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. NN .
stimulus were studied 1in the dog heart. s The heart.rate was

¢ ’

conpnollea by.GEstroying the -AV-node- and pacing ,the heart "

’

from a stamd@atang electrode 1in the left ggntrlcle. Extra-
: : . T
. Vo X - .
" systoles of wvaryaing coupllng,intepvals ?ere superimposed on
> - * ®

N

¢

the basic drive interval after every twentieth beat.
e

Alternat1vel§,hearts°were driven at increasing rates.

Conduction times were measured from proximal stimulating L
: . .
elebtrodes, located within 1,cm of the.recording electrode,i
or };om distal stlhulaiing electrodes thai were more than 3
' cm frqm the re%ordlhg sjte. End?cdrdiél, epicérdlal, and in

gome jnstances intramural recordings were made from the mid-

anterior portion of the ieft'ventglcle. Estimates of endp- =

, » . y
cardial Purkihje conduction ad well as transmural conduction
. , ! . . > \ @
) \ $ o~ . .
were obtained® during-distal stimulation. An alternate

’

. measure of myocdrdial conduction was obtained during -
. T c . , .
on. | ’ -

- 1% . -

.proximal stimulat
’ o jad

- 4
In the normal| heart ®ndocardial’-conduction times. did.

. ‘not cha[nge with chamqihg hegrt tates but increased during

- *

'extrésystoleg of short coup 1n§ interghl as the refractory ]
o . . A a, e =9
L,‘period of the Purklaje s%§t m was$ entered. Transmural-’

.t cdnducqjon time (TMCT) similarly did not cﬁange at changing

heart rates. Howéver during extrasystoles-from a distal"

. -

\ [4 ~ -
electrode TMCT decreased dt short coupling intervals sugges-

v

tive of superndrmal myotardial conduction. This was found L
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to be 'due to’ a reversal 1n activation sequence of the inner . ,

layere of the heartiwalrvdurlng~e7rly.ektyasystoles.. TMCT

never 1increased because, as the€ impulse was gated through.the

§Purk¢njé system the rsfractory~perlod gf,fhe myocardium was

’

' never entered.- Proximal stimulation allowed assessment of

‘myocardlal condﬁotion characterlstics. TMCT detefmlned

.

durlng proximal stimulation never showed a sypernormal

perlod but 1ngreased at short coupllng intervals, as the b

.9

« 3
relative refractdry period of the myocardium was entered.
« s !

" Lidocaine at low doses (1.25 and 2.5 mg/kKg) caused

’.speedlng of conduc¢tion of short-coupled extrasystoles in the

Purkinje system. At 2.5'mg/kg and higher doses|(5.0 and

10,.0 mg/kg)lidocaine caused slowing of midrange and

short-coupled extraeystoles in the Purglﬁje system.
/}/leocarne caused depre551on'9f myocard%aliconduction at

doses of 2.5 mg/k?/and higher remov1ng the apparent

-

AS
., supernormal phase of: TMCT. Lidocalne caused an increase 1n

. the relkative refractory period But did not produce a

v ’
- = »

detectable .change 1n the functional or effective }efgactofy

A}

per;ogﬁ.

=

. Disopyramide, unlike lldocalﬁeq caused a dose-dependent
< - -

lncrease, an thggeffective and functional refractory periods

14

‘, but did not gncrease the length of the relative refrac%ory
v - ‘.
perlod. However the drug dad not change the manner 1in which

- -

the heart conducted w1th1n its refractory period caus1ng a

2

paralLel Shlft to the right of the conduction curves. At

3.0mg/kg dlsopyramlde had a- qulnldlne like action cau31ng

slow1ng of conduction of all extrasystoles 1ndependent of

£
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the coupiing interval. Also‘unlike lrdocaline, disopyramide

did not remove %he apparent‘superno%mal phase of transmural
i .

- » 1 -

conduction. - 'a
p .

°

« )

§

. Compos1ite electrodes were used to record electrical
é/ activation of a, large area of the epicardium before and .

” -
"after occlusion of the left anteridr destending (LAD) \
. 2 >y * * ] - .
. «coronary artery. Within miputes after occlusion” of the, LAD,

the normah@eplcardlal c0m9051te electrogram, characterized
’ . - w

by & rapid biphasic deflectlons was chang to a series of -

low amplitude deflections of long duratloni Continuous

2 hd N -

electrical activitylwas seen 1in the ischemic zone bridging ,

4

the diastolic interval between normal and arrhythmic heart

t

- A 3
bedts and between successive arrhythmic beats but fot &

/
between normal beats. -t
»

Acute iabhemlé was also assoclated with an 1increase 1n

4

“ TMCT which occurred. within the first ten minutes ef LAD

s

occlusion and remalﬁed elévated for a further 80'm1nute.
. Al -
period. Increases in TMCT 1nduced by 1schem1a varled W1dely
. o
between animals'ranglng from 0. to 200%. %&15 increase 1n

-

/
‘TMCT was evident at all extrasystolkc coupllng intervals’ but

v . .

did not obscure the apparent supernormal myocardlal. ..
* conduction geen under pohtroi,conditlons. TMCT 1n the
t

* »
i1schémic zone was dependent -ypon heart wate;increasing
v N A" .
rates caused an 1ncrease 1p TMCT. Ischemia caused slowing

of endocdrdral (Purkinje) conduction of short:coupled

extrasystoles but did not change with changlng heafﬁ,rates.

a
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Lidocaine caused dose-debgndgnd’slow1hg of conduction

3

‘in-the 1schemic myocarg&um'wh}ch,was greatest at the shor- .

test, cdupling iIntervals a%§>the highebt/ heart rates. This
) -slow1ng‘of'%0ndyct16n was greater:ln 1schemic tissue thane.
that found’ in normal tissue b&@ no good correlation was

v ' -

found between t increase 1@ TMCT due to~ischemlé°alone and

the ,depressant Peyon of the drug. Lidocalne caused slowing

-

of en@bc;rdlal cd 1on of early e asystoles 1n the

1schemic zone af the hlghef/dosages, an fect similar, to

that seen i1n normal hearts. Lidocaine also caused lewing

~

Bf;endocardral conduction at high heart rates in the

e

1gchémic zone. °

- -

& t 1n 1schemic than normal

<
N
tissue. Disopyramide appears to slow both endocardial and

¢ .

caine has a much greater e

7’
transmural conduction, in tpe infarcted zone.
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- ¥In describing the-results of experiments of a
. b .
physiological nature 1t 1s the natural custom to discuss the

. ~ - <
observations of previous worker® 1in-.the same field." ~ These

v

‘words were written by Sir Thomas Lewls 1n the early part of

the century and are as(apbroprlate today as whepithey were
4 v * N

written. The results 1in this thesis deal primarily with -
conduction 1in and activation of the canine ventricle and a
brief review of the literature existing ofi this subje¥ct will

be presented chrono%oglcally in the introduction.
) ’ ¢

.

Epicardial actavation of the ventricle: 1nfiuence of the

1

underlying Purkinje system.

" Although earlier work on the subject exists, the real

5

foundations of cardiacd electrophysiology as we know 1t today
were layed by the work of Sir Thomas Lewis. In 1915 he

reported on the ventricular activation of -the toad ventricle ,

(59). Using.a string galvanometer he was able to measure

activation times with an accuracy of better than + 1 ms. He

' -

conciluded that i1in the toad heart, like that of the mammal
the excatation process spreads from within outwards. He
v

found the epicardial surface near the center of the T,

1 ventricle to be the first area to be activated, followed by
‘ - \
the base and apex of the heart, within the ensuing 20 ms.

.

He reported that the apex was usually activated before the ‘ y

base but 1n some animals, the reverse .was found to be true. |

Harris (41) several years later, reported the left basal and

4 »
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left cen?ﬂﬁ& areas of -the turt;ezgéqrt were fifst tq display
o f ‘ v

epicardial activation which.spread towards the apex. Tfotal -

~

1
-

ventricular activation time varie® according to the sgason, -
13 -

- “ -

‘ranglng from 70 ms in the winter to approximately 23 ms
. . . by > 2%
during the summer. - .- . \\
- - b R *
A more comprehensive study on the ventricular

- -~
.

activation process was carried out pj Lewis and Rothschild

. ~a

(61) on the larger heart of the dog.” In th%s study they

¢

used mainly unipolar eléctrodesi(oqg electrode on the heart

<@ r3 -
and an indifferent electrode on the chest wall) to measq%e

L e

activation times. They believed it was not poss1b1é to
dlstinguish between currents emanating from an intrinsgic

source (excited musclelbeneath the coﬁtacts) or an .extrinsic,
» . 4 L] \ 4
sourcé (excited muscle at a distance -from the contacts)

u31ﬁg the bipolar electrodes employed\ﬂy other workers who
: ©
preceded.them. Activation time was measured as the time

petween the R wave 1in the surface electrocardiogram and the

. -
)

appearance of the intrinsic deflection in the electrogram.

¢ . - .~

k'

As in the toads heart, Rkewis .and Rothschild found the

central area of’ the ventricle to be the first to show signs

-,

of activation, followed by ‘the apical and basal’areas. * They

made séverai observations that led them to conclude that the

.activation process in.the ventricles 1s different from that

* .

,of the atrium where the impulse 1s conducted in a radial

fashion away from the S-A node, Firstly, they found areas
“ @ >

on the.right ventricle that were activated 51multaneously‘

with a site on the 1léft ventricle. Secondly, they-found '

- -
. -

’



,large areas within each ventricle that were'actieited‘

. 51multa%eotsiy; Thlrdgg totalﬁactlratioe of tge .
’ ventrlcuiar sirface requ1red only 20 to 30 ms, only half the
tlme feqp;reé fer electr%cak atsiégtlon of the atrla, a much |
smaller segmeﬁt of the“@eart. They~concluded because the e

a r

ventricled were_actrvated soarap&dly they must be-activated

~y1a "specialized channels" which they correctly assumed to

.
» - S

a L -, -,
be -the endocardial Pufklnfe systein. q;rThey were not satisfied

. 1 -
with merely advancing this. hypothesis but went on to prove

1t conelusively 1n the follo&xng hanper. Theyrrecorded
4 4 RS

4

activatlon times from both.ventricles before and after .

