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Abstract

Gastric motility, essential for physical propulsion and digestion of food, is coordi-
nated by an underlying electrical activity called slow waves (SWs). SWs are initiated
and propagated by specialised cells called interstitial cells of Cajal (ICC) supplying
the smooth muscle cells (SMC) with the necessary stimulus for muscle contractions.
Gastric dysrhythmias, and hence the role of ICC and SMC, have been linked to the
pathophysiology of several functional motility disorders of the gastrointestinal (GI)
tract. External delivery of current impulses, for example gastric pacing (high en-
ergy low frequency current pulses), is able to modulate the electrical propagation for
therapeutic purposes.

Multiscale mathematical GI models have been developed to simulate the gastric
electrophysiology, spanning from single-cell to full-scale whole organ model. However,
realistic stomach models capable of studying gastric pacing with predictive capability
have yet to be developed. The main reasons are: the (i) incapability of the underlying
cell model in modelling the effects of external current inputs; (ii) conduction velocity
of the propagation being primarily dependent on the intrinsic frequency of the cell
model; and (iii) large computational requirements in solving spatially and temporally
larger gastric electrophysiology simulations. The reaction-diffusion equations coupled
with biophysically detailed cell description are solved on large anatomically realistic
models, and over a temporal scale ranging up to minutes/hours/days.

In this thesis, an efficient cell-model was developed capable of simulating gastric
pacing and its effects on normal activity. A new method was presented for modelling
SW propagation with a biophysically based reaction term, which was then applied to
experimental studies for investigating entrainment, and the effects of gastric pacing
on entrainment.

Subsequently, an existing open source high performance computing (HPC) library
called CHASTE was adapted and developed as a framework for GI electrophysiology
simulations. The utility of the newly developed cell model was explored in analysing
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the structure-function relationship of ICC network from different stages of postnatal
development in murine intestine, using ICC imaging data, to quantify how changes in
structure may alter ICC network function. An efficient triangulation of ICC network
imaging data was developed. This reduced the computational load by reducing the
number of degrees of freedom to less than 80% of a previous implementation.

Furthermore, an efficient tridomain continuum model was developed that accounted
for the two different cell types as seen in gastric musculature, overcoming the single
cell type limitations of using a bidomain continuum equations in modelling the GI
electrophysiology. The proposed model was found to be 2 times more efficient than a
previous formulation. New techniques were developed to employ the tridomain contin-
uum framework for simulating gastric pacing on a anatomically realistic human stom-
ach model. A detailed convergence analysis showed that a mesh resolution of ∼0.4-0.5
mm was required for an accurate solution process. A comprehensive 3D multi-scale
modelling framework of human stomach with synthetic fibres was developed for di-
verse applications including efficiently evaluating pacing strategies. Synthetic muscle
fibre directions were calculated and embedded within this model, based on a modified
Laplace-Dirichlet Rule based algorithm. It was discovered that the pacing protocols
were limited by the frequency of the native propagation and the refractory period of
the underlying cellular activity.

Finally, the computational performance of different preconditioners for tridomain
model was analysed. The block-Jacobi preconditioned conjugate-gradient solver was
found to be the most efficient for the simulations in terms of the time-spent (anisotropic
problem with extracellular stimulus mean solve time for each time-step: block-Jacobi
0.4 s; Jacobi 1.6 s; and boomerAMG 5.8 s), whereas an algebraic multigrid-based
boomerAMG preconditioned conjugate-gradient solver was found to be most efficient
in terms of solver iteration count (anisotropic problem with extracellular stimulus
mean solver iteration count: block-Jacobi 74; Jacobi 581; and boomerAMG 46). The
thesis concludes with a discussion on the results and possible future research directions
in the field.

In total, this thesis developed an efficient HPC-enabled computational environ-
ment for investigating gastric electrophysiology. The methods and framework pre-
sented in this thesis will advance the GI modelling studies in conjunction with clinical
experiments, specifically to improve the pacing strategies/protocols of existing pac-
ing devices, and also other diverse studies to improve the diagnosis and treatment of
patients with functional and GI motility disorders.
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Chapter 1

Motivations & Aims

1.1 Motivations

Rhythmic electrical activity, known as slow waves, coordinates the sequential contrac-
tion and relaxation, or motility, of the gastrointestinal (GI) tract. These slow waves
are initiated and propagated by specialised cells known as the interstitial cells of Cajal
(ICC) within a syncytial cell network. These signals subsequently activate the ad-
jacent smooth muscle cells driving the muscle contraction [77]. Functional motility
disorders such as gastroparesis and slow transit constipation have been attributed to
degradation of ICC and related dysrhythmias [49, 57, 123]. Applying external elec-
trical impulses via pacemakers has been tremendously successful in cardiac field for
treating arrhythmias. Similarly, external pacing of the stomach in attempts to nor-
malise physiological function and reduce symptoms in canine models [179, 180] and
gastroparetic patients has shown encouraging results [107, 108, 118].

Trial and error methods on animal models have been a common strategy to evaluate
efficient protocols for pacing until now. With the use of more complex multi-channel
gastric pacing strategies [24], an approach that is efficient in time, cost and ethical
considerations needs to be developed to understand underlying physiological effects.

Mathematical models integrating cell, tissue, and organ function are increasingly
being employed for understanding the GI electrophysiology [27, 37]. At a cellular level,
the models describing the cellular level dynamics have evolved over time. Initially,
phenomenological cell models involving mathematical descriptions with no or little
biophysical basis were used to model the electrical events in different regions along the
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GI tract [5, 27]. These models were used to simulate the basic properties of gastric
slow wave propagation, such as propagation pattern and frequency [27, 37]. With
recent progress in understanding the ionic conductances, more detailed biophysical
models have been developed with the capability of quantitatively modelling the slow
wave activity defined by experimental ion conductances [29, 30, 50].

Various mathematical modelling techniques and numerical methods currently exist
for simulating electrical activity from the cellular level through to the torso surface.
Recently, a multiscale model of gastric slow waves was generated from biophysically
based continuum descriptions of cellular electrical events, coupled with a subject spe-
cific human stomach model and high resolution electrical mapping data. The model
was then applied using a forward-modelling approach, within an anatomical torso
model, in order to define the electrophysiological basis of the normal human electro-
gastrogram (EGG) [36].

However, there were a number of limitations and issues with the existing modelling
approaches. Although, cell models incorporating an entrainment mechanism were
developed in two different studies [16] [39], they were unable to capture the effects
of external current stimulus during pacing. Moreover, conduction velocities in both
the models were dependent on the [IP3] parameter that limited the intrinsic pacing
frequency as the primary factor of the propagation, and they could not represent
the effects of electrical anisotropies. Consequently, multiscale whole-organ models,
incorporating these cell models, lacked a predictive capability, and also were unable
to accurately simulate the effect of gastric pacing [31, 36, 124].

Another important challenge in the advancement of GI field is the computational
complexity associated with solution of continuum based equations with an anatom-
ically detailed geometry coupled with detailed representation of cellular dynamics.
Previously, simulations of slow wave activity over ICC network tissue models of size
316 µm × 316 µm for 400 ms of slow wave activity time, took around 2 hours to solve
[39]. It is worthwhile to note that gastric electrophysiological simulations temporally
span up to several minutes, and over multiple spatial scales. The development of
simulation frameworks that can efficiently utilise high-performance computing (HPC)
resources will be vital in addressing the aforementioned challenges.
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1.2 Objectives

The main objectives of the thesis were to:

1. Develop a biophysical cell model capable of simulating pacing effects and diffu-
sion based propagation. Validate the model against experimental observations.

2. Implement a HPC-enabled framework using available computational libraries to
analyse imaging data of ICC network for structure-function relationship.

3. Develop a HPC-enabled continuum-based anatomically-realistic mathematical
model of the human stomach for studying gastric pacing. Simulate gastric pac-
ing in an anisotropic environment to predict the effects of different pacing fre-
quencies.

4. Determine the efficiency of different preconditioning/solver techniques for gastric
electrophysiology continuum model problems.

1.3 Thesis Outline

This thesis is divided into 9 chapters. The contents of each chapter is summarised
below.

Chapter 2 reviews the anatomical details and electrophysiology in the GI tract.
It details the role of specialised ICC and SMC cells in facilitating normal diges-
tion/motility, and further, the motility disorders associated with abnormal electro-
physiology.

Chapter 3 reviews the current state of art in mathematically modelling the under-
lying gastric electrophysiology. The chapter begins with a description of biophysical
cell models capable of capturing the sub-cellular process accurately followed by brief
overview of existing multi-scale models for full-organ simulations.

Chapter 4 briefly compares different tools available for computing the solutions of
models arising in gastric electrophysiology. An existing multiscale simulation setup
was compared for efficiency using different simulations packages. Specifically, ‘Contin-
uum Mechanics, Image analysis, System identification and Signal processing’ (CMISS)
and ‘Cancer, Heart and Soft Tissue Environment’ (CHASTE) modelling environments
were compared. The CMISS tool is a Fortran based finite-element code that has been
used for many multi-scale physiome projects over the past 25 years. On the other
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hand, the CHASTE computational library is C++ based code that has the ability to
efficiently split computing load over many distributed parallel processors.

Chapter 5 presents a cell-model capable of simulating gastric pacing and its effects
on normal activity. In this chapter, a new method is presented for modelling SW
propagation with a biophysically based reaction term coupled with a finite state ma-
chine approach. The model is then applied to experimental studies for investigating
entrainment and gastric pacing. The new model has the potential for investigating
gastric pacing protocols and the effects of tissue parameters such as anisotropic con-
ductivities along different fibre directions, ICC network-function relationships and the
effects of pharmacological agents on SW activity.

Subsequently, in Chapter 6, the developed finite state machine based cell-model
was applied to analyse ICC network-function relationship in imaging data obtained
from different stages of postnatal development in murine ICC networks. The network
geometry was coupled to the cell model to simulate pacemaker activity on the networks
and to quantify how changes in structure may alter function. An efficient triangulation
of ICC network imaging data which reduced the computational load is described.

Further, Chapter 7 details development of tridomain continuum framework for sim-
ulating gastric pacing on an anatomically realistic human stomach model. This study
develops a comprehensive 3D multi-scale modelling framework of human stomach with
synthetic fibres for diverse applications including efficiently evaluating pacing strate-
gies. A high resolution mesh was generated from an anatomically realistic stomach
geometry. Synthetic muscle fibre directions were calculated and embedded within this
model, based on a modified Laplace-Dirichlet Rule based algorithm. The tridomain
model was implemented and evaluated for performance, and used to model the dif-
fusion process which takes into account the two different cell types seen in gastric
musculature.

Finally, in Chapter 8, the computational performance of different preconditioner
implementations were analysed. A detailed analysis of different preconditioners specif-
ically AMG Hypre based preconditioners was studied for the tridomain problem de-
veloped in Chapter 7.

This thesis concludes in Chapter 9 with discussion on the results and possible
future research directions in the field.



Chapter 2

Gastrointestinal Anatomy &

Electrophysiology

2.1 Anatomy of Gastrointestinal Tract

The gastrointestinal (GI) tract processes the food that we eat and extracts the nu-
trients from it, then removes the waste generated in the process. It is a ∼10 m long
tube comprising discrete organs such as oesophagus, stomach and intestines. The
functions of these different discrete organs are highly coordinated and are regulated
by underlying electrical activity, endocrine and neuromuscular activities in the body.
The stomach and the small intestine are the main organs that will be considered in
this thesis.

The stomach is a muscular hollow organ that lies between the oesophagus and small
intestine in the upper abdomen. The main functions of the stomach are to: (i) begin
the digestion of carbohydrates and proteins, (ii) convert the food into liquefied chyme
by grinding, mixing and chemical breakdown with the help of acids and enzymes, and
to (iii) discharge the chyme into the small intestine periodically as the physical and
chemical condition of the digesta is rendered suitable for the next phase of digestion.

The stomach is divided anatomically into three main regions: fundus, corpus
(body) and the antrum (see Fig. 2.1 top left). The fundus mainly serves as a storage
reservoir and is the most proximal portion of the stomach. The corpus or the body
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Fig. 2.1 Schematic illustration of muscle layers in the stomach. Note that intestine
walls of the GI tract exhibit similar structure except that it is devoid of oblique muscle
layer. Reproduced from Encyclopedia Britannica 2010.

forms the main central region, whereas, the antrum region is the most distal portion
of the stomach. The corpus and antrum region are responsible for mechanical mixing
and break down of food with repeated muscle contractions or peristalsis. Addition-
ally, the pylorus is the lower section of the stomach facilitating the emptying of the
contents to the small intestine. The lower esophageal sphincter, at the junction of the
oesophagus and stomach, and the pyloric sphincter at the junction of the stomach and
the duodenum keep the contents of the stomach contained.

The small intestine is a long continuous tube that connects the stomach and large
intestine. The small intestine consists of three parts. The first part is the duodenum
which connects the intestine to the stomach. The middle part is the jejunum and the
third part is known as the ileum, which connects the small intestine to the colon as seen
in Fig. 2.2. The chyme already broken down by the stomach is further degraded in
the intestine. Once fully broken down to the chemical level, the nutrient molecules are
absorbed through the walls of intestine and into the bloodstream before the remaining
unabsorbed contents are propelled into the large intestine.

The GI wall comprises different tissue layers and has a similar structure in both
the stomach and small intestine. The stomach wall has four layers of tissue: the
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Fig. 2.2 Schematic illustration of small intestine anatomy. Reproduced from http:
//www.webmd.com/digestive-disorders/small-intestine.

mucosa, the sub-mucosa, the muscularis, and the serosa as seen in Fig. 2.1. The
mucosa is densely packed with gastric glands, which contain cells that secrete digestive
juices such as digestive enzymes, hydrochloric acid, and mucus. The sub-mucosa has
blood vessels supplying the mucosal layer. The muscularis layer, is responsible for
the gastric motility or peristaltic contractions (see Section 2.2). It has three layers of
muscles: circular muscle layer, longitudinal muscle layer and oblique (these fuse on
to the circular muscle as it enters the antrum region of the stomach (see Fig. 2.1).
However, in the small intestine the oblique muscle layer is absent in the muscularis
layer. Finally, the outer-most tissue layer is the serosa that surrounds the muscularis
layer and is made of vascularised connective tissue that serves as a structural outer
coat.

2.2 Digestion and Motility

Digestion is the process by which the ingested food is broken down into basic nutrients
and absorbed for regular function/repair or growth of bodily tissues. It involves both
mechanical movements such as mixing of food particles and chemical reactions induced
by gastric secretions.

The coordinated mechanical movements in the muscle layers of the muscularis that
drives the mixing, breaking down and orderly emptying of the ingested food is termed
GI motility. Normal gastric motility is coordinated by several overlapping mechanisms

http://www.webmd.com/digestive-disorders/small-intestine
http://www.webmd.com/digestive-disorders/small-intestine
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of systems, most importantly myogenic, neural and hormonal systems [77]. Abnormal
motility is a contributing factor of clinical conditions such as gastroparesis and func-
tional dyspepsia [106, 123, 154]. In addition to neuronal and hormonal stimulations,
bioelectric events in the gastric musculature known as ‘slow waves’ play a critical role
in rhythmic gastric muscle contractions [143]. Slow waves are the continuous changes
in the membrane potential along the GI wall.

Another type of electrical activity, called ‘spikes’, may overlap the slow waves.
Spikes are considered as being true action potentials provoking more pronounced con-
tractions [142]. In contrast to slow waves, they propagate for only a short distance
as a "patch" [97, 98]. Patches may begin and propagate rapidly, with a preferential
conduction along the axis of the muscle fibres, in any section of the muscle layers
following slow wave depolarisation. The mechanisms by which they begin, spread and
stop are presently unknown [97, 98].

2.3 Gastric Electrophysiology

Slow waves (SWs) are generated and actively propagated by the interstitial cells of
Cajal (ICC) which in turn activate the adjacent smooth muscle cells (SMCs) driving
the muscle contraction [143]. Previously, it was considered that SMC generated these
events, however, it is now widely accepted that ICC are indeed the source [49, 79, 143].

2.3.1 Interstitial Cells of Cajal as Pacemaker Cells

ICC were first described in 1911 by Nobel prize laureate Santiago Ramon y Cajal as
nerve-like cells at ends of motor neurons in organs innervated by peripheral nerves [20].
Later, it was observed that ICC have a pacemaker role essential for normal GI motility.
One of the earliest indications was its proximity with the muscle layers that carry
pacemaker currents in the intestine [158]. Subsequently, it was shown that isolated
ICC displayed rhythmic depolarisations [100]. In a landmark study by Huizinga et al.
[79], it was confirmed that ICC were c-kit labelled cells expressing the Kit receptor
tyrosine kinase (useful in immunofluorescence staining procedures in imaging ICC
networks). They also found that mice with mutations in the white-spotting locus
(W/Wv) lack myenteric ICC networks and intestinal pacemaker activity [79]. Based
on these morphological and functional studies it was confirmed that ICC generate and
propagate slow wave activity. Other studies have confirmed the pacemaking capability
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of ICC without external neuronal intervention [49, 143, 160, 172].

The mechanism of ICC pacemaking is still a subject of active research and sev-
eral theories exist and have been reviewed in [103]. Pharmacological inhibition of
Ca2+ release and uptake suppresses slow waves in mice and guinea pigs [66, 156,
173, 183]. This indicates that Ca2+ uptake and release from the endoplasmic retic-
ulum, and hence, changes in [Ca2+]i is key in ICC pacemaking. Further, inhibition
of Ca2+ cycling was observed to shorten the duration of slow waves [88, 102]. It is
hypothesised that Ca2+ cycling also determines the plateau phase of the slow wave
event.

Isolated ICC from different gastric regions generate slow waves at different in-
trinsic frequencies. However, in intact tissue the ICC are synchronised to the single
dominant frequency while propagating the slow wave along the network of ICC, in-
terconnected by gap junctions [72, 99], in a regenerative manner. This process is
called entrainment [93]. The process of entrainment likely occurs through a voltage-
dependent mechanism, for example via a transmembrane potential Vm dependent IP3
mediated Ca2+ dynamics [82, 165]. Passive diffusion of cytosolic activating agent
such as Ca2+ is too slow and weak to be significant contributing mechanism to slow
wave entrainment [142].

2.3.2 Interstitial Cells of Cajal Distribution in GI Wall

ICC form networks that are distributed throughout the musculature of GI wall. Fig.
2.3 shows the functional organisation of ICC in the canine gastric antrum. In the
stomach, a network of ICC lies in the myenteric region, ICC-MY. Another ICC network
called ICC-IM lies in the intramuscular region through the bundles of circular smooth
muscle cells [140]. A further population of ICC, ICC-SEP, lies within the septa between
the circular muscle bundles, and connect adjacent bundles [72]. In the case of the small
intestine, a plane of ICC concentrated in a deep muscular plexus exists (ICC-DMP).
The majority of the ICC-DMP processes are aligned along the long axis of the circular
muscle cells [18]. Functional descriptions of each network type are detailed in Section
2.3.4.
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Fig. 2.3 Schematic illustration of functional organisation of ICC in the canine gastric
antrum. ICC are distributed between the intermittent spaces of smooth muscles (SM),
which include myenteric ICC (ICC-MP), intramuscular ICCs (ICC-IM), and septal
ICCs (ICC-SEP). SM are arranged in the longitudinal direction (LM) and the circular
direction (CM) of the stomach. Reproduced from [67].

2.3.3 Smooth Muscle Cells

Slow waves are conducted to surrounding SMC which respond to depolarisation by
activating voltage dependent Ca2+ channels [73], initiating the contraction of muscles
generating motility. SMC lack basic ionic mechanisms to generate slow wave activ-
ity [73]. However, it is also established that SMC have a latent pacemaker activity
that enables them to regenerate slow waves on depolarisation [77]. The tissue be-
comes dormant when the pacemaker cells are removed, but stimuli have been able to
invoke peristaltic oscillatory activity [41, 110]. SMC activation supports the active
propagation of slow waves into muscle layers [111].

ICC and SMC are considered to be electrically coupled via sparse gap junctions as
shown in Fig. 2.4 [32, 143]. However, it is also possible that they are coupled through
field and or metabolic mechanisms [78, 165]. Simultaneous intracellular recordings
(shown in Fig. 2.5) have confirmed that slow waves originate in ICC and conduct
to SMC, both effectively acting as a common electrical syncytium [35], however, ICC
entrainment is independent of the current draining to SMC [32].

Similar to the pacemaking mechanism in ICC, SMC contractions are also controlled
and coordinated by neuronal and hormonal effects apart from mechanical stretch,
paracrine factors and inflammatory mediators [77, 142]. The process of SMC con-
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Fig. 2.4 An electron microscope image showing ICC joined to SMC via gap junctions.
Reproduced from [83].

traction is regulated primarily by activation of the contractile proteins myosin and
actin, either by receptor or stretch induced. The contraction mechanism is initiated
by changes in the cytoplasmic Ca2+ facilitating actin-myosin attachment and cross-
bridge cycling [142, 174].

2.3.4 Slow Waves and ICC

In the stomach, ICC-MY generate the slow waves and this activity drives the adjacent
smooth muscle layer [35]. The ICC-IM plays a dual role: (i) transmitting neuronal
information; and (ii) reinforcing the ICC-MY slow waves to cause significant membrane
depolarisations in the circular muscle layer [34]. Similarly, ICC-SEP, are important for
transferring electrical signals from the dominant pacemaker to more distant circular
muscle tissues considering the limitation of ICC-MY to initiate depolarisation in the
deeper muscle layers [67].

Slow waves have two components. The first is the initial pacemaker potential which
is generated in the ICC-MY and the second is generated by the ICC-IM in the SM layer
[34, 35]. In the gastric antrum of guinea-pig, it has been shown experimentally that
the slow waves propagate more rapidly in the circumferential than in the longitudinal
direction [68]. This anisotropy is because of the coordinated functions of different
layers of ICC. The longitudinal conduction velocity is due to the pacemaker potentials
in the ICC-MY layer, whereas the circumferential conduction velocity is because of the
regenerative responses of the ICC-IM within the circular muscle layer and the electrical
properties of the muscle layer [44, 68]. It has also been shown using calcium imaging
studies that slow waves propagate isotropically throughout ICC-MP, spreading radially
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Fig. 2.5 Simultaneous intracellular recording of slow wave in ICC and SMC. (A) and
(B) shows the intracellular electrical events in ICC and SMC respectively. (C) shows
the superimposed recordings for a particular interval (as shown with the horizontal
line in A and B) of both ICC and SMC showing that the slow wave event starts from
ICC and conducts to the circular muscle layer. ‘•’ represents the frequency associated
with a slow wave event. Reproduced from [66].
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from sites of initiation at a velocity consistent with longitudinal propagation [63].
Further, functional studies have shown that the ICC-IM supports the circumferential
propagation in muscle layer in the absence of ICC-MP [44, 68].

2.4 Origin and Propagation of Slow Waves in the

Human Stomach

In humans, slow waves initiate at a pacemaker area around the mid-corpus region on
the greater curvature of the stomach with a frequency of around 3 cycles min−1 [65].
The activity then propagates towards the pylorus with a mean propagation velocity
of 3 ± 1 SE mm s−1in the corpus and proximal antrum, increasing to approximately 6
± 1 SE mm s−1in the distal antrum [65]. This activation sequence and conduction ve-
locity was recorded using sparse electrodes where each slow wave was tracked through
sequential electrode recordings, and period changes were matched. It has been also
observed that the fundus remains quiescent during the entire duration with no slow
wave activity [65].

