14692 S

.* ~ National Library Bibliothéque nationale
of Canada duCanada o -
Canadian Theses Division  Division des théses canadienne‘é'ﬂ ~ :
Ottawa, Canada
K1A ON4 )
. O
i . S
PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER
o Please print or type —Ecrire en lettres moulées ou dactylographier
L]
Full Name of Author — Nom complet de l'auteur
"Date of Birth — Date de_ naissance ) ' Country of Birth — Lieu dj’ naissance
Ta%ua-f// : 6*(‘ ' /9£/9 CH/LE .
Permanent Address — Résidence fixe . v _ : ’
262 — (o1 L8B3 Aoe .
: ‘ >
Title of Thesis — Titre dé Ia these .
.?jm.o;l‘sés ‘ eceo‘[vif—a-/l acd p 8s, 0 3 PO G!!hug
\.' ‘\/\\JMO-W C/o[fo‘ﬂ/l . . .
\\ : e
University — Université Co
Degree fér which thesis was presented — Grade pour lequel cette thése fut présentée
Year this degree conferred — Année d’'obtention de ce grade Name of Supervisor — Nom du directeur de thése -
¢ ) - . ) :
: Permission is hereby granted to the NATIONAL LIBRARY OF ‘ L'éutorisation est, par la p?ésente, accordée  la BIBLIOTHE-
~ .CANADA to microfilm this thesis and to lend or sell copies of QUE NATIONALE DU CANADA. de microfiimer cette thése et de
the fitm. - S " préter ou de vendre des exemplaires du film. -
The author re’servgs.othér publication rights, and neithes the ' L'aut_éqr se réserve les autres droits de publication; ni la thase
~-thesis nor extensive extracts from it may be printed or other- - ni de dongs extraits de celle-ci ne doivent 8tre imprimés ou
wise reprqduced without the author's written permission. "autrement reproduits sans |'autorisation écrite de l'auteur.
. . 3 A . ! K . N .
Date - . : L .~ -~ { signature g
| My.-- 6’ 1980

LI

et L L E et



~

l* Nanonallerary of Canada

Cotllections Development Branch

Canadian Theses on .
- Microfiche Service

W,

sur microfiche

NOTICE

The quality of this rhicrofiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction possible.

]

- If pages are missing, contact the university which

granted the degree.

. Some pages may have indistinct print especially
if the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

Previously copvnghted materuals (journal amcies, 5

pubhshed tests, etc.) are not filmed.

Reproduction in full or in part of thls film is gov-
ermed by the Canadian Copyright Act, R.S.C. 1970,
c.. C-30. Please read the authorization forms ‘which
accompany this thesis.

~ THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

o
N

"Ottawa, Canada .
KIAONS - .

e e A TR 24 T AT THCT

-de reproductuon

o re e i DT i g s TR R £

Bibliothéque nationale du Canada
Direction du développement des collections

Service des théses canadiermes

AVIS

: : . . -
La qualité de cette: microfiche dépend grandement de
la qualité de la thése soumise au microfilmage. Nous
avons tout’ fait pour assurer une quallté supéneure__

A
<

Sl -manque des pages, veuillez communiquer
avec l'université qui a conféré le grade.

La qualité d’impression de certaines pages peut
laisser a désirer, suftout si les pages: originales ont été
dactylographiées a I'aide d'un ruban usé ou si l'univer-
sité nous a fait parvenir une photocople de mauvaise
quallte
Les documents qui font déja l'objet d’un droit
d’auteur (articles de revue, exameéns publiés, etc.) ne
sont pas microfilmés.

~. La reproduction, méme partielle, de ce microfilm
est soumise & la Loi canadienne sur le droit d’auteur,
SRC 1970, c. C-30. Veuillez prendre connaissance des’
formules d’autorisation qui accompagnent cette thése.

LA THESE A ETE
MlCROFlLMéE TELLE QUE
NOUS L'AVONS RECUE g

" NL-339'(Rev: 8/80)

SRR RS



“University of Alberta -

;/.— v)ﬂ'\,éé
‘\ i ,j x.)g?i,) .
g a
. 4
= Y THE UNIVERSITY OF ALBERTA

-

ANALYSIS OF ELECTRICAL AND - PRESSURE SIGNALS OF THE HUMAN
’ COLON

@ “'Cecil H. Bannister

A THesgf | | R
" SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN,PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
OF MASTER OF SCIENCE
| | CIN | o “
B | ELECTRICAL ENGINEERING

. ELECTRICAL ENGINEERING

EDMONTON, ALBERTA
SPRING, 1980



THE-UNIVERSITY OF ALBERTA |
FACULTY OF GRADUATE -STUDIES AND RESEARCH

i P
a . N s :
g S ’ : I

-
. ~N

9
?

e

_ The undersigned certify that they have ‘read, and

recommend to thé Faculty of Gradqate Studies and "ReseAarcr},

for accep'tance, a thesis entitled ..Analysis of _E]géprjg:g] .....
......... and Pressure Signals of the Human Colon. -/ 1.
submitted by ...Cecil H. Bamnister g

-

 in partial fulfilment of the requirements fof t_'he”dé‘gree of

i

M.Sc. in Electrical Engineering. ;7

....‘.I_‘.......'....‘l.ll."...I
. . . ) -

- o

I y

vy



[N
e .
‘;l. ° é" . . - .
,-v' .

.
o
-
o ,
Yo
5

a L

. E

i
. 0 o

. Ar. i

Bel v

v
"
B
.o
T 3
i
v
)
-
¥
Y
B

A mis padres

A mi esposa.



~ ABSTRACT N

Y
Human colon pressure and electrical records are
analysed to determine  some significant features
representativg Cf the cplonic actfvity.

A detailed description of the computer simulétéd

process developed to generate these features is presented.

The definitive feature CQmputétion can be achieved with a

o propbsed dedicated microprocessor based machine.

o

The use of Pattern Recbgnition for the .ba{iéht’s
diseaée identification by means of fhe'éva]d@teq;féétures is

suggested: e
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I. INTRODUCTION

r

For years, 1nvest1gators have been trying to understand
the motor phenomena of the colon without conclus1ve results.
Several_factors have contr1buted to this, part1cularly the
. lack of Untformity in protocols,'senstng)devices'and method
of analysis, together w1th the comp]eX1ty of the organ.

At present the Mot111ty Group of the- Facu]ty of Medical

Sciences, Un1ver51ty of Alberta, is using an arb1trary and

time consumlng method to evaluate the colonic mot1l1ty from_.
‘basal and} post drug co]on1c _pressure records. After‘the
‘reCOPdtngs-are obtained,ithey' are examtned‘ te-_see their
relationship to ‘the ‘patient’s disease or state, ;in'an
attempt to‘use then for diagndstie'nurposes B
The need arises to have rat1onal f1gures of merit that
_ are pea]ly representat1ve of .the colon1c mot111ty and an
effictent and leselttme cdnsuming way of computing. them.
Once . these “new . figures are obtained, ‘a:«methdd to
éystematica]iy‘prbcese them is needed to ensure -@nbiased
results. | | o | _' | |
Some avaiiable 'breesure recdrdsvwitl be Used to;test;
'ihé validity -of those figures. An automatic system. for the
computation of them and the usefof pattern reedgnitien with
| thevpunpose of disease identificatton’abe proposed. S

.yw'
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I1. PATTERN RECOGNITION

Pattern regognition is .a term that refdrs to the
process of ¥ coghizing an Object‘andfidentifyingfit as a.

' member of a certain class, or category. The characteristics,'

or features' of  the obJect const1tute the pattern that is
recogn1zed ‘The pattern is then class1f1ed by comparlng 1ts '

features with those typ1cal of d1fferent pattern classes and

9-choos1ng the mos t clearly correspond1ng class [1 2, 3]
A .

An automated pattern recognizer- takes K pattern as

“input and gces through a process des1gned to aSS1gn a

class1f1cat1on to that pattern This process may be broken~’

down_ “into three d1st1nct subprocesses: measurments,

'process1ng and. c1a551f1cai1od1,,A

The measurement is usually accompl1shed by a transducer

wh1ch accepts the ortglnal 51gna1 and converts 1t to a form

acceptable by the computer For example. in the case of ae

waveform,» the transducer mtght dig1ttze it. The 1nput for b

P -8

’the rest of the recogn1zer would then consist of a sequence

of d1screte measurements (i.egl numbers) representing the

5

- The processor performsGSOme'sort of ‘transformation on

“this set "of measurements te . generate a set of features,
. ,

which 'is- the input to the claSSIfier The procedures;

1nvolved here are. usuallyﬁ feature select1on or feature

‘_extraction Feature select1on cons1sts of choos1ng some of_,

=

L.

R T



the original measurements produced by the transducer to be

- the features used. To‘continue the previous example, the

measurements for a digltized_waveform might. consist of a set

of'power values measured'at regular period intervals from a

7

‘power spectrum. If the power values for certain spec1f1ed )

frequenc1es wene*;o be used as ‘features for classification,

the processor would select those 1ntens1t1es and pass them

to .the. classifier. Feature | extractxon . involves more
processing ;fof: the or1g1nal measurement than a simple
selection In this case the measuremehts are trahsformed in

some way %o yield moreA 1nformat1ve representat1ons For

example features such as average power, energy values, or

number of peaks might be calculated from the power values of

 the waveform Some add1t\onal 1nformatlon is extracted from L

.that present 1n the or191nal set of measures.

The features produced by the processor are used by the.f

class1f1er to dec1de to wh1ch class the pattern belongs. The
means by which this is accomplished usually is called a

‘decision rule. A common example of a decision rule is the

use of  linear disCriminant | funct1ons There is a

' d1scr1m1nant funct1on for every class known to the pattern

‘recognizer. Each function is calculated us1ng the features,

- of the "\pattern, and the class correspondlng “to the

~ max imum-v@ lued discriminant function is. chosen Ihere 1s a

. 'ﬂ-w1de vd%iety of pattern classif1ers in: use, which fall into

Y

v“zthe categor1es of mathemat1cal. stafistical, syntactic, andQ |

heumstic methods [1 2,3, 41 The Kind of pattern classifier

R



to Be. used depends heavily on the characteristics of the

 .features used, as will be seen later.

;
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III. MOTILITY OF THE COLON

\

-7

%

The primary function of the alimentary tract. is _to
provide the body with a¢ continual supply of water,
electrolytes, and nutrients. In order.to achieve this, _food
must  bev moved along the a]imqnfary tract at an appropriate '

. rate for the digestive and absorptive functions to take

place;

A. CHARACTERISTICS OF THE INTESTINAL WALL . _

The motor functfons of the gut are pérformed py_the
different Jayers of~shooth muscle. Fidhre 1 illustrates a
' typical section of the_ intestinal wall, showing the
fo]]owinaé?ayers from the outside inward: (1) the xggﬁpsa;
{2) a logitudinal muscle layer, (3) a circular musclewfayer;
(4) the Smeucosé, aﬁd‘(S) the mucosa. In anition. a sparse
layer of smooth musclé%ffbers, the muéculéris mucosae, lies
in the deeper layers of thg mucosa.
| Electrical. Activity and'Contractions |

In general, smooth muscle is composed of fibers:  far
smaller thanq the SKelétal muscle .fibérs,.ﬁsually 29to 5
' microns’in diameter and only 50 to 200 microns fhklength. In
‘contrast, the skeletal husble fibres are;as much as 20 ‘times
as large in diametér-'and..thousénds of times as 16ng.

