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Effects of Anatomical Variations of the Stomach
on Body-Surface Gastric Mapping Investigated

Using a Large Population-Based Multiscale
Simulation Approach

Kanyarak Ruenruaysab, Stefan Calder , Tommy Hayes, Christopher N. Andrews, Gregory O’Grady,
Armen Gharibans, and Peng Du

Abstract—Body-surface gastric mapping (BSGM) mea-
sures the resultant body-surface potentials of gastric slow
waves using an array of cutaneous electrodes. However,
there is no established protocol to guide the placement of
the mapping array and to account for the effects of biodi-
versity on the interpretation of BSGM data. This study aims
to quantify the effect of anatomical variation of the stomach
on body surface potentials. To this end, 93 subject specific
models of the stomach and torso were developed, based
on data obtained from the Cancer Imaging Archive. For
each subject a set of points were created to model general
anatomy the stomach and the torso, using a finite element
mesh. A bidomain model was used to simulate the gas-
tric slow waves in the antegrade wave (AW) direction and
formation of colliding waves (CW). A forward modeling ap-
proach was employed to simulate body-surface potentials
from the equivaelent dipoles. Simulated data were sampled
from a 5 × 5 array of electrodes from the body-surface
and compared between AW and CW cases. Anatomical pa-
rameters such as the Euclidean distance from the xiphoid
process (8.6 ± 2.2 cm), orientation relative to the axial
plane (195 ± 20.0°) were quantified. Electrophysiological
simulations of AW and CW were both correlated to spe-
cific metrics derived from BSGM signals. In general, the
maximum amplitude (Δφ) and orientation (θ) of the signals
provided consistent separation of AW and CW. The findings
of this study will aid gastric BSGM electrode array design
and placement protocol in clinical practices.

Index Terms—EGG, BSGM, gastric slow waves, FEM,
BEM.

I. INTRODUCTION

MOTILITY (contraction) of the stomach is a critical aspect
of digestion, as it serves to break down the ingested
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food and mix with gastric secretions. There are number of
co-regulatory physiological systems that govern gastric motility,
and chief among them is an electrophysiological activity called
slow waves, which are generated and propagated by specialized
pacemaker cells called the interstitial cells of Cajal (ICC) [1].
Recent clinical evidence has highlighted the role of gastric slow
wave dysrhythmias in disorders that are related to the abnormal
motility of the stomach, such as gastroparesis, functional dys-
pepsia, reflux and nausea & vomiting [2], which are prevalent
and challenging to manage.

Normal gastric slow waves propagate in the antegrade direc-
tion along the stomach at a rate of approximately three cycles
per minute (cpm) in humans [3]. Applications of multi-channel
high-resolution (HR) electrical mapping from the serosal surface
of the stomach during surgery have revealed that human gastric
slow waves originate from a pacemaker region in the proximal
stomach, along the greater curvature. Slow waves then propagate
in a circumferential direction to form a ring around the gastric
lumen and then propagate towards the pylorus with varying am-
plitude and velocity, i.e., slower in the corpus (2.6–3.5 mm·s−1)
and faster in the distal antrum (4.7–6.9 mm·s−1) [4]. It takes
approximately 60 s for a single cycle of slow waves to reach
the pylorus, resulting in three or more simultaneous wavefronts
propagating in the human stomach [5].

Although well defined, the nominal frequency range of gastric
slow waves in unto itself is not a clinically diagnostic measure.
As recent clinical HR mapping in motility disorders have re-
vealed persistent spatial dysrhythmias that often occurred within
the nominal frequency range [6]. One of the common spatiotem-
poral abnormalities observed was an abnormal conduction in
the form of a colliding wavefront (CW) between the normal
antegrade wavefront (AW) and a retrograde wavefront from an
ectopic pacemaker originated in the distal stomach [6].

