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" ABSTRACT

The e1ectr1ca1 s1ow wave act1v1ty of the co]on was studied using

¥

n v1tro musc]e str1ps of can1ne co]on Record1ngs were ébta1ned

a5

US;ng both extracellular pressure e1ectrodes and’ 1ntrace11u1ar micro- .

&r

..e1ectrodes E]ectr1ca1 coup11ng between reg1ons was’ stud1ed using

1mu1t1s1te measuremen s on each side ei th

each s1de of’1so1ated c1rcuTar.aﬁd 1ong1tudina1'musc1e layers.

Al
3

i

5

and 1ntr1ns1c osc111ator fr£QUenc1es were a1so stud1ed by ca]cu]atwng

_,)_

frequenc1es and phase ang]es before . and after cutting the t1ssue

between record1ng s1tes The 0r1g1n of the s]ow wave and the ro1es

B

\ p]ayed byqthe 1nd7v1dua1 musgﬁe 1ayers in the generat1on of the $Tow

. wave were stud1ed‘us1ng the s1mu1taneous app]1cat1on of - extrace]]u]ar

?r

electrodes to both s1des of the 1ntact musc]e wa]ﬁ*ahﬁd1solated

_E_HM§£lﬁalay£rs ..The above po1nts were a]so exam1ned using 1ntrace11u1ar

* £

microe1e0¢rode measurements. Also the 1ntrace11u]ar to- extrace11u1ar

transduct1on mechanism was exam1ned us1ng s1mu1taneous 1ntrace1}u1ar

'and extrace]luTar measurements and 1ntrace11u1ar measurements in cells

directly below s1mu1tated pressure electrodes.' COmputer programs

were written to manipulate, process and display experimental results.

1.

< ‘
13

A . ) '
The .results may, be summarized as follows:

v

. - K & ) .
The electrical slow wave originates _at the poundary of the inner

€ 1ntact muscle wall. and on "lg,’

CoupTing

—

circular layer and the.squucbsa, and the integrity of the circular

& . . ’ . i,
muscle-to-submucosa interface is essential for the existence of

~‘the slow wave.

N

The slow wave is not generated by cells of the longitudinal mustle’
layer.

h



o

The mean restipg»potentja1A$nd slow wave amplitude of cells in

A .

the circular muscle layer was -77.8 + 6.8 mV.and 28.9 = 5.5 mV -

respectively. A

The mean resting'potential of 1ongi§udina1 muscle cells was -52.6

+ 7.0 mV,

{
With regard to electrical codp]ihg between oscillatory reéionsjﬁn

’ tﬁe circuldr-and longitudinal directions:

B it .

. (a) Coupling was better in the circular ‘direction than in twa\
Tongitudinal directipn. The mean phase angle, for an elec-
tfode spacing of 2.5 mm in the circular direction was 29.0 +

.

23.2 as compared to 117.3 = 51.0 degrees in the longitudinal'

s .
direction. '

i

(b) No gradient of intrinsic oscillator fféquencies existed in-

(; '. <«
1ient was

tﬁe longitudinal direction but a frequency gfad
péesent_in the circular directian with respect fo the
mes;ntericaborder. . “’

With respect to the ihtracq)]u1arito-gx§raéeﬁ1u1ar transduction .

mechanism: : t { | o

(a} Tﬁe results dp not support theﬁgéne;a11y acéepted pressure

| e]ectfdde hypothesfs pfoposed by Bortoff (1967).

(b) Contr;ry to this,fheory the application of a pressure elec-
trode resylted in a reduction in the intrace11u1ar potential
of the‘s1ow-wave trough but did not change the intraﬁe11u1ar

}
potential of the slow wave plateau.

vi
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CHAPTER 1.

INTRODUCTION
1.1 MOTIVATION

Electrical signals are knowh to play a major role in the control
of many physiological systems. The majority of these signals may be
placed into one of two categories.  Either they are of a pu1sat1ié
‘nature such as the action pdtentials which permit communication within
the nervoué system or they are cyc]%c oscillatory signals of the type
generated by the sinoatrial node of the heart.

It has been khown since 1922 (Alverez and Mahoneyj that the
gastrointestinal tract is e1ectrica11y'éctive. It has been shown
since that time that both action poténtia1s and slow oscillatory type
signa]é generated.within the organs themse]ves‘p1ay a role in the
control of contréctions in the stomach (Sarna, 1571), small intestine
(Sarna, 1971), and colon (Shearin ét. al., 1979). These electrical
signa]s‘and their control function are best understbod in the stomach
and least understood in the colon. :

The purpose of this work is to increase the understanding of the
electrical activity and its cbhtro]{function in the human co]oni The
immegiate incentive for persuing this is the écquisition of informa-
tion which will lead to improved clinical treatment of colonic dis-

function.



a 3

1.2 SCOPE OF THE PRESENT WORK
{

The study of the electrical activity of the colon could be pursued
in a number of différent ways. One(could study the intrinsic cyclic
electrical activity generated by the smooth muscle of the colon wall,
the neural control of the organ,.or the integration of both the iétrinsic
:and neural signals in the control of colon function. The first of
these appfoaches was adopted by this present work.

The intriﬁsic cyclic electrical activity of the gastrointestinal
tract has been referred to as slow wavés, e1ec;rica1 cbﬁtro] pofentia]s,
and basic electrical rhxthm (Bass, 1968; Connor, 1979; Szurszerki,
1981). The term slow waves will be used in this.thesis. The principal
" gbjectives of.thjs work‘are (1) the definitioh.of the or%gin of tﬁe -
s]gw wave activity in the‘co1on, (2) the definition of the role played
"by each of the muscle layers in the generation of the slow wave, and
(3) Ehe determination of the basic electrical characteristics of thfs
signal. fhe last of these will require an examinatian of the intra-
cellular resting potentia]s and slow wave amplitudes as w§11 as an
examinétion of the phase.relationships of signals recorded from different
sites. =

A number of alternative ways of attain{ng these objectives were
considered. One method was to study the electrical activity in vivo
in humans using surgically implanted electrodes. - An alternative to
this was the study of the activity in vitro from organ specimens
removed durinélrequired surgery. Another approach was the study of
the co]onic'e1e¢tf1ca1 activity in anima1g using either in vivo or

in vitro recording techniques.



The first of the above methods was seriously conside%ed because
it would examine the electrical activity of the human colon under
.c1ose—to-n6rma1 physiological conditions. However, a number of
df?FTCHJ;jes existed with this approach. The ftrst of these difficulties
was in finding a sufficient number of subjects for the study. Elec-
trodes could oﬁ}y be'placed in patients who required abdominal surgery
and who gave ‘informed consent. The availability of such subjects
would require a long period of time to»obtaiq sufficient daté. Since
this sfqdy wou1d be on post operative patients, many df whom were
being treated for some coion disfunction, the normality of the data
might be suspect. In addition to this, currently available in vivo
electrodes produce very poor quality signals. These e]ectrodgs
usually consist of stainless steel or platinum wires inserted into the
cd1on muscle wall. The. sighals obtained from such electrodes are df
very low amplitude and contain large noise components due to electrode
movement. | |

The second approach considered was the §tudy of human colonic
muscle in vitro. This approach haé advantages in comparison to in
vivo studies because it does n&t have to_cqntend with electrode move-
ment artifacts and Because signals obtained from in vitro electrodes
are usually larger in amplitude’than in vivo signals. However, this

o
type of study is hindered by the 15ck of availability of healthy
human tissue. Specimens are‘on1y avai]ablevfrom patjents who requiré“
co1onic‘surgery. Therefore, these specimens are obtained from
abnorﬁa1 organs. Becausé the surgeon's primary concern is for hjs
' patient,‘and not for the hea]gﬁyof the specimen, the viability of’

such specimens would be questioned.



The third method of study considered was the in vitro and in vivo
§tudy of slow wavé activity in’an animal with colon and cofonic function
similar to man. The major advantage of this approﬁch wa§ the adequate
supply of animals-and‘animaT tissue. - However, animal in vivo sfudies
"have electrode and movement artifact problems similar to their human
counterparts. In vitro animal studies havé the-disadvantages'(]) that
the tissue is not maintained in exactly the same physio]ogica} state
as - it would be in vivo and (2) that the.tissue under study is not
human tissue. - Species differences could make the results inapplicable
to the human organ. However, studies of the e1ectrica1 activity of
the canine stomach and small intestine haQe greatiy‘increased tﬁg
understanaing of the electrical activity fn'the corresponding human,i,
organs (Sarna, 1971;,E1—Sharkawy et. a1{;4}978; Szurszewski, 1581)._

| In vitro studiés have the advantages‘of (1) a ready supply of
tissue, (2) feQ movement artifacts, (3) larger signals from electrodes
which are better understooﬁ:than_iqbviyo electrodes, and (4) the
facility to permit changes in.the ionic composﬁtion and the application
.of hormonal agents at the”measurement site. For thé above reasons,
and because in vitro canine studies have proven very useful in many
other gastrointestinal studies, the reséarch described in this thesis
is based entirely on studies of in vitro'strips of canine colon.
The work uses both extracellular si]?éfrsiﬁverch1oride pressure elec-
trodes (Kingma, et. al., 1982) ?nd intracellutar microelectrodes.
Because the reﬁationship between extrace11u1ar"préssure electrode
signaié.and their associatéd.intréce11p1ar potential variations has
not been adequately defined] it was ﬁecessary to investigate the

1

pressure electrode transduction mechanism. Also, because the



characterigtics.of silver-silverchloride electrodes were not known
for the very low frequencies‘(4ﬂto 7 cycles/minute) found in the colon, -
it was necessqry'to‘measu;e tﬁe electrode impedance versus frequenc}
characteristics. . |
The extracellular studies included multisite measurements on
strips of both thg intaét co]o;%c muscle wall and_of iso1ated\mhsc1e
- layers. Also, they inc]uded simultaneous meagﬁrements on opposite*
sides of the intact ﬁugc]e wall as well as on.opposite sides of -isolated
‘musc]e layers. ~ |
The microelectrode sfudies involved the recording of intra-
cellular potentials frém cells in both muscle layers of the colonic
wall. These measurements were also used fo compare extrace11u]af and

intracellular swgnals and to investigate the mechanism responsible

for the generation of the extracellular pressure electrode signal.

1.3 THESIS ORGANIZATION

Because of the interdiscip]inéry nature of this work it is.expected'
that it Q?]l be read by both engineers and medical scientists. To
make the work more easily understood>by the engineering reader Chapter
2 provides a description of the anatomy of thé colon. Chapter 3
provides a review of studies of electrical s1ow}wave activity cen-
ducted.on the stomach, small intestine, and colon. This chapter
also includes a description of the cﬁfrently accepted theory of
pressure electroaé éignaT generation and»of'slow wa;e modelling using
relaxation oscillators. Chapter 4 describes the research objectives

as well as providing'a detailed description of the experiments conducted



to attain these objectives. Chapter 5 provides the results of all
_eXperiments and Chapter 6 includes a discussion qf the results and of

theJéonc1usions which can be .deduced from these results.



CHAPTER 2

ANATOMY OF THE COLON

SE

. 2.1 INTRODUCTION

This chapter is included to provide the reader with a bae1c
know]edge of the anatomy and function of the colon. This'wi11
fac111tate a better understand1ng of the motives and s1gn1f1cance
of the research described in th1s thesis. It will also define'
phys1o1og1ca1 terms us1ng 1n‘}he fo]1ow1ng chapters

Much of the data provided is from animals ‘Other than man, but
where possible dafa from the human colon is_included. Since the
~canine colon 1is to.be used in this work the di%ferences and similarities

©

of human_and canine colon are particularly noted.

2.2 GROSS ANATOMY AND FUNCTION

The)co]on or Térgglintestfne is the porffon of the gaserointes-
tinal eracthextending from the ileocecal value to the rectum. The
functions of‘the colon are (1) storage of fecal matter and (2)
absorption of water and e]ectrolytese The proximal half of the
colon is concernee princibal]y-with absorption and the distal half
with storage. The,ca]iberlof the organlis greatest at the proximal
“end and its diameter reduces towards the rectum. “As shown in. Figure
2.1 there is an-alteration of fixed and mobile parts due to variations.
in the degree of fusion to theleorsal body wall Qy mcans of a membranoui\

fotd called the mesentery (Schof1e1d 1968).

A diagrammatic cross section of the alimentary canal illustrating
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'sﬁfuctufes-typ{cgl of the canine colon is shoWn_iﬁ ngUreﬂZsZ. AsA -
,éan be‘seen from this figure the colon wall is tomposed 6f:a ﬁumbef
of distinct layers. The outer 11n1ng which is cont1nuous with the ’
mesentery is called the serosa. The muscle-wall shown immediately
inside the'serosa cohsists of two smooth musc]e’jayers, one oriented ’ S
in the longitudinal dffection and the other .in the circu]ér direction.

- The muscle wall fec11itates movement and mfxin§ of bowel contents to
‘,1mbrove absorption of f]ufds' Also the muscle coat is responsib1e

for the mass movement of wastes to the d1sta1 end of the colon and for
final evacuat1on of these wastes. As seen in F1gure 2.2 the -longitu-
d1@a1 musc]e coet of the can1ne colon is continuous around the comp]ete'
u,ciecumferenceiof the organ. However, in the human the 1ongitudfna1
muscle coat is'gafhered\mafh1y into distinctive bands-orgtaenia coli.
‘The mucosa or inher Tining of tHe colon is respons{ble fer the absorp-
. , : -

tion of f1u1ds‘and electrolytes. Associated with the mucosa is another
thin smooth muscle layer, the muscularis mucosae. This muscle Iayer
causes movement-of the mucosa to maximize fluid ebsorbtibn. There:

is a high dens%ey of nerves in the colon wall. The majority of these
nerves is found in two nerve.networks or plexuses. Auereach's‘p1eXus
is évnetwork of nerves and gangfﬁe 1ocated betweenlthe‘1bngitudinal

and circular muscfe layers. ‘Meissner's plexus 1s‘1ecated in the
submdcosa which is a connective t1ssue layer between the mucosa and’

the c1rcu1ar muscle 1ayer " These nerve networks form a soph1st1cated
system controlling co]on funct1on This control system combines
.both 1oca1 reflex loops 1n’the colon. wall and extrﬁnsic'inputs from. *
the spinal cord and higher centers to contro] absorpt1on, muscle

contract1on and masS*movement

bl : ~
N . .



. Page 9 has been removed duevto copyright restrictions.

It contained a figure entitled, "Figure¢2(1 Attachﬁent of the human
colon to the dorsal wall via the mesentery".

This fﬁgure was obtained'from,'"Anatomy of muscular and neural tissues °
in the alimentary canal", by G.C. Schofield, .pp. 1579-1628, Handbook -
of Physiology, ed. C.F. Code, Am. PhysioTogical Society, 1968.



Page 10 has been removed due to copyright restrictions.

It contained a figure entitled, ”Figure 2.2 Diagrammatic cross section
showing the structure of the alimentary canal".

[}

»This figure was obtained from, "Anatomy of muscular and neural tissues:
in the alimentary canal", by G.C. Schofield, pp. 1579-1628, Handbook
of Physiology, ed. C.F. Code, Am. Physiological Society, 1968.



2.3 THE MUSCLE COAT

There is much'species variation in the structdre of the smooth

muscle layers. However, all species studied have both 1ongitud1na{
and circular muscle Tayers composed of long thin spindle-like cells
ranging in diameter from 4 to 6 um and in length from 200 to 400 um
{Bennett & Rogers, 1967; McGeachie, 1975; Prosser et. al., 1960; and
Schofield, 1968). A connective tissue sheath, the epimysium, compYéte]y
surrounds the smooth muscle of each layer. Thin septa extend inward
from the epimysium to form the per%mysium which contains collagenous
and é]astjc fibres as well as fibrob]ééts, capillaries, and nerves .
‘An examp]é(df th%; arrangement in the longitudinal muscle of the dog
' intestiné is shown in Figure 2.3. The perimysium divides thevmusc1e
into bundles .of smooth muscle cé]}s. This formation of descrete bundles
has been observed in the guinea-pig-and cat (Prosser et. al., 1960),
the dog (Cajal, 1933), and the human (Schofield, 1968). Transverse
sections through the muscle bundles show that fhey vary in outline
from rectangular to circular and are 20 to 200 .m wide. A cross section
of muscle bundles in the circular muscle layer of human colon is shown
in Figure 2.4.° The muscle bund]e; can be traced in serial transverse
sections through a smooth muscle, before they lose their identity by
ana;tomosing with~édjacent bundles. Because it is difficult ‘to define
where one-bund1e ends ahd the next begins, no concensus exists on the
1engiﬁ of these bundles. e |

, Théﬂpﬁckjn§f§fv;mpdﬁh‘mysc1e cei]s into a bund]e is shown ih cross
Qétf&énjjn}F{eré:é;S; Each ceiY in the bundle has about five close
nejghbéufé. These celiﬁiare sépargted by~5 pfoteih—po]yéaccharide-

filled gap of 50 to 80 nm. Thefihree—dimehsional relationship between

&



Page 12 has been removed due to copyright restrictions.‘

)

[t contained a figure entitled, "Figure 2.3 Diagram of a longitudinal
section through the smooth muscle of the dog intestine; the muscle
bundles (b) and the perimysium (P) are clearly shown; the perimysium
consists of collagenous and elastic fibres as well as capillaries and
nerves; at irreqular intervals adjacent bundles fuse or small bundles
(I) interconnect larger bundles".

This figure was obtained from, "Histology", by S. Cajal, Bai]]iere,
Tinda]], & Co., London, 1933.



Page 13 has been removed due to copyright restrictions.

It contained a figure entitled, "Figure 2.4 Cross section of the human
~ colon wall showing the smooth muscle bundles in the circular muscle
layer™. '

' ‘ ..
This figure was obtained from, "Anatomy of muscular and neural tissues

in the alimentary canal", by G.C. Schofield, pp. 1579-1628, Handbook
of Physiology, ed. C.R. Code, Am. Physiological Society, 1968.

A



Page 14 has been removed due to cdpyrightvkestrictions.»
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It contained a figure entitled; "Figure 2.5 The arrangement of smooth
muscle cells.in a.muscle bundle of the guinea-pig vas deferens. Electron
micrograph montage of a very small muscle bundle (Bo) in the tongitudinal
muscle coat. Note that the muscle bundle is clearly separated by a

Tayer of’ connective tissue (c), the perimysium, from the ‘neighbouring
. muscle bund]es B1 and B2: Each muscle cell (M) at the centre. of the .
~bundle is surrounded - by about f1ve other muscle cells; a, axons; 'S,
2 Schwann ce]]“ o ;

~ This figure wasgobtained»from,7JAu£ohome'ﬁéUrmegcu1ar transmisston", -
by M.R. Bennett, Cambridge University Press, 1972.
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' ﬁuscie ceiTs;ih‘a punqie‘has been‘determined from studies of the guinga_
pﬁg (Bennett & Rogers, 1967) and the mousew(Taxf, 1965). ;ﬁ‘these |
animals each cell is closely apposed by approximately twelve cells

at any‘point along its Tlength. ABB?bximate]y equal numbe?:ro% cells
overlap at either end of any given celT.

The muscle cells wi;hin'the bundles are connected to each other
lat points along their lengths by three different types of spructﬁres
called tight junctions, desmosomes, and gap junctions (Staehe]%n &

‘ Hull; 1978). The main function of tight jdnctions is to énab1e the
group of cells to maintain an internal environment that is different
from the external one. Desmosomes ére the mechanical 1inks which
hold tHe tissue together. Gap:junctions are believed to play alro1e
in ce]]u]éf'chemical aﬁd e]ecérica].communicatioéz A broad correla-
‘ tion .exists between fhe_appearancg of gap Jjunctions and the transmission
of action potentials with a tissue (Dewey & éarr, 1962). A model of
a gap junction is shown in Figure 2.6. These junctions consist of a
~5JZSNm'gap‘between the apposed. outer 1qme11a of adjoining cell membranes
wHiCH,i;'bridge&-by én'héxdgdna1raﬁra}‘of st?Uéfu}éé jpining thé:méma.
f}rbﬁénes.fogether,_VItvis probable that these spructurés which bridge
the 2 nm gap provide a low resisfahce pathway between ce11s (Brightman

& Reese, 1969).

2.4 éONTROL OF»CONTR@CTIONS

Muscle contraction is generally controlled by nerves. In skeletal
muscle the effector unit, the smallest unit controlled by t;e nervous
system, is the sing1é muscle fibre. A‘propagating wave of depolariza-
tion (an actfbn potential) arrives at the end of a nerve causing the

release of a chemical transmitter substance. For skeletal muscle

15



Page 16 has been removed due to copyright restrictions.

AtTContained a figure entitled, "Figure 2.6 Model of a Gap Junction ~
depicts the structural elements that allow the exchange of nutrients
and signal molecules between’cells without loss of material into the
intercellular space. The communicating "pipes" are formed by pairs
of abutting particles, which are in turn composed of six dumbbell-
shaped protein subunits that span the Tipid bilayer of each cell
membrane. The channel passing through the cylindrical particles is .
about 20 angstroms in diameter, limiting the size of the molecules that

. can pass’ through it. Unlike the tight junction, flui¥s and tracers
in the intercellular space can permeate the gap junct*%n:. they flow
around the pipes". ' ' - ‘

This figure was ‘obtained from;'hdunciiéns Béfwéeh;ﬂgving,éélls";be‘
L.A. Staehelin, & B.E. Hull, Sci. Am., 238(5):140-152, 1978;»
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the nerve ending is in close proximity to the muscle fibre it controls.

The transmitter substance depolarizes an area of the muscle fibre
-membrane to a thre;ho1d leve] initiating an action potentie]‘in the
muscle tibre. This action potential céuses the fibre to contract.

" In smooth muscle, nerves are not closely associated with-soecific
muscle fibres.. The effector unit is not ‘the s1ng1e musc]e cell. It~
has been shown by Bennett (1972) ‘that it is dnffmcu]t or 1mposswh1e
to 1n1t1ate an act1on potent1a1 in a single musc]e ce]] The response
of most" smooth musc1es to depo]ar1zat1on of their surface membranes
is a pa551ve e]ectroton1c depo]ar1zat1on (Kurlyama & Tomwta, 1965
' and Bennett & Merr111ees 1266). In smooth muscle the effectoh unit

is the smooth muscle bundle. It hes'been shown‘by'Bennett (1967)

“and TOmita*(1967) that a prooagatzng action potent1a1 can be 1n1t1ated ;

if a 1arge area of the muscle is s1mu1taneous1y depolarized, either
[ 4

by stimulating the nerves to the_musc]e or by passing current across
the muSc]e'with 1arge extrace11ular electrodes. . The drea of musc]e
wh1ch must Qe stmu1tane0us1y depo]ar1zed in order to initiate a. propa—'
gating action potent1a1 1nd1cates thet‘the effector. unit is the muscle
" bindle. The'nervousvsystemAceuses the release ofat}ensmtttek substence

in the genera] area of a muscle bundle. When. the ce]]s in the bundle

have been depo1ar1zed to a threshold level, act1on potentials are

initiated and the bundle contracts.

17



CHAPTER 3

SLOW WAVE ACTIVITY
3.1 INTRODUCTION

The'méjority of-studies df sTow waves have been done on the
stomach and small intestine. = This chapter w111 f1rst rev1ew what is
currently known about the s]owAhaves occurring in these organs. It
will also discuss the use of coupled osci1latoh‘models-tO'simu1ate.«
‘thé spatﬁ§1‘o?ganization»of the slow-wave abtmv{ty Because df fhe
1mportance of pressure e]ectrode measurements to_ the work descr1bed
'1n th1s thesis, a d1scuss1on is 1nc1uded of the current1y attepted
theory of_how these’ e1ecthodes work, ,F1na]1y,-the current khow1edge
of slow wame éctivify in the humdn, cat, and dog colons s presented.

O

3.2 SLOW WAVES IN THE STOMACH "AND SMALL INTESTINE

3.2.1_ Electrical Characteristics

- The s1dw waves which occur in the smooth muscle wall of the stomach
“have a sing]e,freqdency of»dne to three cycles per mindte in man ‘
in vivo. Intracellular record1ngs from stomach smooth musc]e show
an electrical comp]ex cons1st1ng of a rapwd depolarization followed
by- a p]ateau upon wh1ch sp1kes are somet1mes 1mposed In vvtro measure-
merits by E1- Sharkawy et. al. (1978) showed a cellular rest1nd potent1a1
in canine and human stomach averag1ng -69 to —74 mV as. the record1ng
' 1ocat1on moved from the "orad . s1de of the corpus to the fe;m1ha1 antrum
The s1ow wave amp]1tude 1ncreased in the aboral direction from 21

“to 31 mV.

18



Slow waves in the.sma1] intestine of the human, cat, and dog have
a frequency in the range of 7 - 20 cyé]es/min&te (Connor, 1979). Intracel-
Tular micro-e]ectrdde studies from the small intestine ofx}he‘rabbit showed *
a mean»resting‘potentfa1 -54.8 = 0.3 mV and a slow wave émb]itude of 17;9 .
0.2 my (E]—Shé;kawy and -Daniel, 1975 a). The corresponding measure-
ments for the cat are -67.0 = 7.0 mV and 30.0-:“5.6 mv (Cohnor etf al.,
1977). Charqcteristic ;1ow wave éctivity from the cat small 1ntést1né

is illustrated iQ“Figure 3.1

3.2.2 Relationship to Mechanical Actiwity

It has been shown (Danié] et. a].,‘196d; Danie1~and Chapman,
1963) that spike poteﬁtia]s,in the .stomach and small intestine most
frequently occur during the plateau phase af the slow wave as shown
- in Figure  3.1). -Although contractions can occur without spike ppﬁen-

tials (Daniel and Irwin, ]968; Szurszewski, 1981), these potentials
alQays correspond with contractions. Therefore contractions occur
.most frequently during. the plateau portion of the slow wave.

Many studies eﬁﬁ1oying multisite in vivo recordings (Bass, 1968;
Kelly et. al., 1969; Ké]]y and Code, 1971) have-demonstrated that
slow waves are responsible for the highly coordinated contractile
;(‘<§¢§ijpyqu"the'Stbmach../51pw Waves are_pﬁaéevloékedfpyerdthg stomach
- from thelcorpus to theiantrﬁm, and the:frequehcy and relative ‘phase

lag of tHese waves determine the frequency and velocity of peristaltic
, _c*ontr“afctﬁ"gn-s‘ in this 'o'r"ga‘h"f |

7. The reTaf{Onéhiphéf éhé‘;ma11"}nfe§f€né éTectricai activftyvto -
the role of the intestﬁne muscu]atqfe, mixing and‘pr0pé11ingrmqterja1,

' ﬁs‘noi as straightforward as in the stomach; -The“basic éTement of



Page 20 has beeﬁ removed due to copyright restrictions.

It contained a figure entitled, "Figure 3.1 Microelectrode recordings
from the musculature of cat intestine. (A) Two examples of records
taken from longitudinal layer cells. (B) Activity in circular muscle
recorded from a 1 mm area from which the longitudinal layer had been
dissected. Calibrations are the same in all records". ‘

& o i \

e o ,
This figure was obtained from, "On exploring the basis for slow potential

osci11atiphs in the mamalian stomach and intestine", by J.A. Connor,
J. Exp. Biol., 81:153-173, 1979.-
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contractile activity in the smaT1 intestine is thg contraction of a

vring of circular muscle f%bers;a few céntimeter; wide. During a per{s—V
fa]tic'wave, a ring of‘strqng contraction travels down the‘intest{ae at
tHe've1dcfty of the‘slgw wave. More'common1y, rings of éontraction
occur nearly simultaneously at seVEral,statjonary or slowly moving
locations, dividing the active length of the intestine into segments
(Cannon, 1902). The contractions‘fecur-at the slow.wave'frequency and
it Has been suggested that the wave]ength4 of the per%odic slow waves
determines‘the seément 1engthsv(gode et. al., 1968).

P acd

3.2.3 Site of Origin of Slow Wave Activity

\‘,»T There are 1n;onsistenc1es in the findings of various»inve§£{gator$_
from studies desighed to determine the Eé]]u]ér origin of slow waves
in- the stomaﬁh and sma11 intestine. These differences probably arfse
because - of the different ways used to.prepare measurement specimens.

In the cat small intestine the longitudinal and circular musc]é
,layers separaté easily as confirmed byi1ight and electron microscopy
(Connor et. al., 1974; Prosser, 1974; Taylor et. al., 1977). In thef
rabbit, the dissection_techniques employed separ§te the musculature
within the circular mus;]e 1ayef (Daniel & Sarna, 1978). " Studies of
isolated circular and longitudinal~layers from the cat intesfine have
shown that the ciﬁcular lTayer 1s,duiescent'whi1e the 10ngituéjna1 layer
generatéi s]owLwaves (Connor et. al., 1977; Kobayashi et.:al., 1966).°

These findings have been contrasted with data taken from the fabbit

+Wave1ength - Slow wave propagation velocity
. STow wave ‘frequency
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1htesttnefby'(Ef-Shahkahy and'Dahte1 19]4) and (Dan1e1 and Sarna,

1978). In these stud1es s10w waves were found in both 1so]ated c1rcu1ar

L4

~and§jong1tud1nal musc]e.'

t

*In the stomach there is ggreement that the slow wave act1xii§e

)

originates 1n the 1ong1tud1na1 musc]e 1ayer (Szurszewsk1 1981)

~
-~

3.2.4 The lonic Basis for Slow Waves

S & -
‘There is considerable evidence supporting the hypothesis that

~an electrogenic Na-K pumping mechanism is responsible for part of
_the resting potentiaT ofvshdoth musc]e-ce11svin the gut (SZuhszewski,
1981). _For example, the measured membrane potential in guinea pig
taenia coli ranges from -51 to -55 mV while the membrane,petentia1
calculated from the Goldman equation (Goldman, 1943) is.-35 my
XCaStee1s, 1976). This~aifference in measured and calculated values -
'is caused .by the flow of puﬁp curheht across the membrane resistance.
In additjon'to the Na—KvbumD-there is evidence of other metebotic
,pumping mechanisms responsible for the active transfer of Cl™ and
Ca++ across the cell meﬁbrane (Brading, 1979; Casteels & Van Breeman7
» 1975) These two mechan1sms may also contribute to the difference
~ between ca1cu1ated and measured membrane potentials.