'Neyertheless, many of the same principles of contraction
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apply to 'both smooth musclé and skeletal muscle. The same
chemical substances cause contraction in the smooth mqscle
similar to that in sKeieta] muscle,. but the physical
arrangement of smooth muscle fibers is entirely different.
| ‘The'smOOth'muscle found in the gut:- is of 'the"type
called visceral smooth muscle. Visceral smooth muscle fibres
are créwded together ahd lie in such close contact with each
other that the cell membranes betyeen adjacent celIS’éithgr
fuse or almost fuse. Measurments of‘ionint;ansport through
these areas of close contact demostrate extreﬁg]y Tow
electrical res1stance, so much so that intracellular
electficaf current can travel very-eaéily from one smootﬁ'
muscle fiber to.another. Therefore,_the smooth muscle of the
gaét?ointéstinal\ tract performs 'as ca gﬁoUp of functional
synéytiﬁm, which means that eléctriéal “signals originated in
- one moé?ﬁkmuscle fiber are generally propagated from fiber
to fxber within a group. |

The smooth muscle of the gastrointestinal - tract.
undergoes electrical activity almost _confinuoUs]y This 
acgivity %s some t1mes very 1rregu1an, but tends to have two
basic .types of‘waves] slow waves and spikes both of which
are i1ustfated in. Figbre 2. The slow ~waves occur /at
frequenc1es between 3 and 12 per m1nute [5], and they
represent a basic cont1nuous 050111at10n that occurs in the
- smembrane of the smooth muscle. B ‘
When  the ‘muscle  is ;Einuolatéd by "st_‘petch.' by

acetylcholine, or by barasympathetﬁc excitétjonl_the nestihg-
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membrane potentia1 of the fiber becomes more positive, which
raises the entirevpotential level of the slow waves from
their n@rmat‘ nean voltage of -50 to -40 millivolts,up to
some less negative value by the process of depolarization
[6]. As the depolarization rises above -40 millivolts, spike
potentials begin to occur on the peaks'of. the slow waves.
The frequency of spikes increases progressively as the
resting potential rises still further. However , with very
strong stimulation, when the: resting mehbrane potential
rises to a value of -20 to -15 millivolts, the spikes
d1sappear because the ‘membrane potential now rema1ns total]y
. depolar1zed all of the time dur1ng stimulation.
Figure 2 also illustrates that. stimulation of the
‘ smooth mu$cle‘ by either" epinephrine' or sympathetic
T excitation w1ll decrease the rest1ng membrane potent1a1 to a
hyperpolar1zed value approach1ng -70 m1ll1volts, and the
' electr1ca1 act1v1ty as well as the mechanical act1v1ty of
the smooth muscle approaches zero [6] |

Most 1ntest1nal contract1on occurs in response to the
p1ke potent1als Indeed there is ord1nar1ly e1ther .no
contraction or only very slight contraction 1n response tot

slow waves when these have no super imposed sp1Kes 15,7]

Thus, the spikes are comparable to action potentials in.the -

‘skeietal muscle, and are' responsible for the membrane,

'ohangeshhthat exc1te contraction,» The contraction results..-“‘~

7 mainly from entry of calcium through the cell membrane- tof;f':

'the 1nter1or' of  the smooth muscle where it in1t1ates af;
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reaction between the myosin and the actin of the smooth
muscle.

The smooth muscle of the gastrointestinal tract
exhibits both tonic “contraction and phasic contraeiion.
Tonic contractions are slow changes in fone, lasting minute
after minute, somet imes increasing or decreasing in
inte@sity.bdt; nevertheless, continuing. It is believed to
be égused by a series of spike potentia]s, the frequency of
these'determining the degree of tonic contraction. The
intenéity of tonic contraction fn each segmeht of the gut
determines the amount of"steady pressdre in the segment.

In different parts of the gut the bhythmic contractions
jof the gastr;intestina] smooth muscle occur at rates as
rapid as 12 times per minute or as rélow as 3 times per
minute. These are also the frequehcies of the respective
slow waves in these'segmentsi it is these slow "waves that

‘“set the frequency.

Electrical Activity of the Colon.

| Although the eiectrical activity of the colon presehts
some simi)arities to the electrical activity in the émal]
intestine,_ the rectosigmoid électrical recordfngs have twéb
chéracteristics distinct from other areas of the

gastrointestinal tract [7]. First, it is claimed that the

14
» ) n

'Duthie and Kirk [8] found the frequency of the spike
activity "in vitro" to be 22#5 (s.d.) cycles per minute for
‘a strip of taenia. In this case the myogenic activity had
intermittent periods of regular spike activity, accompanied

by tetanic contractions.

.



RT
basic electrical Ehythm (BER) is not present a]i the time,
that is, that long periods of {nactivityuseparate sequences
of ;reghlar wave form. [9,10]. However, there is a higher
percentage electrical activity in the lower rectum ‘than in
the more proximal areas of the iarge bowel. Second, it is
ﬁea1so claimed [7] that there are two "different frequencies
v‘present in the rectosigmoid electrical activi}y, at about 3

cycles/min. and 6 cycles/min..

‘4 .

Innervation of the Gut.
The Intramural Plexus.

Beginning in the esoéhageai waTlrahd»extending"all
the way to the anus is an intramural nerve p]exu§.-THis
is compoeed pr}nc{pal1y_df two layers of neurons .and.'
approprfate connecting. fibers. The outer 1ayer, cai]ed'
the myenter1c plexus, 11es between the long1tudinal and
c1rcular muscular layers as' illustrated before in Flgure‘
1, and the inner layer called the " submucosal plexus,‘
lies in the‘vsumeCOEa: The‘myeﬁteric plexqs*iSﬂmainiy
motor in function and is far more exteneiVe,-ihan"the.

’submucosal plexus which is main1y sensory, reeeiVing
- signals pr1nc1pally from the gut wall. '
| In general, st1mu1atlon of the myenter1c plexus_;
. inCreaSes the act1v1ty_ of the gut,'causing increased
'.tonic contraction or toqe‘ofi‘tﬁe'_gut_'wall, increased

intensity of the bhythmic contﬁactions, increased rate
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of rhythmic contﬁactions, and increased velocity of
condﬁction of excitatory waves along the gut
wa]].Inhib{tory nerves are also présent; these are both
adrenergic and nonadrenergic. ) '

The gasgrointestinal tract _receivés extensive
rparasympathetic and sympathetic ihhervation that is
| capable of altering thé overall aétivity of the entirg
‘~gu or of specific parts of it, articularly a]tering

he activity of the upper end down to the stomach,' and
fram thé distal end of the mid-colon region to the anus.

Thé postganglionic neurons -of the.parasympathétic

system are part of 'the myenféric plexus, so that
stimulation of the “parasympathetic qﬁerQes causes a
general increase in activity_of the plexus. This jn turn
excites the ”gutu wall and}ﬂfacilitates most of the
ihtrinSic‘ .excitatory nervous reflexes of the .
gastréihtégtinal fract. | 7

Oﬁfwihe other hand, stimulation of the symﬁatheticv

nervou5'systém.genérélly inhibits the activity in the

gastrointestinal tract, causing effects essentially

opposite to those of the parésympathetic system.

B. FUNCTIONAL TYPES OF = MOVEMENTS ;N THE GASTROINTEST;\\\>\\
- TRACT. ‘
Two basic types of _movements occur - in  the

gastrointestinal tract: mixing movements, which keep the
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intestinal contents. thoroughly mixed .at all times, .and
propuls1ve movements, which cause Food to move forward along
the tract at an appropiate rate for digestion ~and
absorption.

> In most parts of the alimentary tract, the mixing‘
movements- aré caused by either peristaltic contractions or
local contractions of small‘segments of the gut wall. These
movements are modified Vin different parts of the
gastrointestinal tract fof proper performance of the
respective part. | ’

' The basic propulsive movement of -the-, gastrotntestinal
tract is peristalsis, which is illustrated in Figure 3. A
contractile ring appears around the gut and moves foward,
moving any mater1a1 in front ofﬁ it. Peristalsis io an

.inherent property of any syncyt1a1 smooth muscle tube

~

Movements of the Small Intestine |

< The movements of the small intootine, as' elsewhere in
the gastrointestinal tract, can bo.divided into the mixing
contractions and the propu]sive'contractions. However, to a
) gneat‘ ‘extent this separation -'is' artificial because
essentialiytall movoments'of'the small intestine cauoe at
least some . degree: of both m1x1ng and propulsion. Yet. the
usual classification of these processes is done between—
mixing = contractions '(segmentation | contract1ons) and

propulsive .movements.
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During mixing contractions,. localized concentric
contractions spaced at intervals along’ the intestine are
generated when a portion of ~the small intestine becomes
distended with chyme. These rythmic contractions proceed at
a rate of 11 to 12 per minute .in the duodenum and at
' progressiveiy slower rates down to 9 per minute in the
‘terminal ileum. The longitudinal length of each one of the
contractions is only about i cm.  so that-;each- set’ of
contractions causes “segmentation" of the smeiihintestine,
dividing the intestine at times binto 'heguiarly_ spaced
segments or-‘ “chambers"” . As one set ‘of segmentation
contractions relaxes a new set begins, but the contractions
this time occur at new pOints between the prev1ous
contractions. Therefore, the segmentation contractions chop
nthe chyme many times a minute, in  this way promotingﬁ
progressive mixing of the solid food _particiesi with hthe
secretions of the small intestine. The intensity of the .
*segmentation contractions'is increased by parasympathetic
stimulation but decreased by sympathetic stimulation.

During propulsive movements, chyme is propelled through
the smail intestine by peristaltic waves. These occur in any“
part of the small intestine, and they move distally at a
velocity of 0.5 to 5 cm. per second,’ much_tfaste# in the
proximair intestine and muchfvslower' in 'the terminal
intestine.'However they are norma]iy very weak and usually
die out after traveiing oniy a few centimeters, so that

mOvement Ofbohyme is much slower. Very intense irritation of
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the ihtestinal mucosa, sucg as occurs in some fhfectiqu§
processes, can elicit a so-caljed peristaltic rush, wh{cﬁ is
a- poweBful peristaltic wave that travels long distances in
tﬁe  intestine in a few minutes. These waves can sweep the
contents of the jntestine into theﬁéolon‘aﬁd thereby relieve

“the small intestine of either irritants or excessive

vdistention.

Slow oscillatory electrical waves, _as described

earlier, occur at fhe membranes of the smooth muscle, at

dh%quencies of 11 .to 12 per minute in the duodenum and

decrédasing to 6'_~ to 7 per minutejin the terminal ileum.

