostaining with sera from 
paraneoplastic patients shows a characteristic pattern of  
staining in enteric neurons[30]. The detection of  anti-enteric 
neuronal antibodies in the patient’s serum establishes the 
specific diagnosis. The circulating antibodies damage the 
neurons by inducing apoptosis[32].

The association of  enteric neuronal loss and symptoms 
of  pseudo-obstruction in Chagas disease also reflects 
autoimmune attack on the neurons with accompanying 
symptoms that mimic the situation in sphincteric achalasia 
and paraneoplastic syndrome. Trypanosoma cruzi, the blood-
borne parasite that causes Chagas disease, has antigenic 
epitopes similar to enteric neuronal antigens[33]. This 
antigenic commonality activates the immune system to 
assault the ENS coincident with its attack on the parasite.

Idiopathic inflammatory degenerative ENS neuropathy 
occurs unrelated to neoplasms, infectious conditions or 
other known diseases[32,34-38]. Patients have been described 
with early complaints of  symptoms similar to IBS that 
progressively worsened and were later diagnosed as 
idiopathic degenerative inflammatory neuropathy based 
on full-thickness biopsies taken during exploratory 
laparotomy, which revealed chronic intestinal pseudoobs
truction[20,35-38]. Each of  these patients had inflammatory 
infiltrates localized to ganglia of  the myenteric plexus. 
Sera from these patients contain antibodies against enteric 
neurons that are similar to those found in secondary 
inflammatory neuropathies (i.e. anti-Hu), but with different 
immunolabeling patterns characterized by prominent 
cytoplasmic rather than nuclear staining.

Recognition of  the brain-like functions of  the ENS 
leads to a conclusion that early neuropathic changes are 
expected to be manifest as symptoms that worsen with 
progressive neuronal loss. In diagnostic intestinal motility 
studies (e.g. manometry), degenerative loss of  enteric 
neurons is reflected by hypermotility and spasticity[17] 
because inhibitory motor neurons are included in the 
missing neuronal population.

The observations in patients with autoimmune atta-
ck on the ENS suggest that early stages of  an enteric 
neuropathy might be expressed as IBS-like symptoms. 
Early symptoms in these patients can be lower esophageal 
sphincter achalasia, which reflects loss of  inhibitory 
innervation of  the sphincter, and postprandial cramping 
abdominal pain and diarrhea. The disease in these 
individuals appears to progress from IBS-like symptoms 
to symptoms of  chronic intestinal pseudoobstruction in 
parallel with progressive loss of  neurons from their ENS 
(Figure 2).

A

B

Figure 2  Enteric neuropathy underlies the pathophysiology in a subset of patients 
with functional gastrointestinal disorders. A: Idiopathic myenteric ganglionitis. 
Histology of the myenteric plexus in a full-thickness small intestinal biopsy taken 
during exploratory laparotomy for intestinal obstruction. A diagnosis of neuropathic 
pseudoobstruction was made on the basis of neuronal degeneration associated 
with an inflammatory infiltrate localized to the myenteric plexus. The patient had 
a multiple year history of complaints suggestive of IBS. Histological section and 
patient history courtesy of Dr. Claudio Fiocchi, The Cleveland Clinic, Cleveland, 
Ohio; B: Enteric neuronal degeneration and associated symptoms progress 
in parallel (e.g. symptoms of IBS). Most individuals start postnatal life with a 
normal ENS and normally functioning bowel. Neuronal degeneration mediated by 
autoimmune attack directed to the ENS (e.g. paraneoplastic syndrome, Chagas 
disease, idiopathic inflammatory neuropathy) can progress to a stage where ENS 
function is lost. Functional bowel symptoms appear and worsen as neurons are 
progressively lost from the ENS microcircuits required for integrated function of the 
whole organ. Chronic intestinal pseudoobstruction of the neuropathic form occurs 
when the loss of neurons progresses to a stage where the neuronal circuits for 
propulsive motility are no longer functional.
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NEUROGENIC SECRETION: DIARRHEA AND 
CONSTIPATION
Disordered defecation in IBS is related directly to the 
physiology of  enteric secretomotor neurons. Secretomotor 
neurons are excitatory motor neurons in the submucosal 
plexus of  the ENS, which innervate and stimulate 
secretion from the intestinal crypts of  Lieberkühn, 
Brunner’s glands and goblet cells (Figure 3).

Secretomotor neurons
Secretomotor neurons are uniaxonal with characteristic 
shapes described as Dogiel Type I and electrophysiological 
behavior like S-type enteric neurons[39-41]. When they 
fire, they release acetylcholine and vasoactive intestinal 
polypeptide at their junct ions with the secretory 
epithelium. Collateral projections from the secretomotor 
axons innervate submucosal arterioles (Figure 3). Collateral 
innervation of  the blood vessels links secretomotor 
activity in the glands to submucosal blood flow[42]. Active 
firing of  secretomotor neurons releases acetylcholine 
simultaneously at neuroepithelial and neurovascular 
junctions. Acetylcholine acts at the blood vessels level to 
release nitric oxide from the endothelium, which in turn 
dilates the vessels and increases blood flow[42].

Secretomotor neurons have receptors that receive exci-
tatory and inhibitory synaptic input from other neurons in 

the integrative circuitry of  the ENS and from sympathetic 
postganglionic neurons (Figure 3)[43-45]. Secretomotor 
neuronal excitability is greatly influenced also by paracrine 
chemical messages from nonneural cell types in the 
mucosa and submucosa (e.g. enterochromaffin cells, mast 
cells and other kinds of  immune/inflammatory cells). 
Activation of  the excitatory receptors on secretomotor 
neurons stimulates the neurons to fire and release their 
transmitters at the junctions with the secretory glands and 
regional blood vessels. The overall result of  secretomotor 
neuronal firing is stimulation of  the secretion of  H2O, 
NaCl, bicarbonate and mucus from the intestinal glands 
into the intestinal lumen[46,47].

Inhibitory input to secretomotor neurons
Inhibitory inputs from other neurons hyperpolarize 
the membrane potential of  secretomotor neurons and 
this decreases the probability of  firing (Figure 3). The 
physiological effect of  inhibiting secretomotor firing is 
suppression of  mucosal secretion. Postganglionic neurons 
of  the sympathetic nervous system are an important 
source of  inhibitory input to the secretomotor neurons. 
Norepinephrine released from sympathetic nerve terminals 
in the submucosal plexus acts at alpha2 noradrenergic 
receptors to inhibit firing of  the secretomotor neurons. 
Inhibition of  secretomotor firing reduces the release of  
excitatory neurotransmitters at the junctions with the 
secretory epithelium. The end result is reduced secretion 
of  water and electrolytes. Suppression of  secretion in this 
manner is part of  the mechanism involved in sympathetic 
nervous shut-down of  gut function in homeostatic states 
where blood is shunted from the splanchnic to systemic 
circulation.

Neurogenic secretory diarrhea and neurogenic constipation
Knowledge of  the neurobiology of  submucosal secret-
omotor neurons is necessary for understanding the patho-
physiology of  secretory diarrhea, as well as constipation. 
In general, secretomotor hyperactivity is associated 
with neurogenic secretory diarrhea; hypoactivity is 
associated with decreased secretion and a constipated 
state. Suppression of  secretomotor firing by antidiarrheal 
agents (e.g. opiates, clonidine and somatostatin analogs) 
is manifest as harder-drier stools. Stimulation by chemical 
mediators, such as vasoactive intestinal peptide (VIP), 
serotonin and histamine, is manifest as more liquid stools. 

Watery diarrhea may be caused by several different 
pathophysiological events. For example, secretomotor 
neurons may be overly stimulated by circulating VIP 
released from VIPomas, excessive serotonin release from 
mucosal enterochromaffin cells or histamine release from 
inflammatory/immune cells in the mucosa/submucosa[48]. 
Release of  histamine or other inflammatory mediators 
associated with diarrhea not only stimulates the firing of  
secretomotor neurons, but also simultaneously acts at 
presynaptic inhibitory receptors to suppress the release of  
norepinephrine from the postganglionic sympathetic axons 
that provide inhibitory input to secretomotor neurons[44,48]. 
Two pathological factors are therefore involved in the 
production of  neurogenic secretory diarrhea. One is over 

Figure 3  Intestinal secretory glands (i.e. crypts of Lieberkühn and Brunner’s 
glands) are innervated by secretomotor neurons in the ENS. Neurotransmitters 
(e.g. ACh and VIP), which evoke secretion, are released at the neuro-epithelial 
junctions when secretomotor neurons fire. Axon collaterals to blood vessels 
simultaneously dilate submucosal vessels to increase blood flow in support 
of stimulated secretion. Noradrenergic input from the sympathetic nervous 
system and somatostatinergic input from intrinsic ENS neurons suppress firing 
of secretomotor neurons and thereby inhibit secretion. Factors that cause 
hyperactivity of secretomotor neurons enhance secretion and lead to neurogenic 
secretory diarrhea. In inflammatory states (e.g. ulcerative colitis and Crohn’s 
disease) the release of inflammatory mediators elevates activity of secretomotor 
neurons leading to diarrhea. Certain pathogens and enterotoxins (e.g. cholera 
toxin and Clostridium difficille toxin A) activate secretomotor neurons to produce 
a diarrheal state. In food allergies, presence of sensitizing food antigens (e.g. 
shellfish, tree nuts) triggers mast cell degranulation and releases mediators such 
as histamine, serotonin and prostaglandins, all of which activate secretomotor 
neurons to evoke diarrhea. When secretomotor neurons are hypoactive, secretion 
is reduced, the liquidity of the intestinal contents is reduced and a state of 
constipation can follow. Activating opioid or somatostatinergic receptors (e.g. by 
opioid analgesics or octreotide) on secretomotor neurons inhibits their excitability 
and suppresses secretion.
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stimulation of  secretomotor neuronal firing and the other 
is presynaptic suppression of  norepinephrine release 
from sympathetic postganglionic neurons. Presynaptic 
suppression of  norepinephrine removes the sympathetic 
braking action from the neurons (Figure 3).

Excitatory Input to secretomotor neurons
Secretomotor neurons have excitatory receptors for several 
neurotransmitters, which include acetylcholine, VIP, subs-
tance P and serotonin[49]. One of  the serotonergic receptors 
belongs to the 5-HT3 receptor subtype[50].Efficacy of  blockade 
of  5-HT3 receptors by a 5-HT3 antagonist in the treatment of  
diarrhea in the diarrhea-predominant population of  women 
with IBS[51,52] suggests that hyperstimulation of  secretomotor 
neurons by serotonin is a significant factor in this form 
of  IBS. Observations that IBS symptoms of  cramping 
abdominal pain, diarrhea and fecal urgency are commonly 
exacerbated in the postprandial state[7,53] and evidence for 
elevated postprandial release of  serotonin[54,55] suggests that 
overactive release of  serotonin from the enterochromaffin 
cell population might underlie the diarrheal symptoms of  
IBS. This is reinforced by suggestions of  elevated numbers 
of  serotonin-containing enterochromaffin cells and also 
mast cells in the mucosa of  IBS patients[56-58].

ABDOMINAL PAIN AND DISCOMFORT
Primary causes of  abdominal pain of  digestive tract 
origin are distension and excessively strong muscular 
contractions. Stimuli, such as pinching and burning 
of  the mucosa applied via fistulae, do not evoke pain. 
Hypersensitivity of  the sensory mechanoreceptors for 
stretch (distension) and contractile force are implicated 
as pain factors in IBS. Hypersensitivity to distension 
is present in a substantial subset of  IBS patients[59-62]. 
Filling of  a balloon placed in the recto-sigmoid region 
evokes sensations of  discomfort and pain at lower 
distending volumes for IBS patents than for normal 
subjects. Hypersensitivity of  this nature to distension 
is not restricted to the distal bowel. Patients, who are 
diagnosed with functional dyspepsia, also experience more 

discomfort and pain at lower distending volumes in the 
stomach than normal subjects[63,64] and hypersensitivity 
to distension is present in the esophagus of  patients with 
non-cardiac chest pain[65].

IBS patients experience the same kind of  hypersen-
sitivity to electrical stimulation applied to the lining of  the 
recto-sigmoid region as they do during balloon distension 
in the recto-sigmoid[66]. This hypersensitivity to direct 
electrical stimulation of  the intramural sensory innervation 
implicates abnormal sensory neurophysiology rather than 
mechanical factors (e.g. wall tension and compliance) as 
underlying the decreased sensory thresholds present in 
IBS patients. Identification of  the sensory defect in IBS 
continues as an area of  active investigation and is yet to 
be elucidated convincingly. The lower sensory threshold 
in IBS might reflect: (1) sensitization of  intramural 
mechanoreceptors; (2) sensitization of  neurotransmission 
at synapses in the spinal cord; (3) abnormal processing 
of  the sensory information when it reaches the brain; (4) 
combinations of  each of  these possibilities.

Peripheral neuropathological factors
Mechanosensitive primary sensory afferents in the walls 
of  the specialized organs of  the digestive tract detect and 
signal contraction and distension of  the musculature. 
The mechano-sensing structures at the afferent terminals 
behave as if  they are attached “in-series” with the 
long axes of  the smooth muscle fibers (Figure 4). This 
arrangement accounts for activation of  the sensors by 
either muscle contraction or distension. The cell bodies of  
the neurons that give rise to intestinal afferents are located 
in vagal nodose ganglia and dorsal root spinal ganglia. 
Mechanosensitive information is transmitted along spinal 
afferents to the spinal cord by way of  dorsal root ganglia 
and along vagal sensory afferents to the brain stem by way 
of  the nodose ganglia and synaptic relays in the nucleus 
tractus solitarius.

Vagal and spinal afferent fibers are predominantly 
unmyelinated C-fibers or thinly myelinated Aδ-fibers 
each of  which transmits different modalities of  sensory 
information at low conduction velocity. In general, vagal 
afferents transmit sensory information on the nature 
and composition of  the luminal contents, the presence 
or absence of  motility and on contractile tension in the 
musculature. Spinal afferents transmit mechanosensitive 
information and pathophysiological information related to 
potentially noxious mechanical or chemical stimuli arising 
through tissue injury, ischemia or inflammation. Sensations 
of  pain and discomfort of  digestive tract origin reflect 
transmission in spinal afferents and information processing 
in the spinal cord and brain. Sensory information 
transmitted by the vagus nerves appears not to reach 
the level of  conscious sensation because patients with 
high spinal cord transections and intact vagal pathways 
experience little or no sensations of  digestive tract origin. 
On the other hand, conscious perception of  sensations 
from the digestive tract remains following a surgical 
vagotomy. This presumably reflects transmission over 
spinal afferents to the spinal cord and onward to conscious 
centers in the brain.

The barrage of  mechanosensory information, which is 
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Figure 4  Mechanoreceptors are connected “in-series” with the long axes of 
the smooth muscle fibers that form the intestinal circular muscle layer. Either 
contraction of the muscle or distension of the intestinal wall “stretches” the 
receptors and evokes firing of impulses in the sensory afferent fibers connected 
to the receptor. Firing frequency of the receptor increases in direct relation to the 
amount of “stretch” or, in some receptors, the rate at which the length changes. 
Mechanosensory information generated in this manner is transmitted by spinal 
afferents to the spinal cord or vagal nerve afferents to the dorsal vagal motor 
complex in the brain stem.
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transmitted from the small and large intestine to the CNS 
is generated by three kinds of  sensory afferents known 
as low-threshold, high-threshold and silent afferents[67]. 
Low-threshold afferents, which code small changes in 
wall tension, are thought to transmit the minute-to-
minute information required for functional autonomic 
negative-feedback control during contractile events. High-
threshold afferents require stronger changes in wall tension, 
which might be produced by distension of  the lumen 
or strong contraction of  the musculature, in order to be 
activated. The high-threshold afferents are postulated to 
be responsible for the range of  sensations from mild to 
severe pain that are associated with excessive distension or 
exceptionally strong muscle contraction. Silent afferents 
cannot be activated by distension when the bowel is in its 
normal state. They take on pathophysiological significance 
by becoming active and highly sensitive to stimuli during 
inflammatory states[68,69].

Postinfectious IBS
A significant percentage of  patients develop IBS-like 
symptoms fol lowing an acute bout of  infect ious 
enteritis[70-73]. Hypochondriasis and adverse life events 
during the infectious episode are reported to double the 
risk for development of  postinfective IBS[70]. Nevertheless, 
the question of  whether the association between acute 
infectious enteritis and IBS reflects low-level inflammation 
(e.g. microscopic enteritis) and chronic exposure of  the 
neural and glial elements of  the ENS to elevated levels 
of  serotonin, histamine or other inflammatory mediators 
remains to be fully resolved.

Serotonin receptors on sensory afferents
Application of  exogenous 5-HT evokes increased firing 
in extrinsic afferents and this is mediated by 5-HT3 
receptors that can be blocked by selective 5-HT3 receptor 
antagonists (e.g. alosetron)[74,75]. Intramural terminals 

of  both spinal and vagal sensory nerves express 5-HT3 

receptors. Reported efficacy of  alosetron in the treatment 
of  abdominal pain and discomfort in the diarrhea-
predominant form of  IBS in women suggests that these 
symptoms might reflect over-active endogenous release 
and elevated levels of  5-HT[51,76].

Persistence of  5-HT at its receptors, due to a defe-
ctive serotonin transporter, is a second possibility for 
hyperstimulation of  intramural serotoninergic receptors. 
Active uptake mediated by the serotonin transporter, 
which is expressed by enteric neurons and mucosal 
epithelial cells, restricts accumulation and action of  5-HT 
at its receptors following its release[77]. Down regulation 
of  both transporter mRNA expression and expression 
of  immunoreactivity for the serotonin transporter were 
reported to be present in mucosal biopsies taken from 
the large intestine of  IBS patients[78]. Watery stools and 
enhanced propulsive motility occurred in mice with a 
deletion in the serotonin transporter gene and the mice 
were reported to sometimes alternated between diarrhea 
and constipation in a way reminiscent of  the subset of  IBS 
patients that are classified as “alternators”[79].

Receptors for inflammatory mediators on sensory 
afferents
Aside from the 5-HT3, receptors for bradykinin, ATP, 
adenosine, prostaglandins, leukotrienes, histamine and 
mast cell proteases are expressed on spinal sensory nerve 
terminals[67,80]. Any one of  these mast cell or ischemia-
related mediators has potential for elevating the sensitivity 
of  intestinal sensory nerves, especially in the disordered 
conditions of  inflammation or ischemia. This suspicion 
is reinforced by findings that a reduced threshold for 
painful responses to balloon distension in the large 
bowel is associated with degranulation of  mast cells in 
animal models. Treatment with mast cell stabilizing drugs 
prevents lowering of  the pain threshold, which occurs 
during mucosal inflammation in the animal models[81], and 
suggests that mast cell stabilization might turn out to be an 
efficacious treatment in human IBS[82,83].

Central neuropathological factors
Much of  the evidence suggests altered peripheral sensory 
transduction as the underlying factor for the exaggerated 
sensitivity to distension found in IBS patients[84]. In this 
scenario, mechanosensitive primary afferents in the gut wall 
become hypersensitive to mechanical stimuli and as a result 
transmit at elevated frequencies of  firing that is interpreted 
in the CNS as nociceptive information. In an alternative 
scenario, normally functioning mechanoreceptors transmit 
accurate information, which is then misinterpreted in 
processing circuits in the spinal cord and/or brain to evoke 
conscious perceptions of  disordered sensations from the gut.

Ascending sensory pathways in the spinal cord 
Ascending spinal pathways involved in the transmission 
of  nociceptive signals from the digestive tract are 
the spinothalamic, spinohypothalamic, spinosolitary, 
spinoreticular, and spinoparabrachial tracts (Figure 5). 
Visceral pain information is also transmitted to higher 

Figure 5  Visceral nociceptive information is transmitted along multiple ascending 
spinal pathways to multiple processing centers in the brain. Projection pathways 
in the dorsal spinal columns transmit information from tactile receptors in the skin 
and visceral pain from nociceptors in the bowel.
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processing centers in the brain via pathways in the dorsal 
spinal columns[85,86-90]. Spinal afferents, which transmit 
nociceptive information, connect synaptically with second 
order neurons in the dorsal column nuclei (i.e. nucleus 
gracilis and nucleus cuneatus). Second order neurons in the 
spinal dorsal horn also provide input to the dorsal column 
nuclei (Figure 5). The pain signals are transmitted upward 
via the ipsilateral dorsal column nuclei to the contralateral 
ventroposterolateral nucleus of  the thalamus[85,90-92]. Dorsal 
column transmission is now considered to be more 
important than the spinothalamic and spinoreticular tracts 
in visceral nociceptive transmission. 

A midline myelotomy, which severs axons in the human 
dorsal columns, attenuates otherwise intractable visceral 
pain[87,90]. Stimulation of  the dorsal columns in patients 
with severe IBS evokes an immediate increase in the 
intensity of  their abdominal pain[93]. These observations 
in humans are consistent with experimental results in 
animals. Severing the axons of  the dorsal columns in rats 
or monkeys reduces the neuronal responses to colorectal 
distension in the ventral posterolateral nucleus of  the 
thalamus and of  neurons in the dorsal column nuclei, 
particularly in the nucleus gracilis[86,88]. 

Sensory processing in the cerebral cortex 
Methods of  brain imaging offer another investigative 

modality for addressing questions related to abnormal 
processing of  sensory information in the cerebral cortex 
of  IBS patients[84,94-96]. Functional magnetic resonance 
imaging (fMRI) and positron emission tomography (PET) 
are now commonly used to study information processing 
in the higher brain centers that underlie an individual’s 
experience of  conscious sensations.

Results from imaging studies suggest that unlike 
somatic sensat ion, which has a main homuncular 
representation in the primary somatosensory cortex, 
visceral sensation is mainly represented in the secondary 
somatosensory cortex[96,97]. Differences in processing in 
these specialized regions might account for the vagueness 
of  an individual’s ability to localize visceral sensation 
in relation to somatic sensation. Beyond the sensory 
cortices, fMRI and PET images show representation of  
both somatic and visceral sensation to be similar in the 
limbic and paralimbic regions of  the cortex (e.g. anterior 
insular, anterior and posterior cingulate, prefrontal and 
orbitofrontal cortices[94,95]. These areas are known to be 
involved in the individual’s motivational and emotional 
mood states and in the cognitive components of  visceral 
sensations.

Gender differences, reminiscent of  those found in IBS, 
are seen in the cortical representation when a balloon is 
distended in the recto-sigmoid region in healthy subjects[98]. 
Activation in the sensory/motor and parieto-occipital areas 
does not differ between genders. On the other hand, more 
extensive activation appears in the anterior cingulate and 
prefrontal cortices in females than in males. The volume 
of  evoked cortical activity in females is greater than in 
males for perception levels in the range from the urge to 
defecate to sensations of  fullness, mild discomfort and 
pain. Significance of  these gender differences is unclear; 
nevertheless, they are reminiscent of  the greater perceptual 
responses reported in female patients with functional 
gastrointestinal disorders (e.g. IBS)[99].

In healthy subjects, painful sensations evoked by 
distension of  a balloon in the recto-sigmoid region or 
the anticipation of  a potentially painful distension are 
associated with increased blood flow in the anterior 
cingulate cortex (Figure 6). In IBS patients, activation of  
the anterior cingulate cortex was reported not to occur 
in response to painful distension or the anticipation of  
painful distension[94,100]. On the other hand, an fMRI 
study found that patients with IBS showed enhanced 
activation of  the mid-cingulate cortex in response to rectal 
distension[101]. Selective activation of  the pre-frontal cortex 
appeared to take place coincident with decreased activation 
of  the anterior cingulate cortex in another study[94]. 
Attention is focused on the cingulate cortex because it 
is generally thought to be an integrative center for both 
emotional experience and specific representation for 
pain that might account for the linkage between pain and 
emotional state. This cortical region is formed around the 
rostrum of  the corpus callosum and has projections into 
the motor regions of  the cortex (Figure 6). The “affective” 
areas of  the cingulate cortex have extensive connections 
with the amygdala and periaqueductal gray matter and with 
autonomic nuclei in the brain stem[102]. This connectivity 
integrates autonomic and endocrine functions and recall of  

Figure 6  Conscious perception of visceral sensations emerge from the cingulate 
region of the cerebral cortex. Medial view of the brain showing organization of 
the cingulate cortex. Perigenual, midcingulate, posterior and retrosplenial are 
important structural and functional regions of the cingulate cortex with the following 
properties: (1) Perigenual anterior cingulate cortex surrounds the rostral portion 
of the cingulate cortex and is primarily involved in affect with a subsector devoted 
to visceromotor control via projections to the cranial parasympathetic and spinal 
sympathetic divisions of the autonomic nervous system. (2) Midcingulate cortex 
is involved in response selection and motivation and has a skeletomotor control 
subsector with neurons that project directly to the spinal cord. (3) Retrosplenial 
cingulate cortex is associated with memory recall. (4) Posterior cingulate cortex 
overlays the entire surface of the cingulate gyrus and has a caudomedial 
subsector that overlaps with the retrosplenial cingulate cortex. The retrosplenial 
cingulate cortex and posterior cingulate cortex are both involved in memory and 
activation of the caudomedial sector of the posterior cingulate cortex during 
memory of emotional events (e.g. emotional events associated with affect and gut 
function) provide an important framework for assessment of visceral function and 
disorder in brain imaging studies.
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emotional experiences. Cognition is believed to reside in 
the caudal portion of  the anterior cingulate cortex where 
the microcircuits are delegated to premotor functions and 
processing of  nociceptive information.

The functional neuroanatomy of  the cingulate cortex 
offers an explanation for the well documented association 
of  psychosocial disturbances (e.g. negative life events) with 
more severe cases of  IBS[99]. Rectal distension in persons 
with histories of  severe sexual and/or physical abuse has 
been reported to selectively activate the perigenual region 
of  the anterior cingulate cortex (Figure 6). One case report 
described a middle-aged female whose low pain threshold 
for rectal distension and diarrhea-predominant IBS 
improved after she was extricated from an abusive psycho-
social situation. Brain imaging with fMRI in this individual 
showed activation of  the mid-cingulate cortex during rectal 
distension prior to treatment and resolution of  activation 
associated with improvement in the patient’s psycho-social 
situation[103].

Sensory processing in the spinal cord
Nociceptive afferents, which do not project to dorsal 
column nuclei, terminate in the dorsal horn of  the spinal 
cord. They form synapses with second order nociceptive 
neurons that are located mainly in laminae I & II. Most of  
the neurons in laminae I & II receive direct synaptic input 
from A-delta and nonmyelinated C-fibers. Large numbers 
of  neurons in lamina I respond exclusively to noxious 
stimulation and project the information to higher brain 
centers (Figure 5).

Central sensitization (“wind-up”)
Elevated excitability in nociceptive dorsal horn neurons 
underlies spinally mediated hyperalgesia, which is termed 
central sensitization to distinguish it from sensitization 
that occurs at nociceptive terminals in the periphery. In 
conditions of  severe tissue injury and persistent injury, 
nociceptive C fibers fire repetitively and the excitability 
of  the second order neurons in the dorsal horn increases 
progressively in response to the elevated synaptic input. 
This effect is sometimes called “wind-up” and reflects the 

synaptic release of  glutamate from the incoming C-fibers 
and activation of  N-methyl-D-aspartate (NMDA)-
type glutamate receptors expressed by the second order 
neurons. These long-lasting changes in the excitability of  
dorsal horn neurons are like a memory imprint of  the 
nociceptive input. Accumulating evidence suggests that 
the spinal wind-up phenomenon may be operational and 
be an underlying factor in the intestinal hypersensitivity 
associated with IBS.

One piece of  the suggestive evidence for wind-up 
hypersensitivity is the finding that second order neurons 
in the dorsal horn show induction of  the early gene 
c-fos in response to noxious balloon distension of  the 
colon in rats[104]. Changes in gene expression in this 
case are expected to underlie postsynaptic excitability 
changes in the second order nociceptive neurons. 
A related phenomenon occurs in the rat spinal cord 
where excitability of  second order nociceptive neurons 
become sensitized to distension-evoked input following 
inflammation of  the colon produced by application of  
acid to the mucosa (Figure 7). The same phenomenon is 
evident in dorsal column nuclei where firing of  second 
order neurons to colo-rectal distension becomes sensitized 
following inflammation of  the colon evoked by application 
of  mustard oil to the mucosa[105]. These effects of  
inflammation are characterized by a decrease in threshold 
and an increase in firing rate of  the neurons in the dorsal 
horn and dorsal column nuclei in response to distension 
of  the large intestine. This is believed to reflect central 
sensitization secondary to peripheral sensitization and 
elevated firing of  sensory nerve terminals in the inflamed 
intestinal wall.

In a study, which is reminiscent of  the connection 
between sexual and physical abuse in early childhood and 
IBS in adult humans, Al-Chaer et al[106] reported that central 
sensitization may also be induced in animal models in 
the absence of  inflammation. Neonatal rats in this study 
were subjected daily to noxious colo-rectal distension 
or intracolonic injection of  mustard oil beginning 8 d 
postpartum and lasting for 21 d. When tested in adulthood, 
the rats that were “abused” as neonates were hypersensitive 
to colo-rectal distension as reflected by a lower threshold 
and elevated intensity of  reflex responses indicative of  
abdominal pain. Single-unit electrophysiological recording 
from dorsal horn neurons in the lumbar and sacral regions 
of  the spinal cord of  the adult animals found significantly 
higher background firing frequencies in the animals that 
were “abused” as neonates and enhanced firing frequencies 
in response to colo-rectal distension when compared with 
non-abused controls. Histological examination found no 
evidence of  an inflammatory state in the large intestine in 
either the adult “abused” animals or their controls in these 
studies.

Limited evidence for central sensitization to distension 
of  the large bowel has been obtained for humans, who 
meet diagnostic criteria for IBS[61]. In IBS patients, 
repetitive inflation of  a balloon in the sigmoid colon, 
to noxious levels of  stimulation, alters the processing 
of  afferent information entering the spinal cord from 
the rectum. Altered central processing appears to be 
present in IBS patients and not in normal subjects. The 
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altered central processing in human IBS is reflected 
by development of  hyperalgesia in response to rectal 
distension and spontaneously developing hyperalgesia over 
an extended period of  time in the recto-sigmoid region 
in the absence of  any further application of  the repetitive 
distension protocol. 

Descending spinal modulatory pathways
Processing of  incoming nociceptive signals in the spinal 
cord is subject to descending modulatory influences from 
supraspinal structures in the brain (e.g. periaqueductal gray, 
nucleus raphe magnus, nuclei reticularis gigantocellularis, 
and the ventrobasal complex of  the thalamus) (Figure 8).  
The descending modulatory activity can be either 
inhibitor y, faci l i tator y or both depending on the 
context of  the visceral stimulus or the intensity of  the 
descending neural activity. The descending pathways, 
which originate in the brainstem and higher centers, 
influence the processing of  nociceptive signals from the 
bowel within the microcircuitry of  the dorsal horn of  the 
spinal cord. These descending pathways release serotonin 
and noradrenalin and to a lesser extent dopamine as 
neurotransmitters at their synapses in the spinal cord.

Descending modulation of  visceral nociceptive 
processing at the spinal cord level is ongoing and 
includes both inhibitory and facilitative influences on 
synaptic transmission in the dorsal horn microcircuits. 
Experimental data, which correlate behavioral responses 
and neuronal electrical and synaptic behavior, suggest that 
activity in descending modulatory pathways influences 
neuronal activity at the spinal cord level and the behavior 
of  individuals experiencing acute and persistent pain[107]. 
The descending modulation includes facilitative and 
inhibitory influences both of  which can alter the sensing 
of  pain of  gut origin. 

Electrical stimulation or chemical activation (i.e. 
intracerebral injection of  neurotransmitters or blocking 
drugs) of  several different supraspinal centers modulates 
the neuronal and behavioral responses to visceral stimuli. 

For example, nociceptive responses to intraperitoneal 
injection of  hypertonic saline in rats are attenuated by 
electrical stimulation in the periaqueductal gray matter[108]. 
Chemically-induced activation of  neuronal cell bodies 
in the rostro-ventral medulla also attenuates responses 
to visceral stimulation[109,110]. Electrical stimulation or 
microinjection of  glutamate into the periaqueductal gray 
matter, nucleus raphe magnus or the nuclei reticularis 
gigantocellularis suppresses spinal dorsal horn neuronal 
responses to visceral afferent fiber stimulation and to 
noxious colo-rectal distention[111-113]. The descending 
inhibition from the rostro-ventral medulla travels along 
pathways in the dorsolateral spinal cord[114]. Electrical 
stimulation of  the ventrobasal complex of  the thalamus 
suppresses the responses of  dorsal horn neurons to 
colorectal distension in normal rats[115].

Sensory visceral input to the dorsal horn is also sub-
ject to descending facilitative modulation. Descending 
facilitation might enhance conscious perception of  the 
bowel in the absence of  any noxious stimulation and 
could possibly explain the hypersensitivity often reported 
to be present in IBS. Several lines of  evidence support 
the presence of  tonic descending facilitative influences 
in animals. In cats, reversible blockade of  descending 
pathways by cervical cooling suppresses the responses 
of  a subset of  visceral neurons to stimulation of  the 
splanchnic nerves[116]. Zhuo and Gebhart[114] investigated 
the effects of  electrical or chemical stimulation in the 
rostro-ventral medulla on reflex contractions of  the 
abdominal musculature of  the rat in response to noxious 
colo-rectal distension. Reflex contraction of  the abdominal 
musculature in response to colorectal distension in this 
kind of  study is regarded as a measurable perimeter 
for assessment of  severity of  visceral pain in this rat 
model. When applied at 22 different sites in the rostro-
ventral medulla, electrical stimulation facilitated the reflex 
responses to noxious distension at low stimulus intensities 
of  5, 10, and 25 µA and suppressed the reflex responses 
at stimulus intensities greater than 50 µA. Electrical 
stimulation at all intensities tested (5-200 µA) in other 
sites in the rostro-ventral medulla only inhibited or only 
facilitated reflex responses to noxious colorectal distention. 
Microinjection of  glutamate into the rostro-ventral medulla 
mimics the findings for electrical stimulation. Reversible 
spinal blockade by injection of  lidocaine or irreversible 
transection of  spinal funiculi revealed that descending 
facilitatory influences from the rostro-ventral medulla 
were transmitted in the ventrolateral/ventral funiculus 
and descending inhibitory influences were carried by the 
dorsolateral funiculi. Descending modulation, whether 
inhibitory or facilitative, is linked to a reflex response 
to noxious stimulation; neither electrical stimulation 
nor glutamate injection alters contractile behavior of  
the abdominal musculature in the absence of  colorectal 
distension. 

Intestinal motility and abdominal pain
Strong contractions of  the intestinal circular muscle coat 
during intestinal power propulsion (Figure 9) underlie 
the sensation of  cramping abdominal pain[21,117]. Power 
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Figure 8  Multiple descending pathways from integrative centers in the brain 
project to the dorsal horn of the spinal cord where they release neurotransmitters 
that modulate the transmission of nociceptive signals after entry into the spinal 
cord.
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propulsion, which is one of  the patterns of  motility stored 
in the program library of  the ENS, occurs more frequently 
in IBS patients than in normal subjects and the circular 
muscle contractions are significantly stronger than normal 
in IBS patients[53]. Postprandial power propulsion is more 
prevalent in the colon of  IBS patients than in normal 
individuals and power propulsion in the colon is often 
associated with their diarrhea[48].

Power propulsion in the large intestine generally starts 
in the proximal colon and strips the lumen clean as it 
travels rapidly toward the recto-sigmoid region (Figure 9).  
In diarrheal states, large volumes of  watery stool may 
be propelled quickly into the distal large bowel. Rapid 
distension of  the recto-sigmoid region by the advancing 
luminal contents triggers the recto-anal reflex. Relaxation 
of  the internal anal sphincter and conscious need for 
contraction of  the external sphincter and puborectalis 
muscle occur at this time coincident with the sensation of  
urgency and concern about incontinence. The sensation 
of  urgency is derived from mechanosensory information 
transmitted to the CNS along spinal afferents from the 
recto-sigmoid region and pelvic floor musculature.

The pain and discomfort in IBS patients during the 
powerful contractions of  power propulsion may be 
explained in three ways, either separately or in combin-
ation. One explanation is for the exceptionally powerful 
circular muscle contractions to activate high-threshold 
mechanoreceptors that transmit the information centrally 
where it is processed and projected to consciousness as 

the perception of  pain and discomfort. A second is for the 
mechanoreceptors to become sensitized in the IBS patients 
(e.g. by inflammatory mediators or other paracrine signals) 
and send erroneously coded information to processing 
centers in the spinal cord and brain. A third explanation is 
for accurately coded sensory information carried by spinal 
afferents to be mis-interpreted as it is decoded in the spinal 
cord and central processing centers of  the brain.

PSYCHOGENIC STRESS
Psychological stress and negative life experiences are 
recognized as exacerbating psychosocial factors in IBS[5, 

99,100,103,118]. Stress often exacerbates symptoms of  cramping 
abdominal pain, diarrhea and urgency in IBS patients. 
These stress-exacerbated symptoms in IBS are similar, if  
not identical, to the abdominal pain, diarrhea and urgency 
associated with enteric allergic responses, infectious 
enteritis, radiation-induced enteritis and noxious mucosal 
irritation (e.g. senna laxatives). Recent advances in the basic 
science of  brain-to-gut and immune cells-to-ENS signaling 
have introduced fresh insight into mechanisms underlying 
the effects of  psychological stress on the intestinal tract.

Neuro-immunophysiological paradigm for IBS-Like 
symptoms
The human enteric immune system is developed at birth 
and is colonized by populations of  immune/inflammatory 
cells that will change continuously in response to luminal 
conditions and pathophysiological states throughout 
the individual’s lifetime. The enteric immune system 
is positioned to provide security at one of  the most 
contaminated borders between the interior of  the body 
and the outside world. It deals continuously with dietary 
antigens, parasites, bacteria, viruses, and toxins as they 
appear in the warm-dark-moist-anaerobic environment 
of  the intestinal lumen. The system is continuously 
challenged because physical and chemical barriers at the 
epithelial interface never exclude the large antigenic load in 
its entirety. Furthermore, stress in the form of  threatening 
environmental conditions in animal models or handling 
of  the gut during laparotomy in humans opens the 
barrier[119-121].

Immuno-neural crosstalk
Insight into how chemical communication between the 
mucosal immune system and the ENS takes place is 
derived from electrophysiological recording in enteric 
neurons in intestinal preparations from animal models 
after sensitization to foreign antigens[122-124]. Signals from 
enteric immune/inflammatory cells activate a neural 
program for defensive intestinal behavior in response to 
circumstances within the lumen that are threatening to the 
functional integrity of  the whole animal. The signaling 
mechanism is chemical in nature (i.e. paracrine) and 
incorporates specialized sensing functions of  intestinal 
mast cells for foreign antigens together with the capacity 
of  the ENS for intelligent interpretation of  antigen-
evoked mast cell signals[16,48,125]. Immuno-neural integration 
starts with immune detection and progresses sequentially 

Figure 9  Power propulsion is a protective response to the presence of food 
allergens or other threatening agents in the intestinal lumen. It is an ENS 
programmed motility pattern that can be recorded with sensors (e.g. force 
transducers) as strong, long lasting contractions of the circular muscle that 
propagate rapidly for extended distances along the intestine. Power propulsion 
quickly strips the lumen clean as it travels along extended lengths of intestine. 
Abdominal cramping, urgency, diarrhea and threat of incontinence are associated 
with this motor program. Application of irritants to the mucosa, the introduction of 
luminal parasites, enterotoxins from pathogenic bacteria, allergic reactions and 
exposure to ionizing radiation each can trigger the propulsive motor program.
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with signal transfer to the ENS, followed by neural 
interpretation and then by selection of  a specific neural 
program of  coordinated mucosal secretion and powerful 
motor propulsion (i.e. power propulsion, see Figure 9) 
that effectively clears the threat from the intestinal lumen. 
IBS-like symptoms of  cramping lower abdominal pain, 
fecal urgency and watery diarrhea reflect operation of  the 
immuno-neural defense program.

Sources of immuno-neural signals
Lymphoid and myeloid cells colonize the gastrointestinal 
tract in numbers that continuously fluctuate with changing 
luminal conditions and pathophysiological states[126]. 
Cell types including polymorphonuclear leukocytes, 
lymphocytes, macrophages, dendrocytes and mast cells 
are present in continuously varying numbers in the 
intestinal mucosa, lamina propria and smooth muscle and 
are potential sources of  immuno-neural signals. Each of  
these cell types can be situated in close histoanatomical 
association with the neuronal elements of  the ENS, vagal 
nerve fibers and spinal sensory nerves[56,58,127-130].

Signaling from the cells of  the enteric immune/
inflammatory system to the ENS establishes a first line 
of  defense against foreign invasion at the vulnerable 
interface of  a single epithelial cell barrier between the 
body and the outside environment. In inflammatory states, 
close histoanatomical proximity of  elevated numbers of  
lymphocytes and polymorphonuclear leukocytes to enteric 
nerve elements suggests that inflammatory mediators 
released by these cells might access and influence the 
ENS. Electrophysiological studies in enteric neurons 
confirm that inflammatory mediators released in paracrine 

fashion alter electrical and synaptic behavior of  enteric 
neurons[122-124].

Enteric mast cells
All kinds of  immune/inflammatory cells are putative 
sources of  paracrine signals to the ENS. Most is known, 
however, about signaling between enteric mast cells and 
the neural elements of  the ENS. Enteric mast cells are 
packed with granules that are sites of  storage for a broad 
mix of  preformed chemical mediators. Antigens stimulate 
the mast cells to release the mediators, which then diffuse 
into the extracellular space inside the ENS. Enteric mast 
cells express high affinity receptors for IgE antibodies 
or other immunoglobulins on their surfaces. A deluge of  
multiple mediators is released from the mast cells when 
antibodies to a sensitizing antigen occupy the receptors 
and cross-linking occurs by interaction of  the sensitizing 
antigen with the bound antibody (Figure 10).

Infections with nematode parasites stimulate proli-
feration of  intestinal mast cells in animal models[127,131]. 
These nematode-infected models and food allergic models 
have been valuable for studies of  mast cell involvement 
in enteric immuno-neural communication. In the 
sensitization models, a second exposure to antigen isolated 
from the infectious agent (e.g. intestinal nematode) or to 
a food antigen results in predictable protective integration 
of  intestinal motor and secretory behavior[119,132-135]. 
Recognition of  the antigen by antibodies bound to the 
sensitized mast cells triggers degranulation and release of  
the mast cell’s mediators. Once released, the mediators 
become paracrine signals to the ENS, which responds 
by suspending operation of  other programs in its library 
and running a defense program designed to eliminate the 
antigen from the lumen. Copious secretion and increased 
blood flow followed by orthograde power propulsion of  
the luminal contents are the behavioral components of  
the program. Abundant evidence supports a hypothesis 
that mast cells are equipped and strategically placed 
to recognize foreign agents that threaten whole body 
integrity and to signal the ENS to program a defensive 
response, which expels the threat. The immuno-neural 
defensive program in the lower half  of  the intestinal tract 
is reminiscent of  the emetic program, which provides a 
similar defense for the upper gastrointestinal tract.

Mast cell function in immuno-neural communication 
is an immune counterpart of  sensory detection and 
information coding in sensory neurophysiology. In 
sensory physiology, sensory neurons are genetically 
programed to express detection mechanisms for specific 
stimuli (e.g. touch, temperature or light), which remain 
fixed throughout the life of  the individual. Mast cells, 
on the other hand, acquire specific detection capabilities 
through the flexibility of  recognition functions inherent 
in synthesis of  specific antibodies by the immune system. 
Detection specificity for foreign antigens is acquired 
and reinforced throughout life due to formation of  new 
antibodies that bind to and occupy immunoglobulin 
receptors on mast cells. The output signals from mast cells, 
which are triggered by cross-linking of  antigens with the 
attached antibodies, are chemical in nature and analogous 
to chemical output signals (i.e. neurotransmitters) from 

Figure 10  Heuristic model for brain-gut interaction in response to stress. The 
ENS is a minibrain located in close apposition to the gastrointestinal effectors it 
controls. Enteric mast cells are positioned to detect foreign antigens and signal 
their presence to the ENS. When, stimulated mast cells release several paracrine 
mediators simultaneously. Some of the mediators signal the ENS while others 
act as attractant factors for polymorphonuclear leukocytes responsible for acute 
inflammatory responses. The ENS responds to the mast cell signal by initiating a 
defensive program of coordinated secretion and propulsive motility that functions 
to rapidly expel the source of antigenic stimulation from the bowel. Symptoms of 
abdominal pain, fecal urgency and watery diarrhea result from operation of the 
defense program. Neural inputs to enteric mast cells from the brain stimulate 
simultaneous release of chemoattractant factors for inflammatory cells and 
chemical signals to the ENS with effects that mimic the symptoms of antigenic 
detection by the mast cells. Stress activates this brain-to-mast cell connection.
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sensory neurons to second order neurons in the brain and 
spinal cord. Both mast cells and sensory neurons ultimately 
code information on the sensed parameter by releasing 
a chemical message that is decoded by information 
processing circuits in the nervous system.

Mast cells and the brain-gut connection
Aside from their sensing function, enteric mast cells 
provide a connection node between the CNS and 
ENS. This is a brain-gut interaction in which central 
psychological status can be linked to irritable states of  
the digestive tract by way of  mast cell degranulation and 
release of  mediators. Mast cell degranulation evoked 
by psychological stress activates the ENS “defense 
program” to produce the same symptoms of  diarrhea 
and abdominal distress as antigen-evoked degranulation. 
Evidence for a brain-mast cell connection appears in 
reports of  Pavlovian conditioning of  enteric mast cell 
degranulation[136]. Release of  mast cell proteases into the 
systemic circulation and intestinal lumen is a marker for 
degranulation of  enteric mucosal mast cells. Release of  
proteases into the circulation occurs as a conditioned 
response in laboratory animals to either light or auditory 
stimuli after pairing with antigenic sensitization[136]. In 
humans release of  mast cell proteases into the lumen of  
the small intestine occurs as a conditioned response to 
stress[137], which like the animal studies, reflects a brain to 
enteric mast cell connection. Central nervous influence on 
mast cells in the upper gastrointestinal tract is suggested 
by close histological association between vagal afferents 
and enteric mast cells[130] and by elevated expression of  
histamine in intestinal mast cells in response to vagal nerve 
stimulation[128]. Electrical stimulation of  spinal afferents 
in nerve trunks in the small intestinal mesentery likewise 
stimulates release of  histamine from enteric mast cells, 
which is mediated by the action of  substance P at the 
neurokinin-1 receptor subtype expressed by the mast 
cells[138].

Stimulation of  neurons in the brain stem by intracere-
broventricular injection of  thyrotropin-releasing hormone 
(TRH) evokes degranulation of  mast cells in the rat 
small intestine and adds to the evidence in support of  a 
CNS to mast cell connection[139]. Intracerebroventricular 
injection of  TRH in the rat brain evokes the same kinds of  
inflammation and erosions in the stomach as cold-restraint 
stress. In the large intestine, restraint stress exacerbates 
nociceptive responses to distension that are associated with 
increased release of  histamine from mast cells[140]. Like 
the effects of  central TRH on gastric mucosal pathology, 
intracerebroventricular injection of  corticotropin releasing 
factor mimics large intestinal responses to stress. Injection 
of  a corticotropin releasing factor receptor antagonist or 
pretreatment with mast cell stabilizing drugs suppresses 
stress-evoked responses in the lower gastrointestinal 
tract[141]. The brain-mast cell connection is significant 
because the gastrointestinal symptoms associated with 
mast cell degranulation are expected to be the same 
whether the mast cells are degranulated by antigen-
antibody cross-linking in allergies or input from the brain 
during stress.

Mast cell degranulation releases mediators that sensitize 

“silent” nociceptors in the large intestine[67]. In animals, 
degranulation of  enteric mast cells results in a reduced 
threshold for pain responses to intestinal distension and 
this is prevented by treatment with mast cell stabilizing 
drugs[81]. Receptors for mast cell mediators are expressed 
on the terminals of  vagal and spinal sensory afferent 
neurons[142-144]. Actions of  mast cell mediators to sensitize 
sensory nerves is reminiscent of  the characteristic 
hypersensitivity to intestinal distension found in a subset 
of  patients with IBS[60,61,64]. Colonic mucosal biopsies from 
patients with IBS reportedly contain elevated numbers 
of  mast cells and this raises the question of  whether the 
hypersensitivity to distension reflects sensitization of  
intramural endings of  spinal mechanosensitive nerves by  
the release of  mediators from these pools of  mast cells[57,58].

Degranulating mast cells release mediators to signal 
the ENS that degranulation has taken place and at the 
same time attract immune/inflammatory cells into the 
intestinal wall from the mesenteric circulation. Placement 
of  purified Clostridium difficile toxin-A into intestinal loops 
stimulates influx of  acute inflammatory cells coincident 
with activation of  the ENS “defense program”. Activation 
of  the defensive program becomes evident as copious 
mucosal secretion and power propulsion. Blockade of  
enteric nerves by tetrodotoxin, treatment with tachykinin 
NK-1 receptor antagonists or mast cell stabilizing 
drugs prevents the acute inflammatory response to the 
toxin[145-148]. Responses to C. difficile toxin-A do not occur in 
mast cell deficient mice[149].

Substance P is a recognized mediator in the chain of  
events leading to toxin-A-induced mast cell degranulation 
and release of  chemoattractant factors for inflammatory 
cells from the circulation[150,151]. The neuropeptide is 
expressed by enteric neurons and spinal sensory afferent 
neurons. It is a putative neurotransmitter in the ENS and 
for intramural axonal reflexes mediated by spinal sensory 
afferents. Substance P is a secretagogue for histamine and 
cytokine release from mast cells[138,150,151]. The excitatory 
action of  C. difficile toxin-A on enteric neurons is expected 
to releases neuronal substance P, which in turn acts to 
degranulate mast cells in the neighborhood where it is 
released.

Exposure of  enteric myenteric and submucosal neu-
rons to C. dif ficile toxin-A depolarizes the membrane 
potential and elevates excitability. This occurs coinc-
ident with presynaptic suppression of  nicotinic fast excit-
atory synaptic transmission in both plexuses and with 
suppression of  inhibitory noradrenergic neurotransmission 
to secretomotor neurons in the submucosal plexus[152]. 
Suppression of  noradrenergic neurotransmission removes 
sympathetic braking action from secretomotor neurons 
and this facilitates stimulation of  secretion (Figure 3). 
Together with toxin-A evoked excitation of  secretomotor 
neurons, this is undoubtedly an underlying factor in the 
diarrhea associated with antibiotic-related overgrowth of  C. 
difficile in the large intestine.

Mast cell signal substances
Several mast cell-derived mediators have neurophar-
macological actions on electrical and synaptic behavior of  
neurons in the ENS. Some important mediators known 
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to act at their receptors on neural elements in the ENS 
are: (1) Histamine; (2) Interleukin-6; (3) Leukotrienes; 
(4) 5-hydroxytryptamine; (5) Platelet activating factor; (6) 
Mast cell proteases; (7) Adenosine; (8) Interleukin-1β; (9) 
Prostaglandins.

Histamine
Histamine is not synthesized by enteric neurons and is 
not considered to be a neurotransmitter in the ENS[153]. 
Mast cells and neutrophils are sources of  histamine 
in the intestine. Knowledge of  histaminergic actions 
on ENS neurons comes from results obtained from 
electrophysiological and immunohistochemical studies on 
single enteric neurons in animals. Application of  histamine, 
to mimic release from mast cells and neutrophils, excites 
neurons in the small and large intestinal myenteric and 
submucosal plexuses of  the guinea-pig[154,155]. Unlike the 
intestine, enteric neurons in the guinea-pig stomach do 
not express histamine receptors and do not respond to 
experimental applications of  histamine[124].

Histamine has three significant actions on neural 
elements in the guinea-pig intestine. One action, which 
occurs at the level of  neuronal cell bodies, is long-lasting 
excitation mediated by histamine H2 receptors[154,155]. The 
second is at fast excitatory nicotinic synapses, where it 
acts at presynaptic inhibitory histamine H3 receptors to 
suppress cholinergic synaptic transmission[45,156,157]. The 
third action is to prevent inhibition by the sympathetic 
innervation of  the intestine of  secretomotor-evoked 
mucosal secretion (Figure 3). Histamine acts at presynaptic 
histamine H3 inhibitory receptors on sympathetic 
noradrenergic fibers to suppress sympathetic inhibitory 
input to submucosal secretomotor neurons and at H3 

presynaptic terminals of  enteric somatostatinergic 
neurons that also provide inhibitory input to secretomotor 
neurons[45].

Mast cells in colonic mucosal biopsies from patients 
with diarrhea-predominant IBS release more histamine 
than normal subjects[58]. Elevated release and flooding 
of  histamine onto the neural networks, which control 
the secretomotor innervation of  the intestinal secretory 
glands in this subset of  IBS patients, might enhance 
intestinal secretion leading to secretory diar rheal 
symptoms like those associated with infectious agents and 
food allergies. Histaminergic receptor antagonists have 
been used effectively in the past to treat watery diarrhea 
symptoms associated with mastocytosis and microscopic 
colitis[158]. The H2 receptor antagonist cimetidine has been 
used effectively in the treatment of  pediatric diarrhea 
and diarrhea associated with short-bowel syndrome in 
patients with Crohn’s disease[159]. And finally, mast cell 
stabilizing drugs, which act to suppress histamine release, 
are efficacious in the treatment of  diarrhea-predominant 
IBS[83].

Serotonin
5-Hydroxytryptamine is another preformed mediator 
that is known to be released during degranulation of  
enteric mast cells and mucosal enterochromaffin cells to 
form a neuromodulatory overlay on the ENS in animal 
models and humans. Two receptors mediate the excitatory 

actions of  serotonin at the cell bodies of  guinea-
pig enteric neurons. One of  the receptors, which was 
initially identified as a 5-HT1P receptor, is a metabotropic 
receptor activation of  which evokes long-lasting excitatory 
responses in enteric neurons[160-162]. What was initially 
reported as serotonergic slow synaptic excitation, mediated 
by the 5-HT1P receptor, is now known to be blocked by a 
5-HT7 antagonist, SB 269970, and mimicked by application 
of  a 5-HT7 agonist, 5-carboxamidotryptamine[163]. Liu 
and Gershon[164] presented results, which suggested that 
the 5-HT1P receptor is a dimer of  a 5-HT1B receptor and 
a dopamine D2 receptor. Both receptors are expressed by 
enteric neurons.

The response to stimulation of  the elusive 5-HT1P 
receptors, like stimulation of  histamine H2 receptors, 
evokes long-lasting excitatory responses in the time 
range of  minutes in ENS neurons. The second receptor, 
identified as a 5-HT3 receptor, is an ionotropic receptor 
directly coupled to non-selective cation channels[165]. 
Binding of  5-HT to the 5-HT3 receptor evokes “fast” 
depolarizing responses that quickly desensitize and 
occur in the millisecond time range like those evoked by 
nicotinic receptor stimulation. Expression of  two kinds 
of  serotonergic receptors with different mechanisms of  
postreceptor signal transduction differs from the situation 
for histamine where only a single metabotropic receptor 
subtype is expressed by the neuronal cell body.

Histamine and 5-HT both act at presynaptic inhi-
bitory receptors on cholinergic axons to suppress fast 
neurotransmission at nicotinic synapses in the enteric 
neural networks[156,166]. Presynaptic inhibition by both 
neuromodulators is mediated by a different receptor 
subtype than the one that evokes excitatory responses in 
the neuronal cell bodies. Identification of  the presynaptic 
inhibitory 5-HT receptor is equivocal; the evidence 
suggests that it might be a 5-HT1 receptor[167,168]. In 
addition to presynaptic inhibitory action at enteric neuronal 
synapses, histamine and 5-HT each act presynaptically to 
suppress the release of  norepinephrine from sympathetic 
postganglionic fibers in the ENS[45,169].

Serotonin and functional disorders
Infusion of  5-HT either intravenously or into the intestinal 
lumen evokes copious secretion of  H2O, electrolytes 
and mucus from the intestinal secretory glands[45,170]. 
The stimulatory action of  5-HT underlies its action as a 
diarrheagenic agent and its involvement in diarrheagenic 
syndromes in humans[171]. Efficacy of  blockade of  the 
5-HT3 serotonergic receptor subtype by the selective 
5-HT3 receptor antagonist, alosetron, in the treatment of  
diarrhea and abdominal pain in the diarrhea-predominant 
population of  women with IBS[52,76] suggests that enhanced 
stimulation of  neural elements in the ENS by 5-HT might 
be a pathophysiological factor in this form of  IBS. 

The IBS symptoms of  cramping abdominal pain, 
diar rhea and fecal urgency are exacerbated in the 
postprandial state[6,7]. Elevated appearance of  5-HT in 
the hepatic portal circulation in the postprandial state 
reflects stimulated release from mucosal enterochromaffin 
cells[54]. The normal postprandial release of  5-HT is 
reported to be augmented in IBS patients[55] and this 

1326      ISSN 1007-9327       CN 14-1219/R        World J Gastroenterol        March 7, 2007      Volume 13      Number 9

www.wjgnet.com



contributes to the suspicion that overactive release of  
serotonin might be an underlying factor in the symptoms 
of  IBS in diarrhea-predominant patients. This suspicion is 
reinforced by findings of  elevated numbers of  mast cells 
and enterochromaffin cells, both of  which contain 5-HT, 
in colonic mucosal biopsies from IBS patients[57,58].

Reports that a significant proportion of  IBS patients 
develop IBS-like symptoms following an acute bout of  
infectious enteritis are reminiscent of  the basic research 
findings for the actions of  inflammatory mediators, 
including histamine and serotonin, in the ENS. Gwee  
e t a l [70] repor ted that 23 percent of  pat ients, who 
experienced an acute bout of  gastroenteritis, progressed 
to IBS-like symptoms within 3 mo. Hypochondriasis and 
adverse life events are reported to double the risk for 
development of  postinfective IBS and may account for 
the increased proportion of  women who develop the 
syndrome[73]. Nevertheless, the question of  whether the 
association between acute infectious enteritis and IBS 
reflects low-level inflammation (e.g. microscopic enteritis) 
and chronic exposure of  the neural and glial elements of  
the ENS to elevated levels of  serotonin, histamine or other 
inflammatory mediators remains to be fully resolved.

Exposure to 5-HT evokes increased firing in sensory 
nerves that leave the intestine and make synaptic 
connections in the spinal cord[74]. This excitatory action on 
intestinal sensory nerves is mediated by the 5-HT3 receptor 
subtype and is blocked by selective 5-HT3 receptor 
antagonists (e.g. alosetron)[75]. Intramural terminals of  both 
spinal and vagal sensory nerves express 5-HT3 receptors. 
Reported efficacy of  the 5-HT3 receptor blocking drug, 
alosetron, in the treatment of  abdominal pain and 
discomfort in the diarrhea-predominant form of  IBS in 
women[52,76] suggests that the pain and discomfort, like the 
diarrhea and fecal urgency, reflect disordered endogenous 
release of  5-HT and its action at the 5-HT3 receptors 
present on sensory terminals in the intestinal wall.

Receptors on sensory nerve terminals
Aside from 5-HT3 receptors, the sensory nerve terminals 
in the intestine express receptors for several other putative 
signal substances, including inflammatory mediators. 
Functional receptors for bradykinin, ATP, adenosine, 
prostaglandins, leukotrienes and mast cell proteases are 
expressed on spinal sensory nerve terminals[80]. Intramural 
pooling of  any one of  these mediators has potential for 
increasing the sensitivity of  intestinal sensory nerves, 
especially in conditions of  inflammation or ischemia.

Mediators, released by mast cells, are known to 
sensitize nociceptors in the large intestine[68]. Mast cell 
degranulation in animal models, results in a reduced 
threshold for pain responses to balloon distension in the 
large bowel. Treatment with mast cell stabilizing drugs 
prevents lowering of  the pain threshold during mucosal 
inflammation in animal models[81]. The results obtained 
from animals leads to the unresolved question of  whether 
the association between an acute bout of  infectious 
enteritis and the follow-up IBS symptoms of  abdominal 
pain and elevated sensitivity to distension reflects chronic 
sensitization of  intestinal sensory nerves as they function 
in an environment with low-level inflammation.

Brain-to-mast cell connection: Implications for functional 
disorders
A brain-to-mast cell connection is currently the most 
plausible mechanism for explanation of  the well-known 
relationship between stress and IBS-like bowel symptoms. 
Sympathetic nervous activation is not a plausible 
explanation! Activation of  the sympathetic nervous system 
accounts for elevations of  blood pressure and heart rate in 
the stressed individual, but cannot explain the symptoms 
of  cramping lower abdominal, watery diarrhea and fecal 
urgency. Advances in understanding of  the sympathetic 
interface with the ENS ruled-out sympathetic involvement 
because sympathetic activation inhibits secretomotor 
neurons and thereby suppresses the neurogenic secretion 
that is necessary for generation of  loose stools (Figure 3)[172]. 
Sympathetic activation and the release of  norepinephrine 
likewise suppress nicotinic synaptic transmission in the 
ENS and are, therefore, unlikely to initiate the powerful 
propulsive motility in the colon that accounts for cramping 
lower abdominal pain.

A brain-to-mast cell connection implies a mechanism 
that links central psycho-emotional status to irritable states 
of  the digestive tract. The irritable state of  the bowel (i.e. 
abdominal discomfort, cramping lower abdominal pain, 
diarrhea and urgency), known to result from degranulation 
of  intestinal mast cells and release of  signals to the ENS, is 
expected to occur irrespective of  the mode of  stimulation 
of  the mast cells (Figure 10). Degranulation and release 
of  mediators evoked by neural input to the mast cells will 
have the same effect of  triggering a program of  secretion 
and power propulsion as degranulation triggered by 
antigen detection. This most likely explains the similarity 
of  bowel symptoms between those associated with 
noxious insults in the lumen and those associated with 
psychogenic stress in susceptible individuals.

The immuno-neurophysiological evidence reinforces 
the hypothesis that moment-to-moment behavior of  
the gut, whether normal or pathological, is determined 
primarily by integrative functions of  the ENS. The enteric 
minibrain processes input signals derived from immune/
inflammatory cells (e.g. mast cells), sensory receptors 
and the CNS. Enteric mast cells utilize the capacity of  
the immune system for detection of  new antigens and 
long-term memory that permits recognition of  the 
antigen if  it ever reappears in the gut lumen. Should the 
antigen reappear, the mast cells signal its presence to the 
enteric minibrain. The minibrain interprets the mast cell 
signal as a threat and calls up from its program library 
secretory and propulsive motor behavior organized for 
quick and effective eradication of  the threat. Operation 
of  the program protects the integrity of  the bowel 
and the individual, but at the expense of  the side 
effects of  abdominal distress and diarrhea. The same 
symptomatology is expected to result from activation 
of  neural pathways that link psychological states in the 
brain to degranulation of  mast cells in the gut. The 
immuno-neurophysiology in this respect is suggestive of  
mechanisms with susceptibility to malfunctions that could 
result in symptoms resembling diarrhea-predominant IBS. 

A lingering issue for the enteric neuro-imunophysiological 
paradigm is the question of  the functional significance of  
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the brain-mast cell connection. What were the selective 
pressures that led to evolution of  central signaling to 
mast cells in the gut? A hypothesis emerges from the fact 
that the barrier between an extremely “dirty” luminal 
environment and the interior of  the body is a single 
epithelial cell layer. Probability of  a break in the barrier is 
higher during physical stress and the potential for trauma 
(e.g. “predacious attack, fright and flight”). Stress factors 
are known to increase the permeability of  the barrier 
in animals[173]. The potential for threats to breach the 
mucosal barrier suggests a need for immune surveillance 
at a dangerous interface in the body. Increased immune 
surveillance would include an influx of  acute inflammatory 
cells into the intestinal lamina propria and mucosa.

The brain has evolved to program homeostatic adjust-
ments to environmental stressors and the emotional stress 
associated with negative life events. These adjustments 
include cardiovascular, hormonal and metabolic changes 
and probably the targeting of  inflammatory cells into 
the gut from the systemic circulation. The only apparent 
mechanism available to the brain for selective targeting of  
inflammatory surveillance to the gut is to transmit nervous 
signals that degranulate enteric mast cells and release 
chemoattractant factors to “call-in” inflammatory cells 
from the circulating blood (Figure 10).

Studies of  colitis in a non-human primate (cotton-
top tamarin) implicate two co-exist ing factors as 
being necessary for the initiation and progression of  
inflammatory bowel disease (i.e. ulcerative colitis) in this 
model. One of  the factors is environmental stress and the 
other is the large intestinal microflora[126,174,175]. Colitis was 
not found in cotton-top tamarins living in a natural “stress-
free” environment and with the normal microflora present 
in the large intestine. Movement of  colitis-free tamarins 
out of  their natural environment and into a stressful 
environment leads to an acute inflammatory response in 
the large intestine only if  the feces are present. Studies, in 
which the fecal stream was diverted from loops of  large 
intestine, found that colonoscopic and histological features 
of  colitis disappeared from the loops and progressed in the 
colon in the same animal. These changes occurred while 
the tamarins in the study remained in a colitis-inducing 
environment. Results of  a preliminary study, in which 
putative neural input to colonic mast cells was suppressed 
by dosing cotton-top tamarins with a non-peptide 
neurokinin-1 receptor antagonist, showed suppression of  
the inflammatory response in cotton-top tamarins held in 
a colitis-inducing (i.e. stressful) environment[176,177].

ACKNOWLEDGMENT
The opinions and ideas expressed in this review are my 
own. Nevertheless, they are based on work and interactions 
in my laboratory with a progression of  outstanding 
students and visiting scientists whose discoveries have 
helped shape current concepts of  neurogastroenterology. 
The National Institutes of  Health NIDDK Institute 
has supported work on enteric neurophysiology in 
my laboratory continuously since 1973. Some of  the 
work in the past 5 years was supported by grants from 

the Norvartis Pharmaceuticals, Corp. and Sucampo 
Pharmaceuticals, Inc.

REFERENCES
1	 Drossman DA. The functional gastrointestinal disorders and 

the Rome III process. Gastroenterology 2006; 130: 1377-1390
2	 Pan GZ. The epidemiology study of irritable bowel syndrome. 

