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Abstract

The effects of electrode placement and inter-electrode distance on the cutaneous and endoluminal recordings of the
electrical control activity ECA have not yet been studied adequately. We quantitatively examined the effects due to the
probe placement and the inter-electrode distance on the ECA of the transverse cat colon by simulation, whether for
cutaneuos probes or for floating endoluminal probes, with the following aims: to shed light on the optimal electrode
configuration and to propose standardization of the procedure for recording colonic electrical activity. We applied our
previously described modelling methodology to simulate the ECA generation. The simulation model was based on the
electric dipole. The computer simulation clearly indicated that the electrode placement and the inter-electrode distance
have a substantial impact on the cutaneous ECA recordings. In fact, the simulation indicated that for the cutaneous
probe: the smallest possible distance between the probe and the orthogonal projection of the distal border of the
transverse colon enhancing the ECA amplitude is 4 cm, and the optimal inter-electrode distance is 4 cm. Regarding the
endoluminal probe, the computer simulation indicated that the distance of the electrodes from the axis of the transverse
colon and the inter-electrode distance have an evident effect on the ECA amplitude and waveform whereas the distance
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between the probe and the distal border of the transverse colon has no appreciable effect.

Keywords: Cat colon, Electrical control activity (ECA), Factor analysis, Simulation

1. Introduction

Up to now, the diagnosis of functional diseases of the
gastrointestinal (GI) tract has been based on a sequence of
long-lasting and invasive tests [1]. It would be ideal for the
clinician to have a simple, non-invasive and reliable tool to
evaluate the different kinds and sites of such diseases. The
mechanisms that control the gastrointestinal motility comprise
the electrical activity of the smooth muscle cell membranes
(myogenic control), the intrinsic and extrinsic nervous activity,
and hormonal action [2]. Numerous studies have been
performed to investigate the feasibility of developing an
accurate non-invasive technique to record the electrical activity
of the smooth muscle cell membrane for diagnostic purposes
[3.4].

The electrical activity of the gastrointestinal tract can be
recorded by using either implanted serosal electrodes, mucosal
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suction and floating endoluminal probes, or cutaneous electrodes.
Internal serosal recording of the intestinal myoelectrical activity
is not utilized for clinical application, being an invasive
technique. For the first time, in 1921-1922, Walter Alvarez, from
the abdominal surface, recorded the electric activity generated
from the human stomach [5]. Such a non-invasive technique,
known as cutaneous electrogastrography (EGG), has been proven
to be a reliable technique to evaluate the continuous or transient
changes in the frequency that can occur as consequence of
functional or organic diseases. The availability of the EGG
recording system has allowed a large number of studies, in the
physiological [3-6,9] and clinical fields [1,2,7]. Interest in
gastrointestinal electrical activity has greatly increased since the
link between the disorders in the electrical control activity (ECA)
and certain diseases characterized by alteration in gastrointestinal
motility was found. Recently, a portable system for long-term
recording of the cutaneous EGG has been designed to investigate
and analyze paroxysmal or acute symptoms [8]. Actually, only
the gastric cutaneous electrical signal is used to diagnose
gastrointestinal diseases. Studies of the colonic electrical activity
are still in the first steps.
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Colesky and Hasler pointed out in a recent paper [9] that
the mucosal recordings in humans are reliable. To be sure that
the electrical signal recorded with an abdominal or
endoluminal probe can be utilized to diagnose functional
diseases of a gastrointestinal tract, it is necessary to know the
factors that can affect the waveform and the amplitude and
hence the reliability of the ECA recordings. Some of these
factors are: (a) the electrodes’ placement with respect to the
orthogonal projection on the abdominal surface of the axis of
the GI tract to be observed, as reported by Mirizzi et al.
[10,11]; (b) both the electrodes’ placement with respect to the
orthogonal projection on the abdominal surface of the distal
border of the GI tract to be observed and the inter-electrode
distance; (c) the abdominal thickness, the skin-electrode
impedance, the electrodes’ surface area and the equipment
noise in the case of the cutaneous probe, as reported by
Mintchev et al. [12] for the EGG in man; and (d) both the
electrodes’ placement of the endoluminal probe with respect
to the distal border of the gastrointestinal tract to be observed
and the distance between its electrodes. Such knowledge is
useful both to optimize the recording of the electrical signal
and to standardize the probe placement in order to make
comparable the results from different researchers.

