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ABSTRACT The motility of the stomach is coordinated by an electrical activity termed “slow waves”, and slow-wave dysrhyth-
mias contribute to motility disorders. One major method for clinically evaluating gastric dysrhythmias has been electrogastrogra-
phy (EGG); however, the clinical utility of EGG is limited partly due to the uncertainty regarding its electrophysiological basis. In this
study, a multiscale model of gastric slow waves was generated from a biophysically based continuum description of cellular elec-
trical events, coupled with a subject-specific human stomach model and high-resolution electrical mapping data. The model was
then applied using a forward-modeling approach, within an anatomical torso model, to define how slow wave activity summates to
generate the EGG potentials. The simulated EGG potentials were shown to be spatially varying in amplitude (0.27-0.33 mV) and
duration (9.2—15.3 s), and the sources of this variance were quantified with respect to the activation timings of the underlying slow
wave activity. This model constitutes an improved theory of the electrophysiological basis of the EGG, and offers a framework for

optimizing the placement of EGG electrodes, and for interpreting the EGG changes occurring in disease states.

INTRODUCTION

Gastric motility is coordinated by a series of propagating
electrical events termed “slow waves”, which are initiated
and propagated by the interstitial cells of Cajal (ICC). Slow
waves are passively conducted from ICC to the neighboring
smooth muscle cells (SMC), causing contractions when
coregulatory conditions are met, such as after a meal (1,2).
(Note that there is some ambiguity in the usage of the term
“slow wave”—specifically to which of the cellular electrical
activity (ICC or SMC) it refers (2). In this study, the electrical
activity of the ICCs is referred to as the initial component of
slow wave, and the response of SMC to the ICC activity is
referred to as the secondary component of slow wave.)
Dysrhythmic slow wave activity is well known to occur in
several gastric motility disorders, including gastroparesis,
functional dyspepsia, and gastroesophageal reflux disease
(3-5). Degradation or dysfunction of ICC networks may
contribute to the slow wave dysrhythmias in some of these
disorders, notably in diabetic gastroparesis (1,6).
Electrogastrography (EGG) is a noninvasive method for
recording the resultant body surface potential of gastric
slow wave propagation. EGG holds significant potential as
a routinely deployable tool to aid the diagnosis of gastric
slow wave dysrhythmias. However, there are several tech-
nical and physiological limitations that have prevented
EGG from becoming a widely used diagnostic tool. One
fundamental physiological issue has been the lack of under-
standing about how to interpret the cutaneous EGG record-
ings in relation to the state of electrical activation of the
stomach (7,8). A number of studies using simultaneous
serosal and cutaneous recordings have confirmed that the
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EGG frequency correlates with the gastric slow wave
frequency (9,10), but it remains unknown how the slow
waves actually summate to generate what is recorded in
EGG (11). A clear knowledge of these sources would be of
significant value for better determining how the EGG
changes in disease.

To determine the electrophysiological basis of the normal
EGQG, it is first necessary to know the normal pattern of
gastric slow wave behavior. It has only been recently that
this normal pattern has been described in sufficient detail,
following the publication of high-resolution (HR) serosal
gastric mapping data (12-14). The opportunity now exists
to apply this improved understanding of gastric slow wave
activity to determine how slow waves summate to form
the EGG. However, the invasiveness of HR mapping is
a significant barrier to compare, experimentally, simulta-
neous serosal and EGG activities in sufficient detail, espe-
cially in humans.

Mathematical modeling presents an attractive alternative
strategy for quantifying the relationship between gastric
slow waves and the EGG. In the cardiac field, the established
forward modeling techniques have successfully related elec-
trical events in the heart to the electrocardiogram (ECG)
recorded on the torso, in order to optimize the placement of
ECG electrodes and improve diagnostic sensitivity (15).
The accuracy and sophistication of the forward approach
has been significantly enhanced by the advent of realistic
anatomical and biophysically based modeling techniques
applied across multiple scales (multiscale modeling) (15).

A number of previous studies have attempted to explain
and enhance EGG through modeling (11,16,17). However,
these past approaches have been limited because they were
based on an incomplete description of the underlying gastric
slow waves, and/or were lacking in realistic anatomical or
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biophysical details. More recently, Buist et al. (18) proposed
an anatomically detailed multiscale modeling framework for
human gastric slow waves and EGG. However, the accuracy
of this work was again limited by an inaccurate representation
of the underlying gastric slow waves and the lack of a bio-
physically based representation of cellular slow wave activity.
A number of biophysically based cell models have since
been published (19-21), but an accurate modeling presenta-
tion of the whole organ slow wave activity is still lacking.