Zhonghua Yixue Zazhi 2004; 84: 267-268 
3	 Pan G, Lu S, Ke M, Han S, Guo H, Fang X. Epidemiologic 

study of the irritable bowel syndrome in Beijing: stratified 
randomized study by cluster sampling. Chin Med J (Engl) 2000; 
113: 35-39

4	 Gwee KA, Wee S, Wong ML, Png DJ. The prevalence, symp-
tom characteristics, and impact of irritable bowel syndrome in 
an asian urban community. Am J Gastroenterol 2004; 99: 924-931

5	 Ringel Y , Sperber AD, Drossman DA. Irritable bowel 
syndrome. Annu Rev Med 2001; 52: 319-338

6	 Quigley EM. Changing face of irritable bowel syndrome. 
World J Gastroenterol 2006; 12: 1-5

7	 Thompson WG, Longstreth GL, Drossman DA, Heaton K, 
Irvine EJ, Muller-lissner S. Functional bowel disorders and 
functional abdominal pain. In: Drossman DA, Corazziari E, 
Talley NJ, Thompson WG, Whitehead WE. The functional 
gastrointestinal disorders, 2nd ed. McLean VA: Degnon 
Associates, 2000: 351-432

8	 Bouin M, Lupien F, Riberdy M, Boivin M, Plourde V, Poitras 
P. Intolerance to visceral distension in functional dyspepsia 
or irritable bowel syndrome: an organ specific defect or a pan 
intestinal dysregulation? Neurogastroenterol Motil 2004; 16: 
311-314

9	 Thomsen L, Robinson TL, Lee JC, Farraway LA, Hughes MJ, 
Andrews DW, Huizinga JD. Interstitial cells of Cajal generate 
a rhythmic pacemaker current. Nat Med 1998; 4: 848-851

10	 Ward SM, Sanders KM. Physiology and pathophysiology 
of the interstitial cell of Cajal: from bench to bedside. I. 
Functional development and plasticity of interstitial cells of 
Cajal networks. Am J Physiol Gastrointest Liver Physiol 2001; 
281: G602-G611

11	 Huizinga JD . Physiology and pathophysiology of the 
interstitial cell of Cajal: from bench to bedside. II. Gastric 
motility: lessons from mutant mice on slow waves and 
innervation. Am J Physiol Gastrointest Liver Physiol 2001; 281: 
G1129-G1134

12	 S a n d e r s K M , O r d ö g T , W a r d S M . P h y s i o l o g y a n d 
pathophysiology of the interstitial cells of Cajal: from bench 
to bedside. IV. Genetic and animal models of GI motility 
disorders caused by loss of interstitial cells of Cajal. Am J 
Physiol Gastrointest Liver Physiol 2002; 282: G747-G756

13	 Sanders KM, Koh SD, Ward SM. Organization and elec-
trophysiology of interstitial cells of Cajal and smooth muscle 
cells. In: Johnson LR, Barrett KE, Ghishan FK, Merchant JL, 
Said HM, Wood JD, editors. Physiology of the Gastrointestinal 
Tract. 4th ed. San Diego: Academic Press, 2006: 533-576 

14	 Wood JD. Electrical activity from single neurons in Auerbach's 
plexus. Am J Physiol 1970; 219: 159-169

15	 Wood JD. Excitation of intestinal muscle by atropine, tetro-
dotoxin, and xylocaine. Am J Physiol 1972; 222: 118-125

16	 Wood JD. Integrative functions of the enteric nervous system. 
Johnson LR, Barrett KE, Ghishan FK, Merchant JL, Said HM, 
Wood JD, editors. Physiology of the Gastrointestinal Tract. 4th 
ed. San Diego: Academic Press, 2006: 665-683

17	 Stanghellini V, Camilleri M, Malagelada JR. Chronic idio-
pathic intestinal pseudo-obstruction: clinical and intestinal 
manometric findings. Gut 1987; 28: 5-12

18	 Wood JD . Neuropathy in the brain-in-the-gut. Eur J 
Gastroenterol Hepatol 2000; 12: 597-600

19	 De Giorgio R, Stanghellini V, Barbara G, Corinaldesi R, De 
Ponti F, Tonini M, Bassotti G, Sternini C. Primary enteric 
neuropathies underlying gastrointestinal motor dysfunction. 
Scand J Gastroenterol 2000; 35: 114-122

1328      ISSN 1007-9327       CN 14-1219/R        World J Gastroenterol        March 7, 2007      Volume 13      Number 9

www.wjgnet.com



20	 Törnblom H, Lindberg G, Nyberg B, Veress B. Full-thickness 
biopsy of the jejunum reveals inflammation and enteric 
neuropathy in irritable bowel syndrome. Gastroenterology 2002; 
123: 1972-1979 

21	 Wood JD , Alpers DH, Andrews PL. Fundamentals of 
neurogastroenterology. Gut 1999; 45 Suppl 2: II6-II16

22	 Camilleri M, Phillips SF. Disorders of small intestinal motility. 
Gastroenterol Clin North Am 1989; 18: 405-424

23	 Munoz-Garcia D , Ludwin SK. Adult-onset neuronal 
intranuclear hyaline inclusion disease. Neurology 1986; 36: 
785-790

24	 Palo J, Haltia M, Carpenter S, Karpati G, Mushynski W. 
Neurofilament subunit--related proteins in neuronal 
intranuclear inclusions. Ann Neurol 1984; 15: 322-328

25	 Mayer EA, Schuffler MD, Rotter JI, Hanna P, Mogard M. 
Familial visceral neuropathy with autosomal dominant 
transmission. Gastroenterology 1986; 91: 1528-1535

26	 Roy AD, Bharucha H, Nevin NC, Odling-Smee GW. Idiopathic 
intestinal pseudo-obstruction: a familial visceral neuropathy. 
Clin Genet 1980; 18: 291-297

27	 Schuffler MD, Baird HW, Fleming CR, Bell CE, Bouldin TW, 
Malagelada JR, McGill DB, LeBauer SM, Abrams M, Love J. 
Intestinal pseudo-obstruction as the presenting manifestation 
of small-cell carcinoma of the lung. A paraneoplastic 
neuropathy of the gastrointestinal tract. Ann Intern Med 1983; 
98: 129-134

28	 Lennon VA, Sas DF, Busk MF, Scheithauer B, Malagelada 
JR, Camilleri M, Miller LJ. Enteric neuronal autoantibodies 
in pseudoobstruction with small-cell lung carcinoma. 
Gastroenterology 1991; 100: 137-142

29	 Heidenreich F, Schober R, Brinck U, Hartung HP. Multiple 
paraneoplastic syndromes in a patient with antibodies to 
neuronal nucleoproteins (anti-Hu). J Neurol 1995; 242: 210-216

30	 Jean WC, Dalmau J, Ho A, Posner JB. Analysis of the IgG 
subclass distribution and inflammatory infiltrates in patients 
with anti-Hu-associated paraneoplastic encephalomyelitis. 
Neurology 1994; 44: 140-147

31	 Rosenblum MK. Paraneoplasia and autoimmunologic injury 
of the nervous system: the anti-Hu syndrome. Brain Pathol 
1993; 3: 199-212

32	 De Giorgio R, Bovara M, Barbara G, Canossa M, Sarnelli G, 
De Ponti F, Stanghellini V, Tonini M, Cappello S, Pagnotta E, 
Nobile-Orazio E, Corinaldesi R. Anti-HuD-induced neuronal 
apoptosis underlying paraneoplastic gut dysmotility. 
Gastroenterology 2003; 125: 70-79

33	 Wood JN, Hudson L, Jessell TM, Yamamoto M. A monoclonal 
antibody defining antigenic determinants on subpopulations 
of mammalian neurones and Trypanosoma cruzi parasites. 
Nature 1982; 296: 34-38

34	 Krishnamurthy S, Schuffler MD. Pathology of neuromuscular 
disorders of the small intestine and colon. Gastroenterology 
1987; 93: 610-639

35	 Smith VV, Gregson N, Foggensteiner L, Neale G, Milla 
PJ. Acquired intestinal aganglionosis and circulating 
autoantibodies without neoplasia or other neural involvement. 
Gastroenterology 1997; 112: 1366-1371

36	 De Giorgio R, Guerrini S, Barbara G, Cremon C, Stanghellini V, 
Corinaldesi R. New insights into human enteric neuropathies. 
Neurogastroenterol Motil 2004; 16 Suppl 1: 143-147

37	 De Giorgio R, Guerrini S, Barbara G, Stanghellini V, De 
Ponti F, Corinaldesi R, Moses PL, Sharkey KA, Mawe GM. 
Inflammatory neuropathies of the enteric nervous system. 
Gastroenterology 2004; 126: 1872-1883

38	 De Giorgio R, Barbara G, Stanghellini V, De Ponti F, Salvioli 
B, Tonini M, Velio P, Bassotti G, Corinaldesi R. Clinical and 
morphofunctional features of idiopathic myenteric ganglionitis 
underlying severe intestinal motor dysfunction: a study of 
three cases. Am J Gastroenterol 2002; 97: 2454-2459

39	 Wood JD. Application of classification schemes to the enteric 
nervous system. J Auton Nerv Syst 1994; 48: 17-29

40	 Bornstein JC, Furness JB, Kunze WA. Electrophysiological 
characterization of myenteric neurons: how do classification 
schemes relate? J Auton Nerv Syst 1994; 48: 1-15

41	 Brookes SJH, Costa M. Functional histoanatomy of the enteric 
nervous system. In: Johnson LR, Barrett KE, Ghishan FK, 
Merchant JL, Said HM, Wood JD, editors. Physiology of the 
Gastrointestinal Tract. 4th ed. San Diego: Academic Press, 
2006: 577-602

42	 Andriantsitohaina R, Surprenant A. Acetylcholine released 
from guinea-pig submucosal neurones dilates arterioles by 
releasing nitric oxide from endothelium. J Physiol 1992; 453: 
493-502

43	 North RA, Surprenant A. Inhibitory synaptic potentials 
resulting from alpha 2-adrenoceptor activation in guinea-pig 
submucous plexus neurones. J Physiol 1985; 358: 17-33

44	 Liu S, Xia Y, Hu Hz, Ren J, Gao C, Wood JD. Histamine 
H3 receptor-mediated suppression of inhibitory synaptic 
transmission in the submucous plexus of guinea-pig small 
intestine. Eur J Pharmacol 2000; 397: 49-54

45	 Hu HZ, Gao N, Zhu MX, Liu S, Ren J, Gao C, Xia Y, Wood 
JD. Slow excitatory synaptic transmission mediated by P2Y1 
receptors in the guinea-pig enteric nervous system. J Physiol 
2003; 550: 493-504

46	 Fang X, Hu HZ, Gao N, Liu S, Wang GD, Wang XY, Xia Y, 
Wood JD. Neurogenic secretion mediated by the purinergic 
P2Y1 receptor in guinea-pig small intestine. Eur J Pharmacol 
2006; 536: 113-122

47	 Fie GJ, Fang X, Wang XY, Wang GD, Liu S, Gao N, Hu HZ, 
Xia Y, Wood JD. Neurogenic Mucosal Bicarbonate Secretion 
Mediated by the Purinergic P2Y1 Receptor in Guinea-Pig 
Duodenum. Gastroenterology 2006; 130: A380

48	 Wood JD. Enteric neuroimmunophysiology and pathophy-
siology. Gastroenterology 2004; 127: 635-657

49	 Cooke HJ , Christofi FL. Enteric neural regulation of 
mucosal secretion. In: Johnson LR, Barrett KE, Ghishan FK, 
Merchant JL, Said HM, Wood JD, editors. Physiology of the 
Gastrointestinal Tract. 4th ed. San Diego: Academic Press, 
2006: 737-762

50	 Frieling T, Cooke HJ, Wood JD. Serotonin receptors on 
submucous neurons in guinea pig colon. Am J Physiol 1991; 
261: G1017-G1023

51	 Camilleri M, Chey WY, Mayer EA, Northcutt AR, Heath A, 
Dukes GE, McSorley D, Mangel AM. A randomized controlled 
clinical trial of the serotonin type 3 receptor antagonist 
alosetron in women with diarrhea-predominant irritable 
bowel syndrome. Arch Intern Med 2001; 161: 1733-1740

52	 Camilleri M, Northcutt AR, Kong S, Dukes GE, McSorley D, 
Mangel AW. Efficacy and safety of alosetron in women with 
irritable bowel syndrome: a randomised, placebo-controlled 
trial. Lancet 2000; 355: 1035-1040

53	 Chey WY, Jin HO, Lee MH, Sun SW, Lee KY. Colonic motility 
abnormality in patients with irritable bowel syndrome 
exhibiting abdominal pain and diarrhea. Am J Gastroenterol 
2001; 96: 1499-1506

54	 Kellum JM, Jaffe BM. Release of immunoreactive serotonin 
following acid perfusion of the duodenum. Ann Surg 1976; 
184: 633-636

55	 Bearcroft CP, Perrett D, Farthing MJ. Postprandial plasma 
5-hydroxytryptamine in diarrhoea predominant irritable 
bowel syndrome: a pilot study. Gut 1998; 42: 42-46

56	 Park CH, Joo YE, Choi SK, Rew JS, Kim SJ, Lee MC. Activated 
mast cells infiltrate in close proximity to enteric nerves in 
diarrhea-predominant irritable bowel syndrome. J Korean Med 
Sci 2003; 18: 204-210

57	 O'Sullivan M, Clayton N, Breslin NP, Harman I, Bountra C, 
McLaren A, O'Morain CA. Increased mast cells in the irritable 
bowel syndrome. Neurogastroenterol Motil 2000; 12: 449-457

58	 Barbara G, Stanghellini V, De Giorgio R, Cremon C, Cottrell 
GS, Santini D, Pasquinelli G, Morselli-Labate AM, Grady EF, 
Bunnett NW, Collins SM, Corinaldesi R. Activated mast cells 
in proximity to colonic nerves correlate with abdominal pain in 
irritable bowel syndrome. Gastroenterology 2004; 126: 693-702

59	 Ritchie J. Pain from distension of the pelvic colon by inflating 
a balloon in the irritable colon syndrome. Gut 1973; 14: 125-132

60	 Whitehead WE, Holtkotter B, Enck P, Hoelzl R, Holmes 
KD, Anthony J, Shabsin HS, Schuster MM. Tolerance 

Wood JD. Functional gastrointestinal disorders                                                                                                1329

www.wjgnet.com



for rectosigmoid distention in irritable bowel syndrome. 
Gastroenterology 1990; 98: 1187-1192

61	 Munakata J, Naliboff B, Harraf F, Kodner A, Lembo T, Chang 
L, Silverman DH, Mayer EA. Repetitive sigmoid stimulation 
induces rectal hyperalgesia in patients with irritable bowel 
syndrome. Gastroenterology 1997; 112: 55-63

62	 Chang L, Munakata J, Mayer EA, Schmulson MJ, Johnson 
TD, Bernstein CN, Saba L, Naliboff B, Anton PA, Matin K. 
Perceptual responses in patients with inflammatory and 
functional bowel disease. Gut 2000; 47: 497-505

63	 Camilleri M, Coulie B, Tack JF. Visceral hypersensitivity: 
facts, speculations, and challenges. Gut 2001; 48: 125-131

64	 Bouin M, Lupien F, Riberdy-Poitras M, Poitras P. Tolerance 
to gastric distension in patients with functional dyspepsia: 
modulation by a cholinergic and nitrergic method. Eur J 
Gastroenterol Hepatol 2006; 18: 63-68

65	 Richter JE, Barish CF, Castell DO. Abnormal sensory percep-
tion in patients with esophageal chest pain. Gastroenterology 
1986; 91: 845-852

66	 Rössel P, Drewes AM, Petersen P, Nielsen J, Arendt-Nielsen L. 
Pain produced by electric stimulation of the rectum in patients 
with irritable bowel syndrome: further evidence of visceral 
hyperalgesia. Scand J Gastroenterol 1999; 34: 1001-1006

67	 Beyak MJ , Bulmer DCE, Jiang W, Keating C, Rong W, 
Grundy D. Estrinsic sensory afferent nerves innervating the 
gastrointestinal tract. In: Johnson LR, Barrett KE, Ghishan FK, 
Merchant JL, Said HM, Wood JD, editors. Physiology of the 
Gastrointestinal Tract. 4th ed. San Diego: Academic Press, 
2006: 685-725 

68	 Ness TJ, Gebhart GF. Acute inflammation differentially alters 
the activity of two classes of rat spinal visceral nociceptive 
neurons. Neurosci Lett 2000; 281: 131-134

69	 Xu GY, Huang LY, Zhao ZQ. Activation of silent mech-
anoreceptive cat C and Adelta sensory neurons and their 
substance P expression following peripheral inflammation. J 
Physiol 2000; 528 Pt 2: 339-348

70	 Gwee KA, Leong YL, Graham C, McKendrick MW, Collins 
SM, Walters SJ, Underwood JE, Read NW. The role of 
psychological and biological factors in postinfective gut 
dysfunction. Gut 1999; 44: 400-406

71	 Wang LH, Fang XC, Pan GZ. Bacillary dysentery as a causative 
factor of irritable bowel syndrome and its pathogenesis. Gut 
2004; 53: 1096-1101

72	 Collins SM, Barbara G. East meets West: infection, nerves, 
and mast cells in the irritable bowel syndrome. Gut 2004; 53: 
1068-1069

73	 Spiller RC . Postinfectious irritable bowel syndrome. 
Gastroenterology 2003; 124: 1662-1671

74	 Hillsley K, Kirkup AJ, Grundy D. Direct and indirect actions 
of 5-hydroxytryptamine on the discharge of mesenteric 
afferent fibres innervating the rat jejunum. J Physiol 1998; 506( 
Pt 2): 551-561

75	 Kozlowski CM, Green A, Grundy D, Boissonade FM, Bountra 
C. The 5-HT(3) receptor antagonist alosetron inhibits the 
colorectal distention induced depressor response and spinal 
c-fos expression in the anaesthetised rat. Gut 2000; 46: 474-480

76	 Camilleri M, Mayer EA, Drossman DA, Heath A, Dukes GE, 
McSorley D, Kong S, Mangel AW, Northcutt AR. Improvement 
in pain and bowel function in female irritable bowel patients 
with alosetron, a 5-HT3 receptor antagonist. Aliment Pharmacol 
Ther 1999; 13: 1149-1159

77	 Chen JX, Pan H, Rothman TP, Wade PR, Gershon MD. Guinea 
pig 5-HT transporter: cloning, expression, distribution, and 
function in intestinal sensory reception. Am J Physiol 1998; 275: 
G433-G448

78	 Coates MD, Mahoney CR, Linden DR, Sampson JE, Chen J, 
Blaszyk H, Crowell MD, Sharkey KA, Gershon MD, Mawe 
GM, Moses PL. Molecular defects in mucosal serotonin content 
and decreased serotonin reuptake transporter in ulcerative 
colitis and irritable bowel syndrome. Gastroenterology 2004; 
126: 1657-1664

79	 Chen JJ, Li Z, Pan H, Murphy DL, Tamir H, Koepsell H, 
Gershon MD. Maintenance of serotonin in the intestinal 

mucosa and ganglia of mice that lack the high-affinity 
serotonin transporter: Abnormal intestinal motility and the 
expression of cation transporters. J Neurosci 2001; 21: 6348-6361

80	 Kirkup AJ , Brunsden AM, Grundy D. Receptors and 
transmission in the brain-gut axis: potential for novel 
therapies. I. Receptors on visceral afferents. Am J Physiol 
Gastrointest Liver Physiol 2001; 280: G787-G794

81	 Coelho AM, Fioramonti J, Bueno L. Mast cell degranulation 
induces delayed rectal allodynia in rats: role of histamine and 
5-HT. Dig Dis Sci 1998; 43: 727-737

82	 Siddiqui AA, Miner PB. The role of mast cells in common 
gastrointestinal diseases. Curr Allergy Asthma Rep 2004; 4: 
47-54

83	 Santos J, Alonso C, Guilarte M, Vicario M, Malagelada 
JR. Targeting mast cells in the treatment of functional 
gastrointestinal disorders. Curr Opin Pharmacol 2006; 6: 541-546

84	 Lawal A, Kern M, Sidhu H, Hofmann C, Shaker R. Novel 
evidence for hypersensitivity of visceral sensory neural 
circuitry in irritable bowel syndrome patients. Gastroenterology 
2006; 130: 26-33

85	 Al-Chaer ED, Lawand NB, Westlund KN, Willis WD. Visceral 
nociceptive input into the ventral posterolateral nucleus of the 
thalamus: a new function for the dorsal column pathway. J 
Neurophysiol 1996; 76: 2661-2674

86	 Al-Chaer ED, Lawand NB, Westlund KN, Willis WD. Pelvic 
visceral input into the nucleus gracilis is largely mediated by 
the postsynaptic dorsal column pathway. J Neurophysiol 1996; 
76: 2675-2690

87	 Al-Chaer ED, Feng Y, Willis WD. A role for the dorsal column 
in nociceptive visceral input into the thalamus of primates. J 
Neurophysiol 1998; 79: 3143-3150

88	 Willis WD, Al-Chaer ED, Quast MJ, Westlund KN. A visceral 
pain pathway in the dorsal column of the spinal cord. Proc 
Natl Acad Sci USA 1999; 96: 7675-7679

89	 Ness TJ . Evidence for ascending visceral nociceptive 
information in the dorsal midline and lateral spinal cord. Pain 
2000; 87: 83-88

90	 Kim YS, Kwon SJ. High thoracic midline dorsal column 
myelotomy for severe visceral pain due to advanced stomach 
cancer. Neurosurgery 2000; 46: 85-90; discussion 90-92

91	 Al-Chaer ED, Westlund KN, Willis WD. Nucleus gracilis: an 
integrator for visceral and somatic information. J Neurophysiol 
1997; 78: 521-527

92	 Malcolm A, Phillips SF, Kellow JE, Cousins MJ. Direct clinical 
evidence for spinal hyperalgesia in a patient with irritable 
bowel syndrome. Am J Gastroenterol 2001; 96: 2427-2431

93	 Silverman DH, Munakata JA, Ennes H, Mandelkern MA, 
Hoh CK, Mayer EA. Regional cerebral activity in normal and 
pathological perception of visceral pain. Gastroenterology 1997; 
112: 64-72

94	 Mertz H, Morgan V, Tanner G, Pickens D, Price R, Shyr Y, 
Kessler R. Regional cerebral activation in irritable bowel 
syndrome and control subjects with painful and nonpainful 
rectal distention. Gastroenterology 2000; 118: 842-848

95	 Hobday DI, Aziz Q, Thacker N, Hollander I, Jackson A, 
Thompson DG. A study of the cortical processing of ano-rectal 
sensation using functional MRI. Brain 2001; 124: 361-368

96	 Ladabaum U, Minoshima S, Hasler WL, Cross D, Chey WD, 
Owyang C. Gastric distention correlates with activation of 
multiple cortical and subcortical regions. Gastroenterology 2001; 
120: 369-376

97	 Kern MK, Jaradeh S, Arndorfer RC, Jesmanowicz A, Hyde 
J, Shaker R. Gender differences in cortical representation of 
rectal distension in healthy humans. Am J Physiol Gastrointest 
Liver Physiol 2001; 281: G1512-G1523

98	 Drossman DA, Creed FH, Olden KW, Svedlund J, Toner 
BB, Whitehead WE. Psychosocial aspects of the functional 
gastrointestinal disorders. Gut 1999; 45 Suppl 2: II25-II30

99	 Ringel Y, Drossman DA, Turkington TG, Bradshaw B, Hawk 
TC, Bangdiwala S, Coleman RE, Whitehead WE. Regional 
brain activation in response to rectal distension in patients 
with irritable bowel syndrome and the effect of a history of 
abuse. Dig Dis Sci 2003; 48: 1774-1781

1330      ISSN 1007-9327       CN 14-1219/R        World J Gastroenterol        March 7, 2007      Volume 13      Number 9

www.wjgnet.com



100	 Naliboff BD , Derbyshire SW, Munakata J, Berman S, 
Mandelkern M, Chang L, Mayer EA. Cerebral activation in 
patients with irritable bowel syndrome and control subjects 
during rectosigmoid stimulation. Psychosom Med 2001; 63: 
365-375

101	 Devinsky O, Morrell MJ, Vogt BA. Contributions of anterior 
cingulate cortex to behaviour. Brain 1995; 118 (Pt 1): 279-306

102	 Drossman DA, Ringel Y, Vogt BA, Leserman J, Lin W, Smith 
JK, Whitehead W. Alterations of brain activity associated with 
resolution of emotional distress and pain in a case of severe 
irritable bowel syndrome. Gastroenterology 2003; 124: 754-761

103	 Traub RJ, Pechman P, Iadarola MJ, Gebhart GF. Fos-like 
proteins in the lumbosacral spinal cord following noxious 
and non-noxious colorectal distention in the rat. Pain 1992; 49: 
393-403

104	 Al-Chaer ED, Westlund KN, Willis WD. Sensitization of 
postsynaptic dorsal column neuronal responses by colon 
inflammation. Neuroreport 1997; 8: 3267-3273

105	 Al-Chaer ED,Kawasaki M, Pasricha PJ. A new model of 
chronic visceral hypersensitivity in adult rats induced by colon 
irritation during postnatal development. Gastroenterology 2000; 
119: 1276-1285

106	 Dubner R, Ren K. Endogenous mechanisms of sensory 
modulation. Pain 1999; Suppl 6: S45-S53

107	 Giesler GJ, Liebeskind JC. Inhibition of visceral pain by 
electrical stimulation of the periaqueductal gray matter. Pain 
1976; 2: 43-48

108	 Coutinho SV, Urban MO, Gebhart GF. Role of glutamate 
receptors and nitric oxide in the rostral ventromedial medulla 
in visceral hyperalgesia. Pain 1998; 78: 59-69

109	 Urban MO, Coutinho SV, Gebhart GF. Biphasic modulation of 
visceral nociception by neurotensin in rat rostral ventromedial 
medulla. J Pharmacol Exp Ther 1999; 290: 207-213

110	 Ammons WS , Blair RW, Foreman RD. Raphe magnus 
inhibition of primate T1-T4 spinothalamic cells with 
cardiopulmonary visceral input. Pain 1984; 20: 247-260

111	 Cervero F, Lumb BM, Tattersall JE. Supraspinal loops that 
mediate visceral inputs to thoracic spinal cord neurones in 
the cat: involvement of descending pathways from raphe and 
reticular formation. Neurosci Lett 1985; 56: 189-194

112	 Ness TJ, Gebhart GF. Quantitative comparison of inhibition of 
visceral and cutaneous spinal nociceptive transmission from 
the midbrain and medulla in the rat. J Neurophysiol 1987; 58: 
850-865

113	 Zhuo M, Gebhart GF. Facilitation and attenuation of a visceral 
nociceptive reflex from the rostroventral medulla in the rat. 
Gastroenterology 2002; 122: 1007-1019

114	 Saab CY, Park YC, Al-Chaer ED. Thalamic modulation of 
visceral nociceptive processing in adult rats with neonatal 
colon irritation. Brain Res 2004; 1008: 186-192

115	 Tattersall JE, Cervero F, Lumb BM. Effects of reversible 
spinalization on the visceral input to viscerosomatic neurons 
in the lower thoracic spinal cord of the cat. J Neurophysiol 1986; 
56: 785-796

116	 Phillips SF. Motility disorders of the colon. Textbook of 
gastroenterology. 2nd ed. Yamada T, editor. Philadelphia: J B 
Lippincott, 1995: 1856-1875

117	 Levy RL, Olden KW, Naliboff BD, Bradley LA, Francisconi C, 
Drossman DA, Creed F. Psychosocial aspects of the functional 
gastrointestinal disorders. Gastroenterology 2006; 130: 1447-1458

118	 Saunders PR, Santos J, Hanssen NP, Yates D, Groot JA, 
Perdue MH. Physical and psychological stress in rats enhances 
colonic epithelial permeability via peripheral CRH. Dig Dis Sci 
2002; 47: 208-215

119	 Söderholm JD, Yates DA, Gareau MG, Yang PC, MacQueen G, 
Perdue MH. Neonatal maternal separation predisposes adult 
rats to colonic barrier dysfunction in response to mild stress. 
Am J Physiol Gastrointest Liver Physiol 2002; 283: G1257-G1263

120	 Türler A, Moore BA, Pezzone MA, Overhaus M, Kalff JC, 
Bauer AJ. Colonic postoperative inflammatory ileus in the rat. 
Ann Surg 2002; 236: 56-66

121	 Frieling T, Cooke HJ, Wood JD. Neuroimmune communi-
cation in the submucous plexus of guinea pig colon after 

sensitization to milk antigen. Am J Physiol 1994; 267 : 
G1087-G1093

122	 Frieling T, Palmer JM, Cooke HJ, Wood JD. Neuroimmune 
communication in the submucous plexus of guinea pig colon 
after infection with Trichinella spiralis. Gastroenterology 1994; 
107: 1602-1609

123	 Liu S, Hu HZ, Gao N, Gao C, Wang G, Wang X, Peck OC, 
Kim G, Gao X, Xia Y, Wood JD. Neuroimmune interactions 
in guinea pig stomach and small intestine. Am J Physiol 
Gastrointest Liver Physiol 2003; 284: G154-G164

124	 Perdue MH, Marshall J, Masson S. Ion transport abnormalities 
in inflamed rat jejunum. Involvement of mast cells and nerves. 
Gastroenterology 1990; 98: 561-567

125	 W o o d J D , P e c k O C , T e f e n d K S , R o d r i g u e z - M M A , 
Rodriguez-M JV, Hernández-C JI, Stonerook MJ, Sharma HM. 
Colitis and colon cancer in cotton-top tamarins (Saguinus 
oedipus oedipus) living wild in their natural habitat. Dig Dis 
Sci 1998; 43: 1443-1453

126	 Stead RH, Tomioka M, Quinonez G, Simon GT, Felten SY, 
Bienenstock J. Intestinal mucosal mast cells in normal and 
nematode-infected rat intestines are in intimate contact with 
peptidergic nerves. Proc Natl Acad Sci USA 1987; 84: 2975-2979

127	 Gottwald TP, Hewlett BR, Lhoták S, Stead RH. Electrical 
stimulation of the vagus nerve modulates the histamine 
content of mast cells in the rat jejunal mucosa. Neuroreport 
1995; 7: 313-317

128	 Befus D. Reciprocity of mast cell-nervous system interactions. 
In: Tache Y, Wingate DL, Burks TF, editors. Innervation of the 
gut: pathophysiological implications. Boca Roton: CRC Press, 
1994: 315-329

129	 Williams RM, Berthoud HR, Stead RH. Vagal afferent 
nerve fibres contact mast cells in rat small intestinal mucosa. 
Neuroimmunomodulation 1997; 4: 266-270

130	 Broaddus RR, Castro GA. Mast cell-mediated colonic immune 
function and its inhibition by dietary aspirin in mice infected 
with Trichinella spiralis. Int Arch Allergy Immunol 1994; 105: 
135-142

131	 Wang YZ, Palmer JM, Cooke HJ. Neuroimmune regulation 
of colonic secretion in guinea pigs. Am J Physiol 1991; 260: 
G307-G314

132	 Baird AW, Cuthbert AW. Neuronal involvement in type 1 
hypersensitivity reactions in gut epithelia. Br J Pharmacol 1987; 
92: 647-655

133	 Harari Y, Russell DA, Castro GA. Anaphylaxis-mediated 
epithelial Cl-secretion and parasite rejection in rat intestine. J 
Immunol 1987; 138: 1250-1255

134	 McKay DM, Perdue MH. Intestinal epithelial function: the 
case for immunophysiological regulation. Cells and mediators 
(1). Dig Dis Sci 1993; 38: 1377-1387

135	 MacQueen G, Marshall J, Perdue M, Siegel S, Bienenstock J. 
Pavlovian conditioning of rat mucosal mast cells to secrete rat 
mast cell protease II. Science 1989; 243: 83-85

136	 Santos J, Saperas E, Nogueiras C, Mourelle M, Antolín M, 
Cadahia A, Malagelada JR. Release of mast cell mediators into 
the jejunum by cold pain stress in humans. Gastroenterology 
1998; 114: 640-648

137	 Wang GD, Wang XY, Liu S, Gao N, Fie GJ, Hu HZ, Xia Y, 
Wood JD. Extrinsic primary afferent neurons stimulate enteric 
mast cells to release histamine as a paracrine modulator 
in the enteric nervous system in the guinea-pig intestine. 
Gastroenterology 2006; 130: A30

138	 Santos J, Saperas E, Mourelle M, Antolín M, Malagelada 
JR. Regulation of intestinal mast cells and luminal protein 
release by cerebral thyrotropin-releasing hormone in rats. 
Gastroenterology 1996; 111: 1465-1473

139	 Gué M, Del Rio-Lacheze C, Eutamene H, Théodorou V, 
Fioramonti J, Buéno L. Stress-induced visceral hypersensitivity 
to rectal distension in rats: role of CRF and mast cells. 
Neurogastroenterol Motil 1997; 9: 271-279

140	 Andrews PL , Grundy D, Scratcherd T. Vagal afferent 
discharge from mechanoreceptors in different regions of the 
ferret stomach. J Physiol 1980; 298: 513-524

141	 Haupt W, Jiang W, Kreis ME, Grundy D. Prostaglandin EP 

Wood JD. Functional gastrointestinal disorders                                                                                                1331

www.wjgnet.com



receptor subtypes have distinctive effects on jejunal afferent 
sensitivity in the rat. Gastroenterology 2000; 119: 1580-1589

142	 Kirkup AJ, Jiang W, Bunnett NW, Grundy D. Stimulation of 
proteinase-activated receptor 2 excites jejunal afferent nerves 
in anaesthetised rats. J Physiol 2003; 552: 589-601

143	 Kreis ME, Jiang W, Kirkup AJ, Grundy D. Cosensitivity of 
vagal mucosal afferents to histamine and 5-HT in the rat 
jejunum. Am J Physiol Gastrointest Liver Physiol 2002; 283: 
G612-G617

144	 Pothoulakis C, Karmeli F, Kelly CP, Eliakim R, Joshi MA, 
O'Keane CJ, Castagliuolo I, LaMont JT, Rachmilewitz D. 
Ketotifen inhibits Clostridium difficile toxin A-induced 
enteritis in rat ileum. Gastroenterology 1993; 105: 701-707

145	 Castagliuolo I, LaMont JT, Letourneau R, Kelly C, O'Keane 
JC, Jaffer A, Theoharides TC, Pothoulakis C. Neuronal 
involvement in the intestinal effects of Clostridium difficile 
toxin A and Vibrio cholerae enterotoxin in rat ileum. 
Gastroenterology 1994; 107: 657-665

146	 Castagliuolo I, Riegler M, Pasha A, Nikulasson S, Lu B, 
Gerard C, Gerard NP, Pothoulakis C. Neurokinin-1 (NK-1) 
receptor is required in Clostridium difficile-induced enteritis. J 
Clin Invest 1998; 101: 1547-1550

147	 Pothoulakis C, Castagliuolo I, LaMont JT, Jaffer A, O'Keane 
JC, Snider RM, Leeman SE. CP-96,345, a substance P 
antagonist, inhibits rat intestinal responses to Clostridium 
difficile toxin A but not cholera toxin. Proc Natl Acad Sci USA 
1994; 91: 947-951

148	 Wershil BK, Castagliuolo I, Pothoulakis C. Direct evidence of 
mast cell involvement in Clostridium difficile toxin A-induced 
enteritis in mice. Gastroenterology 1998; 114: 956-964

149	 Cocchiara R, Albeggiani G, Azzolina A, Bongiovanni A, 
Lampiasi N, Di Blasi F, Geraci D. Effect of substance P on 
uterine mast cell cytokine release during the reproductive 
cycle. J Neuroimmunol 1995; 60: 107-115

150	 Cocchiara R, Albeggiani G, Lampiasi N, Bongiovanni A, 
Azzolina A, Geraci D. Histamine and tumor necrosis factor-
alpha production from purified rat brain mast cells mediated 
by substance P. Neuroreport 1999; 10: 575-578

151	 Xia Y, Hu HZ, Liu S, Pothoulakis C, Wood JD. Clostridium 
difficile toxin A excites enteric neurones and suppresses 
sympathetic neurotransmission in the guinea pig. Gut 2000; 
46: 481-486

152	 Panula P, Kaartinen M, Mäcklin M, Costa E. Histamine-
containing peripheral neuronal and endocrine systems. J 
Histochem Cytochem 1985; 33: 933-941

153	 Nemeth PR, Ort CA, Wood JD. Intracellular study of effects 
of histamine on electrical behaviour of myenteric neurones in 
guinea-pig small intestine. J Physiol 1984; 355: 411-425

154	 Frieling T, Cooke HJ, Wood JD. Histamine receptors on 
submucous neurons in guinea pig colon. Am J Physiol 1993; 
264: G74-G80

155	 Tamura K, Palmer JM, Wood JD. Presynaptic inhibition 
produced by histamine at nicotinic synapses in enteric ganglia. 
Neuroscience 1988; 25: 171-179

156	 Wood JD. Histamine, mast cells, and the enteric nervous 
system in the irritable bowel syndrome, enteritis, and food 
allergies. Gut 2006; 55: 445-447 

157	 Baum CA, Bhatia P, Miner PB. Increased colonic mucosal mast 
cells associated with severe watery diarrhea and microscopic 
colitis. Dig Dis Sci 1989; 34: 1462-1465

158	 Aly A, Bárány F, Kollberg B, Monsén U, Wisén O, Johansson 
C. Effect of an H2-receptor blocking agent on diarrhoeas after 
extensive small bowel resection in Crohn's disease. Acta Med 
Scand 1980; 207: 119-122

159	 Wood JD, Mayer CJ. Slow synaptic excitation mediated by 
serotonin in Auerbach's plexus. Nature 1978; 276: 836-837

160	 Wood JD, Mayer CJ. Serotonergic activation of tonic-type 
enteric neurons in guinea pig small bowel. J Neurophysiol 1979; 
42: 582-593

161	 Mawe GM, Branchek TA, Gershon MD. Peripheral neural 
serotonin receptors: identification and characterization with 
specific antagonists and agonists. Proc Natl Acad Sci USA 1986; 
83: 9799-9803

162	 Monro RL, Bornstein JC, Bertrand PP. Slow excitatory post-
synaptic potentials in myenteric AH neurons of the guinea-
pig ileum are reduced by the 5-hydroxytryptamine7 receptor 
antagonist SB 269970. Neuroscience 2005; 134: 975-986

163	 Liu MT, Gershon MD. Slow excitatory (“5-HT1P”-like) 
responses of mouse myenteric neurons to 5-HT: Mediation 
by heterodimers of 5-HT1B/1D and Drd2 receptors. 
Gastroenterology 2005; 128 Suppl 2: A87 

164	 Derkach V, Surprenant A, North RA. 5-HT3 receptors are 
membrane ion channels. Nature 1989; 339: 706-709

165	 North RA , Henderson G, Katayama Y, Johnson SM. 
Electrophysiological evidence for presynaptic inhibition of 
acetylcholine release by 5-hydroxytryptamine in the enteric 
nervous system. Neuroscience 1980; 5: 581-586

166	 Tack JF, Janssens J, Vantrappen G, Wood JD. Actions of 
5-hydroxytryptamine on myenteric neurons in guinea pig 
gastric antrum. Am J Physiol 1992; 263: G838-G846

167	 Galligan JJ, Surprenant A, Tonini M, North RA. Differential 
localization of 5-HT1 receptors on myenteric and submucosal 
neurons. Am J Physiol 1988; 255: G603-G611

168	 Surprenant A, Crist J. Electrophysiological characterization 
of functionally distinct 5-hydroxytryptamine receptors on 
guinea-pig submucous plexus. Neuroscience 1988; 24: 283-295

169	 McFadden D, Jaffe BM, Zinner MJ. Secretory effects of 
intravenous serotonin on the proximal jejunum of the awake 
dog. Am J Surg 1985; 149: 60-64

170	 Jaffe BM . Prostaglandins and serotonin: nonpeptide 
diarrheogenic hormones. World J Surg 1979; 3: 565-578

171	 Wood JD. Neurotransmission at the interface of sympathetic 
and enteric divisions of the autonomic nervous system. Chin J 
Physiol 1999; 42: 201-210

172	 Söderholm JD, Perdue MH. Stress and gastrointestinal 
tract. II. Stress and intestinal barrier function. Am J Physiol 
Gastrointest Liver Physiol 2001; 280: G7-G13

173	 Stonerook MJ, Weiss HS, Rodriguez MA, Rodríguez JV, 
Hernández JI, Peck OC, Wood JD. Temperature-metabolism 
relations in the cotton-top tamarin (Saguinus oedipus) model 
for ulcerative colitis. J Med Primatol 1994; 23: 16-22

174	 Wood JD, Peck OC, Tefend KS, Stonerook MJ, Caniano DA, 
Mutabagani KH, Lhoták S, Sharma HM. Evidence that colitis 
is initiated by environmental stress and sustained by fecal 
factors in the cotton-top tamarin (Saguinus oedipus). Dig Dis 
Sci 2000; 45: 385-393

175	 Wood JD, Peck OC, Sharma HS, Hernandez JI, Rodriquez 
JVR, Rodriquez MA, Stonerook MJ, Tefend KS, Gardeazabal 
J Nassar F. A non-peptide neurokinin 1 (NK-1) receptor 
antagonist suppresses initiation of acute inflammation in the 
colon of the cotton-top tamarin model for spontaneous colitis 
and colon cancer. Gastroenterology 1996; 110: A1047

176	 Peck OC, Wood JD. Brain-gut interactions in ulcerative colitis. 
Gastroenterology 2000; 118: 807-808

177	 Cervero F, Laird JMA. Irritable bowel disease: possible role 
of spinal mechanisms. In: Krammer HJ, Singer MV, editors. 
Neurogastroenterology from the basics to the clinics. Boston: 
Kluwer Academic Publishers, 2000: 664-673

                S- Editor  Liu Y    L- Editor  Alpini GD    E- Editor  Zhou T

1332      ISSN 1007-9327       CN 14-1219/R        World J Gastroenterol        March 7, 2007      Volume 13      Number 9

www.wjgnet.com



 TOPIC HIGHLIGHTS

The GIOME: Concept and current role in gastrointestinal tract 
studies
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The goal of the Physiome Project is to understand and describe the physiology and pathophysiology of the human 
organism. Multiscale mathematical and computer models are developed within this concept to help understand human 
health. From its beginning about 15 years ago, most of the focus has been in the cardiac fi eld (the Cardiome project) 
but other areas are developing as well now. 

Gastroenterology research has traditionally been based on experimental approaches rather than on mathematical 
modeling. However, in the past fi ve to ten years several groups independently started to model the gastrointestinal 
tract and Gregersen introduced the term “GIOME” a couple of years ago (Gregersen H. The Giome Project. 
Neurogastroenterol Motility 2006; 18:401-402, www.giome.com). Thus, the Physiome based GIOME project is a 
very new concept in gastroenterology. The purpose is to facilitate modeling of physiological and pathophysiological 
processes in the gastrointestinal tract. It is a framework that allows experts from a variety of disciplines to work 
collaboratively to database and analyze observations and models. GIOME work so far has been on the mechanics 
and electromechanical properties at the tissue and organ level based on medical imaging and other highly advanced 
techniques. However, the long-term goal is to develop integrative models at all levels of gastrointestinal organization 
from the genes through regulatory pathways to the whole gastrointestinal tract function. Such models will have 
applications not only in research but also in teaching, training, development of medical devices and in clinical work. 
Models span from simple analytical computations to advanced multiscale models that need input and validation from 
highly skilled experimental work.

This special issue of World Journal of Gastroenterology  contains a number of reviews and original papers related 
to the GIOME Project from the majority of the active groups in this field. The studies represent bioengineering 
models, primarily anatomical, functional and pathophysiological models, from most parts of the gastrointestinal tract. 
By publishing such a special issue we hope to increase the awareness of GIOME related research and to stimulate 
further research and collaboration in this area. The GIOME Project together with other European Physiome groups 
recently received funding from the European Union to develop a Strategy for the EuroPhysiome. It is the hope that 
this will facilitate further funding from the European Union and major funding agencies around the World to nurse this 
important effort.
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for peristalsis without the longitudinal muscle layer, a 
tremendous benefit that may explain the existence of 
longitudinal muscle fiber in the gut. We also review 
what is understood of the role of longitudinal muscle in 
esophageal emptying, reflux and pathology.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Figure 1 is a schematic of  the cross section of  the 
esophagus. The muscularis propria is comprised of  a layer 
of  circularly aligned muscle fibers within, and a layer of  
longitudinally aligned muscle fibers without, surrounding 
mucosal layers of  loosely connected tissue. The muscle 
mass of  the circular and longitudinal muscle layers is 
nearly the same. In the resting state, the circumferentially 
averaged thickness of  the muscularis has been measured 
by various researchers as 1.1-1.4 mm in the esophageal 
body, and 1.9-2.4 mm in the abdominal esophagus near the 
junction with the gastric cardia[1-6].

The function of  the circular muscle layer of  the 
esophageal muscularis propria is clear. Esophageal 
peristalsis (as well as segmental contraction in the 
intestines) requires luminal closure against the resisting 
forces within a viscous bolus, demanding the existence 
of  circumferential, or “hoop” stresses to generate applied 
pressures at a level sufficient to squeeze the lumen closed[7]. 
“Peristalsis” implies that the circular muscle contraction 
travels as a wave along the esophageal lumen to create a 
traveling contraction wave and a moving point of  luminal 
closure that forces the bolus fluid ahead, and ultimately 
into the stomach[7,8]. As indicated in Figure 2, peristalsis 
generates fluid pressure at the mucosal surface equal to 
the closure pressure from circular muscle hoop stress. 
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Abstract
We summarize from previous works the functions of 
circular vs. longitudinal muscle in esophageal peristaltic 
bolus transport using a mix of experimental data, the 
conservation laws of mechanics and mathematical 
modeling. Whereas circular muscle tone generates radial 
closure pressure to create a local peristaltic closure 
wave, longitudinal muscle tone has two functions, one 
physiological with mechanical implications, and one 
purely mechanical. Each of these functions independently 
reduces the tension of individual circular muscle fibers 
to maintain closure as a consequence of shortening of 
longitudinal muscle locally coordinated with increasing 
circular muscle tone. The physiological function is 
deduced by combining basic laws of mechanics with 
concurrent measurements of intraluminal pressure 
from manometry, and changes in cross sectional 
muscle area from endoluminal ultrasound from which 
local longitudinal shortening (LLS) can be accurately 
obtained. The purely mechanical function of LLS was 
discovered from mathematical modeling of peristaltic 
esophageal transport with the axial wal l motion 
generated by LLS. Physiologically, LLS concentrates 
circular muscle fibers where closure pressure is highest. 
However, the mechanical function of LLS is to reduce 
the level of pressure required to maintain closure. The 
combined physiological and mechanical consequences 
of LLS are to reduce circular muscle fiber tension and 
power by as much as 1/10 what would be required 
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A similar plot can be created for luminal frictional shear 
stress[8]. Within the bolus fluid pressure must generally 
decrease in the direction of  fluid motion to force the fluid 
forward against frictional resisting forces in this friction-
dominated flow. The axial pressure gradient is very small in 
the distended part of  the bolus, but becomes very sensitive 
to luminal radius as the fluid layer thins[7]. Near the moving 
point of  closure, fluid pressure rises in response both to 
the radial closure force and to frictional stresses associated 
with the forcing of  fluid from the point of  closure[7,8]. 
Proximal to the bolus tail (Figure 2), the circular muscle 
squeezes against the mucosae, which are forced onto a thin 
layer of  residual liquid that lubricates the interface between 
the mucosa and manometric catheter surface (and, in the 
absence of  a catheter, fills pockets within the mucosal 
folds). Above the tail, pressure rises in direct response to 
the tonic component of  hoop stress within the circular 
muscle layer[9].

However, the mass of  the esophageal muscularis 
propria is split evenly between circular and longitudinal 
muscle fiber[1,2]. What, then, is the role of  longitudinal 
muscle in the esophagus, and why is it there? This is 
the question that we, at least partially, address in this 
integrative summary of  current understanding.

Consider in Figure 3 the classic data of  Dodds et al[10] 
in which four metal markers were sewn into the wall of  
the lower esophagus of  cats and tracked radiographically 
during swallows. They found that shortly after the initiation 
of  the swallow, all markers except for the one at the hiatus 
shifted orally together, implying longitudinal shortening of  
the upper esophagus. Because only longitudinally aligned 
muscle fibers can generate the active tension necessary 
to shorten the upper esophagus, we conclude that 
longitudinal muscle in the upper esophagus has contracted 
locally during the initial period after a swallow. As the 
bolus tail passed a wall marker in the lower esophagus, the 
marker moved aborally, and the relative distance between 
pairs of  markers surrounding the tail shortened, implying 
local shortening of  longitudinal muscle fibers. The process 
continued as the bolus tail progressed distally, until it 
approached the hiatus, at which time the hiatal marker 
was pulled orally, an ampulla formed[11], and esophageal 
emptying began. Still the relative distance between 
adjacent markers surrounding the bolus tail decreased as 
the intrinsic lower sphincter was pulled into the thoracic 
cavity and then returned to its original position well after 
emptying was complete.

Basic features of  the marker motions observed in 
the feline esophagus by Dodds et al[10] have also been 
observed more crudely in various studies in the human 
esophagus where 11 mm metal clips were attached to the 
mucosal surface and observed fluoroscopically during 
liquid swallows[12-15]. Pouderoux et al[14], in particular, using 
three clips in the distal esophagus, observed initial stretch 
followed by shortening during bolus transport, consistent 
with Figure 3.

We address here the quest ions : (1 ) how does 
longitudinal muscle contract locally in the human 
esophagus during peristalsis, (2) is the contraction 
coordinated in any way with peristaltic contraction of  the 

circular muscle, (3) why does longitudinal muscle contract 
during esophageal peristalsis, and (4) are there benefits 
to longitudinal muscle contraction that are of  sufficient 
importance to explain the existence of  a longitudinal 
muscle layer comprising nearly half  the total muscle mass? 
To answer these questions we integrate the literature 
with two studies which apply basic laws of  mechanics, 
endoluminal ultrasound, and a mathematical model, to 
analyze local contraction of  longitudinal muscle in the 
esophagus during peristaltic transport. We follow with a 
review of  other studies relevant to esophageal longitudinal 
muscle function and close with a summary discussion 
and speculation on at least one reason why evolution has 
created a gut with a longitudinal muscle layer as massive as 
the circular muscle layer that clearly underlies gut function.

Methods to quantify longitudinal 
and circular muscle contraction 
concurrently
Application of manometry to measure circular muscle 
tone
Circumferential “hoop” stress in the esophageal wall is 
a summation of  neurologically induced active stress (or 
“tone”) in the circular muscle, a passive elastic contribution 
resulting purely from muscle distension, and a contribution 
that arises from external pressures on the muscle surfaces. 
Changes in hoop stress are directly reflected in changes 
in intraluminal “closure” pressure, so that manometric 
measurement of  intraluminal pressure can be used in the 
study of  the mechanics and physiology of  circular muscle 
tone. This is especially the case near the bolus tail where 
passive contributions are negligible and pressure reflects 
directly the active stress component[9].

The relationship between intraluminal pressure and 
hoop stress is given by a Newton’s law force balance 
across the esophageal wall, as illustrated in Figure 4. The 
following is an exact expression for a cylindrical esophagus 
with hoop stress entirely within the muscularis propria 
(Figure 4): 

			              Tmuscle
Pclosure - Pthorax = (Shoop + Pthorax)           		

 
(1)			                Rcirc                 

 
Pclosure is the pressure at the mucosal-f luid interface 

Circular
muscle

Mucosal
layers

Longitudinal
muscle

Figure 1   Schematic of esophageal cross section, showing the primary 
esophageal layers.
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required to maintain closure and Shoop is the total average 
hoop stress (force per unit muscle area) across the muscle 
layers (muscularis propria), Tmuscle is the total thickness of  
the muscle layers, Rcirc is the radius to the inner surface of  
circular muscle, and Pthorax is the pressure in the thoracic 
cavity external to the esophageal lumen. Equation (1) is a 
good approximation for the real noncylindrical esophagus 
when the stress and thickness are interpreted as averages 
over both the thickness and circumference of  the muscle 

layer, and therefore only dependent on the axial distance x 
along the lumen (Figure 2). (Note that the “Laplace law” 
is derived from equation (1) by assuming that Tmuscle is very 
much smaller than Rcirc. This is never the case, however, in 
a contracted gut segment[16]).

Equation (1) shows that relative intraluminal pressure 
(Pclosure - Pthorax) increases in direct proportion to hoop 
stress (Shoop) in the fully contracted regions, so that the 
inner circular muscle radius Rcirc is fixed, to the extent that 
the muscle thickness (Tmuscle) does not change with change 
in hoop stress. Experimentally, therefore, we interpret 
manometrically measured changes in pressure as indicating 
changes in circular muscle tone. As will be discussed 
next, these measurements have been made together with 
quantifications in local shortening of  longitudinal muscle 
fibers, with implications on the assumption of  fixed 
muscle thickness during contracted esophageal segments.

Application of endoluminal ultrasound to measure local 
longitudinal muscle shortening
Whereas intraluminal pressure responds to circular muscle 
tone because of  the force balance involving hoop stress 
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Figure 2   Frozen time image of peristaltic transport of a liquid bolus 
through the esophagus, with corresponding spatial variation in 
intraluminal pressure. A: Fluoroscopic image and pressure distribution 
(relative to atmospheric) concurrent with interpolated high-resolution 
manometry data; B: Bolus shape and overlayed pressure distribution 
from a mathematical model computer simulation.
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Figure 3  The classic experiment by Dodds et al[10]  
in which the motion of four material points in 
the muscle wall of the feline esophagus were 
recorded over time concurrently with bolus 
transport using fluoroscopy.
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and intraluminal pressure, there is no corresponding 
balance between longitudinal stress and intraluminal 
pressure in a tubular esophagus. Manometry therefore 
provides no direct information on longitudinal muscle. 
The only way to measure longitudinal muscle stress 
directly is the implantation of  strain gauges within the 
muscle wall. This has been done in an animal model[17], 
but cannot be done in humans. In humans the only 
approach currently available to measure longitudinal 
muscle contraction is indirect, through the measurement 
of  relative changes in longitudinal wall displacement, as 
shown in Figure 3. Because muscle can only contract in 
response to neurological stimulation of  muscle tone, the 
shortening of  a localized axial segment implies one of  two 
possible scenarios. In a previously unstimulated esophagus, 
local longitudinal shortening implies a local increase in 
active stress (tone) in the longitudinal muscle fibers within 
the shortened segment. In a longitudinally stimulated 
esophagus, local shortening of  one axial segment produces 
stretching in adjacent segments; shortening of  previously 
stretched segments, therefore, can arise from relaxation 
of  a previously contracted adjacent segment. Local 
longitudinal shortening can therefore be used indirectly to 
indicate longitudinal muscle contraction when the history 
of  longitudinal shortening is understood. To estimate 
longitudinal muscle stresses, would require a more complex 
integration of  measurement with the laws of  mechanics 
and modeling[9] than is possible from the simple force 
balance that produced equation (1).

In a number of  studies, to measure longitudinal 
shortening of  esophageal segments in humans, metal clips 
have been applied to the epithelial surface and their axial 
motions measured radiographically[12-15]. Whereas all of  
these studies are at lower spatial resolution and contain 
less detail than the Dodds et al[10] study in the cat (Figure 
3), the results are consistent. Technical difficulties and 
lack of  comfort during the endoscopic placement of  
clips has limited the application to 1-3 clips. Furthermore, 
the clips are large (11 mm), and the relative change in 
length between two clips typically spaced 3-5 cm is an 
average over the clip spacing, and has been shown to be 
a significant underestimate of  more localized longitudinal 
shortening[1]. Finally, since clips mark the motion of  the 
mucosal surface, which moves relative to the muscularis, 
there is inherent uncertainty in the interpretation of  
relative clip motion as inferring muscle shortening.

The practical limitations of  clips can be avoided by 
combining a basic law of  mechanics with the measurement 
of  muscle cross section with endoluminal ultrasound 
(EUS) imaging of  the esophageal muscle cross section. 
The principle is illustrated in Figure 5. Imagine a thin slice 
of  the muscularis propria at some axial location, x, in the 
resting state (denoted by*), and the same slice containing 
the same muscle mass at some later time, for example 
during the passage of  a contraction wave (no*). Muscle is 
a mixture of  liquid and solid material within the mixture 
muscle fiber, collagen, etc., which are incompressible, 
meaning that the density (mass per unit volume) is always 
the same. Thus, since the mass of  the slice in Figure 5 is 
the same before and after contraction, so is the volume 
(volume = mass/density). The volume of  the slice is the 
cross sectional area times its thickness, so that L*A* = 
LA. The relative shortening of  the slice is L/L*, which is 
therefore given by:

L          1    =                    	 (2)              L*     A/A*
		

A decrease in the longitudinal shortening parameter 
L/L*, or equivalently an increase in A/A*, quantify 
longitudinal muscle shortening localized to the axial 
position of  the measurement.

To quantify local longitudinal shortening (LLS), one 
measures the cross-sectional areas of  the muscle layer 
in the relaxed state (A*) and during contraction (A) 
using endoluminal ultrasound (EUS) and image analysis 
methods. Nicosia et al[1], using the data of  Miller et al[4], and 
Dai et al[2] used a custom assembly that combined high-
frequency ultrasound with water-perfused manometry 
to collect esophageal segment cross-sectional images 
simultaneously with intraluminal pressure. A 20 MHz 
ultrasonographic transducer, placed within a 6 French 
catheter, rotated at 15-30 Hz to provide 360 degrees 
esophageal cross-sectional imaging with a 0.1 mm axial 
slice thickness and a typical penetration depth of  2 cm was 
used. Images were recorded on super VHS videotape at 
30 frames/s. To quantify intraluminal pressure at the same 
location, a second, 3 French angiography catheter was 
glued to the EUS catheter and a small side-hole was made 
at the same level as the ultrasound transducer for perfused 
manometry. The two data sets were synchronized to within 
one video frame when recorded on a Kay Elemetrics 
swallowing workstation. The video images were digitized at 
30 frames/s in single byte uncompressed tiff  format and 
pressure was digitized at 250 Hz.

It should be noted that with EUS one measures local 
longitudinal shortening at a fixed axial location, similar to 
pressure measurement with manometry. Figure 3 shows 
that the muscle material moves axially relative to the point 
of  measurement associated with longitudinal shortening in 
the axial segment surrounding the point of  measurement.

Figure 6 is an example of  cross sections of  the 
esophagus as seen from EUS (A) in the resting state, (B) 
while the head of  the bolus passes the EUS transducer, 
and (C) when the peak intraluminal pressure passes the 
transducer [ref. 1]. The black circle with white outline in 
the center of  each image is the EUS transducer. In each 
image, the inner boundary of  the circular muscle and the 

Resting state (*)

A*

L*

Contracted state

A

L

Figure 5  Application of the principle of mass conservation to quantify local 
longitudinal shortening from measurement of the change in cross sectional area 
from endoluminal ultrasound images, leading to L/L* = 1/(A/A*).
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outer boundary of  the longitudinal muscle were outlined 
and the coordinates obtained using specially designed 
edge-detection software with a graphic user interface for 
interactive semi-automated edge detection[1]. In addition 
to extracting the muscle boundaries, the white band 
that identifies the interconnective tissue at the interface 
between the two muscle layers was quantified. (Because 
the boundary between the circular and longitudinal muscle 
layers was generally less visible than the inner and outer 
boundaries of  the muscularis, the accuracy of  the digitized 
coordinates of  the interconnective tissue layer was 
correspondingly less accurate).

In each image a pie-shaped black area facing outward 
from the catheter towards the bottom of  each image 
is produced as a result of  the manometric catheter 
interfering with the acoustic wave. To objectively define 
the muscle edges through this black area, the missing data 
were estimated using cubic spline interpolation from the 

portions of  the detected edges on each side of  the missing 
segment (Figure 6). The edges were always superimposed 
on the image and the user adjusted segments incorrectly 
extracted by the automated image-analysis system. 
Consequently, the human time required to segment the 
hundreds of  images needed was very high, limiting the 
number of  images that could be quantified. In the end, 
Nicosia et al[1] segmented and quantified several hundred 
images over the entire swallowing sequence with four 
normal subjects.

From the digitized coordinate data of  the three 
edges from each image the cross sectional areas of  
the total muscle area, as well as the individual circular 
and longitudinal muscle areas, were quantified. Given 
the diff icult ies in the accurate est imation of  the 
interconnective tissue on many of  the images, the accuracy 
of  the quantification for the individual longitudinal and 
circular muscle areas was less than the accuracy of  the 
entire muscle area. However, quantification of  total 
muscle area, and therefore the LLS shortening parameters 
A/A* and L/L* with equation (2), are felt to be quite 
accurate. Furthermore, only this approach allows for direct 
quantification of  the local longitudinal shortening of  
esophageal muscle layers.

Application of mathematical modeling to evaluate closure 
pressures
In Figure 2A we show interpolated high-resolution 
manometry data plotted axially along the lumen during 
peristaltic transport. Not surprisingly, the pressure is 
highest in the zone of  complete occlusion, just proximal 
to the bolus tail. The measured pressure is, in reality, 
within a thin liquid film between the manometric catheter 
and mucosa. Equation (1) gives the relationship between 
the fluid pressure, muscle stress, and geometry. Thus, the 
stress required by the muscles to close the lumen above 
the bolus tail is the pressure within the bolus fluid in the 
closed lumen. This fluid pressure is determined by the 
details of  bolus fluid motion in response to the motion 
of  the mucosal surface that, in turn, moves the bolus fluid 
and generates pressure and resisting frictional forces at 
the fluid-epithelial interface. The motion of  the mucosal 
surface originates in circular muscle contraction moving 
the mucosal surface radially (transverse to the lumen), and 
in longitudinal muscle contraction moving the surface 
axially (along the lumen).

We ask the following functionally important questions: 
If  longitudinal muscle contracts locally, coordinated 
in some way with circular muscle contraction during 
peristalsis, does the resulting motion of  the mucosal 
surface in any way alter the pressure force that maintains 
luminal closure (Pclosure in equation 1)? If  so, is the alteration 
beneficial or detrimental to the efficacy of  peristalsis? 
These questions cannot be answered experimentally, 
because it would be necessary to repeat the experiment 
with circular muscle contraction precisely the same in all 
experiments, but with the degree of  longitudinal muscle 
contraction suppressed without altering circular muscle 
physiology. However, a physics-based mathematical 
model of  peristaltic fluid transport can be applied to fill 
in certain gaps between experimentally measurable data to 
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Figure 6  Example of the use of EUS with image analysis to determine the 
cross sectional area of the muscularis propria (A) in the resting state (*), (B) with 
distention at the bolus head, and (C) at peak contractile pressure.
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address questions inaccessible to experiment. (By “physics-
based, we mean modeling derived directly from the laws 
of  physics which, in mathematical form, are predictive.) 
To answer the questions above we therefore integrate a 
mathematical model of  bolus fluid motion with image 
and pressure data of  esophageal bolus transport. In this 
section we describe this model in general terms without 
mathematical equations. Mathematical details can be found 
in Pal & Brasseur[18] and Li & Brasseur[8].

Figure 2B shows a prediction of  intraluminal pressure 
for bolus transport with a bolus shape designed as 
representative of  esophageal peristalsis. The modeled 
bolus geometry is an idealized version of  the physiological 
bolus shape (Figure 2A) in order to capture the essential 
elements of  esophageal bolus transport needed for 
the study. These essential elements are: (1) Accurate 
mathematical representation of  Newton’s second law 
of  mechanics applied to liquid bolus motion, intrabolus 
pressure, and intrabolus frictional stress, driven by the 
motion of  a lumen boundary surrounding the bolus liquid. 
A basic discussion of  these physical effects in esophageal 
bolus transport is give in[7]; (2) Specification of  a “tear-
drop” bolus shape at specified peristaltic wave speed that 
is representative of  the actual bolus during peristalsis. 
As discussed by Li & Brasseur[8], near the bolus tail there 
is a coupling between the bolus shape and the pressure 
that, through equation (1), reflects the manner in which 
circular muscle stress increases to a peak proximal to 
the bolus tail[9]. The basic nature of  peristaltic muscle 
squeeze produces a “tear-drop” shaped bolus, as shown in 
fluoroscopic imaging of  bolus transport (e.g., Figure 2A)  
and as modeled in Figure 2B; (3) The diameter of  the 
modeled esophageal lumen in the fully contracted region 

proximal to the bolus tail is a direct reflection of  the 
liquid layer that coats the manometric catheter as in Figure 
2A, or lubricates the mucosal folds during transport. 
In the model, this occlusion diameter is an “effective” 
lubrication layer that, for given peristaltic wave speed, 
reflects the maximum squeeze of  the circular muscle[7]. 
Peak muscle squeeze pressure is adjusted to match 
experiment by adjusting this occlusion diameter; (4) For 
the purposes of  this study, the most important advantage 
of  the mathematical model is the ability to fully specify 
the longitudinal motions of  the lumen surface. We do this 
consistent with measured local shortening of  longitudinal 
muscle and measured coordination with circular muscle 
contraction. However, we explore the consequences of  
local longitudinal shortening (LLS) with our unique ability, 
with the model, to systematically alter the contribution 
of  LLS to contractile pressure, from no contribution to 
the measured physiological contribution, as well as to 
systematically explore the consequences of  alignment 
and misalignment between longitudinal and circular 
muscle contraction. Through this unique property of  a 
mathematical model, we are able to explain mechanical 
function of  longitudinal muscle that is difficult to explain 
through experiment alone.

Figure 7 shows the basic elements and parameters 
of  the mathematical model. The esophageal geometry 
is simplified to a straight axisymmetric deformable tube 
along which a bolus of  fixed shape travels at wave speed 
c. Deviations from axisymmetry are unimportant to the 
effects of  longitudinal muscle function that interest us 
here. The volume of  the bolus, bolus length λ and radius 
H are specified consistent with fluoroscopic imaging of  
esophageal bolus transport. As discussed above, lubrication 
thickness, ε, is specified consistent with manometric 
measurement of  peak closure pressure, Pamp (Figure 2).

To study the effects of  local longitudinal shortening on 
closure pressure, the space-time motions of  the surface of  
the mucosa are explicitly specified in the model calculation 
to be consistent with (1) no longitudinal shortening, (2) the 
EUS and clip measurements of  LLS, and (3) systematic 
variations in level of  LLS between no shortening and the 
measured levels of  shortening. In addition we systematically 
vary the degree of  coordination between local circular 
muscle contraction, and LLS. As illustrated in Figure 7B, in 
the model we ultimately specify the axial (Ub) and radial (Vb) 
velocities of  each surface point along the axial coordinate 
(x) and time (t). The standard model of  esophageal 
bolus transport does not include longitudinal shortening, 
so there is no axial motion in the model (Ub = 0).  
With longitudinal shortening, the axial velocity is made 
nonzero consistent both with the shape of  the propagating 
bolus, and with measured LLS consistent with the EUS 
results of  Nicosia et al[1], and the marker studies of  Dodds 
et al[10], Pouderoux et al[14]. and Shi et al[15]. These will be 
discussed in the following section.

aNALYSIS OF Endoluminal 
Ultrasound WITH MARKER STUDIES
Figure 8 shows the essential result from the EUS analysis 
of  Nicosia et al[1]. By making use of  conservation of  
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e is the thickness of the lubrication layer in the contracted zone, and c is the 
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muscle mass, equation (2), the LLS parameter A/A* is 
plotted against time together with intraluminal pressure 
during the transport of  10 mL liquid boluses through the 
mid esophagus (Figure 8A). An increase in A/A* implies 
a decrease L/L*, a local shortening of  the esophageal 
segment at the axial location of  the ultrasound transducer. 
From equation (1) and the analysis in[9], we may interpret 
the variation in intraluminal closure pressure as a close 
approximation to the variation in circular muscle hoop 
stress, or tone. In Figure 8B are plotted the average muscle 
thickness, Tmuscle, and the luminal radius to the circular 
muscle, Rcirc, in the same time axis as Figure 8A. Ensemble 
averages were carried out over four normal subjects with 
the time reference as the peak in A/A*, or maximum LLS.

The Nicosia et al[1] result (Figure 8) is important for 
several reasons. It tells us that during peristaltic transport 
of  a bolus through the mid esophagus, longitudinal muscle 
contracts and shortens in a highly localized manner that 
is tightly coordinated with the contraction of  the circular 
muscle. At a fixed axial location within the esophagus, 
longitudinal muscle contraction precedes circular muscle 

contraction, but longitudinal muscle maximally shortens 
coincident with maximum circular muscle contraction. 
Longitudinal muscle then relaxes, but more slowly than 
circular muscle. The Nicosia et al [1] result in the mid 
esophagus has recently been replicated by Mittal et al[19] at 
5 and 10 cm above the LES. We can relate this result to 
the marker studies in the cat by Dodds et al[10] in Figure 
3 where the time of  maximal shortening of  the three 
marked segments always occurred when the bolus tail was 
between the markers. Combined with the more precise 
result of Figure 8, we conclude that esophageal peristalsis 
may be described as overlapping peristaltic waves of  
circular and longitudinal muscle contraction that are 
spatially aligned so that peaks in longitudinal and circular 
muscle contraction occur nearly together as the two waves 
propagate concurrently along the esophageal lumen. The 
in vivo-modeling study by Nicosia & Brasseur[9] showed that 
the spatial pressure distribution surrounding the bolus tail 
in Figure 2 is a good approximation of  hoop stress. If  it 
were possible to plot local stress in longitudinal muscle on 
the same plot, Figure 8 suggests that the local longitudinal 
stress distribution would peak at the same place as hoop 
stress and pressure in Figure 2, but would be broader-
LLS would envelope circular muscle contraction as the 
peristaltic waves propagate along the esophageal body.

Figure 8B indicates that as the bolus distends the 
esophagus, a thinning of  the muscularis occurs with no 
change in the muscle cross sectional area, and therefore 
without LLS. The initiation of  LLS coincides with 
transition from a thinning to a thickening muscle layer, 
while the initiation of  circular muscle contraction coincides 
with the transition from a distending to a closing lumen. 
When the lumen is fully closed, change in muscle thickness 
implies change in muscle area, however the true marker of  
LLS is relative change in cross sectional muscle area rather 
than thickness. 

Function of longitudinal muscle with esophageal emptying
Note in Figure 3 that the distal segment of  the cat 
esophagus initially lengthens, then shortens longitudinally 
as the bolus tail (just distal to the point of  peak circular/
longitudinal muscle contraction) approaches. This initial 
lengthening has also been measured with clips in the distal 
human esophagus[14,15], but is not observed in the data of 
Figure 8 from the mid esophagus (nor in[19]). The initial 
lengthening appears to result from a pulling on the distal 
esophagus from above against an initially immobile LES, 
until the bolus tail enters the mid esophagus (Figure 3)  
and forms an ampulla, preceding the opening of  the 
hiatus and esophageal emptying[11]. Ghosh et al[20] used 
a combination of  concurrent manometry/fluoroscopy 
data and mathematical modeling of  the process of  hiatal 
opening and esophageal emptying to show that the circular 
muscle of  the distal esophagus undergoes a rapid increase 
in tone that rapidly raises intrabolus pressure to force open 
the relaxed sphincter segment, and then maintains high 
pressure while bolus fluid is driven through the hiatus and 
into the stomach. 

Ghosh et al[20] argued that longitudinal shortening plays 
a role in this process by pulling the intrinsic component of  
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the smooth muscle sphincter orad and over the surface of  
a forming ampulla, as suggested by the Dodds et al[10] data 
in Figure 3. Since sphincteric smooth muscle is designed 
to maintain tone in the resting contracted state, it is well 
suited to the generation of  sustained tone over an ampulla, 
as needed during esophageal emptying. The hypothesis, 
therefore, is that the active suppression of  LES tone 
ceases not when the LES returns to its resting state after 
esophageal emptying, but rather before emptying begins as 
the LES is pulled orad and placed over the ampulla surface 
by contraction of  longitudinal muscle in the esophageal 
body. In this way, the LES contributes to the opening 
of  the hiatus by increasing intrabolus pressure during 
ampulla formation, and to transsphincteric flow by the 
maintenance of  high ampullary pressure. It would follow, 
then, that immobilizing the LES with fundoplication may 
explain the insufficient generation of  muscle tone required 
to open the hiatus and drive esophageal emptying and, 
consequently, to fully empty the esophagus with a single 
peristaltic wave as has been consistently observed.

A question of  mechanics now arises: how is it that 
the LES is not pulled orad until the peristaltic circular/
longitudinal muscle waves enter the distal esophagus? 
Why does the LES initially remain at its resting position? 
Newton’s second law states that the LES will move orad 
only if  there is an orad force on the sphincteric segment 
of  esophagus that overbalances a caudal force. Apparently, 
until the bolus tail passes into the distal-most esophagus, 
the upward pull of  the esophageal body on the sphincteric 
segment is insufficient to overcome the caudal pull of  the 
phreno-esophageal ligaments. However, as the peristaltic 
wave enters the lower esophagus, the balance of  forces 
on the sphincteric segment must change. Given that the 
phreno-esophageal ligaments are purely elastic elements, 
and therefore cannot generate tone, it must be the case 
that the total upward force supplied by the longitudinal 
muscle must increase as the peristaltic circular/longitudinal 
wave approaches the hiatus and an ampulla forms. This 
conclusion is supported by Dai et al[2] who measured 
A/A* at peak intraluminal pressure at different distances 
from the LES during swallowing of  5 mL boluses. Their 
result is shown in Figure 9; the level of  local longitudinal 
shortening increases as the peristaltic wave passes into the 
lower esophagus, suggesting a corresponding increase in 

orad longitudinal stress on the gastro-esophageal segment. 
Longitudinal muscle, therefore, appears to play an 
important functional role in the process of  hiatal opening 
and esophageal emptying.

However, there is another, more important, role for 
concurrent local longitudinal shortening and circular 
muscle peristaltic contraction waves, that we describe next.

An Explanation for local longitu-
dinal shortening: application 
of mathematical modeling and 
mechanics
As discussed above in context with equation (1), the 
pressure required to maintain closure proximal to the 
bolus tail is generated by an integration of  circular muscle 
hoop stress over the muscle thickness, which represents 
a summation of  the forces of  the individual circular 
muscle fibers on the cross section illustrated in Figure 4. 
It follows that if  a longitudinal segment of  the esophagus 
shortens, circular muscle fibers will be compressed within 
a narrower longitudinal segment and the number of  
fibers that contribute to hoop stress in that narrowed 
segment increases. Consequently, the total force available 
to maintain closure is larger for the same individual fiber 
force by the increase in number of  fibers within the 
narrow segment. Conversely, for a given total closure force 
required to maintain the closure of  a fixed longitudinal 
segment, local longitudinal shortening will reduce the force 
per circular muscle fiber by the increase in the number of  
circular muscle fibers recruited to create that given closure 
force.

Mechanical vs physiological consequence of local 
longitudinal shortening
Figure 8A shows a maximum local longitudinal shortening 
of  L/L* = 1/(A/A*) ≈ 1/3. This implies three times more 
circular muscle fibers available for generating closure 
pressure after LLS, which reduces the force required by 
each fiber by 1/3. This is a substantial savings in force, 
and correspondingly energy required to effect esophageal 
peristalsis. This increase in longitudinal density of  muscle 
fibers might be described as a “physiological” explanation 
for the existence of  a longitudinal muscle layer[1].

Another way to make the same argument is through 
the force balance, equation (1), and Figure 4. Above the 
bolus tail, the radius Rcirc remains fixed. Up to now we 
have focused on the relationship between hoop stress (Shoop) 
and closure pressure (Pclosure) in equation 1. However, 
local longitudinal shortening increases the cross sectional 
muscle area A ≈ (2πRcirc)Tmuscle, so that increasing the 
area by a factor of  three (Figure 8A) with fixed Rcirc also 
increases the thickness by roughly a factor of  three. Thus, 
for the same closure pressure, Pclosure, the hoop stress, and 
therefore average fiber force, can reduce by at least a factor 
of  three.