It is generally agreed that the NaﬁK:qup is responsible for
stow. Qave generation in the'SmaTﬂvintestine (Szurszewski, 1981); but
‘ the particd1ar ionic mechantsm responsib]e is in dieputejz'There‘ahe ‘

- two hypotheses: The first states that the slow wave results from

-
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o the osc1]1atory act1v1ty of the Na K pumo ‘ The pump turns off _

to generate the pos1t1ve ahase of the slow wave -and on again.

a e ,
* o ST Y

to return the membrane:to 1ts,rest1ng pptent1a1. nvadence_,;.-
~in support of thisetheory has been thaﬁned by Connor and Prasser

(1974) and Connor et” a1;'(1974) The second hypothes1s states that

\1 1:s1ow waves result from cyc11c changes 1n membrane permeab111ty "~ Studies -

Vsupport1ng this, hypothes1s have been reported by M1115 and Ta“

' (1971) and E] Sharkawy and Dan1e1 (1975 b). Additional’ wo““ is fequired

, toudeterm1ne which of these hypotheseS'is correct..

3.3 MODELLING WITH COUPLED RELAXATION OSCILLATORS

&

3.3, Introddctioni
i : i . .

';im}The Hodgkin-deley model (Hodgkin & Hux1ey, 1952) nas reryAsuccessfd1
in explaining the nerve aetidn dotentiallin terms of regenerative
feedback through vo]tage contro11ed conductances This-supported the .
use of re1axat1on type oscillators in explaining card1ac electrical
activity (Roberge & Nadeau, 1966). It was therefore.natura] that this
type of osci]]ator would be chosen to model gastrointestinal electrical
activity (Nelsen & Becker, 1968). |

Relaxat1on type oscillators were first used tovmode1 cardiac
electrical activity (van der Pol & Van der Mark, 1928). The equation

describing the Van der Pol oscillator is as follows:

X - (1 —‘xz)i + szx =0 R ‘ 3.1

where x is the independent variable representing the amplitude of

the oscillation, « is the damping coefftcient; « is the natural.frequency



in radians per second, and x and x dre the first and second-derivatives

- of X\respectivély. Fitzhugh- (1961) .used Lienard's transformation to
.'6bfa%h\a’3ysfem of two first'order1different1a1.equationé,as fol]bWs:t

V . 3 .. . ) " .-r ) . :-.. " A o ] ) .
let — y-=>+ %— -x Lo 3L

I
.'I.
+
X .

“then . i} X X Tox o - : : . 2 3.3

using equation 3.1

P

yo= -z . " / 3.4

_,}‘= - f(sz - a + by) v : 3.5

Also from equation 3.2
- X3
x = aly +oxo- 5—) : . . 3.6

Equations 3.5 and 3.6 are the Fitzhugh system of equations. ‘Sarna et.

al. (T971)_furihef generalized these equations introducing other

coefficienﬁs and higher powér%-of x as follows:

< o
1

, ey + fx + gx2 + hx3) . 3.7
y = - l(by + ,Zx " cx2 + dx3 - a) 3.8

‘The smooth muscle of the gastrointestinal tract does not function
as a syncytium such as cardiac muscle where the electrical activity
of the complete muscle is controlled from a single pacemaker site.

Instead, any small region of the smooth muscle wall of the stomach,

small intestine and colon generates slow wave-activity. The muscle

o0
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can be cons1dered to cons1st of 1slands of e1ectr1ca11y osc111at1ng
t1ssue e1ectr1ca11y coup]ed to other surrginding regions which are also

e]ectr1ca11y act1ve As a consequence of h1s the electrical activity

“of the stomach and small. intestine has been modelled using an array

'of coup1ed re1axat1on osc111ators as shown in F1gure 3.2 where the

nth oscillator is descr1bed by the following equations (Sarna et. a1.,

1971, 1972):

X = k(a]yn.+ X, *agx © o+ X - In) - © 3.9
}=-.'l(t;y+bx+bx2‘+bx/r3-b) 3.10
n k' 17n 2°n 3"°n . “47n 0 ’

where In represents the resultant of all other -oscillators feeding
‘ v

D)

into the nth oscillator.

'When any two of,phese oscillators with different 1ntrinsichfrequen-

cies are coupled together a number of different results are possjb1e

'dependfhg on the oscil]ator and coupling parémeters. The two ‘coupled

)

L oscillators could oscillate at a frequency (1) higher than-either of

fhe intrinsic frequencies, or-(é) equal to the higher of the two
frequencies, or (3) somewhere between the two intrinsic frequencies

In each of the above situations the two oscillators becahe phase 1ocled
with a fixed phase lag between the two osc111ator outputs. If the
degree of coupling is sma11, the two oscillators could osci]}ate at
different frequencies making a fixed phase'fmpossib1e In this case

the osc111ator with the lower 1ntr1nswc frequency may have its frequency
increased due to the coup11ng This phenomena is referred to as

“frequency pulling".



K Pége526-has;beengrembved‘due to copyright “restrictions.

s e e

It contained a figure entitled, "Figure 3 2 Block diagram illustrating
the arrangement of oscillators in the intestinal model”.

This figure was obtained from, "Computer mpodels of gastrointestinal
electrical control act1v1ty", by~ 5= Ks Sarna, a thesis’ subm1tted tothe,

" Facul4y ‘of- Graduate Studies, University of Alberta, 1971,
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S]ow wave act1v1ty in. the ‘caniné stomach has been mode]]ed us1ng
i
a two dimensianal array of 16 b1d1recttonaT]y coupTed osc111ators as

shown in F1gure 3 3 (Sarna et al., 1972) The s1ow waves in the

intact organ in vivo have a single frequency of 5 1" +.0. 52 cycles/m1nute

As seen in Figure 3 4 the 1ntr1ns1c osc111ator frequenc1es decrease from

- -a maximum of 5.5 cyc1es/m1n in- the corpus to 2 5 cyc]es/m1n near the IR

py]orus. In'the intact organ and in the model.the slow wave signals

were shown to'be phase locked with:the phase‘anq1e‘Vany1ng from 70 —'100o/cm
in the corpus to 8 - 20 /cm near the py1orus The degree of coup11ng
between osc111at1ng un1ts increases d1sta11y to a_max1mum near the

1

.pylorys.

- - e vV e s e e o

3.3.3 Modelling of Slow Wave Activity in the Canine Small Intestine

Severa1 researchers. have ‘produced models of the slow wave activity,
of the canine small 1ntest1ne (Ne]sen & Becker 1968 D1amant et al.

b

T970;'Sarna et. a]i, 197]) The prox1ma1 60 to 80 cm of the small’
intestine produces stow wawves of constant frequency in the range of .
18.5 to 21.0 cyc]es/m1n (Sarna et. 51.1 1971). . In this- p]ateau reg?on
of constant frequency, slow waves are ohase locked with a phase 1ag of
10 - 15 /cm. D1sta1 to the plateau reg1on the frequency gradua]]y
decreases to a minimum of 14 cyles/min. in the ileum. Coup]ing in the
circular djrectign_is good with s}ow waves appearing'to be simultaneous
at points aroundwthe-circumfenence of the organ. - Intrinsic frequencﬁes
in small intestine segments decrease,exponentia11yias a function of

distance from the pylorus, and the frequency of the intact p1ateau region



Page 28 hds’béeh“removed;duertqwcppyfigﬁtsrégtﬁigtiQQ$;:l. )

It contained a figure entitled, "Figure 3.3 Arrangefent of oscilla-. -
tors in the gastric ECA model. Oscillators. 1.to 6 represent the ECA

of the greater curvature; osc111ators 7 to 11 represent the ECA of

the m1d11ne, and osc111ators 10-13 represent the ECA near the lesser
curvature.  Numbers-inside the boxes indicate the intrinsic frequencies
-of oscillators, and ‘those- between them indicate coupling factors".

Q.

_This f1guré was obtained from "Computer models of gastrointestinal
. electrlcaT controt activity", by S.K, Sarna, a_thesis subn1tted ‘to the
FacuTty of Graduate Studies., Unlvers1ty of Alberta, 1971 " -
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fPage <29.has. been remoyed duefto‘éopyright restrictions.

3

It contained a figure entitled, "F1gure 3.4 D1agram showing the
intrinsic frequency gradients a1ong the greater curvature (—) and .
on the midline (--) of the dog stomach. Numbers refer to different
electrodes".

This figure was obtained from, "Computer models of gastrointestinal _
electrical control activity", by S.K. Sarna, a thesis submitted to the
Facu]ty of Graduate Stud1es, Un1versity of Alberta, 1971. '



1”{5 hmgher than the h1ghest 1ntr1ns1c frequency from’ 1so1ated segments
(Sarna et. 1.£ 1971). The" mode] deve]oped by Sarna et. al. (1971)
'cons1sted of a ser1es str1ng of b1d1rect1ona11y coupled oscillators
'w1th intrinsic frequenc1es decreas1ng distally in the same manner as
-1nd1cated by in vivo measurements N Coup11ng was a1so made to decrease

< as'a fhnct1on of the osc111ator 1ocat1on .in the str1ng The mode1 was
lshown to exh1b1t the - frequency and phase 1ag character1st1cs of the .
"'7sma11 1ntest1ne ) In add1t1on the model was shown to pred1ct the I

changes in slow wave act1v1ty produced by transect1on of the organ.at -

various locations along its length.

3.4 INTRACELLULAR-TO-EXTRACELLULAR SIGNAL TRANSDUCTION
3.4.1 Introduction

Intrace11uTar microelectrode measUrements'from smdoth muscle cells.
arervery d1ff1cu1t to obtain and mu1t1s1te 1ntrace11u1ar record1ngs have
not been ach1eved in smooth musc]e. For these reasons, the. majority of
in\vitro slow wave studies has used pressure electrodes of the type ‘des-
cribed by Bortoff (1967). A large portion of the data jn'this thesis
was obtained from pressure electrode measurements. A knowledge of the
intracellular-to-extracellular transduction mechanism is necessary to
relate these extrace]tu]ar measurements to intrace11u1ar'phenomenat

It is generally believed that this mechanism results from the generation

of an injury potential.



3.4.2 The’Inguhy Potential Theory

In 1946 Graham and Gerard demonstrated that the.tmpa]ement of muscle

cells by 1§rge microeleotrodes'resu1ted in the measurement of an intra—‘

cel]u]ar potent1a1 which was far 1éss”than the expected'membrane potentia],

It was thought that an injury to ‘the cell caused a drop in the 1ntra-

,¥ce1]u1ar ‘potential and thus the: measured potent1a1 was referred to as..

’“an 1n3urytpotent1a1”' This was- .again demonstrated for cardlac musc]e
‘ ;>by‘Woodbury et. al. (1951) who showed that the measured<potent1a1A
would fall to as Tow as 307 of the correct value. Later Gillespie

(1962) reported a- detailed study of this phenomena for the smooth

muscle ce11s of the rabbit 1argeiintestine He showed that in add1t1on

to measur1ng a reduced resting potential at the swte of the 1nJury,

the action potent1a1 at th15's]te was reduced by the same factor. “He
also showed that mechanical deformation of the cell due to stretching
heduced the 1ntraCeT1u1ar ‘potential. From these observat1ons he concluded
, that mechanical deformation of a cell by an eTectrode too Tlarge to
penetrate it would cause depolization and produce an_injury potential.

He developed the-simp1e model shown in Figure 3.5 to explain hjs results.
~In -this model R is the normal ce11“membrane resistence and v is the
normal intracellular potentia?. 'RS is the -shunt resistance existing
bet;een the interior and exterior of the electrode, and RL is a variable
membrane 1eakage resistance created by the injury. In the extreme
'tasetRL will be zero. For this situation the measured potential v is

given by the following equation:

P o 3.1

31



Page 32 has been removed due to_bopyright reétriétions.

It contained a figure entitled, “Figdre 3}5.'THe injury potential
generated by an extracellular electrode, and an equivalent c¢circuit
of the extracellular signal generation". :

This figure was obtaimed from, "Spontaneous mechanical and electrical
activity of stretched and unstretched intestinal smooth muscle cells

and their response to sympathetic nerve stimulation", by J.S. Gillespie,
J. Physiol., 162:54-92, 1962.
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Of course, if the 1ntrace11u1ar potent1a1 has a time vary1hg component
such as a slow wave, then v will contain a proport1ona1 time varying
'component.

. S I
Bortoff (1967) proposed that this'same'theory was abp]icabie to

the smooth muscle of the sma]] 1ntest1ne when deformed by 1arge extra—

ce11u1ar pressure electrodes

3.4.3 An Extension_of Gillespie's Mode]

Extracellular pressure electrodes are much bigger than the cetls
which are being studied. Figure 3.6(a) schematically shows the typical
measurement situation. Figure 3.6(b) is the equivalent circuit. 'The
componehté of this circuit no longer represent th: parameters of a
singte cell as in Gillespie's model. They represent the equivalent
"~ parameters of many cells having the same characteristics. It is assumed
that the membrane potential Vi, is composed of a resting potential V
and a slow wave componeht Ve Froh Gt]]espie's work it is assumed
that the cells deformed by the e]éctrode are depolarized by the creotion
of a mombrané leakage resistance for each of these cells. RL in Figure
3.6(b) represents the equivalent Teakage resistanco‘ofqa11“ce]]’mem-
branes deformed by the electrode. “It is assomed that the internal
resistances of the cells and of the extracellular fluid of the tissue
bath are both negligible. RS is the equiva]ent shunt leahage resistance
existing béetween the measurement surface of the electrode and the
extracé31u1ar f]uio of the tissue bath, RC ts the eqoiva]ent coupling
resistance existing between the injured and rormal ceclls. In the

extreme '‘case the cells under the electrode will be completely depolarized

and RL will approach zero. In this case the measured potential v is

-
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Figure 3.6 (q) A schematic drawing of a pressure e]ectrode measurement .
~ (b) An equivalent circuit.
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given by:

b
S R
-

=% S - (- ' :
Ve T TR ( vm) » 3.12
m. ¢ S .

Since Vo © Vm + Vew? the measured potential will have a time varying

component proportioha1 to Veu? that is

-R
_ 'S .
Vae R +R +R Vow 3.13
m c S

where Vac is the time varyiﬁg cohponent of v.

No direct comparisons of simy]taneous intracellular and extra-
cellular pressure electrode méaﬁuréments have been reported to support
this theory. However, part of the Qork described in this thesis showé
that the theory described above does not direcf]y apply to the smooth

. )
muscle of the co1on.. An alternative theory will- be proposed in this

thesis to explain'the.generation of pressure electrode signals.

3.5 SLOW WAVE ACTIVITY IN. THE COLON
3.5.1 Introduction

Less‘is‘undérsﬁood about the function of slow waves in the colon
than in either the stomach or small intestine. Slow waves have been
recorded from the colonic smooth muscle of the dog (E1-Sharkawy,
{978), thé cat (Christensen, i975); the dog (Vanasin et. al., 1974;
Bowes et. al., 1977) and the human (Vanasin et. al., 1974;

Cuthie, 1975; Sarna et. al., 1980; Chambers et. al., 1981).
However many inéonsistencies o?cur 1n,these reports either due to

species differences or differences in measurement procedures.

S .y

s - “om
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3.5.2 S]ow Naves in the Human Co]on

. ,,‘L"/

" In wvitro. stud1es of human*sﬂow wave act1v1ty are h1ndered by the

d1ff1cu1ty of obtaLn1ng hea]thy tissue spec1mens and in v1wo studies

o

e
are 1nfrequent1y attempted because of the post opérat1ve risks to

pat1ents. There is Tack of agreement on human co10n1c s]ow wave act1v1ty
_with respect to its omn1presence, 1ts frequency, and- frequency grad1ents

Tay1or et. al. (1975) and Snape et. al- (1976) reported that the s)ow

-~

wave is 1nterm1ttent1y present 1n the in vivo human colon. However,
Provenzale and‘Pisano (1971) found that it was omn1present A number
of researchers reported two d1st1nct slow wave frequenc1es one of 3

and one of 12 cyc]es/m1nute (Vanas1n et. al.

%

s 1974; Duth1eﬁ 19755.
Stoddard et. al., 1979; Sarna et. al., (1980). Hawever,
.Chambers et. al. (1981) report arsjng1e frequency of 2-9 cyles/ .

minute. Vanasin et. al. (1974? reponted the existence of two ; - '

‘

'frequency qrad1ents with the frequency decreas1ng d1sta11y

.
-~

in the.ascendwng colon wh11e 1ncreas1ng from transverse, colon

to rectum. However, Chamber§ et, al. (1981) report that no frequency 2

i gradient cou]d be detected.

No data has been pub]1shed concern1ng the 1ntrace1]u1ar s]ow wave

wi

character15t1cs or concern1ng the t?pwca] phase .angle ex1st1ng between

J >

oscillating reglons in the human colon.

Ed

3.5.3 Slow Waves in ‘the Cat Colon

| The e1ectr1¢a1'activity of the cat colon has been extensively ;
-Etud1ed by, Chr1stensen et. al. (1969). In this animal the sTlow wave

fhas been shown to or1g1nate in the circular muscle layer and to be
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nonexistant in the.longitudinal'1ayer’(thrigtgnsén et. al., 1969). This
e]ectrﬁca] actiVity'is phase Totked 67 percentwof‘the_time in the 1bng— ‘Q
‘1tudina1 direction and 95 ﬁercentmof.the.time in the circu1af direction.
_The*meanAfrequenCy in isolated muscle segments was determined to be

3:1255 1.62.cyc1es/minute:(Christensén & Hauser,']97T a; 1971 b). The
phase 159Jbetween recording sites véries linearly Qith e]ectroderspacing
aﬁd the size of the oscillating regions is belieyed to be Tess thén

0.5'mm (Chrigtensen & Rasmus, 1972). The complete organ was studied
.in‘vitro by Christen;en et. al. (1974). From this study ft wés fouﬁd

that a freqﬁégzy:gradient exi5t§ fn the aboral difeétion with an intr%nsic
frequepcy QT 7.3 cyc]es/minuté‘at tﬁewd1sta1 end and f.9 cycles/minute

at the cecum. In addifion to the slow wave, migrating spike bursts
<were.also recorded. The spike bursts Qccurred évefy 74.3'$eéonds_With

a mean duration of 26.6 seconds and'bropagated dista]]y’bver the comp]eté
organ. |

°

3.5.4 Slow Waves in the Canine Colon )

Less has been repokted on the cqnine colon than on either -the
human or catICO1on; and éome of the reports have been confradictory.
Vanésin et. al. (1974) reported the existence of a ?ange of slow wave
frequencies with a frequghcy gradient exisfing from the éetum to the
rectum. However}Shearin et. a]t (1979) found-nb significant .gradient

"of intrinsfc frequencies. ‘Coupling has been found to be better ﬁn the
circu]ar.direction tﬁén in the longitudinal direction (E1-Sharkawy,
Y .

1978; Shearin et. al., 1979). A1l researchers have found the slow waves to

be omni-present with f%equencies in the range from 4.1 to 6.2 cyc}es/minute.
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a

Shéarin et.‘al. (1979) detérmined mean -phase angles between recording
sites using visual and’coﬁphter analysis. However,,these‘resungware '
to be questioned because tﬁeré was not SUfficient‘agkeementzbetween
‘thebvisual and computef resu1ts. T

| There are a number of -questions concerﬁing slow waves ih the canine
colon which have not been answered in the literature. The site of origin
df the slow wave is not known. What is fhe role played by éach of thé
muscle layers in the generation of slow waves? Are sléw waves present
,~1;\the cells of both 1éyers? In aqgftion to these poihts, the intra-
cellular characteristics of the slow wave in the canine colon have.ndt
beén rebqrted. The work described in this thesis addresses each of

the above points.

~ ¢ -

It would have been most desirable to study human colonic muscfe.
However, the uncertainty concérning the availability of hea]thy specimens.
preveateq this. As stated previously the dog has proven to be a most .
suitable animal for the study of stomach and small intestinal slow wave
activity (Sarna et. al., 1971; 1972) and a base of knowledge had been
obtained from previous studies in our laboratory on the canine colon
(Shearin_et. al., 1979; Bowes et. al., 1977). Thus, the'dog was the

obvious animal on which to base the present research.



’

‘CHAPTER 4

OBJECTIVES, METHODS, AND MATERIALS

4.1 INTRODUCTION

From initial preliminary studies on the canine colon it was deter-
mined that the distal colon was completely unpredictable in jts ability

to produce slow wave activity. Consequently, this work is based on

" specimens taken from the proximal one half to th thirds of the canine

I - ‘ -
colon. The distal portionfof the colon will require future study.

Healthy mongrel dogs weighing between 8 and 15 kilograms were

anesthetized using pentobarbital, and the required sactions of the

~colon were surgically removed. These sections were immediately placed

7

in oxygenated Krebs-Ringer solution’ and cut open either along the
mesenterit or antimesenteric border. These sections were carefully

-+
washed in three separate containers of Krebs-Ringer solution to insure

the complete removal of fecé] contents. The sections were then placed
in a constant temperature bath df‘KFébs-Ringer solution and the- mucosa
and muscularis mucosa were rehovgd using shafp dissection. The sections
were then trimmed and cut into circu1ar1y or longitudinally oriented
str{ps (10 mm" x 40.hm) for sbeéific’experiments.

The objectives of fhe research‘are as,fo]]ows:
1. The determination of the anatomical origin of colonic slow wave

activity.

2. The definition of the role piayed by each of the muscle layers in

#

See Appendix B for composition.

39
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the generation of slow wave activity.

‘_3. A more accurate determination of the phys1ca1 and .electrical charac-
terT§$4Q§ of slow wave activity. This will include an examination
of intracellular potentials to deteriine the resting potentials
|and slow wave amplitudes. It will also include an examination of
slow wave frequenc1es of frequency gradients, of the sjze of osc111at1ng
reg1ons, and of the relative phase ang]es existing between’reg1ons

in the circular and longitudinal directions.

An add&tionai objective’fesult{ng from the extensive use of pressure
electrodes is to determine the rela?ionship,between pressure elettrode
signals and the‘ihtrace]]u]ar potential variations of ce]ls’under these
electrodes.

4Extrgce11u1ar pressure electrodes are essential to much of the

: -

work in this thesis. This chapter first includes a description of the

development and .study of the pressure electrode used in this work.

»

This is followed by a detailed description of .extracellular and intra-

cellular experiments and of the computer processing used to analyze

the results.

4.2 THE DESIGN AND STUDY OF A NEW PRESSURE ELECTRODE

The majority of slow wave studies have been completed using extra-
cé]]u]ar pressure electrodes (Bortoff, 1967; 1975; Chrfstensen et. al.,
1969, éhearin et. al., 1979). This 1? due'ﬁo the fact that 1ntra¢e11u1arv
measurements are very difficult to obtainﬁiw compariéon to extracellular |

measurements. Intracellular measuraments are much more time consuming,

require more sophisticated measurement apparatus, and require more



tedious measurement procedure. In addition to this, multisite intra-
ceT]uTaf mea;uremeﬁts are very difficult to make wheréas the number of
simultaheous extracellular recordings is Timited only by the size of
the tissue and the ava%1ab111tylof recording channels.

Nevertheless, extracellular mgasurements.have a number of 1imita—
tions. ~The most 1mportant of these is that no information één be
obtained about the resting (dc) pdtentials exist¥ng in cells under the
electrode. A second is-that at present it is 1mpossib1é to calibrate
‘the electrode signals in terms of actual potential variations 1n51de
the cells. The pressure electrode theory outlined in the previous.
chapter has not yet been proven, and even if it were correct, it does
ﬁot provide the necessary paramete%s to relate intracellular and extra-
cellular potentials. In addifion to thé above problems, extrace]?uiaﬁ
electrodes are Timited by noise and low frequency drift. Most extré—
cellular pressure electrodes utilize évsi]ver-si]verch]oride-1ayer as
the signal transducer. The resistance and capacitance of this type of
e]ectrode.incréase as an inverée power of fregquency. This characteristic
could cause severe distortion of signals such as.slow waves which
have very low frequency comp;nents. Typicg] slow wave frequencies in
the dog colon are in the range of 4 to 7 cycles/min. (0.067 to 0:117

Hz) in vitro.

4.2.1 E]ectrodé Description

Our work on the colon started with a glass pore electrode of the
type described by Christensen & Hauser (1971 a). However, this electrode
was inadequate because of its high impedance, its large offset voltage

and its 1ow-frequéncy drift. Therefore, the development of a better

)



e1ectrode was initiated. Si]Ver—si]yerchioride electrodes have beén
used in méhy physio]ogica]:app}ications (Geddeé, 1972) and héve been
chown to have good impedance, noise, and drift characteristics (Geddes
& Baker,'1968). vThese'facts 1ed to the design of an electrode

using a chlorided silver wire as its transduéing element. . ‘

The e]ecfrode is shown 1in Figure_4.1f It consists of a 1 mm
diameter silver wire inside a rigid glass capillary with an outside
diameter of 2 mm. During electrode application the capillary provides
a seal between the conducting extrace11u1ar fluid and the active elec-
trode‘surface ensuring that the'shunt resistance RS is very -large.

As determined by equation 3.13 in Chapter 3, the 1arger,the magnitude
of RS the larger the recorded signal and as a consequence the better
the signal—to—noise.ratio. The surface area of the e1éttrode was
maximized by roughening, and it Was optimally chlorided to minimize
electrode impedance and noise charaéteristics. The wire.was fixed

inside fhe capillary with epoxy resin.

4.2.2 .E1ectrode Impedance Minimization

As stated above, the effective surface area of the electrode was
increased before it is chlorided. This was accomplished By roughening
the end surface of the silver wire. It was emperically determined that

a maximum increase in effective surface area was obtained whemn the

SRR
A

surface was.roughened with an aluminium oxide abrasive with a mesh size .
of 240." It was difficult toimeasure the effectfve surface area, but by
cqmparisoﬁ of the capacitance of a roughened electrodc to that of a
polished q]ectrode it was estimated that.the,areaﬁwas increased by a

1 ~

factor of five or better.

+This_e]ecfroae design was originally proposed by Prof. Y.J. Kingma.

42
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1mm dia. silver wire

P 2mm dia. glass capillary

epnxy resin

AR

AgCl layer

Figure 4.1 Pressure Electrode Details
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.Reports trom the literature 'vary great]y'with regard to the'obtimum
chloriding levels reqdired to produce minimum imdedahce silver-silver-
chloride electrodes (Geddes, 1§72)_, The appltcability of these reports
to our electrodes is questionable because these reports have been for
much larger electrodes and for frequencies of 10 Hz and greater. .Thus_
1t was necessary to determine optimum chloriding levels and to meaéure‘
‘the electrode tmpedance Characteristics at low frequencies. )

Figure 4.2 is a plot of impedance versds chloriding 1eve1 for five
different frequencies from 0.1 Hz t0'10 KHz. The chloriding Tevel is
indicated as a product of ch1or1d1ng current amp11tude multiplied by |
the1§%p11catton'%§he 3R seconds For frequencies at 10 Hz and greater

these results agree with data publtshed by Geddes (1972).’ For 0.1 Hz

the optlmum ch10r1d1ng Teve] 15 3 mA- seconds This was chosen as the

gt .
optimum level fors the eiéctrodes e
.. ,‘~ . . R IR e o f_,.. i i
) i W T e
4.2.3 Electrode Impedance Measurement - R . "b

‘To measure the impedance of the electrode it wa$ placed in a 0.1

S oReY

Normal saline solution at a fixed distance from a lgwde silver-silver- .

chloride reference electrode of known negligible impedarce. The'imbedance
{ } .

across the two eTectrodes was measured using two different methods of
measurement for which the‘frequeney ranges overlapped.. For frequencies
above 5 Hz a vector impedance meter was used. For tdequencies in the

range from 0.1 Hz to 20 Hz the impedance was determined by passing a
sinusoidal current of peak density 25 uA/cm2 through the electrode-
reference bair. |

The noise amplitude of the electrode was also measured with respect

to a large st]ver—si1verchloride reference electrode in a 0.1 Normal

44 .
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FigUre 4.2

Impedance K@)

A Hz

/' 10 Hz

100 Mz

0 KHz

Electrode impedance as a function of chloriding levels:

and frequency.
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saline bath.

4.3 EXTRACELLULAR STUDIES

The study of the oscillating regions of the colon and of their
slow waves feéuﬁres the simultaneous recording of electrical sig;a1s
from a number of sites on the muscle waﬁl._ As stated previously, to
obtain multisite measurements it was neceséary to use the extracellular
electrodes previously described. °

Two sets of experiments were designed; one set to examine coupling

characteristics between various oscillating regions and the other to

~

examing ‘the role played by each of the muscle layers in the generation
of slow waves. The firsf‘set'of experiments is summarized in Figure 4.3.
This sst of experiments is composed of two groups. One group of €xperi-
ments, conducted to measure average relative phase angles as a’funct%on
of e]ec}rode spacing, is described in sections 4.3 and 4.3.2. The

. A}
second group, conducted to study frequencies and phase angles before

‘and after tissue cuts, is described in section 4.3.3.