While offering high fidelity data, serosal HR mapping
is limited by its invasive deployment. Additional studies
have attempted to minimize the invasiveness by developing
laparoscopic or endoscopic electrodes [7], [8]. In both cases
recordings are still limited to a short duration (<20 min),
and the anesthetic and sedation protocol required meant
the stomach is not in its normal physiological state. To
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circumvent this problem, electrogastrography (EGG), which
involves placement of cutaneous electrodes directly above the
stomach in the epigastrium region of the torso, is applied by
researchers. Conventional EGG analysis is principally focused
on frequency metrics [9], [10], but more recently a body-surface
gastric mapping (BSGM) approach, involving multiple EGG
electrodes (>20 electrodes), has shown promise to capture both
frequency and spatial changes of gastric slow waves, as well as
presenting a strong correlation with symptoms [11].

A major challenge for analysis of BSGM is to account for
the variations in the size and orientation of the stomach in
relation to the torso [12], [13]. The lack of an optimal electrode
placement procedure makes it difficult to compare results across
different studies and individuals. A previous simulation study
has attempted to address this issue by changing the orientation
of the stomach inside a single torso model using a forward
simulation approach [14], but realistic anatomical variables were
not captured. Moreover, investigations have shown the need for
optimal placement to account for realistic anatomical variations,
but it could not be determined due to limited sample size [14].
The coverage of the body-surface by the electrode array was
also shown to be an important factor in capturing changes in
slow wave propagation in a previous clinical study [15].

The main objective of this study was to conduct a large
modelling-based population study of the effects of realistic
variations of stomach and torso anatomies on BSGM poten-
tial distributions. This work refined the previously-described
methodologies of model development [14], [16], and extended
it to a large sample size (n = 93), as well as comparing the
differences between normal and retrograde gastric slow waves.
The results presented in this paper will inform coverage and
potential target area of the torso for placement of electrodes
to obtain signals that are sufficient in capture the difference
between consistently antegrade and colliding gastric slow wave
propagations.

II. METHODOLOGY

The workflow of this study is divided into three main com-
ponents. The first component involved manual segmentation
of the stomach and torso outlines, as well as marking the key
anatomical landmark points on the torso. The second component
involved developing a three-dimensional (3D) anatomical model
of the stomach and torso of each individual based on the seg-
mented data. Finally, the third component involved performing
simulations of normal and a common dysrhythmic activity,
colliding wavefronts in the distal stomach, using a combination
of finite element method (FEM) and boundary element method
(BEM) [17]. The simulated body-surface potentials were ana-
lyzed in relation to the anatomical variations and the different
types of gastric slow waves.

A. Image Source and Segmentation

CT scans of 93 different human stomach and torsos were
acquired from an open-access database of medical images,
The Cancer Imaging Archive (TCIA) [18]. The main selection
criteria were no known surgical or pathological changes to the

Fig. 1. Overview of the development of the stomach and torso models.
(a) A subject specific torso and stomach model. The xiphoid (Xpd) and
umbilicus (Umb) position were labeled manually based on the CT image.
From the torso model, the circumference (torso circ) and torso height
were calculated. (b) The distance between the xiphoid and center-
of-mass (CoM) of the stomach, as well as the length of the greater
curvature (GC) was calculated. The orientation of the stomach (Ort) was
calculated as the average angles along the longitudinal axis, relative to
the axial plane.

stomach. The group consisted of 60 male and 33 female patients
with the average age of 67 ± 10 years.

Manual segmentation of the CT images was done by a medical
trainee using ITK-SNAP [19], under senior clinical supervision.
Cases where the cancer affected gastric anatomy were excluded.
The cross-section of the stomach was labeled on a select number
of slices, depending on how well the segmentations represented
the whole shape of the stomach, usually in the coronal plane.
After the cross-section mask was labeled, a different marker
placed eight pairs of points along the lesser and greater curvature,
respectively. The midpoint intersecting across each pair of points
was assumed to be the center of the stomach that also followed
the long gastric axis. Two additional pairs of points at each level
were generated by rotating the manually marked pair of points
by 90 degrees around the long gastric axis. The centroid of the
stomach was calculated as the center-of-mass of the 16 points
that defined the 3D outline of the stomach.