.

transeqtlng the rlgﬁﬁ bundle branch. They found after the
transectlon the activation eequence in the left ventricle

-

remained unchanged. In contrast,~conduction times to all

recording sites in the rlght'ventrlcle were increased 3-4
« 9 - ' >
fold. Also théy showed that the conduction time between two

epicardial electrodes 1in line with a third electrode )

(stimulatlng electrode) was unchanged by cutting the

" -

superficial muscle layers between them. Finally, by

-

recording simultaneously from'the-endocardial and epicardial
> .
surface at- the same location in the heart, it was noted the

°

endocardial electrode always received the wave of excitation

- -

]

first. This observation was made during 51nu§~rhythh and

when the heart was stimulated eieEtrically at a site located

at a distance from the contacts which was several times A

. L
greater than the thlckness of the heart wall. Thus they had

B

establlshed the mechanlsm by whlch the heart becomes,

v

s
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activated electrically both during a normal heart beat a%d
ane‘produced by epicardial §timhiat;on of the ventricles.
From these results they concluded that "thé time at which
the excitation wave aépeérs at any pélnt on the surface of
the ventricle 1s cbntrolled by two chief fgctors; firstiy,
by the length of the Purkinje t;act frdﬁ its starting point
~to the metwork 1mmed1ate1y beneath the point 1n question;
and secondly, by the.thlckﬂess of the ventricular “wall."
Harrirs (41) also studied the spread of excitation 1in
the&ventricles, confirming the earlier resu%ts of Ltes and
extending the study to the heart of the cat and monkey.
Unlike Lewis, ,Harris used a blpolér electrode which he
‘called a contlguous.elgEtrode, indicating the contacts of
" the electrode were very close together but not 1in coptacé.
In the dog heart he fdund'the onset of contiggous spikes to
coinc%de wrtﬂ the upstroke of';he unipolar electrogram.
From his ob§ervatlons Harris found the Eocatlon of earliest
activiilon to be 1in the trageculated region of ‘the right
ventricle, The total duration of electrical systole, as he
measured it, ranged from-18 to 22 ms,which was slightly less
than that measured by Lewis (61) or Wiggers (110) which
v }anged up to 30 ms. .He sdégested that this may be due to

the différence in the size of animals used, since he also
demonstrated the heart of thé cat (a smaller énimal) to be
actlvéEed in a sequentially equivalent manner to that of the
dog but in approximately half the time. Harris was also

able, to show almost simultaneous activation in the right
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s

ventrlcle’of the rhesus monkey which m;de 1t unlque:from the
rest of the animals he had stggled. Finally Harrls‘sﬂgwed,
és had Lewls 25 years earlier, that for records "ﬁade with
;nternal and external leads opposite each other ’and tl;
separated only by the thickness of the myocardium, that the .

-

deflection of the internal lead always preceded the ef}ernal
deflection." 1In the right venkrlcle of the dog, this
difference ranged from 1 to 12 ms whereas in the turtle
ventricle 1t ran%ed from 15 to 40 ms. ’

By the early 1950's the concept of ventricular
activation via the endocardial Purkinje network had becdﬁe
widely accepted. However Pruitt et al. 178) challenged this

P .
hypothesis in a publication in whichk~they claimed that rapid
endocardial conductien was not due to conduction within the
speéiallzed cells of the Purkinje system but due rather to
the 6rganlzatlon of the muscle cells of the endocardium. In

v,

their words "the subendocardial bands ?f myocardium form a /™
network through which excitation can move rapldfy along the
-long axis of tqe fibers." Thelr‘assumptlon was based on the
following observations. Firstly, ventricular cavity
potentials recorded in both the left a;d right ventrlclégy
#sccurred simulatenously with acdtivation at the epicardial
surfaqes aQecondly, thgy observed a loss 1in endocardia}
potentials and not eplcafdlal potentials when 901sqns such

as potassium chlor%de, cocaine, silver nitrate, or phenol

wete introduced into the ventricular cavity. They concluded
~ ~

that the excitation process occurred via the myocardium,_ 1in



that it became ‘possible to make multi-~channel recordings,

- -~

a direction pefpegp*cular tq- the gurface of the epicardium .
o - -«

and that the myocardium was not activated in an .endocardial

to epicardial direction as had been earlier proposed. ,To -

L] . &

2 .

1
.
2

suppQrt this thébry they were able to -show conduction in a~ 2

strip of ventricuYar.wall, isolated except ‘for an *fattachment

to the heart®at one end was much more rapid in the.direction

3 "

of the 16ng axis of the muscle cells. Also no diffegeéggg\

v

- . . + ]
were found between endocardial or epicardial conduct%pn
[ ) , . .ﬁ

L}
o

ti?%s in these segments.

-

-

Activation of the ventricular wall T .

L N -

i
L]

nBy the eérly 1950's advances in technology were such

abs g

o

whereas earlier methods had restricted workers to a max Lmum

of three channels. It was at this time that the three (

®

dimensional analysis of the ventricular activation process -

was begun and detailed studjes of intramural activation

1

simultaneously appeared from a nufiber oﬁ\}aboratories. i

Scher et al. (87) were ong "of the first to examine the -

sequence of activation in the wall of the mammalian: , %
. N &

ventricle, using multipolar needle electrodes (which allowed %
simultaneous reEordings to be made from all levels of the -

heart wall). They reported excitation of the ventricular
.

" . .
wall to occur in an orderly fashion from the endocardium o

"

the epicardium without any discontinuties even-though *

different muscle bundles were crossed by the wavefront.
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Conduction- velocity 1n the myocardium-.was estimated to vary

" from 158 - 500 mm/%ec. The septum unlike the free wall,

% . o

often showed bizarre pattggge of activation w1th‘frequent

reversals of. direction of spread with little time difference

-

from w1th1n outwards. In a 'subsequent publication Scher et

-

_gi..(88) re ded rntramurall{ et several locations of the

4 8 . -

“ - - A3
ventricle and constructed .1sochronous planes of wactivation.
. . 8
v
From these planes they were able to calculate the angle at

L3

which the excitation Qave entered the, myocardium. Edrlier
y calculations of myocardial conductlon were baged on' the
assumption that 1ntramural activation from the,endocardlum
>“fo épicardium was perpendicular to either surface which gave

an’apparent speed of conduction of up to 600 mm/s. Their

. ’ +
corrected value for-muscle conduction was giv as 300 mm/
.

\and endocardial conduction had a ctilculated avgrage value Sf

b‘hm/s.- In the same'pdblicatlon Scher et al. report
occagsional bidirectiongl activation of the e;;éEafhlql
layers espee;ally 1n the-region of thelpaplllary huscles.
This they passed off ae belng artifact due to injury as i
vthese observations were not 'common enough to’support the

view of Purkinje penetration intdb the heart wall. '

‘Concurrent with the reports of Schér were those of

“

’ - Uy,
, Durrer et al. from th¢ Netherlands. 1In a serlies of ur

reports (26, 27, 29, 30; thedg workers exhaustlvely‘studied
. all aspects of ventricdlar activation in the dog heart.

They reported synchronous activation of the inner 2/5 of the

heart wall which they suggested w3ys ~due to the rapidly

// ) ! g

o .
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conducting Purkinje system which penetrated to that depth.

_The outer 3/5 of the wall, 1in their estimation, were
activated sequentially 1in an endo-epicgrdial direction at
the rate of 500 mm/s. Also they showed recoEds to Euggest

that the transition zone betgeen’thes% 2 layers of

myocardium could exhibit an epi-endocardial direction gf
'actléaqlon which was termed a "reversal pﬁénomenon“. In the

fourth paper in the series Durrerw~et al. (29) showed that

this reversal phenomenon, as well as the synchronous
- .

activation of the inner 1§yers of the heart wall,

3

disappeared when'the heart was stimulated from endocardum

neag'theLr reéordlngaelectrodes. &his led them to conclude
« - %

!
that the Purkinje fibers "within" the myocardium were not

being %;tlvaggd by their stimulation procedure. By ﬁ%b -

measuring conduction: times between recording sites along the

v

length of- the multi-contact needle during endocardial

a

, stimulation myocardial .conduction velocity was estimated to

be 350 -"600 mm/s. * ‘

-~

“Scher et al. (89) recorded From seven multicontact
’ {

.néedle electrodes simultanedusly|in order to visualize

» -

ventricular activation durifiy premature ventricular
¥ Lt

2

systoles. Endocardial .conducti of extrasystoles varied

—

from a low value of 300 mm/s at the base of the septum to a,
high of 1400 mm/s :n the "apical @reés of the véntricle.

.Transmutal velocity through the thlckgess of the wall was

- ~

determined when the extrasystole was delivered from elther

the endocardial or epicardial tip of one of the ‘recording

4 .
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,eleétrodes. It ‘was found to be 300 mm/s whether in an

-endo-epicardial or epl-endocardial direction. Also they
reported the spread of extrasystoles 1in the myocardium was

" not 1influenced by the fiber dlrecglon of the muscle proposed
by Pruitt et al. (78). Conduction velocities of premature

sy#tqles were found to be similar to those during normal

r

:béats. However, myocardial conduction as low as 100 mm/s
. i
was often found ylth;n 1 - 2 mm of the stimulating

‘elettrodes duriﬁéﬁthe extrasystoles.: No ev1de9ce of

LS

_synchronous activation was found ,in the endocardial layers
] .

of the myocardium” and they suggested that intramural

1

xPurkLnjé penetration was unlikely. However, 1n a foll?w up

puﬁllcagﬁdn Scher and Young (90) admit to ‘observing this

: phenomenonvéarller reported by Durrer (29, 30). They

N L)
. suggested that 1t results .from penetration of Purkinje

fibers under papillary muscles and trabeculations, and from

L]

uneveness of'the\@ndocardlal surface, rather than from ;

lntramural penetr%tlon of Purkinje fibers. Durrer and van
/

der Tweel‘(28{¥gn/another publication aldo reported on the
i

intrgmural conduction of extrasystoles. They reasoned that

1f the endocardium 1s aqtlvateq by the Purkinje system,

electracal st1mu1a£1on éf the Purk}nje should give rise to

complekes with the same time relations as during normal |
. beatsflncluding the reversal phenomenon previously

»

reported. However endocardial recordings whith exhibited

v

' Purkinje vactaivity during normal beats consistently faided to‘~~‘:A

ydo so during extras&stoles. Therefore 1t wgirpostulated

8
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that thé“vgn?;}éées are excilted in a different manner during
extrasystoles, especially in the areas proximal to the
stimulating* electrodes. 1In'one experiment they were

successfuliin selectively stimulating a Purkinje £iber with

e

a very low &urrent of .l ma and ‘maintained the reversal
phenomenon ?pparent during normal beats. Ingreqsing the
current to gls—ma resulted 1n only muscle conducqun
intramurally and loss of the reversgl phénomghon. They
advanced the following hypothesis: "Ifﬂthe Purkinje system

penetrates into” the left ventricle wall it might be supposed

that,ywitﬁ increasing distance from tge endocardium, the .