In the context of the significant recent advances and the
opportunity for a whole organ model discussed above, this
study aimed to introduce two major improvements to develop
an updated multiscale model of gastric slow wave activity.
The first improvement was to adopt biophysically based
continuum models of ICC and SMC into a multiscale frame-
work and to reproduce the regional variation in membrane
potentials and slow wave amplitudes. The second improve-
ment was to simulate slow wave propagation over the
stomach in direct accordance with recent evidence provided
by human HR mapping. The updated gastric model was then
applied to determine the relationship between the gastric
slow wave activity and the cutaneous EGG.

MATERIALS AND METHODS
Cell models

A continuum cell modeling approach was employed, based on two bio-
physically based gastric cell models, the Corrias and Buist (C&B) ICC
and SMC models (19,20). The C&B ICC model simulates the initial
component of gastric slow waves at a self-excitatory intrinsic frequency,
while the C&B SMC model simulates the secondary component of gastric
slow waves in response to an experimentally fitted intracellular stimulus. In
this study, the C&B ICC and SMC models were updated, as described
below, to form an electrical generator of slow waves in a spatially averaged
sense; i.e., a continuum unit of slow wave activity which contains an aver-
aged number of ICCs driving SMCs.

On the balance of current evidence, it is thought that ICC and SMC are
electrically coupled via small sparse gap junctions, enabling conduction of
slow waves into the SMC syncytium, but without draining excessive current
(such that ongoing ICC entrainment would be prevented) (2). The gap junc-
tion relationship was adapted from the model component by Buist et al. (22)
and is given by

[Cauple = Gcouple [Vm(ICC) - Vm(SMC)] ) (l)

where V,,cc) is the membrane potential (V,,,) of ICC simulated by the up-
dated C&B ICC component and V,,syc) is the V,,, of SMC simulated by the
C&B SMC component. The gap junction was modeled as passive-resistor
of the difference between the V,, of the two cell components, which is
then multiplied by a gap channel coupling conductance (Gyyp.)- The resul-
tant coupling current (/c,,p) activates the secondary component of the
slow wave event in the SMC component. For details of the cell model,
readers are referred to the Supporting Material, as well as the original arti-
cles describing the cell models (19,20,23,24).

Continuum-based modeling

The continuum modeling approach was used to simulate the propagation of
slow waves (25,26). The bidomain equations have been used in several
previous slow wave propagation modeling problems, and extensive details
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of the method can be found therein (18,27,28). The following system of
equations (Eqgs. 2 and 3) summarizes the bidomain equations used in this
study to simulate propagation of slow waves,

V'[(Ui + Ue)V(pe] = —V'(U[VV,,,), (2)
v,
V(O’,va) + V'(O','Vq)e) = A, me + Lion | 3

where ¢, denotes the extracellular potentials, and A,, is the surface/volume
ratio of the membrane. C,, is the specific cell membrane capacitance, and
I, is the sum of all ionic currents of the SMC-ICC model. The o-terms
represent tissue conductivity tensors, where subscript i represents the intra-
cellular domain and subscript e represents the extracellular domain. We also
assumed homogeneity within the gastric tissues, i.e., no fiber orientations
within the gastric wall, therefore reducing ¢; and o, to single value quanti-

ties, where ¢; = 0.3 mS mm ' and 6, = 0.2 mS mm .

Anatomical model

A subject-specific virtual anatomical model of the stomach was constructed
from preoperative CT images taken from a human patient (Fig. 1 A). This
particular subject was chosen as the reference model because a complete
description of gastric slow-wave times were obtained from this subject
by intraoperative HR mapping and this patient was representative of typical
normal activity (see below) (14). The details of the technique used to
construct the anatomical model have been described previously (26). In
brief, the three-dimensional outline of the stomach was manually digitized
from the CT images. A cubic Hermite finite element mesh was fitted to the
digital outline of the stomach, from which the anatomical model was con-
structed using a finite element fitting method (28). The surface of the initial
stomach mesh was then projected toward the centerline of the mesh to
obtain a muscle layer thickness of 2.66 mm (29). The final anatomical
model of the stomach is as shown in Fig. 1 B. The idealized layered struc-
ture of the gastric wall adopted by Buist et al. (18) in their previous study
was not employed in this study because the ICC-SMC model cell model
conceptually represents a continuum unit of a mixture of ICC and SMC.
Therefore, artificially establishing distinct layers of these cells in the simu-
lation was not required.

