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How l\ong\will- your wills suffuse my mind?

Even Yahweh of the Jews is saying

“Let my people so"\ | -

- Babajide.

- ‘ ,
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b .
Abnornalitien in gastric . motor tunction nly be ;f q;intcal

relévance in a  variety of conditions 1n¢1ud1n; gastric - uleor.
gauttoelophngaal reflux, gaotritil, pontvegotony nyﬂﬂ?ono. and
tachygautria. Method- of nonitoring these conditiono clinicplly often
1nvolve an “ﬁaaeusment of the ge-tric motor activity and ;altric
electrical ac;ivity §GEA). Unfortqnately, entablilhed techniques for
such measurements are invasive te;uiring‘inlertion of electrodes ddring
_uurgicai brocedure- or 1eoertion 3! an - appropriate recotd;h; tube
througﬁ' the”‘mouth; 'Asseaament of ehptying - the end product ef,
motility = can be done by isotopic emptyig studieo.. However such
etudies shed very little light on the machanicm fo the abnormalities
and are therefore, of little use in the development of therapeutic
innovations. | (

P;oneering’ work in the electrical control of motor activity has
established the existence of the one-to-one relationship ﬁetween'
myogenie gestric electrical and mechanical activity. . It therefore 1is
1ogical tﬁgt researchers turn ' to this link in solving diagnostic
problems of the gastrointestinal tract.

y Clinically, such information as
~a)  the presenee.aed frequencylof gastric electrical activity,

b) the presence oficontrecfions and how often they occur and

c) the direction of propagation of_coetracrile activity
may‘ﬂbe‘ useful 1ﬁ the essessment of gistric boter funetion and ‘in .
deterﬁiniﬁgrthe abnormality 1nvoived; if;and uﬁéh they occur.

In this study, an improved -method of recording the human
electrogastrograr (EGG) 1s ’dsed to obtain»v;he electrr;al ~activity,

noninvas;veiy. An electrical impedancé monitoring device is designed

“and constructed s to record the gastricfiupedanee' sihultaneonsly ‘and
S o /’ ) ‘

v ’ .
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oopinvoltvciy.‘ The ltclltionlh%p betwean- the impedance 'oignoi and
gestric contractile acitivity. is also eotaﬁliohch. . '

Tol solve ' the problem Lndioatod in (c) above,‘ the ‘Iq&lvalent
volume conductor forward pgoblcmvof‘toe antral electrical activity is
dcvclopod'and loivod analytlcaily. In solving the forward pooblem. a'
cylindricol qundric surface of revolution is assumed g8 an approxiation

»
to the human totno. The obtained solytion is simulated on a digital

~_computer. By allowing the dipole current source rlprenenting the

myogenic sources to propagate orally and aborally, plots of expected

- ttanlcotaneous waveforms are obtained. The featyres peculiar to both

cases afe ‘noted and used as ;he‘baais to discriminate normal from

‘abnorial anishaoes in _patient records obtained with electrodes at

identical locations to those utilised in the simulations.’
Data acquisition and processing software is developed on both an
IBM AT personal computer and an andahl 470/V7 main frame computer.

Reports ‘of measurements on both pagiqnts and volunteers are

. N

: p;esented. ] '- ; . ‘\w\

T
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e 1. INTRODUCTION
1.1 ' PREAMBLE - |

The ' first recorded use of electrodes is perhaps Galvani's, three

i frog-muacle contraction experiment in 1800. Interest in electrodes for

'““bioelectric applications has since grown to its present day statei of

'
the art. i

AN “+
L A / S 14

The present .wave of interest is beyond the purely academic.
' : N

"~ Present clinical applications of bioelectric electrodes include:-

a) the wuse of extracorporal elecrrodes in ‘electrocardiagraphy
- (ECG) in the assessment of cardiac conditions; »
b) the use of electrodes in blood flow plethysmography in " the
diagnosis,of peripheral vascular diseases,
- c) the electrical stimulation of yarious'tissues via electrodes
in-physiotherapy, |
d4)  and pHTsnd blood gss measurement.
In this work, some knowledge of electrodes and the biolectric
event i; 'pooled to develop ; noninvasive teéhniqme to assess gastric

¥

‘motor function in humans.

LY

1.2  PROBLEM DEFINITION

The primary  functions of the stomach 1include the ‘retention,

v

mixing and digestion of food materials. In order to perform these
fuﬁctions efficientf§ the stomach churns;' mixes, snd‘transports'food

articles in an aboral direction. This capability of the organ 18
/ . .1 )

;achieVed by rhythmical contractions and relaxations of ‘the " smooth

muscle tissue comprising the organ. It is this ability to move that

L

is ‘termed motility.

Motility may involve the. ~mixing movements which keeps the‘
. \



[

N

intraluminal contents thoroughly mixed at all times and the propulsive

'uovements'which tranport chyme along tée tract.

A path‘ologicél condition 18 said %o exist in an organ when it 1s -
impaired in the performance bf any of " its functionms. The

gastrointestinal tract in disease often exhibit disorders of some sort

‘1n _motility, Such disordgfs may manifest themselves in “the

myoelecfrical activity [54,68,69]; since it has been demonstrated that

a one-to-one relationship exists between the .phasic contractions and

the electrical slow wave in those organs [12,60], Some evidence has’

been grebented to support this position. In 1977, J. Sﬂape et. al.
[54] reported a'prdminent increase in thg*{ccorded 3.cycle per minute
. F L

slow wave activity 1in tissues from patients of the irritable bowel

syndrome. It is also known that nausea, epigaétric biodting,
gastroesophageal reprx and vomiting occﬁr as a reqﬁlt of‘disordeis in
gastric _ motility. = These. Aisorders are often indicated in ‘Ehe
elgcttoggstrqgray* (EGG)' as in taéhygrthythmia} and tachygastria
[1,68,69]. | | -

| Diagnostic techniques fb: such d;sehseS' are meanwhile 'time
consuming énd éften'uncohfortable,from the patiént's perspective. Such
diagnosis are still based on | . _ /J |

a) frolonged hié;oiy of diarrhéé‘

b) prolongéd-hi;torj of constipation -
| ¢) . prolonged historj qflheartburn :
';,d) result of sigmoidoscope examinations
€).. result of gastroscoﬁe.examinations

' f) result of barium meal enemas

g)‘ result of transit time studies

{

P



h) result of 1ntra1uminll‘presahre‘studieq _ ‘f'Q wby

1)  result of upper gastrointestinal radiographic stu&; nd/or

excluasion of other possibilities.
Subatantfﬁl 1ﬁptovepenta in patient comfért, man-houf*b‘nvolved

)
‘costs and accuracy may be achieved if reliable and ;f:,geatable

'simultaneoua meaaurements of myogenic electrical )  f#
activity can be obtained from the tiasues involve \
It 18 'to this objective in the gastric cas?Jtﬁat thig‘:p eésent
study addrgsses itself.
Topics that are fundamental toathe undérstandinést measurement;
of biolectric events in_geheraivand gastric myogenic electrical and
mechanical activity in par;icular Are discussed. Particular attention

4 o ,
is paid to haw a reliable system to menitor such activities 1s

designed. 1

[ ~

As 1s iﬁ?ually the case in cliniéal practice, the superior

solution should employ a' noninvasive method to accogpiish its

measurement objectlives. This however, is often cos;ly in terms of the

signal‘to noiae ratio (SNR) of the récorded signal and/or the compexity

of the instrumentation required Hence,‘ pragmatic Qolutions to-

measurement problems in human bio-systems often involve some sort of

’trade-off of accuracy yergs'noninvasivenesa. Thus attempts will be

geared towards obtgining ?ii ! _ -

a) - a systém'that is noninvasive anq results in an accgptable
SNR, or

b) a minimally invasive syétem that realises a good SNR.

A mathematical model and a digital‘ computer - simulation .that

relates the intracellular signal (action potential) to the

/_/\-—



.

extracellular and transcutaneous aignal'train will be developed. \

’ S x‘\\
This will serve to predict such clinically relevant 1nformatid§

as frequency and waveshapes as they relate to the ‘direction ofx

propagation of the electrical activity and contraction waves.

-

A method of qnqupia;that facilitates the identification and

‘therefore classification of the recorded signalé will also be

developed.
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2. THE BIOELECTRIC EVENT = o

In any quantitative evaluation, it is imperative thét'nn observer

uﬁderstends or at the very least have a basic idea of thé nature of the
. ' '

event to..¥e observed. - The following discussion of gastric mydgenic

" electrical and mechanical activity is to this end.

8

2.1  TRANSMEMBRANE POTENTIALS s | " ’
. . ,xw
~The name action potential derivea from ﬁhe electric potential

status’ of a cell when active as contrasted . with its_ elect;ic
p6tentia1'status at rest - the resting otential..

An  Action ‘pbtenéial is generated in living muscle tissue éds8 a
result ﬁf the depolarization ‘and subsequent repolarization of _.the
tissue célls. The mechanism of activation will be discussed in detqil.'

-~

There are three’basic types of muscfé tissue.

; DN Striated'or skeletal muscle tissue,
A '2) Viscer;l Sr smooth‘muscle»tissﬁe, and
3) Cardiac muscle tissue.
" One of the distinguishing factors 1s the process that leads to
the activation of each tissue eipe.

" . In skele;al muscle tissue, nervous stimulation of the tissue:is
under the voluntary control of the animal as‘CQntr;stei-with the. case
in the smooth muscle in which the control is invéluntary. ‘The¢éardia§
pacemaker tissue and other smooth muscle tissdes.afe;similai‘ in this .
respecé. Smooth muscles are found around hollow organs‘in.animais;

The{ electrical activity of"the géstrointestinai tract ﬁaa» been
determined to be of viscéral myogenic origiq [9,12,21,22]. The wall
of ihe tissue cells play aﬂ'important pgtt‘in the generation of .the'

- action potential

<



2.1A MEGHANISM OF THE ACTION* POTENTIAL AND COORDINATION OP HOTILITY

The cell membrane of vilcetal nuucle tisaue 1- typically about 70A
\

thick.
. ! ’ . ‘ I R . . )
This membrane 1is compoaed of aalenbyies of 1ipid  and protein

molecules. The lipid noleculea are ofganized into a bilayer which

cooltitute‘thc.baoic structure of the neubtaqe. The protein Ioloculeaﬁy
are scattered amongst the 11p1d noleculea and are held in place be
noncovalent interactions with the lipid molecules.

The 1ipid btlayer 1s edlgntially vater 1naolublc.; Each 1{pid-
,molecule is composed of a polar head group and a nonpolar tail group as
shown .1A figure 2.1, . Ihe‘heqdjgroup is made up‘of‘thfee types of
lipids: phoapmoliplda, cholestarol and glycolipids. The tail groupAla.
usually fatty acids. t ‘

This makes the wall eaaentiaII} dlelecttic in-mature with the

caplcitance typically of the order of 1 uF/cm .

The. capacitance of a parallel plate capapitor of aurfac& area A

cm2 and aeparation d cm apart, in micoFarads ia)given by , ‘
¢ = 0.0885 x 107°% A x/4 |

Thus the 'dielectric constant X of a smooth muscle wall 1is typically

a

. about 8.
This ' wall enclosing the cytoplasm is ‘semipermeable. The

aemipermeability is an electric potential controlled inorganic ion

' aelectlvlty. The wall is 1in contact on both sides th solutions

containinéf inorganic ionsd. Some of' the more  important odes from the

-

. point of view of transmembrane potentials include: K+, Na+, Ca++ and

-

Cl-ions. It 1s the selective transport of these ions across the cellc

- wall that constitutes the whole.basis of transmcmoiane potentials.

When in equilibrium (with respect to chemical transport), an

1 s v ' VAR
N 3 L p—"
6 .

~
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. cherge ugredient exiete acroes the’cell‘membrane resulting in a

gy ‘ . .
ting. membrane potential of about -54 mV. This potential at Donan
‘ )

'equilibrium has been dhown to be dependent on the concentration of the

St

ions {n and" around the cell [53] : Thie in fact is to be expected .if

!

_the7 principle of consenvation of energy 1s to be maintained across the'

,imembrane. - o S L e

- ! w !

TABLL 2 l .

IONIC CONCENTRA%IONS FOR MAMALIAN SKELETAL MUSCLE CELL

?

(qucentrations in mM/1)

~Ion Extracellular ' Inttacellular'

N vConc.'a : = Conc.
x40 1ss00
Ne' o a45.0 . - . 1200
C’:l.- o ‘1.2b"0(5;i? ' .‘ o . - :', 58-0 .

++ 43 10—7

et 1.8x10

The energy required to transport an vionﬁﬁ%acrose the membrane is given
[ : | |

by
B . ) . o . vy Fl . - ' “

" Wx = RTln[x] /Ix]0 - A 2% O

1] - . I .

where [x]i,‘_[x]0 are the ionic concentrati?ns inside and outside the

;‘cell respectively. -R.:is the universal gas constant and T, the

‘ absolute temperature in. degrees Kelvin.. . j". ; ;-

TN

o
Xy

s

It must “hold therefore, for an ion of valency z ,geperating a

{(‘

poential on outside and Vx minside the cell that

energyi - energy0 ' ' f R T ' -



which implies that

‘.',

- N S o Ix]
' RT i RT Yo
ZVXiF- + zF 1n [x] ZVXOF + zF A'lpn [ ] al;} %} ' 2.2
.0 A K S

The contribution of the x ions to thg_transmembranelpotential‘is

3

= - ‘ B ‘
- Ex in on o )
there£Ore from équatioﬁ 2;2 o '
rr o <y :
E -—— _ 213
x 2ZF I1n [x]
: : SR ~70 Ty ,
where F is the Faraday constant.
Equatioh 2.3 (known as Nernst's équation) assumes
"1; ; § very dilute solution, and Co R P

- . o
- 2 nho formation of compound ions in the solution so that the

1on1é activities étg'direct1y pfoportional tovthé~mélar ¢onc¢n£fa£ions,‘
Table 2.1 éhowa‘¢0néentratioﬁs of some qf th¢ mb;e }ﬁpo;ﬁaﬁt ionsv in
solution in a£d a:odnd mammaiian cells. Thehtestigg membrﬁné‘potential

-Emf may ﬁelCalcul&ted ffomi?he different caﬁtributions'ofqthe 1qn§  1n

/.

solution as

! ot \ - ,} ' >
=R P K] y*Ry Nalg+p (Lell, o A
. .m F, 1n - : ‘ S &
SRS ,PK[K]1+?N3LN§]1+PC1[91]O

where P_ is the ﬁembranépefmeab}iitjbf thg‘x fon.
;The fvalué of ;ﬁﬁ obtained‘from Gbldmann's equatieﬂ 1; ‘apProgimﬁte}y 
 eq#a1 to fhe'pot;ssiﬁm 1on'pgteht;al Caléulated By_Nefn;t'B' equation.
‘This ‘has.lédyto the»concluéion that thé'restidg memb:ané pOtentialt is
' esgentiail&\-the potaésium potentigl; Iﬁdmhta énd KAO {37]) -cénfir@eq
: 'ch4§' by ﬁeaggring tﬁe repting pdgeﬁtialii?:wpotﬁsﬁiﬁﬁ/-enriéhed_ and-

'
\

SR o N B
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potassium deficf?nt environments.

: The,‘transmembrane potential of smooth muscle tissues of most of

the gastrointestinal tract in. . general and the distal stomach in.

~particulsr exhibit spontaneous slow cyclic\changes termed slow waves.

. /

\ The extact mechanisb responsible for the oscillationa}is not known, but
.the 1onic basis for transmembrane potentials in general is firmly

established' [37, 53, 60] ' A typical cycle of slow waye or basal

electrical rhythm (BER) or electrical control activity (ECA) comprises

10

of an upstroke potential followed by a plateau with/or without higher )

‘frequency activity termed spikes or'action potential‘and a gradual

downstroke pOtential.‘ The frequency of the BER varies from site to

site in the gastrointestinal tract. It;is“hosever generally lower than
: o . o .