The xiphoid process and umbilicus were also manually la-
beled, along with the widest points of the torso on the left and
right of the hip as well as the back, on the same axial plane as the
umbilicus. The widest points of the torso were labeled on four
other axial planes: 1) same plane as xiphoid, 2) 100 mm below
umbilicus, 3) 100 mm above umbilicus, and 4) midway between
the umbilicus and xiphoid. Some CT scans did not cover a field
that was large enough to place labels 100 mm below (or above)
the umbilicus (or xiphoid). Hence, the transverse placements of
the proximal and/or distal torso outline were estimated from an
axial projection of the most proximal and/or distal image slice.
Altogether, the 20 data points were manually labeled for each
torso.

B. Anatomical Models Development

Fig. 1 illustrates an example torso model with the subject-
specific embedded stomach model. Models of the stomach and
torso were developed from the manually labeled points using
the finite element method. Specifically, cubic Hermite basis
function (derivative continuous) was fitted in the circumferential
direction of the stomach to form an ellipsoid and a linear basis
function was used to join the ellipsoids together to form a surface
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Fig. 2. Overview of the development of the stomach and torso models.
(a) The stomach segmentations on the coronal place were used to
develop the geometry of the stomach. (b) The torso geometry was
developed from skin landmarks on the axial slices.

mesh of the stomach. The surface mesh was then projected
inwards in the transmural direction by 3 mm to represent the
thickness of gastric wall [20], as shown in Fig. 1(b). A linear
basis function was used in the transmural direction. The final
volume mesh of the stomach consisted of 64 nodes and 28
elements.

The torso model was developed in a similar manner, from the
20 labeled points on the torso from the CT images. Four cubic
Hermite basis functions were used to fit an ellipsoid around
the transverse outline of each torso. The cubic Hermite basis
function was also used join the successive ellipsoids together
to form the surface mesh of the torso. Triangular elements were
used to close the top and bottom of the torso mesh. Each element
of the torso mesh was then refined twice in both directions to
form the final torso mesh, which contained 624 elements and 306
nodes. Since the BEM was used to solve for the body-surface
potentials, a volumetric mesh of the torso with a wall-thickness
was not needed.

C. Baseline and Dysrhythmia Models Development

A previously described grid-based FEM scheme was used to
simulate gastric slow wave activations across the whole-organ
stomach model [20]. A simplified ICC model was used to
simulate a single cell activation at each solution point [21],

Cm
dVm

dt
= INa + ICa + IBK

where Cm denotes the membrane capacitance of the pacemaker,
Vm denotes the membrane potential, INa, ICa, and IBK, denote
the sodium, calcium and background potassium conductance,
respectively. The cell model was coded in the CellML markup
standard [22].

The propagation of gastric slow waves was simulated by
solving the sequence of pacemaker cell models in continuum, in
the form of the bidomain equation,

∇ · (σi∇Vm) = −∇ · ((σi + σe)∇φe)

Am

(
Cm

dVm

dt
+ Iion

)
−∇ (σi∇φe) = ∇ · (σi∇Vm)

where σ denotes the conductivity of the tissue, Am denotes the
cell surface-to-volume ratio (200 m−1), and Iion is the sum of ion
currents through the cell membrane. The equation was solved
for 4608 solution points in each whole-organ model.

Based on previously reported experimental data [23], [24],
a resting membrane potential gradient of −45 to −75 mV was
prescribed to the whole-organ model. The corpus and antrum
regions were prescribed an intrinsic frequency gradient of 3 cpm,
and the fundus was electrically quiescent [3]. Two sets of whole-
organ gastric slow waves simulations were conducted in each
subject: 1) normal AW that emerges in the proximal stomach
and terminates at the pylorus. The pattern of propagation was
based on previously reported baseline human HR mapping data
[3]; and 2) colliding of wavefronts, which is a common form
of gastric slow wave dysrhythmias observed in patients with
motility disorders [6]. In order to keep the collision pattern con-
sistent between subjects, the ectopic activation was assumed to
occur from the terminal antrum and propagated in the retrograde
direction in the antrum, before colliding with the normal AW
activity at the corpus-antrum border.