L

meshes of this system become wider towards the epicardial

@

surface. An activation wave originating, from a Purkinje
PRy .. A . :
fibBer can travel® in.all directions, that is, also 1in an

epicardial-endocardial diregtion, from-‘the point of

f

transition into a ventricuwlar muscle fiberjuntil 1t collides

-

/\ . Y ] .
with tissue activated by activation waves originating from
*

adjacent Purkinje fibergs. %f the meshes are wide enough, a

reversed complex- can be found between. two of our:terminals."
« “

+

Pipberger et al. (77) also examined the dintramural

activation in the dog. They repofted that deep layers of

<

the ‘heart wall showed no regular sequence of activation but

were activated almost simultaneously, whereas the outer

layers were activated in a sequential manner from the inside

I
out,, (However)they recorded activity at depths up to 20 mm

-

from the epicardum and there is some question as to whether

> 4

their electrode was retording myocardial actlv{ty or cavity

~



-
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’

activity at this depth.) Their estimate for the rate of

1

intramural activation was 755 + 268 mmys 1n the outer layers

¢

of the wall. Significant increases 1n conduction velocity

~

were found at the apex after passing a 3’mmf11ﬁ1t of depth
and at the basé, at 5 mm depth. “This they attributed to
Pgrklnje pepelratlon into the myocardlum up to this depth.
Although epi-endocardial direction of propogaﬁion was
observednqt the endocardium, no concurrent reversgl in
polarity was observed 1in electrograms recorded from that

area as Durrer et al. (30) had reported.

Sodi-Pallares.et al. (95), not convinted by the work of

others, also examined the electrical process in the left

ventricular wall of the dog, attempting to -settle the
quesgtion as to the depth of Purklnje“penetratipn. They
reported up to 50%‘of their enddéaralaL recordings showed -

“

Purkinje activity preceding muscle poéentlals. 4 These were

lost at a distance of 1 - 2 mm {in rare instances 3 = 4 mm)
from the endocardium._ Their conception of ventricular
activation' is as fo{::;s; " Taking 1into account the

totality of Purkinje fibers; the ventricular ctivation

”

‘process can-be congglvéd as, a number of closed spheres, -

which independently cause a sequence of simultaneous
activated points toward the endocardium and toward the

epircardium. Thus, some .points in the middle or outer thirds
'

of the free left ventr;cular wall may be activated before

other p01nts close to the endocardium, w1thﬁphe result/thdt

»

the activatien process forsthose points would follow a

reverﬁe, l1.e., epi-endocardial direction."”
4

a



Activation of the lnterventricular septum. -
The activation process 1n the septum begins near 1ts

center close to the termination of the bundle branches just

above the anterlor‘péplllary muscle on the rlgh? si1de, and

an area near the midline on the left side &ccording to Amer@K

et al. (3). Scher ég al. (91) studied the - intramural »

activation of the sepfum using multlcontacg needle
electrodes, and, demdnstrated tQat th; sebtum 15 activated
from both the left and right sides towards »ts center. '
However the predOmln;nt direction of activation was from the
left to right. The activation §preads along the ] T
apical-basal ax1is gowarQS the apex 3nd the basé with the
, lagter bewing activated last. They concluded that the
septum, like the ventricular myocardium 1s a Eg?ctlonal
'syncytium, and* no bo&néa;y ééparaées the two halves, the

same point of view held by Sodi-Pallares and co-workers’

(96). Durrer et al. (29) became involved in a study of the

, v

septum and repqrted similar findings to those of Scher
described above. Durrer reported no barfier to conduction
to exlst -1n the septum and that conduction occured equally
well 1n both directions, i.e. .from left to right and vice
versa, at a velocity of 500 ~ 600 mm/s. They fohnd no

evidence for Purkinje penetration into the septum.
i ! 1
k 1

o



Electrical activation of the goat and human heart.

Having exhaustively studied the éog heart)researchers .
in the field turned their attention to studying the

ag¢tivation sequence 1n the hearts of othey species., Ag§1n7

Durrer and van der Tweel (28) were at the forefront of this

research. Their results 1indicated that in the go heart *
Ll .

unlike ®hat of the dog, activation of the succ ve layers

&

of the ventricular wall occurs almost synchronougly.
However, as in the dog they found a reversal phehomenon to

exist in which the electrograms recordqd intramurally were
1

not all of the same §01a}1ty suggesting propogation in an
é

epi-endocardial direction in ‘certain layers. ﬁurkinje

spikes were seen 1n many layers of the muscle and not

r

confined to the endocardial layers as was the case.in the

-

canine heart. On the basis of these results they concluged ’
the Purkinje system i; the goat extended to the_epicardiél‘
surface, 1n agreement with the anatomical studies ?f Ter

Borg (102) and Lewis and Rothschlid (62). Hamlin and Sgher

(38) found results consistent with those Jf Dgrrer’and van

der Tweel for the goat heart. They reported all areas /.
except the extrepe base and a small apical epicardial r;gioﬁpﬁz;
‘0of the left ventricle' were excited in a‘giggle burst, of

depolarization occupying less than 10 ms¥ They were not

.

able to determine intramural conduction velocity accurately
P R

(their estimates rangég;from 100 mm/s to infinity) because

the&‘could not predict the direction of the wave of



-
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excitation im the.goat heart. They attributed the near

. 1

éynchronodé activation of the freg ventricular wall to deep

L4

Pufklnje penetration. -~ al

>

The first detailed description of the excitatory

-

process 1in the human heart was.,offered by Barker-et al.
(6). Using a unipolar exploring electrode eé&yérdial
activation times were calculated relative to the onset of

the QRS deflection 1n a lead II electrocardiogram. They /

.found the order of eic1;at10n differed 1n some respects from
s .- .

that describgd in the dog by Lewis and Rothchild (61). The

earliest points of activation were determined to be along

the A-V groove at the base of the right ventricle. They
|

173
considered the differences 1n results between man and dog to

-
1 a

be phe to éhatomlcal dlffe;ences between species 1n the

conauctlng tracts in the right yentrlcle. There exists in

the literatufe other reports on the activation ofuthe human
{ heart but 1t was.not until the work, of Roos” et al. (81)

that detailed mapping Qf epicardial- and intramural -
¢

excltation of the human heart was performed. Unipolar and

~

',s bipolar records were -taken with activation times calculated

relative to the left ventricular cavity potential which was

used as a time reference. They found epicardial excitation

to.occur first in the.ahtero—paraseptal region of the right

ventricle, about 20 ms after the beginning of veptrlcular
depolarization. The base of the right ‘'ventricle was -«

'

activated after 60 ms and the pulmonary conus fallowed 10 ms

later. 1In the left ventricle excitation spread from the

20 ’

4
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'ﬁseptal aﬁea (40 ms) to the 1ate5al border (60 - 70 ms) and
finally to the‘posteral—basal region (70 - 80 ms) - results
similar to those reported for the dog heart. These results
differed from thosé of Barker gg\gl. but this was attributed
to the d1}ferent time reference used in the two studies.
Barker et al. had used the beginning of lead II, which Roos

é; al. expiélngg cogld lag behind the true start of
venérlcular aétivatlon‘by 20 - 25 ms, and unilke the cavity

potential which they used could be influenced by

respiration. Intramural recordings by Roos et al.

t «

demonstréted in' the 1eftuven£r1cu1ar wall, excitation
‘'spreads 1n a predominantly endo—eélcardlél direction simll;r
to the dog heart. However no "reversal phénomenon" or
)spr?ad of activation 1in a epi-endocardial direction was‘
observed ,in the human heart as had been reported in the
canineé heart by Durrer et al. (30). It was concluded that
intramural Purkinje penetration was not present as regularly
as in the dog. Intramural conduct10n~veloc1ty was estimated
to be 300 mm/s. A more extensive study -of the human heart
wag carried out by Durrer et al. (25) who ‘used isolated
human hearts. The epicardial excitation pattern in the
1solated human heart corresponded well to that of the 1in
situ heart documented by Roos et al. However there were
some discrepancies observed in intramural conduc¢tion
velocities between the two different preparations. °
‘Intramyocardial conduction velocity was calculated from the

conducttion timés required for the electrical wavefront to

, @
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propagate between .contacts of a mu}tléontact needle
u v ' P B

ele¢trode (1nserted into the: free wall of the ventrléle) ~
when the héart was stimulated frém one end of the needle
electrode. ERropagation of the driven. beat along the needle -
electrode occurred smoothly 1in a uniform manner with ‘a mean
conduction velocity of 464 mm/s i 27 mm/s 1in both
epl~-endocardial ang e%gg;éplcardlal directions. Equivalent
values were found for ﬁrdpagatlop Fhrough the
1nteréen§r1cular septum. In,order to validate their results

11

observed in the 1solated human heart, control experiments

8
N

were carried out in dog hearts where the intramural

, :
activation sequepce w;sfstud%ed in §£§g and after 1solation
from the -body. Thef found equlvélent patterns of intramural
and total ventricular activata nraf;er’lso%atlon but that
the activation process was completed in a time .frame which
was 20% less than the in glggﬂhéart. Intramural conduction
velocity was 500 mm/s in situ’heart whéréas; 1n the 1solated
heart, the rate of conduction had increased to 450 mm/s.
The. 1ncreases gook place within the 1nitialr 30 minutes after
i1solation. This led them to speculate that *measurements
made 1n the isolated heart may not accurately describe the
in s1tu situation. However, this idea was .rejected because
the times calculated for total ventricular activation in the
1solat§d heart corresponded wéll with the duraéf%n %imes of
the QRS complex 1in the EKG's recorded from the whole-

anlmal. No adequate explanation for the increase 1n

conduction velocity upon 1isolation was offered.
o ! v
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Alterations 1n epicardial and intramural activation durlng"

acute myocgardial infarction.