Modeling slow wave propagation

The initial activation times of gastric slow waves were established accord-
ing to recent evidence from a human gastric HR mapping study (14), in
which flexible printed-circuit-board electrode arrays were used to map
gastric slow waves at high spatiotemporal resolution (192 channels;
7.62 mm interelectrode spacing; 512 Hz) (30). The locations of the
recording arrays used in the human study were manually registered onto
the virtual stomach based on a set of anatomical landmarks as previously
described (14). The activation times of slow waves in the anterior and poste-
rior stomach were assumed to be symmetrical, based on experimental
evidence from a recent porcine gastric HR mapping study (12), and direct
observations of contraction dynamics from MRI studies (31). The average
activation times obtained from multiple human subjects and recordings
were averaged into a single generic propagation pattern, and the initial acti-
vation times of slow waves were then interpolated and mapped to each
elemental node in the stomach model as one of the initial conditions of
the continuum cell model. Only the start times of the first event were
prescribed; the subsequent slow waves were generated autonomously by
the ICC-SMC component of the multiscale model.

Prescribing the initial activation times in this way produced a significant
computational saving. In a modeling study of slow wave entrainment
over realistic ICC network geometries, we previously simulated slow
wave propagation at spatial resolutions of <0.3 mm, and this was compu-
tationally feasible due to the small physical dimensions of the tissue
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FIGURE 1 Construction of a subject-specific virtual anatomical stomach

model and torso model. (A) The coronal view of the virtual stomach model
embedded in the CT images taken of the patient before surgery. (B) The
virtual stomach model that was constructed from the CT images. Four
virtual electrodes (G;_4) were placed on the stomach model. G; was placed
in the fundus, G, was placed in the pacemaker region, Gz was placed in the
corpus, and G4 was placed in the antrum. (C) A 10-mV membrane potential
gradient was modeled across the gastric wall (site of shown cross-section of
the stomach indicated by the dashed line in panel B). (D) The virtual torso
in which the stomach model was embedded to match the approximate orien-
tation in the CT images. Four virtual EGG electrodes (S;_3) were placed on
the stomach model. S is the reference and electrodes S;_; were placed
across the abdominal wall following the longitudinal organ-axis of the
stomach.

geometries employed (<0.4 x 0.4 mm) and the short duration of simulation
times (<500 ms) (27). However, in this study the anatomical model is many
centimeters in size, and the required simulation time is also an order-of-
magnitude longer than the previous tissue-scale simulations (i.e., 120 s
vs. 0.5 s). In combination, these two computational challenges make
whole-organ simulations using the ICC-SMC model at a fine mesh
resolution a computationally demanding problem. The prescription of
initial activation times overcame the need to establish stable gastric slow
wave propagation simulations at fine resolutions, while also providing
a convenient framework by which the HR mapping data could be directly
applied to enforce experimentally derived behaviors on the whole-organ
model.

Assignment of resting membrane potential
gradients

Experimental studies have demonstrated different morphological features
of gastric slow waves, in terms of the rate of upstroke (dV,/dt), resting
membrane potentials, and amplitude (32). In this study, we aimed to repro-
duce the resting membrane potentials and amplitude of gastric slow waves.
Experimental studies have also demonstrated a gradient of resting
membrane potentials (RMPs) (—45 to —70 mV) and an increasing gradient
of amplitude (15-20 mV) of slow waves from fundus to antrum in the

Biophysical Journal 99(9) 2784—2792

Du et al.

guinea-pig stomach (2,32). The amplitude of the ICC-SMC model can be
modulated by G oupie, Whereas the RMP of the ICC-SMC model is depen-
dent on both G, and the Nernst potential of Potassium (Ey) as shown in
Fig. 2. There are many other cellular parameters which could be changed to
vary the RMP, but because the ICC-SMC model contains mostly K*-type
conductances, changing Ey offers the most direct way of adjusting the
RMP. While there is also experimental evidence of carbon monoxide being
a modulator of SMC and ICC RMP (33), this study does not include
a parameter for CO concentration in SMCs or ICCs. Furthermore, the rela-
tive density of SMC relative to each pacemaker of ICC is high, e.g., up to
100, so that the contribution of ICC slow waves to the EGG is ignored in
this case (22).

