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1. INTRODUCTION AND OBJECTIVES QF THE STUDY

Electrogastrography is defined as the recording of the myocelectrical ac-
tivity of the smooth muscles of the stomach by means of cutaneous elec-
trodes attached to the abdominal skin. The recorded signal is called an
electrogastrogram.

On Octobexr 14, 1921, Walter Alvarez attached twe electrodes to the ab-
dominal skin of a 'little woman' and connected the leads to a very sen-
sitive string galvanometer. The abdominal skin was so thin that gastric
peristalsis was easily visible. The repetition fregquency of the sinus-
oidal configuration of the recorded potential variations, being 0.05 Hz,
corresponded to the repetition frequency of the gastric waves passed by,
proving the gastric origin of the electrical signal. Alvarez stated:
'The first human electrogastrograms are here presented' (Alvarez, 1922).
However, he never succeeded in deriving electrogastrograms from other
persons. All the same he may be considered to be the pioneer in the
study of myoelectrical and mechanical behaviour of the stomach endowed
with great prophetic gifts. Mocst of his cbservations predominantly made
from recordings derived with electrodes attached to the serosal wall of
the stomach in test animals (which he denoted also electrogastrograms)
command great respect since in cur eyves only primitive equipment was
available.

From literature it seems that little progress has been made concerning
the myoelectrical activity of the stomach until the sixties. Rbout that
time, when improvements in electronics made recordings much easier to
perform, an encrmous increase in interest in this topilc occurred, re-
sulting in a vast amount of publications. Many of the findings of Alva-
rez have been rediscovered by other investigators. The reason for this
conspicucus interest arose from the growing notion that the myoelectri-
cal activity of the stomach plays a dominant role in controlling gastric
functions, more or less similar to the electric activity originating in
the sinc-atrial node does in the heart. It was felt to be reasonable at
that time te expect that gastric motility disorders would be accompanied
by a disturbance of the electrical activity and that the electrical ac-

tivity would therefore be of a diagnostic significance,



It became clear that two types of electrical activity could be distin-
guished on the distal stomach: The always present, not contraction re-
lated, electrical control activity, normally propagated in aboral direc~
tion and the so-called electrical response activity which i1s only present
when contractions cccurred and that is locked to the electrical control
activity.

In Chapter 2 we will give a more detailed description of the electrical
activity and the related mechanical kehaviour of the stomach. The under~
standing and interpretation of electrogastrographically derived signals
did not occur hand in hand with the increasing knowledge of the intra-
and extracellularly measured signal characteristics. As may become clear
from the literature survey given in Chapter 3, many authors claimed di-
agnostic significance for the electrogastrogram but unfortunately 'these
claims were reported with inadequate experimental detail and without a
gocd statistical background' (Smallwood, 1976). As a conseguence these
claims were not convincing. Moreover, since most authors performed
studies using only abdominal electrodes and reference signals were not
derived simultaneously from the stomach itself, 1t has remained unclear

for long what exactly is measured in electrogastrography.

The extracellularly measured mycelectrical activity of the stomach is a
reflection of the intracellular electrical activity of the smooth muscle
cells originating in ion shifts from the intracellular to the extracel-
lular space and vice-versa, thereby regulating the contractile behaviour
of the cells. Whereas extracellular recording technigues (with electrodes
located in the immediate proximity of the cells) provides detailed in-
formation about the electrical activity of groups of cells, surface re-
cording technigues will only provide glcbal information about the elec—
trical {(and mechanical) activity of the stomach. Smout, Van der Schee

and Grashuls (1980a) concluded from a comparative electrogastrographic
study in the dog (i.e. also serosal electrodes and force transducers

were implanted) that the repetition freguency of the electrical control
activity constituted the dominant freguency in the electrogastrogram
while the amplitude was related to the presence of the electrical re-
sponse activity. Both, the sinusocidal configuraticn of the electrogastro-
gram and the electrical response activity related amplitude changes could

be described with the aid of a model in which depolarization and repolari-



zation of the gastric muscle cells were represented as dipoles.
Furthermore, Smout (1980} gescribed the characteristics of the recorded
electrogastrograms in both dog and man and demenstrated the potential use-
fulness of electrogastrography in (clinical) practice. However, a prere-
quisite in order to achieve the ultimate goal of electrogastrography, name-
lv the actual clinical wusefulness whether as a screening method or as a
reliable diagnostic tool, is the development of more sophisticated analyz-
ing technigues leading to
1®  an improvement of the fundamental knowledge of the relationship between
the waveform of the cutaneously measured signal and the myoelectrical
Ccharacteristics as measured with serosal electrodes, and
2° an accessible technigue with which {clinical) relevant information can

be extracted from the electrogastrogram,

In this thesis both thesge aspects are dealt with.

In Chapter 4 the major objective was to develop a digital filter method in

order to remove variocus kinds of noise and disturbances from the cutaneocus

signal without distortion of the waveform, phase and anmplitude of the gas-

tric component. The waveform thus obtained lends itself to a better com-

parison with serosally derived waveforms.

A more detailed study dealing with waveform analysis (Volkers, Van der

Schee and Grashuis, 1983) is given as an Appendix. In that study a coher-

ent averaging technique is presented in order to amnswer the guestion wheth-

er surface electrodes located at well-defined positions on the abdominal

wall could 'see' different electrical active parts of the stomach.

In both above mentiones studles the dog was used as an experimental animal.

In Chapter 5, being the main part of this thesis, the concept cof running

spactrum analysis 1s introduced into the field of electrogastrography. The

major abjectives were

1° to search for a fast and concise way of representing electrogastro-
graphically obtained data, and

2° to investigate to what extent the myocelectrical characteristics as
measured with serosal electrodes could be interpreted from the run-

ning spectrum.

In this chapter both, data obtained from the dog as well as from man are

dealt with,






2. ELECTRICAL AND MECHANICAL ACTIVITY OF THE STCMACH
2.1 Introduction

The main physiological functicn of the stomach is to process foeod in such
a way that, after the ingestion of a meal, small portions of chyme are
gradually propelled into small bowel. Different parts of the stomach ac-
count for optimum regulation. The smooth muscles of the fundus and the
proximal part of the corpus (see Fig.1) exhibit a relaxaticn after food

intake accompanied by a decrease in tone.

cardia cesophagus

lesser curvature
fundus

corpus serosa

mucosa
greater curvature

pylorus

Fig.l. Macroscopic anatomy of the stomach.

This behaviour iz essential for the temporary storage of a large meal.

The relaxation phase is followed by a slow restoration of the tone. Tonic
contractile activity moves the gastric contents to the distal part of the
stomach where phasic contractions occur, propagating aborally to the py~
lorus. Small portions of the chyme are propelled into the duodenum, amongst
others depending on the momentary diameter of the pyloric sphincter, while
the bulk of the chyme is retropropelled in cral direction, thus accounting
for mixing and grinding.

The underlying control mechanism, especially with respect to the distal
part. of the stomach, is of electrical nature. Although the proximal part
is not completely electrically silent when measured with intracellular

recording techniques (Morgan and Szurszewski, 1978; Morgan et al., 1980)



no electrical activity can be recorded by extracellular recording tech-
nigues.

The smooth muscle cells of the distal two-third of the stomach generate
cyclic recurring change of electrical potentials, which can be picked up
by extracellular electrodes.

Many names have been given to this always present periodic potential, In
this thesis we will use the terms 'initial potential' {e.g. Daniel, 1965},
'contrel potential' (e.g. Sarna and Daniel, 1973) and 'electrical control
activity' (ECA) (Sarna, 1975) which are commonly used and that are conform
the terminology used in previocus publications.

The ECA criginates somewhere in the orad corpus as was demonstrated by
transection experiments of the longitudinal and circular muscle layers of
the stomach (Weber and Kohatsu, 1270; Xelly and Code, 1971). Thus, like
the heart, the stomach may be considered to have a pacemaker from which
the ECA iz generated. However, a histolegically identifiable group of
pacemaker cells has never been described. According to Weber and Kchatsu
{1970) the region on the greater curvature where a group of longitudinal
smooth muscle fibers originates, can be considered to be the anatomical
correlate of the pacemaker area.

The ECA sweeps distally through the leongitudinal muscle fibers to the py-
lorus, where 1t vanishes (Kelly and Code, 1971).

In the dog the pericd between every generated ECA amounts to 10 to 12 sec-
onds, The amplitude of the ECA (when measured monopolarly with extracel-
lular electrodes) is in the order of 1 mv in the corpus and 3 mV in the
antrum (Kelly et al., 1969). The propagation wvelocity increases towards
the pylorus: from 0.1 -0.2 ¢m/s to 1.5-4.0 cw/s in the distal antrum
(Daniel and Ixwin, 1968). Hence, two or more ECA fronts are simultanecusly
present on the stomach wall. In man the interval duration between succes-
sive ECA's is in the order of 20 seconds. The amplitudes show the same be-
haviour as those in the dog, but the propagation velocity differs: about
0.3 em/s in the corpus and 1.0 cm/s in the antrum (Hinder and Xelly, 1977).
The gastric pacemaker, like the cardiac pacemaker, is present throughout
life, but the gastric pacemaker, unlike the caxdiac, does not always have
contractions assccliated with it.

The ECA is followed by specific potential changes when contractions occur.
They have become known under several alternative names. We will use the

terms 'second potential' (Danlel, 1965}, 'second component' (Papasova et



al., 1968} or 'electrical response activity’® (ERA) (Sarna, 1975). rast
pulse like potential changes (spikes) may be superimposed on the ERA.
In its spread over the stomach the ECA determines the position, the di-
rection and the propagation velocity of contractions. Contractions may

occur or extinguish at each level in the distal stomach.

The extracellularly recorded electrical activity is a reflection of the
intracellular activity of the smooth muscle cells. The knowledge about
intracellular electrical activity of gastric smooth muscle cells was cb-
tained from in vitro studies on longitudinal and circular muscle strips,
using microelectrodes inserted intoe the cell {e.g. El-Sharkawy et al.,
1978), pressure and suction electrode technigues (e.g. Bortoff, 1967,
1975} and the sucrose—gap technique (Szurszewskil, 1975).

Ne significant difference seems to exist between intracellular electrical

characteristics of dog, cat and man (see Fig.2).

+ -50mV

Fig.2. <Configuration of the potential changes in gastric smooth muscle

cells.

a: resting membrane potential

b: depolarization

¢: plateau, which may or may not bear spikes
d: repolarization

The resting membrane potential (Fig.Z,a) of the muscle cells involved is
about -70 mV. The amplitude of the depolarization (b} in the corpus and
in the antrum is in the order of 30 and 45 mV, respectively (El-Sharkawy

et al,, 1978). The depclarization rate also increases in aboral direction.



Values of 0.54 V/s in the corpus to 2.15 ¥/s in the pyloric region have
been found.

In mechanically inactive tissue, the plateau (¢} is completely absent
(Daniel, 1975%) or of small amplitude and duration (Szurszewski, 1375).
Contractile activity appears to be associated with the formation of a
plateau, while the transition between depolarization and plateau consists
of a partial repolarization. Stronger contractions are associated with

higher plateaus of longer duration and a higher veloclity of repolarization
{see Fig.3),

=50 myv

Tconrrq:ﬂ le
force

Fig.3. Intracellular electrical configurations of antral smooth muscle
cells and the corresponding (gqualitative) contractile behaviour
(after Daniel, 1965; Papasova et al., 1968; Szurszewski, 1975).

Figure 4 shows the relation between intracellular slectrical activity,
extracellular electrical activity (monopolar} and contractile feorce as
may occur in the distal canine antrum schematically.

For a detailed description of the characteristics of the myoelectric ac-
tivity of the stomach and techniques of recording, beoth, from reported
results in literature and from own investigations, the reader is referred
to the thesis of Smout, 1980: 'Myocelectrical activity of the stomach;

gastroelectromyography and electrogastrography'.



intracellular
electical activity

extra cellular
electrical activity

ECA ERA

/L__/\_ contractile force
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125

Fig.4. Schematically drawn relation between Intracellular, extracellular
and contractile activity respectively, occurring in the canine
antrum.

2.1.1 Interdigestive activity

In the interdigestive state, the stomach is mechanically inaci.ive most of
the time. Only the ECA fronts are propagated aborally with constant inter-—

val times between the successive ECA's, as depicted in Filg.5.

(o e G e e

||
0s

Fig.5. Monopolarly recorded canine serosal signals in the fasted state
during the period of motor guiescence. Electrodes 1-4 located at
12, 7, 4 and 2 cm from the pylorus respectively (from Smout, 1980).
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In 1969 Szurszewskil found recurring fronts of intense spike activity in
the small intestine of fasting dogs which migrated slowly down the entire
small bowel (in about 1% hours). When such a front reaches the terminal
ileum, anotheyxy cne developed in the duodenum.

In 1975 Code and Marlett observed that the so-called interdigestive myo-

electric complex (IDMEC) also cccurs in the stomach (see Pig.6).

cm electrodes
from pylorus

2 26. )i, 1970
G e o 8

I
= [ o,
w
z . 68 I
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.g | |11O Jz
z [|l152 3
O AU YR — - i
s l\ 2 I K P i, ah
3 darg L Erd —_— . - — |
$ NPT R — | 8 . )

6.00 p.m,===n 7.00 -t 8.00 —— 9.0 ~——+——10.00—+—11.00 —- Midnight
Time

Fig.6. Three interdigestive mycelectric complexes. Roman numerals desig-

nate the phases described in the text. Black vertical bars repre-
sent the activity front. Note that the complexes migrate distally from
the stomach and ducdenum to the terminal ileum (from Code and Marlertt,
1975).

They further divided the interdigestive pattern into four phases. During
phase I there i1s no ERA or spike activity. Phase III represents the ac-
tivity front and the phases I and IV are transition phases. Phase III

lasts for about 12 minutes in the stomach.

The motor correlate of the IDMEC has been described by Itch and co-workers
(Itoh et al., 1277, 1978) using strain-gauge force transducers located all

over the gastrointestinal tract.

Whereas Code and Marlett (1875) described the gastric activity front as
characterized by the presence of maximum ERA with each control potential,
our observations are in accordance with the description of the motor cor-—
relate of the activity front reported by Itoh et al. (1977); i.e. phase

III in the antrum consists of groups of strong contractions bheing alter-



nated by short periods with weak or absent contractions, as illustrated

in Fig.7.

) AU A U Y T A SOt R Y DA

Fig.7. Electrical and mechanical activity of the canine stomach during

the activity front of the interdigestive migrating complex.
Bipolar electrodes 1-4 were located at the same positions as in Fig.5.
Force transducer FT.A and FT.B were located oppeosite electrodes 2 and 4
raspectively. C is a cutaneously derived signal and 4' was monopolarly
derived from electrode 4.

As can alsc be observed in Fig.7 the cccurrence of contractions are asso-
clated with a considerable variation in interval time between successive
ECA's. Hence, gastric IDMEC, when present, could be recognized from the
interval function, as demonstrated by Smout, Van der Schee and Grashuis

(1979), who used an ERA-score as a measure Lor contractile strength (see
Fig.8).

11
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ECA interval
duration {seconds)

ERA
score

o] 10 20 30 40 50 60 minutes

Fig.8. Interval function and plot of ERA scores showing an IDMEC cycle

that is the last of 5 cycles shown in the inset {(from Smout et
al., 1979).

In fasting dogs we did not always observe gastric interdigestive migrating
complexes (IMC's). Sometimes a so-called 'minute rhythm' was seen, charac-
terized by a few consecutive strong contractions alternated with episodes
of motor guiescence of 1 to 3‘minutes of duration. Although such a be-
haviour may be attributed to gastrointestinal disorders (Carlson et al.,
1972; vantrappen et al., 19277b; Aesberhard and Bedi, 1977) we concluded
that gastric IMC in general is not as stable as its intestinal counter-

part (Smout et al,, 13792).

Interdigestive motor activity in man has been studied mainly mancmetri-
cally (e.g. Vantrappen et al., 1977a, 1977b; Lux et al., 1980). The IMC
pattern resembles that described in dogs, although it seems to be some-
what less regular with regard to periodicity and the point of corigin
{(Vantrappen et al., 1877b).

Functionally, the activity front may be considered to act as a gastro-
intestinal housekeeper sweeping the bowel periodically clean (Code and
Schlegel, 1973; Mrez and Xelly, 1977). Bacterial overgrowth in the small
intestine was reported (Vantrappen, 1977b} in cases where phase III of

the IMC was net present in humans.



The underlying control mechanism of the IMC is not yet clear. A vast a-
mount of publicaticns appeared in recent years, regarding this phenomenon.
They deal with hormonal, neurogenic and secretory aspects. These numerous
investigations, which are still in progress, will not be dealt with in

this thesis.

2.1.2 Postprandial activity

After the ingestion of a meal, a so—-called fed pattern is induced and the
IMC is disrupted, not only in the stomach but simultaneously in the entire
small intestine. The duration of the disruption depends on the volume of
food and on its physico-chemical composition (e.g. Ruckebusch and Bueno,
1976). The postprandial pattern is characterized by the occurrence of con-
tractions of mediocre strength (compared with those of the activity front

of the IMC), after each ECA (see Fig.9).

Fr'ev\/\f\/\/\ﬁ\/\/%/\/w\/\/\/\/wk/\/\/l
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Fig.9. Electrical and mechanical activity of the canine stomach and elec-

trical activity of the proximal duodenum during the postprandial

state,.
Electrodes and force transducers were located at the same positions as in
Fig.7. C is the cutaneously recorded signal, 4' was monopolarly derived
from electrode 4 and D shows the bipolarly recorded ducdenal electrical
activity at 2 cm from the pylorus.
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Immediately after food intake, in man the repetiticn freguency of the ECA
decreases significantly, followed after about 10 minutes by an increase in
frequency to above the fasting value (Duthie et al., 18971). In ccntrast
with man, in dog a decrease in ECA frequency was cbserved. It remained
stable during the entire postprandial state (Smout =t al., 1979).

Whereas gastric emptying of liguids is predominantly contrelled by tonic
contractions of the proximal part of the stomach, the phasic aborally

propagated antral contractions account for emptying of solid meals (Kelly,
1280) .



3. ELECTROGASTROGRAPHY

3.1 Introduction

As 1s the case for many internal electrically active corgans in the body,
electrical potential changes generated by the stomach can be picked up.
with the ald of surface electrodes attached to the skin,

Analogously to terms like electrocardiography and electroencephalography
the term 'electrogastrography' has been designated to the method of re-
cording gastric electrical activity from cutanecus electrodes. Although
in literature sometimes 'electrogastrography' is used for serosal and/or
mucosal recordings of gastric potentials {e.g. Alvarez, 1922; you et al.,
1980b), the term 'gastrcelectromyography' is much more suitable in such

cases, 1n our opinion.

In this thesis the abbreviation 'EGG' will refer to both, electrogastro-
graphy and the signal recorded with it, called electrogastrogram.

With regard to the amplitude of the generated potentials the stomach is

the most electrically active internal organ next to the heart. It may
therefore be considered to be remarkable that surface recordings have not
yet been intreduced to routinely practical application.

In the next section the lines along which our insight in the EGG has pro-
gressed in the course of years towards a method that brings possible {clin-
ical} usefulness within reach, will be ftraced. In section 3.3 the electro-

gastrographic recording technigues as used in our studies will be described.

3.2 Literature survey

In this survey we confine ourselves to discuss only those publications in

which on recording from the skin has been veported.

Since Blvarez (1922) reported on the first (human) electrogastrogram, no
papers dealing with electrogastrography could be traced until 19533. In that
vear Ingram and Richards described an electrometer amplifier and recorder
with a response time of 2 seconds, which they used to measure the luminal

potential in the stomach (i.e. potential differences hetween gastric lumen

15
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and the fore-arm in man) as well as 'skin/skin’' potentials. They made 216
recordings in 148 subjects, 45 of which were surface recordings. Arnalysis
was performed by visual inspection. Results of the skin/skin potentials
were not provided but summarized in a rather cryptic sentence: ‘Movement
of the wakeful patient was obviocusly a factor, for a skin/skin tracing
from a sleeping subject became completely flat....’

In 1957, Davis et al., attached two EEG electrodes to the abdomen {(in hu-
mans} as well as one on the abdomen and one to 'the dorsal surface of the
right arm’. These authors considered the latter electrode configuration
to be monopolar. They found potential variations with a frequency of a-
bout 3 cycles per minute and amplitudes in the order of 100 ~ 500 mV. The
movement of the stomach was detected after swallowing a steel ball (1/4
inch in diameter) and using a mine detector. They made a careful study

of the possible artefacts and concluded: "There is little doubt that we
show (...} an electrical aspect of the ordinary gastric or enteric con-
tractions of three to four per minute'. They were primarily interested

in the response to psychological stimuli and pursued this interest in a
further paper (Davis et al., 13592) in which they used chlorided silwver
discs as surface electrodes.

Tiemann and Reichertz (195%9a, 1959b) published data concerning the "Elek-
tro-Intestinegramm’. In these papers they provided some data about elec-
trogastrographic explorations in humans, obtained by using one active
{EEG) electrode on the abdomen and an 'indifferent' electrode on the
right leg. The time constant of the amplifiers used in that study was 1
second. Considering the fact that this time constant corresponds with a

3 dB cut-off freguency of the high-pass filter of about 0.15 Hz (9 cpm),
it is surprising that the authors found a frequency of 3 cpm and an am-
plitude in the order of 0.2 - 0.5 mV. Moreover, they paid much attention
to the waveform of the reccordings and stated that varicus types of wave-
forms were characteristic for gastrointestinal ‘affections'. However,
clear descriptions of these waveforms were not gilven.

In 1962 Sobakin et al. introduced a one channel electrogastrograph, con-
structed according to well-thought-out specifications. The bandwidth of
the amplifier was 0.05 — 0.2 Hz. They used one electrode in the epigas-
tric region and one on the right leg. The authcors stated that they used
the electrogastrogram for the 'registration of the peristaltic action

during digestion'. Recordings were made on healthy velunteers and in



patients with variocus gastric disorders. All subjects were given a meal

consisting of barium, white bread and sweet tea. The best signals were

obtained between thirty minutes and two hours after ingestion of the meal.

In the healthy subjects a fregquency of 3.0 % 0.3 cpm, with an average am-
plitude of 0.25 mV was found on the basis of wisual inspection of the re-
cordings. Because Alvarez ({1922) was capable to record only an electro-
gastrogram from a 'thin, little woman', the authors emphagized their suc—
cess in recording an electrogastrogram from a woman which was of 'average
height, but weighted 96 kg', and concluded that the ‘eguipment we have
developed permits the recording of electrical oscillations of the stomach
from the surface of the body, not only of normal subijects but alseo of ill
persons with a hypertrophic layer of fat'.

Summarizing their findings in pathology: in patients with gastrie ulcer,
with the ulcer logated in the small curvature, normal activity was Seen.
In patients with pyloric stenosis the amplitude of the gastric waves was
increased to twice that of normal and in patients with gastric carcinoma,
waves with a highly variable rhythm and low amplitude were ocbserved. Un-
fortunately, the material was presented without a statistical justifica-
ticn of their final conclusions: 'clinical approbation of the electro-
gastrographic method and equipment discussed here has shown it to be
completely suitable for objective pathophysiclogical studies of the dis-
placements of the motor system of the stomach during digestion’'. All the
same the Russian group may be considered to be the first one to have gone
deeply into the problems associated with the technigue of surface re-
cording.

Russel and Stern (1967) advocated the method of EGG developed by Davis

et al. {1957, 1859) in a chapter on electrogastrography, contributed to
'a Manual of Psychophysioclogical Methods'. They gave a survey of various
methods for studying gastric motility, including electrogastrography.
Regarding the recording eguipment, the authors considered the capability
of 'registering DC-potentials’ as a necessity to record the BGG. They
also described an experiment in the dog, in which intraluminal, serosal
and cutanecus electrical signals of the stomach were recorded simulta-
neously. An electrode on the skin surface of the animals’' back served as
the reference for all recordings. The authors stated that 'as expected,

a significant positive correlation was obtained between the gastric ac-

tivity of the three sites', although the companying figure, showing the
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three signals, does not support this statement at all.

Maost interesting is the publication of Nelsen and Kohatsu in 1968 in which
they reported on gastroelectromyography and electrogastrography in dog and
man. To our knowledge they were the first authors to relate the EGG di-
rectly to the electrical activity of the stomach instead of to gastric
motility. Furthermore, they discerned the nolsy character of cutaneocus
recordings, especially in the fasting state, and cobserved sinusoidal sig-
ngls, varying slowly in frequency. To account for these properties of the
EGG they used sophisticated analyzing technigues. Autocorrelation tech-
nigues were applied to extract the periocdicity of the signal. The paper
contains a figure that shows the response of feeding on the gastric fre-
quency in man {(a frequency dip followed by a frequency rise), compietely
determined from cutaneous signals. In order to deal with the occurring
slowly varying frequencies and the poor signal-to-noise ratio of the EGG,
they used a tracking filter (phase-lock technique) implemented on two

TR20 analogue computers for retrieval of the electrogastrogram. They
considered this, for that time advanced, technigue supericy to narrow
band-pass filtering that usually was being used. The phase-lock technigue
was pyeviously introduced by MNelsen in 1967. He stated that 'animal ex-
periments (...) point to its (the electrogastrograms) potential useful-
ness as a specific diagnostic tool in certain human disorders (e.g. emp~
tying discrders}' and that the method 'permits the retrieval of the elec-
trogastrogram from the wvast majority of patients without resort to sur-
gical implantation'’.

In both publications (Nelsen, 1967; Nelsen and Xohatsu, 1968) the same
figqure was provided, concerning the comparison of simultanecusly measured
serosal eslectrical activity, cutanecus activity and the phase-lock fil-
tered version of the cutaneous signal. Although relatively limited ex-
perimental data was given, the authors concluded that they 'believe that
the present recordings from cutansous electrodes are of sufficient qual-
ity to undertzke a study of gastric disease with sufficient numbers of
patients to permit classification and establishment of diagnostic criteria’.
Unfortunately, this optimistic conclusion has not been followed by the pub-
lication of the results of the clinical trial that they suggested.

