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Abstract

The rationale of this study was to investigate if the bases of generation of the electrical activity of the whole gut are the same. For this reason,
we developed a mathematical dipole model, based on the same foundations used to simulate the electrical activity of the human stomach, to
generate the electrical activity of the transverse cat colon. The model developed takes into account both the geometry of the transverse colon
represented by a cylinder of finite length and the myoelectrical dynamics of the cells. The extracellular electrical activity was simulated by the
periodic movement of an annular band polarised by electric dipoles. The simulation not only reproduces both the waveform, amplitude, phase
lag and frequency of the ECA and the frequency, duration and periodicity of the ERA but also allows us to reproduce both increases/decreases
of frequency, the inversion of phase conditions of the ECA and ERA, and to underline the anatomical and physiological parameters that can
modify the ECA amplitude, such as the radius of the colon and the cells’ dipole moment density. The simulation also picks up not only the
effects of the probes’ type (unipolar, bipolar, endoluminal, external) and of their positioning during in vivo experiments made by implanted
electrodes to record the ECA and ERA, but also allows us to find both the theoretical best configuration for the surface electrodes and the
effects of the distance between the abdominal electrodes and the source of the electrical activity, and of the distance between the electrodes.
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1. Introduction

The electrical activity of the gastrointestinal tract (GI)
consists of electrical control activity (ECA, slow waves) and
electrical response activity (ERA, spike bursts). As reported
by several experimental studies, slow waves are generated
from the complex electrochemical interaction between the
smooth muscle cells and specialised cells called interstitial
cells of Cajal (ICC), and both realise the fundamental com-
ponents of the myogenic control system (MCS). The ICC
cells are the pacemaker of the gut [1] and generate pace-
maker potentials that produce rhythmical depolarisation of
the membrane [2,3]. The ECA activity controls the occur-
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rence of contractions in the time and space. The ERA is made
up of two components: plateau and spikes. Several authors
[4,5] have related that the spikes are superimposed over the
plateau of the ERA and that its occurrence is started by the
injection of Ca?* ions into the smooth muscle cells. It is
also known that the ERA spike bursts are the trigger for the
contractions.

Many models have been developed to simulate the elec-
trical activity of the GI tract. Generally, these models are
divided into three categories: relaxation oscillators models
[6-9], volume-conductor models [10—-12] and dipole-based
models [13—15]. The question to establish which category of
models is the most appropriate has been the subject of a great
deal of debate, but the consensus appears to be that each of
the different types of model reveals specific features of the
GI electrical activity [16,17].
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To verify the achievability of the rationale, we developed
an electric dipole-based mathematical model that reproduces
the myoelectrical activity of the cat colon, taking into account
its geometrical characteristics and the myoelectrical dynam-
ics of the cells. To validate the model: (a) the most significant
characteristics of the ECA and ERA were simulated; (b) the
effects of the probes’ type (implanted and abdominal surface
electrodes) and configuration (unipolar/bipolar electrodes)
on the quality of the ECA recordings were studied; and (c)
a continuous increase/decrease of the frequency and a phase
inversion of the ECA were simulated.

2. Mathematical model

To take into account the cat colon anatomy and the myo-
electrical dynamics of the cells, the mathematical model was
developed under the following conditions:

e The colon was represented by a set of three cylinders (one
for each segment) of fixed length, with a constant sec-
tion. As reported in the literature [18,19], the cat colon is a
tubular structure mainly composed of the serosa, the longi-
tudinal muscular layer, the ICC-MY, the circular muscular
layer, the ICC-SMP and the mucosa (Fig. 1(a)).

e The cells were represented as electric dipoles. In fact, it is
known that the GI smooth muscle cells have a resting mem-
brane potential (RMP) due to a balanced ionic distribution
across the cells’ membrane. Such distribution causes the
internal side of the cellular membrane to be negative and
the external positive. The pacemaker potentials generated
by the interstitial cells of Cajal [1,3] upset the balance and
cause the inversion of polarity across the cells’ membrane
by a periodic membrane depolarisation.