The second set of expefiments, designéd to study the role p]%yed
by the individual muscle layers, is also composéd of two groups_of
measurements as shown invFiéurq 4.4, The first group, isolated layer
studies, is described in section 4.3.4, while the second group, the
dual chamber studies, are described in section 4.3.8,

O . -

4.3.1 Mu]tisité ETectrode Studies on the Intact Muscle Wall

This set of experiments consists of two groups of measurements

using four to eight extracellular electrodes. The first group is a
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First Set of Extracellular Experiments ., **

Obiective: To Examine Coupled Oscillator Characteristics

Gro‘up § o Group |
Variable Electrode Cutting Experiments
] Spacing

~

%

Figure 4.3 Multisite electrode experiments designed to examine coupled
oscillator characteristics.
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Secord Set of Extracellular Elgetrodes

Experiments to Determine the Origin of Slow Wave Activity

|
Group |

‘Isolated Layer

Studies

l.ongitudinal Layer
Measurements,

Meaasuremenis

lIntact Muscle

Group I .

Dual Chambered
Studies

Isolated Layer
Measurements

Measurements

Removal of -
Submucosal kayer

Fiqure 4.4
wave signal.

Experiments designed to determine the origin of the slow
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study of yhe re]ati@@ phase angles in the longjtudimal and QirCU]ér" 
directiony as the inter-eiectrode spaéing fs varied froq'Z,S mm to
7.5 mm. Yhe second group is;a study of signal fhequehcies and relative

phase angyeas before and after the tissue has been cut betwéen recordihg

sites. ‘ : ‘ . 3

 The first objective of-this set of experiments was thR generation
of a data hase of frequencies at and relative phase angles and between

recording aites on the transverse and broxima1 colon. Thi% data would

be used t¢ determine the size of groups of cells which osci]late together;_;

to determine if a frequehcy gradient exists, and to‘determihe differenées
in coqp]iﬂQPbetQéen the 1ongitudina17aﬁa circular directiohs. The
second oijctive was to determine if the region of the meg§£tery has a
ro1é with respect to stow wave generation.

* N
4.3.2 Phasé Angles as a Fantion of Electrode Spacing

& . . B
Six txperiments .were conducted to study the relative phase angle

as a function'bf the spacing between recording sites. étyips of intact
colonic mugcle wall wére'prepaHEd as described in Section 4.1 and
placed in § constant temperature bath as shown in Figure 4,6 with thg
'.'chosal giqe facing up. ﬂThe strips were cﬁf either in a.&ir&u]ar of
16ngitudin31 orientation. The specfﬁen was superfused wiﬂh Oxygenafed
Krebs-Ringer solution at a rate of 6.m1/m1nute and the teMpeFature
maintafngd;at.3?.50C. ‘ . . , -
The tpﬁb{hed electrode holder and force trénédhcer‘sWan in
Figure 4.5 wés used fo apply from two to four e1ectrddes 10 the tissue

with an average force of 0.059 newtons (S‘gramé) per electrode. The

electrod¢ spacing was set at 2.5 mm, 5.0 mm, or 7.5 mm.



=

> *
. . L) .
— Y
POLYGRAPH f
ELECTRODE HOLDER & _
FORCE TRANSDUCER
_ REFERENCE
ELECTRODE.
| ELECTRODES
OX¥GENATED COLON MUSCLE STRIR
KREBS-RINGER : .
SOLUTION CONSTANT TEMPERATURE
: WATER BATH
. ’ 3
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In these six experjments thlve sets of measurements were made

in the circular direction anc eighteen sets of meaéurements in the
longitudinal dir - tion. | |

\In addﬂtion fo these sfx experiments data was dbtéinéd from the
basal recordﬁngs of seventeen expefiménts conducted for other purposes.
P A11 of;the aata were recorded on a Type R Beckman po]ygfaph as
well as on an fm tape récorder for later computer processing as des-
cribed 1nisectfon-4.6.

-

4.3.3 ‘The Cutting Experiments

In a system of‘pbo}1y coupled .oscillators as exists in the canine
colon it is difffcu]t to‘quantify thé‘degree of con1ing. Also it
.fs'difficu1t to determine if a gradient exists in -the jnt}insic fréquencies
of individual oscillators. In a tightly coupled system, as exists in
the stomach, separation of oscillators by cutting has proven very- )
effectiveAin‘deterﬁining the frequenéy gradient as wéll as in pfoviding
insighf into the ‘type and degree of coupling (Sarna, 1971).

Twenty cutting experiments Werepggpductéd on intact muscle segments.
Ten of theseaexpefiments were on muscle gg;ips‘briénted 1H the Tongitu-
dinal direcﬁion and ten weré on §t;ips oriented in the~circg]ar'direc4
tion. For each eXpérimenf, circu]a; Eﬁa\{9ng1tudina1 strip§ were
pFeparéd as previously describedv%ﬁ Section 4.1 and mounfed in the
constant temperature bath of Figure 4.5. -After a périod-o? 30 minutes,
measurements from three to four sites Qere recorded on fm tape and
on a polygraph recorder. These basal recordings were usually 15 to

30 minutes in duration. Upon completion of the basal recording the

specimen Wa§ cut between two recording sites without moving either

-
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the electrodes or the specimen. Of the ten experiments on cifcu]ar]y
—-oriented strips, five utilized cuts on thé'mesenteric border and the
remainder cuts 1 cm from the mesentery. Thirty minutes after thé
cutting procedure a second set of recordings was obtained. B

The records from "before"-and "after" cutting were/analyzed visually
and using the computer programs described in section 4.6. Also the
computer was used to caTcu]até‘the average coherence (Bendat and“
Piersol, 1966) for a band of descrete ffequencies around the signal
frequency. The coherence function is defined as the Ferier Transform
of the cross—corré]ation of two signals divided by the product of the
auto-correlation Fourier Transforms. The average coherence is a‘
~medsure of the correlation and coupling between adjacent channels.

For comp]ete]y coupled signals the coherence va1ue 1s un1ty, and for

’

Comp]ete]y 1ndependent signals it is zero.

- 4.3.4 Studies of Isolated Muscle Layerg

To determine the roie played by each of the smooth muscle layers
in the generatioﬁ of the slow wave signaj,’it was necessary to determine
the electrical activity of each 6f the isolated muscle Taygrs. 10 do
this,‘a dissection technique was developed for separating fhe %::;:tu- 
diﬁa1 and circular muécYe layers. In deve1op1ng th1s techn1que ite
Wa s d1scovered that a very thin layer of submucosa cou]d be eas11y
removed from the mucosa] side ' of the circular muscle layer. Conse-
quently, the electrical bct1v1t1es of the 1ntact muscle and 1so1ated

circular 1ayer were recorded with and without this submucosal layer.
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4.3.5 Separatjon and Study of Longitudinal and Circular Muscle Layers

To separate the circular and longitudinal muscle layers a strip
of intact colon wall was mounted with its serosal side facing down in
a constant‘temperature bath of oxygénated Krebs-Ringer solution. The

«mucosa’qu‘removed using sharp dissection and thevtissue was trimmed
to form a 1 cm by‘2 cm rectangle with edges paré]1e1 to the circu]ér
and longitudinal directions. The tissue was turned over and at an edge
parallel to the circq)ar muscle direction the two 1a¥ers were teased
apart using iris scissors. When an edge of Tongitudinal muscle
(sufficient]j large to be gripped with forceps) was developed, small
strips of longitudinal muscle 2 to 4 mm in width were gently peeled
back leaving behind the circular muscle 1ayef. This procedure was
continued until all of tHe longitudinal layer had been removed. Then
strjps of isolated circular muscle or longitydinal muscle were pinned
to the bottom of the constant temperature bath for study with extra-
cellular electrodes as illustrated in Figure 4.5,

Seven experiments using ten different specimensdwgfe conducted
on isolated Tongitudinal and circular muscle. From each experihent
histology specimens were prepared to confirm that the separation was
in the p1an¢ between the circular and 1ongitudipa1 layers. For this.
purpose pqrtiohs of the intacf)wa11 and isolated layers were placed
immediately into glucoaldehyde and later mounted and stained using
hematoxy]in-edsin or trichrome stains. Figure 4.6 shows three slides .
typical of the results obtained using hematoxylin-eosin stain. .Figure
4.65 shows the intaﬁt muscle wall with the longitudinal layer near

the left marg%n of the slide. The longitudinal muscle cells lie

approximately parallel to the plane of the bicture. Figures 4.6b



Figure 4,6 Histology slides showinq (é)’the intact muscle wall,
' (b) the isolated lonitudinal layer, and (c) the
isolated circular layer. Magnification: x62.5.
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12 .

and 4.6c show the longitudinal and circular layers respectively after
séparation. For the majority of histology specimens the separation

occurred in the plane between the two layers.

4.3.6 Dual Chamber Studies

The dual chamber studies were conducted‘to further invest{gate the
r§1e of each of the muscle layers in the generation of slow wave activify.
These experiments were based on the simultaneous recording of the
amp]ifude and phase relationships of tae slow wave signals on both
sides of the’ intact muscle wall anq isolated layers.

The dual chamber constant temperature bath shown in Figure 4.7
was designed to faéi]itate this set of efperiments. This bath consisted
of two e]ectriﬁa1}y 1§dﬁated cHambers, each_separate]y supplied yith
oxygenated Krebs-Ringer solution. Both chambers were maintained at
the same constant temperature by a surrbunding e]ectzjca]1y'ihsu1ated
water b;th. |

A two éentimétgr équare section of to1onic muscle wés'prepared in
the mann . previously described in secﬁion 4.1 and mounted between‘thé
two chambers. . A 1 cm diéheéer window permitted contact o€ opposite
sides of the tiSéué with the Krebs-Ringer so]ufion of the chambers.
Petroleum jelly was used to insure good eléctrical insulation in all
“areas except for the 1 cm windows. Before each experiment the impedance
befween the chambers was checked to ehéﬁre the absence of leaks creating
a short circuit condition.

A total of twelve experiments were conaucted. Six of
these experiments were conducted oh specimens of intact muscle

wall containind both circular and Tongitudinal
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muscle layers. Thé“bther six experiments were conducted on isolated
longitudinal and circular muscle.

.

4.4 INTRACELLULAR STUDIES
4.4.1 Introduction

Extracellular slow wave measurements would be of maximum benefit
if they could be directly related to variations in intracellular
potentials. This re]étionshjp was unéertain because informacion was
not availabjé on’ the intréce]]u]ar potentials bf canine colonic.smooth
. muscle. Therefore it Was necessary to conduct a number of microelec-
‘trode 1ntrace11u]ar studies. ‘These studies were also required to
. .investigate the transduction mechanism responsible for the generation
of the extracellular signal.

Microelectrode measurements on smooth musc]e.are di%ficu]t to
perform because of the sma11.size of smooth muscle cells and because
-the muscle is continually active. For successful penetration of this
type of cell the microelectrode. must be lTess than one micron in diameter.
Such ‘electrodes are very fragile and are easily broken by muscle move-
ment or system vibration.

. A measurement system was designed’which minimized system vibration
and electrode breakage. TQenty-four intracellular experiments were
conducted on'thirty—eight different specimens from the transverse and
proximal colon. Eight of these studies included measurements on the
intact muscle wall, five fncTudéd studies of -isolated 1ongitudind1 and

circular muscle layers, eight were stﬁdies of the intracellular-to-

extracellular transduction mechanism, and three recorded extracellular
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and intracellular signals simu1taneously.' Basal measurements of intra-
cellular pofﬁntia]s from the mucosal side of the intact muscle wall were

obtained for all but five of the experiments.

4.4.2 The Measurement System

The intrace11u1dr measurement system is shown in Figure 4.8. It
consisted of a vibration free tab1e, the constant temperature tissue
bath originally used for extrace11u1ar studies, a’ m1crde1ectrode manipulator
and holder, a hydraulic manipulation system for precise eontro] of
electrode movement, and a battery powered e1ectrometer-fnput amp]ifier.v
The output from the amplifier was simultaneously recorded on a storage
oscilloscope, on an fm tape recorder, and on a paper chart recordef.
The complete system with the exceptiondof the recording devices and the
hydrau11c contro] mwcrometer was housed inside a Faraday cage.

The v1brat1on free bench consisted of a hor1zonta4 concrete platform
(4 ft x 6 ft x 4 1nches) supported by two legs made from concrete blocks.
The Faraday cage was placed on this platform. Inside the cage and of
sdight]y smaller dimensions was a second‘concrete platform supported
by four air-filled rubbervtenn%s balls and two balls of steel-wo6l.
The rubben balls provided decoupling from building vibrations and the
steel-wool balls were adjusted to pgﬁvide suitable damping.

The microelectrode manieulator and ho1der was of the standard -
type designed for microelectrode measurements but a hydraulic control
system was added.fo isolate the experimenter from the measurement system

and to improve the precision of the microelectrode manipulation system.

The details of the measurement system are shown in Figure 4.9. The
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: ﬁydrau1ig yystem consisted of two 011 filled precision syringes couDléd
by meaps O¢ an oil filled po]yetﬁyTQne tube. The ratio of diameters
for.the"tWD syringes was 25. The-smaller of the two syringes was
driven by y micrometer system which lay outside the Faraday cage. The
contray migrometer permitted a slow precise movement of &he microelecCtrode
Lyith Qpé Upit movement of the microheter corresponding to gn electrode

Ymovemﬁnt 0¢ 0.1 micron.

The Microelectrode amplifier wys 5‘Médistor Model A~§5L electro-
meter~1ﬂput amplifier.with an input impedance of 5 x 109 ohms and an
RMS nQiSg putput of 20 V.

The @]ectrodgs were pulled from 1.2 mm borosilicate g];ss tubing
a”i.they Wore f111éd with 3 M KCT. It was determined that an electrode
impeda Cg ogf between 50 and 100 megyhms was optimum for this work.

As shayn By Firth and Defilice (157]) the tip dia eter O0F guch an
e}ecthodg fs.in the fange from 0.1 to 0.5 microns. &

4:4.3 Cyrcular Musc)e Measurements e

TeN Byperiments were COndﬁéted‘on the mucésa] é{de of intact musc1é
strib§ (wigh the mucosa removed) to determine the Sest procedures fqr )
obtainiNg jntracellular measurements ir,]f to obtain statigtically sig-
nificapl fuformation on the basal potentials in the i lar muscle

layer.

: /
TFa Bissue was prepared as described in section 4.1, However the

final ¢Rg&imen was trimmed to the mych smaller size of 0.2 c¢cm by 1.0 ¢m
to miniMiZg problems caused by muscle contraction. This was done SuCh
that N apecimen sides were parallel to the circular and 9ongitudinar

N +
direcliQp%, The way in which a specimen is mounted in the tissue batn ~
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is of critical importance for the success of an éxperiment,' The optimum
modnting arrangement is shown in Figure 4.10(a). The fissuﬁ is pinned
in four lotgtions such that it is not under tension and so that a line
Joining the two closest pihs'is Parallel to the short dimepaion of the
Speciéen. The optimum measucement location is then at the midpoint
between these two pins. Care must be taken to ensure that fhe tissue
~1s not pinched or dfétorted fromrits normal shape by the pins.

In addition to the above teﬁ experi@enis, basal recordingé on the
mucasal side gf‘?he intact muscle wall were obtained from thirteen other

experiments. =~

4.4.4 " LOngitudinaJ Muscle Measuremenfs

The measyrement of intracellular potentials in the longi tudinal
layer proved to be a much more difficult task: than the meayuUrement
of such potentials in the circular muscle tayer. The submycpsal Tayer

L4

provided easy access to the circular muscle cells without problems due
t0~e1ectrode breakage. Howeve}, the serosa, in&pite of the fact that

it g a very thin 1ayér,‘p}0yed'tolbe a major obstacle preventing access
to Tongitudingl cells. Uhsufcessful aftempts were made tO remove fhe
s€rosa without causing significant damagértb the longitudina] muscle.
The technique which proved most sucfessfu1 uti]izgd very thin cross--
sectjons of calon wall cut paralle] to the 1ongitudida1 direction.

These sections were approximately 0.1 cm thick and were moynted as

.
shown in Figyre 4.10(b).
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Figure 4.10 Tissue mounting configurations.
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4.5 STUDIES OF THE INTRACELLULAR-TO-EXTRACELLULAR [BANSDUCTION PROCESS

\,4;571 Introduction

A 4

As reportéd }ﬁ Chapfer 3, the generation of an “injury potentia]ﬂ
has been given as the’reaSOn for the existence of the the extracellular
pressﬁre electrode sfow'wave signals. Hewever no“research has been
Vpub]isﬁed which‘prOQES‘that this is correct. ‘The work done by Gillespie
(1962) preduced'eyfdencevwhich led Bortoff {1967) and others to believe
an "injury'potentﬁa]“Kwas responsible for the extrace11ﬁ1ar signal.
'Hewerer, Gi]]esp{e's-worr're1ated‘to large miéroe]ectrodes and individué]
smooth mus-le cells. The pres§Ure e]e;tredes'used in this present
work are many times 1arger thag the smooth muscle cells responsible fer
' the signal generatjon{ .In fact, the 2 mm(diameter,e1ectrdde has of
the order of five to teﬁ‘hi11ion cel]s directly urder it. One cannet
assuﬁe'the theory developed fofk indivfdual ce11s applies in this
siruétion, Consequently eleven eiberimenis were-cdnducted'to inveS;
'tfgatevthe re]ationship.between;the e;tracellu]ar signals and»the intra-
ce]le1er potehtiaTs of Eefle’direct1y under the preésure e]ectrodes!

‘The.bbjectiveiof tHjs_set_of experimentS'wés tWéfo]d: firstly,
td demonstrate that éhé’extréce]]uTar :%ow wava signal is a funct1on ‘
of 1ntrace]1u1ar var1at1ons of the same shape and frequency, and

“secondly, to show that an 1n3ury potent1a1 of the type descr1bed by

"Gy1lesp4e (1962) exists 1n ce]ls under pressure e1ectrodes

. ’ . » - - s ’ » )
~4.5.2 A Comparison of Intracellular and Extracellular Electrode .

P

i
(¥

Three experiments were conducted to simultaneously record and -
: o \ R N )

Potentials «r . ;"( PR ‘ » | o L.
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’

‘compare extrace]]ularvandAintracé11u1ar potentials. This was difficu]f
to accomplish because the extraée]]u]ar'e]ectrode, in deforming the
tissue, created an in;féaséd contracti]e-qétivity around the extra-
ce]]u]ar measurement site.. This tissue movement greatly reduced the
nUﬁber of éuccesSfu] penetrations. Also the smaller tissué specimeﬁs
Eequired byvtﬁe‘intrace1fu1ar measureménts were not sufficiently large,
to completely sufrouﬁd the ex;kace]lu]ar e]ectrode; as in the‘extra—
ce11ﬁ1af_measurements of section 4'3if Conégquent]y the éxtrace]]u]ar
signals'obtained'were smaller in amplitude, and the wavefofm'not as
constant from cycle to cycle. The extracellular and intracellular
electrode holders prevented the two measurement sites from being closer

13

than 5 mm.

A 4

4.5.3 Injury Pqtehtia] Measurement

Eight expériments wére conducted to determine if an "injury
‘potentia1“uwas éssociated with the pressure'eiecfrode necordingsﬁ The
' apparafus'shown in'Figure 4.1 was.designed to simulate tHe'breésqre |
.electrode. It was ﬁbnstructed»from the 2 mm'diahefer.glaés Qsed to
construct the extracellular e]ect}odés. The glass was ceménted.fo a
“metal holder tq'whiéh-a force was applied. Thisiéimulated‘ef9ctfade
was first applied to fhe'muCosaTvside of the tissqe a§ shown -in
Fiéuré 4}11 with'g knqwn force of 1 to 5 grams (.O]jfo .05 newtons).
Then the microéiectrode was positioned. in the center of the cy]in@er

énd Qradua11y advanced until cell pengxration was obtained.
. / v . .
A\



Figure 4;11

APPLICATION FORCE

BRASS HOLDER 2 mm DIA
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Apparatus simulating the app11cat1on of the pressure
e]ectrode to an intact muscle specimen.
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4.6 COMPUTER ANALYSIS.

The‘data from all experiments were digitized and processed on a
Hew]ett-Packakd 21 MX/E combuter system. This system shown in Figure
4,12 consisted of the 21 MX/E computer, av5 megabyte disc drive, an
IBM compatible digital ﬁagnetic tabe unit, an eight channel analog-
to-digital converter, a three channel digita1-to-analogfconverter
connected to a CRT disp]ay,‘a high speed paper tape reader, and a high
speed printer terminal. Programs werevévai]able for high speej analog-
to-digital conversion and descrete Fast Fourier Trahsformation((tobley
& Tookey, 1969)*. Additiona] programvaeEe written'téﬂpérfor"thé
following functions: : |

1. To transfer data fi]es"té‘é;d from the‘compufer an< itsq

storage and input/output-devices./ | Y
2; To create and app]y'digita1 filters. |
3. To do auto and cfoss4corre1atiqns of selected dataqcha' els.
4. To determine thewstatistical pakameters of.cyé1e—fo-cyo1e
frequencies and phase angles. J
5. To defermine the coherencg‘function for selected channels.
6. To display add plot se]ec%ed data files. |

The programs, déséfiptiqp§, and examples of typical inputs and

outputs are contaihed'i&. 4@ dix A. -
p _ ;jfgggf'l”“mv p

i Z4e N By . o A

a

*Both programs written by ;;//Z. Koles, University of Alberta.

/
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CHAPTER 5
EXPERIMENTAL RESULTS

5.1 INTRODUCTION

In this chapter the results obtained/from theiextrac 1ular and
vint?ace]iU]ar experiments deScnibed in hapter'd are'présén éd. The
organization of this chapter parallels. that of Chapter 4./ The results
from the electrode studies are presented first. Fo110'1ng this are the
. outcomes of the extracellular pressure etectrode expe 1ments These
'.re5u1ts are d1v1ded into two parts, the results proviging 1nformation
on coup]ed oscillator character1st1cs and the result whlch provwde
evidence re1at1ng to the or1g1n of the S]ow wave and [the role p]ayed

\

by the individual musgﬂe layers in the generation of this activity.
The. reader is referred again to Figures 4.3/and 4.4 to see how the "
extracellular experiments and results havé been organized.. The extra-
ce]]u]ar 1nform§@ﬁon 1s.folloygé/59 the 1ntrace11u1ar resuits and then.
by the resu]ts of ﬁxper1ments 1nvest1gat1ng the re]at1onsh1p between
extracel]u]ar and intracellular signals.

<

5.2 ELECTRODE CHARACTERISTICS o . "

meo e

'A From the impedance versus frequency measurements on the silver-
silverchloride pressure efectrodes it was found that the imﬁédance
magnitude inCreééés inverse]y;with.decréasing frequency down to 0.0T
" Hz. The resistance and‘reac£$nce bothvvary'as an inverse Powqr of 9

frequenc;;and,are close to being equal at all frequenéfes, The real

>

¢
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component of the impedance consists of two parts, a constant component -
and a component which varies with frequency. Figure 5.1 is a p]ot'of
- the real and reactive components of a typ1ca] e]ectrode The equations

describing the electrode resistanes and reactance are:

- 400 + 1820 £ 230 (pme ' 5.1

~
"

1200 f—0'36 ohms ° ’ ' - 5.2

><
"

The impedance charatteristics of the electrodes changed continually
from the time of chloriding. During the first 24 hours after chloriding
the impedance'characteristics were not measured. However, after this
period the e]ectrode impedance chreased daily and changed such that
it no 1onger varied as a constant power of frequency. A p1ot of the
rea1 and reactive components of the 1mpedance of a twe]ve day- old
electrode is shown in Figure 5. 2

* The amplitude of noise produced by these e]ectrodes was very sma]l,
- Using a h1gh ga1h amp11f1er and a Beckman po]ygraph recorder, the noise
amplitude was found to be of the order of 0.2 . .V peak-to-peak. Figure
.3 s a recording of typical electrode noise compared to the noise .
of an unchlorided sifver‘electrode. |

)

5.2.1 ‘An Efectrode.Mode1
(

\

The electrode 1mpedance may be modelled us1ng a mod1f1cat1on of
the mode1 proposed by warburg (1899) The mode] Ls shown in F1gure 5.4,
This mod1f1cat1on is neeessary in. order that the mode] beﬂter represent
~an e]ectrode character1st1c as demonstrated by our exper1ments that -

s the bu]k resistance of the electrode consists of two components.
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Figure 5.1 The real and reactive components of the impedance of-a
typical electrode plotted as a function of frequency.
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Ry = 1029 f 038
Cy=102.1 x 1075F"064

Figure 5.4 Electrode impedance model.
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One component RBF is the bulk resistance of the fluid surrounding the

electrode tfp, and the other RA§C1 is the bulk resistance of the silver—
'ch1orjde layer. Measurement of the electrode impedance at high frequency
before and after ch]Qridinq has yielded average values of RBF and RAgC1
of 300 and 100 ohms respectively. Also from high frequency meaéureménts
the double layer 1nérementa] capacitance CH has an average value of:

15 x 10i3 microfarads. The chargé transfer resistance of the electrode

cén'be calculated. Frdh Cobbold (1974), R, is defined as follows:

t

where R is the gas constant,‘T is the temperature in °K, z is
the valence, F is Fa;aday's constant,
and Io is the exchange current of the electrode
I[f T = 300°K and the exchange current is the same as reported for

Ag/Ag+ in 0.1 Normal salire (Cobbold, 1974); the calculated value of

Rtlis 0.72 ohmg.

From plots such as Figure 5.1, Rd and Cd can be calculated. For

the. electrode of Figure 5.1

Ry = 1029 £0-30 ims | - 5.4

m 6 .-0.64
Cq

102.1 x 10" f farads. ' : 5.5

P
i

and

(

5.2.2 Consideration of Signal Distortion Due to Electrode Characteristics

One reason for studying the electrode impedance was the concern
g - "
that the electrode might create signal distortion due to the very low
‘}requency components of the signal amnd because silver-silverchloride
o

electrode impedances greatly increase with decreasing frequency. To



determine the significance of signal digtortion,caused’by the_e]éctrode,
the electrode model is considered jnvtheuslow wave measurement circuit
of Figukg 5.5. The equiva]gnt‘source resistartte Reg of the slow wave
was measured and found to be in‘the range from 20 Ko to .40 K. In the
circuit a mean va]uelof.30 K2 fs used.‘7Usinq the values fér hd and

Cd qiveh in the previous section, thevequiva1ént impedance Zeg of‘the

electrode 15 defined by the following equation:

- 400.72 + 1029 + 3(0.48 + 27.1 x 107°f + 38.8 x 107°¢%-5%)

.'i
7
eg 1 -45.2 x 107> s -6¢0-64y

f +.3(67.9 x 10°°f + 97.0 x 10

The slow wave signal will have noAsignificqnt frequency components
above 100 Hz.ilThus,_when considering the effect of the electrode

impedance on the slow wave signal, Zeg may be approximated by the

‘ fd]]owing equation:

_400.72 + 1029 + §(0.48 + 38.3 x 107" 64) -
eg ]+JO . .

From the circuit of Figure 5.5, the potential v at the input to the

amplifier is given by

2 X 106

2.03 x 10% + 7 v W
eg

a

where the input impedance Ri of the amplifier is 2 Ma. Substitutingl
the approximate value of Zeg from equation 5.7 into equation 5.8 gives

o .6
VS , z ‘L-, . 2.0 x 10 5.9

2.03 x 10° -3;0.64

+ 400 '+ 1029f + j(0.48 + 38.3 x 10" °f ).

For fréquéncies below 100 Hz the imaginary component of this expression

is not significant and the phase shift produced by the electrode is

v

5.
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very close to zero degrees. Thenefore, for frequency components'from
zero to 100 Hz, the measured voltage v ranges from 0. 94 Vew to 0.99

Vew with no significant distortion due .to phase shift. Thus, if the.
pressure electrode theory déscribed in Chapter 3 is correct, the iftra-
cellular slow wave will -be faithfully reproduced with only amplitude

scaling.

5.3 EXTRACELLULAR RESULTS .
5.3.1 Phase Angles as a Function of Electrode Spacing

’
\ ~ As described in Chapter 4, section 4.3.2, six experiments were
conducted with from two to four electrodes applied to%Une s1de of
the intact musc]e wa11 with the objective of studying the frequency
and phase re]at1onsh1ps of the oscillating reg1ons of the colon.
In add1t1on, mu1t1s1te recordings were obtained from seventeen
experiments conducted for other purposes. Figure 5.6 shows a typical
'recording.from four electrodes app1fed.to the mucosal eide of the
intact musd]e wall. The electrodes were oriented ‘in the circular
“direction uith d\gpacing of 2.5 mm. Simi1ar‘recordings were obtaﬁned
fndn the serosal side of the intact wall.

The date from the above twenty-three experiments were digitized
and procésQed using fast fourier trensform, zero creésﬁng, and cross—
correlation programs. For the recordings of Figure 5.6 Ehe output of
the fast fdurier transform program "PSPT" s shown in Figure.5.7.
Normalized signal-power is plotted versus frequency in cycles/minute.
Figurev5.8 is the print-out of‘tne program "PHSE" which utilfzes_zero

[

)

+
e
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A recording from four pressure electrodes applied to the
mucosal side of the intact muscle wall. The electrodes

are oriented in the circular direction with a spacing of
2.5 mm.
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cross1ng techhaques to compute Cyc1e by dycle frequenc1es and re]at1ve

\—,.,

phase ang]es of two se]ected channe]s The frequency of each channe]

"~

and the re1at1ve phase ang1e 1n degrees is p]otted versus the cycle !