Since 1267, Martin, Thillier, Martin and co-workers (Tours, France) have
published a number of papers on the use of surface recording from the

whole of the gastreintestinal tract. Most of these publications dealt



with studies in man, were mainly descriptive and contained about the same
information. They used the term 'electrosplanchnography’ for abdominal
leads and 'electrogastroenterography' (EGEG) for limb leads (Martin and
Thillier, 1871a, 1971k, 1972). The time constant of the high-pass filter
used in 1967 (Martin, Thouvenot and Touron) was either 0.7 or 1.5 seconds,
which is obvicusly too low to record reliable 3 cpm activity. In a later
paper Martin and Thillier (1971a) reported on bipolar surface electrode
recordings with a time constant of 3 seconds (corresponding to a 3 4B cut-
off frequency of 3 c¢pm of the high-pass filter). The cut-off freguency of
the leow-pass filter has not been mentioned in any publication by the French
group. They claimed an excellent correlation between motor activities of
the alimentary canal and radiocinematography, but gave no details of either
the instrumentation or the results. The authors had the opinion that sig-
nals recorded from the skin reflect the contractile activities and that
absence of visually recognizable waves implies absence of contractile ac-
tivity. However, experimental confirmation was not provided. It was not
before 1978, that Drieux et al. performed a study on the relation between
electrogastrographical and gastroelectromyographical signals and intra
gastric pressure (in the guinea-pig). They found that rhythhic distentions
of the antrum induced a synchronous modulation of the electrogastroenterc-—
gram, the magnitude of which was correlated with the amplitude of the dis-
tenticn. They stated that 'These results suggest that the origin of EGEG

is essentially the movements of the stomach', but were unable to elucidate
the underlying mechanism. The French group claimed that the methods of
electrosplanchnography and electrogastroenterography are of great diagnos-
tic importance "(Martin et al., 1970; Martin et al., 1972; Combe et al.,
1972) but convincing evidence supporting this claim was not provided.
Studies which make a more realistic impression, and which were performed

in collabeoration with Tonkovic (Yugoslavia), were reported a few years
later (Thouvenct et al., 1973; Tonkovic et al., 1975; Tonkovic et al.,
1976). In healthy volunteers a gastric freguency of 2.7 to 3.6 cpm was found
and the peak-to-peak amplitude of the gastric waves was 180 - 450 uv. Signals
were recorded on magnetic tape for subseguent computer analysis (Thouvenot
et al., 1973). They stated that amplitude criteria for interdigestive and
postprandial states could be defined but that 'this study cannct as yet be
a basis for a diagnostic conclusicn because too many parameters have not

yet been conquered, and many are still unknown'.
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Tonkovic et al. (1%75) used an array of electrodes covering the area be-
tween the sternum and the pubis, and recorded (from man) the signals on

a 7-track FM tape recorder. The records were digitized and the autocorre-
lation function was Fourier transformed to obtain the power spectrum.
They made use of a Hamming window in order to reduce the obscuring effect
of respiration and the ECG. Nevertheless it is not to understand why the
use of windowing should have the above mentioned effect. Several records
were obtained from 8 subjects and apalyzed. The authors stated that 'an
analysis of the power spectra shows that it is possible to determine typ-
ical frequency bands for the different organs' activities. This allows
us, using suitable filtering, to identify their activities even in the
absence of wvisual recognition of typical waveforms'. The paper published
in 1976 (Tonkovic et al,) did not add more information.

In 1273 Schulz et al. reported on the effect of metaclopramide on the
gastric waves. They used the recording technique of the French group, but
the recordings were analyzed by visual inspection. Intravenous adminis-—
tration of metaclopramide resulted in an increase of amplitude and fre-
quency of the gastric waves. In 1976 Schulz et al. pursued their interest
in the effect of drugs, using the same technigue and confirmed their pre-
vious finding: metaclopramide increased the frequency of the gastric waves
from 3.36 + 0.2 to 5.45 £ 0.3 cpm. Atropine decreased the frequency from
3.51 £ 0.2 to 2.93 + 0.2 cpm. The authors considered electrogastrography
as 'pharmacological function test® a valuable method providing diagnostic
information.

In 1973 Nechiporuk et al. recommended electrogastrography as 'an addi-
tional, objective diagnostic and prognostic test' in acute pancreatitis,
since, in all 47 patients with acute pancreatitis studied, they found a
significant decrease of the EGG, which they interpreted as 'suppression
of the motor function'.

In 1974 Stevens and Woxrall published a comparative electrogastrographic
study in the cat. Signals were derived from one abdominal electrode with
respect to a reference electrede on the left hind leg, and were compared
with signals obtained frem an extraluminal force transducer attached to
the stomach. Besides visual inspection, they used auto- and crosscorre-
lation technliques as well as Fourier transfeormation of the autocorrelation
function. A periodical component with a freguency of 3.76 to 4.54 was

found (in agreement with the repetitjon frequency of gastric ECA in the



cat, being about 4 cpm). Significant correlations between the cutaneous
signal and the contracticn signal were found. The authors stated that
'The present report is not intended to demonstrate that the mechanical
and electrical records of the active stomach are exact mirror images of

each other' and 'one can find segments of record where slow wave electri-

cal activity appears to gccur in the presence of a guiet mechanical record.
The authors were primarily interested in gastric psychophysiclogical re-
search and referred to the publication of Russell and Stern (1967) exten-
sively.

In 1975 Brown et al. (Sheffield, England) reported on surface recording

in 16 healthy subjects. Three pairs of electrodes were placed over the
gastro duodenal area. In a few cases mucosal electric activity and intra
gastric pressure were measured simultaneously. They used auto- and cross-—
¢orrelation technigues to reveal the periodicity of the signals and the
common periodicity of the cutanecus signal and the mucosal signal, respec-
tively. In addition they used Fourier analysis to compute the amplitude
spectrum of the EGG's. In B88% of the signal fragments analyzed, a signif-
icant component of approximately 3 ¢pm (average 3.02 = 0.21 cpm) was found.
The authors paid particularly attention to the origin of this component
and concluded that the electrical control activity of the stomach has to
be considered as the source. After food intake, they found an amplitude
increase of the gastric component of the order of a factor 2.5 which they
attributed to a decreased distance ¢f the electrodes to the distended stom-
ach. In 2 out of 32 recordings, made in the fasted state, they found a fre-
quency component of 10 to 12 c¢cpm. They considered this component to origi-
nate from duodenal electrical activity.

Several studies were published by the Sheffield group, predominantly dealing
with sophisticated methods of analysis of electrogastrographic signals
{(Smallwood et al., 1975; Smallwood, 1976, 1978a, 1978b; Linkens, 1977:
Linkens and Datardina, 1978). Apart from autocorrelation and crosscorrela-
tion techniques used, Linkens (1877) reviewed briefly 5 methods of fre-
quency analysis, i.e. fast Fourier transforms, fast Walsh transfeorms, auto-
regressive modeling, phase-lock loop technigques and raster scanning. Small-
wood (1976) dealt with fast Fourier transforms and phase-lock loop tech-
nigues. The latter technique, in principle adopted from Nelsen (1867), was
modified using advanced integrated micro-electronic circuitry. The results

of this technigue were published in 1978 (Smallwood 1978a, 1978b). The per-
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centage of the recording time for which the loop was locked for more than
3.2 minutes was 41% before a meal and 47% after the meal. Smallwood (1976)
presented alsc results on measurements on patients before and after truncal
vagatomy plus pyloroplasty. A significant increase in mean gastric frequen-
cles was reported (from 3.15 * 0.24 to 3.44 £ 0.27 cpm}. Using 10 minute
stretches of time signal (recorded from healthy volunteers) on which fast
Fourier transform was performed, he found a simlilar postprandial frequency
pattern as reported earlier by Nelsen and Xchatsu (1968).

Sobakin and Privalov published a multichannel surface recording technique
in 1976. They applied 8 electrodes to 'the anterior abdominal wall in the
projection of the cardia, fundus, body and alsc the antral and pyloric
parts of the stomach'. A reference electrode was attached to the right leg.
From all signals, derived from 20 healthy subjects, the autocorrelation
function was calculated. Measurements were carried out after ingestion of
a test meal. The mean gastric postprandial frequency was 3.0 & 0.1 cpm and
a 'high degree of correlation was found between the phasic electrical pro-
cesses in different parts of the stomach'. During the first 15 minutes
after the test meal (bread and tea) the amplitudes of the signals from
electrodes above the cardia, fundus and corpus were higher than these from
electrodes above the distal stomach (0.26 £ 0.01 mV and 0.23 £ 0.02 mV re-
spectively). Later on an inverse amplitude ratio was observed. The authors
interpreted these findings as follows: ‘shortly after the beginning of di-
gestion the strength of the peristaltic wave spreading from cardia towards
the pyloric sphincter has a tendency to diminish {...). Puring evacuation
of the chyme from the stomach peristalsis of the pyloro-antral part in-
creases, and this is characterized by an increase in its electrical ac-
tivity'. However, evidence to support this interpretation was not provided.
Walker and Sandman (1977} and Walker et al. (1978) were primarily inter-
ested in psychological effects on abdominal skin potentials. They used
'mildly stressful stimuli' such as the solving of anagrams and arithmic
problems. They made a distinction between a tonlc component of the EGG

and a phasic compeonent. They claimed the former to be discriminative be-
tween duodenal ulcer patients and healthy subjects. However, throughout
their publications, they completely ignore the relation of the recorded
potentials with gastric function. aAs a result these studies do not show
any correspondence to the rest of electrogastrographic literature.

Smout et al. (1980a) attempted to answer the question 'what is measured



in electrogastrography’. They concluded from a comparative study in con-
sciocus dogs (i.e. force transducers and sercosal electrodes were implanted
and records were made simultaneously with cutanecus electrodes) that the
fundamental frequency of the EGG (in dog akout 0.08 Hz) is constituted by
the repetition frequency of gastric ECA and that the amplitude of the EGG
is related to the electrical response activity (ERA). This conclusion was
based upon the following observations: firstly, that an EGG signal can
also be recognized during motor guiescence, and secondly, that amplitude
of the EGG signal increases with the occurrence of ERA, not only post-
prandially, but also in the fasted state. The authors provided for a theo-
retical, fundamental basis by means of a model which describes the surface
signal as resulting from field potentials generated by slowly propagating
depolarization and repolarization dipole fronts. These fronts originate
from the Iintra cellular activity of the gastric smooth muscle cells.
Furthermore these authors demonstrated that regular tachygastrias and the
duodenal frequency (= 0.30 Hz) in dogs could be extracted from the EGG
using fast Pourier transformation (Smout 1980a, 19280kh). Also the interdi-
gestive complex could be recognized from the EGG after analogue band-pass
filtering (Smout et al., 1980b). They concluded that 'the method of EGG
provides for information about the mean fregquency of gastric (and ducdenal)
electrical control activity and, furthermore, provides information about
the postprandial and interdigestive myoelectrical patterns in the stomach
of the conscious dog'. In the thesis of Smout (1280) electrogastrographic
explorations in humans were described. Six abdominal, recessed types of
normal ECG electrodes were attached over the eplgastric region with a mu-
tual spacing of 6 cm. The reference electrode was placed at the right ankle.
The freguency response of the recording amplifiers was 0.012 - 0.46 Hz (the
same as$ used in the studies in dogs). The mean gastric fregquency in the
fasting state was 2.8% # 0.17 ¢pm (17 healthy volunteers), the mean post-—
prandial freguency was 3.01 % 0.25 cpm. He alse described the chavacter-
istic gastric freguency response after ingestion of a test meal, earlier
reported by Smallwood (1276} and Nelsen and Kohatsu (1968). In the power
spectra studies, peaks at the duodenal frequency {11 - 12 cpm) were very
rare, such in contrast to the findings in dog. aAn electrogastrographic
study dealing with the interdigestive complex in humans was not performed.
An example was given of a probable cccurrence of a tachygastria in a pa-

tient, one day after ileostomy.
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It is concluded that the first electrogastrogram recorded by Alvarez in
1921, may be considered a tour de force which was not repeated until the
1850's. Since that time attempts have been made to record electrogastro-
graphic signals, predominantly from humans, without using reference sig-
nals from the stomach ltself. Most authors assumed that the EGG reflects
the motor activity of the stomach. It shcould be noticed that especially
those authors claimed diagnostic significance for the method of EGG, some-
times to an extreme esxtent. ARuthors, aware of the possible gastric myo-
electric origin of the EGG and using advanced analyzing methods, were more

reserved in thelr conclusions.

3.3 Electrogastrographic recording techniques used In cur studies

In electrogastrography, like in any other 'EXG' technigue, surface elec-

trodes must be attached to the skin. The signals picked up by the elec-

trodes must be amplified and can be filtered in order to reduce or elimi-~

nate disturbing fregquencies.

So far, the EGG technique seems simple. Since the fundamental gastric fre-

gquency of the signal is very lew, namely egual to the repetition fregquency

of gastric ECA (0.08 Ez in the dog and 0.05 Hz in man) and since hoth,

electrode noise and electrode impedance increase with decreasing frequency

{Geddes, 1972) we considered it necessary, however, to investigate which

kind of electrode would be most suitable for electrogastrographic purposes.

Attention has been paid to:

- the noise produced by identical pairs of ECG electrodes;

- the total impedance (consisting of a capacitive and a resistive com-
ponent} between these electrodes;

- the total impedance, both with and without abrasion of the skin, of the
electrode-electrolyte-skin-body-skin-electrolyte-electrode transitions,

In addition, the sensitivity of the applied technique tc¢ (mainly motion)

artefacts was investigated; the band width of the recording system to be

used was chosen and finally the optimum electrode leads were selected.

The results of those studies have been described by Smout (1980) and will

be summarized here.

From potential differences measured between pairs of identical electrodes

it was concluded that commercially available ECG electrodes, particularly

the pregelled Ag/BAgCl electrodes (Hewlett Packard 14245a; Harco, type 155;



3M, Red Dot 2256) had a sufficiently low noise level; whereas the EGG sig-
nal varies between 250 -500 UV, the average noise level was about 2.5 Uv.
Below 10 Hz the electrode impedance appeared te be frequency independent,
being in the order of 200 22 (the surface of electrodes was 52 mm®; the
impedance was measured with a current source of 10 UA).

This value is low compared to the total impedance of a pair of electrodes
attached to both sides of the human leg. This impedance is approximately
100 k{2, while thorough abrasion of the skin may reduce this impedance by
about a factor 10. Similar values were found in the dog.

The measured values were considered acceptable, since the input imped-
ances of the amplifiers used were 27 kRl (Van Gogh-ie.bb) and 100 MR (own

manufacture), respectively.

The mentioned types of electrodes are all recessed, i.e. around the metal
of the electrode a small basin filled with a gel-containing sponge is
present. The use of these recessed types of electrodes strongly mini-
mizes motion artefacts as was demonstrated by severe rubbing of the elec-

trodes under measurement conditions.

The choice of the band widths of the amplifiers was determined by the

following requirements:

1)} the fundamental frequency of the EGG should be minimally attenuated;

2) DC electrode potentials and electrode drift must be avoided;

3} the duodenal frequency component {=x 0.30 Hz) nearly always present
in the EGG's derived from dogs, and tachygastrias, being a rapid
succession of contrel potentials (repetitiocn frequency in dog = 0.20
Hz, in man =*0.15 ¥z} should be minimally attenuated;

4) simultaneous recording of the electrocardicgram has to be avoided as

much as possible.

The choice of cut-ocff-frequencies of about 0.010 Hz and 0.50 Hz for the
high- and low-pass filters respectively (6 dB/octave) were concluded to

be adequate.

The five main types of leads, as used in electrocardiography were tested

too.
The signals, bipolarly obtained from electrodes placed at the epigastric

region appeared to be superior in terms of signal-to-noise ratio as com-
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pared to extremity leads, either bipeclarly dexived cr monopeolarly with re-
spect to a ‘central terminal'. However, 1f the configuration of the signals
is to be studied the need for moncpolarly derived signals is a prerequisite
{see Chapter 4). We therefore decided to reccrd not only bipolar, but mono-
polar abdominal signals as well. The reference electrode needed for the

latter was placed on the right hind ieg in the dog and on the right ankle
in man.

Bacause the quality of the recorded signals appears to vary from subject
to subject and even within subjects, an 'optimum' electrode position can-
not be defined. Therefore we used routinely a few leads and selected the
'best’ zignal, either from direct monopolar or bipolar recordings or after
electronic subtraction, on the basis of visual inspection.

The signal obtained in this way was used for further analysis.



4. WAVEFORM ANALYSIS

4.1 Introduction

A prerequisite for a better understanding of the accomplishment of the EGG
is a thorough knowledge of the relation between the electrical signals at
lts source and the resulting waveform as measured with surface electrodes.
As 1s espparent from literature, little attention has been paid to this
fundamental aspect. The finding that the second potential contributes to
the amplitude of the EGG and the theoretical foundation of it in terms of
travelling dipoles (Smout et al., 1980a) may be considered a valuable
contribution in explaining what is being measured in electrogastrography,
however, no attempt has ever been made to look in more detail at the EGG
waveform itself, to our knowledge.

The study of the above mentioned relationship is seriously hampered by

the generally poor guality of the cutanecus signal. Bipolarly recorded
signals are of better quality because, in particular, most of the occur-
ring motion artefacts are eliminated. A disadvantage of bipolar signals,
however, is that it cannot be concluded which potential variations oc¢cur
at which electrode.

If the configuration of the EGG is to be analyrzed with respect to serosally
derived signals, a clean monopolarly recorded signal has to be available
too.

Since conventional (analogue) band-pass filtering, in the region beyond
the gastric freguency indeed improves the signal-to-noise ratio, the phase
and the waveform are affected in an undesirable way. Therefore we attempted
to implement a digital adaptive filter which improves the signal-to-noise
ratio of monopolarly derived EGG's (from dogs) with a minimum distortion

of the waveform constituted by gastric electrical activity.
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Abstract—The study of the refation between gastric myo-electrical activities recorded from serasal and
cutanaous efectrodes is hindered by the paor quality of the cutaneous signal. This hindrance could
be minimised by suitable fiftering of the signal. Since it is not yet ciear which aspects of the
cutaneous signal constitute valuable information, the filter process should not affect phase,
amplitude, frequency and waveform of the gastric component, while naise components shouid be
suppressed strongly. The system design of a modified adaptive filter that meets Hhese requirements 1s
described. The fifter was implemented on a digital Nova 2 minicomputer. The filter performance is

described and tested.

Keywords—Adaptive filtering, Electrogastregraphy

1 Introduction

THE method of recording gastric electrical activity
from surface electrodes is called electrogastrography.
The electrogastrographic signal has often been
described as sinuscidal and has a dominant frequency
equal to the frequency of the gastric electrical control
activity (e.c.a.) (BROWN et al., 1975), i.e. about 005 Hz
in man and 0-08 Hz in dog. Recently SMOUT et al.
(1980a) concluded from a study in the dog that both
e.c.a. and, if present, electrical response activity (e.r.a.),
the latter being related with phasic contractions, are
reflected in the cutaneous signal.

In general the monopolarly recorded cutancous
signals ({potential differences between exploring
electrodes on the abdomen and an iIndifferent
electrode, e.g. on the leg) are of poor quality due o a
number of factors. Noise originating from the
electrode-skin interface introduces low-frequency
componenis (< 0-03Hz). Pulse-shaped motion
artefacts disturb the signals nearly over the entire
frequency range recorded (0-01-0-5Hz). Respiration
artefacts affect the range between 0-2 and 0-3 Hz, and
when one is only interested in the gastric component of
the signal, contributions from other organs, e.g. the
duodenum (frequency about 0-3Hz), can also be
considered artefacts. Bipolarly recorded cutaneous
signals {potential differences between adjacent
electrodes on the abdomen) are of better quality
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See footnote, page 38,

because most of the motion artefacts and respiration
artefacts are canceiled out. But, these signals do not
permit detailed study of phase and waveform, in
relation to the electrical signals recorded from the
serosa. In the case of monopolarly recorded signals
poor quality often hinders a good interpretation of the
time signal.

In most cases the gastric frequency component can
be extracted from the signal by means ol Fourier
analysis (THOUVENOT er ai, 1973; LINKENS and
CANNELL, 1974; BROWN et al,, 1975; SMALLWOOD et
al., 1975 SMOUT ef al, 1980a, 1980b), while other
methods of analysis, ie. auto-regressive modelling
{LINKENS and DATARDINA, 1978) and phaselock
technigues (SMALLWOOD, 19784, 19785), have also
been applied with success.

Our aim was to develop a specialised filter technique
to improve the signal-to-noise ratio of the
clectrogastrographic signal. We define the signal-to-
noise ratio of the electrogastrographic signal as the
ratio between the power in a small frequency band
(0-01 Hz) around the gastric frequency component,
and the power in the remainder of the spectrum. It is
obvious that conventional bandpass filtering improves
the signal-to-noise ratio but affects the phase and
waveform. Morecver, this kind of filtering
demonstrates undesired lasting decay phenomena.
QOur filter should cbey the following requirements:

(1} The filter must be capable of following the time-
varying properties of the gastric component.

(2) Waveform, phase and amplitude of the gastric
component should be affected as little as possible.

November 1981



{3) No lasting decay phenomena may occur in
response (o pulse shaped motion artefacts.

A digital filter method which meets these requirements
is the adaptive filter technique described by WiDROW
(1966). WIDROW er al., {1967) and WIDROW et ul.,
{1975). Little or no previous knowledge of the signal to
be filtered is needed. because the filter optimises itself.
As will be discussed, & modification of the adaptive
filter technique is  needed for use in
electrogastrography. The design of this medified fiiter
will be described in this part of the paper.

2 Fundamentals of adaptive filtering

The principle of adaptive filtering 1s shown in Fig. 1.
The notation used is after WiDROW er af. (1975). The
primary signal J consists of a (gastric) signal
component 5 and a noise component iy, The reference

d S+
primaey
sigral
X
reference |
Sigral
Fig. 1 Block dingran of the adaptive filter. fnpur d consists of

the signal components s and the nofse componenis ng,
Inpur x consists of ngise components iy Ervor’ signal
¥ is subtracred fromt d. The weighting vector Wis
adjusted by the outpur sigral ¢

signal x consists of the noise n,. It is assumed that n,
and », are correlated in some (unknown) way, but are
not correlatéd with s. The filter transfer function
creates a signal y which can be considered as an error
signal. After subtraction of y from 4 the output signal z
is obtained. The adaptive character is realised by
adjusting W to the time-varying signal properties,
according to some algorithm. In the ideal case y equals
ng. The output z is:

zowm Sthg~y . . . . . . . .
squaring gives
22 =542 g —yiti—pt . . . L (2)

Taking expectation values at both sides and realising
that s is uncorrelated with n, and y. one gets

E(Z*) = B3+ E(lmg -9 . . . . (%)

Only those signal components in the primary signa!
should be suppressed that are correlated with the
reference signal. The minimalisation of the output
power can now be used as an optimalisation criterion,
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because the signal power E(s?)is not affected when the
output signal pawer E(z%} is minimised:

min E(z°) = E{s*}+min E({n,—3»¥). . .(4)

After j samples, spaced T,s. the output signal y can be
written in digital form:

i

¥ = Z KWy - - - . (5
o e M=)
where
w;; is the value of the i-th weighting factor after j
samples,

M is the total number of weighting factors and
X, is the value of the reference signal after n samples.

The process can be realised by using a so-called rapped
delay line (Fig. 2). Bt can be proven (WIDROW £t gl
1975) that the optimum weighting factors are given by
the Widrow-Hoff LMS algorithm:

Wippy = Wy+2px, 2, o . . . . . {6)
where u represents a feedback parameter.

After each sample each of the weighting factors is
adjusted with the value Zpx,.,z;. Starting with
arbitrary weighting factors the aigorithm will converge
in the mean. The convergence speed is dependent on
the value of y. When the optimum condition is
reached, w; will be constant in the mean because the
mean value of the product 2ux;_,z; equals zero.
However, the instantaneous value causes w; to
fluctuate around the optimum value with an amplitude
controlled by the factor ¢ (weighting vector noise}
Therefore, choosing the value of x4 one must
compromise  between convergence speed and
accuracy. The algorithm will remain stable if the
parameter p obeys:

1
O<p<gs— - . . . . . (7N

Fig. 2

Tapped delay line, showing the construction of signal
¥ from the refevence signal. wy through w,,_, are the
M weighting factors.
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3 Choice of filier parameters

Before application of the filter the total number of
weighting factors and the sample frequency must ba
chosen. According to the sample theorem the sample
frequency must be greater than or equal to twice the
highest signal frequency component. The total length
of the delay line has to be such that it contains
two independent samples from the component with
the lowest frequency. [f the sample theorem is just met
the minimum number of weighting factors M' can be
found from

M =300l T = fsed fon - - - 8)

whers 1, is the period time of the signal with the
lowest [requency. In case of electrogastrographic
signals, f,.. = 0-5Hz and f,,, = 001 Hz. Thus. the
sample frequency is | Hz. From eqn. 8 it follows the
total number of weighting factors is 50.

Because it is possible that certain noise components
arrive at the primary input before they do the reference
input, & time delay of 25s is implemented in the
primary signal circuit, In this way a pseude not-causal
filter is constituted.

4 Modified adaptive filter
In electrogastrographic practice it appeared to be
impossible to obtain a reference signal completely
devoid of gastric activity, while the electrode-skin
noise in the reference and primary signal appeared to
be uncorrelated. So the adaptive filter described above
cannot be used for electrogastrographic signals
recorded from different electredes. It appeared to be
possible, however, to extract the reference signal [rom
the primary signal of one and the same electrode by
using a band reject filter which suppresses the gastric
component (see Fig. 3). For this purpese we used an
analogue Butterworth filter with cut-off frequencies at
0-05 and 0-15Hz and an attenuation of 24 dB/octave.
This configuration will be called the modified adaptive
filter. WIDROW et al. {1975) prove that in the -domain
the optimum value of the weighting vector is
WOj
W, = : Lholdss. o o 0 0 (9

War_yj

Wizl = S, 02082} . (10}

where

§.4(2) 18 the crosspower spectrum of the reference and
input signal and

S..(z) is the power spectrum of the reference signal.

This equation is the z-transformed representation of
the Wiener-Hop{ equation (BODE and SHANNON,
1950).

Because, with the modified adaptive filter the
relation between the primary signal and the reference

Medical & Biological Engineering & Computing

sigral is fixed, the transfer function of the modified
adaptive filter can be established.

Let 5,4(2) be the power spectrum of the input signal
and let H(z) be the transfer characteristic of the band
reject filter. Then follows

Sedzh = HizZ)H(27 ') - Su(z). (11}
and, realising that 4 is the input signal and x the output
signal of the band reject filter:

Soalz) = H{z"V)S,(z) (12)
This leads. together with eqn. 10 to
Wiz),, = L/H(z) (13)

Fig. 3 Block diagram of the modified wdaptive filter with
HU[{) being the transfer function of the hand reject
Filter

The transfer function of the modified adaptive filter is
now
1—H{z)W{z) =0 114)
This result could be expected, since the reference signal
is completely correlated with the primary signal.
However, this optimum transfer is constituted after
many samples, i.e. adaptation cycles. It will be shown
that the filter is useful in the time interval before this
state is achieved.

It can be proven (WIDROW er al,, 1967, KENTIE,
1980) that each weighting factor w;; converges to its
optimum value according to

Wi — Wi = Ag(1 —2ux?)y

(15}

where
jis the number of adaptation cycles.
4,, is the dilference between w,, and w,,,,, and

x* is the mean power of the reference signal.
From the last equation it follows that the convergence

speed is determined by the value of 2ux®.

November 1981



Transforming the weighting vector 1o the z-domain
ang gets

W)= Wizl = (120X {2)F Aol2) (16)
where
X{z} 15 the power spectrum of the reference signal,
and

W{z); is the transfer function of W after j cycles.

For the modified adaptive filter, choosing w;, = G,
thus Wi(z), = 0, it follows with eqn. 13

Agiz} = 1/H(z) . (17)
and from eqns. 16, 17 and 14 the transfer function of
the modified adaptive filter is obtained, as a function of
J, being

Fizly = (1 =2pX(2)) {18}
From this expression it can be seen that high-power
frequency components of the reference signal are
suppressed faster than components with less power. As
a consequence, some time after initiation of the
adaptation process, unwanted signals and noise will be
strongly suppressed, while the gastric compenent,
attenuated by the band reject filter, will not.

