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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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I. INTRODUCTION

The study of the electrical control activity~ECA! associ-
ated with the stomach is of great interest in medical bioph
ics due to the numerous investigations that have been ca
out to detect abnormal conditions of this organ in vario
ways, particularly using electrogastrograms~EGG! or mag-
netogastrograms@1–6#. The ECA in the stomach is generate
due to the periodic depolarization and repolarization of c
located in the body of this organ and originates in the cor
as a wave propagating aborally towards the pylorus thro
the electrical syncytium of the stomach.

Throughout a typical propagation cycle, the amplitude
the electric potential recorded from a healthy human sub
increases by more than one order of magnitude, while
propagation velocity is thought by some researchers@7# to
reach around 4 cm s21 in the pylorus from the approximat
value of 0.3 cm s21 at the beginning of a cycle. Lately, con
sistent efforts in the direction of modeling the complex ph
nomenon of gastric electrical activity have led to the dev
opment of various analytical and numerical electric wa
propagation models that can reproduce EGG record
@8–10,7#.

II. MOTIVATION AND PURPOSE

The purpose of this paper is to propose an ellipsoi
model of gastroelectrical activity based on known anatom
and physiological characteristics of the gastrointestinal~GI!
tract and to predict some of its possible advantages. In c
parison with cones or cylinders, which have already be
used for modeling the stomach@7,11,12#, ellipsoids may ac-
count in a more natural way for the rate in which the dia
eter of the GI tract diminishes in the region of the pyloru
This may indicate that ellipsoids are potentially useful
simulating the electric coupling of current sources in t
stomach.

By using ellipsoids truncated along the plane in which
gastric activity originates, it can be of interest to model g
tric electrical currents by taking into account the behavior
electric field phase velocities as functions of time. Moreov
determining the electric potential outside the stomach us
our model may be convenient for investigating the magn
fields that are associated with it@13–15#. This possible ap-
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plication may be relevant in studies that involve noninvas
methods of diagnosis, where the electric potential and
magnetic fields in the stomach are of interest and can
detected noninvasively using, for example, superconduc
quantum interference device magnetometers.

In a previous model of gastric electrical current propag
tion @16–18#, the magnetic field at the surface of the stoma
due to current dipoles on a propagating annular ring w
approximated by a single dipole located at the center of
ring. This single-dipole model was used successfully
studying the gastric electrical activity~GEA! from noninva-
sive measurements of electric potentials, but was found to
rather inadequate for modeling this phenomenon at a m
detailed level. Some of the other models that have appe
in the literature@7#, although quite realistic, are not always
successful in simulating the characteristics of this pheno
enon as some of the more intensely computational meth
that have been proposed@8,11,12#. On the other hand, it is
useful to note the fact that in addition to being less straig
forward to implement and understand, complex compu
tional models may not always lead to the simplest realis
estimations of gastric electric fields. This may be a poss
disadvantage in studies that do involve the use of GEA m
eling but which are not systematically concerned with all t
details of the model itself. In light of these alternatives, it
useful to note that our method is not as intensely compu
tional as some of the others that have been develo
@11,12#; however, we believe that it has the advantage
being sufficiently simple, comprehensive, and precise
model the GEA accurately enough for the purposes of m
applications without overlooking the overall complexity
the phenomenon being modeled.

III. THEORETICAL MODEL

As it has been already proposed in other studies of b
electric current propagation@7,11,12,19#, the gastric electri-
cal activity can be modeled by an annular band polarized
electric current dipoles@20# that move across the body of th
stomach from the corpus in the direction of the pylorus@21#.
In agreement with other common models of propagation
with the phenomenology of the GI tract@11,22#, the current
dipoles on this annular band can be considered to be per
dicular to the surface of the gastric wall and oriented eit
©2003 The American Physical Society05-1
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inward @7# or along the direction of propagation@43#. In
humans, a typical GEA cycle begins roughly two thirds
the way along the greater curvature of the stomach
propagates towards the pylorus with increasing veloc
@11,12#. Since the electrical activity above the gastric pa
maker is negligible from the perspective of propagat
@11,12#, one can assume that it is sufficient to take into
count for the purposes of this theoretical model only
truncated section of the ellipsoid positioned immediately
low that region.