The problem of the electrodes’ placement on the
abdominal surface and of the inter-electrodes’ distance for both
the probe types has not been completely resolved yet.

The aims of this study were: (a) to evaluate, by simulation
the effects due to the distance between the electrodes, and due
to their positioning, on the ECA amplitude and waveform; (b)
to verify if there is an electrode configuration that optimizes the
signal recording and (c) to shed light on the best way to carry
out the ECA recordings to enhance the signal features so as to
standardize the electrode placement.

The effects were evaluated by applying previously
developed modelling methodology [11,13-15]. For the
cutaneous probe, we analyzed the effects of the inter-electrode
distance and of the electrodes’ placement, with respect to the
orthogonal projection on the abdominal surface of the distal
border of the transverse cat colon. For the endoluminal probe,
we analysed the effects of the electrodes’ distance from the axis
of the colon, of the inter-electrodes’ distance and of the probe
distance from the distal border of the colon.

2. Methods

The model to simulate ECA generation was based on the
electric dipole, as reported in [14]. The model took into account
both the geometry of the transverse colon and the myoelectrical
dynamics of the cells. Geometrically, the transverse cat colon
was represented as a cylinder in an orthogonal system of
coordinates Oxyz (Fig. 1(a)). Anatomically it was represented
by six layers that, going from the outer to the inner, represent
the serosa, the longitudinal muscular layer, the interstitial cells
of Cajal in the myenteric plexus (ICC-MY) layer, the circular
muscular layer, the interstitial cells of Cajal in the submuscular
plexus (ICC-SMP) and the mucosa. The extracellular electrical
activity was simulated by the periodic movement of an annular

band J-wide, polarized by electric dipoles [11,13-15]. The
electrical potential generated by the annular band at the point P
was calculated with the following integral:

1 peD
V(r)=—[[E==ds
(r) 4n8fsf o (1)

where ¢ is the dielectric constant of the tissue where the
electrodes were located, dS is an infinitesimal area segment of
the J-wide annular band, D is the vector dipole density of the
annular band, p is the vector distance between the point P and
the infinitesimal area segment dS. r is the vector distance
between a point P located anywhere in the space near the
cylinder and the origin O of the coordinates system Oxyz, as
depicted in Fig. 1(a). The electric potential V(r) can be
calculated at any point on the cylinder surface (implanted
electrodes), internal to the cylinder (suction or floating
endoluminal probes) or external to the cylinder (electrodes on
the abdominal surface). The steps to simulate the ECA as
obtained by means of the abdominal surface electrodes have
already been described [14].

Figure 1(b) shows the way the abdominal surface was
represented. The plane Oxy represents the distal border of the
colon segment. The plane O’x’y’ represents the projection of
the distal border of the colon on the abdominal surface. The
plane o represents the abdominal surface. The plane  parallel
to the plane a cuts the colon. Axis z’ is the orthogonal
projection of axis z on plane a.

The distance between plane  and plane a was taken as
equal to 4.25 cm (1.25 + 3 cm, where 1.25 c¢m is the cylinder
radius and 3 cm is the typical abdominal wall thickness). The
two planes were supposed to be separated by a dielectric of
permittivity ¢ equal to 2.213545E-4 C%/Nm?, corresponding to
the mean value of the single layers — muscle, fat and skin — of
the abdominal wall. To simplify our modelling problem, the
colon wall and the medium between the signal source and the
electrodes were considered as homogeneous. This choice
certainly alters the true values of the amplitude ECA peaks but
does not alter the difference between the peak amplitude related
to the inter-electrode distance and to the probe placement.

