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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. 
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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.

Cheng LK et al.  Multiscale models of gastrointestinal electrical activity                                                                1381

www.wjgnet.com

160 s                                      165 s                                      170 s                                      175 s                                    180 s

F G H I J160 s                                      165 s                                      170 s                                      175 s                                    180 s



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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