5 Performance of the modified adaptive filter

As derived in paragraph four, thefilter is not allowed
to adapt until w, , is reached. Therelore we determine
the power transfer function as a function of j. From
this result a suitable j can be chosen to filter
electrogastrographic signals. The medified adaptive
filter was enabled to adapt {0 one and the same signal
during varyving numbers of adaptation cycles. The filter
has been programmed on a digital Nova 2
minicomputer. After j adaptation cycles has passed the
weighting factors were fixed. Then the power transfer
function was determined. The value of px? was taken
3-5x 107 *, being an appreciable compromise between
convergence speed and accuracy. The
electrogastrographic signal used is shown in Fig. 4,
together with corresponding power spectra. The peak
at 008 Hz is the gastric component and the peak at
0-28 Hz is of duodenal origin. The recorded frequency
band is 0-01-0-5Hz, so the sampling rate was set at
1Hz.

According to eqn. 18 the transfer function of the
filter is strongly influenced by the power spectrum of
the reference signal {Fig. 4. x). Fig. 5 shows the power
transfer  [unction with j as parameter signal
components being strongly represented in  the
reference signal {low-frequency noise and duodenum)
are attennated most rapidly {j = 50} With increasing
j the dips became hroader and deeper. The choice of j

g Vg MWNM;WWWMWWM Ay o, el l i oM

Y R N L WL I

07V
L
40s max power (000262

5-5H
0z
02 !
0; g Ln‘\»ﬁmkf

01 0 03 04 05
frequency, Hz

power, normakised

Fig. 4  The test sigral used jor the modified adaptice filter,
upper trace! primary signal d;
lower trace: reference signal x extracred from rhe

primary signal by the band reject filter;
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determines the amount of suppression of unwanted
frequency components.

- 1=0
1=50
2
e J=100
g 1= 1024
BES
~20
~24f-
1 i 1 i I
¢ o1 a2 03 O 05
f Hz

Fig. 5  Power transfer function of the modified adaptive filrer
as a function of the number of adaptarion cycles §

After ending the adaptaticn process 1024 samples
were filtered. From the powsr spectra of input and
output signal the signal-to-noise ratio was determined
as defined. The result is shown in Fig. 6. Aninitial rapid
increase of the signal-to-noise ratio is followed by a
part with slow increase, while the suppression of the
gastric component increases slowly with increasing j.

6 Discussion

The properties of the electrogastrographic signal
hinder an optimum filter procedure with the aid of
conventional filter techniques. An appropriate filter
appears to be the modified adaptive filter described in
this paper. The reference signal is obtained from the
primary signal using a band reject filter. In the ideal
case the filter suppresses the noise comporents and lets
through the gastric component. In view of the
requirements mentioned in paragraph | the following
remarks can be made:

(a) Due to the adaptive character of the filter the time
varying properties of the gastric component are
followed as far as this component is within the
frequency band of the band reject filter.

(b} In theideal case the filter constitutes a linear phase
characteristic with a (buiit-in) time delay of 25
times T,. Because the filter operates with the
weighting vector converging to W,,, the linear

phase characteristic is approximated during the
adaptation process. The waveform and amplitude
of the gastric component are affected by the filter,
but a suitable choice of the number of adaptation
cycles j minimises this drawback.

Because of the (overall) small power contents of

pulse shaped artefacts the filter will not adapt to

{c
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these parts of the signal. Therefore, these artefacts
are hardly affected and lasting decay phenomena
are limited to a minimum.

12
Q= =
H- gf-.
- o~ .
58 3= 3
€585
ot " w
1
5858
" E o n o) .

0 00 400 BOG 8O0 1000
J cyeh

Fig. 6 Signal-to-noise ratio improvement and  gastric

component attenuation (dotred line} as a function of §

From theory it follows that the transfer function
becomes zero with increasing time. Therefore, only
relatively short signal stretches should be filtered or
the weighting vector should be fixed after a number of
adaptation cycles.

In Part 2 (VAN DER ScCHEE et al, 1981) the
application of the modified adaptive filter on
electrogastrographic signals will be described and data
concerning the signal-to-noise ratio imprevement will
be presented.
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4.3 Adaptive filtering of canine electrogastrographic
signals. Part 2: filter performance

34
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Abstract--The madified adaptive fifter method described in Part T was applied to 16 stretches of (cutaneous)
electrogastrographic signal of 17-07 min duration. A signal-te-noise ratic improvement of about
8 o8 was achigved. The most characteristic feature of the fifter method appeared to be that wave-
form and phase of the gastric component of the electrogastrographic signal are preserved. It is
concluded that the use of the modified adaptive filter forms a valuable tool in the study of the

electrogastragraphic signal.

Keywaords—Adaptive filtering. Electrogastrography

1 Introduction

WITHIN the study of the relationship between myo-
electrical activities recorded from serosal and
cutaneous electrodes it is of great importance to
establish the waveform and time relationship of the
cutaneous signals with respect to those of the serosal
signal,

This study is hindered by the poor quality of the
cutaneous signal. This hindrance could be minimised
by suitable filtering of the signal. In the first part of this
paper the design of an adaptive filter, meeting the
requirements for adequate fiitering of electro-
gastrographic signals, was described (KENTIE er al,
1981).

In this part of the paper the application of the
modified adaptive filter to these signals will be
described.

2 Methods
2.1 Merhods af recording

Recordings were made with two healthy conscious
dogs {beagles) in which bipolar serosal electrodes, as
described previously (SMouT e al, 1980qg), were
implanted at sites on the stomach and duodenum,
shown in Fig. la. Before cach recording session two

disposable e.c.g. electrodes (14245A Hewlett Packard)-

were placed on the shaved skin of the abdomen, at the
sites shown in Fig. 15, A third (reference)electrode was
placed on the right hind leg. The potential dilferences
between abdominal electrodes and the leg electrode

First received Tst December? 380 and in final form 27th February
19871

0140-0118/81/060765 - 06 $01-50/0
& IFMBE: 1981
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were recorded. Likewise monopolar signals were
recorded from serosal electredes. Connections were
such that an upward deflection indicated that the
exploring electrode was positive with respect to the
reference electrode.

Recordings were made on paper (Van Gogh EP-8b)
as well as on magnetic tape (Racal Store 14). For
serosal electrical signals the highpass and lowpass
filters (6 dB/octave) were set at 0012 and 15Hz,
respectively, for cutaneous signals at 0012 and
046 Hz. Recordings were made both in  the
interdigestive state (after more than 20 h fasting) and

Fig. 1

Electrode positions

{a) Serosal electrode pairs 1,2 and 4 12,7 and
2em Jrom the pylorus. respectively. Duodencl
electrode d at 3em from the pylorus
Abdominal surface electrodes R and L, 8cm
apuri on @ transverse line midway berween the
lower end of the body of the sternum wnd the
lowest point of the costal arch, and reference
electrode on the right hind ley

(&)
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in the postprandial state.

Analysis of the cutaneous signals was performed by
visual examination of the original chart recordings and
by spectral analysis of stretches of 10245 (1707 min)
duration, using a fast Fourier transform algorithm
implemented on a Nova 2 minicomputer.

2.2 Methads of adaptive filtering

From the theory in Part 1 it follows that the transfer
function of the modified adaptive filter becomes zero
with increasing time. Therefore the filter can only be
applied 10 electrogastrographic signals in two ways:

(a} In a continuously adaptive mode, using signal
blacks of limited duration. In our case a duration
of 17-07 min.

(b} With fixed weighting factors. By keeping the
weighting factors constant after a number of
adaptation cycles. an optimally adjusted fixed
filter can be constituted.

With the adaptive filter programmed on 2 Nova 2
digital computer, both filter methods were applied to
16 signal blocks of 1707 min duration. The signal-to-
noise ratio, defined as the ratio between the powerina
frequency band of 00lHz around the gastric
frequency component and the power in the remainder
of the spectrum, varied from —13dB to —3dB. For
real-time filtering the lower and upper cutoff
frequencies of the bandreject filter {24 dB/octave} were
set at 0-05 and O-15 Hz, respectively, and the sample
frequency at 1 Hz. To speed up analysis the signals
were filtered at 4 times real time, invelving only
adjustment of the sampie frequency and the cutofl
frequencies of the analogue bangd reject filter.

The signal-to-noise ratio improvement and the
suppression of the fundamental gastric frequency were
determined from the power spectra of input and
output signal. These parameters together with
gualitative visual analysis of the filtered signals were
used as a criterion for the suitability of the filter.

3 Results
3.1 Continuousiy adaptive filtering
As mentioned in Part 1, each of the weighting factors

w;; will converge in the mean to its optimum value
according te

W Wi = All=20x%Y .. ()

As can be seen, the filter adjustment with maximum
signal-ro-noise ratio improvement is governed by the
value of ux? (x* being the mean power of the reference
signal), since this value determines the convergence
speed of the filter. Small values hardly lead to noise
suppression within a reasonable time, and large values
cause relatively fast suppression of the gastric
frequency component and increasing weighting vector
noise.
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For each signal stretch the optimum value of px?
was established before the actual filtering process
started. Table I presents the mean value and standard
deviation of uxfp,, signal-1o-neise ratio improvement
and gastric frequency suppression of the 16 signal
stretches.

The filter was found not to be very sensitive for
deviations in ux® (see Fig. 2). The value 3-5x 1072
appeared to be a practical one. Fig. 3 gives an example
of the filter performance. The Figure illustrates that
unwanted noise such as low-frequency noise and
duodenal electrical activity (frequency about 0-30 Hz)
are strongly suppressed by the filter. The signal-to-

. noise ratio of the ocutput signal z equals 2-1dB,

indicating that about 40%; of the power was distributed
over other frequency components than the gastric
component, predominantly in the higher frequency
range.

As can be concluded from the filter transfer function
resulting from this signal (Part 1) the second and third
harmonic of the gastric component are attenuated
about 10dB and 18 dB. respectively, and therefore can
not be seen in the normaliised power spectrum of signal
z. However, these {attenuated) harmonics still
contribute 1o the waveform of signal z.

3.2 Filtering with fixed welghting factors

The adaptation process was stopped when a
comptromise between signal-to-noise ratio
improvement and gastric {Tequency suppression was
reached. Taking for ux? the value of 3-x107?, and
accepting a maximum suppression of the gastric
frequency of 10%, this optimum was found 10 be
reached after about 600 adaptation cycles {i.e. 10min
real time). Therefore, the 1707 min signal stretches
were filtered using the weighting factors found after
600 adaptation ¢ycles.

Table 2 summarises the results of this procedure

_applied to the 16 signal stretches. Fig, 4 shows the filter

al
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Fig 2 Variation of signal-to-noise ratic improvemen: with

varying values of ux*
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performance applied to the same signal stretches as

shown in Fig. 3.

monopelarly from serosal electrode 4.
The lower trace shows a conventional bandpass-

Fig 5 illustrates the relations between the filtered  filtered version of the signal, using a Butterworth filter

cutangous signal R and the electrical activity recorded

Table 1. Mean value and standard deviation uf,ux

(cutofl freguencies §-05 and 015 Hz, 24 dB/octave).

- Signal-to-goise ratio improvement

and gastric component suppression in 16 sigital strecches of 1024 s duration, continuously

adaptively filtered
- signal-to-noise ratio gastric component
WXy, improvement Suppression
4B %
IEx 10724 15x 1072 T7+18 130492

Table 2. Mean value and standard deviation of signal-ta-noise
ratip improvement and gastric component suppression in 16
signal stretches filtered with fixed weighting fuctors. Same
signal stretches as Table |

signal-to-noise ratio gastric component

improvement suppression
dB %
82411 85465

4 Discussion

It can be concluded that the modified adaptive fiiter,
used in the constantly adaptive mode, is suitable for
filtering electrogastrographic signals. The adaptive
properties enable the filter to follow shilts in gastric
frequency {within the frequency range of the band
reject filter). However, during the initial phase of the
filtering process the noise components are hardly
suppressed, while after some time the gastric
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d
40
NWWMW«MMMWMWMHMHVW%MWWMAMWWW
X
—;J'LW’WW ¢WWWM,MMWWWWM

w\w g i A AN ’WMWW“WWWWW ([ —
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g 5 )
£02 202 202
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0 ke, o " o 0
0 01 0z 03 04 05 0 o o2 03 04 05 0 01 02 03 g4 05
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Fig. 3 Continuously, adaptively filtered input signal d,

time shifted 1o correct for the filter time defay. Note

reference signal x, error signal y and output signal z,
with corresponding power spectra (1024 time samples)
of signals d, y and z (curaneous signal R, dog 2).
Qutput signal z is amplified three times in comparison
with the other time signals. Signals y and z were not
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the noisy characrer of time signal = during the inirial
phase of the filter process and appearance of 4 gastric
component in sigral y {(during rhe fast phase) and
spectrum p, as indicated by the arrows (compare the
same signal in Fig. 4)
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component shews up in the error signal. Moreover, When the filter is used with fixed weighting factors,
weighting vector noise, inherent to the adaptive the filter has constant properties and no weighting
process, is added to the output signal. As a vector noise is added, resulting in a slightly better
consequence, only short signal stretches can be filtered.  signal-to-noise ratio improvement. The transfer
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Fig. 4 Same signal fragmens as shown in Fig. 3, but now
Jilrered with fixed weighting factors, as described in
the rext
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Fig. 5 (g} Cutapeous signal R, (D) its aduptively filtered rime shifted in order to correct for the delay time of the
version  (fixed  weighting  faciorsh  {e) the Butrerworth filter of the mean gastric frequency
corresponding signal recorded monopolarly from (008 Hz) As in this example, a coincidence of the
serosal electrode 4 and (d) the bandpass-filiered negative deflection of the adapiively filtered cutuneous
verston of signal R signal R with the “second poreprials’ in the serosal
The second trace is shifted to the left over 255 io0 signal (electrode 4) was often observed

correct for the filter delay time. The fourth trace is

Medical & Biological Engineering & Computing November 1981

37



38

function of the filter is now determined by the mean
properties of the signal, where it is assumed that ali
signal properties are sufficiently represented in the first
600 samples. Because of the nearly linear phase
characteristie, the limited gastric frequency
suppression and the attenuation of only 5dB (j = 600)
of the second harmonic, the waveform is affected to a
minimum. This makes the described filter technique
suitable for the study of time and waveform
relationships with respect to recorded signals from the
serosa. For instance, in Fig. 5 episodes of high
amplituded filtered cutaneous signals can be
recognised, known to be related with phasic
contractions (SMOUT et al, 1980b). In the serosal
recording these contractions are reflected in the
‘second potentials’, phase-locked to the omnipresent
‘initial potentials’ (DANIEL, 1965). (The initial poten-
tial is considered 1o be the extracellular manifestation
of the intracellular depolarisation, whereas the second
polential represents the intracellular repolarisation.)
1t can be seen in Fig. 5 that the minimum of the large
negative deflections of the filtered signal R coincides
with the second potentials in the serosal signal
recorded from electrode 4. A detailed discussion of this
phenomenon in terms of de- and repolarisation fronts
and the significance of this observation is beyond the
scope of this paper. However, it iz important to
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mention that an ebservation like this could never have
been made from a conventionally bandpass-filtered
signal, nor from the original cutaneous signal. Tt is
therefore concluded that the modified filter method
described in Part 1 forms a valuable tool in the study of
electrogastrographic signals.
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4.4 Additional observations and discussion

In the previous section we concluded that the presented filter method
might provide for signals enabling analysis of the configuration of BGG's,
both, in mutual connection and with respect to serosal signals. To inves-
tigate how this worked out in practice we applied adaptive filtering to a
total of 25 hours of monopolarly recorded cutaneous signals, recorded dur-—
ing the interdigestive state as well as during the postprandial state. A
remarkable difference in result was observed between these two states.

In all cases an improvement of the signal-to-neise ratio of about 8 4B

wags obtained, in agreement with the expected value (page 36).

Figure 10 shows a representative example of the unfiltered and filtered
versions of EGG's, derived from various electrode positions depicted in
the same figure, together with serosally recorded signals (monopolar elec-—
trodes 2 and 4; see Fig.l, page 34). The signals were recorded during
phase III of the IMC (secticn 2.1.1)., As can be seen in this figure the
configuration of the filtered waveforms appeared to be highly variable,
56, unfortunately no definite answer cculd be found concerning consistent
time relations and waveforms of the cutanecus signal, neither mutually,
nor with respect to serosally recorded signals. A similar pattern was ob-
served in the interdigestive state during the periods of motor quiescence,
be it with smaller amplitudes. The poor results chtained during the ac-
tivity front can be understood by the fact that a highly variable power
content of the reccrded EGG is spread over a frequency range from the
normal gastric freguency down to lower freguencies, as will be demonstrated
in section 5.4. As a consegquence, a considerable amount of this 'power' is
not compensated for by the reference signal of the filter, leading to dis-
tortion of the filter output. It may thus be concluded that adaptively
filtered cutanecus signals, obtained during the activity front of the IMC
are not suitable for detailed waveform analysis. The factors to which the
disappointing results obtained during periods of motor quiescence of the
IMC have to be attributed are yet unknown.

The filtered signals, recorded during the postprandial state, especially
those derived from the standard leads (electrodes R and 1), showed mest
freguently a more consistent bhehavicur {see Fig.1l1}.

The most conspicucus property of the cutaneous signals in this figure is
the approximately opposite polarity of the R and I signals and, as a con-

sequence, about the doubled amplitude in R-L.
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Fig.10. Direct EGG recordings from the electrode positions shown in the

left figure, adaptive filtered version of these signals (with
fixed weighting factors after 600 adaptive cycles), and serosal signals
from electrodes 2 and 4 respectively.

If we assume that the leads R and L mainly 'see' the electrical activity
of the distal antrum and when the configurations of R and 1L are compared
with the time moments of depolarization and repclarization as also indi-
cated in Figure 11 (sercsal electrode 4), the following observatlons can
be made:

- the negative deflections in R coincide with the moments of repolari-

zation (second component in electrode 4);
- the negative deflections in I, ¢oincide approximately with the moments

of depelarization.
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Fig.11. Adaptively filtered cutaneous signal L and R, the bipolar signal

R-I (obtained by electronic subtraction), in relation to the
moments of de- and repolarization of the terminal antrum: solid and broken
Iines respectively; serosal electrode 4.

It is therefore very unlikely that the opposite polarities of R and L are
caused by the fact that every de- and repeclarization front first travels
underneath one electrode and then, half a cycle duration later, underneath
the other, for, in that case the times of de- and repolarization should
have coincided with 'zerc crossings' {i.e. midway the slopes) in the cuta-

neous signals.

an alternative gqualitative description of the observed signal difference
may be based on the assumption that electrodes R and L see opposite sides

of the fronts (see Fig.12).

Fig.12. Schematic cross-section through the abdomen of the dog at the
level of electrodes R and L. R and I see opposite sides of a
de- and repclarization front that transverses the antrum.
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When a depolarization front approaches a remote electrode R, the potential
at R becomes more and more poslitive, until the pylorus is reached. The op-
posite potential changes are expected to occur when a repcoclarization front

approaches electrode R (see Fig.13).

5] R' D ni
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depolarization 1 {0

fronts

repolarization

I
|
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Fig.13. Potential changes expected to occur at electrode R when depolari-
zation fronts or repolarization fronts travel over the antrum.

moment of depolarization of the terminal antrum.

moment of repolarization.

D
R

Potential changes are expected to occur at electrode I, that are approxi-
mately the inverse of the changes at electrode R.

In the bipolar signal R-L, deflections of the same polarity as in R, but
of approximately doubled amplitude can therefore be expected. This simple
qualitative approach may, therefore, describe the characteristics as seen
in figure 11. The same configurations and relations as shown in that fig-
ure, however, should be present too during the occurrence of contractions
in the interdigestive state. As demonstrated, the aid of the adaptive fil-

ter method failed to reveal such kind of relationship.

Many of cur recordings seem to confirm the fivst assumption, namely that
the leads R and L mainly see the electrical activity of the antrum; the
findings in section 5.6. appeared to be in agreement with this assumption.
However, other recordings indicated that the activity of more proximal
parts of the stomach might also be reflected in the EGG {(e.g. during min-
ute rhythms; section 5.4, page 72 and section 5.53), Therefore we decided
to search for other technigues which enable more detailed waveform analysis

of EGG signals. Regarding the properties of the time signals involved, it



is cbvious that only techniques based on a statistical approach would be
promising. In developing such a technigue we have chosen an averagling
procedure in which the control potentials, derived from one location on
the serosa, served as a trigger pulse for consecutive averaging of corre-
sponding EGG stretches. The objectives of this study (Volkers, Van der
Schee and Grashuis, 1983) were 'first, to investigate whether use of a
suitable averaging technique would allow meaningful waveforms to be derived.
from the crude EGG recording, secondly, to study whether these waveforms
depend on the position of the cutanecus electrodes and thirdly, to deter-
mine whether the waveforms thus obtained could be correlated with the con-
tractile activity of the stomach wall'. In that study it was concluded

that, among other things, indeed differently positicned surface electrodes

see' different electrical active parts of the stomach, but in all elec-
trodes the electrical activity of the terminal antrum was reflected, par—
ticularly in electrode R. Moreover, during the activity front of the IMC

a consistent relation was found between the cutanecus electrodes R and L.
and sercsal electrode 4, similar to that depicted in figure 11. Therefore
it seems reasonable to conclude that the assumption that electrodes R and
L see approximately opposite sides of de~ and repolarization fronts trav-
elling over the distal antrum and the qualitative description based on it
are valid. For more detail with respect to EGG waveform analysis, the
reader is referred te the above mentioned article that has been given as
an Appendix on page 129: A.C.W. Volkers, E.J. van der Schee and J.L. Gras-
huis (1983), 'Electrogastrography in the dog: waveform analysis by a co-
herent averaging technique'.

Finally, we may comment that in case of retrograde antral conduction the
negative deflection in R (and R-1) may be expected to coincide with the
depolarization fronts {contrcl potentials). However, we never obgerved
retrograde conduction with a repetition fregquency of about 0.08 Hz in nor-
mal physiological circumstances. Instead, in a few cases we cbserved long
lasting tachygastrias, being rapid successions of control potentials orig-
inating in the distal antrum and propagating in oral direction ({Smout, 1980;
Smout et al., 1980b; Van der Schee et al., 1982). The repetiticon freguency
of those tachygastrias is in the order of 0.25 Hz. Since these signals are
potentially useful to confirm the above mentioned prediction, future studies

have to give decisive answers.
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5. SPECTRAL ANALYSIS

5.1 Intreduction

Abnormal myoelectrical activity seems to be characterized predominantly by
disturbances and sudden alterations of the repetition freguency of gastric
ECA. Both, these so-called gastric arrhythmias and tachygastrias have fre-
quently been observed during our own measurements {(in the dog) as well as
reported in literature (e.qg. Code and Marlett, 1974; Gullikson et al.,
1280). Alsc in man they appear to occur (Telander et al., 1978; Stoddard

et al., 1981}, while You et al. (1980b, 1981) reported a relation between
human gastric dysrhythmias and unexplained nausea and vomiting.

Since the fundamental frequency of the cutaneous signal is constituted by
the repetition frequency of the ECA and since 1t is relatively easy to
extract this freguency from rather nolsy signals, we focussed our attention
to spectral analysis of the EGG: it may ke expected that the freguency con-
tent or, te be more specific, the power spectrum of the EGG may serve as a
valuable guantity for practical purposes.

Over more than ten new technigues dealing with the estimation of the power
spectrum have been developed in the last two decades. For a comprehensive
review of those methods and discussion about their pros and cons the reader
is referred to Kay and Marple (1981).

In our study we used a well-known classical method, based on Fourier anal-
ysis.

Blackman and Tukey published in 1959 their famcus monograph on spectral
analysis, in which they described the Fourier transfeormation of the auto-
correlation function to obtain the power spectrum. This approach was the
most popular spectral estimation technigue until the introduction of the
fast Fourier transform (FFT) algorithm in 1965, credited to Cooley and
Tukey. The power spectrum is cbtained as the squared magnitude of the out-
put values from an FFT, performed on the data set. Our cheice was made on
the basis of the following considerations:

1} the method is most computationally efficient;

2)  the output (after squaring) is directly proportional to the power of

the signal;
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3) regarding the 'accessibility' reguirement, many hardware FFT equipment
is commercially available nowadays, and,

4}  anticipating on future developments, the costs of an FFT stand-alone
system, which is suitable for bedside use, is expected to decrease
considerably, due to rapid improvements in micro-electronics and com-

puter technology.

Applying the FFI to relatively long record stretches, information about

the mean freguency content within that stretch, is being obtained, but

time information i1s being lost. Running Spectrum Analysis (RSA), however,

yvields both time and frequency information, since in time overlapping

spectra are considered.

The cbjective of applying RSA was to provide for a method with which vary-

ing frequencies, lasting for relatively short periods, could be visualized

in an interpretable way.

Both, our attempt te minimize the disadvantages inherent to the use of

fast Fourjer transformation and the concept of running spectrum analysis,

will be outlined in the next section.

The main obhjectives of all studies performed and presented in this chap-

ter were:

1} to search for a fast and concise way of representing electrogastro-
graphically obtained data, and

2} to investigate to what extent the gastric myoelectrical characteris-

tics could be interpreted from the running spectrum.

5.2 Method used in our study

5.2.1 Computational procedure

We will first describe the general computaticnal procedure. d fast Fourlexr
transform (FFT) algorithm, implemented on a Nova 2 digital computer, was
used to obtain the power spectrum of the derived time signals. The FFT
algorithm calculates the Fourier coefficients, representing the strength
of the frequency of varicus sinusoids present in the time signal. Squaring
these coefficients gives values proporticnal te the power magnitude of the
sinuscids. The magnitude of a particular power peak in a spectrum depends
on the amplitude of that particulay frequency and on the number of cycles
of that frequency component within the signal stretch to be analyzed. When

either one or both quantities increase, the power magnitude will increase.



A computer program was developed which treated real time signals, consist-
ing of 2M real-valued numbers as M complex numbers (complex in the mathe-
matical sense), according to the algorithm of Cooley et al. (1970) and
adopted from Pederson (1980). This procedure saves computer memory space
and computing time. During the analogue~to-digital conversion, the sample
freguency must be greater than or egual to two times the highest [requency
being present in the analogue signal, according to the well-known theorem
of Shannon. This requires preprocessing of the time signal,ve.g. adequate
band-pass filtering.

When an FFT program is operated on N points of time data, N Fourier coef-
ficients are cbtained. Since the time signal 1s real, an even spectrum is
obtained, i.e. the spectrum is symmetrical about the origin {or about the
Nyquist frequency, the latter being half the sample freguency; see Fig.
14,4).

Hence, the total power is obtained by adding the corresponding sguared
positive and negative Fourier coefficients and as a result N +1 spectral
data points represent the power content completely.