To reproduce the known RMPs and amplitudes of gastric slow waves, the
values of Gppie in Eq. 1 were set to 0 mS in the fundus, 35 mS in the
corpus, and 60 mS in the distal stomach, based on intracellular data from
guinea-pig studies (32), and data from human HR mapping that showed
an amplitude increase in the distal stomach (14). The average RMP of
the fundus was set to —45 mV and the fundus was assumed to be devoid
of slow waves (14). The average RMP was set to —55 mV in the corpus
and —70 mV in the distal stomach in accordance with previous recordings
in guinea-pig stomach (32).

According to several experimental studies, there is a positive gradient of
10 mV in RMP from the inner wall to the outer wall across the wall
thickness in the corpus and antrum of the canine stomach (33), which we
represented in the stomach model (Fig. 1 C). A specific region of high-
amplitude and high-velocity activity in association with the pacemaker
region has only recently been described (12—14), and as-yet there is no
experimental data available regarding the RMP and amplitude of membrane
potentials of the SMC within this region. However, given the fact that the
human pacemaker region is associated with slow wave activity of similar
velocity and amplitude to that of the antrum (14), Goupie in the pacemaker
region was also set to 60 mS.
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RMP (mV)
|
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FIGURE 2 Calibration curves of the resting membrane potential (RMP)
and amplitude of the ICC-SMC continuum cell model. (7op) The RMP is
dependent on the Nernst potential of K (Eg) as well as the coupling
conductance (Geoupie in Eq. 1) between the ICC component and the SMC
component of the ICC-SMC model. Three coupling conductances (0, 35,
60 mS) were plotted. (Bottom) Amplitude at different values of coupling
conductance (Geoupie) between ICC and SMC.
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Forward simulation of EGG

To calculate the resultant potentials on the torso surface that arise from the
simulated gastric slow waves, two further steps were employed (18,26).
First, the local current density was calculated. (For a more detailed deriva-
tion of this step, readers are referred to the Supporting Material and the
original work on cardiac modeling (15).)

Therefore, the local current density changes prescribed by the continuum
cellular event were expressed using the following equation,

0,0,
J= (2% \wy, 4
(U[ n Ug) (SMC)» ( )

where J is the local current density, which is then integrated over the geom-
etry of the stomach model to obtain the equivalent dipole sources (Fig. 1 B),
from which the resultant torso surface potential was simulated by solving
the Poisson equation,

V- (a'eV(p) =V 'Jcomhim)da (5)

where the source term J,,,,pineq 1 the combined equivalent dipole sources
and ¢ is the torso potential field. Here the torso conductivity is assumed
to be homogenous, with g, = 0.03 mS mm~ .

The simulated EGG was sampled from four surface electrodes (Sq_3,
where S is the reference electrode) as shown in Fig. 1 D. The chosen
configuration was based on the standard multichannel EGG electrode
configuration reported by Chen et al. (9). The recordings in S;_3 were
compared to the simulated simultaneous gastric slow waves at four virtual
electrodes (G;_4) placed on the stomach, as shown in Fig. 1 B, where G; is
in the fundus; G, is in the pacemaker region; Gs is in the distal corpus; and
G, is in the distal antrum.

Numerical solutions

Equations 2 and 3 were solved numerically using a grid-based, finite
element-based technique. A Jacobi preconditioned conjugate gradient
method with an adaptive integrator solver was used to solve the discrete
forms of Eqgs. 2 and 3. Details on the solution procedures have been previ-
ously described (27). Equation 5 was solved using the boundary element
method as previously described (18). All numerical simulations were
solved on a single processor of an IBM p595 HPC.