a
1
0

(3

Harris (42, 44) was one of the first to examine the

time course of electrophysiological changes accompanylng
acute occlusion of a coronary "artery. He was able to )

~
demonstrate electrograms of reduced amplitude and increased

duration recorded from the i1ischemic area of the heart w1th1nl

. the first few minutes following occlusion of the left

*

. located in the border Zzone between normal and ischemic

anterior descendlné cordnary artery (LAD). OIn some
instances there was™a complete disappearance of all
electrical activity within the 1schemic zone or electrical
activity that was 1n§ependent of the electrical events
recorded grom the normal areas of the heart. Harris also
noted }hat fibrillation 1f 1t were to becur, would occur

4
within the 1nitial ten minutes of occlusion. Fibrillation

.was always prece@ed by a run of ventricular tachycardia

which was thought to originate from an autdmatic focus

e

-

tissue, an area whrgch dlspléyed abnormally large amplitude

”
.

electrograms during this period.
More recent literatuge,‘(lQ?O—BO),‘éuggest§ that "™~
arrhythmias associrated dlth acute ischemic episode$s are the
result of reentrant impulses emerging from ischemic
myocardial ﬁuscle to reexcite thg heart. NBélneau and Cox

(9) were one of the first to put forth this idea,

demonstrating areas of local fibrillation or delayed

- -
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electrical activatjion in the 1schemic area. Ocglusion
brought on-a decrease in amplitude, a marked increase 1in
duration, and fragmentation 'of bipolar electrograms which
was greatest 1in the center of the 1ischemic area and
diminished towards the g&nder zone betyeen 1ischemic and
nonischemic areas. Asynchronous electrical activity &
persisted %n the. 1schemic }one for perléds longer than 200°
'ms and wasj&orrelated with the octurrence of ventricular
arrhythmlasf\ Add}tlonal work by Cdx, Daniel, and Boineau
(19) aescrlbed the changes evoked by i1schemia on 1intramural
electrical activity. Conduction times glong a multicontact
needle electrode f?om the endocardium towards the epicardium
were determined during sinus rhythm. Under normal
conéltlons this "transmural conduction time" had a value of
15 ms which progre551vely 1néreaéed to 25 aus during a six
hour occlusion. Also,‘Purklnje potentials reqprded at the
endocardium were resistant to ischemia of up to 18 hours
duration whereas there was a progressive loss of amplitude
or electromotive force (g;ﬂ,F.) of the corresponding
subenéocardlal muscle potentials. The normal gradient of
blelar potenélals which existed transmurally undeﬁ;pontrol

conditions was lost during ischemia witlp intramural sites

showing a time-dependent decrease 1in E.M.F. Kaplinsky et

- gl."(54) have recorded intramyocardial activation 1in the

infarcted zone of the dog heart during the 1initial thirty

minutes following ligation of the left anterior descending
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coronarytaftery. Marked delay, fragmentation and reduction
1n amplitude of electrograms occurred 1in the subeplcardlal_
and intramyocardial muscle layers-during the first ten
minutes of llgatlon"and were coinc1aental with the
appearance of ventricular arrhythmias. Electroérams
recorded from subendocardial muscle layers remained
synchronous durlné this period. A second period of
ventricular drrhythmias 10 - 30 minutes after ligation was
not éccompanled by delayed Qr fragmented electrical activity
at any of the iniiamyocardial sites and '1t was proposed
thét these two perloés of arrhythmias had different ‘
" etiologies. T

Waldo and Kaiser (ldé) also studied the
electrophysiological changes associated with acute
myocardial infarction. They too recorded continuous
electrical activity within the i1nfarcted zone which, when it
persisted beyond the T wave of the preceding beat, resulted
in ventricular extrasystoles or even ventricular tachycardia
and fibrillation. Scherlag et al. (92) found a delay 1in
epicardial activation in the infarcted zone of the heart
during the first few minutes of coronary occlusion.

v

" Progressive delay in activation of the epicardium preceded

~ >
the development of ventricular arrhythmias and/or

fibrifllation. Williams et al. (112) showed that the delayed

-

activhtion within the ischemic zone was accentuated during

spontaneous crlinduced ventricular premature contractions.

7
Also noted was an ,increase in the conduction delay between

'
' i
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the endocardium -and thefeplcardlum during 1schemia wﬁlch was
increased further during premature’beats. Kaplinsky et al.
~(53, 55) reported‘51m11ar findings of delayéﬁ act%vé£1on ang
fractlonaggon of potentials within the 1schemic zone

bridging the dlastollé périod and preceding ventricular
arrhythmias. They reborted that ischemic damage to the left4
ventricle could result 1n premature beats arising from

either the left or right ventricle as the border zone‘of the
infarct often extended 1into the right ventricle. Schick et
al. (93) demonstrated an increase in conduction time of up’
to 20 ms tonelectrqdes located within the 1ischemic zone with .
no chanéé 1n conduction time to electrodes located to
;non—lnfarcted areas of the heart. Maxlmum increases 1n
conduction time following a one sEage ligation of the LAD
‘occurred within 30.minutes of- arterial océlusion and.a
correlation was made between ilncreases 1in conduction time >
and the o;currence of arrhythmias of ventricular orlglg.
Ogaya ?E al. (74) have demonstrated that a peak increase 1in
epicardial activation timg 1n infarcted dog hearts occurred

&

within the first 10 minutes of LAD occlusidn. This was

corFelated well with the appearance of véntricular

arrhythmias. ‘ ¢
Recently, Janse et al. (*51) have recorded - F
DC-extracellular electrograms simultaneously from 60

epicardial and intramural sites in 1soclated perfused canine
E 4

and porcine hearts. Isopotential maps of the ventricular
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surface were constructed for the normal heart and also at

, A
varyulg intervals up t® 15 minutes after ljgation of the

- o

LAD. It was concluded that arrhythmias during the initial
minutes of 1Schemia were caused by two factors: (1),

ectopic foci located at the border betwden normal and

™

ischemic tissue and (2), macro- and micro-reentry in .

1schemic myocardium. . ) BRad B
- ’ .

<

Excitability and refractory characteristics of ventricular

. I3 . L34
tissues. . V. h ¥ A

A -
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Mendez et al.'(63) have made.a study of the influence

2

f cycle.length upon*the refractoery period of auricles,’
ventricles and A-V node in the dog. In st%ﬁyldg the g

. refragtory period of the ventricle, the ventricles were

A
cally at five different cycle lengths and the

functional refractory period (FRP)“\determined at each rate.’

driven elec

¢ \

Also, by using 3 stimulators }p{%erles Hhefncalculated the

FRP for extrasystoles of coupling intervals, equivalent to
~ % o & '

and shorter than) the basic drive intervals. It wascﬁound

that, when recording electrodes were located within a few mm
: v NG

of the stimulating electrode the "FRP values were a

«curvilinear function of the immediately preéeding cycle .
length, witﬁ values for all but.very early premature beats
N ' . .
falling c%@se to the curve describing the basic cle”.
v ¥

When a secop§ set of recording electrodes were emplbyed at a

, -

¥

.

distance of several cm from the stimulating electrodes it
. » .
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was found that the FRP determined at the more distant set

-0
-

was longer by 5 - 15 ms at-all frequencies. This was -
¢ . - ~ N Qd

attributed to slowed conduction of.- extrasystoles in the |

LR}

£ 4 v
tiss%é/;ying between the two pairs of recording electrodes,

(up to a distance Qf 10 - 20 mm from the stimufatlng

electrode). Although the FRP determined at the near and far

electrodes decreased in a parallel fashion with increasing

heart rates, the FRP determined for the earliest achievable _
N ' . . ~
extrasystolé,(at each one of the drive rates) was
A

consiferably larger at, the distant site. _This was thought

to be\\ﬁe to a dlffeggntlal effect of cycle leéngth upon the

refractory perlod of muscle and the conduction ,system. _It

‘was postulated that there was -a cumulative effect of -

v
.

frequency on the refractory perlod of the Purklnje system
with the result that it took the Purkinje system several
beats for a new refractory perlgg to be achieved as the

&

cycle length was changed, whereas 1in thz/ﬁﬁscle this was
achieved within the time span of one beat.- This was evident

by the fact that refractory periods of premature beats were :
Ionqer\than those of basic cycles having the same preceding

o

cypleflength over a conduction pathway which involved

e

%urkinje tissue, whereas thjis was not found to be the case‘

A
!

. 155a conduction Rathway involving only muscle tissue. ¢

~

[
1

Jdnse et al. (52) have also é#udied the. changes induced
'in the refrattory period of the dﬂg vehtricle following

sudden anges 1n heart’ rate. ¢ It!was foiind that during a
rapid -1 cresé or decfggge 1n\hearﬁ rate, the heart required

g

] .
-
N - Y

. .
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‘.

a time péeriod of up to 500 beats before‘a new.;teady—sﬁate
.value of the duration of the effective refractory pepfodf
(EBP) was,establlshed. Th}s phenomenon was reported for
myocardial tissue end qould~not be attributed ;ﬁ a «

cumulative effec!’on the conduction, system as postulated 1in

the paper of Mendez et al. (63) discussed above. They alsko
- = L] -
reported thét changes 1n the FRP (the shortest interval
-~
between two propagated responses) recorded within a 2 mm . '

distance of the stimulating electrode parallelled the

¢

changes observeéI in wERP. Also, the slowing of .

qpndud!ion during refractoriness was confined to this 2 mm .