In some applications, ellipsoids may be preferable
cones for modeling the GEA due to the agreement of
former with the anatomic configuration of the stomach, p
ticularly in the regions of the pylorus and of the corpu
about half of the way along the greater curvature of the
gan. These objects have a simple geometry and mathema
formulation, and for certain studies they may represent
able alternatives to truncated conoids and to other geom
cal shapes@22–25#, some of which are associated with mo
elaborate numerical approximations of the electric poten
Although our mathematical model does require numer
integration, the approach that it proposes is simple and e
to implement in comparison with a number of other mod
of electrical activity that have been published.

In the quasistatic approximation, the electrical current
poles that propagate through the stomach wall can be m
eled using a circular band of widthDR which moves along
the body of an ellipsoid with constant acceleration. As p
dicted by electromagnetic field theory@7#, the electric poten-
tial V of an electric current dipole in a homogeneous medi
due to a current dipole in this wall is given by the equati

V~r !5
1

4pe0

p•~r2r 8!

ur2r 8u3
, ~1!

where the vector (r2r 8) points from the source of the po
tential r 8 to the measurement pointr and e0 is the permit-
tivity of free space. For an isopotential band of dipoles,
total potential at any point in space becomes the sum
potentials due to each of then dipoles on the annular band, i
which case the substitutionp[rdS can be made, wherer is
a vector denoting the dipole density of the propagating ba
By using the limit of a Riemann sum to define the surfa
the potential due to the propagating current dipoles is t
given @27# by the formulas

V~r !5
1

4pe0
lim

uuDuu→0
(
i 51

n

(
j 51

m
r•~r2r i j8 !

ur2r i j8 u3
Dxi8Dzj8

5
1

4pe0
E

S
E r•~r2r 8!

ur2r 8u3
dS, ~2!

where the dipole moment of the annular band was rewri
in terms of the dipole surface densityr and of the infinitesi-
mal surface elementdS. This iterated integral can be reca
@26,28,29# into the standard Cartesian form
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V~r !5
1

4pe0
E

S
E r•~r2r 8!

ur2r 8u3

3F S ]z

]x8
D 2

1S ]z

]z8
D 2

11G 1/2

dx8dz8, ~3!

wherez(x8,z8) can be obtained by solving for the variab
y8 in the standard equation of the ellipsoid:

z~x8,z8!5bS 12
z82

g2
2

x82

a2 D 1/2

. ~4!

From expressing the equation of the ellipsoid in Cartes
coordinates@28#, one can define a useful functionj as

j~x8,y8,z8!5y82z ~5!

such that the gradient ofj is normal with respect to the leve
surface through any point (x8,y8,z8) on the ellipsoid. The
parametersa, b, and g can be determined experimental
given that they are the spatial extremities of the sphero
i.e., stomach, in theî , ĵ , and k̂ directions, respectively, as
suming that the body is located along they8 axis and cen-
tered at the origin. To evaluate the dot productr•(r2r 8), it
is sufficient to recall thatr is a vector perpendicular to th
ellipsoidal propagation surface and that“8j is normal with
respect to this surface and opposite in direction tor. Nor-
malization of this vector and multiplication by (21) yields a
unit vector perpendicular to the surface of the ellipsoid a
directed inwards. If this resulting vector is then further mu
tiplied by the magnitude of the dipole density vector asso
ated with the surface of the annular band, one can obtain
algebraic expression for the dipole density vector as a fu
tion of location on the band:

r52p0

“8j

u“8ju
, ~6!

where p0[up0u, i.e., the magnitude of the dipole densi
vector, becomes a parameter to the equation that can be
termined based on experimental information and
(2“8j)u“8ju21 is the downward unit normal with respec
to the surface of the ellipsoid. Due to the anatomical co
figuration of the stomach, the simplifying assumption can
made that the ellipsoid is a spheroid elongated along thy
axis of propagation, i.e.,a5g andb.a. These two restric-
tions are consistent with the fact that the stomach has
approximately circular cross section. After mathematical m
nipulation, the dipole density functionr for the band of di-
poles can be found to be

r~x8,y8,z8!52p0@a42~a22b2!~x821z82!#21/2

3$b~x8 î1z8k̂!1a@a22~x821z82!#1/2ĵ%.

~7!

The surface integral that gives the total potential then
comes
5-2
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V~x,y,z!52p0

1

4pe0
E

S
E 1

u“8ju

~“8j!•~r2r 8!

ur2r 8u3

3F S ]z

]x8
D 2

1S ]z

]z8
D 2

11G 1/2

dx8dz8. ~8!