However, these electrical waves do not in themselves broduce,

intestinal contractions. . They merely set the baékgpound_

A
conditions for the ~contractions ' (hence are also called

Electrical Control Ac‘tivi'ty.;E;C.A.")‘5

Movements of the Colon

The absorption of water and electrolytes from the chyme

and storage of fecal mdtter until it can be expelled, are

“the méih functions of the coion. The usual coléh-qontrattion
is segmentation: peristalsis is UncOmmonf'-'

During mix%ng movements;"large circular  segmental
constrictions occur in the ‘large intestine. At each of these
cohsfrictiqn points.:abdut‘2;5 cm. of the circular muscle
confracts;, sometimés‘conétnicting:thé lumen.of the COlqp to

almost complete bcclusionb. At the . same - {ihe,, the

g
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' 1ongitudina1 muscle of the colon, which is ‘aggregated into FD
three ]ongltud1na1 str1ps called the teneae coli, contracts
These cOmb1ned contract1ons gf ‘the circular and longitudinal

i musc]eﬁcause the unst1mu1ateg portion of the large intestine

to bulge outward ipto baglike sacs called haustﬁations.. Ihe'
haustral - contractions or haustral shuttling [5]1,  once ‘
initiated, usually reach peak 1ntens1ty in about 30 seconds
and then d1sappear during the next 60 seconds - They at t1Mes
also move s]ow]y analward during their per1od of

J

contraction. After anotheb few" minutesé: new haustral
contractions occur in nearby areas but not in.the same area.
These contractions expose the fecal material to the surtace*
of the large intestine, and help to move the fecal contentsf}

of the cecum and ascend1ng colon into the transverse- colon

BT

Some authors hold that per1sta1t1c waves of the type
seen ‘in the smal] 1ntest1ne do not- occur in the colon
Others [11] 1nd1cate that they actually occur in the colon,
and they are descrlbed as- contract1on waves mov1ng “Hown %theb
'colon at 1 to 2 &m per minute, precededttby muscle
relaxation. ContractTon {h this case, isﬂ said to be
sugtained behind the tail of the fecal mass such that netﬁ
movement of the contents does - ‘occur. Y ». |

_Dur1ng oropuls1ve movements, 4fecal :contents are
3prope11ed toward the anus in a mass‘movemEHt which occurs:

Jonly a few times a day, most abundantly for . about 15 minutes

o ,wdur1ng the f1rst hour or so aﬁter breakfast

Mass ‘movements - can be initiated by colon irritation.
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For instance, a person Who has an ulcerated condition of the
colon (ulcerative cdlitis) frequently has mas§ movements
that persist almost all of the t{mé: Mass movements are aléo“
-initiated by (intense stimulation of the parasympathetié
nervous system or simply by‘ovéndistention of a segment of

i
\

the colon. ' _ f~  =
e
Intraluminal Pressure ,
Pressure waves recordedi“from ‘the colonic  lumen
represent in | general ' ségmental non—phopu]sive,
non-perista]fic contraétions.of the colonizﬂ\wuscle.' Muscle
" .contraction e]evates intraluminal pressure whén ﬁhe lumen is
obliterated by mucosal fd]ds which form closed chambers, or
when there is réSistanéé to displacement of feces because of
areas of contraction e1séwhere in the bowel, or because of
the high viscosity of the colonic contents. However, the
_~mo$t acceptable interpretation of pressure ‘data f}om the
colon is that moét of the pPessug@fQ@ves represent éegmenta]

contractions [12].

C. DISORDERS OF THE LARGE INTESTINE
Constipation and diarrhea, cosidered common disordéfé
.of. the large intestine, are no moreﬂthan expressions of

~ different diseases or states.
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Constipation

-Constipation means slow movements of feces throuéh the
large intestine, and it 1is often associated with large
quantitiés ‘of dry, hard feces in the descending colon which
accumulate because of the 1ong'time allowed  for absorption
of the fluid. A f;equent cause of constip@tion is irregular
bowe]’habits that have developed through ‘a lifetime of
inhibition of the normaivdefecation fefTexes.

Colonic mbtor activity is increﬁsed'inopatients with
constipation [13]. Even fhough there is more motor activity;
the net prdpu]sive movementvthrough the colon is slowef than

in normal subjects.

‘Diarrhea .

Diarrhea, which is the opposite condition . to
constipation, involves decreased | segmentation "and
consecuently, rapid moveménts of fecal matter fhroUgh the
1arge>instestine; The major éauses of diarrhea aré infection
in "the gastrointestihal.‘tract ‘called enteritis, and
:Léxcessive parasympathet{c sfimulation‘ _o% the' j1argé -
‘N1ntest1ne wh1ch 1s cal]ed psychogen1c diarrhea.

Psychogen1c d1arrhea is caused by ef%ess1ve st1mu1at1on‘

of the parasympathet1c nervous systemg wh1ch greatly exc1te :

secret1on of mucus in the distal colon.



IV. RECORDING METHODS
Different methods are used to record colonic electrical
and pressure activity. A short description of the most

popular’' and common recording methods presently used is

given.

A. COLONIC PRESSURE

The idea .behind colonic pressure recording is to
perform measurements with little or no perturbation in the
area where measurements are performed. - Systems using
bal]oons and open-ended tubes are used most commonly because
'of ‘this reason and because of their 51mp11c1ty

In general, ba]loons‘give good results, but have the
disadvantage'_oé ‘altering the normal motility of the colon
due ‘to ref]exes _ indueed by ,mueosali or _intramural:
stfmulétidn.' The' siiei;and comp1exity-’of‘the the_phabgs.'
;using hal1Qons} ]jmit'their 'use }inf-mu]tipleu simuitaneous~
pressure ,‘measurements; Thfs , restricts them to use
exc1usively in single point colonic pressure measurements.
The ballovon is connected by a tube to an external pressure
transducer;,stually the  balloon, tube and pressure
transducer chamber .. are fil]ed o with water_ytb -avdid“
Jcompress1on and thus avo1d1ng d1stort10n The'Stretching‘ of.
the balloon however adds an extre pressure to that of the,':
'cqlon1c pressure,,makjngq1t difficult to obtain absolute

pressure readings. Pressure ‘noise can be generated by the

18
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use of balloons, if the balloon is deformed by contact with

the walls during colon movementg thus raising the internal

balloon pressure without an actual rise of colonic pressure.

On'thé other hand, open-ended tubes a]]owA sensing of
colonic pressure sfmultaneUsT] in several points. As shown
in'FigLreJ4, open-end tube.‘ar ays are formed by several
small tubes with opened e;ds placed at different positions
from the tip of the first tube. The other ends bf the tubes
are connected to pressure transducers. These open-ended
tubes record 'true‘ intraluminal pressures, but can be
uhre]iab]e if air is present in the tube conecting the tip
.and the transducer. This is partially overcome by‘constaﬁtly
bleeding fluid at a slow rate to maintain patency.

Other methods make use of local straingages, but their

.performance and reliability are questionable.

B. COLONIC_ELECTRiCAL‘ACTIVITY
“Iﬁ-yivoftreCOhding
~ Some of: the 'électrical. activity recording in  the

literature '”cannoi be ; %S}erpretéd because ' essential
information about the recording featureswere not. stated
(featdres such as filter to bcut off frequencies, filter
ordehs; type of coupling, etc.). A]though the type of
ele¢trod§s used 1in some "in vivo" and "in vitro" recordiné
abélbf the §éme'typ§, their characteristic§ (impédange ;nd
fbequency behavior) _can be totally different from éach

“other. Unddubtedly-these factors are an important source of
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discrepancies when they are not specified. |

"In vivo" colonic electrical activity is recorded using
local intraluminal bipolar electrodes. These 'electrodes,;
shaped as a hook, are inserted in the mucosa of the colon
wall. A special system allows removal of fhe electrode Jith
a minimum of discomfort to the’patient when the recording is
ended. The use of this' take-off system‘does'not permit the
use” of more than a few electrodes simultaneously. |

Suction electrodes are also commonly used on the
mucosaf surface. The suction force brings 'eTectrodes tight»
against the mucosa, or pushes fine needle electrodes through‘
the mucosa ihtoothe circular muscle,tand maintains this as a
stable contact, |

Bipolar electrodes have also been implanted in patients
when they undergo an operation. The wires from the
electrodes are 1led out through the surgical drain and are
removed after a few post;operaffve days. This method,vmakes
possible the continuous recording of‘ electric activity
during this period of time from several electrodes
simultaneously implanted in the serosa. |

| Cutaneous electrodes, ‘placed on the patieht;s sKin, are

olaimed [14] to give good results, though they are not
" frequently used. | : S ’
In vitro" recording B

leferent K1nds of methods and electrodes are actual]y_

>,

used to record "1n v1tro electrwcal act1vity In genera]
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strips of_co]onic tissue are»kept'in a bath with: oxygenated.
 Krebs ,solutton ~at a vconstant temperature 'duringffthe

"recording,_to keep the t1ssue a11ve The different Kinds of

. electrodes used in 1n v1tro record1ng and some of the1r

characteristics are d1scussed below. A

Usually, "in vitro" recording is done by keeping the -
- tissue str1p p1nned down 'i&, a fixed p051t1on to avo1d :
movements, thus reduc1ng the no1se generated by changes in
the electrode- t1ssue 1nterface Pressure electrodes can be -
placed by softly touching the tissue surface;
microfelectrodes can be inserted intracellutérly; wire'.
electrodes can be implanted in the tissue, allowing the
simultaneous recording of the electrical activity and the
;force generated. What'“is actually recorded with the
dtfferent Kinds f of electrodes is still not clearly

understood and is.a,present field of ongoingwreseach.”.;

C METHOD USED IN PRESSURE RECORDING S
Open ended tubes were used to record the 'colontc

intralum1nal pressure As descr1bed above constant bleed1ng

is used to avoid bloch1ng of “the open t1p ‘As' shown 1n

Figure 5, the constant flux 1s provided by a syr1nge drvven

- by a eJectr1c motor at a constant speed The flow rate 1s so

"ﬂrfflow that the pressure drop 1n the sma11 tubes is: neglegable

The actual system uses ;5 tubes s1multaneus1y. w1th

thelr tips 5 cm apart giv1ng a tota1 usefuI length of 25 RN

If two t1ps are too c]ose to one another. both may end
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up in the same luminal chamber, . thus producing the same
~ pressure record. On the other hand, if the tips are too far
'apart from each onother, correlation between channe]s‘ is
lost. The ideal situation is tq havé>a tib distributidh that
‘;a]lows}the.recording:of the présspré from several su¢céésive,

chambers, as shown in Figure 4a.