e The cells that, at a given instant, gave rise to the mem-
brane depolarisation were spread in an annular band §-wide
belonging to the cylinder. Fig. 1(b) is a schematic represen-
tation of an element of the annular band §-wide polarised
by electric dipoles perpendicularly oriented to the surface
of the cylinder.

e The distribution of the dipoles in the remaining part of the
cylinder was random so that it generated a null potential
in each and every point of the space.

e The moment dipole density D of the polarised annular band
was taken as constant.

e The electrical permittivity of the abdominal wall was taken
as constant and equal to € = gpé; (g¢ is the electrical per-
mittivity in free space; &, is the mean value of the relative
electrical permittivity of the abdominal wall layers (mus-
cle, fat, skin, etc.) in the frequency range 1 to 10Hz).
Appendix C of [20] reports the diagrams showing the prop-
erties of many body tissues in the frequency range from
1.0E+1 to 1.0E+11 Hz.

Under the conditions set, the potential generated by the
annular band §-wide, in each and every point of the space,
was valued by means of the following integral (see Appendix

(©) "

Fig. 1. (a) The traverse colon is represented by six concentric cylinders
that, going from the outer to the inner, represent the serosa, the longitudinal
muscular layer, the ICC-MY, the circular muscular layer, the ICC-SMP and
the mucosa. In (b) an element of the circular muscular layer with polarised
cells is represented. In (c) the geometrical representation of the cylinder
represents the colon on the abdominal surface. The plane « represents the
abdominal surface.
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3. Simulation of colonic electrical activities

The computer simulation was based on the specific elec-
trophysiogical characteristics reported above. The membrane
depolarisation, after its initiation, propagates as a wave into
the adjacent muscle layers [21] at a constant velocity and
gives rise to the omnipresent cyclical slow waves. The main
characteristics of the electrical activity of the cat colon are
widely reported in the literature [22,23] (see Table 1). As
regards the ECA frequency of the cat colon, there are dif-
ferent opinions. In fact, Christensen et al. [24] said that slow
waves of the proximal colon were rather irregular at 1-4 cpm;
those in the distal colon were more regular at 5—7 cpm. In this
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Table 1
Main anatomical and physiological characteristics of the cat colon
Parameters Values
Anatomical
Length From 0.20 to 0.40 m
Diameter (depending on the size of the cat) From 0.025 to 0.030 m
Physiological
ECA pattern in vivo [22]
Frequency
Ascending colon 5.3+0.4cpm
Transverse colon 5.4£0.4cpm
Descending colon 5.5+ 0.5cpm
Amplitude [23] Upto 1.5mV
ERA patterns in vivo [22]
Short spike burst (phase-locked to slow waves)
Frequency Upto 10Hz
Duration Upto5-6s

Long spike burst (not phase-locked to slow waves)

Frequency Upto 10Hz
Duration Upto30s
Recurrence 0.7-1.5 min

paper, we simulated the extracellular electrical activity of the
transverse tract of the cat colon: ECA, the long spike burst,
and the short spike burst as described in [22]. However, the
model is also valid for the other tracts of the colon and can
simulate any frequency.

The circular muscular layer where the ECA is generated
[22] was simulated by a cylindrical surface. In the simulation,
the annular band moved from the top to the bottom of the
transverse segment.

To simulate the ECA by Eq. (1) it was assumed that:

e It was generated by a periodic movement of the §-wide
annular band along the whole length of the cylinder from
one end to the other and then back again.

e The movement of the annular band was paced by the intrin-
sic pacemaker belonging to the selected segment.

e The band moved according to the law:

Z=Uv-L

For every segment, the velocity v of the annular band was
taken as constant and dependent on the ECA period T.

For a segment of length /, the velocity v was determined
by the following relationship:

l
v= 7= l-f
where fis the frequency (measured in Hz) of the ECA of a
given segment.

