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Abstract

Normal gastrointestinal (GI) matility results from the coordinated interplay of multiple
cooperating mechanisms, both intrinsic and extrinsic to the Gl tract. A fundamental component of
this activity is an omnipresent electrical activity termed slow waves, which is generated and
propagated by the interstitial cells of Cajal (ICCs). The role of ICC loss and network degradation
in GI matility disorders is a significant area of ongoing research. This review examines recent
progress in the multiscale modeling framework for effectively integrating a vast range of
experimental data in Gl electrophysiology, and outlines the prospect of how modeling can provide
new insights into GI function in health and disease. The review begins with an overview of the Gl
tract and its electrophysiology, and then focuses on recent work on modeling Gl electrical activity,
spanning from cell to body biophysical scales. Mathematical cell models of the ICCs and smooth
muscle cell are presented. The continuum framework of monodomain and bidomain models for
tissue and organ models are then considered, and the forward techniques used to model the
resultant body surface potential and magnetic field are discussed. The review then outlines recent
progress in experimental support and validation of modeling, and concludes with a discussion on
potential future research directions in this field.
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|. THE GASTROINTESTINAL TRACT

A. Introduction to the Structure and Function of the Gastrointestinal Tract

The gastrointestinal (GlI) tract is a continuous tube comprising several distinct organs that
runs over several meters in length from the mouth to the anus. While the compartment
organs (e.g., the stomach and intestine) along Gl tract are functionally discrete, their
behavior is tightly coordinated and coregulated, affording a sophisticated overall level of
integrated function that is tightly regulated by Gl electrophysiology.
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The integrated activity of the Gl tract organs provides many essential bodily functions, i.e.,
storage, digestion, absorption, excretion, and protection. Digestion is the process by which
ingested food is broken down into basic nutrients and water, ready for absorption and
subsequent use in the functions, repair, and growth of bodily tissues. Digestion begins in the
mouth, where food is first masticated (chewed) and mixed with saliva (which contains
digestive enzymes). The resulting food bolus is then swallowed through the esophagus to
reach the stomach, which is the most dilated part of the tract, acting as a storage reservoir.
Digestion principally occurs in the stomach and small intestine, a process that involves both
physical (e.g., mixing of food particle) and chemical (e.g., pH changes and enzymatic
action) mechanisms. These digestive mechanisms break down food into a slurry of fine
particles (termed chyme) and release chyme from the stomach into the small intestine at a
controlled rate. Chyme is being continuously transported along the intestines, while
absorption of nutrients and water takes place mainly via a densely folded (high surface area)
small intestine wall. The large intestine is primarily concerned with desiccation and
compaction of the waste products from the food and the Gl tract, with storage in the sigmoid
colon and rectum prior to excretion through the anus.

The structure of the GI wall consists of a number of distinct layers of tissues.> Not all parts
of the GI tract have the same composition, but the general structure is as follows. The
mucosa is the innermost layer of the Gl tract, and consists of epithelial tissues lining the
lumen of the GI tract, underpinned by a thin layer of smooth muscle known as the
muscularis mucosa. The next layer, deeper than the mucosa, is the submucosa, which
consists largely of loose connective tissue, nerves, and blood vessels that support and supply
the mucosa. Beyond the submucosa lies the muscularis externa, a thick muscular coat
responsible for effecting the mixing and movement of digestive contents. In the stomach, the
muscularis externa consists of smooth muscle arranged in three layers, i.e., the outer
longitudinal, inner circular, and innermost oblique. The circular muscle layer contains
smooth muscle fibers that are arranged in rings around the GI tract, while the longitudinal
muscle layer contains smooth muscle fibers aligned in the direction along the tract. A rich
plexus of nerves, the myenteric plexus, termed Auerbach's plexus, lies between these major
muscle layers. The small intestine has only longitudinal and circular muscle layers, and in
the human colon the longitudinal muscle is mostly coalesced into three bands termed the
Tenia coli.2 The outermost layer of the Gl tract is the serosa, which mainly consists of
connective tissue, and serves as a structural outer coat.

Normal GI motility relies on the coordinated functions of structurally intact gut segments
over both small and large scales of distance and time.3 Although normal motility is the end
result of several cooperating mechanisms, including myenteric, neural, hormonal, and
paracrine factors, this review will principally focus on the underlying electrophysiological
mechanisms that initiate and coordinate motility. This is the area where the most
sophisticated and detailed mathematical modeling of Gl structure and function has been
developed to date, and from which clinically meaningful results are beginning to be derived.

This review is organized in order of the principal scales of biological organization, i.e., cell,
tissue, organ, and body scales. Recent advances in electrophysiology, modeling approaches,
clinical implications, and validation methods are considered for each scale, and future
research directions are considered last.

B. Electrophysiology of the Gastrointestinal Tract

In many parts of the gut, motility is wholly or partly initiated and coordinated by an
underlying biological electrical activity, termed slow waves. This section examines the
genesis of slow wave activity, the major cell types involved, its significance for motility, and
its clinical importance.
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1. The Role of Gastrointestinal Smooth Muscles—The smooth muscle cells (SMCs)
in the Gl tract are arranged in bundles, usually 2-5 pum in diameter and 20-500 pum in
length.2 Bundles of SMCs and therefore smooth muscle layers contract in the direction of
their fiber orientation. Like all cells, SMCs are enveloped by cellular membranes that act as
semipermeable barriers, creating an intra-cellular niche known as the cytoplasm. The
constituents of the cytoplasm include many chemicals and cellular organelles, of which most
important to motility are charged particles known as ions, notably calcium ions (Ca2*),
potassium ions (K*), and sodium ions (Na™*).

There are a number of ion channels embedded in the membranes of SMCs that act as
selective passageways for the entry and exit of ions across the cell membrane. As the
concentrations of these ions differentiate between the inside and outside of SMCs, an
electrical gradient develops across the cell membrane, known as the membrane potential
(Vm). For a single ion species, there is a Vy, at which the net flux due to the electrochemical
gradient becomes zero. The V, at this point is known as the Nernst potential of this ion
species, usually donated as Ey, where x is the symbol of the ion species. In reality, a cell
contains multiple types of ion species, and as each ion species influences the V,, toward its
own Nernst potential, the V,, settles into a steady state where the V,, can be calculated under
the assumption of electroneutrality. The Vy, at this point is known as the resting membrane
potential. The resting membrane potential of gastric SMCs is around —70 mV, however,
there exist regional (—40 mV in the fundus to —65 in the antrum) as well as interspecies
differences (—65 in guinea pig antrum and —69 in canine antrum).*>

Preceding a contraction, the flux of ions across the cell membrane induces a depolarization
event in the SMCs. This initial flux is induced by a change in Vy,, caused by the cell-to-cell
propagation of depolarizing events known as slow waves. The resultant influx of Ca* and
Na* rapidly depolarizes Vy, toward —30 mV, and subsequently Na* conductances inactivate
and Ca?* conductances remain open, maintaining Vy, at a plateau phase.! Smooth muscle
contractions are triggered by the influx of Ca2* during the depolarization and the plateau
phases, leading to the activation of a series of cellular contractile reactions. Neural,
hormonal, and paracrine influences also have a major bearing on the degree of contractile
response,3 and without these additional modulating influences, the amplitude of the slow
wave does not typically exceed a certain V, threshold to enable significant contractions to
occur. The subsequent inactivation of Ca?* conductances and prolonged activation of K*
conductances repolarizes the Vy, back to the resting membrane potential.

The manifestation of slow waves in SMCs is periodic, occurring at approximately three
cycles per minute (cpm) in the human stomach, 10-12 cpm in the duodenum, and 8-9 cpm
in the terminal ileum. The systematic propagation of slow waves in broad wave fronts over
the GI tract organs at these frequencies confer a critical coordinating effect on GI motility
patterns, which follow the slow wave pattern in much of the gut.

2. The Role of Interstitial Cells of Cajal—It was previously assumed that slow waves
were autonomously generated and propagated within the Gl smooth muscles. In the last two
decades, this view has been overturned by the elucidation of the functions of the interstitial
cells of Cajal (ICCs), which reside within and between the SMC layers.: The ICCs were first
described in 1911, as “nerve-like cells at ends of motor neurons in organs innervated by
peripheral nerves” by the Spanish Nobel Prize laureate Santiago Ramén y Cajal.® The close
association between ICCs and nerve terminals throughout the musculature led to Cajal's
original hypothesis that ICCs are involved in the neuromodulation of SMC contractions.

There is some ambiguity in the terms used to describe the slow waves. Due to historical
reasons, slow waves were thought to only arise from gastric SMCs. However, with the

Crit Rev Biomed Eng. Author manuscript; available in PMC 2011 May 9.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duetal.

Page 4

identification of the role of ICCs in Gl electrophysiology, the term “slow wave” is
increasingly being used as a general term to encompass the electrical activity in both the
SMC and ICC compartments. Previous studies have attempted to associate different
terminologies of slow waves to the anatomical locations in which the slow waves are
generated.” In some instances, the slow waves generated by the ICCs have been referred to
as pacemaker potentials. The terminology adopted by Sanders et al. is followed in this study,
whereby the term slow wave applies to events registered in both the ICCs and SMCsL.

a. Classes and Functions of ICCs: The breakthrough in understanding that ICCs were
essential for normal GI motility followed the serendipitous discovery that mice injected with
a neutralizing antibody to Kit (a type I11 receptor tyrosine kinase prominent in ICCs)
developed lethal hypomotility, accompanied by intestinal dilatation.1? Subsequently, it was
documented that W/WV mice, which have spontaneous Kit mutations, lacked both myenteric
ICC and intestinal slow waves.1! Since these seminal studies, numerous investigations have
confirmed that ICCs are critical for the generation and propagation of slow waves in the
normal gut.

