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Theoretical ellipsoidal model of gastric electrical control activity propagation
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A theoretical model of electric current propagation in the human stomach is developed using an approach in
which the shape of the organ is assumed to be a truncated ellipsoid whose dimensions can be determined from
anatomic measurements. The gastric electrical activity is simulated using a ring of isopotential electric current
dipoles that are generated by a pacemaker situated in the gastric corpus. The dipoles propagate in the direction
of the pylorus at a frequency of three cycles per minute. The advantages of employing ellipsoids in the
analytical formulation of this gastric model are discussed in addition to the realism and usefulness of the
approach.
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[. INTRODUCTION plication may be relevant in studies that involve noninvasive
methods of diagnosis, where the electric potential and the
The study of the electrical control activitfECA) associ- magnetic fields in the stomach are of interest and can be
ated with the stomach is of great interest in medical biophyseetected noninvasively using, for example, superconducting
ics due to the numerous investigations that have been carriggiantum interference device magnetometers.
out to detect abnormal conditions of this organ in various In a previous model of gastric electrical current propaga-
ways, particularly using electrogastrograti&GG) or mag-  tion[16—18, the magnetic field at the surface of the stomach
netogastrogram<d—6]. The ECA in the stomach is generated due to current dipoles on a propagating annular ring was
due to the periodic depolarization and repolarization of cellsapproximated by a single dipole located at the center of the
located in the body of this organ and originates in the corpusing. This single-dipole model was used successfully for
as a wave propagating aborally towards the pylorus throughtudying the gastric electrical activigGEA) from noninva-
the electrical syncytium of the stomach. sive measurements of electric potentials, but was found to be
Throughout a typical propagation cycle, the amplitude ofrather inadequate for modeling this phenomenon at a more
the electric potential recorded from a healthy human subjeatetailed level. Some of the other models that have appeared
increases by more than one order of magnitude, while thén the literaturd 7], although quite realistic, are not always as
propagation velocity is thought by some research&lsto  successful in simulating the characteristics of this phenom-
reach around 4 cm$ in the pylorus from the approximate enon as some of the more intensely computational methods
value of 0.3 cms! at the beginning of a cycle. Lately, con- that have been propos¢,11,13. On the other hand, it is
sistent efforts in the direction of modeling the complex phe-useful to note the fact that in addition to being less straight-
nomenon of gastric electrical activity have led to the develforward to implement and understand, complex computa-
opment of various analytical and numerical electric wavetional models may not always lead to the simplest realistic
propagation models that can reproduce EGG recordingestimations of gastric electric fields. This may be a possible
[8-10,7. disadvantage in studies that do involve the use of GEA mod-
eling but which are not systematically concerned with all the
details of the model itself. In light of these alternatives, it is
Il. MOTIVATION AND PURPOSE useful to note that our method is not as intensely computa-
The purpose of this paper is to propose an ellipsoida ional as some of the pthers tha_lt have been developed
model of gastroelectrical activity based on known anatomic 11.'12; ho_vv_ever, we believe that it ha_s the advanta_ge of
eing sufficiently simple, comprehensive, and precise to

and physiological characteristics of the gastrointestid) del th I h for th ;
tract and to predict some of its possible advantages. In confd€l the GEA accurately enough for the purposes of many

parison with cones or cylinders, which have already beeﬁpplications Without.overlooking the overall complexity of
used for modeling the stomag#i, 11,13, ellipsoids may ac- the Phenomenon being modeled.

count in a more natural way for the rate in which the diam-
eter of the Gl tract diminishes in the region of the pylorus.
This may indicate that ellipsoids are potentially useful for
simulating the electric coupling of current sources in the As it has been already proposed in other studies of bio-
stomach. electric current propagatiofv,11,12,19, the gastric electri-

By using ellipsoids truncated along the plane in which thecal activity can be modeled by an annular band polarized by
gastric activity originates, it can be of interest to model gas-<lectric current dipoleg20] that move across the body of the
tric electrical currents by taking into account the behavior ofstomach from the corpus in the direction of the pyldr2§].
electric field phase velocities as functions of time. Moreover|n agreement with other common models of propagation and
determining the electric potential outside the stomach usingvith the phenomenology of the Gl trat1,22, the current
our model may be convenient for investigating the magnetialipoles on this annular band can be considered to be perpen-
fields that are associated with[it3—15. This possible ap- dicular to the surface of the gastric wall and oriented either

