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A Model of Gastric Electrical Activity 
in Health and Disease 

Babajide 0. Familoni, Thomas L. Abell, and Kenneth L. Bowes 

Abstract-The idea of diagnosing gastric dysfunction from 
noninvasive measurements of gastric electrical activity (GEA) 
is intuitively appealing, but the predictive accuracy of the cu- 
taneous signal, especially that of its amplitude, is still in question. 
Mathematical modeling provides a means of investigating, an- 
alyzing, and predicting GEA measured percutaneously. In this 
study, a model of GEA applicable both in health and disease 
was developed and simulated for a cylindrical body surface. 
Body-surface maps of the simulated electrogastrogram (EGG) 
were generated at a 20 by 20 array of sites on the model’s 
surface, and the accuracy of the percutaneous method in detecting 
simulated gastric electrical abnormalities was determined. The 
relationship between the amplitude of the simulated surface EGG 
and the velocity of propagation of the myogenic activity was also 
investigated. This was compared to a similar investigation of the 
fluctuations in the amplitude of the surface EGG with the velocity 
of propagation of the serosal activity measured in humans. The 
diagnostic accuracy of the measured cutaneous EGG in humans 
was also determined. The results obtained from the mathematical 
model show that the amplitude of the electrogastrogram increases 
with the propagation velocity of GEA. Similar results were 
obtained from the experimental measurements. The amplitude of 
the simulated and measured cutaneous signal correlated well @ < 
0.05) with the phase shift of the simulated and measured activities, 
(-0.85, -0.54), respectively. Serosal normal activity, tachygas- 
tria, and uncoupling were detected 67%, 90%, and 0% of the 
time, respectively, at the cutaneous electrode in humans. In simu- 
lations, normal activity and tachygastria were accurately detected 
at all 400 sites on the surface. Uncoupling simulated with 50% of 
the myogenic sources “diseased” was detected at only 20 of the 
400 sites. The results confirm that the amplitude of the cutaneous 
signal is a function of the velocity of propagation of the myogenic 
signal. It also confirms that while GEA in health may be ac- 
curately predicted from percutaneous recordings, frequency and 
phasdcoupling abnormalities are poorly detected from single- 
channel electrogastrograms. This suggests the use of multiple- 
channel surface recordings in clinical electrogastrography. 

I. INTRODUCTION 

HE NATURE of gastric electrical activity (GEA) in T health is fairly well understood. In man, it consists of 
recurrent regular depolarizations (slow waves or electrical con- 
trol activity-ECA) at 2.5 to 4 cycles per minute (cycleshin), 
and intermittent high-frequency oscillations (spikes or electri- 
cal response activity-ERA) that appear only in association 
with contractions. The oscillations commence at a pacemaker 
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site high up in the corpus and propagate aborally to terminate 
at the distal antrum. The velocity of propagation and the 
signal amplitude increase as the pylorus is approached. ECA 
are the ultimate determinant of the frequency and direction 
of propagation of phasic contractions, which are responsible 
for mixing and transporting gastric content [ 11-[3]. Therefore, 
when gastric motility disorders occur, they are sometimes 
manifested as gastric electrical abnormalities. Since surface 
electrodes can be used to record the electrical activity [4]-[8], 
the concept of cutaneous electrodes diagnosing abnormalities 
in gastric electrical activity has great appeal. Their use in the 
clinical diagnosis of gastric motor dysfunction has already 
been advocated and demonstrated [9]-[16]. On the other hand, 
some studies have shown that the detection of gastric electrical 
abnormalities from the amplitude, phase, and frequency pa- 
rameters of percutaneous recordings is problematic [ 171, [ IS]. 

Definite abnormalities in GEA have been described in only 
a few conditions with nonimplanted electrodes. In all such 
recordings, a good recording may not. be obtained for part of 
the recording duration. The abnormalities described are usually 
present only a portion of the recording time and the incidence 
of noisy records are high. These abnormalities in ECA activity 
have been described utilizing the noninvasive technique in 
patients with unexplained nausea and vomiting [lo], [ I l l ,  
anorexia nervosa [12], gastroparesis [13], [ 141, pregnancy- 
related nausea [ 151, and motiodspace motion sickness [ 161. 
Although comparing groups of patients with the same tech- 
nique, as done in these studies, lends credence to the existence 
of an abnormality in a particular group, recent evidence has 
shown that the accuracy of transcutaneous electrogastrograms 
(EGG) in diagnosing an abnormality in a single patient is 
poor [17]. Moreover, the diagnostic usefulness of its amplitude 
before and after a meal have been shown to be misleading [IS]. 
The clinical usefulness of this tool remains limited by lack of 
understanding of several features of the recorded EGG. 

Empirical methods can take electrogastrography only so far. 
If EGG is to achieve its potential as a clinical diagnostic tool, 
a better understanding of the relationship between the gastric 
activities (especially the abnormalities) and what is recorded at 
the skin is required. Rigorous analytical methods to standardize 
and improve the diagnostic accuracy of EGG’S may help 
achieve this goal. Such an understanding may be approached 
from a mathematical model and computer simulation point 
of view, as a starting point. Experimental validation of such 
modeling may then follow. 