The use of RSA implies that the cbtained spectra overlap in time. During
processing each successively computed spectrum is displayed on a screen
(Tektronix 4010) together with a spectrum number, the value of the fre-
gquency component with the highest power magnitude and the value, in com-
putaticnal units, of that magnitude., The time signal to be analyzed is
replayed on a chart recorder and a pulse train is echoed from the com-
puter by a digital~to-analogue converter. The distance between positive
golng flanks of the pulses indicates the time shift of the computed spec-
tra. In this way the time signal corresponding to a particular spectrum
can be exactly established. From the display a suitable scaling factor
can be chosen to produce a pseudo-three-dimensional representation. The
time signals and display are as illustrated in figure 2 of section 5.3,
page 61. After completion of the processing each computed spectrum can

be separately analyzed in detail by choosing the desired spectrum number.
The drawing-program facilitates different points of view, e.g. if fre-
guency components are hidden from others, the picture can be rotated and
inspected from an other angle. In order to facilitate the recognition of
frequency patterns more easily, a program was developed that provides a
'grey-scale' plot of the spectra: each point in the (£, t) plane is re-

presented by a picture element (pixel), the blackness of which is propor-
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tienal to the magnitude of the power. Pseudo-3D-displays and grey-scale

plots were made on a Versatec 1100 A printer-plotter.

5.2.2 Theoretical background

For a thorough mathematical treatment of digital signal processing, both,
in general sense and with respect to Fourier analysis, appropriate text-
bocks on this subject are recommended to consult (e.g. Rabiner and Gold,
1975; Oppenheim and Schafer, 1975). After the introducticn of the FFT an
extensive amount of publications and textbooks, focussed on this partic-
ulay subject saw the light. ¥or a clear, illustrative treatment of the
FFT and its properties we refer to Brigham (19274) and Rendall and Tech
(1977}, and for a more fundamental approcach, concerning Fourier trans-
forms of continuous and sampled functions, te Papoulis (1962). In the
remainder of this section we will confine ourselves to handle briefly

those properties of the FFT which are of major importance for our method.

The general Fourier transform-pair is given by:

G{L)

_mfm glt) exp(-j2nft)dt (1)

and

ST ey expiznen)as (2)

g(t)

where g{t) is a continuous functicon of time, and

G{f) is a continuous function of fregquency.
If firstly, a sampled data sequence is available from only a finite time
window over n=0 to n =N-1, and secondly, the transform is discretized
also for N values by taking samples at the frequencies f = kAf for
k = 0,1,,.N-1, where Af = 1/T = 1/NAt, then one can develop the familiar

Discrete Fourier transform (DFT) (e.g. Brigham, 1374):

N-1
G(k) = L/N ) gln) exp{~j2rkAfnAt) =
n=0
(3)
w-1
=y ] g expi-j 25
n=()

48



and the inverse transform:

Both, eguation (3) and (4) are cyclic with period N. Thus using (3) we
have forced a pericdic extension to both, the discretized data and the
discretized transform values, even though the original continucus (not
sampled) data may not have been periodic. Figure 14 illustrates the vari-
ous forms of the Fourier transforms. Note that for convenience sake the
time and frequency functions in (3) and (4) have not been made symmetri-
cal about the origin, but because of the periodicity of each, the second
half also represents the negative half period to the left of the origin
(Fig.14).

It is cobwvious that the DFT is much better adapted tec digital computations.
Moreover, the FFT algorithm reduces the computation time by a factor
N/logzN in comparison with conventional DFT, which for the case of N =1024
is more than 100.

The power of the assumed periodic signal is defined as:

power = ‘G(k)|2 (5)

A few comments have to be made about the dimensions of the wvarious spec-—
tra. For those forms where the spectrum is a continuous function of fre-
quency (Fig.l14,a and c) the spectral components have the dimensions of
spectral density. In particular, the amplitude squared spectrum typically
has the dimensions of either energy per unit frequency {(energy spectral
density) or of power spectral density, after division by the time inter-
val in which the data are available. It must be integrated over a finite
bandwidth in order to obtain the energy or the power. Dealing with dis-
cretized spectra, a thorough mathematical treatment with the use of Dirac
delta functions is reguired to describe them in terms of power density
{Papoulis, 1962). Therefore it ig more common to represent discretized
spectra as power spectra, scaled directly in power units, conform equa~
tion {5). Since we compute the power according to (5), the plots we gen-

erate are scaled in power units.
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Fig.14. Various forms of the Fourier transform; f is the sample freguency
(from Rendall and Tech, 1977).

As mentioned, the FFT is computationally most efficient. The main disad-
vantage of the method, however, is the limited ability to distinguish
spectral compeonents of two or more signals.

When a record with a duration of T seconds that consgists of N values that
are equidistantly sampled with intervals of At seconds is transformed

(thus T = NeAt) the frequency spacing in hertz equals the reciprocal value



of T, being 1/NAt. As a consequence, applying FFT to relatively short
during time periods, ambiguities may cccur, as illustrated in figure 15,a.
To minimize this drawback zero padding may be applied: i.e. a sequence of
sampled data is successively filled up with zeroes before the transforma-
tion is performed. In essence, zero padding has to be considered as an
interpclation process in the frequency domain, as illustrated in figure

15 too. Zero padding is useful for:

—

)} smoothing the appearance of the spectrum via interpolation,
2) resolving potential ambiguities, and
3) reducing the ‘'guantization' errorx in the accuracy of estimating the

frequencies of spectral peaks.

& second limitation of the FFT 1s due to the implicit rectangular win-
dowing of the data. In the fregquency domain each computed spectral data
point is convolved with the Fourier transform of the time window, the
latter being the well-known sinc functicn ({sin x)/x). If an integral num-
ber of periods of a particular sinusoid f£fits exactly in the time window T,
the FFT computes the exact amplitude of that sinuscid. In general, sinus-—
0ids present in the time signal dc not fit in the time window. As a conse-
quence, the convolving process manifests itself as 'leakage' in the
spectral domain, i.e. energy (or power) in the main locke of a spectral
component 'leaks' into the side lobes, cbscuring and distorting other
spectral components that are present. Application of tapered data windows
can reduce the sidelobe leakage, but always at the expense of broadening
of the main lobe.

The use of a Hamming window may be considered a reasonable compromise be-
tween leakage reduction and mainlobe width (e.g. Blackman and Tukey, 1968;
Noll, 1967; pederson, 1980Q).

The Hamming window function is expressed as:

H{n) = 0.54 - 0.46 cos(?-"Nr—“) A= 0,1....,8-1

If the original data sequence is g(n), n = 0,1...,N-1 a new sequence is
formed by g'(n) = g(n).H(n).

Then the FPT is applied to the sequence g' (n).

Figure 16 compares the spectra of the rectangular window and the Hamming

window. We used the Hamming window throughout this study.
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Consequences of zero padding. All spectra were calculated using

the same 16 samples of a process consisting of three sinusoids
of fractional sampling frequencies 0.1335, 0.1875 and 0.3375 respectively.

No zerc padding; ambiguities are present.
Double padding ; ambigulities resolved.

guadruple padding;
32-times padding;
transform.

smoothed spectrum seen.
envelepe is approximation to continuous Fourier

(From Kay and Marple, 1981)
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Fig.l16, Comparison of the spectra of the rectangular window and the
Hamming window (after Rendall and Tech, 1977).

5.2.3 Running Spectrum Analysis

In principle the procedure of running spectrum analysis is simple: every
AT seconds a spectrum is computed from the preceding T seconds of signai
and each spectrum is displayed in an appropriate way. However, the con-
cept of RSA reguires some further discussion, since it is not cbvicus be-
forehand under which circumstances adeguate information can be cbtained,
using this procedure. To investigate the concept in more detail we medu-
lated a basis freguency (being 0.25 times the sample frequency) with a

periodic function as shown in figure 17,

0.27f; —

o I/~\ /\
! \-/‘.
0.23fg o = — = e =

Fig.17. Freguency modulation with a sinuscid.
Basis frequency is 0.25 times the sample frequency (fs).

freguency
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If firstly, contiguous spectra are computed with a record length of T sec-
onds (sc no overlap is applied} and, secondly, the period of the modula-
tion fregquency (modulator) equals the time window length T, the modulator
may be considered to be 'sampled' once a time in each period. AS a result
each spectrum has the same frequency content as the previous one (see
Fig.18,R). Obviously we have to account for the sampling theorem of Shannon,
where each 'sample' now consists of T seconds of data. That means that

each period of the modulator has to be 'sampled' at least two times, as
depicted in figure 18,B (as a matter of fact Fig.18,a illustrates 'under-
sampling'). Since still the nature of the modulation cannot be established
from this figure, four (or more) samples give better information (Fig.18,C).
if overlap is used, interpolation cccurs, providing for a more interpret-
able display as demonstrated in the figures 19,A, B and C (overlap 75%,

i.e. AT = IT; Fig.18,A through C corrxesponds with Fig.19,A through C).

fraction of f,

Fig.l8. Running spectrum display (without overlap) of a time signal de-

scribed by the characteristics of figure 17. The period of the
sinuscid egquals T, (A), 2 times T, (B), and approximately 4 times T,
(C), respectively, where T isg the length of the time window.

In this connection it is jmportant to recall that we routinely used the
Hamming window. Because of the tapered ends of the window the frequency

content of the time signal which coincides with the mid-portion of the



window, dominates the spectrum.

The 'effective' width is in the order of iT.

«Q .23 .25 27 .5
fraction of fg

Fig.19. Runningspectrum display of the previously described time signal.
Overiap: 75%. Interpolation occurs. A, B and C correspond with
figure 17,A, B and C respectively.

Figure 20 illustrates the interpolation process related to the figures
18,C and 19,C and reveals that frecuency changes which can be resolved
by RSa are in the order of AT seconds.

In figure 21,A and B the time relations between the computed spectra,
the time signal and the echoed pulse train, are illustrated in more de-

tail than in figure 2 , page 6l.
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Fig.20. Running spectrum analysis applied to a freguency modulated signal.

Period of modulator eguals 4 times the length of the time window.
Effective width of the window is #T and AT is 4T. Interpolation of freguen-—
cy content occurs. Compare figures 18,C and 19,C.

5.2.4 Standard procedure for EGG s$ignals

Referring to our standard recording technique of EGG signals the signals
were preprocessed by analogue band-pass filtering using a Butterworth f£il-
ter {24 dB/octave). The cut-off freguency of the high-pass filter was set
at 0.0%1 Hz to remove possible DC-compenents (e.g. introduced by the elec—
tronics of the taperecorder and/or the amplifier which is used before the
signal is fed into the computer). The cut-off frequency of the low-pass
filter was set at 0.5 Hz, and the sample freguency of the AD-converter

at 1 Hz, thus avoilding aliasing. All values are real-time, however, in
practice the signals were replayved from the tape with a speed up to 16
times real time, which reguires adjustment of the filter settings and
sample fregquency accordingly.

A time window of 256 seconds (256 samples) was found to be suitable in
electrogastrographic practice, corresponding to a fregquency spacing of
1/256 = 0.0039 Hz (0.234 cycles per minute). After applying FFT, 129 dis-
crete sgpectral power values are obtained, equidistantly spaced over the
frequency interval 0 -0.5 Hz, Using running spectrum analysis, most fre-
gquently an coverlap of 75% was chosen. In the grey-scale representation,

the regsolution of which is determined by 16 distinct levels, 128 power



values were plotted, since the value of the DC-component usually egquals
zero. However, to check for that, in every ten spectra additionally cne

data point was plotted, together with the actual size of one pixel.
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Fig.21. A frequency of 0.07 Hz modulated with a ramp function.
A. Time signals.

B. Running spectrum; T =256 s, AT =64 5.

Upgoing flanks of the pulses indicate the time shifts. Note that spectrum

number 13 is dominated by the power content of the time signal between

number 10 and 12, i.e. the start of the ramp. Note alsc that the duration
of the ramp is approximately 4 times AT, which can be estimated from both

the time signal and the running spectrunm.
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Moaorility of the Digestive Tract, edited by M.
Wienbeck, Raven Press, New York © 1982,

5.3 Application of Running Spectrum Analysis to
Electrogastrographic Signals Recorded from
Dog and Man

E.J. van der Schee, A. J. P. M. Smout, and J. L. Grashuis

Deparnnent of Medical Technology, Faculty of Medicine, Erasmus Universiry.
3000 DR Rotterdam, The Netherlands

The recording of gastric electrical activity from surface electrodes
is called Electrogastrography {EGG). The electrogastrographic signal has
a dominant fregquency egual to the mean repetition frequency of the elec-
trical control activity (ECA) of the stomach, i.e. about 0.050 Hz (3 cpm)
in man and about 0.085 (5 cpm) in dog.

Recently Smout et al. [(13) concluded from a study in the dog that bkoth
ECA and -if present- electrical response activity {ERA) are reflected in
the electrogastrogram, the latter being related to phasic contracticns.

In general, monopolar recordings (potential differences between an ox-
Ploring electrode on the abdomen and an indifferent electrode, e.g. on
the leg) are of poor guality. Bipolar recordings (potential differences
between adjacent electrodes) are of better gquality because most of the
motion and respiration artefacts are cancelled out. Even then, direct
visual interpretation of EGG signals is very difficult. Therefore various
methods of analysis have been applied to EGG signals, such as auto-re-
gressive modelling (5), phase-lock technigues (8, 9}, adaptive filtering
(3,17) and, most freguently, Fourier analysis (2,4,10,13,14,16).

Using FPourier analysis of 17.07 min stretches of EGG signal, Smout et
al. (14) showed that the specific myoelectrical characteristics of the
postprandial and interdigestive states in the canine stomach, could be
recognized from the electrogastrogram. However, although spectral
(Fourier] analysis of relatively long stretches of EGG signal provides
information about the mean frequency content, time information is lost.
Running Spectrum (R3) analysis, which provides overlapping powsr spectra
displayed as a function of time, offers the advantage of yielding both
time and frequency information.

The object of this study was to evaluate the usefulness of RS analysis
of EGG signals recorded from dog and man.

METHODS
Recording
Recordings were cobtained from four healthy conscious dogs, and also

from seventeen healthy human wvolunteers ranging in age from 16 to 37
vears.
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In the dogygs gastric myoelectrical, gastric contractile and cutaneous
electrical activities were recorded simultaneously from the electrodes
and force transducers at the sites shown in Fig.1A and 1B. In dog 4 an
additional bipolar electrode was implanted on the serosal surface of the
ducdenum, at a distance of 3 cm from the pylorus.

In man cutaneous electrical activity was recorded from electrodes
(142453, Hewlett Packard) at the sites shewn in Fig.lC.

FIG. 1, A. Bipolar sercsal electrodes (Ag-4gCl) 1,8,3 and ¢ <mplanted at
12, 7, 4 and 2 om from the pylorus respectively. 4 and B implanted strain
gauge force transducers.
B,  Abdominal surface electrodes R and L, 8 om apart, and reference elec~
irode on right hind leg.
. Surface electrodes 2, 3 and 4 situated on Addison's line (transpyloric

line). Distance between electrodes & cm. Reference electrode on right
ankie.

With each dog recording sessions were carried out in both the post-
prandial state and the interdigestive state.

From all human subjects fasting activity (after an cvernight fast) was
recorded during a 35 minute pericd. Subsequently, a test meal, consisting
of 250 ml of yvoghurt with 20 g of sugar, was given, while recording was
continued. Recording was terminated 55 minutes after the start of food
intake. Subjects lay quietly in a supine positicn during the entire re-
cording session. Respiratory movements were recorded by means of a force
transduger attached to the chest.

All recordings were made on paper (Van Gogh EP~8b) as well as on mag-
netic tape (Racal Store 14). For monopolar serosal recordings the high-
and lowpass filters (6 dB/octave) wers set at 0.012 and 15 Hz respective-
ly, for bipcolar sercosal recordings at 0.5 and 15 Hz and for cutaneous re-
cordings, both moncpelar and bipolar, at 0.012 and 0.46 Hz.

In man all bipolar and monopolar EGG signals (10 possible combinations)
were visually inspected in order to establish the 'cleanest' signal, i.e.
the one most deveid of artefacts, to be used for further analysis.

Signal Analysis

A fast Fourier transform algorithm, implemented on a NOVA 2 digital
computer, was used to obtain the power spectra of the time signals. In



our standard recording procedure the highest fregquency is about 0.5 EHz.
Therefore, before being fed into the computer, the signals were bandpass-
filtered with & Butterworth filter (24 dB/octave) with cut-off frequen-
ciles set at 0.01 and 0.5 Hz, while, in order to aveid aliasing, the sample
frequency was set to 1 Hz.

Running sSpectra were obtained as follows. The time signal was fed into
the computer, either on line or from tape, at a speed up to 16 times real
time. Every AT seconds a power spectrum was computed from the preceding T
seconds of signal, to which a Hamming window was applied (1,6} in order
to reduce leakage. In this way overlapping spectra were obtained (See
Fig.2). Using e.g. AT =645 and T =256 5, an overlap of 75% results, while
the 128 computed spectral data points give a frequency resoluticn of
0.0039 Hz (0.234 cpm).

b -+ FAST FOURLER

TAANSFORNS.

FIG.2, Principle of Running Spectrum analysis.

During processing each computed spectrum was drawn on a Tektronix 4010
display terminal, together with its spectrum number. After completion of
the processing each spectrum could be analyzed in detail by choosing the
corresponding spectrum number.

Computer programs enable different graphical representations of the
running spectra. In Fig.2, the first 5 spectra are displayed as a pseudo-
3-dimensional (3-D) representation. Such a display can be rotated in or-
der to change the viewing angle. The generation time for a display of this
kind with some 100 spectra is about 20 minutes. The data can alse be dis-
plaved as a grey-scale plot: each point in the (f,t)-plane is represented
by a picture element {pixel), the blackness of which is proportional to
the magnitude of the power. The 'grey' resclution is bounded by 16 dis-
tinct grey levels. This kind of display especially facilitates the racog-
nition of fregquency paiterns. The generation time for this type of plot
is about 1 minute. All drawings were made on a Versatec 11002 printer-
plotter.

RESULTE

pog

RS analysis was applied to EGG signals with a total duration of about
80 hours; 15 hours during the postprandial state, 55 hours during the
fasted state and about 10 hours during pharmacological manipulation. A
total of 20 interdigestive migrating complexes (IMC's) was analyzed. In
two dogs antral tachygastrias occasionally cccurred. One of these dogs
{doy 4) never showed IMC-cycles in the fasted state, 'minute patterns'
(14) or continuous weak contractions were observed instead.
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Fig.3 shows the result of applying RS analysis to a typical postpran-—
dial EGG signal in the dog. Gastric and duodenal components {(at 0.085
and 0.31 Hz) show little variation in freguency and amplitude.

RS analysis was applied not only to the cutaneous signal but in some
cases also to the simultaneously recorded antral and duodenal wycelec—
trical signals.

This procedure clearly demonstrated the presence of gastric and duo-
denal frequencies in the cutaneous signal. Brief episodes of tachy-
gastria were easily recognized. See Fig.4 and Fig.5.

A B

~ o

larg units)

a0 a1 0.z 0.3 2. 0.5
Frequency in Az o0 o o 03 o o

frequency in Hz

FIG.3, Rurming Spectrum display of 94.5 min of postprandial recording.
Cutaneous signal R-L. Overlap 78%. Dog 2. A. Pseudo 3-D display.
B. CGrey-scale plot.
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FIG.4, Electrical and mechanical activity recorded from dog 4. Fasted
state. Arrows indicate episcdes of tachygastria.

hs we reported earlier (14), the activity front of the IMC manifests
itself by the appearance of low fregquency components in the electrogas-
trogram. Using RS analysis, these fronts are characterized as shown in



Fig.6. The figure alsc reveals clearly the increase in duodenal frequency
which is related to the activity front (153). Although all the IMC-com-
plexes which were analvyzed showed the characteristics described, it was
sometimes difficult to distinguish between IMC and motion artefacts. How-
aver, it appearsd that motion artefacts contained more high-frequency
component.s than IMC's, thereby facilitating the distinction.

duodenat
electrode

cutsncous
sigeal &

Prequency Tn Hz

o]

serosal
clectrode &
(manapatar} =

FIG.&, A. B. and (. Grey-scale plots of RS analysis applied to 99,2 min-
utes of simultaneously recorded duodenal, cutanscus {electrode R) and
antral (electrode 4) electrical signals, respsctively. ALL signals Low-
pags filtevad at 0.5 Hz before processing. Overlap: 756%. Fasted stata.

Dog 4. D. Pseudo 3-D display of the processed cutanecus signal R.

Gastrie frequency at 0.085 Hz, tachygastrias at about 0.21 Hz and duo-
denal frequency at (.32 Hz (note the 4 higher harmownics in Fig.C). First
22,5 minutes of the time signals are shown in Fig.4.

In dog 3 pharmacological experiments were carried out in order to in-
duce changes in the gastric frequency and the pattern of contractile ac-
tivity. A persistent regular antral tachygastriz at a frequency of about
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0.22 Hz (13.2 cpm) was terminated within 30 seconds after i.v. injection
of 50 mg of lidocaine. The administration of 20 mg of domperidene, p.o.,
was followed within 17 minutes by an increase in the amplitude of con-
tractions and a decrease Iin freguency (Fig.7).

cutardows
signal A-l

bisas
=
: B
- sgrosal e
3 e . slectrode 4 T
)
2$T—-“*W”d 1—s
— ; . T = e e e e ey e T
0.5 0.0 al .z L) 0.y a5 EN] 9.1 [ 11 u.ob ug
frequeney i He Frguuenty in He
FIG.8, Pseudo 3-D display of 3.52 FIG.7, Grey-scale plot of 182.1
houre .of EGG recording. Overlap: 75%. min of simultaneously recorded cu—
Fasted state. Dog 3. 3 IMl-cycles taneous signal RE-L (A) and antral
are recognized. At the left the myoelectrical activity from el.d
gastric motor pattern ag recorded (B). Overlap: 50%. Fasted state.
with force transducer §is shouwn. Dog 3. 1: Administration of 50 mg
of lidocaine, Z.v.. 8: Adminis—
tregtion of 20 mg of domperidone,
p.o..

Man

In general, visual examination of the recorded EGG's revealed that in
most subjects the bipolar signal cbtained from electrode 1 minus 4 was
suitable for RS analysis; in a few cases other bipolar or monopolar sig-
nals were analyzed. MNevertheless, in twe subljects mean gastric freguen-—
cies, before and after food intake, could not be established because of
axcessive motion artefacts. The remaining 15 subjects showed a mean gas-
tric frequency £ 1 S.E.M. of 0.048 % 0.003 Hz (2.88%0.18 cpm) in the
fasted state, and (0.050* 0.004 Hz (3.00%0.24 cpm) during the postprandial
state. .

In 5 subjects examination of the gastric response ilmmediately after
ingestion of the test meal was rendered impossible by motion artefacts
associated with food intake. From the remaining 10 subjects the total of
20 minutes of recording could he used.

Fig.8 shows an example of the human electrogastrographic signal and
the corresponding pseude 3-D dimensional RS display and grey-scale plot.
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FIG.8, Example of hwnan electrogastrogram, mowopolar recording from cu-—
taneous electrode 1 and its running spectrum. Signal stretch (4) is part
of the 92.8 min of the time signal from which the pseudo 3-D display (B)
and the grey-scale plot (0) were caleulated. Note the frequency decrease
and amplitude increase following the ingestion of the test meal.

During the interdigestive phase, a pattern of relatively low power mag-
nitude at about (.05 Hz (3 cpm) was observed. After food intake (average
time cof feod intake was 3.7 * 1.2 minutes) the power magnitude increased
by a factor of about 5 (¢corresponding to an increase in the amplitude of
the time signal by a factor of about V5 }, while a well-defined freguency
dip as shewn in Fig.8C, always occurred. The characteristics of this fre-
quency dip were guantitatively analyzed, using the grey-scalse plots and
detailed analysis of the individual spectra ckbtalned from 10 subjects.
The results are graphically presented in Fig.9 and summarized in Table 1.
(The meanings of the various parameters are indicated in Fig.9.)

TABLE 1. Characteristics of the gastric freguency response after the
test meal in man (n=10).

£ , + 1 5.D. £ . + 1 8.D. f + 1 S.D.
fasting min max
0.048 + 0.003 Hz 0.03% * 0.002 Hz 0.054 + 0.006 Hz
(2.88 & 0.18 cpm} (2.34 £ 0.12 cpm) (3.24 + 0.36 cpm)
t . + 1 5.0 t + 1 s.D. t + 1 S.D
min 4 max
2.5 + 0.5 min 12.1 = 3.1 min 22.4 £ 2.6 min
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FIG.9, Characteristics of the guastric frequaency variations in relation
to the test meal in man. Dotted area tndicates the standard deviation.

The following additional remarks can be made:

The average frequency decrease amounted to 18.8 # 5.9%.

- The standard deviaticn (5.D.) cf the parameters describing the fre-
dquency dip was remarkably small.

Following the dip some overshoot in frequency occurred.

After the maximum freguency was reached, 60% of the volunteers main-
tained that frequency during the remaining recording period.

40% showed a slow decrease to the value before food intake.

During the analysis of the electrogastregrams freguencies near 0.17 Hz
110 cpm) were never cobserved in any of the volunteers, indicating that

electrical activity from the small or largs bowel was not recorded by the
electrodes.
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DISCUSSION

This study demonstrates that RS analvsis offers a fast and concise re-
presentation of electrogastrographical data in both the time and frequen-
cy domains. The method especially allows the recognition and gquantitative
analysis of gastric {and ducdenal) frequency patterns, relatiwvely unin-
fluenced by the appearance of short-lasting motion artefacts.

The recognition and gquantification of contractile activity is more
difficult because the relation between EGG-amplitude and contractile force
is not very strong {13). However, when contractions occur at irregular in-
tervals, as for example during the activity front of the IMC, RS analysis
permits detection by the appearance of low freguency components. Our re-—
cent -unpublished- experiences with simulated serosal and cutanecus elec-
trical waveforms (based on dipole theory) indicate that these low freguen—
cies are related to the prolonged ECA intervals that have been shown o
occur during the activity front (12).

In man, a frequency decrease immediately following a meal was found
{electrogastrographically) by Smallwood (7) and Smout (11). The first
author found a decrease of about 9% and the second author a decrease of
about 4% {but this last value appeared not te be significant). Our study
revealed a decrease of about 18%. This discrepancy can be easily under-
stood when it is realized that these authors used Fourier analysis of
long nen-overlapping signal stretches (10.39 minutes and 8.53 minutes
duration) leading to a considerable underestimation.

A striking difference between the human and canine EGG recordings is
that in man there is a complete absence of intestinal activity, while in
the dog 100% of the EGG's contained a ducdenal frequency component. Brown
et al. {2) reported that in 9 out of 32 human EGG recordings of 1% hours
duration a frequency componant between 10 and 12 cpm occasiconally occur-
red. They assumed that this component criginated f£rom the intestine. Al-
though we cannot explain the discrepancy between their findings and ours,
it is clear that in practice the presence of intestinal activity in human
electrogastrograms is very rare.

Recently, You st al. (18) studied gastric electrical activity in pa-
tients suffering from unexplained nausea, bloating and vomiting by means
of a peroral electrode. In 2 out of 14 subjects abnormal myoelectric ac-
tivity was found, described as repeatedly occcurring episodes of tachy-
gastria and tachy-arrhythmia of short duration. In view of our results
in the dog it might be expected that, in cases like these, EGG combined
with RS analysis offers an important non-invasive diagnostic tool.