Since the exact length of each segment was not avail-
able in the literature, we assumed that the length of the
ascending tract was 8 cm, that of the transverse tract 10 cm
and that of the descending tract 12 cm. The main values of
the factors set to simulate the morphological characteristics
of the ECA (waveform, amplitude, frequency) in our study
are reported in Table 2. To simulate the electrical activity

recorded by electrodes implanted in the muscular layer of
the colon, we took ¢ = 2.65625E—4 CZ/(N m?). To simulate
the electrical activity recorded by external electrodes, we took
£ =2.213545625E—4 C%/(N'm?). This value was obtained by
multiplying &g by the mean value of the relative permittivity
&; of the muscle and fat layer of the abdominal wall.

To study the effects of the probes’ type on the colonic elec-
trical activity, implanted unipolar and bipolar, intraluminal
and external probes were simulated. The unipolar implanted
probes were simulated by calculating as the electrical poten-
tial in a point of the cylinder surface varied over the time. The
bipolar implanted and endoluminal probe were simulated by
calculating as the electrical potential difference between two
points, 0.002 m apart, varied over the time.

To simulate the ECA recorded by an abdominal probe (see
Fig. 1(c)):

e the abdominal surface was represented by means of a plane
a;

e the cylinder representing the colon was cut by means of a
plane g parallel to the plane «. The cylinder axis was taken
coincident with the z axis of the Oxyz system;

e the cylinder cross-section lying in the plane g was pro-
jected on the plane «;

e the O'x'y'7 system was drawn in the plane «. The axis 7/
was taken coincident with the axis of the cylinder cross-
section on the « plane;

e the two planes were supposed to be separated by a dielec-
tric of permittivity &.

The electrical potential difference was calculated between
the two points P; and P, positioned on the 7. The distance
between the two points P; and P, was taken to be equal to
4 cm. The distance between the two axes 7’ and z was taken
to be equal to 6.125 cm.

Illustrative examples of the colonic electrical activity are
given in Figs. 2-8. Both a continuous decreased rhythm and
an inversion of phase are evident in the ECA plotted in Fig. 2,
obtained by simulating unipolar implanted electrodes. How-
ever, with the model here proposed it is also possible to
simulate a transient frequency and phase uncoupling. To sim-
ulate the frequency decrease, the velocity of the annular band
was decreased. To simulate the inversion of phase, the annular
band moved from the bottom to the top of the colon. A con-

Table 2

Values of the parameters used to simulate colonic ECA

Parameters Values

Frequency 5.4 cycle/min

Amplitude 1.5mV

Cylinder length 0.10 m (transverse colon)
Cylinder radius, Ry 0.0125m

Dipole moment p of annular band 045x107°Cxm
Annular band width, § 0.00011 m

Permittivity, o 8.85418E—12 C%/(Nm?)

Colon relative permittivity, & 2.5E+7
Muscle relative permittivity, &, 4.0E+7
Fat relative permittivity, &, 1.0E+7
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Unipolar ECA Implanted Electrodes

amplitude (mV)

Fig. 2. ECA obtained by simulating the extracellular unipolar electrode
implanted in the muscular layer. The plot in the solid line simulates the
ECA with the normal frequency of 5.4 cpm; the plot in the dotted line sim-
ulates the ECA with a frequency of 4.4 cpm. For both the plots, the annular
band moves from the top to the bottom of the transverse colon; the plot in
the dash-dot line simulates the ECA with a frequency of 5.4 cpm. The annu-
lar band moves from the bottom to the top of the transverse colon. For all
the plots, the rectangular coordinates where the electrode was implanted are

(Ro/~/2, Ro/~/2, 0.06).

tinuous phase lag and a distal amplitude gradient are evident
in the ECA plotted in Fig. 3, obtained by simulating bipolar
electrodes implanted at two different sites. A different wave-
form and amplitude with respect to the plots reported in Fig. 2
are also evident.

A difference in the ECA amplitude and waveform is
evident between Figs. 4 and 5, obtained by simulating endo-
luminal and external probes, respectively.