‘ V. DATA PROCESSING
The pressure and electrical act1v1ty data are stored on
magnet1c tape u51ng frequency modulation (FM), by means of a
- Ampex FMrtape recorder . S1gnats from different pressure
transducers or" electrodes are stored in d1fferent channe]s |
hThe analog data of each channel is then Tow pass f11tered‘

'<and d1g1ta11zed w1th a Hewlett Packard 2109MX computer and

B stored 1n d1g1ta1 form, aga1n on magnet1c tape, to be

'f1nally processed on the Amdahl 47OV/7 computer

The path the data follows untill it gets to the AmdahT
’ computer is shown in the block diagrams of Figure 6. The
electrical signal‘ from the pressure transducers passes
through two variable gain amplifiers (VGA)'to the Ampex M
tape recorder where the 51gnal is. stored The s1gna1 for the
FM recorder 1s taken from the output of the penmotor dr1ver’
'and before the 1nk recorder The.dr1ver has a zero ad3ust1ng
Knob - to allow the reference to be set at' a given input
pressure The voltage requ1red to set the pen motor needle
at zero on the paper is -1, 4 volts and for the fuTl scale
- +1.4 wvolts, Th1s procedure requires a permanent sett1ng of

’

the system for the "zero" and "fuTl scale R

The zero reference is taken w1th the’ transducer s tip
open ‘at atmospher1c pressure, at the Tevel of the pat1ent’ |
" rectum. This requtreS‘a zero caT1brat1on for each pat1ent ’
An ev1dent d1sadvantage of this system is that -changes
~in pressure can be generated if the patient moves or changes

p051t1on dur1ng the record:ng Th1s is. an '1mportant source

26
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of pressure"noise’ thét will be discussed later. It is not
' necessary to gauge the full scale tor every patient, if the
gainAof the VGA has not changed. Now, from the recording
~point  of Vvtew,v its zero input- always corresponds to -1 4
-volts and its full scale to +1. 4 volts. |

During the the analog to digital conversion, the FM t
tape is run at a speed 8 times h1gher than the one used in
the record1ng This permits the conversion to be performed
in a shorter period of time than was used in the recording.
The A/D converter has a VGA (with step setting) and a
'ﬁvarlable Low Pass F11ter~(LPF);to“avotd‘a]iésing The actual'f
A/D conver51on- was done wtth‘ a sampling per1od of T
=(0". 496/8= -0.062 sec., which g1ves a real time sampling perioo
xfor the data of Tg=0.496 sec. _ - fV" p- .
. -ﬁ The cut-of f frequency for the LPF was set at 8 Hz which

g1ves a real t1me cut- off frequency for the data of 1 Hz

The per1ods present in' the colon1c pressure recordsr‘are““

longer than }S‘ sec.. The sampl1ng per1od of 0.496 sec. is
thus sufficient to avoid aliasing.vThe periods present in
electrical activity are shorter than the ones present in.:
pressure activity; and the highest frequency components have
_ negligiblev power compared' with the max imum - power In any.
~ case these components are filtered out by the LPF before the
- A/D conversion, so no significant a11as1ng effect will
‘,exist[v. o | .
:The~digita] data is stored on magnetic tape. Every fite '

has‘eQata'ifrom: the patient and particulars of the record.
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session.. Each file is formed by one or more btocks, the
ttota] number of blocks being a"tunction of the record
blength."Each block has a length of 256 words per channel
digitalized. Each word is 16 bits long. |
| Preceding each data file, a' heading tile :is placed
containing information related “to _the data file, such as
identification, including patient name, recording date,
sensorh position, recording conditions etc. This information
file has a block 1ength of 72 words

i
Amdahl 470V/7 computer. The data f1les,“before being used,
have to be reorganiied*so'that Fortran = formats can hand1e
'them Th1s process 1nvo]ves the contraction of the data- f1le

11nes 1nto 11nes of 340 characters, where two characters

:,form an. or1g1nal .word. Dur1ng the A/D ‘conversion, the

—

'channels.are multipiexed in such a ~way that corresponding
words -are “separated in the file Vine by a number of words
_equal to the nUmber of channels being mu1t1p1exed

The complicated method usedv to produce ‘the required

‘'data makes the.process difficult to use and extremely time

consum1ng "Also the many var1ab1e}ga1n amp11f1ers subjected"

to involuntary of  unnoted changes make the process

: unreliable.

The principa]’purpose of our procedure is to test some
features and tto‘ analyse the ,frequency spectrum of the
'51gnals by us1ng the datawprocessing and plotting capability
t f the Amdahl computer. 'If care is not taken during theg

The data stored in th1s tape is then processed on 'thev

o

N



.30

compliete pdécedure, the final results can become thremely'

questionable.

Discusson

The - cumbersome process the date’ goes through was
necessary to .achieve -a' proper data process1ng w1th the
Amdah1 computer. ‘The process is intended to _be performed'
later. by a m1croprocessor -based system This 1ndependent
processing ‘system -W1ll have exce]lent rel1ab1l1ty and
relative speed in process1ng “the colon1c pressure signals.

Despite all the care that was" q‘Ken<>1n this cumbersome

o -

process, 50me data proved unrelﬁab]e

N

e
?
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VI. PRESSURE RECORD ANALYSIS f
4 . ! )

Some features repesentative of the colonjc motility,

together with some other features,(can be;zeed in pattern

‘recognition for disease identification.

Though the colonic pressure does not have a one to one
relation with the colonic movements, it is an easily

-

measurable variable.

A. USE OF FFT

To find the distribution of signal power as a function
of freqdency for the colonic electrical and pressure date,
the Fast Fourier Transtormation. (FFT) methodv'[15,16]n was

used and implemented on the Amdah] computer. This metod

.reduce the processing time cthiderab]y In Appendix 1.1 the

.FFT Fortran program is given, which was used as a subrout1ne

( SUBROUTINE FFT )

2

. Data proceSsing T

The data, betore going through the DFT, went through
someA changes to avoid Undesired effects in the resulting
power spectrum (PS). Pressure data has-a large dc’ component

compared with the ac component '1f this dc is not previously

. removed in the corresponding PS the dcwfwifi dominate and

'lu"

the ac will be abased by 1t§tpresence. The electrical data

however 1s recorded using ac coupllng which e11m1nates the

d%: conpénent?ﬁr*t]y " -~ g ' -

PN

o
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To achieve the dc removal the average value for the
record of N samples to be used {n the PS evaluatien is
determined, and substracted from each one of the N samples
This dgives a négligible component at zero frequency in  the
PS. This average value is stored, since it is used in the
later feature evaluation.

Each record?section used to evaluate thé-PS also goes
through a transformatfon to avoid leakage effects. The
leakage effect is generated by the use of a finite recond in
the FFT; the'data record-section is chosen looking through a
finite rectangular window. The Ieakege effect is .reduced by
the use ‘of a more appropiate window, with small or
non-existent spectrum side-lobes. The rectangular window is
‘the most well Kknown 'one. which corresponds to the direct. °
- truncation of the data before specific processing. This

_reétangU]ar window is defined by
wit)= A [ u(0) - ud#r) ] - (1)
and “the Foufien transform of this window is given by
W(f)= A T, sinc(T-f-T,) u- | (2) 
The use of the rectangu]ar w1ndow glves a ber1odogram
with excess1ve side lobes Instead a Hann1ng window was

selected and used as shown . in Figure Ta. Th1s window is easy

to implement and gives good leakage reduction (Figure 7b).
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Figure 7..a) Hanmng window used.
b) Hanning window spectrum.
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The Hanning window used is givein by

( disn_ <n< 01N
1/2[1coso1N] O‘n -0. |
1,0 . / OIN€n<0S9N
]
witl=<
1 T(N-n) —n &
/z_E cos01 N ] - O09N<=n =N -
q 0 otherwise

i
The Hanning window gives a éood leakage reduction. In
Append1x 1.2, the Fortran 1mp1emenf/t1on for this window is.
given ( SUBROUTINE TAPER ).

%

Limitations of the use of the FFT.

A

<

As ihdicated before, the colonic pressure has almost
all ité power in the frequency :band below 10 cycles per .
minute. A sampling frequency of 1:0081 - sam/sec.
5(60.48s/min.) becomes acceptable to avoid a]1asung, since it
is about six t1mes the highest frequency component of the
SAmpIed signal. This gives a  folding frequency on thei
per iodogram of

P

. £=f¢/2:60.484/2=30.24 s/min - (4)
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Now, a compromise has to be found between the record

length and the: periodogram ,reso1ution; Colonic frequency

";véombdnehtﬁ'féhahgé7wifhftfﬁefbbfﬁ:in”ffquéHCy and iﬁ péwér.i° 

»

This suggests the use of a short record of N samples to

capture the instant frequencies, but on the other hand if N

is'small the resolution a?ﬁieved‘in the periodoéram becomes -

poor . -
The actuai' number of samples N used to evaluate thé!

! pressure periodogram'Was N=256 which gives a record length A
of = 4.23 minutes with a éampling period. of T¢=0.992 sec.
(every other normal samples). All data was sampled with a

"sampling beriod 6#.Ts=0.496,sec., referred to as fhe normalv

$amp]ing period. |

In special cases 512 sambles were used with a record
length of 8.46 minutes or N=256, using every second sample
which gives a sampling Qefiod‘ of T1.=1.984 sec. Also
record-section lengths of 6.35 min. and 256 samples were
used, with a samﬁling ber{od of three times normal or

v T;=1.4887 sec. This last éase allows a better resolution at
low fréquencies ‘if the record lacks high frequency

components;:For e1ectrica1 data, a normal sampling period of

Ts=0.496‘sec. was used with a record-section of N=256 = and

512 samples. .

The use of the EFf in this case obviously has some
Timitations. Sincevfrequency.componentsf change with“ time,
-short'_;ecbrds have to be used, and by doihg this very low

frequency components are missed or compressed into a few ‘
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: spectzal 7 1ines. ~ The | PS’s  fundamental frequency
f0=fs/N¥1/Ts*N; qtves the distance between spectral‘lines;
"This is of the ’ordery of T, =4. 23. min ,lfor - samp11ng

frequency cof fs=60.48 s/min. and a,record of N 256 samples

This limitation can be partialy ovecome by the use of a

padded record. -To . an actual record of N samples, N more

points are added with a value equal to zero, as shown in.

F1gure 8. Th1s produces a virtual record with a total number‘

'njof 2N po1nts Th1s y1e1d5'a fundamental frequency in the
spectrum that is half of what 1t would be if only N points
were used. The add1t1on of these extra po1nts has the effect
of Jnterpolat1ng- the spectrum. The original record-section

used is still the same one, so the information is also the
' same..The’padded records were'used onty in those cases as it

' became advisable - )

| On the other hand the colonic electrical activity 'has
frequency components higher than the colonic pressure, for
which the norma1 sampling frequency of fg -1/0 486 s/sec wasf
used (double that usual]y used in the pressure).

| As mentioned before electrodes generally have a long

. /
- term drlft which can be seen as a lTow frequency no1se 'To

a avo1d this "noise" ac coupling is used in the ftrst stages,"

_ before the FM record1ng, thus getting rid of the dc’ and very
low frequency components Since.dc and very low frequenc1es
wel e removed, there was no need to use a long record

determine the periodogram. What is more, a short record was

7peded to have: good spectrum resolution at higher

/ s
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Figure 8. a) Original sampled éignal. b) Window used}
- c) Data after the window. d) Final padded record.
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frequencies, but the sampling frequency limits fhe maximum -
number of samples that can be used for a fixed record
length.
B. A NON-STATIONARY PROCESS a
It was vmentioned .before“‘thaf freqUency and power‘
Adistribution of préésure and electrical signals change with
‘time. Since that a nonstationary process is present, the
choice of .a record segment that is Tepresentative of the
whole signal 'is a difficult decision. This record segment
will be usedvﬁeter.to generate aperiodogram, and hence to p
obtain some features representat1ve of the colonic activity.

F1gure 8 shows tqz power spectrum of the colonic
pressure recorded in chénpe] 1 ( tip locatiohé 15 cm.). The
data used. to evaluate the periodogram correspohds to 256
samplee with a fsﬁ1.0081 s/sec. Figure 10 shows an average
of several success1ve overlapped per1odograms of the same
data used in F1gure 9. | | .