-

Affﬁ number ‘ F1gure 5.9 is- the output of the tross correlation program
o _

p°~7g\§CORR9 when app11ed to the record1ngs of F1gure 5.6. The plot gives

PR

the-normal1zed cross—corre]at1on funct1on versus the de]ay'time in ;

- ¥,

b”:f*:seconds. Program 11st1ngs, flow charts, and typ1ca1 input/output data 4

\\

for each of these programs dis given in Append1x A i

~“As indicated in sectidn 4.3.2 of Chapter 4, only six of the nine
. L - . K ) ;4 . g o N
" experiments produced useful data, .

. The data from the above experiments are summarized in Table 5 1.

=

Each entry in the’tab]e is an average based on a cycle- by cyc]e analys1s

K

of a ten to f1fteen mjnute recording analyzed.visually as we11 as with

the zero—crossing program "PHSE" and the cross-correlation program

, ‘ - "XCORR g o ) ‘.' “

»

"// f5,3;2 Interpretation of Results
) ' : ¥

-The following two gbservations can be deducted from Tahle SyT:‘
o 1. There is great variability of ‘phase angles for each of the
electrode spacings.

s 2. The average phase angle in the circu1ar direction.is less than

that in the”1ongitud1na1 direction.
These two points require further c1ar1fication ‘ in Chapter 3
it was postu]ated that the extrace11u1ar s1ow wave signal is produced

by the’ d1stort1on of ce11s under and around the per1phery of the

R pressure electrode. The area encompassed by these cells is not known
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- ) * /
and nill ‘be a function of a pérticu1ér tissue and of the force with
which the electrdde is app]ied Because of th1s fact, the distance
between reg1ons fvom wh1ch dlfferent s]ow waves Qr1g1nate\ns unknown
For the 2 mm d1ameter e]ectrodes with center-to-center spacing of 2.5
mm, the spacing between osc11]at1ng reg1ons could range from less than‘
0.5 mm to more than 4.5 mm. A1so more than two oscillating regions
could ex1st between the e]ectrodes ’ |

The above situation, p]us'the fact that the visual analysis and

the zero-crossing program measure angles with a modulus of 360 degrees,

make it impessible to be certain about the phase angles existing between

o

.oscillating regions.

However some insight may be gained from these measurements
A\

regarding the probable order of magnitude of both the relative phage'

.angle and the spacing between regions. If the spacing of oscillating

v

- regions in any particular direction is much smaller than the effective

e]ectnode spacing, more than two regions exisg be;wéen the electrodes.
The resulting phase angle will be a product of the‘average phase ané]e;
between regions and.the number of regions less one.. ffvthis product
is 180 &égreés or greater, doubling the electrode seacing will not
necesséri]y result in a doubling of the measured'angfe, because the
angle is determined with respect to the modulus 360 degrees. However,
if the spacing between regions is of the same size as_the effective
electrode spacing, the phase angle would increase in proportion to
the increase in e]entrode spacing.

In the circular direction the average phase ang]es for 2.5 mm and
5.0 mm e]ectrode spacings are 29.0 + 23.2 and 68.3 + 48.0 degrees -

respectively. A doub11ng of the electrode spacing results in the average

z
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4 ,

phase angle chahging by a factor of 2.36. This is evidence fhat the
average .phase angle per millimeter is of the-order to 11.60 degrees in
the circular direction. ‘HoheQer _in the 1ongitudina1‘direction doubling
~ the e]ectrode spacing results in the, mean phase angle changing from

ﬁ117 3 251.0 to 168. 0 » 79.4 degrees This 1ncrease of only 43 percent
indicates either (1) a very large phase lag between osc111at1ng regions,
’2)‘a spacing between osc11Tat1ng regions much smaller than the electrode

spacing, or (3) a combination of both these factors.

5.3.3 The Results. from the Cutting Exberiments

The results from the twenty cutting experiments may be divided

-

. 1 )
into two parts (1) the results from Tongitudinally.oriented muscle
specimens and (2) the results from the circularly oriented specimens.

-The results from the 1ohg1tud1na11y oriented muscle strips are summarized

in Table 5.2. The fo]lowing facts can Be obtained from this table:

: requency of tHe slow waves before cutting was 5 6 -
Hnute and there was no s1gn1f1cant change in frequencies
at recording sites on either side of the cut. (Paired Student t

test, p < .06.)

2. For ah electrode spacing of 2.5 mm the average phase ang]es'between@the

sites to be decoupled was 121.7 + 49.8 degrees. After cutting the phase

87

angle continually varied and neither visual analysis nor program "PHSL"

could determine a meaningfui4aVerage phase angle 1n‘80 percent of the

results. In these ca&sj “NC" meaning "not coupled" is shown in the table.

3. The average coherence before cutting is 0.60 - 0.24,‘ahd thc average

after cutting is 0.23 = 0.21. There is a significant drop of 61
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| 89’
°
percent in fhé coherance figure as a resu]t of the decoupliﬁg causedé
by cutting. ‘
The results may‘be.interpeted as follows:
1. TAere'is no frequency gradient in'the longitudinal directién‘since
the frequencies are not changeﬁ by the cuttiné.- - ) 4\
2. The average phas; angle is 121.7.= 49.8 degrees. This sUpports tHe
| figure of 117.§ :+ 51.0 degrees cdﬁpufed previdus]y. Prior to Fhese
experiments'it wassconsidered a bpssibi1ity‘that a phase angle might ‘
exist because of measurement technique&énd not due tofcoup11ngi
between regions. This hypothesis is rejected by virtue of the
-fact that -an average phase angle could not be cpmputed in 80 percent
' of.the observations after cutting; B oo
3. The results show that the averége coherence may be uéedlas a gross
indicator of the degree of coupling. The} do not indicate a means
of relating coherence magnityde diiect1y to the degree of coupling.
However, Table 5.2 shows Fhat the amount by.which this factor is '
less than one is an indicator of the statistica1‘var1ation which
will exist 1in the.re1at1ve phase angle.
~The data from strips‘oriénted in tHe circular direction are sum-
marized HhiTable 5.3. These results are dividgd into two sections,
for‘experiments involving cuts on the mesenteric border and for
experiments involving cuts 1 cm from thg meséntery.
The results are summarized as follows:
t. The mean frequency be%o}e cutting was 7.75 £ 1.2 cyc]és/minute‘
and the mean phase angle was 70?2'1 52.4 degrees. After cutting
either on or off the mesentery no meaninngI;AVérage angle could

¥

be computed. This situation is indicated as "NC" in the table.
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2. After cutting on the mesentary there is a drop in frequency at al)
recording sites but not a significant difference .in frequency\

betWeen‘sites

3. After cutting 1 cm from the mesentery there is a drop in frequency
at a]] record1ng s1tes, but the drop at sites decoupled: from the
- &
mesentery because of the cut is much greatgr. ,

)

4. In all cases the coherence value dropped s1gn1f1cant1y as a result

of cutt1ng l
Thesé resu]té may be interpreted‘as follows:

1. Coupling is again shown ‘to be better in the circu]ar‘direc;?on than
in the lonyitudinal direction, as indicated by the much smaller
average phase angle. |

2. There is a frequency gradient in the circular direction in both .
.djrections away from the mesehtery. This is 1nddcated by the:drop
in frequency of regions decoupled by cuttingvon‘etther_side of
the mesentery. i

3. The mesenteric borderup1ays a role in determining slow wave frequency.
This is'indicated by the above as well as by the fact that cutt1ng
on the mesentery resulted in a drop in frequency at all recording
sites. |

4. Again it is apparent that the coherence f1gure is a good 1nd1cator
of the statistical var1at1on in relative phase ang]e, and conse-

. ;fquent]y an 1nd1cator ‘of the degree of coup11ng |

}

5.3.4c Results from the Studies‘of Isolated Musc]e'Layerg

3

W1th the deveTopment of a su1tab1e d1ssect1on procedure it was

poss1b]e to- study 1so1ated 10ng1tud1na1 and 1so1ated c1rcu1ar musc1e



-

The.electrica1 activiti from isolated 1ongftudina1 muscle w¥s recorded
in four experiments. Slow wave activity was not observed in any of thése“
eprriments. Figure 5:]0 is a.typical record from four extracellular
‘eléctrodeS'applied to the serosal side of the isolated 1ong1tudina1
~1ayer.~ |

Seven extracellular exp;riméﬁts were conducted on the isolated
citcular muscle Tayer. In five out of seven experiménfs sTow wave
agtivity was present on both sides of the isolated circular muscle layer.
In two of the seven, when the dissection had been particularly difficult;,
no slow wave was observed. In each experiment Phe signal'obtained from
the longitudinal si@e pf'the circular muscle was lower in amb]itude and
more 1rrégu1aﬁ in shape‘from cycle to cycle. It is presumed that this
was due to ce]ﬂ damage-caused by the dissection pchesé. Figure 5.11(a)
.1s a typical record obtained from four e1ectrodesv$pp11ed to the
mﬁcosa] side of the isolated cfrcuTar muscle layer while Figure 5;11(b)

is a record obtained from the serosal side of that same specimen.

5.3.5 The Submucosal Layer

- As aescrﬁbed in Chépter 4, in preparation for the in vitro measure-
ments the mucosa and muscularis mucosa are remo?ed. Upon the removal
of .these two 1aye;s érthihnlayef of submucosa remains attéched to the
intact muscle wall. It wasrdigcbvéred fhat this thin layer of sub-
- mucosa could be easily and uniformly peeled from tﬁe éircular muscle
’Téyer. In fact, the remova} of this layer is accompl?shed much mdré\
easily than the separation of longitudinal and circular muscle 1aye}9.“

However, what was most unexpected Waé that slow wave activity in the

intact wall and in isolated circular muscle ceased when this layer
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Figure 5.10 Four pressure é1ectrode_$ignals from the serosal side of
isolated longitudinal muscle.

93



.
94

5 L A 1 |. l I . |

e ) N . | ) . o B 02mv
. 1 4 ‘\ A “ . )

No. 3 ) |

B U N AV

o
~ JAVUUUU A

‘ ° '

Figure 5.11(a) Slow waves from the mucosal side of isolated circular
muscle. '
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Figure 5.11(b) Slow waves from the longitudinal side of isolated
circular muscle. '
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was removed. s e

In five exper&ggnts using tweﬂve different specimens the normal

slow wave was abo11shed in all cases by complete removal of the sub-

' mucosa] 1ayer For only two of the soec1mens was there auyth1ng wh1ch

" .could, be 1nterpreted as cy%11c e]ectrtcal act1v1ty

H1sto1ogy specimens were prepared for all of these experiments.
Figure 5.12 is typical of the histology resg}ts'showing the circular
uscle layer before and after the removal of the submucosal 1ayer and

also shoWﬁng the isolated submucosa] layer.. A1l three s11des have
o

been treated with Trichrome stain. As can be'seen the submucosal layer

consists mainly.of co1agen,<appear1ng as.a greercotor on the slides.

Also a small layer of.cells which look similar to cich]ar muscle cells

is present.in the submucosal layer. ATl attempts to differentiate

 these ce11s using different histology stains have been unsuccessfu]

-

In the above five experiments normal slow wave act1v1ty was first

recorded omp the intact specimen. Then the submucosal Tager was removed

AEn
o~

from half of the circular muscle. ;Recordings were made frdz‘the intact

half of the tissue as well as from: the area where the submu ¢sa .had

been removed. Norma] s]ow wave ac&ivity was recorded from the 1ntact

‘half. However, s1ow wave act1v1ty was found in the other half as. well.

&%
but w1th amp11tude d1m1n1sh1ng as a function of d1stance from the 1ntact

/

port1on of the tissue. Figure 5;13 shows a typical recording from four-

N /
electrodes before and after the removal of half of the submucosal layer.

Electrode four is closest to the intact tissue and electrode one is
furthest away.
Finally the remaining half of the submucosal layer was removed and

as shown by Figure 5.14, atﬁ slow wave activity was abolished.

96.
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Figure 5.12 Histology slides showing (a) the circular muscle before
the removal of the submucosal layer, (b) the circular
muscle after the removal of the submucosal layer, and
(c). the submucosal layer. Magnification: x62.5.
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Figure 5.13(a) "Slow waves recorded from the mucosal side of the intact
muscle wall before removal of the submucosa.
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Figure 5.13(b) Slow waves recorded from the mucosal side of the intact
muscle wall after removal of the submucosa from.half
of the specimen.
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Figure 5.14 A recording from the mucosal side of the intact muscle wall
after complete removal of the submucosal layer.



101

No electrical activity was found in the isolated submucosal layer.
‘Also, upon removal of the submucosa it was impossible to produce any
cyclic activity similar to slow waves through extefna1 electrical

stimulation of-the circular muscle.

5.3.6 Results from the Dual Chamber Studies

Twelve dual chamber studies were conducted as described in Chapter
4, section 4.3.6. Six of these experiments were conducted on the intact
muscle wall and six were conducted on isolated Tongitudinal and isolated
circular muscle. For the intact muscle segments the signals recorded
on the mucosal side were always 3 to 5 tiﬁes larger in amplitude than
those on the serosal gidé. A typical }ecqrding is shown in Figure '
5.15. Channel 1 is the signal recorded from the serosal side of the
tissue, channegl 2 is the signa]-ffom the mucbsalaside, and channef 3
is the difference of channels 1 and 2. Thesé signals were recorded
on an fm magnetic tape. They Weré later stqdied at fifteen times normal
speed using a storage osciTIQSCbpe to measure the relative phase angles
of the serosal signal versus the mucosal signal. With the time scale
expanded fifteen times, the relative phase angle of channel 1 versus

channel 2 was too small to be measured.

-

It has been shown by Bdrtoff (1965) thét an increased concentratﬁon'
of 30 m M KC1 causes depolarization of small iﬁteétine smooth muscle
and abolishes slow waves in that orgaﬁ. in a.set of four experiments,
an increased concentration of 30:m M KCI applied to the chamber in
contact with the mucosal side‘sﬁgnificant1y reduced the amplitude of the

slow wave on both sides.‘)This occurred in four out of four expefiments
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Figure 5.15 Typical signals from an.intact muscle specimen in the dual
chambered bath. .
No. 1 is the serosal signal, No. 2 is the mucosal signal,
and No. 3 is the difference of Nos. 1 and 2. *
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and a representative recordind is shown in Figures 5.16I(a) and (b).
Washing with normal Krebs- R1nger solution reversed the effect, and slow
vaves returned as shown in Figure 5.16(c). As shown by Figure 5.16(d)
an 1ncreased concentration of 30 m M KC1 on the long1tud1na1 side had
no measurab]e effect

In six experiments the circular and Tongitudinal layers were
separated and studied independently. Normal slow waves were'recorded
from both sides of the 1so1ated circular'muscle 1ayer The amp11tude
of the signal recorded on the serosal Side was of the same order of
'magnitude'as that recorded on the mucosal side. Again the average phase
angle of one s1de with respect to the other was too small to be measured
A typical recording is shown in Figure §.17.

Increasing the KC1 concentration to 30 m M on the mucosdl sfdeu
greatly reduced-the slow wave amplitudes measured on both sides of the
circu]ar‘musc1e 1ayer; Again -the effect was reversed by washing with
norma1)Kfebs-R1nger solution, Inbreaeing the KC1 concentration on the
serosal side of the circuylar musc1e'1ayer'produced no immediate effect,
- but abolished slow waves affer a twenty to thirty minute délay.

The isolated 1ongitud1na1 muscle layer produced no slow waQe'
activity. However, enother type of signal was obSerQed. This signal,
shown ;n Figure 5.18, consisted of bursts of activity with a meanv
frequency of 23.5 cyc]es/m1nute and an average of 19.25 cyc]es/burst
The bursts occurred 1:82 ti:es/m1nute and were not always present.

Their occurrence appeared to be a funct1od of the tension with wh1ch
the spec1men was mounted, Since it could be abolished’ by reducing

tissue tension. -

Neither this activity nor the normal slow wave was affected- by
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‘Dual chamber recording with normal Krebs- Ringer so]ut1on
Channe]s 1, 2, and 3 are as in Fig. 5.15.

Figure 5.16(a)
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KCI concentration changed to 30 M

Figure 5.76(b) KC1 concentration changed to. 30 mM on thke mucosal side
of the bath. -

Channels 1, 2, and 3 are as in Fig. 5.15.
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Figure 5.76(c) Tissue washed with noram] Krebs-Ringer solution.

Channels 1, 2, and 3 are as in Fig. 5%.15.
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Figure 5.17 Dual chamber study of isolated circular muscle.
* Channel 1 is from the longitudinal side,
Channel 2 is from the mucosal side, and
Channel 3 is the difference.
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Figure 5.18 Burst act1v1ty recorded from isolated longitudinal muscle.
Channels 1, 2, and 3 are as in Fig. 5.17.
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the administration o% 107 and 10?6,M tetrodotoxin to either chamber
of the bath. | .
Another measuremeﬁt of interest was that of the potential of the
reference electrode in the chamber adjaéent'to the circular muscle with
respect to the reference electrode in the other chamber. Records of
two such meésurements a%e shown in Figure 5.19. <Trace 5.19(a) was
recorded in the presence of an intact muscle specimen while trace
'5.19(b) was recorded in the presence of an isolated circular muscle
specimen. The signals associated with both types of speéimens were -
cyclic with the same#repetition frequency as the slow wave. However,
the sigha]s”associafed with isolated circular specimehé wereIMuch
smaller in amplitude than those associated with intact muscle specimens.

-

5.4 INTRACELLULAR-RESULTS
5.4.1 Circular Muéc]e Measurements on-the Intact Muscle

As deséribedAin Chapter 4, section 4.4.3, tep intracellular experi;
ments were conducted on thé‘mucosa] side of intact muscle stripé. In
eight of these experiments succeSéfu1 cell penetrat%gns were achieved
and maintained for up to twehty minutes.” Two experiments were not
successful in achieving cell penetrations of sufficient duration to be
included in the results. A typical intracellular recording is shown
in Figure 5.20. Both channels 1 and 2 represent, the same intracellular
potential. ‘However, channel 1 is calibrated to permit measurement of
the dc intracellular resting potential whf1e channel 2 has the dc
offset removed to permit a higher amplifier gain and a more exacl display

of -the slow wave itself.
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Figure 5.19 Recordings of thé'potentia1 of_the;éircu]éf‘refereﬁcé" _
electrode with respect to the Tongitudinal reference elec-
trode in the presence of..{a) an intact muscle specimen, and

(b) an isolated circular muscle specimen.
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In addition to the above eight experiments, intracellular recordings =
from the mucosal side of the intact mugt?e wall were obtéined.from |
thirteen other experiments. |

« As shown in Table 5.4, 233 successful penetrations were obtaihed
in the c1rcu1ar muscle cells of 38 specimens. The hean values of the
resting potent1a1 and the s]ow wave in the circular muscle layer of
prox1ma1 and transverse canine m.n were calculated to be -77.8 =
6.8 mV .and 28.9 - %.5 mv respectively.

5.4.2 Measurements on Iso]ated Circular Muscle

\
F1ve exper1ments were conducted on isolated muscle 1ayers These

1ayers were prepared as described in Chapter 4 and were mounted in the
same manner as the intact muscle specimens. Table 5.5 is a summary of
" the: results ?rom these experiments. The mean resting potrht1a1 and
the slow .wave amp11tude on the mucosal side of the 1so1afed c1rcu1ar
dmuscle 1ayer were .-73. 9 5.9 mv and 30. 7 < 4.9 my respect1ve1y These :
values are not stat15t1ca11y d1fferent from those obta1ned for 1ntact
muscle. str1ps (Student's't.Test. p “ .05). However, on the 1ong1tud1na1
s1de of the 1so1ated c1rcu]ar musc]e 1ayer the rest1ng .pctential and
s]ow wave amp11tude were very different. From twenty-e1ght measurements
the mean resting potential and slow wave amp11tude were computed to be
“54.3 - 5.3 mV and 6. 6 my-+ 2.0 resoect1ve1/ The exp]anat1on for this
difference may be due to ce]] damage caused by the dissection process.

In two experiments intracellular measurements‘here.obtaihed‘from
the c1rcu1ar musc]e layer after the remdva] of the submucosa., These
measurements conf1rmed the absence oF the s]ow wave and ver1f1ed the _‘_?,2p,

extrace]]u]ar results of section 5.3. 5 The mean resting.potent1a1
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of the circular muscle cells after the removal of the submucosal layer

was found to be -72.4 - 19.9 my,

v
4

'5.4.3 Longitudinal Muscle Measurements

<

A total of thirty successful penetrations in the lTongitudinal

muscle cells of six different specimens were obtained. In none of

-l
7

these measurements was slow wave activity observed. A typical recording

from a longitudinah cell penetration is shown in Figure 5.21. The

116

daté;trom.these’measurements are summariZed in Table 5.4. The mean 23

resting potential for-longitudinal musc1Etce11s'was 52,6 - 7.0 milli-
" volts. |
The results fFQm the five'experiments on 1so]ated muscle layers

also confirmed the absence of slow waves in isolated longitudinal
_muscte.} F1fteen measurements from three d1fferent specwmens of 1so1ated
ro1ong1tud1na1 muscle produced a oean rest1ng potent1a1 of -54.3 © 6.6
m1111vo]ts Th1s is not stat1st1ca11y different from the value computed
.for longitudinal cells of the intact muscle wall.

i ‘ ~Figure 5.22 presents another intecESting result obtained from two
specimens of isolated longitudinal muscle. This recordiog shows a

high frequency burst of activity not unlike that previous1y observed

in the, extrace]]ular exper1ments (sectwon 5 3 6) i Thws act1v1ty was
'pot present in all spec1mens The mean rest1ng potent1a1 during. this

activity was -52.5 - 9.9 mV. The mean frequency of the activity was

16.81 i52,6:Cyc1eS/mihuté: - The repetftion rate of the bursts was .not

always regular, but when it was, the mean duratioh of cach burst was 23.6

conds and the mean repetition rate was 0. 71 cyc]es/m1nute

The 1nterest1ng aspect of th1s data 1s that 1t can be thought of
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Figure 5.21 A typical intracellular recording from a Tongitudina] cell.
Channels 1 and 2 are as in Fig. 5.20.
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Figure 5.22 Burst activity recorded intracellularly from a longitud-
' inal cell penetration.
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. as the m1x1ng (1nteraction) of two 1ntrace11u1ar signals. Frequent1y,
'-extrace11u1ar1y recorded s]ow waves. produced s1gna1s 51m11ar to ‘that

shown in Fﬁgure 5.22. However, th1s extraoe11u1ar phenOmena had been

assumed to be the resu]t of the beating of oscillator. ce]l groups of

N,

s]1ght1y d1fferent frequency (K1ngma et. al., 1979) The obgy&yai1ons

'

" from this exper1ment create the poss1b111ty that the waxing and waning

~of extrace]]u]ar]y recorded slow waves could be occurr1ng at the - o

ce11u1ar level

5.5 RESULTS FROM STUDIES OF THE INTRACELLULAR-TO- EXTRACELLULAR :

TRANSDUCTION PROCESS - :

5.5.1 A:Comparison_of Simultaneous Intracellular and.E;trace11u1ar
.- Measurements

N 7 '
As was -described .in Chapter 4 section 4.5.2, three exper1ments were .

»conducted to s1mu]taneous1y record and compare extrace]]ular and intra-
~cellular potentials.
A typical recording from this set of experiments is shown in .

Figure 5.23. Channels 1 and 2 show the intracellular signal and Channel

3 the extrace]]u]ar s1gna1

A study of the resu]ts from these three.experiments showed clearly

¢
that the extrace11u1ar waveform is ‘a function of the 1ntrace11u1ar

var1at1ons in cells up to 5 mm away from the extrace]]u]ar record1ng
. s1te The phase angle between the two sites ranged from zero to
f1fte°n degrees but the variation in extrace11u1ar waveform shape
~.made it d1ff1cu1t to obtain a mean value for the phase angle. In )

addition, the limited number and short duration of these measurements

19
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Figure 5.23 Simultaneous recording oflintrace11u1ar and extracellular
signals.



precﬁude'the computation dfva statjsttcafwyléfénificant value fpr:

the phase angle. .

5:522, ihjury Potential Measurement

E1ght exper1ments were descr1bed in Chapter 4 sect1on 4\5 3 wh1ch
were conducted to determ1ne if an “1n3ury potent1a1” is respons1b1e
1“for the extrace]1u1ar pressure electrode s1gna1 Figure 5.24 15 a
typical record1ng from one of these e1ght exper1ments The top two
ytracxngs show the 1ntrace11u1ar potent1a] recorded from a c1rcu1ar
musc]e ce]l under the s1mu1ated pressure e]ectrode wden no force was
applied. The bottom twa trac1ngs show the intracellular potent1a1
dnder the same pressure_e]ectrode at the same 10cation but with a
one gram force. applied.
| The resu]ts of the e1ght experlments are g1ven 1n Table 5 6.

ad -

AV ~and V_. indicate va]ues of the maximum and minimum 1ntrace11u1ar
max min
potentiats which occur at the slow wave plateau and trough respectively.

To investigate the relationship between the intracellular poten-. «
tials and the applied force of the extracellular electrode, the mean
potentials associated with each apb]ication force are given in Table

5.7. One of the eight experimehts showed dn]y a small change in slow

wave amplitude as a result of the pressure electrode. The remaining

o .seven exper1ments showed a s1gn1f1cant reduction in STow wave

amplitude from a mean value of 28:9 + 4.0 mV to a mean value of 14.43
+ 4.3 mV with the application of forces ranging from 0.5 to 1 gram.
As thelfocce of the pressure«eiectrode increased the slow wave trough
(or resting potential) increased.from é mean of -76.4 - 6.8>mV‘to a

meah of -59.7 + 7.0 mV. However, .the 1e9e1 of the slow wave plateau
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Figure 5.24 Intracellular potentials in the presence . of an extrace]]u]ar

pressure electrode.
Channel 1 js.calibrated for dc potent1a1s and
Chanrel 2 has the' dc component removed.
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Jable 5.6 Results from ‘experiments to determine the- éffeét

of extracellular electrode force on 1ntrace11u1ar

potential. \)
XP. o v v ‘ SLOW WAVE
NO. | FORCE(GMS) N max (mV) min (mV) AMPLITUDE (mV)
[ 60 0 21 | -52.4410.9 | -76.9+10.4 26.3+3.8
1 1] -70.0 -70.0 0.0
N\
61 0 18 | -43.0+6.3 -73.8+7.6 27.7+7.3
1 4} -45.0:4.4 -70.0+7.1 25.3+8.1
2 5| -54.0+15.2 | -79.8:8.7 25.8:7.3
//2// 3 2 | -43.5:.71 | -65.0:7.} - 21.5:6.4 -
T 83 vt 0] 9| -51.7-4.6 | 274.0:3.5 |  23.3:3.7"
o o 1 3| -47.0:0 -63.3=2.9 | 14.722.1
2 5| -44.4:4.0 -54.0:6.5 | 13.3:2.2
3 3| -47.5:4.1 -54.0+1.7 ©9.3:1.2
| 4 3| -47.3:2.5 -58.5+4.9 10.020.0
, 5 2 | -40.0-0.0 -50.0:0.0 10.020.0
68 0 5| -45.0-1.4 | -81&0;3;8~;1 7331243, 3
| 1 201 =41.0:1.4 ) -57.0:5.7. . ..10.5:4.9,
e TS0 T L3 CAE T80 % 275204010 o0 30,380 -
ST SR ] 2 | -42.0-2.8 | -48.0:5.7 | 6.0-2.8
f ~ r
69 0 3 | -40.3:6.4 -82.3:2.5 | 40.0+6.1
SPEC.1 0.5 1| -60.0 -75.0 15.0
0 3| -43.3:14.4 | -71,329.3 ..28.0:5.3
SPEC.2 - 0. 11 -39.0 -76.0 34.0
0.5 2 |- -82.5:3.5 -57.0=0 13.5:0.71
1 2 | -45.0+0.0_ | -50.0:0 5.5+0.7
~///’“\ 0 1] -71.0 -96.0 24.0
1
///// 73 0 13 | -53.1:8.3 279.6:5.6 | 26.7:5.6
] 2 | -47.5:3.5 -65.0+0.0 19.0+1.4
2 3] -50.0:0 | -64.7-0.6 14.7+0.6
4 -2 | -47.5+3.5 -60.0+7.1 12.5:3.5
" 0 11 -43.0 -70.0 27.0
74 0 . 6 | -43.3+10.0 | -78.7:9.2 36.3:1.6
0.5 3-| -35.7+9,0 | -45.0:26.0 13.3+16.2
0 4 | -44.3+3.0 -73.3:2.4 29.8+4.2
75 0 1| -35.0 -80.0 45.0
SPEC.1 0.5 3| -55.7:4.0 -74.0:1.7 19.04.0
T 5 | -42.8:7.0 | -59.0:5.5 15.0+3:1
0 4 | -36.3+4.8 -70.5:6.4 35.543.7
SPEC.?2 0 1 | -35.0 -70.0 35.0
| ! 0.5 1 | -35.0 -70.0 34.0
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Table 5, 7 Summary ‘of the- results of Tab1e 5 6 arranged i ‘
order of 1ncreas1ng e1ectrode -force. »

L R



"s;:anoreased on]y a Very sma]] amouat from 47 9 * 7 9 mV to -45 8=

3. 8 mV for - the fu]? range ‘of . pressure electrode forces In some .

’ experwments the p]ateau 1eve1 remalned unchanged F1gure 5 25 1sv

. a.plot.of. slow wave amp’lltudes (norma]12ed w1th respect tO basa]
~ “values) versus pressure~e1ectrode app1icat1on force in grams ‘These- - -

—~graphs ‘show" that the relat1onsh1p between app11éd force and s]ow wave

‘Tamp11tude 1s non11near However, for d force of 1. gm or. greater the ...~ -

mean slow wave~amp11tude 13 reduced to 60 percent or 1ess of 1ts basaT

-

va]ue.
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Figure 5.25 Normaiized slow wave amplitude versus extracellular electrode
application force.