Bipolar Cat colon ECA
2 R A SERRREEEE | R - 7

amplitude (mV)

Fig. 3. ECA obtained by simulating extracellular bipolar electrodes
implanted in the muscular layer. The signal in the solid line is relative to the
points of coordinates (Ro/~/2, Ro/~/2, 0.08) and (Ro/~/2, Ro/~/2, 0.082),
respectively; that in the dotted line is relative to the points of coordinates
(RO/\fZ, Ro/ﬁ, 0.04) and (Ro/ﬁ, Ro/«/i 0.042), respectively. Observe
the change in amplitude in the signals plotted at the two different sites.

Bipolar endoluminal probe

amplitude (mV)

0 10 20 30 40 50 60
time (s)

Fig. 4. ECA obtained by simulating an endoluminal probe. The signal was
obtained by calculating the electrical potential difference between the points
of coordinates (0, 0 and 0.04) and (0, 0 and 0.042), respectively.

A difference in the ECA amplitude for different values of
the cylinder radius is observed in Fig. 6, obtained by sim-
ulating extracellular bipolar implanted probes. The dipole
moment p was taken as equal to 0.45 x 1072 C x m.

A difference in the ECA amplitude for different values
of the dipole moment p is observed in Fig. 7, obtained by
simulating extracellular bipolar implanted probes. The radius
Ry of the cylinder was taken as equal to 0.0125 m.

In [22] it is reported that: (a) the ERA occurs in a burst;
(b) the spike frequency in the burst is higher than that of
the ECA; (c) the spike amplitude in the burst is less than
that of the ECA and is not constant; and (d) there is a phase
relation between the ECA and the ERA. Since in our model
the frequency of the electrical activity depends on the velocity
of the annular band, we increased the speed of the annular

Bipolar Cat colon ECA external probe
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Fig. 5. ECA obtained by simulating bipolar electrodes external to the cylin-
der in the points of coordinates (0.06125, 0 and 0.04) and (0.06125, 0 and
0.08), respectively. The distance between the two points is equal to 0.04 m.
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Bipolar Cat colon ECA with different RO
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Fig. 6. ECA obtained by simulating extracellular bipolar electrodes
implanted in the muscular layer for two different values of the cylinder
radius: solid line (Rp =0.0125 m), dotted line (Rgp =0.0145 m).

band to simulate the spike frequency during the ERA burst. It
is known that the ERA amplitude is not constant over time, so
it was simulated randomly as variable. The main parameters’
values set to simulate the morphological characteristics of
the ERA are reported in Table 3. The ERA characteristics
were simulated by fixing: (a) the time when a burst occurs
to establish its phase in respect of the ECA; (b) the spike
frequency in the burst; (¢) the maximum amplitude of the
spikes in the bursts; (d) the duration of the bursts and their
periodicity, if present; and (e) the direction of propagation of
the spikes. A short burst ERA is shown in Fig. 8(a), and the
simultaneous presence of the ECA, a short burst ERA and a
long burst ERA are shown in Fig. 8(b). They were obtained
by simulating a bipolar configuration of probes positioned in
the points with rectangular coordinates (Rp, 0 and 0.08 m)
and (Rp, 0 and 0.082 m).

Short burst ERA Implanted Electrodes
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Bipolar Cat colon ECA with different dipole moment
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Fig. 7. ECA obtained by simulating extracellular bipolar electrodes
implanted in the muscular layer for two different values of the dipole moment
p: solid line p=0.45 x 107° C x m, dotted line p=0.2 x 1072 C x m.