Several different classes of ICC are now described, based on their anatomical site.! The
myenteric ICCs (ICC-MP or ICC-MY) surround the myenteric plexus and are the primary
pacemakers of the gut. The intramuscular ICCs (ICC-1M) lie intermixed in the smooth
muscle layers of the stomach and colon. The role of ICC-IM is primarily to act as a
pacemaker of SMCs, although there is also a hypothesis that they may have the capacity to
act as secondary pacemakers under certain circumstances such as with vagal neural
stimulation.12 Other populations of ICCs lie near the deep muscular plexus at the
submucosal surface of the small intestine's circular muscle coat (ICC-DMP); and a similar
population in the colon are termed ICC-SMP. Another class of ICC line the septa between
bundles of SMCs, termed ICC-SEP.

In combination, these ICC populations are now understood to play four essential roles in
normal GI motility. A large number of studies have now confirmed that ICCs are
responsible for generation of slow wave activity, through a coordinated system of
intracellular events.! First, slow waves conduct passively from ICCs to SMCs layers via gap
junctions to electrically activate SMCs. Second, studies have also since confirmed a major
role for ICCs in neuromodulation, and in mediating cholinergic and nitrergic
neurotransmission in particular.13 Third, ICCs may also function as mechanoreceptors, as
evidenced by their direct responses to stretch via mechanosensitive ion channels,14 and
ultrastructural evidence showing their tight association with vagal afferents in the esophagus
and gastric fundus.1® Finally, ICCs also set the gradient of resting membrane potential of
smooth muscle layers via gas-mediated signaling, and particularly via the influence of
carbon monoxide.1® The most pertinent function of ICCs to this review is their role in slow
wave activity.

b. ICC Entrainment: In isolated cell cultures, ICCs generate slow waves at different
intrinsic frequencies, but in an intact network, frequencies of the ICCs synchronize to the
single frequency in the syncytium, in a process known as entrainment of slow wave activity.
Entrainment occurs actively, in a manner such that the signal strength of slow waves does
not dissipate as they propagate for distances of up to many centimeters in the stomach.1”
The intestines also contain ICC networks, from which slow wave activity is entrained at a
decreasing rate in a stepwise manner in the aboral direction.? Without normal coherent
entrainment, the slow wave activity of both the ICC network and smooth muscle layer
becomes disorganized, and the resulting “dysrhythmia” is considered to be a contributing
pathophysiological factor in many hypomotility disorders such as gastroparesis.18
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The mechanism that leads to entrainment reamins an active area of ongoing research. Until
recently, it was assumed by a number of investigators that the CaZ*-related ion
conductances, e.g., the dihydropyridine-insensitive Ca?* conductance (lyppg) and the
nonselective cation conductance (Iyscc), in ICCs played a central role in initiating slow
waves.1” The argument of the mechanism of entrainment currently focuses on how Ca?* is
released from the intracellular stores of Ca2*, namely, the mitochondria and the
sarcoendoplasmic reticulum, in response to an extracellular voltage source. There are
currently two main competing, but not mutually exclusive, views regarding Ca2* activation.
In the first view, the inositol 1,4,5-trisphosphate (IP3) voltage-dependent theory, the
synthesis of the intracellular secondary messenger, IP3 is voltage dependent. Therefore,
when the Vy, is depolarized by an electrically coupled neighboring ICC, elevation of IP3
results in increased release of Ca2* from the sarcoendoplasmic reticulum, leading to slow
wave generation.1’

The second hypothesis, known as the unitary potential theory, holds that entrainment of slow
waves is dependent on a smaller and randomly occurring depolarization activity, termed
unitary potentials, in theV,, of ICCs.19 In this scenario, the depolarization of an ICC by an
electrically coupled neighboring ICC would increase the chance of unitary potentials
occurrence, which in turn results in an increased Ca2* release from the sarcoendoplasmic
reticulum via IP3 -receptors, via a T-type Ca2* conductance expressed by ICCs.! The
mitochondria then responds to the elevated [Ca2*]; by rapidly uptaking the Ca2* released by
the sarcoendoplasmic reticulum, inducing a deficit of Ca?*, particularly near Ca?*
conductances such as lyppg. The response of the Ca2* conductances to a decrease in [Ca?*];
is an increased opening probability of their channel state, thereby inducing a slow wave
activity.17.20

Recently, a new body of evidence has demonstrated that the Tmem216a gene product
anoctamin 1 (“Ano 1) is abundantly expressed in ICCs, and functions as a Ca2*-activated
CI~ conductance.21-23 Further recent studies have shown that CI~ channel blockers
effectively inhibit slow wave in multiple animal species, and that the Ca2*-activated CI~
conductance plays a fundamental role in the generation of ICC pacemaker activity and
entrainment.22

C. The Clinical Significance of Gl Electrophysiology

Given the importance of the roles of ICCs and SMCs in motility, it is not surprising that
disorders of these cells play a major role in functional Gl diseases. In particular, ICC loss
and network degradation have now been documented in association with motility disorders
in all segments of the Gl tract.24:25 Likewise, therapeutic interventions seeking to prevent
ICC loss, or restore their numbers and function, have become an important research
focus.25:26

The association between ICC loss and dysmotility is best recognized in the conditions of
gastroparesis and slow-transit constipation. Gastroparesis (typically defined as delayed
gastric emptying in the absence of obstruction) is accompanied by symptoms including
nausea, vomiting, bloating, and, in severe cases, malnutrition requiring invasive nutritional
support. A principal contributor of gastroparesis is diabetes, with between 11 and 18% of
long-term diabetics reporting symptoms consistent with the disease.2”:28 The prevalence of
gastroparesis is increasing, with hospital admissions in the United States having risen
>150% in the last decade, partly due to the present epidemic of type I diabetes.2” ICC loss
is now a recognized hallmark of diabetic gastroparesis, and is understood to result from
disease influences that both promote ICC death, such as the inhibition of the protective
enzyme heme oxygenase-1, and that reduce ICC survival or regeneration, such as inhibition
of the ICC-promoting hormones, for example, insulin-like growth factor (ICF-1).2°

Crit Rev Biomed Eng. Author manuscript; available in PMC 2011 May 9.
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However, the mechanisms by which ICC disruption impair GI motility remain under
investigation.

Slow-transit constipation is a highly symptomatic condition in which there is a
pathologically increased transit time of colonic contents. It is a difficult disease to manage
clinically, since many patients are refractory to standard medical therapies such as
increasing dietary fiber intake and laxative use. A decrease in ICC quantity in the colon has
been identified as a striking histological feature in slow-transit constipation patients.30
However, again the patho-physiological relationship between ICC loss and increased colonic
transit, and the means by which symptoms might result, remains uncertain.

IIl. MATHEMATICAL MODELS OF GASTROINTESTINAL ELECTRICAL

ACTIVITY

Mathematical modeling of GI slow wave activity is gaining recognition as a significant
research strategy in both basic science and clinical research. A validated mathematical
model offers an alternative virtual medium in which hypotheses regarding normal and
abnormal physiology can be exhaustively investigated, and the effects for treatment
strategies predicted, without sole reliance on animal and human experimental models.3!

Mathematical models of intestinal slow waves were formulated as early as the 1970s,32:33
and since that time the subsequent research and development of the mathematical models of
Gl slow waves have been steadily gaining complexity as more experimental evidence
regarding the electrophysiological roles of the ICCs and SMCs have become known. State-
of-the-art GI mathematical modeling has now been applied to represent the normal
propagation of gastric slow waves, and to explain the effects of dysrhythmia of gastric slow
waves in the form of electrical functional uncoupling in the human stomach.34-36

As the experimental understanding of Gl electrophysiology continues to evolve across the
major biological scales of subcellular, cell, tissue, organ, and whole body, a significant
challenge lies in gaining a systematic understanding of the complex interactions between
these activities at the different scales, which span vast spatial and temporal horizons.
Multiscale modeling is ideally suited to this complex integrative task, and multiscale
simulations are now at the forefront of advances in Gl tract modeling. The concept for a
multiscale framework to GI modeling has been adopted relatively recently compared to the
cardiac field, yet significant progress has now been made to refine and adapt the established
cardiac multiscale framework methods to modeling Gl tract activities.3

This activity of multiscale modeling is broadly performed under the umbrella of the
International Union of Physiological Sciences (IUPS) World Physiome Project
(http://www.physiome.org.nz/), which aims to develop computational models of the entire
human body in health and disease.3” One of the key aims envisaged by the Physiome project
is to provide a comprehensive framework for modeling the human body using mathematical
and computational modeling techniques that incorporate details of physiological relevance.
With major developments in science and medicine occurring at the cellular or subcellular
levels, and imaging and recording modalities such as MRI, CT, and ultrasound, electrical
mapping occur at the organ levels, it becomes more important than ever to be able to
integrate the understanding of this information across a multitude of biophysical scales. The
scope of Gl tract modeling has been variously termed the “digestive physiome” or the “Gl-
ome” by current investigators, although neither term is yet in widespread use. The key
challenge of the Physiome project, in particular the aspect of the project dealing the
digestive system, is the ability to bridge the gaps of knowledge in the current understanding
of Gl electrophysiology while relying on experimental validation to consolidate our
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http://www.physiome.org.nz/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

knowledge of the digestive system. This section outlines the notable GI mathematical
models and their modeling techniques at the cell, the tissue, the organ, and finally the whole-
body scales.