CHAPTER 6

CONCLUSIONS
6.7 ~ INTRODUCTION

The resu]ts of Chapter‘5 give a better understand1ng of fhe.or1g%n
‘Hntrace11u1ar character1st1cs, and coup11ng of can1ne co]on electr1ca1
'act1v1ty The results a]so nge some 1nswght 1nto the ro]e D1ayed
u‘by each-of the musc1e 1ayers in the generat1on of th1s¢att1v1ty and
into the mechanism for’ 1ntrace11u1ar-to-extrace11u1ar transduction
of slow wave sigqa]s.' In this chapter-each of these areas is “examined
and conc]usions»from the results qf thevprevidué-chapte%-a%e-given,
Intracellular resu1té,‘sing1e-sided extracellular recordings, and
double-sided extracellular recordings are compared to present infor-
hationiin support of each of the cenc1ueions.

'Following thi§,‘e1ectr1ca1 modeis are presented of slow wave
generation at the cellular level and of the intracellular-to-extra-
' cefTufer transduction mechanism. A model is also presented'to show
the roles played by each of the muscle layers in the generation and
coupling of slow wave activity.' |
° The chapter concludes with an indication of the direction of

further work.

6.2 SLOW WAVE ORIGIN

The following conclusions may be drawn concerning the orinin

of slow wave activity:
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1. The slow wave’originatés in a layer of cells at the boundary of -

the circular muscle layer and the submucosa.

E%

2. This layer is essential for_the generation of slow wave activity
in the cichiar‘muséle Tayer.

3. S}oQ‘wayes are not geﬁerated_i; the cells of‘tﬁe 16ngitud1na1
muscle layer. | -

These conc1us1ons are supported by the results of the single- s1ded and

doub]e s1ded studies of the intact mUSc1e wall and isolated muscle

Tayers as well as by 1ntrace11u1ar measurements -

The is50lated 1ayer stud1es of Chapter 5, sect1on 5.3.4 prov1de
1nformat1on re]at1ng to the or1g1n of the s]ow wave activity. In f1ve
of seven exper1ments, slow waves were recorded extrace]]u]ar1y from
both sides of the isolated circular muscle layer. However, in none of
four experiments were slow waves recorded extracellularly on either
side of the isolated longitudinal muscle layer. This led to t%e
suspicipn that the s]dw wave origin was either in the circular muscle
dgyer or its associated submucosal layer. s

As was described 1n'Chapter 5, section 5.3.5, the submucosal layer
.could easily be removéd”from the circular muscle 1éyer. In five
experiments usfng twelve different specimens the normal slow wave
in the cfrcular muscle Tayer was abolished by the complete removal
df the submucosa] lTayer. However, when the subﬁucosa] layer was
removed from on]y*ﬁapt;of the specimen, the slow wave was abolished
only in the region from which the éuBmucosa had been removed. As seen
in Figure 5.13, the amplitude of the slow wave in the region devoid

of the submucosa was a function of the disténqg from the intact portion

of the tissue. The circular muscle layer thus requires the presence
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of the submucééa] layer to produce slow wave activity.

The dual chamber studies provided additional information asqut
the slow Wave‘origfn. AThé“péFtiﬁent resQ]f; are as follows:

1. Slow waves recorded simultaneou$ly on both sides of the intact®:

’ muscle wall had, 1n‘eyery experiment, larger amplitudes on the
mucosal side of the specimen.

2. An increased concentration of 30 m M KC1 applied to the mucosal
side of an intact muscle spééimenvin all cases significantly
reduced slow Wave-aétivity as recorded on both sides of the specimen.
However, the same increased concentration applied to the sérosal
side produced no effeét. Thus theﬁnucosa] side of the circular
mus:1e layer is of parficu1ar significance with regard to the
gégeration of the slow wave. -

3. QSlow waves were recorded on bdtH sides of isolated circular muscle

'and were always of.approximafely the same amplitude.

4. Slow waves were never récorded on either side of isolated 1ongi4
tudinal muscle.

The most convincing evid;ncg relating to the origin of the slow
wave aré the results of ghe intracellular experiments present in Chapter
5, section 5.4. S]o& waves were recorded from 233 penétrations of cells
1ocatea throughout the circular muscle layers of 37 intact specimens.
Slow waves were also recorded throughout the isolated circular muscle
layer when its submucosa was intact. However, slow waves were not
recorded from the circular muscle layer after the‘submucosa had been
removed. En 28+penetrations of longitudinal muscle cells in the intact
wall, slow wave activity was never recorded. Tﬁis was also observed

~

for isolated longitudinal muscle.



To récapitp]ate, s]ow waves do not exi§t,inside longitudinal
muscle ce]is, but they‘Origina?e in thé circular muscle layer at the
'bbundary with fhe7submucosa. Cells wifhin the submucosa or special
cells near the inner surface of the circu]&r muscle layer interact
‘with the cells of tHe c{rcular mqsc]e layer to generate sTow waves.

* Two of the more Tikely explanations of this interaction are:

(1) That pacemaker cells within the submutosa] 1ayef or in

the immediately adjacent circular muscle layer provide an elec-

trical stimulus, to the circular muscle layer. |
Qr (2) That cells in the submucosal layer provide a chemicaf input

to the circular layer changing the resting potential fo cause

slow wave generation within the inner circular layer.

Slow waves recorded extracellularly on the longitudinal side of _
the intact muscle wall are the result of passive currénf flow k;om the
circular muscle layer through the 1ongitydina1 muscle. This is confirmed
by the‘1ower amplitude slow wave recorded-on the longitudinal side of
the specimen in the dual chamber experiments. The potentié]s generated
by thé circular muscle layer are attenuated.by the resistance of the
Tongitudinal layer. This is also supported by results from the meaéure—
ment of the potential of the longitudinal reference electrode with
respect to the circular reference electrode as described in Chapger
5, section 5.3.5; In the présence'of‘an intact muscle specimen this
potential varied at the same frequency as_ the slow wave.' However,.'
these variations were an order of magnitude smaller with isolated
circuligwmusc1e in the tissue bath. Siow‘wave currents flowing from
the cigéd1ar layer thr&hgh\the Tongitudinal layer cause the potential

of the circular side to vary with respect to the serosal side. However,
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in the case of isolated circular muscle the slow wave currents from the
circular muscle cells flow diréctly to each reference electrode passing
through only the low resistance of the tissue bath on both sides of

the tissue.

6.3 INTRACELLULAR SLOW WAVE CHARACTERISTICS

Prior to this work, 1ntrace11u1ar recordings from the canine
colon have}not been reported in the 11terature Consequently, this
work has produced the first comprehens1ve intracellular study of canine
slow wave characteristics. |

As reported .in Chapter 5, section 5.4, 233 successful penetrations
were obtained from the circular musele layers of 37 different specimensv
of intact muscle wall from the proximal and transverse colon. There
was no variation 1n'cei1u1ar resting potential or slow wave amplitude
throughout the circular muscle leyer or over the regions of the colon

¢

studied. The mean resting potentié] and stow wave amplitude were
-77.8 - 6.8 mV and 28.9 : 5.5 my respect1ve1y From the results of

five experiments (descr1bed 1n Chapter 5, section 5.4. 2) conducted on

the isolated circu[ar muscle layer, the/mean resting potential and

slow wave amplitude on the mucos side of this layer were found to

be -73.9 :*5.9 mV end 30.Z,f/4:9 mV respectively. 'This is not signif-
igantly different (Student's t test, p < .05) from the eorresponding
results from the intact muscle wall. -Therefore, the separation of

the layers does not effect slowawave generationl ,HoWever, the intra-

cellular results confifmed that the removal of the submucosal layer

abo1ished the s]ow‘wave in th%;circu1ar muscle layer (Chapter 5,

i

%
%“‘“ ;} xf

section 5.4.2).



J

The 1ntrace11u1ar resu]ts from ‘the circular muscle 1ayer
confirmed that the gxtraee11u1ar}jﬂreq’tded sTow wave signal/is an
accurate representat1on of. the 1ntrace11u1ar potential varlat;ohs
h of the.cells surround1ng the e1eg£zpde . ,

Intracellular measuremenfs were a]so obtained from the 10ng1tud1na1
muscle ce11s in both the intact muscﬂe *wall andféhe }ﬁo]ated longitu-
d1na1 1ayer Because the 1ong1tud1na1 1§yer is muchlth1nner than the
circular layer and because the serosa was an 1mped1ment "to electrode
penetrat1on, the number of successfu] penetrat1ons in- the Jongitudinal
layer were “less than that in the,c1rcu1ar layer.” ‘Nevertheless, 28
successful penetratjghe wehe obta%ned in six different epecimens of

intact muscle wall and 15 -successful penetrations'were.obtained in-

three different.specimens of isolated Tongitudinal ‘muscle. -Slow waveu

.,,1. N

were not'obsehved in any of these ?ecordings The mean restwng poten-
tials for intact and isolated, 1ong1tud1na1 muscle were -52 6.2 7.0, mV

and -54.3 * 6.6 mV. Aga1n,}the process of muscle separat1on has not

affected the 1ntrace11u1ar potent1aTs

Anothér interesting result obtained from the intracellular exheri—
ments wasnthe recording of a higher frequency hurst activity observed
intréce]]ular]ytjn ]ongitudina1 husc]e cells (Chapter 5, section.5.4.3
and Figuhe 5:21). This activity was also observed extraceh]u]ah]y
as reported in the results of the dual ghamber studies (Chapter 5, “
section 5.3.6) and.has been hepéhted.by E1-Sharkawy (1979). The
1hthace]1u1ar resu]ts o%ﬂsectfon 5.4. 3.indicate that this‘burst‘act1Vity

is an intracellular phenomena and not the resu]t of the mixing of

signals from d1fferent ce11 groups.
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6.4 ELECTRICAL COUPLING WITHIN THE COLON

<

The:data from 23 single-sided extracFi1u1ar gxperiments was
‘proceésed on the HP 2TMX/E combuter (as described in Chapter 5,»§ection
'5.3.1) to determine the relative phase lag between recording sfiés.‘
The‘fesu1t§ from this(processing“cénfirmed thaf elecfrica1‘coup1ing
between osci?]ating regfonsvin the colon is very poor. There was
great variability in the relative phase angles of slow waves recorded
an@ sités separated by as little as 2.5 mm. However, from the large’
amdzﬁt of data>proces$ed it was determined that the mean phase angle ’
between record%ng sites separated by 2.5 mm was é9,0 = 32.2 degrees
in,the Eircﬁ1ar direction and 117.3:: 51.0 in the longitudinal direc-
tion. A conclusion to_bé,déduced“frohAthis'data is that coupling ﬁs
much better fn the circular direcfién.thah 1n‘the 1ongitudinal
direction. | | |

~ . . ’ :
The results from the.cqtting experiments (degcribed in Chapter
5, section 5.3.3) also support the hypothesis'that coupTing between
reéfohs is better in the circu]afudirection than. in the longiTudinal
~direction. In addition to this, these results show that no gradient
of natural freQuencies exists ih the 1ongftudina1 direction but that
such a gradient exists ih'thé circular direction with respect to the

mesentery; This indicates (as stated in section 5.3.3) that the

mesentery plays a role in determining sTow wave frequency.

6.5 PRESSURE ELECTRODE SIGNAL TRANSDUCTION

The -currently accepted theory for the.generation of the pressure
B e]eqtnodé stow wave signal is that it results from an injury potential

N



caased by cell distortion. Th?é theory was reviéwéd”in Chapter.3 and
.extended to'exp1ain the situation[when many cells are electrically i
coupled. However, descrepancies exist between the theory described
in Chapter 3 and the results of the transduct%on expéfiménts described
~in Chapter 5, section 5.5.2. “ v

The extension of Gillespie's model (Gillespie, 1962) as‘Hescribed
in Chapter 3 preépsg;_that cell distortion causesimémbrane depolariza-
tion resu]ting froﬁ a drop in membréne.résistancé..‘Thﬁs'drop in
membrane resistance was represented in the model of>Figure 3.6 by the
yarigb]évregjstor RL' However, this drop in resistance would result
in the reductfon of both the dc and the ac compohehts of the intra-
cellular potential. Both ac énd dc components o% the intracellular-
potential of the cells of the rabbit Taége intestine were reduced
by the same factqr when these cells were injured by large microelec-
trodes (Gil]éspﬁe, 1§62); The resU]fs df Chaptef 5 iné]ude Qn]y the

data from what were considered to be successful cellular penetrations.

However, on many occasions in all intracellular experiments, signals

were obtained from what were recognized as "unsuccessful penetration§”.

These unsuccessful penetrations were identified by the fact that the

resting potential and slow wave amplitude were not maintained constant

during the penetration. Immediately after the penetration the resting

potential 1ncféased slowly towards zero potential. In these cases
the slow wave amplitude was reduced in proportion to the reduction
in the magnitude of the resting potential. The value of the plateau

potential of thﬁ slow wave was alse changed by the same factor. These

"unsuccessful" penetrations produced results consistant with Gillespie's

iﬁjury potential theory. However, “the results from the study of the

¥
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pressure e1ettro¢e mechanism (Chapter 5, section 5.5. 2) do not support. - -
the 1n3ury potential hypothes1s .

In seven of e1ght experiments the app11cat1on of a pressure elec-
trode with a force of O 5 to 1 gm caused a s’gn1f1cant reduction in
slow wave amplitude from 28.9 + 4. OmV to 144 = 4.3 mV. However
this reduct1on occurred without a change.in the sTow wave plateau -
potential. The mean plateau potentials before and dfter the pressure
e]ecﬁrode application are -47.9 = 7.9 my and -45.8 ; 3.8 my respec—

tively.

The reduction in slow wave amplitude results almost entirely
from an increase in the ce]luLar resfingipotential. The "injury
' potential" theory requires a proportional reduction of both resting

and slow wave plateau potentials.

This leads to the pr1owing eonc1usions; First, if an "injury
potential" 1is preated by the pressure electrode, it is not the result
’of a total reduction.in membrane resistanCe. Second, the results imply
the existence of separa£e mechanisﬁs for the maintenance of the cellular
resting potentia] and ‘for the initiation of the slow wave p1ateap
phase. Third, the;distortiop caused a reduction in the cellular resting
potential bpt dig not fnterfere with the ionic mechanism responsible

for the initiation of the sliow Wave plateau. The latter two of ‘these

conclusions require further clarification.

6.6 A PROPOSED THEORY FOR SLOW WAVE GENERATION AND PRESSURE ELECTRODE
SIGNAL GENERATION ’ |

Since it was not one of the objectives of this thesis to examine

P
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the ionic.mechanisms responsible for the slow wave, the above conclusions
are-implied by the results but are not proven. The two generally
;accepted theories with reepect to slew wave generatfon inva1ve either
modu]at1on of the Na- K pump or modulation of the membrane impedance
’ assoc1ated with such a pump. In either case if the slow wave were
the result of a relaxation oscillator involving a membrane voltage
threshold, it would be expected that a change in resting poten&ia]
would result in a cmange in slow wave %requency; This did not happen
when the membrane resting potential was altered by the application of
~ the simulated pressure electrode. This is an indication that the start
.of the slow wave was not the result of a threshold phenomena ihvo1ving
either of the jons associatedeith the Na-K pump. The time of tme
>slew wave upswing and -the s1obe of the intracellular potent1a1 prior
to the upswing were unchanged with the changé 9n resting potential.
The-indicatianfis that some other 1an (which.has 1ittle effect on the
membrane potemt1a1) 155;:jpohsib1e for the slow wave. The concentra-
tion of such an ion would move towards a threshold value while the
cellular potential is at the resting value. When the threshold concen-
tration is attained, this ion could initiate the slow wave p1ateau
phase by either a d1rect effect on the membrane 1mpedance or by
inhibition of the Na-K pump. Dur1ng the p]ateau phase the concentra-
tion of this jon would return to.a subthresho]d Tevel. El-Sharkaway

and Daniel (1975 b) and Connor (1979) postulated that the Ca’? ion
might fulfill such a role in the stomach and small intestine.
The piateau Tevel of the slow wave is not significantly changed
by the pressure electrode application. This ﬁndicates that the ions
and membrane conductances associated with the plateau are not altered

by cell distortion. This work provides no evidence regarding the identity
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of shch ions or why such conductances Eemain'uhchanged.
However the results provide support for the hypothesis that slow

waves are'the result of a_modu1a£ion of the membrane impedance. The

results are consistent with the idea that the membrane impedance consists

pf two parallel components, a constant impedance whiéh is primari]y
responsible for the resting potential and another 'variable impedance
which causes the membrane potential variations called siow wavés.
Distortion due to the pressure e]eétrode reduces the COnstént component
of the membrane impedance but does not affect the variable component
and consequently does 'not affect the level of the slow wave plateau.
The generation of the cellular resting potential and the slow
wave potential varijations can be mode11ed as shown in Figure 6:1.

This model is not designed to include action potential generation.

138

Rm represents the normal membrane resistance in the absence of an action

potential. Im is a constant curreﬁt source representing the total
current produced by the electrochemical gradientg and the Na-K pump.
Aaﬁime varying current source fsw models the slow wave potentfai
;g}a%ion.

The pressure electrodé éauses cell distortion which-results in an
increase in the resting potentia]f. The intracellular potential rises‘
to a resting value corresponding to the level of the slow wave plateau.
This is illustrated in Figure'5.24. Simiiarly, damage due to the
dissection process produces th; same results. This was verified by_'

N
)

the data from the intracg]]u]ar measurements on-.isolated circular

~muscle presented in section 5.4.2. These results show that on the

Tongitudinal side of the isolated circular muscle layer, the plateau

potential of the slow wave is -47.7 mV, corresponding to that found - in
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ngure 6.1 Model of the smooth muscle membrane.
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the.circu1ar layer .of the iﬁ;act muscle wal]. However, the siowbweVe
amp]itude was reduced to a mean of 6.6 mV indicating.a reduction in iSW‘

" The generat1on of the extrace]lu]ar pressure e]ectrode signal may -
be exp1a1ned using F1gure 6.2. The current source st represents the
equivalent s1qw wave generator of all cells distorted by the pressure
electrode. RS is the shunt resistance between the active surface oﬁ/
the pressure electrode and the reference electrode in the tissue bath
‘Ri and RC are the equivalent 1nterna1‘and coupling resistances of the
cells from which. the recording is obta1ned Assuming an infinite

input 1mpedance for the amplifier, the recorded vo]tage v(t) as deter-

mined from the circuit of Figure 6.2(b) will be

Sw

[er (t) - 7,Sw(t)]RmRS ‘ .
2R+ 2R. + R ' .
m 7 C .

vit) =

'

If in the limit iéw (L) 1§ reduced to zero as indicated by the abolition

of slow waves under the pressure electrode, then

_st(t) RaRs

vt = sy R : 6.2
m 1 C ‘

However for the normal cell, the slow wave component Ve (+) of the

W
intracellular potential is giren by S
vsw(t) = —4sw(t) Rm 6.3
Substituting this into equation 6.1 gives
. RS - . | o
v(t) = 2Rm TR TR st(t) =K - vsw(t) 6.4

L C

where K s a constant.
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147




 Therefore the extracellular slow wave signal is prdportion$1 to
the intracellular potential variation vsw(t)‘ If the amplifier ihput
impedance an is finfte, then RS in the above expression must be replaced
by the value of the parallel combination of RS and Rin
6.7 AN EXAMINATION OF. THE ROLES PLAYED BY THE INDIVIDUAL MUSCLE LAYERS

IN THE GENERATION OF SLOW WAVE ACTIVITY

6.7.1 The Circular Layer

< : '
Evidence presented -in this work indicates that a special layer of

cells at the boundary‘of the submucosa and the circular muscle layer
is essentiﬁglfor the existentce of,slow‘waves in Qhe‘circular mysc1e‘
layer. In tﬁe absence of thekspecial layer the circular muscle-cells
have intracellular potentials which remain constant at approximate]y
-72 mV. Therefore“the biological oscillators of the circular mu;c1e
layer are either.a monostable type requiring an input trigger signal
from the speéia] layer or tHey require a chemical or hormonal input

to change oscillator parameters to cause oscillations. If the oscil-

~lators are of the monostable type, the trigger signal from the special

3
<

layer must be generéted'by astable oscillators withim that layer or
within the circular layer of the boundary with the submucosa. A mode]
show1ng a possible arrangement of these osc111itors is shown in F1gure
6.3. The physiological units represented by tﬁg astable osc111ators
could be individual cells or groups of t1ght1y coup]ed cells osc111at1ng

in unison.

~ The results’ from the cutting experiments (Chapter 5, section

. 5.3.3) show that the oscillators of the colon have a frequency gradient
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a
with respect to the mesentery. Tﬁe frequency of slow wave ogcd11ations
is reduced sighificantiy.when fhe,tissue is separated from the mesentery.
The model of Figure 6.3 shows coupling to exist between the
oscillators of the circular muscle layer. This was shown to be correct
because partia}‘rémOVal of the special layer did not result in total
abolition ofltHe siow wave in the regioné,devoid of the special 1aye;.
The amplitudes of slow waves recorded in tﬁese regions diminished with
distance from the portion of the tissue with the special layer intact.

6.7.2 The Longitudinal Layer

The cells df&the Tongitudinal layer do mot actively participate
in slow wave generation. The evidence obtained from the work described

e

in this thesis indicates that this 1éyer acts as a passive conductor
for electrical activity generated in the circular muscle layer. The

. Tack of a measurable phase'1ag‘acroés this layer indicates that the layer
i's almost purely resistive. _ .

In thg model of Figure 6.3 the longitudinal muscle layer is reﬁres—
ented by the resistors RCL and RL' The resistance RCL represents theg
coupling which exists between the circular and longitudinal muscle
layers. RL represents the distributed resistance of thé 1ongitudin§1
layer. Although RCL is shown connected to a separate output of the
monostable oscillator, it is possible that it could be connected %o

the normal output coub1in§ the oscillagor to an adjaceng.osc111ator.

In either case, RCL and RL are factors which influence electrical

ccupling in both the longitudinal and circular directions.

L]



144

+
Special Layer e
—~— Astable [~——— Astable |————3 Astable
™ Oscillator ™ Oscillator Oscillator %
Circ.
Layer
—~<=—— Monostable - Monostable Monostable —- .
> Oscillator 1 Oscillator « ‘ Oscillator <
Q:) - S - " = — = — — S - = — — =
RL Rel RL
W M

Figure 6.3 A model showing a possible arrangement of oscillators in
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)
6.8 FUTURE WORK

The quest for knowledge is an unending search. As a consequence
of this it is expected that the research described in this thesis will
present a number of quegfions to be dealt with in fﬁture wofk. The
more interesting of these questions pertain to the metabo]fc mechanisms
‘ responsible for sjow wave genération. The hypothesis presented in
Section 6.6 should be tested. This can be accomb1ished by conducting
intracellular measurements using voltage ciamp or chemical cTémp
techniques.

The know]gdge gained from’£he canine colon studies has"signjficance
only if it can be related to the e]gctrica] activity of thg huﬁan co1on..)
At present, intracellular studies of Ruman colon specimens have not
been.very successful. Using the procedureg\and equipment developed
for the canine studies, future measurements on human colon tissue |
should be more successful. Procedures § uld be developed to insure
the yiabi]ity of -human specimens. With such ﬁrocedures the small ‘
number of human specimens will be optimally used and procedures for
successful ?e11u1ar benetration; will be developed. Then the knowledge -
‘gained from the canine studies éan be applied to the study of normal
and abnormal human tissue with the final objective being thé trgatment

of disease.
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APPENDIX A-1 INTRODUCTION : _ 0

This ‘appendix provides detailed information on each of the major
programs deve]oped specifically to.process the data obtained from tﬁis
research. Tﬁése programs permit the transfer of data between various
computer storage devicesy display and plot graphical results, and
process the data. The data processing is used to eliminate noise
‘and to provide signai statistics; perr spectra, and the correlation
between data channels.

On ‘many large computer systems, such as the Amdah] 370 system,
packaged programs are usually available to pefform the functions
described above. Because of the difficulties in obtaining higH speed
analog-to-digital coﬁversion on the uhiversity Amdahl 370 system, a
Hewlett-Packard 21 MX/E minicomputer had been previpus]y obtained to
digitize the data from human and canine colon studies.‘ It Waé more .
convenient and cheaper to use the minicomputer for the'required data"
prodessing. Thereforé the programs described in this appendix were
developed. |

Because of the high speed and‘random nature of data access from
the cdmputpr disc, any data file requiring processing i< initially
transferred from magnetic tape to the disc.

This‘transfef is accomplished dsing program FHOCT described in
Appendix A-Z. A1l other programs obtain their input'data from the
disc and many place their processed resu1tslback on the disc. Programs
TDSPT and PLOT, described in Appendices A-3 and A-4 respectively, are
utility programs to display unprocessed or processed results in graphical
form on the system CRT disg]ay’or on,the.hfgh speed teleprinter,

Appendix A-5 describes programs FILTR and DCAC. Program FILTR applies
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[

a band pass digiia] filter to‘the data file on-disc and program DCAC
reﬁoves the dc component of the data record. Appendices A-6 to A-8
describe programs\?SPT, PHSE, apd XCORR which determine data powef
spectra, phase and frequency statistics,.and cross correlation data
between channels. Program MAIN, described in Appendix A-9, is a
master prbé}ém_which permits the»résearcher to select a menu of any
or all 6f~the above programs for abp1ication to a particular data
file. | 0

Fach of the fo]1owing appendices provides a brief description of
each program, a list of input parameter and subroutine requirements,
a flow ch;rt of the more complex programs, and a complete Tisting

of each program and its required subroutines.
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APPENDIX A-2

PROGRAM FLOCT. (File LOCate and Transfer)

Description

Progfam FLOCT is designed to transfer digital data‘fi1es ?*%m
magnetic tape to the HP 21 MX/E disc. The program provides the user
with the dptions (1) of defining the record by tape location or file
naﬁe, (2) of trapsferring all or_any portion of a data file, and (3)
of reducing the effactive sampling rate by transferring.on eve?y n'th
sample. Prior t6 the transfér the data fs‘apprOpria£e1y filtered to
preven§ a]ias%ng errors. The filtering is .accomplished with a fourth
ordér‘recursive digita} filter. Two forms of ghe data file are trans-
ferred to fhe disc us(i; the subroutines DWRI and STPT. Both of
these éubroutineS'are also described 1;ter in this section. Subroutine
DWRI writes the déta file onto disc.without change while STPT scé]es ~
that data and changes it into a form suitable for output to the tRT
disptay. A %1ow cﬁart.of program FLOCT is provided in Figqure A-2-1

-~ and the program is given in Program Listing A-2-1.

Subroutines Required: _ g >
1. DWRI (Disc WRIte)

* 2. STPT (STore PloT)

Required User Input:
1. File name or +N or -N
a. The program examines the first six characterr of a file name

to locate a file.
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b. A space follawed by +N or -N wil] advance or rewind the tape
N files. The space cannot be omitted.

c. If the record cannot be found the program will search to thé
ermd of the tape, rewind, and print “fILE NOT FOUND". The user
may theﬁ input a new file name or }ape location.

Following "OK TO PROCEED"

a. AnswéF "YES" or "NQ". Printing "NO" provides the opfion of !
selecting another file. .

Number of channels in the data file.

The number of 256 word records to be skipped before data transfer

begins,

a. This permits transfer of any portion of the file.

The number of 256 word records to be transferred. |

The data sampling rate.

The nETber of daté samples to be skipped during the transfer.

(Process every N'th sample.)

a. "N" must be a power of 2. If it is not, it will be reduced

to the nearest such power.

Program Qutput:

1.
2.

File name.

Actual data sampling rate.

Number of 256 word records transferred.

Error messdges:
’

i, File not found.

ii. End of file (EOF) encountered.

i1i.  Wrong number of channels.

iv. Tape read error.

&



Input File Narme
or No. of Files to
be advanced or

Rewound

Locate Reaufrecd File

Rewing
Tape

Print hNo of
Records Transferred

Indicate Tape
Error or
Enc cf Tape

Apply Anti-aliasing
Digital Hilter

Prirt File
Na-a

Trout file para-eters
No. of chrannels, N
File Lenntr, Sarzle
Rate, Data Recuctior

Read Kecorcs
Grto Disc

Figure A-2-1 Flow chart Bf FLOCT.

Store Filterec
e Data or
Oisc

Store Disnplay -
Formattez Data
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A !