L]

! ~~
drstance surrounding the stimulating electrode such thgt

-
'

propagation of the wave front 1intramurally at distances
. b
greater than f mm occurred at normal diastolic veloc1ty1

This last result 1s 1in agreemeht with earlier Tresults of van

¢

Dam et al. (105) who studied the origin and propagation of
gxfrasystoles within the myocardium of the dog Heazt. The

myocardium was stimulated from the endocardial tip of a
4 .

multicontact needle electrode aia conduction times of normal

and premature beats were determined along the length of the

/

electrode up to a/maximum distance of 3 mm from the stimulus

- 1
)

s€te. Unipolar and bipolar recordings both indicated that

the delay 1n appearance of'éxtrasystoles following

“

stimulation during the refract*ry period was-due to‘an’
1ncr§aé? in latency and not due to .slowed conduction. All

extrasystoles were conducted. at the same raté, once

-

propagation began. Han and Moe (40) determined tﬁe.récéiéyy

€
-

- -
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o
1

\ “

of excitability (the ERP) of the dog myocardium at~12 ', R

w MR |

recording sites 'located concentrically around a\fentral

stimﬁlatin@ electrodeé wipthin a radius of 4(mm. It was

i

demonstrated that "the degree of temporal- dispersion of
v L ® e

¢ pecovery of excitability in the venﬁrlcular mhsq}e was

-

minimal after a basic beat, but 1t was increased
51$n1§icant1y following an early premature beat". It was*\\~§
suggested tha® a train of preﬁature beats wauld'lead to an

increasing degree of nonuniformity of recovery and
< .

» Llbrillation: .

4

Rosenblueth (82) made a study of the FEP of cardiac
tissues. He foiund as had Mghdez et al. /(63), that the FRP
. » . »
determined at two locations in the veﬁ%rlcle; was greatest

o
at the set of recording electrodes located furthest from the

o

. v ?al'.
stipulatingﬁélectrode: No attempt was made {tef determine 1if

differences existed between the FRP éfithe Pu klnjé system
. ‘e - N |

“and the myocardium. A series of theorefrifal curves were

L
%

constructed to try and exblain the influence of conduction

f>>distance on the measurement of the FRP.* - .- ¢ . 7,

{ .

el

van Dam et al. (106) conducte? a very elegant
experlment-on impulse propagation and‘kgpovery of .
excitability of AEE_EBEahctlon system of thé dog heart.;
) Unlike earlier studies of others iﬁ—whiéh Purkinje ‘
conduction was inferred from recordings maée at the
epicardiak'j}rface, van Dam et al. made recordings diéecg}y

from the !!rkinje system in the in situ heart while the

animal was maintained on cardio-pulmonary bypass.

» ¥
Al
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Electrodes were placed in the heart over the His bundle,
right bundle branch, Purkinje-pdpillary muscle junctions 1in
both ventrieles, ﬁaplllary muscles in both ventricles, and

alse the left ventricular surface. Stimulation and/or

recordings were made from each location in order to
i ! L
sdetermine the refractory characteristics of the specialized
M 1

conducting system. They found that at' a constant heart rate

v

_\\JJthe Jbsplute and relative refractory periods were longer for

e

®

the) Purkinje system than fér ventricular muscle of the same
helart. The effect of refractoriness on conduction was

examlined hy stimulating the bundle of His and measuring the

o
E
-

conduction time of extrasystoles to the recording

s

electrodes, in the locatiops mentioned above. Purkinje
conduction during non—preméﬁure beats was estimated at 2400
. mm/s, however "advancing the stimulus into the refractory

» . 4 o
period produced an 1increase in the latency of response at

.

the site of stimulus. The impulse was further deiayed when
1F‘entered paFtially“refraFtory fibers, and the overall
conductién ve}ocxty often decreased as much as 50 per cent."
The sléwing of ext;asystolgs was mostly confined to the -

bundle branches and the Purkinfje-muscle junctions. When the

]
stimulus site was 1n the right atrium, most of the slowing
bt of conduction occurred in the A-V node, but additional

[

- slowing was evgdé?i in the Purkinje system. Finally when
- L]

the stimulus site was, moved td the epicardial surface of the

-

left ventricle, it was found that extrasystolés were delayed
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by refractoriness, only at their site of origin, and spread
. throughout the ventricle via the Purkinje system without
t

- further slowing.

4

Myerburg et al. (69) have mapped action potential

'

duration and local refractory periods thrqughbut the

} . spec1;llzed conduction system of., the dog heart. It was
fouﬁd that.ldcal refractory periods,-determined near the
distal end of «the conducting é&stem, 2 to } mm proximal to
the termination of Purkinje fibers in muscle, were greater
than refractory periods of Purkinje fibers proximal or.
distal to that area. A good correlation was shown to exist
betwegn local rgfractory periods along the Purkinje system
and local action poténtlal durations. This area, by nature
of its long functiona{\ﬁgfractory period served a progéctlve
function, blocking the propagation to the myocardium of N
extrasystoles with very short coupling intervals. Thus, thé
area of“maximgm action potential duration behaved as the
limiting segment or "gate™ for conéuction of ‘premature

~ impulses. In a subsequent publication Myerburg et al. (68)
studied the functional characteristics of this so called

a

"gate"” 1in the Purkinje system. It was reported that, in
preparations with burk&ﬁﬁe conduction v@iocities considered
\\ . to be nbrmgl (2400 mm/S), little or no slowing of conduction
" of premature beats was observed within the Purkinje system.
. However, block of thé bremature beats occurred in the area
©of the gate. 1In preparations in which conduction of normal

beats was depressed, it was found that "premature impulses
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»

initiated proximal to the gates with coupling 1intervals
shorter than the refractory period at the gates were
conducted across the gates at least 1n part because of
slowed conduction which al%?wed tissue 1n advance of the
propagatlng:wave front “enough time to repolarlze": Thew}
influenge of 1ncreasing frequency on the funétional
properties of the gate cellé was also studied. It was fqund
that‘the differences 1n action potential épratlons between
the bundle branches and the distal Pufklnje system (gatlng
area) were decreased or lost altogether at increasing
frequenc1és of stimuation so that conduction plock could
occur 1in the bundle ,branches. However, 1in a ma;ority of the ’
. preparations block of conduction at hlgg drive. rates sflll
occurred 1n the area of the gate.‘ Thus, this gating .
mechanism of the distal .Purkinje system appeared to he
responsible for the block and/or delay 1in the propagation of
extrasystoles and normal beats during rapid rates of
stimulation. Lazzara et al. (58)xedaluated the "gate"
hypothesis in the in vivo situation. They measured
cpnductloﬁ times from a stimulation point on the bundle oi
His to proxlmél and distal areas of®the bundle branches, and
to the papillary muscles. Their findings indicate the
important sites of block of premature stimuli to be in tHe

AY

. “

proximal main bundle branches whereas the gate hypothesis
i"’ - .

predicted premature impulses to be blocked within a few mm

of the Purkinje muscle junction. Neither Myerburg et al.

nor Lazzara et al. ever reported impulse‘p;ppagatlon through
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/ .
the Purkinje system, with conduction block occurring in the

myocarélum. This result might be anticipated for - \'

extrasystoles applied during a rapid rate of #tlmulatlén 1f

the results of Moore et al.'(65) are considered. They

S

demonstrated that the action potential 'duration and
functional refractory period of false tendons were ,£

considerably greater than fhose recorded in the papillafy

had ®

muscle ofi the sa%g canine. heart at low driving frequencgies.
. M h " AR
However, as the driving frequeéncy was 1ncrea§ed-thls <.
discrepancy between tissue types wasflost so_that aé t?e-
highest dr;v1ng frequency*the action botential'duration:and

.
< ]

refractory periods were nearly identical in Purkinje and

+

~ 2
muscle cells. It was also noted that the functional

= -

refractory period of epicardial musclé cells was less-than
% { ‘ -
v

that of .papillary muscles. This difference was similarly

16st at high draiving frequénc1es. : ) =

The refractory characteristice of cardiac muscle 1in the

»

left ventricular wall was examined by van Dam and Durret
. . p

(104). Refractory periods we%g déigrmlned for all 1evg1$ of
"the heart wall from the endocardial to :ﬁg\fpicardial
shrfaéé using a multicontact needle electrode for ’
stimulation and recording. It was,found that the duration
of the FRP was nearly equivalent in the middle and outer
part of: the véntrlcular wall, whereas the FRP of the
innermost layer was approxihate}y 15 ms longer than-the

-

mi1ddle and subepicardial layers. It was concluded that an

extrasystole arising after the end of the FRP would be .

conducted in a homogeneous way and would meet no refractory



]
tissue on 1ts way, when spreading from the endocardium 1n a

direction perpendicular to the epicardial surface.” Similar

but more extensive experiments of the same nature were

carried out by Burgess et al. (13) twelve years later. The
FRP was determined for a large nqmb@r of sites 1in the left
ventricular free wall and the .inte¥Yventricular septum.

B . 3 .

Their results corresponded well with van Dam and Durrer's

v

findings of 1ongef endocardial than epicardial refraétory

a
.

rmperiods. Howe%er, they did not confirm the findings of wvan
Dam ahd Durrer that the shortest FRP's were located in the

, middle layer of the heart wall. Also, Burgess et al. were

Y

able to show the FRP of the apex of tﬁe ventricle was longer

than, the FRP of the base, and a difference 1n FRP values

Y

Bétween'the left and right side of the seétum. "That 1is,

¢

areas of the veftricle norhalIy activated early had long
ref}actory periods and those areas activated late had short
, refractory periods". 1In studying refractory periods,

v £Y
workers have been attempting, indirectly to ch?racterlze the

recovery proéess in the heart. Irf a more recent
publication, Burgess (12), recorded monophasic action

potentials from tﬁe surface of the heart using suction

electrodes and was able to ascertain a more direct measure

-

of repolarization by plotting times the action potentials

were 50% and 90% returned to the base line. Isochrogp maps

of the repolarization sequence were constructed and compared

ﬁo maps of activation sequence. It was found the

& . Lor
« repolarization "sequence corresponded well to the activation
= ’ ° w N

Y
. at
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‘sequence on the anterior but not on the posterior surface of
the heart. It was suggested a better indication of the
repolarization process could be obtained by measuring

transmembrane action potentials in vivo.

¢

o »

Supernormal conduction.

In discusslng refractory and excitability

characteristics of the ventricles, 1t is important that the

phenomenon of supernormal conduction be mentioned. The word

supernormal is defined as meaning - "exceeding or going

beyond the normal". Supernormal conduction then is a term

. . Y
used to describe abnormally rapid conduction or conduction

3

that occurs when block is expected. Spear and Moore (99)
havg recently publléhgﬁ a brief review of the literature on
the subject of supernormal conduction and excitability. 1In
their 'words "supernodrmal conduction can be eaused by a
varlety of mechanisms including the presence of a petiod of
supgrﬁormal excitabiiity. The term supernormal excitability
refers to a reduced current requirement to excite a tissue
at a spéc1§i€ period of its agtlvity cycle". Examples of
supernormal excitability are much more prevalent in the
literature than examples of supernormal conduction.