Expressing the infinitesimal surface element of an ellips
is cumbersome in spherical polar coordinates@30# and it is in
fact preferable to continue derivations using the Cartes
form. Since the expression above must involve only t
variables, the variabley8 in the quantity

k~x8,y8,z8,x,y,z!5
“8j•~r2r 8!

ur2r 8u3
~9!

must be parametrized in terms ofx8 and z8 such thaty8
[z. This leads to the expression

V~r !52p0

1

4pe0
E

S
E f ~x8,z8,x,y,z!dx8dz8, ~10!

where

f ~x8,z8,x,y,z![g~x8,z8,x,y,z!h~x8,z8,x,y,z!

3 j ~x8,z8!l ~x8,z8! ~11!

is a product of functions given by

g~x8,z8,x,y,z!5b@x8~x2x8!1z8~z2z8!#

1a~y2z!@a22~x821z82!#1/2, ~12!

h~x8,z8,x,y,z!5
1

@~x2x8!21~y2z!21~z2z8!2#3/2

5
1

ur2r 8u3
, ~13!

j ~x8,z8!5
1

a Fa42~x821z82!~a22b2!

a22~x821z82!
G 1/2

, ~14!

and

l ~x8,z8!5
1

@a42~a22b2!~x821z82!#1/2
. ~15!

At this point conversion to polar coordinates can straig
forwardly be made according to the transformationsx8
→r 8 cosu8, z8→r 8 sinu8 and x→r cosu sinf, y
→r sinu sinf, andz→r cosu. The definite surface integra
can thus be conveniently written in the form

V~r !52
p0

4pe0
E

0

2pE
R0

R01DR

f ~r 8,u8,r ,u,f!r 8dr8du8

~16!
05190
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where the variablef is only necessary for the conversion
r to spherical polar coordinates sincer 8 was written in terms
of two variables and integration is performed in thex82z8
plane. Analytical integration of this expression is cumb
some; alternatively, a numerical integration technique can
employed.

To model the velocity of the current dipoles as the annu
band propagates through the stomach, it is necessary to
into account the fact that the position function must obey
boundary conditionsy8(0 s)5l(m) andy8(20 s)52b(m)
such that one cycle of propagation takes 20 s. The constal
represents they8-coordinate position of the gastric pac
maker where each propagation cycle begins. The planey8
5l thus represents the limit of the truncated ellipsoid in t
upper portion of the stomach, where the pacemaker is
cated.

After algebraic manipulation, one can find the express
for the radius of the annular bandR as a function of time to
be given by

R~ t !5a2H 12
@y8~ t !#2

b2 J , ~17!

where y8(t) is the vertical plane of the annular band as
moves in the direction of the pylorus. To compute the elec
field outside the ellipsoid, the quantity

E5
p0

4pe0
“F E

0

2pE
R0

R01DR

f ~r 8,u,r ,u,f!r 8dr8du8G
~18!

can be evaluated numerically using a Volterra series exp
sion. As suggested by an anonymous reviewer, this num
cal method has the advantage of including phase informa
@31–34#, which makes it preferable to a second-order, thr
dimensional Taylor series, for example. The annular ba
can be assumed to exhibit positive constant acceleration
ting the boundary conditionsy8(0 s)5l(m) and y8(20 s)
52b(m), wherey8 represents the position function of th
band, leads to the derivation of the annular band posit
function

y8~ t !52.37531023t225.531022t1531022 ~m!,

~19!

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

To validate our model and analyze its implications,
computer simulation of the electric potential predicted by o
theory for chosen locations above the stomach was de
oped. The electric potential and the electric field due to
displacement of the ring across the stomach body were b
computed. To evaluate the potential, multiple numerical
tegration was performed in two dimensions using Simpso
1
3 rule for polar coordinates to obtain the potentialV. As an
example, we present in Fig. 1 the simulated electric poten
for a point in the stomach with (x,y,z)5(0,0,0) cm, using
the coordinate system of Fig. 2. Our wave form agrees w
that obtained by Mirizziet al. @7# using a cone model for the
same type of simulation.
5-3
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IV. DISCUSSION