» _O.S;Hai" Table 2.2 show figures for some:sites in the‘canine and human,

‘gaatrointestinhl'tract: it is generally agreed that slow waves largely

 serve to pace the onset of sbike'bufsts by approaching the threshold

potential at which spikes may be generated [17,19,60].
" om receiving a supraliminal excitation, say from a nerve, the

neuro-transmitter rsubstance<‘ acetyl choline released in the

5
.

postganglionic region causes the Na+ ion conductivity of the cell to

' increase rapidly resulting in sodium ion influx into the cell. ' At the’

‘height of the change,‘.the,ratio of the K+ ion conductivity to that ?of‘

i : »o- : : - ’
the Nat+ ion would have reversed completely from the situation at rest.
1:0}04 - at equilibrium

+ 1220 . . on excitation



The eell‘wall depolarises rapidly to about +20 mVv. ‘The peak of
‘the rise in gNa+ colncides with that of the action potential. As‘gNa+

starts to rise; Sodium ions are expelled against

the sodium ion gradiént - and an influx of potassium iona begin. The
whole ion exchange process is achieved by an ion _pump® mechanism brought
about by the aétivation_of the membrane-bound ATPase by the Na+ inside
the cell and the K+ outsideth. "This activevtrsnsport process is

termed the sodium-potsssinm pump.. The resulting depolarisation*\and

subsequent repolarisation isicsided‘the‘electrical control activicy .

~ (ECA) or slow wave.

In 'fignre 2.2, contributions of the- different ions toi the

" transmembrane ‘potential : is represented by batteries ‘and the
,corresponding membrane eonduetivities.by pure conductances: The sodium
»and potsssium potentisls sre ENa+ and‘ﬁx; respectively. Er and- 8,
.represent the contribution\of the remaining ions in solution. ,C, 18
the transmembrane capacitance. .

| The relationship between vgastric eleetricel %snd mechanical
~‘aetivities - has been resesrchéd . extensively [17;19,23,44,68,69].

Various researchers have linked the aqgion potential'in aiione-toeone

relationship to contractions in the gsstrointestinsl tract [17,19 62]

Hence the names electrical control activity (ECA) for slow waves. and
'electrical response aetivity (ERA) for spike bursts. - This regulation
involves varying degrees of myogenic, neural and hormonal 1nf1uences,

all of which are integrated at the cell level to produce the observed'

coordination of gastrointestinal motility [60]
" ‘The action potential is generated throughout the distsl ‘stomach

as -8 .result of the displacement of the cell from _the equilibrium

n
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TABLE 2.2

“ -

SLOW WAVE FREQUENCIES IN CANINE AND HUMAN' GI PISSUES

iy

- Frequency (CPM) ~ -
- Tissue ' - Canine . Human
- Small Bowel . 12.0-19.0 9.0 - 12,0 | o
Large Bowel .- 6.0 ~ 8.0 © 4.0 - 6.0

KN

-

,gfate. 'An excif&éion'§hﬁt can trigéef such a displaceméﬁt could either
be e}tefnal or of nervous ofigin. It 1s worth noting that not all
.stimﬁli will ¢ause the_éellvto "ftre". A thréshoidvlevel\whose.value
48 dependen; on the potential status of the cell exista; In the so-

. ~ :
cdlled inhibition period, a high barrier to excitation exists. This
. . 3 . ' f

" barrier 1is lowered as the cell potential approaches that at rgat; If

i e

8y is the membrane conductance for the x ion at that point -t in  time,

then 8y -'f(Em,t); where'Em is the tfahsmemb:ane.potent;al.

Inomata and Kao [37]- explained the mechanism  of the spike -

activity in terms of the Ca++ ion current 1nf1ux ihto the cytoplasm

through calcium éhaﬁnelq 1in the hembrgne during the-plateau. ‘of the -

L

slow wave (see figure 2.3). The Ca++ ions initiate a .serles of

‘reactions which allow the myosin to attééﬁp to an active éite\dn_tthin-

\ : ; |
actin filaments thereby causing the muscle tissue to . contract. The

contraction is maintained until the concentration of = the actiVafing

Ca++ ions drop bé;ow 10-4 mM/L. Adenosine Triphosphate (ATP) resident

on the myosin is hydrolysed to Adeﬁosine Diphdsphate_(ADP).- The energy';

.
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7

released is converted to muscle shortening.

Al

i
@J
2.2 RECORDING THE ACTION POTENTIAL

'Heasu%ements of blopotentials may be performed in in vitro, {in'

vﬁivo, or ek vivo depending 6n,phe accessibility of the tissue involved

and Ehé‘amount of damage that is permissible. When it is po{aible to

‘1splate the tissue sample, in vitro measurements are the most

: s . ‘ . . ;
convenient. The intracellular technique falls in this category.1 The

most accurate way of recording the myogenic elettrical activity 18 7 'to

place "a recording electréde inside the cell and a reference electrode_v
in the conducting solution surrdund;ng the cell.. If onme considers that
'the +average s8lze of the cells in question in the human is only about

500 . um',by 150 ym, one might begin td appreciate the technical

A. &_~ .
difficulties. this entails. Even so, intracellugé; measurement of

myogenic electrical activity is one of the 1eading.£§ hods in the study

of the electrical control in the gastrointestinal tragt.

Perhaps the commonest intracellular electrode is the glass

;‘ﬁicropipette which has been in use since 1925 when Ettisch and Peterfi

[24]) described their heat pulling method. - There 1? also the metal

microelectrode. The major advantage of\the'infracellular method over

other in;vvitrp techniques lies in its ability to record the restioy

membrane potential with fair accuracy, whereas with the other methous#
(pressure electrodes, sucrose gap, suction electrodes and ‘w1cr
eledtrodeé)v\this vitéllinfprmaﬁidh 18 lost.’ The sucrose gap -method

utilises the transmission cable-like properties of smooth muscles to

,/gecord the transmembrane potential. In all in v1trQ mea§nreﬁents ic 1s

important that the tissue be maintained in an environment .as close to
[ -

4
-

15



*

the reel syetep as possible. Thus the tissue is often immersed inge

 solution that is close to‘tﬁe extracellular solution in. composition.

Often the solution of choice 1is Krebs-Ringere solution maintained at
about 37 C and irrigated with a mixture of oxygen and carbon dioxide.

In vivo methods include eerosal transmucosal or intraluminal and

]

‘trenacutaneous .techniques. The following are‘the pros and comns of

Al

these methods:
]

1) 1ntrafuminal and serosal methods are invasive (serosai

' electrodes require critical surgical invasiveness),
2) traluminal and transcutaneoua electrodes are not in ditect
contact with the tissue of intereat thereby resulting in

substential losses 1in the obtainable SNR.

2.2A RECORDINC ELECTRODES

In the measurement of biopotentials, one needs'to couple signals
originating in a eource embedded in an electrolytic medium to an
eiectronic' monitoring device with wires end detallic terminals., Thus

the measuring arrangement will involve at least two metal-électrolyte
. 1

'

&?}nterfaces thereby forming a galvanic cell. Such junctions' have an

electric potential eccompanying them as a result of the electrode-

.electrolyte interface so formed. Sometimes the electromotive'~force

(emf) associated with these junctions could be as large or even larger

than the biopotentiall of f;?Ereet-eVIt isd therefore ‘essential to
understand tﬁesev‘ﬁalf-cell potentials so that one can account for,
reduce or‘e1iminate their effects in the interpretation of the reeults}

| Wwhen an electrode is brought iﬁfb*contact_with an electrolyte, an
ionic 4buffer ‘zone is cteated at the electrode-electrolfte interface.

At equilibrium, charge exchange 'still takes place back {end forth

between the electrode and the electrolyte. That is to‘sey that the

16



équilibrium is dynamic. It is this exchange curteﬁt that'ia partially
responsible for the electrode impedance and the noiée level. If there
is no net transfer of charge. .across the ;nterface, the electrode 1is
said to be perfeckly polarized.

Hélmholtz described the ionic interface in 1879 [33]) as a layer
of>’posi£ive ions in gontact‘with another layér made up of negative
ions, thereby setting ﬁp a charge gradient. Gpuy (1910,[29]) and Ste;n
(1924,[56])suggested mo&ificationa that added a diff@sion'layer to the
: ﬂelmholtz'é layers. When the electrode is connected to form a galvaﬁic
cell; 'an »emf that is the difference of the two half cell botentials

wifi résult.

As a result of the interface charge distribution, an impedance -

‘can ’be attributed to the electrode-electrolyte interface. This
electrode impedance (Warburg 1mpedance)ﬂcan.be represented as a serles
. I . v
combination of a resistance and a.caphcitance. In"r&Qahggrbutgn [63]

showed that- both the electrode ca cii‘ance‘Cf and resistance Rf are

dependent on' the frequency f such that

~a
2.5
-8 . e

Cf - Kzf .

. where Kl’ Kz and -é‘are constants. Warburg determined the exponent -a

experimentally' to be about =0.5. Some modifications have since been

made to the Warburg impedance model. . Durdie in his work ([20] with
chlorided silver electrodes reported that the exponent ~a was not the
same for the resistance and the. capacitance. He also reported that the

electrode resistance can be split into two distinct components, namely:

17
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Figure 2.4

Electrode Impedance Model
(Reproduced by Permission of N.G. Durdle [20])
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Rﬁsgl’ de to the chloride layer 4nd Rné,“the‘bulk Durdle's nodlfiéd
electrode impedance model. C, 1s the AOuble layer 1iuncremental

capacitance and Rt is the charge transfer resistance of the electrode

which is given by

R W pem—— ' B \ 2.6
t zFIO o -,

where I0 is the. exchangé current. By plotting the resistance and

reactance of the electrode as a function 6f frequency he obtained

n, N
~

values for the Warburg elements as

0.36

Rf - 1929 f

C; = 102.1 §70.64 ; .

)

These values show that the major contribution to the electroae .

impedance is resistive and therefore no significant phase angles should
be '1ntroduced by the electrode in the range of the ph&siological
. frequencies of interest (<100 ﬁz). - |

Besides the 1low electrode'imp;ahnce iadva tage, the chlorided
silver electrode aiso has the added advantage of contfibuting very
.small thermal noise to the tecordedraignal.. Figure 2.5b i8 a record of
elec;rode  noise fquan unchlorided silver electrode yhile figure 2.5a
is~that for a chlorided silver eléétfodé. This makes it the electrode
of choice 15 most physioloéitai measurements. The exceptiogy/k;ins

cases réquiriﬁg long term implantation of electrodes. ' Its major flaw

in this respect is its poor mechanical properties and therefore in such

caseg, s8tainless steel electrodes are often 'ptefetred. "FPor these
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applicationa one wbuld want an electrode with the electrical proporticl

of the chlorided nilver .and the gtechanical proper

8 of the ltliqlcll
nteel electrode. uguch an electrode is Qescr bed |in the following

eiperiment. ‘ ‘ \ ' . )

~2.2B A HYBRID ELECTRODE

*

Objective: To ascertain 1f a Ag-AgCl electrode. !orlnd on a
stainless steel wite base possesses an 1;pedance characteristic sinilar
to that of the Ag-ﬁgpl electrode. |

Method: A piece of stainless steel electrode was degreased py
soaking in a solution consist%ng of a mixture of 0.1 molar gpdium
carbonate and 0.1 ﬁolar sodium hydroxide. It was then rinsed in
distilled water. To further clean and activate the surface, it was
49§£§}9&<fﬁ'Iaiﬁzﬁtphnzié.Acid and a mixture of 10X nitric acid and 1.5%

e

fluoric acid. The steel electrode was ;hen electrolytically etched in-

«

102 sulphuric acid using a current of 5.4 mA/cn®. The electrode  was

washed in distilled water and transferred into an electrolytic, bath

‘ containing pbtéssium cyanide'solution and silver cyanide dissolved in

kES
f

potsgtum qyanide. Silver ;ai-electrodepésited on the stainless steel
elgctrodé‘ (used 4&s the cathoée) byvpabping a 10.76 nA/cm2 direct
- current through it for approxfh;tely‘ 4 wminutes. The ateel—silver
electrode vas again washed 1in di‘!illed water and then chlorided
' according to the procedure teported by Kingma .et. al. [39]. The
impgdancev of the chlorided steel~silver electrode waq measured with a
véctor impedance meter in nérmal brine at frequencies ranginh fron 5 Hz
‘to 600 Hz. The same measurement was also perforned for an ordinary

stainless steéi and- an ordinary éhlorided silver eiégttode.
\



o : . ‘ . . ' W

N . -

y Results: The, impedance of  all three electrodes varied wigh

o

‘_,/ frequency 1in 'é manner similar to what one expects from the Warburg«-

impedance model as described by equation 2.5. A_plot of the impedance
‘:versus frequency 15. shown inifigure 2 6. ' B | | -
_~Conclusions:. ’ | .
1), - The resistance:and‘reactancé characteristics\of the. - chlorided
-‘silver and silver plated steel elgd@rodes Were quite similar.
V%S’ " The‘ resistance of the grdinary steel electrode was higher thanﬁ

~that of the other two at all frequencies investigated by about 60%.

. 3) _ The reactance of the steel electrode was higher than those of the

other two electrodes by about 40% ~at all’ frequencies investigsted.

SN - . : X . e

2. 2C SOURCES OF ERROR IN. PHYSIOLOGICAL MEASUREMENTS

In sll forms of measurements the interpretation of the results .

P

,play a* vital role. Often, this interpretation is made difficult ﬁy the

‘disturbances caused id the system due to the measurement process. This

is more so in. measurements involving biosystems. Tske as an example .

: the \1n vitro measurement of myogenic contractile activity with strain'

or displacement gauges." For these devices to operate properly,‘ an

initisl tension hss to be applied to the tissue. Since stretching the

' ‘tissue constitutes mechanical stimulation, some controversy exists over

oy

the' effects of the 80 called "initial length -on the results of suchf

5

“messurements.

s st’&ed earlier, the electrode potentials of the recording

g -

: electrodesh_constitute _one of the sources of error in physiological

' measurements.: Thee term—half cell potential is~strict1y speaking the

»full'-cell‘hpotential of a galvanic cell composed Of‘the electrode of

22
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T T —tiem,. a noise problem still exists due to the thermal activity of ‘the

.:,\’q

t

o

“l«/p

&

-

interest and a standard. hydrogen electrode, as reference. » The

determination of the half cell potential is usually carried out under

strictly controlled conditions. It-is therefore misleading 'to use

'values

derived under such conditions to agsount snfor . electrode

potentials in every day measurements, in bioéystems. * Perhaps the

closest one can get to‘accountingvfor the electrode potentials is to

use ftwozsimilar electrodes.in'the;meaanrement. The emfs' due to both

electrodes ‘are similar in value and tend té oppose each other. Even

' An

' ions .at the electrode-electrolyte interface.

¢
other «source»‘of error exists as a result of the intrinsic

~electrical 'properties of the inactive - tissue. It was -suggestéd

~

earlier on  that resting membrane potential information‘vis lost in

. v b} Toe o . - ) .
. extracellular measurements employing the sucrose gap, pressure
A R ‘ , ’ ‘

electrode and suction electrode techniques.

‘This occurs as a

T S . T o :
consequence of the transmisdion»cable-like property of the  animal

of the:

L

tissue when‘not\active. For this reason, experimentallinvestigations

impedance properties of the cell membrane under sub-threshold’

2

conditions often employ a. core conductor model of a nerve or muscle
s

r

1‘5

© N

: fibre.

o
Figure 2.7 showsla linear re conductorﬁmodel of, an axon where

Voaptcpresents the potential across rofand Vé is the patential across

. 1
-~ membrane impedance S : RN '

Z

m

ro“- resistance per umnit féngth of the external medium

r1 - reslstance per unit length of the axoplasm

i, — transmembrane current'ﬂgg ; . ‘ A o,
i = current flow in the environment ' .

24
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| axoplasm_ and tﬁé interstitial fluids. ';Clarksaﬁd Plonsey [15] showed .

@

e
N

”11'- current-fiow‘;n the axoplasm.

P f'radial distance, and
A =~ the radius of.the'axén '

The membrane current 18 given by

v +

LN E W |
1 = g - | 2.7

m I 9x ot o R

i) | IS

As a result of the current-floﬁ,_ potential gradients éxist 1n'both the .

that the potential satisfies Laplace's equation, i.e.