RESULTS
ICC-SMC model

The ICC-SMC model simulated two components of slow
wave events (Fig. 3). The initial component of the slow
wave was simulated by the ICC component of the ICC-
SMC model, and the secondary component of slow wave
was simulated by the SMC component of the ICC-SMC
model. The RMP of the ICC model was —68 mV throughout
the virtual stomach model. The simulated slow wave activity
in the ICC model was generated autonomously at an intrinsic
frequency of 3.0 cpm, and the slow wave activity in the SMC
model occurred as a consequence of the ICC slow wave. The
response of the SMC model to the ICC slow wave was depen-
dent on the values of Ey and Goypie: in the fundus, the simu-
lated RMP was —45 mV and amplitude of the slow wave was
0 mV; in the corpus, the simulated RMP was —57 mV and
amplitude of the slow wave was 16 mV; and in the antrum,
the simulated RMP was —71 mV and amplitude of the slow
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FIGURE 3 Simulated gastric slow wave activity using the ICC-SMC
continuum cell model. (A) An example of the simulated initial component
of the gastric slow wave activity in the ICC was generated autonomously
at an intrinsic frequency of 3.0 cycles per minute. (B) An example of the
simulated secondary component of gastric slow wave in the fundus. The
simulated amplitude of the fundus slow wave is 0 mV, and the simulated
resting membrane potential (RMP) is —45 mV. (C) An example of the simu-
lated corpus slow wave. The simulated amplitude of the corpus slow wave is
16 mV, and the simulated RMP is —57 mV. (D) An example of the simulated
antral slow wave. The simulated amplitude of the antral slow wave is 21 mV,
and the simulated RMP is —71 mV.

wave was 21 mV. Overall, the resultant cell model behavior
was consistent with the parameters that were specified based
on current experimental evidence, in terms of slow wave acti-
vation dynamics, regional RMPs, and amplitudes.

Whole-organ activation model

Simulated gastric slow waves in the whole organ model are
illustrated in Fig. 4 A. The frequency of simulated slow waves
at the organ level was the same as at the cellular level (i.e.,
3.0 cpm). It took ~60 s (i.e., one complete propagation cycle)
for the activity to settle into a steady state (~2 h of computa-
tional time). The initial 60 s of simulated slow waves was
therefore ignored. The origin of the gastric slow wave was
consistently situated at the appropriate pacemaker region
on the greater curvature of the proximal corpus (e.g., depolar-
ized events, colored red, visible at t = 4 and 24 s). The initial
propagation from the pacemaker region formed a wide wave-
frontin a band by ~¢ = 4 s, which then propagated in the ante-
grade direction toward the pylorus. By 24 s, the onset of the
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FIGURE 4 Simulated slow waves in a virtual stomach model based on generic activation times of slow waves from human experiments (14). (A) A total of
60 s of propagation is shown. The red color (right of the colorbar) represents depolarized activity and the blue color (left of the colorbar) represents the
resting membrane potentials. (B) Simulated resultant body surface potential field of the slow wave activity in panel A. The red color (right of the colorbar)
represents positive potentials and the blue color (left of the colorbar) represents negative potentials in the torso potential field. The contour lines (black)

represent 0.1-mV increments.

second slow wave cycle was visible in the pacemaker region
of the virtual stomach model, with the first cycle of activity
having reached the midcorpus. By 44 s, the onset of the third
slow wave cycle was visible in the pacemaker region, while
the active edge of the first cycle of slow wave activity had
entered the antral region. A maximum of four simultaneous
wavefronts were visible (e.g., at 60 s), while the minimum
number of simultaneous wavefronts was three. The global
average of the propagation velocity was ~6.4 mm s~ ', with
substantial regional variations in mm s~ ': ~7.7 in the pace-
maker region; ~2.8 in the corpus; ~5.9 in the antrum. The
width of the active edges of the slow waves’ depolarized
region (colored yellow in Fig. 4 A) was ~16 mm in the corpus
and ~37 mm in the distal antrum. The slower local corpus
velocity resulted in accrual of multiple narrow wavefront
bands, with an active-to-active edge separation displacement
of ~50 mm. All of these modeled slow wave propagation
dynamics were in accordance with experimental data (14).

Virtual analysis of the EGG

The simulated torso surface potentials, calculated from the
organ model, are presented in Fig. 4 B. (Note that a three-
dimensional visualization of the simulated slow wave and
body surface potential fields was also generated to present
the full results of the forward simulation in animated
form; please refer to the Supporting Material.) The majority
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of the upper torso was consistently at ~0 mV (Fig. 4 B in
green). A distinct region of consistently positive activity
occurred in the simulated torso surface potential field across
the epigastrium (Fig. 4 B in yellow/red), while the negative
tail of the torso surface potential field was located over the
left-hand side of the lateral thorax, beneath the nipple line
(Fig. 4 B in blue).