The ECA frequency was taken as equal to 5.4 cpm [16].
All the simulations were performed in the MATLAB language
on a workstation equipped with Windows XP operating system,
Pentium 4 HT with a RAM of 1 GB.

3. Results

3.1 The ECA amplitude and waveform due to the cutaneous
probe placement

The electrical activity picked up by means of surface
electrodes is a mixture of the source signal and noise due to
respiration, motion artifact, and myoelectrical activity from
other organs such as the heart and small and large intestine. So
to enhance the reliability of the recordings of cutaneous
electrical activity of the GI tract, it is necessary to know the
effects of the electrode placement on axis z’ relative to plane
O’x’y’ and of the inter-electrodes distance.
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Figure 1. (a) representation of the transverse cat colon in a Cartesian system of coordinates Oxyz; (b) schematic illustration of the cylinder

representing the colon on the abdominal surface.

3.1.1 The distance between the probe placed on the axis z’ and

the plane O’x’y’

Such effects were analyzed by positioning the electrode
pair at first at a distance of 2 cm from plane O’x’y’.
Afterwards, such a distance was incremented by 1 cm after
every simulation. The inter-electrode distance was taken as
equal to 4 cm.

The analysis of the values in Table 1 points out that, for
distances between the probe and the plane O ’x’y’ less than or
equal to 3 cm, the negative peak amplitude is smaller than the
positive and for distances equal to or greater than 4 cm, the
positive peak amplitude is equal to that of the negative.
Examples of waveforms affected by different distances of the
abdominal electrode pair from the plane O’x’y’ are plotted in
Fig. 2. The waveform relative to the placement of the
electrodes at the points of coordinates (4.25, 0.0 and 2) and
(4.25, 0.0 and 6) is shown in Fig. 2(a). It is clear that the
positive peak amplitude is smaller than the negative. The
waveform relative to the placement of the electrodes at the
points of coordinates (4.25, 0.0 and 4) and (4.25, 0.0 and 8)
(the electrode pair was 4 cm distant from the plane O’x’y’) is
shown in Fig. 2(b). The positive and negative peak
amplitudes are equal, but their waveforms are different.
Hence, the distance between plane O’x’y’ and the probe has a
significant effect on the ECA waveform.

By simulation, we also verified that the best ECA signal
was reached when the inter-electrode distance was equal to
that of the probe from plane O’x’y’, and that the ECA
amplitude increased by increasing the distance between plane
O’x’y’ and the electrodes. The best distance between the
probe and plane O’x’y’ to enhance the ECA amplitude is at
least 4 cm (Table 1).

Table 1. Amplitude changes in the ECA positive and negative peak
related to the distance increase between the abdominal
electrode pair and the plane O’x’y’.

Distance increments (cm)
between the abdominal probe 2 3 4 5
and the plane Ox"y’

ECA positive peaks (mV) 0.003  0.027 0.04 0.04
ECA negative peaks (mV) -0.041 -0.041 -0.04 -0.04
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Figure 2. The ECA waveform plotted by simulating cutaneous electrodes
(a) at the points of coordinates (4.25, 0.0 and 2.0) and (4.25, 0.0
and 6.0); (b) at the points of coordinates (4.25, 0.0 and 4.0) and
(4.25, 0.0 and 8.0).
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3.1.2 The inter-electrode distance on the axis z’

The abovementioned effects were examined by
positioning one electrode at point P1 (Fig. 1(b)) on axis z” at a
distance of 4 cm from plane O’x’y’. The other electrode,
initially placed at point P2, at a distance of 1 cm from the point
P1, was moved toward the right in the direction of axis z’, at
increments of 0.5 cm (Fig. 1(b)).