Ill. THEORETICAL MODEL
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inward [7] or along the direction of propagatig@3]. In p-(r—r')

humans, a typical GEA cycle begins roughly two thirds of V(r)= f f

the way along the greater curvature of the stomach and 4meo [r=r'|?

propagates towards the pylorus with increasing velocity 2 112

[11,17. Since the electrical activity above the gastric pace- % ‘9_5 +('?_§) +1| dx'dz’ 3)
maker is negligible from the perspective of propagation ax’ 0z’ ’

[11,12, one can assume that it is sufficient to take into ac-

count for the purposes of this theoretical model only thewhere{(x’,z") can be obtained by solving for the variable

truncated section of the ellipsoid positioned immediately bey’ in the standard equation of the ellipsoid:

low that region. o\ 112
In some applications, ellipsoids may be preferable to ., X'

cones for modeling the GEA due to the agreement of the (x',z ):ﬁ( 1= ?_ _2) : S

former with the anatomic configuration of the stomach, par-

ticularly in the regions of the pylorus and of the corpus,From expressing the equation of the ellipsoid in Cartesian

about half of the way along the greater curvature of the orcoordinateg28], one can define a useful functignas
gan. These objects have a simple geometry and mathematical

formulation, and for certain studies they may represent vi- EXy'Z)=y'—¢ 5)
able alternatives to truncated conoids and to other geometri-

cal shape$22—25, some of which are associated with more such that the gradient @fis normal with respect to the level
elaborate numerical approximations of the electric potentialsurface through any pointx(,y’,z’) on the ellipsoid. The
Although our mathematical model does require numericaparametersy, B, andy can be determined experimentally
integration, the approach that it proposes is simple and eagjiven that they are the spatial extremities of the spheroid,
to implement in comparison with a number of other modelsi.e., stomach, in the, j, andk directions, respectively, as-
of electrical activity that have been published. suming that the body is located along the axis and cen-

In the quasistatic approximation, the electrical current di-tered at the origin. To evaluate the dot prodpefr—r'), it
poles that propagate through the stomach wall can be mods sufficient to recall thap is a vector perpendicular to the
eled using a circular band of widthR which moves along ellipsoidal propagation surface and ti¥té¢ is normal with
the body of an ellipsoid with constant acceleration. As prerespect to this surface and opposite in directiorptdNor-
dicted by electromagnetic field thedy], the electric poten- malization of this vector and multiplication by-(1) yields a
tial V of an electric current dipole in a homogeneous mediununit vector perpendicular to the surface of the ellipsoid and
due to a current dipole in this wall is given by the equationdirected inwards. If this resulting vector is then further mul-
tiplied by the magnitude of the dipole density vector associ-
ated with the surface of the annular band, one can obtain an

(r=r’ : ; . :
V(r)= L/a) ) algebraic expression for the dipole density vector as a func-
dmeo |r—r'| tion of location on the band:
where the vectorr(—r') points from the source of the po- p=—p V¢ ®)
tential r' to the measurement pointand ¢, is the permit- °|vf§|

tivity of free space. For an isopotential band of dipoles, the

total potential at any point in space becomes the sum oWvhere po=|py|, i.e., the magnitude of the dipole density

potentials due to each of timedipoles on the annular band, in vector, becomes a parameter to the equation that can be de-

which case the substitutiqm=pd S can be made, whepgis  termined based on experimental information and

a vector denoting the dipole density of the propagating band.— V' ¢)|V'¢& ! is the downward unit normal with respect

By using the limit of a Riemann sum to define the surfaceto the surface of the ellipsoid. Due to the anatomical con-

the potential due to the propagating current dipoles is thefiguration of the stomach, the simplifying assumption can be

given [27] by the formulas made that the ellipsoid is a spheroid elongated alongythe
axis of propagation, i.eq=y and 8> «. These two restric-

, tions are consistent with the fact that the stomach has an

V(r)= lim E 2 p.(r_rlg)A 'AZ] approximately circular cross section. After mathematical ma-

Ameg ||z||—0 =1 (=1 Ir—rj] ) nipulation, the dipole density functiom for the band of di-
poles can be found to be
p-(r=r’) _
47T€of f Ir—r |3 2 p(x'y',2')=—pola’—(a?= ) (x'?+2'?)]"V?