A recent high-resolution extracellular mapping study has further corroborated most
of the results observed previously, as shown in Fig. 2.6 [124]. This study observed
that the mean slow wave frequency was around 3 cycles min−1 and there was no
difference in frequencies across pacemaker, corpus or antrum regions of the stomach.
The slow wave activity was observed throughout the corpus regions, forming an or-
ganised circumferential band propagating along the organo-axial direction [124]. In
the corpus region, the mean propagation velocity of the band was found to be ∼3 mm
s−1. And, within the antrum region, the velocity was faster with mean velocity of
∼6 mm s−1. In a subsequent study, it was inferred that the circumferential band is
formed because of the anisotropic propagation, faster along the circumferential direc-
tion with conduction velocity in this direction ranging from ∼9 - 13 mm s−1 [126]. The
mean circumferential velocity was found to be 10.8 ± 3.4 SD mm s−1. Activation and
velocity maps for extracellular recordings (from a pig stomach) using high resolution
mapping electrodes are shown in Fig. 2.7.
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Fig. 2.6 Graphical representation of slow wave activity in the human stomach. Slow
waves originate near the greater curvature of the upper corpus. Subsequently they
spread circumferentially forming bands travelling antegrade direction along the organ
axis. The velocity along the corpus regions is slow, around 3 mm s−1, while in the
antrum it increases to around 6 mm s−1. Finally, the slow waves terminates at the
pylorus. The amplitude of slow waves is higher around the pacemaker regions and the
antrum region. Reproduced from [25].
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Fig. 2.7 Activation and velocity maps showing anisotropic propagation around the
pacemaker region of the pig stomach. (A) The position of the high-resolution record-
ing site and red box indicating the activation map area. (B) Extracellular electrical
recording using the high-resolution mapping electrodes in locations as identified in
(C). (C) (left) Activation maps corresponding to the slow wave propagation with 1 s
isochrones and (right) velocity map for the propagation. Adapted from [126]

.
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2.5 Dysrhythmias and Motility Disorders

Several gastric motility disorders have been associated with gastric dysrhythmias.
Dysrhythmias can be attributed to loss of ICC numbers and breakdown of the ICC
network [80, 128].

Gastroparesis: Gastroparesis is a gastric motility disorder characterised by symp-
toms such as nausea, vomiting, abdominal bloating, pain, early satiety and delayed
gastric emptying in the absence of mechanical obstruction [130]. Gastroparesis has
been associated with gastric dysrhythmias using electrogastrography (EGG) record-
ings and sparse electrode studies [12, 23, 92, 108]. Recently, high-resolution mapping
techniques were used to study slow waves in gastroparetic patients in spatiotemporal
details [123]. The results confirmed that the slow-wave abnormalities were present
in 11 of 12 patients considered in the study [123]. Another study has correlated
ICC degradation with idiopathic gastroparesis [57], indicating a direct relationship
between dysrhythmias and ICC loss. Nearly 4% of the total population experiences
symptomatic manifestations of this condition [2] and this is likely to grow due to the
diabetes pandemic [164]. Patients with this condition have a poor quality of life and
require frequent hospitalisation [130].

Chronic Unexplained Nausea and Vomiting (CUNV): The symptoms are simi-
lar to that of a gastroparesis patient, however, the patients have normal emptying tests
[131]. Gastric dysrhythmias have been associated with this motility disorder with fre-
quency abnormalities [55, 184]. Recently, a study that investigated both gastroparetic
and CUNV patients has found that ICC counts were less depleted in patients with
CUNV than those with gastroparesis. Further, the study concluded that the dysrhyth-
mias associated with both the groups were similar [6].

Functional Dyspepsia: Clinically, according to Rome III criteria, functional dys-
pepsia is defined as the presence of one or more of the following: postprandial fullness
(a feeling of unusual fullness after meals), early satiation (a feeling of unusual fullness
before meals), epigastric pain (pain that is localised to the region of the upper ab-
domen immediately below the ribs) or burning and no evidence of structural disease
to explain the symptoms [70]. Additionally, these criteria should last three months



2.6 External Injection of Electrical Impulses 17

with symptom onset six months before diagnosis. Other symptoms can include nausea
and vomiting [130]. Electrical dysrhythmias have also been associated with functional
dyspepsia [91, 148].

Slow-Transit Constipation: Slow transit constipation (STC), formerly known as
neuronal intestinal dysplasia (NID), is characterised by reduced motility within the
intestine. Several studies have shown that in patients with STC there is a significant
reduction in ICC count [60, 176]. An electrophysiological study demonstrated signifi-
cantly weaker or absent electrical activity in the colons of subjects with colonic inertia
reinforcing the role of dysrhythmias in STC [149].

Other Disorders: Other motility disorders attributed to dysrhythmias include gas-
troesophageal reflux disease [22, 101], cyclic vomiting syndrome [28], anorexia nervosa
[3] and post-operative GI dysmotility [74, 75].

2.6 External Injection of Electrical Impulses

Application of external electrical impulses as a possible treatment for gastric motor
dysfunction after surgery (postoperative ileus) was first reported in 1963 [11]. The aim
was to induce peristalsis and shorten the duration of ileus. It has also been reported
to have clinical application in treating obesity and gastroparesis [56, 118, 182].

Electrical stimulation is achieved by delivering the current using series of rectangu-
lar shaped pulses with a constant magnitude of current or voltage [186]. Several types
of gastric stimulation exists (reviewed in [186]) and are mostly categorised based on
frequency, pulse width and amplitude, number of electrodes and electrode positioning.

Gastric Pacing: Gastric pacing uses a set of pacing wires attached to the stomach
and an external electrical device that provides a low-frequency, high-energy stimulation
to entrain the stomach at a normal rhythm or to pace or entrain the natural slow wave.
The pulses are are usually 10 - 600 ms in duration and are applied periodically as shown
in Fig. 2.8a. Effects of gastric pacing on slow waves and its possible therapeutic
effects have been investigated in number of studies [42, 85, 108, 139, 179, 180]. In
non-controlled human trials, gastroparesis symptoms were largely reduced and shown
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to have improved due to the application of gastric pacing [107, 118].

Fig. 2.8 Schematic showing different types of pulses used in gastric electrical stimula-
tion. (a) Gastric pacing pulses with wide pulses of low frequency. (b) and (c) depicts
high-frequency short pulses and trains of high-frequency short-pulses as used in gastric
electrical stimulation. Reproduced from [186].

Gastric Electrical Stimulation: Gastric electrical stimulation involves delivering
short electrical impulses in the form of high frequency (much higher than normal slow
wave frequency) bursts [48] as shown in Fig. 2.8b and c. Though, such a protocol
does not entrain the slow wave activity [150], a recent meta-analysis on several clinical
studies using high-frequency stimulation have shown that it has therapeutic effects
especially in reducing nausea and vomiting, and improvement of gastric emptying
[127]. However, of the 13 studies included, 12 were non-controlled studies and one was
blinded and randomised. It has been further suggested that the curative effects are
because of modulation of the neuronal signals [1, 4].

Dual Pulse GES: In this method, the stimulus is both composed of high-frequency
and low-frequency pulses as shown in Fig. 2.9a. It has been shown to have a normal-
ising effect on gastric dysrhythmias while improving symptoms suggestive of nausea
and vomiting that have been induced pharmacologically [109].
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Fig. 2.9 Schematic illustrating the electrical stimulation applied in (a) dual pulse GES
where combination of both short and long pulses were used, and (b) synchronised
GES where stimuli were applied (lower panel) in time with the underlying slow wave
activity. The upper panel of (b) shows the slow waves with stimulus artifacts. Modified
from [186].
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Synchronised GES: Synchronised GES is another novel idea proposed recently [187],
which employed two pairs of electrodes - one for sensing and another for stimulation.
In this method, the stimulus is applied in time with the underlying slow wave activity
as shown in Fig. 2.9b. It has been hypothesised that such a method is capable
of enhancing contractions and has been shown to increased the amplitude of gastric
contraction [187].



Chapter 3

Modelling Gastrointestinal

Electrical Activity

Mathematical models of GI electrical activity offer a virtual medium to test hypothe-
ses in normal and diseased states, in conjunction with experimental studies. Thus,
treatment strategies can be investigated without sole dependence on animal or human
models. This chapter reviews models ranging from cell models to tissue models and
up to whole organ models that have developed in the GI research. A mathematical
outlook on the equations and the solution techniques are summarised.

3.1 Phenomenological Cell Models

3.1.1 Aliev et al. Model

Aliev et al. [5] presented a phenomenological cell model description of ICC based on
a FitzHugh-Nagumo model [121]. This was the first model that has been explicitly
used to represent the ICC and SMCs functions separately [27]. The model uses two
ordinary differential equations

∂u

∂t
= ku(u − a)(1 − u) − v (3.1)

∂v

∂t
= ϵ[γ(u − β) − v] (3.2)
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Here, u represents the transmembrane potential variable and v represents the recovery
variable. The other variables, k, a, β, γ and ϵ are tuned to replicate experimentally
observed waveforms. These parameters do not correspond to any underlying physio-
logic parameters and hence there is no biophysical basis to the cell model. The model
is computationally efficient, however, the model is temporally unstable [105].

3.2 Biophysically-Based Cell Models

3.2.1 Hodgkin and Huxley Membrane Model

Based on a series of voltage clamp experiments, Sir Alan Lloyd Hodgkin and Sir
Andrew Fielding Huxley developed a mathematical model that describes the electrical
activity of a cell [69]. The cell membrane was represented by an equivalent electrical
circuit containing a capacitive component in parallel with voltage and time dependent
conductances as shown in Fig. 3.1.

Fig. 3.1 Schematic diagram for the Hodgkin and Huxley model. The capacitor Cm

represents the capacitance of the cell membrane; the two variable resistors gNa+ and
gK+ represents voltage-dependent Na+ and K+ conductances, the fixed resistor gLeak

represents a voltage-independent leakage conductance. The source batteries ENa+,
EK+ and ELeak represents the reversal potentials for the corresponding conductances.
The current flow through the branches are dependent on respective conductances.
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The total current through the membrane is represented as:

Im = Cm
∂Vm

∂t
+ INa+ + IK+ + ILeak, (3.3)

where Cm is the capacitance of the cell membrane per unit area; Vm = φi − φe is
the transmembrane potential; and INa+ , IK+ and ILeak represents the current carried
by sodium ions, potassium ions, and a leakage current respectively. The currents are
modelled as:

INa+ = gNa+(Vm − ENa+) (3.4)

IK+ = gK+(Vm − EK+) (3.5)

ILeak = gLeak(Vm − ELeak), (3.6)

where gNa+ , gK+ and gLeak are the conductances corresponding to sodium, potassium
and leakage currents, and, ENa+ , EK+ and ELeak are the Nernst potential for each of
the ions. The Nernst potential Ex for an ion x is modelled by:

Ex = RT

zxF
loge

(
xe

xi

)
(3.7)

where R is the universal gas constant, T is the absolute temperature, zx is the valence
of the ions, F is the Faraday’s constant and xe and xi represents the intracellular and
extracellular concentration of the ion.

The ionic conductances are based on a gating model that describes the probability
of a given ionic gate being open or closed over time, and they are dependent on the
Vm. The conductance, say, gx, is given by:

gx = Gxy, (3.8)

where Gx is the maximum conductance of the cell membrane to ion x, and y is the
gating variable dependent on time according to the 1st order relationship:

dy

dt
= αy(1 − y) − βyy. (3.9)

αy and βy are rate constants dependent on Vm, and obtained from experimental voltage
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clamp studies.
Based on the Hodgkin and Huxley model of sodium and potassium membrane

currents, several mathematical models of ICC and SMC have been developed recently.
Although, the models are still incomplete, experimental studies identifying differential
ion channels and intracellular processes have helped in developing detailed models
capturing most of these processes. Recently developed models proposed by Youm et
al. [185], Faville et al. in [50, 51] and Lees-Green et al. [104] reproduced the slow
waves in the frequency range of intestinal ICC, and the Corrias and Buist model [30]
simulated slow wave activity in the gastric ICC. The models are briefly summarised
in Section 3.2.2 - Section 3.2.5 detailing different ionic conductances involved.

3.2.2 Youm et al. ICC Model

The first biophysical ICC model was proposed by Youm et. al. in 2006 [185]. The
model was partially based on cardiac cell models and simulated intestinal pacemaker
activity [185]. It included four ion conductances and three ion transporters. The
equation representing current across the cell membrane current is given by:

Im = Cm
dVm

dt
+ IV DDR + ICaL + IKI + IAI + INaK + IP MCA + INaCa. (3.10)

The IV DDR, ICaL, IKI and IAI are the ion conductances representing the voltage-
dependent dihydropyridine-resistant current, L-type channel Ca2+ current, inward
rectifier K+ current and Ca2+ activated autonomous inward current respectively. The
currents INaK , IP MCA and INaCa represents Na+-K+ pump current, plasmalemmal
Ca2+ pump current and Na+- Ca2+ exchanger current respectively.

The intracellular Ca2+ dynamics is given by:

−d[Ca2+]i
dt

= ICaL + IV DDR + IAICa − 2INaCa + IP MCA − IIP 3R + Iup − Ileak

−ZCaFVi

. (3.11)

Here, ZCa is the valence of Ca2+, F represents the Faraday’s constant, Vi is the
cell volume, IAICa denotes the Ca2+ component of IAI , IIP 3R is the IP3-mediated
Ca2+ release from the ER, Iup represents the ER uptake current and finally Ileak

which is a diffusive Ca2+ leak current from the ER.
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Since the model was based on a cardiac cell model, the calcium signalling pathways
were not an accurate representation of ICC electrophysiology. The model did not
incorporate mitochondria critical in generation of slow waves [170]. Additionally, it
did not include Cl− and Nav1.5 channels which have been implicated in slow wave
generation [103, 153, 188].

3.2.3 Faville et al. Model

The Faville ICC model can be described in two parts: a pacemaker unit [51] and a
bulk cytoplasm cell model incorporating the pacemaker unit [50]. The equation for
the pacemaker unit is:

Cm
dVm(PU)

dt
= ICa + IP M + INSCC(Ca) + INSCC(Na) + INa, (3.12)

where ICa is an inward Ca2+ current, IP M is the ion-transporter plasma membrane
Ca2+ -ATPase, INSCC is a non-selective cation conductance for Ca2+ and Na+ , and
INa is an outward Na+ ion conductance. The ion conductances jointly produce the
unitary potentials [51].

This cell model incorporates the pacemaker unit in a bulk cytoplasm by including
the unitary potential conductances and membrane conductances. The equation for
the whole cell model is given by:

Cm
dVm(PU)

dt
= ICaT + ICaEXT + Ikv11 + IK(ERG) + IKB + IL +

n∑
i=1

Iion(PU), (3.13)

where ICaT is the T-type Ca2+ conductance, ICaEXT is a plasma membrane Ca2+ -
ATPase, IK(ERG) is an ERG K+ conductance, Ikv11 is a voltage-dependent K+ conductance,
IKB is a background K+ conductance, IL is the non-selective cation conductance.
The term

n∑
i=1

Iion(PU) represents the summation of a number n pacemaker unit con-
ductances. Although the model is highly detailed, it is computationally demanding
making it unsuitable for inclusion in multiscale models [103].

3.2.4 Lees-Green et al. ICC Model

Recently, a novel model with store-operated Ca2+ entry and Ca2+ - activated Cl−

channel anoctamin 1 (Ano1) current was developed by Lees-Green et al. [104]. Ini-
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tially, an ICC baseline model was defined with five ionic currents namely: store op-
erated Ca2+ channel current (ISOC); Ano 1 current (IAno1); voltage-gated T-type
Ca2+ channel (ICaT ); background K+ current (IKb) and background Na+ current
((INab)). Eventually, the model was incorporated with additional ionic channels to
predict the required characteristics to produce slow wave like morphology. The model
when set with a high Cl− equilibrium potential, at -20 mV, and incorporating ei-
ther a voltage-dependent Na+ current or a voltage-dependent non-selective cation
or a Ca2+ - activated non-selective channel in conjunction with a transient voltage-
activated Ca2+ channel, say Ix, produces slow-wave like potentials. The total ionic
current of the model is given by:

−Cm
dVm

dt
= ISOC + IAno1 + ICaT + Ikb + INab + Ix. (3.14)

This is the first model of intestinal ICC pacemaker activity to include Ano1 as a
pacemaker channel and store-operated Ca2+ entry. Since, the aim of the model was
to predict hypothesis related to involvement of different ionic channels in generation
of slow waves, the model does not present an exact replication of the pacemaker mech-
anism in ICC. Rather, it gives a set of models which are thought to be an appropriate
representation [104].

3.2.5 Corrias and Buist ICC Model

The Corrias and Buist ICC model advances from Hodgkin-Huxley models to simulate
slow wave generated by the ICC [30]. The model has nine ion currents: a calcium
channel based current flowing through the dihydropyridine-resistant IV DDR and L-type
channel current (ICaL); a potassium channel based delayed-rectifier current (IKv11),
ether-a-go-go K+ current (IK(ERG)) and Ca2+ -activated K+ conductance (IBK) ;
Na+ channel based current INa; Ca2+ dependent chloride ion channel current IClCa;
non-selective cationic conductance based current INSCC ; and finally, a Ca2+ extrusion
mechanism ICa−EXT . The equation (3.3) becomes:

Im = Cm
∂Vm

∂t
+IV DDR+ICaL+IKv11+IK(ERG)+IBK+INa+IClCa+ICa−EXT +INSCC+IKB.

(3.15)
The intracellular dynamics proposed by Fall and Keizer [47] was chosen to represent

the Ca2+ handling in the pacemaker unit of the model. The Ca2+ dynamics is given
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Fig. 3.2 Comparison of simulated and experimentally recorded slow wave activity. (A)
Slow wave recorded from guinea pig antral ICC by Hirst et al. [66]. (B) Simulated
slow wave activity using Corrias and Buist model. Reproduced from [30].

by:

−∂[Ca2+]i
∂t

= fc

(
ICaL + IV DDR

FVc

+ Jleak − JP MCA

)
, (3.16)

where fc, F , Vc denotes the cytosolic free Ca2+ proportion, Faraday’s constant, and
cytosolic volume respectively. Even though the Corrias and Buist ICC model was
not as detailed as the Faville et al. model described in Section 3.2.3, the majority
of ion channels and other components are consistent with experimental observations.
It corporates calcium-activated Cl− and Nav1.5 current [30]. Most importantly, the
model was computationally less intensive compared to Faville et al. model [103].
Fig. 3.2 shows a comparison between slow wave activity simulated using the Corrias
and Buist ICC model and experimentally recorded data. Since this model represents
gastric slow wave activity, the cell model developed in this thesis is based on Corrias
and Buist ICC model.

3.3 Modelling Entrainment Mechanism

The entrainment mechanism that facilitates the coordinated and active propagation
of slow waves, has been modelled in two different independent studies. Both of these
studies developed models that were based on the biophysical ICC model proposed by
Corrias and Buist [30].
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3.3.1 Voltage-Dependent IP3 Pathway

Du et al. [39] proposed an entrainment model by adding a voltage-dependent, IP3
induced Ca2+ dynamics activation mechanism to the Corrias and Buist model [30].
The IP3 mechanism was based on the study published by Imtiaz et. al. [82]. This
addition facilitated the intracellular Ca2+ release for changes in the transmembrane
potential. In addition to that, the equations corresponding to ATP were simplified.

The IP3 component in the model is given by:

∂[IP3]
∂t

= β − η[IP3] − Vm4
[IP3]4

k4
4 + [IP3](Vm)

+ [IP3](Vm), (3.17)

where [IP3](Vm) is given by:

[IP3](Vm) = PMV

(
1 − Vm

8

kv
8 + Vm

8

)
. (3.18)

Here, β is the IP3 sensitivity modulator to changes in Vm, η is the rate constant for
linear IP3 degradation, Vm4 is the rate constant for non-linear IP3 degradation, PMV is
the upper-limit of voltage dependent IP3 synthesis, k4 represents the half-saturation
constants for non-linear IP3 degradation and kv is the half saturation constant for
voltage-dependent IP3 synthesis.

3.3.2 Converting Voltage-Dependent IV DDR to a Calcium Sig-

nal

Another entrainment model was developed based on Corrias and Buist ICC model,
by Buist et al. [16]. The concept was to convert the transmembrane voltage signal to
a calcium signal in the ICC pacemaker unit [16]. A small percentage of the voltage
dependent, dihydropyridine-resistant pathways current (IV DDR) was diverted into the
ICC pacemaker unit. The diverted current IV DDRP U is given by:

IV DDRP U = dP U ∗ GV DDR ∗ dV DDR ∗ fV DDR ∗ (Vm − ECaP u), (3.19)

where GV DDR, dV DDR and fV DDR are the conductances, activation gate and inacti-
vation gate probabilities associated with the IV DDR channel in the Corrias and Buist
ICC model [30]. The ECaP U is the Nernst potential based on pacemaker calcium con-
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centration and dP U , represents the fraction of IV DDR to be diverted into the pacemaker
unit and had a constant value of 0.04.

Ca2+ dynamics in the ICC pacemaker submembrane space was calculated as:

∂[Ca2+]P U

∂t
= (INaCa − Iuni)

Vmito

VP U

+ (IERout − ISERCA)VER

VP U

− Ileak
Vcyt

VP U

(3.20)

−
[IV DDRP U

zFVP U

+ ICaEXT P U

]
,

where INaCa and Iuni are due to the Ca2+ fluxes in the mitochondria, IERout and
ISERCA represent the Ca2+ fluxes in the endoplasmic reticulum, Vmito, VER, Vcyt and
VP U are the volume fractions for the mitochondria, endoplasmic reticulum, cytosol
and pacemaker submembrane space respectively.

The increased Ca2+ in the pacemaker space was removed using a phenomenological
model to allow for long-term homoeostasis with the term ICaEXT P U .

3.4 Solution Methods for Cell Models

All the cell models listed previously are described as systems of ordinary differential
equations that must be solved for cell based potential and state variable variations
over time. The general initial value problem of the ODE system is given by:

dy

dt
= f(t, y(t)), y(0) = y0 (3.21)

Such equations can be solved numerically using two different methods namely
explicit and implicit methods. In explicit methods, value of yn+1 is evaluated using
the previous value of yn, whereas, in an implicit scheme, a system of equations is
solved simultaneously whereby both the current state of system and a later state are
involved.

3.4.1 Euler Method

An explicit solution scheme of Euler method, commonly known as Forward Euler
method, is the most intuitive method for solving initial value problems.
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For (3.21), for tn < t < tn+1,

yn+1 = yn + △tf(tn, yn). (3.22)

This formula is the truncated version of the Taylor series expansion about yn with
a step size of △t, where all the second order and higher order terms are ignored.

Similarly, an implicit scheme can be obtained by integrating (3.21) over a time
step, which gives:

∫ tn+1

tn

dy

dt
dt =

∫ tn+1

tn
f(t, y(t)) (3.23)

y(tn+1) − y(tn) ≃ △tf(tn+1, y(tn+1)) (3.24)

y(tn+1) ≃ y(tn) + △tf(tn+1, y(tn+1)). (3.25)

The implicit scheme of Euler method has the y(tn+1) term on both sides of the
equations, and therefore the method generally requires solving a system of equations
simultaneously.