We conclude that RS analysis offers the possibility of extractingboth
qualitative and quantitative information from the electrogastrogram. It
can be considered as & significant improvement in the analysis of the
EGG, which brings electrogastrography one stép closer to (clinical) ap-
plication.
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5.4

Contraction-related, low-frequency components
in canine electrogastrographic signals

E. J. vaN pEr SCHEE AND J. L. GRASHUIS
Department of Medical Technology, Erasmus University, Faculty of Medicine,

3000 DR Rotterdam, The Netherlands

VAN DER SCHEE, E. J., aND J, L. GRasnuis. Contraction-
related, low-frequency components in canine electrogastro-
graphic signals. Am. J. Physiol. 245 (Gastrointest. Liver Phys-
iol. 8): G470-G475, 1983.—Interdigestive gastric contraction-
related phenomena were studied in four healthy conscious dogs
by running-spectrum analysis of signals derived from the ah-
dominal surface. When groups of contractions occur irregularly
spaced in time, low frequencies (in the range below 0.085 Hz)
show up in the power spectra of the electrogastrograms. It has
been hypothetized that prelonged electrical control activity
(ECA) intervals shown to coincide with irregular contractions
are related in some way to these low frequencies. This hypoth-
esis was investigated in detail. Whereas a certain degree of
correlation was demonstrated between ECA interval variations,
contractile activity, and the presence of low frequencies in the
spectra obtained from electrogastrograms recorded during in-
terdigestive migrating complexes, a more pronounced correla-
tion between these phenomena was found during “minute
rhythms.” It was concluded that the presence of lower frequen-
cies ranging from the normal gastric one to about 0.01 Hz in
the running-spectrum representation of electrogastrograms re-
corded in fasting dogs is indicative of strong antral contractions
and that the mechanism through which this is brought about
involves prolongation of ECA intervals associated with these
contractions.

running-spectrum analysis of electrogastrograms; eléctrical
control activity interval duration; interdigestive migrating com-
plex; minute rhythm; interdigestive gastric contractile activity

GASTRIC ELECTRICAL ACTIVITY in the form of slowly
varying electrical potentials can be determined from
cutaneous electrodes applied to the external abdominal
surface. In analogy with electrocardiography and elec-
troencephalography, the recording of this electrical ac-
tivity is called electrogastrography and might provide a
noninvasive method for obtaining information about gas-
tric motility. The electrogastrographic signals can be
considered a summation of time-shifted waveforms gen-
erated by the electrical control activity (ECA) and, if
present, the contraction-related electrical response activ-
ity (ERA) travelling along the stomach (12). As a con-
sequence the electrogastrogram (EGG) has a dominant
frequency equal to the mean repetition frequency of the
ECA, i.e., about 0.050 Hz in humans and about 0.085 Hz
in dogs.

Because of the relatively poor signal-to-noise ratio of
the EGG, direct visual interpretation of the cutaneous

signal is often very difficult. Varicus analytical methods
have therefore been applied to electrogastrographical
data either in the time domain (6, 17) or, most frequently,
in the frequency domain (%, 7, 12, 13, 18).

We recently introduced running-spectrum {RS) anal-
ysis into the field of electrogastrography, offering a fast
and concise representation of recorded cutaneous data
(18). This method uses Fourier analysis to provide over-
lapping power spectra as a function of time, thus per-
mitting the extraction of quantitative frequency infor-
mation over the course of time. The extraction of other
information from the spectra, particularly the possible
occurrence of contractile activity, is hampered by a lack
of knowledge of the way in which contraction-related
mechanisms affect the frequency contents of the associ-
ated cutaneous signals. Since the EGG reflects the my-
oelectric activity of the stomach, it provides only indirect
information regarding the contractile activity of that
organ.

We described the gastric frequency component in the
EGG power spectra of dogs and humans during the
postprandial phase (where each ECA is followed by ERA)
as having a significantly higher-power magnitude com-
pared with this magnitude during motor quiescence in
the interdigestive phase. The postprandial frequency
component showed little variation in frequency and am-
plitude. The significant increase in power magnitude
occurred immediately after food intake {13, 18). In the
interdigestive phase different motor patterns exist. Dur-
ing the activity front (phase III} of the interdigestive
migrating complex (IMC) groups of strong contractions
alternate with short periods (0.5-1.0 min) of motor qui-
escence or very weak contractions, whereas during phase
IT of the IMC an irregular pattern of contractile activity
with a periodicity of 1-3 min is observed (3, 5, 10, 11,
19). A similar pattern has been deseribed by other au-
thors in the absence of IMCs {9, 13) or during periods of
inadequate fasting {15). We will designate the fasting
motor patterns not identical to phase III of the IMC as
“minute rhythms.”

Smout et al. (12) demonstrated that the presence of
BRA manifests itself in the EGG by an increase in
amplitude but that the relation between EGG amplitude
and contractile force is not very close. In previous papers
we described the appearance of ultra-low-frequency com-
ponents {<0.03 Hz) in the EGG during the activity front
of the IMC (13) and demonstrated (18) the appearance

0193-1857/83 $1.50 Copyright © 1983 the American Physiological Society
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LOW-FREQUENCY COMPONENTS IN ELECTROGASTROGRAPHIC SIGNALS

of low-frequency components in the power spectra ob-
tained from the recorded EGG ranging from the gastric
frequency down to the chosen high-pass filter cutoff
frequency (about 0.01 Hz) during phases Il and I1I of the
IMC. These observations suggest that low-frequency
components of EGG power spectra may correspond to
the occurrence of phasic contractions of the stomach
irregularly spaced in time. The appearance of these fre-
quencies cannot be ascribed. to an increase in EGG
amplitude. If only amplitude increase were involved, the
power magnitude at the gastric frequency would also
increase or frequency components would show up sym-
metrical around the gastric frequency when regularly
spaced repetitive groups of contractions occur (amplitude
modulation}. It was hypothetized {13, 18) that the low-
frequency components described above are related to the
prolonged ECA intervals that have been shown to coin-
cide with irregular contractions (4, 8, 11). This assump-
tion, however, was never investigated in detail. The
objectives of the present study were first to establish the
relation between ECA interval variations during the
interdigestive phase in dog and its reflection in the
{running) power spectrum obtained from the correspond-
ing electrogastrographic signal and second to investigate
to what extent this reflection may be indicative of the
presence of contractile activity.

METHODS

Recordings were obtained from four healthy conscious
dogs (beagles} weighing between 10 and 14 kg. Electrodes
and extraluminal strain-gauge force transducers were
sutured to the serosal surface of the stomach under
general anesthesia (induction with thiopental sodium,
maintenance with nitrous oxide and enflurane) and using
a sterile operating technique. The serosal electrodes con-
sisted of two silver-sitver chloride conical tips, 3 mm
long, 0.2-mm base diameter, mounted 2 mm apart in a
small plate. The electrode wires were connected to a
multipin connector implanted in the animal’s neck. For
cutaneous recording disposable silver-silver chloride
electrocardiogram electrodes (14245 A, Hewlett-Pack-
ard} were used. Before placement of these electrodes
some electrolyte paste (Redux paste, Hewlett-Packard)
was rubbed on the shaved skin.

Gastric myoelectric, gastric contractile, and cutaneous
electrical activities were recorded simultaneously from
the electrodes and force transducers at the sites shown
in Fig. 1, A and B. During the recording sessions, lasting
from 1 to 16 h (after a fast of at least 18 h), the dogs
were standing in a canvas support mounted in a rack.
When not subjected to fasting, the dogs were fed ad
libitum with dry food.(Canex). Weekly recording sessions
were carried out on dogs I and 2 for at least 2 mo and
biweekly sessions on dogs 3 and 4 for more than a year.
Ali monopolar recordings were made with respect to the
reference electrode attached to the right hindleg, The
recordings were made on paper (Van Gogh EP-8b) and
stored on magnetic tape (Racal store 14). For monopolar
serosal recordings the high-pass and low-pass filters (6
dB/octave) were set to 0.012 and 15 Hz, respectively; for
hipolar serosal recordings to 0.5 and 15 Hgz; and for
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F16. 1. A: serosal electrode pairs 1, 2, 3, and 4 implanted 12, 7, 4,
and 2 em from pylorus, respectively. Strain-gatge force transducers A
and B were implanted opposite electrodes 2 and 4. B: abdominal surface
electrodes R and L are 8 cm apart on a transverse line midway between
distal ends of body of sternum and costal arch and reference electrode
on right hindleg.

cutaneous recordings, both monopolar and bipolar, to
0.012 and 0.46 Hz.

In this study only the bipolar cutaneous signal R-L
will be considered (either from direct recording or
through electronic subtraction), since this signal con-
tained the fewest motion artifacts.

A fast Fourier-transform algorithm, implemented on a
NGOVA-Z digital computer, was used to obtain the power
spectra of the EGG. The signals, replayed from magnetic
tape at speed of up to 16 times real time, were pre-
processed by bandpass filtering using an analog Butter-
worth filter (24 dB/octave) with (real-time) cutoff fre-
quencies set at 0.01 and 0.5 Hz to remove possible DC
components and to avoid aliasing. Then, they were digi-
tized (sampling rate, 1 Hz) and fed into the computer.

Every 64 s a power spectrum was computed from the
preceding 256 s of signal, to which a hamming window
was applied in order to reduce leakage. This procedure
generates a series of overlapping spectra that we plotted
in two different ways, using pseudo-three-dimensional
and gray-scale plots. In the latter case each point in the
frequency-time plane is represented by a picture element
{pixel), the blackness of which is proportional to the
magnitude of the power. The “gray” resolution is
bounded by 16 distinct gray levels. This kind of display
especially makes easy the recognition of frequency pat-
terns.

To facilitate the interpretation of the obtained spectra
in relation to myoelectric, cutaneous electrical, and con-
tractile activity, we developed a program permitting si-
multaneous digitizing and subsequent processing of up
to eight time signals. This program made it possible to
carry out I) measurement of intervals between consecu-
tive ECA peaks recorded from electrodes at different
levels of the stomach {interval functions), 2} measure-
ment of contraction amplitudes as recorded by the force
transducers, 3) measurement of intervals between con-
secutive maxima in the (sinusoidal) EGG (after smooth-
ing by bandpass filtering between 0.05 and 0.10 Hz, 24
dB/octave), 4) measurement of magnitude of these EGG
maxima, and 5) digital storage of ultra-low-pass-filtered
versions of the EGG. Results were plotted with preser-
vation of proper time relationships. All drawings and
plots were made on a Versatec 1100A printer-plotter.



RESULTS

Abcut 150 k of recording were made on fasting dogs.
In total 21 IMC cycles were recorded. One of the dogs
{dog 4) never showed IMCs but continucus minute
rhythms instead. These latter rhythms were also ob-
served In dogs 2 and 3 in about 30% of the fasting
recordings. During about 5% of the recording time, the
cutaneous signal contained excessive noise due to motion
artifacts lasting for more than 15 min when the animal
became restless after recording sessions of more than 5
h of duration. These periods, including one IMC cycle,
were discarded from analysis.

The cutaneous signals of the remaining 20 IMCs were
subjected to spectral analysis. An example of such an
analysis, presented as a pseudo-three-dimensicnal dis-
play, is shown in Fig. 2. The gastric frequency component
during the period of motor quiescence (=0.082 Hz) has a
relatively low-power magnitude. The activity fronts are

frequency (Hz)
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characterized by groups of high-power, low-frequency
components.

All IMC complexes analyzed exhibited the character-
istics shown and could be distinguished from relatively
short-during motion artifacts because motion artifacts
also disturb the spectrum in the higher-frequency com-
ponents (1.e., above the gastric frequency} (18). Figure 3
clearly demonstrates a relation between ECA interval
duraticn, contractile activity, and the presence of high-
power low frequencies in the running spectrum during
the activity front, However, this relation is not perfect.
On the one hand peaks in the ECA interval function do
not always coincide with contractions or with the ap-
pearance of low frequencies in the spectrum, whereas on
the other the high-power low frequencies generally seem
to correlate better with prolonged ECA intervals than
with contractions,

Figure 4 illustrates the types of signals cbtained from
serosal electrodes, force transducers, and cutaneous elec-

FIG. 2. Pseudo - three - dimensional
plot of running power spectrum chtained
from 107.7 min of recorded cutaneous
signal (R-L). Two activity fronts of in-
terdigestive migrating complex are rec-
ognized. Gastric frequency during moter
quiescence is about 0.082 Hz. Frequency
at zbout $.320 Hz is of duodenal origin.
Power i3 in arbitrary units, From dog 3.
Note activity front-related increase in
duodenal frequency (14).

time {ax 10"}

¥iG. 3. Electrical contrel activity
(ECA) interval function (electrode 4}
and gastric moto? activity as measured
by force transducer B, together with a
gray-scale plot of spectral data of Fig. 2.
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Fi. 4. Recording of gastric myoelectric and mechanical activity monopolarly from electrode 4 with respect to reference electrode.
(bipolar serosal slectrodes 2 and 4, force transducers A and B) and  Arrows: maximum second potential (4) and absence of of second
corresponding cutaneous signal {R-L). Bottom signal was derived potential (B}, respectively.
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FIG. 5. Plots of interval functions and contraction force at different EGG (0.03 Hz, 24 dB/octave). All signals were processed simultane-
levels in stomach together with the electrogastrogram (BGG) interval  ously. Minute rhythim. From dog 4.
function, EGG amplitude, and an ultra-low-pass-filtered version of

1o min,

trodes during the minute rhythms. The bottom trace at the moment relatively strong contractions show up
presents the monopolar recorded signal from electrode 4, accompanied by a prolonged ECA interval.

showing the amplitude variations of the ERA or second It can be seen from Fig. 5 that each peak in the interval
potentials (2} running parallel to the variations in con- functions measured from the serosal electrodes is present
traction force and, less clearly, to the EGG amplitude, a in the “interval funection” of the EGG. However, the
finding demonstrated earlier and quantified by Smout et latter exhibits quite a few peaks that are not present in
al. {12}. Considerable changes in EGG waveforms occur the ECA interval functions. This is partly due to the
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FIG. 6. Pseudo-three-dimensional, running-spectrum
display of 1141 min of recorded electrogastrogam (signal
R-L, part of which is shown in Fig. 4). Minute rhythm.
From dog 4. (Second and third harmonics of gastric
frequency may be seen very weakly part of time; duodenal
frequency is 0.030 Hz.)

power

L

0.0 ) 0z 03 04
frequency (Hz)

inaceuracy of the detection method used and partly to
noise and variability {of as yet unknown origin) in the
cutanecus signal itself. Trace 6 of Fig. 5 demonstrates
more clearly than Fig. 4 the amplitude variations of the
EGG associated with contractile activity. The relatively
high amplitude of the ultra-low-pass-filtered cutaneous
signal (trace 7) coincides with the prolonged ECA inter-
vals and with the highest EGG maxima, indicating the
existence of relatively high-powered low frequencies in
the EGG. At this stage we have to conclude that the
prolonged ECA intervals are reflected in the EGQG,
thereby affecting its frequency contents with preference
for low frequencies.

The spectral analysis of the cutaneous signal R-I1,
shown in Fig. 6 demonstrates a considerable variation in
the power magnitude at the gastric frequency (=0.081
Hz) and the presence of low frequencies ranging from
the gastric frequency down to about 0.01 Hz, irregularly
spaced in time. Figure 7, A-C { panel C presenting part
of the same data as Fig. 6) reveals a striking correlation
between the peaks in the ECA interval function, con-
tractile activity, and the low-frequency bands in the
spectral representation. This detailed correlation in time
is far more pronounced than that with the activity front
of the IMC (Fig. 3), where time separation is not possible.
A correlation between the serosal and cutaneous signals
of the degree shown in Fig. b was found in 60% of the 80
h of the recordings made during the presence of minute
rhythms. Obviously in those cases also serosal signals
and the cutaneous running spectrum (as in Fig. 7, A-C)
give good correlation. In the remaining 40% a poor
resemblance was found between the measured EGG in-
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FIG. 7. A: interval function (electrode 4). B; gastric motor pattern
as measured by force transducer B. C: gray-scale plot of spectral data
(broken off at 0.12 Hz) of Fig. 6. ’

terval function and the corresponding ECA interval func-
tion, while in the recordings made during the activity
front of the IMC the EGG interval function could not be
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interpreted at all. However, in all these cases a relation
of the type shown in Fig. 3 could be observed between
the ECA interval functions, contractile activity, and the
spectral contents of the EGG.

DESCTUISEI0N

This study demonstrates that the presence of frequen-
cies lower than the normal gastric one in the running-
spectrum representation of analyzed EGGs recorded in
fasting dogs is indicative of strong antral contractions
and that the mechanism through which this is brought
about involves prelongation of contraction-related ECA
intervals.

The behavicr of the power magnitude near the normal
gastric frequency itself can be understood by realizing
that the power magnitude of the peak at a particular
frequency in a spectrum depends on I) the amplitude of
that frequency component in the time signal and 2) the
number of cycles of that frequency component within
the signal stretch to be analyzed. Both these quantities
are affected during IMCs and minute rhythms. During
minute rhythms the disturbing phenomenon, ie., the
ECA interval prolongation, is of short duration with
respect to the chosen time step (64 s} as well as to the
signal stretch used for one spectrum (256 s8). Therefore,
each disturbance can be distinguished in the running-
spectrum plots. For the same reason the normal gastric
frequency remains to be recognized in all spectra, al-
though with a considerable variation in power magni-
tude. This variability may serve as a rough indication of
the existence of contractile activity; however, the ap-
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pearance of the low-frequency bands has been shown to
be more indicative.

During the activity front of the IMC, the disturbances
caused by the ECA interval variations last much longer
with respect to the chosen time values. As a consequernce
all spectra during the activity front are disturbed in an
irregular way. In this case, during the 256 s of one
spectrum, there is no steady gastric frequency present,
and thus the gastric frequency cannot be distinguished
anymore.

The difference in nature of the ECA interval functions,
especially concerning the duration of the contiguous
disturbances, thus accounts for the generally better cor-
relations found during minute rhythms (Fig. 7} compared
with those of the activity front of the IMC (Fig. 3).

Finally it should be emphasized once again that we
were not dealing with individual contractions detected
by spectral analysis but with groups of strong contrac-
tions irregularly spaced in time: this is why we used the
term “contractile activity” throughout this study. It re-
mains to be seen whether future developments will enable
us to detect individual contractions, either from the time
signal or from its spectrum.
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5.5 Relation between level-dependent contractile behaviour and the elec-

trogastrogram during minute rhythms.

5.5.1 Introduction

In section 5.4 we concluded that the appearance of low-frequency bands in
the RS$-analysis is the result of prolonged gastric ECA intervals which in
turn are associated with large antral contractions.

However, we did not account so far, for the level dependency of the con-
tractile behaviour, especially as it appears during the minute rhythm as
illustrated in figure 5, page 72. The figure reveals that as a rule pro-
longed ECA intervals at the proximal antral level coincide with streng
contractions, whereas at the distal level the intervals following the
strongest contractions were lengthened. This finding confirms our earlier
ohservations (Smout et al., 1979) where an FRA-score was used as a measure
of contractile strength. The underlying mechanism of this phencomenon can
be understood by realizing that ECA is propagated whereas FRA 1s not. Re-
garding this behaviocur it is still not c¢lear to what extent the contrac-
tion pattern in either the proximal antrum cr distal antrum plays a domi-
nant rcle in the genesis of the pronounced low-frequency bands appearing
in the running spectrum of the EGG. In this part of the study we will in-

vestigate this level-dependent behaviocur in more detail.

5.5.2 Methods

We generated three fully deterministic signals and subjected them to RS-
analysis too. These signals were composed of two basis waveforms shifted
in time according toc a chosen interval function. The basis waveforms were
computed from an improved wersion of the dipole model proposed by Smout
et al. (1980a), one for 'ECA' eonly and the second cne for the presence of
'ECA" + 'ERA'. The in this application relevant difference between the
two waveforms is the greater amplitude of the latter with respect to the
former.

The three artificial signals were composed according to the interval func-
tion of figure 7,4 (page 73), but with different criteria for the inser-
tion of either an '"ECA-source' or an 'ECA + ERA source' related waveform.
The thres signals are shown in part in figure 22. The criteria were:

1) no contraction-associated waveforms (Fig. 22,3);

2} no contraction-associated waveforms when contractions greater than
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0.05 N were measured by force transducer B (B) under the assumption
that the contractions at B originated all in the proximal antrum;

3 as 2), but for contractions measured by force transducer A (C) under
the assumption that during propagation of the ECA no other contrac-

tions are initiated.

5.5.3 Results and discussion

The grey-scale plots of the running spectra cbtained from the artificial

signals are shown in figure 23, D, E and F respectively.

It should be emphasized that possible higher harmonics in the spectra are

of minor importance since we are only interested in the frequency range

around the fundamental fregquency down to lower frequencies.

A slight tendency to lower frequencies can be seen in figure 23,D, which

shows the spectrum of the time signal containing the BECA-interval function

only, but the signal power of these freguencies appears to be very small.

When contraction-associated waveforms are inserted during (prolonged) ECR-

intervals that coincide with contractions at the progimal antrum {see Fig.

22,C) the signal power increases, as shown in figure 23,F. The gquadratic

relationship between signal amplitude and power magnitude should be real-

ized in this connection.

The spectrum of figure 23,E differs notably from that of figure 23,F, This

may be explained by the following two facts:

1) all synthetic EGG waveforms corresponding to ceontracticns above 0,05 N
were ldentical, and

2) preolonged ECA-intervals at the distal antrum do not always coincide

with contractions.

At the proximal antrum, all prolonged ECA intervals coincide with a strong
contraction. The simulation of this characteristic, resulting in figure
23,F gives the best correspondance with the spectrum of the cutaneous sig-
nal actually recorded (Fig.23,C). This observation may be explained as an
indication that in fasting dogs the appearance of the low-freguency bkands
during minute rhythms are indicative for the contractions which are present

or initiated at the proximal antrum.
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Fig.22. Segments of artificially generated signals containing the inter-
val function of figure 7,A, page 73.
P = pulse train, indicating consecutive ECA intervals.
signal without contraction-associated waveforms.
B = signal with ingsertion of contraction-associated waveforms at the moment
that contractions occur at force transducer B.
C = as B, but at the moment that contractions occur at force transducer A.
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Fig.23. A, B and C as in figure 7, page 73.

D, E and F = Running spectrum analysis, displayed as grey-scale plots,
applied to artificially generated '‘cutanecus' signals, seg-
ments of which are shown in figure 22,A, B and C respectively.
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5.6 Gastric rhythm alterations and arrhythmias in dog and man

5.6.1 Abstract

The extent to which the mycelectric characteristics of various types of
antral (ectopic) arrhythmia, occurring in 9.5% of the total recording time
of 201 hours, in 5 healthy conscious dogs implanted with serosal electrodes
and force transducers could be recognized after applying ruaning spectrum
analysilis to signals derived from abdominal surface electrodes (electro-
gastrograms), has been investigated. Also we compared the running spectrum
of the electrogastrogram of a patient in which serosal electrodes were im-
planted during a cholecystectomy, with the spectrum of the simultaneously
recorded serosal signal. Together with some examples of patients suffering
from gastric disorders we discussed the clinical perspectives of electro-
gastrography .

In dog it was found that regular and irregular tachy-arrhythmias that
lasted for 30 seconds or more, could be detected but that detailed char-
acteristics as measured by serosal electrodes could not be revealed. In
the patient no ectopic arrhythmias occurred during the total of 32 hours
of recording made (up to the fifth postoperative day). Instead, sponta-
neous frequency alterations occurred. We demonstrated the electrogastro-
gram to be undoubtedly from gastric origin and that short during fregquency
changes could be followed in course of time.

We concluded that our study confirms the potentialities of EGG as a diag-
nostic tocl and wvalidates the importance of thorough electrogastrographic
investigations in large groups of patients suffering from gastric dyspep-

sia but well-defined in thelr symptoms.

5.6.2 Introduction

The study of gastric mycelectyic activity, and in particular of arrhythmias
in both dog and man, has been gaining increasing interest. Antral arrhyth-
mias in the canine stomach were first described in detail by Code and Mar-
lett (1974). These arrhythmias consisted of regular tachygastrias (a rapid
succession of control potentials lasting for more than one minute} and
mixed antral rhythms of variable freguencies, all occurring during the

period of motor quiescence in the fasting state (phase I of the interdi~

‘gestive migrating complex (IMC)).



Gullikscon et al. {1980} guantified the incidence of electrical arrhythmias
in 32 unanaesthetized dogs using implanted serosal electrodes and force
transducers. They concluded ameong other things that antral arxrhythmias may
be present during both normal and pathophysiological states.

Stoddard et al. (1981l) reported that gastric arrhythmias occur in man post-—
operatively but disappear on recovery.

Recently, relations have been reported between antral dysrhythmias and nau-
sea, bloating, vomiting or gastric retention (Telander et al.,, 1978); You
et al., 1980a, 1980b, 1981; Chey et al., 1981). In these studies peropera-
tive recording techniques or peroral muccsal electrodes were used. Electro-
gastrography (EGG), i.e. the recording of gastric electrical activity by
means of cutaneous electrodes applied to the external abdominal wall, pro-
vides a non-invasive method of determining gastric myoelectric freguencies.
The EGG signal can be considered to be a summation of the time-shifted
waveforms generated by the control potentials (CP's) and, if present, the
contraction-related second potentials travelling along the stomach (Smout
et al., 1980a). Hence, the EGG usually has a dominant frequency of about
0.050 Hz (3 cpm) in man and 0.085 Hz (5 cpm) in dog. Previous studies in
the doy (Smout et al., 1980a, 1980b) have demonstrated that regular tachy-
gastyias of relatively long duration could be recognized in the EGG after
Fourier analysis.

The introduction of running spectrum analysis (RSA) into the field of elec-
trogastrography (Van der Schee et al., 1%982) provided a means for fast,
conclse representation of EGG recordings from dog and man. In this method
Fourier analysis is used teo provide a series of power spectra over periods
that overlap in time, thus permitting the extraction of guantitative fre-
quency information as a function of time. By applying RSA to simultaneously
recorded sercosal and cutanecus electrical signals we showed the possibility
of detecting short (duration abocut 1 minute} regular tachygastrias in the
dog (Van der Schee et al., 1982). Although the gastric origin of the EGG

in man has been well established {(Alvarez, 1922; Nelsen and Kohatsu, 1968;
Brown et al., 1875; Smallwood, 1976), it has never been proved that short-
term gastric frequency variations as can be observed in the signal cbtained
from serosal electrodes implanted in the human stomach wall, can be ex-
tracted from the EGG.

In the light of these facts the objectives of the present study were three-
fold:
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1) to investigate to what extent the mycelectric characteristics of an-
tral arrhythmias in the dog can be recognized in the running spectrum
obtained from the EGG signal;

2) to validate the method of EGG in man by applying RSA to simultaneous-
ly recorded serosal and cutaneous electrical signals obtained from a
patient in whom serosal electrodes were implanted during a cholecyst-
ectomy, and

3) to indicate the c¢linical perspectives for electrogastrography on the
basis of the results of 1) and 2), and that are illustrated by EGG

data from patients with gastric discorders.