Analysis of the virtual EGG electrodes, S;_3, showed that
the EGG was spatially varying, such that the timing, ampli-
tude, and morphology of the signal was dependent on the
site where the torso potential was taken in relation to the
stomach. The EGG electrode with the highest amplitude
(S2; 0.33 mV) was located closest to the midcorpus
(Fig. 5). For the other two virtual EGG electrodes, the ampli-
tude was 0.29 mV in S; and 0.27 mV in S5 The peak of the
dominant power in the mean-square power spectrum after
the removal of the direct-current offset in each channel was
(in dB): —24.2 in S;; —24.9 in S,; and —19.8 in S;. The
frequency of the oscillations in all EGG channels was consis-
tently 3.0 cpm, being identical to that of the underlying
gastric activity.

In S;_3, the width of each EGG event was ~15.3 s in Sy,
9.2 sin S,, and 11.5 s in S3. The EGG electrode morphol-
ogies were substantially wider than the simulated ICC-
SMC slow waves in G4 (~9.4 s). The timings of EGG
activity in S, and S5 were almost simultaneous, with a phase
time difference of <1 s. The onset timings of the EGG
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FIGURE 5 Simulated simultaneous slow waves at selected virtual elec-
trodes on the stomach and EGG on the torso surface. Electrodes G;_4 repre-
sent the gastric electrodes and electrodes S;_4 represent the EGG electrodes.
Electrode Sy was not shown because it is the reference electrode (i.e., S,, =
S,—So where n = 1,2,3). A continuous wavefront from G,_4 was tracked by
the arrow. Dashed line b represents the timing of a pacemaker slow wave
activity. Dashed line ¢ represents the timing of a corpus slow wave activity.
The asterisk symbol (*) denotes the times when there were four simulta-
neous waves active in the stomach. The plus-symbol (+) denotes the times
when the gastric slow waves were entering in the proximal antrum.

activity in S; was close to the end times of the activities in S,
and S;, e.g., at 10.5 s and 30.3 s.

The simulated EGG results are compared to the results of
an experimental study by Chen et al. (9) in Table 1.

The relationship between gastric slow waves
and EGG

As shown in Fig. 4, the timing of the negative tail of the
torso surface potential field (across the left lateral thorax)
coincided closely with the activation of the pacemaker
region. In contrast, the timing of the positive surface poten-
tial field across the epigastric region mainly coincided with
quiescence of the pacemaker region, when three wavefronts
were propagating distally in the corpus and antrum.

Out of Si_3, the onset times of the S3 waves (marked by
dashed line b in Fig. 5) matched closest with the onset
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TABLE 1 Simulated EGG mean amplitude, frequency, and
correlation to slow wave frequency in S;_; compared to
experimental recordings by Chen et al. (9)

Simulation Experiment (mean)

Mean EGG amplitude (mV) 0.30 0.27
Mean EGG frequency (cpm) 3 3.24
Slow wave-EGG frequency correlation 1:1 1:1

timings in G, (pacemaker activation, i.e., at ~0 s, ~20 s,
and ~40 s in S3 Fig. 5). The peak timings of the waves in
S| and S; (marked by dashed line ¢ in Fig. 5) matched
closest to the onset timings of G5 (distal corpus activation,
i.e., at ~3 s, ~23 s, and 43 s in S, Fig. 5). The peak timings
of the waves in S, (marked by an asterisk in Fig. 5) matched
closest to the times when there were four simultaneous
waves active in the stomach (i.e., at 4 s, 24 s, and 44 s in
Fig. 4 A). The end times of waves in S, (marked by
a plus-sign in Fig. 5) matched closest to the times when
gastric slow waves were present in the midantrum (i.e., at
12 s, 32 s, and 54 s in Fig. 4 A), and the period between
the end time of a wave in S, and the following S, peak coin-
cided with the propagation slow waves through the distal
antrum (~14 s). The onset times of G4 (distal antral activa-
tion, i.e., at ~14 s, ~34 s, and ~54 s Fig. 5) did not match
closely to the timings of any of the major EGG morpholog-
ical features.

DISCUSSION

This study presents an improved multiscale mathematical
model of human gastric slow wave activity, integrating
biophysical gastric cell models and a large volume of
recent experimental evidence, including the results from
human gastric HR mapping studies (14). Using established
forward simulation techniques (15), the model was applied
to simulate virtual EGGs over an anatomical torso model,
to compare simultaneously simulated serosal and cuta-
neous potentials. The model also provides a realistic visu-
alization of the dynamics of gastric slow wave propagation
and EGG.