3.5 Continuum Modelling Frameworks

3.5.1 Bidomain and Monodomain Model

The bidomain model is a continnum modelling framework, whereby the biological cells
are considered in a volume-averaged approach, and is used extensively in numerical
simulations of the electrical behaviour of heart and gastrointestinal electrophysiology.
Tissue is modelled as two inter-penetrating domains representing the bulk of the cells
or intracellular region and the space surrounding them, the extracellular space.

The intracellular region has a potential field of φi and a conductivity tensor σi.
The extracellular space has φe and σe as the potential field and conductivity tensor
respectively.

The transmembrane potential Vm is given by:

Vm = φi − φe. (3.26)
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If E is the electrical field strength, J is the current density and R is the resistivity,
then as per the Ohm’s law:

J = 1
R

E. (3.27)

Assuming a quasi-static state, then E is given by:

E = −∇φ. (3.28)

Substituting, (3.28) in (3.27), current densities in intracellular and extracellular
as:

Ji = −σi∇φi (3.29)

Je = −σe∇φe. (3.30)

In isolation, any change in current density in one domain should be equal and
opposite to the change in the other domain, i.e.,

−∇.Ji = ∇.Je = AmIm. (3.31)

This implies

∇.(σi∇φi) = AmIm (3.32)

∇.(σe∇φe) = −AmIm, (3.33)

where Am is defined as the surface to volume ratio of the cell membrane and Im is the
transmembrane current density per unit area. Equating (3.32) and (3.33) gives:

∇.(σi∇φi) = −∇.(σe∇φe). (3.34)

Subtracting ∇.(σi∇φe) from both sides of (3.34):

∇.(σi∇φi) − ∇.(σi∇φe) = −∇.(σe∇φe) − ∇.(σi∇φe), (3.35)
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and using (3.26) in (3.35) we get

∇.(σiVm) = −∇.((σi + σe)∇φe). (3.36)

Equation (3.36) represents the first equation of the two equations constituting the
bidomain equations. It relates the extracellular potential field to the transmembrane
potential distribution.

Representing the sum of individual ionic currents by Iion and substituting (3.3)
into (3.32), we get:

∇.(σi∇φi) = Am(Cm
∂Vm

∂t
+ Iion). (3.37)

Subtracting ∇.(σi∇φe) from both sides of (3.37) and rearranging the equations for Vm

gives:

∇.(σi∇Vm) + ∇.(σi∇φe) = Am(Cm
∂Vm

∂t
+ Iion). (3.38)

Equation (3.38) is the second equation which is basically a reaction diffusion equa-
tion where the diffusive term is the Vm and the sum of ionic currents provides the
non-linear reaction term. Adding an external stimuli to the two domains, the bido-
main equations can be written as:

∇.(σi∇Vm) + ∇.(σi∇φe) = Am(Cm
∂Vm

∂t
+ Iion) − Ii (3.39)

∇.(σiVm) = −∇.((σi + σe)∇φe) − Itotalstim, (3.40)

where Itotalstim = Ii + Ie is the sum of the applied stimuli in the intracellular and
extracellular space per unit volume respectively.

A monodomain formulation arises in cases when the extracellular region is highly
conductive or both the intracellular and extracellular region are equally anisotropic.
With these assumptions the problem can be solved with less computational resources
while trading off accuracy using the monodomain equations:

∇.(σ∇Vm) = Am(Cm
∂Vm

∂t
+ Iion) − Istim, (3.41)

where Istim is the external stimulus.
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3.5.2 Extended-Bidomain Model

Bidomain problems involve only one cell type in the domain of interest. However, the
GI musculature contains two cell types ICC and SMC which are widely distributed
throughout the gastric musculature [144]. Moreover, they are electrically coupled to
themselves and each other through gap junctions [59]. Buist and Poh proposed an
extension of bidomain problem for accurate representation of GI tissue electrophys-
iology [17]. As opposed to bidomain problems, extended-bidomain problem involves
two unique intracellular spaces sharing a common extracellular space. The multiple
cell types ICC and SMC are considered to have unique material properties. The in-
tracellular spaces are connected through gap junctions [17]. The three domains in the
framework are: two intracellular domains and one extracellular domain. The deriva-
tions of the extended-bidomain formulations follows the original steps proposed by
Buist and Poh [17]

The current between the two intracellular domain D1 and D2 through a gap junc-
tion conductance, ggap is given by:

Igap = ggap(φi
D1 − φi

D2). (3.42)

For domain 1 (D1), with an external stimulus Istim
D1, (3.37) may be written as:

∇.(σi
D1∇φi

D1) = Am
D1
(

Cm
D1 ∂Vm

D1

∂t
+ Iion

D1 − Istim
D1
)

+ Am
gapIgap. (3.43)

Similarly, for intracellular domain 2 (D2), (3.37) may be written as:

∇.(σi
D2∇φi

D2) = Am
D2
(

Cm
D2 ∂Vm

D2

∂t
+ Iion

D2 − Istim
D2
)

− Am
gapIgap, (3.44)

where, Igap accounts for current flow between D1 and D2 and Am
gap corresponds to

the area of ion transfer between the two domains.
In the extracellular space, the D1 and D2 activity contributes proportional to their

relative area fractions and individual cellular activity:

∇.(σe∇φe) + ∇.(σi
D1∇φi

D1) + ∇.(σi
D2∇φi

D2) + Istim
EXT = 0, (3.45)
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where Istim
EXT is the current injection in the extracellular space.

In terms of intracellular and extracellular components, (3.43) and (3.44) can be
rewritten as

∇.(σi
D1∇φi

D1) = Am
D1
(

Cm
D1
(

∂φi
D1

∂t
− ∂φe

∂t

)
+ Iion

D1 − Istim
D1
)

+Am
gapIgap (3.46)

∇.(σi
D2∇φi

D2) = Am
D2
(

Cm
D2
(

∂φi
D2

∂t
− ∂φe

∂t

)
+Iion

D2 −Istim
D2
)

−Am
gapIgap. (3.47)

Equations (3.45), (3.46) and (3.47) form the extended-bidomain formulation of the
gastric electrophysiology problem.

3.5.3 Solving Continuum Modelling Equations

3.5.3.1 Bidomain Equations

The boundary conditions are given by:

n.(σi∇(Vm + φe)) = Ii
surf (3.48)

n.(σe∇φe) = Ie
surf , (3.49)

where Neumann boundary condition Ii
surf and Ie

surf are the surface stimulus per unit
area in the intracellular space and extracellular space respectively.

Assuming the organ of interest is isolated from surrounding volume, and no external
current injection is involved such that Ii = 0 and Itotalstim = 0 (for compatibility
conditions) the boundary conditions can be also rewritten as:

n.(σi∇(Vm + φe)) = 0 (3.50)

n.(σe∇φe) = 0. (3.51)

Let V denote the function solution space. Taking the product of the test function
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v ϵ V , equations (3.36) and (3.38) give:

AmCm

∫
Ω

∂Vm

∂t
vdω =

∫
Ω

∇.((σi∇(Vm + φe)vdω (3.52)

0 =
∫

Ω
∇.(σi∇Vm)vdω +

∫
Ω

∇.((σi + σe)∇φevdω. (3.53)

Applying Green’s theorem and using the boundary conditions (3.50) and (3.50),
we get

AmCm

∫
Ω

∂Vm

∂t
vdω +

∫
Ω

σi∇Vm.∇vdω +
∫

Ω
σi∇φe.∇vdω = 0 (3.54)

∫
Ω

σi∇Vm.∇vdω +
∫

Ω
(σi + σe)∇φe.∇vdω = 0. (3.55)

Let finite element basis functions be ϕj , j = 0, 1, 2...N , then substituting Vm ≈
N∑

j=0
vm

j ϕj

and φe ≈
N∑

j=0
φe

jϕj in (3.54) and (3.55) gives:

AmCm
∂

∂t

N∑
j=0

vm
j

∫
Ω

ϕjϕidω +
N∑

j=0
vm

j

∫
Ω

σi∇ϕj.∇ϕidω +
N∑

j=0
ϕe

j

∫
Ω

σi∇ϕj.∇ϕidω = 0

(3.56)

N∑
j=0

vm
j

∫
Ω

σi∇ϕj.∇ϕidω +
N∑

j=0
ϕe

j

∫
Ω
(σi + σe)∇ϕj.∇ϕidω = 0 (3.57)

where i = 0, 1, 2...., M .

3.5.3.2 Semi-Implicit Method for Time Discretisation

The derivatives in (3.56) need to be discretised in time to provide solutions over
time. A semi-implicit time discretisation method is described here which is different to
commonly used operator splitting method [132, 178]. The operator splitting method
involves uncoupling (3.56) and (3.57) whereas the semi-implicit time discretisation
solves these equations as a coupled system. Studies comparing the efficiency of solving
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these equations using the two methods have found that solving the coupled system
was more efficient than solving the uncoupled system [151, 177]. The non-linear Iion

term is uncoupled and solved separately in both methods. The PDEs described in
(3.36) and (3.38) with no external current injection is involved such that Ii = 0 and
Itotalstim = 0 can be discretised semi-implicitly by

AmCm
V t+1

m − V t
m

∆t
+ AmIion = ∇.(σi∇V t+1

m ) + ∇.(σi∇φt+1
e ) (3.58)

0 = ∇.(σi∇V t+1
m ) + ∇.((σi + σe)∇φt+1

e . (3.59)

Using the spatial discretisation explained in the previous section, a linear system
of equations Ax = b, is constructed and solved at each time step. For known basis
functions ϕj for the domain, the system of equations is:

AmCm

∆t
Q + AI AI

AI AI + AE

V t+1
m

φt+1
e

 =
AmCm

∆t
QV t

m − QIion

0

 . (3.60)

Here, Q =
∫

Ω ϕjϕidω, AI =
∫

Ω σi∇ϕj.∇ϕidω and AE =
∫

Ω σe∇ϕj.∇ϕidω for each
ϕj, ϕi ϵ Ω.

3.5.3.3 Extended-Bidomain Problem

The extended bidomain equations described in (3.45), (3.46) and (3.47) can be de-
scretised using a similar approach as to discretise the bidomain equations explained
in Section 3.5.3.1

Here, the descretised linear system of equations is given for Ax = b where:

A =


A

(D1)
m C

(D1)
m

∆t
Q + A

(D1)
I 0 −A

(D1)
m C

(D1)
m

∆t
Q

0 A
(D2)
m C

(D2)
m

∆t
Q + A

(D2)
I −A

(D2)
m C

(D2)
m

∆t
Q

A
(D1)
I A

(D2)
I Ae

 , (3.61)

where Q is the mass matrix with Qjk =
∫

ϕjϕk and ϕj are the basis functions. A are
the stiffness matrices. Superscripts represents the domain being considered.
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Additionally, x and b are given by:

x =


φ

(D1)(t+1)
i

φ
(D2)(t+1)
i

φt+1
e

 (3.62)

b =


A

(D1)
m C

(D1)
m

∆t
Q(φ(D1)(t)

i − φt
e) − A(D1)

m MI
(D1)
ion + Agap

m MIgap − MI
(D1)
stim

A
(D2)
m C

(D2)
m

∆t
Q(φ(D2)(t)

i − φt
e) − A(D2)

m MI
(D2)
ion − Agap

m MIgap − MI
(D2)
stim

−MI total
stim

 . (3.63)

The matrix A is of size (3N × 3N), whereas the size of vectors x and b are both 3N .

3.5.3.4 Solution Process

The entire solution process can be summarised as

1. Solve the non-linear ODE equations:

∂s

∂t
= f(s, Vm, t) (3.64)

∂Vm

∂t
= −Iion(s, Vm, t)

Cm

. (3.65)

Here f is determined by the cell model. In the case of extended-bidomain problem
two cell models are solved independently.

2. Assemble the RHS of (3.60) or (3.63) using the solution obtained in step 1.

3. Solve the linear system of equations given by (3.60) or (3.63).

3.6 Tissue and Whole-Organ Models

Attempts have been made to simulate normal slow wave activity on a complete 3D
stomach model or tissue but their useful predictive capability was limited by predefined
activation times and/or isotropic propagation and/or dependence on intrinsic pacing
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frequency variations [14, 31, 36, 37]. Other studies considered a phenomenological-
based model that could effectively describe basic biological properties, such as fre-
quency/amplitude of the slow wave activity; however, the lack of physiological basis
affected their capacity to predict the effects of experimental protocols [14, 27].

3.6.1 Phenomenological-Based Models

Earlier models of slow wave activity involved a chain of coupled relaxation-oscillators.
The model was largely based on Van Der Pol equations [122]. A network of bi-
directionally coupled relaxation-oscillators based models to simulate slow waves [144,
145]. However, such models were not able to replicate the waveforms experimentally
observed. Also, they were unable to predict the effects of pharmacological agents as the
parameters used in the models had no direct relationship with underlying physiology.

A one dimensional cable model was proposed for studying the propagation of slow
waves in the stomach musculature [43]. The model incorporated different ICC-MY and
smooth muscle layer information by devising an equivalent electrical circuit. However,
again the model lacked the underlying cellular dynamics rendering it unsuitable for
pharmacological predictions or to study underlying ionic current activity.

With the development of continuum modelling frameworks capable of simulating
electrophysiology in tissue structures, a series of 3D multiscale model of the stomach
and intestine were developed [15, 105, 137]. In these studies, the Aliev model param-
eters were modified to match the experimental data [14, 15]. The lack of underlying
biophysical cell model was a major drawback [137]. The models were inept in provid-
ing cellular level predictions because biophysically based cell models were not available
at that time.

3.6.2 Biophysically-Based Models

3.6.2.1 Du et al. 2D Tissue and 3D Multiscale Stomach Model

Slow wave propagation in ICC network structures was demonstrated and used to
analyse the network structure-function relationship [37]. A realistic ICC network
geometry was obtained from confocal images of ICC from wild-type and ICC-degraded
mouse jejunum. Using a bidomain continuum modelling framework and a modified
ICC cell model the slow waves were simulated in both the networks. The entrainment
was modelled using a gradient of intrinsic frequencies. The simulation results were
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analysed for current density over the whole network to explain and correlate the data
with experimentally observed abnormality in gastroparesis patients [123].

Recently, a multiscale model of gastric slow waves was developed to define the
generation of EGG signals using an anatomical torso model [36]. The model utilised a
lumped ICC-SMC model into one cell and used a bidomain model for simulation. The
model was promising as it helped in understanding the electrophysiological basis of the
EGG. However, even though a continuum modelling framework was used, the initial
activation times were prescribed a priori based on high resolution experimental data
[36]. Afterwards, the model was simulated for subsequent cycles limiting its predictive
capability. Moreover, homogeneous conductivity parameters were used throughout
stomach [36].

3.6.2.2 Corrias and Buist 3D Stomach Model

More exhaustive simulations with extended-bidomain equations have also been per-
formed [31]. This model tested the differences in simulation results when the diffusion
between the gap junction of ICC and SMC was ignored and when the diffusion pro-
cess was considered. The results showed that the ICC slow waves were affected by the
presence of diffusive component between the ICC and SMC. The ICC activity had a
shorter half width and a lower plateau level. The study was important in highlighting
the potential role of the gaps junctions. However, anisotropies in different directions
were not incorporated in the simulation [31] and it was based on cell models where the
conduction velocity was primarily determined by the intrinsic frequency of the cells
[16].

3.7 Linear Solvers and Preconditioners

The linear system formed in (3.60) or (3.63) of the form Ax = b are evaluated at
each PDE time step where the matrix A is highly sparse. For a coupled elliptic and
parabolic problem with no operator splitting, the dimensions of the matrix corresponds
to 2N × 2N and 3N × 3N respectively for bidomain and extended bidomain problems,
where N is the number of solution points in the descretised geometry. A detailed
review of different solvers for solving such a large system can be found elsewhere [169].
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3.7.1 Direct Solvers

Direct solvers depend on direct matrix manipulation and result in an exact solution.
Some examples of such methods include Gaussian elimination, decomposition tech-
niques such as Lower Upper (LU) decomposition where the matrix is decomposed
into lower and upper triangle matrix. The system is solved by forward and backward
substitution. Direct solvers have been shown to be the fastest method, but, the mem-
ory requirement is considerable and it depends on the bandwidth of the system [169].
However, it is still unknown if the observation of solver speed is true for all problems,
as the bidomain problems solved by direct solvers have not been larger than a few
million nodes.

3.7.2 Iterative Solvers & Preconditioners

In contrast to direct methods, iterative methods, as the name suggests, starts from an
approximate solution and iteratively arrive at a solution with a given error tolerance.
In each iteration, the solver attempts to reduce the error and finally stops on reaching
a stopping criterion.

Conjugate Gradient Method: The conjugate-gradient method has grown to be-
come the standard solver for very large symmetric positive-definite matrix based linear
systems. The method transforms the original problem into an optimisation problem
and arrives at a solution iteratively. The conjugate-gradient method along with a pre-
conditioner (Preconditioned Conjugate Gradient (PCG)) has shown to have increased
the performance considerably by reducing the condition number of the system. It
is an additional step where the optimisation problem is further improved such that
the solution is reached in few steps. Investigating different preconditioners for solving
the systems of equations arising in the bidomain problem has been an active area of
research.

Incomplete LU Decomposition (ILU) Preconditioner: In this sophisticated
preconditioning technique the original matrix is decomposed into lower and upper
triangles. The entries of decomposed matrices are partially retained depending on
the entry magnitude. Two types of ILU decomposition are used: (i) complete LU
decomposition, and (ii) maintaining the sparsity pattern of the original matrix ignoring
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all other entries (zero fill-in) based on the magnitude of entries. Zero fill-in results
in memory savings, however, more fill-in represents the true decomposed matrix and
therefore the number solver iterations decrease.

Jacobi Preconditioner: Jacobi preconditioning is very simple and cheap to imple-
ment. The preconditioner is a diagonal matrix whole diagonal entries are identical
to those of the coefficient matrix. It is especially effective for diagonally dominant
matrices, but can be inefficient compared to block-Jacobi preconditioner, as described
below [61]. Additionally, the action of this preconditioner only reduces the condition
number of the system by a small constant [46].

Block-Jacobi Decomposition Preconditioner: Block-Jacobi decomposition in-
volves distributing the diagonal blocks across several processors in parallel ignoring
the off-diagonal blocks, thereby partly approximating the true solution. ILU factori-
sation is used on each sub-block. This method is attractive for its good scalability.
However, as the number of processors increases, the preconditioner quality may be
compromised as more and more dependencies are ignored leading to increased solver
iterations.

Algebraic Multi Grid (AMG) Preconditioner: The Algebraic Multi Grid (AMG)
preconditioner comes under the broad classification of multigrid methods. Iterative
methods are effective at reducing the high frequency components of the residual, com-
pared to the low frequency components. The multilevel solution approach to this
model is to coarsen the residual such that the lower spatial frequency components are
handled efficiently. Multigrid methods can be either applied directly or as a precon-
ditioner. However, it has been observed that the best performance is obtained when
these are used as a preconditioner to iterative methods [169].

The AMG method directly operates on the matrix and produces coarser represen-
tations of the matrix along with prolongation and restriction operators. Two different
algorithm implementations have been proposed and used in cardiac simulations: Peb-
bles [58] and Boomer (boomerAMG) [64]. The details underlying each of these meth-
ods are beyond the scope of this thesis. For a cardiac re-entry simulation of 111,000
nodes in a slice of rabbit ventricle run on a single processor, the Pebbles and Boomer
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approaches were approximately 14 to 7 times faster, respectively, compared to an ILU
preconditioner [169].

Block Preconditioning Using AMG Methods: The matrix in A in (3.60) of the
form Ax = b, can be rewritten as [9]:

A =
D1 BT

B D1

 . (3.66)

The matrix A is proposed to be factored as:

A =
 I 0

BD1−1 I

D1 0
0 S

 I D1−1BT

0I I

 , (3.67)

where S = D2 − BD1−1BT is the Schur complement. The inverse can be then
written as:

A−1 =
I −D1−1BT

0 I

D1−1 0
0 S−1

 I 0
−BD1−1 I

 . (3.68)

A computationally cheaper approximation has been used in bidomain solution,
whereby, the S is approximated with D2−1 and, considering only the middle block,
gives the approximated block diagonal preconditioner as:

P −1
BD =

D1−1 0
0 D2−1

 . (3.69)

The D1−1 and D2−1 are approximated with the application of AMG. This has
shown to be an excellent preconditioner [84]. It has been also shown that the block
preconditioning techniques are mesh independent and perform well for high-resolution
meshes [9].



Chapter 4

Computational Tools for

Simulating GI Electrophysiology

Tissue electrophysiology problems involve solving coupled partial differential equa-
tions arising from continuum models of underlying biophysics. Analytic solutions
to these partial differential equations are only possible for a limited number of non-
physical scenarios. Consequently, numerical solution methods were developed. Numer-
ical techniques include finite-difference method (FDM), finite-element method (FEM)
and finite-volume methods (FVM). FDM is most commonly used in cases of regu-
lar and orthogonal meshes, whereas FEM and FVM are more suitable for irregular
and non-orthogonal meshes. Developing a computational package/utility from scratch
capable of using these techniques requires years of rigorous development efforts and
testing. In order to overcome the requirements of redeveloping several multiple in-
dependent problem specific tools, many inter-institutional open source project initia-
tives began with an aim of developing generalised packages to support computational
modelling specifically for cardiac electrophysiology. As a result, several computa-
tional packages/libraries exist for solving tissue electrophysiology problems such as
CMISS [http://www.cmiss.org/], CHASTE [https://chaste.cs.ox.ac.uk] [120], CARP
[http://carp.meduni-graz.at/] [168], Continuity 6 [http://www.continuity.ucsd.edu/
Continuity/] and FEniCS [http://fenicsproject.org/]. Of these, CHASTE and CMISS
have been used for solving problems arising in GI electrophysiology.

In this chapter, the efficiency of CMISS package and CHASTE computational
library were compared for an established computationally demanding problem. The

http://www.cmiss.org/
https://chaste.cs.ox.ac.uk
http://carp.meduni-graz.at/
http://www.continuity.ucsd.edu/Continuity/
http://www.continuity.ucsd.edu/Continuity/
http://fenicsproject.org/
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key aims of this study were to identify the bottlenecks in solving GI electrophysiology
problems and to identify future suitability of CMISS package and/or CHASTE library.

4.1 Computational Tools

CMISS: The acronym CMISS stands for ‘Continuum Mechanics, Image analysis, Sys-
tem identification and Signal processing’. It is a finite element based computational
package code written primarily in Fortran77 for solving multiple coupled partial dif-
ferential equations - initially centred around solving problem arising in cardiac electro-
physiology [81]. The earlier applications of CMISS were to simulate electromechanics
of the heart, and later it was broadened to simulate the function of other organs such as
the lungs and stomach. The code was developed further to include boundary element
methods and finite difference equations based on curvilinear grids.

Slow wave activity on an anatomically realistic human stomach geometry with an
extended version of cable model developed by Aliev et al. was simulated using CMISS
[5, 14, 36, 137]. Apart from tissue electrophysiology simulations, CMISS is also capable
of simulating the body surface electrogastrograms and far-field magnetogastrograms
that arise from tissue electrical activity [94, 138].