A supernofmal ‘phase 1in the recovery of excitability was

first shown in nerve fibers by Adrian and Lucas (2) and

later by Adrian (1) in ventricular muscle which was perfused

by acidifiedgﬁinger solution. Lewis and Master (60)

-
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.Observed a_.supernormal phase of recovery in the conducting
system of the human heart in two clinical cases of complete
heart block. Both patients studigd showed complete A-V
dissociation except when the P wave of the electrocardiogram
occurred 1n a limited phase of the cardiac cycle (during
ventricular activation or early 1n diastole). During this \\
phase atrial beats were propagated to the ventricle in the
normal sequence. In one case'thls phenomenon was associated .
with slight Eupernormal conductlon'(an abbreviated P-R
interval) and the other with a decreased conduction velocity
(lengthened P-R 1interval). The suggestion was made that .
"conductivity" and "excitability" may be separate and

distinct qualities 1% the heart. Hoff and Nahum (46)
1dentified a supernormal period of excitability in the :
feline heart éubsequent to the relative refractory period,
lasting 40 to 100 ms. This period invariably feil elther on
the T wave or the U wave of the electrocardiogram.
Supernormality was not observed 1in all hearts and varied
w1éely i1n degree when 1t was present. Supernormal
excitability was fdhqd 1n the hearts of animals under
barbiturate anesthesia, while 1in decerebraté animals 1t was
seldom seen. Childers et al. (15) showed supernormal
excitability to be a characteristic of the specialized
atrial tissue in Bachmann's bundle 1n dogs. As well, Peuch

et al. (76) have demonstrated sup&rnormal co?7uctlon to

occur in the atrium of the dog heart. Ferrier and Dresel

(33) reported suiernormal véptrlcular conduction 1n_1§ol&ted

’
<
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blood perfused dog hearts. The average maximum decrease
measured 1n ventricular conduction time in 7 of 9 hearts

exhibiting supernormal conduction was 5 ms. Arbel et al.

(4) stimulated the His bundle and ventygicles 1n anesthetized

dogs and found %;rlng a period\50 to 9% ms following the
relative refractory period, during which ventricular
conduction times were decreased by 1 - 11%. In a concurrent
in vitro study it was noted that conduction velocity 1in
canine false tendons was a function of resting memprane
potential, so that supqrnorm;l conduction occurred durlngnlw
phase 3 repolarization and phase 4 depolarization. Hoffman
and Cranefield (47)‘feported a supernormal period in cardiac
muscle associated with the terminal part of phase 3 ofs the
transmembrane action potential. ‘Full recovery time of the
cell following depolarization ordinarily coincided with Eﬁe
end of the supernormal period and with full repolarization.
Spear and Moore (97) found that 17 i 4.6%less current was

. required to evoke an action pétenilal-during the supernormal ’
period than during Q1astole in right and left canine false
tendons. . The supernormal period lasted'on an average of
88.2 + 23.6 ms ;n fibers driven at basic cycle length of 800
ms. They found the duration of thé supernormal period was
indepehdentﬁof action potentlal'dyrétlon but is a voltage
dependent phenomenon in agreement with Arbel et al. (4).
:'They showed éhat, at increasing drive frequencies, the

~

duration of action potentials recorded in Purkinje cells of

)

o

the dog heart decreased .but not the
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corresponding - supernormal period, so that the ratio of the

supernormal period to the total refractory period was

.

. o
1hcr$ased (98). * Spear and Mgpre (99) were also able to

demonstrate sypernormél conduction to exisk c01901dently
with supernormal’  excitability and suggested the latter to be
the cause of the former since raising the Kt level 1n their
tissue removed both §¥pes of supernormality. This

a

correlation of excitdbility and,éonductlon velocity was
confirmed by Peon é& al. (75) Lﬁxcanlne Purkinje fibers.
They demonstrated that the measurement of upstroke velocity
1s of little or no value in the prediction of conduction
velocity. Rather, varlatléns in conduction velocity
appeared to be a function of exc1taQ111Ey and not upstroke
velocity or take off‘poﬁentlal of Ehe cell: Spear and Moore
:presented ngdence t? suggest that the supernormal
. conduction r;corded during premature beats may be due to a
shift of the glte of otlgén of the action potential and
therefore could not be called supernormal, in the true sense
Qf the wordj This same phenomenon was also documented as
early as 1963 by van Dam et al. (107). Hondeghem and Jenséh
(48) recorded‘extrécellularly from the Purklnje—myocqrdlal

junction of the dog heart and discovéred the Purkinje
myocardial conduction.delay to decrease in prémature‘beaés -
.an apparent supernormal conduction. It was concluded that
the Purkinje and myocardial cells from which they recorded

di1d not belong to the same single conduction unit and that

they had not recorded true Purkinje-muscle conduction
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times. However, 1t seems more likely that the 'site of,

LY

origin of the action potential Qéi have ,shifted 1n a manner

similar to that documented by van‘Dam and by Spear and

Moore, giving an erroneous measure Qf conduction time.

Although much work has been done\in the past examining

e Y -

conduction characteristics of 1solated sections of the

.
heart, whether 1t be conduction within the spec1a11zed
conduction- system, or within a confined section of the
myocardium, very few, reports ex1§t'16 @he literature
comparing conduction within~thé Pufkinije conduction and
muscle conduction 51multaneou§iy in’ the whole‘ggakt.i It was
the purpose of this project to develop an ig vivo dog model
which would provide a means of accessing Purkinje conduction
and myocardial conduction in the hearts simultaneously. Of
particular interest were thé conéﬁctlon characteristics of |
the myocardium or heart muscle, ds"“recent reports 1in the

.
literature syggest that arrhythmias

socilated with acute

myocardial infarction may be due to re-gfitry within the -

1schemic muscle. Therefore, the objectiyd&s- of this study

were: .

°

1. to examine the changes in conduction time 1in the

Purkinje system and myocargium of the canine ventricle
y

.

associated with 1increasing heart rates and premature beats
\
under normal conditions and also during the initial hours of

m;Bcardial.lnfarction._
2. to,try.and determine 1f the two antiarrhythmic drugs,

.-

1‘Focalne and disopyrami&e, affected Purkinje and/or muscle



P

conduction differently.

3. to determine whether the effects of lidocaine and
disopyramide on sonduction were different in 1i1schemic than
+ .

normal tissue. -

4. to determine whether Ehe supernormal conduction shown to

-

occur 1n the His-Purkinje system of the heart also exists 1in

ventricular *uscle.
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METHODS



-A. SURGICAL TECHNIQUES

1. Preparation of the animal.

Expeﬁigfnts werelgerformeg in,mong;e} dogs ranging 1in
mass from 10-24 kg.l The animals were anesthetised w1t§
sodium pentobarbital (30 mg/kg),.the trachea _intubated and
tﬁg animals respired with room a;r }20 ﬁl/kg, 16 times per
minute) usiﬁg a Palmer Ideal respirator. The chest was.

- opened by é mid-sternal incision and the heart-suspended in
a pericardial cradle. Blood -presure was monitored via a
catheter in the femoral or carotid artery and maintenance
doses of anesﬁhetlc and/or drugs were given through a
catheter placed in the femoral vein. Body temperature was
.monitored‘by a rectal the;mometer and maintained at 37-38°C
by a thermostatically controlled heating pad. A lead II
electrocardiogram was taken throughout each experimené‘and ‘
displayed along with the blood pressure on a Grass pélfgrapﬁ

recorder.

P

2. Occlusion of the left coronary artery.

}n animals in which a myocardial infarction was desired
ghe left anterior”descending coronary artery was dissected
free of the myocardium approximately 1 cm from its origin
and distal to tHe first diagonal branch. A s1lk suture was

placed around the artery and through a short piece of

%
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pSiXethylene*tubing. ?he artery was then snared up against
the ené of the tubing and the lgose ends of the: suture were
held securely againsththe othef end of @he’tublng with a .
pair of hembstats (see Flg:\l). ‘The qéronary\arfery was
alqays‘occludeﬁ with a one,gtage ligation. If the .hearts
fiﬂ;illated within the "first 15 minutes of occlué%on they
were defibrillated with a DC pulse of 10-20 watts/seconds.

[

3. Destruction of the AV-node.

“ e
= %
In animals in which conduction times were determined

for extrasystoles it was necessary to drive tﬂé heart atra
very slow rate after destruction of the AV-node. This was
acoqmpilshed by 1inserting a spécially cbnstructed needle
(see Fig., 2) into the righﬁ atrium and moving it about the
Av-groove in the area of the tricuspid valve unt%l the heart
missed a beat orf?wo (i.e. a temporary AV dissocigtion was
achieved). This was taken as the area of tﬁe AvV-node and )
1 = .2 cc of 40% formaldehfde was 1njected into Fhe node.
This usually resulted in an AV block 'as determine# by the
electrocardiogram and the heart was then drlvenitbrough
stimulating electrodes which had* previously been Eeyn onto
the ventricle. If an AV block was not achieved the needle,
was moved and another .1 - .2 cc injected. This rocédure’

was repeated until a block was achieved or a total of .6 cé

formaldehyde .was injected. If a block was not achieved



. " ' suture

suture

-

Fig. 1. Method of occluding the left anterior coronary
artery. A silk suture is placed around the artery
and fed through a pirece of polyethylene tubing.
The artery is then snared up against the tubing
completing the ligation.

18g

N
atrial  wall -

N

Fig. 2. B8pecially constructed needle used to inject
formaldehyde into th‘e A-V node. \ ‘
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after .6 cc of formaldehyde the heart was allowed to recover

L 4

for 10 minutes and the protedure repeated. Y
The formaldehyde was 1njected into the AV-node from a
1 cc Hamilton syringe containing a modified needle tip. ?he
needle was constructed by insprtlng al :}2 1nch 26 gauge
needle 1into a 1 inch 18 gauge neFdle until the tip of the
/\}bgmgg protruded by 1 mm. (Fig. 2). The two needles were
then fastened together with epoxy and placed on a_syringe.
This restricted the penetration 1nto(the tissue of the
smaller gauge needle éo a depth of 1 'mm and prevented the
needle from being pushed through‘the septum into the left

ventricle. The formaidehyde was then injected into the -

tissue through the inner needle as indicated 1n, the figure.