A. Phenomenological Cell Models

Phenomenological models employ mathematical oscillators to simulate the periodic
occurrences of slow waves, a concept that has been used to model the electrical events in
different regions along the Gl tract since the early 1970s.32:36.:38 These early cell models
also generally employed systems of mathematical equations that possess oscillatory
behaviors with minor or no intra-cellular details that are based on experimental
observation.36:3% The main reason for the lack of intracellular details in phenomenological
models was due to the lack of understanding of the electrophysiology of the ICCs and SMCs
in these early periods. Nevertheless, phenomenological models can be used to capture the
basic biological characteristics efficiently, such as the frequency of slow waves. The
amplitude of slow waves generated from phenomenological models is usually scaled to
match the experimental data. However, the major drawback of phenomenological models is
the lack of a physiological basis. Consequently, the phenomenological models are unable to
simulate or provide predictions when the physiological effects of experimental protocols
need to be evaluated.36

One of the earliest phenomenological GI models was a chain of coupled relaxation
oscillators that was used to simulate intestinal slow waves,*? and during the early 1970s, a
network of bidirectionally coupled relaxation oscillators was similarly used to simulate
intestinal and gastric slow waves.32:33 Although the relaxation-oscillator models reproduced
entrainment (referred to as “frequency pulling” in the original literature), the lack of a
physiological basis strongly inhibited the application of these models as in silico hypothesis
testing tools. Attempts have been made to develop phenomenological models with a stronger
cellular basis.3241 The following section outlines an example of a phenomenological Gl cell
model, the Aliev model 38

1. Aliev Model—The Aliev model is a phenomenological model that has been used to
simulate gastric and intestinal slow waves.3¢:38 The mathematical model proposed by Aliev
et al. was derived from the Fitzhugh-Nagumo model, and was originally intended to
simulate the intestinal slow waves arranged in an idealized layered pipe structure,38:42:43
The Aliev model possesses a number of parameters that can be adjusted to fit the output of
the cell model to experimental data. Furthermore, the Aliev model conceptually
distinguishes slow waves as two interconnected electrical events generated from ICCs and
SMCs. This was one of the first models that made such a distinction, and for this reason, the
Aliev model was later selected to simulate the slow waves in anatomically based models of
the small intestine and stomach.34-36

The basic expression of the Aliev model consists of a system of two first-order ordinary
differential equations (ODEs) to describe the electrical activity in each tissue layer.
Equations (1) and (2) possess an oscillatory two-variable system that simulates the periodic
occurrence of slow waves, with no biophysically based components derived from
experimental observations.3?

1
%zku (w—a)y(l—-u)—v

Ié (1)
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L ely-p-]

dt— ()

where u represents Vy,, of either SMC or ICC. There is a recovery parameter denoted by v, a
rate constant denoted by k, a normalized threshold potential denoted by a, an excitability
parameter denoted by &, and rate constants denoted by y and B that are used to shift the
equilibrium of the Aliev model from an excitatory state in the SMCs to an oscillatory state
in the ICCs.38 A trace of simulated intestinal slow waves (unscaled) is illustrated in Fig. 1A.

B. Biophysical Cell Models

Recent understanding of the different types of ion conductances and intracellular processes
that lead to the generation of slow waves have motivated the creation of a new generation of
mathematical cell models that capture the intracellular processes in biophysical detail. In
particular, the Hodgkin-Huxley-based approach to modeling individual ion conductances
(see Appendix) has now been adopted to simulate the ion conductances in both SMCs and
ICCs, allowing the simulation of slow waves to be related to the physiologically realistic
parameters that govern the behavior of those ion conductances. Examples of recently
published biophysically based Gl cell models include the ICC model by Youm et al.#4, the
Corrias and Buist SMC and ICC models,#>46 and the ICC by Faville et al.1920 The
biophysically based cell models presented in further detail in this section are not the only Gl
cell models in the literature, but have been chosen on the basis of their thorough attempts to
model the underlying cellular electrophysiology. Coding of all of the cell models introduced
in this section can be downloaded from http://models.cellml.org/electrophysiology.

It is important to note that by current consensus, the ICC models described below are now
understood to be incomplete, because they do not satisfactorily account for the new evidence
describing a critical role for a Ca?*-activated CI~ conductance in slow wave generation.
Renewed efforts will therefore now need to focus on updating these models to account for
new experimental evidence.

1. Corrias and Buist Gastric Smooth Muscle Cell Model—The Corrias and Buist
(C&B) SMC model is a biophysically based SMC model integrating the classical Hodgkin-
Huxley gating equations to describe the V,, with eight ion conductances.*> A simulated
trace of the Vy,, of gastric SMC using the C&B SMC model is illustrated in Fig. 1B.

The cell membrane equation of the C&B SMC model is

dVy
dr =g+l H g Al g L AL H e

—Cm =L

()]

The C&B SMC model includes the following ion conductances. I¢,. is the long type (long
activation time) Ca2* conductance in the SMC model. Iy is a Ca2* conductance that is
activated by a small depolarization and is also fast inactivating. Ik, is a commonly expressed
K* conductance in excitable cells. Ixp is a fast inactivating K* conductance. Igk serves as a
mediator between the nervous system and its inhibitory signals to the digestive system. Ik
is a background potassium conductance prescribed in order to yield a stable resting
membrane potential. Iy, is the sodium current in SMCs. Inscc is the nonselective
conductance, which means that it allows passage of all positively charged ions. One of the
key features of this SMC model is the nonautonomous depolarization response to a slow
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wave current (l;cc), without which the Vi, would remain at the resting membrane potential
of —68 mV.4

Because control of [Ca%*]; is one of the essential mediums through which SMCs regulate
several types of ion conductances, in addition to the cell membrane equation the C&B SMC
model also relates [Ca2*]; to Ca2*-related ion conductances using the following ODE:

d[ Ca2+]i — 1('aL +ILV.—\

dt QFV, CeEe )

where F is the Faraday's constant and V. is the total cytoplasmic volume. Equation (4)
relates the rate of change of [Ca%*]; to the rate of CaZ* flux through the cell membrane via
IcaL and I yva and Icaexe. Here, Icaext is an approximated and combined total rate of Ca2*
uptake by the endosarcoplasmic reticulum, the mitochondria and Ca2* extrusion via a
plasma membrane CaZ* pump.

The success of external cardiac stimulation has provided a positive impetus for attempting
Gl electrical stimulation in an effort to restore normal motility and transit, and/or to improve
symptoms in gastroparesis.*”8 Gastric electrical stimulation has also been employed with
the aim of controllably disrupting normal slow wave activity in obese patients in order to
induce delayed emptying and gastric distension, and thereby to reduce food intake. In an
attempt to improve efficiency in gastric pacing research, the C&B SMC model has been
adopted in a recent study to investigate the effects of gastric stimulation protocols, providing
an example of its potential applications in in silico hypothesis testing.3! In that study, the
C&B SMC model was parameterized to match theV,, response of an initial set of recordings
on the V,, of rodent gastric SMCs. Because the C&B SMC model carried parameters that
represent realistic physical quantities, it was straightforward to update the values of different
parameters in the cell model, such as Cy,, to real experimental conditions. The remaining
parameters that could not be directly identified experimentally were programmatically
optimized to match an initial set of experimental recordings. The updated cell model was
then used as a virtual platform to quantitatively determine the cellular responses of rodent
gastric SMCs to a range of stimulation protocols (Fig. 2). The benefit of this approach was
to exhaustively investigate the effects of a vast combination of possible electrical
stimulation protocols (described above), without sole reliance on animal trials. Animal
experiments were only performed at selected combinations to validate the simulated results,
thereby significantly reducing the time and resources required.3! Coupled with experimental
data, this study demonstrated the powerful analytical power of mathematical modeling.

2. Corrias and Buist Interstitial Cell of Cajal Model—The C&B ICC model is a
biophysically based cell model for simulating slow waves generated by the ICCs.#9 Similar
to the C&B SMC model, the C&B ICC model also adopts the Hodgkin-Huxley gating
equations to represent individual ion conductances. A simulated trace of the V,, of gastric
SMC using the C&B SMC model is illustrated in Fig. 1C.