CHASTE: The CHASTE code is written as a computational library in the C++
programming language and is available as open-source software [120]. Similar to the
CMISS package, the tissue electrophysiology simulator for CHASTE was also origi-
nally developed for cardiac applications. It is built upon the MPI-based library PETSc
[http://www.mcs.anl.gov/petsc/] enabling it to efficiently split the high computational
demands of electrical activity simulations over many parallel processors. The cell mod-
els, represented in a XML format, are converted to corresponding CHASTE compatible
C++ code using an inbuilt Python script tool - PyCML. CHASTE was adapted for
simulating GI electrophysiology on a distributed architecture. Unlike CMISS which
uses structured meshes/grids, CHASTE uses tetrahedra in 3D and triangles in 2D.

The CHASTE computational library has been also recently used for simulating
gastric electrophysiology with an extended-bidomain framework [17] as a proof-of-
concept for the necessity of a dual intracellular domain and an extracellular space in

http://www.mcs.anl.gov/petsc/


4.2 Simulation Study Design 45

Fig. 4.1 (a) Depth-averaged image of ICC myenteric plexus in the transmural region
in a wild-type mouse intestine. The image was of size 317 by 317 µm. (b) Grid-
based finite element discretisation, whereby each pixel in the ICC network image is
represented by the grid solution points (‘red dots’). (c) Triangular based finite-element
discretisation where a triangular mesh is obtained and each of the corners (‘red dots’)
of the mesh represent the pixels of the ICC network.

gastric simulations [31].

4.2 Simulation Study Design

As seen in Section 3.6.2, GI electrophysiological simulation problems range from analy-
sis of electrical activity in 2D ICC tissue network to slow wave simulations in 3D whole
organ models. In this study, the 2D ICC network function problem was selected as a
benchmark model for its ease of implementation when compared to 3D counterpart.
However, the problem is computationally challenging - appropriate for this study.

4.2.1 Benchmark Model

Simulating slow-wave activity on a tissue model which contained a realistic two-
dimensional representation of the micro-structure of the myenteric ICC networks trans-
lated from wild-type (WT) mouse specimen, described in [39], was selected as the test
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problem. The ICC network geometry was 317 × 317 µm in size and sampled at
512 × 512 pixels resulting in a spatial resolution of 0.62 µm as shown in Fig. 4.1.
Non-ICC cells were described using an invariant transmembrane potential (Vm) and
total current flowing through the membrane (Iion) equal to 0 pA, to remove any ac-
tive reaction to the slow waves in the simulation. Using a bidomain continuum model,
electrical activity was simulated over this network in both CMISS and CHASTE to
compare their efficiency. In this initial study, the ICC cellular behaviour in both set-
up were described using the original Corrias and Buist ICC model [30] to consider
the computational requirements of a detailed biophysical cell model. A gradient of
intrinsic frequency ranging from 2.9 to 3 cycles per minute was assigned to the ICC
network by varying the IP3 parameter of the ICC model.

4.2.2 Simulations in CMISS

A grid-based finite element method was used in CMISS wherein within each geometric
element a number of solution points (grid-points) were prescribed. Each pixel in the
image was represented by a grid point (‘red dots’ in Fig. 4.1b) resulting in a two-
dimensional network consisting of 262,144 nodes which was either an ICC cell or
non-ICC cell. In CMISS, a first-order operator splitting was used for the temporal
discretisation of the equations (3.36) and (3.38). The method decouples (3.38) from
(3.36) by treating the extracellular potential field φe as known parameter at time t.
The solution process of the diffusion terms can be rewritten as follows:

1. Solve the non-linear ODE equations:

∂s

∂t
= f(s, Vm, t) (4.1)

∂Vm

∂t
= −Iion(s, Vm, t)

Cm

. (4.2)

Here f is determined by the cell model. In the case of extended-bidomain problem
two cell models are solved independently.

2. Given V t
m, Iion from step 1, and treating φt+1

e = φt
e, solve:

(
AmCm

∆t
Q + AI

)
V t+1

m = AmCm

∆t
QV t

m − QIion − AIφt
e, (4.3)
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for V t+1
m .

3. Given V t+1
m , solve:

(AI + AE)φt+1
e = −AIV t+1

m . (4.4)

Equation (4.4) was solved using the LU decomposition-based SuperLU package,
whereas (4.3) was solved using conjugate-gradient solver with Jacobi preconditioner
[36]. A forward Euler method was used to solve the ODEs. The time-steps for both
the ODE and PDE are tied together in CMISS and was set to 0.1 ms based on stability
analysis of ODEs.

4.2.3 Simulations in CHASTE

CHASTE used a semi-implicit first order formulation with a finite element discreti-
sation, as detailed in Section 3.5.3.1, to solve the bidomain problem. In CHASTE,
the geometry was divided into triangle elements in 2D (see Fig. 4.1c) with the el-
ement node points being the solution points at which cell models were solved. The
network model geometry had 262,144 solution points. A detailed development of
the HPC-enabled computational framework for solving slow-wave simulations on ICC
network, developed in this thesis, is described in Chapter 6 (Section 6.2.3). In this
initial study, linear solvers in PETSc [http://www.mcs.anl.gov/petsc/] with default
conjugate-gradient solver and the default block-Jacobi preconditioner were used. The
PDE and ODE time-steps were 0.1 ms. Although, CHASTE provides the flexibility
of using different PDE and ODE time-steps, the 0.1 ms PDE time-step was chosen to
simulate a similar work load to that of CMISS for comparison. In subsequent chapters,
PDE time-step of 1 ms was chosen for computational efficiency.

4.2.4 Computational Performance Analysis

The simulations were ran on two different computing resources: (i) AIX node running
AIX operating system version 6.1 and (ii) NeSI PAN Cluster running Red Hat Enter-
prise Linux operating system version 6.4. A detailed hardware description of the both
platforms is given in Table 4.1

For comparing, CHASTE and CMISS, OpenMP based multi-thread enabled (only
available for AIX) CMISS code was executed on an AIX node for 1, 2, 4 and 8 parallel

http://www.mcs.anl.gov/petsc/
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Table 4.1 Hardware description for AIX and NeSI computing nodes

AIX NODE NESI PAN CLUSTER

OS AIX 6.1 RHES 6.4
Clock Speed 1900 MHz 2.4-2.8 GHz

Processor Type Power 5 Intel X5660/E5-2680/E7530/E7-2870
Processor Cores 8 up to 6344

Memory 16 GB up to 512 GB per node

Fig. 4.2 Scaling comparison of CHASTE code vs. CMISS code. CMISS on AIX node
was simulated in 1, 2, 4 and 8 parallel threads (represented as ‘CM on AIX’). The
observed time is then scaled according to the performance of single thread CMISS
on NeSI computing node (shown as ‘CM scaled to NeSI’). The scaling analysis of
CHASTE on NeSI is depicted as ‘CHASTE on NeSI’ in the plot.

threads. The benchmark simulations were solved for 1000 ms of slow wave activity.
Subsequently, the CMISS code was executed on NeSI PAN cluster machine in a single
thread to evaluate the scaling factor necessary to identify the equivalent NeSI perfor-
mance. Similarly, CHASTE equivalent code was used on NeSI PAN cluster for 1, 2,
4 and 8 MPI processes for the same problem. Both the simulations were executed 5
times and average time-spent was evaluated.
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Fig. 4.3 Scaling performance of CHASTE code for the benchmark problem on NeSI
for 16 to 256 MPI processes.

The slow wave activity over the network was simulated for 20 seconds and was
executed in parallel over 16, 32, 64, 128 and up to the 256 MPI processes. The
time-spent on different portions of the process were evaluated using inbuilt profiler.
The total time spent, linear-solve time, cell-system (represented by ODEs) solve time,
output-time - to generate the output, and the remaining miscellaneous time were
recorded. The simulations were performed 3 times and an average was calculated.

4.3 Comparing the Efficiency and Scaling Capabil-

ity

CHASTE vs. CMISS Comparison: The scaling observation is plotted in Fig. 4.2.
It was observed that the CMISS code was 16% slower on an AIX node than on NeSI
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Fig. 4.4 Scaling of CHASTE code for the benchmark problem on different sections of
the solution process. (a), (b), (c) and (d) shows the scaling of total time taken for the
linear solve, ode solve, output writing and finally the miscellaneous times respectively.

for single thread of execution. The results showed that corresponding scaled values for
2, 4, 8 threads simulation of CMISS code were of similar performance with CHASTE
code on 2, 4 and 8 MPI processes.

CHASTE Scaling Performance: Fig. 4.4 shows the scaling for different sections
of the solution process when using between 16 and 256 MPI processes. Fig. 4.3 and
Fig. 4.4a - d shows the scaling of total time spent, linear solve time, ode solve time,
output time and miscellaneous time plotted across number of processes 16, 32, 64,
128 and 256, respectively. The results show good scalability up to 256 MPI processes
for total time spent, linear solve, ode solve and miscellaneous time. The time spent
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Fig. 4.5 Relative scaling of CHASTE code for the benchmark problem on different sec-
tions of the solution process. The time spent on output writing and the miscellaneous
are negligible when compared to linear solve and ode solve.

for performing output increases. However, overall the time spent on output was very
small (approximately 0.001%) as seen from Fig. 4.5. The majority of the time spent
was in the ‘Linear Solve’ and ‘ODE Solve’ process. Of the total solve time of 45 min
on 256 MPI processes, 33 min were spent on ‘Linear Solve’ (∼73%) and 10 min were
spent on ‘ODE solve’ (∼22%).

4.4 Discussion

This study evaluated the performance of the CMISS code and CHASTE computational
library for simulating electrical activity over a gastric ICC network at a fine spatial
resolution. With this test problem the CMISS and CHASTE code showed a similar
scaling capability up to 8 threads. The CMISS code was limited to 8 threads because
of hardware CPU core limitations of the AIX node and the code is only supported for
shared-memory parallel model. CHASTE has potential to scale to larger number of
threads since it can support distributed computing, ideal for simulating large problems.
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A majority of the simulation time is consumed by the linear solver and the ode solver.
Multi-scale continuum models are widely accepted as to be capable of accurately

representing tissue electrophysiology. Limitations of tools such as CMISS in harnessing
the computing power of high-performance computers, have restricted the simulated
model to be less complex. The use of parallel computing resources can help facilitate
researchers to simulate slow wave activity across entire organ accurately and for long
temporal duration.

To overcome the limitations outlined here with the CMISS package, OpenCMISS
[http://physiomeproject.org/software/opencmiss/iron] is being developed as a replace-
ment to support distributed memory architecture [13]. This code is written in Fortran
95/2003 with an object-oriented approach. One of the design goals of the OpenCMISS
project is that it should be an inherently parallel code and the environment should
be as general as possible. Considering the similar scaling capability of CMISS and
CHASTE, the openCMISS library is likely to provide similar scalability. With the
additional advantages of cubic Hermite functions and the ease of relating the mate-
rial fields with the underlying anatomy and tissue structure, openCMISS is poised to
become a better alternative simulation tool for future studies.

In this study, the solution differences between two simulations were not considered
as the aim was to analyse the computational efficiency. Additionally, the cell model
used in this study does not model entrainment and was ineffective in quantifying the
diffusion process based simulation differences.

At present, the scaling capability of CHASTE over a distributed high-performance
computing cluster makes it an ideal choice for GI modelling studies. The CHASTE
software library was recently shown to simulate rabbit heart activity with approxi-
mately 4 million nodes for 100 ms of simulations time, which took only 9 minutes of
time on 2,048 processors [152].

For all subsequent simulation and modelling works presented in this thesis, the
CHASTE computational library was utilised.

http://physiomeproject.org/software/opencmiss/iron


Chapter 5

Biophysical Finite State Machine

Based ICC Model

Part of this work has been published in "Sathar, S., Trew, M. L., Du, P., O’Grady, G.,
& Cheng, L. K. (2014). A biophysically based finite-state machine model for analysing
gastric experimental entrainment and pacing recordings. Annals of Biomedical Engi-
neering, 42(4), 858–70. doi:10.1007/s10439-013-0949-5"

Previous computational models of SW entrainment were limited to the intrinsic
pacing frequency as the primary determinant of the conduction velocity, and were not
able to accurately represent the effects of external stimuli and electrical anisotropies
[16, 36]. In this chapter, a novel cell model description is presented capable of simu-
lating effects of external pacing stimulus and electrical anisotropies. Moreover, from
Chapter 4 it is seen that a considerable amount of time is spent in solving the ODE
equations describing the cellular behaviour of the ICC, necessitating the development
of a computationally efficient cell model description.

5.1 Existing ICC Models and its Limitations

Efforts have been made to study the effects of gastric pacing on a 2D virtual tissue
framework [40]. However, this study was limited to a predefined ICC membrane po-
tential trace to represent ICC electrical activity, controlled by an underlying automata
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algorithm which determined if the surrounding cells were active or at rest. The method
was effective for predicting the entrainment induced as a result of an external stimulus,
but it lacked a realistic biophysical basis and could not enable predictive physiological
studies [40].

Entrainment mechanism has been previously modelled using the biophysically-
based Corrias and Buist (CB) ICC model [30] in two different studies [36]. In the
study of Du et al. [36], an existing voltage-dependent IP3 pathway from Imtiaz et
al. [82] was incorporated to enable entrainment (see Section 3.3.1). The proposed
mechanism was that the depolarisation of a neighbouring ICC evoked changes in the
membrane potential, in response to which intracellular Ca2+ was released, thereby
entraining the slow wave activity of one ICC to other surrounding ICC.

In another study by Buist et al. [16], the pacemaker unit was modified with an
additional current from voltage dependent dihydropyridine-resistant calcium channels
and a Ca2+ extrusion current to maintain homoeostasis (see Section 3.3.2). Adding
a voltage-dependent pathway for modulating [Ca2+]i in the pacemaker unit to the
original ICC CB model enabled entrainment of the pacemaker mechanism.

In both cases, the conduction velocity was primarily dependent on the IP3 pa-
rameter which changed the intrinsic pacing frequency and the activation time; and
to a lesser degree was dependent on the tissue conductivity parameters. Hence, both
studies were unable to incorporate the effects of anisotropic tissue conductivities and
propagation patterns in the tissue-level electrophysiology. This is an important limi-
tation, because anisotropic conduction is now known to be a key feature of slow wave
conduction, especially during dysrhythmias [126]. Additionally, these models were not
able to realistically simulate the effects of external stimuli.

In this chapter, we present a new method for modelling SW propagation with a
biophysically-based reaction term, which was then applied to experimental studies for
investigating entrainment, and the effects of gastric pacing on entrainment. The new
model has the potential for investigating gastric pacing protocols and the effects of
tissue parameters such as anisotropic conductivities along different fibre directions,
ICC network-function relationships and the effects of pharmacological agents on SW
activity.



5.2 Incorporation of FSM Approach into ICC Model 55

5.2 Incorporation of FSM Approach into ICC Model

5.2.1 Entrainment Mapping in Gastric Pacing and Gastric

Transection

Initial parameters to guide the model were based on data from experimental studies
[65, 125].

High-resolution experimental recordings of slow wave entrainment during gastric
pacing were demonstrated by O’Grady et al. [125]. These recordings were obtained
using flexible printed-circuit board arrays [40] (8 x 24 electrodes; spacing 7.62 mm;
dimensions approx. 6 x 18 cm) placed on a serosa of the anterior gastric corpus of a
weaner pig model. Pacing was achieved using bipolar electrodes implanted into the
stomach musculature with the stimulus applied extracellularly in the gastric corpus,
and connected to a DS8000 multichannel stimulator (World Precision Instruments,
Sarasota, FL). Pacing was conducted at the mid-corpus with period 17 s, pulse width
400 ms and amplitude 4 mA. High-resolution mapping was performed using 5 tessel-
lated PCBs. The baseline frequency of the recorded slow-wave was 3.1 ± 0.1 cycles
per minute (cpm), and pacing at 3.53 pulses per minute successfully induced slow-
wave entrainment. The propagation velocity in the circular direction and longitudinal
direction was observed to be 8.71 ± 0.17 mm s−1 and 5.48 ± 0.50 mm s−1 respectively.

Hinder et. al. [65] described the acute effects of surgical transection on human gas-
tric electrical activity. The electrical activity was recorded with sparse arrangements
of electrodes before and after transection. The electrical activity before transection
indicated a consistent frequency potential propagating aborally. However, electrical
activity after transection was found to operate at 3 cpm around the corpus region and
1 cpm in the antrum.

5.2.2 Finite State Machine (FSM) Approach

The Corrias and Buist ICC model (ICC-CB) that simulates the gastric slow wave
activity at a 3 cycles per minute, is used in this study (see Section 3.2.5). The original
ICC-CB model was insensitive to external current and it was not capable of simulating
entrainment. The cell model was modified to incorporate the FSM approach. A
number of studies have shown that Ca2+ dynamics play a crucial role in the ICC
pacemaking mechanism. The inhibition of Ca2+ release and SERCA Ca2+ uptake has
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been shown to inhibit SWs in mice and guinea-pigs [66, 156, 173, 182, 183]. Here,
voltage dependent Ca2+ dynamics was developed using a two-state approach where
the SW of a gastric cell model, i.e. the ICC CB model, was modelled containing two
states: active and passive (FSM-CB ICC model) as illustrated in Fig. 5.1.

Fig. 5.1 Simulated Vm activity (solid line) and corresponding [Ca2+]i (dashed line)
activity using ICC-CB model.

The modified cell model was developed using a FSM approach, where the state
of the system depended both on the input conditions and the present state, while
diffusion-based propagation actively propagated along the domain. The approach
takes advantage of the oscillatory behaviour of the ionic and gap junction currents
where the start of each active state is evaluated with the state variables reinitialised
(explained further in Section 5.2.2.3). The state variable values chosen for initialisation
were based on their values at the time of the start of the excitation phase (shown in
Table 5.1). In this method, the state transition of the cell model was determined by:
a voltage threshold (Vth), [Ca2+]i detector variable (DC), the time for which the cell
was in the passive period (non-refractory period or NRP) and the start time which
changes the cell from initial state to the active state (startTime). The state transition
table is summarised in Table 5.2 and the corresponding state transition diagram is
shown in Fig. 5.2. The intrinsic frequency is given by (5.1). Here, the refractory
period (RP) is the active period duration which solely depends on the biophysical cell
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Table 5.1 Values used for reinitialising the state variables

State Variables Values Units

Cai 1.00313e-5 millimolar
dLtype 8.21293e-6 dimensionless
fLtype 0.94087 dimensionless
fCaLtype 1.00000 dimensionless
dV DDR 0.00098 dimensionless
fV DDR 0.56715 dimensionless
dCaCl 0.00036 dimensionless
dERG 0.20000 dimensionless
dkv11 0.00398 dimensionless
fkv11 0.99714 dimensionless
dNa 0.01372 dimensionless
fNa 0.18142 dimensionless
dNSCC 0.00504 dimensionless
PUUnitCaP U 7.54077e-5 millimolar
PUUnitCam 0.00023 millimolar
PUUnitCaER 0.00323 millimolar
PUUnitADP m 2.60102 millimolar
PUUnitADP i 0.00773 millimolar
PUUnitNADHm 0.10169 millimolar
PUUnith 0.93967 millimolar
PUUnitdeltaP si 164 mV

model description and IP3 which is known to regulate the slow wave frequency [87].

f = 1
RP + NRP

(5.1)

5.2.2.1 Calcium-ion Concentration Tracker

Uptake and release of Ca2+ from stores in the endoplasmic reticulum causes a change
in [Ca2+]i and this has been widely accepted as a key signal for the ICC pacemaking
mechanism [103]. Additionally, in the ICC-CB model IP3 dependent Ca2+ dynamics
plays a critical role in controlling the width of the plateau phase [30]. Thus, in the
present study, a change in [Ca2+]i determined the transition from the active to passive
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state and was prescribed to occur at the point when d[Ca2+]i
dt

= 0 , indicating a halt
in the Ca2+ cycling process.

Fig. 5.2 State transition diagram for the finite state machine equivalent of ICC model.
ST indicates if time has passed the startTime, which is set as a parameter and which
determines initial excitation when there is no threshold voltage coming into the model.
AT indicates if the NRP has been passed and signals transition from passive state to
active state. The variable NRP determines the intrinsic frequency of the ICC cells
along with IP3 parameter. DC identifies if the change in concentration of intracellular
Ca2+ has returned to quiescent state. The variable VP was set to true if there was a
voltage which was greater than the Vth of the cell.
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5.2.2.2 Electrical Equivalent of FSM Approach

The total current flow through the cell membrane, Im, is given by

Im = Cm
dVm

dt
+ Iion (5.2)

where Cm is the cell membrane capacitance and Iion is the sum of currents ∑ Ixn

through different ionic channels. The electrical behaviour of the FSM based approach
is summarised in Fig. 5.3, where the output from the FSM controls either the inclusion
or exclusion of the cell membrane active components using a switch S1. When the
FSM output is active, the cell active processes are included representing the active
state. Otherwise the active components are excluded and the cell membrane behaves
passively.

Fig. 5.3 Electrical circuit equivalent for FSM based gastric cell behaviour that repre-
sents the current across the cell membrane. The switch S1 is controlled by the FSM
which is turned on or off depending on whether the output of FSM is active or passive
respectively.
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5.2.2.3 Solution Process of Tissue Electrophysiology

A continuum modelling approach is widely used in the gastrointestinal field to quantify
tissue electrophysiology [27]. These models are typically semi-implicit in time, where
the linear diffusion terms are modelled implicitly and the reaction terms explicitly.
Using this approach, Vm is obtained from the solution of a PDE and then applied to
reaction terms. The reaction terms are solved using an appropriate ODE solver such
as the forward-Euler method. In our simulations the solutions were computed using
CHASTE library [120]. Using this approach, our solution process was as follows:

1. Diffusion terms were evaluated for the next transmembrane potential Vm with
the evaluated transmembrane ionic current Iion. The next state of the cell model
was identified based on the state transition diagram as shown in Fig. 5.2. If the
next state was passive, then step 2 was evaluated; or if the next state was active,
then step 3 was evaluated

2. The ionic processes were made virtually inactive while passively conducting the
diffused potential Vm. This was implemented by:

ds

dt
= 0, (5.3)

where s denotes the state variables.

3. If there was a transition from the passive to active state, the Ca2+ dynamics
were initiated by evaluating the derivatives with initial conditions; otherwise,
evaluations were continued from the previously known derivative values using:

ds

dt
= f(s, Vm, t) (5.4)

Iion = F (s, Vm), (5.5)

where functions f and F were determined by the cell model.

4. If there was a transition from active to passive state, then the state variables
were reinitialised to their initial values to represent the start of activation of the
Ca2+ dynamics.
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5. Go to step 1.

5.2.3 Tissue Model Setup

5.2.3.1 Stomach Transection Study Model

In our tissue model setup, a monodomain model was used with surface area to volume
ratio, χ = 2, 000 cm−1; membrane capacitance, Cm = 2.5 µF cm−2; conductivity,
σ = 0.04 mS cm−1 and Vth = −55 mV . These parameters were chosen to closely
match gastric SW propagation velocities observed in human corpus, i.e., 3 mm s−1.
The geometry was a 128 mm long 1D model comprised of finite elements with node
resolution of 1 mm. Based on the stomach transection study of Hinder et al. [65],
a linear gradient of intrinsic frequency ranging from 3 cpm to 1 cpm was set using
the parameter NRP. Two models representing normal and uncoupled stomach activity
were simulated, with all cells corresponding to FSM-CB ICC model. In the normal
simulation, all the cells were electrically coupled together, while in the uncoupled simu-
lation the stomach was divided into three equal segments by reducing the conductivity
values between the segments to 0.01 nS cm−1.