5.6.3 Materials and methods

Recordings in dog

Five healthy dogs (Beagles) weighing between 8 and 15 kg were anaesthe-
tized with thiopental sodium (20 mg/kg iv) and maintained at a surgical
level of anaesthesia with nitrous oxide and enflurane. Four to six bipolar
electrodes were sutured to the serosal surface of the stomach using a ster-
ile operating technique. In addition, one electrode was placed on the prox-
imal duodenum (3 cm from the pylorus} in dogs 1 and 4. The serosal elec-
trodes consisted of pairs of silver/silver-chloride conical tips, 3 mm long,
base diameter 0.2 mm, mounted 2 mm apart in a small plate. Four electrode
positions along the greater curvature were standard in all five dogs (Fig.
24). In dogs 1, 3 and 4 two extraluminal strain-gauge force transducers
were placed in a transverse direction opposite electrodes $2 and $4. In

dog 5 a force transducer was_implanted on the duodenum 3 cm from the pylorus
while transducer A (Fig.23,A) was omitted. The signals were transmitted to
the recording eguipment by means of either a &-channel radic transmitter
implanted subcutanecusly (dogs 2 and 5) or by means of a multipin connec-
tor. For cutaneous recording, dlsposable silver/silver-chloride ECG elec-—
trodes (14245 A, Hewlett Packard) were used. Scme electrolyte paste (Redux
Paste, Hewlett Packard) was rubbed on the shaved skin before placement of
the electrodes. Two electrodes were placed on the skin of the abdomen at
sites selected in preliminary experiments (Fig. 24,B). During the recording
sessions, lasting from 1 to 16 hours (after a fasting periocd of at least

18 hours) the conscious dogs were standing in a canvas support mounted in

a rack. Weekly recordings, starting five days after implantatiocn, were made
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Fig.24. Positions of electrodes and force transducers on the stomach and
the skin of the abdomen.
A: Serosal electrodes (8) and force transducers (FT); 51 is located 12 cm
from the pylorus, 52 and FT.A 7 cm, 53 4 cm and $4 and FT.B 2 cm.
B: Two cutaneous electrodes QR and QL, 8 cm apart on Addison'’s line, refer-
ence electrode on the right hind leg; ventral view.

beth in the fasting and postprandial state for at least two months. wWhen
not subjected to fasting, the dogs were fed ad libitum with dry food (Ca-
nex) . Monopelar electrical recordings were made with respect to a refer-
ence ECG electrode attached to the right hind leg. All recordings were
made on one ox twe 8«channel curvilinear chart recorders (Van Gogh EP-8b)
as well as con magnetic tape (Racal Store 14). For meoneopolarly recorded
serosal signals the high-pass and low-pass filters (6 dB/octave) were set
to 0.012 Hz and 15 Hz respectively, for bipolarly recorded signals to 0.5
Hz and 15 Hz and for cutanecus recordings (both monopolar and bipolar) to
0.012 Hz and 0.46 Hz.

The strain-gauge force transducers were connected in a half bridge config-
uration using a Wheatstone bridge (Peekel 884 DNH, Automation Industries)
without filter circuit. In dog 5 the low-pass frequency of the force trans-
ducer signals was limited to 100 Hz as a consequence of the radic trans-
mitter system used (Groeneveld and De Bakker, 1983).

The force transducers were calibrated as described by Schuurkes et al.

(1878) .

81



82

Recordings Iin man

In a 37-year-old male patient undergoing a cholecystectomy, three pairs of
stainless steel electrodes (with a spacing of 5 mm between the two members
of each pair) were attached to the serosal surface of the antrum 1, 3 and
5 ¢m from the pyloxus¥®). Each stainless steel wire (diameter 0.15 mm) was
stripped off its coating (Trimeij, Johnson Matthey Metals Ltd.) over a
distance of & mm, introduced into the serosa in transverse direction and
fixed with b x 0 atraumatic catgut stitches. The wires were extericrized
via a medical grade silastic tubing (Dow Corning) of 75 cm length (inner
diameter 2.0 mm, outer diameter 3.1 mm} sealed off at the distal end with
Scurasil® 20350 (Rhdne-Poulenc) and at the proximal end with Silastic®
382 (bow Corning). The Silastic® was used Lo permit easy withdrawal of the
wires one by one after completion of the measurements, as it preserves a
certain degree of viscogity. The wires were connected to a multipin con-
nector at the distal end. The silastic drain left the abdomen at the lower
end of the median incision used for the operation. The assembly was gas
sterilized before the distal end was sealed off, and the whole unit in-
cluding the connectors was sterilized again before the operation. After
closure of the wound 5 ECG electrodes (1 shield electrode and 4 recording
alectrodes: Red Dot 2256, 3M) were attached to the skin of the abdomen
(Fig.25). A reference electrode was placed on the right ankle. Both mono-
polar and bipolar sercsal recordings were made, with cut-off freguencies
set to 0.012 Hz and 15 Hz, regpectively. The corresponding values for the
cutanecus recordings were 0.012 Hz and 0.46 Hz. A strain-gauge reszpiration
transducer was attached to the abdomen using a sticking-plaster.

&)1 signals were recorded on paper and simultanecusly stored on magnetic
tape. The recording apparatus was modified to meet the safety requirements

for invasive measurements**) .

Prof.Dr. E. van Houten is greatly acknowledged for his willingness to
perform the electrode implantation.

The research protocol was approved by the Medical Ethics Committes and
the Director of the Dijkzigt University Hospital, Rotterdam, on Sep-
tember 20th, 1982. Written informed consent was obtained from the pa-
tient for implantation of the electrodes and subsequent measurements.



Fig.25. Positions of surface electrodes on both sides of the median in-
cision. $ is a shield electrode.

The recording sessions started two hours after the operation and were
continued at intervals during the recovery period till the fifth post-
operative day, when the measurements were terminated.

EGG data obtained from 4 patients with gastric complaints of wvarious kinds
are also presented. The same electrode positions as shown in Fig.25 were
used, while one additional electrode wag placed between the sternum and
the umbilicus.

Signal analysis

A fast Fourler-transform algorithm, implemented on a Nova-2 digital com-
puter, was used to obtain the power spectrum of the signals. The signals
replayed from tape at a spsed up to 16 times real time, were preprocessed
by band-pass filtering using an analog Butterworth filter (24 dB/octave)
with (real time) cut-off frequencies set at 0.01 Hz and 0.05 Hz to re-
move possible DC components and to avoid aliasing. They were then digi-
tized (sampling rate 1 Hz) and fed into the computer. Running spectra
were cobtalned as follows: Every AT seconds a power spectrum was computed
from the preceding T seconds of signal, to which a Hamming window was ap-
plied to reduce leakage (Blackman and Tukey, 1958). This procedure gen-—

erates a series of overlapping spectra which we plotted in two different
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ways, using pseudo-three-dimensicnal and grey-scale plots. In the latter
case each point in the frequency-time plane is represented by a picture
element (pixel}, the blackness of which is proportional to the correspond-
ing power. The resclution here is determined by the number of grey levels
used (16 in the present case). This kind of display greatly facilitates

the recognition of frequency patterns. All drawings and plots were made on
a Versatec 1100 A printer-plotter. Previous studies (Van der Schee et al.,
1982, 1983) had shown already that values of 256 s and 64 s for T and AT,
respectively, were satisfactory for the extraction of relevant information
from the EGG, giving 128 peints in each spectrum and a frequency resolution
of 0.0039 Hz. However, as will be shown, lower values of T and AT are some-
times desirable. The choice of a lower wvalue of T improves the time reso-
lution at the expense of the frequency resolution. To overcome this prob-
lem, "zero padding' (Oppenheim and Schafer, 1975) was used, i.e. the sam-
pled data points were filled up with zerces to give a total of 256 points
before Fourier transformaticon. This leads to broadening of spectral peaks
but does not affect the position of the maximum value of the frequency
peak on the freguency axis. The procedure may thus be considered as an in-
terpolation process in the freguency domain. It is cbvious that a lower
value of AT expands the time scale of the RS representation, and may thus

facilitate the recognition of the short-during phencomena.

5.6.4 Results from dogs

& total of 201 hours of recording were made: 151 hours in the fasting state
and 50 hours in the postprandial state. Ectopic arrhythmias consisting of
regﬁlar tachygastrias (up to 70 minutes in duration), irregular tachy-
arrhythmias (lasting from 0.5 minute to about 4 minutes), series of prema-
ture control potentials followed by a compensatory pause and totally dis-
organized mixed antral rhythms were obsexved during 2.5% of the total re-
cording time. A much higher percentage of incidence of arrhythmias was ob-
served during the first recording session, which fell in the first week
after operation (Table l); this was probably due to the surgery performed
{Ormshee et al,, 19753). All ectopic arrhythmias occurred during phase I

of the IMC, or during short during periods of motor guiescence in the ab-
sence of IMC (dogs 3 and 4), except on two occasions where a tachy-arrhyth-
mia, lasting about 30 s, was seen in the postprandial state {dogs 4 and 5).

The considerabkle wvariations in interval duration between successive CP's



Table 1 1Incidence of arrhythmias during 201 hours of recording in 5

healthy Beagle dogs.

Dog No. First recording session Total of all recording sessions
Duration Incidence of Duration Incidence of
{hours) arrhythmias (%) {hours) arrhythmias (%)
1 1.7 50.0 17.3 35.0
2 4.3 26.6 62.3 1.8
3 2.6 89.8 74.5 6.0
4 3.1 36.4 31.3 19.1
5 2.0 12.5 15.6 9.0
Total 13.7 41.7 201.0 5.5

always observed during phase III of the IMC, may be considered as arrhyth-
mias too. They are not ectoplc but originate in the pacemaker area, as il~
lustrated in Fig.26., This kind of arrhythmia is not included in Table 1,
since we have dealt with this phenomenon in previous studies, both gastro-
electromycgraphically (Smout et al., 1979) and electrogastrographically
(Smout et al., 1980b; van der Schee et al., 1982, 1983). The character-
istics of the types of tachy-arrhythmias most cften cbserved in phase I

of the IMC are illustrated in figure 27. A tachygastria starts as an ir-
reqular arrhythmia. The ectopic focus is located scmewhere betwsen elec-
trodes 83 and 54, as indicated by the reversed polarity of the bipelar
electrode signals. These reversed polarities also reveal cral propagation
of the CP's. The 1 :2 block frequently seen between electrodes 83 and 82
overrides the normal pacemaker after about 2 minutes (in this example).
Figure 27 also reveals a Jump of the ectopic focus to a point distal to
electrode 84 (wandering ectopic pacemaker), followed by retrograde con-—
duction only. The phenomenon is accompanied by a change in the monopolar
waveform from electrode $4. The termination of the tachygastria is fol-
lowed by a compansatcry pause of several tens of seconds.

During the overall recording time of 201 hours, about 5% of the cutane~-
ous signals contained excessive noise lasting for mere than 15 minutes at

a time, mainly due to metion artefacts. Artefacts lasting for mere than
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Fig.26. Recording of mycelectric and mechanical activity (bipolar sero-

sal electrodes 1, 2, 3 and 4, force transducer FT.A and FT.B)
and the corresponding cutaneocus signal (QR - QL). Trace 7, the monopolar
signal from one electrode of the electrode pair 54 reveals the second po-
tentials associated with contractions more clearly than the bipolar sig-
nals. Phase III of the IMC. Doy 3.

2 minutes occurring during arrhythmic episodes were rejected for running
spectrum analysis. This was the case for 7.9% of the 19 hours of arrhyth-
mias. The remaining 17.5 hours were subjected to R3A.

Figure 28,4 and B show the pseudo-three~dimensicnal display and corre-
sponding grey-scale plot obtained by RSA of 45.9 minutes of EGG signal
covering one activity front of an IMC followed by the arrhythmia shown

in figure 27. The high-power low-fregquency components ranging from the
normal gastric frequency (about 0.086 Hz) down to about 0.01 Hz (the cut-
off frequency of the high-pass filter)} are characteristic for the ac-
tivity front of the IMC's (Van der Schee et al,, 1982, 1983) as is the
{slight) increase in duodenal fregquency related to the activity front
(Szurszewski, 1269). Although the arrhythmla is easlly recognizable and
may be interpreted (from the grey-scale plot) as being more or less ir-

regular, the detailed characteristics seen in figure 27, including the
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Fig.27. Myoelectric characteristics of a frequently observed tachy-
arrhythmia. The reversed polarity of the bipolar signals in-
dicates oral propagation and the site of crigin of the ectopic focus.
Asterisks denote a jump of the ectopic focus from a location between
electrodes 53 and 54 to a location distal to electrode 54. Between
electrodes 83 and $2 a 1 :2 block occurs. Question mark indicates the
uncertainty about which CP's at electrode 53 are related to CP’'s at
electrode S2. The 5th trace was recorded monopolarly from electrode S4.

The bottom trace 15 the corresponding electrogastrogram. Motor gquiescence.
Dog 3.
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Fig.28. Running spectra of 45.2 minutes of the cutaneous signal OR -QL,
comprising one IMC activity front and the tachy—arrhythmia dur-

ing the motor quiescence phase shown in Fig.27,

A: Pseudo-three-dimensional display.

B: Grey-scale plot.

The normal gastric freguency Is about 0.086 Hz (5.2 cpm). Both forms of

presentation cleayrly show the tachy-arrhythmia at about 0.25 Hz (15.0

cpm)} .
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repetition frequency of the CP's at the proximal antrum, cannot be ex-
tracted from the running spectrum.

Several other types of arrhythmlas observed are depicted in figure 29,
which also illustrates the variability in gquality of the cutaneous sig-
nals; as a rule, the bipolar signal (QR- QL} was found to be the best.
The disorganized rhythm seen in Fig.29,a (electrode $4) results from in-
terference with ectopic¢ antral premature CP's and aborally propagated

CP's of variable interval durations, originating in the pacemaker area

at the moment contractions are initiated.
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Fig.29. A: Monopolar recordings from electrode 34, showing pericds of
disorganized rhythm alternating with short-lived tachy-
arrhythmias occurring during brief episodes of motor quies—
cence. Minute rhythm. Dog 3.-

B: Short postprandial tachy-arrhythmia (bipolar electrode 54),
while motor activity is absent. Dog 4.
C: 'Ampilitude modulated' tachy-arrhythmia frow bipolar elec-

trode S54. Note the abnormally high repetition freguency of
the CP's at electrode S1; these CP's must have originated
distal to this electrode, as indicated by their reversed
polarity. Motor quiescence. Dog 1.




The running spectra computed from serosal electrode $4 and cutaneous elec-
trode QR, with a total duration of 46.9 minutes, are shown in figure 30.
The signals of Fig.29,a containing two tachy-arrhythmias accounts for the
first 18.7 minutes of this time. The disorganized rhythm, including four
tachy-arrhythmias, can of course easily be recognized in figure 30,A. The
running spectrum of the corresponding EGG {Fig.30,B) exhibits low-frequen-

oy components due mainly to the poor quality of the EGG.
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Fig.30. Grey-scale plots of running spectra from 46.9 minutes of simul-
taneously recorded serosal and cutaneous electrical signals,
part of which are shown Iin Fig.29¢,A.

A: Serosal electrode 54 (after low-pass filtering with cut-off fregquency
at 0.5 Hz), showing variable fundamental gastric frequencies with
higher harmeonics and four episodes of tachy-arrhythmia at about 0.25
Hz (15 cpm).

B: Cutanecus electrode QR, and

¢: Cutanecus electrodes QR after band-pass filtering between 0.20 and 0.30
Hz {24 dB/octave) and adjustment of the grey-scale level.

The ducdenal freguency cannot be established with certainty. T = 256 s,

AT = 64 s.
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The artefact in QR nearly coinciding with the onset of the firxst arrhyth-
mia and the artefact about 80 seconds pricr to this (Fig.29,a)disturdb the
spectrum in the higher-freguency range, thus hampering recognition of the
first arrhythmia as such in the spectrum. The running spectrum of a band-
pass filtered version of the EGG, adjusted for maximum blackness level
(Fig.30,C), clearly reveals the four arrhythmias observed in the serosal
spectrum; however, if we consider Fig.30,C alone, we cannot exclude the
possibility that the first 'arxhythmia' 1s due to a pulse-shaped artefact.
The chosen values of 256 s for T and 64 s for AT were apparently not suf-
ficient to give adequate resclution in this case.

As mentioned above, a very short-during tachy-arrhythmia occurred during
the postprandial state on two occasions. This phenomenon is illustrated
in figure 29,B. The rapid successicn of premature CP's was not observed
at the proximal electrodes, indicating that they were not propagated oral-
ly to an appreciable extent. The RS displays of the corresponding EGG are

shown in figure 31.
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Fig.31. Pseudo-three-dimensional display (A) and grey-scale plot (B) of
running spectra from the cutaneous signal of Fig.29,B (postpran-
dial state}. The gastric frequency at 0.085 Hz (5.1 cpm), tachy-arrhyth-
mia at about 0.17 Hz (10.2 cpm) and duodenal fregquency at about 0.30 Hz
(18.0 cpm) may be clearly seen. The arrow indicates the effect of a pulse-
shaped artefact present in QR. The freguency at 0.015 Hz (0.9 c¢pm) is of
unknown origin. Note the variation of power level with contraction ampli-
tude (Fig.29,B) and the absence of the normal gastric freguency during
the tachy-arrhythmia. T = 128 s, AT = 16 s.

The values of T and AT were 128 and 16 seconds respectively in this case.
It may be observed from figure 31,A that the power magnitude at the normal

gastric frequency of 0.085 Hz runs practically parallel to the amplitude

Q5



of the contractions as measured with force transducer B (Fig.29,B), a find-
ing in agreement with previous cobservaticns (Smout et al., 1980a; van der
Schee et al., 1983}. No contractions occur during the short episode of
tachy-arrhythmia (frequency about 0.17 Hz) and the normal gastric frequen-
cy is absent in the spectrum.

The artefact present in the cutaneous signal may be easily recognized.
Finally, we see a high-power, low-frequency component at about 0.015 Hz in
figure 31. Such a freguency was often found in the postprandial state; its
origin is not yet known.

A type of tachy-arrhythmia that to our knowledge has not previously been
reported, may be seen in figure 29,C. This type was observed only in dog 1,
and accounted for about 80% of all arrhythmias in this animal. It looks as
if there are two frequencies simultanecusly present and interfering with
each other. The CP's do not show consistent oral propagation as may be
seen from the facts that the repetition fregquency at corporal level is
fairly constant although established by CP's originating distal to elec-
trode S1, and that no 1 :2 block occurs. The {bipolar) cutanecus signal is
of extremely good quality and relatively high amplitude. The RS display of
this EGG, shown in figure 32, reveals the existence of two freguencies.
The frequency of 0.15 Hz, traces of which may be seen in figure 32, corre-
sponds to the frequency at corporal level. This component can be brought
out more ¢learly by another choice of the maximum grey level,

A special type of arrhythmia observed in all dogs is a sequence of dou-
blets, each one consisting of a normal CP, a premature ectopic CP and a
compensatory pause, in that order (see Fig.33). The premature CP's origi-
nate distal to electrode S4 and are conducted orally to the level of elec-
trode S3. They are not cbserved at the level of electrode S2 and S1. It
follows that the compensatory pause must be due to blocked conduction of
the next non-ectopic CP, caused by the refractory periocd following the ec-
topic premature CP. The frequency content of the time signal appeared to
be rather unpredictable during the occurrence of these doublets, as may be
seen from the RS display of this EGG shown in figure 34. While the first
and second harmonics of the normal gastric freguency (at 0.10 and 0.20 Hz
respectively) and the duodenal frequency can be recognized, artefacts dis-
turb the spectra a good deal in the low-frequency region. The series of
doublets probably leads to a dominant frequency at about 0.15 Hz, dropping

to about 0.13 Hz in course of time. The duodenal freguency can hardly be
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Fig.32. Grey-scale plot of running spectra from 32.1 minutes of the cuta-
neous signal OR - QL containing the arrhythmia shown in figure 29,C.

The distance between the arrows indicates the period of the latter signal.

Normal gastric frequency at about 0.10 Hz (6.0 cpm), tachy-arrhythmia at

about 0.24 Hz (14.4 cpm) and duodenal freguency at 0.30 Hz (18 cpm).
T = 128 5, AT = 32 s.
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Fig.33. Formation of myoelectric doublets. The prematiure CP's (with ec-

topic focus distal to electrode 54) are propagated orally to
electrode 53. Note the blocked conduction of the CP and ectopic premature
CP between electrode $3 and $2 and the resulting compensatory pause.
Motor gquiescence. Dog 3.
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Fig.34. CGrey-scale plot of running spectra from 9.8 minutes of the cuta-
neous signal QR - QL shown in Fig.33. Normal gastric fregquency and
second harmonic at 0.10 Hz (6.0 cpm} and 0.20 Hz (12.0 cpm) respectively
and ducdenal freguency at 0.31 Hz {18.6 cpm}. The corporal fregquency can-
not be detected from these spectra. In this example the fregquency varying

from 0.15 Hz (9.0 cpm} to 0.13 Hz (7.8 cpm) is probably constituted by the
occurrence of doublets, T = 64 s, AT = 16 s.

seen during this period. The existence of some kind of abnormal gastric

activity can be deduced from this spectrum but the nature of the abnor-

mality cannct be specified with certainty.

Summarizing, we may state that RSA of EGG signals in dogs allows the fol-

lowing conclusions to be drawn:

1} both regular and irregular tachy-arrhythmias lasting about 30 seconds
or more can be detected;

2) detailed characteristics detected by sercsal electrodes cannot be ex-
tracted from the zpectra;

3) the spectra do not allow a digtinction to be drawn between aboral and
cral propagation of control potentials;

4) single premature control potentials cannot be detected;

5) the spectra tend to be disturbed in an irregular fashicn by doublet
sequences;

&) little or no trace of the corporal frequency can be seen in the case
where this freguency differed from the antral one, indicating that the
myoelectric activity picked up by the cutaneous electrodes is mainly

of antral origin.
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5.6.5 Results from humans

From the patient a total of 32 hours of recording was collected. This pe-
riod was divided into sessions of about 2 hours each. The bipolar sercsal
zignals were of extremely good guality throughout the whole recording time
of 32 hours in the human wvelunteer. Since the moncpolar signals, both se-
rosal and cutaneous, were derived with respect to the reference electrode
at the right ankle, the leads were very sensitive to motion artefacts oc-
curring e.g. during necessary medical care or when the patient became
restless. However, these artefacts generally had much less effect on the
bipeclar signals. Both, serosal and cutaneous signals depicted in figure

35 (second postoperative day) are representative for about the first 16
hours of recording. No electrical correlate of IMC’s was cobserved during
the recording sessicons, On a few occasicns, a single premature CP occurred

at the level of the most distal sercosal electrode. Tachy-arrhythmiazs were
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Fig.35., Myoelectric recordings from the human antrum: the first three

traces are bipolar; the next three are monopolar, with low-pass
filtering (cut-off Ffreguency 4 Hz) to remove excessive ECG. The seventh
trace is the monopolar cutanecus signal from electrode 1 (see Fig.25),
and the bottom one the bipeclar cutaneous signal 1-4. Note the relative
insensitivity to artefacts in the bipolar recording. Second postoperative
day.



not observed, but slight spontanecus variaticns in interval time between
successive CP's were seen, apparently originating in the proximal antrwm
(or pacemaker area) as also visible in figure 35. Visual inspection of
the EGG's from the last 16 hours of recording led to the rejection of &
hours of recording for RSA because of the poor guality of the EGG. The
gastric fregquency could be established for about 80% of the remaining 10
hours' recordings. Additional band-pass filtering was sometimes regquired
to cope with the poor signal-to-noise ratio, which appéared not to be due
to the surface electrodes., The cause for this decline in guality during
the last 16 hours of recording, mainly performed on the third and fourth
postoperative day, is not known. Figure 36 shows the grey-scale represen-—
tation of the results of RSA of 66.1 minutes of simultaneously recorded
serosal and cutanecus signals. A very good agreement is cobserved between
the fundamental frequenciles of the gastric serosal and cutaneous signals.
The figure proves without doubt that firstly, the cutaneous signal in man
is of gastric origin, and secondly, short-during mycelectric gastric Zre-

quency alterations in man can be detected by RSA of the EGG signal.

Further c¢linical observations

Es i1llustrated in the figures 37 and 38, myoelectric abnormalities in pa-
tients can be detected with the aid of EGG. Figure 37 shows the spectra

of a healthy volunteer (A) and a patient suffering from (unexplained) epi-
gastric pain accompanied by nausea and vomiting after food-intake (B), be-
fore and after the ingestion of a test meal (250 ml of yvoghurt and 20 g of
sugar) . Figure 37,A exhibits all the characteristics of normal healthy sub-
jects, as described previously (Van der Schee et al., 1982).

although the ®GG amplitude in the direct recordings and the power levels
in the derived spectra cannot be translated directly into gastric con-
tractile force (Smout et al., 1980a), it is obvious that the patient's
response to food depicted by figure 37,B is abnormal. The pattern shown

in this figure was very reproducible: three successive measurements on
this patient, at intervals of 14 days, showed the same behaviour.

Figure 38 shows grey-scale representations of EGG spectra of patients,
suffering from gastroparesis lasting for mors than 8 days after abdominal
surgery (A), a gastric ulcer accompanied by nausea and vomiting (B) and

unexplained nausea and vomiting (C}. In figure 37,A a ncrmal gastric fre-
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Fig.36. Grey-scale plots of running spectra from 66.1 minutes of simul-
taneously recorded serosal and cutaneous signals in man (Fig.35).

A: Bipolar serosal signal from the electrode at 2 cm from the pylorus
{low—pass filtered at 0.5 Hz) clearly shows the gastric fundamental
fregquency ( x0.05 Hz; 3.0 cpm) and three higher harmonics.

B: Bipolar cutanecus signal 1-4, showing the fundamental gastric fregquency.

The distance between the arrows Indicates the period of original signals

of Fig.35. T = 256 5, AT = 64 5.

guency seems not to be present. Instead, a consistent freguency of 0.17 Hz
shows up which is not of respiratory origin, as was demonstrated by analy-
sis of the simultaneocusly recorded repiraticn signal. Neither is 1t likely
that it is of duodenal origin since the human EGG seldom contains the duo-
denal frequency (Van der Schee et al., 1982). The most obvious conclusion
is therefore that we are dealing here with a regular tachygastria.

In figure 38,B a gastric frequency at 0.05 Hz may be present during the
first 10 minutes, then the freguency jumps to a significantly higher value
(0.08 Hz). It can be considered to be abnormal. The transient component

at 0.19 Hz is of respiratory origin (as was also demonstrated by analysis
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Pig.37., Grey-scale plots of human EGG spectra before and after a test
meal.
A: Healthy volunteer, showing the normal frequency dip and power level
increase following Ingestion of the meal.
B: Patient with unexplained epigastric pain, nausea and vomiting. The
fasting EGG amplitude is higher than the postprandial amplitude.
T = 256 5, AT = 64 s.

of the respiration signal). The spectrum of figure 3B,C shows severe fre-
guency abnormalities resembling those of figure 30, probably indicating
the presence of short-during tachy-arrhythmias in this patient. It should
be emphasized here that the above given examples of EGG abnormalities are
not typical for the gastric disorders in question. Recent studies on pa-
tients complaining of nausea and vomiting, due to various causes (Geldof
et al., 1983a, 1983b) yielded postprandial EGG spectra, mainly character-
ized by a great variability in gastric frequency and a drop in power level

as compared to the fasting state.
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Fig.38. Grey-scale plots of BEGG spectra from patients manifesting abnormal
electrogastrographic behaviour in the fasted state.