The cell membrane equation of the C&B ICC model is

dVy,

=1 +I  +l11+]

ERG

+1, + I

NScC

+I(<1 +2F VCJPM(‘/\ (©)]

where lyppr and I ype are both Ca?* conductances. I,y 11 is a K™ conductance, the name
kv1.1 being a code name of a gene that has been identified in cell cultures of murine ICC.
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Ether-a-go-go (ERG) is another type of K* conductance, which has been identified as an
important contributor to ICC slow wave activity. The Ca%*-activated K* conductance (BK),
Igk, is a type of K* conductance that is also [Ca2*]; dependent. Ikp, is the background
potassium K* conductance. I, is a sodium ion K* conductance. Inscc is a nonselective ion
K* conductance that allows passage of all positive ions, its primary role being to allow
influx of Ca2* into the subspace compartment. I¢ is a chloride ion K* conductance. In
addition to the nine ion channels, a Ca2* extrusion mechanism (Jpmca) is also included in
the model, allowing Ca2* to be removed from the intracellular space.

The C&B ICC model adopted an extensive description of [Ca2*]; dynamics from a
previously developed [Ca?*]; model by Fall et al.,>° because a detailed model of [Ca?*]; was
required in order for the C&B ICC model to autonomously generate slow waves. The
[Ca?*]; equation of the C&B ICC model is

d[Ca‘*L‘ _ IL—lypc+I\’DDR —Ja]
di ‘\"2Fv. feak ™ pnca ©

where Jjeak IS the “link” between the subspace compartment, mitochondria,
endosarcoplasmic reticulum, and the bulk cytoplasm in the C&B ICC model. As the Fall et
al. [Ca2*]; model generates Ca?* oscillations, the Ca2* dynamics by the mitochondria and
endosarcoplasmic reticulum induce changes of calcium concentration in the subspace
compartment, from which Ca?* leaks to the bulk cytoplasm through Jjezx.2° This leads to a
localized increase in [CaZ*];, which in turn induces a cascade of events in the membrane ion
conductances to generate slow waves.

3. Faville Interstitial Cell of the Cajal Model—The ICC model by Faville et al.
simulates intestinal slow waves, and was formulated within the hypothesis that a
nonselective cation conductance was fundamental to ICC pacemaker activity.19 Although
the critical role of the Ca2*-actived CI~ conductance has now been elucidated,?122 casting
doubt on several assumptions inherent in the Faville et al model, this model nevertheless still
holds merit in its multiple intracellular compartments approach, and its focus on describing
the unitary potential phenomenon that has been hypothesized to be responsible for
generating the whole-cell slow wave. This model is made up of two components: a unitary
potential model, 1% and a bulk cytoplasm model that incorporates the unitary potential model
and a number of other types of ICC conductances.2°

The hypothesis of unitary potentials states that a slow wave is initiated by the release of
Ca?* from 1P3 receptor-operated stores that are in close physical proximity to the plasma
membrane and to the mitochondria.1® The local increase in [Ca?*]; invokes a Ca%* update
mechanism in mitochondria that results in a transient reduction in [Ca2*]; in the localized
space of a pacemaker unit. The reduction of [Ca2*]; in the micro-domain of the pacemaker
unit activates the primary pacemaker conductance, which includes a Ca*-inhibited,
nonselective cation conductance, and a number of other types of ion conductances according
to experiments on isolated 1CCs.1° The first component of the model is a pacemaker unit
(PU) model that simulates the unitary potential conductance pathway to simulate the unitary
potentials that manifest as tiny fluctuations of V,,, near the resting membrane potential.1® A
simulated trace of unitary potentials of gastric ICC using the Faville ICC model is illustrated
in Fig. 1D.

The equation of the PU model is
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—c dVy (PU)

+1
m dt

=1, +1 11+, +1 ' o

NSCC(Ca) NSCC(Nay

where I, is an inward Ca2* current, Ipy is a plasma membrane Ca2*-ATPase, Isncc is a
nonselective cation conductance for Ca2* and Na*, and I is an outward Na* conductance.
The combined actions of those four types of ion conductances result in autonomous small
fluctuations in the membrane potentials of ICCs.

The secondary component of the PU model is a whole-cell conductance equation that
incorporates the unitary potential conductance pathway and other membrane conductances
to simulate whole-cell slow wave activity.29 When the conductances in Eq. (7) are combined
into a whole-cell model, the effect of n pacemaker units can then be combined into the bulk
cytoplasm response as

nPU

+IK(\'1.JJ +IK(B|+IL +Z Iy (PU)
i=1 (8)

dVy

—Cm =Ly Mgy T,
dt

K(ERG)

where Icy(T) is the T-type Ca?* conductance, Ica(ext) Is a plasma membrane Ca?*-ATPase,
IkERra) is an ERG K* conductance, Ikv1.1) is a voltage-dependent K* conductance, Ik is
a background K* conductance, I,_is the nonselective cation conductance; the sum of

lca(m), lcaExt), IkERG): Ikv1.1), Ik(®), and I represents the bulk cytoplasm conductance.
The ICC model is “driven” by the summation of a number (nPU) of pacemaker unit currents
[lion(PU)], which is represented by the summation of the conductances in Eq. (7).

C. Multiscale Modeling of the GI Tract

As mentioned, our understanding of Gl electrophysiology is beginning to integrate
physiological processes across multiple biophysical scales. Consequently, the modeling
techniques used to simulate slow waves are also beginning to take on a multiscale
representation of the underlying electrophysiological processes that contribute to the
generation of GI slow waves. A multiscale model of gastric slow waves includes
mathematical models of ICCs and SMCs and their interactions and contributions at the
tissue and the whole-body biophysical scales. At each scale, a particular approach may be
required to relate the model to the other scales. At the cell level, both phenomenological and
biophysical cell models are being used to simulate slow waves. Beyond the cell level, a
continuum modeling approach is required.

There are a number of approaches to modeling electrical propagation using a continuum
approach. These approaches can be classified according to the number of physical domains
in which the conductance of slow waves is considered. In the monodo-main model, the
conductance of slow wave events is restricted to one physical domain, which is usually the
intracellular domain, including ion conductances and gap junctions.5 For example, in a
network of ICCs, the V,,, of one ICC has a passive effect on the V, of another ICC, due to
the passive conductance of current as a result of the slow wave generated within the ICC.52
The passive current will depolarize the Vy, of neighboring ICCs slightly, which then induces
an active response of the neighboring ICCs to regenerate slow waves, thereby carrying on
the active propagation of slow waves. The passive current flow can be modeled as a
diffusion-reaction process using a monodo-main equation [Eq. (9)],
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0 Vm "

Am (Cm 7

Iion) =Ve (cVVy) ©

where Ay, denotes the cell surface-to-volume ratio, and ¢ denotes the conductivity tensor of
the tissue. The left-hand side of Eq. (9) contains the cellular description of slow waves [see
Egs. (3), (5), and (8)], whereas the terms on the right-hand side of Eq. (9) describe the rate

of passive conduction as a diffusion process. The passive conduction of slow waves within

the tissue is influenced by the magnitude of the components of .

The bidomain model is another continuum modeling approach that has previously been
successfully employed to simulate the propagation of cardiac electrical events, and more
recently adapted for slow wave simulations.36:51 The bidomain model conceptualizes two
interpenetrating cellular domains that represent flow of electrical currents. The key
advantage of the bidomain equations over the monodomain equation is that the bidomain
considers the extracellular cellular potentials, which are often measured experimentally at
the tissue and organ levels.36:53 The bidomain model that is used to simulate electrical
propagation generally consists of a system of two equations. One of the equations describes
the extracellular potentials. This equation is used to calculate the extracellular potential field
that results from a given Vy, distribution. The second equation is a reaction diffusion
equation in terms of the Vy,, where the sum of ionic currents from cell models provides the
nonlinear reaction term.35 There are a number of ways to derive the bidomain equations.
The derivation presented here is based on that of Henriquez, which was adopted by Pullan et
al.>1:%4 The main advantage of this derivation is that it yields two equations that can be
directly related to cell models in a continuum setting.

The derivation of the bidomain equations begins by taking the difference between the
intracellular and extracellular potentials, ¢; and ¢¢, which is equal to Vp,

Vi=0¢; — ¢ (10)

Ohm'’s law states that

J=cFE (11)

where J is the current density, and E is the electric field strength. E is related to ¢ by

E=-V¢ (12)

Substituting Eq. (12) into Eq. (11) for both intracellular and extracellular domains,
Ji=—oiVe; (13)
ch - Uev¢e (14)

On the basis of the conservation of current, the current leaving domain i must enter the
domain e in equal magnitude and opposite direction. This implies that
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By combining Egs. (13) and (14) with Eq. (15), the following expression is obtained:

V- (0iVgi)=-V-(0Ve) (16)

Subtracting V -(6iV ¢¢) from both sides of Eq. (16) yields

V(oiVg) =V - (0iVg) ==V - (0, V¢.) = V- (0:V,) (7
Equation (17) can be further rearranged based on Eq. (10) to obtain the following
expression:

V-(oiVV,)=-V- [(O'E'I'O'i) V¢()J (18)

Equation (18) is the first of the two equations in the bidomain model, and it is used calculate
the extracellular potential field given a Vi, distribution.