. 2 ’ o
| | 2.8

.2
V&¢i - O’p‘ S_A

*

and that the linear core cohductor nodel is a good enough approximation

for the 3-dimensional syétem. hTherefore_the transmembrané potential is
Vm - Vi‘VO o ' ’ 2-9 4
‘ . 4

where V, = ¢, 1s the axoplasmic potential and V, = $0 is the-

i
‘Interstitial potential. From equations 2.7 and 2.9 one obtains

2%y o, o, : . . ,
: m - . i - 0 = i (r +r ) " ‘ 2-10
W 2 2 2 m 1 0% : :

X 9xX 9x .

Since the " action potential is propagated as a wave in the 1inactive
. " ) , » ’ ’ ' . .
tissue, Vm satisfies the wave equation

<
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; Vhere Vo is the propagation velocity of the signal in .tﬁe inactivev

m, Ll ..@m L | 2.11

' Substituting for the 2nd 'spatial derivative in eqution 2.10 from

eqution 2,11 gives

ey mpyt m |
S [vo (ri ro)] 5 "o Co 2.12

L e —

tissue. This propagation Qelocity meaaured-in the‘acnid aron‘ia about

21.2 m/sec. However, 1t 1is known - to vary proportionally with the

diameter of the conducting vessel. Often. nerve cells have deposit of

Schwann cellsf called myelin for&ed on the wall. In such, myelihated

cells, the membrane capacitance is lower and hence the propagation time

constant is shoiger. Conduction of impulses from one siti‘
of Ranvier) on siich: a nerve fibre to the other proceed very rapidly.
This type of conduction is called aaltatory propagation.

Equation 2.12 is a statement of the fact that the recorded
membrane .current is proportional to the second time derivative of the
transmembrane potential. |

. Hence: bringing a large electrode (large relative to the cell)
close to a tissue to measure the myogenic potential often yield results

that .are not repreaentative of the intracellular potential situation.

Due - to the defgtmation of the cell under the electrode and the cable

theory . in' the{ foregoing, the potential seen by the electrode (termedA‘

the injury _potential) 15 usually different from the ~actual

transmembrane potential not only in amplitude but alao in its temporal



N} 'vi

'injury'potentiala possible when meaguring with_intracellular, pressure,
auctibn‘ and wick electrodea (fﬂédzl 2.8). The signal in A in figureif

2.8 representa the monophaaic tranemembrane potential,w the wave shape
‘ in B 18 due to the. 1ongitudinal current and it is proportional to the

*ufirat time derivative of.the slow wave., The signal in C represents’

¢ -t -

the temporal excuraioh of the transmembrane current.

Eigure 2. 9 shows a record of transmucosal antral electrical

activity ‘recorded in human with the probe described in section 3.1 and

appendix B. In this figure, the wave shapea recorded by the different

electrodes are different’ combinations of the monophasic intracellular

action potential,z and 1ts first;and second time derivativee. The

aignal seen by the recording electrodea may be represented as

a4 | ]
rs' clvm + cz-az- + cg dt2 . : | . 2.13‘

where cl; cy and c3 are some constants whose values depend on the type

. and amount of contact at the electrode—tiesue interface.

In figure 2.9, channel 1 shows more of the monophasic potential

than its derivatives.. Channel 2 seems to be a sum of the monophasic

potential and its second time derivative, and channels 3 and &4 are

scompoeed predominantly of the second time derivative.

2.3 DATA ACQUISITION AND SIGNAL PROCESSING

- In the previous chapters we have described at length the type of

>

data inVOIVed in this work its origins and the tranaducer type.

4employed in monitoring these.signals. ’ It is essential to be able to

store thé received time series events in a form in which they are

28
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v

easily retrievable to facili;até signal ptoéessing.' Figure 2,10 shows

)

a schematic diagram of the data acquisition and storage system.

/AN

!

Signals (be 1t of electfical or mechanical origin) are coupled to-

a Beckmann poiygraph recorder type R611 through input’ amplifieré.

These input'amplifiers can either be direct or AC éoupled with a time

constant variable from 10.0 seconds to 0.03 secoﬂds. The upper cut~

3

of f frequenéyggan aléq.be adjusted from 0.08 hertz to 250 " hertz. " The

output signals‘f:dmﬂthese amplifiers can be fed simultaneousl& to an FM

‘magnetic tape re&prder and an IBM AT personal computer thrbugh an A to

D board.

manufactured by Scientific Solutions, Inc.

The A to D board is a 12 bit, 8 channel Lab Master

R 200009

Y

. Software exists on the PC to acquire data At variable sampling

f;equéncies.

Signals pre-recorded on the FM tape may Hﬁ‘played back

for storage and processing on the: PC.. ¢

Data files acquired and stored on the PC can either be processed:

on 1t pnd/br sengmthrOugh a Gandalf modem to a telephone 1line for

transmission to an Amdahl 470iv7‘computer for storage and further

: ' processing. The following signal processing options are available on

the devices mentioned:-*-

*

FM Tape Recofder

o

1)

2)

3)

4)

analng gignal storage.

IBM AT PC. o

AtoD cd&yersion witﬁ adjustable sampling'rgte
digital si;hal sicrage |

2-D power spectrum analysis of stored data:

auto and crosscorrelation of any given channel(s) in a

'oarticular'data'file

31
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?

e

5) data exchapgé with the Amdahl.

Amdahl Computer.

1) digitai signal storage, /
‘ - 2) low pass, high péas, band pass ad multi-band filtering,
3) 2-D or 3~D power spectrum analysis, ‘

i

4)  auto- and crosscorrelation of any given channel(s) in
o
a particular data file.
A-D CONVERSION

t

" The parameters of data acquisition (sampling ;ate fa’ calibration
values and number of chanQels) are software coﬁf§afigd%' The sampling
rate may be varied on the acquistion program residéné on the hard dL‘k
of the IBM AT from 0.1 Hz to 200 Hz.. The system can acquitre data from
up to 8 different channels simultaneously. |

The sampled data 1is digitized and étoréd on hard disk from where

it can be fransfqgred to a f®ppy disk or to - an Amdahl main frame

through a modem. Patient files resident on the hard hisk can

the procéssing menu fdf analysis. Such analysis include

ge called fro
| spection of the raw data, pover spectra and' auto- and
otfelation analysis. |
Conaider the continuous time series x(t) assumed periodic wi;h a

period T seconds. Its Foutier transform can be expressed as

-]

X(£) = | _x'(:)e"z’ith dt 2.14

£
-0 B

where f 18 the continuous fréquency'varlable and h| ‘= /<I. The

equivalent discrete fréquency function is



R}

1 T agmy
x(up) = 7 J x(t)e ZTIUFE ¢ 2,15
T
).
where F 1arthé frequency increment between successive spe;ffz ~lines.

If‘ the input signal is now sampled at fsél/Ts samples per second the

d‘fcrete frequency transform becomes
; ‘

| © -2mjmnFT_ | .
X(aF) = [ x(nT))e - 2.16
n ' - :

Equation 2.16 often called the discrete Fourier transform (DFT) 1s

uiually expressed as

. N=1 ' :
X(m) = ] x(o)Ww™® , ‘ 2.17 .
: n=0 . o
-2y
whgte N = f%: and W =e N ' ~

The properties of the DFT and the fact that it takes ‘Nz complex’

-

operations to compute are well known. Eqﬁation ~2.17 is wusually
realised through, Cooley;Thkey'a dihorithm.khown as ;he fast fourier
transform‘ (FFT) as a consequehce of the numbér,of'operations- required
to ::ealiae 1t~- legzN, wixere N ‘is an 1ntegé&ltiple of 2'.

" The powe; spectral analysis is perfotmed via the FFT by taking
256 samples at a time. At the sampling frequency mosfiy empiéyed in
this work (fB-ZHz), the spectra valugs a;e averaged ovef approximately
2 minutes or 6 cycles of Egg;n gastﬁlc signals. ‘ . )
On the IBM AT, the spectral components can bé plotfed out at the

frequencies at which they occur. One has the option of choosing from

34



Hanning, Hamming, and Parzen windowing functions.

- The aoftware on the'. main frame computer takes the spectral
.‘énalysia one step further. By allowing three quarter overlaps between
successive FFT calculations‘ a 3-d1mensiona1 pover epectrun is plotted.

This three quarter overlap method reported by Kannister in 1980 (6]

implies that a 256 sample FFT is calculated every 64 samples into the

time series thereby effecting a 192 sample overlap and a better picture

\

of the variations in the sig 8 spectrum as a functiod‘of_tine;

Software to perform d cfoascorre;ation also exist on both
systems. Correlation pi s a function of time can yield
. information regarding the frequency of correlation and the time “delay

between the signals correlated [49]). . This analysis 1is particularly

useful in the method proposed in this study for assessing gastric motor

function.

#
)

Consider a gastric electrical signal e(t) and a mechanical signal-

mo(t) recorded via the impedance monitoring technique described " later,

both recorded simultaneously. It is known that the elecprieel signal

' i

is ' always preseﬁt whileg contractile activity only occurs part of the
‘time {17]. However, the mechanical activity when it does occd;;» is
always in phase with ﬁhébelectrieal activity. | Since contraction Hed
nothbeen measured directly, it becomes'important to be eble to tell {f
the recorded '1mpedanee sigﬁal is contractile activity or noise.
ThEreforE, let ehe two signals be crosscorrelated and. define the
continuous time correIattén functioe ;??) as a function of the tiﬁe lag

Tas #

5



/ 'Q; Ty
‘ - 1° ,IT . ) , . \ . .
r(t)=lim" 5T . foe(t).m(t+ dat ' 2.18
T . =T : ’ : '

For the digitized signals, equation 2.18 may - be realised as: Co :
i - ‘ : '

. N T A .
) =% ] .e(n)im(aHk) ¢ o 2a9
ngl ‘ ' ‘ ' ‘ 3 . . v -“’"-v‘ ) J

for sample lags k = 0, 1 2,...,N l. r(k) 18 zero iﬁ there 1s no
correlation between the two signals and it tends to +1 when the signals
‘are perfectly in phase. , Hence, ;g\‘“r) is plotted as a function of k,
‘naximum value will occur when k/f equals the time delay between ,e(t)

”and m(t) Figure 2.11 a and b show how phase shift and direction of -

Q

propsgstion information is extracted from correlation plots. The plots

-

are' for the human intraluminal EGGs shown in figure 2.9 recorded with ~

“the wmulti site electrode described in the next chapter. ‘The

-

: crosscorrelation function, r(k) is calculated for 256 samples;;and

plotted against tﬁé time lag, & in seconds [49] for . - ‘ - ‘ o

ca

-64 Lk < 64
A

“This implies‘that the phase difference 6' obtainell via grosscorrelation .
is averaged over 2. 17 minutes.- g ST ’ A7

The phase shift is obtsined as '

.‘ ‘ _f . - * n ‘o K . ’l ) A ) . ‘
B g = ‘ (tﬁ) 360 S | ow _e
o : » Average cycle length ‘ ;g’; o . N
. .\ N . P . : ) B . P .; g : .

i b ' _. . ‘ _
_where ty is the'time delsy'indicsted onfthe-cﬁTEelation plot.'
> The correlation routine is sensitive to tﬁe order in which the

tine aeries .are called up. In figure 2 lla r(k) is plotted fd?ﬁ ch. 1
» ! ' ) i ‘ ‘ - ?



A

by ch. 2 while figure E/ila 1s plotted for ch. 2 by ch. 1 for the same

A d

set .of data points asxfiéure 2.11a. Figureﬁﬂ ila:indicates that the

‘ first time series leads the 2nd while 2.11b indicates the oppoaite.
Th proper order to call the time aeries of interest 1is the, most -
proximal channel correlated with the more distal channei, not vice

’versa.J r(k) is also periodic with a frequeny equal to that common to
a r

bothtsignala.

Figure 2 9 is part of a record of transmucosal EGG in a healthy'

-

male. The wave shape of the ECA suggests the presence of peaks at’ the

;fundamental and the first 3 harmonic frequencies in the power spectrum
e

a

e[6] This is often the case Ln transmucosal measurementa. See'figures

; 3 46 and 6. Sb.; ‘A crosscorrelation plot of CH3 by CH4 from the record

7

in figure 2.9 is» shown in figure 2.12. The peaks "(a) on the -
orrelation plot are due to. the fundamental component of the ECA.

peaks (b) and (c)-~repreaent ‘the first two harmonic~‘

he

_frequencieaxof the signal., ‘Therefore,fhthe distance from any peakf(a)

to thé;ne_t peak’ (a), or any peak (b) to the next ‘peak (b), or any peak
: . = g
(e) - o the-next peak (c) on the correlation plot is a measure of
.’i b ' . . .
period of the electrical activity. ‘In a similar manner, the first two

ﬁharmonic frequencies can be obtained by inverting the duration from any

peak (b) to the next: peak (a) and that from any peak (c) to the next

‘peak (b).
_With croésCorrelation, information regarding the ocCurrence of

contractions° the, frequency of the contractile 'activity and the

LY

; duration of the activity can be extracted from  a noiae cor&gpted

measmrement of tramscutaneous »impedance variations as diacusaed in

subsequent chaptera» This information.constitutes the bulk of the
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relevant information in the assessment of gastric motor function.
Outpuf of 'these signal processing routines are presgented

. throughout ‘this thesis. .

41



\ 3. INVASIVE MEASUREMENT SYSTEM DEVELOPMENT - ‘

Invasive méaaurgmeptvof‘myogenic‘glectrical activity has hitherto
been éhe méthod of choice in obtaining iﬁ vivo human gastrograms. Tﬁ;q,
is .largely because of Qhel ﬁbor quality of the transcutaneous'
. me#sufements a;;empteé‘gﬁtil recent times.‘- As a result, serosal and
. 1ntra1um1ha1 recordiﬁg electrodes ‘and techniques have beeﬁ developed to,
avlevei atvwhich cqnfidence exists in thgir results.

Several authors ‘héve' reported measurements of the human a!”
electrggastrog:am .both‘wiﬁh 1htraluminal electrodes and with . improved .
_noninv;aive techniques [1,10,26]. Fioramonti et. al. in 1980 [26] '
reported their adaptafidn of this technique'tq_record 'ilian colonic .
. 8lovw waves and'bpike activity. Abel and Malagelada [;] ugsed 'a magnet.

. held version.to record the human éle;troééstrogram as back-up andicﬁeck

on the recorded trangéutanédus signalsz These methods provide

v inﬁormation ,aSout the exis;ence and frequency of gastric electrical
. activity which may aid in diagnosig fachygastfia. . 4H

However, none qf thésé methSds. ha§e prbvided | 1nformation> 
fegardipg the directioﬁ and‘velocity of“propagation of GEA. Such
inform#tion could help isolate such‘abnormalities aé gastroesophaggal
and iantral reflux and gastric stasis.g |

In order to ascertain the reliability of ;hé extfacopofal
imeasurementg; a new’ electrode assenbl& was deQelépéd. This probe

measures GEA through the mucosa in such a way as to yield information

regarding the ﬁ}opagation vélocity and direction of propagation.

3.1 ELECTRODE DESIGN . \

Earlier designs of electrodes for use intraluminally sometimes

k4

4 .
3

¢

.42



‘ \

employed rigid, nondeformable suction cup assemblies to hold the

electrodes against the mucosa. [10]. The design proposed in this study

adapts the pressure electrode that has been so successful in in vitro

measurements for mounting on a gastric tube. Figure 3.1 is a schematic -

diagram of fhe-probe that is designed for use in this work. Appendix B
describes the construction .of such a probe. |

Two features of this device are.worth aning.'

1) This electrodg arrangement incorporates the - pressure type

electrode 1n:a;suction/apparatusf The pressure type electrode has been

proven repeatedly in biolectric measurements [11,20,39]. The glass

2 ‘ “

——r’

capillary - tubing of the pressure electrode [39] is replaced with heat

shrinkable tubing for saféty reasons., ‘All one need worry about in this

appliéation is the conaisténcy of the electrode-tissue interface.