The analysis of the values in Fig. 3 clearly shows that the
positive and negative peaks reached the maximum amplitude
for an inter-electrode distance equal to 4 cm. In addition, a
non-linear decrement of the amplitude for an inter-electrode
distance different from 4 cm is evident. The positive and
negative peaks have the same amplitude only for an
inter-electrode distance smaller than or equal to 4 cm, whereas
the amplitude of the positive peaks is greater than the negative

for inter-electrode distances greater than 4 cm.
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Figure 3. Amplitude change of the positive and the negative ECA peak
versus the inter-electrode distance with the probe on the axis
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3.2 The ECA amplitude and waveform due to different
endoluminal probe placement

The electrical activity of the muscular layer was also
studied by means of endoluminal floating probes and by means
of suction mucosal electrodes. Fioramonti et al. [17] performed
long-lasting in vivo recordings of the myoelectrical activity of
the human colon, with an endoluminal floating probe composed
of eight pairs of electrodes. The distance between every pair of
electrodes was 10 cm. The inter-electrode distance between
each pair was 0.5 cm. Mirizzi et al. [13] used a floating
nasogastric probe to record the ECA of the human stomach.
The effects on the ECA amplitude and waveform, due to the
endoluminal electrodes’ placement were here analyzed by
simulation.

3.2.1 The distance between the probe and the plane Oxy

The effects of the endoluminal floating probe positioning
relative to the plane Oxy (Fig. 1(a)), were analyzed by placing
the two electrodes on axis z — the longitudinal colon axis — at
first at a distance of 2 cm from plane Oxy. After every
simulation, the pair of electrodes was moved upwards in the
direction of axis z at increments of 1 cm. The inter-electrode
distance was taken as equal to 0.5 cm. The permittivity was
taken as equal to 2.65625E-4 C%/Nm?, corresponding to the
permittivity of the muscle layer.

The analysis of the simulation results in Table 2 shows
that the ECA amplitude has a small decrement related to the
increments of the distance between the distal border of the
colon segment and the probe.

Table 2. Amplitude changes in the ECA positive and negative peak
related to the distance of the endoluminal bipolar probe from
the plane Oxy.

Electrode distance

from the plane Oxy 2 3 4 5 6 7 8
(cm)

Positive peak ECA
amplitude (mV)

0.685 0.683 0.670 0.670 0.656 0.627 0.550

Negative peak ECA - ge5 0 681 -0.670 -0.670 -0.672 -0.659 -0.635
amplitude (mV)

3.2.2 Effect due to inter-electrode distance

The effects of the inter-electrode distance of the
endoluminal probe on the ECA amplitude and waveform were
evaluated by positioning the electrodes on axis z (Fig. 1(a)).
One electrode was placed at point Q1 at a distance of 2 cm
from plane Oxy. The other electrode, initially placed at point
Q2 at a distance of 0.5 cm from the point Q1, was moved
upwards in the direction of axis z, at increments of 0.5 cm,
after every simulation.

The analysis of the data in Fig. 4 points out that, for
inter-electrodes’ distances smaller than 2 cm, the ECA positive
and negative peaks had the same amplitude. Whereas for
inter-electrode distances equal to or bigger than 2.5 cm, the
positive peak amplitude is higher than the negative. The
negative peak amplitude is equal to zero for inter-electrode
distances equal to or bigger than 4 cm. Moreover, the ECA
amplitude increments do show a non-linear pattern and a slight
amplitude increase for distances greater than 2.5 cm (Fig. 4).
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Figure 4. Amplitude change of the positive and the negative ECA peak
versus the inter-electrode distance of the endoluminal probe.