It becomes evident from Figure 9 that a single
per iodogram giveé a precise picturev of the frequencies
.present in the record-section’ used, while. the, avenaged
periodogram gives a picture'of fhe_complete record but the
frequencies present,vare also to some extept* averaoed,
/frequencies.\ In -the last case the precise frequenc1es can
ot"be',obtained since they are changing with = time
_generatjhg lobes placed near the1r own central frequenc1es_

In the case »whene frequency components remain constant,
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changihg only their poweh with t;me, . a considerable
difference between the averaged PS and the single PS‘wftl
still exist. It is evident that the use of the maxim@m power
in the averaged PS is useless  as a feature for patterh
classification. This will be considered later.
C. THREE-DIMENSIONAL PLOTS |

A better approach to thisbtime varying process is the
use of successive PSs to form a three-dﬁmensional plot
(3-DP). The coordinates for theA3-DP are power, frequency
and time. |

~ Figure 11 shows a three—dimensiona] power spectrum plot

(3¥DbSP) for‘the same data as in Figure 9 and Figure 10. The
PSs used in the" 3-DPSP are generated by record-sections
overlapped (in time) by 1/4 of the recohd-section'length

"A schematic . .representation of the successive over]apped
record- section is g1yen in F1gure 12. Since the shape
changes of two successive PSs is.cohsiderable, interpolation
of th PS between successive }PSs was done. Th1s
1nterpolat1on in time was carr1ed out between two successive-
spectrum 1line components of two successive PSs. New PSs can
" be determined ahd placedpinstead of the interpolatédt PSs.
" Due to the considerable time and cost. required to evaluate
each PS, }1nterpolat1on of PSs is an acceptable aiternative
to use. The nearest power spectra determlned us1ng ent1rely
”d1fferent data, will ]1e 12 PSs aparttn thew 3-DPSP. The

pinterpOWated power spectra are included in this number.
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power

~frequency [cpm]

'Fiéure 11. 3DPSP*(file D61-cht). Frequency components
can be followed as a function of time.
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The 3-DPSP has a t1me coord1nate This time indicates
the 1nstant at wh1ch the record- sect1on for the g1ven PS
starts. Us1ng F1gure 12 as exampie, the first PS is placed
at 0 minutes -but 1t actua]ly uses .the first 4 23 m1nutes of .
the record. to be eva]uated - the 'second PS is. placed at 0.2
m1nutes ‘and so on. |

lnterpretation of 3-DP has:to,be.done-with cautton. For -
example,Min the 3-DP 'there. is a maximum for a given
frequency .and\,time,w'this time is the .time‘ where the
,record;section for that particular'PS starts, and not that

forwhich the frequency has a maximum poger at - that

I3
o,

part1cular t1me R1gorously, that peak in power ts thé*“%f
average ‘power of that frequency dur1ng the record- Sect1on |
start1ng at that part1cu1ar time. o

Usually in pressure records there is some noise ‘caused
by movements of the patient, coughing, etc Th1s no1se 1s'

acharadienlzed by a burst in pressure of - short duratlon,

present s1multaneous]y in all channels The

appéﬁraﬁce of this burst

¢~ S

'n the 3- DPSP is confus1ng. since

it shows up wi thscon iderable energy for a long per1od’9f'
t1me usually in a wide frequency band. That 1s, the burst
energy is present in at least twe]ve successive PSs of the
3- DPSP which" 1n‘tu <« can be much longer than the real burst
duration. Th1s can be exp1a1ned us1ng F1gure 11 This figure

2

'111ustrates a record with a burst at sample number 350 and

~\1the- success1ve record section used to. evaluate the PSs. The

1nterpolated PSs are not cons1dered here The ‘burst of .
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energy will be included in four PSs, namely, PS3, PS4, PS5

apd PS6. If the inierpo]ation iennow included,lthe burst .
will be included in the 12 successive PSs; Figure 13a end
13b  show 'tho 3-DPSP  of pressure data of the same patient
taken at tﬁe fsame time but® from different echannels;_
Allthough the signals are clearly different, the noise is

present in both channels generating the same spectrum.

Fique - 14a and 14b show tHe presence of noise in electrical

'3-DPSP, where the noise is in the two channels generating

the same spectrum. The causes for electrical burst or ndise
were é]réady ana]J%ed.

The same data, using different. lengths  of record
section ’iengths to evaluate theFPSs, give different 3fDPSP
in_pewer and to some degree in freqeencies. This®™ will hold
true for da}a originated by a nohstatioﬁary process. As Wil]

be shown later, for stationery‘ processes, the ﬁumber~ of

" samples (N) or more precisely . the length of the

record-section, affects the frequency and to some extent the

”power of the PS.

SO

Very Tow frequency components ( per1ods longer than the
record-section used ),w111-show up in the PS together with

the dc cdmbonents  of the signal. 'Consequeht1y, their .

* specific frequency cah not be determined fr m a single PS,

but they do show up in the 3-DPSP v th double the freduency.
The derivative of. these component will appear as‘/dc power

in the direction of the time axis. The derivat1ve appears in

>

- the 3 DPSP with half the per1od of the or1g1na] s1gnal (for
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. a si;gle veby iow freqdency), but its power will not be the
true power. i

The 3-DPSP allows a simple and fast analysis %n one
picture of.the power and frequéncies present oh records of 1

or 2 hours duration.

D. USE OF CORRELATION o
At first sigth, the use of cross-correlation seems
promising when used with électrical and pressure records. In
fact, the détermination of the relative signal phaée or
phase shfft by using cross-correlation can give inconsistent
‘results when dealing with time -varyfng signals. For two
signals in phaée; zero phase shift and variéble amplitude,
cross-correlation maxima will not be necessariiy at zero
phase. |
~ Phase computatfon can be = consistent, using

cross-correlation only, if it is done with a- simultaneous
visual 'inspectién of the record used to choose a convehient
‘record-séction. And still in this case where the phase shift
is ¥, it can not be decided if it is realy ¥ or $+2 n, where
n can be any integgr. Nevertheless,  auto-corrélation gives
good results in determining the fundamental period ofi
signals by averaging its zero crossings. This fundamentai
| per iod usually becomes very close to the one found by using
DFT. Correlation is élsimple technique to bev-implemented
with a dedicated .micropfocessor;' ‘compared with the
 implementation of the DFT from where the fundamental
‘ .

Al
.
S
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1

component can also be obtained.

The use of auto-correlated band-pass-filtered data
gives better results than ulfiltered data.ﬁHighef and lower
frequency components than the fundamenta] one (produce
"noise" wHenﬁa zero crossing count‘is being performed. It is

proper to do a =zero crossing count of' filtered and

- auto-correlated data, when the fundamenial frequency

component of the sjgnal does ndt go out of the filter’'s band

and all channels are filtered identically.

E. USE OF BAND PASS FILTERS

As was mentioned before, filtered data is useful to

'detérmine the fundamental frequencyjcomponent of the signal.

Also, as will be discussed later, it is important to

evaluate the average signal power in a certain frequency

 bénd. This can be done in two ways. First{iby computing the
' power in the frequency Bénd frdh» the PS, or second by
' computing the RMS of the Band pass filtered data. If the

'cdmputations are done with a dedicated microprocessdr. the

RMS'value‘of,fiItered data is a pnacfical method to use.

" IRR BP Filter Design

A digital band-pass filter was designed using the
Infinite Impulse Response method [15,16]; The bilinear
transformation allows the design of a BPF with a frequency

response similar to a reference analog filter. The bilinear

' transformation foperates on: an analog LPF to generate a
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discrete'BPF as shown in Figufe 15. , |

1f s is the digital final Lapléce.variablg and p the
analog Ilow-pass protbtype. LapTace variable, the desireQ
digital trangéfer function H(z) is‘obtained by replacing p in
terms ofﬁé.‘ '
o The bilinear transformation relating ihe prototype

L

variable p and the discrete variable z is given [15,16] by

(5)

(6]

(7)

where: | | |

| S ="analog low pass reference radian frequency
| ﬂcut-off frequeﬁcy 1n.aha{ongPF) |

- wy = lower radian freqbehcy bf digital band-pass

. ‘filter_dbrhesgﬁndihﬁ,to,_-ii.in‘,thgf#nalogr

low-passfilter T
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‘ FidUre'15.

a)_Analog‘LP"filfer freqUencx)responsé.
b) Digital BP filter frequency response.. ‘
The bilinear transformation of IIR filter design

digital BPF.

‘method relates the analog LPF prototype with the

AW
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,‘;gﬁ; . ‘ B 'll - .

W, = radian' central frequenqy of digital
band pass filter.

L ey wa- upper ‘radian frequency of d1g1ta1 band-pass

the analog

' ’?ﬁ]ter corresponding to ;

1ow pasg filter.

LTS : 0e
Y : 'f"ai“”
‘:L\

Once the bilinear . ‘transformation is computed the
digital band pass transfer fungiion H(z) is determ1ned from

the analqg low-pass filter function G(p) by the relationship

_ H(z)=G(p)]p:D[1'-Ez“;'z-‘=] Ea
. ‘ ' ;e

which gives a number of poles :(or' filter order) - for the

(8)

band-pass filter that is twice that of the low-pa,s;s filter.

| A_ third .ordér, Butterwohth LPF wéé used as the’anaiog
‘prototype filter. Third order was needed‘ to compensatethe
distortions in the resulting digital filter, introduced by

thelbijinear_transfqrﬁﬁtionf * This distortion . show up as

different - roll-off slopes, the steepgst one at low

frequencies. The LP third Order'Butterworth filter,is}.gjyen .

. G(p) ‘: 1+ZP¢.2p1+'p3 ‘v o | vj.(g) |
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with a normalized cut-off frequency ofjl- 1 lrad/sec] For a
sampl1ng frequency of fs=1/0. 496 2.016 s/sec, a center
frequency of 0.053Hz=3.18c/min and a  band-width of
" 0.056Hz = 3.36 c/mih, eq. 6 and 7 yield the values of

D= 11.4308 and E= 1.9730. o _
As defined in Eq. 5, the analog low-pass pbototybe

Laplace variable becomes

= 11.4308[1-197302 +2Z ] |

— (10)

The desired digi&al BP filter transferfuntion H(z) is
computed by EQ.8 where G(p) is given in Eq.9 for a third
order LP Butterworth filter, and by replacing p in G(p),

which,gives

56218710 (1-z7']
1-5.575 713,029 716,338 z”.11.591 - 44156 £7+0.70507 z*

H(z) = (1)

This H(z) has 6 poles located at

.
.ty : . . 2

0.912559

P1 = + j 0.214281
P2 = 0.974819 - j 0.077281
P3  0.974820 + § 0.077281
P4 = 0.912559 - j 0.214281
'P5 = 0.910504 + j 0.100462 .
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P6 = 0.910504 - j 0.100462

Filter implementation . |
The fjlter.imblementation is intended to be done on a
miqroprocessor-based'machine.using a wordalength of either 8
or 16 bits. If the filter is healized in the direct 'or
canonical form, ‘an 8 or 16 bit word is not enough to avoid
}sensitiyity ppo&lems. Therefore an .equivalent cascade
Aconfiguration of-'$e¢ond-order filters was chosen which
improves this‘s%psitiyityuproblém. In this specific design
the z-plane poles. lie very close to the unit circle,
therefore the sensitivity prbblem can be sévére if if is_hot

carefully considered.

>
»

The cascade form yields

H(Z) = AxH1(z)*H2(z)*H3(z)

where A, = 562187 10° 3
) 1 -7
Z) =

| H” ) 1-1.8251172* + 0.878680 72 (14}
o ' oy - .