2) Close examinatiph'ﬂ“f' tissue samples used in in vitro

R

measurements with rigid nondeformable sucEidn devices sometimes show a

- geparation of the .mucosa from the tissue (the source of GEA), caused by

- )

»the suction appliéd. In such meésurements, the electrode sits in the
fluid or pocket formed between the.tissue and EheAmﬁcosa, resulting in
poor recorded signals. |

To get ar;und this problem, part of the suction tube 1svcut away
and repl;éed with‘a’defonmable membrane on which the eiectrodes» are
mountg@.‘ Thus,- on aﬁplication of suction, the ﬁembrane deforms and
. pushés the eleétrode towards the tissue therepy maingg%ging the.muéﬁsa-
'muscle interface intact. | |

Thia‘ electrode‘ desigﬁ» wés_tesfed in vivo in canine colon And
: stomaéh.' o | ’

The tube was introduced into the sedated animal through the mouth

43
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for GEA measuremgnts\ahd through the anus for measurements of colonic
electrical activity. -~Suction equivalent to 25 cms‘ 6f water was
applied.‘ For monopolar recon§ings, an ofdinary §1apos;ble Hewiet;
Packa;d ECG eleg}rode' type 14445c applied to a shaved part of thé
animals thigh servéd ;sfthe'neutral electrode. _Figuteé 3.2a and b show

. ’ .
canine: colonic electrical activity recorded with the electrode

described and its 3-D power spéctfum respectively. Figures 3.3a and b

]
/

~show ~can1ne‘ gﬁ%trihielectrlcél actiyity‘tgcorded‘with‘ the electrode
described in 1?;‘3—DA£6wer spectrum ﬁespectively.

Myogé?iéf elestrical activity'was recorded in the proximal and
disfal coloﬁ‘ qf.ls animals.and in #he stomach of 18 animals 1in vivo

with the multi site transmucosal suction electrode. Good records of

slow waves were obtained in 93% of the total recording time for th%

stomach experiments éid 87% of the total recording time for the colon
experiments. The average frequency of the colonic electrical activity

recorded was 6.87 + 0.5 cpm and that of the GEA was 4.71 + 0.3 cpnm.

3.4  INVASIVE MEASUREMENTS IN HUMAN

"Gastric electrical activity wag  recorded in both  healthy
volunteérs'and patien;s with gastric disorders.. All eiperidentation on
humans‘ described thréughout‘ this study vere approved by the Ethics
Committee vof the University of Alberta Hospital,' and prior written
consent waé obtained from all particip:nta in the studies.

Subjects were fasted for ﬁt least 8 hours before the experiment
started.

The mouth and the back of the throat of the subject was first

sprayed with a xylocain mist. ~The local anaesthetic effect reduced the
, . ;

4

- \»
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0.5 mV/cm. .
. \‘ /
Josmv -
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then verified

e Ry

-

s subject 8 gagging reflex.

»

by fluoroscopy. The

| S . o
After a few minutes, the throat

P \.\

tube was positione Auch‘thatv all

regior was

numb enough for intubasion to proceed. \}he position of the tube was

~ fopr electrodes‘lie in the antnﬁm paralfel t0'the antral axisu\{SuctiOn

. v equivalent to 25 cms of water was th n applied to hold the ‘tube and

=t

=lectrodes in

lower abdomen served as//he neutral electrode.

“made to lie supine and move as little as possible while the measunement '

v

R © 'The signals were AC coupled to a Beckmann R611 polygraph with a

L, time constant‘of 10s for all channels.

1

&

i
.- as described

»ﬁ' ‘set at 0.3 Hz.t

this position. An ordinary ECG electrode attaohed to the

1

-~

«

in. section 2 3. Power spectra‘ were

The subjects were then
proceeded Recordinggiwere made for periods of 45 to 90 minutes. ey
" The high frequency filters were

o - . The recorded signals were sampled at a rate §_2 Hz and)digitiaed |

: enerated and
g .

crosscorrelation analysisi were performed -on the IBM AT personal

\'\

computer and air Andahl 470/V7 main frame computer.,f

bl

was performed toosscertain phase shifts between channels

spectra analysis was performed to sscertain the dominant frequencies.

Crosscorrelation.

and - power

Results of intraluminal measurements performed in this study serve as a

| LA

basis for sqme

.
[ 4
a)
* .

Transmucosal vGEA was recorded ip 14 normal

pstients. Go

patien?E“]gtayleast 50% of the recor ing duration.

duration el

-

.

. Le 2 o
. ] :
y o . 3 g

of tbe delling’and experiments reported in chapter 4

Rgsnlts and Discusqions.

b=

\

7ded an initial pg;i

g

Vo

L]

™

: anywhere from S to

’.

4
r

volunteers and 4 R

. ) od\\egqiditof intraluminal EGG were obtained in 47 out of
56 channels on the healthy volunteers and 7 out o?th channels on,/the

15 minutes

T T A

'This recordinga n



vhich the system takes to settle down.

b)

The average amplitude‘of the slow wayefin'the normal volunteers

»

vas 1. 2 + 0. 4 mV and the average frequency was 2 95 + 0.22 cpm.

S,ISit,w

T The frequency of the activity was ascertained by inspection, FFT

~derived power apectrum analysis and ucrosscorrelation. Figure 3.4a-
_shows a typical record of transmucosal antral electrical activity in a

normal subject.

The power spectrum analysis for channel 4 of the record 1is ahown

1n figure 3. 4b.ﬂ The frequency of the fundamental is 2.81 cpm.
\ /J . -

) . f

It is' easy to see the r petitive nature of the elow waves in

4 L
W

figure 3. 48. The fact that they are phase 1ocked and propagating in an
aborad direction can ‘be' verified by constructing lines from HTaV/

particulan point - on a slow w ve in channel one‘to the correaponding\

) N
point -on another slow wave in channel twor as: shown in the- figure. The

+

@“humbers xbetween the traces indicate the phase shift between the upper
and lower channels celculated as | ‘

(delay)*360°, ' . 3
(average period of upper’and lower cycles) - . : T

o

e:-

.

In this way, ‘the phase laga.can be shown to;be constant between a giver

' The phase lag in the normal subjects renged from 25 /cm to 75 /cm
J »
: depending o the 1ocation of the electrodes'in the antrum. It remained.
. : e ‘.‘. . '
'.approximately constant for a’ given pair of channels over conaiderable

Klengths of time. Its mean deviation dfaying within 10% of the aVerage

v@

‘,pair of channels: within some tolerance limits. o L -

. R TR T . .
; . o . . - - I
PR @ ) & . . [
. v ¥ . s N P
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. over 10 minute intervals. ‘

'
.

&u\ -~ The average phase lag ~ between sites 1l and 2 in this record byv‘
L N e , L
. inspection is 71.3 /cm, 38.4%/cm between sites 2 and 3- and 2].Z°/cm.

\ between sites 3 and 4,

5»‘

' ~ From - a plot'of the osscorrelation coefficient-as a function of
? the time lag performed on the l\M AT computer, the average phase lag o'

(aveteged over 256 samples) o@tat:ed from the - correlation plots is.
,70.0w/cm between electrodes 1 and 2, ~%3.3 ®/cm between electrodes 2 and
; ) F

3 ané 25.0°g§%§ween;electrodes 3 and 4.
L 99 o
Lod) v
The velocity of propagation of GEA increases from 0.1 cm/s in the .
proxinal corpus to 4 cin/s in the distal antrum [18]. - The velocity of

,s(\ K

propagation Yo is given by

s N .
o . ) . - o

IR : ’ :
. n’ﬁj‘; . . i
. -

where T is the average period of the activity and d 1s the electrode

spacing -2 cm in this case,

vy This 1mplies that the velocity of the GEA in figure '3.4a

e \

. increasgs from 0 22 cm/s between the lst and 2nd electrodes ‘to 0.68

cm/s between the 3rd and 4th electrodes. _
. s , : . ¢

*iﬁ‘ figurev 3.4a, the wave shape‘ varies from electrode to
electtode.; Chanhelell_and 2 appear to be composed largely of a sum of
the lst and 3rd terms in equation 2.13, while channels 3 and’ 4 _ége

almost purely the 2nd time.Heriyative of the transmembrane, - potential.

. / / . .
The shapes of .:hx\ slow waves can be attributed in part to ‘the

. J f
- A ) .
3 \ I .
S .
R -, . R . [
) Lo . e ) )



longitudinal current in the mucosa which is proportional to the 2ad

timé derivative of the transmembrane potential, Vm [15) as discussed in

I

section 2.2 and described by equatién 2.13,

£)

4

Figure 3.5 18 an intraluminai EGG from a female patient with

.gastric ‘disorders. The ' average period of the slow wavé‘ remains

approximately constant at 20 qeconds. However,.the>averate phaaé shift

)

between channels 2 and 3 is only 12.8? and that between channels 3 and

4 only 6.5°. This is one type of abnorma;ity‘obsérved’in the " group

with gastric complaints. - The others include a wide'vgriation in the

cycle-to-cycle period of the slow wave (up to 50%), lack of ‘Cthling‘

v

between recording sites and tachygastria as described by previous

authors [1,10,68].
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4. NONINVASIVE MEASUREMENT SYSTEM DEVELOPMENT

Noninvssive measurement of electrogastrography was first reported

-by Aljarex in 1921 t3), Major advancements have since been made in the

developgent of better 'skin electrodes which has enhanced the

attainablé5 SNR in trsnscutaneous recordings. A number of authors

"

[1,10,32,43] have ,since Jrgported improvements in the recorded

¢

_ electrogastrogramJ Mirrizi et. al. [43] reported in 1983 that the best

electrode srrangement to reeord the human gastrogram\igﬁoneqin which a
pair of electrodes 1s lined up above the antral axis.

All of these activities has resulted in records good enough to
enhsnce the clinical application potential of the ~ electrogastrogram.
Abel and Malagelada [1]) reported'being able to detect glucagon evoked

gastric dysrhythmias in Volunteers, by | evaluating their

electrogastrograns.

To extract more information from the electrogastrogram, it is
essential to be able to predict its features for normal and abnormal

slow waves in the gastric muscle. In particular, it is desirable to be

able to tell the direction of propagation of the nyogenic contractile

waves from the wave shape of the gastrogram.

| The shapes of the recorded signals can be predicted ' By
mathematically - modelling "the antral electrical ‘activity.A * Such
msthematical mbdelling (both .the forward and the inverse volume

conductor problems) have been studied extensively in the cardiac cases

}‘[4 S, 7 8 511 In general, the forward problem is concerned with

f 4 .
predicting “the potential anywhere in P medfum and at its boundary due

‘to a source. embedded somewhere within those boundaries. On the - other

’:hsnd, Vthe 'inverse 'problem determines the strength and location of a
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: sourée inside a medium from values of potentials due to thig source  at

some locations inside or on the boundaries. The source types often

employed 1include the single dipole SD, the single moving dipole SMD, ,

| énd_multipoles current sources and epicardia chgrge §1sfributiona.

In this study, we shall concern oﬁrseivés;with thé‘SD and SMD
approximations to the myogenic generators of interest.

The SD and SMD are based on the intuitive notion that ; dipole
"moment can be made to represent the elecﬁrica; activity in a loéale of
- active tiasué or what Kingma et. al. [4Q] described as an ospiilating
region. We jnow'know tﬁat éalgulagions ffom such modelﬁ can be 80% to

95% accurate in some regions on the torso when compared with the

ahplituﬁé of dctual;measurements [5,8]. To obtain a high accuracy in

the forward problem, one needs to determine the dipole moment and the

location of the dipole that“best d;zcribes the active tissue of
interest. Thip can be obtaineﬁ by solfing the in&Lrae probiem,for' a
number of pdtential measurements made at diffefent locations on the
boundary. Tﬁe Ioptimal dipole moment and location is_that.équ;ce term
with the least quadrupole‘amplitude in {it. bn the othgf. hand, a
Qariable dipole ﬁomeﬁt”and location can be used in the fdrward problem
and the dipole moment and location itératively fitted by minimizing the
sum of the squared deviations‘of aétu;l-potential measuremeﬁ&%.froh the
‘calcuiated‘ valuesi [38]. ‘Ih the' mathematical modél devéloﬁ%&%}n thiq
study, the latter approacﬂ is utiliged. SR ﬁﬁg?'l

| The gastric case has some characteristics differquiéfing it froﬁ

the cardiac case. We will take advaﬁtage of the foll@%ingmdifferences
. \ 4 A ‘ 5

to simplify the model.

58

a) Code et. al. {[17] reported that the strongest coupling’and.® E



 amplitudes 'of gagtric electrical eotivity occur in the distal and mid
| o .

' antrum. In figﬁre 4.1, the signal at site 3 in the corpus is only
' o . T

about 10% of theéiin'the antrum. Thus one may locate the sources 1in

the antrum without any serious loss of accuracy. . ‘

b) | This ‘etudy, is more cgncerned with the direction"of
propagation and thé relative amplitudes of the signal rather than the
absolute valnes. ﬁ;ence, all we need tp do, is ensure that the source

ht
function resembles the monophasic trasmembrane potential.

- ‘

" The information gathered from thia*modelling will serve to

i ‘“

'predict the features of transcutaneous G. An electrical impedence

v ' . ‘ /
p technique ds employed to monitor the gastric impedance which 1is a

function of gastric contractions. Morris et. al. [44] simultaeously

recorded canine intestinal and . .colonic electrical and mechanical
‘ . .

activity from'implanted.electrodes vie a similar syotem in 1982.

- A norinvasive method for monitoring GEA is used 1in conjunction

with: a noninvasive electrical impedance monitoring device to measure

gastric electrical and contractile activity eimultaneously.
[

!

4.1 A MATHEMATICAL MODEL OF THE TRANSCUTANEOUS GASTRIC ELECTRICAL

ACTIVITY

Several authors have dealt with the solutions of the appropriate

~

integro-differential equations-to determine the scalar potentials due

to current sources, embedded :in conducting mediums [4,7,35,47,51].

Often the emphasis' 1s on the relative signal strength at near
’ : [ 4 ’

and far flelds. ‘The mathematical modelling proposed here is different

- in the sense that it is aimed at predicting the temporal features of

the transcdtaneous-E@G. The essential steps include:
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1) developing an approximation to the ﬁuuan gastric system,
2) formulating an adequate 1ntegro—differential equaticn.
'3) sclving this equation, -

'4) and simulating the soluticn on a digital computer.

In the approximation that follows, we will work with a finite

~ length cylinder representation of the human torso. Such representation

though simplistic, 13 adequate mnot only.because of 'the geometric'

‘similarities but also because of the accuracies attainable. ' bkada [47)
calculated the scalar potential produced by an eccentric current dipole
in - a metal cylinder filled with a conducting solution and reported an
accuracy of 95% compared with experimentally measured values.
Formulation of a urecise equation involvea consideratioa of the
folloﬁlng;- |
a) a moving source iu the torso whose  source atrength I
resembles figure 2.3 in its temporal excursions,.
' X

b) the path of motion is along the wall of the antrum at a

propagation veldci%y Yo m/sec (O)Af< vy cn/sec <b [18]),
/

. \ ’

c) - the medium (r <A in figure 4.2) 1s inhomogeneous. - and .

nonisotropic, Lo |

d) the medium has both conductive and dlelectric propertiea,

e) and the solution 1s subject to the Soundary conditlons at
the skln-airfinterface. |

The potential ¢(r,t) due to such a myogenic current gource “uay be

e
represented by [45,48] -

16 (_r_-_w_lot')

32¢(£)t) +’K2¢(£)t) T T ¥ jue J r : 1
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: . y AP
, )
v o '
where ¢(£)t) d! electric potential at the observation point.
o ‘ , '
r(t,8,2) - observation point vector, o .
oy 2 e e L
Eo(rO’GO’ZO) souife point vector, \ K
o + = conductivity of the volume conductor {n mho/m, .
a | < R o
T - permittivity of the volume conductor in Fprad/m,
T * . - permeability of the ySlume conductor in Heary/w, -
, o/ , L .
W , = angular frequency of the signal emitted by the
. 4"&&5 source, and the wave number K 18 defined by -
g’ ¥ ‘j v
R : . -
& ff“ ‘ ~f*K "quoc .. ‘ 4.2a
R Pelte # ' ‘
sy ~ " ‘.
‘ o f’}:)‘ . s »‘ Jﬂ R ( o .
R s o, = o(1+ S ) complex- conductivity . 4.2b .

e Lo ' o it ' .
Marge and Fesqhbagp 1453 defiue bhis potential as the retarded scalar
Yy

potentidﬂ sﬁﬁh gh&t .a signal»enited at the retarded time ty by the

AT @ k]

’f soung arrives at thc obserxation point r (see figure 4. 3) at time t.