Pewind
Macrnetic
Taoe
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N win

166189

noo1
0gu?2
0003
6604
000S
6006
0007
0008
0009
0010
0011
0012
0043
0014
0015S
00tes
V01?7
00148
0019
0820
002y
nn22
0023
009
0025
00,8,
00.°7
0028
ocre
00 saQ
00314
no32
0033
no3a
003s
003a
0037
no3as
0039
0040
004y
0042
0043
0034
004S
QU4
KL g
0048
004%
0050
0051
00s2
0053
0054
00SS
0056

PALE Juty

lProgram Listing A-2-1 FLOCT

FTNS L

S
100

101y

10

11

16
17
104

105

106

FrOGRAM Q0

th TNA--RtLEASE 241778--JULY, 1971)

LIMENGTUN IRAY\HUcUJ,JRAY(B,ES&),KRAY(ESB),Y(BU&),Y1(8,4),

1 A(S),B(S).INAM(}),lABF(iSS),Xi(B,B)

EQUIVALENCE (Y2(S),Y)

CALL FXEC(17,IFTRK,ILTRK,1SIZ€)

WRITE (1,100)

1)
READC1 ,104) CINAMCT) ,121,3)
FORMAT (3A2)
IFCINAMCL) . NE.2He GO 1O 7
G0 TO 6
IFCINAMOL)Y LE.2H GO TO 1%
INH=INAM(2) /236
INL=INAM(2)-INHX2.4
IFCINL EQ.40EXGD 10 21
INH= (CINH-60B) %10
INL =INL -60B
1= CINH+INL) %2
GO 10 P22
1= (INH-60K) XD
FFCINARGCL) CEQ. i Y0 Tu 234
1- -1~
CALL PTAFE (12,7 ,0)

CALL FxtUC), 1140 [RAY, tua)
IFCIt 01012y LT 006U T 10404
THCIWRDS(12) L EQ. 36560 10 25
CALL PTAPE(LD, -1 -2,

CALL EXEC(Y,114k, [KAY,204H)
IE CTURDSCL2) LEQ. 36)GR TU 2%
CALL PTAPE(12,2,0)

60 Tn 34 )

CALL PTAPE(12,2 .0)

CALL EXECOL, 114K, FRAY, PU41)
IFCIEQTOI2) (LT 0G0 10 1004a
[HCIWRDS(12) EQ. Y660 TO f1
CAlLL PTAPE(12,-1,-2)

CALL EXFCEY, 114k, IRAY, 204
IFCTWRDS(12) EQ. 36560 TO 11
CAlLL PYAPE(12,2,0)

GO 10 10

IF CIRAY C1) NE . INAMCIIGH TO

JFCIRAYC2) UNE L INAM(ZIGU 10
IFCIRAY () UNE . INAM(Z)IGH TD)
D0 t6 I=4,3¢
LABF (1) =IRAY(1) .
IFCIRAY(L) . EQ.DOGU 1O 1/
CONTINUL
WRITE() ,104)

FORMAT(/“sF ILENAML k%" /)
CALL. FxXEC(2,1,IRAY, 1)

WRITE (1,10S)

FORMAT(/"0K TO PROLELD? )
READ(1,106) 1ANS
FORMAT(A2)

forare

S b o

,Y2(8)  MAX (8, 94)

FORMAT(/"INPUT FILL NAME UR + N OKk- N TU ADVANCE OK Rt WIND N F i
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ues7
0usa

005y

00640
0061
00&2
0063
udeq
00665
0088
0067
tos8
0069
007y
0071
0072
0073
0074
0075
0076
0077
0074
L0?79
0080
00491
0082
(USRS
0b84
nugs
o8
0087
0083
0019
D090
0091
0092

0093

216620

0094
009s
0096
na9ow
0094
6099
0100

-0101

6102
0103
0104
0105
0106
0107
0108
6109
0110
01114

0112

Program Listing A-2-1 FLOCT (cont.)

PAGE  Qoo2

ig
107

10y

111

112

p)

b1

9

a5

_FDPHAT{/“PROCPSU

FroeT

IFCIANS W 2H1E s TO it
CALL PTAPE(LZ -1 ,0) “
60 T0 S
WRITE(L,107)
FORMAT (/"NO . OF
READC1,10BINCHA
FURMAT(I1)

L AKF (37)=NCHA
WRITE(1,110)
FORMAT(/"“SKIP N RECORDS? ")
READ (1, ¥)NRECS

IF(NRELCS .GT.96)NKE(S=9¢
WRITE(1,109)
FORMATL/“NO. Of
READ (1, %)NSKP
WRITE(YL,$11)
FORMAT(/"DATA Sanil ING RATE
READ(Y x)8R

WRITEC(Y , 112) '

CHANNELS? -

R+ CUKDS Y ")

PER

READCf,¥)INTH
TFOCNTH. LT . 64560 10 19
NTH=64
[FONTH.GT . 1)G0
NTH=1

GO 10 .3
1Twa=u
NTH=NIH/
ITWO=11W0+y
IFONTH.CE . 2500 111 i
NTH=2%%1TW0

TRLUR=SK/NTH

ASR=TASK .

WRITE(1,114)A5R

FORMAT(/"ACTUAL LaNPLING RATE I
LAKF (28) =] ASR

caLi FXFC(1,114M,%RAY,0)
TFINSKP . £Q.0)GO TO 39 N

DO 27 1:1,NSKP

CAIL 1 xEC(1,114K,1KAY, Q)
IFCIRQONC12) LT, 0060 10 juny
CONTINtI
DO} 34 K- 4
Y(K)=1)
CONTINUE
DO 4t k=1,32
X1(K)=0,

Y1(K)Y=0.

CONTINUE

DO 4% Kk=1,8

DO A4S 1=3,9¢
MAX (K ,1)-0

CONT INUE

SR=SR /&0,
FC=SR/(NIH&3)

CAl | hHTi(SR,fU,h,H!

11 33
el

256

)
(FTN4--KtLL AGE 2447YB-~JULY, 1971)

MINUIL ? ")

EVERY N*TH SAMPLE? )
[ A

S*,X,E7.0," CYCLES/MIN. "y

‘s

160,

&

\
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216621

’

K

0113
0314
0145
0116

0117 -

uiig
0119

LD Pty 1]

0121
0122

0123
0124

012¢
0126
0127
0128
0129
0130
0134
0132
0133
Niiq
0135

D138
0137.
0138

0339
0140

0141

1142

0143

0144
0145
0146
0147
0148

0149
015D °

0154
0152

6453 .

0154

‘o155

03158
0157
0158
0159
0160
0141

0162

0163
0164
0165

01466 -

1167
0168

Program Listing A-2-1 FLOCT (cont.)

PACE

‘»9

30

A3

0603, FlOeh (FTM4--KE| CASE EAL77B—-JULY, 1?71)

. ) 1

PO 214 T3 ,1KECS

CALL #XECCL, 114, IKAY,2041)
IFCIVOFC12) LT 0OGO TO 1004

IFCTWRDS€12).£Q. 0060 T 1000
xF(luwn,<1°)/"sA« 196 NELTWKRS(12))60 Ty 1002
NCLIWRDS'(12) /25,

IFCHE . NE  NCHAYGO TU 1003

T 30 J=1,NHA
DO 30 Kk=4,25¢

JRAY () K)-IRAY((R~1)‘NF+T)
DO 30 1 =5,8

X1CT 1 )=JRAY (], L a)

CONT L huF . !
DO 28 J—1,NCHA

DO 43 L=%,

Y241 Yx(J L)

CONTINUE v

DO 34 K=t,4

YOK)=ACI )Y KIRAY (] K)fA(°)$X1(J 3+WT4A(3>xx1<J 24K+
AL xX1(T, 1+K>+A(q>mx1<1 K)ﬁBOt{*Y”(?*K)v
b(’)tY’(”ﬁK)+B(5)¥Y°(1+K)+h(4)*Y°(K) .-

CONT INUE

DO 35 Kk=9,2%4
Y(K)=A(1)AIRAY (]} K)+A(’)tIRAY(J K-4)+A(3) X TRAY (J ,K-2)+

I

1A RIRAY (], K~ 3)+A(SIXKIRAY (] JK=4)4B(1)XY (K- 1)+
2 B(2)RY (K- °)*F(3)¥Y(K 3)*H(4)*Y(K 4)

3%

a7

LT
.40

g

44

CONT INUE
D0 47 K=4,25¢

IMAX=TFIX(Y(K)»

IMAX=TABS (IMAX)

LRAX-HMAX (T, 1) : .
IFCIMAX LE .LMAXI GO TO 47

MAX (T, 1) =1InAX

CONTINUE

IHAX=MAX (], 1)

DO 40 k=1,4 . ' . 3
X1(J,K)=JRAY(J, SSEK)

Yi(J,K)=Y (°S°+K>

CONTINUE

D0 38 K=y BSé/NTH
KRAY(K)--(Y((K~1)¥NTH+1)+0 S)

CONT INT

LNGTH=2%4/N1H .
CALL DURICIFTRK ,INGIH, KRAY ,1,7,8)
CALL STPTCIFTRK ,KkAY LNGTH,I,J,fHﬁX)

<CONTINUL

NRECS=NRECS/NTH
LARF(39)=NRECS - . = ' |

DO 44 K=, NRECS . / -
LALF (K+39) =MAX (1K) -/

CALL PTAPE(12;-2,0) / ..

“CONTINUE -

CALL DHRI(]I[RK , 0 lAlF(i) 50, 0 1)

KRITE (1, 113)NRFCS

FORMAT (/*NO. OF 2, /%Anrtz RECORDS TRANSFERED . 15 ",13)
STOP / . . .

i
/

/
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YA
0170
‘01714
0172
0173

0174

617S
017¢
0177
0178

0179,
D180 |

01814
0182
0483
0184

- 0185

0184
0187
0188
0189
0190
01914

0¢92.

0193

0194,

019S

Program Listing A-2-1 FLOCT (cont.)

162

PAGE  wuva  FLuCT (FTNA~—RELEASE E4177B——JULY, 1971)

1000 WwriITh oy vap) .

900 FORMATC/"FILL NELE FDUNDL v
GO T &

LUBL WRITE(L 901)

w

F01 FORHQI(/"EOF [NLUUNTERED . CHECK NO, OF RLCORDS 11 )

CALL <pTAPEC12,-3,0)
: G0 70''s ‘ ‘ s
1002 WRITEYY ,902) ’ n
Y02 FORMAT(/ "XTAFE ERROR"/)

CALL PTAPECI2,-2,0). ¥

G0 10 5

1003 NCHA=TWRDS(12) /256 /

WRITE(1,903)NCHA -
903 FORHAT(/‘URONP NO. OF CHANNELS 11w /vNnD . OF CHANNll
WRITE (1,904) .
904 FORMAT(/*DQ YOy WISH T0 CORRECT? o)
READ(1,104) IANYG
XF(IANS EQ:ZHNDHGO T 2y
WRITF(y,107)
R[AD(:.iOB)NCHA
LAIF (37)2NCHIA .
GO 1.2y 4
1009 WRITE(1,907) .
707 FORMAT(/“END OF TARE~)
"OCALL EXIC(3 414h)
G0 Tu s
END

SIS %14



APPENDIX A-2 (cont.)
SUBROUTINE DWRI (IFTRK, LENGTH, NAME, NUM; ICHA, iFILE)

Description& v
Sub#outine DRNI (Disc WRIte) is a subrout1ne des1gned to write

4
4

data files from memory 1n;o one of three disc files. In addition a

header record is created on disc containing the file name, number of

- : e

channels, actual sampling rate, and number of data records tontained
_in the'file. The three disc files nuﬁbered.], 2, and 3 are created to
sgzre input data, processed data, and display-formatted data respec-
tively. The brogram Tisting and disc organization associated With
| DWRI s shown in Figure A-2-2. FEach disc file consists of 96 d1sc
tracks with the data stored in order of channe] number..- The max1mum'

capacity of each of the three disc files is eight channels of data

each containing 96 256-word recohdsi,

~ Subroutine input paraheters:
;1. IFTRK, ‘the éirst'avaﬁiab1e freevtfaék on disc;

2. LNGTH,.the 1éngtﬁ of éacH data record.

3. NAME the name of. ‘the memory array contd1n1ng the data f11e.

4. ICHA, the number of a particular channe1 to be written onto disc.

5. 'IFILE, to specify disc f1]e 1, 2, or 3.
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FAGE

0001 FTHa L
0002
0003
0004
004S
000
0007
1008
0noe9
uon 1
0011
0yiy2
0013
0014
001%
D0ys
0017
BUis
0049 2
TRVt
0021

8 HNL O ENKUIK

[UNRI . (FTINA-- RELEASE 24177kK--JULY, 1971)

SUBKUUTINE LUK CTF TKK ,UNG TH, NARE  NUM  TCHA, TFTLE)
DIMENGION NAME (1, 1)

IFCUNGIH.NE . 0OGH TO 8 2
L=13%

ITOF=1FTRK«(IFTLE-1 2833

lﬂFf—

TINURIL s INUR
IWRDS=HODCITrNHR V)
TRMDK S TTNUM=- TWRDS -
I6TRS=IRMDK /128

10F F=MODCISTRY , a8) . _ . ‘
ITHF=(ISTRS-IDt 1) 74y v : ) ¢
TTOF=ITOF 1+ (ICHA- 1)t4olilkk4(1rllt-1)x‘5
Calt Buk LVONARE 1.2, T10F, LOFF, TURD: ) - )
KRETUuk N . {
trily . . f

i ;

F 1o H Uit ;

! ! -
R | 4 e - TTTEm T s
" ,
i [ . H
L |
| 1
| 5
:r _________________
P !
| -
1

Figure A-2-2° Program 11st1ng of DWRI and table sho 1n‘\ﬂgsc f11e
“qrganization. A ‘
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APPENDIX A-2 (cont.)

SUBROUT INE SfPT'(IFTRK, NAME, LNGTH, NUMR, ICHA, MAX)
Description

‘Subroutine STPT (STore PloT) scales the amplitude of the ‘values
in a data f11e, generates a new f11e suitable for fast display on the

computer CRT, and stores this new file on d1sc file 3 Because the

vertical span of the CRT is only 256 points and because avhaximumﬂof
8 channels may be simultaneously disp1aygd, each dafa file is scé]ed
to have a maximum amplitude of 32. To display a data point on the
system CRT a 16 5it word is output ﬁo the D/A-COnvérter. 'The,most»
.significant eight bité df this word define'tﬁe vertical position of a
dispTay point.ahd the least significant 8 bits define the horizontal
pbsftion Therefore, after the data values have been scaled the
amp11tude information is sh1fted into the most significant e1ght bits
-and values corresponding to the location of the data points in the
256-word record are added to the'ieagt significant 8 bitsf The scaled
;disp1ay-f0rmatted;data file is stored in disc file 3 using subroutine

. oy

DWRI. Tha .subroutine is giveq inAProgrém Listing A-2-2.
Subroufine 1npUt‘barameter5'?

1. IFTRK, the first available free track on disc.

2. .NAME the name of the memory array conta1n1ng the data file.
3; LNGTH, the 1ength of edch data record. )

4, NUMR the number of a part1cu1ar record to be stored on dgsc

5. ICHA the number of a part1cu1ar channe1 to be stored . on disc.

6. MAX, the maximum amp11tude in the data file.
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APPENDIX A-2 (cont.)
Subroutines required:

. 1. .Subroutine DWRI



FINa,L

167

Program Listing A-2-2 STPT
PAGE uvuud c (FTN4-—RELEASE>241778—-3UL§, 19714)

SUBROUTINE SIPT(IF1RK,NAHE,LNGTH,NUHR,ICHA,HAX)
DIMENSION NARME(1) :
MX=MAX
IF(HQX.EQ.D)HX=33767
N=2%96/LNGTH ,
NN=NUMR~1{ ° : .
1P=MOD(NN,N) .
DO 10 I=1,LNGIH
IRY=NAME (1)
NAME C1)=FLOATC(IRY)X32/MX
IRY=NAME (1)
"TFCIRY.LE.34)G0 YO 2
NAME (1)=3{
2 IFCIRY.CTY-319G0 TO 1o

"NARE(I)=-3 )
. NANE (T)=NAME (1) %256+ 1+IP&KLNGTH-4 ' ' - R
.10 CONTINUE . , . .
CAlLL Dle(lF1kK,LNGTHHNAHE,NUHR,ICHAJ3)
RETURN :
END

i

¥+ NO ERRORSx . -



APPENDIX A-2 (cont:)

SUBROUTINE DREA (IFTRK, LENGTH, NAME, NUM, ICHA, IFILE)

)

Description

N

Subroutine DREA (stc_ggﬂa) transfers data records from disc to

memory arrays. It assumes the disc- file 'has been formatted by DWRI

as described above. The main difference between DREA and DWRI is the

direction of data flow. The subroutine is given in Program Listing

A-2-3.

Subroutine input~parameters:

IFTRK, LENGTH, MAME, NUM ICHA and IFILE as described ,for sub-
i

routine DWRT.
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00014
0002
0003
1004
600S
0006
0007
boos
6009
0010
0011
0042
0013
0014
0018

0014
00417

0018 -

0019
- 0020
S 0024

s

Program Listing A-2-3 DREA

N

PAGE 0001

FTN4 , L
SUBROUTINE D
DIMENSION NA
IF(LNGTH.NE .
L=13%5
ITOF=TFTRK+(
10FE=g '
IWRDS=0
60 TO 2

1 INUM=NUM-1
L=t.NGCTH
TTNUM=L % INUM
INRDS=MOD(IT
IRHDR=1TNUM-
ISTRS=IRMDR/

(F TNA--RELEASE 241775——JULY, 1971)

REA(IFTRK,LNCTH,NAHE,NUH,ICHA,IFILE)
ME(1) : - :

0G0 70 3
IFILE-1)%33

NUM , 128)

IWRDS N

128 ~

I0OFF=MOD(ISTRS 4§)

ITOF=(ISTRS-
ITOF=1TOF+4+
CALL HREAD(N
RETUKN

END

ra

NO ERRORSx

10FF3/48 -
(XCHA~1)l4*IFTRK’(IFILE—1)x33
AME,L,2,1TOF, 10FF , TWRDS)

169
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APPENDIX A-2 (coint.)

SUBROUTINE RDPT (IFTRK, NAME, NUMR, ICHA, LOC)

Desc/:ption

' Subroutinj RDPT (ReaD PloT) transfers display-formatted data
from disc to memory afrays. The length of'the disp]ay‘record is fixed
at %}6 words. RDPT utilizes subroutine DREA to aﬁcomp]ish the disc
read:operation and then modifies the most signifi;aht“B bits és a function
of vertical 1o¢ation (LOC).“ Each data channel ﬁay be displayed in one
of eight vertical posi;ibns depending on the v§1ue'assigfid to parameter
LOC. A vaqu‘of 1 positions the data channé1‘at.ﬁhé t 2 of the CRT"
while 8 pﬁsﬁtioné the channel at the bottom.  The §ubrdutinevis gﬁyen

in Progravaistihg A-2-4.

Input parameters:

1. I?TRK,,NAME, NUMR; and ICHA as previously defined for STPT and’
DWRI,

o

N _
2.- LOC, location of the-data-channel on the CRT.



00014
6002
0003
0004
000S
0006
0007
0008
0009

B 24

Program Listing A-2-4 RDPT

L
’

PAGE 0001 + (FTNA--RELEASE 24177B--JULY,
FTNA,L - :

SUEKOUTINE RDPT(IRTRK,NAME,NUMR, ICHA,LOC)
DIMENSION NAME(§)

. CALL DREA(CIFTRK,254,NAME ,NUMR,ICHA,3)
DO 10 1=1,256
NAME (T)=NAME(I)+ (2223~ (LDC-1)%64)%254

10 CONTINUE :
RETURN™
END -
ND ERRORS*

1971)
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- APPENDIX A-3
3

' PROGRAM TDSPL (Time DiSPLay) &

Description

Program TDSPL displays from one to eight channels of data on- the
HP 21 MX/E system's CRT énd facilitates either low speed or high speed
‘scanning of the complete data file. The sense switches cohtrol the
program‘mode of operation. if sense switch iS is set the record will
slowly move across the CRT) If sense switch 14 is set the file is
rapidly scanned on a 256—Qord record-by-record basis.

The 'data to be displayed must be previously placed on disc by
FLOCT. Additional information about the program .is provided by the

<

flow chart of Figure A-3-1 and Program Listing A-3-1.

-Required subroutines:

-~

1. Subroutine GRID displays the grid on the CRT. ,Program Listing
A-3-2 is a listidg of subroutine GRID.
2. Subroutine RDPT

3. Subroutine DREA o

i
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( Start )

Generate Grid
b.Intttalize

]

Input the Reguired
y Four Channels

Display Grig &
Data Ares Contents

®

Move A1) Disolay Points
of 1th &{fth +.1)
Frames to the Left
One Sample Roint

No Frame

Read 1th
‘Record from Disc

Read (tth + 1)
Record

Display

. 7 Frame By
Frame?
r
'\
\
A} Time
Nt Varying
)2 Display
NS

P

Figure A-3-1 Flow chart of TDSPL.
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Complete
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Program Listing A-3-1 TDSPL

PAGE QO0O1% (FTNA--RELEASE 241778--JULY, 1971)

0001 FTN4,L

0002 PROGRAM TDSPL E - :
0003 DIMENSION JRAY(R56,4) 1GRID(2480) yIRAY (256) ,LABF (135), ICH(4)
0004 1 ,KRAY(25&,4) . o

0005 EQUIVALENCE C(IGRID(1457),JRAY)

0006 ' CALL EXEC(17,IFTRK,ILTRK, IS1ZE)

0007 CALL GRID(IGRID)

0008 CALL DREACIFTRK,0,LABF,t,1,1)

D009 1 DD 10 1=1,4

0010 ICH(I)=0

0011 10 CONTINUE

0012 . DO 11 I=1,{024

0013 JRAY(I)=D

0014 11 CONTINUE

0015 WRITE(Y,100)

0016 100 FORMAT(/“INPUT THE REQUIRED FOUR CHANNELS! e

0017 READ(1 , 1) CICH(T) T=1,4) o '

0018 NRECS=LAKF(39)

0019 DD 26 1=1,4 :

0020 ICHA=1CH(I)

0023 IF(ICHA.ER.0)GO TO 15

0022 26 CONTINUE

0023 15 NCHA=1-1

0024 L TH=1456¢ NLHAX!S S . . ] :
002 CIFST=0 B ‘
0026 CALL "EXEC(2,020111K, IGRID,LTH)

0027 DO 20 I=1,NRECS-{

0028 14 IFCIFST.GE.0)00 TO {2 .

002 : CALL DELAY(1000)

0030 CALL EXEC(3,11B).. . v

0031 . CALL EXEC(2,020144H,IGRED,LTH)" ‘
0032 12 DO 21 J=t, NCHA - o 4
0033 IC=kGH () . ' ‘

0034 "CALL RDPT(IFIRK,IRAY,1,IC,J)

0035 DO 25 .K=1,2564

0036 JRAY(K,J)-IRAY(K) .

0037 2S CONTINUE : n

0038 21 _CONTINUE

0039 IF(NRECS.EQ.1)G0 TO 30

0040 DD 19 J={,NCHA v

0041 ICHA=ICH(T) .
0042 N-1ey ?

0043 . CALL RDPT(IFTRK IRAY»N 1CHA, J)

0044 DO 19 K=1,256

0045 KRAY (K, J)‘IRAY(K)

0046 19 CONTINUE .

.0047 - 30 DO 24 L=1,2%% S R -

0048 . 22 IST=ISSW(15S) . e g

0049 IFST=ISSW(14n "~ "
IFCIFST LT, O)QQ,ﬁazﬁ@
b




0057
00S8
0059
0060
0061
0082

0063

0064
0065
R IYS
‘0067

PAGE 0T®2 TDSPL

24

20

102

103

Program Listing A-3-1 (cont.) 1\

r
JRAY (256 ,K)=KRAY (L ,K)-L+256 ; »
CONT INUE
CONT INUE
WRITE(1,102) _ T
FORMAT(/DO YOU WISH TO REPEAT? *) .

READ(1,103) IANS . ’
CALL EXEL(3, 11k

FORMAT (A2) ‘

1F (1ANS.EQ.2HYE)GO TO 1

sTop ' .
END ) -t

-

(FTN4--RELEASE 24177B-~JULY, 1971) -
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1 ' rd
Program Listing A-3-2 GRID.
¥
-]
" \ . . N T
PAGE 0003 ‘ . (FTNA--RELEASE 24177B--JULY, $1971)
0001 FTNA4yL , : .
0002 SUBROUTINE GRID(IGRID)
0003 DIMENSION IGRID(13%96)
0004 . 1 DO 10 I=1,256
000S IGRID(I)-(I 1)%256+15
0006 10 CONTINUE _
0007 DO 11 I1=256,316,4 L - ‘ _ i .
p0o08 DO 11 J=1,4 .. . :
0009 / IGRID(I+J)= (I-256)%1024+12+3 ~ o
0010 11 CONTINUE - - . :
0011 DO 14 K=1,4 . < : = -
0012 18=321+(K-1)%268 : o
0013 12=11+239 . :
0014 DO 42 1I=14,12 N
0045 IGRID(I)=(223- 64X (K=-1))X256+1-305~ (K-1)%268
0016 12 CONTINUE
0017 11=540+(K-1)%268 . . .
0018 © I2=1i+28" o '
0019 .. DO 13 I=1t, 12 4 , .
0020 DO 13 J=1, T . : I
6021 IGRID(I#J)-(220—64t(K-1)#J)t256+8*(I—SSB—(K—i)*268)+3B
0022 13 CONTINUE - ’ ,
0023 14 CONTINUE ) .
T 0024 RET

oo2s END b

X% NO ERRORSx ‘ -
- .

a



‘Description

APPENDIX A-4 S , ‘ | | o

Y

SUBROUTINE PLOT (X, Y, YG, LABEL, NPLOT, NTR, IT)

s PR 1

PR

\
4 - . N [\

. . . . 5. PRI
“Subroutine PLOT produces an X-Y plot on the high speed printer

of from one to four data arrays. The resolution of the plot is 16 units

Yoo
per inch in the horizontal direction and 12 units per inch in the .

vErtical directidh. The span of the'p10t is 50 by 100 units. When a

single channel of data is to .be p]otted the subroutine prov1des the

_opt:on of \a normal p1ot or a bar graph. A flow chart of subxoutine

kequired input parameters:

| ~

PLOT 1s provided in ‘Figure ﬁ 0 typical output for one ddta array

is shoWh in F1gunf A-4.2 while a typical bar graph is shown in Figure

A-6-2.- Subroutine PLOT is given in Program Listing A-4-1,

L4 w

.

: . Y . A} :
T. X, an n x 4 array containing the horizontal coordinates for all

data points." ~ ‘
”~

177

2. Y, an n x 4 array conta1n1ng from 1 to 4 sets of vert1ca1 coovd1nates.

3. YG the maximum vert1ca1 amplitude of the plot. . If this value is

Zero the pTot is sca1§§ such that\the maximum vertical amplitude |

L
corresponds to the maximum data amp¥itude.

' 4. LABEL, an array Containing up to 25walphanumeric characters con-

stituting the vertical Tabel for the graph.

5. > NPLOT, the number of data points in the arrays-to'be plotted.

6. NTR, the number of traces to be plotted.

| 7. IT, a parameter which determ1nes if a sing]e data array is to

produce a norma1 or a bar graph
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APPENDIX A-4 (cont.) |
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0004
noox
0003
0004
000%
0006
6007,
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0040
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0016,
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Program Listing A-4-1 PpLOT
o o
0001 (FTNA--RELEASE 24177E--JULY, 1971)

i 1
SUEROUTINE PLOT(X,YY,YG,LAHEL,NPLUT,NTR,IT)
DIMENSION X(i?B),YY!128,4),Y(100,4),IL(iUO),LABEL(?S),IS(S),I1(?
DO 25 J=1,NTR ' .
DO 2S5 1=1,100 °
II=IFIX(NPLOTX1/400.)
YOI, I)=YY(II+(J~{)KNPLOT)
CONTINUE
DO 26 1=1,100. . bd

CII=IFIMC(NPLOTXI/100.)

- /

YY(I)=X(TID) S -~ .
IF(l.LT.iUU.AND.I.NE.i)YY(I)=&Y(I)+(X(II+1)—X(Il)5*(NPLUT¥

1 I/400.-11)

CONTINUE . i R
PO 27 I=1,100

X(I)=YY(D)

CONTINUE . Sy
WRITE(1,401)15446K,2H14

WRITF (4,142)4HY
WRITE(1,108)15446K,2H18
WRITE(1,512)4HY ' T
ITAR=1%4541K ‘ . b
ISCi)=1Hx _
ISC2r=1Hao . 2
IS(3)=1H+ , .
1S(4 =1H" . <
IS(S)=77400K : :

WRITE(1.10D)ITAE,1TAF, ITAK

FORMAT(20X,AZ,4X AR, 6X,A2)

WRITE(1,101)15446K,2H10

WRITE(1,142)4HD

FORMAT(2A2, " ) . .
WRITE(1,104)15444K, PHk2 ) .