The net direction of the slow wave activations at each time step
was represented by an equivalent fixed position dipole source (J),

J = −σ (∇Vm)

The resultant body-surface potentials that arise from un-
derlying gastric slow waves were simulated using a forward
simulation. The BEM was employed to simulate potentials over
the torso surface [20], by solving the following equation,

∇ · (σt∇φ) = ∇ · J
where σt denotes the torso conductivity, which was assumed to
homogeneous in the torso cavity, and φ denotes body-surface
potentials. For ease of comparison between subjects, the body-
surface potentials were normalized as follows [25],

φ̄ =
φi − φmin

φmax − φmin

The simulations were performed in CMISS on a 48 core high
performance computer server (4x Xeon 6136 @ 3 GhZ) with
1.18 TB memory. In each case, the slow waves and resultant
body-surface potential (BSP) was simulated over a period of
600 s, with the data output at 1 s intervals.

D. Analysis

The anatomical variations of the stomach were quantified
from the fitted geometric models and validated against manual
measurements where appropriate. The cavity volume, tissue
volume of the active tissues, length of the greater curvature ware
calculated from the stomach models. The torso height, circum-
ference, and Euclidean distance between the xiphoid and um-
bilicus were calculated from the torso models. Specifically, the
length of the greater curvature, torso circumference, and distance
between the xiphoid and umbilicus were compared against the
manual measurements in terms of room-mean-squared (RMS)
error and a Student’s t-test, where p < 0.05 was deemed as
statistically significant.
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For each subject, the coverage of a 5× 5 array of electrodes on
the body-surface was chosen based on the standard placements
implemented of previously reported BSGM applications [11],
[15]. Simulated slow waves and BSP were further processed
using FFT, and the unnormalized amplitudes of the BSP were
also measured at the 25 body-surface electrodes. The Pearson
correlation coefficient was used to quantify the relationship
between the gastric slow wave dipole and the BSP closest to
the centroid of the stomach,

ρ =
1

N − 1

N∑
i = 1

(
BSPi − uBSP

σBSP

)(
GSDi − μGSD

σGSD

)

(1)
where body-surface potentials and gastric slow wave dipole are
denoted by BSP and GSD, respectively. N is the number of data
points over the simulated period, μ and σ are the mean and
standard deviation, respectively. The correlation coefficient was
also used to show correlation between other features such as age,
stomach and torso volume, amplitude of signals.

For each stomach model, the Euclidean distance between
the centroid of the stomach and xiphoid, as well as the dis-
tance between the centroid of the stomach and the locations
of maximum and minimum BSP (φmax, φmin respectively)
were determined. Key BSP features during gastric slow wave
activation were quantified based on previously described meth-
ods [25]. The difference between φmax and φmin (Δφ) was
calculated. The length (L) and the orientation with respect to the
X-Z plan (θ) of the vector between the extrema were determined.
Finally, average potential attenuation adjacent to the extrema
were estimated from the simulated body-surface potentials, by
computing the average potential gradients at N points within
70 mm of the extrema.

Amax,min =

∑N
i=1

φ̄i−φmax,min

d(Pi,Pmax,min)

N

where φ̄ is the normalized potential and d is the Euclidean
distance between point Pi and the extrema. Each BSP feature
was compared between normal and colliding waves during a
Student’s t-test, where p < 0.05 was deemed as statistically
significant.

III. RESULTS

A. Variations of Gastric and Torso Anatomy

The stomach anatomy displayed a large degree of biological
variability across the 93 subjects studied, as shown in Fig. 3. The
average volume of the stomach was 150 ± 85 mL (CI: 132 –
167 mL) (Fig. 3(a)), which was comparable to previous volume
measurements of empty human stomach using polyethylene
glycol [26]. There was a gender difference in the volume of the
stomach (F vs M, 123 ± 58 mL vs 159 ± 58 mL, p ≈ 0.03), and
age had a low degree of correlation to the volume (ρ = 0.05).
The average distance from the center of the stomach to xiphoid
was 8.6 ± 2.2 cm (CI: 8.1 – 9.0 cm) (Fig. 3(a)). Overall, 68/93
(74%) stomach models were orientated within 195 ± 20° (CI:
191 – 208°) relative to the axial plane, with the antrum of the
stomach towards the umbilical region.