5.2.3.2 Gastric Pacing Induced Entrainment Mapping Study Model

Initially, we studied the effect of external pacing on entrainment using the 1-D coupled
model described in the previous section (Section 5.2.3.1). SWs were simulated until
steady state was attained. Following steady state, a periodic stimulus pulse of 5 ms

duration and amplitude 12, 000 µA cm−3 was applied at a frequency 3.75 pulses per
minute to the bottom node to analyse its effect on native SW activity. The tissue was
paced using the point stimulus option available in CHASTE, i.e. extracellularly with
a return electrode in the intracellular space [132].

The simulations were extended to a 2-D high-resolution mapping framework previ-
ously applied in porcine gastric pacing trials (see Section 5.2.1) [125]. In our simulation
setup, the stomach region covered by the electrode array was represented using a fi-
nite element triangular mesh with a total of 11,041 nodes. Additionally, the model
was surrounded by a virtual volume conducting bath of thickness 1 cm to extend the
extracellular space and realistically represent the experimental set-up. The average
inter-nodal spacing was 1 mm. The novel FSM-CB ICC model was again used as
a description of the cell activity at each solution point. Based on the experimen-
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tal recording, a bidomain model was developed with parameters chosen to represent
the experimental recordings of normal antegrade slow wave propagation. Additional
parameters were: the surface area to volume ratio, χ = 2, 000 cm−1; membrane capac-
itance, Cm = 2.5 µF cm−2; intracellular conductivities parallel and perpendicular to
fibre as σix = 0.175 mS cm−1 and σiy = 0.0665 mS cm−1; extracellular conductivities
parallel and perpendicular to fibre as σex = 0.7 mS cm−1 and σey = 0.84 mS cm−1

and threshold voltage of excitation of cell, Vth = −55 mV . The tissue fibres were
oriented parallel to the x-axis. The diffusion terms were solved with a time step of 0.1
ms and reaction terms were solved using the forward-Euler method, also with a time
step of 0.1 ms. Native SW activity with an intrinsic frequency 3.16 cpm was initiated
at the top left corner of the virtual tissue field by allowing that cell to activate at
t = 0 s. A periodic stimulus current was then introduced into the mid-portion of the
simulation setup, in analogous manner to the experimental framework, with amplitude
12, 000 µA cm−3 and a period of 17 s (3.53 pulses min−1). This chosen stimulus raised
the transmembrane potential to Vth = −55 mV .

5.3 Simulation Results and Validation

5.3.1 Comparison of FSM-CB ICC Model vs. Original ICC

CB Model

A monodomain model with tissue parameters as detailed in Section 5.2.3.1 was used for
analysing the implications of a FSM based approach on the stability of ICC response.
The response of a single cell of the newly developed FSM-CB ICC model was compared
to that of the original ICC model by performing two simulations; the first had all
nodes corresponding to the original ICC CB model, and the second had the membrane
response corresponding to the novel FSM-CB ICC model. Diffusion terms were solved
with a time step of 0.1 ms and the reaction component was solved using a forward-Euler
method, also with a time step of 0.1 ms. The sum of ionic currents (for a single node)
for both FSM-CB ICC model and default CB ICC model is shown in Fig. 5.4A and B
respectively. In the corresponding Vm trace ( Fig. 5.4C), there was a ∼ 1 mV (< 2%
of net depolarisation amplitude) downstroke before the onset of primary component
amplitude. Furthermore, the Vm trace showed a sharp peak in the primary component
amplitude. Additionally, the change in the ionic current trace for ICC CB model was
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gradual, whereas it was rapid in the FSM based approach (compare Fig. 5.4A and Fig.
5.4B). However, the morphology of the waveform with the two important components,
i.e, primary component amplitude and a plateau phase, were retained.

During the passive state, the external stimulus current was able to drive the FSM
based cell to active state. In contrast, during the active state the external current did
not have any effects on the cell activity as shown in Fig. 5.4C. Likewise, an external
stimulus had no significant effect on ICC CB model Fig. 5.4D. Finally, a simulation
was performed for 420 s to analyse the stability of the FSM-CB ICC model. A train of
stimulus currents (amplitude 12, 000 µA cm−3; pulse width 5 ms; frequency 4 cpm for
total duration of 165 s) was applied at 140 s (Fig. 5.4E). Simulation results showed
that the ICC initially excited at its intrinsic frequency of 3 cpm until 140 s, after which
the ICC excited at 4 cpm for 165 s. After stimulation ceased, activity returned back
to its intrinsic frequency of 3 cpm (Fig. 5.4E).
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5.3.2 Analysis Based on Experimental Observations

The results of the simulations performed on the model setup detailed in Section 5.2.3
are based on the experimental studies described in Section 5.2.1.

5.3.2.1 Effect of Uncoupled Block of Tissue on Entrainment

Traces were sampled from cells at 8 mm intervals along the 128 mm geometry for
both normal and uncoupled model as shown in Fig. 5.5. The normal simulation
resulted in all the cells being entrained to the highest intrinsic frequency of 3 cpm. In
the uncoupled simulation each virtually isolated segment was entrained to the highest
intrinsic frequency in that particular segment. The isolated entrained frequencies were
3, 2.4 and 1.7 cpm respectively.

5.3.2.2 Effects of Gastric Pacing on Normal Slow Wave Propagation.

Traces were sampled from cells at 8 mm intervals along the 128 mm line of tissue.
Simulations were run until steady-state where all cells were entrained to 3 cpm, corre-
sponding to the highest intrinsic frequency. External pacing resulted in a progressive
entrainment of SWs over the entire field at 3.75 cpm (equivalent to the pacing fre-
quency) as seen in Fig. 5.6.

The experimental and the corresponding simulated activation maps for the 2D
normal antegrade activation, gradual entrainment of the mapped field over successive
cycles of pacing, and complete entrainment are shown in Fig. 5.7. The simulated
slow wave activity was in agreement with the experimental recordings in terms of
the velocities, propagation pattern and entrainment pattern. In both virtual and
experimental cases, slow waves propagated antegrade with matching conduction ve-
locities. The propagation velocity in the circular direction was ∼9 mm s−1; compared
to ∼5 mm s−1 longitudinally which was comparable with experimental observations.
Slow wave activation maps were generated as shown in Fig. 5.7b. The entire field was
entrained in 180 s after the onset of stimulus pacing. The pacing entrainment gain
was uniform in the retrograde direction while clashing against the natural antegrade
slow waves as shown in Fig. 5.7b.
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Fig. 5.5 Effect of decoupling on entrainment. (A) Spatiotemporal (Vm) trace for sim-
ulated slow wave activity on 128 mm long 1-D model sampled at 8 mm intervals for
a duration of 80 s. The intrinsic frequency of the ICC was varied linearly from 3
cpm to 1 cpm. All ICC were entrained to the frequency corresponding to the highest
frequency of 3 cpm. (B) Spatiotemporal Vm trace when the 1-D model was decoupled
into 3 segments by reducing the conductivities between sections to 0.01 nS cm−1.
Each uncoupled segment was entrained to the highest intrinsic frequency ICC within
that segment.
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f = 3.75 pulse min
-1

f = 3 cpm

Fig. 5.6 Spatiotemporal Vm trace for simulated slow wave activity on 128 mm long
1-D model sampled at 8 mm intervals for a duration of 230 s. The arrows indicate the
gradual entrainment of the distal region by the stimulated pulses.
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5.3.3 Computational Performance

The efficiency gain in the computational performance of the FSM based approach was
significant as the solution process during the passive state does not require solving the
system of ODEs. We used a monodomain model with 51 solution points corresponding
to either FSM-CB ICC model or the original ICC CB model. Since the computational
time depends on the number of active phases and passive phases, all the nodes were
implemented to excite at the same time so as to have equal number of passive and
active phases.

Fig. 5.8 Comparison of computational performance of FSM-CB ICC model with ICC
CB model for intrinsic frequencies of 3 cpm and 2 cpm for 120 s of simulation time.
The performance of ICC CB model was comparable for both 3 cpm and 2 cpm.

The relative computational performance was found to not only depend on the type
of cell model but also at which frequency the simulation was performed as seen in
Fig. 5.8. The average computational time required for solving the ODEs for 120 s
of simulation time with the ICC intrinsic frequency of 3 cpm was recorded using the
internal CHASTE profiler for a few number of simulations (n). These were obtained as
75.0 ± 1.1 s (n=5) and 119.4 ± 1.3 s (n=5) for FSM-CB ICC and ICC CB respectively
on an Intel® Core TM i5 processor 2410M machine, which implied the default CB ICC
model was 59% more expensive compared to the novel FSM-CB ICC model. Further,
the computational performance of simulations with a low intrinsic frequency of 2 cpm
were also compared. The performance of the ICC CB model with intrinsic frequency
of 2 cpm was comparable with that of intrinsic frequency of 3 cpm which was found
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to be 120.5 ± 1.1 s (n=5). However, this time the computational performance for
FSM-CB ICC model was 51.4 ± 0.3 s (n=5), implying the ICC CB model was 134%
more expensive compared to FSM-CB ICC model.

5.4 Discussion

This chapter presents a new computational method for analysing gastric SW entrain-
ment and the effects of gastric pacing on SW activity by applying a biophysically-based
ICC CB cell model. The method successfully simulated the effects of external stimuli,
entrainment by a higher frequency external pacing stimulus and captured the effects
of anisotropic conduction on SW propagation, showing good agreement with experi-
mental recordings. The model was tested for baseline drift over time, and was assessed
for its behaviour before/after a series of external stimuli. It was stable and returned
to its natural intrinsic frequency once pacing was suspended. Furthermore, there was
no significant effect on the underlying mechanics of cellular electrical behaviour in
the native cell model with the FSM modification, and major gains in computational
efficiency were evident.

Three significant advances in GI mathematical modelling have been achieved in
establishing this modelling framework. Firstly, an ICC entrainment model, where the
SW propagation depends on the electrical parameters of tissue (fibre direction and
conductivities), was successfully developed with a biophysically based cell model. The
ICC CB model was chosen for this study as it was successfully applied to reproduce
the ICC ionic mechanisms and responded predictively to real physiological parame-
ters such as voltage and electrolyte concentrations. Until now, GI simulations had
conduction velocity and slow wave propagation dynamics in part determined by the
underlying intrinsic frequency distribution. Now, realistic biophysically based multi-
scale simulations over complex gastric tissue structures can be achieved. Secondly, this
study was the first to accurately model the effects of gastric pacing on entrainment
using a biophysically based cell model. The effects of gastric pacing were validated
against data from high-resolution experimental mapping. This model will enable the
effects of pacing to be predicted with consideration of anisotropic tissue properties,
which are critical for the initiation and maintenance of dysrhythmic patterns, particu-
larly in humans [123, 126]. Finally, the computational performance analysis indicated
an efficient solution process, with the bottleneck limited to the spatial solution points
in the active duration. The time spent during the active state was the same as that of
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the original ICC CB model for each time step without using the FSM based approach.
Furthermore, the methods were successfully applied to the monodomain and bidomain
frameworks and can be readily extended to an extended-bidomain framework [16].

The ICC pacemaking mechanism is thought to be dependent on Ca2+ entry through
a voltage dependent mechanism [171]. The method presented here modulates the Ca2+

dynamics by activating them in the active state and disabling them while transiting to
the passive state. The pacemaking mechanism and its biophysical dependence do not
change with this modification. The active phase of the gastric cell model solely de-
pends on its native ionic mechanisms. Any gastric cell model with a biophysical active
response can be included as a reaction term in this model framework. The method
promises a new direction where researchers can now concentrate on the ionic mech-
anisms involved in the refractory phase of gastric ICC cell activity. Accordingly, the
effects of ion channel pathologies can also be implemented into this framework as their
details are revealed, and pharmaceutical agents for targeting normal and abnormal
channel properties can also be evaluated in-silica prior to experimental applications
[136].

The impacts of the FSM approach on the CB model were detailed in Section 5.3.1.
Small change in the potential morphology when compared with the original CB model
was observed. There was a downstroke of ∼1 mV before the depolarisation stroke, and
a more distinguishable primary amplitude compared to the plateau phase. It should
be noted that, at the macroscopic scale relevant to the application of this model
and while considering the variability in the morphology of slow wave recordings, the
simulated slow wave was consistent with experimental observations [66], and remains
dependent on the biophysical basis of the underlying cell model. This would be largely
avoided if the refractory phase alone of cell behaviour was modelled while ignoring the
non-refractory period. Furthermore, this would potentially also elicit a significant
performance improvement. A detailed analysis of the net ionic current as shown in
Fig. 5.9a, indicated that reinitialising the state variable affects the ionic channels
in the FSM-CB ICC model. The Na+ ion current (INa) analysis (see Fig. 5.9b)
showed an increased rate of influx of ions (0 to ∼12 pA cm−3) flowing through the
Na+ channels when compared with ICC-CB model (∼6 to ∼10 pA cm−3). It can be
reasoned from the observation that in the ICC-CB model, there was an active sodium
current (∼6 pA cm−3) during the non-refractory phase, whereas in our FSM-CB ICC
model the INa current was inactive (0 A) during that period, which agrees better
with experimental studies [10]. The sharp distinguishable primary component and the
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plateau phase can then be attributed to an increased rate of change of INa current
when the state changes from passive state to active. The differences in other channels
are shown in Fig. B.1 and Fig. B.2 in Appendix B.

Fig. 5.9 Comparison of (a) net ionic current and (b) INa current describing the cell
behaviour for the FSM-CB and ICC-CB model.

The effects of external pacing on slow wave activity were simulated on an ICC net-
work, whereas the experimental recordings were obtained from tissue containing both
ICC and smooth muscle cells (SMC). The effect of this coupling has been evaluated
by simultaneous intracellular recordings of slow wave activity in SMC and ICC which
showed that slow waves originate in ICC and conduct to SMC [35]. However, the



74 Biophysical Finite State Machine Based ICC Model

coupling between ICC and SMC occurs without draining excessive current, such that
ongoing entrainment in the ICC networks would be affected [32].

This FSM based model can be used to develop new therapeutic approaches for
motility disorders and obesity. In obesity, gastric pacing has been used to disrupt
normal antegrade slow-wave activity by inducing retrograde events, thereby slowing
motility and inducing satiety [182]. However, current progress has been limited by the
need to increase efficiency in pacing protocols and optimise pacing sites. The cell model
presented here provides an ideal platform for rapidly achieving such investigations
without the need for exhaustive animal trials.

It should be noted that there is limited experimental data to inform the choice of
simulation parameters. For example, an outstanding question is: what is the stimulus
current or voltage (Vth) required to just excite and initiate the pacemaking mechanism
in a ICC cell? In this study, the tissue electrical parameters were chosen to replicate
the conduction velocity observed in experimental studies [125]. A limitation in this
model is uncertainty over the effects of current inputs from the neighbouring cells on
the ionic channels during the passive period. The model incorporates the effects of
external current by accumulating the charge across the cell membrane while increasing
the Vm until Vth. However, it remains an open biophysical question as to the ion
channels being affected by the external currents.

In conclusion, we have presented a model framework that provides a major advance
over previously published models. The FSM-CB ICC model is used in subsequent
chapters to model the underlying biophysics of ICC cellular activity. In Chapter
6, the model is used with realistic ICC network for analysing and quantifying slow
wave propagation. Later, a multiscale 3D stomach model is developed in Chapter 7
for studying gastric pacing utilising the capability of FSM-ICC model to incorporate
effects of external current stimulus.



Chapter 6

Network Function Analysis on ICC

Imaging Data

Part of this work has been published in "Gao, J., Sathar, S., O’Grady, G., Han, J., &
Cheng, L. K. (2014). Developmental changes in postnatal murine intestinal interstitial
cell of Cajal network structure and function. Annals of Biomedical Engineering, 42(8),
1729–1739. doi:10.1007/s10439-014-1021-9"

Part of this work has been accepted for publication in "Sathar, S., Trew, M. L., &
Cheng, L. K. (2015). Tissue Specific Simulations of Interstitial Cells of Cajal Net-
works Using Unstructured Meshes. Conference Proceeding of the IEEE Engineering in
Medicine and Biology Society."

Current experimental techniques lack the capability of analysing slow wave activ-
ity over an ICC network. In this chapter, an HPC-enabled ICC image pixel-based
computational framework was developed capable of studying the network structure-
function relationship. It provides a virtual platform for relating the network structure
to GI function. The development of an underlying biophysical-cell model (detailed
in Chapter 5) capable of accurately predicting entrainment mechanism, and its sole-
dependency on conductivity parameters, had significantly advanced the scope to model
tissue-level simulations. The developed framework was applied to study the rapid
changes undergoing in a mammalian GI tract during the early postnatal period to
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facilitate the transition from milk to solid diets, and to confirm a pruning-like mech-
anism observed using established structural metric analysis. This chapter ends with
exploring unstructured mesh based geometrical simulation methods to improve the
computational performance of the simulations.

6.1 ICC Structure-Function Relationship Using Com-

putational Models

Considering the limitations of experimental techniques, new methods are required that
can relate the ICC network function with the underlying network structure [39, 128].
Recent developments in biophysically based GI cell models have enabled accurate
quantification of changes in the cellular membrane potential. These models were also
capable of accurately analysing and quantifying Ca2+ dynamics.

A previous study simulated slow wave activity over two ICC network geometries
obtained from mouse jejunum. They were: (i) a geometry derived from wild-type
(WT) mouse intestine and (ii) geometry derived from a 5-HT2B knockout mouse in-
testine (ICC population reduced by stimulating with serotin) [39]. The study was
able to quantify the differences in intracellular Ca2+ dynamics between the normal
and artificially degraded ICC network. The results showed how degradation in the
ICC network impairs the slow wave propagation and ultimately motility and transit
[39]. However, the modelling framework utilised cell models that were dependent on
IP3 parameter as a primary component in defining propagation pattern as detailed
in Section 5.1. Additionally, such a modelling framework was based on CMISS pack-
age. As it was seen from Chapter 4, the CMISS code does not support distributed
computing platform. Consequently, the simulations took around 2 hrs to solve 400 ms
of activation time using a single process on an IBM p595 HPC machine. These lim-
itations motivated the development of a new framework utilising advanced FSM-CB
cell model (see Chapter 5) and which was capable of supporting parallel computing
efficiently and accurately.

An important application of this computational framework is for analysing and
characterising the functional and structural changes in the GI tract during the early
postnatal life. In mammals, the nutrition supply from the placenta stops at birth
and the animal depends on the GI tract for processing and absorbing the nutrients
from milk [19]. During the weaning period, the GI tract experience developmental
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changes in the structure to adapt with the dietary changes. ICC or their precursors
first appear in mice at embryonic day 12 (E12) [90, 161]. By postnatal day 2, an intact
ICC-MP network with functional pacemaker activity is formed [112]. However, the
ICC-DMP forms shortly after the birth but before P5 [160, 161]. These networks con-
tinue to develop with ICC-MP cell density increasing to peak (at around two weeks)
and then decreasing while the network morphology adapts throughout postnatal life
[90, 119, 160]. It is widely acknowledged that the central nervous system maintains
the development of a functional neuronal circuitry through a robust mechanism of
initial excessive overgrowth followed by selective pruning of axon branches [114–116].
Similarly, a recent study has hypothesised a potential-pruning mechanism during post-
natal ICC development by comparing three-day and four-week-old murine intestinal
ICC-MP networks [53].

6.2 ICC Network Model for Studying Developmen-

tal Changes During Early Postnatal

6.2.1 ICC Imaging Data for Model Setup

ICC network imaging data was collected using techniques described previously [95,
119]. All experiments were performed in accordance with the Health Guide for the Care
and Use of Laboratory Animals of the Third Military Medical University (Chongqing,
China).

Briefly, 5–10 min prior to laparotomy the calcium antagonist papaverine (0.12
mg/g) was injected intraperitoneally into 29 BALB/c mice at post-natal day 0 (P0),
P2, P5, P8, P12, P16, and P24 (P0–P8: n = 5 for each age; P12–P24: n = 3 for each
age) in order to abolish contractile activity of the small intestine. The entire small
intestine (from the pylorus to the ileocecal junction) was removed and placed into PBS
containing papaverine (0.5 mg/mL) and the diameter and length of the small intestine
was measured immediately. To obtain whole-mount preparations, the small intestine
was inflated back to these original dimensions and fixed for 30 min at 4 °C with
acetone. The longitudinal smooth muscle layer containing the ICC-MP network was
prepared under a dissecting microscope, rinsed in PBS and placed in PBS containing
0.3% Triton X-100 at 4 °C for 5–10 min. The specimens were first incubated with a
blocking solution (4% BSA/PBS) for 30 min at room temperature to avoid non-specific
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Fig. 6.1 Sample ICC-MP networks for the murine intestine at different postnatal ages
as revealed by Kit immunoreactivity. The networks in the second and third columns
are enlarged views of the bottom-right quarter and sixteenth of the networks in the first
column respectively, as indicated by the white squares Z0 and Z1 in the P0 network
in the first column.
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Table 6.1 Number of samples studies at each postnatal age

Age Number of samples

P0 8
P2 9
P5 5
P8 11
P12 10
P16 10
P24 8

staining, followed by a rat monoclonal anti-c-Kit antibody (ACK2, 1:100; eBioscience)
for 8 h at 4 °C. Immunoreactivity was then detected using a Cy3-conjugated secondary
antibody (anti-rat IgG, 1:100; Zymed). All specimens were handled in a consistent
manner. Confocal image slices of the Kit-positive ICC-MP structures were sequentially
taken throughout the transmural depth of the specimen, but as the ICC-MP network
was thin in the transmural direction (∼10 µ m) and the majority of processes laid
in-plane, the image slices were stacked into a 2D representation of network structure
containing all positively labelled cells and processes as performed previously [39]. A
total of 61 tissue samples were taken, and the number of samples at each age is shown
in Table 6.1. The physical dimensions of the samples ranged from 0.363 × 0.379 mm
to 0.379 × 0.388 mm, and the resolutions ranged from 0.379 to 0.424 µm pixel−1.
Sample ICC-MP network is shown in Fig. 6.1.

Unbiased thresholding algorithms were used to segment the images and identify the
Kit-positive structures, minimising any human influence in the process. This imaging
data was then pre-processed to remove artifacts for the application of the ICC network
slow-wave activity simulations and structural quantification [53]. In short, small gaps
with radius of 2 pixels (∼ 0.8µm) or less in the network structure were joined, and
small objects of less than 4 pixels (∼ 0.65µm2) were removed.



80 Network Function Analysis on ICC Imaging Data

6.2.2 Variations in Structural Changes During Postnatal De-

velopment

Structural properties of the ICC network were quantitatively analysed for four different
properties namely, density, thickness, hole-size and branching index. Based on the
variations of these properties, it was hypothesised that (for details refer Appendix C
in Fig. C.1):

1. The ICC remained in immature state until P5.

2. From P5 an overgrowth of ICC processes were observed until P12.

3. By P12, selected ICC processes are retained and strengthened, while others being
discarded.

4. By P24, new processes were formed adjusting itself to the adult morphology.

The structural variations necessitated slow wave simulations over ICC network to
understand the functional significance of the observed structural changes.

6.2.3 Pixel Based Simulation of ICC Electrical Activity

The ICC network geometries were obtained from the two-dimensional images of the
ICC network samples at the original in plane resolutions. In the pixel based approach,
the ICC networks were discretised into a finite element triangular mesh where each
pixel in the image was represented by a node point in the tissue geometry. The
resultant model geometry consisted of a regular two-dimensional mesh with the total
number of nodes (solution points) equal to the total number of pixels in the geometry.