However, equation (1) also produces the following 
question: Is the closure pressure Pclosure the same with local 
longitudinal shortening as without? That is, if  evolution had 
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Figure 9  From Dai et al[2], local longitudinal shortening at peak intraluminal 
pressure during swallowing of 5 mL water bolus at different locations above the 
upper margin of lower esophageal sphincter high-pressure zone. Averages of 20 
normal subjects.
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not created a longitudinal muscle layer, would the pressure 
required to maintain closure (left side of  equation 1)  
be the same? The reason why the closure pressure 
might be different is that a traveling wave of  LLS causes 
the mucosal surface to move axially (Figure 3). As the 
bolus tail approaches a material point on the mucosal 
surface, the material point moves orad; then, as the 
tail passes that material point, it reverses direction and 
moves caudal. Because there is a thin liquid film above 
the tail the pressure in the tail region is very sensitive 
to tail geometry[8], so that axial motions of  the mucosal 
surface close to the tail have the potential to impact fluid 
pressure and frictional stresses there. It might be the case, 
for example, that the pressure near the tail required to 
maintain closure is higher as a result of  the axial motions 
associated with LLS than without in which case, the gain in 
muscle fiber force from the compression of  muscle fibers 
by physiological stimulation of  longitudinal muscle would 
be offset by an increase in closure pressure. So, the answer 
to the question is important for the role of  longitudinal 
muscle in esophageal peristalsis. However, these questions 
cannot be answered through in vivo experiment, so we 
employ the power of  mathematical modeling to extend 
data measurable in vivo to data unavailable to physiological 
experiment.

The mechanical consequence of local longitudinal 
shortening 
The basic mathematical model[18] from which closure 
pressure can be predicted was described in “MATERIALS 
AND METHODS” above and the basic parameters 
of  bolus motion are shown in Figure 7. However, the 
axial motions of  the lumen surface in the model were 
described only in general terms, in the absence of  the 
local longitudinal shortening data from Figure 8. These 
data were used to specify and parameterize the boundary 
axial and radial velocities Ub and Vb of  all material points 
on the modeled mucosal surface. LLS was modeled as 
a longitudinal muscle contraction wave that propagates 
together with the circular muscle contraction wave, 
as illustrated in Figure 10. The longitudinal muscle 
contraction wave was modeled as a longitudinal shortening 
wave with specified shape L/L* vs axial coordinate x that 
moves with the specified luminal geometry at the same 

bolus speed c. The peak in LLS was displaced from peak 
intraluminal pressure by the specified amount ∆. The 
shape and width of  L/L* were determined from the data 
of  Figure 8A, assuming a wave speed of  3 cm/s (typical 
for bolus transport through the mid esophagus). Peak 
LLS, (L/L*)max, was varied: from no shortening (L/L* = 1, 
implying no axial motion of  the mucosal surface, or Ub = 0), 
to the physiological value of  shortening, (L/L*)max = 0.35), 
leading to surface motions similar to the upper markers in 
Figure 3. The displacement between the longitudinal and 
circular muscle contraction waves, ∆ (Figure 10), was also 
systematically varied from 0 to ± 2 cm. The mathematical 
details are given in[18].

The primary result from Pal & Brasseur[18] is given in 
Figure 11. In Figure 11A closure pressure is plotted along 
the bolus axis for different levels of  local longitudinal 
shortening, with the longitudinal and circular muscle 
contract ion waves perfect ly a l igned (∆ = 0) . The 
lubrication layer thickness ε was fixed at a value where peak 
closure pressure in the absence of  LLS was roughly 150 
mmHg. We discover that a coordinated peristaltic wave of  
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Figure 10  Schematic of the parameterization 
of local longitudinal shortening in the model. 
The shape of the shortening parameter L/L* is 
fixed while maximum LLS and offset between 
the longitudinal and circular muscle contraction 
waves are varied.
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local longitudinal shortening reduces peak closure pressure 
progressively, and very significantly, with increasing levels 
of  LLS. At the physiological level of  LLS measured by 
Nicosia et al[1], the level of  pressure required to maintain 
closure is one third what would be required in the absence 
of  a longitudinal muscle wave coordinated with the circular 
muscle peristaltic wave. This is a very substantial reduction 
in the pressure required to maintain the same level of  
luminal closure, and is a fully mechanical effect that arises 
from the changes in fluid stresses that arise from relatively 
subtle axial movements of  the lumen surface induced by 
the LLS associated with longitudinal muscle peristalsis.

In Figure 11B we plot the effect of  displacement 
between the peak LLS and circular muscle contraction 
waves on peak closure pressure, for different levels of  LLS. 
Whereas the minimum is relatively broad, we find that the 
effect of  LLS on reduction of  closure pressure is maximal 
when the circular and longitudinal muscle contraction 
waves are aligned to within roughly 1 cm, or on a time axis 
within about 1/3 second, consistent with Figure 8A.

An explanation for the existence of longitudinal muscle
Using a combination of  intraluminal ultrasound with 
image analysis, the laws of  mechanics, and mathematical 
modeling, we have arrived at a convincing functional 
explanation for the existence of  longitudinal muscle in 
the esophagus. Combined longitudinal-with-circular-
muscle peristaltic contraction waves have two beneficial 
multiplicative consequences to the circular muscle tone 
and energy required for esophageal peristalsis. Firstly, 
local contraction of  longitudinal muscle shortens the 
longitudinal dimension of  axial segments and increases the 
concentration of  circular muscle fibers at the location of  
maximal circular muscle squeeze by nearly a factor of  3, 
thus reducing the force required by each circular muscle 
fiber by nearly 1/3 as compared to the same esophagus 
without the longitudinal muscle layer. Secondly, the 
local axial motions of  the mucosal surface induced by a 
peristaltic wave of  local longitudinal shortening reduce 
the level of  applied pressure required to locally close the 
lumen also by roughly a factor of  three, a result of  the 
local changes in fluid stresses within the lubrication layer. 
The net result is an overall reduction of  fiber force by 
about 1/9, or roughly 10% what would have been required 
in the absence of  the longitudinal muscle layer! To obtain 
this benefit, longitudinal muscle contraction envelopes 
circular muscle contraction.

Furthermore, given that the power required by 
individual muscle fibers to transport a bolus through 
the esophagus is proportional to the fiber force, the 
coordination of  longitudinal and circular muscle peristaltic 
waves greatly reduces the energy requirements for circular 
muscle fibers. Because the reduction in fiber force is 
so high, even when the additional power requirements 
of  longitudinal muscle are taken into account, the net 
savings in energy requirements are substantial. Indeed 
the combined physiological and mechanical benefits are 
so great that one might extrapolate this observation as 
a potential explanation for the existence of  longitudinal 
muscle and local longitudinal muscle shor tening 

throughout the GI tract, including the intestines and 
sphincters.

Related observations
Having understood how to interpret EUS data in context 
with LLS, EUS research preceding the Nicosia et al[1] study 
can now be interpreted in context with the discussions 
above. Furthermore, three additional studies involving 
clips provide additional insight.

Miller et al[4] were the first to report measurements of  
muscle thickness concurrent with intraluminal pressure 
during esophageal bolus transport. They report results 
essentially equivalent to the thickness and pressure results 
in Figure 8, showing an increase and decrease in muscle 
thickness surrounding the pressure as in Figure 8. In 
a more recent study, Dai et al[21] showed that the time 
period of  circular muscle contraction with bolus transport 
through the esophageal body, as inferred from the duration 
of  the peristaltic pressure, is strongly correlated to the 
time period of  longitudinal muscle contraction as inferred 
from LLS (r = 0.92), further confirming the integration of  
longitudinal and smooth muscle contraction in esophageal 
peristalsis.

In an interesting study of  concurrent changes in 
pressure and muscle thickness above and below local 
balloon distension of  the esophagus above the LES, 
Yamamoto et al[22] showed that a peripherally induced 
increase in circular muscle tone above local balloon 
distension is strongly correlated with a local increase in 
muscle thickness. Below the balloon distension neither 
pressure nor muscle thickness increased. Because these 
studies were carried out in the absence of  a bolus, we 
may interpret the increase in thickness as an increase in 
muscle cross sectional area, and therefore the presence 
of  local longitudinal shortening above the distension, but 
not below. We conclude that a strong correlation exists 
between circular and longitudinal muscle contraction 
associated with local discussion. Based on studies of  
primary peristalsis, it is reasonable to hypothesize that 
the correlation between circular and longitudinal muscle 
contraction is maintained after balloon deflation and the 
initiation of  secondary peristalsis an association that was 
suggested in clip studies by Shi et al[15].

Pehlivanov et al[6] showed a significant correlation 
between maximum muscle thickness and pressure 
amplitude during esophageal bolus transport, which we 
now may interpret as a correlation between LLS and 
closure pressure as was shown explicitly by Nicosia  
et al[1]. These results support the physiological explanation 
of  longitudinal muscle function discussed above, since a 
higher degree of  LLS would imply a higher concentration 
of  circular muscle fibers and, potentially, a higher closure 
pressure (equation 1, Figure 4). Pehlivanov et al[23] went 
on to show that this correlation weakens in patients with 
nutcracker esophagus and diffuse esophageal spasm, 
suggesting that pathology of  circular and longitudinal 
muscle during bolus transport may be intertwined. 
Interestingly, Balaban et al[24] demonstrated a correlation in 
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thickening of  the esophageal muscularis propria sustained 
for a minute and chest pain, in the absence of  peristalsis 
and circular muscle contraction. In the absence of  a 
bolus, an increase in muscle thickness implies an increase 
in muscle cross sectional area, so we may conclude that 
the recorded chest pain was associated with sustained 
shortening of  esophageal longitudinal muscle.

Using mucosal clips in the distal esophagus, Kahrilas 
et al[13] showed that longitudinal shortening is impaired 
by hiatal hernia. This result is understandable in light of  
the balance between longitudinal muscle stress orad, and 
elastic stress within the phreno-esophageal ligaments 
caudal, as discussed above. The mucosal clip study by Shi 
et al[15] suggests that transient lower esophageal relaxation 
(tLESR) may be associated with longitudinal shortening of  
the distal esophagus, and therefore that gastro-esophageal 
reflux may be preceded by longitudinal muscle contraction 
and esophageal shortening. A recent study reported by 
Pandolfino et al[25], with far more subjects that combine two 
mucosal clips with high-resolution manometry, provides 
convincing evidence that this is the case. The physiology 
and function of  local longitudinal shortening in reflux, and 
in distinguishing normal from pathological reflux, is not 
yet understood.

Discussion: The importance of 
LONGITUDINAL Muscle
Research within the last several years has greatly increased 
our understanding of  longitudinal muscle function in 
the esophagus. In particular, we now have a reasonable 
explanation for why evolution has lead to the creation of  
a longitudinal muscle layer. Peristalsis underlies esophageal 
function. From a mechanical perspective, peristalsis 
requires force and power. From a physiological perspective, 
the peristaltic forces originate in the generation of  muscle 
fiber tone, regulated and controlled in space-time by 
central and enteric neuromuscular interactions. Underlying 
luminal transport in the esophagus, transport and mixing 
in the gut, and regulation of  transport in the sphincters, 
is the controlled opening and closure of  localized luminal 
segments by circularly aligned muscle fibers. Thus the 
efficiency of  circular muscle function underlies the 
efficiency of  gut function. We have observed (Figure 8) 
that at peak closure pressure, the circular muscle layer area 
and thickness in the esophagus are roughly three times 
larger than the resting state, implying that in the absence 
of  the longitudinal muscle layer, the circular muscle 
should have to be three times thicker than evolution has 
produced. Thus, taking into account a longitudinal muscle 
layer with the same thickness as the circular muscle layer, 
and assuming the same number density of  longitudinal 
and circular muscle fibers, the presence of  a longitudinal 
muscle layer implies a 33% savings in the required number 
of  muscle fibers.

However, the savings are much greater than simply a 
reduction by one third in the number of  required muscle 
fibers. By producing a local wave of  longitudinal muscle 
contraction coordinated with circular muscle contraction, 

the longitudinal muscle layer generates controlled axial 
motions of  the mucosal surface that affect the frictional 
and pressure stresses within the fluid lubrication layer 
between the mucosa and catheter, or within the mucosal 
folds. The consequence of  these changes is to reduce by 
two thirds the pressure force required to close the lumen 
and effect peristaltic transport, and therefore the tension 
force by each circular muscle fiber. The major reductions in 
circular muscle force also imply major reductions in power 
required to transport the bolus, and therefore the energy 
required by the circular muscle fibers during peristalsis. 
If  one assumes that axial stresses induced by longitudinal 
muscle contraction are, at best, comparable to the hoop 
stresses during peristalsis, the additional power required by 
longitudinal muscle is of  order or less than circular muscle, 
and a net savings of  at least one third is again obtained. 
Thus, the presence of  the longitudinal muscle layer both 
reduces substantially the number of  muscle fibers required 
for peristaltic bolus transport and the energy required 
by the muscles involved in the transport process. The 
motivation for the existence of  a longitudinal muscle layer 
is clear.

Whereas the mechanical consequences of  longitudinal 
muscle function in esophageal peristalsis are somewhat 
clarified, there is very little that is understood about the 
neurophysiology that controls the coordination between 
longitudinal and circular muscle peristalsis, or about 
the function and physiology of  longitudinal muscle 
not associated with peristalsis. Furthermore, whereas 
there have been some tantalizing hints about the role of  
longitudinal muscle in pathology, very little is known, much 
less understood, about longitudinal muscle pathology, its 
role in gut dysfunction, and its relationship to diseases of  
the gastro-intestinal tract.
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Abstract
The oesophagus is a cylindrical organ with a collapsed 
lumen and mucosal folds. The mucosal folding may 
serve to advance the function of the oesophagus, i.e. 
the folds have a major influence on the flow of air and 
bolus through the oesophagus. Experimental studies 
have demonstrated oesophageal mucosal folds in the no-
load state. This indicates that mucosal buckling must be 
considered in the analysis of the mechanical reference 
state since the material stiffness drops dramatically 
after t issue col lapse. Most previous work on the 
oesophageal zero-stress state and mucosal folding has 
been experimental. However, numerical analysis offers 
a promising alternative approach, with the additional 
ability to predict the mucosal buckling behaviour and 
to calculate the regional stress and strain in complex 
structures. A numerical model used for describing the 
mechanical behaviour of the mucosal-folded, three-
layered, two-dimensional oesophageal model is reviewed. 
GIOME models can be used in the future to predict the 
tissue function physiologically and pathologically. 

© 2007 The WJG Press. All rights reserved.
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EXPERIMENTAL AND MODELING 
APPROACHES TO THE ZERO-STRESS 
STATE AND MUCOSAL BUCKLING
New computational models for describing the gastro-
intestinal (GI) tract mechanical behaviour precisely are a 
GIOME approach for bioengineering tissue modelling. 
The zero-stress state provides a standardized reference 
state for describing the mechanical response to external 
loading[1-4]. A large number of  studies have been published 
on the zero-stress state of  the cardiovascular and GI 
systems. The zero-stress state in soft biological tissues can 
be obtained by an experiment where tissue rings are cut 
radically, opening up into sectors. The angle subtended by 
the open ring, referred to as the opening angle, is used as 
a measure of  the residual stress present in the intact ring 
of  the tissue[2]. However, recent studies on multi-layered 
organs such as blood vessels and the GI tract indicate that 
the zero-stress state differs between layers and that a stress 
jump exists between the layers[5-11]. Thus, the true stress-
free configuration for a multi-layered model is at least 
a twice cut tissue ring; one circumferential cut for layer 
separation and one radial cut in each layer to generate a 
true stress-free state. 

Longitudinal mucosal folds exist throughout the length 
of  the oesophagus. It was originally believed that the 
folding was caused by the contraction of  the muscle layer 
in an in vivo state[12]. However, the folds appear even at the 
no-load state[5]. Hence, additional tension caused by the 
compressed mucosa-submucosal layer exists in the muscle 
layer at the no-load state. Furthermore, the mucosal layer 
is not perfectly elastic, its circumferential length cannot 
decrease to zero, thus the tension in the muscle layer will 
collapse the mucosal layer[12]. Therefore, the buckling 
feature of  the oesophagus must be accounted for in a 
reference state analysis since the material stiffness drops 
dramatically after tissue collapse.

In the airways it has been shown that the number 
of  folds depends on the luminal radius, mucosal 
thickness and on the elasticity of  the mucosal layer[13,14]. 
However, since only experimental work has been done 
on oesophageal mucosal folding, no detailed information 
exists on relations between the stress-strain and buckling 
of  the oesophageal mucosa. A numerical model used for 

Hans Gregersen, Professor, Series Editor



buckling analysis in a three-layered (the epithelium, the 
muscularis mucosal-submucosal (MMS) and the muscle), 
two dimensional oesophageal model has been generated. 
Such bioengineering GIOME models can be used in the 
future to predict the tissue function both physiologically 
and pathologically. 

Numerical modeling
Previous zero-stress state analysis has been based on data 
from rat, rabbit and guinea pig[1,5,6,9,10,15]. In yet unpublished 
studies, the zero-stress morphology data were obtained 
from five male 300 g Wistar rats. Geometric models for 
the oesophageal muscle and mucosal-submucosal layer 
were generated based on the morphology of  the separated 
oesophagus at the zero-stress state[5,6,15]. The oesophageal 
passive mechanical properties were tested from the two 
other Wistar rats by using  a tensile test machine[16,17].

Geometric models
Previous studies have shown that the muscle layer at 
the no-load state is stretched while the mucosal layer 
(the epithelial layer + the MMS layer) is compressed  
(Table 1)[5,6,9,18]. Tensile and radial stresses induced by 
muscle layer stretch existed at the interface between the 
muscle layer and the mucosal layer. The radial stress is the 
balance stress that acts on the mucosal layer to produce 
the folds. For simulating the three-layered, mucosal folded 
oesophageal wall, the analysis was divided into two steps. 
The first step was to simulate the separated muscle layer 
and mucosal layer from an opening sector to the closed 
rings. The configurations for the opening sectors and the 
closed ring are illustrated in Figure 1. The second step was 
to stretch the muscle layer according to the experimental 
morphological measurement and to compress the mucosal 
layer by using the pressure that acted on the interface 
between the muscle and the mucosal layer (the pressure 
was equal to the radial stretch stress at the inner surface of  
the muscle layer). 

Mechanical properties
The mechanical properties of  the muscle and mucosal-
submucosal layers were obtained based on the un-axial 
tensile test and circumferential planar test on each layers. 
The tests were conducted in a tensile test machine 
consisting of  an organ bath, motion table, force transducer 
and electronics[15,16]. The force and displacement curves 
were obtained simultaneously during the tensile test. 
Hence, the uni-axial stress-strain can be calculated.

Stress-strain calculation
The stress and strain calculation for the circumferential 
uni-axial tensile test and planar test:
        Stretch ratio: λ  = (C/C0) 		      (1)
        Lagrangian Stress T = F/(Wring × h × 2)   (2)
where C and C0 are the length between the centre of  the 
two rods before and during deformation, F is the recorded 
force. C, h, and Wring refer to the circumference, thickness 
and width of  the rings, respectively.

The circumferential stress-strain curves for both the 
muscle and mucosal layer show an exponential, large 
deformation pattern. Consequently, the muscle layer and 
the mucosal layer must be modelled as a hyperelastic 
material by using 2nd Ogden strain energy functions[19] 
(Figure 2A). To the best of  our knowledge, data on the 
material properties do not exist on the separated MMS and 
epithelial layer. Thus, it was assumed that the stress-strain 
curve obtained from the separated mucosa-submucosal 
layer mainly determined the mechanical properties of  the 
epithelial layer. The stress-strain curve of  the MMS layer 
was assumed to have a similar pattern as the epithelial layer 
but it was about one order softer than the epithelial layer. 
Hence, for achieving the same stress level, the submucosal 
layer will be deformed about ten times more than the 
epithelial layer) (Figure 2B).

Boundary conditions
The boundary conditions for the first step are: The 
separated muscle and mucosal opening sectors were forced 
to be closed by using a pure bending deformation (Figure 1). 

The boundary conditions for the second step were 
defined based on the morphological data in Table 1:
For the muscle layer

for the mucosal layer

u is displacement in the radial direction, σ r is the radial 
stress and the substitute    and    are the inner surface of  
the muscle and the outer surface of  the mucosal layer.

Buckling analysis and mesh independent test
The first step for the buckling analysis was to compute 
the buckling mode or shape by using a linearized buckling 
analysis. The preferred buckling mode according to the 
experimental images was introduced into the numerical 
model by using imperfections. A nonlinear static analysis 

Table 1  The average geometry data of the three-layered 
oesophagus

Opening 
angle (TS) 
(degree)

Inner radius
(TS) (mm)

Thickness
(TS) (mm)

Inner radius
(NS) (mm)

Interface
radius (NS) 
(mm)

Muscle 47 1.28 0.37 0.95
MMS 91 2.21 0.15 1.23 1.19
Epithelial 91 2.14 0.07 1.16

MMS: Muscularis mucosae-Submucosa; TS: true zero-stress state; NS: no-
load state.

Muscle		        Mucosal (MMS + Epithelial) layer

Figure 1  The configurations of the separated muscle (left) and the mucosal (right) 
layer at the zero-stress state (open sectors) and the no-load state (closed circular 
rings). The no-load state was obtained by forcing the opening sector to be closed 
using a pure bending deformation. The pure bending loads are indicted by arrows. 
The numerical model was conducted by using the ABAQUS software.
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was then applied to generate quantitative relationships 
between the external compression stress and the associated 
internal deformations and stress distributions for an 
imperfect structure.  

The mesh independent test was processed on the 
double amount of  the meshes each time for looking for 
the convergence. The mesh was considered independent 
when the displacement errors between the two analyses 
were less than 5%.

layered buckling modeling 
Circumferential stress and strain in the separated layers 
after bending 
For the strain analysis, the numerical model presented 
similar result as the previous experimental studies, i.e. the 
inner wall was in compression and the outer wall was in 
tension for both the muscle and mucosal layer (Figure 
3A). However, the strain distribution through the wall 
can be further advanced using the numerical model. The 
neutral surface (with zero strain) was located 50% and 

18% from the inner side of  the muscle and mucosal layer. 
The residual stress analysis in most of  the previous zero-
stress study was neglected due to the lack of  the material 
properties. The numerical model shows the compressive 
and tensile stresses in the epithelial layer were significantly 
higher than that in the muscle layer, which is consistent 
with the stiffer tissue material in the epithelial layer  
(Figure 3B).

Residual stress and strain distribution at the no-load state
The muscle layer at the no-load state was fully stretched 
(Figure 4A). The radial stress at the interface between 
the inner muscle surface and the outer MMS surface was 
0.26 Pa (Figure 4B). Buckling mode three and five were 
used for imperfection in the buckling analysis according 
to the experimental observation (Figure 5). The stress 
distributions after buckling are heterogeneous. The region 
with the lowest stress was found in the MMS region (blue 
colour in Figure 5) due to the softer stiffness. The highest 
stress region was located at the bending place in the 
epithelial layer (Figure 5).

Summary and perspectives
Buckling in the oesophagus
Some materials are strong in tension but offer little 
resistance to deformation when uni-axially compressed. 
The large deformation in compression is called buckling. 
Buckling is a common phenomenon in organs. Tissue is 
in tension when the stretch ratio > 1 and in compression 
when the stretch ratio < 1. Tissue buckling occurs when 
the stretch ratio < 1[2]. The oesophagus uses buckling to 
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advance its normal function. Without food in the lumen, 
a small tension in the circumferential muscle is sufficient 
to cause large buckling to the mucosa and submucosa. 
Qualitatively, the course of  fold formation can be as 
follows: As the oesophagus contracts, no folds need to 
form until the radius of  the hollow organ is reduced 
beyond the ability of  the mucosal elasticity to take up the 
slack. Thereafter, the surface is thrown into folds as the 
increasingly redundant lining membrane adjusts to the 
diminishing circumference of  the lumen. Finally, when 
the tone of  the contracted organ reduces the area of  the 
lumen to zero, the maximum number of  folds will be 
present[12]. 

Advantage of the numerical model 
Mucosal folds in previous multi-layered oesophageal 
models were either neglected[6]or simulated as the irregular 
boundary[5]. This paper points out that the wall stiffness 
of  the inner layer dropped dramatically after the collapse. 
Thus, the buckling appeared under a very small critical 
buckling stress at the no-load state. This phenomenon is 
consistent with in vitro experiments showing that rabbit 
oesophageal mucosal folds disappear at the luminal 
pressure of  1 cm H2O (unpublished data). It is thus 
suggested that the extended inner mucosal layer must be 
used as a reference state for tension or stress calculation 
during in vivo ultrasound studies, for example. 

The stress level in the modelling study is significantly 
smaller than the previous layered oesophageal numerical 
studies[11]. One reason could be that a different stress-strain 
relationship was used. Another reason is that the buckling 
feature was neglected in the previous residual stress and 
strain analysis. Hence, the no-load state in the previous 
study was simplified. The residual stress and residual strain 

were calculated based on the configuration difference 
between the zero-stress state and the no-load state[1,2,4]. 
Thus, a precise description of  the zero-stress state and 
the no-load state of  the layered oesophagus is necessary 
for accurate estimation of  the residual stress and residual 
strain.

Limitations of the current model 
Since 2-D analysis was done the assumption of  plain 
strain implies no deformation in the axial direction. The 
external loading in the model, simulating the effect of  
smooth muscle constriction, consisted entirely of  radial 
and circumferential stresses since only the separated zero 
stress state and the no-load state was investigated. The in 
vivo axial stretch ratio of  the oesophagus is about 150%. 
Consequently, it is expected that the muscle wall will be 
compressed even more and the number and the size of  
the folds may be different. An obvious simplification of  
the anatomy of  the oesophagus was used in this model, i.e. 
that the buckles formed in a symmetric pattern. The non-
circular oesophageal geometry is expected to influence 
the folding pattern (Figure 5, bottom).The mechanical 
properties of  the MMS-epithelial layer were assumed from 
the measured mucosal-submucosal layer since no data 
exist. 

Clinical perspective and future GIOME studies
The buckling behaviour has been studied previously on the 
upper GI tract and the airway system[11-14,20,21]. It has been 
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found that the folds size and number are related to the 
mucosal thickness and the material stiffness. Inflammation, 
edema, lymphoma, and Menitrier’s disease all thicken 
the mucosa; they are all associated with a reduction in 
the number and an increase in the size of  the folds[12]. 
Longitudinal folding exists along the inner surface of  the 
oesophagus, and possibly occluding the internal lumen. 
This has a major influence on the flow through the lumen. 
The nature of  this folding and the resistance to narrowing 
are functions of  the composition, geometry and structural 
properties of  the various oesophageal wall components. 
Hence, buckling analysis can be further used clinically 
for predicting the tissue remodelling physiologically and 
pathologically. This study shows that bioengineering 
models in the future of  the GIOME can provide 
important new knowledge on tissue function.
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functionality of esophagus
The transit of  food the bolus through the esophageal 
body depends on the properties of  the bolus as well as 
the positions of  the thorax when the swallow occurs. If  
the food is fluid-like and a person stands upright, it only 
takes 2-3 s for the food to approach the lower esophageal 
sphincter (LES). In this case, the bolus moves mainly 
under the influence of  gravity. When either or both the 
content of  bolus and the position of  the thorax reduce 
the effects of  gravity, the peristaltic mechanism plays the 
most important role for the bolus transport. The muscle 
contraction is first inhibited to allow the bolus to distend 
and fill the esophageal lumen. This inhibition is followed 
by the active muscle contractions near the bolus tail to 
maintain the lumen closure and propel the bolus towards 
the stomach. The contraction wave travels at a speed of  
1-4 cm/s and duration of  5-10 s is required for the bolus 
to reach the LES, when the muscle at LES stats to relax 
and LES opens. The LES remains open for 5-10 s during 
which the food content is emptied from the esophagus to 
the stomach. Thus, food transport is an interactive process 
between the esophageal tissue, food bolus and muscle 
activity.

It is well known that the stress distribution within 
the esophageal wall is important to understand the 
mechanics-function relationship of  the esophagus. The 
stress distribution under the physiological state has 
been widely investigated in the literature[1,2]. However, 
the effect of  food bolus on tissue structure has usually 
been represented by a luminal pressure imposed on the 
internal surface of  the esophageal tube while the bolus 
and the interaction between the tissue and bolus have been 
ignored. On the other hand, in the study conducted by Li 
et al[3], a mathematical model was established to simulate 
the fluid (food bolus) flow within the esophageal lumen. 
By applying the lubrication theory[4], the intraluminal 
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Abstract
The peristaltic transport of swallowed material in the 
esophagus is a neuro-muscular function involving the 
nerve control, bolus-structure interaction, and structure-
mechanics relationship of the tissue. In this study, a finite 
element model (FEM) was developed to simulate food 
transport through the esophagus. The FEM consists of 
three components, i.e., tissue, food bolus and peristaltic 
wave, as well as the interactions between them. The 
transport process was simulated as three stages, i.e., the 
filling of fluid, contraction of circular muscle and traveling 
of peristaltic wave. It was found that the maximal 
passive intraluminal pressure due to bolus expansion was 
in the range of 0.8-10 kPa and it increased with bolus 
volume and fluid viscosity. It was found that the highest 
normal and shear stresses were at the inner surface of 
muscle layer. In addition, the peak pressure required for 
the fluid flow was predicted to be 1-15 kPa at the bolus 
tail. The diseases of systemic sclerosis or osteogenesis 
imperfecta, with the remodeled microstructures and 
mechanical properties, might induce the malfunction 
of esophageal transport. In conclusion, the current 
simulation was demonstrated to be able to capture the 
main characteristics in the intraluminal pressure and 
bolus geometry as measured experimentally. Therefore, 
the finite element model established in this study could 
be used to further explore the mechanism of esophageal 
transport in various clinical applications. 

© 2007 The WJG Press. All rights reserved.
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pressure was predicted from the bolus geometry. It was 
shown that the simulation was able to capture the main 
feature of  the variation in intraluminal pressure. However, 
due to the high sensitivity of  the pressure variation in 
the contraction zone to the variation in bolus geometry, 
accurately prescribed geometry must be supplied. In the 
current study, rather than specifying the bolus geometry, 
the shape of  food bolus is determined from a simulated 
peristaltic transport process by adjusting the contraction 
wave, bolus viscosity and material parameters of  the 
tissue in the physiological range. A finite element model 
consisting of  three primary composites, i.e., tissue, bolus 
and muscle contraction, as well as the interactions between 
them is established. The simulation aims to explore the 
physiological features during the food transport process 
and to investigate the effects of  the tissue properties, the 
fluid viscosity and volume, as well as the active contraction 
wave on the transport efficiency.

Finite Element Model
The parameters used to characterize the active contraction 
and bolus properties were borrowed from a few studies 
on the human esophagus in the literature[3,5-8] while the 
geometry and material parameters were measured from the 
porcine esophagus. In our previous study[9], it was proved 
that the porcine esophagus has similarities with the human 
being’s esophagus in terms of  both axial length (25-30 cm 
for the pig 3-4 mo old vs 25 cm for an adult) and tensile 
strengths (circumferential and axial strengths are 1.2 and 3.7 
MPa for the muscle and 1.6 and 8.7 MPa for the mucosa-
submucosa[9] vs 1.4 and 2.2 MPa for the entire wall). 
Since detailed geometrical and mechanical parameters 
for the human’s esophagus were not available for our 
simulation, those for the porcine esophagus were taken as 
the representative so that the effects of  the variations in 
mechanical properties on the efficiency of  food transport 
could be examined. By assuming the esophagus a straight, 
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circular cylindrical tube, an axisymmetrical model was 
constructed as shown in Figure 1. A segment of  10 cm in 
length was modeled to represent the abdominal region of  
esophagus connecting to the lower esophageal sphincter 
(LES). The finite element model was developed with 
ABAQUS 6.5 and it consisted of  the following three 
components.

Esophageal wall
The first component is the esophageal tissue, which is 
modeled with both the inner mucosa-submucosal layer 
and outer muscle layer. Following the procedure used by 
Liao et al[1], the true zero-stress state was obtained by a 
circumferential cut for layer separation followed by a radial 
cut in each layer (Figure 2). The geometrical parameters, 
including the inner and outer radii at both the no-load state 
and zero-stress state as well as the opening angles at the 
zero-stress state, were measured with the image processing 
software Micro Image 4.5 (OLYMPUS-SZX12). The 
geometrical model was established by using the parameters 
at the no-load state as given in Table 1. 

It is known that the no-load state of  the esophagus is 
not stress-free[10] and the residual stretches at the no-load 

Rigid body

Muscle

Fluid

Mucosa-submucosa

2

13

Figure 1  Geometrical model for the 
simulation of food transport process.

Figure 2  Procedure used to obtain the true zero-stress state and definition of 
three states: (A) Bonded no-load state; (B) separated no-load state; and (C) true 
zero-stress state.

A

B1

B2

C1
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Table 1  Parameters of the tissue, fluid bolus and peristaltic wave used in the model

state referred to the zero-stress state are evaluated as[11]:
				  
					     (1)

		  (2)

where or  and oR  are the outer radius at the no-load 
and zero-stress state;  = p - q and q is the opening angle; 
lz is the axial stretch ratio and it is assumed to be the 
unit. For the esophagus, the inner mucosa is compressed 
and the outer muscle layer is extended at the no-load 
state. It has been demonstrated in a previous study[10] 
that the residual strain significantly influences the stress 
distribution. For a more accurate simulation, the residual 
strain was introduced with the following method. Firstly, 
the residual deformation gradient tensor Fr was defined 
as the initial value of  a solution-dependent variable in the 
subroutine SDVINI. Secondly, in the user material code 
(UMA) the current deformation gradient tensor referred 
to the true zero-stress state 

Z
cF  calculated at the start of  

iteration by multiplying the deformation gradient tensor 
referred to the no-load state 

N
cF  with Fr. The stress 

tensor and stiffness tensor were also calculated based on 
Z
cF . 
A structure-based constitutive model, which has 

been successfully applied for the esophageal tissue[9], was 
adopted in the simulation. With this model, the esophageal 
wall was modeled as an isotropic matrix of  elastin 
reinforced with collagen fibers. Accordingly, the strain 
energy function y  was decoupled into two components:

y  = y iso + y aniso				    (3)

The neo-Hookean model was employed to describe the 
elastin as given in Eq. (4).

         mel
y iso =    (I1 - 3)				    (4)
          2

where mel is a material constant equivalent to the shear 
modulus of  elastin. It was assumed that the two families of  
collagen fibers were symmetrically arranged in q - z plane 
and their orientations rendered the preferred direction of  
the tissue. An exponential function, as given in Eq. (5), 
was used to capture the nonlinear elasticity of  the collagen 
fibers:

	 (5)

where 1k  is a material constant with the same 
dimension as stress and 2k  is a dimensionless parameter 
related to the stiffening speed. I4 and I6 are the fourth and 
sixth invariants and can be expressed as:

I4 = lq
2cos2a + lz

2sin2a       			   (6)

I6 = lq
2cos2 (-a) + lz

2sin2(-a)      			  (7)

where a denotes the angle of  the collagen fibers away 
from q direction. I4 and I6 actually represent the squares of  
stretch ratios in the directions of  the associated families of  
collagen fibers. A dimensionless parameter l0 is introduced 
to scale the stretch ratio iI  so that the unfolding process 
of  the collagen fiber can be accounted for. To characterize 
the distinct stiffness of  each layer, two different groups 
of  material parameters were given for the inner mucosa-
submucosa and outer muscle layer. The parameters were 
determined from the inflation test with a regression 
method[10] and they were summarized in Table 1. 

T he t i s sue was meshed w i th a 4 -node l inea r 
axisymmetric element (CAX4H) and it was discreted with 
18 and 100 elements in the radial and axial directions, 
respectively. Geometrical nonlinearity was switched on for 
all the simulation steps. 

Food bolus
The food bolus was simulated as 100 f luid cavities 
connected in sequence by the fluid link elements. An 
example of  fluid and fluid link element is illustrated 
in Figure 3. Each of  the cavities is composed of  three 
hydrostatic fluid elements (FAX2) and they share one 
common node called cavity reference node (RF). The fluid 
volume is that enclosed by the cylinder which is formed 
by revolving the three line elements. The outer boundaries 
of  the cavity (e.g., element 2) share the same nodes with 
the inner boundaries of  the tissue element so that the 
deformation of  the fluid-filled tissue and the pressure 
exerted by the contained fluid on the cavity boundary of  
the structure are coupled. 

In each cavity, the hydrostatic pressure is the same 
everywhere. However, the pressure in each cavity could 
be different and the difference in pressure between two 

Tissue Muscle Mucosa-submucosa

Geo. Bonded no-load state True zero-stress state Bonded no-load state True zero-stress state
ri (mm) r0 (mm) Ri (mm) R0 (mm) q (o) ri (mm) r0 (mm) Ri (mm) R0 (mm) q (o)

6.49 8.28 6.49 8.49 79.4 4.12 6.49 15.7 17.7 33.9

Mat. mel (Pa) k1 (Pa) k2 a (o) l0 mel (Pa) k1 (Pa) k2 a (o) l0

3752 23997 17.9 45 1.11 1010 9012 50.7 50.7 1.33

Fluid m = 0.2 Pa.s; r = 0.7 kg/m3; Cn = 7.2E5 Pa.s/kg

Wave nr = 0.5 mm/s; ni = 0.9 cm/s
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adjacent cavities determines the flow rate through a fluid 
link element (FLINK) connecting the two RF nodes. 
There are 100 fluid link elements and the last one connects 
the RF node of  the last cavity to an unconnected node 
representing the gastric pressure in the stomach. The 
relationship between the pressure difference (∆p) and the 
mass flow rate (q) is defined as the property of  fluid link 
element as given in Eq. (8).

∆p = Cvq					     (8)

where vC  denotes the viscous resistance coefficient. 
The effect of  gravity has been ignored by assuming a 
supine position. For a local Poiseuille flow in a circular 
tube, vC  can be calculated as:

         8mCv =        					     (9)
             prri4

where m and r represent the fluid viscosity and density 
and they were given at 0.2 Pa.s and 0.7 kg/m3 for a normal 
food content[3]. lr  is the luminal radius and it is equal to 
the inner radius of  mucosa-submucosa at the bonded no-
load state. 

Peristaltic wave
At the start of  a peristaltic wave, the circular muscle cells 
shorten themselves and generate the contraction force. The 
mechanism of  muscle contraction is complicated involving 
both the nerve controls and intrinsic properties of  muscle 
cells[12]. However, from the view of  consequence, the 
peristaltic contraction acts as an external force on the 
tissue structure and travels downward at a certain speed. In 
the model, a rigid body was defined as shown in Figure 1.  
By applying an inward radial displacement, the rigid body 
was in contact with the tissue structure and exerted a 
pressure force on the outer surface of  the tissue. As it 
has been reported that the contraction zone extends 1-2 
cm in length for the normal case[8], a 1 cm straight line 
and a 1/4 arc with the radius of  1 cm was defined as an 
axisymmetrical rigid body (RAX2). The arc segment was 
used in order to prevent the numerical singularity induced 
by the sudden increase in contact force at the transition 
point between the attached and detached region. The 
longitudinal travel of  the contraction wave was simulated 
by controlling the axial displacement of  the rigid body. 

The contraction speed rv  and longitudinal traveling speed 
lv  were set at 0.5 mm/s (i.e., circular muscle shortened at 

3.14 mm/s) and 0.9 cm/s, respectively[8].

Simulation
The objectives of  simulation are, firstly, to investigate 
the main feature of  the intraluminal pressure distribution 
and bolus shape at each stage of  peristaltic transport; and 
secondly to study the effects of  tissue properties, bolus 
properties, contraction and wave speed on the transport 
process. 

Filling of fluid
When considering that the s imulated segment of  
esophagus connects the stomach through a LES at the 
distal end, the initial configuration of  tissue (Figure 1) 
is self-balanced and hence the fluid filled in the tissue 
structure does not exert any force on the tissue. At this 
moment the fluid volume (V), which is equal to the lumen 
volume of  the esophageal tube, is 5 mL. We start the 
simulation by perfusing another 2.5 mL fluid at the speed 
of  2.5 mL/s through the most proximal cavity. The filling 
of  fluid expands and deforms the tissue at the top and the 
tissue reacts and in turn restrains further deformation. So 
the circumferential tensile stress is generated within the 
deformed wall and the intraluminal pressure at the top 
cavity has to increase to balance the stress in the tissue. 
As a consequence of  the increase in pressure at the top 
fluid cavity, pressure difference is induced between the top 
cavity and its adjacent lower cavity and fluid transport is 
initiated. After the filling of  fluid, free redistribution of  
fluid within all the cavities is allowed in the following 3 s. 
This is to simulate the ‘off ’ response of  muscle cells, i.e., 
muscle contraction begins 2-3 s after being stimulated[13,14]. 
Figure 4A presents the bolus shape after the redistribution 
of  fluid and immediately before the muscle contraction. 
In this step, the bolus shape and intraluminal pressure 
distribution are determined by the properties of  both 
the tissue and fluid bolus. By plotting the bolus shape 
and intraluminal pressure distribution simultaneously, the 
relationship between them is explored. Particularly, the 
effects of  bolus viscosity and tissue properties on the 
maximal luminal radius ( maxr ) and maximal intraluminal 
pressure ( maxp ) are evaluated by changing m from 0.2 to 

Cavity 1

Cavity 2

Link 1

2

3

1

RF1

RF2

Figure 3  Example of the fluid element and fluid link element.
2

3 1

Figure 4  Bolus shape (A) before the 
muscle contraction (B) at the end of 
muscle contraction and (C) when the 
peristaltic wave reaches the LES.
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0.02 Pa.s, 1k  in the muscle layer from 23997 to 2399.7 Pa, 
and l0 in the mucosa-submucosal layer from 1.33 to 1. 

Muscle contraction
In this step, the contact between the rigid body and the 
outer boundary of  tissue is activated and the muscle 
contraction is simulated by specifying an inward radial 
velocity of  the rigid body at 0.5 mm/s until the luminal 
radius decreases to about 0.5 mm. Since the cavity volume 
at the contraction zone (1 cm at the top) is forced to be 
reduced quickly, the intraluminal pressure in these cavities 
increases greatly which accelerates the downward flowing 
speed of  the fluid. At the end of  the muscle contraction, 
the main body of  fluid bolus moves downward as shown 
in Figure 4B. In addition to the tissue and bolus properties, 
the intraluminal pressure distribution and bolus shape are 
also influenced by the contraction speed. The effect of  the 
contraction speed on the peak pressure ( peakp ) is assessed 
by changing rv  from 0.5 to 0.25 mm/s.

Transport of peristaltic wave
Due to the muscle contraction at the top region, the bolus 
content is pushed down to the lower region so that the 
muscle cells at the lower region are also stimulated and 
start to contract as well. So the contraction zone moves 
downwards at a certain speed as a peristaltic wave. This is 
simulated by specifying the axial velocity of  the rigid body 
at 0.9 cm/s. With the downwards moving of  peristaltic 
wave, the pressure at the bottom end increases and the 
LES opens. From this moment, the fluid in the esophageal 
lumen starts to flow into the stomach. The gastric pressure 
in the stomach is set at zero in this simulation. As shown in 
Figure 4C, some amount of  food content has refluxed to 
the esophageal lumen when the peristaltic wave reaches the 
LES. This is because the continuous fluid flow is simulated 
and the fluid always flows from the higher-pressure region 
to the lower-pressure region. The secondary peristaltic 
wave or the next fluid bolus is supposed to further push 

the remaining bolus down and empty the food from 
the esophageal lumen. The fraction of  bolus which has 
been cleared is evaluated as an index of  the efficiency of  
peristaltic transport (Eff.). Our preliminary simulation 
showed that the transport efficiency was affected by the 
peristaltic wave speed. So the effect of  the wave speed on 
the value of  Eff. is investigated by changing lv  from 0.9 to 
0.38 cm/s. The effects of  bolus viscosity, tissue properties 
and contraction speed are also examined.

Simulation with bigger bolus 
In order to observe the features of  food transport with 
bigger bolus, the simulation described above is repeated 
with a bolus volume of  10 mL. 

parameters obtained from the 
simulation
Figure 5 presents the bolus shape and intraluminal 
pressure distribution along the esophageal length at four 
representative stages, i.e., at the end of  bolus filling and 
off  response (before muscle contraction); at the end of  
muscle contraction at the top 1 cm segment; when the 
peristaltic wave reaches the middle of  the entire segment; 
and when the peristaltic wave approaches to the end of  the 
segment (LES). 

Maximal bolus radius and maximal intraluminal pressure
At every moment before muscle contraction, the pressure 
in fluid is balanced by the stress in tissue. As the pressure 
difference between the cavities induces the fluid flow, the 
bolus shape has to adjust its shape continuously with time 
to maintain the balance. At 3 s after the filling of  food 
bolus, the luminal radius is the maximal at the top end  
( maxr = 5.3 mm) and smoothly decreases from the top to 
the bottom, as shown in Figure 5A. Correspondingly the 
maximal pressure maxp  is 4.4 kPa at the top end, which is 
in the range of  the measured pressure in a normal human 

r max P max P peak

r P
6 mm 10 kpa

A Figure 5  Bolus shape and intraluminal pressure 
distribution along the length (A) at the end of bolus 
filling and off response (before muscle contraction) 
(B) at the end of muscle contraction at the top 1 
cm segment (C) when the peristaltic wave reaches 
the middle of the entire segment and (D) when the 
peristaltic wave reaches the end of segment (LES).

B C D
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esophagus (Gregersen, 2003). It is found that all the 
stresses are significantly higher in the muscle layer than the 
mucosa-submucosal layer. The axial and circumferential 
stresses are the highest at the inner surface of  muscle layer 
at the top end (29.0 and 36.5 kPa). Figure 6 presents the 
distribution of  three normal stresses along the esophageal 
wall thickness. It shows that the muscle layer withstands 
most of  the loading while the mucosa-submucosa layer 
just transmits the pressure. In addition to the normal 
stress, the shear stress also occurs due to the nonuniform 
bolus radius along the lumen length. The shear stress is the 
highest at the inner surface of  muscle layer at 3.7 cm from 
the top end (238.6 Pa), where the greatest curvature of  
luminal radius occurs. 

If  a more fluid-like bolus is swallowed, the viscous 
resistance becomes smaller and the fluid flow is eased and 
accelerated. As given in Table 2, the maximal bolus radius 
and maximal intraluminal pressure are reduced by 15% 
and 83% respectively when the bolus viscosity decreases 
to 10% of  the original viscosity. When the stiffness in 
the muscle layer decreases ( 1k  decreases by 90%) the 
tissue is easier to be dilated ( maxr  increases by 19%) and 
the intraluminal pressure is reduced ( maxp  decreases by 
46%). On the opposite, if  the inner mucosa-submucosa 
layer becomes stiffer (by decreasing l0 from 1.33 to 1) the 
maximal bolus radius is greatly decreased by 173% and 
the maximal intraluminal pressure is increased by 46%. 
Therefore, it is indicated that both the bolus properties and 
tissue properties effects the bolus radius and intraluminal 
pressure significantly. 

Peak pressure
At the end of  muscle contraction, the bolus radius at the 
top 1 cm segment is reduced to 0.5 mm and a steep slope 
forms due to the rapid increase of  radius in the distal 1 cm 
segment as shown in Figure 5B. The intraluminal pressure 
is the maximal at the top end ( peakp = 9.7 kPa), which is 
the pressure required for the fluid flow and is expected to 

be provided by the active muscle contraction. It is known 
that the stretch level of  the circular muscle during the 
expansion of  bolus affects the activity level of  the muscle 
cells and hence the contraction force that they are able 
to generate (Cohen and Green, 1973). It is found that, 
for bolus with viscosity of  0.2 and 0.02 Pa.s, the circular 
muscle is stretched by 18% and 10% on average and the 
required peak pressures are 9.7 and 1.2 kPa respectively 
(Table 2). We assume that it represents the physiological 
condition for the normal esophagus, i.e., the muscle cells 
are able to generate the pressure which is required if  and 
only if  they are stretched to the corresponding levels 
indicated in the above two cases. 

For the case of  systemic sclerosis (SS) where the 
amount of  collagen in mucosa increases and the tissue 
becomes stiffer (which is simulated by decreasing l0 from 
1.33 to 1 for the mucosa-submucosal layer), the inflation 
of  the esophageal wall reduces during the transit of  food 
and accordingly the stretch of  muscle also reduces (lq = 
1.08). In this case, the contraction force generated by the 
muscle should be less than 1.2 kPa based on the above 
assumption. However, the pressure needed for the fluid 
flow is shown to be 14.1 kPa (Table 2), which is even 
higher than can be generated when the muscle is stretched 
by 18%. So the simulation implies that, in the case of  SS 
disease, the esophageal tissue has to remodel itself  so that 
higher contraction force can be generated when the muscle 
is stretched to a relatively small level. The simulation also 
shows that if  the contraction speed decreases by 50%, the 
intraluminal pressure required for the fluid flow decreases 
by 36% (Table 2). It implies that if  the self-adjustment 
does not work, the transport process of  the SS esophagus 
will become slower compared to the normal case.

Transport efficiency
Figure 7 presents the mass flow rate from the fluid cavity 
5091 (1 cm away from the top) to the fluid cavity 5090, 
two of  which the fluid link element 8091 connects, during 
the muscle contraction and the moving of  peristaltic 
wave. It shows that the flow rate increases suddenly 
when the contraction starts, decreases slightly during the 

Table 2  Effects of bolus viscosity, tissue properties and 
contraction wave on the maximal bolus radius, maximal 
pressure, stretch of muscle, peak pressure and transport 
efficiency

Parameter  r max

(mm)
P max

(kPa)
lq

(muscle)
P peak

(kPa)
Eff.
(%)

Control (V = 7.5 mL) 5.30 4.39 1.18 9.71 31.8
m = 0.02 Pa.s 4.48 0.75 1.10 1.24 48.7
k1 = 2399.7 Pa 6.32 2.37 1.30 6.65 19.0
l0 = 1 4.27    12.0 1.08    14.1 73.6
nr = 0.25 mm/s 5.30 4.39 1.18 6.25 33.9
nl = 0.38 cm/s 5.30 4.39 1.18 9.71 38.0
Control (V = 10 mL) 5.91 9.58 1.25    14.4 43.9
m = 0.02 Pa.s 4.62 1.17 1.11 1.32 61.5
k1 = 2399.7 Pa 7.12 7.28 1.39 9.73 22.4
l0 = 1 4.41 14.8 1.09    15.0 80.0
nr = 0.25 mm/s 5.91 9.58 1.25 8.94 46.7
nl = 0.38 cm/s 5.91 9.58 1.25    14.4 51.2
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process of  contraction, and suddenly decreases at the 
end of  contraction. During the first two seconds after the 
contraction, i.e., from the moment when the contraction 
wave leaves to the moment when it is 1 cm away from the 
cavity 5091, backward flow occurs. The reflux of  fluid is 
due to the intraluminal pressure in the cavity 5090 is higher 
than that in cavity 5091 during this period, as shown in 
Figure 8. Even though the period of  fluid reflux is short, 
it induces that the food content cannot be cleared up from 
the esophageal lumen to the stomach and some of  them 
are retained in the esophagus as shown in Figure 5C and D. 
The transport efficiency is 31.8% for a bolus volume of  7.5 
mL and viscosity of  0.2 Pa.s (Table 2). For fluid with lower 
viscosity (m = 0.02 Pa.s), the transport efficiency increases 
by 53%. In the case of  osteogenesis imperfecta (OI) where 
the collagen deficiency occurs (which is simulated by 
decreasing 1k  to 10% of  the original value for the muscle 
layer), the transport efficiency is reduced by 44%. While 
for the SS esophagus where the tissue becomes stiffer, it 
increases by 93% instead. So it is indicated that the higher 
stiffness of  tissue results in higher percentage of  bolus 
content to be cleared up. However, for the SS esophagus, 
the muscle contraction force required for the fluid flow 
increases greatly which might exceed the magnitude that 
the muscle contraction can provide. In conclusion, both 
esophageal diseases might induce the malfunction of  the 
esophagus. From Table 2, it can also be found that the 
decrease of  either the contraction speed or the peristaltic 
wave speed can increase the transport efficiency to some 
extent. It implies that higher transport efficiency could be 
achieved at the cost of  slowing down of  transport speed.

Effects of bolus volume
The simulation with a bolus volume of  10 mL shows 
similar features as described above. In comparison, with a 
bigger bolus, the maximal luminal radius increases by 12% 
during the filling process. Due to the stiffening of  tissue 
properties, the maximal intraluminal pressure increases 
by an even higher percentage (118%). The peak pressure 
and transport efficiency also increase by 48% and 38% 
respectively. It implies that the muscle contraction has to 
be strengthened in order to transmit a bigger bolus. The 
simulation indicates that the efficiency increases for a 
bigger bolus transport. However, it is under the condition 
of  this, that the increased peak pressure can be provided 
by the active muscle contraction, as assumed during the 
simulation. In reality, there is a limit for the maximum 
muscle contraction force. Therefore, the conclusion that 
the transport efficiency increases with bolus size could 
only be true within the physiological range. The parametric 
studies show that the effects of  bolus viscosity, tissue 
properties and contraction wave speed are also similar with 
those found for the transport of  the a 7.5 mL bolus.

implications of the simulation
In this study, the fluid is simulated as the fluid cavities 
between which the fluid could transmit through a fluid 
link as a Poiseuille flow. The fluid and tissue structure are 
coupled to simulate the interaction between them. It is 
found that the maximal intraluminal pressure increases with 
bolus volume and fluid viscosity. This is consistent with the 
observations in an experimental study conducted by Ren 
et al[6]. The active muscle contraction is represented as an 
external force imposed through a rigid body. By specifying 
the displacement of  the rigid body, the contraction speed 
and wave speed is controlled. With the parameters in the 

0.2

0.0

-0.2

-0.4

-0.6
5	              10	           15                           20

Time

3

4

2

1

Mass flow rate

x 10-3

M
FL

M
 a

t 
el

em
en

t 
80

91

Figure 7  Mass flow rate at fluid link element 8091 (1 cm away from the top end 
connecting the fluid cavity 5091 and 5090) during the muscle contraction and 
wave transport. 1 represents the moment when the rigid body is in contact with 
the tissue structure (start of contraction); 2 the end of contraction at the top 1 
cm segment; 3 when the contraction wave leaves the fluid cavity 5091 (1 s after 
contraction); 4 when the contraction wave is 1 cm away from cavity 5091 (2 s after 
contraction).

12

10

8

6

4

2

10.4	    10.8	       11.2	          11.6	           12.0

Time

PC
AV

 (
kP

a)

Cavity 5090
Cavity 5091

Figure 8  Intraluminal pressure at cavity 5090 and 5091 during the two seconds of 
fluid reflux.

1358      ISSN 1007-9327       CN 14-1219/R        World J Gastroenterol        March 7, 2007      Volume 13      Number 9

www.wjgnet.com



physiological range, the peak pressure is predicted to be 
1-15 kPa depending on bolus volume and viscosity. The 
predicted peak pressure agrees with the manometrically 
measured peak pressure very well[6]. It is also found that 
the peak pressure required for bolus transport could be 
reduced by slowing down the contraction speed. For the 
SS esophagus, the required peak pressure greatly increases, 
which might induce the failure and incomplete of  bolus 
transport. The transport efficiency is found to be higher 
for the food bolus with lower viscosity and higher volume. 
For the IO disease, the esophageal wall is severely dilated 
and the transport efficiency greatly decreases. In order to 
regain the transport efficiency, the contraction speed or 
wave speed has to be reduced. In conclusion, both the IO 
or SS diseases might induce the malfunction of  esophageal 
transport. 

It is found that, during the filling of  food bolus, both 
the normal and shear stresses are the highest at the inner 
surface of  muscle layer. In contrast, the stresses in the 
mucosa-submucosa are very low. This is mainly because, 
at the bonded no-load state, the mucosa-submucosa is 
compressed substantially in order to accommodate the 
smaller space confined by the outer muscle layer. When the 
food bolus expands the esophageal lumen, the mucosa-
submucosal layer unfolds itself  first and hence it is exposed 
to a relatively lower circumferential strain. Therefore, the 
residual strain could be a protective mechanism to prevent 
the mucosa-submucosa tissue being over-stretched or over-
stressed. It also indicates that the residual strain should 
be taken into account for an accurate evaluation of  stress 
distribution along the esophageal wall.

In the current simulation, the lumen at the tail 
of  the bolus is not occluded completely. This is due 
to the numerical difficulties encountered for further 
reducing of  the lumen radius. In a previous study[3], a 
mathematical singularity in pressure also appeared in the 
limit of  complete occlusion when the lubrication theory 
approximation was applied to simulate the esophageal 
transport. A very thin layer of  bolus fluid, which was called 
the lubrication layer, was assumed to exist and extend 
through the simulated esophagus. It was demonstrated 
that the simulation could successfully capture the main 
feature of  the pressure distribution under this assumption. 
In the current study, we adopted the same assumption and 
specified the lubrication radius at 0.5 mm throughout our 
simulation. In the physiological state, it is believed that the 
muscle contraction is able to seal the lumen at the bolus 

tail and there is less reflux for a normal transport process. 
Therefore, the transport efficiency is expected to be higher 
than that predicted in this simulation. However, the general 
trend in the transport efficiency due to the variations of  
physical parameter should still be valid and it could provide 
valuable information for future clinical studies. 
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Abstract
Whilst methods exist to indirectly measure the effects 
of increased flow or gastro-oesophageal refluxing, 
they cannot quantitatively measure the amount of acid 
travelling back up into the oesophagus during reflux, nor 
can they indicate the flow rate through the oesophago-
gastric junction (OGJ). Since OGJ dysfunction affects 
flow it seems most appropriate to describe the geometry 
of the OGJ and its effect on the flow.

A device known as the functional lumen imaging 
probe (FLIP) has been shown to reliably measure the 
geometry of and pressure changes in the OGJ. FLIP 
cannot directly measure flow but the data gathered 
from the probe can be used to model flow through the 
junction by using computational flow dynamics (CFD). 
CFD uses a set of equations known as the Navier-Stokes 
equations to predict flow patterns and is a technique 
widely used in engineering. These equations are 
complex and require appropriate assumptions to provide 
simplifications before useful data can be obtained. With 
the assumption that the cross-sectional areas obtained 
via  FLIP are circular, the radii of these circles can be 
obtained. A cubic interpolation scheme can then be 
applied to give a high-resolution geometry for the OGJ.

In the case of modelling a reflux scenario, it can be 
seen that at the narrowest section a jet of fluid squirts 
into the oesophagus at a higher velocity than the fluid 
surrounding it. This jet has a maximum velocity of almost 
2 ms-1 that occurs where the OGJ is at its narrowest. This 
simple prediction of acid ‘squirting’ into the oesophagus 

illustrates how the use of numerical methods can be 
used to develop a better understanding of the OGJ. This 
initial work using CFD shows some considerable promise 
for the future.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
The Giome is a subset of  the Physiome project, which 
was originally proposed by Bassingthwaighte in 1995[1]. 
The Giome Project initiated by Gregersen represents 
a method for obtaining an integrated understanding 
of  the human gastrointestinal (GI) tract based on 
bioengineering models[2]. To use this method to advance 
our understanding of  the GI tract, it will be necessary 
to generate new computational models and capture data 
pertinent to these models. The output from the functional 
lumen imaging probe (FLIP) is potentially one of  these 
sources of  data for sphincteric regions in the GI tract.

In patients where compliance of  the sphincter is not 
ideal, control of  reflux is not optimal. Often oesophago-
gastric junction (OGJ) dysfunction is the prime suspect 
in this phenomenon, which effects up to 44% of  the 
population in the western world. It is logical to deduce 
that an increase in sphincter compliance will result in 
increased flow through the OGJ. Measuring flow directly 
in the oesophago-gastric junction in vivo would prove very 
difficult, especially because it must be accessed from the 
oral or nasal cavity. This review looks at another option for 
predicting flow parameters in the OGJ.

FLIP
Recently, a device known as the FLIP has been shown to 
reliably measure the geometry of  and pressure changes 
in the OGJ by using a distensibility technique[3-6]. FLIP 
can measure the geometric data needed to model flow 
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through the junction. The concept of  measuring flow by 
a distensibility technique is not new[7] but the acquisition 
and analysis of  FLIP data seems much easier than with 
any other known technique. Thus, FLIP could provide a 
practical solution with the potential for clinical use in the 
future.

Data from FLIP provides a platform for carrying 
out numerical flow analysis, where the complexities of  
flow through the junction could be represented using a 
technique known as computational flow dynamics (CFD).

CHARACTERISTICS OF THE OGJ
At the OGJ, the oesophagus opens into the stomach. It 
is important that backflow of  stomach secretions into 
the oesophagus is controlled at the OGJ opening only 
transiently to allow passage of  the swallowed food into 
the stomach. The diaphragmatic hiatus, through which the 
oesophagus passes at the OGJ, has a role in this valvular 
mechanism[8]. 

Several structures are important in maintaining a 
barrier at the OGJ. The lower oesophageal sphincter (LOS) 
forms part of  the OGJ structure. The intrinsic muscles of  
the distal oesophagus and the sling fibers of  the proximal 
stomach make up the internal mechanism structures of  the 
LOS. The muscles of  the diaphragm that connect to the 
OGJ make up the crural diaphragm and this constitutes 
the external LOS mechanism structures. The tissue that 
connects the distal oesophagus to the crural diaphragm is 
known as the phreno-oesophageal ligament[9].

The OGJ can be distinguished from the body of  the 
oesophagus by its behavior pattern. There is an increase 
in the tone of  the circular muscle in this region. The 
sphincter relaxes in response to a swallow and this usually 
precedes the arrival of  a contraction wave travelling down 
the oesophagus. This phase of  relaxation is followed 
by a short-lasting elevation of  pressure above resting 
values[10]. In recent years it has been known that the 
sphincter sometimes relaxes even when a swallow does 
not occur. These relaxations are known as transient lower 
oesophageal sphincter relaxations (tLOSRs)[11]. Pressures in 
the abdominal and thoracic cavities are involved in creating 
the barrier, as well as the exact intra-abdominal location of  
the junction. Time and posture are also important factors.

It is clear that the OGJ and the components that affect 
its function as a valvular region between the stomach and 
oesophagus have a complex interaction. In normal healthy 
individuals this region provides adequate protection from 
the effects of  acid and non-acid liquids refluxing or back-
flowing up into the oesophagus. 

REFLUX IN GENERAL
Gastro-oesophageal reflux disease (GORD) symptoms are 
very common in the general population affecting up to 
44% of  the US population at least once a month and 20% 
of  the population once a week[12-14]. It has been shown 
that patients suffering from GORD have a lower health 
related quality of  life than patients with angina and mild 
heart failure[15]. There is solid evidence that incompetence 
or dysfunction of  the OGJ is a primary determinant 

of  GORD. Three mechanisms at the OGJ lead to an 
increased number of  acid reflux events associated with 
GORD: tLOSRs, free reflux during periods of  low LOS 
pressure and deglutitive relaxation of  the LOS[11,16-18].

Other methods exist to indirectly measure the effects 
of  increase flow or refluxing. The most widely used of  
these are 24 h pH studies and intraluminal impedance. 
Studies of  24 h pH indicate the amount of  time the 
oesophagus is exposed to an acidic environment in a 24 h 
period. However, they cannot quantitatively measure the 
amount of  acid travelling back up into the oesophagus nor 
can they indicate the flow rate. Intraluminal impedance 
on the other hand demonstrates the presence of  liquids, 
solids and gases in different longitudinal segments of  the 
oesophagus, hence giving flow patterns related to refluxing 
but still without precise data on flow.

WHY PREDICT FLOW IN THE OGJ?
By using data gathered with FLIP, it is possible to 
predict the flow patterns that occur during a reflux 
event. By analysing the predicted flow patterns, a variety 
of  information can be obtained, such as shear stresses 
along walls, which may contribute to the tissue damaging 
potential of  acid. With a better understanding of  the 
flows that develop in the area of  the oesophago-gastric 
junction, knowledge of  its function will be improved. To 
model the type of  flow behaviour observed in the OGJ, a 
set of  equations known as the Navier-Stokes equations is 
required (See appendixⅠ). These equations are complex 
and therefore require computational numerical analysis to 
obtain useful data. By making appropriate assumptions, 
however, simplifications to the equations are made.

METHODS AND ASSUMPTIONS
CFD simulation is a process that has been used successfully 
in the engineering industry, particularly aerospace, for 
many years. CFD analysis has become advanced enough 
that it is no longer considered as simply an evaluation 
tool. It is increasingly being used in the design process of  
everything from aircraft to racing cars. In recent years, the 
technology has been applied to the flow within arteries 
and the respiratory system of  the human body. For this 
application, the way a CFD simulation is preformed can be 
broken down into 4 basic steps, as shown in Figure 1. 

Figure 1  Flow diagram of CFD process.Defining
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Defining geometry
The data gathered by a FLIP probe provides, at the 
current stage of  development, eight cross-sectional areas. 
By making the assumption that these cross-sectional areas 
are circular, then the radii of  these circles can be obtained. 
By utilising these radii as X co-ordinates and the distances 
of  the electrode pairs from the ends of  the probe as Y co-
ordinates, it is possible to construct a 2D representation 
of  the geometry of  the OGJ, as shown in Figure 2A.

The data gathered from FLIP probes is currently 
limited in that it can only gather information at eight 
points with a 4 mm separation. However, by using a cubic 
interpolation scheme, a higher resolution image of  the 
OGJ can be obtained (Figure 2B).

The final step in defining the geometry of  the problem 
is to provide a mesh or grid (Figure 3) over which the 
CFD solver can perform its calculations. To do this, 
the geometric data above is imported into a modelling 
program where the parameters of  the mesh, such as cell 
shape and resolution, are set before being created over the 
geometry. Generally speaking, higher resolutions result in 
more accurate results but require greater computational 
time. Similarly, a carefully designed grid will yield better 
results but will require more man-hours.

Defining boundary conditions
The second stage in performing a CFD analysis is to 
define the boundary conditions along each edge/wall of  
the geometry and to define the operating fluid. For the 
sample illustrated in this work, this results in a total of  5 
definitions (2 walls, 2 edges and the fluid).

For the purposes of  a simple CFD simulation, the 
assumption is made that the flow field consists of  a single 
fluid, and that this fluid fills the field entirely. The physical 
parameters, such as density and viscosity of  this fluid, 
must be set. For the general case it can be assumed that 
the operating fluid is liquid water. This has very similar 
viscosity and density characteristics to the saline used in 
the FLIP probe from where the data was acquired.

The walls present a unique problem for this CFD 
simulation. It is known from basic flow dynamics that 
boundary layers, which are areas of  slower moving fluid, 
form along these walls. The behaviour of  these layers has 
a large effect on the overall flow dynamics and can cause 

turbulent flows in regions of  fast moving fluid. In order 
to properly simulate these walls it is necessary to define a 
roughness length. Since the FLIP probe cannot provide 
this information, a value of  120 nm for the oral mucosa 
was assumed[19].

The proximal edge is an imaginary wall that defines 
the top of  the area where the data is collected. The flow 
of  the fluid is not stopped by this wall, but its presence 
allows the flow behaviour along this edge of  the problem 
to be defined. The most important parameter to be 
defined along this wall is the hydrostatic pressure. If  this 
hydrostatic pressure is higher than that at the distal edge, 
it will drive fluid down through the junction. Conversely, 
if  this pressure is lower it will allow fluid to flow upwards 
from the stomach.

The FLIP probe measures two manometric pressures. 
These measurements are used to identify the position of  
the OGJ, but the proximal pressure measurement can also 
be used to estimate the pressure along the proximal edge 
of  the problem.

The distal edge is similar in most respects to the 
proximal edge but is located along the bottom of  the 
problem. The second pressure measurement on the 
FLIP probe is located within the balloon and during the 
placement of  the probe within the OGJ it is temporarily 
dropped to a position below the junction and into the 
stomach. As the gastric pressure does not vary greatly 
during an examination, the balloon pressure at this point 
can be used to define the pressure along the distal edge of  
the problem.

Figure 2  A: OGJ geometry 
as extracted from FLIP. B:
Interpolated OGJ geometry.
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Practical assumptions
In order to be sure that the result obtained is an accurate 
representation, the flow at the exit of  the system must be 
fully developed. In the case of  the OGJ, this is generally 
facilitated by extending the problem upwards into the 
oesophagus and downwards into the stomach. By doing 
this, the OGJ becomes the central core of  the problem 
and hence any problems that may be encountered due 
to the proximity of  the proximal and distal edges are 
removed. An example of  such geometry is shown in 
Figure 2B, where the oesophagus is assumed to have a 
resting diameter equal to the uppermost diameter recorded 
by the FLIP probe and the geometry of  the cardia and 
stomach are estimated from illustrations. It is necessary to 
acknowledge these changes when estimating the pressures 
on the data recorded by the FLIP probe.

Following the above method and using the grid 
illustrated in Figure 3, a preliminary CFD simulation was 
performed. The conditions for this simulation were as 
follows (all pressures relative to atmospheric): (1) Pressure 
at lower limit of  stomach, 10 cmH2O; (2) Pressure in the 
oesophagus, 0 cmH2O; (3) Roughness length of  walls, 120 
nm (estimated from data on oral mucosa); (4) Operating 
fluid, water.

Solving
Before calculations can begin it is necessary to define a 
few more parameters, which are the solution type and the 
viscous model to be used.

For the rudimentary simulation shown here, the flow 
does not change with time and hence a steady state solver 
was used. Whilst this does not reflect the true complexity 
of  the situation, it provides a decent estimation that can be 
used to develop an understanding in preparation for more 
complex problems. For a dynamic problem, it is possible 
to simulate the motion of  the OGJ walls. In these cases, 
where the geometry is allowed to move with successive 
time steps and thus provides a more representative model, 
an unsteady solver will be used in the future.

The way in which the thickness, or viscosity, of  the 
fluid is modelled in a CFD simulation is via a viscous 
model. Each model makes different simplifications to the 
governing equations of  fluid flow, and has an effect on the 
number of  equations that must be solved over the cells 
defined by the mesh. It is therefore important to select a 
model that is appropriate to the problem. For a smooth, 
simplistic flow a laminar model can be chosen, which 
provides a fast calculation. For flows that feature turbulent 
areas, a more complex viscous model is required. In these 
cases there are a variety of  models available from the faster 
κ -ε  solver to the more accurate Reynolds Stress solver. A 
balance between speed and accuracy must be struck when 
selecting the solver to be used.

After these parameters have been set, the calculation 
can be started. This is a complex process, known as 
iteration, where calculations must be performed over each 
cell in the mesh and then repeated using the results from 
one calculation to start the next. When the difference 
between a given result and the one before it is small 
enough, it is taken as an acceptable estimation and is called 

convergence. At this point the calculations are complete 
and the results can be presented. 

Presentation of results
The CFD solver provides information on a variety of  
parameters describing the flow, such as hydrodynamic 
and hydrostatic pressures as well as flow velocities and 
vectors of  the operating fluid. These results can be plotted 
on contour plots (Figure 4) to provide a picture of  how 
these parameters vary through the flow field allowing an 
understanding of  the flow itself.

RESULTS
Figure 4 illustrates a contour plot of  velocity magnitude. 
In this situation, the stomach pressure is higher than the 
pressure in the oesophagus. This causes the flow to move 
upwards, which represents the situation that occurs in 
reflux. It can be observed in this plot that as the flow moves 
upwards towards the oesophagus, its velocity increases 
whilst the cross-sectional area decreases as predicted by the 
continuity equation. The velocity of  the flow then reaches 
a maximum of  almost 2 m/s at the narrowest section of  
the OGJ, which has a diameter of  1.46 mm.