An'exdtt soldtion under thebé circumstances will be at least tedious if

Y3 .

not downright impossible to gimulate. To simplify situations, we start

by aasnming a atatiou%fy current source’ Approximatioh of the nyogenic;" »

1 L sources.' A P : < o
T “F‘ " L T * . P A

a A

E The rédhcgd equation is therefore
.[}‘

" 4.3

2 2 -
Ve K ¢- agtjuwe .

We assume this equation_andbusehits solution Ep Justify our
approximation of the real system.

A solution of equation 4.3 in an infinite medium is

]



. —
- .
—
S
R y 7
~ e
o
<
N
R
N
N
N N
TN

. ey 3dnard

< !

*3Ulod ®3uNnog

-

' N s
. .. ;
e I ‘
o s - ..
S -
. .
) . - . . ..,. < V RSN .
Teau . A ) R - . S e N
., "IUIO4 UoIjpAUldSqQQy. , - ; - : .
i e s L . - . ..u‘ - : 'Y ot . = *
R - . i~ LA " 7 . . L e - ~ .
‘ . ) sees . . ! v ;. - Lous 2 fO. ’ /
- : ) *
- ° ! . * \ ..I - - iy RSN
. . . : Y W . ) et
r . N - - - - R
» » . 4 i ° ‘\ X B e y’ J
- . R 1 ~ ) . o~ < L - s . . N4~ .., . *
7 ’ — - h < N 1” . c . R N N



"V‘,...‘._:biological system'of interest above 1 KHz. In fact, I-‘in the

Cw s

where R = |R| .- |r -1, | and-e“'jKR 18 the propagatiod delay.
As previously stated '_the, medium composed of the tor‘so_ hag both :
conductive and dielectric properties. If " one is to" take ~these

3.

». properties into consideration, any change in the signal ,ﬁ-t a yvej%,‘.v

v

B point in time will take a finite time to register at ‘far fi@l)

; the system is nonisotropic, a singie change in a field quantitf‘s may

)

. ar‘rive -»atb the  same ‘observation point with different “time ,delay's
-‘ ' - “ . . ) -

,depending ,on “the Inumber" ‘of signal paths availshie. T-hérefore, the '

. systtam is not synchronized in its temporsl responses. - The following

s
i

consideratibn of equation 4 4 shows that in fact ‘a synchronized system

- b 7

.exists that is a good approximation of the real system.

First; we note"\that no magnetic materials exist in bigllogicsl
'\' Z (" v '»v . ?l}" N ; ®

systems.‘,.‘ Hem:w;}%t( isﬁr
o susceptibility of ‘:he torso by\that of free space (lm x 107 Henry/m)

to «apprpxﬁ ate the magneac

.'m:

It is also known that no ;ignificant signals exist 1n the

,'.'

3

__gastrointestinal tract which is of interest here, cut-off at 10 ‘Hz is

. :
'reasonable. ) In an aver&ge human being lhnnx '1' : These extreme T

’,.{ - J B \[ \\1‘),

values are assumed in the\following evaluation of the approximte

L=
N 1§

syatem. . ‘ v SR .* g/

Plonsey [48] shows that the cqpacitive inductive and ptopagatio

, N ‘
effects can be- neglected without a great loss in&"accuracy. ?hese* _g\

—

8 "effects are neglected with the following arguments P ) 1&
“ ‘Sj.‘a) Cap;citive effect. - _ R ..( 3 .
u The limits of conductivity in Ban from table 5 1 is ’ \‘ ‘-;_v;,-? . | n. | .;\

) - 0. Olovnho/n < c:< 0.67 lho/n S . - e | d#‘.j - .ﬂ

Unfa) " T T ablesd) o T
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‘.~ apd the ratio of the displacement current to the conduction current i

oy

A
i

- . p

Ty

R

]

[

PHYSICAL PARAMETERS OF HUMAN' TISSUES

At
VR

[

-gi‘,< 0.2 at £ = 10 Hz.

A} *

TABLE 4.1

v
P L

,
w: 2 . M
//“

.9 Tissue *

(S.'Ruéﬁ et:ﬁal
'3

f o - (mhos/m)

«.  ME%t £=10 Hz. ,/_
o i
1 N (Schwann and Kay) !

s

Blood
‘Torso

»  Liver

&

" Lung

v

Heart Muééie .

*@ammv )

.0;67 :

0.21
014
05
‘0;94

s

e

e

e IR

&

‘1 e

it !vx;i‘x(%‘o.939.<1-3)

¢urt§nt into constderation canvachieve 802~acéhracy. ‘
.  “" B’L\VPropagation efféct: 4'
Phase ‘propagation delay.can be eipanded_inzo a poWet.seriés as

-2l

’

therefofelfor‘xa <<_1,];'JKR s

I

J E

v

i)
N

P

a3
a3

1; Prom7equation>4;2;

66
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[ ' : ' f.jo “r ,
Hence, propagation effecte can be neglected. ) : : R

c) . Inductive effect:

The vector electric field E i8 a function of the scalar, potential

¢ and the vector potential A;
E- jwé - Vo ‘ s ‘ et
Plonsey le] showed that the ratio - . ‘ o ‘/'
;%} |ij| " 9 ¥ K oy ‘f CoT ;%
i = |KR| o g
|V¢‘ . .s[",’h L o ! "'.N‘ ' !
’ "‘ ! b. '.} ’ J' L. | ‘ | .“ T '
' Since propagation effects Eds]'be neglected implying that |KR| {fi, 80
: can inductive effects. E - - ‘
ore is described by Poisson's equatio
« & T S '
=
. ' )
‘ %gject to the boundary conditiong
) ¢‘1s finite inbide the\VOlume, and - .
N e L ." . B
. 2) Neumann 8 boundary}conditien . o ) g &
Tl Ty ' B 1 ’ "
%% ls . =0 . (E; normal vector at the
- surface s8) L Ce
N ’ ‘~'o
. . ar »

It is eynchronized with respect to time for all field - quantities and U_ (f

qua,si static. This . idea of the syotem being quasi. static play? an

~ lmportant fole,'in this simulation. Since tranaient effects can be”,

-

: ignorec; it'is easy to petfotn senpling in,time and space.. Sanpling inv

time allows us to obtain the,sj-_éten solution at each _-c_cnple instant and

Y
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by superposition simulate the time dependency of the systen.

A
N 0}

solution of equation 4.5 in infinite space is

.
1.1, |
o ™ 4mo0 R
3 ‘ -
where r i o9
!‘1‘2}- 02 + (z-z-o')z, for p2 = 2 4 1:"2 - 2r, cos(e-’Qo)\
4 - . N * 1 .

t i

: ingﬂii ,80 t:!i‘&t the expression converges for r>x:0 gives
’b" '

'

i ) w)';"
s

) % -= J cost (%3 o'%o (ap)da
‘s ’ 0 .
T (Gray’anuﬂathews [31]) tj o
:‘wheré REE NG’ e *,"{ . ~,, |

'8

. - f~' B . S f‘(g Sgg(gr rfggé  ‘§7
T o Cro R T

KO(ED) - Z emcosd(e-e ) |
m-O : ) S

| Iﬁ(sf)xmkév;o) brer;

- S
], m=0 . .
‘;—7 | g N cend
Z,Am?_l : —
. L )

B

‘and aecond k_ind respectively. L o . .
¥ ' ’

Hence equation 7. becomes ‘

. N P ' '

v T
T R

8 . Seo +
¢“ - 12 f IcosE(z-zo) 1 cosm(B-ﬁ ). I (Er ) K (Er)dE
‘2n°0 o m-O ‘ . .

1
>

0

Q!

4.6

&

<

©

“A

4.8

"

I 'and‘l(' are the modified. Bess_e_lvv functions of order m of the first

' 68
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If we now replace the current source by a SD of di‘pole' moment g_,“;g ‘

.

"N :
‘the equivalent of equation 4.8 may be obtained by diffetentiating ¢
ﬁwith reapect to the direction of the dipole moment. By assuming ek ) .'

’homogeneous conducting mediuméﬂ, we impose a linearity oh the medlum\

in all directiems. The diﬁole moment may then be resolved into its t,e

SN . . '

and 'z components as : 1'
1 . N . ‘ “‘ ..
. ' ﬂ% * b;‘"
. Be= P(P_, P, P}
IR S
‘5! . ) s
t Hence, the surface potential. PR O C
. ’ ‘ . o - ! v' P e Y. . ‘: . ‘ . ) -
5 . - ! A X ] V o ‘ . . ‘Y .'.. .4 . )
" L b STt el o | 4.9
. } 'k , ‘ ‘P . . ’ .
“The solution for a single current dipole of dipole moment P(O 0, P ) o
obtained by hifferentiating 4 8 with resoec : Z"and teplacing I» »with - .
; ‘ _ g :‘*‘ v ; .
' PZ' Therefote, \ ‘ - 3 - . S .
e o ."- -
R . Pz o : .
| Esing(z-vz ). Z &K, (gr) 1 (gr ) -cosm(8-8 )dg
)';; . Q%»%o 0’ | E n,-o ﬂ. 4‘ S

'.gle finite volume solution can be obtained by the method of . images
[45] : Okada [47] gbtained the sdme solution by inserting .terms

! satis‘f)ring Laplace's‘ eqmion and containing no poles within the b

‘.“,"_

boundax:y‘ under 1] lntegral, sign end then forcing the. expression to :

. ’ . i iy RS B
2 . B .
» f_,, satisfy e |r-A 0 i e, , v o . )
) . h. ‘ . . N ‘ . . . V : L . s ‘.‘
.?i .,»'Pz ‘ : };“ L % V . .
: ar 317{—_2— ‘f.Esirll(z-zo)-cl»Z emEKm(rE'HC,ZIm“F)] ;
* . 270 -0 . . . "m=0 - .

Ca

'S
4

- S .
' - N : . . s oty .
’ ¢ A L) T
L * : ¢ sep e M
¢ W o . .o o - L AR
! . o . ! e, e Oy
3 i - . B ‘ . kY
: [N - . \ . .
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x’ '\ - ”‘ - )
, i “
1 [ )
- * it
. . ¢ .' : /. 5 o
I - : ’ S A , s
(Ero)cosm(a ) )d;] Ir-A -0 W
¥ H [ o ’ . "
where c, " f(h,E) o L » e o ' a(
oK' 6A) | o
L n' . . - S
L G2 I‘E(EA) ’ P | :
{a o ! * v .. “
‘ L LW ' ' - , : " ®
N The ppimev de’note differentiation wi,th respect to the argument. . :
By 1mpoaing the other boundary condi 10ns uaz | ‘-O », 1is
z=0,h T
Fvaluated to be a periodic impulae functio%f strength . I
o Lo . r ] )
' ' WL } “

2w Conm

. 'i‘— ‘(at E= 'ﬁ— N ' n'0.1;2,... M; , | . ) :
) | . .. R
. K S o o o L S
“thetefore', S ‘ ‘ o DA ,‘ " P
. , . C 'v: . '. L ) :
- -2p o nnZ n“;
e (z e)lr-A " JnAho Zonsin cos T.. .
- . . >‘ i ) '\@w
) ' L B
7 e Im( )cosm(6-6,) ro 410
. m=0 " nnA " - :
R Ce
Equa{:lon 6 10 is what we need to evaluate ¢ at the time and space
' aample poin,te chosen for the z component of the SD» C e
: .
f In a aimilat ma.nner, solutione can be obtained for ¢ and ¢, as
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v / * mrr n'nro . ’ R
v Teo T e O T ) 412 ‘
S €n0: nTA Ty sinm(6-6 ) - . "
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Saﬁ&r@x ﬂa al. [46] suggested that the SD repreeentation is not

very accurate 1n describing migrating cardiac elee&f&cal iFtivity
9, - o =4 St '
betause of the aystem 8 lntrinsic multiple anefr%nts.JT GEA on the el
. 4 hor o
other hand, *possess a single wav'lgont that norma ly migrates distally ’
‘: . 1)

in the antrum. As a result of this and - the s8trong electrical

coupling in the a jiwh, ve may represent the oecillating regions tn the'
" s °

' 'r
11 discrete SDs K= 1 2,...,L spaced at T ;

antrum by

cm apart,

where r, cm is the length of the antrum. . ' e

B

Figure 4.4 shoﬁb the tight electrioal coupling in human antrum as

recorded by the multisite electrode. .

.

vf " The average phase angles of antra electrical- activity obtained ¢

' in this study 48 45.5%°/cm. .

w N\ T ~
.

Let the dipole moment at each oscillating region be défined by

figure 4, 5., The amplitude ‘of , the dipole mOment was determined via the,r
‘ ~

R
» %

inverse volume conductor problem. This procedurenis diecussed in

« . B . . S

‘ ggeater detail letef‘in thisfchapte;zand we shall not concern—ounselves~*

ﬂ/with the amplitude.at this point. "It is however importantlto define a

. figure of merit for the leading and trailipg edges of the wave form.
Let the leeding slope be defined as.

5§L nV/a. Also,'let the ‘Tatio

|1 ‘mV/s and the trailing edge as

dt't

[y

A



-

Coupling of GEA

FIGURE 4.4
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Previous investigators have reported values for spme of ‘these

[ . oty

parawera. S . o ‘ -
.d 1" : $ N
‘ In their qntracellula,r work on gastric smooth muscle El—Sharkawy

. et. al. [22] obéained :Z for canime and human antral ECA as '1400 +

SG””mV/s_ and 600 + 700.mV/s respectively. \'rhey hdwever, did not report

‘ values for :t' + | [Frou their recbtds, anvés'ti tl‘t in human
antral . tissue is ~29.69 pV/a and -38 lﬁs aV/s in canine antral t:iss\:e. _ ,,:_‘ |
~ These imply t:hat Y 1is 20 .21 and 36. 71 in human and antral tissue : !
ve. O
respectively. Y for the 1dealized ECA shown in figure 4.5 is 12. 97.%@&‘ T

- 4
. ) Let each source function may be sampled at a rate 1:'8 = l/'l‘s to

~ produce the discrete dipolge moment,P(lTs), 1=80,1,2... Let the

propagftion velocify of GEA in 1the antrum be vﬁ,/ B The @& ,.fe;:ti'ye dipgle AT
Axlnoment‘ at . 'th.e' l(tl'l os\i\liatini région 2t .'the‘ysa_mple ﬁséa;at ]_.TB is
P(ikTs) whe;e - | |
- . " , - A o 1
1T, + fs(L-K), for forward propagatj.qn -

E WL T , ) , ‘ L 413

N

1T, + ﬁg&}(—l‘) , for retrograde propagation

N -

and the total antral length is . . T o



f . i . . R T - TN

r, = voT = 360 . ‘ - 414

The potential on the skin at the iTa sample instant is thus

L N
¢ (1T) = KZI $,(IT) + ¢ (AT) + ¢, (AT) ' 415

t

) For the SD represeﬂwation to have a reasonable accuracy on a

‘macro scale, the dipole moments Pr’ P and P and their position L
have to be optimized.‘ ' | o
€
. To pick these values, we revert to the inverse problem [6 38]. \
4’.%

Nine electrodes are plaeed on a subject at known locations

!

. j(A zjej) 1=1,2,...,9. One of: these electrodes 1s designated ‘as |

neutral and an 8 channel 30 minute:tecord of GEA yi(t) =1 2.....8 R

“nadeT The same locations are then substituted into equations 4.10,

4 € 11 and 4 12 to obtain ¢j values according to )equation 4. 9 using an
estimate of Py, P o’ P; and Z, The émﬂ? of the squaﬂﬂd deviations |

, ) ’_ f’j)_-. (y:L - ¢j)-.2" =1 2,...,8 are then minimized, using a fin\i,x?e !