The nodes in the tissue models were grouped into either a continuum ICC node
(red in Fig. 6.2) or a non-ICC tissue (black in Fig. 6.2). The cellular activity of the
ICC node points was represented using biophysically based FSM-ICC model developed
in Chapter 5, whereas the activity of the non-ICC node points was represented using
a passive cell model with zero active ionic current. The purpose of the inactive ionic
currents was to eliminate any active responses of the background tissue to the slow
waves in the simulations. The bidomain equations (3.36) and (3.38) were solved to
simulate propagation of slow waves. Slow waves were simulated in the anatomically
realistic two-dimensional ICC networks over 1000 ms with an ODE time step of 0.1
ms and a PDE time step of 1 ms. Since, the PDE component of the model represents
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Fig. 6.2 Geometrical representation of ICC network imaging data. (A) Sample ICC
imaging data with ‘red’ and ‘black’ colours representing the ICC cells and the non-
ICC cells, respectively. (B) Enlarged view of the patch enclosed within the white box
in (A). Each dot represents a pixel in the image. (C) Triangular finite-elements are
formed with the pixels represented by the corners of the triangular elements.
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the diffusion of the ICC network pacemaker activity, which is slow in comparison to
the cellular activity represented by the ODE component, the PDE time step does
not need to be as refined as the ODE time step and can be up to 2 ms without
significantly changing the simulation accuracy. The activation period of 1000 ms was
deemed sufficient time to quantitatively assess the simulated ICC pacemaker activity.

ICC node points within a square corresponding to 1% of the total network area at
the top right corner of the network were set to activate at time t = 0 ms as the initial
stimulus to the simulations, whereas the remaining ICC node points were activated via
the voltage-dependent entrainment mechanism of the ICC model [146]. The conductiv-
ity parameters of the model were selected such that the Ca2+ wavefronts propagated
through the network at approximately 2 mm s−1, as observed experimentally [129].

Four measures were used to quantitatively assess the simulated ICC pacemaker
activity. One measure was based on the electrical event (average Vm over the network),
as this electrophysiological activity contributes to the coordination of small intestinal
motility [79], whereas the other three measures were based on the average intracellular
calcium concentration over the network ([ Ca2+ ]i):

1. Activation rate: computed as the network area divided by the activation time
(ta), which was defined as the time taken for the average Vm over the network
to reach a threshold of -30 mV. This value was chosen to be slightly lower than
the ICC model plateau potential of approximately -25 mV to account for the
non-ICC node points;

2. Peak [Ca2+]i;

3. Time to peak [Ca2+]i (tp); and

4. Half peak[Ca2+]i time ratio: computed as the ratio of time to half peak (t0.5p)
to time to peak [Ca2+]i (tp). This measure gauged the dynamics of the [Ca2+]i
upstroke, with a small value indicating an early initial rise, and a large value
indicating a late initial rise.
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6.3 Triangulation of ICC Network vs. Pixel Based

Method

6.3.1 ICC Network Imaging Data

Confocal ICC imaging data was obtained from the proximal jejunum of mice using
immuno-fluorescence staining procedures as previously described [89]. Briefly, tis-
sue specimens were flushed with phosphate buffered saline (PBS), opened along the
mesenteric border, stretched out and pinned flat mucosal side up on the surface of a
Sylgard-coated petridish. Slides were incubated for at least 48 hr at 4◦ C with the
primary antibody against c-Kit (M14) (goat, 1:100; sc-1494, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) with constant agitation. Following rinsing in PBS, slides were
then incubated for another 2 hr in the dark at room temperature with the Alexa Fluor
594 donkey anti-goat (1:200; Invitrogen) secondary antibody. Confocal image slices
were sequentially taken throughout the transmural depth of the muscularis propria
in fine steps of less than 0.9 µm and were volume-rendered in 3D. The ICC-MP net-
work was relatively thin in the transmural direction (∼15 µm) and the majority of
the network laid in-plane. Therefore, the image segments of the ICC-MP were stacked
with a maximum intensity projection into 2D images representing the entire ICC-MP
network structures.

Similar to the process mentioned in Section 6.2.1, unbiased thresholding algo-
rithms were used to segment the images to obtain two-dimensional bitmaps of the
network structure [54]. The image segments of the ICC were depth-averaged into two-
dimensional images representing the entire ICC network structures. This approach
was appropriate as the ICC network was relatively thin in the transmural direction
(∼ 10 µm) and the majority of the network was planar. The final image was 0.531 ×
0.531 mm in size sampled at 1024 × 1024 pixels.

6.3.2 Pixel-Based Simulation Model

As presented in Section 6.2.3, a regular, evenly spaced, triangular mesh with each
node corresponding to each pixel of the image was generated. The resulting mesh
had 1,048,576 nodes (1024 x 1024) with a spatial resolution of 0.519 µm as shown in
Fig. 6.3A. The model expresses a substantially higher spatial resolution than previous
comparable cardiac simulations (300 µm), that have also used a bidomain contin-
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uum modelling framework [135, 138]. Each node in the resultant pixel-based mesh
represented either an ICC cell or non-ICC cell, based on the pixel attributes.

6.3.3 Triangulation-Based Simulation Model

The two-dimensional grey scale bitmap image was analysed for isocontours. The
intensity values of the bitmap images were either a low or a high. The isocontours
were determined for 50% of the total intensity value. A finite element triangular
unstructured mesh was constructed using a Delaunay triangulation algorithm over
the generated isocontours of the segmented images. A two stage mesh refinement was
required to obtain a suitable unstructured triangular mesh and to improve the mesh
quality by reducing the element skewness as shown in Fig. 6.3B. A triangle mesh
generator tool [https://www.cs.cmu.edu/∼quake/triangle.html] was used to build the
mesh. Each node in the resulting triangular mesh represented either an ICC cell
or non-ICC cell, based on the regional attributes assigned during the segmentation
process. The slow wave activity was initiated at the region marked in Fig. 6.6A
by setting the tstart parameter of the ICC model [146] to 0, and a larger tstart value
(> simulation duration) at other locations. The problem was solved for 2000 ms of
simulation time using the CHASTE computational library with a conjugate-gradient
solver and a block-Jacobi preconditioner [120].

6.4 Simulation Results on Postnatal Developmen-

tal Analysis and Efficiency of Triangulation Ap-

proach

6.4.1 Postnatal Developmental Changes Analysis

Fig. 6.1 shows representative ICC-MP networks from the murine intestine at the
various postnatal ages. The simulation time over each network was approximately 20
minutes using 48 MPI processes from Intel Xeon X5660, E5-2680, or E7-2870 CPUs.
An example of a simulated Ca2+ wave propagation sequence from t = 200-1000 ms is
shown in Fig. 6.4. The underlying ICC network was 885 × 909 pixels at a resolution
of 0.42 µm. The Ca2+ wave was initiated in the top-right corner and in general,
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Fig. 6.3 Finite element meshes of the pixel-based and unstructured triangulation based
methods. (A) corresponds to a regular triangular mesh with each pixel in the original
image corresponding to a vertex of an element. The small block marked with the white
square is zoomed in the lower panels. (B) corresponds to the process of generating the
unstructured triangular mesh. The isocontours of the image were obtained on which
triangulation was applied. The triangulated mesh was further refined using Delaunay
triangulation based tool ’Triangle’ [https://www.cs.cmu.edu/ quake/triangle.html].
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Fig. 6.4 Simulated Ca2+ wave propagation sequence over the P0 network in Fig. 6.1.
The black areas represent the non-ICC regions with a [Ca2+]i of 0, whereas the blue
to red field represents the varying levels of [Ca2+]i in the ICC over time. The first
image on the left in the top row shows the Ca2+ distribution at time t = 200 ms, and
each subsequent image, from left to right, then down to the next row, is 100 ms apart.
The underlying ICC network was 885 × 909 pixels at a resolution of 0.42 µm. The
Ca2+ wave was initiated in the top-right corner and in general, propagated toward the
bottom-left corner of the network.
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propagated toward the bottom-left corner of the network.
The Kruskal-Wallis one-way ANOVA on ranks followed by multiple comparisons

(Dunn’s test) was applied to identify differences in function between sampling age
pairs. Data points which were below the 1st quartile or above the 3rd quartile by
more than 1.5 times the inter-quartile range were deemed to be outliers and were
excluded from the statistical analysis. A p-value of less than 0.05 was considered
statistically significant.

Significant changes through time were identified in the activation rate, peak [Ca2+]i,
and time to peak [Ca2+]i (Kruskal–Wallis test: p < 0.01 for all three measures), but
no change was found in the half peak [Ca2+]i time ratio (p = 0.11; Fig. 6.5). The
activation rate at P12 and P16 was higher than at P5. The peak [Ca2+]i at P12 was
higher than at P5, and was higher than that at both P0 and P5 by P16. The time
to peak [Ca2+]i was lower between P12 and P24 compared to P5, with P12 and P16
being lower than P0 as well. By P12, at the end of the overgrowth of ICC processes,
the network had attained higher pacemaker activity transmission efficiency than in
the immature state (P0) and before the overgrowth (P5), as seen from the increased
activation rate and decreased time to peak [Ca2+]i. The functional output volume
quantified by the peak [Ca2+]i also increased since before the overgrowth (P5). At
P16, after the pruning-like phenomenon of ICC processes, the high pacemaker activity
transmission efficiency was maintained, and the functional output volume increased
since both the immature state (P0) and before the overgrowth (P5). Finally, at P24,
after the formation of new ICC processes, the pacemaker activity transmission re-
mained efficient, as the time to peak [Ca2+]i was still lower than at the start of the
ICC process overgrowth (P5), but perhaps not as efficient as the optimal levels ob-
served after the overgrowth (P12) and pruning-like phenomenon (P16).

6.4.2 Network Triangulation vs Pixel-based Simulations

The activation time maps of the simulated electrical activity for the two different
mesh based models are shown in Fig. 6.6C and Fig. 6.6D. The activity starts at
the initiating site and eventually entrains the entire network in approximately 500
ms. The activation maps show that both the simulations followed a similar activation
pattern, although the conduction velocity was faster in the case of triangulated network
compared to the regular-pixel based network.

The activation time over the entire network was compared to quantify the differ-
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Fig. 6.5 Variation in the functional measures through time. Cross (×) symbols indicate
the respective mean measure values at each age, and plus (+) symbols indicate outliers.
Asterisk (*) symbols indicate a significant difference in functional measure values
compared to the age noted below the asterisk.
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Fig. 6.6 Simulation of slow wave propagation over the ICC network. The activity
was initiated at the region shown as a white area in the network (A). (B) shows the
plot of average Vm over the entire network and the inset figure corresponds to plot of
Vm at a single point P1 (shown in (A)), for both pixel-based and unstructured mesh
simulations. The unstructured triangular model activated on an average 20 ms earlier
than the structured mesh. (C) and (D) show the activation maps for both meshes.
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ences in the activation rate. The average Vm was evaluated at each time-step for both
simulations and was plotted in Fig. 6.6B. There was a difference in activation time of
20 ms (4%) for 500 ms of average Vm activation, and a conduction velocity difference
of approximately 0.11 mm s−1. A sample Vm plot for point P1 (shown in Fig. 6.6A)
is shown as an inset in Fig. 6.6B.

Table 6.2 Mesh statistics for the unstructured mesh

Property Value
Mesh vertices 251313
Mesh elements 500787
Smallest area 6.2603e-10 mm2

Largest area 1.8798e-4 mm2

Smallest edge 2.9154e-05 mm
Largest edge 0.023339 mm

Fig. 6.7 Pixel-based simulation vs Triangulation based simulations. (A) is the bar-plot
of number of solution points for the simulation model geometry. (B) is the average
solution time (n=3) for the two set-ups.

The regular pixel-based network had 1,048,576 solution points whereas the trian-
gulated based geometry had only 251,313 solution points. The number of solution
points was reduced by approximately 80% (see Fig. 6.7A). The detailed mesh statis-
tics for the unstructured mesh are shown in Table. 6.2. The simulation times for
solving the electrical activity over the pixel-based and triangulated networks were 111
minutes and 18 minutes respectively using 48 MPI process on NeSI PAN cluster. This
represented an 80% increase in computational efficiency (see Fig. 6.7B).
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6.5 Discussion

In this study, a pixel-based ICC network function simulation framework based on
available HPC-enabled libraries is presented. An FSM-CB ICC model described in
Chapter 5 is used. The proposed framework is utilised for studying the functional
changes during early mammalian postnatal development and to test hypothesis re-
garding pruning-like mechanism observed in central nervous system (CNS). Further,
we presented an efficient unstructured triangulation based method to simulate slow
wave activity over an ICC network increasing the computational efficiency by ∼80%.

6.5.1 ICC Development Changes During Postnatal

It is hypothesised that the intestinal ICC-MP networks adapt and optimise GI function
by going through several stages of structural changes during the early postnatal stage.
The structural changes evaluated over each of the ICC network in different age groups
indicated significant variations of structural properties as seen in Appendix C. Defin-
ing the functional changes associated with these structural changes is experimentally
difficult and a computational approach is necessary. Further, the pruning-like mecha-
nism, observed in CNS, was tested for its presence during the postnatal ICC network
development, and was further affirmed using the functional analysis [53, 114–116].

Several early postnatal disorders such as transient neonatal pseudo-obstruction
and infantile hypertrophic pyloric stenosis have been associated with impaired ICC
development [86, 166] and therefore, it is important to understand this development
process. This was achieved by evaluating the structure-function relationship by simu-
lating ICC pacemaker activity over tissue-specific networks using biophysically-based
computational models. In conjunction with the ICC network structural properties of
the murine intestinal ICC-MP imaging data, quantified using numerical metric devel-
oped elsewhere [53], enabled to achieve a detailed correlation between structural and
functional differences during different stages of the postnatal development.

With the help of functional analysis and ICC structural properties results, various
events and temporal course of ICC network development was elucidated, as well as the
physiological significance of it. It was identified that during postnatal development of
ICC networks, there is an initial process overgrowth followed by a pruning-like phe-
nomenon of processes, and subsequently formation of new processes. The concept of
axon overgrowth followed by pruning during development is well established in the
CNS as a mechanism to ensure the development of a robust neuronal circuitry. Simi-
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larly, in ICC network development, an abundance of ICC processes are initially grown
to achieve high pacemaker activity transmission efficiency, which may also ensure
propagation stability avoiding arrhythmogenesis and increasing the output volume of
the pacemaker activity. Subsequently, during the pruning-like phenomenon, the less
efficient or redundant processes are discarded without impacting the overall efficiency
of the network, and the retained processes are also strengthened to further elevate
the pacemaker activity output volume. Mice wean at 3 weeks of age, and hence the
formation of new processes after the over-growth-pruning-like cycle may offer a chance
for the ICC network to adjust to the altered luminal contents and workload. It was ob-
served that the pacemaker activity transmission was still efficient after the formation
of new processes, but was not as pronounced as after the overgrowth and pruning-like
phenomenon. Therefore, these new processes may develop with objectives other than
optimising pacemaker activity. One possibility would be development in response to
myenteric neurons, which adapt morphologically and electrophysiologically through-
out postnatal life until adulthood [52], as ICC are also responsible for integrating
neurotransmission with its pacemaker activity [89].

The functional analysis techniques employed saw the ICC network as a functional
syncytium and individual cell boundaries were not considered. This approach was
appropriate as ICC-MP networks were highly connected and hence individual cell
boundaries (i.e., which processes belong to which cells) cannot be distinguished at the
levels of magnification employed in this study [157]. The sparser sampling ages have
been able to exhibit a general trend in the postnatal development of ICC networks, but
further studies with a more refined temporal resolution may better capture the details
of this developmental process. Another potential limitation of this work was that the
ICC networks have been sampled from throughout the small intestine (i.e., from the
duodenum, jejunum, and ileum), and assumption of having comparable developmental
patterns across the organ. Another avenue of future work will be to examine whether
any differences in developmental pattern exist between the different small intestinal
regions, and if present, identify the interaction effects between spatial region and
temporal development.

6.5.2 Efficiency of Triangulation of ICC Network

This chapter further developed an unstructured triangle based mesh. The developed
method was compared to a corresponding pixel-based mesh. The unstructured mesh
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was found to be more computationally efficient and the solution differences were found
to be within an acceptable limit of 4% difference in activation time. The differences
in smoothness of the activation maps (in Fig. 6.6) for triangulation based model can
be attributed to the coarseness of the visualisation data points resulting from the
reduced solution points. A regular pixel-based mesh activation map has data points
at a higher resolution than the unstructured triangulation based approach. Further,
the data values were linearly interpolated spatially in the case of the unstructured
mesh.

There was a difference in the activation time of 20 ms between the models. This
difference is only 4% of the activation time, and is thought to arise from variations in
the mesh characteristics. Convergence analysis usually produces a curve that varies
with mesh resolutions. The propagation velocity for a pixel-based mesh was unique
to the particular resolution of 0.519 µm for the given conductivity parameters. Con-
duction velocities computed on a more highly refined unstructured mesh were almost
identical to the original unstructured mesh. The differences are believed to have neg-
ligible effects when unstructured meshes are used for a particular type of study as the
comparisons were considered to be relative.

The resolution required for the simulation presented here was limited by the net-
work geometry and the desire to capture the structure accurately. The loss of nodes of
interest during triangulation process need to be investigated. However, the expected
interpolated results are expected to be accurate given that the resolution is very high
compared to a typical cardiac simulation/GI simulation for triangular mesh based
models.

The development of the triangulation based method will enable the consequences
of ICC network degradation on functional outcomes in gastrointestinal smooth muscle
behaviour over larger networks to be investigated. This was hindered previously due
to computational constraints. The non-ICC tissue in the background was assumed to
be passive with no active response to the simulated slow waves, whereas this space is
partly occupied by smooth muscle cells. A biophysically based SMC model which has
recently been proposed [29], could be applied within this proposed computing frame-
work. The ICC network-geometries considered in the study were a two-dimensional
representation of a 3D image which was depth averaged over the small cross section.
Future work will extend this method of unstructured tetrahedral meshes to isosurfaces
of 3D network geometry. Further, this can be extended to a whole organ level. Al-
though, the boundary conditions were assumed to be no-flux across all external edges,
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this assumption was appropriate as the study was focused on developing a frame-
work and analysing its efficiency, rather than direct correlation with a physiological
observation.

In conclusion, this study employed computational modelling along with established
quantitative network structure metrics to assess the structural and functional changes
that occur in postnatal development of murine ICC networks. The analysis identi-
fied a pruning-like mechanism during postnatal ICC network development which may
facilitate mature digestive function, and elucidated the temporal course of this develop-
mental process. Additionally, the development of a unstructured triangle based mesh
method provided a framework to efficiently analyse the structure-function relation-
ships in an ICC network using high-performance computing resources. The method
is anticipated to become an important tool for future large ICC network studies and
analysing the effects of network degradation in GI motility disorders.



Chapter 7

Multiscale Stomach Model For

Simulating Gastric Pacing

Part of this work has been published in "Sathar, S., Trew, M. L., Grady, G. O.,
Cheng, L. K., O’Grady, G., & Cheng, L. K. (2015). A Multiscale Tridomain Model for
Simulating Bioelectric Gastric Pacing. IEEE Transactions on Biomedical Engineering,
62(11), 2685–92. doi:10.1109/TBME.2015.2444384"

In this chapter, an efficient anatomically realistic human stomach model for sim-
ulating bioelectric pacing activity is presented. Importantly, to simulate the effects
of pacing protocols on slow wave activity, a novel multi-cell tridomain formulation of
the governing equations was introduced such that the resulting finite element discreti-
sation was symmetrical, generating positive-definite systems of linear equations that
could be efficiently solved. A rule based method was devised to determine principal
axes of activation, taking into consideration all layers of ICC activation, and these
were introduced into anisotropic conductivity tensors. Finally, for the first time, nor-
mal slow wave activity and pacing induced activity have been efficiently simulated
in the context of intermingled ICC and SMC cells with anisotropic axes of electrical
conduction.
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7.1 Current Multiscale Models and Limitations

Bidomain equations (see Section 3.5.1) are reaction-diffusion equations describing the
conservation of current between intra and extra-cellular spaces (see details in Section
3.5.1). However, they model a continuum system with single cell type. These equations
capture electrical anisotropies and heterogeneities, and are considered to accurately
represent the underlying biophysics [138]. In the cardiac context, they have been
widely applied to study electrical arrhythmia and their treatment by external stimuli
[162].

In gastric electrophysiology, studies have identified sparse gap junction mediated
communication between intermingled ICC and SMC [33, 59]. An alternative to the
bidomain formulation that accounts for the multiple cell types present in the stom-
ach has been recently proposed by Buist and colleagues (see Section 3.5.2) [17, 31].
However, this "extended-bidomain" formulation results in non-symmetric systems of
equations, limiting the choice of efficient and stable linear solvers.

Gastric experimental observations have indicated that there are preferred direc-
tions in the spread of electrical activation [68, 126]. As described in Section 2.3.2,
different layers of ICC, ICC-MY, ICC-IM, and ICC-SEP coordinate anisotropic slow
wave propagation [68, 159]. In the model equations, mathematically, the morphol-
ogy of electrical propagation depend on the principal directions of the conductivity
tensors. There have been no studies that have incorporated electrical anisotropy into
studies of electrical activation in the stomach which depends solely on the conductivity
parameters. In cardiac electrical studies, anisotropy is determined by the orientation
of the local myocyte long axis and other structural features [21, 71]. These orienta-
tions are usually extracted from detailed 3D image reconstructions [21] or at the organ
scale from MRI-based diffusion tensor imaging (DTI) [62]. Such image-based methods
are largely unexplored in the gastrointestinal field largely due to the resolution and
signal-to-noise challenges of imaging the thin gut wall. An alternative to image based
extraction of principal directions are rule-based methods [7, 96, 163].
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7.2 Tridomain Continuum Modelling Framework

and Multiscale stomach model

The modelling framework was developed using CHASTE (http://www.cs.ox.ac.uk/chaste/)
library [120].

7.2.1 Tridomain Formulation

The problem syncytium is divided into three domains. Domain 1 (D1) corresponds to
the the ICC; domain 2 (D2) the SMC; and the third domain the extracellular space.
The conservation of current in these three domain can be expressed as [17]:
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Substituting (7.4) into (7.1) gives:

∇ · (σi
(D1)∇(Vm + φe)) − A(D1)

m

(
C(D1)

m

(
∂V (D1)

m

∂t

)
+ I

(D1)
ion (u(D1), φ

(D1)
i , φe) + I

(D1)
stim

)
= Agap

m Igap

(7.6)

Rearranging (7.6) produces
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Equation (7.3) with the substitutions of (7.4) and (7.5) becomes:
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Here σ
(D1)
i , σ

(D2)
i and σe are the intracellular conductivity tensors for the first and second

domain, and the extracellular domain respectively. The variables V
(D1)

m , V
(D2)

m and φe are

transmembrane potential for first and second domain, and extracellular potential; Agap
m and

Igap are the surface to volume ratio of the space and the associated gap junction current;

Iion with superscripts (D1) and (D2) are the total membrane ionic currents flowing between

the respective intracellular and extracellular spaces; and Cm is the membrane capacitance

per unit area. The total sum of the applied stimuli is Itotalstim.

The discrete tridomain system of equations in terms of transmembrane potentials

of the two domains is obtained as:
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where Q is the mass matrix and A is the stiffness matrix.