A few models of GEA have been reported [19]-[231. The 
models are often based on the concept of the forward problem 
in volume conductors, which have been so successful in 
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electrocardiography and electrical conduction studies in active 
nerve fibers [24]-[261. These models simulated GEA in health. 
While studies of EGG in health are educative, the diagnostic 
potential of the method is evidenced by its ability to predict 
GEA in the diseased state. In the present study, a model of 
the forward problem in electrogastrography was developed and 
simulated for health or disease. The model was employed to 
explore and resolve the dilemma on the diagnostic usefulness 
of the amplitude of cutaneous GEA. The simulated results were 
also compared with simultaneous measurements of cutaneous 
and serosal EGG’S in humans. 

11. MATHEMATICAL SIMULATION 

In an earlier study, a mathematical model of the electrically 
active antral part of the stomach based on a solution of the 
forward problem in a homogeneous conducting medium was 
reported [19]. In that model, the sources within the volume 
were modeled as dipole sources. The resulting Poisson’s equa- 
tion describing the time dependent potential $ as a function 
of vector location for a given source vector is 

V2$(T, t )  = E (1) 

subject to the boundary conditions 
1) $(t) is finite within a homogeneous volume conductor 

bounded by a cylindrical surface, and 
2)  [g] = 0, i.e., Neumann’s boundary condition holds 

for th: normal vector 3 at the conductor-air interface, s. 

Unlike cardiac muscle, gastrointestinal muscles do not function 
as a syncytium in which the electrical activity is controlled 
from a single focused pacemaker site. Instead, the different 
oscillating sites generate their own activity and merely exhibit 
coupling with their nearest neighbors in the circular and lon- 
gitudinal directions. This fact makes it particularly convenient 
to model small regions as independent oscillating sites that are 
coupled to their nearest neighbors [19]-[23]. The linear array 
of signal sources were located in the cylinder at approximately 
the same region as the gastric antrum in man, (TO, 00,zo).  Since 
the system is quasi-stationary, the source signals were sampled 
in time and space. The myogenic sources were represented 
as a spatial array of 22 coupled single dipoles f ( k ,  t), IC = 
1,2, . . . ,22, spaced 0.5 cm apart, and each resolved into its 
T , O ,  and z components (see Appendix). Such a linear array 
ensures propagation in the longitudinal direction. This does not 
imply a lack of organized propagation in the circular direction. 
On the contrary, perfect coupling in the circular direction 
is implied. Previous researchers have already shown that 
coupling in the circular direction is much tighter than in the 
longitudinal direction [l], [22], [23]. Sarna estimated coupling 
in the circular and longitudinal directions in the antrum in dogs 
to be about 0.22 and 0.57, respectively [23]. In this study, 
for the sake of simplicity, instantaneous spread of electrical 
activity is assumed in the circular direction and propagation 
in the longitudinal direction is effected as discussed later. 

The source vector is expressed as 

and the resulting cutaneous potentials calculated as a superpo- 
sition of the corresponding sampled potentials at the surface. 
The time dependent potential $(r7 t) at a vector location r on 
a finite length cylinder of radius A, was assumed to represent 
the potential generated in the body. 

This paper presents a model of GEA applicable in health and 
disease. The source function f(k,  t) of the individual sources 
varies as a function of time t, in much the same manner as the 
measured intracellular potentials in the gastric musculature in 
health. These source functions may be described as 

(2) 

where W k  is the basal rhythm (in rads/s) and ,& is the phase 
shift (in radians) of the ICth source signal. F ( . )  represents an 
approximation of the intracellular source function in man [ 191 
and U k  is the amplitude of the antral signal at the different 
oscillating sites as the pylorus is approached. In order to 
address the gradual increase in amplitude of GEA in the distal 
direction in humans, the amplitude of the kth source, Uk, 
was expressed as a function of its position along the greater 
curvature as 

f (k ,  t )  = ak ‘ F ( W k t  -k P k )  

(3) 
0.177e0.124k7 1 5  IC < 14 

14 5 k 5 22. a k = l  1, 
This amplitude function for the oscillating sites was derived by 
fitting an exponential function to experimental measurements 
of GEA at eight sites in the human stomach. GEA was 
measured with bipolar stainless steel electrodes implanted 
serosally at 1-cm intervals along the greater curvature. The 
electrode positions and signal amplitudes were then fitted to 
an exponential function in a least square sense to obtain the 
approximation in (3). 