We take note of how various simplified versions of t
propagating annular band model used in other studies@16–
18# were able to accurately model the GEA. Computatio
ally, the annular band can be approximated in our case b
limited number of dipoles propagating across the surface
the ellipsoid. Ultimately, one can make the assumption t
the potential is due to the presence of one dipole locate
the center of the propagating ring. This is valid only f
points located far enough from the source, which is often
the case in many biomedical studies. In a large numbe
noninvasive experimental investigations@36#, recordings of
electric or magnetic fields are made close to the surfac
the stomach and the method used for computing the ele
potential must subsequently be more accurate than as g
by a one-dipole model. It is then not only of theoretical b
also practical interest@37# to determine how many curren
dipoles are necessary to simulate the potential due to
annular band of homogeneous dipole densityr within a cer-
tain accuracy. This is important because it allows one
ascertain the extent to which the present approach is m
precise than the simpler model that we developed@16–18#
and which simulates the GEA using a single current dipo
The difference in accuracy between the two theoretical e
mations can be quantified in the least-squares sense by
ing use of the formula

FIG. 1. The electric potentialV simulated using the ellipsoida
model for the point (x,y,z)5(0,0,0) cm, i.e., inside the stomac
and along they8 axis of propagation.

FIG. 2. Visual representation of the ellipsoidal gastric electri
current propagation model. The electric potentialV is due to an
annular band of dipole densityr that moves in the direction of the
pylorus, i.e., in the direction of the negativey axis in this figure. A
GEA cycle begins in a vertical plane perpendicular to they axis,
where the body of the ellipsoid is truncated; this is also the pl
that corresponds to the position of the gastric pacemaker.
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~DV!25~Vd2Ve!
2, ~20!

where Vd and Ve are the potentials predicted by the on
dipole and ellipsoidal~present work! models, respectively. In
the second approach,r 8[y8[z because the center of th
annular band moves along they8 axis during each cycle o
propagation. The expression above then becomes

~DV!25
1

8p2e0
2 Fp•~r2z!

ur2zu3

1p0E
0

2pE
R0

R01DR

f ~r 8,u8,r ,u,f!r 8dr8du8G 2

,

~21!

which can be used to measure the improvement propose
our model. Although an experimental study that would allo
this improvement to be quantified has not been perform
yet, a statistical investigation focusing on one dipole
modeling the GEA@35# suggests that a more sophisticat
model—such as the one presented here—may indeed be
essary in some simulation studies. It therefore remains to
accurately determined as to what extent one can safely
plify the model of the GEA by using a cylindrical body with
out omitting important information about this phenomen
from the theoretical formulation.

One possible disadvantage of the approach presented
is the fact that it neglects the inhomogeneities of the abdo
nal medium. Other GEA models that have been develo
@7,11,12,22# also assume Eq.~1! to derive a formula for the
electric potential due to a moving polarized band. The
sumption of homgeneity greatly simplifies our modelin
problem, although an inhomogeneous extension is also
sible. Studies that incorporate this aspect have been
formed, for example, in cardiac modeling@38#. Our theoret-
ical approach is suitable for adaptation in this resp
because, in our model, the electric potential in Eq.~2! is due
to a distribution of current dipoles on the surface of an ell
soid. This mathematical formulation can be used to apply,
example, a piecewise-homogeneous model as propose
Sarvas and Ha¨mäläinen et al. @39–41#. In their procedure,
the volume currents2s“V are replaced by secondary cu
rents on the boundaries between the inhomogeneous con
tors being considered@42#, provided that the conductivities
of the latter do not differ greatly. In order to use th
piecewise-homogeneous model, the surface integrals for
potential must be evaluated. In our case, however, since
~8! already provides a formulation of this integral for th
stomach, the extension of our model to include piecewi
homogeneous conductors follows more clearly. The inc
sion of homogeneity can also address another limitation
our model, namely, the assumption that the stomach bod
surrounded by a dielectric medium. By modeling the s
rounding abdominal organs as piecewise-homogeneous
ies of varying conductivities, this constraint can also be
moved.

Although the modifications presented above can all
implemented, the assumption of homogeneity does offer

l

e

5-4



i

u
y.
ita
ns

-
-
th

ay
de-

ed
h,
rs

THEORETICAL ELLIPSOIDAL MODEL OF GASTRIC . . . PHYSICAL REVIEW E 68, 051905 ~2003!
possibility to study the most important aspects of the GEA
a straightforward manner@16–18,44#. The inclusion of inho-
mogeneity may therefore not be required in most cases
less this particular modeling aspect is essential to a stud
theoretical investigation that addresses not only the lim
tions of our present model but also the electrical respo
activity phenomenon is currently under way.

Modeling gastric electrical activity is important for ac
quiring a better@44# understanding of the physiological pro
cesses in the human stomach. Our ellipsoidal model of
d
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GEA has a number of advantages in this respect, which m
prove useful in future attempts to accurately capture and
scribe the important aspects of this phenomenon.
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