A linear system is obtained using a FEM spatial discretisation method on tetra-

hedral meshes together with semi-implicit time discretisation [132]. This system of

equations is symmetric and positive semi-definite, enabling solution using an efficient

preconditioned conjugate-gradient solver. To date, a simple jacobi or block-Jacobi

preconditioner has been effective.

7.2.2 Convergence and Performance Analysis

To test numerical convergence and inform the choice of conductivity parameters, elec-

trical activity along a 100 mm long 1D fibre was simulated. The FSM ICC-CB model
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[30, 146] developed in Chapter 5, and SMC passive cells with zero active ionic currents

were used for membrane currents. The tridomain simulations were performed with so-

lution points at different spatial resolutions between 0.1-2 mm. The experimentally

observed propagation pattern of slow wave activity in the human stomach shows a

faster circumferential propagation (∼8-13 mm s−1) than the longitudinal propagation

(∼3-5 mm s−1), due to anisotropic properties arising from bidirectional coupling in

ICC networks [123, 126]. Thus, two separate tests were performed on extreme cases:

one for a slower conduction velocity of ∼3 mm s−1 and another for a conduction ve-

locity of ∼13 mm s−1. Approximate conductivity parameters were initially estimated

for a 0.1 mm resolution mesh and later assigned to a coarser mesh to identify a suit-

able mesh resolution. The conduction velocities were noted for both simulations at

different spatial resolutions.

The test with conduction velocity of ∼3 mm s−1 was evaluated on a previous non-

symmetrical formulation [31] and the new tridomain formulation at a spatial resolution

of 0.2 mm. The linear system solution iteration count and time spent was analysed

for each solution time-step for the best possible linear solver. The simulations used

an absolute tolerance value of 10−6 mV for the linear solver.

7.2.3 Anatomically Realistic Stomach Mesh

An anatomically realistic stomach geometry was obtained from CT images taken from

a human patient using the methods described previously in the literature [36, 137]. A

cubic Hermite finite element mesh was fitted to the digitised 3D outline of the stomach

using an iterative fitting method [26]. The surface of the generated surface mesh was

projected normally to obtain a realistic muscle layer thickness of 2.66 mm [76].

The stomach geometry volume was discretised into tetrahedral elements delimited

by tetrahedral volume constraint and quality constraint using TetGen [http://tetgen.

berlios.de/index.html] to obtain a suitable computational mesh.

http://tetgen.berlios.de/index.html
http://tetgen.berlios.de/index.html
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7.2.4 Generating Principal Axes of Conduction

A modified Laplace-Dirichlet rule-based algorithm [7] was used to generate principal

conduction axes, necessary for simulating the anisotropic properties of gastric slow

wave propagation [126]. In this study, the principal conduction axis for slow wave

simulation was assumed to be aligned with the main axis of the stomach (the longi-

tudinal direction), with orthogonal transmural and circumferential axes. Four surface

segments (S1, S2, S3 and S4) were extracted from the stomach mesh (shown in Fig.

7.4) and used to prescribe boundary conditions for computing the conduction axes.

The surface segments corresponded to the top of the fundus region, the bottom of the

antrum region, the outer serosal surface and the inner mucosal surface.

Longitudinal axis: The Laplace’s equation was solved on the stomach mesh for a

scalar quantity ϕ1:

∇2ϕ1 = 0 (7.13)

subject to Dirichlet boundary conditions ϕ1 = 100 on S1 and ϕ1 = 0 on S2 and

no-flux boundary conditions otherwise. The resulting nodal ϕ1 distribution was used

to evaluate the gradient of ϕ1 at the centroids of the tetrahedral elements. The

longitudinal or principal conduction axis is then given by:

−→ϕ1 = ∇ϕ1

|∇ϕ1|
(7.14)

Transmural axis: Laplace’s equation was solved for a scalar quantity ϕ2 subject

to Dirichlet boundary conditions ϕ2 = 100 on S4 and ϕ2 = 0 on S3 and no-flux

boundary conditions otherwise. The gradients of ϕ2 were evaluated at the centroids

of the tetrahedral elements. The cross-surface axis direction is then given by:

−→ϕ2 = ∇ϕ2

|∇ϕ2|
(7.15)
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Circumferential axis: The longitudinal and cross-surface direction were used to

obtain the circumferential axis as:

−→ϕ3 = −→ϕ1 × −→ϕ2 (7.16)

Conduction axes orientation matrix: The generated direction vectors −→ϕ1, −→ϕ2 and
−→ϕ3 are assembled as 3 × 3 matrix quantity. The rows in the tensor correspond to −→ϕ1,
−→ϕ2 and −→ϕ3 respectively.

7.2.5 Normal Slow Wave Activity

In the full scale stomach simulation of normal slow wave activity, the tridomain for-

mulation was used with the parameters shown in Table 7.1, obtained from a previous

study [17]. The conductivity parameters reflect the effect of multiple ICC layers and

the resulting impact on the conduction velocity. In-vivo, the fundus region is devoid

of slow waves and each new wave begins in the upper mid-corpus region [45, 124].

The fundus region was made inactive by assigning passive cells in both intracellular

domains with a initial resting membrane potential of -57 mV [45]. Elsewhere, ICC

and passive cells were used for intracellular domains 1 and 2 respectively. The initial

Vm values were set to −67 mV for both domains.

The pacemaker region was localised to the greater curvature region just below

the fundus, with an intrinsic pacing frequency of 3 cycles min−1 initiated by setting

tstart parameter of the FSM-ICC CB model to 0 [146]. The tstart value was set at all

other locations to a larger value, and were therefore entrained by the activity from

the pacemaker region. An intrinsic frequency gradient was assigned in the antegrade

direction with the frequency values linearly varying from 3 (pacemaker region) to

1.5 (antrum) cycles min−1 [65]. The frequency was varied using the non-refractory

period parameter of the ICC cell model. The refractory period for the cell model was

approximately 10 s for an [IP3] value of 0.0006 mM . Therefore, the non-refractory
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periods corresponding to 3 cycles min−1 and 1.5 cycles min−1 were evaluated to be

10 s and 30 s respectively. The ODE solver (for the FSM ICC-CB model) time step

was set to 0.1 ms and PDE solver time-step was set to 1 ms, a selection based on a

convergence analysis to obtain stable and converged solution.

Table 7.1 Tridomain parameters

Parameter Value Units

Intracellular conductivities (ICC), σ
(D1)
i 0.0004, 0.03, 0.001 mS mm−1

Extracellular conductivities, σe 0.01, 0.128, 0.001 mS mm−1

A
(D1)
m (ICC) 200 mm−1

A
(D2)
m (SMC) 100 mm−1

C
(D1)
m (ICC) 0.025 µF mm−2

C
(D2)
m (SMC) 0.010 µF mm−2

Agap
m 0.1 mm−1

Intracellular conductivities (SMC), σ
(D2)
i 0.0004, 0.03, 0.001 mS mm−1

7.2.6 Gastric Pacing

Gastric pacing was initiated at the antrum region (indicated in Fig. 7.6). The pacing

was induced extracellularly with amplitude 5 mA cm−3, pulse width 200 ms and

frequency of 4 cycles min−1, consistent with established human pacing protocols [108,

118]. The cathode and anode were separated by ∼10 mm and were aligned parallel to

the circular muscle fibre direction (see Fig. 7.6).
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Fig. 7.1 Convergence analysis in 1D model for conduction velocities of 3 mm s −1 and
13 mm s−1 observed experimentally. Figure shows normalised conduction velocities
and indicates that a resolution of < 0.5 mm was required for velocities of 3 mm s−1.

7.3 Tridomain Model Performance Analysis and Gas-

tric Pacing simulations

7.3.1 Convergence and Performance Analysis

Convergence analysis showed that a more refined mesh was required to capture the

slower conduction velocity compared to the higher conduction velocity. Fig. 7.1 shows

that a minimum resolution of ∼0.4 - 0.5 mm was required to accurately represent the

slow longitudinal component of the gastric slow wave activity.

The linear solution performance for the tridomain equations (7.7), (7.8) and (7.11)

was compared to an earlier alternate formulation the extended bidomain [31]. The

number of iterations and the solving time was reduced by approximately 50% as shown

in Fig. 7.2a and Fig. 7.2b. The mean linear solver iterations were seen to be 382 and
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174 for extended bidomain formulation and tridomain formulation respectively, while

the mean time spent on each time-step was found to be 0.03 s and 0.01 s respectively.

The minimal spread in the tridomain data suggests that the solution process for trido-

main formulation was more numerically stable compared to the extended bidomain

formulation.

The tridomain solution framework described here is now available as part of the

Chaste project from version 3.3 and can be downloaded from the Chaste website

(http://www.cs.ox.ac.uk/chaste/download.html).

7.3.2 Mesh Generation

A realistic 3D stomach tetrahedral mesh was generated from an initial surface mesh

(Fig. 7.3a) using TetGen (http://wias-berlin.de/software/tetgen/), based on the mesh

resolution requirement informed from the convergence analysis. The tetrahedral mesh

had 2,529,627 elements and 497,081 node points as shown in Fig. 7.3b. The TetGen

quality parameter of the generated mesh was set to 0.7, measured as a ratio of the ra-

dius of the cicumsphere associated with the tetrahedron and the length of the shortest

edge.

The box-plot analysis of inter-nodal spacing for each edge in the generated mesh is

shown in Fig. 7.3c. The mesh had a mean edge length of 0.32 mm which was accurate

enough to capture the numerical solution process as per the convergence analysis.

7.3.3 Generating Principal Axes of Conduction

Laplace’s equation was solved on the stomach geometry to evaluate longitudinal and

cross-surface gradients using the CHASTE library based computational framework.

The generated gradients were determined on an element by element basis on the

partitioned mesh. The generated vectors −→ϕ1, −→ϕ2 and −→ϕ3 were corrected for numerical

loss of orthogonality as follows:
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−→ϕ1 = −→ϕ2 × −→ϕ3

−→ϕ2 = −→ϕ1 × −→ϕ3

An enlarged view of the generated principal conduction axes is shown in Fig. 7.4.
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Fig. 7.2 Linear solver iterations and solve time for tridomain vs extended-bidomain
frameworks. (a) Linear solver iterations for each time step (n = 5000). Data com-
pared between tridomain and extended bidomain formulation. (b) Time spent on
linear solver for each time step (n = 5000) comparing the tridomain and extended
bidomain formulation. Tips of the whiskers in the box plot represents the maximum
and minimum values, the box spans from first to third quartile, the central line indi-
cates the median and the symbol ‘+’ indicates the mean.
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Fig. 7.3 Anatomically realistic tetrahedral mesh geometry. (a) The anatomically re-
alistic stomach mesh was represented in STL surface mesh. (b) The STL mesh was
used to generate high quality tetrahedral mesh using TetGen. (c) Inter-nodal spacings
for the generated tetrahedral mesh. Median: 0.32 mm, 75% percentile: 0.39 mm, 25%
percentile: 0.25 mm.
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Fig. 7.4 Generation of the principal axes of conduction. (a) Stomach mesh geometry.
(b) Enlarged view of circular conduction axis direction. (c) Longitudinal conduction
axis direction. (d) Cross layer conduction axis direction.
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7.3.4 Normal Slow Wave Activity

Normal slow wave propagation was simulated with activity starting at the pacemaker

region just below the fundus. The activity propagated in the antegrade direction

with a velocity of 3 mm s−1 and 8 mm s−1 along the circumferential direction. The

transmembrane potential pattern is shown in Fig. 7.5. A maximum of 3 waves were

present in the stomach at any point of time. Due to a higher resting membrane

potential in the fundus and the preferential spread along the circular direction, the

activity initiated from the pacemaker region quickly formed a ring which propagated

in the antegrade direction, in accordance with experimental observations [124, 126].

The simulations using block-Jacobi preconditioned conjugate-gradient solver required

7 hrs to solve 80 s of slow wave activity using 128 MPI processes on the Auckland

NeSI Pan cluster with SandyBridge architecture CPUs.

7.3.5 Normal Slow Wave Activity and Interaction with Gas-

tric Pacing

Gastric pacing successfully entrained gastric slow wave activity in the model as shown

in Fig. 7.6. The pacing activity was observed to progressively take over the antegrade

activity by inducing a retrograde propagation. As observed in experimental studies,

the retrograde propagation incrementally captured greater portions of the stomach

[118, 125, 181].

The site of collision, formed due to the pacing induced activity and the normal

antegrade slow wave activity gradually moved proximally, as shown in Fig. 7.6. For

each successive cycle, the corresponding collision regions were identified as C1, C2 and

C3. The Fig. 7.7 shows Vm traces for four points P1, P2, P3 and P4 as identified in

Fig. 7.6.

The rate at which a region was entrained increased with pacing frequency as shown

in Fig. 7.8. The y-axis indicates the increase in the entrained region in terms of a

distance for each successive cycle (e.g., C2 - C1). The formation of a collision region
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Fig. 7.5 Sequence of ICC Vm distribution at different time instants for normal slow
wave propagation. The antegrade propagation velocity was 3 mm s−1 and 8 mm s−1

along the circumferential direction.
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Fig. 7.6 Sequence of ICC Vm distribution at different time instants during gastric pac-
ing. The figure shows the normal slow wave activity being entrained by extracellular
pacing electrodes (marked in red dots) with pulses of duration 200 ms and amplitude
5 mA, initiated at t = 56 s with a frequency 4 cycles min−1. The site of collision (C1,
C2, C3) between the normal and paced waves show the gradual increase in the area
entrained by the paced activity.
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Fig. 7.7 Vm traces for ICC at four points P1, P2, P3 and P4 as shown in Fig. 7.6.
The waves are initially entrained to 3 cycles min−1 corresponding to the normal slow
wave activity. The dashed line corresponds to normal 3 cycles min−1 activity.
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Fig. 7.8 The increase in the region entrained for each pacing cycle in the retrograde
direction (e.g. C2 − C1 shown in Fig. 7.7a) for a range of pacing intervals.
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was defined by both pacing location and relative frequencies. Fig. 7.8 shows that for

constant tissue electrical properties, the cycle-to-cycle increase in the entrained region

was linearly dependent on the pacing interval. Moreover, the pacing protocols were

limited by the frequency of the native propagation and the refractory period of the

cellular activity. In this case, the native frequency of propagation was 3 cycles min−1

and refractory period was approximately 10 s.

7.4 Discussion and Conclusions

This study presents a multiscale 3D stomach model with a realistic biophysically

based FSM-CB ICC model and anisotropic conduction for analysing the effects of

gastric pacing and its interaction with normal slow wave activity. A key development

was the introduction of a tridomain formulation that could be solved stably using

numerically efficient solvers. A high resolution mesh was generated with anatomically

realistic geometrical properties to enable accurate solution of the numerical problem. A

modified Laplace-Dirichlet rule-based method was used to evaluate synthetic principal

conduction axes information. Finally, the model was applied to simulate normal slow

wave activity and shows the efficacy of predictively evaluating the effects of gastric

pacing protocols on slow wave activity.

Previously, attempts have been made to simulate normal slow wave activity on

a complete 3D stomach model but their useful predictive capability was not estab-

lished [14, 31, 36]. Other studies considered a phenomenological-based model that

could effectively describe basic biological properties, such as the frequency and am-

plitude of the slow wave activity; however, the lack of physiological basis affected

their capacity to predict the effects of experimental protocols [14, 27]. More recently,

a biophysically based modified Corrias and Buist ICC model was incorporated into

a 3D anatomically realistic stomach modelling framework [36]. However, the initial

activation times were prescribed a priori and simulated for subsequent cycles - again

limiting its predictive capability. Moreover, homogeneous conductivity parameters
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were used with no principal directions of conductivity [36]. More exhaustive simula-

tions with extended-bidomain formulations have also been performed, but anisotropic

conduction was not incorporated in the simulation [31]. This study resolves all of

these issues and therefore represents a significant advance in physiologically-accurate

gastric modelling, with diverse potential applications in integrated electrophysiology,

investigating pathophysiology, and therapeutic assessments for electroceuticals and

drug design [38].

The tridomain formulation resulted in a symmetric positive definite system of

equations, improving the simulation efficiency by a factor of two compared to an

alternative formulation [31]. Additionally, convergence of the linear solver was largely

stable throughout the entire simulation as shown in Fig. 7.2a. The human stomach

mesh was relatively coarse and a detailed representation of the internal microstructure

could yield a mesh ∼3-4 times larger. This will necessitate more efficient solution

processes utilising available high-performance computers as presented here.

The application of extracellular stimuli to the alternative multidomain formula-

tions often encountered numerical problems. The study presented here has only taken

into consideration the combination of a conjugate-gradient solver and block-Jacobi pre-

conditioner. A combination of algebraic-multigrid and Jacobi preconditioners with a

conjugate-gradient solver are investigated in Chapter 8 as a possibly more effective

preconditioner-solver combination.

Among the possible applications for this model, the current study focused on a

proof of principle evaluation of a single human gastric pacing protocol [108, 118]. No

previous studies have modelled gastric pacing on a realistic 3D stomach. Previous

biophysical simulation attempts have been limited to a 2D model with a FSM-CB

ICC model [146], which although comparatively limited, established the capability

of the same ICC model applied here. Importantly, this study also allowed gastric

electrical anisotropy to be simulated for the first time on a 3D model. This is a crucial

advance in gastric modelling as anisotropic conductivity has been shown to be a key

determinant of arrhythmic conduction patterns and their interactions [123, 125, 126].
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The model will be used to optimise pacing protocols for functional motility dis-

orders, including gastroparesis, where therapeutic pacing has already shown promise.

Interestingly, gastric pacing is also being investigated for the treatment of obesity,

as it attempts to disrupt the normal antegrade activity and induce retrograde events

thereby slowing the motility and thereby inducing satiety [182]. Intolerable side effects

have not yet been observed through this approach [181]. Optimal pacing protocols

will additionally be important for improving the power consumption of implantable

devices.

In this study, the principal conductivity direction was assumed to be aligned along

the circumferential direction of the stomach model. The conductivity parameters

defined in Table 7.1 provide anisotropic diffusion properties in circumferential and

longitudinal directions of the realistic stomach with respect to the reference principal

axes of conduction. Such an approach is a simplification considering that the stomach

has multiple layers (including longitudinal, circular and oblique) with different proper-

ties. However, in this study the assigned diffusion properties correspond to a resultant

direction vector. Future work will investigate the sensitivity of slow wave propagation

to variations in the principal axes. Incorporating detailed muscle layer information

could ultimately provide greater insights into the effects of microstructure on diseased

gastric activity.

In the present study, the conductivities associated with the intracellular domain for

both cell types are the same. This implies an equivalent bidomain solution with a sink

but with different membrane properties (passive SMC) coupled to the intracellular ICC

cell. A passive cell model was used in this framework to reduce the computational

load and for simplicity. This assumption does not obscure the effectiveness of the

study as the passive cell with different material properties will act as a load to the

ICC cell, which is an advance over a traditional bidomain framework. As experimental

investigations progress, anisotropies in the second domain, or SMC electrophysiological

properties [29] can easily be incorporated and studied. Finally, the conductivity values

associated with the presented model are constant throughout the domain resulting in
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a constant conduction velocity which is not observed experimentally [124]. A model

incorporating realistic multi-layer information, biophysically-based cell models and

varying spatial properties (including conductivity parameters) can now be utilised for

future studies. This will provide greater insights into physiological questions otherwise

difficult to consider with usual experimental approaches [186].

In this chapter, for the first time, a 3D multiscale model is presented for simulating

gastric slow waves and gastric pacing. This was achieved using a novel numerically ef-

ficient and robust tridomain formulation. The utility of this model was demonstrated

by simulating normal slow wave activity in accordance with experimental observations

and then applying the model to gastric extracellular stimulus pulses. With further in-

corporation of realistic muscle layers, experimental data and pacing validation studies,

this model is anticipated to become in important tool for clinical applications espe-

cially in defining efficient pacing protocols in dysmotility and obesity.



Chapter 8

Preconditioners for Tridomain

Model

Part of this work has been accepted for publication in "Sathar, S., Cheng, L. K., &

Trew, M. L. (2015). A Comparison of Solver Performance for Complex Gastric Elec-

trophysiology Models. Conference Proceedings of the IEEE Engineering in Medicine

and Biology Society."

Simulating gastric electrophysiology and gastric pacing on an anatomically realistic

geometrical model coupled with multi-scale continuum modelling approaches is com-

putationally expensive. From Chapter 7, the gastric pacing simulation took around

7 hours to solve 80 s of simulation activity using 128 MPI processes on the NeSI

PAN cluster. These simulations typically span over the temporal scale up to several

minutes, necessitating the search for efficient methods and tools for solving such prob-

lems. The system of linear equations arising from the finite-element discretisation of a

tridomain continuum model is highly sparse, structured and positive semi-definite. A

preconditioned conjugate-gradient solver is the best choice of solver for such systems

[133, 169]. The conjugate-gradient solver performance is increased when used with an

appropriate preconditioner. The preconditioner transforms the system such that the

condition-number of the system is reduced, that enables an iterative solver to converge
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quickly.

There have been extensive studies developing and defining efficient solvers for the

linear system arising from the bidomain equations [8, 169, 175]. However, the effi-

ciency of solvers for the system of equations arising in gastric electrophysiology con-

text have not been studied [17]. For bidomain problems, preconditioned conjugate-

gradient solvers with preconditioners ranging from symmetric successive over relax-

ation to incomplete LU factorisation, block-Jacobi and multigrid techniques [169] have

been proven to be successful. In addition, several problem specific preconditioning

techniques that take into account the structure of systems of equations have been

proposed and investigated [9].

Previous studies have shown that for problems involving intracellular stimuli, in-

complete LU factorisation is a effective choice for a bidomain type problem [9]. How-

ever, when extracellular stimuli are applied, problem specific preconditioners account-

ing the structure of the system are required for computational efficiency. The choice

of preconditioners are largely problem dependent. Furthermore, mesh-independence

has been found to be an important factor for determining effective preconditioning for

very-high resolution meshes [8].

This study investigates and compares several preconditioners for solving the linear

systems arising from finite-element discretisation with a range of complexities includ-

ing electrically isotropic and anisotropic problems, with and without stimuli in anatom-

ically realistic stomach models. Specifically, Jacobi, block-Jacobi and the boomerAMG

algebraic multigrid preconditioning method with conjugate-gradient solver [64] were

compared and implemented in the CHASTE library [120], and compared for perfor-

mance.
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8.1 Benchmark Setup and Performance Analysis

8.1.1 Benchmark for Computational Analysis

The effects of extracellular stimuli and electrical conductivity anisotropies on com-

putational performance were determined on an anatomically realistic human stomach

model developed for studying gastric pacing (see Section 7.2.3) [147]. The finite-

element tetrahedral mesh had an average edge length of 0.3 mm, resulting in a problem

with 0.5 million nodes and 2.5 million tetrahedral elements. The model set-up config-

urations are listed in Table 8.1. This model was used for both isotropic, anisotropic

and external pacing cases (see Chapter 7 for details). For pacing, a single extracellular

stimulus with amplitude of 5 mA and pulse duration of 200 ms was applied at time

t = 200 ms.

Table 8.1 Study configurations

Configuration Value

Simulation duration 2000 ms
PDE time-step 1 ms
ODE time-step 0.1 ms
Cell model for ICC FSM-ICC CB model
Cell model for SMC Passive with no active

ionic current

8.1.2 Preconditioning the Tridomain Problem

A preconditioned conjugate-gradient algorithm has been shown to be the best choice

for solving such systems [133]. The system of equations from the gastric model is pre-

conditioned with Jacobi, block-Jacobi and boomerAMG and solved using a conjugate-

gradient solver. Left preconditioning was used, i.e. P −1Ax = P −1b, where P −1 is a
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preconditioner for solving Ax = b.