In health, GEA throughout the antrum is electrically cou- 
pled. This coordinated activity is achieved because the velocity 
of propagation of the activity is dependent on the length of the 
antrum, such that peristaltic contractile activity at the terminal 
antrum is one cycle behind that at the proximal antrum, i.e., 
b22 = ,01 + 27r. This implies that an activity wavefront 
reaches the terminal antrum just as the next wave begins in 
the proximal stomach. The net effect of this is that a single 
ring of peristaltic contraction terminates at the pylorus just as 
a new one begins in the proximal stomach. This phenomenon 
has been described in cinefluoroscopy studies by Stem and 
Koch [27]. Also W k  = W O ,  for all IC. If the average phase shift 
over the entire antrum is assumed to be PO (radskm), to ensure 
phase-locking and uniform propagation in an aborad direction, 
the phase shift at the ICth source must be 

(4) 

The mean velocity of propagation of GEA in the antrum, VO, 
is a function of the antral length, the average phase difference, 
PO, and the period of the ECA T. Therefore, the average phase 
difference in (4) above is $$$, i.e., 

b k  = ( k  - 1) ‘ bo- 

360’ 
Po = 0.5 . q . T . F, 

where 0.5 cm is the spatial sampling distance, T, = l / F s  
is the temporal sampling period, and q is a constant that 
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permits one to change the average velocity of propagation. The 
average phase delay, PO, reported in the longitudinal direction 
in the human stomach is 45”/cm [8]. Coupling in the circular 
direction is tighter and the phase shift much smaller [22], [23]. 
As explained earlier, this model assumes that spread in the 
circular direction is instantaneous. 

As a consequence of temporal sampling at a rate F, (6 Hz) 
and spatial sampling at 2 sources/cm, the surface potential at 
the sample instance t = IT, can be computed as contributions 
from every oscillating source from IC = 1 through 22 as 

where i k  iS given by ak = lT,+(L-k).m, 1 and m are integers. 
The contribution of the lcth oscillating source to the T,  z, and 
0 components of the potential 4 at t = IT,, ( $ T ( . ) ,  $e( . ) ,  and 
&(.)) are as developed in the Appendix. 

The source function and phase shifts represented by (2) 
through (6) were modeled to mimic the intracellular activity: 
1) in health at different velocities of propagation, 2) during 
frequency abnormalities, and 3) phase abnormalities. From 
these, the simulated surface EGG’S were computed on a 
VAX mainframe computer. The distribution of the activity 
over the surface of the cylinder (representing the torso) was 
investigated by partitioning the anterior surface (T = A, 0” 5 
0 5 180°, 0 5 z 5 h) into a 20 by 20 grid, with the corner 
of every grid being a potential electrode location. The surface 
potential 4(r,t)  at the vector location r on the surface was 
then expressed as a matrix 

4(r,t)  = h j ( t ) ,  i ,  j = 1,2 , .  . . ,20. (7) 

$ij (t) was simulated for approximately two waveform cycles 
(41 s) and its spectrum s i j ( w )  computed by way of the fast 
Fourier transform (FFT). 

In clinical electrogastrography, one is often interested in 
determining if the gastric signal is present in the “normal 
window” all the time, and if not, what type of abnormality 
is indicated by the recording. Because of the poor quality 
of the signal, spectrum analysis is frequently employed in 
making these determinations. A similar strategy was employed 
to quantify the simulated signal. 

Let the “normal window” be defined as WO - w1 5 freq. 5 
WO + w 2  (2.5 cycles/min 5 freq. 5 4 cycledmin), the signal 
strength in this window p, ,  and a Signal-to-Noise ratio (SNR) 
number, Qij. This number is a measure of the relative strength 
of the normal signal peak p ,  compared with the noise and the 
abnormal signal peaks, i.e., 

where pt = ( s i j  . sTj) is a measure of the total power in the 
whole spectrum from dc to 3 Hz, and the normal signal peak is 
given by p ,  =  IS;^ . ~ ~ ~ l ~ ~ ~ ~ ~ l ~ i ~ d ~ ~ ;  “*” indicates complex 
conjugate. 

A. Simulated Su$ace EGG as a Function 
of the Velocity of Propagation 

The phase shiftkm was varied from -70” to +70” by 
adjusting the quantity q in (5) as -12 5 q 5 12 and the surface 
EGG computed. The corresponding energy in the signal at the 
conductor air interface was calculated as 

E = 4 ( T ,  t )  4 * ( ~ ,  t )  d t  (9) 

by numerical integration. Solutions were generated on a VAX 
mainframe computer for the different values of phase lag in 
the source signal embedded in the volume conductor. 

B. Simulation of Abnormalities 

The nature of the abnormalities recorded in implanted 
electrode studies are well known and fall into two main 
categories [ 171, [28]-[31]: 1) abnormalities involving shift in 
frequency from WO to a value outside the normal range, and 
2) electrical uncoupling of adjacent oscillating sites. Often, 
the frequency shift is upwards to about 6-8 cycles/min; 
this is termed tachygastria. Uncoupling may result from one 
of two mechanisms. The first is a phase-unlocking of the 
sources, i.e., p k  becomes random while the frequency of the 
signal w k  at each oscillating source remains WO. A second 
mechanism is indicated when each oscillating source or group 
of sources oscillate at its own unique frequency W k .  In actual 
patient studies, only two or three different frequencies are 
identifiable. The tissue masses merely group into two or three 
locally coupled oscillating regions at frequencies different 
from those of the nearest neighbors [17]. In this study, we 
have simulated these abnormalities. The source function in (2) 
has two parameters that may be varied for each source IC, i.e., 
frequency of oscillation W k  and the phase p k .  