These results present a comprehensive theory of the elec-
trophysiological basis of the human EGG. Previously, it has
sometimes been simply assumed that the distal antral slow
waves dominate the EGG, because of the higher slow wave
amplitude and velocity seen on serosal recordings from the
distal stomach, and because of the close distance between
the abdominal wall and the gastric antrum (11,34). The
results of this study suggest that the sources of the EGG are
significantly more complex, partly because of the following
three observations:

1. Besides the antral slow waves, the pacemaker region also
contains high-amplitude events (Fig. 4 A; Fig. 5 Gy);

2. The corpus contains the greatest number of simultaneous
wavefronts (Fig. 4 A);
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3. A physiological RMP gradient modulates regional activ-
ities (Fig. 1, B and C) may cause a further distortion of
the dipole directions.

In combination, these three factors contributed to a distor-
tion in the equivalent dipole calculated by Eq. 5, such that
the contribution of the antral slow waves to the EGG is
moderated by the combined effects of the summated slow
wave activity occurring in the mid and proximal stomach
regions. The EGG thus reflects a combined contribution
from all of the electrically active regions in the stomach.

In previous explanations of the EGG, it has also sometimes
been assumed that the 1:1 ratio of EGG to slow waves was
because there is only one slow wave propagating at a time
in the stomach (18). This incorrect assumption was a result
of spatial-aliasing in the sparse serosal recordings (14). As
previously pointed out by Verhagen et al. (8), multiple gastric
sources are simultaneously present, and the EGG is a summa-
tion of the underlying slow wave activity. Our findings, based
on human HR mapping data, demonstrate that the 1:1 ratio of
EGG waves to gastric slow waves can be better attributed to
the fact that the EGG torso potential field oscillates in time
with the repeating sequence of the underlying multiple
gastric slow wave sources. More specifically, because the
dipoles are dependent on the gradient of V,, (Eq. 4). Hence,
the hypothesis is presented that as a wavefront emerges in the
pacemaker region or exits at the pylorus, there would be a cor-
responding change in the EGG signal. This hypothesis can be
supported by the evidence that the timing of the EGG signals
in S;3 closely matched the onset of slow waves in the pace-
maker region (G,). Therefore it is likely that the changes in
the network dipole moment caused by an emerging wave-
front had affected the net dipole, and consequently the
timings of the simulated EGG signals.

The finding that the EGG morphology and timings are
spatially varying is supported by several previous experi-
mental studies using multichannel EGG (4,35). As observed
in our model, Lin and Chen (4) demonstrated that the events
in the most proximal EGG channel showed a longer width
and phase differences compared to the more distal EGG
channels. These observations support the contention that
using multiple EGG electrodes can yield additional informa-
tion regarding gastric slow wave activity. Chen et al. (35)
reported a smaller time lag between EGG waves recorded
over the distal stomach compared to EGG recorded over
the proximal stomach. This observation was again consistent
with our simulated results, which suggest that EGG waves
over the corpus and antrum (S, and S; in Fig. 5) occurred
almost simultaneously.

The optimal placement of cutaneous EGG electrodes has
been a subject of controversy, particularly with regard to the
detection of uncoupled activity (36). The typical electrode
positions, as used this study, were empirically derived
from the observation that the highest quality signal can be
obtained by placing the electrodes along the organoaxial
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direction of the stomach (9,37), or more specifically, over
the antrum (36). The simulated results appeared to support
this observation by the evidence that the power of the
dominant frequency (3.0 cpm) in the distal EGG electrode
(~—20 dB in S3) was higher than in the proximal channels
(~—24 dB in S;_,). Future studies employing this model
may help to computationally optimize the placement of
EGG electrodes, as has been achieved previously in the
cardiac field (15). However, a complicating factor in
practice is that the size, location, and orientation of the
human stomach is highly variable (28), and for this
reason some investigators have suggested performing an
ultrasound to guide electrode placement (38). To further
facilitate this decision-making process, the model presented
here could also be applied to help predict the consequences
of different gastric anatomies on the EGG, to inform on the
ideal electrode placements when anatomical variants are
identified.