CUWRITE(1,142) 1HS

YMAX=~-1  F+36 3 ) '
YMIN=1.E+34 ‘ - g » S

XMAX=- E+76 S C , ‘
XMIN=1 E+36 . o ) :
DO %6 I=1,100 = ’
TE(XCT) . GE . XMAX) XMAX=X (1) .
IF CACT) JLE . XMINYXHTN=X(T)

CONTINUE

DO 5S4 I=1,100%NTR
IFCY(I) . GE. YMAX)YMAX=Y (I)
TFE(Y(I) .LE. YMIN) YMIN=Y (1)

CONTINUE -

IFCYG.GT.YMAX) YMAX=YG

NMIX=0

NPLX=0

XMX=XMAX

XHMN=XMIN
XHM=AMAX1 (AES (XMAX) , ARS(XMTN) )
IF(XM.GT.9999.)G0 10 114
IF(XM.GE.1000.)G0 10 14

NMIX=NMIX+1

XMX=XMX%10,

182
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n
. !
Program Listing A-4-1 PLOT (cont.) \
s - " —t -
FAGE 0002 PLOT (FTN4--RELEASE 24177E--JULY, 1971) .
. ~ ) K ~
007 XMN=XMNX10, ‘ o ’ ~
COSE XM=XMX10, . .
005y GO TO {3 : , 4 :
0na0 14 NPILX=NFLX+1 '
00st XMX=XMX/10, i
0nep . XMN=XMN/ 1T . , S : .
0063 XM=XM/1 0, '
(44 IFCXM.CT.9999.06GD0 T0 14
N06s 14 MXX=IFIX(XMX)
00es MMX=IF TX(XMN)
&7 DGX=(XMX-XMN® /400.
00465 NMTY=0
- 00¢9 NPLY=0
— 0o n L YMX=YMAX
TN T YMN=YMIN !
n7R YMZAMAM 1 (ARS(YMAX) ,ARS(YMIN) )
6u73 IF(YM.[LT.9999 HYG0O 10 4 .
un’4 FIF(YM.GE.1000,.0G0 10 4 < .
067 T ONMIY=NMIY+s .
07 YMX=10, %xYMX
anwr YHN=YMNX1 U, .
WY T YM=YMX10.
(N7% CnTOH 3
. VR { NPLY=NPL Y+§
0011 YMX=YMX. 10,
e YMN=YMN/10, . -
TR YM=YM/ /10, L ‘
. 03y IF(YM.GT.9999.)G0 T0O 1
nunec 4 MXY=TIFIX(YMX)
- NN MNY=TF IX(YMN)
veet DLY = CYMX-YMN) /50 » . .
noe:: 147 FORMaT caf) .
: S BnEe © NT=10 ' : ’ : : _
. fo2Q ITAR=4400F s - : : s
(094 TEONPLY GT.0)WRITE (4 ,124)ITAK, ITAK,NPLY
NOe2 [ 124 FORMAT (241, "XExx+" ,12/)
(10+v3 TF(NMIY . GT. OOWRITE (1,125 TTAE, ITAR, NMTY
6nea 125 FORMAT (2O "XEx%-",12/) g \
WY IRN=6400K s
N(96 DY=(YMAX-YMIN) /S0, - - ] -
0097 DO 206 1=1,50 ' :
0098 WRITF(41,104)ITAE
(099 1.L=MOD (1,2)
0400 WRITE(1,101)1S5446K,2Hk0
G404 WRITEC(L,104)9HS
0102 TECLL.EQ.0ODWRITE (1,104)LAREL (1/2)
0103 IF(LL.NE.O)GO T0 7
0104 IF(LAREL(I/2) .EQ.0)WRITE(4,113)
0+0S 17 IF(LL.NE.O)WRITE(L,113)
0506 113 FORMATC(" _") .
107 CWRITE(L,104)15446K,2HKk? , s
0108 . WRITE(L,404)1HS . -
0109 104 FORMATCAL,"_*)> . °
4 L0140 WRITE(L,$04) ITAK
3 0114 IG=IFIX(MXY-(I-1)%XDGY)
L71359011,9 IGG=MOD(T-1,10)
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0442
01j§4
0115
0146
0147
0448

0119 -

0120
G121
0122
0123
0174
012%
0126
0§27
0178
0129
0130
01314
132
0133
Niza
(1135
1136
0§37
01738
0139
0140
0141
0147
0143
0144
0145
0146

0147
[(BR:153

0149
0150
0154
0152
0153
0154
0155
0156
0157
0158
0159
0164

0164

0162

0163

0164
0165
0166
0167

0168
171360

;iDS
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Program Listing A-4-1

0003 PLOT

ﬂfF(IGG EQ.0OWRITE(1,105)IG,ITAK

FORMAT (IS5,AL,"_ ™)

IF(1IGG.NE. U)CO TO 21

WRTITE(1,116)
FDRMAT("+ “)

DO 10 J=1,NT

103

URITE(i,iOZ)
FURMAT (" —mm = +
CONT INUE

WRITE(L ,104)IFN

PLOT (cont.)

-

(FTNA--RELEASE. 24177R--JUL Y,

-

’

WRITE(Y, i°3)ITAR ITAE, ITAR

FDRHA:(’Ai ")

IF(IGG.EQ. 0YGG 1N 5 " .

WRITF(L,106)T1AKR
FORMAT(Qi,": ")

WRITEC(S,104) IKN

WRITE (1 123)ITAKR, ITAB ITAR

DO 70,K=1,400

1L (KY=1H
CONTINYE
Y1=YMAX-(I-1)%XDY
Y2=YHAX~T¥DY

DO 5 J=1,100

GO TO(7,8)IT

DD 60 K=NTR,1,

IF (YT, K, LE. \i AND Y(J, K) GT.Y2)IL(I)=1S(K)>

IFCYCT,K) EQ,Y2) IL
CONTINUE

GO 10 %

107
114

IF(Y(T) . GT. Y1) (T
CONT INUE .
TF (IGG.EQ. 0)WriNe
IF (IGG. NE . 0) gl
FORMAT (100A 14
FORMAT(100AY

-~ IF(IT.EQ.1)GD W™

DO 19 .7=1,1000

DO 19 K=1,75

19
20

109
40

CONTINUE
CONT INUE
CONTINUE

(J)=1S(K)

)—IS(S)

b0 1L .
~114)1IL

)

\

N\

WRITE(Y 115)119871ﬁas MNY, ITha

FORHAT(°A1 , 15,81,
DO 30 I=1,NT
WRITE(1,303)
CONTINUE
WRITE(1,112) IRN
WKITE(4,442) IRN
WRITE (1,108)ITAK
FORMAT (A1, Yy
DO 40 1=1,NT+1

+ II)
y
}

16= IFIX(XHN+(I 1)*DGX*10

WRITEC(], 109)IG
FORHAT(%X IS, . ™)
CONTINUE

IF (NPLX.GT.0)WRITE

v

(1,440)XNPLX

1974)

184*



171361

.

0169
0170
0171
P72
0173
R
1175
0176
0477

I3

- PAGE 0004 PLOT

140
114

Program Listing A-4;J, PLOT (

'

TF(NMIX.GT.OOWRITE(L, 111 )INMIX
FORMAT (" XExx+",12)

FORMAT(" XExx-" I2)
WRITE(4,101)15446K,2Hk0
WRITE(1,112)1HS &
WRITEC(L,104)15446K,2H16
WRITEC1,142)4HD

RETURN o

END ‘

xi NO ERRORS¥

o

Y

cont.)

(FTN4——REPEASE 24477B~=JULY, 1971)
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APPENDIX A-5

" PROGRAM FILTR (FILTeR)

DeSChipt{On

Program FILTR abp11es an,eighth‘orderlbandpass fi]tenfté'fkom one to
eight ¢hannels of data stored_on Jisq.A The eight% order filter ié
:gbtaﬁned by cascéding two identical fourth Qrder fiﬂters which .have
been obtained from a bilinear tgénsﬁormaiion of a Secdhd order Butter-
worthvequatfon.' The di%férence equatidn_for.the filter is obtained
.from a"subroutfne BPASS for which the listing is given. Figure A;S-l
is a flow chart of program‘FILTR, The program iS'gjvéﬁ in Program

Listing A-5-1.

Required input-parameters: .

1. Uppervand fower ffequencies.

2. A1l other required information Suéhvas‘samp1{ng fate, number of ‘,
data channé]s, and record length fs obtained from thé data header

-

-record on disc.

Required subroutines: ' ;

1. DREA
2. DWRI

3. STPT o

4. BPASS - see Program Listing A-5-2. , - T
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Program Listing A-5-1 FILTR

PAGE 0001 (FTN4--RELEASE 24177K--JULY, 1971)

0001 FTNA4,L

0go2 PROGRAM FILTR _ : ‘
0003 © . DIMENSION LAKF (135), R(S) B(S),Y(2%6),1X(256),1X1(8),Y1(8)
0004 - EQUIVALENCE (IX$1(S),IX), (11(5) Yy :
000S .+ CALL EXEC(17,IFIRK, ILTRK ISIQE)
0006 - CALL DREACIFIRK L0 LABF 1 ,1,1) ' i
0007 i SR= LABF(3B)/60.
2008 . NRECS=LARF (39)
0009 NCHASLABF (37)
0046 WRITE(1,100)
00114 100 FORMAT (/" INPUT {.OWER AND UPPER FREQUENCIES IN CYCLES/MIN. oM -
0012 READ (Y ,%)LF, IHF
0013 ALF=LF /60,
0014 AHF=IHF 740 . : )
0015 CALL HPASS(SR,ALF ,AHF - a) .
0016 : DO S K=1,4 »
0017 JIX1(K) =0,
0018. . Yi(K)=]) .
001 S CONTINUE *
0020 DO 10 L=1,2 >
D02t DO 10 I=4,NCHA - ) . ‘ (
0022 DO 10 J=1,NRECS Ce
0023 MAX=0 .
0024 -| " CALL DREACIFTRK,266,1X,7,1,1)
0028 D0 11 K=1,4 o
0026 Y(K)=A(1)lIX(K)#A(Z)thi(30K)*A(3)¥IX1(?+K)+
0p27 LA XIXLOIHKO) +ACSIRIXI(K)I+B (L) XYL (34K) +
0028 2 BO2)IRYL(2HKI+H(3)NY 1 C(L+KI+E(A) kY (K)
0029 11 CONTINUE: ,
0030 .- DO 42 K=5,2%6 : =
00314 YK)=A (1) RIX(K)I+A(2)BIX(K-1)+A(3) XIX(K- °>+-
. 0032 1 ACAIRIX(K=3)+A(SIRIX(K-4) +H{LIRY(K~1)#
0033 2 BU2)RY(K=-2)4+B(3)RY (K~ 3)+B(4)¥Y(K 4)
0034 12 CONTINUE
0035 . DO 13 K=1,4
0035 - rxx(x)=xx(253m«>
0037 . 1(K)I=Y(252+K)
0038 {3 CONTINUE
0039 . DO 14 K=1,25¢
0040 IX(K)I=Y(K)
0041 v TH=1ABS(IX(K))
0042 IFCIM. LT mAXDGO 10 14 '
0043 HAX=1M ) R
0044 14 CONTINUE ‘ : . o
0045 . CALL DWRI(IFTRK,2S6,1X,J,I,1) :
00454 1F(L.EQ.1)G0 TO 1o
0v47 RO ol YN | STPT(IF1RK ,IX,256,71, 1,MAX)
0048 - ;40 CONTINUE" ¢
0048 - sTQP
0050 . END

%X NO ERRORS*



00014
0002
0003
0004
goos
0006
0007
0008
0009
00t0
00414
- 0042
0013
0014
001S
0046
0017
00148
0019
0020

0021

6022
0023
0024
go2s
0026

xx

Pro

PAGE

FTNA,L

gram Listing A-5-2 BPASS

~

0001 . (FYNA--RELEASE 24{77K--JULY, §971)
£ ; :

SUEROUTINE BPASS(SR,F{,F2,A,H)
DIMENSION A(S),EK(S) :
T=1./SR

Wi=6.2832%F 1

U2=6.2832%F2
D=COS((W2-W1)IXT/2.)/SINC(UWR-W1)IXT/2.)
Di=SQRT(TAN(WIXT/2 . )XTAN(U2XT/2))
D2=2.XATAN(DY) .
E=2%C0S(D2) .
Z0=DX%X2+1.4142136%D+4 ,

Z1=-2 XEXDX%2-1 ,4142136%XEXD
22=(EX%X2+2,)%DX%2-2,

23=-2 , $EXDRK2+41 , 41421 I6KEXD
ZA=DXX2-1.4142136%D+1,

AlLY=y,/20

A(2)=0, _ 4
A(3)==2,/10 . ..
A(4)=0 . .
A(S)Y=A(1)

B(1)=-21/20

B(2)=-22/20

B(3)=-23/20

B(4)=-24/20

RETURN

END

NO ERRORSx

189
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APPENDIX A-5 (cont.f
PROGRAM DCAC
Description' 

" Program DCAC determines the average or dc value of each channel
of a data file on disc, and then removes this value by subtraction.

The program is given in Program Listing A-5-3,
Required “input parameters: None.

Sﬁbroutines required:
1. DREA
2. DWRI

v 3. STPT
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A)
Program Listing A-5-3 DCAC " .
b
PAGE  0UDY (FTN4--RELEASE 243 77H-=JULY, 1971)

0001 FTN4,

0002 PRULI M DCAC

0003 DIMEN,ION L AKF (13%),Y(2%6),1X(256) ,A(8)

004 CALE EXFLCL7, 10 TRK, TLTRK, 151 2E)

uoos CALL DREACIFTRK, 0,0 ABF, 1,1, 1)

0006 Sk= L AKI (38) 740, ,
Qun7z NRECS- L AKF (39)

0004 NCHA=L ABF (37)

0609 Dl 12 1=t ,NCHa -

0010 DO 12 J=1 ,NRECS

0011 CALL DRFACIFTRK ,2%6,1X,7,1,1)

00612 DO 1. K=1,256 °

0013 DM I)=ACIIIX(K)

0014 1 3 ONT INVE

0U1S DO S K={ NCHA

6016 AK)=AIK)/ (NRELS ®0 %6 )

0017 . S CONTINUE

0018 ~.b0 10 I=1,NCHA

W19 DO 16 J=1,NRECS

0020 MAX= (0

0021 CALL DREACIFTRK ,i%6,TX,1,3,4)

0022 DO 11 K=1,256 @

0023 Y(K)=IX(K)-ACT) I

0024 11 CONTINUE v ]

wgrs DO 14 k=1,256 ‘

Oule IX(K)=Y(K)
L0007 IH=TAEBS(I1X(K))

| IFCIM. L L MAXIGO T 14

w29 NAX=IH

0030 14 CONTINUE

0031 - CALL DUKTCIFIKK,?S6,01X,7,1,4)

00732 IF(L.EQ.1)G0 TO 40

0033 CALL STPTCIFTRK , IX,2%4,7,1,HAX)

0034 - 10 CONTINUE : -
0035 STOP . -
0036 END ’

¥% N0 ERRUKRSX
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| APPENDIX A;S}

PROGRAM PSPT (Power SPecTrum) -
Description

Program PSPT produces sing]e'or multiple power spectra for up to
8 channels of data stored on di%c. The complete data file may be
divided 1pto n'segments with power spectra produced for each segment.

”

The power spectra are obtained from the'abp]fcation'of the fast fourier:

\

transform io\each 256 word retord in a data segment. The power spectrum
for'each segment is an}averége of the bower spectra obtained from the
records in the §egment. fhe magnitudes of the power.gpectra are output
on the teleprinter Qsﬁng subroutine ELOT. The f1ow chartlof program

PSPT is given in Figure A-6-1-and a typical output is shown in Figure

A-6-2. The program is given in Program Listing A-6-1.

Required input data:i

1. Number of channels.

2. Whether br nat abso]dte magnitudes are required as an outpdt.

3. The number of segments into which the data reéord is to be divided.

4. The number of times the outﬁut data is to be smoothed ysing a
moving avérage filter. - ‘ ’ _ ‘ \

5. The number of plot points to be surpressed at the Tow frequency: -

end of the spectrum.

Subroutines required: i B .
1. IFFT - the fast fourier transform subroutinc written by

Dr. Z. Koles, U. of A.

2. oReA )
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3. PLOT S

4. ?M’TH - @ moving ayeragéxiﬂter. See Prpgram Listing A-6-2.

N . . PR
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Smooth n times, -
suppress n paints, 13
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. Add FFT to lg;re:e?t
Sum of FFT's anne
: Counter

N

Channels

Corplete
?

Four
Channels
Complete?

Yes

Segment
Complete

Increment
Record
Number

Corpute Avg. FFT

;Figuhe A-6-1

Plot Avg. FFT

Refnitialize
For 4 or Less Channe! Counter
Channels at Five

ho. o€

Channels Yes

> 4

Ne ho. of

Sec~ents (omplete,
7

Yes

Write Scale Factors
an3 Graph Label

Flow chart of program PSPT (cont.),.
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Program Listing A-6-1 PSPT

E 00014 " (FTNA--RELEASE 24177K-~JULY, 197%1)

0001 FTNA,L

0002
0003
0004
000S
0006
0007
0008
0009
0010
0041
0042
0043
0014
001S
0016
0017
0018

100

10
14

13
1014

12
104

14

10S

15
113

107

108

PROGKAM FSPT N .

DIMENSION LABF (135),ICH(8),Y(126,8),ISINES(6S5),1P (4),

1 JRAY(2S6),IR(256),IM(256) ,NFLOW(B) ,YM(B),X(128),1ESC(T),
2 LABEL(SD) . ,

DATA LABEL/18%1H ,{HF {HF,{HT ,{1H ,1HM,1HA,1HG, 1HN, 1HI, {HT, 1HU,
1 {HD,4HE/ ‘

DATA TESC/15446B,2Hk2,2HS ,2H1B,2H11,2HV ,ZHD ,2Hk0,2H16/
CALL EXEC(17,IFIRK,ILTRK,ISIZE)

CALL DREACIFTKK,O0,LABF,i,1,1)

IWIDIH=100

WRITE(1,100) .

FORMAT(/*INPUY THE KREQUIRED CHANNELS? )
READ(&,#)(ICH(l),1=1,B)
DO 10 I={,8
IFCICHC(IY .EQ. 0G0 TO 11t
CONTINUE

NCHA=T-1 “
NRECS=LAKF (39)
SR=LAKF (38) /460 .
WRITE(1,101)
FORMAT(/"DO YOU WAN1 ABSOLUTE MAGNITUDES? )

READ(1,102)ISC

FORMA1 (A2)

IF(ISC.EQ.2HNO)GO TO 12

IF (ISC.NE,2HYE)GO 1O 13 -

WRITE(§,104)

FORMAT(/"NO OF SLGMENIS? ")

READ (1 ,¥)NSEG n

IF(NSEG.LE.0)GD TO 12

IF(NSEG .GT .NRECS)INSEG=NRECS

1SEGL=NRECS/NSEG

WRITE(1,10%)

FORMAT(/*SMOOTH N TIHES? _*)

READ (1, %)NFILT .

IF(NFILT.LT.D)GO 7O 14 .
WRITE(1,113) ,

FORMAT (/"SUPPKESS PLOT POINTS? _")

READ (1, %)NSUP

IF(NSUP.LT.0)CO TO 15

NPLDT=128

SEGL=(40./LABF(38))%256%xISEG  °

LREC=SEGLENSEG

LSEG=SEGL. :
MSEG=SEGL/60,

MREC=LREC/60.

ISE.CK=HOD (LREC, 60)

ISECS=MOD(LSE(:,560)

WRITE(1,107)MREC, ISECR .

FORMAT(/“RECORD LENGTH=",X,13,X,“MINUTES",X,13,X,“SECONDS")
WRINTE({,4108)MSEG, ISECS .

FORMAT(/“SEGMENT LENGTH=",X,13,X, "MINUTES" X, 13,X, “SECONDS ")
DO 29 M=1{,NSEG : :
IF(NCHA.GT.4)GOD 1O 17 _ .
ITIMES=NCHA *

GG 10 18 -

v
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L e, . .
K Program Listing A-6-1 PSPT (cont.) -
- .
PAGE BU02 PSPT (FTNA--RELEASE 24177H--JULY, 1971)
. ' :
0057 - 17 ITIMES=4 C . ) . g
0058 18 N=i :
0059 ISND=1
0040 IAGAIN=1 .
00614 20 DO 23 I=1,8
0062 YM(I)=0D.
0063 . DO 23 K=1,128
0064 Y(K,I)=0,
006S ° 23 CONTINUE
0066 YMAX=0,
0067 NT=0
0068 PO 35 I=N,ITIMES
Q069 D0 22 J=1,1ISECG
0070 NFLOW(I) =0
0074 ISET=4 - . .
0072 caLL DREACIETKK , 256, JRAY, T, ICH(T), 1)
0073 34 DO 19 K={,254 ~
0074 IM(K)=0 * : ,
14 007S . IR(K)= IFIX(JRAY(K)t(x +SIN((K—1)‘6.2832/2§5.—1.5708))/(16.!ISET)
0076 19 CONT1NUE ,
0077 NT=NT+1
0078 CALL IFFTCIR,IM,ISINES ,256,NT,0,IFL)
0079 IFCIPL.EQ. 0)c0 0 2
0080 NFLOW (D) =NFLOWCT) +4
0084 ISET=1SETx2 .
0082 GO 10 34
0083’ 21 SET=ISETxx2
0004 © DO 22 K=1,128 . o
008S YK, 1)=Y(K I)»SET*%FLDA](IR(K))*!EﬂFLUAT(IM(K))*t?)
0086 .22,co~11~us y
0087 Y(i1,1)=0,
0088 IF(NFILT.LE.0)GO TO 24
0o0R9 DO 25 K=1 ,NFILY
“0090 25 CALL SMTH(Y(2,1),127) °
0091 24 IF(NSUP.LT.4)GD TO 26 '
- 0092 DO 27 K=1,NSUP
0093 27 Y(K,I)=0.
0094 26 DO 3S K=1,124 ‘ -
009S YK, 1)=Y(K, 1) /ISEGKK2
0096 IFCY(K,T), GE YMCIDIYM(I) =Y (K, T)
0097 35 CONTINUE
0098 Dp 28 1= N,ITIHES
1099 IFCYMOI) . GE. YMAX)YMAX=YM(T)
0100 28 CONTINUE
0101 IFCISC.EQ.2HYE)GO 10 30
R 0102 YMAX=1
0103 DO 34 1=1,8
0104 IFCYM(I) EQ.0)YM(I)=1.E3s
0105 DO 32 Kk=1,128
0106 YK, 1)=Y(K,I)/YM(]) o o
0107 . IF(Y(K 1).GT.1)Y(K D=t
0108 32 CONTINUE
0109 LAY “CONT 1 NUE
. 0110 ‘30 S=FLDAT(LAKF(38))/25¢.
H 0113 DD 33 1=1,128
0142 X([)=(I 1)!5 *

216281 ;
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. )
Program Listing A-6<1 PSPT (cont.)

.

PAGE 0003 FSPT ° (FTN;-—RELEASE 24477k--JULY, 1971)

0113 33 CONTINUE |

0114 " NTR=4

0115 ~ IF(NCHA.LE.4)NTR=NCHA

0116 60 11=1 4

0117 IF(NTR.EQ.1)IT=2 ’ .

0118 CALL PLOT(X,Y(S42%(1SND-1)+1 A, 1.5,LABEL,126,NIR,17)

0119 WRITE(1,409)M,1SND,(LABF(1),1=1,36) ‘ i “ oy
0120 109 FORMAT (18X, *SEGHMENTY,12,% PART. *,11,10X,36A2)

0121 IF(NTK.EQ.1)GU 10 40

0122 WRITECE,110)CICH(I) ,1=1,4),21000b

0123 140 FORMAT (30X, "CH.",12,% x",BX,"CH,",12," 0", BX,"CH. " 12, 4,
0124 -1 BX,"CH.",I12," ", A1) .

0125 WRITEC(L,114) (NFLOWCI),I=N,ITIMES)

0126 111 FORMAT (14X, " DVERFLOWS ; ", 4(13,12X))

0127 WRITECL,112)(YM(I),I=N,ITIMHES)

0128 112 FORMAT (14X, " SCALE FACTORS: ",4(E10.5,5X))

0129 40 IF(NTKR.EQ.4)WRITE(1,151)ICH(L) ,NFLOW(L) ,YM(1)

0130 151 FORMAT(28X, *CHANNEL NO. *,I1,4X,"OVERFLOWS: "13,4X,

0134 1 “SCALE FACTOK: “,E1D.S) ‘ . /
0132 ® N=g - .

0133 ITIMES=NCHA .

0134 -~ IAGAIN=-1AGAIN :

0135 ISND=ISND ¢4 ) <

0138 IF C1IAGAIN.LT.0.AND.NCHA.GF.4)G0 10 20

0137 29 CONT1NUE

0138 “WRITE(1,1S50)TESC(L),IESL(S),1ESC(H)

0439 150 FORMAT(3a2)™

0140 STOP ‘

0141 CEND s -
%% NO ERRORSH —
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L4

Program Listing A-6-2 SMTH.

PAGE 0001 (FTN4--RELEASE 24177B--JULY, 1971)

00014 SUBROUTINE SMTH(X,NPTS)
0002 DIMENSION X(3) :
0003 A=X(1)

0004 - B=X(2)

0005 C=X(3)

‘0006 X(1)=,5%(A+R)

0007 DO 20 J=2,NPTS-14
0008 X(I)=C(A+2.XB+C) %, 25
0009 A=B .
0010 B=C

0011 20 C=X(J+2)

0012 X(NPTSY= . S%(A+H)
0013 RETURN ’

0014 END
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'APPENDIX A-7 4 ..

)
4

PROGRAM PHSE (PHA&SE)

‘Deécription

Program PHSE uses zerp-crossing techniques. to determine cycle-to-

"cy¢1e frequéncies and relative phase shifts of any two data channels
stored on disc. The frequencies and relative phase shift are plotted

as a function of cycle number using the subroutine PLOT. Linear regres-

sion analysis is applied to the arrays of phase angleé and frequéncies

to produce equatioﬁs describing Ehénges 1ﬁ these parameters as a function
of cycte numbe}. -A flow chart of progrém PHSE. is shown in Figure

A-7—1_and altypical outpﬁt is shown in Figure A-7-2. The pr0gfam is given
iﬁ’Program'Listing A-7-1. ‘ o

o
>

Requiréd input data:.
1. The numbers of the two cHanne]s'to be processed. o o

2. A} repaining data is obtained from the data header record.on disc.
- : a .
: . . ) o
Subroutines required: ° '
1. DREA
2. PLOT

3. LFIT (Linear FIT) - a subroutine to do linear regression

analysis. See Program Listing A-7-2.

.
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' 10d1
toax2
U003
0004
Loos
0006
0007
6ooB
0009
0010
0011
601>
0013
0014
go01s
0016
0017

0018

0019
0020
0021
poan
0023
0024
00:*S
0026

0027.

VU2H
0029
0030
0034
6032
0033
0034
003s
0603s
up37
uf1g
ny 4y
no04¢

vyat

guaz
0043
0044
n0as
004c
0047
U048
0049
000
0051
00S2
0053
0054
00%S
0055

171318

Program Listing A-7-1 PHSE

AL a0 (FTN4--FFELEASE P4177R--JULY, 1971)

FTna, L
PROGKRAM PHSE )
DIMENSION "IESC(9) ,LABF(13%) , JRAY (2960, KRAY (PS6), Y (100,3)
1 F20100),FH(100) ,LABEL(25) ,X(400),0PHC100)
DOUKI E PRFCISION AF1,SD1,AF2,5D2,APH,SD3,ALKH,4DA
DATA TFESC/15446k, 2HK2, 2HS ,2H18,2H11 , HU |, 2HD ., HKO, 2416/
CALL EXEC(17 IF]RK 1L, 18)
CALL DREA(IFTKRK,OQ,l ABF 1,1,
SR=L ABF (36) /60 .
DT-=1./8F
NKFS =t ARF (39)
WRITF(1,100)

100 FORMATC/“INPUI THE KEQUIKFD (CHANNE) S R
READ (Y, x)ICHY , ICH
T=0.

ITi=0

Ti=0.

T.2=0.

TP=0.

J=1 -

K=1

L=4 ,
1P=0

DO 10 M-1,NRLCS
CALL DREACTIF[KK,'Sh, JRAY M, ICHI, {)
CALL DREACIFTRK,“Sa , KRAY M, 1CH2,1)
1=y ) ’
elF(h.nE . 1HGO0 TU 1}
DO 12 1=2,2S6 C .
I9N1= ISIFN(L TRAY(1~-1))
ISN2=TSIONCYL ,IRAY (D))
TFCISND CNF L ISNL CAND  JRAY (I .GT. 0G0 T0 13
15 CONTINUE .
13 T1=(FLOATCIRAY (1)) / (FLOATCIRAYCII ) ~F 1 OATCIRAT (1—-1) 1)) %01
11=1
11 DO 20 1-11,2",
IR CLUNE 1)GD TO 14
ISNI=ISIGNCEL, ICTL)
6O 10 1%
14 ISN1=T1SIGN(L ,JRAY(I-1))
1S ISNC=TSIGNCL,JRAY (D))
JE CISH2 . NE.ISNY ,AND.JRAY(I).G1.00600 10 16
GU T} 47 '
16 TFCL.GLT. O ICE =IKRAY ([~¢)
IFCITY . EQ.0YGY 10 18 : H
. 1=T7- bll(FLOAT(JRAY(I))/(FLUAT(JRAY(I)) PLUA1(I(1)))
F1(K)I=50./(T-T1)
'IE(FQ(K).GT.BO.)GO 1U|70
\ AVF1=F1(K) .
IF (KL GT  3YAVF L2 (F1(K~1 )4+ 1 (K=2)+F 1 (K=3))/13,
IFCHECK) . GE, (4. SxAVFIYGH 10 70

k=1 .
[FCFICK) . LT. (.67%AVF1)ILO 1 18°
K=K+1
TF(K.G1.100)G0 10 2%

18 Ti=T. A

o
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Program Listing A-7-1 ' PHSE (cont.)
HAGE 102, PASE (FIN4—-RIiLFASE 24177H--JULY, 1971)

0057 71 TET#DTt(FLDAT(JRAY(I)i/(FLUﬁT(JRAY(I))—FLDAT(IC&))) >
0056 BARES o .
(059 A7 IFCL.NE.1)G0 10 49
8050 ISN1=1SIGN(L,IC2)
0061 GO 7O ¢
0062 17 ISH1=ISIGN(1 ,KRAY(I~-1))
0043 1 ISN2=1SIGN(L,KRAY(T)) s
064 If CISN2 . NE. TSNS AND.KRAY(1).GT.0)G0 10 2
0065 GO Tn 3
0uss 2 IFAT LT ) TE2=KKRAY (1~1)
0667 1=I-D1t(FlﬂNT(KHAY(1))/(blﬂA1(KRAY(I))-FLOhT(]CP)))
0068 IFCIZ EQ.0)G0 10) 4
0069 F2ULY=60./(T~12) . ;
go7eo IF(FE(L).GT.BO.)ﬂ=T*DTx(FLOAT<KRAY(I))/(FLUAT(KRQY(I))—
go7y - 1 FLOAT(ICP))) .
VY72 IFCER2L)Y .GT.30.)60 10 3 .
g3 . AVE 2=k 1 ()
1074 1F<l4c1‘3>Avrr=<+E<L—1>+F2<1—9>+Fp(|~3>>/3,
J07s Ir (k- q )4E-E.(1.‘.tAUF.’{)H:'HTUx(Fl DAI(KRAY(I))/(FLUQI(KI(AY(]))
Vo7 1 -ELOATCIC2) )
0077 IFCF200) GE. (1 . SaRVF2))0L0 10 3
1078 IFCGR2U ) LT C6v7%a0F2))00 10 4
Lu7¢ L=l +1
DUH0 FROL. LT 100060 10 2,
N0y A4 Tr=1 ' . )
uigs? T-T+h1axcy) l]ﬂT(KkAY(l))/(f LOAT(KRAY (1)) STOATCI))Y)
e TP T2-1% . )
L0H4 IFCLE b .G 10
Gn3s PHOI) < (THIFLCK=1) /00 . )k 440,
gy Iv= -
gz J T4y
00us I 1 100060 10 29
0089 3 1=T+D7
00%g | 20 CONTINUE
00914 1Y =JRAY (G5
0ov2 . ICR=KKraY (25¢)
1093 10 CONTINUE
00v4 25 IH(FL(K) .GT. 30,01 1(K)=23p,
009s [FCF241) 6T .30 YF2(L)=30 .
0096 ‘AFY =0,
0097 “pi=0
0098 = -3
0099 K=K-1
01go0 J=J -
0101 DN 30 1 %,k
0102 AL =AL 1+F (] . : 1
0103 SPY=GDL LT ) wa;
Uidag 30 CONIYINGE
0105 CALL IFIT(F1,K,a01,A11)
01GCo AF 1 =AF 4 7k i
016 Shi=tLt/K
0108 Sht=DALS(SD1~AF L ¥x)?)
0109 : SD1=DI'SART(SD1)
0140 © AF2=D.
0111 SD2=0.
0132 DO 40 1 4,1,
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Program Listing A-7-1 PHSE (cont.)