I )  Frequency Uncoupling Abnormality: The oscillating 
sources were divided into a normal (IC = 1, . . . , k l )  and an 
abnormal or “diseased” ( k  = IC1 + 1, . . . ,22) group, whose 
relative population may be varied by simply varying the 
number lcl . Normal sources represent tissues oscillating at the 
normal gastric frequency WO,  while diseased sources oscillate 
at a different nonharmonic frequency wt (= 6.8 cycledmin). 
This effected frequency uncoupling of the “healthy” segment 
from the “diseased” segment. When the relative population of 
the abnormal sources become loo%, the calculated potentials 
represent those for simulated tachygastria. It is important to 
make the frequency representing tachygastria a noninteger 
multiple of WO. This avoids the possibility of detecting 
harmonics of the fundamental and the introduced abnormality 
as one and the same. 

2) Phase Shifi Abnormality: Phase uncoupling was simu- 
lated by letting all the sources oscillate at the same frequency 
WO, with their phase ,& generated by a random number gen- 
erator. This effects a phase-unlocking of adjacent oscillating 
sites. A function g ( k )  representing the spatial rate of change 
of the phase ,& was defined; g(k) is inversely proportional 
to the propagation velocity. In the intact human stomach, the 
phase gradient g(z) = g, where z is the displacement along 
the greater curvature. In this sampled model, z = 0.5 k, IC = 
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0,1 ,2  . . . and g ( k )  = ,& - p l ~ - ~ .  To simulate phase uncoupling, 
g ( k )  was defined as 

(10) 

In order to introduce graduated levels of abnormality, the 
range of the random number generator was made adjustable. 
By changing this range or wobble factor, one may simulate a 
whole spectrum of coupling abnormalities from a very mild 
wobble in phase shift, i.e., 9 = 1 + E ,  << 1, to gross 
antral uncoupling, i.e., go = 2. 

g ( k )  = Po(l+ Random (n)).  

B O  

111. MATERIALS AND METHODS 
For comparison, simultaneous measurements of GEA were 

made from two pairs of cutaneous and three pairs of serosal 
electrodes in six patients. The study was approved by the 
ethics committee of the University of Alberta Hospitals and 
informed written consent was obtained from each subject 
before the procedure. The recordings were made in patients 
undergoing laparotomy for fundoplication, cholecystectomy, 
or bowel resection. Three pairs of stainless steel wire elec- 
trodes, 0.254 rnm in diameter, were implanted subserosally 
into the anterior surface of the antral wall, between 1.5 cm and 
10.5 cm from the pylorus. The Teflon-coated connecting wires 
were brought out through the surgical drain. EGG was also 
recorded percutaneously from four ordinary Hewlett-Packard 
electrocardiography electrodes (type 14445C) located on the 
skin in the epigastric region to form two bipolar channels. Each 
pair was aligned with the antral axis as previously described 
[4], [17] or as close to it as the surgical wounds permitted. 

The serosal channels were band-limited to frequencies be- 
tween 0.017 Hz (1 cycledmin) and 30 Hz (1800 cycledmin) 
on a Sensomedic dynograph recorder, while the cutaneous 
channels were limited to frequencies between 0.017 Hz (1 
cycledmin) and 0.08 Hz (4.8 cycledmin). The roll-off on 
these filters attenuates respiratory and cardiac artifacts while 
still passing tachygastria and signals up to the third harmonic 
frequency of normal GEA. The signals at the dynograph 
amplifier outputs were sampled at a rate of 2 Hz and stored 
on an IBM compatible computer via a LabMaster 200009 12- 
b, eight-channel A-to-D converter (Scientific Solutions, Solon, 
OH). Recording was initiated immediately following surgery 
and continued for 96 h. 

All channels were subjected to both visual and computer 
analysis. The recorded signals were visually inspected for 
regularity in the period of the activity, and for presence of 
abnormalities. The time length of segments showing abnor- 
malities on the serosal recording was noted and compared 
with a similar evaluation of the cutaneous recording. Those 
sections of the record in which increases occurred in the 
amplitude of the transcutaneous signal for six or more ECA 
cycles were selected by visual inspection. If such increases 
occurred within one hour of feeding, they were excluded from 
further analysis. GEA recorded from the serosal electrodes in 
those sections chosen were visually inspected for spontaneous 
changes in amplitude and then cross-correlated over successive 
128-s intervals to yield the average phase lag for the intervals 
[3] (Fig. 1). Sequential spectral analyses over successive 128-s 

Fig. 1. Cross-correlation of two serosal records of gastric electrical activity 
as a function of time. The common period of the activities is 20.6 s. The 
phase shift (degrees) from channel 3 to channel 4 in this figure is determined 
as - = 45.70. 

intervals were also performed on the signals in the same seg- 
ment by employing FlT with a hamming window. The relative 
power in the transcutaneous signal was approximated by the 
height of the fundamental and the first harmonic in the power 
spectrum analysis, while that of the serosal signal was defined 
as the sum of the amplitude of the fundamental and all its har- 
monics (Freq 5 60/min.). Descriptive statistics were computed 
on a VAX mainframe computer, and Pearson cross-correlation 
analysis was employed to examine the relationship between 
the relative power in the transcutaneous signal and the phase 
shifts of the serosal activity. The relative power averaged over 
both cutaneous channels was correlated with the average of 
the phase shift between adjacent serosal electrodes. Follow-up 
analyses were performed with the significance level set at 0.05. 