Fig. 3. Distributions of gastric and torso anatomy in all subjects. (a)
Gastric volume, distance between xiphoid and stomach, and orientation
of the stomach. (b) The x-, y-, and z- positions of the stomach relative to
the xiphoid. (c) Torso volume, distance between xiphoid and umbilicus,
circumference.

The center of the stomach was generally positioned on the left
side of the torso. There was a degree of anatomical variations in
the distances of the x-, y- and z- positions of the stomach relative
to the xiphoid process, as shown in Fig. 3(b). On average, the
stomach was 1.3 ± 1.9 cm (CI: 0.9 – 1.7 cm) to the left of the
xiphoid process in the x-direction, 4.0±1.8 cm (CI: 3.6 – 4.4 cm)
behind the xiphoid process in the y-direction, and 6.7 ± 3.0 cm
(CI: 6.1 – 7.3 cm) below the xiphoid process in the z-direction.

The anatomy of torso was another important factor to consider
as it influences the amplitude of BSGM signals. In general,
all three metrics measured from the torso models demonstrated
some level of left skewness. The mean volume of the torso was
27 ± 9 L (CI: 24.8 – 28.3 L), without significance difference
between females and males (p ≈ 0.51) and a low correlation
with age (ρ = 0.22). The mean xiphoid to umbilicus distance
was 19.4 ± 3.3 cm (CI: 18.8 – 20.1 cm), which was comparable
to manual measurements (19.7 ± 3.3 cm; RMSE: 0.57 mm;
p> 0.63). The mean torso circumference was 91 ± 11 cm (CI:
88.4 – 92.9 cm), which was comparable to manual measurements
(92 ± 11 cm; RSME 1.59 mm; p ≈ 0.46).

B. Antegrade and Retrograde Simulations

A representative example of AW propagation of gastric slow
waves is demonstrated in Fig. 4(a). A typical wavefront took
approximately 50 s (from 40 to 90 s in Fig. 4(a)) to emerge in the
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Fig. 4. Whole-organ simulations of gastric slow wave propagations.
Eight virtual electrodes (E1-8) were placed along the greater curvature
of the stomach. (a) Antegrade simulations of slow waves emerging from
the proximal corpus (T0) and propagating to the pylorus, terminating
at T1. The position of the wavefront is indicated by ∗. (b) Colliding
wavefronts between retrograde waves emerging from the distal stomach
at T0 and antegrade waves emerging from the normal pacemaker region
at T1. The collision occurs in the mid corpus of the stomach at T2. The
positions of the antegrade and retrograde wavefronts are indicated by ∗
by +, respectively.

proximal stomach and reach the pylorus. It took approximately
35 s for the wavefront to reach the corpus-antrum border and
another 15 s to propagate across the antrum. Due to the fre-
quency of gastric slow waves, there was an “congregation” of
wavefronts, e.g., two wavefronts could be observed at 40 s, and
up to three simultaneous wavefronts could exist in the stomach
at the same time at 82 s, when the repolarization in the distal
antrum occurred at the same time as another wave merged in the
proximal stomach. The fundus remained depolarized throughout
the entire simulations.

The initial 240 s of colliding wavefronts simulation is demon-
strated in Fig. 4b. The distal pacemaker initiated a slow wave
that propagated in the retrograde direction at 40 s. The veloc-
ity of propagation was slower than in the antegrade direction
(1.4 mm s−1 vs 5.5 mm s−1), as the direction of propagation was
against the intrinsic frequency gradient [27]. Approximately 38
s (indicated as 78 s in Fig. 4b) into the retrograde propagation,
an AW emerged from the proximal stomach and collided with
the retrograde wavefront in the mid corpus.