. -

difference Levenberg-Marquardt algorithm routine. The best fit values

-~

80 obtained for P, P, P and Z0 are ‘the values used in - the nodel
-
defined by equatioﬁs 4.10, 4.11, 4. 1# and 4.15. s

3 i ' ; ' i{-

In this model we have assumed o = 0.  mho/m (Rush et.‘ al. 1963

[50]), ‘- 0. 5 cm/sec and T . 120, 5- secs. therefore § = .34. 29Q[9m. g fﬁ“&&{
' R . #

values typical of GEA.

' RESULTS S | R
v - A o o ‘

Figure 4.6a and b show thb ‘wave shapés calculated at the"aaﬁei
I

‘eiectrode position tgr forvatd and retrograde propagation of the ‘SD tn’

the model. L ¢ a ‘f ! \\>’,,—"'3 o



.
e P e e
"“' g At . . /R -

R : . . .

The tollowing values were utilised in the model to\VEZIZ::it”

!
‘figures 4.6a and b~w1th electrodes positioned at M (A 160°;0 3) ﬁ@iﬂ'
\ : ' : ‘

~

M,(A,60°,0.292).

Parameters measured on the subject: e ‘ S i
"Para-eters of the model:

S A 0.105 m, L = 22,'T = 30.5 secs and £ %2 Hz;

. p. = (1.0736,-0.2379,-0.6921) % P(t) .(P(t) is shown in figure /

. -
 » 4.5) apd = 0,285 m.
.‘Pys.ﬂh" . .
n“‘-"‘g,‘l'..."‘6’ m- 0,‘1,-o0,6 l‘\'

* L ; "y , . .
Perhsps ".the most {important information gathered from the
C

, ‘~s£131ated ulyefvtns is the fact ﬁhat the - rising slope of the signal 1Qf>
) figure 4. 6a “ (forward prOpagation) is steeper than the slope of the

trailing e% Figure 4,6b (retrograde propagation) shows the converse
- the . alope of the trailing edge of the. signal is steeper than that of

. the leading edge.' B _ Lo ‘. “
. The f£igure of merit.y for’ the ca{culeted EGG 13 figure.4.6a is
2 4 and 0.47 for figure 4 6b. Hence, the slope ratio Y is grdae!r thdn

for EGG: celculated for forward propagation and lesser than 1 for -
o - ‘.&
e 2 :

)

T Exf!acorporal neasnremeniggﬁi!dﬁA“were made;gor Cbmparlsoé The !

9—

uespurelents vere nade with’ two ordinary ECG electrodes positioned

A
)u-; *.pproxllstely ebove and 11ned up vith the antral axis’ of the subjects

A gtopach. accordin; to the.method reported by Mirrizi and. Seafoglleri‘

-

[33].  The subjeck vas then allowed to lie supine for the duration of,

the recordln; (30 to 45 slnstas) ‘ ‘”}“ o

“" T
I3

K o
B L a0 .
] ;/- .y . ‘é'{ @
) b oo <
B :5&-’-' S Q'g SR
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“

of 12 channels‘onll‘patients, excellent records of~the"transcutaneoua
e o . . /,/ e
4 »

ANy

g_GEA were obtained. _' ~o B o {
o Figure 4.7a’ shows a.human ECP recorded in a male with no. known
gastric disorders with_ the neutral electrode M2 in the, r?gion above the
diatal antrum and Ml in the region above the proxinya antrum as in

figure 4, 1. The rising edge of the signal is’ steeper than the falling

/

,edge. Using figures-4 6a and b as~reference, one,concludes that the. -

. L
antral electr cal activity in the: subject of - figure 4.7a propagates in

the forward direction.r\“'; o - / 4' »

]
/
i

. ; | ,
. .To simulate Teverse propagation, the relative positions of the

;

) electrodes ‘Were reversed to recdrd figure 4 7b in a subject with no

known  gastric disorders. Since the relative slope of the edges of the

signal are similar to that in figure 4, §b, one might' conclude that

/
propagation in this case 1is orad\ However, the order of the electrodes

_ were reversed for " the measurement. / Hence, ‘propagation of antral
: electrical activity in this subject is also aborad. : o 7
GEA was monitbred in a total. of 17 subjects with the electrode Mz

/

distal to M along the projection of the antral axis on the stomach

1
The mean value of %tl was 46 09 +29.53 mV/s and the mean value of
dv was -14247 + 9.49. These pa?ameters were eValuated only on slow

S dtle
‘wave cycles that ‘were reasonably free of ECG respiratory and motion

-

~jartifacts. The average value of Y obtained was 3. 4+ 1.93.

A total of 11 recdrds _were made with the relative position of Ml

nandw Mz‘reversed asxdescribedgfor figure 4.6bvand 4.7b, ~ The values of;

%%[1 s %%Ié and_y{ obtained in these experiments were 14.95 + 4.98
Rl / ‘ T
wV/s, -=34.62 1_16Q19 nV/s and 0.47 + 0.15 respectively. These results

/

Ini:26'outlof'28 channels;on 28 healthy volunteers and in 10 ogbl

. / ) ’ . o ) k',\
‘/ﬁ_. o ‘ . {—-ﬁ‘
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. 4,2 ELECTRICAL BIOIMPEDANCE

\“wE—aource that generates

-

presented~in table 4.2. . e

1

The basic idea of electrical‘impedance plethysmography iaothat of

energy waves 'which are made to interact with

i

the-internal‘organs. "The result of such interactiona are measured and

a

‘interpreted to extract information regarding the changes of interest in

the living body. Spurces of energy that have bee%Pused in thfs manner

“include x-rays and radioisqtopes in X-ray imaging and fluoroscopy,

ultrasound, in ultrasound imaging, and microwaves [61] and electrical‘

a v

‘energy impedance plethysmog;gbhg_[&Z 44] H ‘ . .
In this particular study, electrioal impedance‘has a definite

advantage over thg]f!st It‘bermita simultaneous measurement of the

electrical,_ and . contractile‘ activities of the torso without Wthe
-\

" sophisticated instrumentation of the qther techniques.

L}

'The method was first'developed by J. Nyboer in . 1940 [46] to

monitor ‘variations in thoracic impedance as a measure of cardiac
[
\ ¥

output. It has since been‘uaed in

- a) monitoring cardiac output and flowrate,

~b) monitoring 'pulse volume and blood flow * in the clinical.

evaluation of vascular effects in a;t!riography,

——

c) vertebral artery studies in the clinical evaluation of

vertigo patients,

’ d) diagnosis of peripheral vascular diseases,.

- e) ~studying blood perfuaion in organs and tissues,

ez

&
\\f) .respiration rate and lung volume measurement in pneumography

- and more recently, > ‘ -

&

83.
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g) in the monitoring of gaetfic enptying [25,42].

»

Electrical . - impedance plethysmography is superior to other

plethyamogiaphic techniques (strain gauge and air} becauhe" its
[ ) .

application is not limited by the shape of the segment of {interest.
The whole basis of the method~1e‘0hmrh law fff
vVe=1zZ ,
. _ ‘ . R %
where . V volts is the potential drop acroas a aegmeﬁt whose electrical
- n . :
impedance is Z ohms when the impressed current 1is Iiamperes. .

[’ There are two electrode configurations that are generally
‘ | _

' employed - tle bipelar and the tetra polar electrode configurations.
xThe t:tra polar electrode configuration has the advantage of
eliminaeing‘the deﬁendenéy‘of the system's perforhance on the skin-to-
elecfrode‘contact 1mﬁedange.

‘Consider the volume cenddbtor shown in figere 4.8 in a tetrapolar
electroee'eonfiéuration"scheme. If a current IAB is impressed at time

t at the‘terﬁinals A and B( . let the resuiting current density be Jl’

.the resulting potential distribution throdghout the volume be ¢1 and

—

the eonductivity 8 - At the same. time t, let the corresponding

parameters at electrodes C and D be J2, ¢2 and 8ye The divergence

-

- theorem states that

A

o Vadv= [ Ads - o 4.16
. |

[ _ .
If A is replaced by ¢2J1 in equation 4.16, equation.4.17 results

Vflv'(¢2J1)dV'va $(743))4+3;90,v = BI'¢EJ1'dsI 4.7

[3




Flgure 4.8. Volume Conductor with a tetrapolar
electrode configuration

.85
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! |
| '
Since there are no current sources within the %1une v J =0 and

| . " "
v{ 3 V¢2dv‘- ef ¢,3, ds . 2- ‘ 4.18a
i 4

In the same way
3 ' N ,‘ “ .
vl 3, Ve = f 60,0 ds 'f - =77 4.18b
\ ¥ o 1
{

[ 3

From 4.18a and b one obtains‘

i
|
il
i
i
i

3 »
vl (8281070, T8, av = [ (8,3;~0,9,)ds 49
' ! J
now g, = 8, = 8 ‘ '
Therefore i
{
SI (¢2J1 - ¢1J2)d8 = 0 ' i 4.20

1
b

. P /_T\\\\\
Equation 4.20 is essentially a statement of the reciprocity theorem. \\S;
'By considering a different time t' at electqodes A and B Lehr [41] )

showed that

(
{
i
l
[

‘vf - 8g(Ve)" - 89))dv = - Boop (<Ti) ‘ | 4,21

i
i

where Ag = g~g' and A¢CD'$2-¢2

Dividing both sides of equation 4.21 by IAB.ICb'gives

. \ i
Ve.' Ve, . B¢ b :
-VIAS"TL'Tz_dv.ICD‘(-A?: 4.22
AB CcDh cD
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Pl Gaatric impedance, 11ke . all bioimpedauce 18 compOsed of cwo

‘ bt Co B . -
N *
oo

*Equation &.22x known as Geselowitz's equation [28] essentially

. stutes that the inpoogncc\chcnge, _ £ vithin the volume conductor 1s

pvoportional to the \chonge in potential A@ cp at cthe,_measuriog

electrodeo CD when the current 1! képt constant. This is' the basis of

" the application of the electriccl impedance technique.

)
\
\
\
., ‘ . . <

b 2A DESIGN‘OF THE GASTRIC IMPEDANCE MONITOR

]

parts, namely.. a basal impedance, 6 and a time varyinsz,component,,

2(t). The basal impedance is typ@cally"about 1000 times or mo;e the

value of the time varying comoonent.\\«zven though the, basal. impedance

1s labelled as the DC component, it is worth noting thec its value does

drift' with time £h such a manner fhat it might play havoc‘ with,.che

.

'proper ‘functioning of an impedance monitor if it 48 not pald due

attention in the design of the equipment,

The major components of the instrument are the power supply, the

oscillator and current source, the voltage sensing amplifiers, the

Ay

synchronous detector \and the output circuit. A block diagram of _the
arrangement is shown in figure:4.9, A brief description of the system
follows. * . .

‘A constant current of between 0 and 2 mA rms at- 100 KHz 1s

and 12 from a stable amplitude

»

1

sine wave oscillator through a constant current source. A second peir

supplied to the current electrodes I

of electrodes Ml’ H2 monitors the potential differerice on the torso. - -

.

The 1nput stage of the device is tuned to the oscillation frequency fo

Thia oignal is amplified and detected synchronously with the carrier to

- glve Zg + 2(t).

87
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The basal impedance Z, 1; nulled out by a DC lqve} derived from
the current source and an cuxiliilry dnnodh;gtor that 1u\igcnt1cal to
the one producing Z, + z(t)? Thil'afrgngement eénsures %pat a;y drifts
in the demodulated signal due to amplitude drifts in the oscillator
and/or current source is eliminated Alopﬁaide 24

At this juncture, it is useful to remember that Z(t) comprises of

‘impedance variations due to | ,
1)  blood flow in the region under the electrodea;
2) volume variations due to respiration, .
3) gastric contractile activif&, and
4) motion artifacts. |
The first two are eliminated by low pass filtering;at 15 cpm. Motion
aftif@cto can be reduced by ensuring that the subject remaing as still’
as posaible during ﬁie course of the measurement; What is left is8 a

) ‘ ) ’ -
signal that 1is prop t;ional to gastric 'contractile activity. This

'

signal 1s anﬁlifiedaby an automatic gain control (AGC) section and sent

to the recording devices. B '

OSCILLATOR AND CURRENT SOURCE: | N

.
-

N ‘

. The oscillator is a Wien bridge sine wave generator.. The éircuit,

. will oscillate at that frequency f0 where the phase,df the signal at
AN , ' \
\\\‘the'outputloflAl equals that at A2. This frequency is given by

\\
AN

fo - gp(al.R2.01.02)'°'5 L A  4.23

Oscillation wiliibe\sustained 1f the positive feedback through R1, R2,
Cl and C2 is exactly qugl to the forward gain. This is satisfied if

g gl o : y ¢
R2*"R3"R4"R5 awd C1=C2; in practice, R3 = 1.1R2, R4 and R5. 1In this

A
o
N
N
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'

-design -the frequenéy can be variSd from 90 KHz to 110 ‘KHz with the 20K

\pot included in Rl., See figure 4, 10

The collector current of the transistor Tl is tranaformer coupled

,/
*

to the eurrent eléctrodes. The transformer’provides'patient isolation
and load matching; ‘The current is variable‘from'zero'to SmA rms by
”adjusting pots quand RlO.
| VOLTAGE SENSING AND DETECTION
The "input _stage comprises of “a transformer T2 and an
'instrumentation ;mplifier, A3. The transformer T2 and Bhe capacitor C7

' form‘ a tuned s&age rejecting signals outside of_the 90KHz - to 110KHz
R T

& f‘j ) . ) v . ’ . N ' | 2 >
‘' operating banda ad-A5 provide further gain and amplitude control
. ' .
. through R18. A6 A7 A8 and Q2 and Q3 constitute the detector. R

The oscillator 8 output is fed to the cOmparator A8 which drives
~ an NPN transistor (Q3). The collector of Q3 provides the gating\bignal" t
to the P—channel FET switches Q2 and Q2' (in the auxilliary detector)

For proper operation of the deteétor, the overall<%ain of the

half wave rectified»signal\through‘AG,“ Q2 and A7 should,bejtwice that _

of'the\éain of the input-aignal through A7. That'is R S /7/ o
/
R0, R26 _ R26 e , /
R19 R25 o R24 o ' : )
3 " ' X

The "sum of the two signals at A7‘iaia full wave rectiffed signal that

1s filtered by R26 and Cl2 to ‘give Zy +2(t). . 2 18 nulled out by

0
adjusting the amplitude of the input into the»'auxilliary detector.

‘Balanced conditiun is indicated when both the -yellow and red LEDs, . D7

|
*

and D8 are reducednto a dull glow-or turn on ard off alternately.

"Al2  to. AlS provide a 2-stage 2nd order low pass filtering at 15
7 ) » . . .



93

"¥0133130 ANVITIIXOV
Co2lv 3WN9Id
- . "m“ -Jalll.‘l-
oz
N
= ) . W I0 wouy
4 uy
Ty € a
"9 20 Oh.\
|
B 1

L e




€1y 330914

L T
Wa-dgw
. * J ’m
B o - *133 13S3¥ 010V
i
1 3
muun ] ow bl 4.»1!(
T /— hh )
; 8, o b
2y o l%w..w.. |
e i
L my {
: A A oL
wot 1 ik
o,




‘cpm and a 2-stage an order high pass filtering at 0.1 cpm.

It is important te note that this bank of filters coupléﬁ with
the AGC cause a delay of a few seconds in. the output. Anlestimate of
"this delay 18 made in section A.l. ‘ | |
| A16 to A20 provide further gain and AGC of the signal. § If:"re
signal at the output gets larger than a level determined by the 1M pot
R58, the signal fed back to the comparators Al9 and AZO canse the FET
shiteh‘-Q4 toﬁturn:on and thereby turning on the'integrntor A17.  A17
continues , to integrate until the output falls 'belowvvthe threshold

value. R62 and C26 reset the integrator.

POVER SUPPLY . \\

,The power supply scheme is shgfn in figures 4.14 to' 4 16. Powerff,

18 derived from two. ELPOWER gel type 12 2.6AH batteries. When séitch’

S1 is in the ON position, the batteries ate connected - across the

terminals of the voltage regulators,v A21 and A22 whic supply the +9V

and =9V rails. The emf of the batteries are continuously mofiitored by

: the battery 1level indicator which turns LED D21 on if either of the

vemfs fall below a threshold level set by the zener diodes D15 ad D16

and the potential dividers R69, R72 and R73 R76. Note that in this‘

e

’“position§ithe mains input terminals are interrupted by Sl.
To charge the batteries, Sl has to be in the Charge position and

the 112V receptacle connected to a mains outlet. The charging/circuit

,(figure 4 16) 18~ a flqgt type charger. It provides the dmannfaetnrer

specified  charging current when the battery is low and .maintains a

.float current when the battery is fully charged.