Periods of nursing care or patient movement as marked 
on the recording paper by the nursing staff were excluded 
in the analysis. The implanted electrodes were removed with 
the drain when the latter was no longer needed -72 to 120 h 
after its insertion. 

Iv .  RESULTS 

A. Simulation Study 

The time course of change of the surface potentials calcu- 
lated in the healthy model was similar to that measured in 
health in humans. This normal activity was confirmed by the 
power spectrum over most of the anterior surface. Fig. 2(a) 
shows a three-dimensional (3-D) plot of the normal signal 
strength p ,  over the anterior surface of the torso. The strongest 
signal peak p ,  occurred in an anterior patch of the surface 
defined by 60’ < 0 < 135’ and 0.2 m < z < 0.45 m. 
This area is readily identifiable on the surface contour map in 
Fig. 3(a) as the area with the dense population of contour lines. 
At other locations, the signal strength of the normal component 
of the simulated EGG falls off and the waveforms degraded 
considerably. Power spectrum analysis of such waveforms still 
revealed a recognizable peak in the “normal window.” 
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Fig. 2. Three-dimensional mapping of the signal to noise ratio (SNR) of the 
simulated surface electrogastrogram. In (a), the whole antrum exhibits a single 
frequency of 3 cycledmin and is therefore normal. In (bxk) ,  similar plots are 
shown for the diseased model with the stomach into a "healthy" and "diseased" 
segment, exhibiting two frequencies at 3 and 6.8 cycledmin, respectively. In 
(b), abnormality occurred in 9.5% of the sources and in increasing steps of 
9.5% of the sources, up to 95% in (k). 

Introduction of frequency abnormality reduced the ampli- 
tude of the normal signal detected on the surface and its 
strength p,. The area over which the normal component was 
detectable also shrunk (Figs. 2(b)-(k) and 3(b)-(k)). Phase 
uncoupling had the greatest effect on the strength of the 

" 50 100 150 

(k) 

Fig. 3. Contour maps of the signal-to-noise ratio of the simulated surface 
electrogastrogram. In (a), the whole antrum exhibits a single frequency of 
3 cycleshin and is therefore normal. In (bxk) ,  similar plots are shown 
for the diseased model with the stomach into a "healthy" and "diseased" 
segment, exhibiting two frequencies at 3 and 6.8 cycles/min, respectively. In 
(b), abnormality occurred in 9.5% of the sources and in increasing steps of 
9.5% of the sources, up to 95% in (k). 
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TABLE I 
RELATIVE STRENGTH OF THE NORMAL COMFQNENT OF SIMULATED GASTRIC 

ELECTRICAL ACTIVITY CALCULATE0 AT THE SURFACE OF THE MODEL 

7 -0.6997 12.33 i 6.7 

- 
6 & 0.9 - 
3 

2 i o'81 0.7 

3 
5 0.6 - 

$ 0.5 - 

0.4 - 

& 

- 

5 

0.3 
-70 -50 -30 -10 

2 7.82 i 3.5 -0.5998 

I I I I I I I  

10 30 50 70 

Phase Angle - Antral Signal (Deg./cm) 
Fig. 4. Relative power of simulated cutaneous electrogastrogram plotted as 
a function of the phase shift of the serosal activity for forward and retrograde 
propagation. A zero phase shift implies that the activities at adjacent sites 
appear simultaneously. 

surface signal. With even small values of the wobble factor, 
the strongest signal's region shrunk appreciably, the mean 
magnitude reduced as in Table I, and the simulated surface 
signal became very noisy. 

Changes in the velocity of propagation of the simulated 
antral activity did not change the shape or frequency of 
the simulated EGG at the surface. The relative power in 
the simulated surface EGG as given by (9) varied inversely 
with the phase angle of the antral GEA during forward 
and retrograde propagation (Fig. 4). The correlation between 
power in the simulated cutaneous signal and the phase shift of 
the simulated antral signal was -0.85, p < 0.05. 

B. Human Study 

A total of 491.9 h of recording were obtained. Of this, 
7.3 h of all recordings were contaminated with noise from 
patient motion and nursing care. Data analysis was restricted 
to the remaining 484.6 h. The recorded GEA was normal 
in 76.84% of the portion analyzed. During normal activity, 
statistically similar frequencies (mean f standard deviation) 
were observed on both the serosal (2.91 f 0.48 cycledmin 
or 0.049 f 0.01 Hz) and cutaneous tracings (2.86 f 0.47 
cycledmin or 0.048 f 0.01 Hz); (p < 0.05). These frequencies 
are similar considering that the frequency resolution of the 

procedure in this application is 0.47 cycleshin. Average 
amplitudes of the serosal and cutaneous signals over the 
entire record were 0.363 f 0.29 mV and 0.051 f 0.02 mV, 
respectively. 

TABLE II 

IN THE AMPLITUDE OF PERCUTANEOUS GASTRIC ELECTRICAL 
BREAKDOWN OF SEGMENTS WITH TRANSIENT FLUC~UATIONS 

ACTIVITY RECORDED IN SIX POSTOPERATIVE PATIENTS 

Patient K # of amplitude Mesa duration t Correlation with 
mnrieots anaIy7.d standard deviation serosal phnse shift 

(min.) 