A: Gastroparesis after abdominal surgery.

B: Gastric ulcer accompanied by nausea and vomiting, and

C: Unexplained nausea and vomiting. Fasting state.

(& and B: T = 256 s, AT = 64 5. C: T = 128 s, L7 = 32 s5).

5.6 .6 Discussion

This study demonstrates that running spectrum analysis of electrogastro-
graphic signals can be an informative tocl for the detection of gastric
arrhythmias and rhythm variations in beth dog and man. However, referring
to the conclusions made from observations in the dog, the method has cer-
tain limitations, in particular as regards the amount of final detail that
can be extracted from the spectral data. Improvement of the time resoclu-~
tion and/or expanding the time scale may minimize this drawback, although
it must be realized that RSA only deals with the frequency content of the

signals. If no consistent freguency 1s present, as is the case for example



during the occurrence of doublets, the type of arrhythmia invelved is ob-
viously difficult to establish. Moreover, RSA, like any kind of spectral
analysis, excludes essentially the possibility to detect retrograde con-
duction of contrxol potentials. The evidence provided by the present in-
vestigation that the abdominal cutaneous electrodes 'see' mainly the an—
tral region corroborates our previous findings, cbtained by analyzing the

waveform of EGG signals (Volkers et al., 1%83).

Several authors reported in the past on the clinical usefulness of elec-

trogastrography: in the diagnosis of gastric cancer, gastric and ducdenal

ulceration (Scbakin et al., 1962}, pyloric stenosis and psychogenic vom-
iting in infants (Combe et al., 1972), post-vagotomy states (Martin et al.

19723, psychosomatic disorders of the gastrointestinal tract (martin et

al., 1970} and acute pancreatitis (Nechiporuk et al., 1973). Unfortunately,

all these publications claiming diagnostic rxelevance for EGG data were not
very convincing, mainly -at that time- owing to a lack of:

1} thorough knowledge of gastric myocelectric activity and the mechanism
underlying the EGG, required for interpretation of the cutanecus sig-
nals;

2) suitable techniques for analysis of the recorded signals, and

3) knowledge of how myoelectric activity is related to gastric discrders.

Over the past few years advances have been made with respect to the first
two points, but the third remained largely unexplored.

Our results suggest that electrogastrography may be considered a promising
tool for the study of abnormal electrical behaviour and therefore may con-
tribute to our insight in the inter-relationship between gastric disorders

and abnorymal gastromyoelectric activity.

In conclusion, we may state that while our study confirms the potentiali-
ties of EGG as a diagnostic tocl, more research is needed before this
method could be used in routihe <¢linical practice.

In particular, referring to the findings of Geldef et al. (1983a, 1983Db),
it would be desirable to carry out a systematic search for specific EGG
spectral responses in large groups of patients, suffering from gastric

dyspepsia but well-defined in their symptoms.

99



5.7 The interdigestive migrating complex in man

5.7.1 Introduction

As demonstrated in section 5.4, the activity front (phase III) of the in-
terdigestive migrating complex {IMC) in dogs can easily be recognized from
the EGG by the appearance of high-power low-frequency coemponents in the
running spectrum.

Manometrically performed studies in man revealed IMC patterns that were
less regular with regard to periodicity and to the point of origin in com-
parison to those in dogs {(Vantrappen et al., 1277b). It has heen repcorted
that even not all IMC complexes start in the stomach (e.g. Finch et al.,
1980} . Instead, the duodenum was found to be the peint of origin, where
the activity front is characterized by the cccurrence of contractions at
its maximum rate, i.e. each duodenal control potential is followed by a
contraction, the total phase ITT lasting for about 3 to & minutes.

Apart from the motor component, the IMC alsc appears to have secretory
components that fluctuate in accordance with the phases of cyclic motor
activity (e.g. Peeters et al., 1980). Therefore, non-invasive detection
of phase IIT activity of the IMC may be considered a welcome aid in the
study of fasting gastric activity. EGG provides such a possibility. An
electrogastrographic study focussed on this toplic in humans, however,

has never been described. Our aim in this part of our study was to verify
whether the occurrence of the (gastric) activity front of the IMC in man

could be detected by means of electrogastrography.

5.7.2 Methods

Pressure recordings were made from 7 healthy human volunteers, ranging in
age from 19 te 25 years, using three semiconductor strain-gauge pressure
transducers mounted 5 c¢m apart in a commercially available pressure probe
(model 31, Kulite semiconductor products, Inc., New Jersev). The probe
was introduced intoc the stomach through the mouth and positioned under
fluoroscopic control in such a way that the most distal transducer was
located in the terminal antrum. After introduction and positioning, the
proximal end of the probe was fixed at the chin with the aid of a stick-
ing plaster.

Since the distal end was not fixed, the possibility remained that one or

two transducers slipped through the pylorus into the ducdenum. This ap-
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peared to occur in four of our subjects. So, in all subjects, at least cne
pressure transducer was present in the antrum*).

The eiectrodes and electrode positions used for simultaneous recording of
the EGG's, and the methods of recording and signal analysis were jidenti-
cal to those described in section 5.3..

The subjects were asked to lie down in supine position as guietly as pos-—
sible. Recordings were made during at least 3 hours. When the subjects
became restless or complained about cramp, which usually resulted inteo

excessive artefacts in the cutaneocus signals, the measurements were ter-

minated.

5.7.3 Results

A total of 10 gastric IMC's were recorded. In two subjects no activity
front was observed in the stomach. Instead, isolated contractions and/ox
long lasting phase II activities were found. In general, the occurrence

of gastric IMC appeared to be highly variable with respect to the dura-
tion and the nature of the different phases of the IMC as well as with
respect to the electrogastrographical properties. Figures 39,A and B show
two gastric IMC's, recorded from the same subject.

Pl represents the pressure signal measured from the most proximal trans-
ducer and P3 the signal measured from the most distal one. As can be seen
in ¥ig.39 the activity front in the terminal antrum manifests itself by
the occurrence of contractions at lts maximum rate (repetition frequency
about 0.05 Hz), lasting for about 4 to 5 minutes. The second complex {Fig.
39,B) was observed 108 minutes after termination of the first one (Fig.3%2,A).
The simultaneously bipolarly recorded EGG‘S (electrode 1-4; see Fig.l,C,
page £0) are shown too. The pulses at the bottom of the figures mark the
consecutive moments at which an EGG spectrum was computed (duration 256 s,
amount of overlap 64 s). The numbers correspond te the numbers in the
grey-scale representation, as shown in Fig.40. The figures 40,A and B cor-
respond to the figures 40,2 and B, respectively. When comparing the time

signals with the spectra it should be realized that, for example, spectrum

*) The research protocel was approved by the Medical Ethics Committee of

the Frasmus University Rotterdam and informed consent was obtained from
the wvolunteers.
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number 41 in the grey-scale plot predominantly contains the power content
of the EGG 'located' between pulse numbers 38 and 40, as ocutlined in sec-—

tion 5.2 (see Fig.21, page 57).
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Fig.39. Pressure recordings from the stomach and simultanecusly recorded

bipolar EGG (electrodes 1-~4, see Fig.1,C, page 60) in the fasted
state. Pressure transducer P3 is located in the terminal antrum, P2 and
Pl are located 5 and 10 cm orally from P3, respectively. Pt shows the
echoed pulse train, indicating the time relations between the EGG and the
computed spectra (see text). One activity front of the IMC (A4) occurred
about 30 minutes after introducticn of the pressure probe. The second IMC
(Fig.B) was recorded 108 minutes later (subject W.D.).

Although some low-freguency components can be observed in Fig.40,A coin-
ciding with phase IIT activity, they certainly cannot be proven to be ox
be not indicative for the occurrence of an activity freont. Such freguen-

cles were often cobserved in the spectra of EGG's in cases where there was
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no question of contractile activity. Moreover, the fregquency and power pat—

tern during phase II activity exhibits the same behaviour in this case.
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Fig.40. Grey-scale plots after RSA of the FGG's shown in figure 39 (T =

265 s, AT = 64 s). Fig.A corresponds with Fig.39,A and Fig.E
with Fig.39,B. Higher harmonics of the fundamental gastric frequency can
be cbserved. The fregquency of about 0.22 Hz is of respiratory origin.

A consistent gastric freguency appears to remain present throughout the
entire recording period, be it that small variations can be noticed. In
order to look into more detall at the power magnitude of the gastric com-
ponent (by means of inspection of the individual spectra and by computa-
tion of the average power of the fundamental gastric component of conse-
cutive spectra) we found the average power during the period of motor
quiescence to be egual to that during phase II and phase III activity.
RSA applied to the EGG recorded during the second IMC (Fig.40,B) exhibits

different characteristics. A consistent gastric frequency seems not tc be

103



present during the passage of phase III activity. The ratio between the
average power of the gastric component during phase II and that of phase
11T was found to be in the order of 4 ;1.

The wvariable nature of both, the pressure recordings and the RS of the
cerresponding BGG 1s further illustrated in the Figs 41 and 42 respective-
ly. The pressure recording from the terminal antrum is represented by Pa,
from the duodenal bulb by Pb and from the duodenum, about 7 cm from the
pylorus, by P4, respectively. No gastric phase III activity is seen. The
Fb and Pd tracings agree to the contractile patterns that are commonly
described in literature. The grey-scale plot of RSA of the corresponding
EGG is depicted in Fig.4Z. Apparently a gastric freguency increase oc-
curs that coincides with duodenal phase IIT activity. During motor gquies-

cence a decrease in power magnitude is observed in this subject.
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Fig.41l. Same as in Fig.39 but now the pressure transducers located in the
terminal antrum (Pa), in the duodenal bulb (Pb) and about 7 cm
distal to the pylorus (Pd). (Subject D.C.)

Low-frequency components coinclding with phase II activity seem to be less
pronounced than those cbserved in the previous example.

Figure 43 presents pressure recordings and the corresponding RS-display of
an EGG recording over a period of about 5 hours. The antral pressure re-
cording (Pa) suggests the occurrence of 3 IMC's, however, since most au-
thors, dealing with the study of the IMC in man, consider duodenal phase
III activity as the main criterium for the occurrence of an IMC, 4 IMC's

are cobserved (Pb) in this subject. This result confirms the variability
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Fig.42. Grey-scale plot of the EGG shown in Fig.41 (T = 264 5, AT = 64 s).

of the human IMC both, with respect to the point of origin and duration of
the different phases. The RS-display shows slight variations in gastric

frequency as well as in power magnitude. The appearance of low-freguency
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Fig.43. Pressure recordings from the terminal antrum (Pa) and the duo-

denal bulb (Pb) during about 5 hours, showing 4 IMC's. The right
side shows the running spectrum of the simultanecusly recorded EGG (elec-
trodes 1-4; T = 512 5, AT = 256 g; subject A.5.).
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components seems to coincide with duodenal phase I1 activity, suggesting

a more pronounced relation with duodenal contractile activity than with
gastric motor activity. It is still unclear, however, to what mechanism
such a possible relaticn has to be attributed to.

Finally, it should be reported that a freguency of about 0.16 Hz (9.6 cpm)
was observed in two subjects. This value corresponds to the repetitien
frequency of duodenal ECA that is noxmally found in man. In one subject
this frequency was present during the entire recording peried over 3 hours.
Unfortunately, the 3 pressure transducers were all located in the stomach
in this case {showing only phase II activity). As a consequence the duo-
denal crigin could not be established with certainty. In the other subject
this frequency appeared to be equal to the repetition rate of the duodenal
contractions during phase ITII of the IMC. However, the moment of appearance
of this fregquency in the spectrum did not ceincide with the moment that
duodenal phase ITT activity was cobserved. Nevertheless it seems reascnable

to conclude that the observed fregquency was of a duodenal origin.

5.7.4 Discussion

Our findings with respect to the characteristics of the human IMC as mea-
sured with pressure recording techniques are in agreement with those re-
ported by other authors working in this particular field (vVantrappen et al.,
1977b; Lux et al., 1980; Finch et al., 1980; Daniel et al., 1981), The
corresponding electrogastrographic characteristics, however, have not been
described before., In the light of our results we are forced to the con-
clusion that electrogastrography does not enabkle us to detect with cer~
tainty that gastric motor activity exists during the IMC in man. The low-
frequencies in the spectrum of Fig.43 might be considered to be indicative
for duodenal phase IT activity, but certainly not for either the gastric

or the ducdenal activity front (phase III). It should be emphasgsized in

this connection that the measured EGG was of an exceptionally good guality
during the entire recording session of over 5 hours. In normal human elec-
trogastrographical practice low-frequencies are often cobserved, sometimes
as a result of small (moticn) artefacts but they are fregquently the re-

sult of an unknown origin. Our conclusion is, therefore, that the appearance
of such frequencies are in general not conclusive with respect to motor ac-

tivity.
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At this stage it is worthwhile to compare the electrogastrographic char-
acteristics of the IMC cccurring in man with those described in the dog.
In section 5.4 it was concluded that 'the presence of lower fregquencies
ranging from the normal gastric one to about 0.0! Hz in the running spec~
trum representation oI electrogastrograms recorded in fasting dogs, is
indicative of strong antral contractions and that the mechanism through
which this is brought about invelves prolongation of BECA intervals asso-
ciated with these contractions'. In fasting men such pronocunced high-
power low-frequencies appear, so far, not to occur. A highly interesting
major conclusion can therefore be drawn from our results in man: Elec-
trogastrography reveals that normal gastric pacemaeker rhythm during the
activity front of the IMC in man is far more stable than its canine coun-
terpart, i.e. considerable variations in the ECA-~interval duration as de-
scribaed in conscious dogs (Smout et al., 1979) do not occur in man.
Finally, we have to realize that all cbserved EGG-characteristics during
the fasted state cannct be understood on the basis of mancometrically per-
formed studies. From a thecoretical point of view, the interpretation of
pressure recordings is hampered by the fact that pressure variations can
only be measured when intercompartmentalization is present. It seems that
this condition is freguently fulfillied in the duodenum and in the termi-
nal antrum. Recordings obtained from those areas may be interpreted as
pressure waves, passing by. Howaver, pressure recordings obtained from
more proximal gastric levels have to be considered highly unreliable in
this respect. In order to investigate thoroughly the characteristics
which we dealt with in this section, studies are required that take in-
to account the associated gastric myoelectrical activity, similar tc the
studies performed in dogs. However, such studies are seriocusly hampered

by practical limitations.
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6. CONCLUDING REMARKS

With regard to the two main aspects which are dealt with in this thesis,

namely

a. The development of methods that enable us to study the relationship
between the waveform of the EGG and the myoelectrical characteris-
tics as measured with serosally implanted electrodes,

and

b. The development of an accessible technigque that provides clinically
relevant, interpretable information from the GG,

the following comments can be made.

The electrogastrogram can be considered as the result of a summation of
mutually time-shifted waveforms generated by the ECA and, if present,
the ERA. AS a consequence, the interpretation of the waveform of the EGG
is seriously impeded by the fact that at least two or more RECA-fronts
are simultanecusly present on the stomach wall: nc 'single EGG—waveform’
can be measured. This in contrast to the waveform of, for example, the
surface slectrocardicgram. It is therefore difficult to specify the char-
acteristics which can be ascribed to the EGG-waveform {(apart from the
amplitude increase when contracticns occur) that are conclusive for the
actual myoelectrical processes in the stomach wall. Morecover, apart from
artefacts, it is still not clear which factors are responsible for the
high variability in the properties of the derived EGG's, both from dogs
and humans.

The application of special silter technigques indeed improved ocur know-
ledge of the relationship between cutanecus signals and serosally mea-
sured signals, given the limitations discussed in Chapter 4. The de-
scribed gualitative model, initially based upon recordings obtained dur-
ing the postprandial state, appeared to be supported by the results of
the study where an averaging technigue has been used in order to perform
waveform analysis in more detail. Such studies, that make use of statis-
tical methods, may be considered to be most promising for future devel-
opments. They will undoubtedly contribute, side by side with in vitro

and simulation studies (either computationally or with the aid of a
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haxdware model), to a better understanding of the genesis and interpreta-

tion of the EGG.

Our main aims in applying running spectrum analysis, were firstly, to
search for a fast and concise way of representing electrogastrographically
obtained data, and secondly, to investigate to what extent the serosally
measured electrical characteristics could be interpreted from the spectra.
We conclude that both, the pseudo-3D and the grey~scale representation
fulfill the first cbjective. The grey-scale plots enable us only toc esti-
mate globally the relative power distribution over the various frequency
components and a more easy recognition of frecuency patterns. The pseudo-
3D representation may be considered to be complementary in this respect,
Computational inspecticon ¢of the individual spectra provides guantitative
information.

Running spectrum analysis may certainly be regarded as an accessible tech-
nigque with which relevant information can be extracted from the EGG. With
raespact to our second objective, it has been demonstrated that the possi-
pility exists to detect abnormal gastric myoelectrical behaviour and to
interpret it from the spectra predominantly in terms of tachygastrias and
tachy-arrhythmias. Furthermore, abnormalities in poestprandial power be-
havicur of the gastric component seems to be of clinical relewvance. We
conclude therefore, that running spectrumn analysis of electrogastrographic
signals may be considered a promising technique for future diagnostic ap-
plication. We finally conclude that electrogastrography can be regarded to
be a powerful tool in revealing the relationship between gastric¢ myoelec-—

trical activity and gastric dysfunction.
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SUMMARY

This thesis deals with signal analytical aspects and interpretation of
electrical signals originating from the smooth muscle cells of the stom-
ach wall, and that are recorded by using electrodes attached to the ab-

dominal skin.

In Chapter 1, being an introductory chapter, a justification is given
with respect to the present study; its aims are formulated.

In Chapter 2 the electrical and mechanical properties of the stomach,
both, as known from literature as well as according to own cbservations,
is summarized. The sztomach may ke considered to have a pa&emaker area,
located somewhere in the orad corpus from which cyclic recurring change
of electrical potentials are generated. This so-called electrical control
activity (HCA) sweeps distally through the longitudinal muscle fibers to
the pylorus. When contractions occur the ECA is followed by the electrical
response activity (ERA). The ECA determines the positions, the direction
and the propagation velocity of contractions, The ERA is related to the
contractile strength. In the dog the yrepetition fregquency cof the ECA is
about 0.085 Hz and in man about 0.050 Hz.

In Chapter 3, the literature dealing with surface recording of gastric
electrical activity is surveyed. It appears that most authors assumed
that the electrogastrogram (EGG) reflects the motor activity of the stom-
ach and claimed, sometimes, extreme diagnostic significance for the EGG.
Buthors, aware of the possible gastric myoelectrical origin of the EGG
were more reserved in thelr claims.

In the same chapter the recording techniques used in our studies are de-
scribed.

Chapter 4 deals with waveform analysis of the EGG recorded from the dog.
Since the recorded cutaneous signals, especially those derived monopolarly
(with respect to a reference electrode placed on the right hind leg}, are
of poor gquality, a special digital filter technique is applied which en-
ables the removal of various kinds of &isturbing factors, without distor-
tion of the waveform, phase and amplitude of the gastric component. The

waveform thus obtained is comparable with serosally derived waveforms. It



appears that the filter performance is most efficient when signals are
filtered that are recorded during the postprandial state. The filter fails
to reveal a consistent relation between sercsally derived signals and the
wavelorm of the EGG recorded during the interdigestive state. On the hasis
of the results cbtained during the postprandial state and on the results
of a more detailed study dealing with waveform analysis which is presented
in an appendix, a gqualitative model is discussed with which some character-
istics of the EGG waveform with respect to serosally recorded signals can
be described.

Chapter 5 deals with spectral analysis of the EGG's recorded from both,
the dog as well as from man. & fast rourier transform (FPT) algorithm is
used to compute the power spectra of the cutaneous (and serosally) derived
signals. In section 5.2, first, the general computational procedure is
outlined, then the theoretical background is summarized, next, running
spectrum analysis (RSA) is treated in more detall, Subsequently the stan-
dard procedure for EGG signals is described. It appears that RSA provides
for a method with which varying frequencies, lasting for relatively short
periods, can be easily visualized, since interpolation in the time domain
occcurs, In section 5.3 the possibilities of RSA are described in detail.
In the dog it is demonstrated that the fregquency components of about

0.085 Hz and 0.030 Pz are of gastric and duodenal origin, respectively.
Ettention is pald to the electrogastrographlce characteristics as they ap-
pea¥ in the RS during the passage of the motor activity front of the so—
called interdigestive migrating complex (IMC). Regular tachygastrias can
be recognized from the spectra and it is shown that RSA is useful in the
study of the effect of drugs. Subseguently the electrogastrographic char-
acteristics as they cccur in healthy subjects before and after a test

meal are described.

In @ection 5.4 special attention is paid to the passage of the motor ac-
tivity front of the IMC and the occurrence of minute rhythms. It is dem-
onstrated that the presence of lower freguencies ranging from the normal
gastric one to about 0.01 Hz in the RS is indicative of stronyg antral
contractions and that the mechanism through which this is brought about
involves prolongation of ECA intervals asscciated with those contractions.
Next, the level-dependent characteristics ef the EGG during minute rhythms
are described, using artificlally generated cutaneous signals {(section 5.5).

The occurrence of low-freguency bands during minute rhythms appears to be

112



indicative for the contractions that are 1lnitiated at the proximal antrum.
Section 5.6 deals with gastric rhythm alterations and arrhythmias in dog
and man. It is shown that in dogs regulaxr and irregular tachy-arrhythmias
that lasted for 30 seconds or more could be detected but that detailed
characteristics as measured by serosal electrodes could not be revealed.
By means of compariscn of RSA applied to simultaneously reccocrded cutaneous
and serosal signals cbtained from a patient in which serosal electrodes
were implanted during a cholecystectomy the method of EGG is validated in
humans. Together with some examples of patients suffering from qaétric
disorders the clinical perspectives of electrogastrography are indicated.
Next, the EGG characteristics of the IMC in man are described (section
5.7). It is concluded that the occurrence of a gastric motor activity
front cannot be recognized from the EGG. Furthermore it is concluded that
considerable variations in BCA-interval duration as described to occcur in
dogs during the activity front do not occur in man.

Finally, 1t is concluded that, besides future clinical applications, EGG
has the potentialities to contribute to the understanding of the, stili

unknown, relationship between electrical activity and disease.
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SAMENVATTING

In dit proefschrift worden de signaal-analytische aspekten en de inter-
pretatie van elektrische signalen die hun corsprong vinden in de gladde
spierweefsel-cellen van de maagwand en welke geregistreerd worden met be-
hulp van elektroden, aangebracht op de buikwand, behandeld. Deze techniek

van registratie wordt elektrogastrografie gencemd.

In Hoofdstuk 1 wordt verantwoording afgelegd ten aanzien van de verrichte
studies en worden de doelstellingen van deze studies vermeld.

In Hoofdstuk 2 worden de elektrische en mechanische eigenschappen van de
maag op grond van literatuurgegevens en eigen observaties, samengevat,

De maag bezit een "pacemaker'-gebied dat zich ergens in het bovenste ge-
deelte van het corpus bevindt en van waaruit elektrische potentiaalver-
anderingen hun oorsprong vinden. Deze zogencemde elektrische stuur-akti-
viteit (ECA) plant zich in de richting van de pylorus voort door de lon-
gitudinale spierlaag. Als contracties optreden, wordt de ECA gevolgd door
elektrische "response" aktiviteit (ERA). De ECA bepaalt de plaats, de
voortplantingsrichting en de voortplantingssnelheid van contracties. De
ERA 15 gerelateerd aan de sterkte van de contractie. De herhalingsfre-
kwentie van de ECA is in de hond ongeveer 0.085 Hz en in de mens onge-
veer 0.050 Hz.

In Hoofdstuk 3 wordt een overzicht gegeven van de literatuur die handelt
over huid-registratie van elektrische maagaktiviteit. Het blijkt dat door
de meeste auteurs werd verondersteld dat het elektrogastrogram (EGG) de
motoy-aktivitelit van de maag weergeeft. Er werden in sommige gevallen
verregaande, diagnostische waarden toegekend aan het EGG. Auteurs die
zich bewust waren van de mogelijke myo-elektrische oorsprong van het EGG
wiren wat voorzichtiger in hun interpretaties.

In hetzelfde hoofdstuk worden de reglstratietechnieken zoals die in onze
experimenten gebruikt zijn, beschrewven.

In Hoofdstuk 4 wordt golfvorm-analyse van het bij de hond geregistreerde
EGG behandeld. Omdat veooral de moncopolair afgeleide huidsignalen (afge-
leid ten opzichte van een referentie-elektrode die zich op de rechter

achterpoot bhevindt), een slechte signaal-ruis verhouding bezitten, wordt



cen digitale filtermethode toegepast waarmee wverschillende storingen wvan
het signaal geé&limineerd kunnen worden, zonder dat de golfveorm, de faze
en de amplitude van de maagcomponent aangetast worden. De zo verkregen
golfvorm wordt vergeleken met de golfvormen die van het maagspierweefsel
(de serosa) zelf geregistreerd worden. Het filter blijkt zeer goed te
voldoen in het geval dat signalen gefilterd worden die afgeleid zijn ge-
durende de perlode na voedsel inname (post prandiale pericde). In de
nuchtere periode wordt geen duidelijke relatie gevonden tussen de golf-
vormen van het gefilterde EGG en de serosa signalen. Op grond van de re-
sultaten die verkregen worden in de post prandiale periode en de resul-
taten van een gedetailleerde studie met betrekking tot golfvorm analyse
{deze studie is toegevoegd als een appendix), wordt een kwalitatief mo-
del besproken waarmee een aantal karakiteristieken wan de EGG golfvorm in
relatie met sercsa signalen beschreven kRunnen worden.

Hoocfdstuk 5 handelt over spectrale analyse van EGG's die afgeleid zijn
van zowel de hond als de mens. Een "fast Fourier tranaform™ (FFT) al-
goritme werdt gebruikt om de vermogensspectra van de huild- en serosa
signalen te berekenen. In deel 5.2 wordt eerst de algemene rekenproce-
dure uitgelegd, dan wordt de theoretische achtergrond samengevat, waarna
het concept van "running spectrum analysis” (RSA) wat diepgaander wordt
behandeld. Vervolgens wordt de standaardprocedure met betrekking tot EGG-
signalen beschreven. Het blijkt dat met behulp van RSA, relatief kort
durende frekwentieveranderingen gemakkelijker gevisualiseerd kunnen wor-
den, omdat gelnterpoleerd wordt in het tijdsdomein. In deel 5.3 worden
de mogeliijkheden van RSA gedetallleerd beschreven. Er wordt aangetoond
dat de frekwentie-componenten van 0.085 Hz en 0.030 Hz afkomstig zijin
van de maag, respektievelijk het ducdenum. Qok wordt aandacht besteed
aan de elektrogastrografische karakteristieken zocals die zich voordoen
in het RS gedurende de aanwezigheid van het motor-aktiviteitsfrent van
het zogencemde interdigestieve migrerende complex (IMC). Regelmatige
tachygastrie&n kunnen in de spectra herkend worden en er wordt aangetoond
dat RSA waardeveol kan zijn bij de bestudering van de effekten van drugs.
Vervolgens worden de elektrogastrografische karakteristieken beschreven
zoals deze zich woordoen in gezonde proefpersonen, vodr en na het nut-
tigen van een testmaaltijd. In deel 5.4 wordt speciale aandacht geschon-
ken aan het motor-aktiviteitsfront van het IMC en het optreden van mi-

nuten ritmen. Er wordt aangetoond dat de aanwezigheid van laagfrekwente



banden in het RS een asanwljzing is voor het bestaan van sterke antrale
contracties en dat het mechanisme waardoor dat veroorzaakt wordt, gele-
gen moet zijn in de verlenging van ECA-intervallen die gepaard gaat met
deze contracties. Vervolgens worden in deel 5.5 de niveau-afhankelijke
elgenschappen van het EGG bij het optreden van minuten ritmen beschreven,
waarbii gebruik gemaakt wordt wvan kunstmatig gegenereerde "huid"signalen.
Het optreden van laagfrekwente banden tijdens het minuten ritme blijkt een
aanwijzing te zijn voor de initiéring wvan contracties in het proximale an-
trum.