DISCUSSION AND PERSPECTIVES
This initial work using a CDF analysis of  the OGJ shows 
some promise for the future. For the case shown above, 
it can be seen that at the narrowest section, a jet of  fluid 
emerges at a higher velocity than the fluid surrounding 
it. This jet, illustrated by a green to light blue colouring 
in Figure 4, does not travel vertically and is seen to brush 
against the left side of  the oesophagus. The cause of  this 
deflection from vertical is the bend between the cardia 
and the stomach. This illustrates how the geometry 
surrounding the OGJ must be considered for an accurate 
analysis. The prediction of  this jet of  fluid corresponds 
with anecdotal evidence of  acid ‘squirting’ into the 
oesophagus as the OGJ relaxes during tLOSRs and 
illustrates how the use of  numerical methods can be used 
to further understanding of  the OGJ operation.

The presented model is of  a 2D nature, which 
provides only a general picture of  the flow in the OGJ. 
In the future, the possibilities of  CFD analysis will allow 
a fully 3D model to be constructed, including dynamic 
changes in the geometry of  the OGJ and surrounding 
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geometry, which is more representative of  reality. With 
these improvements, the numerical analyses will produce 
better results and greater knowledge of  the nature and 
complexity of  flow through the OGJ.

APPENDIX I
The Navier-Stokes Equations are the series of  equations 
that describe the relationship between the pressure and 
viscous forces acting on a fluid particle and its acceleration. 

Since these are differential equations, only the most 
basic of  fluid flows can be solved via hand methods. This 
means that the solution to these equations must be sought 
via numerical methods in a field known as Computational 
Fluid Dynamics. When attempting to solve the Navier-
Stokes equations for a fluid flow, it is generally necessary to 
discretise a problem into a grid or mesh. By doing this, it 
is possible to define a complex problem as a collection of  
simpler computations that can be solved simultaneously to 
obtain a solution. In reality, the solution obtained via this 
method will contain imbalances (or residuals) between the 
different cells of  the mesh. By repeating these calculations, 
and using the results from the previous calculation as a 
starting point each time, these residuals can be reduced 
until they can be considered negligible.
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Abstract
The morphology of tissue structures composing the 
pyloric orifice is thought to play a role in effectively 
mixing aqueous gastric effluent with duodenal secretions. 
To understand the physical mechanisms leading to 
efficient digestion requires computational models that 
allow for analyses of the contributions of individual 
structural components. Thus, we have simulated 2-D 
channel flows through representative models of the 
duodenum with moving boundary capabilities in order to 
quantitatively assess the importance of notable features. 
A well-tested flow solver was used to computationally 
i so la te and compare geometr i c and k inemat i c 
parameters that lead to various characteristics of fluid 
motion at the antroduodenal junction. Scalar variance 
measurement was incorporated to quantify the mixing 
effectiveness of each component. It was found that the 
asymmetric geometry of the pyloric orifice in concert 
with intermittent gastric outflow and luminal constriction 
is likely to enhance homogenization of gastric effluent 
with duodenal secretions.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
The gastric outlet to the small intestine or antroduodenal 
junction is thought to influence the effectiveness of  
mixing and subsequent absorption of  nutrients in the 

gastrointestinal tract[1-3]. Following ingestion of  meals, the 
stomach secretes gastric juice containing protein-denaturing 
hydrochloric acid and pepsinogen, and effectively grinds 
the mixture with a series of  strong muscular contractions 
to produce a slurry of  small solid particles and gastric 
juice known as chyme. Peristaltic contractions in the sinus 
of  the stomach then serve to transport chyme distally 
into the small intestine, where further enzymatic catalysis, 
transport, and digestion continue[1-4]. The objective of  this 
study is to determine what role, if  any, the morphology 
of  the antroduodenal junction (Figure 1) plays in affecting 
transport and dynamic mixing of  nutrients in the proximal 
duodenum. For this purpose we computed the flow of  
gastric effluent in silico, modeling a set of  experiments that 
were conducted on the cat gut in vitro[5].

The pylorus is comprised of  a collection of  tissue 
structures that connect the antrum to the duodenum. 
Its luminal diameter is controlled by a sphincter muscle 
complex that sets the resistance to bulk gastric effluent by 
regulating the tone of  the pyloric orifice. During gastric 
digestion, the proximal and distal pyloric muscle loops 
occlude the pyloric lumen, preventing premature discharge 
of  unprocessed material to the duodenum. Once the 
stomach has completed its task of  breaking down large 
solid agglomerates into smaller particles, the pylorus 
relaxes and peristaltic contractions in the antrum begin 
to force chyme distally. At this point, antral contraction 
waves approach the pyloric orifice and, along with the 
sphincter complex and mucosal folds, cause steady 
constriction of  the pyloric lumen. Chyme continues to 
be forcibly transported through this lumen until it is fully 
occluded, a process thought to potentiate an effluent jet 
into the superior duodenum[1-3]. To date, it seems that no 
specific attention has been paid to how the geometry and 
contractile activity of  the pylorus might impact gastric 
outflow and mixing in the first part of  the duodenum, 
although mixing of  chyme with duodenal contents (in 
particular pancreaticobiliary secretions) is essential for 
digestion and absorption to proceed[3]. The purpose of  
this study is to examine, through computer modeling 
and simulation, the mechanics of  flow and mixing in the 
antroduodenal junction.

COMPUTATIONAL MODELING 
OF TRANSPORT AND MIXING IN 
ANTRODUODENAL REGION
Laboratory in vivo and in vitro experiments provide a great 
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deal of  information regarding the function of  various 
components of  the GI tract. However, better understanding 
the mechanics requires development of  quantitative 
models that allow precise and isolated effects of  these 
components to be more thoroughly investigated. Such 
models must include the essential physical mechanisms 
pertinent to the physiology of  the overall system. Clearly, 
inclusion of  all the known mechanisms acting in the GI 
tract leads to a highly complex dynamical system. While a 
3-dimensional transient model of  the entire system would 
best reproduce actual physical behavior, there is much 
physical insight to be revealed in simple models that allow 
for examination of  specific features over a range of  flow 
and geometric parameters. This approach is being taken 
presently, with emphasis on morphology and dynamic 
properties of  the pylorus.

In these preliminary calculations we examined the 
basic aspects of  fluid mechanics across the gastric outlet 
in simplified models of  its geometry. Several cases were 
constructed and analyzed in order to assess the importance 
of  individual aspects of  anatomical structure and 
kinematics. Flow calculations were performed in a series 
of  channel-like domains (Figure 2) representing the distal 
antrum and superior duodenum, separated by various 
configurations of  the pylorus. The particular aspects being 
evaluated are: (1) How does the pulsatile nature of  gastric 
outflow affect the dynamics of  nutrient transport and 
mixing? (2) What are the geometric features of  the antro-
duodenal junction that enhance or suppress transport/
mixing in that region? (3) To what extent does wall motion 
in concert with pulsatile gastric outflow (aspect 1) through 
different geometric configurations (aspect 2) lead to 
enhanced transport and mixing?

To examine the aspects 1-3 listed above, flow fields 
were computed in the following configurations.

(A) steady flow through a relaxed (symmetric) pylorus; 
(B) pulsatile flow through a relaxed pylorus; (C) pulsatile 
flow through a closing pylorus; (D) pulsatile flow through 
a static pylorus, with asymmetry produced by tonicity of  
the proximal and distal pyloric muscle loops along with 
the pyloric torus; (E) pulsatile flow through a similarly 
asymmetrical, but closing pylorus; and (F) In addition, 
some of  these cases varied in a range of  gastric outflow 
rates or effluent viscosities alternately to determine the 

effect of  the pylorus on homogenization of  the chyme of  
different consistencies, more precisely different viscosities.

Computational methods for solving equations of  flow 
around moving boundaries in the manner chosen here 
have been thoroughly validated in several papers[6-9].

Following fluid mechanical conventions, the governing 
equations are “non-dimensionalized” or normalized, 
by dividing dimensional quantit ies based on their 
corresponding representative scales in order to reveal 
parametric relationships to govern the physical behavior. 
In our cases, length L* is normalized by the characteristic 
unit length of  the focal region (i.e. nominal diameter 
of  the duodenum), velocity V* by the maximum inflow 
velocity in the gastric pulse Vmax, and time t* by L/Vmax . 
This normalization leads to an important non-dimensional 
quantity known as the Reynolds number, Re = (LV)/ν, 
where ν is the kinematic viscosity of  the fluid. Physically, 
when the Reynolds number is very small, viscous effects 
dominate over fluid inertia. The Reynolds number for all 
cases in this investigation varied from Re = 1 (low) to Re 
= 333 (moderate), the upper-bound value obtained from 
duodenal dimensions and flow rates of  normal saline 
was introduced into the cat gut in vitro[5]. In moderate 
Reynolds number flows (Re = 100 to Re = 1000), the 
presence of  relatively strong laminar vortical fluid patterns 
is expected. It is widely recognized by fluid mechanicians 
that such vortical patterns can lead to intense fluid 
mixing, particularly if  they possess temporal and spatial 
variations[10-12].

The flow field equations solved in our level-set models 
include the standard Navier-Stokes (continuity and 
momentum) equations (Eqs. 1 and 2), where    is a non-
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Figure 1  The region of interest (highlighted in grey) includes gastric outlet, or 
antrum, pylorus, and superior duodenum.
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Figure 2  Two representative channel domains used in flow calculations: (A) 
relaxed pylorus; (B) "notched" configuration resulting from tonicity of  pyloric torus 
and both muscle loops.

dimensional fluid velocity vector with u*, ν* (x- and y- 
velocity) components in 2D. 

Based on the available data and non-dimensional 
techniques described above, the channel height in the 
antral and duodenal regions was set at 1.0 unit length, with 
the overall channel length from the inlet to the exit of  
6.0 units. The 2D computational domain for all cases was 
discretized into square Eulerian grid elements measuring 
0.05, 0.025, or 0.0125 units length per side depending on 

(1)

(2)
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the level of  mesh refinement demanded by localized fluid 
motion to obtain a suitable solution[13].

For each model involving temporal variation of  fluid 
velocity in digestive systems, a pulsatile inlet velocity 
condition was imposed to represent rudimentary flow 
characteristics generated by periodic antral contractions 
(Figure 3). Nondimensional inlet velocity V* varied in a 
sinusoidal manner between 0.0 and 1.0, and the frequency 
of  oscillation was set to f = 0.4 per time unit so that 
one pulse would have a total duration of  2.5 time units 
(corresponding to in vitro experimental data on cats[5].) To 
complete the cycle, each pulse was separated by a quiescent 
period (V* = 0.0) of  1.0 time unit, giving a total cycle 
duration of  t* = 3.5. The quiescent phase was principally 
designed to represent the refractory period during which 
pyloric relaxation and return to an open position occur, 
but it was retained in all cases, with or without dynamic 
wall events, to make the results more directly comparable.

In addition to the standard flow variables (velocities 
and pressure), a conserved species of  transport equation 
was implemented to measure the spatial gastric effluent 
homogenizat ion with duodenal contents. Mixing 
effectiveness was quantified in each case by calculating 
the scalar variance[14] of  an evolving species (marked fluid 
region) that was initialized as a block measuring 1.0 unit in 
length and 0.5 unit in height, with a concentration of  1.0 
(Figure 4). The species was given a negligible diffusivity 
of  D* = 0.0001, being vertically centered around the 
domain’s longitudinal axis with the front (right) side of  the 
block giving the same horizontal coordinates as the distal 
terminus of  the antrum. These scalar species blocks were 

In Eq. 4,    is the volume of  the computational domain 
and    is the volume averaged concentration of  the initial 
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Direction of flow

species block, i.e.
In our 2-D computations, "volume" is the area. The 
concept of  scalar variance is clarified by considering a 
rectangular domain of  species concentration zero (no 
species present), and initialized with a scalar species block 
of  concentration 1.0, or 100% (Figure 5A.) 

T h e  m e a n 

(5)

concentration     of  the field in this state is:which gives a 
variance of
In a field that has become twice as "well mixed" (Figure 

evolved in each of  the flow fields by solving the transport 
equation[15]: 
In Eq. 3,    represents scalar species concentration, Pe = 
(U0L)/D is the Peclet number (the ratio of  convective 
to diffusive transport in the fluid continuum), and U0 
represents the characteristic bulk fluid velocity (ranging 
from 0.0 to Vmax). Clearly, a small diffusivity coefficient 
results in very little diffusive transport, implying that the 
scalar species simply advects along fluid streamlines.

(3)

(4)

The scalar species variance calculated for each case is 
defined by

5B), the variance decreases with the increased level of  
species homogenization:
In this way, the variance approaches zero as perfect mixing 
is nearly achieved.

COMPUTATIONAL RESULTS
Steady flow across  gastric outlet through a relaxed 
pylorus
Volumetrically, a large portion of  gastric emptying aqueous 
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Figure 5  Illustrative example of scalar variance calculation: (A) initial and (B) final 
states, each with a mean concentration of 0.25.
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strengthening in the distal recirculation zones; the marked 
fluid is entrained by vortices as they gain momentum 
and push the separatrix further into the jet region. As 
the inlet flow decelerates, mean flow through the channel 
decelerates as well. This leads to "shedding" of  the 
vortices, i.e. the vortices detach from the wall distal to the 
pylorus and carry away downstream, and a new pair of  
vortices forms at the next flow pulse, leading to a periodic 
vortical flow field in the superior duodenum. Vortex 
formation and shedding from the divergent distal aspect 
of  the pylorus provide a key mechanism for drawing 
the scalar species into the sheet; the separatrix between 
regions of  large-scale advection and recirculation has 
been disrupted during the deceleration phase of  the cycle, 
allowing the marked species to become entrained in the 
vortical flow.

Pulsatile flow across gastric outlet through a closing 
pylorus
Transport of  gastric effluent induced by periodic antral 
contractions occurs in concert with the closure of  pyloric 
orifice, and fluid is forced through a narrowing lumen. To 
isolate the contributions made by this narrowing to the 
mixing process, a model was constructed identically to that 
described in the previous section, but with the inclusion 
of  pyloric closure. In this model, temporal motion of  the 
solid boundary defining the pyloric geometry  varied quasi-
sinusoidally, e.g. the pylorus was in its fully open position 
at the beginning of  a pulse cycle, and closed by the time 
the inlet velocity returned to zero at the end of  the active 
part of  the cycle. Temporally sinusoidal reopening of  
the pylorus was set to take place during the 1.0 time unit 
refractory period marking the end of  the cycle.

Immediately, one can see the enhanced mixing 
achieved by closure of  the pyloric lumen in concert with 
flow pulsatility (Figure 8). The jet flow affected by the 
narrowing lumen gives locally advecting fluid a great 
deal of  axial momentum, while the recirculation zones 
grow concurrently with the increasing obstruction. This 
effectively leads to large regions of  vorticity, which 
act to stretch marked fluid along the domain’s axis in 
addition to rolling it into sheets within each vortex. 
Prominent secondary vortices are also observed in this 
case, possessing a rotational sense opposite to the primary 
vortices. This leads to further stretching and folding of  the 
scalar field. 
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Figure 6  Passage of a passive scalar marker through a relaxed pylorus under 
steady flow conditions, with inlet velocity set to V* = 1.0 and Re = 333. In this 
image, 2.0 time units have passed, with the marked fluid exhibiting vertical 
compression toward and horizontal stretching along the symmetry axis in the weak 
jet created by the pyloric constriction.  Aside from an increase in surface area due 
to longitudinal stretching, no mixing is seen in this case.
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Figure 7  Scalar species distribution following the active phase of one inlet pulse (t 
= 2.5 time units, Re = 333), illustrating vortical stretching and resultant increase in 
interfacial area between regions of concentration 1.0 and 0.0.

material is believed to occur across an initially relaxed 
pylorus[1-4]. In a relaxed state, the torus and distal muscle 
loop of  the human pylorus form a lumen of  about 1 cm 
in diameter between the antrum and duodenum, whose 
diameters are several times larger[3]. To isolate the effect 
of  such a localized channel narrowing on flow, steady flow 
behavior (at Re = 333) was computed through the channel 
(Figure 2A). This calculation was designed to establish a 
baseline for comparison with forthcoming cases exhibiting 
pulsatility. The flow is from left to right, i.e. the antrum 
(inlet) lies to the left of  the pylorus and the duodenum to 
the right. A constant velocity of  V* = 1.0 was imposed 
at the channel inlet, with the resultant flow of  10.0 time 
units to propagate through the domain in order to achieve 
steady-state conditions. After this initial period, the scalar 
species marker was introduced as described previously and 
allowed to pass through the channel domain to the exit 
(Figure 6). 

As anticipated from this steady flow case, the flow 
field consists of  a pair of  recirculation zones distal to the 
pylorus (Figure 7) and only one is shown with streamlines 
due to symmetry. While the marker fluid is distorted, 
it is essentially unmixed as it passes into the superior 
duodenum. This is primarily due to the lack of  dynamic 
vortical activity in the flow. Vorticity is limited to the 
separating region distal to the pylorus, and segregated 
from the rest of  the flow by a separatrix[10,16,17]. The 
separatrix thus blocks the passage of  bulk advecting fluid 
into the recirculation zone, and vice versa, the ability to 
effectively mix different regions of  fluid is severely limited 
unless some mechanism for disrupting the manifold (i.e. 
the separatrix) between the recirculating zone and the 
core flow is put into action. This is provided by pulsatility 
(intermittent gastric outflow) as shown below.

Pulsatile flow across gastric outlet through a relaxed 
pylorus
Pulsatile inflow conditions were imposed next (Figure 3) 
on a channel that was identical to the one evaluated in the 
steady flow. Pulsatility in the flow has apparently increased 
the mixing a great deal over the steady flow solution, and 
in a relatively small spatial region (Figure 7). Streamlines 
illustrate a pattern of  dynamic vortex behavior absent in 
the previous case. In the pulsatile flow, jet development 
through the pylorus is coincident with vortex growth and 
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Pulsatile flow across gastric outlet through a static 
asymmetric pylorus
In the previous three sections, three ingredients were 
examined that concertedly lead to increases in the degree 
of  fluid mixing in a channel flow, namely, some sorts of  
partial obstruction leading to convergence and subsequent 
divergence of  the flow, pulsatility, and wall motion. So 
far, however, we have only covered highly simplified, 
symmetric geometries to make this point. In reality, with 
increased tonicity, the positioning of  the proximal and 
distal pyloric muscle loops lead to a "notched" pyloric 
configuration when viewed in two-dimensional longitudinal 
sections (Figure 9). In the next case, we seek to capture 
the effect of  this geometric feature of  the pylorus on 
flow into the proximal duodenum. Figure 10 illustrates the 
static asymmetric pylorus increasing mixture of  the scalar 
field over its symmetric counterpart. As fluid is accelerated 
through the pylorus, the resultant efflux is directed away 
from the centerline due to geometric asymmetry. As the 
jet evolves downstream and diverges further from the 

axial midline, it collides with the upper wall of  the channel 
and is subsequently deflected away toward the lower wall.  
This results in a meandering pathway of  bulk advection, 
demarcated by vortices which are staggered in the channel 
and free to occupy the whole channel width rather than 
being mirrored symmetrically. The resulting path of  the 
fluid jet (advected scalar) is highly contorted, leading to 
longer residence time，i.e.,streamlines within the domain 
are much longer and take more time to traverse, and 
stretching of  fluid elements, and therefore to enhanced 
mixing. 

Pulsatile flow across gastric outlet through a closing 
asymmetric pylorus
Asymmetry is seen to be a significant contributor to mixing 
effectiveness. Next, all of  the mechanisms (pulsatility, 
asymmetry, pyloric closure) were involved by examining 
the effect of  closure of  an asymmetric pylorus.

Immediately evident is the fact that the mechanisms of  
pulsatility, asymmetry and pyloric closure concertedly lead 
to significant enhancement of  mixing. Figure 11 shows 
that after a single gastric pulse, the scalar marker species 
has become much more homogenized. It is noteworthy 
that this homogenization not only occurs rapidly, but takes 
place within a small spatial region as well; scaling with the 
human GI system, the level of  mixing seen in this case 
would occur within a 4-5 cm segment of  the proximal 
duodenum[3], even neglecting the presence of  prominent 
geometric features such as the duodenal cap and mucosal 
folds in the channel.

Mixing effectiveness attributed to geometric and dynamic 
properties
To quantify scalar mixing, the commonly employed 
scalar variance measures were obtained during each flow 
calculation.  For each of  the cases above, normalized 
scalar variance (computed using Eq. 4) was plotted for 
one complete pulse cycle to directly compare the mixing 

Figure 8  Scalar species passage through a narrowing pylorus (Re = 333): t = 2.5 
time units; the pyloric lumen is occluded and inlet velocity has returned to 0.0. The 
thin, high velocity jet affected by the narrow lumen has led to rapid growth of a strong 
vortex pair, which sheds and propagates downstream as the bulk flow is halted.
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Figure 10  Vorticity (A) and scalar field (B) after 2.5 time units at Re = 333. Inlet 
velocity has returned to 0.0 and vortices have shed from divergent surfaces distal 
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effectiveness of  each f low. In Figure 12, the scalar 
variance measurement of  the 5 cases is plotted. Dynamic 
behavior of  the pylorus, combined with pulsatility, clearly 
results in effective mixing. Imperfections in the form of  
channel asymmetry enhance this phenomenon even more; 
the physical structure of  the pylorus appears to have a 
significant effect in mixing patterns, at least in the Reynolds 
number (i.e. the fluid viscosity) regime corresponding to 
saline in the cat gut examined in vitro[5].

Mixing effectiveness attributed to Reynolds number
Chyme viscosity can vary considerably based upon a meal’s  

solid fraction[1-3,5], with more viscous solutions yielding 
lower Reynolds numbers. Thus, the Reynolds number 
varied over several orders of  magnitude to study the 
effects of  viscosity in our model (Figure 13). For brevity, 
results are limited to Re variations in the fifth and final 
case involving a closing and asymmetric pylorus.

As seen from the scalar variance plot in Figure 14, the 
flows with Reynolds numbers of  order 1 and order 10 lack 
the momentum necessary to overcome viscous stresses 
in the fluid and generate vorticity, leaving the initial scalar 
species blocks largely intact as they progress through the 
channel. Advection begins to dominate as chyme viscosity 
decreases, resulting in a large degree of  fluid stretching, 
vortex formation and hence, mixing. Scalar variance 
plots help quantify this shift in behavior, and leave one to 
conclude that pyloric structure may not play a large role 
in the homogenization of  dense meals without adequate 
dilution.

CONCLUSIONS
The lumen of  the gastroduodenal junction has a complex 
geometry which changes with the contractile activity 
of  gastroduodenal musculature in response to the pH, 
osmolarity, caloric density and mechanical properties of  the 
luminal contents[1-3]. Here we focused on the contribution 
likely to be made by several specific anatomical parameters 
(like the notching of  pyloric lumen produced by its muscle 
loops), and by some specific functional parameters (steady 
versus intermittent gastric outflow). We also compared 
the results between aqueous and more viscous luminal 
contents. Our results indicate that intermittent gastric 
outflow in combination with the complex geometry and 
motion of  the pyloric lumen is likely to enhance duodenal 
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mixing of  aqueous fluids, facilitating rapid chemical 
digestion and subsequent absorption of  nutrients in the 
duodenum. More viscous meals may remain unmixed and 
will necessarily involve contractions of  the duodenum to 
provide any significant homogenization. 

ACKNOWLEDGEMENTS
The authors wish to acknowledge support from the 
Veterans Administration, and the valuable insight provided 
by Dr. Konrad Schulze at VAMC and UIHC, Iowa City, 
which enabled the conduct of  this work. 

REFERENCES
1	 Ramkumar D, Schulze KS. The pylorus. Neurogastroenterol 

Motil 2005; 17 Suppl 1: 22-30
2	 Schulze-Delrieu K, Ehrlein HJ, Blum AL. Mechanics of the 

pylorus. In: Gastric and gastroduodenal motility. New York: 
Praeger Publishers, 1984: 87-102 

3	 Schulze K. Imaging and modelling of digestion in the stomach 
and the duodenum. Neurogastroenterol Motil 2006; 18: 172-183

4	 Malbert CH, Ruckebusch Y. Passage of chyme and contractile 
patterns at the antro-duodenal junction in the dog. In: Gastro-
pyloro-duodenal coordination. Hampshire: Wrightson 
Biomedical Publishing Ltd, 1990: 197-208

5	 Schulze-Delrieu K, Brown CK. Emptying of saline meals by 
the cat stomach as a function of pyloric resistance. Am J Physiol 
1985; 249: G725-G732

6	 Gibou F, Fedkiw R, Caflisch R, Osher S. A level set approach 
for the numerical simulation of dendritic growth. J Sci Comp 
2003; 19: 183-199

7	 Liu H, Krishnan S, Marella S, Udaykumar HS. Sharp interface 
Cartesian grid method II: A technique for simulating droplet 
interactions with surfaces of arbitrary shape. J Comp Physics 
2005; 210: 32-54

8	 Marella S, Krishnan S, Liu H, Udaykumar HS. Sharp interface 
Cartesian grid method I: An easily implemented technique for 
3D moving boundary computations. J Comp Physics 2005; 210: 
1-31

9	 Yang Y, Udaykumar HS. Sharp interface Cartesian grid 
method III: Solidification of pure materials and binary 
solutions. J Comp Physics 2005; 210: 55-74

10	 Horner M, Metcalfe G, Wiggins S, Ottino JM. Transport 
enhancement mechanisms in open cavities. J Fluid Mech 2002; 
452: 199-229

11	 Howes T, Shardlow PJ. Simulation of mixing in unsteady flow 
through a periodically obstructed channel. Chem Eng Sci 1997; 
52: 1215-1225

12	 Ottino JM. The kinematics of mixing: stretching, chaos, and 
transport. New York: Cambridge University Press, 1989: 64-95

13	 Krishnan S, Marella S, Udaykumar HS. Sharp interface 
Cartesian grid method IV: Local mesh refinement. J Comp 
Physics, in press

14	 Mackley MR, Veves Saraiva RMC. The quantitative description 
of fluid mixing using Lagrangian and concentration-based 
numerical approaches. Chem Eng Sci 1999; 54: 159-170

15	 Jeffrey B, Udaykumar HS, Schulze KS. Flow fields generated 
by peristaltic reflex in isolated guinea pig ileum: impact of 
contraction depth and shoulders. Am J Physiol Gastrointest 
Liver Physiol 2003; 285: G907-G918

16	 Baker GL, Gollub JP. Chaotic dynamics. 2nd ed. New York: 
Cambridge University Press, 1996: 59-62

17	 Drazin PG. Nonlinear Systems. New York: Cambridge 
University Press, 1992: 26-27

                        S- Editor  Liu Y    L- Editor  Ma JY    E- Editor  Zhou T

0                 1                  2                 3                 4                 5                 6
X

Y

1

0

.05     .1      .15     .2      .25     .3     .35     .4      .45     .5     .55      .6     .65      .7     .75     .8      .85     .9     .95
D

0                 1                  2                 3                 4                 5                 6
X

Y

1

0

.05     .1      .15     .2      .25     .3     .35     .4       .45    .5     .55      .6     .65      .7    .75     .8      .85     .9     .95 
C

0                 1                  2                 3                 4                 5                 6
X

Y

1

0

.05     .1      .15     .2      .25     .3     .35     .4      .45     .5     .55      .6     .65      .7     .75     .8      .85     .9     .95
B

0                 1                  2                 3                 4                 5                 6
X

Y

1

0

.05     .1      .15     .2      .25     .3     .35     .4      .45     .5     .55      .6     .65      .7     .75     .8      .85     .9     .95
A

Figure 13  Scalar species plots following one pulse cycle through a closing, asymmetric pylorus at four different Reynolds numbers: A: Re = 1; B: Re = 10; C: Re = 100; D: 
Re = 333.

Figure 14  Scalar variance of asymmetric pylorus model at four different Reynolds 
numbers.
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Abstract
The objective of this research was to use abdominal 
computed tomography (CT) scans to non-invasively 
quantify anthropometrical data of the human stomach 
and to concomitantly create an anatomically correct and 
distensible ex-vivo  gastric model. Thirty-three abdominal 
CT scans of human subjects were obtained and were 
imported into reconstruction software to generate 3D 
models of the stomachs. Anthropometrical data such as 
gastric wall thickness, gastric surface area and gastric 
volume were subsequently quantified. A representative 
3D computer model was exported into a selective laser 
sintering (SLS) rapid prototyping machine to create an 
anatomically correct solid gastric model. Subsequently, 
a replica wax template of the SLS model was created. A 
negative mould was offset around the wax template such 
that the offset distance was equivalent to that of the 
gastric wall thickness. A silicone with similar mechanical 
properties to the human stomach was poured into 
the offset. The lost wax manufacturing technique was 
employed to create a hollow distensible stomach model. 
3D computer gastric models were generated from the CT 
scans. A hollow distensible silicone ex-vivo  gastric model 
with similar compliance to that of the human stomach 
was created. The anthropometrical data indicated that 
there is no significant relationship between BMI and 
gastric surface area or gastric volume. There were inter- 
and intra-group differences between groups with respect 
to gastric wall thickness. This study demonstrates that 
abdominal CT scans can be used to both non-invasively 
determine gastric anthropometrical data as well as 
create realistic ex-vivo  stomach models.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Computed tomography (CT) is a non-invasive radiological 
examination tool which is capable of  producing superior 
diagnostic images of  soft tissue organs, such as the 
stomach, compared to other radiographic procedures[1-4]. 
Diagnostic imaging techniques have been used to extract 
anthropometrical data of  the human stomach such 
as gastric wall thickness, surface area and volume[1,5,6].  
Researchers investigating obesity have considered whether 
obese persons have a significantly larger gastric volume 
than non-obese persons[6]. 

Whilst employing diagnostic imaging scans for 
quantitative analysis, it is also possible to transform 
diagnostic scans into computer aided design models. 
Magnetic resonance angiography (MRA) scans have been 
used to create ex-vivo compliant tissue models[7]. MRA 
scans were exported into computer software and later 
manipulated through rapid prototyping techniques to 
create solid models, which were subsequently used to 
develop hollow arterial models.

Rapid prototyping (RP) is a fabrication method which 
enables accurate and economic reproduction of  devices or 
models without the need for tooling[8]. Files from computer 
aided design software may be exported to a variety of  
RP processes such as 3D printing, stereolithography and 
selective laser sintering to produce solid prototypes. These 
prototypes may in turn be used to cast hollow models 
using moulding techniques.

The lost wax process is a mould fabrication method for 
creating thin-walled objects[9]. Using solid rapid-prototyped 
objects as a template, it is possible to produce high detail 
hollow objects after offsetting the template with a low 
melting point material such as wax.

The objectives of  this study were: (1) to demonstrate 
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that abdominal CT scans could be used to consistently 
quantify anthropometric parameters of  the human 
stomach, specifically gastric wall thickness, surface area and 
volume of  non-obese and obese patients and (2) develop 
an anatomically correct, distensible ex-vivo stomach model 
using abdominal CT scans.

ANALYSIS OF ANTHROPOMETRICAL
DATA
Statistical analysis
Data are expressed as mean ± SD. Statistical analysis was 
performed using Minitab® (v. 13, Minitab, Inc. PA, USA). 
Statistical comparisons were made by analysis of  variance 
(ANOVA). Tukey’s honestly square difference was used 
for post-hoc analyses to determine statistical difference 
between groups. A p-value of  < 0.05 was considered to be 
statistically significant. Regression analysis compared BMI 
against gastric surface area and volume.

Subject classification
The abdominal CT scans of  33 patients were obtained 
(Siemens Somatom Emotion 6TM Power CT scanner, 
Siemens Medical Systems, Germany) from Merlin Park 
Imaging Centre, Merlin Park Hospital, Galway, after an 
approval from the Ethics Committee of  the National 
University of  Ireland, Galway. Patients mass and height 
were recorded and the pat ient ’s body mass index 
(BMI) was determined according to the World Health 
Organisation (WHO) definition.

BMI is calculated by dividing a persons mass (kilograms) 
by the square of  their height (m2). GroupⅠ(n = 19) 
contained those with a BMI between 17.58-24.9 kg/m2, 
considered underweight-normal by the WHO, while 
Group Ⅱ (n = 14) comprised those with a BMI between 
25.0-39.66 kg/m2, deemed clinically overweight-obese by 
the WHO.

The mean BMI of  GroupⅠwas 21.83kg/m2 while 
the mean BMI of  GroupⅡwas 29.27 kg/m2. Grubb’
s test to identify outliers was applied to the raw data 
before statistical analysis. No patient in either GroupⅠor 
Group Ⅱ was identified as outliers. Both categories were 
statistically different (P < 0.05) to each other with respect 
to their mass and BMI, as shown in Table 1.

Manipulation of CT scans
The CT scans were individually imported into a 3D 
reconstruction software package (MIMICSTM, Materialise, 
UK), as per Figure 1A. Upon being imported into the 3D 
reconstruction software package, the anterior, posterior 
and lateral orientations of  the patient were defined. The 
transaxial plane images were used for all patients as the 
stomach was discriminately defined in this plane. The 
grey-scale of  the scans was adjusted to differentiate the 
stomach from adjacent organs such as the spleen and 
liver. The threshold level was set by drawing a profile 
line across a cross-section of  the stomach. The threshold 
levels were established by adjusting the HounsField units, 
which accentuated the stomach on all the CT scans with a 
mask, as shown in Figure 1B. An editing tool was utilised 

to remove any superfluous thresholding that may have 
been picked up by adjacent organs. Smoothing algorithms 
were used to remove any undesirable edge effects due 
to pixilation and to optimise the geometries of  the 
anatomically correct stomachs.

Having edited the CT slices to isolate the stomach, 
the slices were grouped together to form a 3D image of  
the stomach. The 3D stomach images were saved in “.stl” 
format and exported to a rapid prototype machine.

Gastric volume and gastric surface area
Upon manipulating the CT slices to isolate the stomach, 
the slices were grouped together to form a 3D image of  
the stomach. The 3D images were attained by choosing 
the region growing function. Gastric volumes and gastric 
surface areas were determined from the 3D images.  
The gastric surface area and gastric volume 3D images 

Table 1  Height, mass and BMI measurements of patients

BMI 17.58-24.9 kg/m2 BMI 25.0-39.66 kg/m2

n  = 19 n  = 14
Height (m)  1.69 ± 0.10  1.69 ± 0.10
Mass (kg)   62.50 ± 10.25a   83.61 ± 11.34a

BMI (kg/m2) 21.83 ± 2.16c 29.27 ± 3.79c

All values mean ± SD. a,cP < 0.05.
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Figure 1  A: Typical imported CT image; B: mask applied to highlight stomach.
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were further divided into proximal and distal sections 
to investigate whether there were significant differences 
between these sections. Half-way between the uppermost 
point on the fundus and the pyloric sphincter defined the 
proximal and distal stomach, as shown in Figure 2.

There were no significant differences between Group 
Ⅰand Group Ⅱ when comparing their gastric surface 
areas or volumes, as shown in Table 2. Gender had no 
influence on gastric volume or surface area. There were no 
significant differences between the groups with respect to 
proximal and distal gastric surface area and gastric volume 
data (Table 3). The regression graphs of  BMI against 
gastric surface area and volume are shown in Figure 3A 
and B respectively. The low regression coefficient values in 
Figure 4 indicate that there is no linear relationship when 

comparing BMI to gastric surface area or volume.

Gastric wall thickness
The tranverse slices were examined from the oesophagus 
to the pyloric sphincter. Due to the positioning of  the 
patients on the CT scanner bed and the discrepancy 
in slice thickness (range 2.5-4.5 mm) between patients, 
there was variability between patients as to where the 
stomach became evident and when the stomach was no 
longer detectable in the CT scans. Using the electronic 
callipers on the 3D imaging reconstruction software, six 
representative gastric wall thickness measurements were 
taken on each slice, as in Figure 4. The location of  each 
thickness was such that there were three anterior and 
posterior measurements, with equidistance between the 
points.

It was also investigated whether or not there was 
a difference between the anterior and posterior, and 

CT slice at uppermost 
point of fundus

CT slice at pyloric 
sphincter

   Proximal 
gastric region

      Distal 
gastric region

d/2

d/2

Figure 2  Schematic diagram indicating how the proximal and distal gastric 
regions were defined.

Table 2  Anthropometrical data from CT scans compared to 
those reported in literature

Group Ⅰ Group Ⅱ Kuiken et al [13] Kim et al [6]

n  = 19 n  = 14  Obese     Non-obese

GV (cm3) 143 ± 97   190 ± 88 182 ± 11 217 ± 40       208 ± 38
GSA (cm2) 154 ± 65 191 ± 6
Pearson’s 0.98 0.98
coefficient, r

All values expressed as mean ± SD. GV: Gastric volume. GSA: Gastric surface 
area.

Table 3  Proximal and distal gastric volume and gastric surface 
area data from CT scans

BMI 
(kg/m2)

Proximal GV
(cm3)

Distal GV
(cm3)

Proximal GSA
(cm2)

Distal GSA 
(cm2)

17.58-24.90 kg/m2 78 ± 54 91 ± 36 84 ± 36 76 ± 37
25.00-39.66 kg/m2 67 ± 52 87 ± 26 96 ± 31 94 ± 18

All values expressed as mean ± SD. GV: Gastric volume. GSA: Gastric surface 
area.
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Figure 4  Typical gastric wall thickness measurements on transverse plane CT 
scan using electronic callipers.
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proximal and distal stomach with respect to gastric wall 
thickness. The anterior and posterior gastric regions were 
defined by drawing a horizontal line through the midpoint 
of  the stomach on each CT slice. The proximal and distal 
gastric regions were defined as described previously.

Mean gastric wall thickness values varied between 2.35 
and 5.43 mm. Table 4 indicates that there was no statistical 
difference in gastric wall thickness between GroupⅠand 
Group Ⅱ. Analysis of  the mean anterior and posterior 
gastric wall thicknesses revealed that location does not 
significantly influence gastric wall thickness, as per Table 5.

DEVELOPMENT OF EX-VIVO  GASTRIC 
MODEL
Model rapid prototyping
A 3D computer model file was recreated in a selective laser 
sintering machine (DTM SinterstationTM 2500 plus, 3D 
Systems Corp, USA). Powdered nylon was layered in 0.1 
mm increments to produce a solid stomach model, which 
was then used to create a mould for the hollow stomach 
model. Solid stomach models were developed from the 3D 
computer models using the SLS machine. This solid model 
was used as a template to create the anatomically correct 
hollow distensible stomach model.  

Selection of distensible polymer
The next phase involved selecting a suitable polymer 
that possessed the same mechanical and distensibility 
properties as that of  the stomach. Egorov et al[10] have 
previously determined the mechanical properties of  the 
human stomach: modulus of  elasticity about 0.4 MPa, 
elongation to break about 225%, ultimate tensile strength 
about 0.9 MPa. A silicone (Elastosil M4400TM, Wacker-
Chemie GmbH, Germany) was identified as a polymer 

with similar distensibility to the human stomach.

Fabrication of hollow model
A replica model of  the rapid prototyped stomach was 
created using wax. The wax model was then offset using 
nylon reinforced modelling clay, which afforded a varying 
thickness similar to that of  the stomach wall. The clay-
covered model was secured in a retort stand via the rod.  
Subsequently, a two-part negative mould (plaster of  Paris) 
of  the clay model was created. Positioning guides were 
marked on and around the mould so as to later ensure 
accurate repositioning of  the mould around the wax 
stomach.

Once set, the mould halves were opened and the 
modelling clay was removed, with the wax model still 
secured in the retort stand. A thin wax-coating (Shellac) 
was applied to the mould inner surfaces to aide removal 
of  the silicone stomach afterwards. Using the pre-marked 
positioning indicators, the mould was repositioned around 
the wax model and sealed. Air holes were drilled into the 
mould at the oesophageal end and offset to the cardiac 
notch to allow any trapped air to escape. These locations 
were chosen as they were the two natural high points on 
the mould. 

Silicone was poured in at the oesophageal end of  the 
mould to fill the gap previously occupied by the modelling 
clay. The air-hole near the cardiac notch was plugged once 
silicone poured out of  this hole. When the silicone came 
out of  the air-hole at the oesophageal end the pouring 
process was deemed complete and the silicone was left 
to set for 24h. Thereafter, the silicone and wax stomach 
were placed in an oven at 80℃ for 3 h to melt the wax 
out. The lost-wax process proved successful in fabricating 
an anatomically correct distensible stomach model, as in 
Figure 5. The exterior surface was smooth with an opening 
at the oesophageal end.

Validation of hollow model
A non-destructive pressure-volume method was used 
to determine gastric compliance in the ex-vivo model.  
Gregerson et al[11] reported pressure-volume measurements 
of  the human antrum by incrementally inflating an intra-
gastric bag, while Distrutti and associates determined 
gastric compliance using a barostat[12].

For this study, a tube connected through a peristaltic 
pump (Watson-Marlow 323S, Watson-Marlow, UK) and a 
tube connected to a digital pressure gauge (ZSE30, SMC, 
Ireland) were inserted into the oesophageal end of  the 

Table 5  Mean anterior and posterior gastric wall thickness data 
from CT scans

BMI 
(kg/m2)

Anterior 
(mm)

Posterior 
(mm)

Proximal 
(mm)

Distal 
(mm)

17.58-24.9 kg/m2 3.54 ± 0.77 3.37 ± 0.66 3.55 ± 0.73 3.64 ± 0.74
25.0-39.66 kg/m2 3.61 ± 0.72 3.53 ± 0.69 3.42 ± 0.72 3.42 ± 0.68
Pickhardt et al[1] 5.00 ± 1.90 5.20 ± 1.70

All values expressed as mean ± SD. Values from literature are given as a 
comparison.

Table 4  Mean gastric wall thickness from CT scans

BMI (kg/m2) Gastric Wall Thickness (mm)

17.58-24.90 kg/m2 3.61 ± 0.51
25.00-39.66 kg/m2 3.37 ± 0.41
Gossios et al[3] 3.2
Scatarige et al[4] 3
Huh et al[14] 3.92 ± 0.16

All values expressed as mean ± SD. Values from literature are 
given as a comparison.

Figure 5  Anatomically correct hollow 
distensible silicone stomach after wax 
removal.

Henry JA et al.  Development of an ex-vivo  gastric model                                                                                   1375

www.wjgnet.com



gastric model, which was then hermetically sealed. The 
peristaltic pump was programmed to inflate the gastric 
model using 10 mL increments of  fluid, with a 1min 
interval between steps, up to 200 mL. Any resulting change 
in pressure after each volume increment was noted. This 
procedure was repeated twelve times on the same stomach, 
from which pressure-volume curves were derived.

The mean pressure-volume curve for the silicone 
stomach was plotted against literature values, as shown in 
Figure 6. Gregersen et al[11] reported on gastric compliance 
after low volumes (< 100 mL) of  fluid were introduced 
into the stomach while Distrutti and colleagues reported 
on gastric compliance after introducing higher volumes 
of  fluid (ca. 200-400 mL)[12]. It is evident from Figure 6 
that the curves from literature have three distinctive curve 
slopes, reflecting the three muscle layers (longitudinal, 
circular and oblique) that surround the human stomach. 
The compliance curve for the silicone stomach has similar 
slopes to both literature values at low and high pressures.  
Furthermore, it is evident that the silicone stomach curve 
also has three different slopes, thus replicating the three 
gastric muscle layers.

CONCLUSION
The aim of  this study was to demonstrate that it is possible 
to utilise abdominal CT scans to create an anatomically 
correct, distensible ex-vivo gastric model. An image 
reconstruction software package was used to create 3D 
gastric models from abdominal CT scans. These computer 
models were later exported to a rapid prototyping machine 
to produce solid, anatomically correct stomach models.  
The rapid prototyped models were used to develop 
plaster of  Paris moulds. Using the lost wax process, an 
anatomically correct, hollow ex-vivo gastric model with 
similar compliance to that of  the human stomach was 
developed.

Analysis of  the anthropometrical data showed 
statistical differences between the groups when comparing 
their mass and BMI. However, the data in this study 
correlates with the fact that the WHO range values which 
define the BMI categories never overlap. Examination 

of  the gastric surface area and volume data indicated no 
statistically significant difference between the two groups.  
Comparison of  the proximal and distal gastric regions 
showed no significant difference in their surface area and 
volume. This finding suggests that both proximal and distal 
regions behave similarly when accommodating food. The 
gastric volume values in this study correlates with previous 
studies that also quantified gastric volume through non-
invasive methods (Table 2)[6,13]. However we are unable to 
compare the distal and proximal gastric volumes in this 
study with the reported values as Kim et al[6] defined the 
proximal and distal regions differently, while Kuiken and 
colleagues did not specify the BMI of  their patients[13].  
Low regression coefficient values of  BMI compared to 
gastric volume and surface area indicate that BMI is not an 
indicator of  gastric surface area or gastric volume, or vice-versa

There were both intra- and inter-group differences 
with respect to the gastric wall thickness. The inter-
group variability was due to a number of  reasons such 
as that some of  the stomachs were fully distended whilst 
others were not, and there may have been gastric wall 
pseudothickening as a result of  oblique sectioning by the 
CT scanner. Such a phenomenon has been previously 
reported by Pickhardt and Asher[1]. In this study, there was 
a wide range for the gastric wall thickness, between 2.35 
and 5.43 mm, with the majority of  gastric wall thickness 
measurements being between 3 and 4 mm. Previous 
examinations of  gastric wall thickness have indicated a 
gastric wall thickness between 2.80 and 5 mm for fully 
distended stomachs, hence validating our findings[3,4,14].  
Pickhardt and Asher reported values greater than 12mm 
for the gastric antrum wall thickness[1]. However, no such 
large values were found in this study.

The use of  CT scans to determine the volume and 
surface area of  the stomach hasn’t been reported thus far.  
Previous attempts to quantify gastric volume and surface 
area have relied on invasive methods such as intragastric 
barostat balloon[15,16], whilst non-invasive techniques have 
used single photon emission computed tomography 
(SPECT)[17], MRI[5] and endoscopic ultrasound[14]. 
However the aforementioned methods are not without 
the i r l imita t ions such as poor image resolut ion, 
erroneous gastric volume measurements and difficulty in  
reproducibility[13,16-19]. Hence, the utilisation of  CT 
scans would make an ideal method for non-invasive 
measurement of  gastric accommodation.

Magnetic resonance angiography (MRA) scans and 
the lost core technique were used to accurately create an 
anthropomorphic model of  the human carotid artery[7]. 
Thus far, there have been no reports of  generating an  
ex-vivo gastric model using CT scans. Therefore, the 
described techniques in this study could be used to develop 
anatomically correct ex-vivo models of  other systems or 
organs such as the respiratory system and heart. The  
ex-vivo gastric model in this study was validated by the 
similar compliance at both low and high pressures to the 
human data reported in literature[11,12,20]. 

Hence, it may concluded that it is possible to manipulate  
abdominal CT scans to obtain anatomically correct 3D 
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Figure 6  Pressure volume curves of silicone stomach compared to human 
stomach values reported by Gregersen et al[11] and Distrutti et al[12].
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models of  the stomach, from which anthropometrical data 
can be obtained. 
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Abstract
One of the major aims of the International Union of 
Physiological Sciences (IUPS) Physiome Project is to 
develop multiscale mathematical and computer models 
that can be used to help understand human health. 
We present here a small facet of this broad plan that 
applies to the gastrointestinal system. Specifically, 
we present an anatomically and physiologically based 
modelling framework that is capable of simulating 
normal and pathological electrical activity within the 
stomach and small intestine. The continuum models 
used within this framework have been created using 
anatomical information derived from common medical 
imaging modalities and data from the Visible Human 
Project. These models explicitly incorporate the various 
smooth muscle layers and networks of interstitial cells 
of Cajal (ICC) that are known to exist within the walls of 
the stomach and small bowel. Electrical activity within 
individual ICCs and smooth muscle cells is simulated 
using a previously published simplified representation of 
the cell level electrical activity. This simulated cell level 
activity is incorporated into a bidomain representation 
of the tissue, allowing electrical activity of the entire 
stomach or intestine to be simulated in the anatomically 
derived models. This electrical modelling framework 
successfully replicates many of the qualitative features of 
the slow wave activity within the stomach and intestine 
and has also been used to investigate activity associated 
with functional uncoupling of the stomach. 

© 2007 The WJG Press. All rights reserved.
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Introduction
The concept of  a “Physiome Project” was presented 
in a report from the Commission on Bioengineering in 
Physiology to the International Union of  Physiological 
Sciences (IUPS) Council at the 32nd World Congress in 
Glasgow in 1993. In 2001, this project was designated as 
a major focus of  the IUPS for the next decade. The long 
term goal of  this project is to understand and describe the 
human organism, its physiology and its pathophysiology. 
One of  the major aims of  the overall Physiome concept 
is to develop multiscale mathematical and computer 
models that can be used to help understand human 
health. Since the beginning, momentum has continued 
in the Physiome project, with much effort focused on 
the heart and associated Cardiome project. In contrast, 
the gastrointestinal Physiome project (the GIOME) is 
still in its infancy. However, GIOME related activities 
are beginning to appear at several research centres, as 
highlighted in this issue.

In this paper we present an integrated biophysically 
based modelling framework for the gastrointestinal system, 
which is being used to examine electrical activity within 
the stomach and small bowel. Much of  this work parallels 
work carried out in the Cardiome project, although there 
are clear anatomical and physiological deviations. 

In the human stomach, there is rhythmic electrical 
activity with a normal frequency of  approximately 3 
cycles/min (cpm; termed “slow wave activity”). Similar 
electrical activity exists within the human small intestine 
although the frequency varies between 8 and 12 cpm, 
depending on the distance from the pylorus. It is now 
widely accepted that slow wave activity is a spontaneous 
event that arises in the interstitial cells of  Cajal (ICCs), 
and is then conducted to the surrounding smooth muscle. 
Once the electrical activity reaches the smooth muscle, 
a further excitable event may occur. This event, recently 
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termed an action potential and historically referred to as 
“spiking behaviour” or “electrical response activity”, is 
responsible for the major contraction of  smooth muscle.

Our understanding of  gastrointestinal electrical activity 
is still in its infancy when compared to that of  other 
muscles, most notably the heart. In the cardiac area, for 
instance, there exist several anatomically realistic and 
biophysically detailed multiscale modelling studies[1]. In 
contrast, only in the last few years have modelling studies 
of  gastric slow waves been performed using anatomically 
based models[2-4]. Before 2002, most gastrointestinal 
models were designed to capture the general behaviour 
of  the slow wave in simplified geometries, such as 
simplified conoid or ellipsoid geometry[5-8]. Anatomically-
based models have now been used to investigate normal 
slow wave rhythm, functional uncoupling, and associated 
electromagnetic activity. Besides geometric models based 
on the Visual Human Project, geometric models have also 
been derived from computed tomography (CT) images, 
allowing an investigation of  patient-specific geometries 
and their effects on the simulated results. For all of  these 
geometric models, a continuum level description of  
electrical behaviour that is based on the work of  Aliev[9] 
has been employed.

Presented below is a br ief  descr ipt ion of  our 
anatomically and physiologically based multiscale models 
of  the human stomach and small intestine. Following this, 
we present some of  the results obtained to date using these 
models. Initially, normal slow wave activity was simulated 
and, as far as possible, compared and contrasted to what 
is currently known about slow wave activity. The models 
have also been used to investigate abnormal activity such 
as functional uncoupling. These simulations illustrate the 
versatility of  the modelling framework being developed. 

ANATOMICALLY REALISTIC Models
An initial model of  the human gastrointestinal system has 
been created from photographic slices from the Visible 
Human data set[10]. Details of  the model development were 
described in Pullan et al[1]. In brief, the components of  the 
gastrointestinal system were digitized from the images, 
creating over 60 000 data points. From these digitized 
points, surface and volume meshes of  the stomach 
and intestine were fitted to sub-millimetre accuracy. An 
illustration of  this model is given in Figure 1, together 
with an enlarged view of  the components of  the gastric 
model. Specifically represented are the longitudinal and 
circular smooth muscle layers (LM and CM respectively), 
with appropriate fibre orientations, separated by the layers 
of  ICCs, which are the myenteric layer (ICC-MY) and the 
septa layer (ICC-SEP).

Further geometric models have been developed using 
CT images acquired from normal human subjects and 
porcine Magnetic Resonance Images (MRI) (Figure 2). 
To improve the contrast in the CT images, the human 
subjects ingested 16 ounces of  oral contrast (containing 
10 g hypaque sodium powder, Amersham Health) over 
a period of  90 min prior to the abdominal spiral CT  
scan. For the animal MRI scans, axial, coronal and saggital 
T2-weighted images were obtained. As with the models 

constructed from the Visible Human data set, the images 
were manually digitized and then geometric models were 
fitted to these data. Shown in Figure 3 are four different 
examples of  human stomach models that have been 
created from CT images. This figure illustrates the large 
variability in stomach location and size among different 
subjects.

Continuum Based Modelling
A continuum modelling approach was used to simulate 
the electrical activity of  the stomach and intestine. 
The bidomain model, widely used in simulations of  
cardiac electrical activity[11,12], was used to represent the 
transmembrane and extracellular potentials in the active 
tissues of  the stomach and intestine. These equations are 
summarised in Equations 1 and 2:
                                                      (1)

					   
where the i and e subscripts represent properties of  the 
intracellular and extracellular domains respectively. The 
σ terms are tissue conductivities (which in general will 

A

B

Figure 1  Shown above in (A) is the skin surface enclosing the esophageous, 
stomach, small and large intestines and a portion of the skeletal system where 
the components of the digestive system were created from digitized images from 
the visible man project. Shown in (B) is an enlarged view of the stomach with a 
high resolution mesh created over the finite elements that define the stomach 
geometry and (C) is an enlarged view of layers and muscle fibers on that stomach. 
Specifically modelled are the longitudinal (LM) and circular muscle (CM) layers 
separated by the ICC-MY (myenteric) and ICC-SEP (septa) layers.

C ICC-MY

ICC-SEP

LM

CM

(2)



be tensors), the ϕ terms are potentials, the Vm term is the 
transmembrane potential (the potential difference across 
the cell membrane), Am is the surface to volume ratio 
of  the membrane and Cm is the membrane capacitance. 
Individual cellular models are able to plug directly into 
these equations through the Iion term in the first equation. 
At a fine scale, each cellular model is able to incorporate 
complex subcellular processes. 

Using this geometric model, these equations are solved 
using either the finite element based finite difference 
method or the structured finite element method[12]. An 
illustration of  a high resolution mesh that has been defined 
over the stomach geometry is shown in Figure 1B. A 
modified Fitzhugh-Nagumo (FHN) model[9,13] was used to 
model the electrical activity of  the muscle cells and ICCs, 
since this currently appears to be the most advanced model 
that explicitly differentiates between the different cell types 
(ICCs and smooth muscle). The cellular equations are 
based on a normalised transmembrane potential, u, that 
varies from 0 to 1 and a single recovery variable, v. These 
equations are:

                                          (3)

where k is the maximum membrane conductance, a is the 

normalized threshold potential, ε controls the excitability 
of  the system, γ is the recovery rate constant and β is 
used to shift the cellular equilibrium from an excitatory 
to an oscillatory state. The smooth muscle and ICC layers 
were coupled through a scaled potential gradient with a 
diffusion coefficient of  0.03. 

Outside the active tissues of  the gastrointestinal tract, a 
generalized Laplace’s equation describes the current flows 
within the passive tissue regions, 

Here the ο subscripts denote quantities outside the 
active region. The extracellular domain described by 
Equation 2 above is directly coupled to the external passive 
regions (governed by Equation 5) through continuity 
of  potentials and currents. Using this equation set, the 
resultant electrical activity within, on and surrounding 
the active tissues of  the stomach and small bowel can be 
determined from the (continuum) cellular level activity. 

Simulations of GASTRIC ELECTRICAL 

ACTIVITY
Normal slow wave activity
Normal slow wave activity in the stomach and intestine 
has previously been simulated using the Visible Human 

A B C

Figure 2  Gastric geometric models of a normal human (A and B) and pig (C). A: Enlarged view of human stomach surface with green points showing the digitized points of 
the stomach, overlaid with a CT image; B: the fitted stomach and skin surfaces with a CT image overlaid. The costal margin is outlined by the white interconnected points. 
C: Anterior view of a pig stomach created from MR images. Shown are the digitised points corresponding to the stomach (green points), the stomach surface (transparent 
surface) as well as a coronal MR image from which the model was created.

Figure 3  Anterior views of models of stomachs created from CT images acquired from 4 different human volunteers, illustrating some of the high degree of anatomical 
variability. Shown are the stomach (red surfaces), skin (transparent surface) and the costal margin (white interconnected points).

(4)

(5)
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model[3,4,14]. The gastric computational model had a total 
of  432 nodes, 320 elements and 566 656 grid points with 
average spatial resolutions (distance between grid points) 

of  1.06 mm (circumferentially), 0.84 mm [longitudinally] 
and 0.33 mm (transmurally). The intestinal model had an 
average spatial resolution of  0.95 mm down the entire 
length. These length scales were small enough to provide 
close to a converged solution to the governing equations 
while remaining computationally feasible to solve. The 
parameters in the cellular equations (Equation 3 and 4)  
were chosen to match published serosal recordings. 
Illustrative examples of  normal gastric and intestinal slow 
wave activity are given in Figures 4A-E and 5 respectively. 

From these simulations, conduction velocities and other 
parameters were computed and compared to experimental 
observations. A summary of  these comparisons for the 
stomach is given in Table 1, and for the intestine in Table 2.

Normal gastric activity has also been simulated on the 
porcine stomach model (shown previously in Figure 2C).  
In this case the model has a dominant frequency of  3.7 
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Figure 4  Simulation results at five second intervals showing gastric slow wave activity wave in a human (A-E) and porcine (F-J) stomach. The human stomach has a 
dominant frequency of 3.0 cpm while the porcine model has a dominant frequency of 3.7 cpm. Shown above is the transmembrane potential distribution on the outer surface 
of the stomach coloured by the scale bar below the images. 

Table 1  Summary of simulated gastric model parameters compared to published values that have been determined experimentally

Source [14]  [15]  [16]  [17] Model

Species Hound dogs Mongrel dogs Human Mongrel dogs Human

Frequency (cpm) 4-6 1.58-1.88 2.68-3.28 N/A 3

Duration (s) N/A 6.8-8.5 N/A Submucosal cells: 4.4-5.6
Myenteric cells: 6.1-6.5

   7.9

Propagation 
velocity (mm/s)

N/A Circular muscle: 
16.6-19.2

Corpus: 2.2
Antrum: 6.8

Circular muscle 
(fibre): 15.5-29.9
Circular muscle 

(cross fibre): 5.8-16.6

Antrum:
LM: 16.9

CM1: 12.5
CM2: 10.7

Note the results from Horiguchi et al[16] are indirect measurements while the other sources are direct tissue measurements and results from Xu et al[15] correspond 
to isolated tissue strips. In the model results, LM is the outer longitudinal muscle layer, CM1 is the middle circular muscle layer and CM2 is the inner circular 
muscle layer.

A B

ICC                                                              Smooth muscle

-81 mV          -55 mV         -29 mV

Figure 5  Slow wave intestinal activity. Shown are the transmembrane potentials 
from the (A) ICC and (B) smooth muscle layers at a particular time instance.
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cpm, which is within the expected experiment range of  
3-4.5 cpm. This activity is shown graphically in Figure 4F-J. 

Functionally uncoupled activity
In a normal stomach, slow waves originate from dominant 
pacemakers along the greater curvature in the mid-corpus 
and spread aborally through the antrum to the pyloric 
sphincter. The pacemaker region in the corpus is dominant 
in the stomach because it generates slow waves at the 
highest frequency. With a breakdown in the ICC network, 
as can occur for instance in diabetes[20], regions of  ICC-MY 
within the gastric network can become uncoupled from 
the dominant pacemaker, and the synchronised spread 
of  electrical activity from corpus to pylorus is disrupted. 
In such a situation, ICC-MY within the antral region may 
become local pacemakers, and electrical slow waves may 

be generated in ectopic sites. An increase in the intrinsic 
frequency of  antral pacemakers can lead to functional 
uncoupling and ectopic pacemaking. This can result in 
collisions between slow waves propagating from ectopic 
sites and the normal pacemaker site, disrupting gastric 
peristalsis and delaying gastric emptying (gastroparesis). 

To simulate this phenomenon, the excitabi l i ty 
parameter, ε , was defined to be spatially varying. Under 
normal conditions, the ICC excitability was at a maximum 
in the proximal corpus on the g reater cur vature, 
decreasing slightly circumferentially and more prominently 
longitudinally[3,21]. By altering the ICC excitability profile, 
functionally uncoupled activity was generated. Figure 6  
shows some of  the different types of  functionally 
uncoupled behaviour that can arise. Figure 6A-E shows 
normal slow wave activity in which the antrum is entrained 

Experimental data from Bauer et al[18]. 

Experimental data (Canine) Model 

Frequency (cpm) Conduction velocity (cm/s) Wavelength (cm) Frequency (cpm) Conduction velocity (cm/s) Wavelength (cm)

Duodenum  17.4 10.0  36.4 17.4 10.30 34.0

Jejunum   16.0     7.11   25.0 15.4   6.50 26.6

Ileum   12.2     1.22     3.7   9.9   1.65    8.2

Table 2  Summary of simulated intestinal model parameters compared to published values that have been determined experimentally
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Figure 6  Top row (A-E) shows normal slow wave activity at 5 second interval. In this case the antrum is entrained by the slow wave activity originating in the corpus, is 
shown. In the second row (F-J), the corpus and antrum maintain the same frequency of slow wave activity, but in this situation, the antrum is not being entrained by the 
activity of the corpus. The bottom row (K-O) illustrates what happens when the intrinsic frequency of the antrum exceeds that of the corpus, resulting in some retrograde 
slow wave behaviour.
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by the slow wave activity originating in the corpus. In 
Figure 6F-J, the corpus and antrum maintain the same 
frequency of  slow wave activity, but in this situation the 
antrum is not being entrained by the activity of  the corpus. 
Figure 6K-O illustrates what happens when the intrinsic 
frequency of  the antrum exceeds that of  the corpus, 
resulting in retrograde slow wave behaviour.

CONCLUSION
We have presented an extensible anatomically and 
biophysically based modelling framework that can be 
used to investigate the electrical activity of  the stomach 
and small intestine. While still in its infancy, the electrical 
modelling framework has successfully replicated many of  
the features of  the slow wave activity within the stomach 
and intestine. It has also being used to investigate activity 
associated with functional uncoupling of  the stomach. We 
are currently exploring wider applicability of  the method 
so that it can be used, for example, in investigating the 
response to electrical stimuli that are used within gastric 
electrical stimulation[22,23].

There is much work that still needs to be done, 
including further validation and refinement of  the existing 
model. In terms of  validation, there are a number of  
avenues that can be explored to aid in this endeavour. 
These include directly comparing simulated extracellular 
potentials against high-resolution in vivo measurements of  
extracellular potentials in the stomach and intestine walls. 
Experiments of  this nature have recently been performed 
by Ver Donck et al[24]. Additionally, electrical activity within 
the organs and the magnetic activity arising from this can 
be computed at and above the body surface and compared 
to non-invasive EGG and MGG recordings such as those 
obtained by Bradshaw et al[25]. We are currently working 
with various experimental groups to acquire such electrical 
and magnetic data so that we can continue to enhance and 
extend our model. 
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Abstract
This paper reviews the progress made in understanding 
the mechanical behaviour of the bi l iary system. 
Gallstones and diseases of the biliary tract affect more 
than 10% of the adult population. The complications 
of gallstones, i.e. acute pancreatitis and obstructive 
jandice, can be lethal, and patients with acalculous 
gallbladder pain often pose diagnostic difficulties 
and undergo repeated ultrasound scans and oral 
cholecystograms. Moreover, surgery to remove the 
gallbladder in these patients, in an attempt to relieve 
the symptoms, gives variable results. Extensive research 
has been carried out to understand the physiological 
and pathological functions of the biliary system, but the 
mechanism of the pathogenesis of gallstones and pain 
production still remain poorly understood. It is believed 
that the mechanical factors play an essential role in 
the mechanisms of the gallstone formation and biliary 
diseases. However, despite the extensive literature in 
clinical studies, only limited work has been carried out 
to study the biliary system from the mechanical point of 
view. In this paper, we discuss the state of art knowledge 
of the fluid dynamics of bile flow in the biliary tract, the 
solid mechanics of the gallbladder and bile ducts, recent 
mathematical and numerical modelling of the system, 
and finally the future challenges in the area. 

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
The human biliary system consists of  the gallbladder, 
the cystic duct, common bile duct and the sphincter of  
Oddi. The gallbladder is a thin-walled, pear-shaped sac 
and generally measures 7-10 cm in length and about 3 cm 
in width. This muscular sac is located in a fossa in the 
posterior of  the right lobe of  the liver. The average storage 
capacity of  a gallbladder is about 20-30 mL. Bile, the liquid 
that flows in the biliary system, is composed of  three 
major components: cholesterol, bile salts, and bilirubin. 
When the gallbladder is not functioning properly, the 
components of  the bile are supersaturated leading to the 
formation of  solid crystals, called gallstones. 

Archaeolog is ts have found human ga l l s tones 
originating from the 17th century B C in Mycenae, Greece 
which suggests that mankind has been suffering from this 
disease for at least 4000 years[1]. Cholecystectomy is the 
most commonly performed abdominal operation in the 
West, with some 60 000 operations performed in England 
and Wales every year[2] at a cost to the National Health 
Service (NHS) of  approximately £60 million[3]. However, 
not all the operations provided an effective cure; in 50% 
of  acalculous diseases, patients complained about the 
recurrence of  the symptoms[4]. Therefore, understanding 
the mechanisms of  gallstone diseases is essential for better 
diagnosis and treatments of  these diseases. 

The earliest attempts to understand gallstone formation 
focused on phenomena occurring within the gallbladder. 
Cholesterol gallstone formation depends upon two 
conditions: (1) cholesterol crystal nucleation; (2) cholesterol 
crystal growth. The necessary physical-chemical factor for 
crystal nucleation or growth is cholesterol super-saturation 
in bile[5-8]. Bile stasis may cause cholesterol super-saturation 
and allow the formation of  cholesterol stones[9]. Additional 
studies have shown that hyper-secretion of  gallbladder 
mucus is also an important factor in gallstone formation 
by accelerating cholesterol nucleation[10-12]. It has also 
been found that increased glycoproteins in bile precede 
cholesterol saturation and crystallization[13]. 

The gallbladder is able to react to the stimulus of  eating 
by contracting and discharging bile into the duodenum. 
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Currently the gallbladder is regarded as a ‘slow pump’, 
where emptying or refilling is concerned; its volume 
change is related to the pressure inside the gallbladder 
and its compliance[14-16]. This relationship is often 
assumed to be linear[14], but more recently it has been 
described as a ‘bellows’ plus pump, in which emptying 
and refilling alternates[9,17]. Cholecystokinin (CCK), a 
chemical stimulus, not only causes the gallbladder to 
contract but also allows the cystic duct[18] and sometimes 
the common bile duct[19] to contract. Thus, an injection 
of  CCK is often used to study gal lbladder motor 
function in vivo. 

Poor gallbladder motor function can lead to abnormal 
gallbladder emptying and is believed to contribute to bile 
stasis and hence gallstone formation. Many studies have 
shown that gallbladder emptying is abnormal in patients 
with gallstones[20-31]. In addition, it has been observed that 
cystic duct flow resistance is increased before gallstone 
formation[32,33]. 

All these studies suggest that the mechanics of  the bile 
duct and flow within it play an important role in bile stasis 
and gallstone formation. From a mechanical point of  
view, the biliary system can be considered to be a pump-
pipe system, where the gallbladder provides the driving 
pressure, and the flow rate of  the bile going through the 
ducts depends on the resistance as well as the pressure 
drop between the gallbladder and the downstream end of  
the common bile duct. In this sense, gallbladder motor 
function is closely related to the pressure drop, flow rate 
and the flow resistance in the biliary system. For a given 
pressure drop, if  the flow resistance of  the system is 
higher, then a smaller volume of  bile will be driven out 
of  the gallbladder during emptying. Thus the principal 
areas of  interest are mechanical details, such as flow rate, 
pressure drop and resistance of  the biliary system which 
are related to the geometry of  the gallbladder and the 
ducts. Bile flow in the biliary system is governed not only 
by the fluid dynamics but also by the solid mechanics, 
since it is the interaction between the bile flow and soft 
tissue deformation which determines the characteristics of  
the system. In addition, it is important to identify which 
geometric parameters, material properties, or external 
stimuli have the most significant influence on the system 
behaviour. It is the purpose of  this paper to review the 
current studies of  the mechanical aspects of  the biliary 
system, and their relationship with gallbladder diseases, in 
particular, gallstones. 

THE ROLE OF BILE FLUID DYNAMICS
Bile rheology 
Bile rheology, the study of  bile viscosity, is of  interest in 
any consideration of  the mechanics of  bile flow, since it 
contributes directly to the flow resistance in the biliary 
tract. Experimental measurements showed that the density 
of  gallbladder bile is very close to that of  water, i.e. 1000 
kg/m3, at room temperature[34]. However, the viscosity of  
bile is very different to that of  water (which is constant at 
approximately 1 mPa.s) and it can change significantly in 
pathological situations.

Bouchier et al[35] reported that the dynamic viscosity 

of  gallbladder bile is higher than that of  hepatic bile and 
that viscosity is increased in pathological states[36]. Doty[37] 

suggested that this was due to the presence of  mucus 
in gallbladders with stones. Jungst et al[38] also showed 
that the viscosity of  bile was markedly higher in patients 
with cholesterol (5.0 mPa.s) and mixed stones (3.5 mPa.s) 
compared to that of  hepatic bile (0.92 mPa.s). He also 
found a positive correlation between mucin and viscosity 
in gallbladder bile but not in hepatic bile. 

Tera[39] found experimentally that normal gallbladder 
bile formed layers when left to stand. The dynamic 
viscosity of  the top thinnest layer is 2.0 mPa.s, but that 
of  the thickest layer is 2.2 mPa.s after allowing 2 h for 
sedimentation to take place[39]. Gottschalk and Lochner[40] 
measured postoperative bile viscosity, sampled by T-tube 
drainage of  29 patients with a modified horizontal capillary 
viscometer, from the day of  operation to the 9th post-
operative day and confirmed that the viscosity changes 
with time and the bile behaves like a visco-elastic Maxwell 
fluid (viscous-elastic fluid). Non-Newtonian shear-thinning 
behaviour was also observed using a Contraves Low Shear 
viscometer: the bile dynamic viscosity decreased from 5 
mPa.s at a shear rate of  0.1 s-1 to 1.5 mPa.s at 2.0 s-1[40]. 
Coene et al[41] reported that the bile viscosity of  patients 
with gallstones varied as a function of  shear rate, and 
that the bile dynamic viscosity decreased from 2.5 mPa.
s at a shear rate of  0.1s-1 to 1.5 mPa.s at 100s-1. These 
observations seem to indicate that the bile in gallbladder 
with gallstones has shear-thinning non-Newtonian 
behaviour at low shear rate. Ooi[34] measured the dynamic 
viscosity in fresh bile samples from 59 patients undergoing 
cholecystectomy and found the dynamic viscosity of  
gallbladder bile to be between 1.77-8.0 mPa.s for shear 
rates between 0.5 s-1-75 s-1[34]. He discovered that the bile 
in 20 subjects behaved like a Newtonian fluid, while in 
22 subjects it showed shear-thinning at a low shear rate 
and then shear-thickening at a higher shear rate. In 8 
subjects there was shear-thickening, but in 4 other subjects 
with mucus shear-thinning was observed. In general, the 
Newtonian bile seemed to be associated with normal 
subjects. Increased viscosity of  gallbladder bile has been 
considered an important factor in the pathogenesis of  
gallstone disease[38].  