3 I 0 I I 
4 I 3 I 10.13f6.1 I -0.7716 

Nineteen episodes of spontaneous increases in the amplitude 
of the cutaneous EGG recorded in five of the six patients were 
analyzed. These spontaneous increases in amplitude of the 
cutaneous EGG were not accompanied by comparable changes 
in the amplitude of the serosal signal or any abnormality 
(Fig. 5). The frequency of the activity remained normal and 
signals recorded at all sites in the antrum were coupled 
(Fig. 6). The relative power of the cutaneous signal exhibited 
an inverse relationship with the phase angle with a correlation 
coefficient of -0.54, p < 0.05 (Fig. 7 and Table 11). 

Abnormalities in GEA recorded at the serosa appeared in 
five patients shortly after the post-recovery room period. The 
abnormalities lasted up to 10.75 f 4.61 h postoperatively 
in four, and persisted until the implanted electrodes were 
removed in the fifth, (101 h later). These abnormalities in- 
cluded 131 episodes of tachygastria with an average duration 
of 45.9 f 74.3 min, and nine episodes of uncoupled activity 
with an average duration of 217.3 f 92.4 min. Ninety-one 
percent of the time existing tachygastria at the serosa was 
recognizable at the percutaneous record. Percutaneous EGG'S 
did not recognize uncoupled gastric electrical events (Fig. 8). 

V. DISCUSSION AND CONCLUSION 

Important parameters of GEA that may be measured and 
employed in disease diagnosis include its rhythm or regularity, 
period or frequency, amplitude or power, and coupling or coor- 
dination. If the activity in the stomach is coupled, the rhythm 
of the percutaneous signal tracks that of the serosal activity 
and recognition is elementary. The normal frequency range 
of occurrence of GEA is well known (2-3.6 cycledmin) and 
departures from this are generally accepted as an indication of 
disease [9], [32]. Detection of such frequency abnormalities 
from percutaneous recordings is reliable [ 171. 

Previous studies have asserted the physiological importance 
and diagnostic potential of the amplitude or power of percu- 
taneous EGG [32]-[36]. This amplitude of the transcutaneous 
signal is influenced by a number of parameters including the 
electrode-skin interface impedance, the conductivity of the 
torso, the thickness of the tissue over the stomach wall, and 
the strength of the antral signal. According to Smout et al., 
the strength of the antral signal is, in turn, affected by the 
presence of ERA [32], [33]. This mix of factors complicates 
the use of EGG amplitude as a diagnostic parameter. One 
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Fig. 5.  
record (EO) fluctuates spontaneously. 

Gastric electrical activity recorded by serosal ( E l ,  E2) and cutaneous (EO) electrodes in a postoperative patient. The amplitude of the percutaneous 
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Fig. 6.  Normalized power of the percutaneous signal and normalized phase 
shift of the serosal signal in a postoperative patient plotted as a function of 
time during a 34-min episode of spontaneous fluctuations in the amplitude 
of the percutaneous signal. The phase shift between El and E2 tracks that 
between E2 and E3 indicating phase locking. 

Fig. 7. Relative power of the cutaneous signal versus phase angle of the 
serosal record averaged over six postoperative patients. Note the similarity 
between Fig. 4 obtained from the mathematical model and this experimental 
result. 

diagnostic application of EGG amplitude that has been widely 
reported as useful involves percutaneously measuring the EGG 
before and after the application of a stimulus such as food 
[27], [32]-[36]. In such “before and after” tests, diagnosis is 
based on the comparative amplitude of the cutaneous EGG 
before and after the test meal. One study has suggested that 
any amplitude differences may be due more to mechanical 
displacement and distention rather than physiological reasons 
[ 181. By inflating intragastric balloons in anesthetized dogs 
pretreated with atropine and glucagon, Mintchev et al. showed 
that the amplitude of the surface EGG correlated with the dis- 
placement of the stomach wall, but not with contractions or the 
amplitude of serosal GEA. This calls into question the clinical 
relevance of the relative amplitude of EGG’s in fasted and 
fed studies and ordinarily would render this parameter of little 
clinical importance. Without refuting the effect of intragastric 
volume, our study reasserts the physiological relevance of the 
amplitude of the percutaneous EGG. 

The mathematical model presented in this study showed 
that the amplitude and the power of the simulated cutaneous 
signal correlated with the velocity of propagation of the 
antral activity. These results were confirmed by simultaneous 
cutaneous and serosal measurements in postoperative patients. 
Therefore, if one were to separate the distention and propa- 
gation components, the amplitude of cutaneous EGG would 
be an indication of the velocity of propagation. This suggests 
the substitution of other stimuli such as pharmaceutical agents 
that enhance motility in the evaluation of “before and after” 
cutaneous EGG’s. However, before such studies can be mean- 
ingful, systematic studies examining the relationship between 
transients in the amplitude of percutaneous EGG and serosal 
phase shifts are warranted. 