X{B(x'1+2'K)+ a[ ®— (x'?2+2'?)]"3}.
where the dipole moment of the annular band was rewritten (7)
in terms of the dipole surface densjtyand of the infinitesi-
mal surface elemerdS. This iterated integral can be recast The surface integral that gives the total potential then be-
[26,28,29 into the standard Cartesian form comes

051905-2



THEORETICAL ELLIPSOIDAL MODEL OF GASTRC.. ..

v B 1 J'j 1 (V'&-(r=r")
e N =T
o\ [ ar)? 12
X||—] +|—| +1| dx'dZ. (8)
ax' az'
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where the variablep is only necessary for the conversion of
r to spherical polar coordinates sincewas written in terms
of two variables and integration is performed in thie-Zz’
plane. Analytical integration of this expression is cumber-
some; alternatively, a numerical integration technique can be
employed.

To model the velocity of the current dipoles as the annular

Expressing the infinitesimal surface element of an ellipsoicband propagates through the stomach, it is necessary to take

is cumbersome in spherical polar coordind®@ and it is in

into account the fact that the position function must obey the

fact preferable to continue derivations using the Cartesialboundary conditiong’(0 s)=\(m) andy’(20 s)=— B(m)
form. Since the expression above must involve only twosuch that one cycle of propagation takes 20 s. The constant

variables, the variablg’ in the quantity

ViE(r-r)

k(x'y',2' Xy,2)= ; (9)

=]

must be parametrized in terms &f and z’ such thaty’
=/. This leads to the expression

1
4’7T€0

V(r)=—pg LJ f(x",z',x,y,2)dx'dz’", (10

where
f(x',z' ,x,y,2)=g(x’,2" ,x,y,z)h(x",2' ,X,y,2)
Xj(x",z2)H(x",z2") (11
is a product of functions given by
9(x",z"\x,y,2)= B[X" (x=x")+2'(z=2")]
+a(y— e~ (x"2+2'9)]Y% (12)

1
h I, /’ , , —
O ) Ve (= 0P+ (=2 T
1
:|r—r’|3' 13
o 1 a4—(x’2+z'2)(a2—,82) 12
IX.2)= 2 s SNGY
and
1
I(x",2")= (15

[a4_(a2_ﬁ2)(X/2+Z/2)]l/2'

represents theg/’-coordinate position of the gastric pace-
maker where each propagation cycle begins. The pldne
=\ thus represents the limit of the truncated ellipsoid in the
upper portion of the stomach, where the pacemaker is lo-
cated.

After algebraic manipulation, one can find the expression
for the radius of the annular bariRlas a function of time to
be given by

/t2
[y(H], an

BZ
wherey’(t) is the vertical plane of the annular band as it

moves in the direction of the pylorus. To compute the electric
field outside the ellipsoid, the quantity

Po fZWJ'RO+ARf drd
= r',0,r,0,¢)r'dr'do’
47760 0 Ro ( d))
(18)

R(t)=a2[ 1-

E \%

can be evaluated numerically using a \olterra series expan-
sion. As suggested by an anonymous reviewer, this numeri-
cal method has the advantage of including phase information
[31-34), which makes it preferable to a second-order, three-
dimensional Taylor series, for example. The annular band
can be assumed to exhibit positive constant acceleration; fit-
ting the boundary conditiong’ (0 s)=A(m) andy’(20 s)
=—pB(m), wherey’ represents the position function of the
band, leads to the derivation of the annular band position
function

y'(1)=2.375<10 3t?~5.5x 10 %t +5x10 2 (m),
(19

which can be used for simulating the time evolution of the
electric potential described here.

To validate our model and analyze its implications, a
computer simulation of the electric potential predicted by our
theory for chosen locations above the stomach was devel-
oped. The electric potential and the electric field due to the

At this point conversion to polar coordinates can Straight'displacement of the ring across the stomach body were both

forwardly be made according to the transformatiox’s
—r’cosf’, Zz'—r’sind and x—rcosfsing, Yy

—r sinf#sin¢g, andz—r cosé. The definite surface integral

can thus be conveniently written in the form

Po f27rfR0+ARf dr'd
r',0 ,r,0,p)r'dr'do’
47T€0 0 RO ( ¢)
(16)