. = . i 5

| H2 (z) 1-1.9496387%¢ 0956246 7" i)
. *,*3(2) - 1-z" .

1-18210072%. 08391097 6)
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E%gure 16 shows the cascade realization of the digital
BP filter. The pole location in the z-plane 1is shown in
Figure 17. _Since the pole Jlocation is symmetrical with
respect to the real axis, only the positive imaginary halr
of the z-plane is plotted. In this half zrplane lie three of _
the six po]es |

The amplitude and phase response of the filter as a

function of frequency ,are shown in Figures 18a and 18b
" respectively. The d1g1ta1 BP f11ter is a d1storted image of
the analog LP filter, as was ment1oned before it has a good

and sharp rolloff at low frequenc1e$ but a poor one at the

" high frequenc1es However, the f11ter is suff1c1ent]y narrow ’

to warrant the band power eva]uat1on

F. ZERO CROSSING . |

Foropressure and electrical acqivity of the colon, it
is intereeting to determjne if t%e\signals from different
channe]s are phase- locked end‘to Koow the relative phase
shift between the_ these s1gnals As ’vdiscussed before -
olcross -correlation is not a rel1able method to use for th{s
purpose, if the two s1gnals are "time varying“.
Zero-crossing [17] W111 g1ve good results- as long as-,the
frequency component W1th the main power is the same during
the whole intervalwhere zero-cross1og is being performed.
The other frequencies contribute only witﬁ.”no{se", from the
‘zero-crossing point of view. o

The use of BP filtered data introduces some errors in
. . ‘ ’ ’ = )
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Figure 18. 'a) BP digital filter anﬁlitude response. -
- 'b) BP digital filter phase response.
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the computatioﬁ/of.the phase shift between two'signals when
the zero-crpssing method is used. A BP filtef éliminateS“the'
dc .compdﬁents,‘which is neéessarywwhen the data is\used for
zero-crossing analysis. Also the-filter ébases the undesired
frequeﬁciés leaving only the ones in the band that are‘of
interest to the cdmputatioh'of the phase shift. However, if
the signal has time-varying "noise" added to iI with
freduency 'components within | thel filter's band, the
zéro-croséiqg would yield erroneus phaée informationhdue to
the phase response of tgé filter. On the other hand the use
~of unf1ltered data will also produce distorted zero- cross1ng
readings. The use of the zero- crossing method with f11teredl
| datéb'can be reliable, providingftha} the signal is constant
"in freqUency components, ‘which 'meahs frequency comﬁonenés
with constant aflat1ve ampl1tudes and constant phase. This
condition is seldom satisfied comp]etly for the amplitudes,

as can bevseen'in djfferent 3+DPSPs throughout'this‘wqu.



VI1. ELECTRICAL RECORD ANALYSIS
, The mechanical motion of the smooth %uscle in the colon
is lélosely rél;ted to its electricalﬁn§§tiVity. The
interpretation of the colonic electrical activity is of
‘Qreaf importance to wunderstand the Tgchanical behavior of
“the cp]on. With this purposehin mind. L“in vivo" and “in
viltro" electrical éolonic actjvity have been  recorded
-largely while the specimen or the patient was under the
effects of drugs. Drugs alter the normal electrical and
mechanical activity of the smooth‘muscTés, and they are used
widely as a powef#ul:«tool tb.study muscle behavior. "In
' vivo",and‘"in vitro” necordingfpfocedures”were mentioned in
earlier chapters. E | ~
Eléctricai-activity frequency components also change in
.amplifude and frequency with time. ThiS'deménds»special caﬁe
in the sjgnal‘analysis using.FFTs. The result of:averagjhg
: successiv; 0verlapping_?FTs reduces the effects-of noise but
the changes,.in“'time  can Sdt be‘seeqﬁ‘Rather they prédUce
lobes, ‘the width of which depend on the magnitude of their
cﬁanges. V o - )

.Ih the case where the Signa]_ pdwér spectrum has
harhohics, geherﬁlly these harponics also Chaﬁge with fiﬁéj
.33“‘the"fundqmentalﬁdoesfand generate lobes tqd.'Thése extra
lopés may be centered at the harmonics frequencies, but. not
necessarily, Sincé the center depgndﬁ‘oh'the éhanges of the
1ndiviép§]ihanmonics; This can ieéd.tova\;missinferifeta;ioh‘
| ofn the 'idbé,ésvif'therqlwepé dfherjfrequencies pbesent}hot'

~ e o~
3 .

61
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related to the fundamental componept.-Ihe average of several
§uccessive over lapped power spectrums of electrical'signal
is shown in F1gure 19. Here the small lobes‘ can not be
eas1ly assoc1ated with harmon1cs

Thg use of three-dimensional power spectrum plots
(3-DPSP) allows visualization of Tthé frequency changes
(fundamental and harmonics) with t1me The same data used
~for Figure 19 is used now to generate thg3-DPSP of - Figure
20. In this figure, it can,bg seen clear19 that the harmonic
‘“follows" the fundamental component in it: changes, and that
it »is not an ' "independent” ?requency ( independent. in the
sense that it has a different fréquency behavior as a-
function'of time, so its origin is in a different source)

A s1mulat1on of the actua] electr1cal s1gnal waveform
was done to help the 1dent1flcat1on of harmon1cs and

understand their behané}. .

A. SIGNAL SIMULATION
Single source
Figure 21a “shows a typical electrical record. ‘In the

simulation of this signal an - approx1mat?bn was done by

_success1ve s1nuso1dal cycles followed by a s11ent pe 1od as V'.

shown in Flgure 21b

. G(f) :‘ i C.(ngo.)vejznbﬂfo | '. | | L _:. (17)
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1 - .
C(nfo = —T—f V(t) JZ'anot dt .(18)
S b
2.
T, ' -
o 1 —{. . ~2W nfe * 7
= X A suw[zg?-J dt
Sk
2

Ko,

:A;—_[ sinT(2f -nfy) T ._i sinTr(2¢ +nf) T |
"L2m (2t -nfe) T, 2 . 2mW(2f «nt,)T

i “ - ‘ : : . ‘ d \
. “ i - .
\

AT [ o | E
= -I._-T— [s_mc(zf -nfo) T -msinxc (.2f +nf.,_! TJ : (19)

In the .simulated ‘signal (Figure 21b), the  period of
 fntere$t, is fo? The period T varies from record to record
-and dépénds largely on Vthe character1st1cs - of - the .
'ttssue ‘electrode 1nterface Different valués of'fT Vijh
respect to To y1eld d1fferent spectrum patterns, ‘given by
Eq.tQ, A common relation for T and Tor, found in most of the
| éTegtrlca] records 1s'T-Io/2.' The ,simuiated spectrum for
thf;'“relation_ is shown in Figure 22, where the'fundaméntal

‘frequency becomes smaller in power than -the harmonics. ~For



N A W YO e

&)

A 3 e e s

} 6if)

67

S
- -

IR

Flgure 22 Spectrum for the s1mulated s1gna1 w1th T To /2
. 5 glven by Eq 51
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T=T, .its -the case .of a perfect sinusoid of fééquehé& fo
without harmonics. If % changes as a fﬁﬁgtion of time, the -
spectruﬁk‘of wit) also changés, as shows the 3-DPSP of wit)
in F1gure 23, where T at t=0 min is about T,/5 and goes to
T= To .ét” t= =21 min. For this plot the factor AT/4T, af Eq.19
was left fixed. T

| Other records of colonic électricalh 'ctivity such as
the ‘one 'shown. in Figure- 24a, have a wave form that can
better be simulated by two s1nu501dal cycles fol]owed by a

silent period as shown in Figure 24b. The spectrum

4 compbnents given by Eq.18 Yield qu21 for this simulation.

-;C(nf ): =. A SID(ZT}rZi') ”e._jz‘"tn'ﬁ,t.d (20)

__2'_

___  A | sinT(2f -nt) T f_"Av SinT (2f onfo)T—I

2 | 2WQ2f-nf)Te | 2 '211"(2fj~nf,)T.,J
;.1&.f’ - ) f ‘.; S -  ‘
- FL T ‘sfln_c}(, f -nfo)T - sinc(2f fnfo)T (21)

a
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- component plotted ln thure 25b. In the extreme-icase when

. e | 7‘\1 ;‘

A value of T=T,/2 (fs;ﬁfo), Eq. 21 gives the spectrum

C T=T,, the'signal is again a clean sinuspid of frequency 2f,

(Fig. 25a). The 3- DPSP of this signal is shown in F1gure 26
where T changes with time startlng w1th T= To/8 at t=0 min.
and ends w1th_T_-To at t=21 min. It can clearly be seen that
in some,'casesllas in'this‘last simulation; the'fundamentall
frequency conpOnent_ts’not'necessarily‘present inﬂhtheﬁiPS
but - it can’ be determined from it. Slnce the harmon1cs arev

positioned at a dlstance fo from each other fo can be read

from here v1nstead .of from the fundamental 1f 1t is not

‘,present Later, records with all these character1st1cs Wil

Multiple:oscillators.‘

be,analyzed.

In"some- cases electrodes 51multaneously record from
independent oscillators In these cases it is necessary t

dlstinguish “between two signals that - can be of the same

frequency or very close using PSs. In some cases these two.

7y-'signals are. of the: same frequency Wlth a. fixed phase shift

. but" they can not be dist1ngu1shed jn Nthe PS since the

‘_>51gnal phase is not well def1ned‘ The phase can be

'_determ1ned w1th the FFT but the results are useless 1f,tthe-

‘frequencies involved are not perfectly stable

to have a: PS that Tooks Tike. the one in Figure 27. ‘Here dthe‘_ft‘,

- : [

What .could happen 1n the case of fixed phase shtft ls o

‘fsignal is similar to the oné showh in Figure 21b Ncw. this

.