Electrical coupling is another important parameter of GEA. 
This coupling is evidenced by the coordination of its phase 
shift and its spatial differential. The actual phase of the 
intracellular activity in the healthy human stomach, p(z), is 
a continuous function of the spatial variable x. Equations (4) 

. 
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and (10) represent a discrete space model of the same. In 
the healthy human stomach, the electrical activity meets the 
following conditions: 

1) P(z) is continuous in the spatial variable z. Specifically, 

2) g(z) is continuous in space. 
Condition 1) ensures net aborad propagation of the electrical 

activity, while the more stringent second condition ensures 
that the propagating activity is coupled. These two conditions, 
plus the limits imposed on g(z) by the length of the antrum 
and mean antral propagation velocity, define coupled GEA 
in health. From actual measurements in man, Familoni et al. 
reported average values of g(k) as 70°/cm high up in the cor- 
pus and 25'/cm in the terminal antrum [8]. Thus, the activity 
propagates aborally, accelerating as the pylorus is approached. 
As previously discussed, the continuous spatial variable in 
the actual system is represented in the model by a sampled 
variable engendered in the 22 discrete sources. Conditions 1) 
and 2) above still apply to the model if difference equation 

it is required that = g(z) > 0, for all z. 

equivalents are substituted. In condition 1) above, g(k) = Po 
is held constant in the simulation of the normal activity for 
ease of computation. 

To simulate phase uncoupling, we allow g(k) to be posi- 
tive, but random. This ensures forward propagation but not 
coupling. This implies that local retrograde propagation may 
occur, but there is a net propagation toward the antrum. This, 
for example, may represent various kinds of delayed gastric 
emptying. We were not able to detect phase uncoupling from 
recorded or simulated EGG. 

In theory, one should be able to diagnose frequency- 
uncoupled GEA from a single channel of percutaneous 
EGG. This is because every component of the uncoupled 
antral activity is represented in the surface recording. Hence, 
spectrum analysis should display these constituent frequencies. 
In practice, frequency spectrum analysis is not discriminating 
enough to separate elements of pseudowhite noise and 
physiological interferences from representations of small 
errant oscillating regions (diseased sources) in the stomach. 
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Fig. 9. Simulated surface electrogastrograms and their power spectra at 
different locations for the same frequency abnormality (k1 = 12). (a) Signal 
at (A, 20°, 0.24). The electrical control activity and its spectrum show a 
distinctly abnormal signal at 6.8 cycles/min. (b) Signal at (A, 120°, 0.24). 
The electrical control activity looks almost normal, but its spectrum shows 
strong peaks at 3 and 6.8 cycledmin. (c) Signal at (A, 160°, 0.24). Both the 
electrical control activity and its spectrum look normal. 

This suggests the use of multichannel EGG recordings as 
discussed below. 

The analysis of the simulated surface EGG was based on 
the strength of the normal component, p,. The strongest signal 
peak, p,, occurred in an anterior patch of the surface that is 
higher up on the left side of the median (6’ > 180”) than on 
its right side (6’ > 0”). This is consistent with the area of 
the surface considered optimum for recording surface EGG’s 
[4]. When normal EGG’s are recorded in a clinical setting 
with currently available methodology, one wants to know 
the probability that the patient is truly healthy and that an 
abnormality present in the stomach was not diagnosed from the 
recorded EGG. Obviously, in the diseased state, the recorded 
signal should not be normal. Therefore, p ,  should ideally be 
zero, or at the very least, a relatively small number. The pitfalls 
in the predictive value of this method are implicit in the fact 
that Table I and Fig. 9(a)-(c) confirm that normal simulated 
EGG’s may be recorded in the diseased state. 

In the model, visual scoring of surface signals from “dis- 
eased sources” may reveal a normal or an abnormal waveform, 
depending on the electrode location and the percentage of “dis- 
eased‘’ sources. Power spectrum analysis did not improve the 
situation. Fig. 9 shows simulated waveforms at different loca- 
tions on the torso with 54.5% of the oscillating sources abnor- 
mal, i.e., Icl = 12. The waveform and frequency spectrum at 
some locations on the surface strongly suggest tachygastria at 
6.8 cycles/min (Fig. (9a)). At other locations, the decision as to 

normality of the signal could go either way (Fig. 9(b)), while 
one would unwittingly diagnose others as normal (Fig. 9(c)). 
These observations are consistent with what is seen in actual 
measurements, as depicted in Fig. 8(a) and (b). This explains 
the “normal” appearance of the cutaneous EGG shown in 
the postoperative recording in Fig. 8(a). The percutaneous 
and proximal antral activities appear normal at a fundamental 
frequency of 2.85 cycledmin. The frequency of the activity at 
the most distal serosal site, E3, at 4.23 cycles/min is roughly 
1.5 times that of the signals on the more proximal serosal elec- 
trodes, El and E2 and the cutaneous electrode, EO. Therefore, 
if one employs multiple channels and dissimilar frequencies 
appear on the different channels, frequency-uncoupled gastric 
electrical abnormality is a likely diagnosis. 