It is clear that the bile viscosity can be subject-
dependent even in normal physiological cases. In 
pathological cases, it can also vary between Newtonian, 
weakly non-Newtonian and strongly non-Newtonian 
behaviours. However, for healthy subjects, it may be 
reasonable to assume that bile is a Newtonian fluid. 
Indeed, this assumption has been widely used in modelling 
of  cystic ducts[34,42-44]. 

Geometry of biliary duct and flow resistance
During gallbladder refilling and emptying in response 
to hormonal and neural stimuli[45], the bile flow passes 
through the cystic duct which connects the gallbladder 
and common bile duct, see Figure 1. Observations on the 
cystic duct anatomy have shown that the duct typically 
presents a combination of  two types of  structure: (1) 
in which the duct lumen wall may present the valve of  
Heister[46,47]; (2) the duct has a smooth lumen which 



duodenum; (2) diverting hepatic bile into the gallbladder 
and (3) preventing reflux of  duodenal contents from the 
duodenum into the biliary tree[61,62]. When CCK is released, 
it causes the gallbladder to contract and the sphincter of  
Oddi to relax allowing bile to empty. Coordination of  
gallbladder and sphincter of  Oddi function may also be 
influenced by nerve bundles which connect the gallbladder 
and the sphincter of  Oddi via the cystic duct[63,64]. The 
effect of  enteric hormones on sphincter of  Oddi motor 
function was determined by recording intraluminal 
pressure[65]. It was found that the human sphincter of  Oddi 
demonstrated unique phasic contractions, which would 
have an important role in regulating biliary and pancreatic 
duct emptying[65]. Several studies on the opossum sphincter 
of  Oddi showed that it regulates bile like a peristaltic 
pump at low common bile duct pressure and as a resistor 
at higher common bile duct pressures[66-68]. Funch-Jensen 
et al[69] observed that the CCK injection inhibited the 
activity of  the sphincter of  Oddi of  dogs, thus as bile flow 
increased, the gallbladder pressure remained unchanged. 
Funch-Jensen[62] further argued that the peristaltic pump 
activity of  the human sphincter of  Oddi was probably 
less important since CCK inhibited the phasic wave of  the 
sphincter. 

The basal pressure of  human sphincter of  Oddi is 
affected by gallstone disease. Cicala et al[70] investigated 
motor activity of  the sphincter in 155 patients, and found 
that gallstones are frequently associated with increased 
basal pressure, which might obstruct bile flow causing 
gallbladder stasis. The early work on pressure drop and 
flow resistance across dog biliary duct illustrated that the 
resistance of  sphincter of  Oddi is at least about 3 times 
higher than that of  the cystic duct[71]. These results suggest 
the mechanical role for the sphincter of  Oddi in the 
system can be significant. In fact, this may contribute to 
the reasons that the computational prediction of  pressure 
drop in the cystic duct resistance is much lower than the 
clinically observed opening pressure during emptying[34]. 

THE ROLE OF SOLID MECHANICS
Mechanical properties of gallbladder muscles
The gallbladder contracts under the control of  nervous 
and hormonal stimuli during the emptying process[64]. 
Contraction of  the muscle fibre mesh generates a vector of  
force directed toward the centre of  the gallbladder lumen. 
To model the muscle changes due to the contraction, a 
relationship which describes the muscle responses of  
a system to external forces is required. This important 
relationship is known as the constitutive relation, which 
allows us to predict the stress distribution within the 
muscle. Most of  the current mechanical studies on 
gallbladder muscles have concentrated on the constitutive 
relations either in the form of  the gallbladder volume-
pressure relationship, or the length-tension relationship of  
a muscle strip. 

The pressure-volume relation
The relationship between the volume change V∆ and 
the differential pressure p∆  in the gallbladder can be 

describes various geometries such as spiral, winding, kinks 
or spiral incorporating an M-shape loop etc[34,48]. Different 
cystic duct structures can significantly affect the pressure 
drop required to drive the same flow of  bile through the 
system. Structure type (1), for example, offers much more 
flow resistance compared to type (2). 

The relation between the cystic duct geometry and 
cholelithiasis has been investigated in vivo. Based on 250 
patients with cholelithiasis and 250 healthy controls, 
Deenitchin et al[49] discovered that patients with gallstones 
have significantly longer and more narrow cystic ducts 
(of  mean length 48 mm and diameter 4 mm) than those 
without stones (of  mean length 28 mm and diameter  
7 mm). The results suggest that flow resistance is affected 
by the cystic duct geometry, and may be associated with 
cholelithiasis. 

Rodkiewicz et al[42], on examining the pressure drop 
across the biliary system of  a dog, found that flow rate of  
bile, np Q∆ ∝ , in the biliary system tree (including the sphincter 
of  Oddi) was related to the pressure drop, p∆ , by a power 
law, i.e. np Q∆ ∝ , not the Poiseuille law commonly used for 
flow in a rigid straight tube which is p Q∆ ∝ . The power 
index n was in the range of  1.47-2.05. On the other hand, 
they found that the Poiseuille law was approximately valid 
when the bile flowed along a long, circular, smooth and 
rigid tube[42], which suggested that dog’s bile is more or less 
a Newtonian fluid. 

The key to a more accurate estimation of  detailed 
flow resistance is the reconstruction of  the biliary tract 
for each patient. 2D real-time ultrasonography and 
HIDA scintigraphy techniques have long been applied 
in gallbladder volume measurement and diagnosis of  
cholecystitis[50-52]. However, these can only give limited 
information on the 3D biliary tract. A 3D real-time 
ultrasonography technique is now being developed and has 
been applied to the measurement of  gallbladder shape and 
volume[53]. The 3D spiral/helical computed tomography 
(CT) has also been involved in diagnosis of  cholecystitis, 
since it not only shows the 3D images of  the gallbladder 
but also of  the whole biliary tract[54-60]. These techniques 
may in the future facilitate the development of  specific 
models for measuring flow resistance.  

Sphincter of Oddi
The sphincter of  Oddi is located at the termination of  
the common bile duct and pancreatic duct. The human 
sphincter of  Oddi segment is 6-15 mm in length and 
has a muscular structure. The physiological functions of  
sphincter of  Oddi include: (1) regulating bile flow into the 
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Figure 1  The geometry of the biliary 
tract, where the valves of Heister in the 
cystic duct are shown. 



expressed as pCV ∆=∆  (1), where C  is the compliance of  
the gallbladder, which can be determined from in vitro or in 
vivo experiments. 

The pressure-volume response of  opossum was 
studied by Ryan and Cohen[14] under basal conditions 
and after a continuous intravenous infusion of  gastrinⅠ, 
secretin, and CCK. It was found that without stimulation, 
the gal lbladder was capable of  accommodating a 
volume increase with only slight changes in pressure 
whereas CCK significantly increased the pressure 
in the gallbladder. They found that the gallbladder 
compliance was about 0.77 mL/mmHg under basal 
conditions, but decreased to 0.38, and 0.34 mL/mmHg 
as CCK stimulation increased from 0.025 to 2.5 μg/kg.h. 
Schoetz et al[15] measured the dynamic pressure-volume 
relation of  adult female baboons. Their results showed a 
hysteresis loop in the pressure-volume relation which was 
exacerbated by CCK stimulation. This suggests that the 
gallbladder muscle may behave as a visco-elastic material. 
However, the mean values they measured, with and without 
stimuli, were very close to that of  Ryan and Cohen[14]. 
Middelfart et al[16] measured the pressure-volume relationship 
of  the gallbladders in 11 patients with gallstones, in which 
the gallbladders were injected with saline via a McGaham 
catheter. It was found that the compliance varied from 0.17 
to 4.0 mL/mmHg, and was highly subject dependent, with a 
mean value of  about 2.66 mL/mmHg. 

The length-tension relation 
Since the gallbladder consists of  a layer of  smooth muscle, 
it is subject to both active and passive tensions during 
emptying. The active tension is generated by hormonal 
stimuli, and the passive tension is caused by stretch of  the 
muscle. The constitutive equation between the active force 
and length variation in the gallbladder has been studied in 
strips of  gallbladder using uni-axial experiments. Although 
the response of  the smooth muscle to the hormone should 
vary with time, currently all studies assumed that the 
length-tension relation in gallbladder is time-independent. 

Mack and Todd[72] studied 50 strips from 25 human 
gallbladders obtained at operation. They found that the 
human gallbladder muscle was capable of  maintained tone 
in vitro and that peak tension could be achieved within 3-5 
min following hormonal stimulation. Unfortunately, they 
did not measure the quantitative relation between length 
and tension, therefore no constitutive equation for these 
studies could be established. 

Washabau et al[73] used gallbladder muscle strips from 
mature female guinea pigs to measure the isometric stress 
stimulated with either 10-8 to 10-4M acetyl choline or 
10-80 mmol/L KCl stimulations. The passive tension 
increased with the length ratio L/L0 (where L is the 
deformed length, and L0 is the initial length). The active 
tension was found to achieve its maximal value at L0, and 
declined afterward, although the total tension (active + 
passive) rose with L/L0. Bird et al[74] measured the tension 
of  muscle strips from human gallbladder removed at 
cholecystectomy. They found no differences for samples 
taken from the longitudinal, circular and oblique planes. 
However, the samples taken from the gallbladder body 
region contracted more forcefully than those from the 

gallbladder neck region. Strips from the body region were 
also more sensitive to muscarinic stimulation. They did not 
measure the length-tension relation. Ahmed et al[75] compared 
the response of  strips from patients with acalculous biliary 
pain to those of  normal gallbladders following CCK-8 and 
carbachol stimulation. They found no difference in the 
CCK responses in these two groups; but again, the group 
also did not measure the length-tension relation. 

The mechanical properties of bile duct
There are no experimental data available for mechanical 
properties of  human biliary ducts at the present time. 
Most of  the measurements on bi l iar y ducts were 
conducted on animals. Jian and Wang[76] measured 16 
bile duct systems in healthy adult dogs and found that in 
normal physiological condition the bile duct experiences 
an almost uniform circumferential and longitudinal stress. 
However, in diseased cases the stresses are non-uniform, 
and much larger at the inside wall than at the outside 
wall. They also found that the elastic modulus (a material 
property which represents the ratio of  stress to strain in 
an elastic body) decreases from the common bile duct 
to the common hepatic duct and is lowest in the hepatic 
duct. The elastic modulus of  the cystic duct is comparable 
to that of  the hepatic duct. Duch et al[77] examined 11 
pig hepatic and the common bile ducts. They found that 
the cross-sectional areas in the common bile duct are 
significantly higher than those of  the hepatic duct under a 
pressure range of  0-8 kPa. In a second study, the structural 
and mechanical changes were quantified in the common 
bile duct at different time intervals following experimental 
acute obstruction[78]. In this study, the duct was ligated near 
the duodenum in pigs, and studied after 3 h, 12 h, 2 d, 8 d 
and 32 d. It was found that the circumferential stress-strain 
relation changed with time. 

NUMERICAL AND MATHEMATICAL
MODELLING
Ooi et al[34] studied the effect of  the cystic duct geometry 
on the f low resistance using both two-, and three 
dimensional cystic duct models. In their numerical study, 
the cystic duct was modelled as a straight pipe with two 
types of  baffles of  different numbers and height (Figure 2). 
The bile was assumed to be Newtonian, and its viscosity 
varied between 1-4 mPa.s. The results were then compared 
with more realistic two-dimensional models based on 
patient’s biliary system images (Figure3). It was found 
that both the baffle height and number of  baffles can 

Circular duct wall Baffles

Circular duct wall Spiral values

(a)

(b)

Figure 2  Two types of the cystic duct models used by Ooi et al[43] (modified from 
Figure 2 in the Journal of Biomechanics, vol 37, page 1913-1922) .
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significantly affect the flow resistance. In fact, the flow 
resistance responds to these geometric effects much more 
than to an increased bile viscosity. Under the same flow 
conditions, the resistance from the scanned model based 
on a diseased gallbladder was found to be larger than that 
of  a healthy one (Figure 4). 

In an attempt to validate the numerical results by 
Ooi et al [43], Al-Altabi et al [79-81] performed a series of  
experimental studies on the flow patterns in a tube 
with uniform baffles as shown in Figure 2A. In these 
experiments, the Reynolds number was more than 50, 
which is much higher than that in the human biliary 
system (which is usually less than 10). Therefore, only 
qualitative comparisons between the experiments and 
the numerical modelling of  could be made. However, 
in the higher Reynolds number range, good quantitative 
agreement between the numerical results from these duct 
models and the experimental measurements were obtained 
by Al-Altabi et al[80,81]. In addition, they discovered that the 
flow in the duct with baffles presented complicated mixing 
layers and possibly turbulent flows when the Reynolds 
number was higher. Based on these findings, a one-
dimensional model was put forward to predict the pressure 
drop for a turbulent flow in the duct model with baffles[81]. 
However, it remains to be shown that these results are 

of  any relevance to biliary flow which operates at a much 
lower Reynolds number range. 

In all these studies, the cystic duct was studied in 
isolation, and the duct wall was assumed to be rigid. A 
further development by Li et al[44] studied one-dimensional 
rigid and elastic wall models for the biliary system, 
including the cystic duct, and the T-junction of  the 
common bile duct and hepatic duct (Figure 5). Cystic 
ducts with baffles were modelled using the concept 
of  equivalent diameter and length, and can be either 
rigid or elastic. Both emptying and refilling phases were 
considered. Using this model, the effects of  the geometry, 
elasticity of  cystic duct wall, bile flow rate and viscosity 
on the pressure drop, were studied in detail. It was found 
that many factors, including the elastic modulus and bile 
viscosity, can affect the pressure drop. However, the 
geometric changes in the cystic duct were still dominant. 
Among the geometric factors, the baffle height, b, was 
found to have more significant effect than the number of  
baffles, because it caused a greater change in the equivalent 
diameter and length. The pressure drop also increased 
with a decrease in the Young’s modulus of  the cystic 
duct during emptying, as a more compliant duct tended 
to collapse at the downstream end, thus narrowing the 
equivalent diameter further (Figure 6). However, it was 
also found that a more compliant gallbladder duct gave 
rise to an area of  expansion near the gallbladder neck thus 
increasing the equivalent diameter, which reduced the 

Hepatic
duct

Gallbladder
neck

Gallbladder
fundus

Common
bile duct

Cvstic duct

A B

Figure 3  Computational models built from two patients' biliary system images 
used by Ooi et al[43] (modified from Journal of Biomechanics, vol. 37, page 
1913-1922, Figure 2). Patient A is reported to have gallstones, and patient B is the 
normal control. 
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Figure 4  The resistance, Rd, plotted with the Reynolds number, Re (which is 
defined as the ratio of inertia over viscous forces, and is proportional to the flow 
rate for a given duct and bile). n is the number of the baffles in the duct[43] (modified 
from Journal of Biomechanics, vol. 37, page 1913-1922, Figure 6).
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Figure 5  One-dimensional model of human billiary system and bile flow directions 
in the (a) emptying and (b) refill phases, (c) details of baffles at one section of the 
cystic duct[44]. p is the pressure inside the gallbladder, and Q is the flow rate of bile 
fluid. (Modified from figure 2 to be published in ASME Journal of Biomechanical 
Engineering).
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Figure 6  Pressure loss variations with baffle height ratio (A) and baffle number 
(B) for both rigid and elastic models[44]. (Modified from figure 8 to be published in 
ASME Journal of Biomechanical Engineering).
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pressure drop required to drive the bile during emptying. 
In Li et al’s[44] model, it was found that when the elastic 
modulus of  the cystic duct was more than 700 Pa, the wall 
deformation became negligible, and a rigid-walled model 
gave a good estimate of  the pressure drop in the system. 
However, it was noted that the pressure drop in the cystic 
duct models predicted by both Ooi et al[34,44] and Li et al, as 
well as that from the in vitro measurements of  Al-Atabi 
et al[79,80], was much smaller than the clinical observations 
of  the opening pressure during emptying. The reason for 
this is, at least in part, that the function of  the Sphincter 
of  Oddi was not included, and also because the real nature 
of  the bile, the complicated cystic duct geometry, the soft 
tissue deformation, and their interactions were not fully 
taken into account. 

CORRELATION OF MECHANICAL FACTORS 
TO BILIARY PAIN
Acalculous biliary pain or functional biliary pain is defined 
as steady pain located in the epigastrium and right upper 
quadrant in the absence of  gallstones or when other 
structural abnormalities exists in the biliary tract[82]. 
However, surgery for this condition is often conducted 
without any guarantee of  relieving the symptoms, so a 
reliable pain prediction model is needed. Previous attempts 
to provide an accurate predictor for relief  of  gallbladder 
symptoms have not been successful with only about 
50% of  patients obtaining symptomatic relief  following 
surgery[83]. Moreover some patients without stones appear 
to have typical gallbladder pain, but only half  of  them gain 
relief  of  their pain if  the gallbladder is removed. It would 
therefore be useful to have a way of  determining whether 
the pain is actually arising in the gallbladder, because 
similar symptoms can be produced by adjacent organs, 
such as the stomach, duodenum and pancreas, even 
without obvious disease. 

Impaired motor function of  gallbladder and sphincter 
of  Oddi have long been suspected as a major factor 
contributing to gallbladder pain. The presumed mechanism 
for the pain is obstruction leading to distension and 
inflammation. The obstruction might result from a lack 
of  co-ordination between the gallbladder and either the 

cystic duct or the sphincter of  Oddi due to increased 
flow resistance or tone[84]. In other words, pain may be 
produced by contraction against resistance or stretch of  
the gallbladder wall. When the gallbladder is inflamed, 
artificial distension produces typical pain[62].

Preliminary work has been carried out to identify the 
correlation between possible mechanical factors to biliary 
pain[85]. Li et al[44,86] developed a mathematical model for the 
human biliary system during the emptying phase, based 
on a clinical test in which gallbladder volume changes 
are measured in response to a standard stimulus and a 
recorded pain profile. In their model the gallbladder was 
assumed to be a thin-walled ellipsoid under uniform 
pressure (Figure 7), where the three axis lengths can be 
estimated from the in vivo volume measurements. Using 
this information, together with the constitutive equation (1), 
choosing the compliance C to be 2.731 mL/mmHg[87], they 
predicted the flow resistance, R, in the biliary ducts using a 
Windkessel model[88]: 					   
                                                                         (1)

where Pd is the pressure at the downstream end of  the 
tract. The detailed stress distributions in the gallbladder 
wall during emptying for different gallbladder geometries 
were also calculated analytically (Figure 8). This model was 
then applied to clinical data from CCK provocation tests 
from 25 patients. It was found that the pressure change 
in the gallbladder, the gallbladder ejection fraction and 
the shape change are all contributing to, but not solely 
responsible for the pain. However, the maximum stress in 
the gallbladder, σmax, is singled out to be the only factor 
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Figure 7  Gallbladder body shape during emptying is assumed to be ellipsoidal 
with major and minor axis lengths D1, D2 and D3 (D1 > D2 ≥ D3); the gallbladder 
is subjected to a uniform internal pressure. The stress due to the pressure at any 
point P has three components, sq (meridian), sj (latitude) and tqj (in surface)[85]. 
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Figure 8  Li et al[85] calculated the stress distributions for two different subjects: R 
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frame is the principal latitude stress, sj , and the bottom one is the in-plane shear 
stress tqj . It is seen that the location and the maximum stresses change as the 
ratio of the lengths of the three axes change.
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closely correlated with gallbladder pain. In fact, using 
the simple criterion that the maximum stress σmax > 200 
mmHg, 76% of  the model predictions for pain agreed 
with the clinical results[44]. However further research is 
required to confirm the stress-pain relationship, and to 
validate and improve the model. 

FUTURE CHALLENGES
Patient-specific prediction of flow resistance
Current studies show that geometry changes in the biliary 
system play the dominant role in controlling bile flow and 
pressure drop. Further modelling work on 3D models of  
the biliary system is clearly required to help identify the key 
geometrical parameters. 

In addition, if  any prediction of  flow resistance is to 
be used in clinical diagnosis, the model clearly needs to 
be patient-specific. The key to predicting patient specific 
flow features relies on obtaining the realistic geometry 
of  the biliary system. This will involve three-dimensional 
geometrical reconstructions of  the biliary system during 
emptying. Therefore, techniques for the reconstructions 
based on non-invasive clinical measurements need to be 
developed. 

Bile rheology
It has been found that the bile can demonstrate non-
Newtonian behaviour at low shear rates, but its relation 
with gallstone formation is not understood. Experiments 
on bile’s viscosity can be contradictory and it seems 
that the bile property is not only subject dependent, 
but also pathologically dependent. In other words, 
it changes with the status of  bile concentration and 
with tiny stones (crystals) forming, and the collective 
behaviour is controlled by the resulting two-phase flow. 
More experimental and modelling work are required to 
understand the bile rheology before we can estimate the 
flow details more accurately; this is especially true if  the 
measurement to be patient specific. 

The constitutive equations for the gallbladder (and 
biliary tract) are still to be established even for a healthy 
subject. Currently, only limited information on the 
volume-pressure relation of  the gallbladder and the length-
tension relation for single muscle strips, are available. More 
experimental work is required to identify the mechanical 
properties both for healthy and diseased gallbladders. 
The lack of  data on the mechanical properties makes it 
impossible to build a quantitatively reliable mathematical or 
numerical model to deal with the contraction and emptying 
activity of  the human gallbladder. The biliary system also 
presents active contraction under chemical stimulations 
such as CCK. For instance, the gallbladder, the sphincter 
of  Oddi, and even the cystic duct are reported to have 
this activity[89]. Needless to say, studying the active smooth 
muscle behaviour and its response to chemical stimulations 
during physiological and pathological gallbladder emptying 
poses an exciting challenge at the next level, both for 
experimentalists and biomechanics modellers. 

Fluid-structure interactions 
Fluid-structure interactions add to the complications when 

attempting to describe the behaviour of  the biliary system. 
To date, only limited work has been carried out on the 
fluid structure interactions. Ooi et al[90] simulated the bile 
flow in a simple two-dimensional elastic cystic duct model, 
and the nature of  the fluid-structure interactions was only 
crudely modelled in a one-dimensional model[44]. No work 
on the fluid-structure interactions in a three-dimensional 
model has been reported. However, it is the fluid-structure 
interactions in the biliary system that provide the crucial 
link between chemical stimuli and mechanical response in 
the biliary systems, since these chemical stimuli changes 
the tissue structure, hence the geometry and the elastic 
modulus, which in turn change the flow resistance and 
stresses in the system. 

Prediction of the biliary pain
To date, only preliminary work has been carried out on 
the link between biliary pain and levels of  stress within the 
system[44,86]. More work is required to confirm a positive 
correlation between the stress and bililary pain. Although 
the study by Li et al[86] considered both the active and the 
passive stresses, the active stress was not obtained from 
modelling of  the smooth muscle mechanics; rather, it 
assumed a same generic form for all subjects. In practice, 
this will vary between individuals and in pathological 
situations. 

DISCUSSION
The fluid dynamics in the human biliary system depend 
on the gallbladder motor function, biliary tract geometry, 
the smooth muscle activity, bile rheology and their 
interactions. These mechanical factors play important roles 
in the normal functions of  the biliary systems and may 
help us to understand the nature and origin of  ‘gallbladder 
pain’. There hasve been extensive clinical and experimental 
work both on human and animal biliary systems, however, 
only few modelling and numerical studies have been 
carried out to study the system from the mechanical point 
of  view. This paper has reviewed the current progress in 
understanding the mechanical aspects of  the biliary system, 
and covered the areas in bile fluid dynamics, bile rheology, 
gallbladder and duct tissue mechanics, mathematical and 
numerical modelling, and the correlations between the 
mechanical stresses and the gallbladder. The preliminary 
work reported here represents a significant step forward 
towards understanding the origins of  gallbladder pain and 
gallstone disease. 
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Abstract
After a meal the activity of the gut increases markedly 
as digestion takes place. Associated with this increase 
in activity is an increase in blood flow, which has been 
shown to be dependent on factors such as caloric 
content and constitution of the meal. Much qualitative 
work has been carried out regarding mechanisms for the 
presence of food in a section of gut producing increased 
blood flow to that section, but there are still many 
aspects of this process that are not fully understood. 
In this paper we briefly review current knowledge on 
several relevant areas relating to gut blood flow, focusing 
on quantitative data where available and highlighting 
areas where further research is needed. We then present 
new data on the effect of feeding on flow in the superior 
mesenteric artery. Finally, we describe a framework for 
combining this data to produce a single model describing 
the mechanisms involved in postprandial hyperaemia. 
For a section of the model, where appropriate data are 
available, preliminary results are presented.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
This study was motivated by our previous work on blood 
flow in the superior mesenteric artery (SMA). When we 
explored the literature on the vasculature downstream 
of  the SMA in order to develop appropriate boundary 
conditions for our work on computational fluid dynamic 
modeling[1], we found little quantitative information on the 
smaller vessels of  the mesentery. These vessels control the 
distribution of  blood to the small intestine and as such are 
of  great importance in understanding gut physiology and 
problems such as gut hypoperfusion following surgery[2].

This paper reviews current knowledge on blood 
flow regulation in the gut vasculature, presents new data 
on flow in the SMA and develops a framework for its 
integration with a structural model of  the gut vasculature 
(to be published separately).

Following a meal, food arrives in the stomach, mixes 
with gastric juices to become chyme, and is slowly 
emptied into the small intestine. This rate of  emptying is 
largely governed by the stomach and is dependent on the 
chemical and physical properties of  the food. The chyme 
is digested as it travels through the small intestine and this 
propagating metabolic front is met by an increase in blood 
flow through the capillaries supplying the gut wall, which 
can be seen at a macroscopic level as an increase in flow 
through the superior mesenteric artery.

Except for the proximal part of  the duodenum, the 
small intestine is wholly vascularised by vessels arising 
from the superior mesenteric artery, which originates from 
the aorta at the level of  the L1 vertebra[3]. The vessels run 
through a convoluted sheet of  tissue called the mesentery 
and then branch and anastomose (forming arcades) before 
reaching the vascular bed of  the gut wall.

The direction of  blood to the appropriate part of  the 
gut is achieved by changes in vascular smooth muscle (VSM) 
tone, with the basal state being partial tone, thus allowing 
for both dilatation and contraction of  the vessel wall. As 
well as affecting the diameter of  the vessel lumen and 
hence its resistance to flow, VSM tone also mediates vessel 
wall stiffness[4].

There are two mechanisms l ikely to be of  key 
importance in the control of  gut blood flow following 
feeding.  These are the response of  vessels to food 
stimulus and the myogenic response.

Hans Gregersen, Professor, Series Editor



The aim of  modeling this system is to bring together 
the knowledge and understanding available in each of  
the specialist fields alluded to above, and to combine the 
information to allow greater appreciation of  the organ as 
a whole. By definition, the model will not represent every 
facet of  the system being studied, nor should it. Instead, 
the aim of  the model is to capture the key factors that play 
an important part in determining gut blood flow and allow 
‘what if ’ questions to be asked. In order to be predictive 
and to allow a wide range of  questions to be posed, the 
model must be flexible.

GASTRIC EMPTYING AND CHYME 
PROGRESSION
Gastric emptying rates show substantial inter- and intra-
subject variability and are dependent on meal nutrient 
content and physical properties. Emptying of  digestible 
solids is generally characterized by a lag phase followed by 
a period during which the emptying rate is approximately 
constant. Animal studies suggest that the rate-limiting 
factor leading to this constant rate of  gastric emptying 
is trituration (grinding up of  solid food). In contrast, 
isotonic liquid meals need no trituration and hence 
exhibit a different pattern of  gastric emptying, emptying 
more quickly and following an exponential relationship[5]. 
Nutrient-containing liquids lie between these two extremes 
with the rate of  emptying rising quickly to 1.5-3 kCal/
min[5,6]. The presence of  solid and liquid foods in the same 
meal leads to modification of  the emptying profiles of  
both foods[5].

A model where nutrient content is detected locally 
within the gut and to some extent influences blood flow 
requires information on the progression of  chyme through 
the small intestine. Standard scintigraphic methods for 
investigating small bowel transit times give little direct data 
on the rate of  transit of  food through the small intestine 
due to the gut’s convoluted nature and the poor resolution 
of  gamma cameras. Instead, short intestinal transit times 
are often inferred from gastric emptying and colonic 
filling[7,8]. A spectrum of  transit times is often presented, 
reflecting the fact that different parts of  the chyme 
progress through the gut at different rates (although solid 
and liquid markers have been shown to progress along 
the bowel at similar rates[7]). Motion of  chyme through 
the small intestine is governed by irregular pressure waves 
moving along the gut[9] and it has been suggested that 
transit is fast initially, acting to spread chyme through the 
gut, and then slows as digestion takes place[10]. However, 
quantitative data is limited.

In a scintigraphic study of  six subjects, Malagelada et al[7] 
reported median pylorus to caecum transit times in the 
range of  95 to 245 min. For 8 of  12 tests (considering 
progression of  solid and liquid meals in each subject) a 
normal distribution was considered by the authors to be a 
good model for the transit time spectrum. No significant 
difference in mean transit times was observed after solid 
and liquid meals. The full-width half  maximums (FWHM) 
of  the normal distributions were in the range 33-261 min 
with mean FWHMs of  169 min (liquid) and 63 min (solid). 

Whilst there was no difference in mean transit rates, the 
liquid meal tended to become more spread out during its 
passage through the small intestine.

Assuming that digestion is exclusively confined to the 
small intestine, small intestinal efficiency will be equal to 
the ‘apparent digestibility’ of  the foodstuff, as given by 
equation 1 above[11].

Where EFOOD and EFAECES are the caloric contents of  
the food and faeces respectively. At the beginning of  the 
twentieth century, Atwater published several papers[12-14] 
on the available energy in various foodstuffs, finding the 
E values in equation 1; his key results are reproduced in 
Table 1.

DETECTION OF CHYME CONSTITUENTS 
IN THE SMALL INTESTINE
From the 1970s, Chou et al[15-17] have performed work 
on characterizing the response of  the gut to various 
luminal contents. In descending order, the most potent 
inducers of  increased blood flow to the gut are: lipids and 
fats (in combination with bile salts), glucose and other 
carbohydrates, proteins, peptides, amino acids. Chou et al[15] 
also experimented with the solid and fluid phases of  the 
chyme and they found that the compounds responsible for 
postprandial hyperaemia exist in the hydrolytic products 
of  food digestion.

The basic control mechanisms relating the arrival of  
chyme in an intestinal segment to an increase in local 
blood flow are not fully understood. Chou and Coatney[16] 
suggested five categories of  potential influences on 
local postprandial hyperaemia. The understanding of  
these various effects has recently been reviewed by 
Matheson et al [18]. The five categories are: (1) Direct 
effects of  absorbed nutrients: Intra-arterial injection of  
some nutrients (micellar solutions containing bile and 
oleic acid, capoic acid or taurocholate) has an effect 
on jejunal blood f low, while most amino acids and 
carbohydrates do not. Carbon dioxide and hydrogen ions 
present in the gut can diffuse into the blood supply and 
also have an effect; (2) Enteric nervous system effects 
and reflexes: It has been shown that extrinsic sympathetic 
and parasympathetic innervation is not required for post-
prandial hyperaemia; however, the role of  other (non-
adrenergic, non-cholinergic) neurons cannot be ruled 
out; (3) Gastrointestinal hormones and peptides: While 
many of  these can have vasoactive effects, levels measured 
experimentally have always been too low to produce vaso-

Table 1  Average coefficients of apparent digestibility for the 
nutrients in different food groups and for nutrients in a mixed 
diet

Food Group Protein Fat Carbohydrates

Total foods1 92 95 97

1Weighted by consumption statistics based on a survey of 185 dietaries.

Apparent digestibil ity =                      × 100                    (1)EFOOD - EFAECES

        EFOOD
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dilatation; (4) Local non-metabolic vasoactive mediators; (5) 
Local metabolic vasoactive mediators.

As well as the factors mentioned above, the myogenic 
response may be of  key importance. The myogenic 
response is an increase in vascular tone associated with an 
increase in transmural pressure, or a decrease in vascular 
tone associated with a decrease in transmural pressure. 
This has been reviewed from a biological perspective by 
Schubert and Mulvany[19] and by Davis and Hill[20]. The 
in vivo myogenic response is not well understood. Most 
experiments to date have been performed in vitro and 
often give conflicting results.

The myogenic response is seen primarily in small 
arteries and arterioles and varies between arterial beds.  It 
is widely held to be dependent mainly on the reaction of  
vascular smooth muscle to changes in vessel wall tension 
(hoop stress). Osol et al[21] showed that in rats the response 
is weaker in small mesenteric vessels than in cerebral 
vessels that are equivalent. No similar studies have been 
carried out in human mesenteric vessels.

Whilst work continues in each of  these areas the 
dominant mechanism controlling postprandial hyperaemia 
in humans has not yet been isolated.

MECHANICAL PROPERTIES OF 
MESENTERIC BLOOD VESSELS
In order to build the model, the mechanical and vasoactive 
properties that govern the resistance to blood flow in the 
mesenteric vessels must be characterized. These important 
parameters may be considered as two sets; those that 
change with VSM tone, and those that can be considered 
constant. 

The key parameters that vary with vascular tone are 
vessel diameter and stiffness. Ideally, from a modeling 
perspective, these would be well-documented in terms of  
basal values and deviations from these values associated 
with each of  the mechanisms described above. However, 
this is not the case. The complex, layered structure of  the 
vessel wall combined with the difficulties associated with 
in vivo measurement, mean that the mechanical behavior of  
human arteries has yet to be characterized thoroughly[22].

The constant properties are the branching patterns and 
lengths of  the mesenteric vessels. Whilst some contrast-
enhanced x-ray images exist[23] from which a model 
of  a segment of  gut could be derived, no one has yet 
numerically recorded the branching patterns of  an entire 
human mesentery.

AN MRI STUDY OF FLOW IN THE 
SUPERIOR MESENTERIC ARTERY
Due to the invasive nature of  most flow measurement 
techniques and poor spatial resolution of  non-invasive 
techniques; accurate measurement of  flow in the smaller 
arteries of  the mesentery and gut is at present impossible 
in normal human subjects. Studies have however been 
carried out measuring flow in the parent vessel (the 
SMA)[24,25]. Such data can be used to validate models of  the 
downstream vasculature. We added to this knowledge by 

using a flow-measuring phase contrast sequence on a 1.5T 
clinical MRI scanner to quantify the effect of  a 600 kCal 
Scandishake® (registered trademark of  Axcan Pharma) test 
meal on blood flow in the SMA. Twenty-one anatomical 
and flow images were acquired representing an average 
cardiac cycle over the 5 min acquisition time. For details 
of  phase contrast MRI, the reader is referred to Edelman  
et al[26].

Eighteen healthy volunteers (11 male, 7 female, average 
age 36) fasted from midnight on the day of  the scan and 
a base-line scan was taken between 9 and 10 am to give 
a measure of  resting SMA flow. Each was then fed a 600 
kCal Scandishake test meal containing 11.7 g of  protein, 
69.5 g of  carbohydrates including 35.8 g of  sugars, and 
30.4 g of  fat including 14.8 g of  saturates. A second scan 
was taken 30 min postprandial (identified as the time of  
peak SMA blood flow in a previous ultrasound study[27]).

For the postprandial scan, in 15 of  the 18 subjects 
the phase contrast signal was lost around peak systole 
as previously observed in some[24] but not all[25] previous 
similar experiments. In contrast to other authors[24], we 
believe that this is not due to a change in the shape of  the 
flow waveform, but signal loss was due to disturbed flow 
causing intravoxel dephasing through the systolic period. 
Figure 1 shows postprandial PCMRA magnitude and phase 
images for one subject. The absence of  the SMA at peak 
systole in both the magnitude and phase images supports 
the disturbed flow hypothesis.

In 2 of  the 15 subjects, the same signal loss was also 
witnessed before feeding. For these reason we consider 
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Figure 1  Fasted (top) and fed (bottom) cine phase-contrast magnitude (upper) 
and phase (lower) images of the SMA and abdominal aorta with associated graph 
of fasted and postprandial flow profiles, showing signal loss through peak systole 
in the fed case.
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only the diastolic portion of  the cardiac cycle. At 30 min 
post-prandial, mean diastolic flow was 2.8 times that of  
the fasted value (Table 2).

AN INTEGRATED MODEL
We propose an integrated model of  the small intestine 
and the mesenteric arteries with arteries modeled as 
a branching tree structure and the gut as a series of  
connected segments. The arterial model is a digital 
implementation[28] of  Westerhof ’s branching tree model 
first published in 1969[29], with each artery having specified 
properties in terms of  segment length, internal radius, 
wall thickness and wall stiffness. One key function of  the 
intestinal model is to modulate the radius and stiffness 
of  each vessel in accordance with food intake and other 
parameters. A suggested framework for this control is 
shown in Figure 2.

Due to the absence of  quantitative human data in many 
areas, the model framework is designed to work logically 
within the limits of  physiologically realistic values for the 
various inputs and to capture the key understood processes 
without recourse to the detailed underlying biology. For 
example, no caloric input, along with expected systolic 
pressure, will ensure that vessel stiffness and diameter 
remain at their basal levels, while saturation elements 
within the model reflect the fact that there are limits on 
the range of  effect of  the myogenic and calorie dependent 
response.

Data relating to sensitivity of  vessels to caloric load, 
pressure difference associated with maximal myogenic 
response, and the effect of  smooth muscle, is particularly 
difficult to obtain. For this reason, we now show results 
for the digestion part of  the model alone (top left of  
figure 2 down to signal ‘c’), based on the consumption of  
a 600 kCal milkshake as used in our MRI study. Gastric 
emptying-rate data, a small intestinal transit time spectrum 
and a calorie absorption profile are the inputs to this part 
of  the model. The model assumes a single food traveling 
along the gut with the three inputs inferred from the 
composition of  the food being modeled. 

The osmolarity of  the milkshake was 880 mOsm/L 
putting it firmly in the “nutrient-containing liquid” 
category (normal osmolarity of  blood 300 mOsm/L), 

therefore a gastric emptying rate of  3 kCal/minute was 
assumed.

The intestinal transit model consisted of  a normally 
distributed transit time spectrum with mean transit time of  
172 min and FWHM 169 min. It was assumed that each 
particle of  chyme traveled along the gut at a constant rate.

The calorie absorption profile relates the percentage of  
calories that have been absorbed from the food at a given 
distance along the gut. Applying the nutritional data above 
to table one and weighting by caloric load, we calculate a 
coefficient of  apparent digestibility for the milkshake of  
96%. This becomes the final value in the calorie absorption 
profile. We consider two calorie absorption profiles; one is 
a linear profile assuming that caloric absorption is spread 
evenly along the gut, the other an exponentially-governed 
profile assuming that just over half  of  the calories are 
absorbed in the proximal 20% of  the gut. Both profiles are 
shown in Figure 3.

Distances to gut
model segment
   centres (z)

Transit time
  spectrum

    Gastic
emptying rate
      (t)

Scale transit
     times

Reference systolic
pressure (v)

Systolic
pressure (v, t)

Transit time spectrum to
each segment (z)

Convolve Calorie absorption
       profile

X
c d

-c/d

Sensitivity of
    vessel
to caloric load
    (0-1) (v)

X

Saturation
 (-1 to 0)

Caloric flux
associated with
maximal response

-   +

a/b

+   +

Pressure difference
associated with
maximal myogenic
response (v)

Saturation
 (-1 to 1)Myogenic

signal (v,t)

    Effect of
smooth muscle
        (v)Saturation

 (-1 to 1)

X

Food-related signal (v, t)

   Resting
diameter (v)

   Resting
stiffness (v)

VSM tone
    (v, t)

1-e

2e

X

X

    New
diameter (v)

    New
stiffness (v)

e

b
a

Figure 2  Suggested framework for control of gut blood flow. “(v)”denotes 
dependence of a parameter on the vessel in question, “(z)” on gut segment of 
interest, and “(t)” on time.

Table 2  Results of PCMRA flow experiments

Parameter Mean SD Range

Heart rate (BPM) Fasted   62.1   8.5   45-76
Postprandial   69.3   9.9   50-90
Change1   11.9% 16.5%     0%-33%

Mean SMA diastolic 
flow (mL/s)

Fasted     4.3   3.3     0.6-14.5

Postprandial   11.9   4.8     3.0-18.7
Change1 177% 45.5% 881%-18.6%

Total SMA diastolic 
flow (mL/heart beat)

Fasted   4.1   2.8     0.6-11.9

Postprandial   10.4   4.4     2.7-17.7
Change1 154% 57.1% 798%-20.8%

1Percentage change normalized against fasted value.
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Combining the three inputs in the manner defined in 
Figure 2 allows us to generate a surface showing caloric 
flux past each point in the gut with time. Surface plots for 
the two absorption profiles are shown in Figure 4.

The analysis illustrates the dependence of  the pattern 
of  caloric flux on the absorption profile, which is likely to 
result in altered arterial demand. This highlights the need 
for good quality data to drive the model, and demonstrates 
the ability of  the model to show the effect of  changes of  
individual inputs on the wider system.

CONCLUSIONS
This paper introduces the potential utility of  modeling 
techniques to a id understanding of  the complex 
interactions within the gut and its supporting vasculature.

We have reviewed the available data on diverse subjects 
that play an important role in the regulation of  gut blood 
flow and postprandial hyperaemia, developed a modeling 
framework for the simulation of  these processes, and 
presented preliminary results from the part of  the model 
where the required data is available. We have also presented 
new data on blood flow in the SMA following feeding.

The development of  this type of  model brings 
together concepts and data from diverse fields and aids 
understanding of  the physiology at organ and system 
levels. 
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Abstract
Colorectal cancer (CRC) is one of the best characterised 
cancers, with extensive data documenting the sequential 
gene mutat ions that under l ie i ts development. 
Complementary datasets are also being generated 
describing changes in protein and RNA expression, 
tumour biology and clinical outcome. Both the quantity 
and the variety of information are inexorably increasing 
and there is now an accompanying need to integrate 
these highly disparate datasets. In this article we aim 
to explain why we believe that mathematical modelling 
represents a natural tool or language with which to 
integrate these data and, in so doing, to provide insight 
into CRC. 

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Colorectal cancers (CRCs) originate from the rapidly 
renewing epithelium that covers the luminal surface of  

the bowel and lines the colonic crypts (Figure 1). At the 
bottom of  these crypts, stem cells proliferate continuously 
producing amplifying transit cells that divide rapidly several 
times before differentiating into the various cell types that 
constitute the epithelium (e.g. absorptive columnar cells, 
mucinous Goblet cells, and neuroendocrine cells). The 
production of  new cells is synchronised with migration of  
the epithelium upwards along the crypt axis. Upon reaching 
the orifice, cells undergo apoptosis and are shed into the 
lumen. Under normal conditions, these cellular processes 
are tightly regulated by biochemical and biomechanical 
signals (e.g. Wnt factors, cell-cell contacts and growth 
factors)[1,2]. CRC arises when genetic alterations, for 
example in the Wnt pathway, disrupt normal crypt 
dynamics. Proliferating cells are then no longer confined 
to the crypt’s base and the associated proliferative excess 
generates biomechanical stress on the crypt structure, 
which may deform in order to accommodate the newborn 
cells. The dysplastic cell population will expand further 
by invading neighbouring crypts and/or inducing crypt 
fission, leading to the formation of  an adenoma[3,4].

Cancers of  the colon and rectum are the third most 
frequent malignancies in the United Kingdom, being 
responsible for 16 148 deaths in 2004[5]. Most CRCs 
occur sporadically, with only 5% attributable to hereditary 
syndromes[6], such as familial adenomatous polyposis (FAP). 
The first detailed genetic model for the development of  
CRC was published in 1990[7], with adenomatous polyposis 
coli (APC), K-ras, DCC and p53 as candidate cancer genes 
that undergo mutation in an ordered sequence. Due to its 
high socio-economic impact, CRC is studied extensively 
world-wide. While some of  the mechanisms of  CRC 
development have now been revealed, as more biochemical, 
genetic, histological and clinical information is made 
available, new layers of  complexity are becoming apparent. 
We believe that CRC research has now reached a stage at 
which theoretical thinking and mathematical modeling 
have become essential to integrate and make sense of  
the biological information being generated and, more 
importantly, to generate new biological hypotheses that can 
then be tested in the laboratory. Among the benefits of  
modeling are: (1) mathematical models act as in silico tools 
with which to carry out and iterate virtual experiments that 
might be dismissed by experimentalists for being unethical, 
expensive, time consuming, or simply impossible; (2) 
modeling necessitates the statement of  explicit hypotheses, 
a process which often enhances comprehension of  the 
biological system; and (3) simulations can reveal hidden 
patterns and/or counter-intuitive mechanisms in complex 
systems. The use of  mathematical modeling to tackle 
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complex biological problems is becoming increasingly 
popular within the life sciences[8,9]. Hence, cancer modeling 
is a rapidly growing field within applied mathematics 
(critical reviews[10,11]) and, in particular, a number of  models 
have been developed specifically to study issues associated 
with the normal gut and CRC (reviewed in Van Leeuwen 
et al[12]). Epidemiological models, for instance, have sought 
to describe CRC incidence in human populations[13,14]. 
Notably, such models have provided insight into the 
multistage nature of  carcinogenesis and the importance 
of  clonal expansion. Furthermore, discrete models 
characterising the position and behaviour of  individual 
cells within an intestinal crypt have been formulated to 
advance our understanding of  the mechanisms of  cell 
migration and differentiation[15-17], while stochastic models 
have been used to investigate the accumulation of  genetic 
(or epigenetic) alterations in epithelial cells[18-21]. 

Most theoretical studies of  CRC, including those 
exemplified above, were designed to investigate specific 
biological questions and, consequently, they typically 
focus on a single time and length scale. In reality, the 
dynamics of  normal tissue, colorectal carcinogenesis and 
cancer progression involves the integration of  a large 
number of  processes occurring over different levels of  
organisation; ranging from the fast enzymatic reactions 
taking place inside individual cells to the relatively slow 
dynamics of  tumour growth and metastasis (Figure 2). 
In order to understand the ways in which subcellular 
events influence macroscopic tumour progression, it is 
necessary to develop models that incorporate multiple 
time and length scales. Such multiscale models are also 
needed to account for feedback within the system; for 
example, hypoxic cues, mechanical stress, immunological 
response and chemotherapeutic interventions all act on 
the macro- and cell-scales but have a profound influence 
on subcellular dynamics[22,23]. A natural consequence of  
this coupling across scales is that models cannot be built 
from the bottom-up by coarse-graining proteomic data, 
even if  this were computationally feasible[24,25]. We propose 
that a multilevel approach be adopted, with (sub)models 
assembled at different scales before being coupled 
together so that more complex emergent behaviour can be 
explained.

The potential use of  multiscale modeling to tackle 
complex biological problems is best exemplified by the 
sophisticated computational models of  the heart developed 
by Noble and co-workers[26,27] where the simulation of  
normal and abnormal physiology, from the molecular level 
to the whole-organ, is well established. Only recently have 
these efforts been mirrored by similar projects focused 
on solid tumour growth. For example, Swanson and co-
workers[28] have developed three-dimensional models that 
describe the spread of  gliomas through the brain. While 
the mathematical model that they use is highly idealised 
(Fisher’s equation describes how the tumour cells migrate 
and proliferate), they have gone to considerable efforts to 
replicate the detailed anatomical structure of  the brain and 
to calibrate their models against MRI scans. In particular, 
the random motility and proliferation rates of  tumour 
cells are assumed to differ between grey and white matter. 
Their models show excellent agreement with clinical data 

and are being used to predict the response of  patients 
to different treatment protocols. The limitations of  the 
models described in Swanson et al[28] are that they do not 
explicitly account for nutrient supply to the expanding 
tumour mass and they neglect the multiscale nature of  
solid tumour growth. Several multiscale models of  tumour 
growth that attempt to resolve these issues have been 
developed recently[22,29-31]. For example, Alarcón and co-
workers have formulated a hybrid cellular automaton of  
vascular tumour growth that links submodels that describe 
processes occurring at the subcellular, cellular and tissue 
scales[22]. In more detail, progress through the cell cycle 
and the production of  angiogenic factors are incorporated 
at the subcellular level and competition for resources are 
considered at the cellular level. The transport of  nutrients 
and angiogenic factors, blood flow and vascular adaptation 
are included at the tissue scale. Coupling between the 
different submodels occurs in several ways. For example, 
oxygen levels, which are determined at the macroscale, 
influence subcellular processes such as progress through 
the cell cycle and the production of  angiogenic factors. 
Equally, subcellular production of  angiogenic factors 
modulates vascular adaptation at the tissue scale. Model 
simulations reveal that the tumour’s growth dynamics 
and, in particular, its morphology, are heavily influenced 
by the way in which the haematocrit distr ibution 
in the vasculature is modeled. For example, if  it is 
heterogeneously distributed, then the tumour’s growth is 
highly irregular, being confined to well-oxygenated regions. 
By contrast, if  the haematocrit is uniformly distributed 
then the tumour expands radially outwards as a compact 
mass. 

Most existing multiscale models of  solid tumour 
growth are generic in nature, in the sense that they are 
not specialised to a particular tissue or a specific type 
of  cancer. We believe that it is now timely to develop 
mathematical models of  this type to describe CRC. We 
aim in this article to explain the potentially valuable role 
of  multiscale modeling in advancing our understanding 
CRC. We start by describing briefly some areas where 
modeling has generated insight into CRC (for a more 
exhaustive review, see Van Leeuwen et al[12]). These include 
signalling pathways, CRC initiation and crypt buckling. We 
conclude by explaining how we intend to integrate such 
models within a multiscale framework and, in so doing, 
enable experimentalists to explore, in a controlled in silico 
environment, the ways in which phenomena occurring on 
different space and time scales interact (Figure 2).

BIOCHEMICAL NETWORKS IN CRC
APC inactivation is believed to be an early, initiating 
event in CRC. Genetic alterations in the APC gene have 
been found in about 85% of  all CRC cases and germline 
mutations are responsible for FAP[6,7]. Although APC 
is a multifunctional protein, it is generally accepted that 
APC’s tumour suppressor potential relies upon its ability 
to inhibit Wnt signalling[32]. This is best illustrated by the 
fact that activation of  Wnt signalling by other means 
obviates the need for APC inactivation. Wnt signalling is 
essential for maintaining the stem-cell niche at the base of  
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the crypt[33] and it has been proposed that, under normal 
physiological conditions, spatial gradients in extracellular 
factors acting on Wnt signalling, regulate cell proliferation, 
migration, differentiation and apoptosis along the vertical 
crypt axis[34]. This maintains the integrity of  the normal 
crypt and allows renewal of  the intestinal epithelium to 
occur in an ordered and controlled fashion. Inappropriate 
activation of  Wnt signalling, however, results in loss of  
this normal control, leading to tumour development. The 
importance of  Wnt signalling in carcinogenesis means that 
a model of  this subcellular biochemical network should 
play an integral role in the development of  any multiscale 
model of  CRC.

Since the biochemical details and biological implications 
of  the Wnt pathway have been reviewed elsewhere[32,35], 
here we summarise the key points. In the absence of  an 
external Wnt stimulus, a destruction complex (including 
APC and axin) keeps cytoplasmic and nuclear levels of  
β-catenin low, thus allowing the repressor Groucho to 
bind preferentially to TCF/LEF transcription factors, 
thereby preventing the expression of  Wnt target genes. In 
contrast, when extracellular Wnt factors bind to specific 
cell-surface receptors, a cascade of  protein activation/
inactivation events is triggered, leading eventually to the 
inhibition and destabilisation of  the β-catenin destruction 
complex. Consequently, β-catenin protein accumulates 
in the cytoplasm and travels to the nucleus, whereby 
displacing Groucho from TCF/LEF proteins, it can induce 
the expression of  target genes. Lee et al[36] have formulated 
a mathematical model of  the Wnt pathway that describes 
normal protein turnover, step-wise assembly/dissociation 

of  the destruction complex, binding and phosphorylation 
of  β-catenin by the destruction complex, and assembly/
dissociation of  the transcription complex formed by 
β-catenin and TCF. The model provides quantitative 
expressions for dynamic changes in the level of  15 
molecular components, based on parameter values either 
measured or estimated from experiments with Xenopus 
extracts. The combination of  theoretical and experimental 
results revealed the importance of  a novel regulatory loop 
involving APC-dependent degradation of  axin. Hence, 
when this feedback mechanism is active, β-catenin levels 
are relatively resistant to reductions in active APC.  

While Lee and co-workers[36] focused on the role of  
β-catenin in signalling, Van Leeuwen et al[37] have recently 
developed an alternative model of  the Wnt pathway 
that accounts for its dual role in signalling and cadherin-
mediated cell-cell adhesion. Instead of  restricting their 
analysis to a limited set of  parameter values, they used 
mathematical methods to gain insight into the general 
properties of  the model system. In Figure 3, we exemplify 
this approach with a simple network involving only three 
components, i.e. A, B and AB. The reader can reduce the 
level of  abstraction by considering the often presumed 
hypothesis that E-cadherin (A) can sequester β-catenin (B) 
from signalling. Both proteins are subject to normal protein 
turnover and to reversible binding to form a complex AB. 
The time-dependent change in the concentration of  each 
molecular component is determined by its production and 
elimination rates. However, once enough time has elapsed, 
the compounds will reach a steady-state and no further 
changes in concentration will occur. For the given system, 
the final levels can easily be deduced from the kinetic 
equations. The final concentration of  B, for example, is 
given by the ratio of  its synthesis and degradation rates and 
does not, therefore, depend on any parameters associated 

van Leeuwen IMM et al. Multiscale modelling of colorectal cancer                                                                       1401

www.wjgnet.com

Mucosa

Muscularis
mucosa
Submucosa

Epithelium
(Goblet cell
enterocytes)

Pericryptal
myofibroblasts

Neurendocrine
cells

Crypts

Stroma

Surface
epithelium
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by basement membrane. The stroma contains a number of different cell types 
including macrophages, fibroblasts and lymphoid cells. The crypt is a dynamic 
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cells that are thought to give rise to transit amplifying cells. The cells migrate up 
the crypt and undergo differentiation along the way. The goblet cells secrete mucin 
into the crypt and intestinal lumen and the surface epithelium usually contains few 
goblet cells. Upon reaching the surface, the cells undergo apoptosis and are shed 
into the lumen. The migration along the crypt by the epithelial cells is accompanied 
by a similar migration of myofibroblasts. The microenvironment is thought to 
change along the crypt axis and this is thought to give environmental cues for 
induction of maturation and inhibition of proliferation.
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with either A or the initial concentrations. This implies that 
the long-term, equilibrium level of  cytoplasmic β-catenin 
is independent of  E-cadherin and, consequently, changes 
in E-cadherin expression can only transiently affect the 
cytoplasmic β-catenin level. This example illustrates the 
potential value of  adopting a theoretical approach; even 
in the absence of  detailed parameter values, it is possible 
to extract meaningful conclusions and to generate new 
(experimentally-testable) hypotheses. 

The approach of  Van Leeuwen et al[37] made it possible 
to compare two potential mechanisms of  interaction 
between signalling, transcription and cell-cell adhesion. 
According to the first hypothesis (H.1), E-cadherin and 
TCF simply compete for β-catenin. Alternatively, under 
H.2, the Wnt signal induces the production of  a ‘closed’ 
molecular form of  β-catenin that binds preferentially to 
TCF. This might occur, for instance, via the activation of  a 
kinase that phosphorylates β-catenin at Tyr-142. As might 
be expected, in both cases the model predicted an increase 
in the level of  transcription complexes in response to 
Wnt. Surprisingly, however, the final equilibrium level of  
β-catenin-TCF complexes was independent of  whether 
H.1 or H.2 was active and, consequently, it is not possible 
to discriminate between the two alternatives based on 
target gene expression alone. Under H.1, the model always 
predicted an increase in cell-cell adhesion in response 
to Wnt, whereas under H.2 this was not always the case: 
under H.2, the degree of  cell-cell adhesion at equilibrium 
decreased as the rate of  β-catenin Tyr-phosphorylation 
increased.

Van Leeuwen e t a l [37] a lso used their model to 
investigate the impact of  two genetic alterations commonly 
observed in CRC; i.e. aberrant inactivation of  APC 
and mutations that render β-catenin resistant to APC-
mediated degradation. Simulations showed that in wild-
type cells and single mutants, the level of  transcription 
complexes depends on the strength of  the Wnt gradient; 
by contrast, double mutants achieve the same (high) level 
of  target gene expression and this value does not depend 
on the strength of  the Wnt stimulus. As a consequence, 
the proportion of  functional APC needed to maintain a 
normal phenotype increases with increasing extracellular 
Wnt levels. This result illustrates that the environment can 
have a substantial impact on malignant transformation and 
tumour phenotype.

STOCHASTIC MODELS FOR CRYPT 
DYNAMICS AND  CRC-INITIATION 
According to Knudson’s classic model for inactivation of  
tumour suppressors, two mutations (one in each copy of  
the gene) are required to completely abrogate APC’s anti-
cancer activity. Given the extensive period of  time required 
for a cancer to develop, stem cells have been widely 
regarded as the most likely targets for these mutations 
due to their apparent immortality. Komarova and Wang[18] 
used mathematical modeling to investigate whether 
neoplastic change could, instead, take place in the semi-
differentiated, transit cell population. For this purpose, 
they considered an idealised crypt containing a single stem 
cell and investigated three complementary scenarios: (SS) 
both hits happen in stem cell; (ST) the first hit occurs in 
the stem cell and the second in a transit cell; and (TT) 
the first hit is in a transit cell and the second in one of  its 
progeny. Scenarios SS and ST share an intermediate state 
in which the crypt is monoclonal, being filled with single 
APC mutants (APC+/- cells). Challenging a priori intuition, 
the model revealed that the probability that the first double 
mutant appeared in the stem cell pool was negligible. The 
authors thus concluded that at least one of  the hits occurs 
in the migrating, transit population and remarked that “a 
possible role of  differentiated cells in cancer initiation 
cannot be discarded simply based on the fact that they are 
short-lived[18].” 

In Komarova and Wang[18], the ‘ immortal’ stem 
cell always divided asymmetrically, renewing itself  and 
producing a transit cell. Their model can therefore easily 
be extended for crypts with multiple immortal stem cells, 
as such crypts can be seen as multiple single-stem cell 
crypts. Alternatively, Yatabe et al[21] considered ‘mortal’ 
stem cells that underwent asymmetric division, symmetric 
division (giving two stem cells), or cell death, with 
certain probabilities. To gain insight into the number and 
patterns of  division of  human stem cells, they monitored  
in silico the accumulation of  random methylation changes 
in individual crypts. By comparing the predicted intra- 
and inter-crypt variability with experimental data on 
the methylation content of  specific CpG islands, they 
concluded that “the complex epigenetic patterns were 
more consistent with a crypt niche model wherein multiple 
stem cells were present and replaced through periodic 
symmetric divisions[21]”. An important consequence is 
the concept of  niche succession, which is, after a random 
waiting time, the crypt will be filled with the progeny from 
a single stem cell. More recently, it has been suggested 
that these ‘l ineage bottlenecks’ enhance malignant 
transformation, because the progeny of  an APC+/- stem 
cell could take over the stem-cell pool, thereby increasing 
the number of  candidates for the second hit. Van Leeuwen 
et al[12] performed a series of  stochastic simulations to test 
this hypothesis. Their model was built upon the following 
basic assumptions: (1) stem cells divide synchronously; (2) 
for any given generation, two random sets of  m stem cells 
divide symmetrically and die/differentiate, respectively; 
(3) newborn cells acquire an APC mutation with a certain 
probability. For a crypt with 64 stem cells, simulations were 
iterated for values of  m between 0 and 16. As expected, 

B

AB

A

sA

dA

k+
k-

sB

dB

Figure 3  Example of a simple kinetic model. 
The proteins A and B undergo normal protein 
turnover (s = synthesis rates, d = degradation 
rates) and associate to form a protein complex, 
AB (k+ = assembly rate, k- = dissociation rate). 
The behaviour of the system is captured by 
the following system of ordinary differential 
equations:
    d [A]/dt = sA - k+ [A] [B] + k- [AB] - dA [A];
    d [B]/dt = sB - k+ [A] [B] + k- [AB] - dB [B];
    d [AB]/dt = k+ [A] [B] - k- [AB];
with initial conditions [A] (0) = A0, [B] (0) = 
B0 and [AB] (0) = 0. It can be shown that, 
eventually, the components stabilise at levels 
given by: [A] = sA/dA; [B] = sB/dB, and [AB] = 
sA sB/(dA dB K), with K = k-/k+ the dissociation 
constant.
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the average niche succession time decreased as the number 
of  symmetric divisions per generation increased. The 
average time to a first double mutant, however, appeared 
to increase with m. In particular, crypts with immortal 
stem cells only (i.e. m = 0), on average, developed cancer 
earlier than crypts with mortal stem cells (i.e. m > 0). As 
expressed by the authors, “the stem cell lineage bearing 
a single APC mutation has more chance of  becoming 
extinct during the next niche succession cycle than of  
benefiting from the advantages of  fixation in the crypt”. 
It is therefore proposed that symmetric stem cell division 
and niche succession protect stem cells against malignant 
transformation[12].

Lobachevsky and Radford[38] have recently proposed 
a different view of  the crypt’s architecture in that their in 
silico stem cells cannot divide indefinitely. This assumption 
was motivated by experimental evidence supporting the 
occurrence of  significant telomere-shortening in stem 
cells. The authors classified stem cells into two pools; 
i.e. deep, slowly proliferating stem cells that produce 
rapidly dividing proximate stem cells. The former always 
divide asymmetrically whereas the latter either divide 
symmetrically or die, as necessary, to maintain the 
homeostasis and integrity of  the crypt. Furthermore, 
the probability of  symmetric division or death depends 
on the cell’s age. Comparison of  model predictions with 
experimental data suggested a replicative lifespan for stem 
cells of  about 50-150 divisions, which differs markedly 
from the 5000 divisions estimated by other modellers. 
The new model was also able to reproduce the observed 
time-dependent appearance of  partially and monoclonally 
mutant crypts in mice following treatment with ethyl 
nitrosourea.

SPATIALLY-STRUCTURED MODELS OF 
CRYPT-DYNAMICS 
None of  the models discussed thus far incorporate spatial 
effects. For example, the models for Wnt signalling view 

cells as ‘well-stirred buckets’ and, thus, consider only 
time-dependent changes in protein levels[36]. Equally, the 
carcinogenesis models record the accumulation of  genetic 
or epigenetic alterations in a population of  cells, without 
considering the relative positions of  individual cells within 
an individual crypt[12,18,21]. Given that external cues to such 
subcellular phenomena are often spatially distributed (c.f. 
variations in extracellular Wnt levels along the crypt axis), 
it is natural to include spatial effects in order to describe 
accurately the dynamics of  normal and pathological crypts. 
Several computational models of  normal crypt dynamics 
that account for spatial effects have been proposed. In 
these models the cylindrical crypt is usually cut open and 
rolled out to give a two-dimensional surface, which is 
computationally easier to simulate. For example, Loeffler 
and co-workers[15,17] have built a series of  models in which 
cells are constrained to move within a rectangular grid. 
During their simulations, they monitored the progress of  
individual cells through the cell cycle. This enabled them to 
compare their results with tritiated thymidine labelling data 
showing how the proportion of  proliferating cells changes 
with spatial position and over time. The model was used 
to compare eight alternative hypotheses concerning the 
positioning of  newly-formed daughter cells. Of  these, 
only two of  the hypotheses were consistent with the 
experimental data. The first placed the daughter cell at the 
site of  the oldest neighbour, whereas the second combined 
random insertion with inevitable final differentiation at a 
certain position along the crypt axis[15].

A major weakness of  the 2D-grid approaches is that 
insertion of  each newborn cell displaces a whole column 
of  cells upwards, breaking many cell-cell contacts. This 
is biologically unrealistic, as epithelial cells are known to 
form tight cell-cell junctions. Meineke et al[16] resolved this 
problem by developing a lattice-free model in which cell 
movement was governed by the net effect of  the repulsive 
and attractive forces acting on each cell, these forces being 
modeled by a network of  springs connecting the centre 
of  neighbouring cells (Figure 4A). An advantage of  this 
approach is that the insertion of  newborn cells causes 
local rearrangements only. To display the geometry, the 
nodes from the network of  springs were used to generate a 
Voronoi tessellation (Figure 4B). The resulting model was 
then used to simulate the dynamics of  a healthy crypt and 
shown to reproduce the experimentally observed polygonal 
shape of  epithelial cells and the spatial distribution of  
proliferating cells. Although the model by Meineke et al[16] 
resolved the major weakness of  the 2D-grid models, both 
types of  model have several limitations in common. For 
instance, no biological mechanism regulates the removal 
of  cells from the upper edge of  the crypt and the model 
does not account for cell death occurring in cells other 
than fully differentiated cells. Furthermore, cell size is 
independent of  growth processes, the time since the cell’
s last division and extracellular conditions. Finally, the 
proliferative capacity is an intrinsic property of  each cell 
and the progression of  individual cells through the cell 
cycle is fixed at the time of  their birth, with the duration 
of  each phase being independent of  any biochemical 
or biomechanical control (e.g. Wnt signals and cell-

r

i

k

j

ui,j (t)

                   di,j (t)
                         Li,j (t)

Figure 4  Schematics illustrating the lattice-free approach developed by Meineke 
et al[16]. (A) In silico cells attached by springs. According to Hooke’s law, the 
restoring force due to each spring is proportional to its net extension and acts in 
the opposite direction. The total force acting on a cell i is equal to the sum of all 
forces applied by neighbouring cells j: Fi (t) = μ Σ ui,j (t) ( di,j (t) - Li,j (t) ), with μ the 
spring constant, Li,j the equilibrium length of the spring between i and j, di,j the 
distance between i and j, and ui,j the unit vector from i to j. The new position of cell 
i after a small time interval ∆t is given by: ri (t + ∆t) = ri (t) + Fi (t) ∆t/η, with η a 
damping constant. (B) In silico 2D tissue, showing cell centres (black nodes) and 
the associated Voronoi tesselation (solid lines). The related Delauney triangulation 
(dashed lines) is obtained by connecting all neighbouring nodes and defines the 
network of springs.
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cell contacts). Integrating biologically realistic models 
of  such subcellular processes and biochemical network 
dynamics with extracellular cues will be challenging and 
computationally intensive, with the approach depending 
on the correct coupling of  the constituent submodels. 

Smallwood and colleagues[39] have used an agent-based 
framework to develop an alternative, lattice-free model 
that describes the expansion of  a population of  epithelial 
cells cultured in vitro on a monolayer. Individual cells are 
represented as three-dimensional, rigid spheres that can 
proliferate, migrate, differentiate or die. The model also 
accounts for cell-cell and cell-substrate interactions. At 
every time step, a set of  simple predefined rules determines 
the behaviour of  each cell, based on its position, internal 
parameters and the composition of  the local, extracellular 
environment. Under the assumption that calcium enhances 
cell-cell adhesion, the resulting computational model 
showed substantial differences in monolayer growth in the 
presence of  low and physiological calcium concentrations, 
which nicely mimicked the results from equivalent in vitro 
studies with normal human urothelial cells. Agent-based 
models could, in principle, be modified to describe the 
intestinal epithelium and, in particular, be used to study the 
impact of  changes in cadherin-mediated (Ca++-dependent) 
cell-cell adhesion on the dynamics of  the crypt. 

MODELS FOR CRYPT BUDDING AND 
FISSION
The genetic changes that underlie colorectal carcinogenesis 
usually manifest themselves at a tissue level through 
the formation of  an adenoma, which may subsequently 

develop into a malignant tumour (Figure 5). This 
progression is known as the adenoma-carcinoma 
sequence[7]. Two competing theories have been postulated 
to explain how such adenomas form. According to the  
top-down hypothesis, dysplastic cells in the superficial 
portions of  the crypt spread laterally, invading healthy 
crypts from the ‘top-down’. According to Shih et al[4], 
dysplastic cells are found to reside on the luminal surface 
either because the initial APC mutant has migrated to the 
surface, or because genetic precursors of  the dysplastic 
cells reside in the intercryptal zones; the possibility of  
a second genetic hit in the migrating population, as 
suggested by Komarova and Wang[18] and discussed above, 
could also explain the appearance of  a dysplastic luminal 
epithelial layer. The alternative mechanism for adenoma 
formation is known as the bottom-up hypothesis[3]. Here 
adenoma formation always starts with a monocryptal 
lesion, which then expands by crypt fission and/or by 
colonisation of  neighbouring crypts.

Adenomatous crypts are typically elongated and 
deformed, exhibiting multiple branching events, although 
still lined by a single layer of  epithelial cells[40-42] (Figure 5).  
In order to explain how crypt fission may occur, Drasdo 
and Loeffler[43] developed an agent-based model in which 
a vertical cross-section through a crypt was treated as 
a U-shaped chain of  growing, deformable cells that 
interact elastically with each other. The authors show that 
decreasing the cell cycle time and reducing the Young 
modulus of  the cells can cause the crypt to buckle and 
undergo crypt fission. These results are consistent with 
experimental observations, which suggest that an increase 
in cell proliferation accompanied by a reduction in cell-
cell adhesion (both perhaps associated with a mutation in 
APC) may lead to crypt fission.

More recent ly Edwards and Chapman [44] have 
developed a biomechanical model of  crypt budding and  
fission in which the epithelial cells are treated as a 
continuous tissue layer that is attached to a rigid basal 
lamina (Figure 6). The model input parameters quantify cell 
proliferation, adhesion, movement and apoptosis, which 
are dependent on lower-scale effects. Using a combination 
of  numerical and analytical techniques, Edwards and 
Chapman were able to identify parameter regimes in which 
a flat (rolled-out) crypt would buckle. This instability was 
indicative of  crypt fission. For example, they determined 
the extent to which the proportion of  proliferating 
cells can be increased before the layer buckles. Also, in 

Figure 5  The stages of tumour development. Colorectal cancers develop through 
a variety of stages. Disruption of Wnt signalling (usually through APC mutation) 
will cause adenoma formation. This is manifest as dysplasia of the epithelial cells 
(characterised by enlargement of the epithelial nuclei, loss of mucin and deeply 
staining nuclei). Adenomas can grow by crypt branching and colonisation of 
other crypts but, importantly, remain bounded by the basement membrane. The 
branching of the crypts causes adenomas to develop a very complex architecture 
and, as more mutations accrue, the architecture becomes more complex and 
the cells become more severely dysplastic. Eventually the tumour cells will break 
through the basement membrane and invade into the stroma and this represents 
the transition from and adenoma into a carcinoma. Once within the stroma, the 
tumour cells can grow, infiltrate more deeply into the bowel wall and also can 
invade into lymphatic and vascular structures to allow metastasis to distant sites, 
such as lymph nodes. It is noteworthy that metastatic deposits also contain stroma 
showing the importance of the relationship between the tumour epithelium and the 
tumour stroma.

Adenoma                              Adenoma

Crypt
budding

Crypt
colonisation

Muscularis
mucosae

Invasive
tumour

Dysplastic
epithelium

Tumour
epithelium

Tumour
stroma

Lymph
node

Adenocarcinoma                     Metastasis

Epithelium
basal Lamina
Lamina Propria

Cell proliferation generates stress

Figure 6  Schematic of the biomechanical model developed in Edwards and 
Chapman[44]. Proliferation in the epithelium generates stress within the layer 
through cellular attachment to the underlying basal lamina. For certain choices 
of the model parameters, the stress that is generated causes the layer to buckle, 
inducing a displacement y and initiating crypt budding and fission.
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qualitative agreement with Drasdo and Loeffler[43], they 
found that decreasing the cell cycle time could destabilise 
the layer. As Edwards and Chapman treat the epithelial 
cells as a continuous sheet rather than as individual entries, 
it may prove easier to extend their model to simulate more 
realistic three-dimensional geometries and larger tissue 
regions, possibly containing multiple crypts. 