Deel 5.6 handelt cover veranderingen in de maagfrekwentie en aritmién die
coptreden in de hond en in de mens.

Er wordt aangetoond dat in de hond regelmatige en onregelmatige tachy-
aritmieén, die 30 seconden of meer duren, gedetekteerd kunnen worden,

maar dat details van de elektrische processen zoals die zich in de serosa
zelf voordoen, niet onderkend kunnen weorden. Door middel van vergelijking
van het RS wvan huid- en serosa signalen, geregistreerd bij een patient
waarbij serosa elektroden werden gelmplanteerd tijdens een galblaas ope-
ratie, wordt elektrogastrografie gevalideerd bij de mens. Te zamen met
voorbeelden van patienten met diverse maagklachten worden de klinische
perspektieven van elektrogastrografle aangegeven. Vervolgens worden de

EGG karakteristieken wvan het IMC bij mensen beschreven (deel 5.7). De kon-
kluzie daarvan is, dat het optreden wvan een gastrisch aktiviteitsfront niet
onderkend kan worden met behulp van EGG. Vervolgens wordt gekonkludeerd dat
de aanzienlijke variaties in de duur van ECA-intervallen, zoals die bij de
hond optreden, niet bij de mens plaatsvinden.

Tenslotte wordt gekonkludeerd dat naast toekomstige diagnostische toepas-
singen, EGG wezenlijk kan bijdragen tot het begrip van de, tot dusverre

nog steeds onbekende, relatie tussen elektrische aktiviteit en maagklachten,.
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Electrogastrography in the dog: waveform
analysis by a coherent averaging technigue
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Abstract—Flectrogastrograms (e.qg.g.5) recorded cutanepusly in the dog were subjected to waveform

analysis by coherent (or ‘triggered’) averaging technigues, to study the reigtion between e.g.g.
waveforms and gastric contractife activity on the one hand, and the position of the cutangous
electrodes used 10 pick up the e.g.g. on the other. The trigger pufses used were picked up by
electrodes applied to the serosal surface of the stomach. To make allowance for the influence of
gasiric contractions and the related efectrical signals on the e.g.g. waveforms 2 computer prograi
was developed to creats a multicatagory averager. Instead of adding a¥ signal ssgments together,
each segment was assigned to one of four categories, depending on the magnitude of the
carrespanding gastric contraction (as recorded by a farce transducer applied to the stoamach wall).
The signal segments in each category were then averaged. The resuits of the analysis showed that
both abdominal electrode position and magnitude of gastric contraction had a clear influence on
8.g.g9. waveforms. [t was also concluded that, depending on the position of the abdominal
electrodes, e.g.g9. waveforms are related to either corporal or antral regions, or 1o both regions

simultangpusfy.

Keywords--Coherent signal averaging, Dog, Electrogastrogram, Waveform

1 Introduction

THE stomach can be considersd as a generator of
running signal sources {waves) criginating somewhere
in the orad corpus, which control the contraction of
the gastric wall. Each wave consists of a fast potential
change (‘control potential’, ¢.p.), followed by a slower
potential change (‘second potential, s.p.), which 1s
related to the amplitude of the contractions. The c.p.
travels along the stomach with increasing speed and
amplitude until it vanishes at the pyloric end, about
255 after the moment of generation (CODE et al.,, 1968).
In man the mean interval between successive ¢.p.§ Is
about 20 sand inthe dog 12 s (range 8305} (SMOUT et
al., 1979). Obviously, in most cases at least two c.p.s
will be travelling aleng the stomach wall
simultaneously.

Electrogastrography may be defined as the
recording of electrical phenomena originating from
the stomach by means of abdominal surface electrodes.
The interpretation of individual eg.g. waveforms is
very difficulz. On the one hand, the signal is blurred by
various kinds of noise (electrode-to-skin interface,
contributions from the heart, respiration muscles,
ducdenum and other electrically active organs, and
motion artefacts), while on the other hand the
cutaneous signal generally results from twe or more
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gastric signal sources. The lack of knowledge of the
individual e.gg. waveforms hampers, among other
things, the understanding of the relationship between
the electrical activity at different parts of the stomach
and the recorded cutaneous signals and the
construction of models for the generation of the e.g.g.
that may be needed in the future to develop specialised
filters and correlation methods to be vsed in online
e.g.g analysis. A great deal of work needs to be done to
expand the possibilities of this noninvasive, atraumatic
procedure as a diagnostic tool in gastric research.

The electrogastrogram (e.g.g} has a dominant
frequency equal to the mean repetition frequency of
the e.p. SMOUT et al. (19804) showed that the sp., if
present, 15 also reflected in the e.g.g., predominantly by
an increase in the amplitude of the cutaneous signal.
However, for the reasons indicated above, the
waveform of the cutaneous e.gg is much less clear
than the ejectrical activity recorded on the wall of the
stomach; without some kind of statistical processing,
hardly any meaningful patierns can be observed.

So far, workers in this field have therefore
concentrated their attention mainly on the repetitive
aspect of the signals, which they studied by means of
frequency analysis (SMOUT et al,, 19808) or phaselock
analysis (SMALLWOOD, 19784, 1978b). A considerable
improvement in the representation of e.g.g. data in
both the time and frequency domains was achieved by
means of ‘running spectrum analysis' (VAN DER SCHEE
et al., 1982). KENTIE et al. {(1981) and VAN DER SCHEE
et al. (1981) used an adaptive-filter technique in an
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attempt (0 manipulate the signals so as to bring out
meaningful waveforms more clearly, thus permitting
analysis of the form” aspect of the e.g.g. as well as its
repetitive aspect.

Ttis known that the electrical activity of the stomach
wall depends on the stage of digestion: during the
activity fronts of interdigestive migrating complexes
(im.c.) and in the postprandial state, the intervals
between successive c.p.s picked up by serosal
electrodes tend to be longer than in the normal fasting
state, whereas c.p.s are followed by s.p.s of variable
amplitudes when contractions occur (SMOUT et al.,
1979). We would hope to find some reflection of these
patterns in the cutaneous e.gg. signals. Furthermore,
the shape of the e.g.g. depends on the position of the
electrodes used to pick up the electrical signals in
question.

The obijectives of the present study were therefore
threefold: first, to investigate whether use of a suitable
averaging technmique would allow meaningful
waveforms to be derived from the crude egg
recording, secondly, to study whether these waveforms
depend on the position of the cutaneous electrodes and
thirdly to determine whether the waveforms thus
obtained could be correlated with the contractile
activity of the stomach wall.

2 Materials and methods

Recordings were obtained {rom four healthy dogs
(beagles), weighing 10-14kg. Two strain-gauge force
transducers and four bipolar electrodes, each
comprising two Ag/AgCl conical tips with a length of
3mm and mounted on a plate at a distance of 2mm
apart, were sutured on the serosal surface of the
stornach under general anaesthesia. The wires were
tunnelled to the animal’s back, where they left the body
via & hole in the skin. Two dogs could be kept in this
condition without problems for a year and a haill
Aureomycin was appliied to the wound and the hole,
the cable and the multipin connector were protected
against violent rubbing and scratching by a canvas
jacket. For cutaneous recordings two or six disposable
Ag/AgCl ec.g. electredes were attached to the shaved
abdominal skin after rubbing it with some electrolyte
paste. The positions chosen for the serosal and
cutaneous electrodes and the force transducers are
indicated in Fig. 1. During the recording sessions,
which lasted frem 1 to 4 h, the conscious, unsedated
dogs were standing in a canvas support mounted on a
rack.

The signals from the electrodes and the force
transducers were recorded on both curvilinear pen
recorders (Yan Gogh EP-8B) and magnetic tape

Fig- 1 Positions of electrodes and force transducers on the
stomach and the skin of the abdomen:

(a} Serosal electrodes (5) and force transducers
(FT): §1 is situated 12 cm from the pylorus, §2
and FTA 7Tem, 83 dom, and S4 and FT.B Lem
Two cutaneous electrodes (QR and QL) 10cm
apart on Addison's line; reference electrode on
the right kind leg; ventral view

(b}

Medical & Biological Engineering & Computing

(¢}
(d)

As (b} but shown in tragnsversal secrion ar
Addisen’s fine

Cutaneous elecrrodes Q1, Q2, 33 and Q4 Bem
apart on Addison's line and Q5 and Q6 on the
midline 11 cw apart; reference efectrode on the
right hind leg; ventral view

As (d). but shown in transversal section at
Addison’s line

{e)
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(Racal Store 14). Monopolar recordings were made
with respect to the reference electrode attached to the
right hind leg. Serosal recordings were made with
cutoff frequencies provided by high-pass and low-pass
filters at 0-012 and 15 Hz {6 dB/octave), respectively.
For cutaneous recordings the corresponding filter
settings were 0-012 and 0-46 Hz,

The signals were fed into a computer (Nova.2, Data
General) from tape with a speed up to eight times real
time. digitised and processed by a ‘coherent’ (or
‘triggered’) averaging technique, full details of which
are given in the Appendix.

At this point, we will only give enough details to
facilitate understanding of the results and discussion
presented below.

Coherent averaging is based on the idea that the
signal to be analysed comprises a number of signal
segments with arbitrary ume shifts {intervals) between
the individual segments. To bring out the underlying

168

waveform, the individual segments are first shifted in
time (made ‘coherent”) with the aid of trigger pulses
from a suitable source, and then averaged. In the
present study, the sharp e.p. peaks of the serosal waves
(picked up by the serosal electrode S4) were used as
trigger pulses. A ¢,p. is normally generated somewhere
in the orad corpus about 20 s before it is picked up by
glectrode S4, and centinues to move on down the
stomach for a number of seconds after this instant. The
signal segment from the cutaneous e.g.g. recording
picked out for averaging always starts 353 s before the
trigger pulse, and extends up to 155 after this pulse {see
Fig. 2).

An essential addition introduced inte the present
study, to throw light on the influence of gastric
contraction on the e.g.g. waveform, was that instead of
averaging all signal segments together after they had
been made coherent, each signal was assigned to one of
at most five categories, depending on the strength of

54
A= Ty

.—t—:.—l. -
T i NPV
aL
a
0

T P e d e

1
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[ W
» .\,Juwn-r+s—.w

uv.w+--vw

Fig. 2 Principle of coherent averaging using tweo categories:
(a)  Upper trace: serasal signal $4 used as the rrigger

signal; appropriate category numbers are

assigned to the control potentials. Lower trace:

cutaneous signal QL ra be averaged. The lines a

1o liitdicate the parts of QL which are fed to one
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or other of the averagers on the basis ¢f the
category numbers assigned.
The contents of the two averagers are shown; the
vertical bar on each signal segment indicares the
trigger instant. The bottom trace represents the
output af the two averagers

tb)
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the gastric contraction at the moment in question
(picked up by serosal foree transducer FT.B.). (The
categories used were: 0, no contraction; 1, weak
contraction; 2, strong contraction; and 3, outliers not
subjected to further analysis {e.g artefacts). An
example of how these categories were assigned—
restricted to categories 0,1 and 2 for the sake of
simplicity—on the basis of the recorded signals from
the various electrodes is given in Fig. 3.)

The signal segments collected in each category were
then averaged. The computer program used for
orocessing the experimental data had ome buffer
{calied an “averager'} for each category.

3 Results

Data of four dogs from 13 recording sessions with a
total length of 28 h were processed, Typical results are
shown in Figs. 4 and 5. Each graph in these two figures
represents the output from one of the averagers. The
moment of occurrence of the trigger pulse is indicated
in each case by a vertical bar on the time axis.

Fig. 4 gives the results obtained [rom recordings on
dog 1 in the interdigestive state. Three categories of
gastric contraction were discerned, as indicated by the
signals from force transducer FT.B {tcp row): 0, no
contractions; 1, weak contractions; 2, sirong
contractions. The results for each category are given in
one column: from top to bottom, successive rows show
averager outputs derived from signals from the serosal
electrodes S1 and S4 and the cutaneous electrodes QL.
and QR.

Arrows in the averager outputs for $1 indicate the
c.p. of the wave, which gives rise to the trigger pulse
when it passes 84, about 13 s later. The graphs for $4
show this ¢.p. coinciding with the trigger instant, as it

— 3 LA }

L8 S

must by definition. In these S4 graphs the amplitude of
the sp. following the c.p. will be seen to depend
strongly on the magnitude of contraction, The fact that
the fast c.p. peaks in the preceding and succeeding
waves are attenuated to a greater extent than the slow
§-p. components is an inherent feature of the averaging
process,

The averager cutputsfor QL and QR show different
dependences on contraction amplitude. Whereas the
amplitude of the QR output will be seen to depend on
the magnitude of contraction, QL does nol. As we saw
in connection with the S4 graphs, oniy the s.p.
amplitude (and not the ¢.p. amplitude)is influenced by
contractions. Hence the correlation between QR
output and contraction amplitude may be due 1o the
effect on the s.p.

The outputs for QL and $1 do not show such a
relationship. When we compare the steep negative
slope at (and after) time 35s in the QR graphs with the
corresponding segments of the S4 output, we are
forced to the conclusion that the signal seen by
electrode QR is predominantly that traversing the part
of the antrum in the vicinity of electrode 54.

Fig. 5 shows the averager outputs for different
electrode positions derived from data for a recording
session on dog 2 in the interdigestive state. The various
graphs are shown here in the same configuration as the
cutaneous electrodes used during the msasurements,
as viewed from the ventral side. The coherent signal
segments were not classified here.

The averager outputs for the serosal electrodes 81 to
$4 are given by way of reference.

The mean cutputs for Q2 and Q3 are quite similar
and resemble that for 81 {with a time shift of 3s),
whereas those for Q3 and Q6 resemble that for $3. The

I ) } s I

T

FT.B " 7 2
AN A \f’l_ n, f\ A °5N
T J_
aL
"IO.SmV
QR
NS N A

Fig. 3

Typical charr recording for dog 2, showing the time

markers and the signols from 54, FT.B, QLand QR.
The numbers under trace 54 indicate rhe category
numbers assigned 1o the various trigger pulses on the
basis of the gastric comraction levels determined from

trace FT.B (0 = no comraction, 1 =

weak contrac-

tion, 2 = SIrong contraclion)
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outputsfor Q1 and Q4 seem to be inverted with respect
to those for Q3 and Q6. In cur opinion, however, this is
not really the case: it is more meaningful to consider
that all graphs show a more or less sharp downward-
pointing peak at about 35s. In the Q1 and Q4 outputs,
however, this peak coincides with the crest of the S4
basic signal, whereas in the Q3 and Q6 outputs it
coincides with the trough. Q2 and Q5 also exhibit such
a sharp negative peak at 35s.

The three principle waveforms mentioned above
(those for the Q2-(Q5, Q3-0Q%6 and Q1-Q4 groups)
were also found in the averager outputs in other
recording sessions. In general it may be said that
almost all the electrodes ‘see’ the c.p. fairly well as it

passes the antrum, but the extent to which they pick up
signals from other parts of the stomach depends guite
strongly on their location.

4 Discussion

Coherent averaging technigues are in principle
designed to eliminate 'noise’ of three different types
from the signal to be processed:

{a) random noise

{b) signals from other sources, noncoherent with tha:
from the source of interest (in our case, this means
clectrical signals from organs other than the
stomach)

(. N
S0 0

o 25

NI o
s S0 B 8

E.g.g. signals averaged in three categories according

to the magnitude of contraction on the basis of
recordings of dog 1. Each column corresponds to one
contraction-related category: 0 = no cenrracrion
{241 samples), 1 == weak contraction (111 samples),
2 = strong contraction {97 samples). The successive
rows show the averaged signals from FT.B, 51, 84, QL
aind QR respectively. The amplitudes are in arbitrary
wmits, which are the same for each row
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{c) signals from the source of interest, coming before
or after the component which is related to the
trigger pulse.

It may be assumed that the coherent averaging
program used by vs will be effective in dealing with the
first two types of noise, but the effectiveness of the
technique in dealing with preceding and succeeding
waves i5 perhaps more open to doubt. To test the
effectiveness of our program in this latter respect, we

057

applied it to a synthetic e.g.g. waveform (shown in Fig.
6a), presented with a repetition time which was varied
at random with a certain spread around the value of
12s. The awverager cutputs obtained with various
spreads in the repetition-time distribution are shown
in Fig. 65—e. It will be seen that when the spread is zero
our coherent averaging method does not succeed in
attenuating preceding and succeeding waves. This is
understandable, and does not matter since such precise
repetition is never found in practice. In a more realistic

Fig. 8

Averaged e.g.g. signals as funcrions of electrode

positin (630 samples eack). Q1 to Q6 are cutaneous
signals; the various graphs are arranged in the same
way as the electrodes themselves on the abdomen of
the dog, when viewed ventrally. Amplitudes are in the
satne arbirrary units throughout. 1 io 84 are serosal
signals. Amplitudes ore in arbitrary units (1 unit
corresponds to 07 m¥ for S1.2mV for 2.5 mV for 53

and ImV for §4

(a) Synthetic egg. waveform. (b-¢) Results of
averaging 200 samples of trace A with repetition times
distributed ar random within the range. {b) 12405,
() 12425, (d) 12+ d5and (e) 12 + 6 5. Al amplitudes
are in the same arbitrary units
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situation, where the spread of the repetition time is
+4s(Fig. 6d}, the preceding and succeeding waves are
attenuated considerably.

The results obtained with these synthetic signals
thus confirm—as we have already seen in Figs, 4 and
5—that the averager output tends to be dominated by
the wave that is related to the trigger pulse. However, it
is worth while inspecting the results of Figs. 4 and 5 in
greater detail. to see just how this works out in
practice.

Because of propagation of the c.p. + s.p. wave along
the stomach wall, there is a time shift between the
observed e.g.g waves and the corresponding trigger
pulses. When a serosal signal, proximai to S4, is
averaged with S4 as trigger signal, then the trigger
instant will come some time after the peak of the
averaged signal. We see from Fig. 5 that the passage of
the c.p. +5.p. along S1 occurs between 17 and 285 (ie.
between 18 and 75 before the irigger pulse), whereas
the corresponding passage times for 82, 83 and 84 are
approximately between 27 and 38s, 33 and 445 and 33
and 44 s, respectively.

The averaged outputs for the cutaneous electrodes
Q1 and Q4 show maximum amplitudes between about
35 and 46s. When we compare this patiern with the
corresponding parts of the serosal signals, it seems
clear that the averaged signals from Q1 and Q4 are
dominated by waves travelling along the antrum
somewhere near S4. The signal from QR in Fig. 4
seems to show the same effect.

This finding may be explained on the assumption
that the part of the siomach ‘seen’ by electrodes Q1, Q4
and QR is predominantly the antrum.

Similarly, comparison of the dominating parts
(between 19 and 31s) in Q2 and Q5 with 81 (Fig. 5),
strongly suggests rthat 2 and Q35 ‘see’ the wave
traveliing along the orad corpus, somewhat after the
c.p. of that wave passes elecirode S1. The preceding
wave ig attenuated and the succeeding wave seems to
have disappeared completely. On the other hand, the
presence of a peak at 35s in both Q5 and S4 suggests
that what we are ‘seeing’ here iz mainly a wave
travelling along the antrum. Q2 shows a similar effect.
albeit less pronounced. It seems clear from these
observations that cutaneous electrodes Q5 and Q2
‘see’ the antrum as well as the orad corpus.

The averaged signal from electrode Q3 might be
expected to show the same phenomenon. In fact,
inspection of Fig. 5 shows that this signal has its main
wave beiween 29 and 40s, which would seem to
correspond 1o & c.p.+s.p. wave travelling along the
stomach semewhere between serosal electrodes $2 and
S3, whereas the sharp negative spike at 355 may be
owing to the c.p, of the same wave travelling along the
antrum. The rest of this wave is not visible in the
averaged signal; it may be cancelled out by the signal
from the other part of the stomach ‘seen’ by Q3. The
averaged signal from Q6 also shows the same negative
spike as in Q3 (although less sharply), but no other
dominant wave.

Madical & Biological Enginsering & Computing

Why do most of the cutaneous slectrodes used in our
study sezm to beable to “see’ waves travelling along the
antrum, whereas only some can detect waves travelling
along the corpus? At least two reasons can be
proposed for this. First, the stomach lies crooked in the
body, and so two different parts of the stomach can
both be more or less at the same distance from one
electrode. Secondly, the amplitude of the waves
increases with distance down the stomach: our
measurements showed that the c.p. amplitude of the
waves on the antrum was about four to five times that
on the corpus, a finding in agreement with that of other
workers, e.g. KELLY e al. {1965). This suggests that an
electrede which is closer to the corpus than to the
antrum might pick up waves from both these parts of
the stomach with roughly equal amplitudes. It is not
known what effect the disappearance of the electrical
activity in the pyloric region has on the cutaneous
signals.

The coherent averaging technigue presented in this
paper only gives clear e.g.g. pictures, i.e. high signal-to-
noise ratios, when 4 Jarge number of signal segments
are averaged. When the signal segments are not
classified according to any criterion, about 200 signal
segments have to be averaged to give decent results.
When classification is used and no successive segments
fall into the same category, it is sufficient to average
about 80 signal segments per category. To produce the
results of Fig. 4, some 900 trigger pulses were needed 1o
give at least B0 signal segments in each category. This
took 3h of recording. It will thus be clear that it is
difficult to use this technique to cbtain information
about changes in e.g.g waveforms with time. Further
research 1s required to determine whether coherent
signal averaging could be used with fewer trigger
pulses when signals are pretreated by adaptive
filtering, thus permitting repeated averaging of
successive signal segments (by analogy with the
‘running spectrum analysis’ described by VAN DER
SCHEE et af. {1981D)), so that e.g.g. variations with time
might be more easily detected.

5 Coaclusions

(a) Waveforms in cutaneous egg signals are
correlated  with  the strength of gastric
contractions.

{b) Waveforms derived from cutaneous electrodes are
related to the site on the abdomen where the
glectrodes arz placed.

Some cutaneous electrodes, especially those
placed over the orad corpus, seem tc have both the
corpus and the antrum in their ‘field of vision’;
almost all the cutaneous electrodes we used can
‘see” waves travelling along the antrum.
Coherent averaging tends to give strong
attenuation of waves before and after the one
which corresponds to the trigger pulse, although
not to eliminate them completely. This attenuation
effect increases with increasing spread in the
repetition time of the signals under investigation.

(€}
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Fig. 7 Flow diagram of computer program for coherent
averaging of the e.g.g. recordings
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Appendix: principle of the coherent averaging technigue used in
this study

Coherent averaging techniques are used widely to enhance
the quality of biological signals with a high noise content. The
signals to be averaged must be related to some event which
can be used to provide a trigger pulse for the averager.

The electrogastrogram (e.g.g.} can be considered as the
summation of time-shilted wavelorms, each one being
generated by a coatrol potential (c.p.) and its associated
second potential {s.p.) propagated along the stomach wall.
The ¢.p. picked up anywhere on the stomach wall can be used
as the event that triggers the averaging process to obtain the
waveform correspoading to this c.p.

A coherent averager used for processing e.g.g. recordings
should satisfy the foilowing three requirements:

{a) The duration of the signal segments sampled before and
alter the trigger pulse should be fairly long {of the order
ol 30s), because we do not know exactly how long it takes
for a c.p. to travel from the corporal arez where it
originates to the pyloric region where it vanishes.

(b) In view of the relative long interval between c.p.s {(about
125}, each c.p. must be used as a trigger pulse with not
one being lost, so as to keep the overall recording time
within reasonable limits.

{e) Different signal segments may be related to different

phenomena on the stomach, and so it may be necessary
to classify the signal segments sampled on the basis of
some appropriate criterion (e.g. the degree of gastric
contraction associated with cach c.p. used as a trigger).

The requirements mentioned under (b) and (¢} could not be
met by any commercial averager, which is why we developed
a special computer program for this study.

The foliowing four tasks are run concurrently in this
multitasking program (see flow diagram of Fig. 7):

{a) The highest priority task samples the wrigger pulses and
the signal to be averaged. The latter are stored in a
rotating buffer. Although it is sufficient for our purposes

Medical & Biological Engineering & Computing

14

(d

The

{a

(b

(d

to use a simple peak detector for trigeer sampling (each
peak in the trigger signal which exceeds a certain
adjustable level is uvsed as a trigger pulse), more
sophisticated criteria could be incorporated. The
sampling frequency for the trigger pulse can be chosen as
a multiple of that of the signal to be averaged, because of
the higher frequency content of the former.

After reception of a message a specified time after
detection of a trigger pulse in the first task, the second
task copies the appropriate part of the signal stored in the
rotating bufler in the first task, and {eeds it to one of five
available averagers according to the classification
criteria described below. The squares of the signal
samples are also generated, added and stored to permit
calculation of the variance of the averaged signal as weli
as the mean.

Ezach time a trigger pulse is detected in the first task, a
message is sent to a third, low-priority task to output &
pulse which can be used to cenfirm detection of the
trigger pulse,

The fourth, lowest-priority task, which uses the
remaining computer time, outputs the contents of one of
the averapers to digital-to-analogue coavertors for
display on an oseilloscope. The cheice of averager can be
made at run time by means of the console switches of the
computer.

overall averaging procedure is as follows:

First a primary run is made to check which triggers are
detected. In this run the trigger signal, the signal to be
averaged and the trigger detection pulses generated by
the third task are recorded on a multithannel pen
recorder, to show explicitly which peaks are detectad as
trigger pulses and which are not. In addition, the signal
from one of the strain-gauge force transducers is
recorded as a basis for classification of the signal
segments; an example of such a recording is shown in Fig.
3.

A classification number 0-4 is now assigned to each
trigger pulse, on the basis of the classification criterion
chosen. In our case, we could choose the amplitude of the
contraction wave following the c.p. used as trigger pulse
{judged on the basis of sither the force-transducer signal
or the amplitude of the corresponding s.p.) or the length
of the succeeding or preceding time interval as
classification eriterion. For the present study, we actually
chose the foree-transducer cutput as criterion. [t should
be noted that with this procedure any classification
eriterion can be used.

A list of the classification numbers determined is entered
in a file in the computer, to be read out by the second
task. .

During the main run, the classification numbers are read
out (task 2} and whenever a trigger pulse is detected, the
corresponding signal samples and their squares are
added to the appropriate averager.
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