The second equation of the bidomain model can be derived from recognizing the fact that
the conservation of current also implies that the changes in the intracellular ion flux must be
equal to the ion flux across the cell membrane, i.e,

-V. Ji=AmIn (19)
where Iy, is the total membrane current. The mathematical relationship between Vp,, currents
lion @and I, and Cy,, i.e., based on Eq. (A.1), can be expressed as

dv,
Cn T;" +Iion:Im (20)

Based on Equation (19), the following equation is obtained:

Vi
Ap (Cmd_"‘lion) =V .- (oiVe;)

dt (21)

Again, subtracting V -(o;V ¢¢) from both sides of Eq. (21) yields

Vi ,
An (Cm(—"'lion) =V -(0iV¢)=V - (iV$i) = V - (:iV.)
dt (22)
Equation (22) can be rearranged using Eq. (10) as follows:
Am Cm%+1ion -V. (oiVoe) =V - (0iVVn)
dt (23)
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Equation (23) is the second of the two equations in the bidomain model and it is used to
calculate the V,, when solved simultaneously with Eq. (18). Equation (23) can be related to
the monodomain [Eq. (9)] by assuming equal anisotropy, i.e., oj = kog, and the bidomain
equations can be subsequently reduced to the monodomain equation.

In summary, the bidomain equations are

V- (0iVVy) ==V - [(0c+0i) Vo] (24)

1V,
Am (Cill(_m+1ion) -V. (0-1V¢v) =V. (O-iVVm)
dt (25)

In cardiac electrical simulations, it is common to add a stimulus current to the left-hand side
of Egs. (24) and (25).51 The stimulus generally acts as a pacemaker activity to drive the
onset of cardiac electrical propagations. However, in the bidomain equations [Egs. (24) and
(25)] used for simulating normal slow waves, the stimulus current terms are dropped to
emphasis the autonomous basis of slow wave activity generated by the ICCs, as opposed to
having an imposed physical stimulus to drive the activation of slow waves. However, for
simulations of gastric electrical stimulation where an extraneous current is applied to the
cell,%® the stimulus terms are required to represent extracellular stimulus current.

1. Grid-Based Finite Element Numerical Solution Technique—The rapid increase
in high-performance computing power and applications of numerical solution techniques
have seen an advent increase in both the scale and efficiency of simulations of biological
processes. There are a number of numerical techniques that are used to solve the bidomain
equations [Egs (24) and (25)]. These methods include finite difference methods, finite
volume methods, and the finite element methods. The finite different methods model the
strong second derivative form of the bidomain equations, whereas the finite volume and
finite element methods (FEMs) model the weak weighted integral of the bidomain
equations.>® The approaches based on the weak form of the bidomain equations are more
suitable for irregular and nonorthogonal computational meshes, whereas the finite difference
methods are more suitable for regular and orthogonal meshes. Because of the irregular and
curved surfaces of most Gl organs, FEMs are generally employed to solve slow wave
propagation problems.36

In particular, the GI mathematical models have benefited from the application of the grid-
based FEM numerical solution technique. In biological simulations, the FEM is used to
approximate the solutions of mathematical equations that represent physiological processes
over a complicated physical domain, by discretizing the physical shape of a biological organ
into smaller local elements. In GI simulations, the application of grid-based FEM is partly
motivated by the large physical size of the GI organ, over which a numerically convergent
solution of the propagation of slow waves needs to be simulated at fine spatial resolutions
(typically < 1 mm).35:36 A stomach model may contain relatively few, e.g., 64 local
geometric elements.3° Within each local geometric element, a number of solution points are
allocated at high spatial resolutions, and the mathematical cell models, e.g., the Aliev model,
are then solved at those solution points using numerical solution techniques such the Euler
method.3%:54

2. Tissue Models—The structural integrity of the network of ICCs in the Gl tract is a
quintessential feature for maintaining normal slow wave entrainment and motility. To date,
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simulations of GI slow waves at the tissue level involving a large physical network of ICCs
and SMCs have largely adopted an idealized layered geometric structure of the gastric
wall.35:36:52 \Wjith the recent development of many biophysically based cell models,
incorporation of a physiologically realistic description of the tissue model has become a
priority in order to enable multiscale simulations that provide informative outputs of realistic
physiological data.

In a recent study, the C&B SMC model was adopted and incorporated into a tissue model to
simulate the slow wave propagation in a porcine stomach.>2 In this tissue model, the
monodomain equation [Eq. (9)] was used to simulate the propagation of slow waves in a
dual-layered structure comprising a layer of SMCs coupled to a regular network of ICCs. To
simulate entrainment of slow waves in ICCs, an automata layer model [Eq. (26)] was used to
reproduce the sequential activation of ICCs in an intact network.

d V2 2
n=-3 1-|1-—=|cos O
c Vi (26)

where d and 6 are the distance and angle (from a resting ICC) between the resting and
depolarizing ICC, respectively, and V. and V| are the conduction velocities in the circular
and longitudinal directions of the stomach, respectively. Equation (26) was used in
conjunction with an algorithm that governed the propagation of slow waves in the ICC
network.52 If all ICCs were entrained to the frequency of a single slow wave event, then the
subsequent cascade of slow wave activations would generate active propagation of slow
waves. The entrained slow waves then invoked a slow wave response in the SMC layer. A
simulated propagation of slow waves across a regular 2D physical domain is illustrated in
Fig. 3.

The bidomain model [Egs. (24) and (25)] has also previously been adopted to simulate the
propagation of slow waves in a multilayered section of the gastric wall as shown in Fig. 4.3°
Specifically represented are a longitudinal SMC layer and two circular smooth muscle
layers. The SMC layers are separated by layers of ICCs (ICC-MP and ICC-SEP). The
multilayered structure enabled a relatively realistic representation of the physical
composition of the electrically active tissues in the gastric wall. At the cell level, the slow
wave was simulated using the Aliev model.3° The simulated slow wave activation began in
the ICC-MP and ICC-SEP layers, and subsequently activated the longitudinal and circular
smooth muscle layers. The simulated activation further reinforces the concept of ICC slow
waves initiating Gl slow wave activity. Furthermore, the layered tissue model shown in Fig.
4 can be extended to represent the entire stomach, allowing simulations of whole-organ Gl
slow wave activity.3>

3. Organ Models—Until recently, an accurate representation of electrical activation in a
whole-organ model of the Gl tract remained an elusive goal, due to several significant
technical challenges. First, the anatomical geometry of the Gl tract organs could not be
accurately and efficiently represented using conventional linear geometric descriptions.
Second, biophysically based representations of gastric SMCs and ICCs were not available.
Third, the experimental data regarding Gl electrical propagation was derived mainly from
sparse-electrode studies, whereby recordings were obtained from few distributed electrodes
(typically <4).57-61 These sparse-electrode studies provide only a rough approximation of
the global organ slow wave propagation, and therefore lack sufficient spatiotemporal detail
to inform a reliable organ model description.36:53 However, recent experimental work has
addressed and resolved most of these challenges, presenting the exciting opportunity to now
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make significant progress in Gl organ-level modeling.52-64 In addition, these technical
advances are now being applied to develop whole organ models of other segments of the GI
tract, notably the small intestine and colon.%°

To create an anatomically realistic geometry of the Gl organs, finite element fitting
techniques have been developed to fit a geometric mesh to a data cloud identifying the organ
of interest outline, e.g., the stomach, from a high-resolution image set, such as the visible
human data or from clinical imaging systems such as MRI or CT.3566 The surface mesh of
the organ is then created from the data cloud by an iterative linear fitting technique, and a
volumetric mesh of the organ wall can be subsequently constructed in order to better
represent known anatomical features. The wall of the organ can be further refined to
incorporate the layered structure of the tissue model for more detailed multiscale
representations. For longer Gl organs, such as the small intestine, a 1D curve representing
the centerline down the length of the small intestine has been digitized from the visible
human data set. A tube of radius 10 mm was then extruded from the intestinal centerline to
form a volumetric mesh.35.67.68

Slow wave activation over the whole-organ models is generally solved using techniques
similar to the solution techniques for the tissue models. To date, the phenomenological Aliev
model is the only cell model that has been integrated into a whole-organ model that is used
to simulate slow wave activation.36 The results have generally shown a reasonable
approximation of sequential activation of gastric or intestinal slow waves across the many
layers of the organ models. For example, normal gastric slow waves have been simulated in
the human stomach model and the simulated slow waves successfully matching the
conduction velocity and entrained frequency observed from sparse-electrode experiments.3°
The simulated slow waves originated from a pacemaker region located in the proximal
corpus of the stomach model, and then formed a band of slow waves conducting in the
aboral direction down the longitudinal axis of the stomach (Fig. 5A). Recent studies have
also investigated the effects of functional uncoupling of slow waves, where the normal
entrainment of slow waves in the different parts of stomach is lost, due to breakdown of the
ICC network.3435 To achieve this, the excitability parameter, ¢, in the Aliev model was
adjusted to produce a decoupled gastric antrum with independently entrained slow waves
from the rest of the stomach.35 By altering the excitability profile of ICCs in the antrum, a
condition that allows decoupled slow wave generation at the cellular level was imposed on
the organ model under the multiscale framework. The simulated decoupled slow waves
showed ectopic slow waves arising in the gastric antrum and conducting in the retrograde
direction, and colliding with the normal propagation (Fig. 5B). In the intestinal model,
normal conduction of individual slow waves along the parts of the small intestine has been
demonstrated,3>:36 while accounting for a decrease in entrainment frequency from 12 to 7
cpm in the aboral direction of the model.5”

Finally, recent experimental advances in slow wave mapping have shown the potential to
substantially improve the spatiotemporal resolution of slow wave propagation studies,
including in humans, providing data that will support and improve organ-level modeling.>3
This work is discussed in Section IlI.