Despite the advantages of this model, there are a number
of limitations and assumptions that warrant further discus-
sion. As stated above, the model is circumstantially sup-
ported by existing evidence from several experimental
studies; however, it has not yet been directly validated,
which is technically challenging at present due to the inva-
siveness of HR mapping. It should also be noted that
prescribing the activation times introduces a deterministic
mode of behavior into the organ level of the multiscale
framework. This model also does not yet include any repre-
sentation of spike activity (SMC action potentials), which
are thought by some to contribute to diagnostically relevant
postprandial changes in the EGG (7). It is believed that spike
activity may also contribute to EGG (11); however, the
effect of the spike activity on EGG signals is still inconclu-
sive (8), because slow waves alone are now understood to be
adequate to induce excitation-contraction coupling in the
stomach (39).

Our gastric model adopted a uniform distribution of ICC-
SMC at each continuum unit, whereas in reality several
different types of ICC network arrangements interact with
SMC in different ways throughout the GI tract (2). While
the model is sufficient for forward-modeling applications,
specific tissue models incorporating detailed information
of ICC network geometries should be preferred when repre-
senting and evaluating slow wave propagation at finer bio-
logical scales (27). A recent framework for multiple cell
types proposed by Buist and Poh (40) would be a platform
for incorporating both ICC and SMC slow waves simulta-
neously in a whole organ and/or tissue model. In future,
the gastric model presented here could be improved by
incorporating experimental evidence regarding the effects
of CO, which is known to be responsible for regulating
the gastric RMP gradient in SMCs and possibly ICCs
(41), as has recently been applied in another modeling study
(22). An accurate description of the RMP would be particu-
larly important if the V,, of ICCs were also taken into
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account. A more accurate description of the variations in
dV,Jdt (e.g., ~10 mV s~ ' in the corpus and ~20 mV s’
in the antrum in guinea-pigs (32)) should also be modeled
because of their potential contributions to the dipole calcu-
lation (Eq. 4).

There is also likely to be some error in the anatomical
relationships assigned in establishing this model. The
gastric CT images were taken before surgery, when the
stomach was distended by fluid, whereas the HR electro-
physiology data was obtained during surgery and fasting.
The HR mapping data was obtained based on best-estimates
relative to the gastric anatomical landmarks and was
matched manually to the virtual stomach model (14). The
HR mapping data was also prescribed using several patches
of recordings from the anterior serosa, with extrapolation of
data to the posterior serosa based on assumptions from
porcine HR mapping data and human MRI studies
(12,31). Despite these limitations, the approach employed
in this study does provide a significantly improved founda-
tion for EGG interpretation over previous mathematical
models. Nevertheless, these sources of error might be
further reduced in future by improved anatomical registra-
tion of the HR mapping arrays (via concurrent mapping
and imaging), and by simultaneously mapping a larger se-
rosal surface area.

Many previous studies have demonstrated the potential of
the EGG to identify gastric uncoupling (4,42). This model
now provides a valuable virtual platform and hypothesis
testing tool to predict the effects of various types of gastric
dysrhythmias on the EGG, offering a means to define the
electrophysiological basis of the abnormal EGG. Interesting
recent work has employed HR mapping to define the spatio-
temporal dynamics of gastric dysrhythmias in canines,
finding complex focal events and fibrillation-type behaviors
that were not apparent in earlier studies that used fewer elec-
trodes (43). Before simulations of dysrhythmic EGGs are
performed using this model, it would therefore be highly
desirable to first develop a clearer understanding of
dysrhythmic slow wave activity in the human stomach, via
human HR mapping in disease states such as gastroparesis.

Finally, while this study offers new insights into the elec-
trophysiology of the EGG, it should be noted that major
technical hurdles also remain before the EGG is likely to
become a widely used valuable diagnostic adjunct. Most
significantly, cutaneous recordings of gastric electrical
activity are of very low amplitude; movement artifacts and
noise (such as the ECG) routinely make visual analysis of
the EGG unreliable, and can also mislead the interpretation
of automated analyses (8,44). Until more-sophisticated
recording and analysis techniques overcome these technical
challenges, EGG interpretation will remain challenging (7).
Nevertheless, the significantly improved understanding of
the electrophysiological basis of the EGG, offered in this
study, does potentially eliminate one barrier limiting the
improved clinical application of the EGG.
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One movie is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(10)01063-5.
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