T oMe
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| :(a)

" a) Signa
b) Signa

T

Figupe 25 Spectrums of the simulated signals

1 with T=T, " (f.=2§ ).
1 with T= T°/2 (f -4f,, )
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ikihd‘ of signal can be generated either by eiectnode
distortion of the ?signai' of a single osciiiator‘or'by
recording  from two' adjacent = oscillators that are
phase-iocKed _and_have aAconstant phase shift. In cases like-
this‘nothing'can be.concluded'from PS inspectionr In other -
cases;' when the} e}ectrode 5is-‘recording signals that are
generated in two‘(osciliators of close frequency,. other
prob]ems arise. - | o

‘ We will suppose that the 51gnais generated by each of
the 050111ators are of the form simulated in Figure 21b.
Figure 28 shows an electric record that looks as if it
‘actually had two independent'signais combined. in a single
‘' record. The 3-DPSP shoun‘ in Figure 29 corresponds to the
-sinulated signal, where tﬁ; two - frequenéies are very close
together This graph was obtalned by using suff1c1ently long
record- sections for each PS which allows the - two frequencies
to “appear” ‘as independent frequencies e

CIf the record section used to evalua?e each PS is iess
than the period of time it taKes for the two signals. to‘ be -
5‘in phase _again. the 3-DPSP changes to that iliustrated in
Figure 30 1f the actual oscillator s frequencies are very

-close together. the normal PS of the totai signal would leok _

.very much Tike Figure 30. his effect is found in . some )
’, _’actuai eiectrical 3-DPSP3 ‘_ i L 3 '
| Hhat the electrodes record from two oscillqtors would

;T,be nat only the addition of their signals.} but ealso some g
: -f_fgother reunonship“‘fm relatiohship will depend_ iargel}»m
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A

.F'iéure 28. -El'ectric,r‘écord for two close frequencies.,
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- the electrode-tissue interface. This allows one to model of

M)

CFlt)=aF1(t)+bF2(t)+cF1(t)F2(t)+dF1(t)F22+eF 1(t)2F2(t)+. "

where the second and higher'«order components are deleted
R A co
because they became insignificant. Fi(t) and F2(t) are the

visignals generated by the two different oscillators.

i

We have already seen the simulation of F(t)=F1(t)+F2(t),

. and their 3-DPSP. Now 1f we 1ook at the term F1(t)*F2(t)

generates different 3- DPSPs depending on the . ecord section
length used. If the record section‘ is long enough the

resulting ﬁS.is_what one expects for a signal product. The

3-DPSP-- for 'the simulation of a product is shown in‘Figure'

31, using a’ 51gnal model  as shown in Figure 21b. As

'expected there are no ﬁrequency components at the original

1!Ffrequen01es of - F1(t) or F2(t) but some pow

ery/agzjgrs near
zero and other frequenc1es f,ﬂ " ” e _

. In  the recording of the electrical 51gnal the dc and

B . Very iow frequency components ‘are removed by ‘a BPF (ac :

‘coup]ing) so if in, the PSs. some power appears at. de or very
iow frequencies it means that the actual power at . these

frequencies 1s much larger These frequencies can be’_

,ffgenerated either “the dc drift orv.the; effect fvff
fL;muitiplication of signals of different frequencies. The,"

rj7filtering makes it difficult to fdentify any component' of ~

A
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"this kind’in the'PSs If ‘a short record-section is now ‘used

to evaluate the PSs of the 3-DPSP, th.
- than F1gure 31 as shown in Figure 32. The changes in the
PSs as a function of record section length can be used as an

1nd1cator to determine the presence of a product

»
T

Simulated and actuai signal relation '

The simulated signal, as indicated before was of the
form F(t)= F1(t)+F2(t)+F1(t)*F2(t)* .. where the terms .
Fi(t)+F2(t) - the most iiKe]y ‘to be present It was seen.
thatvthe PS is extremely_ sen51t1ve to the _recordfs%ction
used to evaluate it. - - _

- Some of: the -actuai -records used in. the following
‘?analy51s correspond to colonic electrical activity obtained_
using “the recording method previously described, and others
;:correspon% to electrical activity- recorded in different

points of the‘ stomach‘ and intestine This 1ast-data waS'

,recorded from 'electrodes placed during operation on 'a"

';:patient Figure 33 shows the point where the e]ectrodes were

‘fixed. Figure 34 isva,3 DPSP for ' the electrical activity

h.“reco;ded*fby the eTectrode “placedv: the antrum of thevﬂ"

= ”stomach In this plot thev fundamental frequency and its

';harmonics can: be seen Cto be similar to the ones iﬂvthe

3 DPSP for the siwuiated signals ‘As the. fundamental changes,'

%$Lsult is' ‘different

“in” frequency ‘with’ ‘time, the. harmonics "follow these. the -

“ijpfirst harmonic doubles‘the changes of the fﬁndamentai kth9-ﬁ"t

P
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. F\gure 33 Electrode locat1on in “the stomach and small

[
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second one triples ‘thé changes -etc. Clearly they ‘are.

‘harmonics generated by the signal ane_ form and not -

frequencies independent ~of -the -fundamentarl as can be

" claimed from the averaged PS analysis. Also the powers given

in the averaged PS are distorted.values, while the power

given in the 3-DPSP is a better épproxlmation .of the _real

instantaneus power.
4 g

. In thé 3-DPSP- of Figure 34,. the signal wave form

'Achanges can be recognized by the changes .in the ‘harmonics

power , dAs was suggested before, the number and'thefpower of

the harmonics are a function of ‘the ratio: /T, for the

simulated signal. A 3-DPSP. of a signal that generates

harmonics almost uithout power at the fundamental is shown

“in F1gur% 35. Again 1n this case the number of harmon1cs of

f

a certa1n or greater power present 1n the 3-DPSP, depends on—

[~ .
the ratio T/To, as .the simulated signal. does.

Flgure 36 'shows .the 3-DPSP for the electr1cal s1gnal"

recorded with' the electrodes placed 1n the JeJunum as ’shown
in. F1gure 33 Here the frequencves are much hagher (10 c/m..)

than in the stomach (3 to 4" c/m. ) In th1s case 1t seems

there ‘are two Independent frequencies very close to one

) enother Also the pOSlthh of the harmon1cs' reveals the

I

presence of the two close frequencies In some5cases‘there'

"¢ are two frequenqies present but the harmon1c power -is’ tqov ~

small to decxde on their simultaneous presence R
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Figure 36. 3DPSP for the jejunum electric activiiy.‘Two close
- frequencies seem to b present simultaneously.
(file D49 ch4). , ' ‘ :
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D1scuss1on

A good approx1mat1on to Sreal e]eetriqal' signals has
been achieved by the various simulations done. However there
is mbch more in the records to be ana]ysed .

In these records, there is a cons1derab1ef amount of
"noise" generated‘ by external sources. The most common
‘"noise'generator" is the patient’'s movements, for example
due to a cough, change of position etc. Although the "noise"
is produced by a mechanical source, it also appears in Fpe\
electrical 'records because it alters the electrode-tissue’
interface. Generelly an important neise burst is~presentllin
all channels simultaneusly, generating a similer speetrum in
all channels. This observation can be used to decide if a
burst is "noise" or not. An averaged PS 5% a recprd with a
noiee burst gives completely dis}orteq\ infoimatioe to the
original - signal frequehcy cdmpegghts. These comboeents can
. become completely masked by'the noise powef. In velectrieal
records the electrode-tissue interface accounts for most of
the signal distortion. These distortions generally are a
function of. time. If it 'had been possible to record the
electrica]"actiyity without filtering . the dc and - low
frequencies, a better ana]yeis of the signal and PSs could
have been possible. 3-DPSP helps in the data analysis: but
by itself it is not enough. 3-DPSP also has 1ts Timitations,

as was po1nted out before, therefore it must be used with

care in these app11cat1ons. 4



. it A8y

VIII. FEATURES TO BE USED

« 10 be able to idehtify automatically a patient’'s

il]qﬁss, some fea{ures have to be extracted. By means“pf

fhese features énd the use of pattern classification a good

apbroéch to the identification of the “illness. may

bgattempted.)These'features have to be pﬁopef]y selgcted to
make possiBlé a reliable pattern.classifiéation.

It is thought that the colonip’pressure can provide
significant iRformation when dealing with patients sufféring
from chronic diarﬁhea or constﬁpatién. A method a1ready
described\to measure and record 'fhe colohic pressure was
used to generate theuneceséé;y data. From this data suitable

features can pe computed and selected.

N

Co]onic‘actjvity | 3
The term céfohic activity has been used éxtensive]y in
a qualitative form in this work and'in.most related reports,
but there is no standard definition for this term that
a]]owst it to be‘ used quantitative]y.- Although“ some
aefinit{ops of activity have been attémptéd (18],  defining

it as the ratio of 'the sum of the duration of all waves

during -a given period of observation to the total’' duration
wd

. . N Toa
of the observation seems inappropriate. el
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30

Thisl definition does not include the wave s amp11tude‘

nor its frequency, so two records w1thN\the same. aéTIVIty'

percentage can be gquite different 1t'becomes clear Lhat
this is not a compiete definition for act1v1ty

Other authors have tr1ed to class1fy the wave forms and

use that classification: to compare: d1Fferent records

“Tempton and Lawson [19] were the f1rst to attempt a rat1ona1

13

approach to the var1able patterns of act1vlgx\::::rded from

rs-

‘the distal colon. Four types of pressure pat ns  were

defined as follows. Type I waves ‘are. 1solated spontaneous

monophasic waves 'of small amp11tude,' the1r funct1on is

unknown.Type 11l waves are\s1m11ar in form' to type I but are
greater in ampl1tude (approx1mate1y 10 mm of Hg ) and are of
somewhat} longer ‘duration. These seem to correspbnd to the

haustral shutt]ing movements of the co]on Type J11 waves

are frequently observed elevations of the base 11ne rressure‘

(s

super1mposed upon wh1ch are seen .type I and II; waves. The

function of type Il11 waves is not clear. Type IV waves are

peristaltic waves but are very infrequently observed.

This classification has been applied to man and is p‘

still being used: in recent texts [19]/(1978),‘a1though
previous writers have readily agreed that, iny viewf of the

very irregular patterns of activityvoften'observed)lttfﬁs

~ inadequate [20,21]. Today, a rational c1aSsifjcation“\of

Ce

colonic pressure waves still does not exist.

Rigorous1y,5 given the_characteristics of the pressure -

activity, it does not seem likely that ~a . clear



“useful tool in .cblonic motility studies. Instead, some

.91

classification of colonic pressure waves would become: a

[

»~
features can be extracted from the pressure records that can

be used together with other features in the c]assifiéatién

of diseases instead of the 'individuai pressure record

waveforms. Some of these convenient features are considered

below.

Feature Extraction: | o . o -

The featurés selected will 'be used in the
.classification of specific diseases or of pétignt stafesﬂ
Since no studﬁihas b§¢n done about fhe relation of the |
rezsiure proposed_.wifh specific diseases or whether these
features are relevant or not,.éll the ones were extracted
that ¢n some way related to different‘particularitieslof the
fgreggure records.. Howevef} the min%mﬁm number of .feaiuﬁes'
‘that will finally bé significant has to bé determined 1ater
thnéugh_a featuEe selection ‘process, .énd the uée]ess or
redundani ones discarded. |

" The extracted features have to be scmehou

4

.....

’representatfve of the colonic mcti’ity from {the basal or

post-drug ~ziordings. They have been extracted from one hour
iong records of basal pressuﬁé, and(\?roﬁ records of the
first one hour after the drug Has been administered. These
two Eeéords, basa} and post-drug, must be recorded in a

P v (G R ; . . )
close successive way so there is consistence in the later

-



pressure.
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‘ %
comparisdn -of their featurest The feetures extracted from 1§‘
hour records are referred to as "total". - | . :
To -have .normalized procedures, the amount of drug
administered shouL\J/pe determined in a ratidnal.way to
ensure consistensy. The kind of drug can be included as a
feature,’ since the motility response is a function of the
specitic drug»Being used. |
'Ayresbonsevto the drug usually becomes evident during
the first’ 10 to 30 minutes after it i- administered, and its
peak response is reached w1th1n the- first hour From this
peak . response some features are extracted within e,smail
fixed period of time of 4.4 min., centered“'at the peak.
These: features are refered as partiel | |
Since ' the ‘dc component = of the 'pressure does not
contribute directly to the colonic motility} the greater
weight is given to the . "ac. compgnents Sf the coionic
' -
T2 0 s ine number of samp]es in 1 hour, M the number

of samples -in 4.4 minutes and X] the pressure value in cm.

ofwater at sample i, then the»features were defined as:

Total Average Pressure (TAP)

is the avérage pressure of a
_ ‘ A \
one hour record



.Partlal Avenage Pressure (PAP)

>
Tor

—

the_peak.4.4 minutes.