-~

Two units of the gastric impedance monitor were constructed -

't‘_ P
v
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model #GIMI, serial #001 and sodel #GIM2, sertal #002. Both units are
. ceftified by the Canadian SFandards Aaaqciation, ;he‘Alberta Electrical .
frotection Branch and the University of Alberta Hospital as a‘ risk

‘class 2 patient monitoring device (CSA file #A34-893-E1).

See appendix A for further details and the pafgh list.
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5. IN VIVO munmmnr IN HUHANS .

5.1 SIMULTANEOUS NONINVASIVE MEASUREMENT 6? GASTRIC ELECTRICAL

AND CONTRACTILE ACTIVITY i -

To obtain 1nfotmation regarding gastric coltractile activity. the

impedance variations in the regipn above the: stQmach is simultaneously
: |
recorded with GEA. '

4

METHODS , ) . L)

Four disposable Hewlett Packard electrocardiographﬁj

electrodes (type 14445C) are placed on the aubjects torso just'™a
the gastric antrum as shown in figure 4.1. A 2'mA rms 100 KHz current

is 1injected 1intQ the 8kin above the stomach via the two outer ECG
o . S

electrodes. The current is supplied from the battery operated constant
p

current source that is transformer coupled to the electrodes. See

section 4.2A, - The other pair of ECG electrodes is used to recordxfthe )

potential drop on the skin. This potential drop has the ‘following',

Ty
g,

components:

1), GEA

' A
2) A(t)coswt, where w-2ﬂ(105) Rad/sec and A(t) depends on

(amongst others) the contractile state of the antrum.
3) ECG

The potential seen at the monitoring electrodes M M

17- My 18

processed as follows.

\

a) Low pass filtering at a cut' off frequency of 0.159 Hz ylelds

the GEA. This reduces ECG and respiratory artifacts without removing

A}

possible incidenées of tachygastria.

ﬁ) The 100 KHz signal 1s sychronously demodulated to obtain the

basal 1impedance Z0 and the time varying iupedance z(t). The basal

v

100
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1mpe&ance 15’ qplled4‘out by adjusting the NULL knob» on the \b‘stric
Impedance Monitor. . | ‘ . . )
Both the GEA and Z(t) are sampled at a rfte-df 2 Hz and digifized
dn’in IBM AT personal compﬁter through a Lab MasterR.ZOOOOS 12 bit, 8
channel A—to;D‘converter‘manufactured by Sciéntific Sblutions‘Iﬁc..,The
two chahnels are analysed on the IB& and an Amdahl 470/V7 main frame
‘congﬁtef; Thrée dimensional pow;r ‘;peétra are generated and
ctosacorreiation'analysis‘13 performed. °, . |
| RESULTS F | |
In 25 éut of 27 channels. on 27 healthy‘volunteérl:s and in 10 aut
- of 12 channels on 4 patienta; excellent records of the transcutéheous

4

GEA were qbtained.

In 21 Qut of 27 healthy voluﬂteera and.in 1 out of é patients,
good records of the impedance signal were obtained. “ These results are
. tabulated in table 5.1. A record is presumed "good” if GEA can be
detected by visual inspection in 50% of the time constituting the total

recording duration. Examples are shown in figures 5.la and' b. ‘Figutes

5.l1a and' b show strong phasic contractions (CH2) accompany each* cycle

of the ECA (CHl1). This and the fact that both records were made in

+

fasted subjects.suggest that the records were excerpts from the phase
I1I of a migraiing motor complex (MMC) ({60} 7

In figure 5.1b, the phase shift between channels 1 and 2 is

clearly nat zero.. This is because the impedance signal is delayed an

“average of 10.55+3.39 seconds.

"

The electriéal activity is recorded étﬁan average ‘;requgncy of

2.9 + 0.22 cpm about 78.751 of the time And‘thevimpedance aignal'at the .

same frequency éécurs onlylgpring part of the tlma}depending .on the
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patient.

The mean frequency indicated for the impedance signal in .

table 5.1 is calculated for those periods with at least 3 cycles of

-~
contractile activity following each other.

Figures 5.2a and b show

typical power spectral of the GEA and impedance signals respectively.

The ctoss-correlqiion of the impedance of the'impednnce and the

"electrical sigpals is shown in figure55.3. The Lorrelation coefficient

of two noiai'éQtrup:-d signals is always less

their SNR's.

1mp11ea'contract11e activity,

"If we assume for instance that a coefficient .of 0.3

t

han unity depending on

*

%

then there are contractions 49.5% of :he.\\\\

time in the record shown 1n figure 5.3b.

TABLE 5.1

e RESULTS OF TRANSCUTANEOUS MEASUREMENT OF GASTRIC ELECTRICAL

v oA

AND CONTRACTILE ACTIVITY

ACTIVITY bt 1T T ™ £ (cpn)
(Minutes)
ELECTRICAL 26 24 92.3 1685 1327 78.75 2,95 + 0.22
' : .
IMPEDANCE 26 20 76.9. 1122 . 401.5 35.78 2.91 1'0.4
4o - Total number of participants
# = Number of succegses ;
T, - Total recording duration in minutes
' a
T = Duration with GEA in minutes
#$2. - “%— »100%
0 .
T R 4

0
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5.2 SIMULTANEOUS MEASUREHENT OF INTRAGASTRIC PRESSURE AND'NQNINVASIVE.

GASTRIC EbECTRICALAAND CONTRACTILE ACTIVITY
 OBJECTIVE: | i

| To compare intragaatric luminal pressure measurements with

variations in gastric electrical impedance measured from 'the torso

»

| ‘surface.

METHOD AND MATERIALS'
1Mgaeuremente were made_on 9 heelthy maledand temale_volunteérs
. ranging in ‘age from 19 to‘30 yenra old. 'Potentiall§ pregnant females
_were excluded from the study, .t R |

‘Subjects uere fabted for 8 to 12 hours prior to commencement of
the 5experiment; E The ‘back of the subjects throat was sprayed>with a
ny10caine mist \to reduce the gagging reflex. After the throat was
numb; the transmucoaal electrode described in section 3. 1 with a PE-60
1 #7416 Intramedic polyethylene tubing manufactured .by Clay Adams taped
toj its side wée'introduced intb‘thelstomaeh through'thé‘ mouth. The
.assembly was positionedtin.the antrum, by fluoroscopy.

The PE-60 tubing was connected to a manouetryépump to monitor the
intraluminelipresaure.' The device forces water at a trickle pacelinto ”
.’the stomach through the opening at the end of ‘the tubing. The pressune S
required to keep the water flowing at a slow but steady rate was‘
" recorded through a Beckmann R611 recorder.

The leads from the intraluminal electrodes were also. connected
' to different channels on thé same recorder.
.rFour otdinét? Hewlett Packa?d ECG electrodes, . type 144450 were

attached to the surface of the subjects torso as shown in figure 5 4.‘

The electrodes vere arranged to be approximately colinear above the,

«
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Figiyg 5.4 Electrode Pos_%ti'ons.



"
*
. v

ﬁfojection of the antral axis on ;he.skin [43] and spaced about 8 :0‘12
éﬁfcapart. Thé#e‘ tétr;polar ‘eiéctricai‘impedaﬂce"electrodes wé:e
cdnnected“_to‘ the proper terminals on the gastric impedance moritor.
See fiéures 4.1 and 4.9. Switch 51 on the device wﬁs flipped to the ON

. p&dition. After about 60 seconds, the basal 1mpedancé was nulled out

with the NULL knob on the ffont.panel. The"aubject was instructed to

' 1lde as still as poasibie while measurement proceeded for about 30 to 45

_minutes. The,'impedance variations were recorded on the Beckmann

Y
recorder. : ©

-The output of the Beckmann reéoidér was also coupled to the

13

- digital signal acquisitibn‘syétem described in section 2.3.
' RESULTSVAND.DISCUSSIONE

Figure 5.5a, b adﬁ c, show the.tranécutaneous GEA (ch. 1, the

o

1mpedaﬁce signal (ch. 2) and the intraluminal pressure (ch. 3) 91gnalé .

in three different records. .

The EGG occurs at a frequency of 2.9. cpm in figure 5.5a and 3.0

épm in figure,rs.Sb; As has been shown in section 5.1, there is

cé;relation bgtween ‘4the GEA ‘and the 1¥pedancé -sglgnal., - Visual
inspection 'of channels 2 apd 3 also éuggest tha£ there 13-\correlétion
betweén the infraluminal préssure énd the impedance dériVed'éontractilé
_activiﬁy. In figure 5.5c, gorrelation between the intragastric

.ptessuréf recorded and the ‘extracorporal iampedance may be visually

verified: over an 8 minute period. Figure 5.6 shdws the correlation

Vrg,

S .
correlated in the region of 3 cpm in this plot.

Table /5.2 shows the results of these‘exﬁeriments in tabular ford.

'I‘Pz indicates in pinuteé,:hoﬁ,often contractile activity is detedted on

plot for channels 2 and 3 for a typical record. The two signals are

109
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both the 1mgedance' channel and the intraluminal pteaadre channel

simultaneouslf. This turns out to be 70% of 'the total duration for

4

TABLE 5.2
RESULTS OF TRANSCUTANEOUS IMPEDANCE AND INTRAGASTRIC

" PRESSURE MEASUREMENTS
3

#0 # . TO ‘TP TZ\ TPZ . P ZX

(Minutes) .

9 7 5 531 141.5 154.9 99.5 70.32 64.23

s
!

0 Tota15number.of participants,

+ # - Number of successes

TO - Total recording dura;ion>in minutes &

TP - Duration with contractions indicated on the Intraﬁastric

| Pressure channel (in minutes) ‘

T, = Duration with contractions 1ndicated.qn\£2f ﬁmpedance
channel (in minutes)' ‘

TPZ- Duration with contractidns indicated simulﬁaneously on
both the intfagastric pressure and impédance chﬁnnels (in
minutes) ‘

PX - ;ﬂ . 1002 , |

P
. _Tpz
ZZ® 190%

which contractile activity is indicated on the pressure sensor. This



means that the extracorporal impedance technique mirrors - the

’

,41ntfaluminal preasﬁre 70% of the time in this study.

However, 'it“ia not‘uncommon to aeé signals of some sort on the.
impedance channel wi;hout ‘she same ahowiﬁg up sn the 1ntr;1uminal
pressure sensor. This mAj be due to @ variety of reasons.

1. The amplitude of the signal may not be large enough to

register as a detectable change 1in the intraluminal

pressure. ‘3
2. Tﬁe transference of anttal.contrgctions into a change in the
intraluminal pressure senaedu$yjéﬁe“§etfused catheter 1is
oniy efficient when both the lowep pegéphageal and pyloric
, sphincters are closed. Thig coédition is8 not always
satisfied throughout the duration of an experiment. [18]
3. The contractile activity quisfcur at’ some distance from the
opening in the perfused catheter and therefore not register
‘onl the sensor. The impedance channel on tﬁe otter hand,
sees a global pilcture of thg area under the éiec;rodes and
therefore picks up the activity. |
4. Since the 1impedance channel pdnitors the activity over a
 larger area than the catheter does, the catheter may be
rigﬁt in not picking up tﬁe signal if.it arises from some
' other organ such as the large bowel. ‘
It is not all that épsy to sort out thesevconfusing alternatives.
¢V%§gr one thing, the intraluminal pressure method is somewhat suSpect
even thoughAit 1s presently the state.of tﬁe art in the assessﬁent ‘of

gastric motility. This means that the impedance method is compared to

another method that is in 1tse1f prone to errors.
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i . 6. DISCUSSION |
6.1 MODEL OF GASTRIC ELECTRICAL ACTIVITY | ..

-

Figure 4.Gayis a plot of the calculated potential at the skin for
L v ‘ . . : i
electrode positions MI(A,160°,.3) and HZ(A;60.0°..292), with ‘Mz

designét?d as the heutral electrode. The’difference in the slope 'of
the rising and falling edéea of both plots 4is perhaps the most
‘ important feature of this model aa'fa; as th%g study 1is goncerned.' It
. 18" important to note from the onset that the relative positions of the
neutral and active electrédea are very important in the following

. 4 *
results and conclusions.

P

The rising slope of the slow wave for am aborally proﬁ&gating Sb

. ‘ ; _
is steeper than the falling edge i.e. v 1. The opposite is the case

for the retrograde SD source in the mo&ei, Y<1. Figures 4.7§ and b

- ~

show experimental extracorporal measurements of GEA that are similar 1in

wave shape to those calculated in the model (figurea“b.GA‘and b).

Aence, one may be able to tell the direction ofﬁpfOpggation, of
aﬂtral electrical and consequently, 'cpnkractile waves by ihsééétign of
the wave shape of EGGs. The proviso being that the electfode positi&ﬁn\‘
are very important. For one thing, if their positions relative to each

_ other are switched, the results have to be interptetédv backwards as
discussed earlieg. vPerhaps_more imporfant than this is the fact that
the SNR of the EGG depends a é;;at deal OL the electrode positions
[43]. If the recorded signal 1is seiiousl; corrupted by ECG,
respiratory and other artifacts, interpretation of its-ane shape may

ﬁiﬁt yield 1nf9imatiop regﬁrding fhé direction of ptopggation or worse

!

still, be misleading. Such casés are covered further in section 6.3.

, dv v,
It 1is worth noting that values of 3{11 "Eflt ,4594/7 wvere

obtained in this study without any particular attention being paid to

116
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the contractile state of the atomach at the time of the experiment,

Joseph H. Szurszewski reported that gastrin (017) and acetylcholine
(A¢h) increased the umplituQe and duration of the plateau potential : in
| his study [60]. One effect of this i a decrease in the duration
from the plateau potential t§ the rest or|baa§ potentiil. This implies
an increase in %%Itand consequently a decrease invYy.

‘ MiFriizi and Scafoglieri [43] reported that the optiﬁhl aiénal is
obtained-.in humanvtranscutaneoua EGG with eleétrodes lined up above the
antral axis. This is'tested in the model by calculating the surface
potential from an array of elecdtrodes. The active electrodes are
located at MI(A.ISS.OO,zJ) and | the neutral electrodés' at
HZ(A.60.0°,zJ). j-l,Z,..;,ZS as shown 1n_figu:e 6.1. In figure G.é the
paﬁér in the c&l;ulated slow waves is plotted against the electrode
poai;ion z. Figure 6.2 shows‘that the power in the élow wave reaches a
: ma;imum when the two ;lectrodes are lined up ébové the L d;;cfete

escillating regfsha representing the antrum.

L

6.2 COMPARISON OF EXTRACORPORAL AND TRANSMUCOSAL ELECTRO-
(GASTROGRAMS | |

Extracorporal EGG was recorded from 3 électrodes and a neutral
spaced 3 cm apart and colinear above the antral agfh as shown in figure
6.3. Intraluminal EGG}s were also simultaneously reéorded as discussed
earlier. Figure 6.4 is typical of,suéh recbrds:

‘Table 6.1 shows values of 6' and em where 9; is 6 averaged over 6
slow wave cycles.centered'around the 256 sample frﬁme constituting the

crosscorrelatioh in a particular record.
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~ Figure 6.1 |

. Electrode Positons for Array Calculation
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Figure 6.3
Electrode positions
1,2,3, & N on the skin
4,56 &T'ihtra‘lumi)nalw ‘_
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Figures.4

Record of-Simultaneous Extracorporal ank?’ Intraluminal EGGs
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TABLE 6.1

—-—— -

. PHASE SHIFT BETWEEN CHS. IN DEGREES

EXTERNAL (d=3 cm) INTRALUMINAL (d=2. cm)
1% 2  2%3  sx6 67 7%8
6. - 6.0 -10.0  142.5 76,8 55,4
RGN 0 | 0 140 86.7 50
~ - -
\
L

In all good repords,‘both the exﬁracorporai and'Intrq;uminal EGGs
occurred 'af the lsame ffequenéy_ (mean 2.96 + 0.22 cpm for the
intraluminal records and 2.98 i)0.3 cpﬁ for the extracorporal rétords).
' Figure ' 6.5a and b show power speétruﬁ plots for»th;,extracorporgl qnd
the intralumina1 records respectively. The dominant frehuencieglmay be
obtaiﬁed from the 2-D plots while the 3-D plots show ﬁe'
variations (if ;ny) in the domiﬁant frequenc;es.vﬁyfhe;fact that tley

are of the same origin cbuld be shown by érosecorrelag¥éh {10].
. . o : )
The average amplitude of the intraluminal signal was 1.2 f;bfé-mv

whiie‘that of the extracorporal signal was 0.07 + 0.01 mv.