»

B. STIMULATION PROTOCOL " L

'
¢ R -

0
“q
»

Eiéétrlcal stimulation ‘of the hearts was -carried out
. o Y
through steel electrodesfpositioned in up to four location;\\

in the heart. : N . \

Distal st1m.‘, A. epicardium atr the base of the 1xft ' \\\

ventricle

.o . |,
. B. endocardium at. the '‘base of the left
) ventricle
A

L3 Y .
Proximal stim. C, endoeardium in the mi8-anterior area of

»
. of the left ventricle



N *D. eélcardlum'in the mid-anterior area of
\ .
the left ventricle
When the.heart was stimulated at sites A or B the ~

distance to the rec¢ording electrode was always greater than

3 cm, this was called distal stimulation whereas with

§

Stimulation at sites C or D the distance ta the recording

¢lectrdde varied between 1 - 10 mm and this was called

Y

proximal stimulation. The protocol most often used was to

~ A

=+ sew a l cm x 1 cm acrylic plaque containing 2 élatlnhm\}éaQS

v

1l mm apart to the vehtricle. -This provided a means for

epicardial stimulation. A multicontact needle electrode*
{ ~ . r

. was 1nserted into the myocardium perpéndlculag‘to the epi-

cardial surface through a hole 1in %he ‘plaque. This elec-,
A -,l N

/  trode allowed selective stimulatibn of the enddéandlum of

. the ventricle. Hédrts were driven at a voltage of 2 -~ 4

\ AN

“ -

times threshold with Frederick Haer Inc. Pulsar 61 stimula-

tors (threshold wag usually 1 - 2 volts). v

) N
- Three types of experiments were carried out. 1) 1In

experiments in which the conduction of extrasystoles was of

Ny

1nteres;’the heart was stimulated at a slow basic drive

»

interval of 800 - 600 ms an eitrasystoles introduced after

*  every 20th beat from a second stimulator connected 1n series

8

* with the basic drive stimulator, so that all stimuli drove

the heart th%ough the same pair of electrodes (see\Figf~3),

Extrasystoles varied in coupling intervals from 400 ms to

t

LSS . N /
*Electrode constructed by J. Kéésell (Duke University). -

\ 2
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STIMULATOR 1 . STIMULATOR 2
BASAL DRIVE ) EXTRASYSTOLES .
- :
to hegrt g tH1

ext add’ doneJ ext ’ done

@ co . Cf)? ' " ¥ I

A »

'I

N

*

Fig. 3. Stlmulators connected/in series used to stimulate
the heart. The basal/ drive was delivered by
stimulator 1 amd ext asystoles introduced after
every 20th beat by imulator 2.

-

7
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v

the ERP.' 2) In a second group of animals 1in which

A}

* .
° . ‘l N
conduction times were studied as a function of heart rate,

the hearts were driven at. basic drive 1ntenvq}q of 800, 400,

350; 300 and 250 mshdf heart rates of 75, 150, 170, 200, and
240 bpm respect?vely, Ls1ég a single stimulator. 3) In a
third group Qg anima;s eléctrical activation ;f a lafge area
. of the left ventricle was studied using a Eompoélte

electrode sewh to the epicardial surface. Activation was
~

studied aurlng‘normal sinus rhythm.
1 >

C. ‘/ﬁECORDING

1. Electrodes:

a) Composite electrodes.

In twelve experlments,recordings were made from a

large area of the epicardial surface using composite eleéﬁ-
L2

™
trodes. These electrodes were constructed by wedving the

3

eﬁds of ‘two 12"'pleces of teflon coéted .005" platinium wire

thrgugh a l x 2 cm piece of packing tape as 1llustrated in
Fig. 4. One side of the tape was covered by'a second piece
of tape and the teflon covering of the remaining exposed

Y

sections of wire were then scraped away. The composite
electrodes ﬁete,fastened to the epicardium with silk sglures'
g&gs?d at the four cornersvof the electrode. ‘Two composite
electrodes were ;jﬁh to the heg&t, one to the mid-anterior

portion of the left ventriele, the other to the mid-

n
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4.

e

L]

Procedure for construction of composite electrodes.
Two pieces of .005" teflon coated wire are woven
through a 1 x 2 cm piece of tape and then covered
by a second piece of tape. The remaining exposed
faces of wire are then scraped with a knife to
remove the Insulation and the electrode sewn to the
heart with the expoi;? wire against the epicardium.

Al
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posterior sunmface of the left ventricle. The former was

used to record myocardial activity 1n an area made ischemic

by occlusion of the LAD, while the latter recorded '

+

potentials from an area of the heart that was not made

schemic by LAD occlusion and served as a control recording.

b) Local bipolar electrograms.

-
L7

In 32 other experiments eléctrograms were recorded
from more localized.areas of the left ventricle. Bipolar

electrograms were recorded at the epicardial surface by one
of two techniques, elther through stainless electrodes sewn
to the epicardium 1 mm apart or through an acrylic plaque.

The 1 x 2 cm acrylic plague contained 2 platlnum,wire; 1 mm
apart insulated except at the tip. The plaque wés sewn to

the heart so that the exposed wire tips were pressed against

the epicardium. This plaque was also used for stimulation

)
N

as described 1n section D. Endocardial bipolar recordings
were made through two .003" teflon coated stalnlessysteel
wires. These Blectrodes were made by scraping the éeflon
coating off a 1/4" section at each end of a 5" piéce of
wire. A small hook was then shaped in one end of the wire
and the wire placed into a 1", 23 gauge needle so that the
hook just protruded out of the bevelled end of the needle.
Ihé needle was pushed into the heart'to‘a depth of 1 Fm and
then withdrawn leaving the electrode wire embedded 1n the
endocardium. Two wires were inserteq into the endocardium
in this manner so that the inter%lectrogs distance was 1 -2

’

mm allowing close bipolar recordings to be made.

I3
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Alternately>endécandial potentials were recorded from the

tip of a multi-contact needle electrode. This electrode was

sconstructed from a 2f gauge needle and contained 12

recording sites 1 mm apart. This needle was passed through

a hole in an acrylic pquue electrode sewn to the epicardium
. |

and pushed into the heart to a depth of 12 mm as indicated

in Fig. 5. Bipolar signals were obtained from the needle
®

electrode by recording from needle sites 1 mm aparé. The

needle electrode was also used to record intramural

activation of the le?t ventricular wall. This was

accomplished by making 5 bipolar recording along the length

of the needle from the endocardium to the epicardium,

usually at 2 mm interwvals. At the termination of each

experiment the hearts were cut open to ensure the needle

site de:ermined to be endocardial from e;ectrical Al

characteristics was in fact located in the(endocafaium.
‘Recofdlng of bipolar electrograms were always made from

P

the mid-antérior portion of the left ventricle in/ the area

/
supplred by the LAD. ) N

e d

’

2. Recording System ’

2

a) Composite elgctrodes: Composite electrograms were

recorded from the anterior and poéterior surface of the left

ventricle. The signalé were amplified in the EKG amplifers

of an E for M, DR-8 recorder and records maée on photogra-

phic ‘paper ‘at speeds of 100 ~ 200 mm/s.

‘ |
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ACRYLIC PLAQUE .

| Y

. IF. 2mm J l

12

s -

«

.

e

> - N
F1g. 5. Multicontact needle electrode used to record intra-
’ murally from the heart wall. The electrode was
tied to an acrylic plaque which in turn was sewn to
the epicardium. Bipolar recordings were made
! between adjacent ,contacts at 2 mm intervals along
the length of the needle from the endocardium to
the epicardial.
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Few quantitative meastirements were made on these
tracings; rather the qualitative changes in signal amplitude
and duration égsoc1ated with atute myocardial infarction
were studied. Records were taken at one minuté intervals
within the first 10 minutes of occlusion then at 15 minute
intervals over the next few hours. 1In a few g;perfments,
endocardial recordings were made from plunge electrodes

-
inserted through the composite electrode to the endocardial

surface.

a

b) Transmural bipolar recordings.

In 32 experiments two recordings were made from the
heart; an epicardial and endocardial potential. These .
bipolar electrograms were amplified by WP Instruments DAM-6A
differential amplifiers with frequenc{es below 30 Hz
filtered out. Thehelectrograms were displayed on a
Tektronix 565 oscilloscope and 51multaneou€1y recorded on a
Tandberg series 115 FM tape recorder. A;?o recorded were
two signals generated by the stimulators 1) the stimulus
artifact, and 2) the "?one" pulse which corresponded to the
stimulus artifact of the last beat ofXFhe basic drive cycle ~
(see Fi1g. 6). All recordings were-made at a tape speed of 3
3/4 ips giving an effective frequency bandpass of 30 - 1250
Hz. Analogue signals were later retrieved from tapé and fed
into the A/D converter of a PDP/1ll cvomputer, sampled at a
rate of 6000 Hz (see appendix for program) and plotted using

a Houston Instrument plotter, giving a resolution equivalent



Fig. 6.

computer
. ? Y

— ‘Y.._,..

plotter

(111
recording /T_ P AT
electrodes / h
e L ]
oe ‘o

i \ i

!
YU

£
§ \ — =H. tape
EQ\\_: S_ stimulators

Setup used for'stimulating and recording from the
heart in experiments in which only two electrograms
were recorded; an endocardial electrogram and an
epicardial electrogram from a _transmurally opposed
location. . )

A
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to a reeorder speed of 1000 mm/s and allowing nmeasurement
towftpin 0.5 ms. <Alternatively,; the teped signals were
played back at 1/4 tebe speed }n a Gould- recorder run at 125
mm/s giving an equivalency of 500 mm/s.and allowing

measurement to within 1 ms.

-

Y 4

c) Multiple intramural recordings.