93 -

Total ac Pressure (TACP)
is the "area updeh ;thf curve"
(during 1 hour) per sample, after’, the TAP has been
subtracted. = A %gv‘ : -
N | ) : . "

TACP- 1? E |x;- T4P 1~

Total ac power pr ssuhe‘(TACPP)
is theltotal power of the ac

. -
pressure component per sample.

o |
TACPP = ~ E (x’—TAP)

l

is the average pressure during -

P

Partlal ac Pressune (PACP)

p:ﬁ g: is the "area under the curve”

(at' the peak 4.4 min.) per sample, evaluated after the
PAP has been subtracted |

PACP :- ; [x-PAPl



L)"Q,

&

Partial ac Pressure Power (PACPP)
is ~the power = of the ac
component dUrihg,the'peaK 4.4 min.
o \M . .
: 1 2
PACPP = Iva E (Xi' PAP |

i=1

"

£
l .

Other features ,

Thenfeatures previously defineg are to be ‘obtained
from basal and. post-drug records. These fwo kKinds of
records are‘obtainéd, one immediate]y after the other,
tov. evaluate the V?Ffects of drugs on the colonic
‘pgtiljty. The ratiofof some features éad beruséd as néwv
features, sugh as TACP rétio (TACPR), TAﬁﬁratio (TAPR),
PAP ratio (P"A;R\), and PACPP ratio (PACPPR).

Other, features can be défjnéd' that involve the

pressure of - differentv, channels., The intraluminal

pressure from a single channel depends strongly on the

4

. \ - .
.amount of colonic c¢ontents and 1its characteristics.

fncréaSé on‘intraluminal pre sure;goes not necessarily
{nvo{ve movements of “ihtra]umina] contents or marked
wallvumovements. The differential pressure from two
cHanne1§ can be more »cloéély related»with the actu§1i
céntent/movemehts} The same features used for basal and

posf-drug records cah be used for ’the differential

pressure. Thiii\ujijtures can only be relevant and
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significanf if they are obtained in a- normalized
praocedure, ?hat is, obtained fko& chénne]s hat nhave
their open-end tips at a -constant distance.
Unfortunate]y, the pressure records ayaildblé dif%gp in
the channels used, wich makes the evaluation of the

, , . e
differential pressure features inconsistent. However,

with the use of the autometic feature ‘compdtation
machine proposed, these features can be reliably and

*tbnsistent]y evaluated.

Discussion

 The features were defined considéring ~ every
characteristic of the bressure §igﬁa1; Obviously some of
these féatubes will turn out to be without significance
during their selection, before they are. used by the(pattern'
classifier. | |

A1l these features were extracted from 46_re00rds, each
record with several channels. The results obtained showed
some inconsistency, speciffca]y the features where the
absolute pressure was used directly. This corroborates the
previous conclusion that, after the cumbersome process the
data goes through until it reaches the Amdahl computer, it
becomes Unreliable principally due to uncontrolled gain or
zero vchanges. However, good resu]ts .were obtainedvfrom
vspectrums where absolute pressures were not used.

These featUres can be used by the c]aésifjer ‘togethgr

with other features related to the intestine motility/to
. : : !

\ s
\
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decide - to which ciass or disease the patterns'beTohg. These
other ieaiures as bowel Habits, stool consistency, colonic
transit timesrof’radioopaque markers, and rectoanal reflexes
have been already determined and qdantified for normal man
[22]. The class corresponding to normals cahjbe directly
defined from these nofmal features. T%e_other classes remain

gﬁﬁgo be. defined, depending on the features obtained from i1l

hatients.




{

.+and data processing. in a reliable form.

4

-

IX. PROPOSED AUTOMATIC FEATURE COMPUTATION

For the feature computation, a microprocessor based

machine is proposed, which can achieve ‘the data acquisition
. : 5

-~

A. SYSTEM DESCRIPTION | o

| The syétem perf?rms two different ffunctibns,"data
acquisition and data p?gbessing.' )
During data aéquisition, the preésure transduceré and

preamplifiers are shared by the Beckman recording system and

~ the acquisition system, as shown in Figure 37. The analog

signals are convertér by the analog to-digital converted and -
stored in random access memory (RAM) and simultaneously  or

later, stored in‘ a (cassete) magnetic tage. Once the data

.Jacquisition is finished, the data stored in RAvﬁ can be

processed to compute the desired features. If the featuren 
evaluation algorithms are later changed, they can be
reevaluated from old data by tranéfering'backvthis data from
the magnetic tape in té the RAM. | ‘ |

;. The pressure transducers use strain-gages, and a

‘Beckman 9803 strain-gage coupler is used to interface them

wi th fhe Beckman amp]ifiers. The amp]ifiér@ outbut is - then
samp led ai 1 sample per second in a multiplexed manner and
then convérted to a digital form. If four pressure channels
are used, kthebé will be faur samples per secohd geneéated,ﬁ
and with one hour .long - records . .15 ‘Kilobytes of RAM are

requirqg;The data acquisition and processing is performed by

97
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the same micropr&tessor, and the results are displayed'and
or pr1nted gut. -~ If it s oecided to implementv  the
three d1mens1ona1 power specfrum plots.»(B;DPSP), :thep
'add1t1onal c1rcu1try is necessary to be used in the FFT
eQaluation; The 3- DPSP can be plotted on a X-Y recorder.
| - The program ‘used in the feature evaluation can be'

stored 1n u]tra violet erasable read on]y memory (UVPRDM):
wich makés poss1b1e 1ater program changes 4

~The n&mber of pressure channels can be increased;by’
iadd1ng extra RAM memory (3.6 kilobytes per channel) to siore
the data ’ | | '  ;

Up to 49 Kilobytes (bytes of 8 bites) can be stored in .
a 1 hour cassete by using 110 bouE“FZYE_TBAtes per second)

4. ' » N * /
B.‘FEATURE COMPUTATIONSe ' '

The.feaiure proposed prevfously can be efficient]y\
computed by a microprooessor,ﬂ sfnce .there ‘are no timel
limitations.

| The algorithm to be used jn the‘evaantion of . each of

the ﬁeatures will depend strong]y oh’tre microprocessor
used, thus algorithms Vwill'vnot be"énalysed; HoWeyerr
additional special circuitry must be used if 3"-'DPSPs’arg

desired.
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JLelectrical activity "in yivo“f\"in'vitro", and of s1mu1ated
: NS _

-

X. CONCLUSIONS

Several features representative of the colonic motility

" were defined. These'features.were evaluated using the Amdah1

computer to test their validity, but most of the data turned

out to be unrel1ab1e g1v1ng rise to unrellable features. The

" defined features—depend on the ga1n settings, wh1ch ‘changed

from/record to record so they cou]d not be conpared or used
in_d/normalized manner . |

Nevertheless,, extensive' frequency component anaﬂysﬁs
?Were made for the colonic pressure data, mainly using &he
3-DP§bs 3-DPSPs were done for .46 colonic pressure recordsz,
wh1gn“\1n genera] revealed an absence of signiftcaﬁt and

cons1stent frequency components With the exception of §A or

4 pattents that presented some post drug rhythmic pressure,.

waves, they changed in frequency and amplitude with /t}me
Thereféte, features representatlve of™* some frequency
’component of the mot111ty were difficult to def1ne w1thout
ending in 1ncons1stent features. ; /

. The 3-DPSP gives ‘a very good 'plcture as a function of
time of the frequency components, so.it can be used together

with the proposed features. 3- DPSPs  of the colontc

s1gna /fQEFE\do ne. It was found that the e1ectr1ca1 activity

: frequ cy components depend FOn the electrode- t1ssue

I

(
).

‘1nterface, wh1ch is exposed to changes with t1me due to the

[ i

2p ‘total of 161 pressure records correspond1ng to different
chénnels were ana]yzed by using the 3-DPSP..
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"pgiient movements of -movements of the‘ gut wall. Abfupt
movement, as the ones caused by cough, generatg§,sfrong
periods bf noise generally of high‘power ip re]at?én to the
signal, which can be easily detected in the 3-DPSPs. The
simulated signal showed that ;some of the high frequency
components® are . only harmonics and not \ independent
frequencies, as some authors élaim3 [1Q,14,24].

The'Way‘of overcoming the problem of unreliable data is
through the use of a direct aUtoﬁatic data acquisition and
_processing ~maéhine, as was proposed, which can perform a
reliable and efficient = feature computation. This
: miéroprocessor‘ based machine permits changes in the feature
evaluation a]gorithms, by changing the program storeé in
UVPROM. This flexibility is essential when the features, as
in this case, have been éxtracted'in excess and are liable
to be deleted oF changed by other more significant ones
during the fehturé selection process. The use of the
features by the pattern .élas§ifier will diéc]ose’their
usefﬁ]hess. - ” ‘

The use of pattern recognition makes possible ratfonal
feature selecting and processing. With the use of - a\
statistica]‘patfern'cléssifier implemented with a computer,.
different classes corresponding to specific states or
illnesses cé; become defined. This classification can be
used later for a Simple. fast and reliable diagnosis. |

D O e I .

frequencies and state that electrical slow waves in the
ascending colon are omnipresent and have only one rhythm at
‘a frequency of .approximately 0.006 Hz. (3.5 c/min.)
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APENDIX

1.1 Dlscrete Fast Fourier Transform program.

£7

N

10

10
20

I

SUBROUTINE FFT(X.Y,M)

DOUBLE PRECISION X(512),Y(512).ARG,TWF,C, S, T1,T2
INTEGER REP,DISP ‘
CALL ORDER(X.Y.M)

P1=3.1415926535

N=2* M

DO 10 I=1,M

REP=2*%]

DISP=REP/2

ARG=2+P1/REP

DO 10 'J=1,DISP

TWF=(y-1)*“ARG

C=DCOS{ TWF) : -
S=DSIN{TWF)

DO 10 KEJ,N.REP
J2=K+DI5P

LT1=C*X(U2)+S*Y (U2)

T2=-5*X(J2)+C*Y(J2)
X(J2)=X(K)-TH1
Y{J2)=Y(K)-T2

X K )=X(K)+T1

Y(K)=Y(K)+T2
CONT INUE
RETURN

.END

SUBROUTINE ORDER(X,Y,M)

DOUBLE PRECISION x(512) Y(512),71,72
N=2%+*M

ND2=N/2

NM1=N-1 = -,
d:' N .

DO 30 I=1,NM{

IF(I.GE.J)GO T0O 10

T1=X(J) °

X(J)=Xx(1) -

X(I)=T1

T2=Y(J) ‘
Y(J)=Y(1) .
Y(1)=T2

K=ND2

IF(K.GE.J)GO T0 30

J=J-K

K=K/2

GO TO 20

J=U+K : '
RETURN

END

Fel
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1.2 Sub'routine) TAPER

SUBROUTINE TAPER(Y,NS)
DOUBLE PRECISION Y(S512).F
M=NS/10.
F=3.1415827/M
Y(1)=0.0
. DO 10 I=2.M '
- Y(I)=Y(I)*(1.-DCOS(F*(I-1)))/2.
10 Y(NS-1+2)=Y(NS-1+2)*(1.-DCOS(F*(I-1)))/2.

- RETURN :

eEND
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