4. Torso Models—At the body scale, the resulting potential and magnetic field on the
torso surface from the underlying organ-level slow wave propagation is considered,36:51.69
Applications of torso model simulations include informing far-field techniques such as
electrogastrography (EGG) and magnetogastrography (MGG) (see experimental validation
section), by relating the underlying slow wave activity to the resultant torso surface
electrical or magnetoactivities.3® Although these recording techniques have the advantages
of being noninvasive, one of the key issues is that the recorded signals are difficult to
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interpret, partly due to the complex profile and relatively low signal-to-noise ratio of the
transmitted slow waves.36 Therefore, a torso model can provide a virtual medium to help
interpret the signals recorded from the far-field recordings in order to relate them to
pathological states. The modeling problem that relates the simulated slow waves at the organ
level to the resultant torso surface is known as the forward problem in Gl modeling.

The calculation of the resultant torso surface potentials from simulated gastric slow waves is
generally implemented as a secondary step from the simulation of the organ model, mainly
due to computational requirements.®! The source models used in the forward GI modeling
problem are typically comprised of a number of equivalent dipoles. The number of
equivalent dipole sources can vary, the simplest being a single equivalent dipole to represent
the overall electrical orientation of the whole organ at a moment in time.>* The first step in
calculating the equivalent dipole is to deduce the local current density (Jeep) prescribed by
the (continuum) cellular slow waves at each continuum cell (grid) level using the following
expression:

0,
Jeen=— m
oi+0, (27)

The integration of Jg over the active tissue in each geometric element and the summation
of the individual local dipoles into an equivalent dipole (J) is achieved via a “weighted
center” approach based on the following expressions®°:

Ju+Jiu+ ... +J
J= 1t 1t 1t

c (28)
and
C=wy; - Cpyt - twe - Coy (29)
C
wir= | Julb/ Y 1 Jalla _ _ _
where 1 and where J is the equivalent dipole source calculated from c

(number of local dipoles), i.e., Jeeqr, and IL.1I, is the Euclidean norm.%9 Equation (38)
calculates C, the center of J through a weighted scheme of the local dipoles.

Each dipole source has a center and orientation that varies over time to describe the location,
direction, and strength of the simulated slow wave activity in the organ model. These dipole
sources are then used to compute the potential fields within the torso surface by solving the
Poisson equation,

V- (o, V)=V -J (30)

where the source term J is due to the equivalent dipole sources, and ¢ is the torso potential
field. A typical solution then consists of three sets of calculations that must be performed at
each time step. First, the cellular models are updated throughout the active stomach. Next,
the Vi, and ¢, are calculated from the organ model based on the activities of the cell models.
The equivalent gastric dipolar sources are then created, and the passive torso volume
conductor problem is then solved to calculate the potential field throughout the torso (Fig.
6). Using this equation set, activity within the cell can be related to the organ model, and
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then to activity on the torso surface, making a multiscale representation of slow wave
activity possible through modeling (see Fig. 6).

Simulations of the torso surface potential field can also be related to the magnetic field that
accompanies the slow waves. All biological electrical fields have a corresponding magnetic
field associated with them, which can be recorded via magnetometers (refer to Section
111).79 The resultant magnetic field from slow waves is theoretically less attenuated by the
layers tissue in the abdominal wall than the potential field, presenting a possible alternative
way of studying the underlying slow wave propagation.38

The magnetic field (B) resulting from a dipole source is a conducting medium comprises
two components as shown in Eq. (31).70

B=B4+B, (31)

where By is the magnetic field due to the dipole source, and By, is the magnetic field due to
the volume current in the body. Commonly, By is also referred to as the primary source, and
By is referred to as the secondary source.’! The calculation for the primary dipole source is
expressed in the following equation:

pXR
B =
a(re) =sio 4nr (32)

where pg is the permittivity in free space, p is the dipole magnitude, R is the vector between
the dipole center and the field at point rs, and r is the absolute distance of R.

To calculate By, the torso model can be used to explicitly determine the volume conductor
effects via the following equation’?:

n
Ho R
BV (rf) :azo-jfﬂlv‘ﬁ (l‘d) X r—3dQ]
=l (33)

where n is the total number of surfaces surrounding regions of different conductivity, j
identifies a surface of a region with assumed constant conductivity oj and boundary defined
by Qj, and @(rg) is the potential on the torso surface due to a dipole located at ry. The
magnetic field is generally computed in a secondary process from the dipole computation,
with dipole sources embedded in the torso model and sampled over a virtual magnetometer
sensor arrangement (the yellow arrows in Fig. 6). The direction and the magnitude of the
magnetic field vectors could then be related to the underlying slow wave profile.

lIl. RECENT ADVANCES IN THE EXPERIMENTAL SUPPORT AND
VALIDATION OF GASTROINTESTINAL ELECTROPHYSIOLOGICAL
MODELING

The success of the conjoint modeling and experimental research paradigm in cardiac
electrophysiology has provided strong motivations for applying the same concepts and
principles to Gl electrophysiology research.”? As the global infrastructure, such as the
Physiome project and CellML language for model sharing and development, becomes more
comprehensive, there will be an increase in the demand for mathematical models to be
accurately informed and validated by experimental observations.3”:72 To this end, the
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experimental methodology for evaluating Gl electrophysiology is becoming a rapidly
evolving area of research, with significant progress made in recent years. This is expected to
further accelerate with the recent presentation of several promising experimental technical
advances as outlined below.

A. Intracellular Slow Wave Recordings

A foremost limiting factor of SMC and ICC biophysically based modeling, and validation of
the current models, is the lack of experimental data defining details of specific dynamics
such as ion channel kinetics and intracellular ion concentrations.194549 The precise
mechanisms underlying slow wave rhythmicity are still debated, and a clear understanding
of the ion conductances and intracellular messengers that contribute to the whole-cell slow
wave event is yet to be consolidated. This section lists some of the current and emerging
aspects of molecular and cellular research that may be of significance to GI cell modeling.

There remain two significant experimental challenges in Gl slow wave recording. The first
challenge is the variability between different animal models, and the second challenge is the
limitations of the experimental preparations. An example of a significant experimental
variation is the interspecies difference in the expressions of the mechanosensitive SCN5A-
encoded Nay1.5 channel, which is consistently expressed in human and dog, variably
expressed in mouse, but not expressed at all in pig and guinea pig.”3 Such species
differences need to be identified and accounted for when applying modeling studies to
experimental contexts,3! and in future years, species-specific cell models may need be
developed.

The second challenge is to develop robust in vitro means of recording slow waves at the
cellular level. The critical role of the experimental preparation in determining experimental
outcomes is highlighted by recent work investigating the Ca2*-activated CI~ conductance in
ICCs. In the past, intracellular ICC electrophysiology studies have typically been performed
in cell-culture preparations. However, the combination of the cell culturing and cell
dissociation processes may have dramatic effects on the proteins and signal transduction
pathways that are the focus of the experiments, including key features of the ICC phenotype
such as Kit expression.23 This is true of the CI~ channel, which is prominent in in situ
preparations, but that quickly recedes in cultured preparations.’* For these reasons, an active
area of research focus has been the development of techniques for readily identifying
dispersed ICCs in freshly dissected tissue, recently culminating in the presentation of a
transgenic mouse strain that constitutively expresses a bright form of green fluorescent
protein (copGFP) in 1CCs.23 Development of this strain has already led to fundamental new
insights into the role of the ICC CI™ conductance, and is expected to continue to drive
significant experimental advances.23

Another promising emerging area of developing experimental work is the presentation of
evidence that ICC channel abnormalities may be a cause of gastrointestinal symptoms.
Mutations in the mechanosensitive SCN5A-encoded sodium channel have been found to be
associated with generalized abdominal symptoms,”® and SCN5A has now been implicated
as a candidate gene in irritible bowel syndrome.”8 This avenue of experimental work
provides fertile ground for complimentary multiscale modeling studies that seek to explore
the integrated functional consequences of ion channelopathies, and that could potentially
assist in the development of therapeutic targets in the future.

B. Tissue and Organ Slow Wave Recordings

1. High-Resolution Mapping—As detailed above, electrophysiological modeling at the
tissue and organ levels depends on accurate and detailed experimental data on the
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characteristics of electrical propagation. The recent advent of high-resolution (HR) electrical
mapping has been an important advance. This technique involves the placement of spatially
dense arrays of many electrodes over the serosal surface along the Gl tract in order to
simultaneously record extracellular potentials from up to hundreds of electrodes as the slow
waves propagate through the tissue beneath.23:6% Although related techniques have been
widely employed in cardiac electrophysiology for many years, and are now routinely used
clinically for cardiac dysrhythmia management, the strategy has only been adapted for Gl
research over the last 15 years, following the work of Lammers et al.52

The major advantage of HR mapping over previous sparse-electrode approaches is that the
high spatial density of simultaneous sampling affords a detailed spatiotemporal
understanding of the slow wave propagation. In particular, the slow wave activation times
can be used to create activation time maps, graphical descriptions that accurately depict the
slow wave propagation from cycle to cycle.>3:62 Two recent studies highlight these benefits.
In the first, HR mapping was used to define the mechanisms of gastric dysrhythmias for the
first time, revealing complex focal activities and re-entrant behaviors that are similar to the
events occurring in cardiac dysrhythmias.®3 The presence, prevalence, and clinical
significance of these events in motility disorders now await to be defined, and modeling
strategies explored. In the second study, HR mapping was used to define the origin and
propagation of slow wave activity in the canine stomach, providing new descriptions of a
high-amplitude, high-velocity activity in association with the pacemaker site, and the
presence of multiple simultaneously propagating wave fronts.54

The recent development of a flexible printed circuit board (PCB) electrode by Du et al. now
promises to facilitate the HR mapping of the human Gl tract.53 Flexible PCB electrodes are
constructed of gold or silver contacts and copper wires in a polyimide ribbon base, and can
be mass produced with high fidelity and low cost (Fig. 7A). Their ease of sterilization and
potential disposability make them ideal for human use. Initial results from the first human
GI mapping studies are beginning to appear,’” and these data are expected to provide a
substantial advance in organ-level understanding of Gl slow waves that will provide ideal
material to inform and validate multiscale models.