V(r)=-

computed. To evaluate the potential, multiple numerical in-
tegration was performed in two dimensions using Simpson’s
% rule for polar coordinates to obtain the potentalAs an
example, we present in Fig. 1 the simulated electric potential
for a point in the stomach withx(y,z) =(0,0,0) cm, using
the coordinate system of Fig. 2. Our wave form agrees with
that obtained by Mirizzet al.[7] using a cone model for the

same type of simulation.
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(AV)?=(Vg—Ve)?, (20)
60 mV ) .
where V4 and V. are the potentials predicted by the one-
dipole and ellipsoidalpresent workmodels, respectively. In
0 0 0 &0 the second approach,=y’'={ because the center of the

time (s) annular band moves along tlyé axis during each cycle of
propagation. The expression above then becomes
FIG. 1. The electric potentidV simulated using the ellipsoidal

model for the point X,y,z)=(0,0,0) cm, i.e., inside the stomach p-(r—¢)
and along they’ axis of propagation. (AV)?= 'l TR
8meg| [r—¢|
IV. DISCUSSION )
. . . . 27 [Rop+AR
We take note of how various simplified versions of the +pOJ f f(r',0',r,0,p)r'dr'de’ | ,
propagating annular band model used in other studiés- 0 JRg
18] were able to accurately model the GEA. Computation- (22)

ally, the annular band can be approximated in our case by a

limited number of dipoles propagating across the surface ofvhich can be used to measure the improvement proposed by
the ellipsoid. Ultimately, one can make the assumption thapur model. Although an experimental study that would allow
the potential is due to the presence of one dipole located ahis improvement to be quantified has not been performed
the center of the propagating ring. This is valid only for yet, a statistical investigation focusing on one dipole for
points located far enough from the source, which is often noinodeling the GEA35] suggests that a more sophisticated
the case in many biomedical studies. In a large number afodel—such as the one presented here—may indeed be nec-
noninvasive experimental investigatiof6], recordings of  essary in some simulation studies. It therefore remains to be
electric or magnetic fields are made close to the surface afccurately determined as to what extent one can safely sim-
the stomach and the method used for computing the electriglify the model of the GEA by using a cylindrical body with-
potential must subsequently be more accurate than as givesut omitting important information about this phenomenon
by a one-dipole model. It is then not only of theoretical butfrom the theoretical formulation.

also practical interedt37] to determine how many current  One possible disadvantage of the approach presented here
dipoles are necessary to simulate the potential due to thig the fact that it neglects the inhomogeneities of the abdomi-
annular band of homogeneous dipole denpityithin a cer-  nal medium. Other GEA models that have been developed
tain accuracy. This is important because it allows one tq7,11,12,22 also assume Ed1) to derive a formula for the
ascertain the extent to which the present approach is morglectric potential due to a moving polarized band. The as-
precise than the simpler model that we developE8-18  sumption of homgeneity greatly simplifies our modeling
and which simulates the GEA using a single current dipoleproblem, although an inhomogeneous extension is also pos-
The difference in accuracy between the two theoretical estisible. Studies that incorporate this aspect have been per-
mations can be quantified in the least-squares sense by mallgrmed, for example, in cardiac modelifg8]. Our theoret-

ing use of the formula ical approach is suitable for adaptation in this respect
because, in our model, the electric potential in &).is due

- to a distribution of current dipoles on the surface of an ellip-

soid. This mathematical formulation can be used to apply, for
example, a piecewise-homogeneous model as proposed by
Sarvas and Hadainen et al. [39—-41]. In their procedure,
the volume currents- cVV are replaced by secondary cur-
T rents on the boundaries between the inhomogeneous conduc-
pecu REE RS y tors being considere42], provided that the conductivities
r‘ of the latter do not differ greatly. In order to use this
/i piecewise-homogeneous model, the surface integrals for the
A potential must be evaluated. In our case, however, since Eq.
(8) already provides a formulation of this integral for the
/J A stomach, the extension of our model to include piecewise-
L a homogeneous conductors follows more clearly. The inclu-
a sion of homogeneity can also address another limitation of
FIG. 2. Visual representation of the ellipsoidal gastric electrical®Ur model, namely, the assumption that the stomach body is
current propagation model. The electric potentials due to an ~ Surrounded by a dielectric medium. By modeling the sur-
annular band of dipole densifythat moves in the direction of the rounding abdominal organs as piecewise-homogeneous bod-
pylorus, i.e., in the direction of the negatiyeaxis in this figure. A i€s of varying conductivities, this constraint can also be re-
GEA cycle begins in a vertical plane perpendicular to yhaxis, moved.
where the body of the ellipsoid is truncated; this is also the plane Although the modifications presented above can all be
that corresponds to the position of the gastric pacemaker. implemented, the assumption of homogeneity does offer the
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possibility to study the most important aspects of the GEA inGEA has a number of advantages in this respect, which may
a straightforward mann¢i6-18,44. The inclusion of inho-  prove useful in future attempts to accurately capture and de-
mogeneity may therefore not be required in most cases urscribe the important aspects of this phenomenon.

less this particular modeling aspect is essential to a study. A
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tions of our present model but also the electrical response
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