The solution options were implemented in the CHASTE based framework devel-

oped in Chapter 7 and this framework was used for all the simulations [134]. The

number of iterations and elapsed wall clock time spent on each solution time step were

recorded. The PETSc package implementations of conjugate-gradient, Jacobi, block-

Jacobi and boomerAMG were used [http://www.mcs.anl.gov/petsc/]. The boomerAMG

algorithm included in the HYPRE library through the PETSc interface was used with

the number of V-cycles set to 1 to reduce the overhead in setting up the preconditioner.

An absolute tolerance of 0.0002 mV was specified.

The simulations were performed on the NeSI Auckland PAN cluster with 128 Intel

Westmere cores operating at 2.7-2.8 GHz with 4 GB RAM.

8.2 Analysis of Different Preconditioners for Trido-

main problems

8.2.1 Solver Time-Spent Variations

Fig. 8.1 shows the box-plot analysis of time-spent over each time-step by the precondi-

tioned conjugate-gradient solver. Fig. 8.1(A) corresponds to an anisotropic problems

with no-stimulus, while, Fig. 8.1(B) and (C) corresponds to anisotropic and isotropic

case with extracellular stimulus applied at t=200 ms for a duration of 200 ms respec-

tively.

For the anisotropic problem (see Fig. 8.1A), where there was no external stimulus

applied, solver duration for each time-step over 2000 ms had a mean value of 5.3 s,

1.5 s and 0.4 s for boomerAMG, Jacobi and block-Jacobi respectively. As the solution

process progressed over time, there was an increase in preconditioned solver time-spent

for boomerAMG and Jacobi, with a maximum variation observed for boomerAMG.

For anisotropic simulation with application of stimulus (see Fig. 8.1(B)), the mean

value of time for boomerAMG, Jacobi and block-Jacobi preconditioned solvers were
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Fig. 8.1 Box-plot analysis of time spent over each time-step for 2000 ms of simulation.
(A) corresponds to anisotropic case with no stimulus application. (B) and (C) corre-
sponds to anisotropic case and isotropic case with extracellular stimulus applied at t
= 200 ms and for duration of 200 ms, respectively. The box plot whiskers represents
the standard deviation, ‘+’ is the mean and box ends corresponds to 25th and 75th
quartiles.



124 Preconditioners for Tridomain Model

Fig. 8.2 Total solve time for 2 s of simulation time using different preconditioners for
isotropic, anisotropic with and without stimulus.

5.8 s, 1.6 s and 0.4 s, respectively. Similarly, for isotropic problem with stimulus (see

Fig. 8.1(C)), these values were 0.7 s, 0.5 s and 0.1 s, respectively. With the application

of the extracellular stimulus, there was a sharp increase in the the solution time at

the onset and falling edge of the pulse for both anisotropic and isotropic problem.

Fig. 8.2 shows the total time-spent for solving different gastric electrophysiology

problems for 2 s of simulation activity. The isotropic simulations were the least com-

putationally expensive with block-Jacobi preconditioner being the most efficient. For

isotropic problem, the total wall clock time was 25, 18 and 3 min for boomerAMG,

Jacobi and block-Jacobi respectively. Block-Jacobi preconditioned conjugate-gradient

solver was also found to be the most efficient for both anisotropic cases considered

in this study, however it was expensive when compared to isotropic problems. For

anisotropic problem without pacing, the total wall clock time was 179, 57 and 13 min

for boomerAMG, Jacobi and block-Jacobi respectively. Application of extracellular

stimulus had only a slight effect on the total wall clock time, and it was obtained

to be 193, 60 and 15 min for boomerAMG, Jacobi and block-Jacobi respectively.

BoomerAMG and Jacobi were the least preferable in all the three cases considered
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in this study.

8.2.2 Solver Iteration-Count Variations

Fig. 8.3 shows the analysis of solver iterations for each time-step of the preconditioned

CG solver. Fig. 8.3(A) corresponds to anisotropic problems with no-stimulus, while,

Fig. 8.1(B) and (C) correspond to the anisotropic and isotropic case respectively with

extracellular stimulus applied at t=200 ms for a duration of 200 ms.

For a normal anisotropic problem (see Fig. 8.3(A)), when there was no external

stimulus applied, mean preconditioned solver iterations over each iteration for 2000 ms

time-steps was 42, 510 and 70 for boomerAMG, Jacobi and block-Jacobi respectively.

Similar to the solver time-spent, there was an increase in preconditioned solver iter-

ation counts, however, this time for Jacobi and block-Jacobi, as the solution process

progressed over time. The boomerAMG was found to be most stable and the best

performer in this criteria.

With the application of extracellular stimulus (see Fig. 8.3(B)), the iteration counts

increased at the start and at the end of the stimulus period. For anisotropic simu-

lation, the mean iteration count was found to be 46, 581 and 74 for boomerAMG,

Jacobi and block-Jacobi respectively. The 200 ms and 400 ms time-steps show a peak

iteration count close to 5000 iterations for Jacobi and around 1800 for block-Jacobi.

boomerAMG had the lowest iteration count of 196 at the time-step of application of

stimulus.

A similar tendency was observed for isotropic problem (see Fig. 8.3(C)), with the

iteration counts increasing at the onset and end of the applied extracellular stimulus.

However, the iteration counts were considerably less when compared with anisotropic

problem with stimulus. The mean iteration count was found to be 7, 160 and 6 for

boomerAMG, Jacobi and block-Jacobi respectively. The 200 ms and 400 ms time-

steps show a peak iteration count close to 1665 iterations for Jacobi and around 549

for block-Jacobi. Again, boomerAMG had the lowest iteration count of 29 at the

time-step of application of stimulus.
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Fig. 8.3 Plot of iteration count over time-step for 2000 ms simulation duration. (A)
corresponds to anisotropic case with no stimulus application. (B) and (C) corresponds
to anisotropic case and isotropic case with extracellular stimulus applied at t = 200
ms and for duration of 200 ms, respectively. A sharp peak is observed at the rising and
falling edge of the stimulus pulse. The figure corresponds to the variations represented
by line and box plot respectively. The box plot whiskers represents the standard
deviation, ‘+’ is the mean and box ends corresponds to 25th and 75th quartiles.
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8.3 Discussion and Conclusions

In this study, we evaluated different preconditioners for solving problems arising in

gastric electrophysiology. The block-Jacobi preconditioner was found to be the most

suitable choice for the majority of simulations with its efficient performance, however,

the boomerAMG preconditioner may be a better choice when considering the iteration

count. The Jacobi preconditioner was inefficient and was a poor choice for the cases

considered in this study. An important and interesting observation was that the

isotropic problems were computationally less intensive, and the total solution time for

these were considerably lower compared to the anisotropic cases for each of the three

preconditioners considered in this study as seen in Fig. 8.2.

Further, the application of extracellular stimulus increased the iteration count and

the solution time remarkably at the instant of application of the stimulus and also at

the falling edge. This increase in solver iterations to arrive at an accurate solution can

be explained with the increase in residual associated with each of unknowns V 1
m, V 2

m

and φe as shown in (8.1) - (8.3) (continuing from a previous analysis [9]).

A

 xV 1

xV 2

xφe

 =
 bV 1

bV 2

0

 (8.1)

Here, xV 1, xV 2 and xφe represents the approximations for V 1
m, V 2

m and φe at a

particular iteration. The residual in a subsequent iteration of preconditioned CG can

be expressed in rV 1, rV 2 and rφe as

 rV 1

rV 2

rφe

 =
 bV 1

bV 2

0

− A

 xV 1

xV 2

xφe

 (8.2)
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such that

||r||2 = ||rV 1||2 + ||rV 2||2 + ||rφe||2 (8.3)

The application of an extracellular stimulus induces sudden changes in extracellular

domain which increases the ||rφe||.

The boomerAMG preconditioned conjugate-gradient solver was better in terms of

convergence even at the time of stimulus. The increased solution time for boomerAMG

algorithm can be attributed to the additional overhead in executing the boomerAMG

algorithm over each solver iteration. As the problem size increases, with the availability

of more detailed anatomical information incorporated in the mesh, the boomerAMG

preconditioner may be a better alternative considering its excellent parallel scaling

capability [169]. The study here considered the boomerAMG algorithm with default

configuration as available in the HYPRE package. The trade-off between different

tuning parameters and its impact on efficiency will be investigated in a future study

to determine if additional computational efficiencies can be found.

Other future works includes investigating problem specific preconditioners. Block

diagonal and LDU preconditioners have been shown to be efficient for solving bidomain

problems [9] and these may be tempting candidates for prospective studies.

In conclusion, the block-Jacobi preconditioned conjugate-gradient linear solver was

identified as the most suitable choice for computational efficiency, whereas, boomerAMG

was found to be showing quick convergence. In the future, identifying efficient precon-

ditioners and developing problem specific preconditioners for gastric electrophysiology

problems will be an active area of interest as these models continue to become more

complex and anatomically detailed.



Chapter 9

Conclusions & Future Directions

Mathematical models present a virtual medium to test hypotheses regarding the patho-

physiology of diseases. These can be studied in-silico before conducting experimental

trials on animal models and then in human subjects. This thesis developed HPC-

enabled numerical and computational techniques that will significantly advance the

field, most importantly in the investigation of the effects of gastric pacing as a thera-

peutic tool for treating motility disorders.

This thesis presented computational models for studying the gastrointestinal elec-

trophysiology in multiple-spatial scales i.e., cellular, tissue and whole-organ level. The

model frameworks utilised HPC resources for handling the large computational re-

quirements arising in solving the coupled reaction-diffusion equations. The main con-

tributions were the development of a: (i) cell-model capable for simulating the effects of

external electrical stimuli; (ii) computational tissue framework for examining the net-

work structure and functional relationship in ICC network; and (iii) tridomain whole

organ model for studying organ level gastric electrophysiology and effects of gastric

pacing. The findings presented in Chapters 4-8 and future directions are discussed in

the following sections. The thesis ends with few concluding remarks.
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9.1 Summary of Findings

Computational Tools for Simulating Gastric Electrophysiology: Existing

computational tools, CMISS and CHASTE, were investigated in terms of efficiency

and adaptability for gastric electrophysiology simulations in Chapter 4. The computa-

tional analysis for both the packages indicated a similar scaling capability on a shared-

memory platform. However, the CHASTE computational library based framework is

preferable to CMISS as it can scale over distributed-memory system. A distributed

version of CMISS, openCMISS, currently under development, could be a viable alter-

native in the future.

Development of a Biophysically-based ICC Cell Model: A cell-model entrain-

ment mechanism was developed and validated for realistic gastric pacing and entrain-

ment simulations. The cell-model successfully evaluated the effects of an external

stimulus on slow wave activity. Additionally, the improvement in the computational

efficiency was evident. The solve time was dependent on the prescribed intrinsic fre-

quency of the cell model. For example, a previous cell model implementation was

59% more expensive compared to the new model for an intrinsic pacing frequency of

3 cpm. When the intrinsic frequency was 2 cpm, the previous cell model was 134%

more expensive. Moreover, the developed model was stable over longer simulations.

Some models have baseline drift whereby the variables in the cell models slowly devi-

ate and eventually the values become physiologically unrealistic, thereby affecting the

model performance. This is a significant advance considering the large temporal scale

requirement for simulating gastric electrophysiology.

Tissue Specific Simulations of Slow Wave Activity Over ICC Network: A

HPC-enabled computational framework was developed and was utilised for analysing

the functional changes during the early mammalian postnatal ICC network develop-
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ment. The framework together with newly developed cell-model was used for simu-

lating slow wave activity over a computational mesh constructed from histologically

stained ICC image network tissue. The results, along with recently developed ICC

structural metrics, showed that a pruning-like mechanism occurred during this pro-

cess. Initially, the ICC process overgrows to optimise network efficiency and increase

functional output. Subsequently, a selective retaining and strengthening of the ICC

processes was seen while others are discarded such that the efficiency was increased

while maintaining the functional output. Afterwards, new ICC processes were formed

and the network adjusted to adult morphology.

To further improve the computational efficiency, an unstructured triangulated mesh

geometry for the ICC network was developed and studied. The unstructured mesh

based geometry enabled an 80% improvement in computational efficiency with only a

∼4% difference in results compared to the structured model based simulations.

Multiscale Tridomain Model for Simulating Gastric Pacing: A tridomain

model for simulating gastric pacing was developed and used to investigate different

pacing protocols. The tridomain system of equations represented the conservation of

current in gastric tissue giving rise to a numerically efficient and stable finite-element

discretisation formulation. The finite-element discretised equations were solved ap-

proximately two times faster than a previous "extended-bidomain" implementation.

Further, anisotropic conduction properties were assigned based on principal conduc-

tion axes generated using Laplace-Dirichlet rule-based algorithm. It was found that

a minimum resolution of ∼0.4-0.5 mm was required to accurately capture the solu-

tion. The simulations showed that the pacing activity progressively took over the

antegrade activity by inducing a retrograde propagation and incrementally capturing

greater portions of the stomach. It was further inferred from the simulation that the

pacing protocols were limited by the refractory period of the cellular activity and the

frequency of the native propagation.
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Preconditioners for Solving Gastric Electrophysiology Models: Different pre-

conditioners with conjugate-gradient solver were evaluated for solving problems arising

in gastric electrophysiology. The considered cases included anisotropic slow wave prop-

agation without external stimulus, anisotropic propagation with external stimulus and

isotropic case with external stimulus. The results showed that the isotropic problem

was computationally less challenging than the anisotropic problem and that the ap-

plication of extracellular stimuli increased workload considerably. The block Jacobi

preconditioner was found to be the most suitable choice for the simulations with

its efficient performance (e.g., for an anisotropic problem with extracellular stimu-

lus mean solve time: block-Jacobi 0.4 s; Jacobi 1.6 s; and boomerAMG 5.8 s). The

total wall-clock analysis showed that to solve 2 s of simulated gastric pacing activ-

ity, the total wall clock time was 193, 57, and 15 min respectively for boomerAMG,

Jacobi and block-Jacobi. However, an algebraic multi-grid based boomerAMG was

a better choice when considering the iteration count alone (anisotropic problem with

extracellular stimulus mean solver iteration count: block-Jacobi 74; Jacobi 581; and

boomerAMG 46). The Jacobi preconditioner was an inefficient and poor choice for

the cases considered in this study.

9.2 Future Directions

9.2.1 Computational Aspects

The openCMISS project, a redevelopment of the CMISS code, is part of the physiome

project with the aim of being an inherently parallel code utilising HPC-cluster com-

puting resources. The capability of openCMISS to use higher-order basis functions

along with a scaling performance comparable to that of CHASTE library (Chapter 4),

would make openCMISS an alternative modelling library to investigate in the future.

The simulations presented in this thesis utilises the CPU resources in parallel for

computations. It is expected that use of Graphical Processing Units (GPUs) would

demonstrate considerable speed-up, especially for solving ODEs. Enabling the existing
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code with GPU co-processors to scale-up the ODEs solution process would possibly

witness a near-to-real-time performance [167].

Similarly, the efficiency and performance of solving the system of ODEs at each

node of the discretised geometry is critical for solving the continuum equations, both

for tridomain (see Section 7.2.1) and bidomain (see Section 3.5.3.1) problems, effec-

tively. The stiffness of ODEs determine whether they can be solved efficiently or not.

Future work will be aimed to examine the system of ODEs for stiffness, by evaluating

the eigenvalues of the Jacobian matrix, whereby appropriate numerical methods such

as Rush-Larsen or Generalised Rush Larsen methods can be identified to improve the

computational efficiency [117, 141, 155].

9.2.2 Modelling Aspects

Cell Model: A limitation of the FSM-based cell model developed in this study

was uncertainty over the effects of current inputs from the neighbouring cells on the

ionic channels during the passive period and the related perturbations within the cell

dynamics. As additional experimental data becomes available, the cell dynamics in

the passive period can be included to model these by incorporating the detailed data.

Another important research question that could be addressed is the relationship of

refractory period variation of ICC on entrainment mechanism. Currently, the models

utilise a spatially constant IP3 value, meaning a constant refractory period, throughout

the studies.

ICC Structure Function Analysis: Validation and calibration of the multiscale

models for simulating ICC network slow wave activity propagation is critically impor-

tant. This could be done by obtaining Ca2+ imaging data over the networks using

established techniques [129]. Validation is important to further revamp the models

presented in this thesis into a powerful simulation tool. Similarly, the cell-to-cell diffu-
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sion process in the tissue simulation model ignores the details of intracellular coupling

such as gap junctions. A tridomain formulation (detailed in Section 7.2.1), capable of

incorporating the current conservations equations through the gap junctions, can be

used for such studies which is important for the accurate predictive capability of the

simulations.

The ICC network-geometries considered in this thesis were a two-dimensional rep-

resentation of a 3D image which was depth-averaged across the small depth of the

tissue. Future work will extend this method on 3D network geometry using unstruc-

tured tetrahedral meshes on isosurfaces [113] that will be subsequently extended to a

whole organ level.

Whole-Organ 3D Stomach Model: A key to attaining important predictive ca-

pabilities using multi-scale biophysically detailed models is the use of anatomically

realistic models of the stomach and accurate representation of the fibre variations,

and tissue material properties. Presently, the conductivity tensors and other mate-

rial properties applied in the simulations are estimated from propagation mapping

data obtained from high-resolution slow wave mapping studies. Further, the whole

organ model presented in this thesis was modelled with spatially constant conductiv-

ity tensor values, giving homogeneous conduction velocities, which are not observed

experimentally. Incorporating accurate tissue layer material properties and conduc-

tivity parameters will be an important future step. They are currently uncertain and

remains an area of ongoing investigation. These parameters are thought to contribute

to the heterogeneity of slow wave propagation in different regions of the stomach. New

techniques and methods need to be investigated to overcome these limitations.

Virtual EGG Analysis: Virtual EGG analysis has been an active area of inves-

tigation for relating body surface recordings to the underlying electrical events in

the human stomach [36], and will help in assessing the viability of EGG as a clin-
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ical utility. Future studies will investigate the effects of anisotropic propagation on

body surface EGG recordings using the currently developed simulation framework

on a gastric anatomically realistic geometrical model. This will significantly advance

the research in understanding the EGG recording in normal and abnormal cases, as

anisotropic propagation is likely to impact on far-field recordings such as EGG.

9.3 Concluding Remarks

As the research in the physiological aspects of gastrointestinal study progresses, new

details related to underlying ionic current dynamics at the basic cellular level will be

obtained. A mathematical modelling framework offers adaptability and ease in incor-

porating these vast amounts of data, and to relate the whole organ integrated function

with the underlying biophysically detailed mechanisms. The computational modelling

framework developed in this thesis will expedite the research progress in investigat-

ing gastric electrophysiology and its therapeutic procedures, in both laboratory and

clinical contexts.

Personalised diagnosis, treatment planning and prediction of motility disorders

using mathematical models could be a reality in near future. Biophysically detailed

functional stomach models incorporating accurate anatomical details and material

properties are poised to become an important tool in identifying new therapeutic

approaches, novel diagnostic developments and possibly help in prevention of disorders.

It is anticipated that the models, techniques and results presented in this thesis will

provide valuable contribution towards understanding gastric electrophysiology.
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Appendix B

FSM-CB Model
Comparison of different ionic currents for the original ICC model and FSM incorpo-

rated ICC model developed in Chapter 5 are shown in Fig. B.1 and Fig. B.2.

Fig. B.1 Comparison of dihydropyridine-resistant I-V DDR, non-selective cationic con-
ductance based current I-NSCC, L-type Ca2+ channel current (I-Ltype) and the
background potassium current (I-bk) describing the cell behaviour for the FSM-CB
and ICC-CB model.
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Fig. B.2 Comparison of Ca2+ activated K+ channel (I-BK), the current flowing
through these voltage-dependent K+ channels (I-kv11), the current flowing through
ERG channels (I-ERG) and Ca2+ dependent chloride ion channel current (I-CaCl)
describing the cell behaviour for the FSM-CB and ICC-CB model.



Appendix C

Structural Changes in ICC

Postnatal Development

Part of this work has been published in "Gao, J., Sathar, S., O’Grady, G., Han, J., &

Cheng, L. K. (2014). Developmental changes in postnatal murine intestinal interstitial

cell of Cajal network structure and function. Annals of Biomedical Engineering, 42(8),

1729–1739. doi:10.1007/s10439-014-1021-9"

Variation of structural metrics of ICC networks during different stages of post-

natal development is detailed below. The structural metrics variations were used in

conjunction with network-function analysis (detailed in Chapter 6) to investigate the

structural and functional changes during postnatal development of ICC networks.

C.1 ICC Network Structural Properties

Four ICC network structure properties were evaluated over the ICC network for dif-

ferent postnatal ages [53]. They were:

1. Density: evaluates the volume of the ICC network occupied by ICC.

2. Thickness: is the width of the ICC network processes and cell bodies.
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3. Hole size: is the radius of the non-ICC regions in the ICC network.

4. Branching Index : is the density divided by thickness.

These values were evaluated for each of the ICC network and the trends of structural

metric values with postnatal age are exhibited in Fig. C.1. The Kruskal-Wallis one-

way ANOVA on ranks followed by multiple comparisons (Dunn’s test) was applied to

identify differences in structural properties between sampling age pairs. Data points

which are below the 1st quartile or above the 3rd quartile by more than 1.5 times the

interquartile range are deemed to be outliers and were excluded from the statistical

analysis. A p-value of less than 0.05 was considered statistically significant. Based

on Kruskal-Wallis test: p<0.01, Significant changes through time were identified in

the density, thickness, hole size, and branching index metrics (Kruskal-Wallis test:

p<0.01 for all four metrics; Fig. C.1). The results reported below are based on the

corresponding statistical analysis.

The network density from P12 to P24 was higher than that at P5, with the density

at P16 being higher than that at P0 as well. The thickness of the ICC processes

decreased from P2 to P5, and then increased between P5 and P16. The network hole

size decreased by P16 compared to P0, and by P24, the hole size was smaller than

at both P0 and P2. The branching index was higher at P12 and P24 compared to

P0 and P2, indicating an increased number of processes between these ages. After

birth (P0 to P2), the ICC network remained in an immature state. Subsequently, an

overgrowth in the number of ICC processes had begun by P5 and lasted until P12,

as the branching index was higher at P12 than at P0 and P2, but not P5 onwards.

This process overgrowth also resulted in an increased density at P12 compared to

P5. The decreased thickness at P5 compared to P2 may facilitate the ICC process

overgrowth by allowing more processes to be formed per unit cell volume. The lack of a

significant difference in branching index at P16 compared to earlier ages indicated that

ICC processes had been discarded. However, the retained processes were strengthened

due to the increased network density and process thickness at P16 compared to P5,
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Fig. C.1 Structural properties of ICC networks during different ages of postnatal de-
velopment. ‘×’ represents the mean, and the symbol ‘∗’ points to significant difference
in values compared to the age.
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and this strengthening of processes also led to an increased density at P16 compared

to P0. Finally, by P24 the higher branching index compared to P0 and P2 again

showed formation of new processes, whereas the density remained higher than that at

P5. Also, by P16 and P24, the network had smaller holes than at P0 and P2.
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