Current efforts to automate the analysis, interpretation, and visualization of HR mapping
data will be critical to accelerate progress in this evolving research field, which is presently
slow and inefficient.”® The recent presentation of an automated algorithm to determine slow
wave activation times promises a 100-fold time saving compared to manually performing
this task.”®

2. Minimally Invasive Approaches—A major clinical limitation to the application of
HR mapping is that it presently requires invasive surgical access. The highest-quality slow
wave recordings must be taken from the serosal surface of the target organ, and ongoing
experimental efforts have sought to achieve these recordings via less invasive strategies.
One approach to eliminate incision during recording has been the targeted sparse-electrode
recording of slow wave activity at endoscopy, usually via clipping or suctioning electrodes
into position on the gastric mucosal surface for direct video vision.81 However, the high
impedance of the mucosal surface has been one significant barrier to the development of
more accurate HR endoscopic approaches.

An alternative minimally invasive approach is laparoscopy, facilitated by the recent
presentation of a novel laparoscJ16opic device.82 This device contains a miniarray of
electrodes on its tip, which is held in atraumatic contact with the Gl serosa (Fig. 7B). An
innovative aspect was to demonstrate that useful spatiotemporal detail can be achieved from
as few as four electrodes, which can be used to generate a fair approximation of slow wave
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propagation direction and velocity. The laparoscopic approach is significantly more invasive
than endoscopic recordings, since it requires general anesthesia and intraperitoneal access.
However, this strategy will be useful for generating valuable experimental data in selected
patients. Early work has also demonstrated the possibility of taking longer-term recordings
in conscious subjects via implantable electrode platforms, which also contain a miniarray of
electrodes.82

C. Noninvasive Body Surface Recordings

One of the key aims of both modeling and experimental studies is to devise means of
noninvasively assessing Gl electrophysiology from the body surface. Body surface
recording strategies in cardiology, i.e., the electrocardiogram (ECG), have become routine
diagnostic tools in hospitals around the world. This section outlines two of the current
recording methods used to noninvasively record Gl slow waves.

1. Electrogastrography—EGG involves the placement of electrodes on the body surface
to record the distant electrical signals, in a similar manner to ECG. An EGG analysis is
typically limited to frequency dynamics, aiming to identify periods of slow wave activity in
which the frequency falls outside the normal range (~3-4 cpm). This approach has been
attempted for many years; however, it is rarely used clinically because of the lack of
consensus regarding its application, its poor specificity, and its poor correlation with other
functional and symptom disease markers.83

It remains to be seen whether EGG can be advanced to improved clinical utility. One
potential avenue of progress is to relate the sources of slow wave activation in the stomach
to EGG, which is currently not certain, especially given the recent revelation of multiple
propagating slow wave fronts in the human stomach.”” HR mapping information will also
help to inform multiscale models that seek to solve the physical dispersion of slow wave
currents over anatomically accurate torso geometries in order to better understand EGG
sources and predict idealized EGG electrode placements.3* Improved electrode technology,
such as multi-electrode body surface mapping approaches used in cardiology, and signaling
processing advances could also prove valuable in seeking to categorically define the clinical
potential of the EGG.

2. Superconducting Quantum Interference Device Magnetic Recordings—As
previously mentioned, biological electrical fields have associated magnetic fields, and
interpreting these fields has also been a focus of research for noninvasive Gl
electrophysiological diagnosis.848> Biomagnetic field detection is performed using devices
called magnetometers, and in particular the highly sensitive superconducting quantum
interference device (SQUID).8485 GI SQUID devices were first developed with a view to
improving the diagnosis of mesenteric ischemia,8® but have recently been applied to motility
problems including gastric electrical disorders.84 One major theoretical advantage of
SQUID over EGG recordings of Gl electrical activity is that unlike electric fields, magnetic
fields are not attenuated by the layers of the abdominal wall. However, interpreting magnetic
data can be difficult, and further technological advances in SQUID design and signal
processing advances are required to prove the potential of this approach. Because of these
challenges, recent studies have proposed using multiscale computational simulations of
magnetic fields, which are calculated from simulated Gl electrical activity in order to aid in
the interpretation of magnetic field recordings.®® This remains an active area of ongoing
research.
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IV. SUMMARY AND FUTURE DIRECTIONS

As research in Gl electrophysiology is being improved through relating slow waves across
multiple biological scales, there is a need to gain an integrated understanding of how the
physiological processes at these scales interact in a biological system. Mathematical
modeling and computational techniques have been proposed as a way to provide a virtual
medium in which biophysically based components of Gl slow waves can be investigated
across multiple biophysical scales, under a general framework termed the multiscale
modeling approach. Recent decades of research in cardiovascular electrophysiology have
resulted in sophisticated multiscale mathematical models, which have been applied to
successfully address complex clinical problems such as the mechanisms underlying atrial
fibrillation.86 By comparison, the mathematical modeling of GI slow waves is still in its
infancy, partly due to the historically limited understanding of the roles of ICCs and
intracellular components that give rise to GI slow waves.

The key concept of the multiscale framework is to use a continuum modeling approach, in
which either a monodomain or bidomain model is employed, to calculate propagation of
slow waves in biophysical scales that are higher than the cellular scale, e.g., the whole-organ
model. To date, most multiscale mathematical models of Gl slow waves have relied on
relatively simplistic phenomenological models such as the Aliev model, which cannot be
applied to evaluate important intracellular physiological dynamics.38 Furthermore, whereas
cardiac models have incorporated detailed microstructural tissue information to relate tissue
structure to function, all previous tissue models simulating GI slow waves have employed
idealizations of ICCs and smooth muscle layers that are relatively simplistic and lacking in
realistic details. An area of interest would be to relate the structural information of ICC
networks in wild-type and animal subjects with depleted ICC count, such as mouse with a
germ line deletion of the 5-HT2B serotonin receptor. The 5-HT2B receptors are expressed
on ICCs, and stimulation by serotonin induces proliferation of ICC populations and
therefore are an important regulator of ICC network density.8” The functional output of the
model will be based on realistic structural degradation of ICC networks.

A correct biophysically based representation of entrainment in ICC models is fundamental
to the investigation of GI slow waves via mathematical modeling. Although the latest body
of evidence on the role of Ano-1 (Ca2*-activated CI~ conductance?1:22) has cast doubt on
the current models of ICC pacemaker activity, the modeling techniques used in these models
are still valuable for informing the creation of future models and for multiscale modeling.

The proposed 1,4,5-trisphosphate (IP3)—-dependent mechanism of entrainment offers one
potential direction for further refining the relevant components in the C&B ICC model.1” On
the other hand, some researchers have also argued that the iso-forms of the IP3 receptors in
certain types of ICCs may not be able to actively contribute to slow wave generation, and
alternative ion conductance pathways have been proposed to be responsible for
entrainment.88:89 One of the advantages of a virtual cell model is that both mechanisms of
entrainment, i.e., IP3-dependent and ion conductance pathways, can be incorporated and
virtually evaluated. The ICC model of Faville et al. could also serve as a potential virtual
medium to test the different entrainment mechanisms.9:20 In this model, whole-cell slow
wave activity would vary in accordance to the active contribution of the pacemaker units,
which could be modified to display an entrainmentlike response to extracellular potential
sources. A modified parameterization of the currents regulating the flow of Ca2* into one of
the subspace compartments in the ICC model by Faville et al. may also lead to a stable
model of entrainment. In the future, these cell models would also benefit from the inclusion
of mechanosensitivity modeling, since mechanosensitive ion channels have been shown to
be significant in both ICCs and SMCs.14

Crit Rev Biomed Eng. Author manuscript; available in PMC 2011 May 9.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duetal.

Page 23

With the ongoing development of biophysically based cell models, significant breakthroughs
are also poised to occur in the area of tissue modeling. An attractive proposition is to relate
the electrical events of the cells to realistic tissue structures within a multiscale framework,
as has been performed in cardiac modeling research to define the normal and abnormal
propagation of electrical events through complex tissue architectures.86:90 For example,
anatomically realistic tissue structures containing the ICC network and SMCs could be
obtained from human patients or animal models of dysmotility disorders, and biophysically
based ICC models with the correct entrainment behavior could be integrated into those
structures to investigate pathological differences in slow wave propagation. Early work has
now begun in this direction.?1

The advent of appropriate HR mapping tools for the accurate evaluation of human Gl tract
activity, and the flexible PCB electrodes in particular, will continue to guide more
physiologically realistic modeling of GI motility.%® In related work, the flexible PCBs have
already been applied to study the entrainment of slow waves following gastric pacing,®2
providing an enhanced understanding of the effects of stimulation on slow wave activity,
and enabling the validation of multiscale frameworks for simulating stimulation outcomes.>2
With the advent of anatomically accurate organ models and biophysically based cell models,
informed by HR electrical mapping, the path is now clear for substantial upgrades to the
current generation of whole-organ models of GI slow wave activity.