DISCUSSION
In this article we have reviewed a range of  mathematical 
models of  CRC that provide insight into different aspects 
of  its development. These include stochastic models 
designed to investigate where in the crypt the second 
APC hit associated with CRC initiation is most likely to 
occur[18], detailed models of  Wnt signalling to enhance 
our understanding of  the mechanisms of  action of  this 
pathway[36,37] and continuous models to explore the causes 
of  crypt buckling and fission[43,44]. While useful, models 
that focus on a single time and length scale provide limited 
insight into crypt dynamics and CRC.

Advances in biotechnology mean that it is now 
possible to generate vast amounts of  different types of   
experimental data. For example, high-throughput gene 
and protein expression data can be obtained from 
microarrays[45-47] and more detailed information from 
microdissection and tagging specific genes with green 
fluorescent protein (GFP)[19,48]. Multiscale mathematical 
models that account for subcellular, cellular and tissue scale 
phenomena represent a natural framework for integrating 
and exploiting these different datasets. As part of  a UK 
government funded project in Integrative Biology[49], we are 
using grid technology and high performance computing 
to perform multiscale simulations of  cardiovascular 
disease[25,27] and cancer[12,37,44,50]. The protype multiscale 
model of  a colonic crypt that we are developing uses a 
lattice-free model to describe epithelial cell movement 
and will incorporate subcellular, biochemical phenomena, 
such as the Wnt signalling pathway and detailed models 
of  the cell cycle[51]. For example, using our Wnt signalling 
model[37], it is possible to determine β-catenin levels in 
the nucleus (and hence involved in gene expression) and 
the number of  molecules forming adhesion complexes, 
and how these values change with the extracellular Wnt 
stimulus. By incorporating this information into our 
multiscale model, we will investigate the way in which 
Wnt signalling co-ordinates cell movement, proliferation 
and differentiation along the crypt axis. Additionally, 
with knowledge of  how single and double mutations in 
the genes coding for APC and β-catenin affect the Wnt 
signalling pathway, we may use our model to simulate 
the spread of  mutant cells and establish whether their 
ability to colonise a crypt depends on the spatial location 
at which the mutation originates. This will provide a 
comparison of  the top-down and bottom-up theories 
of  adenoma formation. By further extending our model 
to account for the attachment of  epithelial cells to the 
underlying tissue stroma, it will be possible to see how 
increases in cell proliferation associated with CRC and 
changes in cell-stroma adhesion contribute to crypt 
fission. Finally, by upscaling or homogenising our cell-

level models, we aim to derive tissue scale models similar 
in form to that of  Edwards and Chapman[44]. In addition 
to permitting the simulation of  large tissue regions 
(and hence the colonisation of  neighbouring crypts by 
malignant cells), this will enable us to relate tissue level 
parameters, associated with, for example, cell proliferation 
and adhesion to experimentally measurable quantities, such 
as nuclear β-catenin levels and extracellular concentrations 
of  Wnt factors.

Mathematical modeling and computational methods are 
not only powerful tools for enhancing our understanding 
of  how tumours originate and grow; they may also be 
used to improve cancer diagnosis and treatment. Hence, 
modern imaging techniques make it possible to detect and 
stage the primary tumour and to identify the presence of  
early metastases, thereby facilitating patient management 
decisions[52]. Furthermore, a number of  mathematical 
models have been developed to investigate tumour 
invasion[53,54] and metastasis[55,56]. Such models could, in 
principle, be adapted to evaluate the aggressiveness of   
colorectal neoplasms. Finally, we anticipate that in silico 
studies will be exploited to predict a patient’s prognosis 
following cancer therapy and/or surgery[23,52,57]. 

In summary, we believe that mathematical modeling 
has an important role to play in advancing our under-
standing of  CRC. In addition to being used to test 
biological hypotheses (concerning, for example, adenoma 
formation), well-validated models have the potential for 
generating new theories (regarding, for example, the ways 
in which phenomena at different spatial and temporal 
scales interact) that will themselves stimulate further 
experimental work. In the longer term, and perhaps most 
importantly, realistic simulation tools of  crypt turnover 
should assist in the development of  new drugs and the 
optimisation of  existing therapies for treating CRC. 
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Abstract
Advanced medical imaging and visualization has a strong 
impact on research and clinical decision making in 
gastroenterology. The aim of this paper is to show how 
imaging and visualization can disclose structural and 
functional abnormalities of the gastrointestinal (GI) tract. 
Imaging methods such as ultrasonography, magnetic 
resonance imaging (MRI), endoscopy, endosonography, 
and elastography will be outlined and visualization with 
Virtual Reality and haptic methods. Ultrasonography is 
a versatile method that can be used to evaluate antral 
contractility, gastric emptying, transpyloric flow, gastric 
configuration, intragastric distribution of meals, gastric 
accommodation and strain measurement of the gastric 
wall. Advanced methods for endoscopic ultrasound, 
three-dimensional (3D) ultrasound, and tissue Doppler 
(Strain Rate Imaging) provide detailed information of 
the GI tract. Food hypersensitivity reactions including 
gastrointestinal reactions due to food allergy can be 
visualized by ultrasonography and MRI. Development of 
multi-parametric and multi-modal imaging may increase 
diagnostic benefits and facilitate fusion of diagnostic and 
therapeutic imaging in the future. 
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INTRODUCTION
Medical imaging has a strong impact on clinical decision 
making and its significance and utility seems increasing. 
In the field of  gastroenterology, new imaging methods 
like double-balloon and capsule enteroscopy are recent 
additions to the more traditional methods. In contrast to 
X-ray, Computed tomography (CT), magnetic resonance 
imaging (MRI), single photon emission computed 
tomography (SPECT) and positronen emissions-
tomographen (PET) scanning, ultrasonography is a 
clinical method that can easily be applied even bedside 
using mobile, hand-carried scanners[1]. Despite its 
favourable cost, availability, flexibility, and user friendliness, 
ultrasonography stands out as the imaging method with 
highest temporal and spatial resolution. In addition, 
its real-time and functional imaging capacity makes it 
well suited for soft tissue modelling. Ultrasonography 
can provide physiological , pathopfysiological and 
biomechanical information to the clinician and constitutes 
an important tool in the diagnosis and follow up of  large 
populations of  patients.

The gastrointestinal tract is a very long system of  
organs that poses a particular challenge to medical imaging. 
In this paper, we aim at outlining how advanced imaging 
and visualization, particularly ultrasonography is able to 
disclose structural and functional information of  the GI 
tract. 

FUNCTIONAL ULTRASONOGRAPHY
Functional ultrasonography (f-US) is ultrasound imaging 
of  organ function, in contrast to conventional imaging of  
anatomic structures. Using f-US, information on motility, 
biomechanics, flow, perfusion, organ filling and emptying 
can be obtained non-invasively. 

Hans Gregersen, Professor, Series Editor
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Contractile activity
Ultrasonography can provide both qualitative and 
quantitative information about motility, both in a fasting 
state and after meal ingestion. Gastric contractions and 
propagation of  waves can be visualized and monitored 
by ultrasound[2-7]. Both frequency and amplitude are easily 
measured; the latter defined as the maximal reduction of  
antral area induced by a contraction, as a fraction of  the 
relaxed area. High resolution ultrasound using frequencies 
in the range 7-15 MHz enables detailed studies of  gastric 
wall layer involvement during peristalsis (Figure 1). 
Ultrasound is more sensitive than manometry in detecting 
antral contractions and in particular the detection of  non-
occlusive contractions[8].

Acute mental stress induced by a video game in which 
the subjects were driving a simulated car trying to avoid 
collisions on a highway, reduced postprandial antral 
motility during the stress period in healthy volunteers, 
but not in patients with functional dyspepsia[9]. Stress 
mainly reduced the amplitudes of  antral contractions and 
cisapride had no effect on these stress-induced responses. 

Gastric emptying
Ultrasonography has been widely used to assess gastric 
emptying rates[10-16] and good correlation to radionuclide 
estimates of  emptying rates have been detected[12,17,18]. 
However, ultrasound is best suited for emptying of  liquid 
meals. Scintigraphy, with appropriate labelling of  the test 
meal components and appropriate corrections applied, 
is still considered the gold standard for measurement of  
gastric emptying. However, its application is limited by the 
need to restrict exposure to ionising radiation. In depth 
description of  ultrasound estimation of  gastric emptying 
and findings in functional dyspepsia have been reported 
elsewhere[19].

Gastroduodenal flow
The movements of  gastroduodenal contents and velocity 
curves of  transpyloric f low can be synchronously 
visualized by duplex ultrasound, a combination of  Doppler 
measurement and B-mode image[20,21]. It has been shown, 
using duplex scanning, that a short gush of  duodenogastric 
reflux normally precedes the peristaltic closure of  the 
pylorus. An antral contraction can be defined as an 
indentation of  the gastric wall greater than one antral wall 
thickness observed to propagate in space and time, as 
long as the indentation is not due to respiration, pulsation 

transmitted from the aorta or heart, or to movements of  
adjacent intestine. First gastric emptying is defined as the 
first occurrence of  gastric emptying after drinking the 
“test” soup. An episode of  gastric emptying is defined as 
flow across the pylorus with a mean velocity of  more than 
10 cm/s lasting for greater than one second. Occluding 
peristaltic-related transpyloric emptying is defined as 
gastric emptying associated with contractile activity in 
which the ultrasound image demonstrates an occlusion 
of  the stomach wall. Non-occluding peristaltic-related 
emptying is defined as transpyloric emptying of  gastric 
contents associated with contractile activity of  the gastric 
wall which does not occlude the lumen. During maximal 
contractions transpyloric flow can be seen passing back 
and forth through the open pylorus. Non-peristaltic-
related transpyloric emptying can be defined as transpyloric 
emptying of  gastric contents, without contractions 
detected on ultrasound or manometry. Using this Doppler 
method, timing of  postprandial dyspeptic symptoms and 
transpyloric passage of  gastric contents can be studied 
with great temporal and spatial resolution[22], including 
after pharmacological intervention[23].

Gastric emptying of  a low calorific liquid meal follows 
sequences of  emptying-reflux-emptying pulses. About 
half  of  the sequences are peristaltic related, but both non-
occluding, peristaltic related and non-peristaltic related 
emptying sequences occur. Non-peristaltic related flow 
sequences have often more alternating emptying-reflux 
episodes than those associated with peristalsis, and the 
duration of  non-peristaltic related emptying and reflux 
pulses are longer. The pressure gradients for all types of  
emptying are low and the pressure gradients during non-
peristaltic related emptying are significantly lower than 
during peristaltic related emptying. 

Flow can only occur in the presence of  an open 
pylorus. Transpyloric flow can be classified into flow 
associated with a local increase in the pressure gradient 
between antrum and duodenum (Pa-Pd) due to antral 
propagating pressure waves, and flow associated with a 
common cavity pressure difference between the distal 
antrum and the proximal duodenum as was observed 
during non-peristaltic related flow. The second type of  
flow is independent of  peristalsis and is likely to be caused 
by changes in gastric tone, or by pressure changes outside 
the stomach such as aortic pulsation and inspiration.

Hausken and co-workers also developed a non-
invasive method for evaluating transpyloric flow and 
duodenogastric reflux stroke volumes using a three-
dimensional guided digital color doppler imaging model[24]. 
They studied healthy subjects both during ingestion of  a 
soup meal and 10 min postprandially. Cross-sectional color 
doppler digital images of  duodenogastric reflux episodes 
were acquired with a 5-3 MHz phased array transducer. 
The 3D position and orientation data were acquired 
using a magnetic sensing system. They found high intra- 
and inter individual variations of  the stroke volumes 
of  transpyloric flow episodes during the initial gastric 
emptying. The duodenogastric reflux episodes lasted on 
average 2.4 s with a volume of  on average of  8.3 mL. This 
method minimized geometric assumptions and angular 
ambiguity.

Figure 1  Ultrasonogram of the fluid-filled 
gastric antrum showing the different wall 
layers and a propagating contraction wave 
that occludes the lumen.



Strain rate imaging
Tissue Doppler imaging (TDI) enables mapping of  
local tissue velocities, thus increasing the physiological 
information about moving walls[25,26]. However, the point 
velocity of  tissue does not differentiate between actively 
contracting and passively following tissue. Therefore, a 
Doppler method based on strain rate imaging (SRI) and 
estimation of  relative strain was developed to enable 
this differentiation. In general terms, strain means tissue 
deformation as a function of  applied force (stress)[27]. 
The temporal derivative of  strain, i.e. the strain rate, is a 
measure of  the rate of  deformation. 

Doppler SRI was evaluated in vitro using a silicone 
strip phantom mimicking slowly moving tissue[28]. A 
test apparatus was developed that enabled controlled 
strain experiments with variable strain and strain rate to 
be performed. We found low intra- and interobserver 
variation. For the SRI method to give accurate estimates 
of  strain, the strain sample size should be in the region of  
2 mm and averaging over several ultrasound (US) beams 
increased the accuracy further.

In another study, we evaluated the accuracy of  SRI in 
measuring strain in the porcine antral wall in vitro[29]. An 
experimental set-up enabled controlled distension of  a 
porcine stomach in a saline reservoir. SRI gave accurate 
measurement of  radial strain of  the antral wall, but seemed 
to be less accurate for measurement of  circumferential 
strain in this in vitro set-up.

Estimation of  relative strain of  the muscle layer of  
the gastric wall by Doppler ultrasonography is feasible 
(Figure 2) and enabled detailed mapping of  local strain 
distribution[30,31]. SRI is capable of  distinguishing contractile 
activity of  the longitudinal and circular muscle layers, even 
though the two layers cannot be separated visually in the 
2D images. During balloon distension of  the antrum, we 
found a significant inverse correlation between pressure 
and SRI measurement (r = -0.87). Ongoing studies are 
evaluating whether SRI can be applied to evaluate the 
relation between symptoms and biomechanical factors in 
dyspepsia.

Ultrasonography to evaluate gastric accommodation
A sonographic method for assessment of  proximal 
gastric size was developed to estimate accommodation of  

meals[32]. The transducer was positioned in the epigastrium 
by the left subcostal margin and tilted cranially while the 
subject was sitting in a chair, leaning slightly backwards. 
Two standardised sonographic image sections were 
chosen to monitor the size of  the proximal stomach. 
First, a sagittal section with the left renal pelvis in a 
longitudinal projection, using the left lobe of  the liver 
and the tail of  the pancreas as internal landmarks, was 
recorded. Then, the transducer was rotated 90° clockwise 
to obtain an oblique frontal section where the top margin 
of  the fundus is clearly visible (Figure 3). Utilising this 
technique the existence of  an impaired proximal gastric 
accommodation to a meal in patients with functional 
dyspepsia was observed[33]. Impaired proximal stomach 
accommodation was in fact a much more prevalent 
finding than a wide gastric antrum. Because nitric oxide 
(NO) is a key neurotransmitter in the reflex regulating 
adaptive relaxation, it was tempting to administer glyceryl 
trinitrate, an exogenous donor of  NO, to patients with 
functional dyspepsia to examine if  it would improve 
gastric accommodation and symptoms in response to a 
meal. In a double blind placebo-controlled cross-over 
study, Gilja et al[34]demonstrated that glyceryl trinitrate 
caused a concomitant improvement of  proximal gastric 
accommodation and epigastric pain, nausea and total 
symptom scores in response to a meat soup meal.

This 2D method has also been used to study gastric 
accommodation in diabetes mellitus[35], in patients with 
reflux oesophagitis[36], in liver cirrhosis[37], and in children 
with recurrent abdominal pain[38]. The method has also 
been applied to study pharmacological intervention[39] and 
the effect of  a barostat bag in the stomach[40]. In contrast 
to the barostat, ultrasonography is a non-invasive and 
widely available method for the study of  accommodation 
of  the proximal stomach. 

3D ULTRASONOGRAPHY
A method for volume estimation of  the stomach based 
on mechanical tilting acquisition of  3D ultrasonography 
was developed[41]. Using a motor device, the transducer 

Figure 2  These graphics outline the relative radial strain of the circular muscle 
layer of the antral wall. The exact sampling point in the gastric wall is denoted 
with a red marker in the color Doppler ultrasonogram of the left panel. In the right 
panel, the positive strain curve with a maximum of 150% radial elongation of the 
muscle layer is demonstrated.
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Figure 3  An oblique frontal section applied for ultrasound scanning of the proximal 
stomach. The top margin of the fundus is shown as a white line in the bottom of 
the image. A proximal gastric diameter is outlined in the frontal section by tracing 
normally to the longitudinal axis of the proximal stomach, thus indicating the size 
of the proximal stomach.

1410      ISSN 1007-9327       CN 14-1219/R        World J Gastroenterol        March 7, 2007      Volume 13      Number 9

www.wjgnet.com



was tilted through an angle of  90°, capturing sequential 
2D-frames before the data set was transferred to a graphic 
workstation for final 3D processing. This 3D ultrasound 
system demonstrated excellent accuracy in vitro both on 
phantoms[42] and on animal organs. Furthermore when 
validated in vivo against magnetic resonance imaging (MRI) 
this 3D system was in good agreement with the MRI and 
produced results with high precision[43]. This system has 
also been used to study diseases of  the liver[44], and to 
evaluate patients with functional dyspepsia[45-47]. However, 
this 3D investigation could only acquire a 90° fan-like 
data set from a pre-determined, fixed position of  the 
transducer. Accordingly, a mechanical acquisition system 
like this could only capture small volumes of  data and not 
cover completely a large organ like the stomach or liver.

To enable scanning of  the fluid-filled stomach, a 
commercially available magnetometer-based position and 
orientation measurement (POM) device was interfaced to 
the scanner. This system for magnetic scanhead tracking 
(Bird, Ascencion Technology Inc. Vermont, USA) was 
validated both with respect to its precision in locating 
specific points in space[48] and to its accuracy in volume 
estimation[28,49]. For the first time, total gastric volumes 
and intragastric distribution of  meals could be studied 
by ultrasonography[50]. Sagittal sections of  the stomach 
were recorded throughout its entire length, starting in the 
proximal part where the transducer was positioned by the 
left subcostal margin and tilted cranially to image the most 
superior part of  the stomach. After stepwise scanning 
of  the proximal stomach angling from left to right, the 
transducer was moved and held to insonicate normally 
to the skin surface. Then the distal stomach was scanned 
stepwise moving distally to the gastroduodenal junction. 

We validated this 3D ultrasonographic method in vivo 
in healthy controls[51]. A barostat bag was positioned in the 
proximal stomach of  6 healthy subjects who underwent 
scanning with the Bird® magnetic system. This 3D 
ultrasound system correlated very well to infused volumes 
and showed very good agreement with true volumes, 
and in addition there was low inter-observer variation. 
Patients with reflux esophagitis exhibited an abnormally 
large volume of  the proximal stomach soon after a 
liquid meal, concomitant with the perception of  fullness. 
The abnormal distention of  the proximal stomach may 
represent a pathogenic mechanism in reflux oesophagitis. 

In functional dyspepsia, poor accommodation of  
the proximal stomach to a meal has been found in many 
studies[33,52-54]. Drinking capacity is often reduced in these 
patients and drink tests may therefore have a diagnostic 
potential. A simple drink test in combination with 3D 
ultrasonography was applied in a test using Toro meat 
soup, Nutridrink, and water[55]. The meals were ingested at 
a rate of  100 mL/min until maximal drinking capacity was 
reached. Intragastric volume at maximal drinking capacity 
was determined using 3-dimensional ultrasonography. 
Optimal discrimination between patients and controls was 
obtained by the combination of  symptoms and intragastric 
volume (S/V) using meat soup as the test meal. In another 
study, an analytical method was developed to describe 
the three-dimensional geometry of  the gastric antrum, 
the gastric fundus and the whole stomach based on 3D 

ultrasound acquisitions[56]. The Fourier series method was 
used to simulate the organ surface geometry. The principal 
curvatures spatial distributions were non-homogeneous in 
the gastric antrum, gastric fundus and the stomach due to 
their complex geometry. 

Data processing and display requires specialized 
computer software to handle the ultrasound images. We 
have, in collaboration with Christian Michelsen Research 
(Bergen, Norway) and Vingmed Sound (Horten, Norway), 
developed a software package called EchoPac3D® to help 
with this process[57,58]. EchoPac3D enables the import 
of  image data that are acquired both with mechanical 
devices and magnetic position sensors as well as with 
endosonographic acquisitions. Manual segmentation or 
semiautomatic rendering of  structures in the 3D data set 
makes accurate volume estimation and reconstruction 
of  organs or pathologic tissue achievable. A display of  
the EchoPac3D software is shown in Figure 4. The 3D 
ultrasound system used in our lab is outlined more in 
depth in a previous review[59].

FUNCTIONAL IMAGING OF THE ESOPHAGUS
Esophageal function in swallowing and competence in 
gastro-oesophageal reflux has traditionally been assessed 
with manometry, or alternatively barium radiography. 
Standard manometry with relatively few (3-8) channels 
measures the pressures generated in the distal and 
proximal sphincters and in the body of  the esophagus. 
With high-resolution manometry and computer-generated 
graphics, a much more detailed and complex picture is 
composed from 16-24 pressure signals evenly spaced 
along the catheter, allowing for detailed analysis of  the 
physiology of  peristalsis and sphincter function. High-
resolution manometry has recently been used to study 
the physiology of  peristalsis and the pathophysiology of  
gastro-oesophageal reflux in patients with reversible hiatal 
hernias[60]. 

Manometry has important limitations in studies of  
oesophageal motor function. Firstly it does not measure 
bolus transport. Furthermore it measures exclusively 

Figure 4  A 3D reconstruction of the total stomach volume (red) in the upper left 
panel. The acquisition is based on magnetic scanhead tracking. Three orthogonal 
orientation planes are shown in red, green and blue. The upper left panel is a 
volume reconstruction window where manual outlining of the structures are made.
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contractions of  the inner circular muscle layer of  the 
oesophageal wall, and only if  and at the time when a 
contraction obliterates the lumen around the catheter. 
These limitations can be overcome with high-frequency 
intraluminal ultrasonography (HFIUS), with which one 
can measure the thickness and contractile activity of  the 
muscularis propria, and also to some extent that of  each 
separate muscle layer. It has been demonstrated that 
it is possible to detect hypertrophy of  the muscularis 
in hypercontractile disorders of  the esophagus such as 
achalasia, diffuse oesophageal spasm and nutcracker 
esophagus[61]. Contractile activity of  the longitudinal muscle 
layer is thought to contribute stiffness and support to 
the peristaltic wave generated in the inner circular muscle 
layer. Isolated sustained contractions of  the longitudinal 
layer are seen as increased muscle thickness, and have 
been shown to coincide with sensations of  chest pain in 
patients with idiopathic chest pain[62]. Furthermore, in 
patients with heartburn, symptom episodes were preceded 
by similar contractions, whether associated with acid reflux 
occurred or not. Asynchrony between contractions of  the 
muscle layers are also likely to contribute to symptoms[63]. 
The miniaturization of  HFIUS probes allows them to be 
combined with manometry and laser Doppler flowmetry 
into multi-modal catheters for studying the biomechanical 
parameters and genesis of  pain in healthy subjects and 
patients with idiopathic chest pain[64].

Radiographic studies with barium contrast have 
traditionally been used to screen for motility disorders 
of  the esophagus and when properly performed, can be 
extremely useful. These techniques have occasionally been 
combined with manometry to quantify parameters of  
sphincter function. Scintigraphic studies only assess bolus 
transport. Bolus transport has also recently been studied 
with multichannel intraluminal impedance (MII), which 
measures lumen dilatation at the time of  passage of  a food 
bolus, enabling one to classify food passage as complete or 
incomplete. MII can also be combined with manometry. 
Multiple impedance channels as well as manometry are 
also incorporated into the functional lumen imaging 
probe (FLIP) for studying the distensibility and opening 
characteristics of  the oesophago-gastric junction[65]. The 
limitation of  impedancemetry is that it only measures the 
geometry of  the lumen and not the wall of  an organ and 
therefore yields limited biomechanical data. However, in 
contrast to any other medical imaging technology, FLIP 
is capable of  providing quasi-3D lumen geometry in real 
time.

Recently, endoscopy of  the oesophageal mucosa has 
been supplemented by the promising new method of  
confocal laser endoscopy, which allows a detailed study 
of  mucosal layers. The characteristics of  dysplasia and 
minor changes of  inflammation have been evaluated 
in preliminary studies, indicating that the method may 
become an important guidance for detecting early cancers 
in the metaplastic or squamous oesophageal mucosa[66].

DYNAMIC ENDOSONOGRAPHY OF THE GI 
TRACT
Endosonography (ES) is performed with intraluminal 

ultrasound transducers which can be inserted blindly into 
hollow organs or under endoscopic guidance (EUS). ES is 
usually performed as B-mode imaging but other modalities 
can also be applied (M-mode, Doppler, elastography). 
EUS makes visualisation of  the mucosal surface of  the 
GI tract as well as the individual wall layers, adjacent 
organs and other structures possible. Real-time ES probes 
allow imaging of  GI motility and biomechanics and when 
a probe is used to apply pressure directly to the tissue, 
information about tissue stiffness can also be obtained[19]. 

Instrumentation
The small diameter of  ES-miniprobes allows these 
probes to be inserted through the biopsy channel of  
conventional endoscopes or a suitable catheter. Currently 
available miniprobes operate with ultrasound frequencies 
between 12 and 30 MHz. Dedicated echoendoscopes 
combine endoscopy with integrated radial or curvilinear 
array ultrasound transducers with frequencies between 
5 and 30 MHz. New echoendoscopes can be connected 
to modern ultrasound machines with advanced software 
making it possible to use different ultrasound modalities 
(B-mode, M-mode, Doppler, sonoelastography, strain rate 
imaging, 3D-imaging, contrast-enhanced ultrasound).

Endosonographic assessment of GI biomechanics 
Biomechanical functions of  the GI tract and neighbouring 
organs have in recent years been increasingly studied with 
real time endosonography. Both active properties such as 
peristaltic contractions (motility) and active and passive 
forces and deformation (biomechanics) of  the tissue 
can be visualized with this technique[67]. ES- miniprobes 
combine the advantages of  high ultrasound frequencies 
with small transducers thus being a technique which can be 
combined with other methods, especially with manometry. 
Echoendoscopes are suitable for examination both of  
the GI wall and for studying extraintestinal organs and 
structures because they use lower ultrasound frequencies 
and have larger ultrasound transducers.

The GI tract and wall layers
The normal GI wall is imaged by ES as a layered structure 
consisting of  several layers (5-9 layers) but most often a 
5-layer structure is seen[68]. Many disorders and diseases 
may have an influence on GI wall morphology, motility 
and other biomechanical functions which can be examined 
using ES. The transducer can also be used as a diagnostic 
tool to “palpate” the GI wall, thus giving additional 
information about changes in GI wall thickness, layers and 
echogenicity[69].

Esophagus
Endosonographic changes of  the esophageal wall, 
especially the proper muscle layer, have been found 
to correlate with the increase in luminal pressure by 
manometry. Hoff  et al[64] have described a multimodal 
device which can be inserted into esophageus combining 
bag distension, manometry, high frequency intraluminal 
ultrasound, laser Doppler f lowmetry and symptom 
registration. Preliminary experience indicates that these 
modalties can be used in combination without significant 

1412      ISSN 1007-9327       CN 14-1219/R        World J Gastroenterol        March 7, 2007      Volume 13      Number 9

www.wjgnet.com



and detrimental technical influence on each other. In a 
study by Taniguchi et al[70], the esophagus was investigated 
with M-mode ES and manometry. Swallowing events were 
found to produce simultaneous increases in intraluminal 
pressure and esophageal wall thickness. Furthermore, 
patients with achalasia and nutcracker esophagus have 
been examined with both ES and manometry showing 
high correlation between wall changes and manometric 
findings. Patients with sclerodermia may also demonstrate 
abnormal ES findings in the esophageal wall due to 
smooth muscle atrophy and variable fibrosis and collagen 
parameters. In patients with reflux esophagitis, ES often 
demonstrates inflammatory changes affecting all, or 
individual, wall layers in the distal part of  the esophagus 
as well as demonstrating abnormalities in peri-esophageal 
tissue and lymph nodes. These morphologic changes may 
thus affect esophageal motility and thereby also influence 
acid clearance. 

Stomach, duodenum and extraintestinal organs
In wide and cur ved organs ES can be technical ly 
challenging but ES is a well documented method for 
examination of  the stomach, duodenal wall, retroperi-
toneum, pancreas, vessels, common bile duct and part 
of  the liver. The stomach and duodenum represent 
good acoustic windows for transmural imaging and for 
transducer palpation of  extraluminal organs (Figure 5). 
Thus, dynamic changes of  the pancreatic duct in suspected 
chronic pancreatitis can be examined by ES after drug 

administration (Secretin) or by compressing the organ with 
the transducer. A device which combines endosonographic 
real-time imaging with intraluminal volume-controlled 
bag distensions has also been developed for use in large 
lumens. Detailed images of  GI wall layers corresponding 
to the area of  bag pressure can be obtained using this 
technique.

Rectum, colon and small intestine
Rectum and the large bowel may be examined with 
dedicated echoendoscopes and rectal probes. However, 
transcolonoscopic ES using miniprobes is a practical method 
for imaging the colon and rectum wall (Figure 6). The small 
intestine can now be examined by capsule endoscopy 
or with enteroscopes. Capsule endoscopy is performed 
with a small device which is swallowed by the patient 
and endoscopic imaging of  the entire small intestine 
is possible. ES/EUS of  the small intestine may in the 
future be accomplished if  a miniature ultrasound device 
is integrated in the capsule or in an enteroscope. The 
interpretation of  wall layers, biomechanics and motility of  
the small intestine and large bowel is as for the upper GI 
tract.

Elastography
The stiffness of  the GI wall and the individual wall 
layers can be evaluated by compressing the tissue with 
the ES transducer. Sonoelastography (SE) and SRI are 
new ultrasound methods which can give information 
about tissue hardness and contracti l ity [31,71,72]. The 
underlying principle of  SE is that the deformation of  
tissue by a mechanical excitation is a function of  its 
mechanical properties. For gastrointestinal purposes, the 
intraluminal pressure may be used as the excitation force. 
Imaging of  ultrasound tissue elasticity has thus gained 
considerable interest as a method to differentiate normal 
from abnormal tissue. Cancer and inflammation may be 
otherwise influenced by transducer pressure than normal 
tissue and SE. Color codes seems to be a helpful technique 
to separate pancreatic cancer from chronic pancreatitis 
(Figure 7). 

Strain rate imaging provides quantitative information 
on velocities within a tissue. By color-coded tissue velocity 
imaging, velocity data from the whole field of  view 
are available simultaneously. This allows extraction of  
parameters through spatial and temporal processing of  

Figure 5  Small bowel 
loops (arrows) imaged 
from the stomach with 
an echoendoscope. Liq-
uid within the gastr ic 
lumen gives an excellent 
acoustic window.

                   D1

                                           D3

D2

Figure 6  Endoscopic image of a tumour in the 
colon (arrow, top). An ultrasound miniprobe is used 
to “palpate” the relatively soft echo-rich tumour 
(arrow) which is a lipoma.

Figure 7  ES-elastography (colour coded, left) in chronic pancreatitis displaying 
hard (blue) and softer (green) areas (left, large arrow). Corresponding B-image 
(right, arrow). Transducer pressure is indicated by a scale (small arrow).
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the velocity data. Trans-esophageal probes primarily used 
in echocardiography can also be inserted into the stomach 
thus having potential for SRI of  esophageal and gastric 
motor function. 

3D ES images can be obtained using images acquired 
by both echoendoscopes and miniprobes. 3D-ES may be 
applied for improved recognition of  the GI anatomy and 
pathological lesions. Mostly, a pullback device has been 
used to obtain parallel 2D images which are reconstructed 
to a 3D-image[73]. However, the recent development of  
3D real time transducers and advanced software programs 
opens the way for three-dimensional motility and otherwise 
dynamic studies of  the GI tract.

FOOD HYPERSENSITIVITY AND IMAGING
Intolerance to food is prevalent in the general population. 
In Western countries, the frequency of  perceived food 
hypersensitivity is as high as around 25%. However, only 
2% of  the population have food allergy as medically 
defined. It is therefore important, and often a challenge, 
to prove whether the ingestion of  suspected food items 
really causes symptoms, and by which mechanism. 
Hypersensitivity is defined as objectively reproducible 
symptoms or signs, initiated by exposure to a defined 
stimulus at a dose tolerated by normal subjects. The 
term “food allergy”, should be restricted to reactions 
mediated by classical immune mechanisms. It is divided 
into IgE-mediated food allergy (type-Ⅰ), mixed IgE 
and non-IgE-mediated, and non-IgE-mediated food 
allergy. Non-IgE-mediated food allergy (type Ⅲ or Ⅳ) 
involves cell-mediated immunologic reactions, immune 
complex formation or complement deposition. Non-IgE-
mediated allergic reactions are therefore subdivided into 
those in which the reaction is initiated predominantly by 
mechanisms associated with allergen-specific antibodies 
other than IgE, and those in which a cellular response is 
predominant. 

Subjective food hypersensitivity
Subjective food hypersensitivity is poorly defined. In 
practice, the diagnosis is based on self-reported symptoms 
and absence of  indications of  allergic and non-allergic 
hypersensitivity mechanisms or organic disease that can 
explain the symptoms. Many patients with organic or 
functional gastrointestinal disorders claim that they are 
intolerant to various kinds of  food. For instance, in a 
recent study from our department, 75% of  the patients 
with H pylori positive dyspepsia claimed intolerance for one 
or more food items. Eradication of  the bacterium reduced 
the prevalence of  food intolerance significantly, but 51% 
of  the patients still reported food intolerance[74]. Likewise, 
patients with irritable bowel syndrome (IBS) commonly 
report various kinds of  food hypersensitivity[75,76].

A typical food allergic reaction
In an allergic rat, intestinal provocation with an allergen 
elicits mucosal swelling and leakage of  plasma into the 
lumen lasting a couple of  hours before the mucosa returns 
to normal[77]. The mucosal hyperaemia and exudation of  

plasma is regarded as a non-injurious defence mechanism. 
In man, the intestinal response to food allergens is less 
well characterised, but the consequences appear to be 
much the same[78]. Massive luminal influx of  fluid might be 
the cause of  the symptoms, which usually are acute, short-
lasting abdominal cramps, nausea and diarrhoea. A major 
problem in such IgE-mediated reactions is that all traces of  
an allergic reaction might have disappeared at the time of  
consultation. A positive skin prick test and abnormal levels 
of  total or specific IgE indicate allergic predisposition, but 
do not prove that the complaints of  the patients are in 
any way related to allergy. Therefore, a provocation test is 
often mandatory. 

Double-blind placebo-controlled food challenge
The best method for diagnosing food allergy is still not 
known. For many years, double-blind placebo-controlled 
food challenge was considered the “gold standard”. 
Because the procedure is extremely labour-intensive and 
time-consuming, and the assessment based on subjective 
symptoms such as abdominal discomfort and bloating, 
which makes the results more equivocal than generally 
thought, the method has become disputed. In practice, 
the diagnosis relies on history, documentation of  IgE-
sensitisation by skin prick tests or serology, registration 
of  food intake, elimination diets and open provocation 
tests. Double-blind placebo-controlled food challenge is 
seldom performed. Other cumbersome methods such as 
endoscopic food allergen injection[79], jejunal perfusion 
and recording of  the intestinal mucosal response by 
endosonography[80] have been tried, but further evidence is 
required before these methods may be applicable in clinical 
routines. 

Response to intestinal provocation monitored by 
endosonography
The duodenal mucosa was challenged with allergen 
extracts via a nasoduodenal tube in 20 patients with self-
reported adverse reactions to food. Seven of  the patients 
had food allergy according to history, specific IgE and skin 
prick tests, whereas the remaining 13 patients were said to 
have food intolerance. 

The tube was positioned with its tip in the descending 
part of  the duodenum by first introducing a stylet during 
gastroduodenoscopy and thereafter pushing the tube 
in position over the stylet. The correct position of  the 
tube was checked by fluoroscopy. Endosonography was 
performed by pushing a 20 MHz miniature ultrasound 
probe (Fujinon Sonoprobe System, SP 701, Omiya City, 
Japan) through the tube and installing a suspension of  
the suspected food item into the duodenum through the 
tube after temporarily withdrawing the ultrasound probe. 
Apparently, the mucosal responses were potentiated if  
the mucosal barrier was weakened by installing 10 mL of  
48% alcohol either simultaneously of  just prior to food 
challenge. Alcohol alone had no effect. The thickness of  
mucosa, submucosa and muscularis propria was measured 
directly on ultrasonographic sections frozen on the 
screen every 3 min before and after allergen challenge. 
Clinical symptoms were recorded at same intervals. After 
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completing the ultrasonographic recordings, intestinal 
lavage was performed by infusing 2 L of  an isotonic 
solution of  polyethylene glycol into the duodenum. The 
first clear fluid passed per rectum and all urine voided for 
5 h were sampled for analysis. 

Endosonographic changes (i.e. any resolvable wall 
thickening, contraction or new echogenic layer) were 
observed in 15 of  the 20 patients (75%). Increased mucosal 
thickness in response to provocation was recorded in 11 
patients, but not more often or pronounced in allergic 
than in intolerant patients. Interestingly, increased mucosal 
thickness associated with a new echogenic layer was seen 
in two patients and a sustained duodenal contraction 
associated with pain lasting 15-20 min in another two 
(Figure 8). Intestinal permeability and inflammatory 
mediators (calprotectin) were not significantly different in 
the two groups.

Response to intestinal provocation monitored by transab-
dominal ultrasound 
The feasibility of  using external transabdominal ultrasound 
to monitor the response of  the proximal intestine to direct 
luminal provocation was examined in 32 patients with 
chronic abdominal complaints, self-attributed to food 
hypersensitivity/allergy[81]. Via a nasoduodenal tube, the 
duodenal mucosa was challenged with the suspected food 
item dissolved in 10 mL water or saline. Gastrointestinal 
symptoms were scored on a visual analogue scale. The 
sonographic features (wall thickness and diameter of  
the duodenal bulb and jejunum, peristalsis activity, and 
luminal fluid) were recorded before and during one hour 
after challenge by external ultrasound. Sonographic 
changes after challenge were observed in 14 (44%) of  the 
32 patients (Figure 9). A positive sonographic response 
(increased wall thickness, diameter, peristalsis and/or 
luminal fluid) was significantly related to positive skin 
prick test (P = 0.008) and positive double-blind placebo-
controlled food challenge (P = 0.03). A significant 
correlation was found between provocation-induced 
symptoms and intestinal wall thickness, both in the 
duodenal bulb (r = 0.50, P = 0.004) and in the jejunum (r = 
0.42, P = 0.02). Intra- and interobserver variation of  the 
tracing procedure revealed low values.

Sonography appeared to be the most sensitive test 
applied. It was positive in 14 patients, while the skin prick 
test was positive in 10 and the double-blind placebo-

controlled food challenge in four. However, the specificity 
of  the new test is not yet known. We conclude that 
responses of  the proximal small intestines to direct 
provocation (swelling of  the wall and exudation of  fluid 
into the lumen) could be visualised by transabdominal 
ultrasound, and that this new provocation test may 
become helpful in the evaluation of  patients with food 
hypersensitivity. However, we acknowledge that further 
validation studies are required.

Food hypersensitivity reactions visualised by ultrasono-
graphy and magnetic resonance imaging
Particularly in the absence of  systemic food-specific 
IgE, a firm diagnosis of  food allergy is difficult. Using 
ultrasonography and MRI we were able to visualise the 
intestinal response in one such case[82]. A 24-year-old 
female presented with self-reported food hypersensitivity, 
particularly related to intake of  egg. Nausea and diarrhoea 
were predominant symptoms. Double-blind placebo-
controlled food challenge with raw egg was positive, but all 
other conventional tests of  food hypersensitivity, including 
skin prick test, total and food specific IgE in serum, were 
negative. A thorough investigation programme could not 
reveal any organic disease. We extended the evaluation 
to include two new provocation tests namely monitoring 
intestinal wall thickness and the amount of  luminal liquid 
by external abdominal ultrasound and MRI.

Both ultrasound and MRI investigations indicated 
intestinal wall thickening and influx of  large amounts of  
fluid into the proximal small intestines within 10 min after 
duodenal challenge with egg. The response was associated 
with abdominal pain and bloating. We conclude that the 
response to provocation was typical of  an immediate 
allergic reaction. Our results indicate that local food-
induced hypersensitivity reactions can occur in the gut 
in the absence of  systemic indications of  IgE-mediated 
allergy. Abdominal ultrasonography and MRI might 
become valuable tools for documenting such responses.

Visualization of stress-induced responses
It has long been known that there are close anatomical 
and functional connections between the enteric nervous 
system and the mucosal mast cells. Electron microscopic 
examinations show that the two structures are in direct 

Echorich layer whthin
the mucosa

Figure 8  Endosonographic 
changes i.e. any resolvable wall 
thickening of the duodenum, 
contraction or new echogenic 
l a y e r )  w e r e  o b s e r v e d  i n 
m a n y  p a t i e n t s  w i t h  f o o d 
hypersensi t iv i ty.  Increased 
mucosal thickness associated 
with a new echogenic layer was 
seen in two patients[82].

Before			        After

Figure 9  The sonographic features; wall thickness and diameter of the duodenal 
bulb and jejunum, peristalsis activity, and luminal fluid were recorded before and 
during allergen challenge by external ultrasound. The ultrasonographic view of 
the duodenal bulb shows wall thickening and increased diameter in response to 
provocation[83].
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contact[83]. Using intestinal intubation and multilumen 
tubes allowing intestinal perfusion studies in man, Santos et 
al[78] demonstrated release of  histamine and tryptase from 
mucosal mast cells in response to stress. The stress model 
applied was repeated insertion of  the left hand in ice water. 
In addition to mast cell mediator release, the response 
was characterised by oedema and marked increase in 
flow of  liquid into the lumen (a well-known consequence 
of  histamine-induced mucosal hyperaemia). Hence, the 
intestinal response to stress includes several features typical 
of  the response provoked by allergens both in animals[79] 
and man[84]. No wonder, therefore, that differentiating 
between allergy- and stress-induced intestinal problems in 
patients can be extremely difficult.

Food hypersensitivity reactions including gastrointes-
tinal reactions due to food allergy can be visualized by 
several modalities. From a practical clinical point of  view, 
visualization by ultrasound and MRI appear particularly 
promising.

INTRALUMINAL MULTIMODAL IMAGING 
DEVICES
Within the past five years there has been a considerable 
interest in the development of  multimodal probes for 
studying visceral pain mechanics and physiology. Drewes, 
Gregersen and coworkers have, through a series of  studies 
published from 2001 onwards, developed multimodal 
stimulation probes and protocols using mechanical, 
thermal, chemical and electrical stimuli with the purpose of  
differentiating pain mechanisms. For example mechanical 
stimuli are believed to stimulate receptors primarily in 
the muscle layers whereas chemical stimuli are sensed by 
mucosal receptors. Furthermore, electrical stimulation 
is believed to bypass the receptors and to stimulate the 
nerves directly. Using an advanced setup the stimuli can 
be combined in many ways. In order to study whether 
distension-induced pain is due to the mechanical stretch 
of  to tissue ischemia induced by the distension, Hoff  
and coworkers developed a multimodal imaging device 
combining bag distension, manometry, high frequency 
intraluminal ultrasound, laser Doppler flowmetry and 
symptom registration. Successful development of  these 
modalities will have important implications on our 
understanding of  functional pain in the viscera and the 
development has now passed through several stages and 
prototypes were bench-tested before trials were done in 
pigs and subsequently in human subjects.

The probe consists of  a 6 mm OD multi-lumen 
bag catheter with a radial 20-MHz miniature ultrasound 
probe with a diameter of  2.6 mm (UM-3R, Olympus 
Corp, Tokyo, Japan) and a laser Doppler flow sensor 
(Perimed, Sweden) placed inside the bag. Furthermore, 
the catheter contained channels for filling and emptying 
the bag and for pressure measurements. The laser 
Doppler provides a qualititative measure of  perfusion in 
the mucosa (approximately 1 mm into the mucosa) and 
the combined measurement of  pressure and geometry 
data using ultrasonography allow the computation of  
mechanical stress (force per area) and strain (a measure 
of  deformation). Hence, by running various advanced 

distension protocols it is possible to differentiate pain 
mechanisms.

In a typical study the device is inserted through the 
mouth into the stomach and retracted to the esophagus, 
with the tip of  the bag placed approximately 8 cm 
proximal to the upper border of  the LES, as determined 
with manometry and ultrasound. A total of  six distensions 
are performed at a bag infusion rate of  15 mL/min. The 
inflations are reversed when moderate pain is reported 
by the subject under study. The first distensions serve to 
precondition the tissue mechanically. The fifth distension 
is started 1 min after an intravenous injection of  20 mg 
butylscopolaminebromide (Buscopan®, Boehringer 
Ingelheim, Germany). Buscopan serves to inhibit muscle 
contraction and thus provides a “cleaner” experimental 
situation.

Studies done until now in the human esophagus have 
shown that the multimodal imaging device is safe to use 
and provides accurate and reproducible data. Furthermore, 
the ultrasound and laser Doppler signals do not interfere 
with each other. Distensions increase the bag pressure and 
lumen cross-sectional area and decrease the wall thickness. 
Hence, increase in circumferential wall stress and strain 
occurs. Furthermore, the Laser Doppler signal decreases 
invariably during bag distensions but artifacts, likely 
due to motions, may interfere with the Doppler signal. 
Contractions characterized by high amplitudes and long 
duration are often associated with a decrease in mucosal 
perfusion whereas less strong contractions do not seem to 
interfere with tissue perfusion. There are unpublished data 
that contradict this hypothesis that distension-induced pain 
is ischemia-related. However, such data does not exclude 
that functional visceral pain is ischemic, and indeed there 
may be dual mechanisms involved in visceral pain. Studies 
are ongoing to shed light on this issue.

ADVANCED VISUALIZATION
Advanced screening technologies in medicine drive needs 
for image processing research and visualization research. 
Image processing deals with issues such as filtering, feature 
enhancement, tissue segmentation, and tissue classification. 
Visualization is usually performed after image processing, 
and deals with the problem of  transforming data into a 
graphic representation that can aid in understanding the 
meaning of  the data.

Many medical screening technologies produce slices of  
data, which may be aligned to form 3D data. Visualization 
has become particularly important when 3D acquisitions 
are available and the inspection of  the two-dimensional 
slices does not justify the particular goal of  the medical 
procedure. In such cases, 3D visualization provides added 
value in terms of  more holistic understanding of  the data. 
Typical examples here are pre-operative surgical planning 
or virtual training of  medical students.

Medical data is becoming more and more complex. 
The resolution of  the imaging modalities increases 
resulting in an enormous number of  cross-sectional ‘slices’ 
where manual slice-by-slice inspection is just not possible. 
Furthermore, new co-registration techniques produce 
multimodal data sets, i.e. combinations of  CT, MRI, PET, 

1416      ISSN 1007-9327       CN 14-1219/R        World J Gastroenterol        March 7, 2007      Volume 13      Number 9

www.wjgnet.com



and US (ultrasound). In many cases the data are also 
acquired over time. This complexity creates a new area for 
advanced visualization research, where different data types 
can be combined and presented in new ways.

In the fol lowing text we wil l discuss advanced 
visualization techniques that assist medical scenarios 
dealing with lesions in the gastrointestinal tract. We review 
techniques already integrated into daily clinical routine or 
currently under development. Following this we give an 
outlook of  possible research directions for visualization of  
the gastrointestinal tract.

Virtual endoscopy
The visualization technique probably having the highest 
impact on the diagnostic procedure in gastrointestinal 
medicine is the virtual endoscopy[85]. It is mostly applied 
to diagnosis of  early stage cancer in the colon and aims 
to overcome problems associated with original optical 
endoscopy. The original procedure is uncomfortable for 
the patient, provides limited views, does not give access 
to areas behind colon collapses, and introduces potential 
risk of  lesions due to the endoscope. Virtual endoscopy 
is realized as a ‘flythrough’ visualization of  the patient’
s body acquired from CT or MRI scanning. The clinician 
can freely navigate the camera in the scanned data to select 
arbitrary views. The position of  the ‘light’ can be also 
freely manipulated. The spatial location of  the camera in 
the volume is depicted in overview, which is linked to the 
detail view that shows the actual endoscopic view. This 
guarantees that the user does not loose orientation in the 
three-dimensional data.

Virtual colonoscopy is one specific type of  virtual 
endoscopy applied to the data acquired from the patient’
s colon. The goal is to identify polyps on the colon 
wall, i.e. indications of  early stage colon cancer or the 
identification of  pre-malignant lesions. The pipeline for 
virtual colonoscopy diagnosis starts with acquiring data 
(usually using CT modality) of  cleaned colon that is 
pumped-up with air. The colon structures are then rapidly 
segmented, and various analysis tools are applied. For 
example, in order to allow easy interaction a default camera 
path is located on the pre-computed centerline of  the 
colon. Additionally, some recent work has concentrated 
on shape analysis of  underlying data for automatic polyp 

detection[86]. This allows the clinician to focus on the most 
important region, and to reduce the overall time of  the 
diagnosis. The colon data can be shown using surface 
rendering in order to clearly identify the polyps or by using 
volume rendering to show structures behind the colon 
walls[85]. The surface can be rendered directly using first-
hit raycasting or a polygonal model of  the colon walls can 
be generated using the marching cubes algorithm[87], which 
are then rendered using standard graphics hardware. In 
cases where the clinician is interested in structures behind 
the colon walls, the direct volume rendering technique 
using semi-transparent colon walls can be selected. This 
enables clinicians to examine tissues close to the colon 
such as a tumor located adjacent to the colon. An example 
of  a commercial medical workstation featuring virtual 
colonoscopy is shown in Figure 10.

Virtual colonoscopy and virtual endoscopy in general 
has its limitations, and optical endoscopy will never be 
fully replaced. The quality of  the endoscopic visualization 
highly depends on the quality of  acquired data and the 
chosen segmentation technique. The flaws of  the data 
acquisition and segmentation cannot be usually fixed 
during rendering. In contrast to the optical endoscopy, the 
visualization is done for the diagnostic purposes only, so 
the in-situ analyses (e.g. biopsy probes) are not possible. 
The main strengths of  vir tual endoscopy are clear 
understanding of  the spatial location and the non-invasive 
character of  the procedure.

Colon unfolding
A different visualization for inspection and diagnosis of  
colon lesions is colon unfolding[88]. The data set is acquired 
in the same way as in the case of  virtual colonoscopy. 
Colon unfolding is, in contrast to previously mentioned 
optical and virtual endoscopy, still a research area in 
development and not used in daily clinical use. The goal of  
colon unfolding is to eliminate all the problems associated 
with the manipulation in the three-dimensional space. The 
approach performs unfolding of  a cylindrical structure 
to a plane. Unfolding the tubular structure provides an 
instant overview of  the entire organ. The topological 
change from a cylindrical structure to a planar structure 
has the potential to significantly speed-up in the diagnostic 
procedure and decision making. This is very important in 
order to reduce the overall costs of  the process.

The reasons why this technique is still not routinely 
used in the clinical setting are the artefacts associated with 
the topological change to a planar structure that require 
some advanced re-sampling strategies. Typical artifacts of  
the re-sampling step are double appearance of  the same 
polyp in the re-sampled plane or missing a polyp due to 
under sampling. Another problem may be missing a polyp 
that is located at the ‘cut’ of  the cylinder. Careful treatment 
of  the re-sampling step may, however, make this unfolding 
a very powerful and popular feature among clinicians. A 
comparison between a real dissected colon containing 
polyps and colon unfolding of  the CT scan obtained from 
the same patient can be observed in Figure 11.

Virtual elastography 
Elastography is a new ultrasound screening modality 

Figure 10  Example of a colonoscopy layout in a 3D medical workstation 3Dnet 
Examiner (Copyright Biotronics3D Ltd, Used by permission).
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where the strain of  the tissue is measured[89]. Figure 12A 
shows one slice of  elastography data visualized by means 
of  standard techniques provided by the hardware vendor. 
In this figure blue corresponds to hard tissue, while red 
corresponds to soft tissue. Elastography is very well 
suited for being combined with new volume rendering 
techniques and new haptics (force-feedback) interaction 
devices into a solution that may be termed “Virtual 
Elastography”. Here the idea is that the strain of  the 
tissue can often characterize a presence of  a tumor as 
neoplastic tissue is usually much harder than surrounding 
tissue. In such cases, 3D acquisitions followed by volume 
rendering techniques can be used to show strain of  the 
entire three-dimensional structure. Advanced volume 
rendering techniques, such as importance-driven volume 
rendering[90], can be used to automatically emphasize 
features of  interest. This can be done by mapping the 
tissue strain to the importance function. This will result 
in a clear view of  the three-dimensional shape of  the 
entire suspicious region characterized by high strain values. 
The clinician will get information about the entire stiff  
structure instead of  information only about the cross-
section. Two-dimensional cross-sections are currently 
the only visualization technique supported by ultrasound 
hardware vendors. Three-dimensional acquisitions will also 
allow for three-dimensional measurements of  the volume 
of  the stiff  region, which may influence the selection of  
appropriate medical treatment.

In addition to the advanced visualization strategies 
using the impor tance-driven concept, the vir tual 
elastography solution may include smart interaction 
hardware such as haptic devices (Figure 12B). Such devices 
are used to give the user the sense of  touch by applying 
forces, vibrations or other motions to the user. The 
usage of  haptic devices for medicine has, for example, 
been studied for remote surgery or training of  palpatory 
diagnosis[91]. Using the elastography data as input for the 
haptic device can very effectivelly convey the stiffness 
information to the clinician by means of  haptic cues. 
Virtual elastography will in this case introduce a completely 
new interaction to medicine, i.e. the ability to ‘touch’ and 
‘palpate’ a patient’s internal organs.

Navigation 3D maps
Clinicians often refer to the lack of  information about 
the exact position and orientation of  the imaging device 
as a limitation or difficulty, e.g. in the practical use 

of  endosonography. The large Bird sensor has been 
used for many clinical applications including external 
GI ultrasonography[50,92]. New virtual reality tracking 
technologies, such as the microBIRD (Ascension 
Technology Corporation, Vermont, USA), can be used to 
overcome this problem even in invasive procedures[93,94]. 
This device measures position and orientation in real time, 
and is designed for use in catheters. The diameter of  the 
sensor is only 1.3 mm.

Miniature tracking devices are thus enablers for a broad 
range of  new medical applications. Within endoscopy, it 
is very likely to see a development towards solutions we 
may call “Navigation 3D Maps”. Here the idea is to firstly 
perform screening of  the patient prior to the endoscopic 
procedure, e.g. by using CT, MRI or PET. Then the 
endoscopic intervention is performed by including a 
miniature tracking device in the setup. By combining the 
screening data and the endoscopic data it will be possible 
to visualize the internal structures of  the patient together 
with endoscopic ultrasound data.

Several technical issues need to be addressed before 
we can expect to see Navigation 4D Maps in clinical use. 
For example, during endoscopy of  the upper GI tract, 
the structures can move a considerable amount due to 
digestion, heart beating, and breathing. This problem can 
be addressed in several ways depending on the medical 
procedure. In some cases it may be possible to perform 
simultaneous acquisitions of  map data and endoscopic 
data, while in other cases it may be possible to correct 
for movements in the map data. Such corrections can be 
based upon acquisitions of  cyclic movements, or be based 
upon real-time data from the endoscope. In addition it is a 
great challenge to explore and evaluate which visualization 
techniques that are best suited for each of  the broad range 
of  medical problems being addressed.

CONCLUSION
There are many imaging modalities and visualization 
methods that can be used to diagnose and follow-
up patients with diseases of  the Gi tract. CT, MRI, 
SPECT, PET, X-ray, ultrasonography, endoscopy, 
roentgenological and radionuclide methods have different 
strengths and weaknesses and must be tailored to the 
specific task demanded. Regarding temporal and spatial 
resolution, SPECT and PET are at the lower end of, 
and ultrasonography is at the high end of, the resolution 
spectrum. Regarding functional imaging capacity, 

Figure 11  Comparison between real colon 
dissection and the resulting visualization of 
colon unfolding technique (Copyright Anna 
Vilanova, Used by permission).

Figure 12  Screenshot of current two-dimensional ultrasound elastography 
visualization (A) and the Novint Falcon 3D haptic controller (B). 
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X-ray and CT are at the lower end, whereas PET and 
ultrasonography are at the higher end of  the spectrum.

The introduction of  3D ultrasonographic imaging 
in the field of  gastroenterology seems to improve 
standardization of  data acquisition and analysis. Moreover, 
acquisition time during an unpleasant procedure for 
the patient can be reduced. 3D imaging also make 
ultrasonography less operator dependant and facilitates 
easier interpretation of  ultrasonographic images. A 
successful development of  modern endosonographic 
devices can be achieved on the basis of  a fruitful 
collaboration between medicine, technology and soft-ware 
producers. Different modalities can be merged into new 
multimodal devices making it possible to measure multiple 
parameters in one procedure. This also paves the way for 
fusion of  diagnostic and therapeutic imaging enabling 
patients to have a one-session procedure. 
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Abstract
AIM: To evaluate the long-term outcome and prognostic 
factors of patients with hilar cholangiocarinoma. 

METHODS: Ninety-six consecutive patients underwent 
treatment for malignant hilar bile duct tumors during 
1995–2005. Of the 96 patients, 20 were initially treated 
with surgery (n  = 2 R0 / n  = 18 R1). In non-operated 
patients, data analysis was performed retrospectively. 

RESULTS: Among the 96 patients, 76 were treated 
with endoscopic transpapillary (ERC, n  = 45) and/or 
percutaneous transhepatic biliary drainage (PTBD, n 
= 31). The mean survival time of these 76 patients 
undergoing palliative endoscopic and/or percutaneous 
drainage was 359 ± 296 d. The mean survival time 
of patients with initial bilirubin levels > 10 mg/dL was 
significantly lower (P < 0.001) than patients with bilirubin 
levels < 10 mg/dL. The mean survival time of patients 
with Bismuth stage Ⅱ (n  = 8), Ⅲ (n  = 28) and Ⅳ (n  = 
40) was 496 ± 300 d, 441 ± 385 d and 274 ± 218 d, 
respectively. Thus, patients with advanced Bismuth stage 
showed a reduced mean survival time, but the difference 
was not significant. The type of biliary drainage had no 
significant beneficial effect on the mean survival time (ERC 
vs  PTBD, P  = 0.806). 

CONCLUSION: Initial bilirubin level is a significant 
prognostic factor for survival of patients. In contrast, 
age, tumor stage according to the Bismuth-Corlette 
classification, and types of intervention are not significant 
prognostic parameters for survival. Palliative treatment 
with endoscopic or percutaneous biliary drainage is still 

suboptimal, new diagnostic and therapeutic tools need 
to be evaluated. 

© 2007 The WJG Press. All rights reserved.

Key words: Klatskin tumor; Cholangiocarcinoma; 
Bilirubin; Prognostic factors; Endoscopic therapy; 
Operative therapy; Survival; Bismuth stage

Weber A, Landrock S, Schneider J, Stangl M, Neu B, Born 
P, Classen M, Rösch T, Schmid RM, Prinz C. Long-term 
outcome and prognostic factors of patients with hilar 
cholangiocarcinoma. World J Gastroenterol 2007; 13(9): 
1422-1426

 http://www.wjgnet.com/1007-9327/13/1422.asp

INTRODUCTION
Hilar cholangiocarinomas (Klatskin-tumors) are classified 
into 4 stages according to the Bismuth classification: stage
Ⅰ or Ⅱ for tumors expanding up the hilus, type Ⅲ A/B 
infiltrating the right or left hepatic duct, and stage Ⅳ with 
infiltration of  both hepatic ducts and subsegments[1]. 
Epidemiological data reveal an increasing mortality of  
primary intrahepatic cholangiocarcinoma. Because of  
the late presentation of  symptoms, tumors are usually 
diagnosed in their later stages, and thus most therapy 
concepts cannot be curative[2, 3]. The prognosis of  patients 
with hilar cholangiocarcinoma is poor, and the survival 
rate reported so far describes a very limited life expectancy 
< 3 mo if  no treatment is offered. Although radical hilar 
tumor is a formidable challenge for surgeons, endoscopic 
transpapillary and/or percutaneous transhepatic biliary 
drainage offers the best survival[4, 5].

Possible treatment strategies for best supportive care 
include endoscopic retrograde cholangiography (ERC) with 
transpapillary stent therapy or percutaneous transhepatic 
biliary drainage (PTBD)[6-8]. Effective endoscopic stent 
placement provides adequate rel ief  of  symptoms 
associated with biliary obstruction and leads to increased 
overall survival[9,10]. Systemic chemotherapy, another 
palliative therapy concept, is marginally effective and dose-
limited because of  toxic side effects[11]. Unfortunately, 
the efficacy of  percutaneous radiation, brachytherapy or 
radiochemotherapy is limited[12,13]. 

In the present study, the clinical outcome of  patients 
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with hilar cholangiocarinoma was investigated with regard 
to possible prognostic factors such as Bismuth stage, 
bilirubin levels, age, and types of  endoscopic intervention. 
Special attention was given to endoscopic transpapillary 
versus percutaneous transhepatic biliary drainage.

MATERIALS AND METHODS
Data selection
Long-term follow-up of  patients with hilar cholangio-
carcinoma undergoing endoscopic and/or surgical therapy 
was performed by retrospective analysis. The study 
included 96 unselected consecutive patients (56 males 
and 40 females with a mean age of  67 years) undergoing 
treatment for hilar cholangiocarinoma from 1995 to 2005 
in the Department of  Gastroenterology and Surgery at 
the Technical University Munich. Data acquisition was 
based on hospital records. Furthermore, follow-up data 
were obtained by telephone contact with relatives of  the 
patients or referring physicians. In order to evaluate the life 
expectancy of  patients with cholangiocarcinoma, follow-
up analysis was done from the time when the patient 
received his or her first treatment until death. Baseline 
characteristics were age, gender, bilirubin levels, alkaline 
phosphatase, γ-GT, leucocytes, and type of  therapeutic 
procedures including endoscopic transpapillary drainage, 
percutaneous transhepatic drainage and surgery. 

Bismuth classification and diagnostic procedures
The biliary stricture location was classified in relation 
to the confluence of  hepatic ducts as described by 
Bismuth-Corlette [1]. Bismuth stage was assessed by 
endoscopic retrograde cholangiography, endoscopic 
retrograde cholangioscopy, percutaneous transhepatic 
cholangiography and/or percutaneous transhepatic 
cholangioscopy. In addition, selected patients underwent 
computertomography (CT-scan), magnetic resonance 
imaging (MRI), or magnetic resonance cholangiopancreatic
ography (MRCP). The final diagnosis was made by surgical 
specimens, autopsy, percutaneous ultrasound-guided fine 
needle biopsy, endoscopic ultrasound guided-fine needle 
biopsy, endoscopic transpapillary forceps biopsy/brush 
cytology, percutaneous transhepatic cholangioscopic 
guided biopsy, and clinical course. 

Treatment strategies
The type of  therapeutic procedures depended on tumor 
expansion and clinical conditions of  patients. If  the tumor 
was resectable, surgery was the first choice of  treatment 
for patients in good clinical conditions. In all patients 
the possibility of  a curative therapy concept with tumor 
resection was evaluated. In patients with non‑resectable 
tumors or bad clinical conditions, palliative procedure 
using endoscopic transpapillary and/or percutaneous 
transhepatic biliary drainage was performed. R1‑resected 
patients received also endoscopic and/or percutaneous 
drainage as a second-line treatment.

Endoscopic transpapillary drainage
ERC was done by a standard videoduodenoscope Olympus 

TFJ 160-R (Olympus, Hamburg, Germany). The first ERC 
comprised an endoscopic sphincterotomy (EPT) using 
an Olympus papillotom (Olympus, Hamburg, Germany) 
introduced over a Terumo guide wire. Under radiographic 
guidance using contrast fluid bile duct strictures were 
localized. Subsequently, one or more plastic endoprotheses 
were placed above the stricture to obtain biliary drainage. The 
caliber of  stents varied between 7 F and 12 F. Elective stent 
changes were conducted at a time interval of  3 mo unless the 
clinical situation of  patients required an earlier intervention. 

Percutaneous transhepatic biliary drainage
In patients with percutaneous transhepatic drainage the 
biliary system was punctured with a steel needle, and a 
nitinol‑coated guide wire (35’’) was introduced into the 
bile duct after contrast visualization of  the biliary system. 
Dilation of  the bile duct stricture was carried out using 8 F, 
10 F, and 12 F bougies. After a first attempt, a 10 F pigtail 
catheter was introduced. In a second attempt, bile duct 
dilatation was continued to allow the placement of  a 12 F, 
14 F or 16 F Yamakawa drainage. The Yamakawa drainage 
was changed at a time interval of  3 mo.

Statistical analysis
Survival curves in relation to bilirubin, Bismuth stage and 
type of  endoscopic procedures (ERC versus PTBD) were 
estimated by the Kaplan-Meier curves and comparisons 
were made by using the log rank test. P < 0.05 was 
considered statistically significant. 

RESULTS
Characteristics of patients
A total of  96 consecutive patients underwent treatment for 
malignant hilar bile duct tumors during 1995-2005. The 
characteristics of  patients entered into this study included 
mean age of  67 ± 8.6 years, 9.73 ± 7.1 mg/dL bilirubin, 
599 ± 277 U/L alkaline phosphatase L, 373 ± 235 U/L 
γ-GT, and 9.17 ± 2.75 G/L leucocytes. Of  the 96 patients 
at the time of  their initial diagnosis, 10 were diagnosed 
as Bismuth stage Ⅱ, 35 as Bismuth stage Ⅲ, and 51 as 
Bismuth stage Ⅳ. Patients with Bismuth stage Ⅰ were not 
identified by endoscopic and percutanoeus procedures. 
The characterist ics of  resected and non‑resected 
patients are given in Table 1. A characteristic radiological 

Resection No resection Standart values Scale unit
Number of
patients

20 76 - -

Age (yr) 62 ± 8.4 68 ± 8.3 - -
Bismuth Ⅱ 2 8 - -
Bismuth Ⅲ 7 28 - -
Bismuth Ⅳ 11 40 - -
Bilirubin 5.4 ± 5.28 10.87 ± 7.11 < 1.2 mg/dL
Alkaline
phosphatase 561 ± 278  610 ± 275 40–120 U/L

γ-GT 401 ± 225  365 ± 237 < 66 U/L
Leucocytes 8.95 ± 2.64  9.21 ± 2.79 4-9 G/L

Table 1  Characteristics, physical and laboratory parameters of 
patients at admission



examination via ERC is shown in Figure 1. The patients 
presented with jaundice (bilirubin > 10 mg/dL) and almost 
complete obstruction of  the left and right hepatic duct.

Treatment strategies
Of  the 96 patients 20 were initially treated with surgery. 
Two of  these 20 patients had R0‑resection with complete 
tumor removal, 18 had R1‑resection. All the 18 R1-
resected patients had recurrent biliary obstruction, thus 
requiring subsquent endoscopic (ERC) and/or PTBD. 
Seventy-six out the 96 patients underwent only endoscopic 
transpapillary (n = 45) and/or percutaneous transhepatic 
biliary drainage (n = 31). Figure 2 shows the algorithm 
of  treatment strategies in the resected and endoscopic 
group. The overall mean survival was 359 ± 296 d in 
the endoscopic group, 656 ± 299 d in the R0-resected 
group, and 1114 ± 924 d in the R1‑resected group. Due 
to the small number of  resected patients and unbalanced 
baseline characteristics, a direct comparison of  survival 
time between the endoscopic and resected groups was not 
carried out.

Dependence on initial Bismuth stage for mean survival of 
non‑resected patients
We investigated the correlation of  mean survival time 
and Bismuth stage at the time of  initial diagnosis in 76 

patients with non‑respectable hilar cholangiocarcinoma. 
The mean survival time of  patients with Bismuth stage Ⅱ 
(n = 8), Ⅲ (n = 28) and Ⅳ (n = 40) was 496 ± 300 d, 441 
± 385 d and 274 ± 218 d, respectively. The Kaplan-Meier 
estimate for survival depending on Bismuth stage is shown 
in Figure 3A. The mean survival time of  patients with 
Bismuth stage Ⅱ was not significantly higher than that of  
patients with Bismuth stage Ⅲ (P = 0.707) or Bismuth Ⅳ 
(P = 0.169). Patients with Bismuth stage Ⅲ also did not 

Figure 1  ERC/X-ray contrast of the bile duct system in a 57-year old patient with 
hilar cholangiocarcinoma (Bismuth Ⅳ).
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Figure 2  Algorithm of treatment strategies.
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have a significantly longer survival time than patients with 
Bismuth stage Ⅳ (P = 0.084).

Dependence on initial bilirubin levels for mean survival of 
non-resected patients
The Kaplan-Meier estimate for mean survival depending 
on serum bilirubin levels at the time of  primary diagnosis 
is shown in Figure 3B. The mean survival time of  patients 
with bilirubin levels < 10 mg/dL (n = 36) was 541 ± 
420 d, the mean survival of  patients with bilirubin levels 
> 10 mg/dL (n = 40) was 195 ± 141 d. Thus, in the 
non‑resected group, the mean survival time of  patients 
with initial bilirubin levels > 10 mg/dL was significantly 
lower (P < 0.001) than that of  patients with initial bilirubin 
levels < 10 mg/dL.

Dependence on endoscopic procedure for mean survival 
of non-resected patients
The type of  endoscopic procedures had no significant 
beneficial effect on the mean survival of  non‑resected 
patient (Figure 3C). Forty-five patients only treated with 
endoscopic transpapillary drainage (ERC) had a mean 
survival time of  381 ± 286 d, and 31 patients who were 
additionally treated with PTBD had a mean survival time 
of  368 ± 312 d (P = 0.806). 

Dependence on age for mean survival of non-resected 
patients
Concerning the age of  non‑resected patients at the time 
of  primary diagnosis, the mean survival rate appeared 
to decline with increasing age. The regression line in 
the scatter plot (Figure 4) showed that life expectancy 
measured in days was reduced to about 50% between the 
age of  50 and 80 years at the time of  primary diagnosis.

DISCUSSION
Cholangiocarcinoma is the second most common primary 
hepatic cancer. Although its overall incidence is low, it is 
on the rise globally[14]. Risk factors for development of  

cholangiocarcinoma are liver cirrhosis, primary sclerosing 
cholangitis (PSC), chronic choledocholithiasis, liver 
cirrhosis, bile duct adenoma, and other rare diseases such 
as biliary papillomatosis, Caroli’s disease, choledochal 
cyst and parasitic biliary infestation and chronic typhoid 
carrier state[15,16]. However, in the majority of  patients 
with cholangiocarcinoma etiology is unknown. In our 
cohort only a minority showed risk factors including liver 
cirrhosis or primary sclerosing cholangitis. Consequently, 
it remains to be determined what other causes of  tumor 
development play a role in this disease, specially the role 
of  bacterial colonisation, e.g. Helicobacter species that 
have been previously associated with cholangiocarcinoma 
formation. 