PAGE  00u.. PHSE (FTNA--RELEASE 24177B--JULY, 1974)

113 AFZ=AF2+F2 (1)

0114 SD2=CGL2+F2 (1) 4xD

0115 40 CONTINUE

0116 " CALL LFIT(F2,L,A02,A12)

0117 AF2=AF27/L

U113 SDP=SD2/L

uLye SD2=DAKS (SDR-AF ax?)

0120 ® SD2=DSQRT(SD2)
T 0121 SD3=0,

012 DO S0 I=1,T

01.°3 APH-AFH+PH(T)

(1.4 CDS=SDA+PH(I Y xx;

12 0 CONYINUE

0126 APH=APH/ T =

g12° SD3=SDA/J L

L1l 8 . SD3 DAMS(SLI-aPHEXD)

0Ln? SD3I=DSART(SD)

uilo ACPH:=0 |

0131 Sh4=y .

11132 oD 28 1=1,7

0133 CPHOI)=PHUIY

0124 1F(AFH.1T.90‘,AND.PH(I).GT.?70.)£rH(!>=PH(1)—360.
0135 TFCAPH GT. 270, . AND.PHCI) .LT.90 DCPH( ) =PH(T)+360 .
0136 ACPH=ALPH+FH(T) - -
uL37 SDA=SDA+CPH(T) k¥ D f

Uil ZOTECHFHOLY 68 .06 10 28 -

v13Yy PHCT ) 2k HO1) 4340,

U140 ‘Lo 10 v )
141 24 CONTINGE . -
11142 CALL LFIT(CPH,],ADH,A13) '
0143 ACPH=A(FH/T

C144 €DA=SD4A/]

0145 SD4=DAKS(SDA-ACPH4AXZ)

S146 SD4=DSQKT(SD4) )

0147 FiMXx=0.

148 Fa2Mx=0 .

0149 FMX=0. -

1150 PHMX=0 .

L1ny DO S9 1=1,]

01L2 IF(PH(I) .CE . PHMCIPHAX=PH (T ) A
0153 %9 CONTINUE

1.4 NXPH=300

015S FMAX=0 .,

0156 [E (PHMX . GT . 4% )0 11 5%

0157 PHMAX -5,

0158 G 10 %6

01S9 S% IF(PHAX.LT. 90,360 10 SH

G160 PHRX =90 . -

0161 GO Ty S& .

162 S4 IF¥ (PHAX . GT.180.)0G0 10 §7.

0163 PHMMX: 180, : '
0164 CG0 10 Se

0165 57 IF{FHMX GT.360)G0 10 S4

0166 - PHHX=360.

0147 Lo 10 e

0168 S4 HXPH=AXPH+100
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“Program-Listing A-7—1 PHSE (cont.)

PAGE  Quba PHSE (FIN4=~REL EASF 24177/k--JULY, 1971)
FLST™ _,rr<anx GT. HXPH)GO 10 54 .
0170 .. - TPHMx=mxed. .. . R S T T Y
0171 S6 DO 60 I=1,K . -.. A S -, . .
172 . IF(FLCD) (GE . FIMAIFIMXEFL(T) .
0{7% - 60 CONTINUE . .. _ .
0r74 DM 61-1-=1,0 ' .
0175 . IF(F2(1).GE, rvnx)r SMXERZCD T T e .
0178 &5 CONTINOE ~ - - . _
177 CIFCF2MX . GE . FlHX)CU 0 o . L )
v178 FMX=F1hx . . : ' v
0179 © GO T0 66 ‘
V180 &2 FHX=F 2MX
01H1” 66 FMAX=FMAX+10 . : o .
V182 IFCFAC . GT . EMAXOIGO 10 b6 ; - T N
n1g3. - FMX=FhMAX. )
v1E4 .om3 D0 64 I=3,100 o -
185 CPH(I) = PH(I)*FHX/PHHX
U186 54 CONTINDE ¢ -
01y7 HX=MAX0 (T ,K, L)
u188 DD 65 I=t, 100
L1 Xy sy, .
utso Y(I)‘Fi(l) T e . :
S X2 Y(I4100)=F2Cf) ’ - , : o . -
0192 Y CIA2R {00 =PHELY C - )
<0493, ° LS CONTINUE : )
U9 1u4 FOIAATLCIAL T v
G19s . I1BS=4337k . ~ - - T ‘
196 CALL PIOT(X LY F Mk lABFL,iuﬂ z i- : LTI
0197 » - . qWRITrA1, 1:0)1@%((1) TESCO9) JTHSECy)
0158 . 1ty FoknA1(;A= oy T e e e . i
(1s9 ° - WRITEC(L 10S) (LALF(T)Y, I=i 3¢
LUl 105 FORMAL (16X, 38a2)
RATRY WRITECL ,101) ICHY FHX,Ali Ius SD1
RN 101 FURMAT(1AX, “CH. NO.*, 11, . xxxx, GFH MAX., =" k5. 1, ’
J.03 1" EYLL/AIN. ", 7X,"AVUG. FREQ. =",F6.0,%4" A 4.,
EIE 2 " CYC./HIN. ™) T R T A -
uzos - MRITE (3 103)ICH_ FMX, A2, 1B5,8D%" ST S
020t su3 FDRHAT(le "CROURO. M FLptae0a s GRHIMOX, EM,ES01,
. 0207 1% CYC./MIN, & V7% “AVG. FREQ. =%, F&.5, %40 AP,F4 A, T
uZFoH 2" cxr./hlu.ﬁ) C e S
usuy 102 FURMAT (VAX, “FH, ANG, (", T, % -urt . VRO, ") A LRy
6230 0t " MAX, =*,FS.1," DEG.",SX,"AVG. ANGLL =ULFL S 4
0ot 2 AR,F4.1," DEG.™) : )
0212 WRITECS ,102)ICH.,, 1LHL ,PHMX, APH, 1B, 5D
: 013 WKITE(1,106)ACPH,1HS sna
0214 V06 FORMAT (S "CURRECTED AVG. ANGLE =" Fh.1,"+" AP Fa. g, .
0Us 1 Y DFG.™) @
1o WRITE(1 407)TCHL ,AOL,AL1 .
u217. 107 FOKNATCL6X,"Ff*, 11, = " FB.3," + ", FB.3, "xX")
0218 WUETIE (L, 300)T0CHR AU ALR ’
uz1y LU FURMATCEAX, "F* 11, = » pH.3," + " (8.3, "%X")
1270 WKITE(L 109)A03 ,A13
02004 109 FURRATCLAX, "FH = * FB.3," + " F0.3, "%xxX")
. 0202 TOWRIVEUL 41D IT L), IFSE(Y)  1IBSE ()
% 022y WRITE(1,104)1ESCC1), TESCAS), IESL (&)
004 STOP
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0602
L8003
0004
000S
0006
0007
o008
0009
(010
0011
00412

0013
0014,

0015
0016
00¢7

133

Program Listing A-7-2 LFIT

PAGE 0001% ‘ (FTNA~-RFLEASE, 24177B--JULY, 19Y71)

FTINA L . .
SUEROIUTINE LFL1OX,NUM,AD,AL)
DIMENSION X(1)
SX=0,
SN=0,
SNS=0,
SXN=0 .
DO 10 I=1,NUM
SX=SX+X(1)
SN=SN+1
© SNS=SNS+1%xx%x2
SXN=SXN+X(1)a(
10{CONTINUE .
Aﬂ=($X‘SNS-SN#‘.}XN)/(NIJﬂkSNS‘—SNI*B)
A1=(NUH*SXN—SN¥HX)/(NUM*SNS-SN**E)
RETURN o
END A

con

NU ERRURSY
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APPENDIX A-8
PROGRAM XCORR (Cross CORRelation) , .
Description

Prograh XCORR computeS‘the crossécorre1ation of two data channels
stored on disc. If the two specified chahMare the same an auto-
correlation is obtained. The normalized correlation ;ersus delay .
time is plotted hn the teleprinter us%ng subroutine PLOT. Also ff
the correlation function is-cyclic, its frequency and relative phase‘
shift are determ1ned from the function's zero crossings. The f]ow chart
of XCORR 1is given in Fiqure A-8- 1 and a typical output is shown in

Figure A-8-2. The program is g1ven in Program Listing A-8-1.

nRequ1red 1nput data:
‘ ]._ The ‘numbers of the channels to be processed. If the two ‘channe!
numberS‘are the same., the autocorre]at1on of that channe] is produced.

2. A1l remaining data is obta¥ned from the header record on’ d1sc
" Subroutines required: .
1. - DREA

S 2. PLOT-



Read Data Meader
From Disc

Input Required
Channels

'

Input M xmo
Time Shift

1

‘Dtvide Total Dgiav
pinto Groups of 16
_Records »

.

’

Inttialize Group
~Counter

Te

Shift Data
Ope Sample Point

Shift
taual to
+H Samples
?

Yes

AN
Groups Processe2
2 .

Rese a 16 Rezcrc

Group of Channel |
and Channel 2

Inftialize Ceta

Snify at -
Sa~ples

T

kY

Cerzute ‘Correlation
Function

Frrz lorrelation
Mexomom b horralize
Cerr, Vaises

ase ac &
~relation -
fon

Figure }_Aj-8'-v1"4" 'AFT-:OW jc'h"a'rt 'o_f' pfjo.ggram XCORR.~ "
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Figure A-8-2 Typical output of progrém XCORR.
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oo
PN 5

171558

Lo,7
vy,

Lody

gy

vl 3
n 1
il 3y
SRVERY]
IiQ1g
UV
JUNIE

G0 3y,

0039
Uuqg
un4y
0)42
0043
0134
004y
nn.;b
raa7
Ulaa
104y .
SRS
005,
DIVASS}
TR
Doc 4
00¢,g
Loc,,

by

i

1 OYHN 1h ;aHh.auA,aHu,jHN,xux,1nr”1HH.xnn,ant/

Program Listing A-8-1 XCORR

[SATNI ]

FROLKS XO kK

DINENSTON IXcg. -
LARE (12%)  TE S0 (v)

EGUTIVA FNCE (Y

DATA IFSC/154460,2HK2,2H5 | PHK 2HI L 2HY o HD

LATA e bF /ey H

(FIN4-—RELEASE 241771--JULY,

“)

1Y), (X, 1x)-

1974

JIYCADRA) LARST7) X (207 LAk (2n)

L, HKD , PH6/

.1HC,1HU,1HR,1HH,1H?.1H|,1Hn,1H1,1H[,1Hn,

CALL X (17 TFIRK,TLTRK, 1G12F)
CALL TREACTE TrE, 0,0 AR

LA ARy (.H()/f.ﬂ
MR L L ARE IR
teCile- 4 BhE (37)

I yS Tay, 40
SIXa Ty 0

IYyoly=+t
O el
LD 19 (<1, 0%y

((Iy=0.

19

10y

L

(ONYVING
WrRITE(L (100
FORMAT €/ IRk

FEALCL, %10y L OWe

THIE

IRER NS

KEQUIKED GHANNRL &7

IE CIEHY .01 NURAY GO 1) g
AdFCICHAZ ST NLHAIGD 1O 4

WRITE (Y, 104)

FORRATC/INPOT MeXTmum TR0 SHTET IN hlfHNDﬁ7

BEALUL, $51RAX

IR X CTAAARGK /. )

10

16
10

THCv e 1) G 0

Nt e
[RAX=pN ok
WRITE O3 132y THA

LHOTH-AU ¢, :
Tor -y &y
| SR BN 4

NeE M Dok, 1)

£

3

“\¢

FURAAT C/7"MAx Lmun TIME

~

tblivg - CNRIL LS-NREM) /8 6,

LEONTrmE NE )Ly

LNGTH - R Mx2 g
NITm- -1
thEm o0
IR I B PN G T
IPSC 0w e+y

Chl g D«tﬁ(lfTuh,lHG]H,IX(IST},]RH

(ALY Dw_ACit ThK

ITa=1+L

ECIIx iy Ly 10 14

TRax -l NG e Yo

3 '

I .

]

PO G 1RAXIG0 Tu 16

C(H~1¢f)=C(N*101)*}lUA1(IY(K))*FLbﬁ'(lX(]#K))

LONTINUC
CONFENUE

"y

Ity 1)
JENGITH,IY CTSY ) IREC, S 1)
S s LN o o
DU R T Ry

]

SHIFT KEDULED N "LE7.040 0 SECUNDS )
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A

-

[T

[ ST 4
baeo
dls
VRSN
0he
IV
Gue s
[FRNPR
(U A
0von
ORI
RO
[V RSSY
0fs72
0073
gn74
0a7s

ou?6 .

1077
Lo78
Luve

0089

Uty
ooRz>
Uug3l
e
L NTIERSY
[LEVIREN
te?
JO 4R
0089
0090
0094
nuepr
093
00w 4
009Ss

0094

1 38
2

171559

oue
0ueg
u0ve
0100
31014
0102

S HC3
0104’

uius

t10¢

0107
UL06
0109
0t10
1SS BY
o110~

: ‘ - 214
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Program Listing A-8-1 XCORR (cont.)

1

6B 0000 ACUKK (FINA--RFLEASE 24177E-~JULY, 1971)
‘(
B0 2u o1, 3893
IXCEY= X (I NGTH+K )
LY CK) - I YCLNGYLI4K )

S L HNT THUE : : :
IHONREM . NFLOYGG TO 4
N:="wpt .

A YHAax=zy

DO 33 J=y Nty

AY caB3(CO1))

LAY GT . YAAX) T x =]

TFCAY 6T . YMAX) YMAX=AY

CORY TN

DY 14 [=1,Nvy

Lo li=Cueld) " Yman

XCM 2o -2, 4y tw

vVCONT ) g

tebER=()

PER=U .

DIv

U 21 9-1 u

CHY OSTLICY . (1))

SHOCSTLHGE 0o \

IFCONL EQ. 00 T 2

JEet a1 11 (L) )ID k= .

Pa: (R el et/ €04 =1 )) Yk DIK/Z%R

S I B R

CresT 1 avnt

SoD F3 )=iey
NAC UL NS I T O U T G PR
St S TUNGYL . 00Ty o
b Comy B 502000 10 »%
Tr Coeel b LR G T 23 .

1 I ) (F O =0 (1)) 8D (K 7o

PER T34 (J=1)/0k-1.9PtR

NPT R =NPERY

GO T oy ' '

COHY Tt &

G 10 5%

28 =1
1y -1.

Lo 1o oo : i

PR - (FLUATCNPER) ZPER ) X60.
TAX=(FLOATC(IMAX)-N/2 . ~1) /5K : ’
FHAS-3,0 XTRXANPER/PER :
kAIlu»lmaxnxun.g(eﬂhprLk(19):60./uaiptzur)"‘
Lol PoaTOm70 7 UAKEL  Na g 1, 1)

WrIlt ot 104) :

103 FORMAT(A2X, "1IMl (SECONDS)") )
uwl]hll,10%>ICH1,ICH?,(LABF(I),I=1,3h) P

10% FORMATE/20X,"CH. ", 11," RCEIATIVE 10 CH. ", 14,5%,36A2)

WHITE (1,107)RAT 1N F,PHAL . : - :

-

1

-~

V07 FORMAT(0X % Sy 1 SRR, A b0 =, p e CYLLLS/MIN. ",

TR CRHACE =t h Yy 0N DEGNEFS™) :
CWRITE (L ,1085YMAx 7
TUB FORFAT(R0x, YHAX LAUA CORKET AT ION AMPLLTUDE T4 vy ¢
WRITECY 1030 ] 75001, TeSC ey, LESCUn )



Program Listing A-8-1 XCORR (cont.)

Jbeot nnls xXtowk
n143 103 FORMAT $n2)
7114 STapP :
J1is END

I

2 NO ERROKS®

(FIN4~-RELFASI P4177R~-JULY ,y 1971
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CeappENDIX A-9 LT e D e

PROGRAM MATN ., -~ . R T

Phooram MAINis a master program wh1ch perm1ts the researcher to -

{; process up to e1ght“data files using any or a]] of, the prew;pus]y des-"

, cr1bed programs .The 1nput f11es are read from magnet1c tape and are
specified on the bas1s of the1r file numbers The file 1ength, number ‘i
of records to be- skipped at the beg1nn1ng of each f11e, and the samp]e&
dataAheduction rates are‘1nput forya11&e1ght files. The programs can
be applied twice to ‘the same set of data files. Program MAIN providesh

a list of the avai]ab]e»progfams and requests the order in which these

P
&~

programs are to be apo]ied_to the dataﬁﬁn each of two processing'
app]icationst An fnput order ofliero indicates that a particuiar pregram
is not to be applied. Program‘MAIN outputs each program name and

‘awaits two-seqoence numbers, one.for eachvphocessing pass. through the
data files. ‘The_fo11owing is a typical output followed by the required

.’sequence numbers:

PROGRAM; ~ lst. 2nd
FLOCT S
e DCAC | 0, 2
COFILTR 0,3
PSPT 2,0
PHSE 0, 5
| fxcoRh'. N N 0, 4

The above set of sequence numbers will result in programs FLOCT

fo]]owed by PSPT being app11ed to all spec1f1ed data files (a maximum
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of 8 fi]es) dur1ng the first process1ng pass. Durwng the second pass
:programs FLOCT DCAQ FILTR XCORR, and PHSE wWill be app]1ed to the

: ivdata 1n the order 11sted Program FLOCT w111 always bEfirst in the B

g SRy - o

' sequence un]ess onTy one filé is to be processed and 1t a]ready ex1sts L

on disc. = . : : ST

‘Required;inputwparameters;u

1. Numibér of f1]es la makimum of 8). i

'=2.\fSpec1?Lc file numbers A
3. .File lengths™ (number of 256-word records):

‘4. Skip sequenée (numberdofvrecords tofbe skipped at the begtnning
~of eech fi]es | o |

N

5. Two samp]e reductlon rates (ene-for each nass).
6.‘ Input samp]e rate " |
' Z,t Number of channels

8. Number of segments for four1er analysis.

9. Max1mum time delay for cross-corre1ation._&

10. D1g1ta1 filter cutoff frequenc1es

1i.'Two sequence numbers for each program.

Programs -and subroutines required are:

1. "FLOCT - % STPT - “ =
2. DCAC : 10.;'RDPT - |

3. FILTR 1. PLOT }. '

4. psPT R L A f

5. PHSE | T3 SsMTH )
6. XCORR e eeass )

7. DREA- j 4 15, LFIT ///

8. DWRI.



*

Program MAIN is given in "Pr_og-;rém 'Lis"ting A-9-1.
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0001
6uo2
0003
Nooa
00057
0006
0007
0008
[N
0010
0011

. 0012

[TRTR A
iyy

-003s

0016
0617
G018
0019
00”0
0y
'nJU‘) ?
0023
u0.’4
0o2s
Uy, 8

0009
0030
00731t
0032
6053

. ay 44

0035
00 s
- 6037
60y
vy
Gaan
Go4r
0342
1043
- [T
pas
hi 44
Lya7
: 0y4as
004w

00sg

iuc

002

: 0psS3

; 0054
anss

171737 vese

I
RVEEN
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!
Program Listing A-9-1 MAIN
)
1 &
FAGE "GQuy 4L TNA - RELILASE 2ﬂ177H\IJUL\, 1971
r1~4 L . |
PROGKAM nAlN L Tt e .
DIMENSION ISEQ(6,2) ,Jﬁllﬁ(BJ,Ns<2).LocT(3>,INCAC(A>3IF1LT<3>,
1- TPSPT (3, IPHSE(I;,IXFOV(3>
.AMAON lABF(13S) TFLLE, T0HL , T0H2, N o8 uBx Yy  NTH, NSEL  FL L FH
DATA lnLr/>H|0.~ut1,«nH 7 TDUALPHD “HqI»u”\ 7. "l|1/’HPl
1 PHI 1L PHS / TPHGE/2HPRH, ZHSE , 2HS /, IerR,vuxL‘oHHR,PHH /,
i I»'PI/LHrs , 28T, 2HS
WE T (Y, L0y )
100 FORmMAT C/"NG, OF FILES? _ ")
FtADCL % INF ] ES. .
WE TG 1) -
L T T P e I N R I N S O B FTR T A1 VIO B W
Frag it o:(|||||'l;,l [ L O B
WRLIE (Y 104
108 FUknar(/-xupul_klcORn LENGIHS L )
© READCY ®)UINRECT) 123 NFILES) : '
WKITECY ,102) .
102 FURAAT (I "RECOKD SKT1P SpUUENGET] ™) _ . v
klAD(l,t)(HSK(J),l*X,NIJLF53
Wh 11t 01,108)
Ut FORMAT /2 THRLL TWO snnvtf Rgbur1lUN KATEY! ")
READ (1, 2 )NS (1) NS ()
WHTTE (1, 114)
114 FURMAT /Y INPUT HSAnPLE RATEY )
" RLAD(1,#95R . o o . i
T TWRTITECE sy T - "
VIS FidkeMAal €/ INe G Mg OF CHANNEL S "y
e READ (Y1, ®NT
WRTITE (13171
121 FORMAT(/"INFUT Nu. UF SENMENTSI vy
READ(Y , ®INSG
WRITE (L, 302) L
1.4 lhknhl(/“lNPH] anlhnn TImMe DELAY'! )
READ (1, %) THAX
uwr]f&x,x04> v Do
104 FOKRATCZ "IN TWO SEQUENCE  NUMuE KS pPPOeT T p ALK PROGKRAMY LY /770
WKTTE (1. 40%) 3%496k,2HdD, 15346k, 214 g ’
1US FubmAT (A2, "prOLRAR: " 6X, 48T, aND v P05,/
WRITE (L, 107) -
YUY FOKMAT CL, "FLOECT fix, " ")
RLAD(S *)ISEQ(Y, 1), 1SEG(L,2)
WRITF(1,108) .
VA3 FORMAT CLX, "DLAC" 42X, ")
KE DY, u)ISEQ(.,i),I £Qez2, 2
CWRTTE (), 109)
YOy fHNnnl(\X, k1|1w',11x,“ ")
KFAD (1 #)1SEQ (S, 1), ISE G, p)
WRTITE(1,110)
TAL0 FURMATQIX, "PSPT™ 412X, » )
READCL, X)) ISER(4,1) ,ISEQ( 4, )
WFTTF (L, 114)
V1L FORMATCLX, "PHGE " 42X, 0 )
FEAD G .3 I8EGS, 1), [SEQ(S, 2)
WRITF(1,112).
112 UXCORR™Y 44X, « ")

FORMAT (o,
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Program Listing A-9-1 MAIN (cont.)

. PAGE  0ND>  mAIN (FIN4--RELEASE 241774B--JULY, 1971)
0057 FEabos , ») 1SEQUL , 1) ,18EQ(6,2)
v0SH URIVF (1, 1252154468, 2H1 1, 2HY
H0S9 TR =0
nnasgg DO 30 (=1 ,NFILEY
TS LU 20 J=y,0
00s2 NTH=NS (J)
6063 Fr=1., ,
ul54 FH=SR*® . £7/C2.xNTID) ”
0AS Ty 20 k=16
URIISYS : L 20 =4 . b o R . ,;-.,
nos? ¢ B £ KPR B L
0068 - IEL1G NEKIGH 10 200+
Cueey 60 100y 2.3 4,5 60,1 e
hovo UOIFILE=JFILY (I)-1F 1Lt
w07y 1f1=1 '
Fu72 NSEG=IFIX(SR)
0073 ~ (AL FXEC(R,1LOCY) .
uo74 HEHA:L ARF (7)) .
00ry - TH (it 0 1 NCHAY NG HAT NG
t07n TFILE=0FT1E (1)
0077 S G0 T 20 :
0e’g ZCALL FXECOH, 1DEAL) .
ce79 WHITECY,118) : :
coHQ 113 FURMAT (/15X CDOAL COMPLE TED"). . o & . e 'j ’
. 0081 - ® cio g, M, ""A : N e o C e Vo o " .
e e 08T T Sacal e kxroon, 1R
DOH3 WRIETE (Y 139k by
N0H4 119 FORMAT C/4S8, " 11 Tk COMPLE TED WITH HAND PALS S RN SR NI
0085 T FLR, 3, CYCLE LS MEN. ) :
JUES Lo A4 2o .
687 4 NSEG--NSG - :
nuHg TOWKITECY ,120) . . R B
UORT T 124 FORMAT(/1SX, “PSPT INIJTIATED 1) ' A )
A C FH=LANF(3B)x . 6770, , T
e ISEG=LANF (39)/HLEG
0072 : SEGL =C60, /1 ARE (413) ) X2SAEK ] GEL
- 13513 LREC=GFGL XNSE
Bov4 L SLG=RFGL
TREA) rHE GESEGE /60,
INYs MKFC=I.KEC/BD .
04,9" TSECR=MOD(LRED, 640) ‘
NEZD) ISEES=MODUI SE G, A0)
Gy ukITF(\,1.".‘.)HREC,1?%LL'H o
e, 123 FUMRMAY (/15X "KECOKD LENGTH =X 18, X " MINUTES ", 15 ,)X, LI C. ")
J101 - WRITE (1, 1PATMSEG ISECS ) .
vinz 123 FORMATCZISX, "SEGMENT LENGITH =LKL TE X, PMINUTES™ X, 13, X, "4EC. )
uiyl, . . NUHAZLAKF(37) . :
1104 o JFCNC.TT NCHAYNCHA=NG \
0105 DO 24 N=1 ,NCHA . i
0yvie "TLHi=N o -
0107 SLALL FXEC(B,IPSPT)
0108 WRITE (1,125)15446H,2H11, 2HV
s 0109 1°5 FORMAT (3A2)
2 0110 71 LONTINUE
U1t Co 10 20

1717380\-13 S WRITEW1 ,116) .
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Program Listing A-9-1 'MAIN (cont.)
ace 0UUsT BAIN. T T (K INASSREDE ASE PATFES-JURY, 197 T e
. ‘ RS ¢ fie ; s_,“:, g
113 116 tURAAT(/1SX, "PHSE INITIATED! 1 ) -
U114 LO 2 N=t ,NCHA
014% ~ °  ICHL~N sv '
0114 ' ICH 7 =H+{ . _
0117 TF (N.FQ.NCHA)ICH?=Y
0118 CALL. EXLC(8,IPHSF)
0119 WX TTE(1,125)15446K, 2H11, PHY
0120 22 CONTINUE o v i
Ny .. tu o zoo i AU LT
£122 Th VEmP=ETYL R : o
6123 Fi =THaX
0124 7 T WRITE(L,147)
0175 117 FORMATC/LSX, “XOOKR INFTIATED ! | *)
0176 . NEIRIXCTHAXKL ARE (3B) /120, ) %2 ’
0127 = CIF(N.GT I28)THAX=128. %60 . /| ANF (LK)
0124 ‘ WRITE (1 ,126)THAX . .. . . A
0129 toh FORMAT(/4SX, “"MAXINUM TIME SHIFT IS »,F7.1)
€130 LO 23 N=i{,NCHA :
N1y ICH1=N N
043 ICHZ =N+1 -
vy 43’ IF CNCE L NCHADY 1CH 2=
0133 CALL EXEC(H,TXCHR)
013 WRTLE (1 1PS)15446K 2H11, 'HY
LB 20 CONTINUE o e - . . . - -
R ER Y SR 'ﬂ.rgflgnpg,&,;», B T T - e - *'“ -7
yyg 20 CONTINUF ' : T
139 10 CUNT I UL )
t14a EREfI
U141y EnND
x¥ NO EKRURS«x
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APPENDIX B ™

" HL,‘__ Potass1um o -

>>”>Ca1c1ym¢A

-~ Magnesium

“Chloride

Bicarbonate

Phsophate

Glucose

o “,‘ BN

.

R 1S

Sod1um ﬁ.< ) (' ¢ T T ST ~“,:]'44«,0

5.4
 12,5
SRR

e
22.0

1.2
10,1

mM/]iter!T:;; | :
mM/11ter;;{;:;fiJ
me/11ter;:?’ﬂ
iM/1iter-

mM/liter

mM/1itef

mM/14iter
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