Bearing in mind anatomical variability, the region on the 
model at which the strongest normal signal peaks were de- 
tected corresponds approximately to a region described by 
parallel horizontal lines through the umbilicus and the sternal 
apex, and vertical lines extending downwards from the nipples 
(Figs. 2(a) and 3(a)). Visual scoring of the signals recorded in 
this region in man confirms normal EGG 67% of the time; 
this percentage becomes 95 if spectral analysis is employed. 
These observations are consistent with the simulation results. 
They support the assertion that GEA in health can be detected 
with respectable accuracy using the cutaneous method. The 
same is not true when frequency and phase abnormalities were 
introduced into the simulation. 

Finally, the main objective of this study is to present a math- 
ematical model of the surface EGG in disease. The authors 
are not aware of any existing models. The main strength of 
the model is its ability to simulate different kinds of gastric 
electrical abnormalities. The model represented by (1) and (2) 
is a simplified model of the actual system. The actual control of 
gastric motility involves an integration of myogenic, nervous, 
and hormonal factors. One might ask if a more mathematically 
involved model will not be a better approximation. The 
accuracy of any model generally improves as one incorporates 
more properties of the actual system. For instance, one could 
incorporate changes in the shape and location of the antrum 
into the model by making the source locations variable. This 
will represent situations in which the stomach is displaced by 
meals or lateral motion. The price for the increased accuracy is 
complexity and an exponential increase in the machine-hours 
required for computation. Therefore, judicious approximations 
to the real system are inevitable. In the model presented 
here, simplifying assumptions have been undertaken to reduce 
computational tedium. However, we believe that this model is 
adequate for the purposes intended. Comparison of the results 
of this simulation and actual human studies may be employed 
as a measure of its validity. 

The important consideration for clinical electrogastrography 
is the predictive value of the method in diagnosing abnormal- 
ities. In its present configuration, the method employs mainly 
the frequency and amplitude of the surface EGG as diagnostic 
parameters. The frequency spectrum of the EGG at any single 
location on the surface performs poorly in the diagnosis of 
abnormalities involving uncoupled GEA. One way around 
this problem is to measure the EGG at several locations and 
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develop an algorithm for evaluating these composite records. 
A better way is to develop a standard electrode array that 
improves the diagnostic accuracy. Simulation of EGG’S in 
health and disease over the entire anterior surface similar to 
that presented in this study may be used to develop such an 
electrode configuration that will diagnose abnormalities with 
better accuracy. Empirical methods may then be employed to 
validate such results. On the other hand, the amplitude of the 
cutaneous signal may be useful in determining the velocity of 
propagation of the antral signal, if the displacement element 
can be factored out. 

APPENDIX 
The potential 4 due to a current source of strength I in 

a volume of conductivity U can be described by Poisson’s 
equation [37] 

subject to the boundary conditions: 
1) 4 is finite inside the volume, and 
2) Nuemann’s boundary condition [ E ]  = 0, (14 is the 

normal vector at the surface s). 
The system of interest is synchronized with respect to time 

for all field quantities and quasi-static. This idea of the system 
being quasi-static plays an important role in simulation. Since 
transient effects can be ignored, it is easy to perform sampling 
in time and space. Sampling in time allows one to obtain the 
system solution at each sample instance and by superposition 
simulate the time dependency of the system. A solution of 
(Al) in infinite space is 

S 

1 1  
47ra R 

(#) - - . -  
03- 

where R2 = p 2  + ( z  - ~ 0 ) ~  for p 2  = r2 + ri - 2r0 cos(8 - 60) .  

Expanding & so that the expression converges for r > ro gives 

1 2 ”  
= ; cos I(. - 2 0 )  . Ko(Ep)dS  (‘43) 

where 
03 

~ o ( < p )  1 cm cosm(0 - 0 0 )  . Im(Ero )km(Er ) ,  r > ~1 
m=O 
M 

~ o ( < p )  = cm cosm(6 - 6 0 )  . Im(Sr )Km(<rO) ,  r < ~1 
m=O 

and 

c m = l ,  m=O 
cm = 2 ,  m>0.  

1, and km are the modified Bessel functions of order m of 
the first and second kind, respectively [38]. 

Hence, (A3) becomes 
1 roo 

4m=+ 2D1r U J, 
00 

. I, cosm(t9 - 190) . Im(<ro )  . K m ( < r ) d < .  (A4) 
m=O 

If we now replace the current source by a single dipole (SD) 
of dipole moment €’, the equivalent of (A4) may be obtained 
by differentiating 4, with respect to the direction of the dipole 
moment. The dipole moment may then be resolved into its r,  8, 
and z components as E = P(Pr, PO, Pz)T. 

The solution for a single current dipole of dipole moment 
P(O,O, P,)T is obtained by differentiating (A4) with respect 
to z and replacing I with -P,. Therefore, 

where 

c1 = f ( h , l ) ,  and 

K m  (<A) 
Ln (FA) 

c2 = -____. 

The “dot” denotes differentiation with respect to the argument. 
By imposing the other boundary condition [ 21 ,=O,h = 0, c1 

is evaluated to be a periodic impulse function of strength % 
at < = y , n  = 0 , 1 , 2 , - . .  . Therefore, 

Equation (A5) is what one needs to evaluate q5z at the time and 
space sample points chosen for the z component of the SD. 
In a similar manner, solutions can be obtained for 4,. and 40 

00 00 
- 2Pr nrzo n m  

cos - . 1/26, 
m=O 
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