3 L] N

No discernable coupling was noticeable in the extracorporal EGGs

whereasvcoupling,' phase shift .and direction of propagation information

" could be extracted from the intraluminal records both visually and by

122

crosscorrelation. This 1is reflected’ 1in the average phase angies o

recorded. ¥
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4. , ‘nul i . ,
The average phase angle seen in normal subjects with the

intraluminal method was 46.8 /cm + 15. 6

6.3 EXPANSIONS ( .‘ | ‘

‘The 1ast' five chaptere encompaased the scope of the present-
study. - Possible improvements amd/or,expaneions of some”of'the areaaV‘
‘are examined in this(aectiom. o

a) |

o

In developing the mathematical model of the GEA, the primary-aim
was to extract information regarding the direction of propagation from‘
the wave shape. Therefore, particular attention has not been paid to
the ahsolute amplitude of the signals. By thie, ‘one infers that dc

errors may exist in the amplitude of the calcul:fed signal.

A more rigorous solution of the problem posed {n section 4.1 can
be attempted. However, such a solution cannot be expreesed in cloeed_
form'and‘will therefore have tg be: evaluated by numerical methods. The
relative increase in the machine time required for the computation will
be astronomical. ‘

Finally, the "hest fit” valuea of‘P(P. Pe,P') and 2, depend a
great .deal on the SNR of the values yj to which they ‘are fitted (see‘ﬁ'
section 4.1). Unfortunately, transcutaneous GEA cannot be measured as
accurately ‘as‘ the ECG because of the corrupting ECG and. respiration
aignala: ?igure 6.6a and b show a typical trace of transcutaneous GEA
and its‘FFT'derived,power spectrum respectively. Reapiratory and ECGf'
artifacts often corrupt thesé records as is quite evident from the

records shown thrOughout this study} The ratio of the power in the 3.1-
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cycles/minute signal (GEA) to that of the power in the respiratory

component at 13.7 cpm 18 'l to 0.42. This can play havoc with the

véonvergenée’ and/or accuracy of the finite difference Levenberg-

e
Marquardt algorithm employed to deteérmine the model parameters. A way
rbund this noise problem might be to apply‘thg,différence élgorithm “to

b

. a flltered version of the measured signal. On the other hand, one

mighﬁ optimize the model parameters with the power in the fundamental
and first few harmonics of the measured signal. | .

b) ’
In | the determination of the direction of prop;gation from the
~ 8lope of measured waveforms, it is essen;iél that ‘the signal possess a
high SNR. Adapfive filtering of the recorded signal in the region of
s .
GEA may be cohsidered. This has the advantage of
1) improving tbé SNR without apriori knowledge of the signal,
2) tfacking the signal when the frequency drifts (which an

ordinary band_pasﬁ filter wili.not do unless its parémet?rs
. are changed exteréally).
c) | ,

- It 118 conceivable that the direction Ahd velocity of proﬁagation
of‘»contraction' waves may be extracéed directly from measurements of
extraéorporal electrical impedance. To do this, the impedancé monitor
needs to'.be equipped w;th more than one channel; That 1is, the
impedance méy be monitqre& at‘sayvthree eleétrddes Ml, Mz énd M3 to
'cpéstitute‘ a 2 channel device with the same current electrodes I1 and
~12.

then be determined in the same manner that the direction and velocity

ofvprOpagation is determined in multi site EGG measurements.

~ The direction and velocity of propagation of contraction waves may'
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6.4 CONCLUSIONS.

In this seétion, a b?ief summary of what has been ac;onplished‘in
this study is p;esented. |
1. We have developed a hybrid eléctrode formed on a stainlesa steel
base. In studies requiring the implantation of'electrodes in animals
and‘hdman beiﬁgs, the overriding safety Eoncerps often neceaaitaye the
use vdf the stronger metals (stainless steel and'platinum) rathér‘;thqn
the silver—silver chloride electrode with its lower electrode impedance
and noise. The hybrid elestro§e develo#ed 1n’this‘s£udy (section 2.2B)
combinegx the mechanical Qtﬁeégth of the atainiess.steel electrode with
the goo&fimpedance\and noise'prpperties of the Ag-AgCl electrode. Such

an électro&e could beuinvgluablefin long duration in vivo studies.

2. The intraluminal electrodé’hsgembly developed in this afudy and
reported in éhapter ‘3 has two mainxadyantages over’ eimiiar devices
[1,10,26] reported gordate.~

a) Its uniquevdesign precludes possible separation of the mucosa"

ftom the muscle‘wail due to shction; This repﬁlts in a gbod SNR.

b) It makes it possible to study myogenic,potentiallat four Ievenly.
spaced sites .simultaneohgly. : Tﬁerefore, information regarding thé
difeétion of propagation of the ﬁxogenic potegtial, coupling bgtween
the four ’ple sites aﬁd thé velocv‘ity of” profmgationﬁay be extracted
from measurements made yith this probg.

3. The kimportance of gastric ﬁptor function 1in digestion and

emptying has been elucidated at lengthﬁ Studies of the motor activity

are‘ often made invasively as in the’ perfused catheter (nethod of

‘monitoring intragastric pressure. Thg,,féw noninvasive‘ techniques

N
hitherto reported often involve complex instrumentation as in x-rays or -

" ultrasound.
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In this study, a new noninvasive techﬁique is developed. The:

technique'haa the following advantages
a) It is noninvasive‘ | £ ’
b) It requires simulténeouﬁ ﬁeasureﬁent of EGG which in itself
may aid in the diagnosis of certain gastric conditions{?L

¢) The instrumentation involved is relatively simple

d) The cost of comstructing a unit of the design is only about

$270 and 35 technician man-hours
Such a system may find applicafion in the study of gastric

motility and 1in the clinical diagnosis of particular gastric motor

' dysfunctions.
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APPENDIX A
‘ 'SETTING UP THE IMPEDANCE MONIle
Power Supply: | |
Start with tha charger; . ‘
Step 1 o , . , (

Diacooneot the terminals from ‘the batteries. replace aach:
battery with a 1Kohm, 1 Watt resistor. This reprefents,the approximate
‘1hterna1 resistance that the gel cells presenﬁ to the charger. Insert
the mains cable into the socket provided at the back of the instrument.
Tgfn the power switch (Sl in figuae Alﬁ) to the CHARGE position. ' The
oha;ge LED%%hould light up. Check to see fhat ﬁhe aecondary voltage at
the {ransfofmer 1s 16V AC. put e voltmetet ‘across thes 1K load and
adjust pot R88 till the voltage reads 13 2V or whatever the charging
voltage for the battevy installed 18. Turn the power switch off. .

Step 2 ° | X | |

Now oiacoonect the 1K load and reoonnect the batteries, insertlng

. an ammeter in the circuit to monitor the- charging current.  Turn 'the
power switch back to th GE poaition. The Gel cell employed'in this

. instrument is a 12v, 2.‘:§H::powerR battery. Its 20'houf discharge rate
1s 130'hA. When ‘the battery is flat (6 to 10V), ‘the inftial charging
&L Therefore

‘current should be about 3 to 4 tl;%g the 20H discharge rate.

the ammeter:should ragister'between 340 mA and 512 mA. If the current

1

- 1s much hlgheg‘than this, either'redoce the charging voltage following

t

the prOcedure in-atep 1 or_incréase the regulating resistance R85 in-

'flgure b, 16.

Charging ahould take about 12 to 18 hours. When the battery 1is

)

fully charged, the charging current (termed float current) should be .

y PR 138.



‘about 10 percent of\the'ZOHidischarge rate; that is about 13 mA.  Th1a

concludes the test on the charger. Turn the power switch off ando

: |
disconnect all the meters hsed in the test.

Step 3
" Turn the power switch to the ON position: thg ON LED shbuld light
up. Check to . see that the réguléfed supplies read =9V and 49V DC
h - ;
respectively. If not, adjust the regulating pots R64 and R66. Put a
.scope on each supply and verify that tﬁe AC gipple is 1esse£ than 5%.
Otherwise chéck the filtering Eangaluh capac;iors €27 to C30 on the

regulators shown in the power supply circuit.

Step 4

Oscillator and Current Source: v * v‘

Connect a 100 ohm resistor across the curreat source, 1i.e. at

terminals I and I,. Put a scope on the 100 ohm. resistor and adjust

pot Rl until thé frequency of the signal is 100 KHz or whatever else
the®desired frequency is in gﬁe range 90 KHz to 110 KHz. Adjust pot R6
Ungil thé-ﬁolfage indicated shows the éurrent that‘is desired 1.e;: 100
mv  for lmA rms 200 mV for 2 mA. Change the 106 ohm 1o§d to 200 and
then.SOO. Verify that the current gegulation obtained is 2%‘6t'better.
Step 5 | |
Input Circuit:

¥
Connect up the test ‘circuit of figure Al. Check that the voltage

at pin 12 of the instrumentation amplifier (A3) is about 3 to 4 times

the voltage across the input resistor (this depende on the turns ratio

of,&ransfprmer T2) and that the aignal‘does not saturate, Repeat this

procedure for the op-amps A4 and AS5S. A4 should have a gain‘of 10 and

AS's gain is variable by way of pot R18. Check that the signal at pin
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6 of A6 is not saturated.
Step 6
Now connect up the circuit of figure A2 Qhere the'dfiving signal
V8 is a square wave of ;bo?t 1 to 10 cpm. Make sure that its amplitudé
is large enough to drive the relay employed. The‘signal at M1 and M2
should now be a; gmplitude modulg;ed signal at 6.5% modulation.
Nowléheck the output signal 2y + 2(t) at bin 6 of A7. It should

be a M level when the relay is not operated. It may be nulled to zero

" by adjusting pot R10 on the front panel. (If this is a first run, you

might need'tp first null it to zero with the coarse adjﬁst pot, -R18 on

the auxilliary detector.) The NULL LEDs on the front 'panel will

¢ v , : .
indicate a balanced or near balanced condition by 1lighting up

alternately at the slightest. touch on the adjusting pot. Now switch on
the modulating signal.  The output éhould follow the relay with a time
delay of ‘a few seconds determined by the filters. The amplitude of the

»

output . should be at least 5 volts for a 0.5 ohm modulating resitor in

figurg K;.' 0f course this amplitude can be adjusted with BQitch S2 on
.the front panel.

This conciudesvthe general testing routine that éa£ also be used
‘to trouble shoot the system. .

Step 7 '

This is the last step, required to set the system up for patient
monitoriug:i_‘Like the rest of the test routing, it only need be run 1if
one a@juats any of the g#in pots in tﬁe interior of the box. Otherwise,
the operating ﬁoint should be in the lineaf range for the demodulator.

Attach four ECG electrodes to the torso as described in the text

for patient monitoring. Conhect up the terminals Il, 12, Ml and'M2 as

*

(e}
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suggested. Adjust the gains and/or the current to the deairedw limits

.without saturation to the input amplifiers.

uAyI' RESPONSE TIME OF THE IMPEDANCE MONITOR

- In section 5.1, the mean delay introduced by the 1impedance

monitor obtained by inspection of the experimental meéasurements is
10.55:}.39 seconds. to determine the delay introduced into a test
signal Vs, the test ar:angemént of figure A2 was employed. The signal

V; was monitored by a dc coubled Beckmann recorder between “the diode
. - i ‘

b

and the relay. The test signal was set at a frequency of 4.3 cpm. At

™~ o : i :
a time tO’ the test signal was switched on to drive the relayyh The

;outbnt of the 1mpedahce monit&r monitored by é second dc coupled

channel on the Beckmann recorder remained, zero until a time t This

10

142

implies a delay of 2.8 seconds (see figure A3). The test -signal wag“w-k

switched off at a time ts. The time t2 at which the .impedance monitor
responded to this control was determined by comparing the decaying
waveform to that in the preceeding cycles. The delay was determined to

be 2.8 seconds.

! ’ ! !

- We therefore conclude that the monitor introduced a delay of 2.8

seconds.

It isr‘importént to note that this figure may be off by several
milliseconds. This i; due to the fact that the relay modulat£ng the
input current probably did not switch at t0 or £8. The value of:VB at
the;e.instaqts may no; be at thisth;eshold at thch the relay responds.

This 1s because the input square wave has a finite rise time as

indicated in figure A3.
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A,2 PARTS LIST

OSCILLATOR AND CURRENT SOURCE

»

Al,A2 LF356 '
' c1,Cc2 " 330 pF,'GOV

3,66 - 0.1uF, 60V

D1,D2 L IN9l4

Ql . 2N44O03 .

Tl 101F

"y

VOLTACE SENSING AND DETECTION CIRCUIT

A3 AD521 JD

Ab,....,A6 LF351 )
A7,A9,A11 LF3 o

A8 | 311 ‘

Al0 741
‘D3,D4 IN914

D5,D6 5.6V ZENER

D7,D8 LED I

Qi ‘ 2N4401

Q3 INS5461

T2 LA2511, MULLARD

144
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OUTPUT AND AUTO RESET CIRCUIT .

Al2 to A15 LF351 . s
A8 to A20 a1 .
| REGULATORS AND CHARGERS -
A2l LM317T ' X
A22 LM337T

A23,A24,A25 - 74)
Batteries . 2 ElpowerR 2.6AH, 12V Gell cell \ i
D13,021,027  LED i "

D14,D22 to D25 1IN4005

- D15,D16 9V ZENER m
D17,D18,D26 2%5V,5.6V ZENER | g ' . St
D19,D20 7V ZENER Ce L



APPENDIX B

CONSTRUCTION OF THE INTRALUMINAL ELECTRODE

-

Materials Required'
Gastric'tube (Levipe type #900~51)
'Polyethy;ené tubing: ¢ = 3mm
Heat shrinkable tubing: ¢ - 2mm
Silver wire: ¢ = lmm

Tetrahydrofufan

4 strands 32 gauge stranded pick-up cable

Super glue “\

SN

Tﬁe mucosal electrode described in section 3.1 is made out of a

Levine type stomach tube #900-51 manufactured by Cgtter (Canada) Ltd.

This g tube has 4 oval holes cut into its distal end from the

factory. The holes are 2 cm apart onvalternating sides of the tube.

-

Widen the two holes on each sideoof the tube and cut t*g more to obtain

¢ ?l
*

s [S
R

thy holes (A) and (B). .Do not throw away pleces clit From the tubing.
C e "
| S.“oﬁk,., t;h

7.5!;'

dﬁtained will be used to seal holes 'in the finished product.

sz’,i,;

in tetrahyrofuran in-a little bottle. The tubber solution so

e Cut out  rubber membranes (M) (slightly larger than the holes

» (A)) on which the electrodes should be mounted with cement. Make &
-vAg/AgCl electrodes of the type described by Kingma et. al. [35] by
‘l'replacing the”capillary tubing .12 ;&Eir description with heat
‘;hrinkable tubing. Dimension the electrodes to-be flush with the
surfaceo of the tube at openings (B). _ Cement the electrode-membrane

;sagmbly on to the holes (A). |
Uaing the dissol§ed rubber, seal off the end, of the tube

completely. Upoﬁ application of a light v%guum (25 cm HZO), the

. N
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.

mumbranes

(M) deformed inwards causing

S

outwards. In tﬂis vay good contact with

smooth muscle tissue could be made,

‘ .
»

-~
ﬁ‘l

/

the electrodes. to - be

the mﬁtOSs pressed against the

T

F N

pushed ’