It is worth nothing that FFT of the resultant dipoles of
each activity in Fig. 4 demonstrated near identical dominant
frequency (antegrade vs retrograde: 3.0 vs 3.0 cpm), which
demonstrates that such analysis could be insufficient in identi-
fying spatial dysrhythmias that occur at the nominal frequency

range [6]. There was also no shift in the power associated with
the dominant frequency between the two activities (17.64 μV).
When compared across the entire population studied, a similar
trend of comparable dominant frequency and powers associated
with the dominant frequency (58± 33 vs 48± 24 μV; p≈ 0.13).

Analysis of the simulated BSGM was done on a segment
of simulated data after the resultant dipole had reached steady
state, i.e., after at least one cycle of wavefronts had reached the
terminal antrum. The average FFT of the BSGM from the 25
electrode potentials was compared to the FFT of gastric dipole
and demonstrated identical dominant frequency. The correlation
coefficient between the gastric dipole and the body-surface
potentials was 0.77 ± 0.29 during AW and 0.68 ± 0.22 during
CW.

A number of features could be distinguished between the
steady-state solutions of underlying activities and the resultant
body-surface potentials, as shown in Fig 5. For the antegrade
activity, the clearest indication of the emergence of slow waves
in the proximal stomach (T0 in black) was the minimums of
Amax, (Fig. 5(d), black dashed line) which was generally located
in the proximity of the normal pacemaker region (Fig. 5(a)). On
the other hand, the exit of a wavefront in the terminal antrum was
indicated by the minimum of Amin (Fig. 5(d), black solid line),
which was located in the proximity of the terminal antrum. The
dominant frequency of ΔΦ matched the simulated gastric slow
waves (Fig. 5(b)). In the AW case, the termination of waves
in the pylorus occurred during the upstroke of ΔΦ , which
was not observed in the CW case. It is also worth noting that
due to the speed and frequency of gastric slow waves, each
repeating subsequent feature was associated with a preceding
wave rather than the present wave. There was also a very minimal
change in θ during AW (140-150o) but more pronounced during
CW (119-160o), likely due to the opposite directions of the
propagating wavefronts. The timing of the collision of waves
occurred during the upstroke of θ during CW (Fig. 5(e)).

C. Population Analysis

A number of BSGM characteristics of antegrade and col-
liding wavefronts demonstrated significant differences when
analyzed over the entire cohort, as shown in Fig. 6. Of all
the characteristics, only maximum of L and maximum average
attenuation of Amax did not show a statistical difference between
the two types of waves (Fig. 6(b)&(e)). Of the characteristics
that demonstrated a difference, the maximum of the average
attenuation (Amax) and the minimum of ΔΦ showed moderate
significance (0.01<p<0.05) (Fig. 6(a)&(d)). There was a strong
correlation of 0.58 between ΔΦ and the volume of stomach.
The remaining characteristics all showed a strong significance
between AW and CW. In particular, the difference in θ (AWmax

vs CWmax: 148 ± 16o vs 152 ± 18o; p < 0.001, AWmin vs
CWmin: 118 ± 17o vs 122 ± 17o; p < 0.004) suggest that
a difference in the orientations of the body-surface potentials
could be detected due to the change in the direction of the
underlying gastric slow wave activations (Fig. 6(c)).

On average, the maximum and minimum of L was
138 ± 34 mm and 97 ± 31 mm, respectively. This suggests
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Fig. 5. Torso simulations of antegrade and retrograde gastric slow
wave propagations. (a) The simulated data were analyzed over the 25
electrodes on the anterior torso. (b) The difference between extrema.
(c) The Euclidean distance between the extrema. (d) The orientation
relative to the vertical axis of the torso. (e) The averaged decay near
the extrema (solid lines, Amin; dashed lines, Amax). For the antegrade
propagation (black) the activity emerged from the normal pacemaker at
T0 and terminated in the pylorus at T1. For the retrograde propagation
(red) the retrograde activity emerged from the pylorus at T0 and collided
with the antegrade wavefront at T2. In this case the antegrade wavefront
emerged from the normal pacemaker region at T1. The same time
events are also indicated in Fig. 4.

that an array of electrodes should have at least 140 mm in each
dimension to adequately capture the variations between AW and
CW, provided the placement of the electrodes are directly over
the stomach.