Examples of waveforms affected by different inter-electrode
distances are plotted in Fig. 5. The waveform relative to the
placement of the electrodes at the points of coordinates (0.0, 0.0
and 2) and (0.0, 0.0 and 2.5) is shown in Fig. 5(a). Note that the
positive and the negative peaks have the same waveform and
amplitude; on the contrary, at the points of coordinates (0.0, 0.0
and 2) and (0.0, 0.0 and 6), the waveform consists of positive
peaks only, as shown in Fig. 5(b).
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Figure 5. The ECA waveform plotted by simulating endoluminal
electrodes. (a) at the points of coordinates (0.0, 0.0 and 2.0)
and (0.0, 0.0 and 2.5); (b) at the points of coordinates (0.0,
0.0 and 2.0) and (0.0, 0.0 and 6.0).

3.2.3 The distance between the probe and the axis z

For the floating endoluminal probe, it is important to
examine whether a change of the distance between the colon
wall and the probe affects the ECA amplitude. Consequently,
the ECA amplitude was calculated by simulating electrodes on
an axis in plane Oxz, internal to the cylinder, parallel to axis z
and at a distance of 0.0, 0.25, 0.45, 0.65 and 0.85 cm from axis
z. The probe was located at a distance of 5 cm from plane Oxy.
The inter-electrode distance was taken as equal to 0.5 cm. The
simulation results are listed in Table 3. The analysis of the
values in Table 3 emphasizes that the ECA amplitude depends
on the probe distance relative to axis z.

Table 3. Amplitude changes in the ECA positive and negative peak
related to the distance increase between the endoluminal
probe and the axis z.

Endoluminal electrode

distance from axis z (cm)

ECA positive peaks (mV) 0.67 0.73 085 1.12 1.75
ECA negative peaks (mV) -0.67 -0.73 -0.85 -1.12 -1.75

0 025 045 0.65 0.85

4. Discussion

The simulation results obtained by means of the cutaneous
bipolar probes clearly indicated that: (a) the amplitude of the
electrical activity depends on the distance between the
electrodes and (b) on the electrodes’ placement on axis z’ with
respect to plane O’x’y’, and (c) there is a position relative to the

same plane, O’x’y’, on axis z "that enhances the ECA amplitude.

In particular, the simulation indicated that the best ECA
amplitude was obtained when the electrodes were located on
axis z’ at a distance of 4 cm from plane O’x’y’, with an
inter-electrode distance of 4 cm. Hence there is an electrode
configuration that enhances the ECA amplitude recording.

As regards the endoluminal electrodes, the computer
simulations suggested that the distance between the electrodes
and their position with respect to the axis z had an evident
effect both on the amplitude and on its waveform, whereas the
probe distance from plane Oxy had no considerable effect.
Since the model to simulate the electrical activity of the human
stomach is based on the same methodology used to simulate
that of the cat colon, the remarks made in this study are also
valid for the human stomach.

By considering the results here described and those
reported in [10,11,13,14], we assert the following findings. To
enhance the cutaneous ECA recordings of a given
gastrointestinal tract, such segment has to be localized to
determine the position of its longitudinal axis and its distal
border. If the electrode placement that optimizes the ECA
amplitude is found and taken as standard, the cutaneous
recordings can be better performed and conducted more
efficiently. The endolunimal recordings can be utilized with
efficiency to diagnose functional diseases of the GI tract since
the recorded signals are more similar to the serosal than the
cutaneous. Because the probe is floating, it is not possible to
standardize its positioning with respect to axis z. The
mathematical model based on the electric dipole can be used as
a valid tool to obtain useful indications to standardize the ECA
recording method of the whole GI tract as concerns the
electrode configuration. All the limitations concerning the
results of the abdominal probe simulation are not discussed
here since they have already been discussed [14].

5. Conclusion

The simulation results show that the aims have been
achieved. In fact the simulation results clearly indicate that the
electrodes’ placement and the inter-electrode distance have a
profound effect on the cutaneous ECA amplitude of the cat
colon and shed light on the best electrode configuration to
enhance the signal recording. The results also indicate that it is
important to standardize the electrode configuration to enhance
the ambulatory cutaneous signal recordings.
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