Advanced simulations in cardiac electrophysiology research have produced mathematical
techniques to relate torso surface recordings back to the electrical activity in the heart. This
particular class of problem is known as the inverse modeling approach, which is a
significantly more challenging problem than the corresponding forward problem due to the
fact that it is highly ill posed.>* This means that in the presence of noise, the solution may
not resemble the true activation sequence on the serosal surface. This is further complicated
by the issue that there are multiple simultaneous wave fronts in the stomach at one time, a
problem for which there are no effective generic algorithms.?3 Furthermore, detailed
spatiotemporal descriptions of Gl slow waves are just beginning to emerge,52:64.65 and as a
result there still lacks a detailed understanding of the characteristics underlying slow wave
activity. This information, as well as detailed validated forward simulations, should be
progressed before attempts are made at solving the inverse problem.%* However, given the
theoretical advantage of being able to relate the noninvasive body surface recordings (e.g.,
EGG and SQUID recordings) to the underlying slow waves in the stomach and intestine, the
inverse GI problem is becoming an active area of ongoing research.36.84

In conjunction with other cooperating mechanisms, Gl slow waves ultimately manifest as
physical contractions that break down and transport food particles.12 Mathematical models
should also bridge the link between slow waves and mechanical contractions, and
incorporate accurate biophysical descriptions of electromechanical coupling. This exciting
future pathway whereby Gl slow wave events are related to mechanical contractions,
computational fluid dynamic studies, and pathological states within a multiscale framework
will ultimately see Gl tract electrophysiological modeling achieve its substantial clinical
potential.
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One of the key bases for a biophysically based cell is the formulation of the ion channel
descriptions that generally follow the classic Hodgkin-Huxley approach. The Hodgkin-
Huxley approach states that the conductance of an ion channel is modulated by the product
of a number of activation and inactivation gating variables.39,96 Activation gates represent
the properties of a channel that allow ion passage, whereas inactivation gates cease ion
passage. A channel may contain many activation gates, therefore involving a complex
arrangement of gating kinetics to govern ion flow through the cell membrane.

The cell membrane can be modeled as a capacitor coupled to a resistor.3%°1 The current
flowing through the resistor represents the sum of all the ionic currents (ljo,) through the ion
channels. The relationship between voltage (Vp,), current (lipn), and capacitance (Cpy,) is
given by

1V,
Cn —o +Iion=0
dt (A.1)

where ljg, consists of many ion conductances across the cell membrane. A generic
expression of an ion conductance is

Li=G,-d- f -(Vm—Ey) (A.2)
where |y is the ionic current of an arbitrary ion species x, d is the activation gate, f is the

inactivation gate, and G, is the maximum conductance of the channel. The Nernst potential
(Ey) of ion x is defined as

RT ([x].
E,=—1
T zF n([»r]f) (A.3)

where R is the universal gas constant, F is the Faraday's constant, [X]. and [x]; are the
extracellular and intracellular concentrations of ion x under homeostatic conditions. The Ey
represents the electrochemical equilibrium of an ion species.2:39

The gating variables [variables d and f in Eq. (A.2)] that govern the ion conductance are in
turn dependent on V,,, and time (t). A single gating variable is assumed either to be in the
open state or the close state. The transition from one state to the other can be written as a
two-state reaction equation

open<i> close
B (A.9)

where o, is the rate at which the gate closes, and B is the rate at which the gate opens. Given
that the probability, denoted by g, of a channel in the closed state lies between 0 and 1, Eq.
(A.4) can be written in the form of an ODE as follows:

dg .
2o (1l =-9)—
a a1 -9 =P (A.5)
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At steady state, the value of g can be expressed as a function of the rate constants a. and f3,

0=a (1~ gw) — Bgw (A.6)

where g IS the steady state probability of the gating variable remaining in the closed state.
Solving for geo gives

800=QTo (A7)

where 1o equals

a+p (A.8)

Substituting expressions for o and B in Egs. (A.6) and (A.8) back into Eq. (A.5) gives

dg_8»—¢
dt Too (A.9)

Equation (A.9) relates the rate of change in Eq. (A.5) to two steady state variables 1o and
Joo, both of which depend on V,, only. The expressions for 1« and geo are in turn described
by mathematical expressions that can be obtained from fitting experimental data.39454° The
state of every gating variable for each ion current is solved using Eq. (A.9). Each gating
variable has different functions for geo and teo in terms of Vy,, and t. The states of the gating
variables in turn govern the flow of ion conductance in accordance to Eq. (A.2). The sum of
ion conductances is then used to relate to the change in Vy, using Eq. (A.1).
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FIGURE 1.

Simulated gastrointestinal slow waves. (A) Simulated intestinal slow wave using the Aliev
model. The dimensionless output, u, is a variable between 0 and 1, which can be scaled to
match experimental recordings. (B) Simulated gastric smooth muscle cell slow wave using
the Corrias and Buist smooth muscle cell model. (C) Simulated gastric interstitial cells of
Cajal (ICC) slow wave using the Corrias and Buist ICC model. (D) Simulated unitary
potentials using the Faville et al. ICC model. The simulated slow waves in B and C were
generated using biophysically based cell models, and the simulated membrane potentials
(Vm) provide a more accurate representation of experimental recordings than that of A.
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FIGURE 2.

Simulated gastric electrical stimulation protocol using the Corrias and Buist gastric smooth
muscle cell model. (A) The response of the simulated membrane potential (V) to an input
stimulation protocol. (B) The stimulation protocol consists of a single electrical pulse of 200
pA amplitude and 1000 ms duration.
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FIGURE 3.
A cellular-automata gastric tissue model showing simulated slow wave propagation across a
2D domain. The dimensions of the tissue model are 100 x 100 mm. The depolarization of
gastric tissue occurred at a designated pacemaker site at 0 s and formed a broad wave front
as it propagated across the tissue domain. Repolarization of the slow wave began at

approximately 12 s, and the whole tissue domain returned to the resting membrane potential
by 20 s, indicating the completion of a cycle of the gastric slow wave event.
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FIGURE 4.

Simulations showing depolarization of an anatomically based gastric tissue model composed
of five layers. The top of the tissue model represents the longitudinal muscle (LM) layer, the
layer immediately below the LM layer represents the myenteric interstitial cells of Cajal
(ICC-MP) layer, the next layer represents the thick circular muscle (CM) layer, and the layer
within the CM layer represents the septa ICC (ICC-SEP) layer. The slow wave was
simulated using the Aliev model. Propagation at the tissue and organ levels was simulated
using the bidomain equations. Activations of the slow wave first began at approximately 2 s
simultaneously within the ICC-MP and ICC-SEP layers. The subsequent activations of the
LM and CM layers depolarized the tissue model. Repolarization of the tissue model began at
approximately 14 s.
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FIGURE 5.

Simulations of slow wave events in an anatomically realistic whole-stomach organ model.
The Aliev model was used to simulate a slow wave at the cellular level. Propagation at the
tissue and organ levels was simulated using the bidomain equations. (A) Simulated normal
gastric slow waves propagated in the antegrade (aboral) direction of the stomach model. Up
to two simultaneous wave fronts can be identified at 0 and 5 s. (B) Simulated slow waves in
an abnormal stomach with a decoupled antral slow wave behavior. The decoupled slow
waves in the antrum propagated in the retrograde direction, opposing the normal wave front
in the antegrade direction. Up to three wave fronts could be identified at O s.

Crit Rev Biomed Eng. Author manuscript; available in PMC 2011 May 9.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Duetal.

Page 36

m
-0.25mV 0.5 mV

FIGURE 6.

An instance of simulated body surface potential and magnetic field in an anatomically
realistic human torso model. A current dipole (not shown) was calculated from the whole-
organ model and then embedded within the torso model to solve for the electrical and
magnetic activities at the torso surface. The electrical activity is displayed as a color-coded
potential over the torso surface, and the magnetic activity is displayed in a virtual sensor
array (yellow arrows) over the abdomen of the torso. (A) The anterior view. (B) The
posterior view.
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FIGURE 7.

The electrode platforms used to record Gl slow waves from the serosal surface of the Gl
tract. (A) PCB electrodes are manufactured on flexible base material (Polymide), with an
array of 32 electrodes in a 4 x 8 configuration printed onto each PCB array. The PCB
electrodes are used to record Gl slow waves at high spatiotemporal resolutions. (B)
Laparoscopic electrodes (the wand) that can be inserted through a port during keyhole
surgery. A number of electrodes were embedded into the shaft of the recording device,
which then made contact with the GI serosal surface to record slow wave activity. The wand
electrode is minimally invasive and offers an efficient way to take snapshots of slow waves
along the GI tract during surgery.
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