Table 3

Values of the parameters used to simulate colonic ERA

Parameters Values

Frequency SHzup to 10Hz
Amplitude Random, up to I mV

Short burst duration

Long burst duration

Cylinder length

Cylinder radius, Ry

Dipole moment, p

Annular band width, §
Permittivity, &g

Colon relative permittivity, &,
Muscle relative permittivity, &,
Fat relative permittivity, &,

2s

16s

0.10m

0.0125m
03x1072Cxm
0.00011 m
8.85418E—12 C%/(N m?)
2.5E+7

4.0E+7

3.0E+7

Catcolon ECA and ERA

151

amplitude (mV)

time(s)

time(s)

Fig. 8. (a) Short burst ERA; (b) signal composed by the ECA, a short burst ERA, phase lock to the ECA and a long burst ERA.
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4. Discussion

The computer simulation of the colonic electrical activity
provides concrete evidence that our model accurately repro-
duces the characteristics of the cat colon ECA (waveform,
amplitude, frequency and phase lag) and ERA (short burst,
long burst) as reported in vivo by Wienbeck [22]. This is
a remarkable achievement that confirms the validity of the
dipole-based model and proves that the simulation param-
eters were appropriately chosen. An appealing property of
the model is its flexibility and the advantage of being easily
simulated by computer.

For a given radius Ry, the ECA amplitude can be changed
by varying the dipole moment p. A modification of dipole
moment p is related to the number of the cells which
depolarise—polarise simultaneously in the annular band.
However, since the colon is not a rigid tube (the radius Ry
of the cylinder can change and consequently the amplitude
can also change), the amplitude also depends on the radius
Ry of the cylinder. Therefore, we believe that the amplitude,
taken by itself, is not a reliable parameter to discriminate
normal from pathological conditions.

Also, the effects of the implanted probes’ type, con-
figuration and position were clearly indicated from the
results obtained. In fact, a difference in the ECA ampli-
tude was observed by simulating unipolar and bipolar probes
implanted in the muscular layer. In particular, the bipolar
recordings show a lower amplitude but they are more conve-
nient as they allow an input differential amplifier, that rejects
the unwanted common mode signals, to be used. In agree-
ment with [25] and [26], the simulation provides evidence
that the ECA amplitude depends on the distance between the
electrical signals’ source and the probe. We think that this
fact may explain the different amplitude values found com-
paring several in vitro and in vivo experiments and suggests
that to make the ECA amplitude comparable it is important
to standardise the probe positioning when performing in vivo
recordings with implanted probes. Besides, the simulation
provides evidence that the ECA amplitude also depends on
the distance between the electrodes.

When external bipolar probes were simulated, we noted
that the amplitude of the electrical activity was closely depen-
dent on the distance between the bipolar electrodes, on the
distance between the electrodes and the source of the elec-
trical signal, and on the direction of the axis joining the two
electrodes with respect to the 7’ axis. The simulation of exter-
nal bipolar probes underlined that the ECA vanished when
the electrodes of the abdominal bipolar probe were positioned
symmetrically on an axis perpendicular to the 7' axis and
reached a maximum when the electrodes were positioned on
an axis parallel to the colon axis traced on the intersection of
the abdominal surface with the orthogonal plane containing
the colon axis (the 7’ axis of Fig. 1(c)). Mirizzi and Scafoglieri
[27] experimentally verified that to optimise the amplitude of
the human stomach ECA, recorded from the abdominal sur-
face, the electrodes have to be positioned on an axis parallel

to the antral axis. This configuration allows the clinical use of
the cutaneous electrogastrography (EGG). So, we believe that
all these results indicate that the model proposed may be used
to improve the in vivo recordings technique with implanted
and abdominal probes. The simulation of the abdominal bipo-
lar probe reproduces exactly the ECA frequency. We cannot
say whether the simulation also exactly reproduces the mor-
phology of the ECA waveform since in the literature there
are no in vivo recordings made from the abdominal surface
of the cat. Besides, the model has some limitations regarding
the electrical activity recorded from external electrodes (see
below).

When the ERA was simulated with the model proposed
here, it was possible to change all the ERA characteristics we
simulated, that is: (a) the time when a burst occurs and hence
the phase in respect of the ECA; (b) the spike frequency in
a burst; (c) the spike amplitude; (d) the duration of the spike
bursts and their periodicity, if present; (e) the direction of
propagation of the spikes (see Fig. 8(b)). Since there is a
large decrease in the ECA amplitude obtained by simulating
an external probe, to record the ERA it is necessary to use
an amplifier with a gain much greater than the one used to
record the ECA.