Most commonly, cholestasis occurs in later stages when 
the bile duct is obstructed in the subhilar or hilar regions. 
Surgical resection is a mainstay of  treatment with curative 
intent. However, previous reports indicate that not all 
patients are able to undergo a surgical treatment and thus, 
palliative options can be offered in a lot of  cases[17-19]. In 
line with these results, in the current retrospective analysis 
tumour resection was performed only in 20/96 patients. 
To some extent, surgical procedures have been restricted 
since R0‑resection is hard to achieve and preoperative 
diagnostic procedure cannot accurately predict stages of  
tumor extent and infiltration. In our study R0‑resection 
could be achieved in only 2/20 patients. Eighteen of  
these 20 patients had no complete tumor removal and 
underwent additional endoscopic and/or percutaneous 
transhepatic procedures. Of  the 96 non‑respectable 
patients, 76 underwent endoscopic and/or percutaneous 
treatment as the first‑line therapy. It has to be mentioned 
that the decision for surgery was biased in our study since 
younger patients with lower bilirubin levels were chosen. 
Nevertheless, our study supported the resection of  the 
tumours even more aggressively, which is consistent with 
other reports[20,21].

The current study focussed on the long‑term outcome 
of  76 patients with non‑resected cholangiocarinoma. 
Palliative treatment strategies including ERC and PTBD, 
routinely performed in our hospital, had only few 
complications and were safe and effective measures to 
improve excretion of  bile fluid. No difference was found 
in the effectiveness between ERC and PTBD. However, 
previous reports indicate that PTBD may be superior to 
ERC[9]. 

Most important, we found that bilirubin levels at 
initial diagnosis were a significant prognostic parameter. 
Kaplan‑Meier analysis revealed that bilirubin levels seemed 
to correlate with the survival time. So far, no other reports 
have shown this association as clear as in the current study, 
and thus, this factor needs to be taken into account when 
initial diagnose is made. 

Other groups performed photodynamic therapy (PDT) 
for bile duct cancer and have achieved survival time of  98 
d in the control group treated with endoscopic stenting, 
and 493 d in the group additionally treated with PDT[22]. 
Zoepf  et al[23] showed that patients not treated with PDT 
could survive 7 mo, and those treated with PDT could 
survive 21 mo. In the current study the mean survival 
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time of  patients undergoing palliative endoscopic and/or 
percutaneous drainage was 359 d. Ortner et al[22] showed 
that the control group has a significant shorter survival 
time, which is comparable to our results. This may be 
explained by the lack of  adequate bilirubin drop after 
endoscopic procedures in the control group.

In conclusion, bilirubin level is a significant prognostic 
factor for the survival of  patients. Endoscopic and/or 
percutaneous biliary drainge represents the mainstream of  
palliative treatment for patients with non‑resectable hilar 
cholangiocarcinoma. Although newer treatment modalities 
such as PDT can improve the expectancy of  life, the 
overall survival is still unsatisfactory. Thus, additional 
diagnostic and therapeutic strategies should be evaluated.
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Abstract
AIM: To investigate the long-term results of liver 
transplantation (LT) for non-acetaminophen fulminant 
hepatic failure (FHF).

METHODS: Over a 20-year period, 29 FHF patients 
underwent cadaveric whole LT. Most frequent causes 
of FHF were hepatitis B virus and drug-related (not 
acetaminophen) liver failure. All surviving patients were 
regularly controlled at the out-patient clinic and none 
was lost to follow-up. Mean follow-up was 101 mo.

RESULTS: One month, one-, five- and ten-year patient 
survival was 79%, 72%, 68% and 68%, respectively. 
One month, one-, five- and ten-year graft survival was 
69%, 65%, 51% and 38%, respectively. Six patients 
needed early (< 2 mo) retransplantation, four for 
primary non-function, one for early acute refractory 
rejection because of ABO blood group incompatibility, 
and one for a malignant tumor found in the donor. 
Two patients with hepatitis B FHF developed cerebral 
lesions peri-transplantion: One developed irreversible 
and extensive brain damage leading to death, and one 
suffered from deep deficits leading to continuous medical 
care in a specialized institution. 

CONCLUSION: Long-term outcome of pat ients 
transplanted for non-acetaminophen FHF may be 
excellent. As the quality of life of these patients is also 
particularly good, LT for FHF is clearly justified, despite 

lower graft survival compared with LT for other liver 
diseases.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Fulminant hepatic failure (FHF) is a rare but a dreadful 
disease affecting mostly young patients. FHF is mainly 
managed based on symptoms and the identification of  the 
FHF causes requiring specific treatment and supportive 
care, as FHF patients have chances of  recovery[1]. The 
main causes of  death of  FHF patients are intracranial 
hypertension leading to brain stem death, and sepsis 
with multiple organ failure (MOF)[2]. Many liver support 
systems have been tried, but the ideal and efficient artificial 
liver has still to be designed and its efficacy to be proven[3]. 
In the sickest cases, when established predicting factors 
of  death are reached, liver transplantation (LT) has been 
established as the standard treatment for FHF patients[4]. 
However, the results of  LT for FHF may be disappointing, 
especially compared with the results of  LT for chronic liver 
diseases since FHF patients often suffer from risk factors 
for graft failure or high morbidity or/and mortality[5].

In the United States of  America (USA) and in the 
United Kingdom (UK), FHF is very frequently caused 
by acetaminophen intoxication[6-9]. However this etiology 
is far less frequent in other Western countries. The aim 
of  this study is to report the 20-year experience and the 
results of  LT for non-acetaminophen FHF of  the liver 
transplantation program of  the University of  Liège, 
Belgium, a transplantation center working within the 
Eurotransplant allocation system. As many variables 
changed during such a long period of  time, the authors 



focused this report on the outcome of  FHF patients who 
underwent LT.

MATERIALS AND METHODS
The liver transplantation program of  the University of  
Liège started in 1986[10]. From 1986 to December 2005, 
345 cases of  LT were performed, mostly in adult patients, 
including 7 adult-to-adult living-related LT[11]. Among this 
series, 58 patients were listed for Hyper Urgent (HU) LT, 
meaning patients with FHF, or patients requiring urgent 
retransplantation for primary non-function (PNF) or 
vascular thrombosis after LT. Thirty-two patients were 
registered for FHF. All these patients were suffering from 
FHF as defined by the occurrence of  encephalopathy 
within 8 wk after jaundice development in patients without 
previous histories of  liver disease[12]. All reached the 
established criteria for bad prognosis as established by the 
Clichy’ s group (non-acetaminophen FHF group) or the 
King’s College (acetaminophen FHF group)[13,14]. Three 
patients who suffered from acetaminophen FHF and who 
met the King’s College criteria for bad prognosis, recovered 
under medical therapy and intravenous N-acetylcysteine 
therapy. They were removed for subsequent analysis. 

All patients were hospitalized in the intensive care 
unit and underwent standard medical therapy[1]. None 
but one patient received liver support with the Molecular 
Adsorbents Recirculating System (MARS). Patients 
in encephalopathy stage Ⅲ were intubated for airway 
protection, if  necessary. Continuous veno-venous 
hemofiltration was used for renal support. No patient 
underwent intracranial pressure monitoring.

All patients were registered for HU cadaveric LT 
in the Eurotransplant allocation system. Until 1992, 
transplantation of  an ABO non-compatible liver graft was 
authorized for recipient life-saving purpose. As results 
of  the non-compatible LT were not satisfactory in terms 
of  graft survival, ABO compatible LT was required after 
1992. All patients were transplanted with cadaveric whole 
liver. Orthotopic whole LT with veno-venous bypass was 
performed as the standard LT procedure from 1986 to 
1994. After 1995 the standard surgical procedure for LT 
was the Belghiti’s technique, i.e. a piggy-back LT with 
temporary surgical porto-caval shunt, without use of  
veno-venous bypass and with large cavo-caval side-to-
side anastomosis as venous reconstruction[15,16]. During 
this 20-year period, many other variables changed in the 
management of  patients with FHF and of  LT recipients. 
Immunosuppressive protocols in triple therapy regimens 
included cyclosporine/tacrolimus, Imuran/Cellcept and 
steroids. Steroids were progressively weaned, and most 
patients were under calcineurin inhibitor monotherapy at 
one-year follow-up. Patients transplanted for hepatitis B 
virus (HBV) FHF received life-long immunoprophylaxis 
with intravenous anti-HBs antibodies (10 000 UI every 3-4 
mo, aiming at a minimum blood level > 100 mUI/mL).

All surviving patients were regularly controlled at the 
out-patient clinic and none was lost to follow-up. Mean 
follow-up was 101 mo (range: 5-204 mo). Statistical 
analysis was undertaken using patient and graft survival 

    Causes                                           No.
Viral infection		  12 (HBV: 11, HAV: 1)
Drug induced		    5
Miscellaneous		    7
   Budd-Chiari		    1
   Wilson			     2
   Ischemic			     2
   Alcohol		   	   1
   Autoimmune		    1
Undetermined		    5

Table 1  Causes of fulminant hepatic failure in this series

HBV: Hepatitis B virus; HAV: Hepatitis A virus.	

as endpoints. Survival was calculated using the method of  
Kaplan-Meier.

RESULTS
Twenty-nine patients (nine males, twenty females; mean 
age 39 years, range: 14-66 years) who developed non-
acetaminophen FHF, were listed for cadaveric LT and 
underwent transplantation. The etiology of  FHF is 
presented in Table 1. Most frequent causes of  FHF 
in this group were hepatitis B virus (HBV) and drug-
related. Three patients were in encephalopathy stage Ⅱ, 
10 in stage Ⅲ and 16 in stage Ⅳ, at time of  LT listing. 
Mean factor Ⅴ level was 16% (range: 5%-31%). Mean 
waiting time between listing for HU LT and availability 
of  a liver graft was 23 h (range: 4-49 h). Twenty patients 
were mechanically ventilated at time of  listing and until 
LT. Nineteen developed acute renal failure and needed 
hemofiltration. Mean cadaveric donor age was 40 years 
(range: 14-57 years). Mean total graft ischemia was 417 
min (range: 245-750 min). One month, one-, five- and ten-
year survival was 79%, 72%, 68% and 68%, respectively 
(Figure 1). All patients who survived the first two years 
were alive at follow-up. Causes of  early death (< 2 mo) 
were MOF, PNF (1 case) and peri-operative brain death 
(1 case). The only patient who died after 2 mo was not 
compliant to medical therapy after transplantation, 
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suffered from chronic allograft rejection but was denied 
for re-transplantation (died at 18 mo of  follow-up).

Six patients needed early (< 2 mo) re-LT, 4 for PNF, 1 
for early acute refractory rejection because of  ABO blood 
group incompatibility, and 1 for a malignant tumor found 
in the donor[17]. Three patients needed late (> 2 mo) re-
tranplantation due to chronic rejection or chronic graft 
dysfunction due to ABO blood group incompatibility 
in two cases and to non-compliance in one case. One 
patient needed a third transplantation because of  chronic 
cholangitis on the second graft. One month, one-, five- 
and ten-year graft survival was 69%, 65%, 51% and 38%, 
respectively (Figure 1). 

In the group of  long-term survivors, two young females 
later enjoyed a total of  three normal pregnancies. Among 
the patients transplanted for HBV FHF, one developed 
HBV graft reinfection treated first by lamivudine, and 
afterwards adefovir when the virus became resistant to 
lamivudine. This patient is well at follow-up, with graft 
fibrosis at biopsy. Two patients with HBV FHF, developed 
cerebral lesions during the peri-transplantation period: one 
developed irreversible and extensive brain damage leading 
to death, and one suffered from deep deficits leading to 
the continuous medical care in a specialized institution.

DISCUSSION
FHF is nowadays a well-admitted indication for urgent 
liver transplantation if  the King’s College or Clichy’
s criteria are met. According to the European Liver 
Transplant Registry (www.eltr.org), 9% of  the LT 
performed in Europe are performed for FHF. In our 
experience at the University of  Liège, FHF represents 8.5% 
of  the indications of  LT. If  acetaminophen intoxication 
is one of  the main indications in the USA and UK, this 
etiology is rare in other Western countries. In the authors’ 
experience, only three patients were listed for LT because 
of  liver failure due to acetaminophen overdose in a 20-year 
period, and these three patients recovered on medical 
therapy including intravenous N-acetylcysteine, while listed 
for urgent LT. It is therefore important to assess the results 
of  LT in patients with liver failure due to other causes, 
to confirm long-term survival despite a very unstable 
medical condition at the time of  listing and at the time of  
transplantation. This is the case, as 68% of  the patients 
transplanted for FHF were alive at the 10-year follow-up.

In our experience, HBV infection represents the 
main cause of  FHF leading to LT (38%). In the 1990’
s, systematic vaccination against HBV was initiated in 
Belgium. This policy reduced the frequency of  HBV 
FHF in the native population, but recent immigrants still 
face HBV-related FHF. Drug-related FHF represents the 
second identified cause of  FHF in this series (17%), and 
in five other cases we were not able to define the causative 
factor, as it was frequently reported in other series[18].

In our series the patients who underwent LT for FHF 
enjoyed excellent long-term survival, 68% of  them were 
alive and well at 10-year follow-up. These results compare 
favorably to other series of  the literature[4,13,18-21]. Moreover, 
as our experienced showed, if  the patients survived the 
peri-operative period, they would have a good hope of  

survival with a low risk of  late death. They also enjoy a 
very good quality of  life with a low risk of  liver disease 
recurrence or chronic rejection if  they are compliant to the 
medical treatment. However, these good results in terms 
of  graft survival are obtained at the price of  a high rate 
of  re-transplantation, as graft survival rate was 38% at 10 
years.

The main cause of  death in our series was MOF. This is 
certainly linked to medical status of  these instable patients 
who often suffered from kidney and respiratory failure at 
the time of  transplantation. This is also related to the high 
rate of  PNF and the urgency for LT in this indication. This 
series also showed the efficiency of  the Eurotransplant 
organization in providing rapidly a cadaveric liver graft 
for these urgent patients. In the early period of  this 
experience, transplantation of  an ABO uncompatible graft 
was allowed as a life-saving bridge to a later compatible 
graft. However, this policy was not prolonged because it 
consumes two grafts at a time of  organ shortage. However, 
the change of  policy did not have a significant impact on 
the waiting time of  these urgent patients, and to our view, 
there is no need for a living-related liver program for FHF 
in resident patients within the Eurotransplant area. In 
recent series of  the literature, creatinine levels, body mass 
index, recipient age and history of  life support have been 
established as significant risk factors for post-LT death in 
FHF patients[5,18].

At least two pat ients of  this ser ies developed 
neurological lesions during the peri-transplantation 
period. This is certainly due to intracranial hypertension, 
a frequent complication of  FHF, promoted by brain 
edema and increased blood flow[2]. We demonstrated that 
during LT for FHF the dissection and reperfusion phases 
are particularly at risk of  intracranial hypertension[22]. 
On the contrary, the anhepatic phase, even if  prolonged, 
may be associated with good neurologic outcome[23]. The 
development of  neurological lesions during the peri-
transplantation period has also been reported in larger 
series[18,24]. 

In conclusion, this series confirmed that long-term 
outcome of  patients transplanted for non-acetaminophen 
FHF may be excellent. As the quality of  life of  these 
patients is also particularly good, these results proved 
that LT for FHF is clearly justified, despite a lower graft 
survival compared to LT for other liver diseases.
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resection. It is advisable that complex liver resections 
with marginal liver residual volume should be dealt with 
at a later stage.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Colorectal metastases to the liver either synchronous or 
metachronous can be excised resulting in a 5-year survival 
of  25%-40%[1-6] , provided that the extrahepatic disease has 
been controlled and the remaining liver harbors no cancer. 
Even re-resections of  liver metastases are rewarded with 
a 5 year-survival of  20%-30% and should be carried out 
in selected patients[6-9]. Many aspects of  surgical strategies 
for the management of  colorectal liver metastases have 
been extensively analyzed[10-15] and patient selection has 
been elucidated[1,3,7,15-17]. However, the question of  when is 
the most favorable time to operate on synchronous liver 
metastases in relation to the primary colorectal tumor 
remains a controversial and debatable issue[10,12,14,16,18]. 
Several authors assume that combined liver and colon 
resection has higher morbidity and mortality rates[9,19,20] and 
favor a staged approach resecting the liver metastases 2 to 
3 mo after treating the primary tumors. 

However, recent advances in anesthesiology and 
surgical techniques prompted some surgeons to resect 
simultaneously colon lesions and liver metastases with 
mortality rates varying from 0% to 24%[10,12,14,18,21]. The 
conclusion is that in selected patients, one-stage approach 
is comparable to the two-stage procedure in mortality, 
morbidity and long-term survival[3,10,12,14,18].

Our retrospective study aimed to determine whether 
the one-stage surgical strategy for synchronous colorectal 
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Abstract
AIM: To compare the safety and efficacy of simultaneous 
versus two stage resection of primary colorectal tumors 
and liver metastases.

METHODS: From January 1996 to May 2004, 103 
colorectal tumor patients presented with synchronous 
liver metastases. Twenty five underwent simultaneous 
colorectal and liver surgery and 78 underwent liver 
surgery 1-3 mo after primary colorectal tumor resection. 
Data were retrospectively analyzed to assess and 
compare the morbidity and mortality between the 
surgical strategies. The two groups were comparable 
regarding the age and sex distribution, the types of liver 
resection and stage of primary tumors, as well as the 
number and size of liver metastases. 

RESULTS: In two-stage procedures more transfusions 
were required (4 ± 1.5 vs  2 ± 1.8, pRBCs, P  < 0.05). 
Chest infection was increased after the two-stage 
approach (26% vs  17%, P  < 0.05). The two-stage 
procedure was also associated with longer hospitalization 
(20 ± 8 vs  12 ± 6 d, P  < 0.05). Five year survival in both 
groups was similar (28% vs  31%). No hospital mortality 
occurred in our series.

CONCLUSION: Synchronous colorectal liver metastases 
can be safely treated simultaneously with the primary 
tumor. Liver resection should be prioritized over colon 
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liver metastases grants an optimal outcome to the patients 
compared to the two-stage procedure. 

MATERIALS AND METHODS
From January 1996 to May 2004 one hundred and 
three patients with resectable synchronous colorectal 
liver metastases underwent surgical treatment. Both 
endoscopies and biopsies confirmed the diagnosis of  the 
primary tumors. The resectability of  the liver metastases 
was assessed by ultrasonography (US), computed 
tomography (CT), magnetic resonance imaging (MRI) and 
intraoperative ultrasonography (IUS), only in cases where 
there was no extrahepatic tumor spreading and the number 
of  lesions was ≤ 3. The decision for the type of  surgical 
treatment was based on whether both liver lesions could be 
managed through one subcostal or midline incision. When 
trisegmentectomy or biliary reconstruction was anticipated 
the two-stage procedure was adopted. 

Based on the timing of  surgical excision of  the liver 
secondaries, the patients were assigned to two groups. 
The one-stage group (n = 25) underwent simultaneous 
colorectal and liver surgery and the two-stage group (n = 
78) underwent liver surgery 1 to 3 mo after excision of  
the primary lesion. The patients suitable for combined 
colorectal and liver surgery were operated through either 
a bilateral subcostal (n = 19, 75%) or a midline (n = 6, 
25%) incision. Two patients (8%) had bilobar metastases. 
Patients of  the two-stage group (n = 78) were operated via 
a midline incision for the control of  the primary tumors 
and 1 to 3 mo later via a bilateral subcostal incision for 
the resection of  liver metastases. The bilateral subcostal 
incision provided adequate surgical field suitable for 
any liver resection and was a safe approach for primary 
tumors located in the cecum to the descending colon. 
In contrast, the midline incision offered an access to the 
whole colorectal tract but only to the left hepatic lobe and 
segments V and VI of  the right lobe. Twelve patients (16%) 
had bilobar resectable liver diseases. Patient characteristics, 
histological features, location of  the primary lesions and 
the liver metastases are illustrated in Table 1.

The Pringle maneuver[22] was used in minor liver 
resections, while in major hepatic resections additional 
occlusion of  the hepatic veins was opted. Liver transection 
was conducted by the clamp crushing technique with Kelly 
clamp or by the sharp liver transection technique. Details 
of  the liver transection have been described elsewhere[10,23]. 

The factors analyzed to compare the two surgical 
strategies were: intraoperative blood loss, transfusion 
requirements to keep hematocrit above 29%, postoperative 
complications, hospital stay, 30-day mortality rate and 
cumulative survival. Oncological validity of  each procedure 
was assessed by the nar rowest tumor-free margin 
determined by painting the cut surface of  the resected 
specimen with Sinic ink.

Statistical analysis
Statistical analyses of  the data were performed with chi-
square test for qualitative variables and Student’s t-test for 
quantitative variables. Cumulative long-term survival was 
calculated by the Kaplan-Meier method and differences 

were analyzed by the log rank test. P < 0.05 was significant. 

RESULTS
The age, gender and pathological features of  the primary 
tumor did not differ between the two groups except 
that in the one-stage approach right-sided colon tumors 
dominated, 17 out of  25 vs 15 out of  78 (P < 0.05). In 
contrast, in the two-stage approach, left-sided colon tumors 
were more frequent, 63 out of  78 vs 8 out of  25 (P < 0.05) 
(Table 2). The size and location of  liver metastases were 
equally distributed between the two groups (Table 1). The 
extent of  liver resection and warm ischemia time were not 
different between the two groups. By contrast, operative 
time, blood loss and transfusion requirement to keep the 
hematocrit above 29% were significantly lower in the one-
stage group compared to the two-stage group (Table 2). 
The rate of  postoperative complications between the two 
groups was not different and no re-operation was needed 
to treat any of  the complications. Subhepatic collections 
were treated with CT-guided aspiration (Table 3).  
The tumor-free margin was not different between the two 
groups (9 ± 1.4 mm in one-stage group vs 11 ± 1.2 mm 
in two-stage group). Hospital stay was shorter in the one-
stage group compared to the two-stage group (12 ± 6 
d vs 20 ± 8 d, P < 0.05). Overall survival was 90%, 40% 
and 28% at 1, 3 and 5 years, respectively after one-stage 
resections and 93%, 44% and 31% at 1, 3 and 5 years, 
respectively after two-stage resections. 

DISCUSSION
Hepatic tumor resection constitutes the only therapeutic 

Table 1  Epidemiological and pathological data of patients with 
synchronous colorectal metastases to the liver, operated on in 
one stage (Group A) and two stages (Group B)  n  (%)

Characteristics Group A Group B P
(n  = 25) (n  = 78)

Gender NS
  Male 15 (58) 47 (61)
  Female 10 (42) 31 (39)
Age (yr, mean ± SD)          63 ± 12           61 ± 14 NS
Tumor differentiation NS
  Well   6 (21) 17 (21)
  Moderate   9 (37) 28 (36)
  Poor 10 (42) 24 (32)
Astler-Coller staging27 NS
  Β2   5 (21)   8 (11)
  C1 11 (42) 37 (47)
  C2   9 (37) 33 (42)
Size of liver disease (cm) NS
  1-3 cm   6 (21) 25 (32)
  4-6 cm 12 (50) 33 (42)
  > 7 cm   7 (29) 20 (26)
Colon location
  Right colon 17 (67) 15 (18) P < 0.005
  Left colon   5 (21) 55 (71) P < 0.005
  Rectum   3 (12)   8 (11)
Liver location NS
  Right lobe 20 (83) 61 (79)
  Left lobe   5 (17) 17 (21)

NS: Not significant.
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option with curative intent for patients with colorectal liver 
metastases[5,6,16]. All efforts should be made to eliminate 
the hepatic lesions after controlling the loco-regional 
disease and ruling out extrahepatic tumor spread. In such 
cases there are well documented reports demonstrating 
a 5-year survival of  20%-40%[1-6], and 20%-30% when 
a re-resection has been executed in highly selected 
individuals[6-9]. 

The indications and criteria of  patient selection for 
liver surgery due to metachronous colorectal metastases 
have been clarified in numerous excellent papers[14-16]. In 
contrast, for synchronous metastases the prevailing issue 
is the timing of  liver resection in relation to the treatment 
of  the primary tumor[18,20,21]. The strategy of  the two-stage 
surgical approach gained popularity over the years and 
has been established as the standard surgical practice[3-7]. 
However, the fact that two-stage surgery requires two 
separate operations and accumulating evidence of  the 
negligible morbidity and mortality of  modern liver 
surgery prompted some surgeons to attempt simultaneous 
resections of  primary tumors and liver metastases[10,12,14,18,21]. 
This approach was awarded wi th a mor ta l i ty of  
0%-24%[10,12,14,18,24]. Nordlinger et al [15] reported a 7% 
mortality for one-stage surgery and 2% for two-stage. 
Bolton and Fuhrman showed a 12% mortal ity for 
synchronous liver resections, which increased to 25% 
when a major hepatectomy (resected segments ≥ 3) was 
performed[24]. Martin et al[10] demonstrated a 4% mortality 
and comparable morbidity between the two surgical 
approaches[12]. Our study, with the inherent limitations of  
a retrospective analysis, indicates that one-stage approach 
is equally safe to the two-stage regarding the morbidity, 
mortality and long-term survival and is consistent with 
other studies[12-14,18]. 

The majority of  studies addressing the issue of  one-
stage over two-stage surgical treatment of  synchronous 
colorectal liver metastases are retrospective and thus 
some biases are unavoidable and should be taken into 
consideration[6,10,11,18,19]. However, helpful conclusions 
have been drawn concerning the criteria for patient 
selection for either strategy (one-stage and two-stage) and 
valuable lessons have been learned[2,10,11,16,17]. It has been 

shown that patients who underwent a single operation 
had invariably smaller and fewer hepatic metastases and 
were treated with less extensive liver resections[10,12,18,19]. 
The above mentioned variables are negatively associated 
with postoperative complications and should be taken 
into consideration when simultaneous liver resections are 
anticipated[6,7,16]. Bolton et al[24] proposed that complex 
hepatic resections should be delayed for at least 3 mo.

Expertise in liver resections is an important factor 
in determining patient outcome, since the majority of  
postoperative morbidity and mortality are mainly related 
to liver surgery, a point that has been established by many 
studies[4,10,18,24-26]. Bleeding during hepatectomy is a poor 
prognostic factor and all efforts should be centered at 
minimizing blood loss by meticulous techniques and liver 
vascular control[1-3,10,23]. It appears that application of  the 
Pringle maneuver in an intermittent manner should be 
preferred because it causes less liver reperfusion injury 
and intestinal edema, which might compromise the safety 
of  gut anastomoses[4,10,21]. Some bleeding from the area of  
gut resection can be easily controlled by careful ligation of  
the divided mesentery and is not a major problem as has 
been illustrated by Martin et al[10] and Weber et al[12] , who 
reported that intraoperative blood loss was less in the one-
stage approach, a fact confirmed by our findings. However, 
in complex hepatectomies when protracted vascular 
occlusion is anticipated, the two-stage procedure seems 
more prudent.

In our series, complications related to sepsis around 
the liver appeared to be equally distributed in both groups, 
a finding possibly related to the precautions taken during 
surgery to eliminate spillage of  intestinal contents (one-
stage, 12%; two-stage, 11%). However, it is advisable to 
avoid one-stage procedure when bowel obstruction or 
a perforated tumor is found. Vascular occlusion of  the 
liver does not jeopardize the safety of  gut anastomoses 
and we think the protective ileostomy recommended by 
Elias et al[21] unnecessary. Nevertheless, we agree with these 
authors that gut resection should precede liver resection 
and intermittent vascular control should be applied. 
Cardio-respiratory status and complexity of  liver surgery 
should be always taken into account when a combined 

Table 2  Intraoperative data of patients with synchronous 
colorectal metastases to the liver, operated on in one stage 
(Group A) and two stages (Group B)  n  (%)

Intraoperative data Group A Group B P
(n  = 25) (n  = 78)

Major liver resections   7 (25) 23 (29) NS
(≥ 3 segments)
Minor liver resections 18 (67) 55 (71) NS
(≤ 2 segments)

Warm ischemic time (min) 27 ± 9   32 ± 11 NS
Operative time (min) 260 ± 30 340 ± 60 P < 0.05
Transfusions (RBCs)      2 ± 1.8      4 ± 1.5 P < 0.05
Right hemicolectomies 67% 18% P < 0.05
Left hemicolectomies 21% 71% P < 0.05
Abdominoperineal resections 12% 11% NS

NS: Not significant.

Table 3  Complications and hospital stay of patients with  
synchronous colorectal metastases to the liver, operated on in 
one stage (Group A) and two stage (Group B)  n  (%)

Postoperative data One-stage group
(n  = 25)

Two-stage group
(n  = 78)

P

Hospital mortality - - -
Wound infection 2 (8) 3 (4) P < 0.05
Chest infection   4 (17) 20 (26) P < 0.05
Pleural effusion   5 (21) 18 (24) NS
Bile leak 2 (8) 7 (9) NS
Subphrenic collections1   3 (12)   8 (11) NS
Splenic rupture - 1 (1) NS
Anastomotic leak - 1 (1) NS
Rectovaginal fistula 1 (4) - NS
Hemorrhage 1 (4) 1 (1) NS
Hospital stay (d)           12 ± 6           20 ± 8 P < 0.05

1Resolved with aspiration under CT guidance. NS: Not significant.
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liver and colon resection is planned[10,12,25]. Biliary fistula, 
subphrenic abscess, liver failure and chest infection are 
cited as the leading causes of  postoperative morbidity in 
the majority of  studies[10-13]. Laurent et al[25] demonstrated 
a clear connection of  postoperative morbidity with long-
term survival. Therefore, in order to optimize the surgical 
outcome when dealing with colorectal liver metastases, 
the liver surgical technique should be prioritized over the 
colectomy, because as mentioned before, liver surgery is 
related to the majority of  postoperative complications and 
long-term survival[5,10,24,26]. Adequate exposure of  the liver 
should be the primary concern of  the surgeon in order 
to achieve a safe hepatectomy fulfilling the oncological 
principles of  liver resection with a sufficient tumor-
free margin[13,16,21,24,26]. In that respect, our study did not 
show any difference in the oncological validity between 
the two techniques. Martin et al[10] observed increased 
positive margin rate in wedge excisions and advocate 
anatomic hepatectomies. This view is shared by Tanaka 
et al[26]. Bilateral subcostal incision provides excellent liver 
exposure and facilitates colon resection from the cecum 
up to the descending colon. In contrast, malignancies 
located in the sigmoid colon downward necessitate a 
midline incision and an extension to the right (Rio-Branco  
incision)[21]. 

In conclusion, simultaneous resections of  the liver and 
primary colon malignancies are equally safe and efficient 
with the two-stage procedure. The overall complication, 
postoperative mortality and long-term survival rates are 
similar to those of  two-stage procedures, but hospital stay 
was significantly shorter with the one-stage approach. 
Simultaneous liver and colon surgery should be preferred 
for most of  the right colon lesions and for small liver 
lesions that can be approached from a midline incision, 
regardless of  the colonic tumor location. It is advisable 
that complex liver resections should be postponed for a 
later stage, especially for patients having potential cardio-
respiratory and liver impairment. 
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Abstract
AIM: To investigate the use of Daclizumab (Dmab) as 
an immunosuppressive agent in an experimental model 
of hepatocyte xenotransplantation (XenoTx) in rats with 
fulminant hepatic failure (FHF).

METHODS: Two white male New Zealand rabbits 
were used as donors and 68 Wistar rats as recipients. 
FHF was induced by intravenous appl icat ion of 
dimethylnitrosamine (DMNA). The isolated hepatocytes 
of the rabbits were xenotransplanted into the spleen of 
the rats 24 h after FHF induction. Group A (n  = 13): no 
treatment; Group B (n  = 14): FHF and XenoTx; Group C 
(n  = 14): FHF and XenoTx and cyclosporin (CsA); Group 
D (n  = 14): FHF and XenoTx and Dmab; Group E (n  = 
13): FHF and XenoTx and CsA and Dmab. The rats were 
followed for 15 d.

RESULTS: Statistical analysis showed better survival 
among groups D (92.86%) and E (76.92%) compared 
to group A (all rats died after 72 h), group B (28.57%) 
or group C (71.43%), although the differences were not 
statistically significant. Biochemical evaluation of the liver 
enzymes and histology confirmed satisfactory function 
and engraftment, respectively. 

CONCLUSION: This experimental model has shown 
the safe, effective and beneficial use of Dmab in a 
xenotransplantation model of rabbit hepatocytes in rats.

© 2007 The WJG Press. All rights reserved.

Key words: Transplantation; Hepatocytes; Daclizumab; 
Cyclosporin

Papagoras D, Papalois A, Tsaroucha A, Lytras D, Kyriazanos J, 
Giannakou N, Laftsidis P, Simopoulos C. Beneficial effect of 
an antibody against interleukin-2 receptor (daclizumab) in 
an experimental model of hepatocyte xenotransplantation.
World J Gastroenterol 2007; 13(9): 1435-1437

 http://www.wjgnet.com/1007-9327/13/1435.asp

INTRODUCTION
The lack of  a sufficient number of  organ transplants 
constitutes the main problem in the field of  organ 
transplantation. As far as the transplantation of  hepatic 
cells is concerned, the same difficulty exists in collecting 
transplants. Other attractive alternatives as transgenetic 
xenotransplantion, xenotransplantation of  hepatic cells 
and the artificial liver, are related to economic, technical or 
ethical issues that make their extensive clinical application 
very difficult[1].

Recent studies stress the important aspect of  xeno-
transplantation as a possibility of  a bridging therapy in 
patients with organ failure[2]. In the current experimental 
study we evaluate the safety and efficiency of  Daclizumab, 
a monoclonal anti-CD25 antibody, and an IL-2 receptor 
antagonist, which selectively blocks IL-2 receptors on 
activated T helper cells in rats with acute liver failure and 
xenotransplantation of  rabbit hepatocytes. 

MATERIALS AND METHODS
Animals
Sixty-eight adult male Wistar rats weighing 200-400 g 
were obtained from the Pasteur Institute. Rats were 
acclimatized to our laboratory conditions for 1 wk prior to 
use in experiments. Rats ate commercial rat chow and had 
water ad libitum. Rabbits were obtained from the Pasteur 
Institute as well. All experimental procedures described 
below were approved by the Animal Care Committee 
of  the Veterinary Directorate of  the Local Prefecture, 
according to the European Union Act and the Greek Law 
160, A-64, May 1991. Also all animals received proper 



care in compliance with the “Principles of  Laboratory 
Animal Care” and the Guide for the Care and Use of  
Laboratory Animals, prepared by the Academy of  Science 
and published by the National Institute of  Health.

Grouping
Fulminant hepatic failure (FHF) was induced in 68 wistar 
rats with intravenous application of  N-dimethynitrosamine 
(N-DMNA) (Sigma, N-3632) in a dose of  18 mg/kg 
body weight. This dose has been shown to result in 
reproducible hepatic necrosis and high mortality rates. 
Twenty-four hours after the induction of  toxic acute 
hepatic failure 55 rats received randomly approximately 
108 viable rabbit hepatocytes injected intrasplenically. Two 
male white New Zealand rabbits weighing 2600 g were 
used for the isolation of  hepatocytes according to the 
method described by Papalois et al[3]. Viability was 92% ± 
6% by the trypan blue exclusion test (Serva 23 850) while 
contamination of  non-parenchymal cell was less than 2%.

During the experimental period the animals had free 
access to water and regular diet. After fulminant hepatic 
failure (FHF) and intrasplenic xenotransplantation 
(XenoTx) of  the rabbit hepatocytes, the rats were rand-
omly assigned to 5 study groups: (1) Group A (n = 13): 
Toxic FHF with no treatment; (2) Group B (n = 14): FHF 
and XenoTx; (3) Group C (n = 14): FHF and XenoTx 
and cyclosporin (Cyclosporin-CsA); (4) Group D (n = 14): 
FHF and XenoTx and daclizumab (Daclizumab- Dmab); 
(5) Group E (n = 13): FHF and XenoTx and Dmab and 
CsA.

Dmab was administered in a dose of  0.05 mg/kg 
body weight immediately after the XenoTx and at the 
seventh day of  the experiment (instructions of  the 
manufacturer). CsA was administered immediately 
after the XenoTx in a dose of  20 mg/kg body weight 

per os/day. Fifteen days after the acute liver failure 
induction, the rats were sacrificed and blood was taken for 
biochemical evaluation (liver enzymes, bilirubin, cholestatic 
enzymes). The liver, spleen and kidney were resected for 
histopathology examination. Specimens were fixed in 10% 
neutral formalin and stained with hematoxylin-eosin. A 
histopathology grading score for the quantification of  the 
liver damage was adopted from Ishak et al[4]. 

Statistical analysis
Quantitative data is presented as median (min-max) and 
qualitative data as frequencies (n) and percentages (%). 
All the results were computed with the SPSS version 
12 package. To evaluate the differences in survival, the 
Kaplan-Meier survival analysis was performed and a 
log rank test was used for the evaluation of  differences. 
Mann-Whitney and Kruskall-Wallis tests were used for 
the comparisons of  histological and biochemical variables 
between groups. Statistical significance was set at a value 
of  P < 0.05.

RESULTS
None of  the rats with acute toxic hepatic failure and no 
further treatment survived beyond 48 h after the injection 
of  N-DMNA. Rats treated with XenoTx and Dmab 
showed the best survival rate (Table 1 and Figure 1). In 
accordance to this survival rate, the Dmab group also 
had the best histopathology grading score (Table 2). 
The statistical analysis of  the histopathological score 
also showed better results in the Dmab group. Values of  
hepatic enzymes, direct total bilirubin in the rats of  the 
study groups are shown in Table 3. Statistical analysis 

Table 1  Survival analysis and survival rate

Median (95% CI)1 n  (%)2

FHF 2 (1-2) 0/13 (0) 
XenoTx  6 (3-9)a       4/14 (28.6)e

XenoTx + CsA    11 (8-14)a,c      10/14 (71.4)e,f

XenoTx + Dmab      15 (14-15)a,c      13/14 (92.9)e,f

XenoTx + Dmab + CsA      13 (12-15)a,c      10/13 (76.9)e,f

1Kaplan Meier-Log-rank test: aP < 0.05 vs FHF; cP < 0.05 vs XenoTx. 2Chi-
square, Fisher’s exact test: eP < 0.05 vs FHF; fP < 0.05 vs XenoTx. FHF: 
fulminant hepatic failure.

Table 2  Histopathological analysis

Median score (Min-Max)

FHF  2 (2-5)a

XenoTx 1 (0-3)
XenoTx + CsA  1 (1-5)a

XenoTx + Dmab 0 (0-3)
XenoTx + Dmab + CsA  3 (0-3)a

Kruskal-Wallis: P = 0.001; Mann-Whitney: aP < 0.05 vs Dmab. FHF: fulminant 
hepatic failure.
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Figure 1  Survival rate 15 d after the induction of acute liver failure (ALF).
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confirmed the improvement of  liver function, especially in 
the Dmab group.

DISCUSSION
Despite the fact that XenoTx is far from a general use, 
most experts in the field of  transplantation point out that 
a certain amount of  research should be directed to this 
specific area of  transplantation[5,6]. The main problem in 
organ transplantation, i.e. organ shortage, is also adherent 
to the collection, isolation and allotransplantation of  
human hepatocytes. XenoTx of  hepatocytes could therefore 
represent an interesting form of  “bridging therapy” in 
patients with fulminant hepatic failure[2,7].

We chose a xenotransplantation model in which rabbit 
hepatocytes were transplanted intrasplenically in rats 
with toxic acute liver failure. N-DMNA induced hepatic 
failure has the advantage of  a non-invasive experimental 
model that mimics in certain degree the pathophysiology 
of  acute liver failure in humans[8,9]. Daclizumab was used 
successfully in the clinical pancreatic islet transplantation 
program by Shapiro et al[10], and still is one of  the most 
promising immunosuppressive agents[11,12]. Daclizumab 
has also been successfully used in an experimental model 
of  allotransplantation of  hepatocytes in rats with acute 
hepatic failure[13]. In the present experimental protocol, 
only 4 (28%) of  the rats with acute liver failure survived by 
xenotransplantation without immunosuppressive treatment 
for 15 d. Regarding the survival rate of  the study groups, 
the acute hepatic failure with no treatment group had the 
highest score in the liver injury grading system, whereas 
the Daclizumb group had the lowest score. As shown by 
the results, daclizumab was excellently tolerated, and so 
was the combination of  cyclosporin and daclizumab. This 
monoclonal antibody has already been evaluated by clinical 
trials focusing on organ transplantation with excellent 

Table 3  Biochemical analysis

SGOT1 SGPT2 Direct TBi3

Median (Min-Max) Median (Min-Max) Median (Min-Max)

FHF 565.00 (3-1077)  257.00 (111-759)   0.03 ( 0.02-0.08)e

XenoTx   143.00 (83-154 )a  60.00 ( 58-67)c

XenoTx + 
CsA

 58.00 (43-88)a 112.00 (85-183)c  0.03 (0.02-0.05)e

XenoTx + 
Dmab

   246.00 (101-365)a   92.00 (50-339)c 0.02 (0.00-0.10)

XenoTx + 
Dmab + CsA

 142.50 (98-247)a 58.50 (41-77)c 0.01 (0.00-0.03)

1Kruskal-Wallis P < 0.0005; Mann-Whitney: aP < 0.05 vs FHF; 2Kruskal-Wallis: 
P < 0.0005; Mann-Whitney: cP < 0.05 vs FHF; 3Kruskal-Wallis: P = 0.044; 
Mann-Whitney: eP < 0.05 vs XenoTx + Dmab + CsA. TBi: total bilirubin; FHF: 
fulminant hepatic failure; CsA: cyclosporin.

results[14]. The safety and effectiveness of  cyclosporin was 
studied by Wen et al[15] in a xenograft model, whereas the 
safety and effectiveness of  daclizumab was studied only in 
rats with acute liver failure and intrasplenic transplantation 
of  rat hepatic cells[13]. To our knowledge, our data are the 
first about the safety and effectiveness of  daclizumab in 
xenotransplantated rats with acute toxic liver failure.

REFERENCES
1	 Leckel K, Blaheta RA, Markus BH. State of hepatocyte transp-

lantation: a risk or a chance? Zentralbl Chir 2003; 128: 283-290
2	 Horslen SP, Fox IJ. Hepatocyte transplantation. Transplantation 

2004; 77: 1481-1486
3	 Papalois A, Arkadopoulos N, Kostopanagiotou G, Theodorakis 

K, Peveretos P, Golematis B, Papadimitriou J. Experimental 
xenotransplantation of fresh isolated and cryopreserved 
pig hepatocytes: a biochemical and morphological study. 
Transplant Proc 1997; 29: 2096-2098

4	 Ishak K, Baptista A, Bianchi L, Callea F, De Groote J, Gudat 
F, Denk H, Desmet V, Korb G, MacSween RN. Histological 
grading and staging of chronic hepatitis. J Hepatol 1995; 22: 
696-699

5	 Auchincloss H, Sachs DH. Xenogeneic transplantation. Annu 
Rev Immunol 1998; 16: 433-470

6	 Inverardi L, Pardi R. Early events in cell-mediated recogni-
tion of vascularized xenografts: cooperative interactions 
between selected lymphocyte subsets and natural antibodies. 
Immunol Rev 1994; 141: 71-93

7	 Bloom ET. Xenotransplantation--federal regulatory consid-
erations. Curr Top Microbiol Immunol 2003; 278: 239-251

8	 Arkadopoulos N, Papalois A, Pataryas TH, Golematis B, 
Papadimitriou J. Experimental transplantation of hepatoc-
ytes in cases of toxic acute liver failure. An allograft model. 
Transpl Int 1994; 7 Suppl 1: S171-S174

9	 Contini S, Pezzarossa A, Sansoni P, Mazzoni MP, Botta GC. 
Hepatocellular transplantation in rats with toxic induced liver 
failure: results of iso-, allo- and xenografts. Ital J Surg Sci 1983; 
13: 25-30

10	 Shapiro AM , Lakey JR, Ryan EA, Korbutt GS, Toth E, 
Warnock GL, Kneteman NM, Rajotte RV. Islet transplantation 
in seven patients with type 1 diabetes mellitus using a 
glucocorticoid-free immunosuppressive regimen. N Engl J Med 
2000; 343: 230-238

11	 Sandrini S. Use of IL-2 receptor antagonists to reduce delayed 
graft function following renal transplantation: a review. Clin 
Transplant 2005; 19: 705-710

12	 Jorga A, Johnston A. Novel therapies in transplantation. 
Expert Opin Investig Drugs 2005; 14: 295-304

13	 Tsiolis I, Papalois A, Loukopoulos I, Gravvanis A, Lykoudis 
E, Theodossopoulou E, Chairakakis A, Dimitroulopoulos D, 
Sfiniadakis I, Vassiliou I, Felekouras E, Dedeilias P, Kontogiorgi 
M, Papadimitriou L, Papadimitriou I. Experimental isol-
ation and transplantation of hepatocytes with the use of 
antibody against interleukin-2 receptor (daclizumab) as 
immunosuppressive agent. Transplant Proc 2005; 37: 1929-1930

14	 Vidhun JR, Sarwal MM. Corticosteroid avoidance in pedia-
tric renal transplantation: can it be achieved? Paediatr Drugs 
2004; 6: 273-287

15	 Wen L, Grudé P, Conti F, Honiger J, Capeau J, Nordlinger B, 
Weill B, Calmus Y. Suppression of humoral immunization 
against encapsulated xenogeneic hepatocytes and prolongation 
of their function by 2-week cyclosporine treatment in the rat. 
Surgery 2000; 127: 301-308

                    S- Editor  Liu Y    L- Editor  Zhu LH    E- Editor  Zhou T

Papagoras D et al . Experimental xenotransplantation of hepatocytes                                                                  1437

www.wjgnet.com



were most significantly downregulated.

CONCLUSION: Several genes that showed alterations in 
our study have also been reported from a high incidence 
area of esophageal cancer in China. This indicates that 
molecular profiles of esophageal cancer in these two 
different geographic locations are highly consistent.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Environmental carcinogens have repeatedly been shown 
to affect the genetic material of  host cells, leading to 
uncontrolled growth and ultimately malignant tumors[1]. 
The development of  esophageal cancer is a leading 
example in which environmental carcinogens in addition 
to geographic and genetic factors appear to play major 
etiologic roles[2]. Esophageal cancer occurs at very high 
frequencies in certain parts of  China, Iran, South Africa, 
Uruguay, France, Italy and in some regions of  India[1]. 
The highest incidence of  this cancer in India has been 
reported from Assam in the North-east region where it is 
the second leading cancer in men and third leading cancer 
in women[3].

Tobacco smoking, betel quid chewing, and alcohol 
consumption are the major known risk factors for 
esophageal cancer[4]. Tobacco smoke contains over 60 
established carcinogens including polycyclic aromatic 
hydrocarbons and nitrosamines. Tobacco specific 
nitrosamines such as 4- (methyl nitrosamino)-1-butanone 
(NNK) and N’-nitrosonornicotine (NNN) that are 
carcinogens in smokeless tobacco, have been shown 
to enhance the risk of  cancer development by forming 
adducts with DNA[5]. Betel quid chewing, a common habit 

 RAPID COMMUNICATION

Gene expression profile of esophageal cancer in North East 
India by cDNA microarray analysis

Indranil Chattopadhyay, Sujala Kapur, Joydeep Purkayastha, Rupkumar Phukan, Amal Kataki, Jagadish Mahanta, 
Sunita Saxena

www.wjgnet.com

Indranil Chattopadhyay, Sujala Kapur, Sunita Saxena, 
Institute of Pathology, Indian Council of Medical Research, 
Safdarjang Hospital Campus, Post Box No. 4909, New Delhi 
110029, India
Joydeep Purkayastha, Amal Kataki, Dr.B.Borooah Cancer 
Institute, Guwahati-781016, Assam, India
Rupkumar Phukan, Jagadish Mahanta, Regional Medical 
Research Center, Dibrugarh-786001, Assam, India
Supported by Non Communicable Disease Division, Indian 
Council of Medical Research
Correspondence to: Dr. Sunita Saxena, Director, Institute of 
Pathology, Indian Council Of Medical Research, Safdarjang 
Hospital Campus, Post Box, No. 4909, New Delhi 110029, 
India. sunita_saxena@yahoo.com 
Telephone: +91-11-26165797  Fax: +91-11-26198401
Received: 2006-11-17	     Accepted: 2007-01-26

Abstract
AIM: To identify alterations in genes and molecular 
functional pathways in esophageal cancer in a high 
incidence region of India where there is a widespread 
use of tobacco and betel quid with fermented areca nuts.

METHODS: Total RNA was isolated from tumor and 
matched normal tissue of 16 patients with esophageal 
squamous cell carcinoma. Pooled tumor tissue RNA was 
labeled with Cy3-dUTP and pooled normal tissue RNA 
was labeled with Cy5-dUTP by direct labeling method. 
The labeled probes were hybridized with human 10K 
cDNA chip and expression profiles were analyzed by 
Genespring GX V 7.3 (Silicon Genetics).

RESULTS: Nine hundred twenty three genes were 
differentially expressed. Of these, 611 genes were 
upregulated and 312 genes were downregulated. Using 
stringent criteria (P ≤ 0.05 and ≥ 1.5 fold change), 
127 differentially expressed genes (87 upregulated 
and 40 downregulated) were identif ied in tumor 
tissue. On the basis of Gene Ontology, four different 
molecular funct ional pathways (MAPK pathway, 
G-protein coupled receptor family, ion transport activity, 
and serine or threonine kinase activity) were most 
significantly upregulated and six different molecular 
functional pathways (structural constituent of ribosome, 
endopeptidase inhibitor activity, structural constituent of 
cytoskeleton, antioxidant activity, acyl group transferase 
activity, eukaryotic translation elongation factor activity) 
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in Southeast Asia, has been found to increase the risk of  
developing esophageal cancer by 4.7-13.3 fold, although 
other exogenous risk factors may also be involved[4]. Betel 
quid usually comprises a piece of  areca nut, which contains 
many polyphenols and several alkaloids, Piper betle, and 
lime with or without Piper betle leaves[6]. Arecoline, a major 
component of  areca nut can produce 3-methyl nitrosamine 
propionitrile (MNPN), a potent carcinogen and safrole-
like DNA adducts that have been shown to be genotoxic 
and mutagenic. Furthermore, contamination of  areca 
nuts by fungi has been reported to produce carcinogenic 
aflatoxins. This assumes importance since using fermented 
areca nut with any form of  tobacco is a common habit of  
people in Assam and has been reported to be a potential 
risk factor of  esophageal cancer in this region[3]. 

The molecular mechanisms that may lead to the 
development of  esophageal cancer in betel quid chewers 
and tobacco users are unknown. Recent studies are 
focusing on mechanisms that can explain the carcinogenic 
effects of  tobacco and areca nut on epithelial cell lines. 
Incubation of  areca nut extract or arecoline with primary 
oral keratinocytes has been reported to promote cell 
survival and an inflammatory response by induction of  
prostaglandin E2, interleukin-6 (IL-6) and cyclooxygenase-2 
(COX-2) production via activation of  MEK1/ERK/c-Fos 
pathway[6]. Genotoxic stress as well as tissue inflammation 
and release of  inflammatory mediators have been suggested 
to be key factors in carcinogenesis of  gastrointestinal 
system. Genotoxic chemicals may induce the release of  
inflammatory mediators via mitogen activated protein 
kinase (MAPK) activation. Phosphorylated ERK1/2, JNK, 
p38 and ERK5 are reported to be significantly increased 
by exposure to tobacco smoke, indicating the activation of  
MAPK pathways[7]. NNK has recently been identified as a 
ligand of  neuronal nicotinic acetylcholine receptors, which 
belong to G-protein-coupled receptors (GPCRs). GPCR 
induces proliferation through activation of  members of  
the family of  MAPKs[8,9].

The gene expression profile of  esophageal cancer 
in a high incidence region of  Assam where tobacco use 
and alcohol consumption are widespread and the users 
of  these two substances are also betel quid chewers, has 
so far not been investigated. In the current study, cDNA 
microarray gene expression analysis was done to identify 
the genes differentially expressed in esophageal cancer 
associated with prevalent risk factors such as tobacco use 
and betel quid chewing in a high-risk Indian population. 

MATERIALS AND METHODS
Collection of tumor samples
Endoscopic tissue biopsy specimens were taken from 16 
patients at Dr. Bhubaneshwar Borooah Cancer Institute 
(BBCI), Guwahati, Assam. Routine histopathologic 
analysis was done to confirm the diagnosis. Tumor tissue 
and matched normal tissue distant to the tumor were 
collected during endoscopy in RNA later (Ambion, 
Austin, USA), snap-frozen in liquid nitrogen and stored 
at -70℃ until processed. Informed consent was obtained 
from all patients. Data of  clinicopathologic parameters 
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were obtained from patients’ clinical records, operative 
notes and pathologic reports. Institutional Human Ethics 
Committee approved the study.

Sample preparation and chip hybridization
Total RNA isolation: Tissues were ground into 

powder in -196℃ liquid nitrogen and homogenized using 
Trizol reagent (Invitrogen Life Technologies, CA) for 
extraction of  total RNA following the instruction of  the 
manufacturer. The integrity of  total RNA was checked 
by 1.2% formaldehyde agarose gel electrophoresis (visual 
presence of  28S and 18S bands). Total RNA with OD260/
OD280 > 1.8 was used for microarray experiments. 

Experimental design: Total RNA was isolated from 
normal tissue of  the esophagus from all the patients 
involved in this study and combined to make one common 
control. We pooled total RNA from biopsy samples 
of  three to four patients in all five experiments on the 
basis of  matching the histological grade to get sufficient 
amounts of  total RNA for direct labeling. Pooled tumor 
RNAs were labeled with Cy-3 and hybridized against 
the Cy-5 labeled pooled samples of  normal esophageal 
RNA, which generated a constant control to be used on 
chips analyzed. Figure 1 shows the study design. Sample 
pooling was done to rapidly identify tumor markers that 
were expressed by the majority of  tumors in a population. 
Pooling of  RNA samples isolated from tissue is a strategy 
that can be implemented in microarray experiments when 
the amount of  sample RNA is limited or when variations 
across the samples must be reduced. The reason behind 
this approach is that the concentration of  an mRNA 
molecule in a pooled sample is likely to be closer to the 
average concentration for the class than the concentration 
in a sample from a single individual. Pooled samples 
have been shown to accurately reflect gene expression in 
individual samples and yield reproducible data[10,11].
Labeling and hybridization: Twenty μg of  total RNA 
from the tumor and matched normal tissue were labeled 
with cyanine 3-dUTP and cyanine 5-dUTP by direct 
labeling method (Perkin Elmer Life Sciences, USA: 
Micromax Direct labeling kit). The labeled probes were 
denatured at 95℃ for 5 min and hybridized with a human 
10K cDNA chip (University Health Network, Microarray 
Centre, Toronto, Canada), which contains 9914 well-

Normal pooled RNA 
labeled by Cy-5

Tumor samples labeled 
by Cy-3

61, 121, 81 146,136, 76 110, 125, 103 55, 90, 127, 64 73, 117, 111

G2 G2 G2 G1 G3

13008041  13008047  13008053  1312811  13146417

Figure1  Experimental design: G1, G2 and G3 indicate well-differentiated, 
moderately and poorly differentiated squamous cell carcinoma respectively. 
13008041-53, 1312811 and 13146417 indicated barcode of microarray chips.



characterized human clones, in a hybridization chamber 
(Corning Life Sciences, USA) at 65℃ water bath for 18 h. 
Before hybridization, slides were pre-hybridized in 5XSSC, 
0.1% SDS and 1% BSA solution at 65℃ for 45 min to 
prevent nonspecific hybridization. After hybridization, the 
slides were washed in 2XSSC with 0.1% SDS, 0.1X SSC 
with 0.05% SDS and 0.1XSSC sequentially for 20 min each 
and then spin-dried.
Microarray image analysis: Hybridized arrays were 
scanned at 5 μm resolution on a Gene Pix 4200A scanner 
(Axon Instruments Inc. Foster City, CA) at various PMT 
voltage settings to obtain maximal signal intensities with 
< 0.1% probe saturation. The Cy5-labelled cDNAs were 
scanned at 635 nm and the Cy3-labeled cDNA samples 
were scanned at 532 nm. The resulting TIFF images 
were analyzed by Gene Pix Pro 6.0.1.27 software (Axon 
Instrument). Both digital images were overlaid to form a 
pseudo colored image and a detection method was then 
used to determine the actual target region based on the 
information from both red (Cy5) and green (Cy3) pixel 
values. The ratios of  the sample intensity to the reference 
intensity (green: red) for all of  the targets were determined 
and ratio normalization was performed to normalize the 
center of  the ratio distribution to 1.0. Image processing 
analysis was used for estimation of  spot quality by 
assigning a quality score to each ratio measurement[12]. 

Data analysis
Quality assurance: The data sets were imported into 
Microsoft Excel spreadsheets. Four parameters were used 
to assess quality of  spots with the following features 
excluded: diameter < 50 μm; > 50% saturated pixels in 
both channels; < 54% of  the pixels with an intensity 
greater than the median background intensity plus one 
standard deviation in either channel; flagged by Gene Pix 
as “not found” or “absent” or manually flagged as “bad” 
due to high background, misshapen features, scratches or 
debris on the slide undetected by Gene Pix[13]. 
Normalization: The results were normalized for labeling 
and detection efficiencies of  the two fluorescence dyes, 
prior to determining differential gene expression between 
tumor and normal tissue samples. Intensities of  selected 
spots were transformed into log2 (Cy3/Cy5) and data were 
normalized by locally weighted linear regression (LOWESS) 
method. Genespring software version GX7.3.1 (Silicon 
Genetics, Redwood, CA) was used to normalize values for 
each gene for data analysis. 
Ranking of  genes: Data analysis was performed using 
Genespring Software GXV 7.3 (Silicon Genetics, Redwood 
City, CA). Differentially regulated genes were ranked on 
the basis of  signal intensity, normalized ratio, flag value and 
variance across replicate experiments. Top ranked genes 
had a higher intensity, high-normalized ratio for up and 
low for down, unflagged, very low variance or standard 
deviation. Filtered genes identified to be differentially 
expressed by 1.5 fold or greater in three of  five chips were 
analyzed for functional gene clusters using GeneSpring 
software GXV 7.3. GeneSpring used data found publicly 
in genomic databases to build gene ontology based on 
annotation information. t-test was performed at the 0.05% 
significant level to find genes that vary significantly across 

samples. P-Value or probability value is the chance of  set 
of  genes involved in a particular function to be present in 
any given gene list with reference to the number of  genes 
known to be involved in the function.
Hierarchical clustering: Average linkage hierarchical 
clustering was done using the Cluster Software version 
3.0 written by Michael Eisen[14]. The Euclidean distance 
metric was used as a measure of  similarity between the 
gene expression patterns for each pair of  samples based 
on log-transformed ratios across all genes. The results 
were analyzed and visualized with the Tree View Program 
Version 1.50 also written by Michael Eisen. Those 
genes showing progressive fold increases or decreases in 
gene expression relative to normal mucosa were shown 
proportionally in red and green, respectively.
Pathway prediction analysis: We obtained annotations 
of  the bioprocesses, molecular function and cellular 
localization using the freely available Gene Ontology 
and Source database[15]. The significant gene clusters 
were queried with known components of  the biological 
pathways on the freely available KEGG database[16]. 
We also used the Biointerpreter software (http://www.
genotypic.co.in/biointerpreter) for gene ontology. 

RESULTS
Sixteen esophageal biopsy samples were compared 
with normal pooled esophageal tissue. All patients 
were male and gave a history of  tobacco consumption 
and betel nut chewing (Table 1). Gene expression 
was measured using microarrays to detect changes in 
tumor samples compared to normal. Nine hundred 
and twenty three genes were differentially expressed 
at least 1 fold in 3 out of  5 experiments. Of  these, 
611 genes were upregulated and 312 genes were down 
regulated. The scaled data generated from Gene Pix 
Pro 6.0.1.27 software were imported into GeneSpring 

Table 1  Demographic and clinical characteristics of esophageal 
squamous cell carcinoma cases

Patient 
ID

Age Sex Tobacco/
smoking habit

Alcohol 
use

Betel nut 
chewing

Pathological 
grade

EC-61 55 M Yes Yes Yes G2
EC-64 45 M Yes Yes Yes G1
EC-55 52 M Yes Yes Yes G1
EC-103 59 M Yes Yes Yes G2
EC-111 55 M Yes Yes Yes G3
EC-90 50 M Yes Yes Yes G1
EC-117 60 M Yes No Yes G3
EC-73 50 M Yes No Yes G3
EC-125 71 M Yes No Yes G2
EC-110 70 M Yes Yes Yes G2
EC-146 45 M Yes No Yes G2
EC-136 48 M Yes Yes Yes G2
EC-127 58 M Yes Yes Yes G1
EC-121 55 M Yes Yes Yes G2
EC-76 50 M Yes Yes Yes G2
EC-81 55 M Yes Yes Yes G1

G1 = Well differentiated squamous cell carcinoma; G2= Moderately 
differentiated squamous cell carcinoma; G3= Poorly differentiated squamous 
cell carcinoma.
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for fold change analysis, filtering, and cluster analysis. 
Hierarchical Clustering analysis of  923 genes selected 
from the 10 000-gene sets was performed (Figure 2).  
To identify highly reproducible changes, data were 
filtered based on select criteria. Transcripts modulated by 
a minimum 1.5 fold in at least three of  five chips were 
used for further analyses. However, genes that had a ≥ 
1.5 fold cutoff  value or had a P value of  ≤ 0.05 were 
also included for analysis to seek for subtle changes in 
gene expression. Using stringent criteria (P ≤ 0.05 and 
≥ 1.5 fold change), 127 differentially expressed genes 
(87 upregulated and 40 down regulated) were identified 
in tumor tissue. Using the Gene Ontology database, we 
categorized the 923 differentially expressed genes into 
known or probable functional categories. Genes involved 
in dimethylallyltransferase activity and farnesyltransferase 
activity (CTLA4), cation antiporter activity (SLC9A2) and 
cation transporter activity (KCNN2, SLC30A4, KCNJ15, 
CACNA2D3), G-protein coupled receptor (GPCR) 
activity (GPR87, NPY), MAPK signaling pathway (FGF12), 
and protein serine or threonine kinase activity (GRK4) were 
significantly upregulated (Table 2). Out of  87 upregulated 
genes, two genes were involved in GPCR group, five genes 
were involved in cation transporter activity, one gene each 
was involved in protein serine or threonine kinase activity 
and MAPK activity. Genes involved in anti-apoptosis 
activity (BIRC1), omega peptidase activity (UCHL1) 
and cellular proliferation (EGR2) were also significantly 
activated. Genes involved in structural constituent of  
the ribosome (RPL32, RPS4X), structural constituent of  
cytoskeleton (KRT17, KRT8, PLA2G1B), cysteine protease 
inhibitor activity (CSTB, CSTA), anti-oxidant activity 
(PRDX6), acyl groups transferase activity (TGM3), and 

translation elongation (EEF1A1) were significantly down-
regulated (Table 3). Genes involved in humoral immune 
response (CD24) and base-excision repair (MPG) were 
significantly down regulated. Out of  40 down regulated 
genes, five genes were involved in structural constituent 
of  the ribosome, four genes were involved in structural 
constituent of  cytoskeleton, two genes were involved in 
cysteine protease inhibitor activity and one gene each was 
involved in anti-oxidant activity, acyl group transferase 
activity and translation elongation.

DISCUSSION
Several tobacco constituents, including nitrosamines, 
polycyclic aromatic hydrocarbons, aromatic amines, 
various aldehydes and phenols, may be causally related to 
esophageal cancer[1]. A previous report has shown that 
betel quid chewing with or without tobacco consumption 
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Figure 2  Hierarchical Clustering (Average Linkage Clustering) of the genes that 
were over or under expressed in tumor versus normal tissue in the 16 ESCC 
patients.

Table 2  List of significantly upregulated genes in esophageal 
cancer patients

Category Genes 
in 

category

% Genes 
in 

category

Genes 
in list 

in category

% Genes
in list 

category

P -value

GO: 4930: 
G-protein coupled 
receptor activity

150 2.148 23 3.433 0.0156

GO: 8324: cation 
transporter activity

307 4.396 39 5.821 0.0404

GO: 4674: protein 
serine/threonine 
kinase activity

285 4.081 38 5.672 0.022

GO: 4707: MAP 
kinase activity

  20 0.286   5 0.746 0.0368

GO: 4161: dime-
thylallyltransferase 
activity

    4   0.0573   3 0.448 0.00327

Table 3  List of significantly down-regulated genes in esophageal 
cancer patients

Category Genes 
in 

category

% Genes 
in 

category

Genes 
in list in 
category

% Genes 
in list 

category

P -value

GO: 3735: structural 
constituent of 
ribosome

115 1.647 32 4.992 5.54E-09

GO: 4869: cysteine 
protease inhibitor 
activity

  27 0.387 11 1.716 1.19E-05

GO: 5200: structural 
constituent of 
cytoskeleton

  63 0.902 12 1.872 0.011

GO: 16746: 
transferase activity, 
transferring acyl 
groups

  90 1.289 19 2.964 0.000422

GO: 16209: 
antioxidant activity

  25 0.358   9 1.404 0.000232

GO: 3746: translation 
elongation factor 
activity

  14     0.2   5 0.78 0.00636
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is associated with the development of  esophageal cancer 
in Assam[3]. However, there are very few studies of  gene 
expression profiles of  tumors that may be associated with 
betel quid chewing as well as tobacco consumption. The 
current study was aimed to analyze genes and pathways 
that may be involved in tobacco and betel quid chewing 
related esophageal malignancies in this high incidence 
region of  India. 

Gene expression levels showed that there were four 
different molecular functional pathways that were most 
significantly upregulated and six different molecular 
functional pathways that were most significantly down 
regulated. Some of  the significantly overexpressed 
molecular functional pathways like MAPK signaling 
pathway, G-protein coupled receptor and cation transporter 
activity have earlier been reported in esophageal and other 
cancers. However, genes such as CTLA4 (involved in 
dimethylallyltransferase activity and farnesyltransferase 
activity) and UCHL1, NPY , FGF12, KCNN2, and 
KCNJ15 were found to be significantly upregulated in 
our study and have not been reported earlier. Genes 
involved in structural constituent of  ribosome (RPL32, 
RPS4X, RPL7A) and anti-oxidant activity (PRDX6) that 
were found to be significantly down regulated in our 
study, have also not been reported earlier. Some of  the 
significantly down regulated molecular functional pathways 
like structural constituent of  cytoskeleton (KRT17, KRT8, 
KRT4), acyl groups transferase activity (TGM3) and 
cysteine protease inhibitor activity (CSTB, CSTA), have 
already been reported previously in esophageal carcinoma. 
The data may be used for selection of  a limited number of  
markers that can be screened in large populations by RT-
PCR. All the genes identified here are of  interest because 
of  their potential roles in the natural history of  esophageal 
squamous cell carcinoma.

The mitogen activated signaling cascade showed 
significant up-regulation in our study. Activated MAPK 
pathway has been detected in many human tumors 
including carcinomas of  the breast, colon, kidney, and lung 
suggesting the possibility that MAPK may play a major 
role in tumor progression and metastasis. MAPK induces 
proteolytic enzymes that degrade the basement membrane, 
enhance cell migration, initiate several pro-survival genes 
and maintain growth[17]. Oxidants in cigarette smoke have 
previously been reported to activate MAPK signaling 
cascades in lung epithelial cells in vitro and in vivo. These 
signaling pathways lead to the enhanced ability of  Jun 
and Fos family members to activate transcription of  a 
number of  AP-1 dependent target genes involved in 
cell proliferation, differentiation, and inflammation[18]. 
Phosphorylated ERK 1/2, JNK, p38 and ERK5 genes 
were significantly increased upon exposure to tobacco 
smoke, indicating the activation of  MAPK pathways[7]. 
Benzo (a) pyrene quinines, which is the non-volatile 
component of  cigarette smoke, have also been reported to 
increase cell proliferation, generate reactive oxygen species, 
and transactivate the epidermal growth factor receptor in 
breast epithelial cells[19].

TNF- alpha was found to be upregulated in our study. 
Cigarette smoke is known to enhance the induction of  
TNF-alpha by differentiated macrophage that is regulated 

primarily via the ERK ½ pathway[20]. TNF receptor super 
family member 17 has been shown to specifically bind to 
the TNF (ligand) super family member 13b (TNFSF13B/
TALL-1/BAFF) , which leads to activation of  NF-kappaB 
and MAPK8/JNK. 

 Neuropeptide Y (NPY), which belongs to G-protein 
coupled receptor family, was found to be significantly 
upregulated in our study. Aberrant NPY expressions are 
early events in prostrate cancer development and are 
associated with a poor prognosis[21]. Activation of  the Y1 
receptor by NPY regulates the growth of  prostate cancer 
cells. Estrogen upregulates NPY receptor expression in a 
human breast cancer cell line[22].

Ion channel regulating genes showed significant 
upregulation in our study. Several tumors such as prostrate, 
uterus, glial cells, stomach, pancreas, breast and colorectum 
are known to express Ca2+activated K+ channels. The 
complex process of  carcinogenesis is triggered by 
oncogenic pathways via activation of  K+ channels. For 
example, p21 ras and the Raf  kinase are known to induce 
oncogenic transformation via activation of  Ca2+ dependent 
K+ channels. Enhanced cel l migrat ion and tumor 
metastasis are associated with fluctuations in the activity of  
membrane transporters and ion channels that require K+ 
channel activity[23]. Genes involved in calcium regulation 
and calcium signaling also seemed to be important in the 
progression of  esophageal squamous dysplasia[24].

The deleted in colorectal cancer (DCC) gene, which 
was found to be upregulated in our study, is a candidate 
tumor suppressor gene which may be associated with 
differentiation and proliferation of  normal cells. DCC 
protein expression seems to be a significant prognostic 
factor in high-risk resected gastric cancer. This gene may 
play a role in the metastatic potential of  these tumors[15]. 

Transglutaminase-3 (TGase-3) that showed significant 
down regulation in our study has been reported in earlier 
studies. TGase-3 has been implicated in the formation and 
assembly of  the cornified cell envelope of  the epidermis, 
hair follicle and perhaps other stratified squamous 
epithelia. Alterated TGase-3 expression is a common 
event in human esophageal cancer[25]. The lowest levels 
of  TGases 3 and 7 have been reported in patients with 
metastatic disease[26]. Tissue transglutaminase (tTG) is 
a high level phenotypic biomarker down regulated in 
prostate cancer[27].

Intermediate filaments form the cytoskeleton of  cells 
and maintain the integrity of  cells. Keratins (KRT4 and 
KRT8) showed significant down regulation in our study. 
Overexpression of  epithelial cell intermediate filaments 
and their isoforms (KRT8) have been reported earlier in 
colorectal polyp and cancer[28]. 