IV. DISCUSSION

This study demonstrated a simulation-based analysis of the
population variations of gastric anatomy and its influence on

Fig. 6. Population summary of BSGM between antegrade wave (AW)
and colliding waves (CW). The maximum and minimum of each charac-
teristic were compared between the two waves. (a) Difference between
the extrema of body-surface potentials (ΔΦ). (b) Distance between the
extrema (L). (c) Orientation (θ). (d) Average attenuation around the
maximum (Amax), (e) Average attenuation around the minima (Amin).
The black bars represent statistical significance (∗p < 0.05; ∗∗ p <
0.004).

the ability of using multi-channel body-surface gastric mapping
(BSGM) to distinguish between antegrade wavefronts (AW)
and colliding wavefronts (CW). While significant anatomical
variations existed in the cohort of populations studied, features
in the BSGM were able to distinguish between CW and AW.
In particular, the potential differences between the extrema and
orientation of the line connecting the extrema provided potential
useful metrics that are sensitive enough to distinguish between
AW and CW, which could be captured by an electrode array of at
least 140 mm in length coverage. While this study suggested that
it would theoretically possible to distinguish between AW and
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CW by sampling from a 5 × 5 array of electrodes, in practice a
higher number might be needed to account for the uncertainty in
location of the stomach relative to specific anatomical landmarks
on the torso.

While a number of previous studies have utilized multiple
cutaneous electrodes to determine the general propagation of
gastric slow waves [15], [28], a direct relationship between
known baseline slow waves could not be elucidated given the
inaccessibly of the stomach during the recordings. On the other
hand, while invasive serosal HR mapping studies provided de-
tailed activation of the stomach [6], [29], the incision required,
sterile field, and the limited duration of recordings in a noisy
surgical environment prevented meaningful simultaneous EGG
or BSGM to be obtained.

Given the duration of standard gastric emptying tests
(240 min), it is likely that future BSGM will require an am-
bulatory system, which presents a limitation on the number of
amplifiers that can be powered on a battery. For a 5 × 5 grid
of electrodes at 20 mm inter-electrode spacing, the coverage is
80× 80 mm2 [15], so the position of the electrode array would be
critical in capturing reliable gastric slow waves in a population.
While the anatomical variations of the center of the stomach
were comparable to the range of values reported previously
using CT images, particularly in the orientation (195 ± 20° vs
202± 13°) [15], there are some noticeable differences. First, the
present study measured the position from the xiphoid instead
of the midpoint of the umbilicus and xiphoid, but the general
range of displacements were comparable in all three directions.
The one metric that did not produce agreement between the two
studies was the volume of the stomach, which was estimated to
be 309 ± 176 mL in the previous study and 150 ± 85 mL in the
present study. Differences in the volume of oral contrast used and
relative time of imaging and oral intake could have contributed
to the discrepancy between the two studies. Another potential
contributor could be the underestimation of the stomach volume
from a single image in the present study.

Another important anatomical factor to consider is the dis-
tance of the stomach center to the body-surface, which demon-
strated a small variation (8.6 ± 2.2 cm) in the population
studied. It is possible that subjects with stomach more towards
to the posterior side will need electrodes placed on the flank
of the body rather than in the abdominal wall. The orientation
of the stomach should be considered as well since the distal
region of the human stomach produces the slow waves with
the highest amplitude [3], which is more likely to be registered
by BSGM.

Conventional EGG has been focusing on a frequency-based
approach to classifying gastric slow waves, usually as either
bradygastria, tachygastria, or normogastria [9], [30]. As demon-
strated in the present study, if the frequency of the distal
pacemaker occurs at similar rate to the normal pacemaker, a
frequency-based approach is incapable of detecting the spatial
dysrhythmias based on the FFT alone (Fig. 4). The no change
in power was also expected as the amplitude of the waves did
not change between AW and CW, but in practice slow wave
dysrhythmias can exhibit change in amplitudes [31]. Therefore,

the power associated with dominant frequency should be com-
pared within the same segment of recording before and af-
ter an intervention that has known effect on gastric slow
waves [32].