The limitations of the model are included in the follow-
ing considerations: (a) it neglects the inhomogeneities of the
abdominal wall. We neglected the inhomogeneities of dif-
ferent layers because the assumption of homogeneity greatly
simplifies the modelling. The abdominal wall was considered
as homogeneous in most models; (b) it does not consider the
effects due to the contact of the electrodes to the skin; (c) it
does not take into account the electrodes’ dimensions; (d) it
does not take into account the external noise on the abdominal
surface due to other internal organs; and (e) it does not take
into account the effects of the amplifier band. Besides, when
external bipolar probes were simulated, we noted that the
ECA morphology depends on the electrodes’ configuration
(electrodes’ distance and position with regard to the 7’ axis).
All these limitations and conditions surely make the wave-
form of the electrical activity, recorded from the abdominal
surface with in vivo experiments, different from that obtained
by simulation. Another limitation of the model is the fact that
the cylindrical geometry is a schematic representation of the
real colon.

Anyway, the model offers the possibility to simulate
the most significant characteristics of the electrical activity
accurately enough, including some specific patterns such as
frequency variation and phase inversion. In addition, it allows
us to study the effects of the probes’ type and configuration
on the quality of the ECA recordings.

5. Conclusion
The results obtained from the simulation of the electrical

activity of the cat colon clearly show that the objective was
reached: (a) the most significant characteristics of the ECA
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Fig. 9. Geometric arrangement of the vectors r, R, p, dp.

and ERA were simulated; (b) the effects of the probes’ type
(implanted unipolar/bipolar electrodes) and configuration
(abdominal surface electrodes) on the quality of the ECA
recordings were studied; (c) a continuous increase/decrease
of the frequency and phase inversion of the ECA was
simulated.

The next developments will concern the other phenomena
that can be simulated with a dipole-based model, considering
both implanted and external electrodes.

Appendix A

The cylinder in Fig. 9 is a schematic representation of the
transverse tract of the cat colon. Indicating the dipole moment
of the infinitesimal area dS by p and the dipole density of the
annular polarised band by D, the potential dV generated at the
generic point P in the space, using the dipole approximation,
is:

1
dme

D

dv =

where p is the vector joining the surface element dS with the
point P (Fig. 9) and D is the dipole moment density of the

annular band. Hence,

V) = —// —dS

with DdS =dp.
From Fig. 9, it follows that p=r — R; expressing the com-
ponents of p we have

p-D=—D[Rsin® — rsin¢cos(® — )]
and
p:{R2:r2—2Rr[cos dcosp+sin® sing cos((~)—9)]}l/2

Since dS=Rsin ®dAdR and |R’ — R| =dR, the following
expression is obtained for V(r):

V( ) -D /27‘[ /Rz
r)=—
dme o R,

[Rsin® — rcos(® — ) sinp]R sin @
{R% + r2 — 2Rr[cos @ cos ¢ + sin @ sin ¢ cos(O@ — )]}

Rd®.

3/2

From Fig. 9, if R is the radius of the cylinder surface, z the
position of dS with respect to the z axis and xp, yp, zp are the
rectangular coordinates of the point P, we have

d
R=\/R+2 dR:Zziz.
\/R0+Z2

So finally the function to integrate becomes

f(z, ®)dzd® =
—Roz[Ro— h cos(®—0)]dzd®

x 32 12
{2+23+R3+h%—2[zzp+Roh cos(@—0)1} " (R+2?)

with
1/2
h=(x}+ y})

So, for V(r), the following is obtained:

V(r) = / / f(z, ©)dzd®.

Since the annular band moves along the cylinder surface,
z=2z(1), then

2(t)+3
V) = — / /
z(1)

Roz[Ro— h cos(®—6)]dzd®

X
{2422+ R2+h2=2[zzp + Roh cos(© — 0)]}*(R3 + 22)

2"

Hence, by means of a double integration, it is possible to
obtain V(r,?) in each and every point P of the space, given Ry,
© and the rectangular coordinates xp, yp, zp of the point P.
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