Reduced expression of  cystatin B as found in our study, 
has earlier been reported to be associated with lymph node 
metastasis and may therefore prove to be a useful marker 
for predicting the biologic aggressiveness of  esophageal 
cancer[29]. Overexpression of  cystatin A has been shown 
to inhibit tumor cell growth, angiogenesis, invasion, and 
metastasis in esophageal cancer[30]. High levels of  cystatin 
A and cystatin B have been reported to correlate with 
more favorable patient outcome in breast, lung and head 
and neck tumors.
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A group of  ribosomal proteins may function as 
cell cycle checkpoints and compose a new family of  
cell proliferation regulators. They play an important 
role in translational regulation and control of  cellular 
transformation, tumor growth, aggressiveness and 
metastasis. Thus in addition to protein synthesis, they are 
involved in neoplastic transformation of  cells. Ribosomal 
proteins were found to be significantly down regulated 
in our study. Expression of  human ribosomal protein 
L13a has been shown to induce apoptosis, presumably by 
arresting cell growth in the G2/M phase of  the cell cycle. 
In addition, a closely related ribosomal protein, L7, arrests 
cells in G1 and also induces apoptosis[15]. Mitochondrial 
r ibosomal protein L41 suppresses cel l g rowth in 
association with p53 and p27Kip1. MRPL41 is reported 
to be either expressed at reduced levels or absent in most 
tumor types and cell lines[31]. Human apurinic apyrimidinic 
endonuclease (RPLP0) and its N terminal truncated 
form (AN34) are involved in DNA fragmentation during 
apoptosis. Down regulation of  RPLP0 expression 
is associated with the induct ion of  apoptos is in 
differentiating myeloid leukemia cells[32]. Simultaneously, 
three ribosomal proteins (RPL10, RPL32, and RPS16) 
also showed up-regulation in C81 cells. Overexpression 
of  several ribosomal proteins including RPS16 has been 
reported in colon, breast, liver, and pancreatic tumors[33].

This is the first study to provide gene expression 
profiles of  esophageal cancer in a high-risk region of  
Assam in India. The most salient finding was identification 
of  down regulated genes involved in structural constituents 
of  ribosome and upregulated genes involved in cation 
transporter activity. In a similar study of  gene expression 
profiles in a high-risk area of  China, Taylor et al[12] and Liu  
et al[35,36] have reported down regulation of  CSTB, CSTA, 
KRT4, and TGM3 and upregulation of  G-coupled 
signaling, ion transport activity and MAPK activity[24]. In 
a recent study from a low risk area of  India, deregulation 
of  genes associated with zinc homeostasis in esophageal 
squamous cell carcinoma (ESCC) has been reported[34]. 
These data indicate the consistency of  molecular profiles 
of  esophageal cancer in two different geographic locations 
that have a high incidence of  ESCC but different food 
habits and customs. 
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Abstract
AIM: To investigate the effects of KN-93, a CaMKⅡ 
selective inhibitor on cell proliferation and the expression 
of p53 or p21 protein in human hepatic stellate cells.

METHODS: Human hepatic stellate cells (LX-2) were 
incubated with various concentrations (0-50 mmol/L) of 
KN-93 or its inactive derivative, KN-92. Cell proliferation 
was measured by CCK-8 assay, and the expression of 
two cell cycle regulators, p53 and p21, was determined 
by SDS-PAGE and Western blotting.

RESULTS: KN-93 (5-50 mmol/L) decreased the 
proliferation of human hepatic stellate cells in a dose-
dependent manner from 81.76% (81.76% ± 2.58% vs  
96.63% ± 2.69%, P  < 0.05) to 27.15% (27.15% ± 2.86% 
vs  96.59% ± 2.44%, P < 0.01) after 24 h treatment. 
Incubation of 10 mmol/L KN-93 induced the cell growth 
reduction in a time-dependent manner from 78.27% 
at 8 h to 11.48% at 48 h. However, KN-92, an inactive 
derivative of KN-93, did not inhibit cell proliferation 
effectively. Moreover, analysis of cell cycle regulator 
expression revealed that KN-93 rather than KN-92 
reduced the expression of p53 and p21. 

CONCLUSION: KN-93 has potent inhibitory effect on 
proliferation of LX-2 cells by modulating the expression 
of two special cell cycle regulators, p53 and p21.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Many forms of  acute and chronic liver injury, such as 
viral infection (especially hepatitis B and C), cholestasis, 
metabolic diseases, persistent alcohol abuse, and 
autoimmune liver diseases, result in hepatic fibrogenesis[1,2]. 
In the wound-healing process, retinoid-storing quiescent 
hepatic stellate cells (HSCs) are activated turning to 
myofibroblasts which are the major cell type responsible 
for producing excessive extracellular matrix, and play a 
pivotal role in the development of  hepatic fibrosis[3-5]. For 
the outstanding importance in hepatic fibrosis, more and 
more researches focus on investigating the proliferation 
and apoptosis of  HSC.

Among many signaling pathways of  proliferation, 
intracellular calciumol/L has been extensively demonstrated 
to be very important[6]. In cytoplasm, calciumol/L binds 
to calmodulin, and then activates the Ca2+/calmodulin 
(CaM) dependent kinases (CaMKs) which are a family 
of  structurally related serine/threonine protein kinases 
including CaMKI-Ⅳ[7]. Recent studies have suggested 
that CaMKⅡ, a multi functional protein kinase, is 
ubiquitously involved in many physiological processes 
including control of  cell cycle, apoptosis, gene expression, 
and neurotransmission[8,9]. Despite the important role of  
CaMKⅡ in cell cycle, no studies on CaMKⅡ and its 
inhibitors in HSC proliferation have been reported.

KN-93, as a membrane permeant compound of  CaMK
Ⅱ-selective inhibitor, can intensively prevent CaMK-
Ⅱ activation by antagonizing CaM binding[10], and has 
been used in functional studies on living cells. In contrast 
to KN-93, KN-92 is a congener of  KN-93 without 
CaM kinase inhibitory activity and has been used as an 
experimental control[11]. It was reported that KN-93 not 
only suppresses CaMKⅡ activity but is a strong inhibitor 
of  cell proliferation[12].



This study was to explore the effects of  KN-93 on 
proliferation of  human HSC and its mechanism.

MATERIALS AND METHODS
Materials
KN-93 and KN-92 were provided by Calbiodhem (La Jolla, 
CA). Dimethyl sulfoxide (DMSO) trypsin, PMSF, aproptin 
and SDS were obtained from Sigma Chemical Company 
(St. Louis, MO, USA). Dulbecco’s modified Eagle’s 
medium (DMEM), glutamine, and penicillin-streptomycin 
were purchased from Gibco (Invitrogen, Carlsbad, CA). 
Fetal bovine serum (FBS) was from Hyclone. Primary 
antibody against β-actin, p53 and p21 were obtained from 
Santa Cruze Biotechnology (Santa Cruz, CA). WST-8 cell 
proliferation and cytotoxicity assay kit was from Beyotime 
Institute of  Biotechnology (Jiangshu, China).

Cell line, culture conditions and KN-93 treatment
The human hepatic stellate cell line LX-2[13] was obtained 
from Institute of  Liver Diseases, Shanghai University of  
Traditional Chinese Medicine. Cells were propagated in 
DMEM supplemented with 10% heat-inactivated fetal 
bovine serum, penicillin (100 U/mL) and streptomycin (100 
g/L) under standard culture conditions (37℃, 950 mL/L 
humol/lidified air and 50 mL/L CO2). A stock solution of  
10 mmol/L KN-93 and 10 mmol/L KN-92 in DMSO was 
prepared, and final concentrations (1, 5, 10, 25, 50 mmol/L) 
in DMEM were prepared from stock solution immediately 
before use. DMEM with an equal volume of  DMSO 
served as a negative control. 

WST-8 assay
The proliferation of  LX-2 cells was estimated by CCK-8 
assay according to the manufacturer’s guidelines. LX-2 
cells treated with DMSO were used as a control. This assay 
is based on the cleavage of  the tetrazolium salt WST-8 by 
mitochondrial dehydrogenase in viable cells. Briefly, LX-2 
cells (2 × 103 cells/well) were incubated with 100 mL of  
culture medium in 96-multiwell plates. After incubated with 
KN-93 or KN-92 at indicated concentrations for 24 h or 
with 10 mmol/L of  KN-93 or KN-92 for indicated periods 
of  time, the media were removed and 100 μL of  DMEM 
containing CCK-8 (10 μL) was added to each well. After a 
further 2 h incubation at 37℃, the absorbance at 450 nm 
of  each well was measured with a Thermomax microplate 
reader. Each experiment was repeated three times, and the 
data represent the mean of  all measurements.

Western blot analysis
A total of  5 × 105 LX-2 cells were plated in 6-well 
dishes. After attachment, KN-93 or KN-92 at indicated 
concentrations or vehicle control was added and incubated 
for 24 h. For Western blot analysis, the procedure was 
performed as described previously[14]. Briefly, an equal 
amount of  protein lysates (40 μg) was electrophoresed 
on a 10% polyacrylamide gel and then electophoretically 
transferred to a polyvinylidene difluoride membrane. The 
membrane was blocked with 5% nonfat dry milk for 2 
h at room temperature and incubated with the indicated 

primary antibody overnight at 4℃. After washing, the 
membrane was incubated with a horseradish peroxidase-
conjugated secondary antibody (Amersham Biosciences, 
Piscataway, NJ). Subsequently, the blots were developed 
by using the ECL kit (Santa Cruz Biotechnology, Santa 
Cruz, CA) and exposed to X-ray film. Protein bands were 
quantified by densitometric scanning using a Bio-Rad GS-
800-calibrated densitometer. Each experiment repeated 
three times.

Statistical analysis
Data were expressed as mean ± SD. Statistical comparisons 
between groups were analyzed by the Student’s t test. P < 
0.05 was considered statistically significant.

RESULTS
KN-93 inhibited LX-2 cell growth
To assess the biological activity of  KN-93 in LX-2 cell 
proliferation, KN-93 and its inactive derivative, KN-92 
were chosen in CCK-8 assay. KN-93 significantly inhibited 
cell proliferation. After incubation of  KN-93 at various 
concentrations for 24 h, the number of  LX-2 cells reduced 
dramatically (Figure 1A) from 81.76% (5 mmol/L) to 
27.15% (50 mmol/L) (Table 1). Exposure to 10 mmol/L 
KN-93 also significantly declined cell proliferation in a 
time-dependent manner (Figure 1B). The proliferation of  
LX-2 cells was reduced after KN-93 was incubated for 8 
h (P < 0.01) and more obviously after further treatments 
(Table 2). Despite KN-93 had such a powerful influence 
on human hepatic stellate cells, KN-92 was ineffective 

       Cell proliferation (% of control)

Concentration       KN-93      KN-92
  Control 100.00 ± 3.32 100.00 ± 3.32
  5 mmol/L   81.76 ± 2.58a   96.63 ± 2.69
10 mmol/L   60.30 ± 2.59b   96.24 ± 3.14
25 mmol/L   33.42 ± 3.07b   95.61 ± 2.81
50 mmol/L   27.15 ± 2.86b   96.59 ± 2.44

Table 1  Effect of KN-93 and KN-92 on cell proliferation in 
human hepatic stellate cells (LX-2) after 24 incubation (n = 3, 
mean ± SD)

aP < 0.05, bP < 0.01 vs control group.

Table 2  Effect of 10 mmol/L KN-93 and KN-92 on cell 
proliferation in human hepatic stellate cells (LX-2) after 
treatment for various periods of time (n = 3, mean ± SD)

           Cell proliferation (% of control)

Time of treatment      KN-93      KN-92
   Control 100.00 ± 2.86 100.00 ± 3.32
       4 h   99.56 ± 3.53   97.12 ± 2.97
       8 h   78.27 ± 2.92b   96.95 ± 2.56
     16 h   52.26 ± 2.90b   98.34 ± 3.18
     24 h   30.54 ± 2.82b   96.53 ± 2.67
     48 h   11.48 ± 3.16b   97.12 ± 3.09

bP < 0.01 vs control group.
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in blocking cell growth (Figure 1, Tables 1 and 2). These 
results implied that KN-93 inhibited proliferation of  LX-2 
cells in a dose- and time-dependent manner.

KN-93 increased the expression of p53
Next, we concentrated our studies on whether KN-93 
influences the expression of  cell cycle regulator, p53. 
The results from Western blotting and data analysis are 
exhibited in Figure 2. It was much clear that KN-93 at each 
concentration improved the expression of  p53, especially 
at the concentration of  50 mmol/L (Figure 2A). As 
expected, KN-92 showed little impact on p53 expression 
(Figure 2B), demonstrating that it was KN-93 rather than 
KN-92 increased p53 expression in a dose-dependent 
manner. 

KN-93 also increased expression of p21
Another important regulator involving cell cycle, p21, was 
examined. The level of  p21 increased with the increase 
of  KN-93 concentration (Figure 3A). Few changes in 
p21 expression were observed when KN-92 was added  
(Figure 3B).

DISCUSSION
During liver fibrosis, HSCs perform a phenotype change 
from vitamin A-rich cells to proliferative, contractile and 
fibrogenic myofibroblasts. The activated HSCs produce 
excessⅠ and Ⅲ collagens which deposit and lead to 
fibrotic tissue in liver[15,16].

KN-93, a specific inhibitor of  CaMKⅡ is verified to 
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have a powerful capability of  suppressing the activation of  
CaMKⅡ[17]. It was reported that KN-93 is involved in cell 
cycle arrest and proliferation[12], indicating that CaMKⅡ 
is necessary for cell cycle progression through G1 and is 
a key regulator in the transduction signals of  cell growth. 
In Hela cells, KN-93 can also inhibit cell proliferation and 
elevate some cell cycle regulators such as CKD1[18]. These 
results indicate that CaMKⅡ is one of  the most important 
factors for cell survival.

Our study suggested that KN-93 could significantly 
inhibit human hepatic stellate cell LX-2 proliferation in 
a dose-dependent manner. The inhibition increased with 
increase of  incubation time. The effect of  KN-92 on cell 
growth demonstrated the specificity of  KN-93 in LX-2. 
These obvious results indicate that KN-93 might not 
only inhibit human HSC proliferation but also exert toxic 
effects on cells despite its negative effect on KN-92. In this 
study, 10 mmol/L KN-93 inhibited LX-2 cell proliferation 
in a time-depended manner, which is in agreement with the 
reported data showing the effect of  KN-93 on apoptosis 
in NIH 3T3 cells[12], suggesting that HSCs and CaMKII 
can enhance cell proliferation.

Since KN-93 inhibits cell growth, we studied the 
regulators of  cell cycle. P53, a suppressor protein, is 
a nuclear transcription factor controlling cell cycle 
progression[19,20]. Abriss et al[21] showed that constitutive 
expression of  p53 is sufficient to induce cell arrest in 
HSCs. P53 can reduce proliferation of  activated HSCs. 
In the present study, KN-93 significantly down-regulated 
the expression of  p53 compared with KN-92 KN-92. 
Although KN-93 inhibited LX-2 proliferation, the exact 
mechanism by which KN-93 affects p53 is not clear and 
needs further study.

P21 is an inhibitor of  cyclin-dependent kinases that 
control the cells to enter the S-phase[22]. P21 is regulated 
by the protein product of  the gene p53, and is the 
downstream point. In this study, p21 expression was 
obviously decreased, suggesting that p21 is involved in 
KN-93-induced inhibition of  HSC proliferation.

In conclusion, KN-93 has inhibitory effects on the 
proliferation of  hepatic stellate cells. However, further 
studies are needed to explore the mechanism of  KN-93 
underlying the proliferation and apoptosis of  hepatic 
stellate cells. 
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Abstract
A case of strangulation of the transverse colon in 
a traumatic left diaphragmatic hernia manifesting 
as pericarditis is reported. This is unusual because 
pericardial signs in traumatic diaphragmatic hernia have 
been previously described in association with direct 
pericardial injury. This is the only such case where 
electrocardiographic changes of pericarditis were seen 
without direct pericardial trauma. The possibility of 
internal herniation through a traumatic diaphragmatic 
hernia must be considered in patients with chest 
symptoms and a compatible history.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
We report an unusual case of  strangulated diaphragmatic 
hernia presenting as pericarditis, which was not reported in 
English literature.

CASE REPORT
Mr CV, a 60-year old man presented to the casualty 
department with a history of  vomiting and crampy 
abdominal pain. His previous medical history included 
a fall 4 years ago during which he sustained multiple rib 
fractures and a small left haemopneumothorax, which was 
treated conservatively at that time. Physical examination 
was unremarkable and he was empirically treated for 

gastroenteritis and discharged home. He returned the 
following day, with pleuritic left chest pain, dyspnoea, 
pyrexia of  38.5℃ and tachypnoea. Investigations revealed 
minimally elevated white cell count, left lower lobe 
consolidation on chest X-ray (CXR) (Figure 1) and normal 
electrocardiogram (ECG).

He was admitted to Medical Assessment Unit where he 
later complained of  chest tightness. Repeat ECG revealed 
generalised ST elevation with upward concavity (Figure 
2). A differential diagnosis of  acute myocardial infarction 
and pericarditis was entertained and he was transferred to 
Coronary Care Unit (CCU) where he had a short episode 
of  supraventricular tachycardia controlled with intravenous 
adenosine. Echocardiography revealed normal ventricular 
function with minor apical hypokinesis and no pericardial 
fluid. Twelve hours later he had signs of  acute abdomen. 
Abdominal radiograph suggested large bowel obstruction, 
which was confirmed by GastrografinTM enema. The 
surgical team reviewed him and took him to the operating 
theatre with a diagnosis of  peritonitis. However, its cause 
still remained unknown.

Laparotomy findings were faecal peritonitis with caecal 
perforation due to strangulated transverse colon in a left 
diaphragmatic hernia. Extended right hemicolectomy was 
performed with formation of  ileostomy and a mucous 
fistula. The diaphragmatic opening was primarily repaired 
with non-absorbable sutures. Post-operative recovery was 
protracted with a long spell in the Intensive Care Unit. 
ECG changes reverted to normal shortly after surgery.

DISCUSSION
Traumatic diaphragmatic hernia is usually caused by blunt 
trauma and occurs more frequently on the left side as the 
liver often protects the right side[1,2]. As in this case, it is 
a diagnosis, which is often missed at the time of  initial 
injury and only determined at laparotomy much later. This 
case is unusual because the presenting features so strongly 
simulated pericarditis that the patient was initially admitted 
to CCU after assessment by a cardiologist. This type of  
presentation has not been published in English literature 
previously. Whenever pericardial symptoms are associated 
with traumatic diaphragmatic hernia, there is a direct 
trauma to the pericardial sac[3,4]. However, in this patient, 
the pleuritic chest pain and ECG changes were presumably 
caused by pressure effects from the adjacent distended 
colon along with contaminated faecal fluid in the hernial 
sac.

In conclusion, all patients who have persistent basal 



abnormality on their chest X-ray after blunt thoraco-
abdominal trauma should be radiologically evaluated to 
exclude the possibility of  a ruptured diaphragm owing to 
the serious consequences of  an undetected diaphragmatic 
hernia. The preferred radiological investigation is a 
contrast-enhanced computed tomography scan of  the 
abdomen. In addition, the possibility of  an incarceration 
should be kept in mind when assessing patients presenting 
with chest symptoms and a history suggestive of  
previously ruptured diaphragm.

Figure 1  Chest X-ray showing stomach bubble in left 
hemi-thorax, above the left hemi-diaphragm.
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Figure 2  ECG with ST and T wave changes showing acute pericarditis.
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Abstract
Abnormalities of gastric mucosa in patients with portal 
hypertension are well documented. Manifestations 
of portal hypertension in small bowel and colon are 
less common. Colonic polypoid lesions microscopically 
consisting of a normal mucosa, with dilatation of 
submucosal vessels, have been described. We here 
report the first case of portal hypertensive duodenal 
polyp, responsible for gastro-intestinal bleeding. 
Endoscopic treatment turned out to be successful.
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INTRODUCTION
Esophagogastric varices are common manifestations 
of  portal hypertension, but other lesions such as gastric 
mucosal changes, called portal hypertensive gastropathy[1], 
or colonic  mucosal abnor mal i t ies [2,3] may occur. 
Duodenopathy has also been reported, with various 
forms[4-6] but never under the appearance of  a polyp. 
We describe a patient who was found to have a portal 
hypertensive duodenal polyp, responsible for gastro-
intestinal bleeding. Endoscopic treatment was performed 
with success.

CASE REPORT
A 70-year old man, with a lcohol ic c ir rhosis, was 

hospitalized for a melena. Physical examination found 
superficial venous engorgement of  the abdominal wall, 
with ascitis. Laboratory data revealed anemia and liver 
dysfunction. International normalized ratio (INR) value 
was 1.33.

An upper endoscopy showed large esophageal varices 
without red spots, and portal hypertensive gastropathy. In 
the descending portion of  the duodenum, a 3-cm long, 
ulcerated and haemorrhagic polypoid lesion was seen 
(Figure 1).

We performed polypectomy using hemostatic clips on 
the pedicle, then a polypectomy snare. Anatomopathologic 
examination of  the specimen showed a fibrous and 
inflammatory polyp, with numerous thick-walled capillaries 
in its subepithelial portion, and a few vascular ectasias were 
associated (Figure 2). This histological appearance was 
considered as portal hypertensive duodenopathy. There 
was no epithelial proliferation in favor of  an inverted 
polyp or hamartomatous lesion.

No complication occurred, and control endoscopy was 
performed three days later. The duodenal mucosa appeared 
normal. Colonoscopy revealed an 8-mm polyp located in 
the left portion of  the colon, which was removed with a 
polypectomy snare. Anemia resolved and the patient was 
still free of  haemorrhagic recurrence six months later.

DISCUSSION
McCormack et al[1] first described portal hypertensive 
gastropathy, its appearance consists of  mosaic pattern, 
cherry red spots and scarlatina rash. Other entities have 
then been documented, such as portal hypertensive 
enteropathy[4-10] and colonopathy[2,3]. 

Duodenum can thus be involved and with the 
exception of  varices, lesions reported are erythema, 
scattered petechiae, friable mucosa, erosion, ulcer and 
edema. 

In our patient, portal hypertensive duodenopathy 
took the unusual presentation of  a polyp. Misra et al[11] 
and Ryushi Shudo et al[4] reported that the predominant 
pathological features of  portal hypertension duodenopathy 
(PHD) are subepithelial edema, and increase of  diameter 
and wall thickness of  the capillaries. Now, numerous 
capillaries with a thickening wall were found in our 
specimen, suggesting that the polyp is due to portal 
hypertension duodenopathy. On the other hand, colonic 
polypoid lesions due to portal hypertensive colonopathy 
have already been described[12].

Moreover, many authors insist on the uncertain 
clinical significance of  portal hypertensive enteropathy[13], 
in particular whether it can be responsible for gastro-



intestinal bleeding. 
In the reported case, the only haemorrhagic lesion was 

the duodenal polyp. Additionally, anemia resolved after 
polypectomy. This illustrates that portal hypertension 
duodenopathy is a potential aetiology of  gastro-intestinal 
bleeding. 

We removed the polyp using hemostatic clips before 
applying polypectomy snare, to avoid the potential risk of  
post polypectomy hemorrhage. Polypectomy appeared to 
be a safe procedure and allowed histological diagnosis. 

In conclusion, we report the case of  a cirrhotic patient 
who had upper gastro-intestinal haemorrhage due to a 
portal hypertensive duodenal polyp. To our knowledge, 
this is the first case of  this form of  portal hypertensive 
duodenopathy. Endoscopic treatment was performed 
successfully. Although the new data suggest that portal 
hypertensive enteropathy may present as a source of  
bleeding, its exact clinical significance has to be defined 
subsequently. 
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Figure 1   Endoscopic view of the 
duodenal polyp.

Figure 2  Polypoid lesion of the duodenum demonstrating the presence of 
multiples capillaries in the lamina propria, immediately beneath the surface 
epithelium.
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Abstract
A 50-year old woman suffering from diabetes had a CT 
scan that revealed a diffuse thickening of small intestinal 
wall and swollen paraaortic lymph nodes. An esophago
gastroduodenoscopy (EGD) confirmed multiple polypoid 
lesions in the duodenum and small intestine, and 
conventional histological testing revealed non-specific 
inflammatory changes. Further examinations including 
the immunohistochemical profiles of the biopsied 
specimens led us to diagnose the lesion as a marginal 
zone B-cell lymphoma of mucosa-associated lymphoid 
tissue type, forming multiple lymphomatous polyposis 
sequentially spreading from duodenal bulb to terminal 
ileum. According to Lugano’s classification, its staging 
was clinically diagnosed as stage Ⅱ. Two courses of 
a standard CHOP (cyclophosphamide, doxorubicin 
hydrochloride, vincristine sulfate, and predonisolone) 
regimen with rituximab reduced the lesion and the 
patient had a almost complete response. A 5-year follow-
up EGD and histological examinations detected no 
recurrence of the disease. 

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Lymphomas in the gastrointestinal (GI) tract may be 
ulcerative, superficial, polypoid, or diffuse, and may 
also have other less common characteristics[1]. Multiple 
lymphomatous polyposis (MLP) is characterized by the 
formation of  multiple mucosal polyps[2]. Polypoid lesions 
of  MLP are usually widely spread to several regions of  the 
GI tract including the esophagus, stomach, duodenum, 
and intestine. Histological findings tend to lead to the 
classification of  most MLPs as mantle cell lymphomas[3-5]. 
Therefore, MLP may be one of  the poor prognostic 
lymphomas in the GI tract, even though several regimens 
of  systemic chemotherapy have been adapted for its 
treatment. 

We report a rare and interesting case of  MLP whose 
histology was a marginal zone B-cell mucosa-associated 
lymphoid tissue (MALT) lymphoma. A range of  polypoid 
lesions was observed from duodenal bulb to the terminal 
ileum by various image examinations. The present case 
failed to respond to treatment to eradicate H pylori, but was 
successfully managed using a CHOP regimen combined 
with rituximab.

CASE REPORT
A 50-year old woman underwent an abdominal CT scan 
during an educational admission for diabetes mellitus at 
another hospital. CT scan revealed a diffuse thickening 
of  small intestinal wall and swollen paraaortic lymph 
nodes, but no abnormal mass in her pancreas. Gallium 
citrate scintigraphy showed abnormal accumulation in the 



small intestine. Esophagogastroduodenoscopy (EGD) 
showed multiple polypoid lesions in the duodenum, and 
histological finding revealed non-specific inflammatory 
changes including infiltration of  lymphoid cells. All these 
findings indicated a lymphatic proliferative disease. To 
obtain a differential diagnosis, she underwent endoscopic 
partial mucosal resection to perform the Southern blot 
analysis for immunoglobulin (Ig) genes but results were 
negative for changes in Ig-heavy chain JH. Then the patient 
was admitted to our hospital for further examination and 
treatment. 

On admission, she had no clinical symptoms. Physical 
examinations revealed no superficial lymphadenopathy 
and no abnormal abdominal mass. Laboratory findings 
showed only mild liver dysfunction, mild elevation of  
lactate dehydrogenase and total cholesterol. No atypical 
lymphocytes were seen in peripheral blood, and the 
serum soluble interleukin-2 level was within normal 
limits. EGD showed multiple yellowish granular polypoid 
lesions sequentially spreading from the bulb to the distal 

tract over descending portion of  the duodenum (Figure 
1A and B). On the other hand, such polypoid lesions 
were not detected in the stomach except for atrophic 
mucosa. Cultures were positive for H pylori. Endoscopic 
ultrasonography revealed hypoechoic thickening from 
the first to the second sonographic layer, indicating that 
it was almost confined to the mucosal layer (Figure 1C). 
Fluoroscopic examination of  the small intestine aiming 
to estimate the extent of  lesion showed many round 
defects from the duodenal bulb to the end of  jejunum 
(Figure 2), suggesting that the lesion was extending 
from the duodenum to the jejunum and ileum. Lower 
endoscopic findings showed whitish small polypoid lesions 
in the terminal ileum, but no obvious lesion in the colon 
and rectum (Figure 1D). Abdominal CT scan showed 
thickening of  the duodenal and small intestinal walls. 
Abdominal MRI images also showed swollen paraaortic 
lymph nodes (approximately 1 cm in diameter) and an 
abnormal mass at the left side of  supra-mesenteric artery 
(7 cm × 3 cm) which was probably composed of  swollen 
mesenteric lymph nodes.

Histological findings of  the specimens obtained 
from the lesions of  duodenum and i leum showed 
follicular colonization dominantly composed of  many 
small lymphocytes and a few large lymphocytes (Figure 
3A), as well as a lymphoepithelial lesion, one of  the 
typical features of  mucosa-associated lymphoid tissue 
(MALT) lymphoma (Figure 3B). Immunohistochemical 
examinations showed that a large number of  lymphoma 
cells were positively stained for bcl-2 and CD20 (the B-cell 
marker), but negative for UCHL-1 (T-cell marker). On 
the other hand, the tumor cells were negatively stained for 
CD5, CD10, and Cyclin D1 (Figure 4). All these findings 
including the immunohistochemical profiles led us to 
diagnose this lesion as a marginal zone B-cell lymphoma of  
the MALT type according to the WHO classification[6] but 
not as a mantle cell lymphoma, forming MLP sequentially 
spreading from the duodenal bulb to the terminal ileum. 
According to Lugano’s classification[7], its staging was 
clinically diagnosed as stage Ⅱ. 

Eradication therapy was selected as the first treatment 
modality for H pylori infection (lansoprazole 60 mg/d, 
clarithromycin 800 mg/d, and amoxicillin 1500 mg/d, 

Figure 1  EGD (A), dye contrast EGD (B), EUS (C), and lower endoscopy (D) 
showing features of the lesions. 

A B

C D

A B

C

Figure 2  Fluoroscopic examinations showing many small round shaped defects in 
the second portion of the duodenum (A), jejunum (B), and ileum (C).

Figure 3  Follicular colonization (A) and many small lymphocytes and a few large 
lymphocytes in the duodenal tissues (B) in the biopsied specimens (HE, × 200)

Lymphoepithelial lesion
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for one week), since it was less invasive for the patient. 
Follow-up EGD findings after H pylori eradication 
showed no improvement of  these lesions. We selected 
the systemic chemotherapy as the second treatment 
modality for H pylori infection because the lymphoma may 
spread to the duodenum and other areas, even though the 
histopathological findings did not reveal a high potential 
for it to become malignant. The patient then received 
a standard CHOP (cyclophosphamide: 750 mg/m2, 
doxorubicin hydrochloride: 50 mg/m2, vincristine sulfate: 
1.4 mg/m2, and predonisolone: 100 mg) regimen in 

combination with rituximab: 375 mg/m2 regimen, followed 
by a further CHOP treatment at their half  dose. Ten days 
after the first therapeutic course, EGD findings showed 
that each polypoid lesion of  the duodenum became 
smaller, and their tops collapsed and showed evidence for 
erosion. Following 2 courses of  CHOP plus rituximab 
regimen, the lesions and abdominal lymph nodes almost 
completely resolved (Figure 5). A 5-year follow-up with 
EGD and histological examination showed no recurrence 
of  the disease. 

DISCUSSION
The present case of  lymphatic proliferative disease in 
the GI tract was diagnosed by endoscopy, radiographic 
imaging, and genetic profiling. The clinical features 
indicated a MLP type of  lymphoma in the duodenum and 
small intestine. Actually, many reports have demonstrated 
the consensus that the majority of  MLPs are histologically 
mantle cell type lymphomas, and a few cases of  follicular 
lymphoma or T-cell lymphoma have been reported[8-12]. 
In the present case, however, histological examination 
showed characteristic findings such as lymphoepithelial 
lesions and immunohistological profiles (positive CD20 
and bcl-2; negative UCHL-1, CD5, CD10, and CyclinD1). 
These findings motivated us to diagnose the case as a 
B-cell MALT lymphoma, which was discriminated from 
a mantle cell or follicular type lymphoma. On the other 
hand, the differential diagnosis was considered as an 
immunoproliferative small intestinal disease (IPSID), a 
subtype of  MALT lymphoma[13]. However, this case was 
clinically different from the typical features of  IPSID, 
because the dominant region for IPSID is duodenum 
and upper jejunum and it usually causes malabsorption 

Figure 4  Immunohistological profiles of the 
lesions revealing positive staining for bcl-2 (A) 
and negative staining for CD5 (B), CD10 (C), 
and CyclinD1 (D). 
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Figure 5  Endoscopic features of the lesions before and after the treatment.
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syndrome or protein-losing gastroenteropathy. Thus, the 
present case was more consistent with a MALT lymphoma 
forming MLP rather than IPSID. To our knowledge, only 
4 cases of  MALT lymphoma forming MLP have been 
reported[14-16], indicating that our present case is actually 
rare. In regard to the origin of  this lymphoma, we could 
not completely deny the suspicion that a lymph node 
might be the origin of  the disease because of  the swollen 
mesenteric lymph nodes. However, the involvement 
of  other lymph nodes was unremarkable although the 
polypoid lesions were widely distributed in the GI tract. 
Furthermore, no atypical lymphocytes were shown in 
peripheral blood, and this case was compatible with the 
definition about primary GI tract lymphoma described by 
Lewin and Herrmann[17,18]. Thus, it was more likely that 
the primary lesion of  the present lymphoma was in the GI 
tract. 

Recently, treatment to eradicate H pylori has become 
a standard management for primary gastric MALT 
lymphoma[19-21]. Certainly, there are various reports showing 
that eradication of  H pylori is effective for duodenal MALT 
lymphoma[22,23]. Nakamura et al[24] reported that primary 
duodenal lymphoma might have different characteristics 
between locations at the bulb and descending portion. 
Lymphomas originating from duodenal bulb might have 
similar characteristics with gastric MALT lymphomas, 
suggesting that H pylori eradication therapy is often 
effective. Unfortunately, the lesions observed over the 
descending portion might be less associated with H pylori 
infection, indicating that H pylori eradication therapy 
cannot be expected to be totally effective. On the other 
hand, the efficacy of  H pylori eradication therapy for the 
small intestine or colorectal lymphoma is not known, 
though a few responsive cases have been reported[25,26]. 
Since H pylori eradication therapy was ineffective in the 
present case, we used a more potent therapy due to the 
potential of  the lymphoma to spread more extensively 
and its possible transformation of  MALT lymphoma cells 
into diffuse large B cell lymphoma cells in the presence 
of  a few large cells in the specimens. In general, surgical 
resection, systemic chemotherapy, and radiation therapy 
are performed in the treatment of  malignant lymphoma in 
the GI tract[27]. Since curative surgical resection or radiation 
therapy was not suitable in our case because the lesion 
was already diffuse and widespread, we selected a systemic 
chemotherapy as a second line treatment. Combination 
therapy of  a CHOP regimen, the most common regimen 
in combination with rituximab (a molecular targeting agent 
for this particular follicular type lymphoma), has been 
recently used in the treatment of  GI tract lymphoma[28,29]. 
This combination therapy contributed to a significant 
improvement in the present case. We performed careful 
follow-up examinations such as laboratory analyses, EGD 
examination, and various abdominal images at every six 
months interval. EGD examination revealed no obvious 
recurrence of  MLP and there was no evidence for 
recurrent lesions or clinical symptoms during the 5-year 
follow-up. 

In conclusion, we reported a rare case of  MALT 
lymphoma in the small intestine which was histologically 
diagnosed as a marginal zone B-cell MALT lymphoma. 

CHOP regimen in combination with rituximab is an 
effective therapy for MALT lymphomas in the GI tract. 
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continuous catheter drainage has its drawbacks, including 
discomfort in the patient, the nuisance of  catheter 
maintenance, and accidental catheter dislodgement[5,6].

To our knowledge, this is the f i rst case of  an 
intrahepatic abscess due to gallbladder perforation 
successfully treated by endoscopic transcystic stent 
placement to the gallbladder who had a poor response to 
continuous percutaneous drainage.

CASE REPORT 
A 70-year-old man was hospitalized for fever, right 
upper quadrant pain, and general weakness due to a poor 
appetite. 

Abdominal computed tomography (CT) was performed 
to clarify the origin of  fever. A 5-cm hepatic abscess 
was found in the right lobe adjacent to the gallbladder 
(Figure 1A). An 8-Fr pigtail catheter was percutaneously 
inserted into the abscess pocket, and purulent pus was 
drained. Following catheter insertion, we discovered a 
communication between the abscess and the gallbladder 
with a large stone (Figure 2). Systemic antibiotics were 
administered. Although elective cholecystectomy was 
considered, his poor general condition which was 
associated with uncontrolled dementia and hemiparesis due 
to a previous stroke contraindicated surgery. Two weeks 
after percutaneous drainage, the patient unintentionally 
removed the inserted pigtail catheter. We decided to 
attempt internal drainage to prevent the patient from self-
removing the percutaneous catheter repeatedly. There was 
no change in the size of  the hepatic abscess on follow-up 
CT (Figure 1B). Therefore, endoscopic transcystic stent 
(a 7-Fr 10-cm-long double pigtail biliary stent, Zimmon; 
Wilson-Cook, Winston-Salem, N.C.) was placed into the 
gallbladder (Figure 3). There were no procedure-related 
complications such as bile leak, peroration, or bleeding.

Ten days after the insertion of  the double pigtail biliary 
stent, the patient’s general condition improved, and a 
follow-up abdominal CT showed that the size of  abscess 
pocket decreased markedly measuring approximately 
0.5 cm (Figure 1C). The patient was discharged after an 
uneventful recovery and has remained in good condition 
with the stent in place during the 7-mo follow-up.

DISCUSSION
Because liver abscesses associated with gallbladder 
perforation with cholecystohepatic communication is rare, 
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Abstract
Perforation of the gallbladder with cholecystohepatic 
communication is a rare cause of liver abscess. Because 
it is a rare entity, the treatment modality has not 
been fully established. We report for the first time a 
patient with an intrahepatic abscess due to gallbladder 
perforation successfully treated by endoscopic stent 
placement into the gallbladder who had a poor response 
to continuous percutaneous drainage.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Perforation of  the gallbladder with cholecystohepatic 
communication is a rare cause of  l iver abscess[1-3]. 
Percutaneous drainage with systemic antibiotics is the 
initial treatment for these conditions[2]. However, the 
presence of  a biliary communication is associated with 
significantly longer periods of  catheter drainage, because 
continuous bile flow into the abscess cavity through 
the communicating tract hindered the natural healing 
course, resulting in prolonged healing time[4]. Moreover, 
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the treatment modality has not been fully established[1-3]. 
In this case, surgical management was not considered 

because of  the patient’s poor general condition. Although 
percutaneous drainage was maintained for the liver 
abscess, there was no clinical or radiological improvement. 
In addition, percutaneous drainage could not be kept 
for a long period, because the patient was demented. 
Some liver abscesses with biliary communication are 
refractory to percutaneous drainage alone. For such 
abscesses, endoscopic drainage including papillotomy, 
nasobiliary drainage, or biliary stenting may be an effective 
treatment[4,7]. We believe that a large gallstone may provoke 
bile flow of  the gallbladder to the communicating tract, 
resulting in a poor response to percutaneous drainage 
for the intrahepatic abscess, and if  the bile was diverted 
away from the communicating tract, the bile flow into the 
abscess cavity would cease, thereby enhancing the healing 
of  both the tract and abscess[4]. Therefore, endoscopic 
transcystic biliary drainage of  gallbladder was designed as 
an alternative management. To date, the stent has remained 
in situ without any complications for 7 mo of  follow-up 
in this case. Because the patency results of  the endoscopic 
gallbladder stent placement vary[8,9], regular evaluation of  
stent patency may be also required in this particular case.  

In conclusion, the endoscopic transcystic placement 
of  a biliary stent to the gallbladder may be effective as an 
alternative management for patients with hepatic abscesses 
caused by a perforated gallbladder with cholecystohepatic 
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communication, who have poor responses to continuous 
percutaneous drainage. 
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Figure 1  A: CT scan found an hepatic abscess in the right lobe adjacent to the gallbladder; B: Two weeks after the percutaneous drainage, the size of the hepatic abscess 
did not decrease much; C: Ten days after the insertion of a 7-Fr 10-cm-long double pigtail biliary stent, the size of the abscess pocket decreased markedly.

Figure 2  Percutaneous transhepatic cholangiography reveals a cholecystohepatic 
fistula (white arrow) between liver abscess (black arrow) and gallbladder with a 
large stone.

Figure 3  A 7-Fr 10-cm-
long double pigtail biliary 
stent was placed into the 
gallbladder.
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Abstract
Angiolipoma is a rare vascular variant of the benign 
lipomatous tumors and is generally seen in subcutaneous 
tissues. We report a 70-year-old female with abdominal 
distension not related to rectal small polypoid mass with 
peduncule described as angiolipoma by histologically, 
and review the literature.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Lipomas, lipomatosis, lipoblastoma, lipoblastomatosis, 
angiolipomas, myolipomas, chondroid lipomas, spindle 
cell lipomas, and pleomorphic lipomas are the benign 
adipose tissue tumors[1]. Angiolipoma is one of  the 
rare subcutaneous tissue tumors with its characteristic 
histology consisting of  mature adipose tissue and 
interspersed proliferated vascular component[1-3]. It 
accounts for 5%-17% of  lipomas[2,4,5], and is rarely seen 
in the gastrointestinal system (GIS). The locations of  
gastrointestinal angiolipoma according to the current 
literature are oropharyngeal region[4,6-8], esophagus[9], 
stomach[10-13], duodenum[14,15], small intestine[3,16-18], ileocecal 
valve[19-21], colon[14,22-24] and liver[25-28]. Angiolipomas 
localized in the gastrointestinal tract, characterized as 
submucosal solitary sessile[10,11,18,20] or endoluminal polypoid 

lesions[9,12,14,23,24], are diagnosed generally by postoperative 
histopathologic evaluation or after polypectomy. Radiologic 
techniques such as barium radiographs, enteroclysis, 
abdominal ultrasound, computed tomography (CT), and 
magnetic resonance imaging (MRI) can demonstrate the 
lesion in the gastrointestinal tract before histopathologic 
diagnosis[24].

CASE REPORT
A 70-year-old woman admitted to the hospital with 
complaints of  abdominal distension and constipation. She 
had no abdominal pain, rectal bleeding or weight loss. Her 
total blood count, serum biochemistry, sedimentation rate 
and abdominal ultrasound were normal. A polyp (1 cm 
in diameter) with lobulated and degenerated hyperemic 
mucosa and normal peduncle was seen at proximal rectum. 
Polypectomy was performed by endoscopic polypectomy 
snare and no complication occurred. Angiolipoma was 
diagnosed after histopathologic evaluation in mature 
adipose tissue and proliferous blood vessels (Figure 1). 
There was no fibrin thrombus and no muscle structure in 
histologic examination with HMB45 (monoclonal mouse 
anti-human melanosome, Dako, USA) and anti-smooth 
muscle antibody (mouse anti-human primary alpha-smooth 
muscle actin, Dako, USA) tissue stainings. There were no 
other lesions in total colonoscopy and esophagogastroduo
denoscopy. No photograph of  the polyp was taken before 
resection because externally there was no special difference 
in adenomatous polyps with degenerated surface mucosa.

DISCUSSION
Angiolipomas are benign lipomatous lesions, which were 
first defined by Bowen[29] in 1912 and differentiated from 
lipomas histopathologically by Howard in 1960[30]. The 
lipomatous benign lesions are seen as musculoskeletal 
masses especially in soft tissues and bones[1,2]. They are 
generally subcutaneous and capsulated, about 50% patients 
feel painful on palpation, and seen in young adult males 
in their 2nd or 3rd decades of  life[1,2,24]. They are also 
localized in neck[4,31], maxillofacial region[32-35] and non-
subcutaneous tissues such as epidural[36], spinal[37-39], and 
suprasellar tissues[40]. Lipomas are seen more frequently, 
but angiolipomas are rare lesions[1,5]. Gastrointestinal 
angiolipoma is also a rare pathological condition[1,24]. 
The other uncommon localizations of  angiolipomas are 
the renal tissue[41-44], adrenal tissue[45,46], breast[47], thyroid 
glands[48], parotid gland[49], mediastinum[50], orbits[51], 
myocardium[52] and scrotum[53].



Literature Localization Case
(age/sex)

Polyp size Polyp peduncle Symptom Preoperative 
diagnostic 
imaging 
methods 
(except 

endoscopic 
procedure) 

      Therapy Follow-up
(F/U)/ 

recurrence

Jensen EH et al[9]

2006
Esophagus 85 yr/M 39 mm x 25 

mm
Pedunculated 
large polyp

A 2-mo 
dysphagia to 
solids foods, 
complete 
esophageal 
obstruction; 
had prolapsed 
to the level of 
the GE junction 

CT , EUS Anterior esophagotomy, 
transsection of 
polyp using an 
endoscopic 
stapling device 
(open surgical excision)

No F/U 

DeRidder Ph
 et al[10] (1989)

Stomach 59 yr/M 6 mm Submucosal well 
demarcated mass

Chronic occult 
GI bleeding 

Laparotomy-
excision

12 mo/No 
recurrence

McGregor DH 
et al[11]

(1993)

Stomach 69 yr/M 50 mm 
x 40 mm 
x 20 mm

Gastric 
submucosal 
mass on great 
curvature, 
without peduncle

Chronic hemorrhage 
and severe anemia

Exploratory 
laparotomy,
mass resection

30 mo/No 
recurrence

Hunt J et al[12]

(1996)
Stomach 27 yr/F 80 mm 

x 55 mm 
x 45 mm

Large polypoid 
mass with 
large peduncle

Suggestive of 
intussusception 
through the pylorus, 
acute GI hemorrhage

Exploratory laparotomy, 
distal partial 
gastrectomy, 
Billroth I gastric 
reconstruction, 
resection of polyp 

not given/
No 

recurrence

Mohl W et al[14]

(2004)2
D u o d e n u m , 

Colon
The first was 
66 yr/M, the 
second was 

7 5  y r / F  ( 2 
pts with 1 
duodenal 

and colonic 
A-L other  
duodenal 

A-Ls) 

1st-10 mm  
located near  

papilla of 
Vater, and 

colon
2nd-23 mm 
at the upper 

duodenal 
knee

Both with  
peduncle 

1st acute, 2nd chronic  
GI bleeding
Upper GI bleeding due 
to duodenal
A-L 

Endoscopic snare 
polypectomy for 2 
duodenal and for 1 
colonic A-Ls 

not given/
No 

recurrence

Jung IS et al[15]

(2004)
Duodenum 60 yr/F 35 mm x 4 

mm 
With peduncle Dyspepsia for 6 mo EUS Endoscopic 

polypectomy
No  F/U

Kaneko T et al[16]

(1996)1
Meckel’s 

diverticulum 
accompanied 

A-L

Intussusception

Ferrozzi F et al[3]

(1998)
Ileal With tuberous sclerosis CT  

Table 1  Gastrointestinal angiolipomas defined in literature

Figure 1  Histopathologic appearance of small rectal pedunculated angiolipoma (macroscopically 7 mm x 5 mm x 4 mm in diameter with normal mucosal appearence). A: 
Proliferated blood vessels and adipose cells in mature adipose tissue in submucosa of colon at small magnification (light microscope, HE); B: Proliferated vascular tissues 
and mature adipose tissue in submucosa. There was no fibrin trombus in blood vessels (light microscope, HE); C: SMA staining of angiolipoma.
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Manner M et 
al[17] 
(2001)

Proximal 
ileum

71 yr/F 38 mm With peduncle Occult bleeding, 
ileoileal 
intussusception

US, CT Small bowel 
resection

Kwak HS et al[18] 
(2003)

Small bowel/
proximal 

ileum

75 yr/M 30 mm Intraluminal 
lobulated 
polypoid mass 
with peduncle 

Epigastric discomfort, 
loss of appetite, weight 
loss

Enteroclysis, 
MRI

Surgery No F/U 

Aouad K et al[19] 
(2000)

(Bauhin valve) 
ileocecal 

valve

Gastrointestinal 
hemorrhage

Kato K et al[20]

(1999)1
Ileocecal 

valve
69 yr/M 52 mm x 

50 mm x 40 
mm

Without peduncle, 
a submucosal 
smooth surface 
mass A-L

3-d right lower 
quadrant abdominal 
pain

Contrast 
enhanced 

abdominal CT 
     

Laparoscopy-assisted 
ileocecostomy, 
and a side-to-
side anastomosis 
extracorporeally 
(a minimally 
invasive laparoscopic 
technique)

5 yr/No 
recurrence

Saroglia G et 
al[21]

(1996)

Ileocecal valve 55 yr/M 55 mm Submucousal mass Invagination Barium 
contrast 
graphy

Surgery No F/U

Vandamme J 
et al[22] (1964)

D e s c e n d i n g 
colon

43  yr/M 150 mm x 40 
mm

With peduncle GI bleeding and 
non painful sub-
obstruction by 
invagination

Barium 
contrast 
graphy

Surgery, colon resection not given/
No 

recurrence

Okuyama T 
et al[23] (2002)

Sigmoid colon 49 yr/M 65 mm x 23 
mm

Pedunculated 
polyp with  
smooth surface

Asymptomatic, during 
routine exam
positive fecal blood 

Double 
contrast 
enema, 

enhanced CT 

Hemostatic clip and 
endoscopic electro-
surgical polypectomy

No F/U 

Chen YY et al[24]

(2005)
Transvers 

colon
70 yr/M 50 mm With peduncle Colonic obstruction US,

Abdominal 
CT, Colonic 

barium 
enema, 

colonoscopic 
examination

Surgical segmental 
resection

2 yr/No 
recurrence

Kacar S et al Rectum 70 yr/F 10 mm With peduncle Asymptomatic - Polypectomy performed 
by endoscopic 
polypectomy snare

6 mo/No 
recurrence
Under F/U

1Abstract of reference (full text not available); 2Three lesions of angiolipoma in two patients, were defined. GE: Gastroesophageal; A-L: Angiolipoma.

In the musculoskeletal system, angiolipomas are 70% 
multiple and 10% familial[5]. It can have an autosomal 
dominant penetrance[1,22]. The mode of  inheritence in GIS 
is still not clear[54].

Histologically, it is comprised of  mature adipose 
tissue and proliferated vascular tissues. It can be classified 
as predominantly lipomatous or angiomatous type, 
based on the ratio of  adipose tissue and vascular tissue 
composition[1,2,5]. Fibrin thrombus due to microtraumas 
is general ly seen in angiomatous lesions [5,11,20,23,48]. 
Angiolipomas localized in muscle and cutaneous tissue 
can have two different behavior patterns: infiltrative or 
non-infiltrative[5]. But the gastrointestinal cases defined in 
the literature have been non-infiltrating and showed no 
recurrence during follow-up periods (Table 1).

Eight maxillofacial angiolipomas had been reported 
in the literature until 1989[7] and 17 head and neck 
angiolipomas until 1999[4]. There are also cases in the 
literature of  oropharyngeal angiolipomas including tongue, 
cheek mucosa and palate[4,6-8].
Angiolipomas localized in the GIS or liver. Although 
hepatic localization of  lipomatous tumors is seen more 
frequently than gastrointestinal tract, hepatic angiolipomas 
are also rare lesions in this group[27,28,55,56]. Most lipomatous 

lesions of  the liver[55,56] and hepatic angiolipomas are 
associated with tuberous sclerosis complex[26]. 

Seven cases of  angiolipoma hade been reported in 
the gastrointestinal tract in the literature up to 2005[24]. To 
the best of  our knowledge, 17 cases of  gastrointestinal 
angiolipoma have been reported to date (1 esophageal[9], 3 
gastric[10-12], 2 duodenal[14,15], 4 small bowel[3,16-18], 3 ileocecal 
valve[19-21], and 4 colonic)[14,22-24]. Based on these reports, our 
case would be the first angiolipoma defined in the rectum. 

There are syndromes accompanying angiolipomas, 
such as familial angiolipomatosis, which is rare and benign 
with mostly autosomal dominant inheritance and multiple 
angiolipomas of  the extremities and trunk[57]. Birt-Hogg-
Dube syndrome is an autosomal-dominant condition 
characterized by fibrofolliculomas, trichodiscomas, and 
acrochordons[58]. There is only one ileal angiolipoma-
associated tuberous sclerosis in the literature[3]. Hunt et al[12] 
described a case with solitary gastric Peutz-Jeghers polyp 
and angiolipoma presenting as acute hemorrhage. 

Angiolipamas are diagnosed generally as single lesions 
in the gastrointestinal tract, but Mohl et al[14] described 
a case of  both colonic and duodenal angiolipoma. 
Angiolipomas in the gastrointestinal tract, as shown in 
Table 1, can be sessile[10,11,18,20] or pedunculated polypoid 
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lesions[9,12,14,23,24], and the cases in the literature are 
generally diagnosed based on abdominal pain, obstruction, 
invagination, intussusception, and acute or chronic 
bleeding.  

Diagnos is of  GIS ang io l ipomas can be made 
radiologically via contrast barium enema, enteroclysis, 
abdominal ultrasound, endoscopic ultrasound, abdominal 
tomography, or MRI before the polypectomy or resection 
if  the lesion is large[9,15,17,18,20,23,24]. Large lesion size and 
the symptom are the main factors in the radiologic 
diagnosis, but final diagnoses are done histologically. 
There is filling-defect in gastrointestinal lumen detected 
by barium enema[24] and enteroclysis[18], hyperechoic lesion 
in transabdominal ultrasonography[17,24], submucosal lesion 
in gastrointestinal wall in endosonography[9], hyperechoic 
lesion in CT[3,9,14,17,20,23], and central high signal intensity 
with peripheral iso-signal intensity on T1-weighted in-
phase images in MRI[18]. 

Surgical resection is preferred to endoscopic resection 

in the case of  broad-based or pedunculated large polyps 
due to risk of  perforation and bleeding[9,10,11,12,17,18,20,24]. 
For pedunculated polyps, injection of  epinephrine, or 
use nylon loop or metal hemostatic clip are suggested 
before polypectomy to decrease the risk of  postoperative 
bleeding[14,23]. These patients can be treated by standard 
polypectomy. The level of  urgency is also an important 
factor when choosing the most optimal treatment. In 
the case of  intussusception[16,21], obstruction[9,24] or acute 
bleeding[12,19,22], emergent surgery is generally suggested. 
In some cases, minimally invasive laparoscopic techniques 
can be performed successfully. A cecal lesion was treated 
successfully with laparoscopy-assisted ileocecostomy and a 
five-year follow-up showed no recurrence in this patient[22]. 

Our patient was diagnosed by histopathologic 
evaluation after snare polypectomy of  a single, small 
polyp with thin peduncle in the rectum. There was no 
complication after polypectomy. The peduncle was 
histologically normal. There were proliferated blood 
vessels and mature adipose tissue in the submucosa and 
no fibrin thrombus was found. Mature adipose tissue and 
proliferated blood vessels are the diagnostic components 
as defined in the literature. Fibrin thrombus in the 
vascular component is a common finding[5,11,20,23]. The 
histopathological findings of  the cases in the literature are 
given in Table 2.

The polyp was not responsible for the dyspeptic 
symptoms and constipation in our patient. Although 
the polyp could have caused rectal bleeding, no bleeding 
occurred in our patient. The lesion was thus considered 
as asymptomatic. The sigmoid angiolipoma in literature[23] 
was asymptomatic, but 65 mm in diameter. Our case is the 
first rectal, small, asymptomatic angiolipoma diagnosed 
incidentally in the gastrointestinal tract. 

Although angiolipomas are benign lesions among 
adipose tissue neoplasms, additional staining techniques 
are required to distinguish from malignant lipomatous 
forms like angioliposarcoma[27,28]. The resection material 
of  our patient was stained by HMB45 and anti-smooth 
muscle antibody, and found negative for muscle fibers. The 
differential diagnosis was made between angiomyolipoma 
and angioliposarcoma. 

In conclusion, it is important to remember that 
submucosal, sessile, or polypoid lesions in the gastrointestinal 
tract with or without symptoms can be an angiolipoma, a 
lipomatous tumor, although it is quite rare.
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Abstract
Hepatic abscess due to perforation of the gastrointestinal 
tract caused by ingested foreign bodies is uncommon. 
Pre-operative diagnosis is difficult as patients are often 
unaware of the foreign body ingestion and symptoms 
and imagiology are usually non-specific. The authors 
report a case of 62-year-old woman who was admitted 
with fever and abdominal pain. Further investigation 
revealed hepatic abscess, without resolution despite 
antibiotic therapy. A l iver abscess resulting from 
perforation and intra-hepatic migration of a bone 
coming from the pilorum was diagnosed by surgery. The 
literature concerning foreign body-induced perforation of 
the gastrointestinal tract complicated by liver abscess is 
reviewed.

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Perforation of  the gastrointestinal tract caused by 
ingested foreign bodies is uncommon and formation 
of  posterior hepatic abscess is even more rare[1-5]. In the 
majority of  cases an early diagnosis is difficult to make by 
laparotomy due to the variability of  clinical presentation 
and non specificity of  complementary examinations. The 
authors report a rare case of  gastric perforation induced 
by a chicken bone with hepatic perforation and abscess 
formation. Despite computed tomography scan (CT) 
showed possible perforation, laparotomy established the 
diagnosis.

CASE REPORT
A 62-year old woman presented in March 2005 to our 
emergency room with abdominal pain, fever and asthenia. 
She had a history of  hypertension, gastro-oesophageal 
disease and hemorrhoids and was treated with ramipril and 
lansoprazole. 

She had a 6-wk history of  intermittent epigastric pain 
that progressively worsened, asthenia, anorexia and more 
recently developed mild fever. There was no history of  
chills, nausea, vomiting, thoracic pain, jaundice, respiratory 
or urinary complaints.

Physical examination revealed stable vital signs. And 
lung examination was unremarkable. Her abdomen was 
soft and tender to palpation but the liver was mildly tender 
and enlarged.

Laboratory investigations revealed a haemoglobin level 
of  10 g/dL, leukocytosis with granulocytosis (16 600/mm3 
and 87%), C-reactive protein 24 mg/dL, elevated aspartate 
aminotransferase and alanine aminotransferase (43 and 35 
IU/mL; normal < 31), γ-glutamil transferase 93 UI/L (N 
< 55), with normal bilirrubin and alkaline phosphatase. 
Plain radiographs of  the chest and abdomen were normal. 
Abdomen ultrasound (US) revealed a hypoechoic lesion 
in the left lobe containing both gas and fluid. Contrast 
enhanced CT scan showed a large collection, measuring 
approximately 8.5 cm × 7.0 cm, consistent with left-sided 
intra-hepatic abscess extending up to the gastric antrum, 
that presented parietal thickening (Figure 1). An abdominal 
RM did not rule out a liver tumor, but failed to show 
continuity with the gastric antrum (Figure 2).
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Using CT guidance, the hepatic abscess was drained 
percutaneously and pus and blood cultures were obtained. 
Microbiological examination of  the drained fluid was 
negative and biopsies taken only revealed inflammatory 
process (Figure 3). Upper GI endoscopy revealed a pre-
pyloric thickened fold (Figure 4), with normal histological 
evaluation. Entamoeba histolytica serology was negative.

The patient started on antibiotherapy (ampicilin, 
gentamicin and metronidazole) with clinical improvement. 
Four weeks later abdominal ultrasonography showed 
abscess size reduction (3 cm) and the patient was 
discharged and maintained antibiotic therapy. 

Three weeks  later the patient presented with fever, 

abdominal pain and elevated C-reactive protein. Abdominal 
ultrasonography and CT scan showed enlargement of  
the abscess cavity (8.4 cm × 5.3 cm), which extended to 
the gastric antrum. Laparotomy was then performed and 
a foreign body (bone) was found embedded in the left 
lobe of  the liver, resulting in a gastric antrum perforation 
(Figure 5). The bone was removed, the abscess drained, 
the stomach defect closed and a drain placed. The post-
operative course was uneventful.

DISCUSSION
About 80%-90% of  ingested foreign bodies pass 
trough the gut without discovery within 1 wk[1,2,4]. When 
symptoms arise they are usually secondary to obstruction[1,2]. 
Gastrointestinal perforation has been reported in less 
than 1% of  patients[3-5] and the most commonly affected 
areas are the ileocecal and rectosigmoidal regions[4,5] and 
duodenum[2]. Development of  hepatic abscess due to 
penetration induced by a foreign body is even more rare, 
the first case was published in 1898[6]. Since then, the world 
literature has been increased, with 46 cases reported until 
now. The most common sites of  perforation of  the gut 
are stomach and duodenum[5] which can induced by sharp 
foreign bodies like fish bones, chicken bones, needles or 
toothpicks[2,4,5,6] although pens or dental plates have also 
been reported[6,7].

It is difficult to establish the time until the onset 
of  symptoms as patients rarely recall the episode of  
ingestion[1,3,4] and the migrating foreign body may remain 
silent until an abscess formation[5].

Most patients have non specific symptoms such as 

Figure 3  Biopsy of the liver abscess showing fibrosis, fibrin and acute 
inflammatory cells, consistent with abscess wall (HE).

Figure 5  Removed foreign body (chicken bone, with 3.3 cm x 0.5 cm).

Figure 1   Cont ras t  en-
hanced CT scan showing 
a low-densi ty  area wi th 
gas and fluid, measuring 
approximately 8.5 cm x 7.0 
cm, consistent with left-sided 
intra-hepatic abscess.

JPEG 12 Ami Q = 90 7.14:1
Figure 2   Abdominal RM 
d e m o n s t r a t i n g  a  l a r g e 
col lect ion wi th  gas and 
fluid.

JPEG 12 Ami Q = 90 14.77:1

Figure 4  Upper GI endoscopy 
revealing a thickened gastric 
fold (pre-pyloric).



Ref Year Author Symptoms Suffering 
period

   Foreign 
   body

Size 
(cm)

Penetration Liver Bacteria Laparo
tomy

Treatment Mortality

[1] 2003 Kanazana Epigastralgia 1 mo Toothpick 5.5 Stomach Left lobe Unknown Yes Abscess drained and 
removal of a small part of 
the liver

No

[2] 2000 Cheung Epigastralgia, 
fever

3 mo Toothpick - Stomach Left lobe Unknown Yes removal of the toothpick 
and a small part of the liver

No

[3] 2000 Broome Epigastralgia,  
anorexia, 
fever

7 d Chicken bone 4.0 Stomach Left lobe Unknown Yes Removal of the chicken 
bone and abscess drainage

No

[4] 1999 Horii Fever, 
vomiting

2 wk Fish bone 2.8 Unknown Left lobe Streptococcus 
constellatus

No Percutaneous abscess 
drainage

No

[5] 2003 Chintamani Fever, 
vomiting

1 yr Needle 3.0 Unknown Right lobe Streptococcus 
pyogenes, E. coli

Yes Removal of the needle and 
abscess drainage

No

[6] 2001 La Veja Abdominal pain, 
vomiting

Unknown Fish bone 2.5 Unknown Right lobe - Autopsy Yes

[7] 1999 Perkins Fever, anaemia 2 wk Pen - Duodenum Right lobe Streptococcus 
malleri (group 

C), Sreptococcus 
malleri

No Removal of the pen and 
abscess drainage

No

[8] 1983 Shaw Fever Dental plate - Descending 
colon

Unknown

[9] 1997 Tsui Clothespin, 
Tooth pick

- D u o d e n u m 
Stomach

Unknown

[10] 1993 Chen Epigastralgia, fever, 
weight loss

3 mo Chicken bone 4.0 Duodenum Left lobe Unknown Yes Removal of the chicken 
bone and abscess drainage

No

[11] 2003 Bilimoria Right upper abdominal 
pain, fever

Unknown Toothpick - Sigmoid 
colon

Right lobe Estreptococcus Yes Removal of the toothpick 
and 
abscess drainage

No

[12] 2004 Tomimori Epigastralgia 4 wk Fish bone 1.0 Stomach Left lobe Sreptococcus 
constellatus

Yes Removal of the fish bone 
and abscess drainage

No

[13] 2001 Kessler Abdominal pain 4 wk Fish bone Unknown Duodenum Left lobe Eikenella 
corrodens

Yes Removal of the fish bone 
and abscess drainage

No

[14] 2000 Paraskeva Abdominal pain 4 mo Fish bone 3.7 Sigmoid 
colon

Right lobe Sreptococcus 
malleri

No Removal of the fish bone No

[15] 1999 Drnovsek Abdominal pain, 
vomiting

1 d Toothpick Unknown Duodenum Both Streptococcus 
viridens

Yes Removal of the toothpick No

[16] 1999 Guglielminet
ti

Toothpick  - Stomach Left lobe Unknown No Endoscopic toothpick 
removal and percutaneous 
abscess drainage

[17] 2002 Theodoropo
ulou

Right upper abdominal 
pain, fever, jaundice

3 d Fish bone 5.5 Stomach Left lobe Unknown Autopsy Yes

[18] 1981 Wood Fever, diarrhea 9 mo Needle - Retrocecal 
appendix

Right lobe Streptococcus 
viridens

Yes Removal of the needle and 
abscess drainage

[19] 2005 Starakis Right upper abdominal 
pain, fever

3 wk Chicken bone - Duodenum Left lobe Sreptococcus 
viridans, 
Eikenella 
corrodens

Yes Removal of the chiken bone 
and abscess drainage

No

[20] 2003 Houli Right upper abdominal 
pain, fever

2 wk Chicken bone 3.5 Transverse 
colon

Right lobe Streptococcus 
angiosus and 

mixed anaerobic 
flora

Yes Abscess drainage, removal 
of the chicken bone and  a 
small part of the liver

No

[21] 2001 Byard Abdominal pain, fever Several 
years

Chicken bone 3.8 Duodenum Both E. coli, mixed 
anaerobes 

and Candida 
albicans

Autopsy Yes

[22] 1999 Chan Abdominal pain, fever Unknown Fish bone  - Stomach Unknown Yes Removal of the fish bone, 
abscess drainage and parcial 
gastrectomy

No

[23] 1999 Tsai Abdominal pain, fever Fish bone 3.7 Stomach Left lobe Unknown No Abscess drainage  and 
simple closure of the 
perforated hole

No

[24] 1992 Shuldais Fish bone  -  Stomach Unknown
[25] 1991 Masunaga Abdominal pain, fever, 

vomiting
1wk Fish bone 4.0 Stomach Left lobe Unknown Yes Percutaneous abscess 

drainage, parcial 
gastrectomy 
and lateral segmentectomy

[26] 1990 Allimant Fever, astenia 3 wk Toothpick  - Stomach Left lobe Unknown Yes Drainage and removal of 
the tooth pick and a small 
part of the liver 

No

[27] 1986 Penderson Abdominal pain, shock Unknown Toothpick 3.5 Stomach Left lobe Unknown Yes Removal of the toothpick 
and abscess drainage

No

[28] 1988 Gonzalez Abdominal pain, fever, 
jaundice, nausea

1 mo Fish bone Unknown Stomach Left lobe Unknown Yes Removal of the fish bone 
and abscess drainage

No

[29] 1981 Rafizadeth Low-grade fever 10 d Toothpick 4.2 Duodenum Left lobe Estreptococcus Yes Removal of the toothpick 
and abscess drainage

No

Table 1  World literature review of  hepatic abscess induced by foreign bodies
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[30] 1966 Aron Astenia, fever, jaundice 3 mo Fish bone 2.2 Stomach Right lobe E. coli, Proteus Yes Removal of the toothpick, 
abscess drainage and 
piloroplasty

No

[31] 1971 Berk Right upper abdominal 
pain

Several 
weeks

Chicken bone 4.0 Stomach Left lobe Unknown Yes Removal of the chicken 
bone, abscess drainage and 
parcial gastrectomy

[32] 1996 Acosta Needle  - Appendix Unknown
[33] 1971 Abel None Unknown Needle 2.5 Stomach Left lobe Unknown Yes Removal of the needle and 

segmentectomy
No

[34] 1981 Tsuboi Epigastralgia, weight 
loss

1 mo Fish bone 4.7 Stomach Left lobe Unknown Yes Removal of the fish bone 
and abscess drainage

No

[35] 1984 Bloch Fever, myalgia 2 wk toothpick 4.5 Stomach or 
Duodenum

Left lobe Estreptococcus Yes Removal of the toothpick 
and abscess drainage

[36] 1955 Griffiths Septic shock Unknown Needle 4.0 Stomach Right lobe Unknown Autopsy Yes
1955 Griffiths Fever , vomiting 1 mo Toothpick 6.0 Duodenum Right lobe Unknown Autopsy Yes

[37] 1990 Dugger Fever, right upper 
abdominal pain

3 wk Fish bone or 
Chicken bone

3.8 Stomach Right lobe E. coli, Proteus Autopsy

[38] 2005 Lee Epigastralgia 5 d Body piercing 5.0 Stomach Left lobe Klebsiella spp, 
Streptococcus 

milleri

Yes Removal of the piercing, 
closure of the perforated 
hole and abscess drainage

No

2005 Lee Fever, epigastralgia, 
nausea, vomiting

1 wk Fish bone 3.5 Stomach Left lobe Streptococcus 
milleri

Yes Removal of the fish bone, 
closure of the perforated 
hole and abscess drainage

No

2005 Lee Epigastralgia 10 d - - Stomach Left lobe Streptococcus 
milleri

Yes Closure of the perforated 
hole

No

[39] 2005 Goh Fever 5 d Fish bone 3.0 Duodenum Left lobe Streptococcus 
milleri

Yes Removal of the fish bone 
and abscess drainage

No

[40] 2006 Chiang Right upper abdominal 
pain, fever

3 d Toohpick 6.7 Duodenum Right lobe Staphylococcus 
aureus

No Antibiotics (refused 
surgery)

No

abdominal pain, fever, vomiting, anorexia or weight 
loss[4,5,8] which are features of  a systemic response against 
an infection or abscess formation[4]. Furthermore, the 
classical presentation of  hepatic abscess (fever, abdominal 
pain and jaundice) is only present in a few cases[5].

The results of  routine laboratory studies are also non 
specific and unless the foreign body is radio-opaque it will 
not be identified on plain radiography[3,4].

An abdominal US or CT scan is preferred techniques 
for the diagnosis, the latter is excellent in detection of  
foreign bodies due to its high resolution and accuracy[1,2,4]. 
Endoscopy may be helpful when performed early, before 
the foreign body migration and mucosal healing[2,9] (which 
happened in our patient). In addition, endoscopy does 
not allow examination of  the mid-gut[2]. Therefore, pre-
operative diagnosis is difficult and a high degree   of  
suspicion is required[1,3].

We reviewed the world literature, and summarized 
it in Table 1. We found that fish bones were the most 
common foreign body and the stomach was the principal 
site of  perforation. Abscess formation occurs more often 
on the left lobe. Microorganisms isolated on abscess 
or fluid cultures are usually part of  the normal flora of  
human oropharynx[4,5,6,10-12]. Prognosis depends on a quick 
diagnosis, not only for morbidity but also for mortality[5,6].

Our clinical report is similar to the world literature and 
enhances the difficulty of  diagnosing such an entity. Our 
patient who did not recall the ingestion, had non specific 
symptoms and laboratory results as well as US and CT 
showed a hepatic abscess on the left lobe and its fistulous 
track. The diagnosis was obtained after exploratory 
laparotomy. Considering all issues we suppose that the 
chicken bone perforated through the pylorus.

Hepatic abscess treatment includes aspiration and 
antibiotic therapy[4]. Nevertheless if  we suspect perforation 
of  the gut caused by a foreign body or it is detected by 

radiography, US or CT, surgery is the option[13], although 
there are some descriptions of  endoscopic [4,12,15] or 
percutaneous[4,14] removal. In our case surgery not only 
allowed to make a diagnosis but also treated it.

In conclusion, hepatic abscess diagnosis based on 
perforation of  the gastrointestinal tract caused by a foreign 
body is difficult due to a variety of  non specific symptoms 
and because patients are often unaware of  the ingestion. In 
a hepatic abscess that does not respond to aspiration and 
antibiotic therapy we should look for an aetiology. Despite 
its rarity we should consider a foreign body and surgical 
therapy. Surgery still has a major role in the diagnosis and 
treatment of  hepatic abscess induced by a foreign body 
although US and CT may establish it in some cases.
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