The simulation provided a view of the potential distributions
across the entire torso (Fig. 5(a)), which allowed positions of the
maximum and minimum potentials to be tracked. The difference
between the two extrema provided the theoretical best signal
at each instance in time. Based the simulated Δφ (Fig. 5(b)),
a 5 s shift in phase of the signals was observed, which would
be useful when an intervention such as an electrical stimulus
given to alter the conduction of slow waves. Another difference
was morphological, i.e., theΔφ associated with AW contained a
smaller secondary peak, which was correlated to the emergence
of the normal pacemaker. The more pronounced peak in Δφ
associated with AW was correlated to the exit of slow waves in
the terminal antrum. The occurrence of the two peaks could be
explained by the timings when the most significant changes to
the dipole had taken place and therefore were reflected in the
resultant body-surface potentials. On the other hand, because
the waves could “exit” during CW, the peak of the simulated Δφ
occurred within the depolarized period following the collision
(red T1 in Fig. 5(b)). Moreover, due to the occurrence of two
opposing waves, the simulated Δθ associated with CW was
greater than AW (Fig. 5(c)), which may present a useful metric
for identifying the general direction if not the variation in the
directions of gastric slow waves in BSGM studies.

There are a number of limitations in the present study.
The anatomic data was sourced from patients without known
stomach complications, which may present different anatomical
features due to accumulation of fluid or other gastric content
[33]. The current analysis should be extended to gastroparetic
patient dataset to explore any potential differences in anatomical
features between the control and gastroparetic groups [15].
Despite the statistical difference between the amplitude and
orientation metrics (Fig. 6), there was a large amount of over-
lap between each of the metrics. Therefore, a combination of
features from the time series data may be needed in order to
distinguish between AW and CW. This could be achieved using
a time-series machine learning approach, such as tsfresh [34], to
train on a subset of data and cross-validation on simulated and
real data [35]. Furthermore, the simulations only represented
idealized cases where the AW and CW were stable, without any
additional circumferential propagation components that could
emanate from a pacemaker [5], [36]. Experimental data have
shown a range of dynamic slow wave patterns over time and
consistent propagations either occurred in most healthy subjects
or achieved via direct electrical stimulation [37], [38], while
indirect neuromodulation invoked dynamics changes [27]. It is
likely that periods of highly dynamic slow wave dysrhythmias
would present a challenge to detection of propagation, so direc-
tionality should only be considered during periods with suffi-
cient signal quality. In the present study, the torsos were treated
as a homogenous medium, which has been shown to introduce
spatial inaccuracies in cardiac simulations [25]. Furthermore,
no ventilation or cardiac artifacts were considered in this study,
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both of which would present considerable sources of noise to the
BSGM signals. Despite these limitations, the investigation was
helpful in identifying potential metrics that would be useful as
an initial indication of slow wave abnormalities in actual BSGM
studies. The torso models could also be refined to include the
major organs and skin layers, which would provide a more real-
istic presentation of the body structure and potentially improve
the accuracy of simulations. Given the sensitivity of BSGM to
noise, one question that can be addressed by the inhomogeneous
models would be the cutoff threshold of BMI for reliable EGG
and BSGM recordings.

V. CONCLUSION

In conclusion, the main outcome of this study was to explore
potential differences in simulated BSGM data between ante-
grade and colliding wavefronts on the stomach. While anatomi-
cal variations can impact the signal quality of BSGM data, with
consistent placement of recording arrays that have sufficient
coverage, combination of metrics could be used to indicate the
change in the direction of propagation. However, the significant
overlap of any one metric between the two propagations meant
definition based a single threshold would be challenging. In
future, the proposed metrics and detailed relationship between
gastric slow waves and BSGM should be validated in experi-
mental studies with simultaneous recordings from the stomach
and body-surface. Such validation will be essential if BSGM
will is to succeed in becoming a clinical tool to advance gastric
electrophysiology.
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