+

In 8 experiments conduction times to 5 levels with-

2

in-the myocardipm‘Were determined using the multicontact

-

needle el8ctrodes described above. The electrically active

endocardium was determined to be the endocardial most bi-
k 3

onlar recording s te’ on the néedle electrode to display a

u

muscle (ana/or Purklnﬁe)'potential and not a cavity

potential as described by Roos et al. (81). The 5 intramural
electrobrams were amplified by an E for M recorder at filter
frequencies between 40’ - 2000 Hz. Signals were diglayed on

a Tektronix 565 oscilloscope and simultaneously recorded+*on-«

a Hewlett Packard 3955 seven channel FM tape recorder at

tape speed of 7 1/2 1ps along with the stihulus.artifact. 'A

[

_/‘

recorder:

-

hard copy of the electrégfams could be obtained as they were

belng recorded to ensure proper gain on all channels, with a

Gould model 660 recorder connected to the output of the tape

-

recorder. This recording éetup is represented schematically

in Fig. 7. Analogue signals were later retrieved from tape
L

¥on' at a speed of 200 mm/s. Thi's gave an
equ?valentnpaper\speed_of 800 mm/s and'alloweé;a measurement

<
A\ - £
.

(1/4 recording speed) and played into the Gouid}g

/
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Fig. 7.

STIMULATOR

i
a - 7
Setup used for recording 5 electrograms simultan-
¢ously from the heart.
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accuracy Qf better than + 1 ms.

.

D. ANALYSIS OF RECORDS

1. Composite electrograms. No quantitative measurements

were made on these tracings, however gqualitative changes 1in
signal amplitude and duration associated with acute myocar-

-

dial infarction were studied.

2. ;:;;:TQipolar electrograms. Conduction times to endo-

cardiak;' intramural, and epicardial electrodes were measured

from the stimulus artifact to the first major deflection of

the bipolar eléctrograms, or alternately,to thé zero cross-

over point of the electrogram. The following measurements

-

were made:

v £

SS = basic cycle interval; interval between stimuli during
the basal drive.

SM

L]

conduction time from the stimulating electrode to
recording‘electrode during the basal drive.
SS'= coupling interval of extrasystoles.

S'M' = conduction time of extrasystoles from the stimulating

»

electrode to the recording electrode. S'M'y,'and

S'M'ep represent conduction times to the endocardial

and epicardial electrodeq‘re pectively.

N



TMCT = transmural conduction time calculated as "the
)
difference in the activation times of the epicardium |,
and endocardium. For stimulation of the heart at a

sl1te greater than 3 cm from the recording electrodes

.

4~ TMCT = (S'M', - S'M'gp).
However when the heart was stimulated at the
>
endocardium at a site transmurally opposed to the

recording electrode TMCT = S‘M'ep.

MCT = minimum conduction time between stimulating and

recording electrodes. ’ . *
i3
~ \
ACT = increase in conduction time above the minimum ®

conduction time during the relative refractory period.

L3

’ -
CTpax = maximum achievable conduction time betweén a

stimulating and recording electrode: the conQuctloh

~
.
£y

time at the effective refractory period.-

€

MM' = time between muséle activation on the last beat of the

° < '
basal drive and muscle activation assogiated with the

1y
v

extrasystole. - >

-

ERP = effective refractory period; minimum interval between

applied stimuli which resulted in ventricular ¢

. v
LS

- activation. ‘ ¢ . ’

RRP

relative refractory period; the period between the ERP

c Y .
and the coupling interval at which the. conduction time

o .

of extrasystoles first exceeded the MCT by more than

°

r e u

2 mS. A '

.
B f K e
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. 3

FRP = functional refractory period; minimum extrasystole
interval obtainable at a recording site during

stimulation at another site within the heart.

E. DRUGS \

-

1. Lidocaine

Cumulative doses of lidocaine (1.25, 2.50, 5.0 and
10.0 mg/kg) were given in bolés injections 15 min apart.
Electrical recordings were made 5 min after each injection.
In animals 1in wh%ch myocardial infarction was artifically

inducedylidocainé injections were begun 40 min after the

occlusion of the coronary artery.

2. Disopyramide . o

\

# Disopyramide was given in slow injections over a
5 min period to give cumulative doses of 1.0 and 3.0 mg/kg.
Tﬁe éwo injections wereé given 30 min apart and recording'
made 10 min after the beginning of ,each injeijQn of the

drug. In one animal in which infarction''was-induced by LAD

occlusion?disopyramide injections were begun 40'min after

. H -l
x //

! v a

the start of occlusion.
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A. THE NORMAL HEART

x \

1. Ventricular Conduction of extrésystoles (6 dogs).

a) Endogardial Conduction -of eitrasystoles. \\
1) Control conditions: Fig. 8 shows results from a
- \

single experrment and 1s a plot of conduction times (CT) ' \

from an eplcardlal stimulating electrode (site A, Fig. 9)

i

fo a distal endpcardlal electrode (51te C, Fig. 9).and a
[“'transmuragly opposed eplcardlal electrode (site D, Fig. 9)

as a functlon of the"coupling interval of the applied
y s ) '

.

‘. ex fﬁbystole. Conductlon times tibeth electrodes remained
ce © 13
* conétgnt ana at a minimum aﬂ coupllng 1ntervalSvgreater than
P “
260 ms . These conductlon times were termed endocardlal and\
» . 2 ¥

- eprcardial mlnlmum conduction tqmes (MCTe,, and MCTepJ

Conductlon ‘times to both electrpdes 1ncreased sharply at.
coupling 1ntervals below 60 ms, whlch marks the beglnnlng
s 3 [} . ” ' <

i
of the relative refraptor perlod (RRP) in<this’ experlment.

+ The 1increase in conﬂuctﬁén time within the RRP, is presented

ACT in Fig, 8. The difference in conduction t}mes.ko

epicardial and endocardial electrodes was taken as’ the
- Al . 1 )
transmural conductién timé, TMCT. Not indicated in Fig. 8
! - . ‘s

\ . - v
but shown 1in 'the.upper panel of Fig. 41, and~seen 1in ,

approximdtely 50% of the animals- was a period of-superhormal
¥ Yoty i * ¥

conduction preceding the,relat}ve feﬁractqry per%gd“iﬁ which

conduction times to both electreodes decreased by as much as .

Sa ‘ H
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Fig. 8. Relationship between conduction time and coupljng

intervak of premature responses. SS' Is the .
‘coupling *interval between the last regular seimulus_
and“ the test stimulus. Dots represent conductien
tifle to an endocardial récording electrode and:
cir':cles,‘ to'a transmurally opposed epicardial

. recording electrode. The heart was stimulated at

an epicardial site approximately 3.5 cm from the
recordlng electrodes.

”



Fig.
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»

A cutaway view of the left ventricular free wall
showlng the sites of both stimulation and record-
.ing. Recordlngs were ‘always made” from the mid-
anterlor portion of the left ventricle .from sites
C and'D (in some experlments 3 addltlonal record-»
ings were made intramurally’ betweeq’sltes C and

D) while the heart was driven from any_one of th@
four 1ocat10ns A, B, C}%pr D.

" ’

} %

7
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10% below the minimqm conduction time. This represents
supernormal condustion in the Purkinje system and has been

reported by others (4, 33).

*
»
L3

11):Effect of lidocaine on endocardial conduction

of extrasystoles: 1lidocaine caused slowing of conduction of
midrange extraystoles (MREs, intervals 250 - 400 ms) at 2.5,
5.0 ané 10.0 mg/kg 1in all animals tested; 1.25 mg/kg was
ineffective in most animals. Fig. 10 shows the effect of
lidocaine’on v;ntrlcular conduction for the same animal %%
that represented in Fig. 8. The slowing of QBE'S was
silghtly more pronounced at the epicardial (Fig. 10B) than
the,endocardlal (Fig. 10a) eléctrode, suggesting lidocaine
slows conduction 1in botg‘Purkinje and myocardial tissues.

Figure 10 also indicates that early extgasystoles
reached the recording sites more rapidly after small doses
of liaocaine than in the control. Thus the post drug, curves
of cdnduction tlmé as a function of coupliqg intervals |

crossed the control. ' This phenomenon 1s seen more clearly

in Fig. 11A and l1B for endocardial and epicardial

@
!

conduction re tively, for lidocaine 1.25 mg/kg.
The changes weke sOmewhat: smaller and more variable at the
eplcardial eledtrode, suggesting lidocaine did not speed

™ ' -~ N N ,‘ .
condfiction in the myocardium i.e. that the epicardial

"
TN

electrode merely reflected Enq speeding which had already
occurred. +Statistical evaluétion of the results was

difflcul&’be&auggﬁyhe relationship between coupling-

v
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The effect of lidocaine on the conduction time
of extrasystoles (S'M',,) to an endocardial
recording electrode from an epicardial,
stimulating electrode located approximately 3.5
cm away. Basic ,.cycle length = 800 ms. SS'
represents the interval between the last normal
stimulus and the test gtimulus, Control (@ ),
lidocaine 1.25 mg/kg (x), lidocaine 2.5 mg/kg
(&), lidocaine 5.0 mg/kg (1), lidocaine 10.0
mg/kg (EN). Also indicated are the relative
refractory period, RRP, and efifective refractory
period, ERP, for the control and lidocaine 10.0

mg/kg.
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Fig. 10B. . The effect of lidocaine on the conduction time of
ektrasystoleés (S'M'gy) to an epicardial regording
electrode’ from an” epicardial stimulating :

~ electrode approximately 3.5 cm away. Basic cycle
length = 800’ms§x Symbols as in Fig. 10A.

Control = (0).
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Fig. 11A. Conduction times of extrasystoles to an endo-
~~ cardial electrode under control conditions (@),

and after lidocaine '1.25 mg/kg (x). Same as Fig.
10A but containing the curve for the lowest dose

. of lidocaine only. MCT +10, 20, 30 and 40

represent the points on the control curve where

conduction times have increases 10, 26, 30 and

40 ms above the minimum conduction time (MCTgp,).



110
%
100
- __ 904
w
£ |
; . 801
w
701
60
::: Ll = L] 1 Ll
. 100 150 200 250 ) 300 350
8S” ('ms) »
SN .
. / L )
. \ 5 , 5 o .
* o, e 9

Fig. 11*13\S Conductlonxgizzﬁ of extrasystoles td an

epicardial e trode under control condltlons -

(0), and #&fter lidocaine } .25 mg/kg (x). ' Same.
as Fig. 10B but containing the curve r <«he - )
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and 40 r gsent the points on the n$rol curve
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~ .{Wls and conduction times (CT) in different dogs varied

~

»
“
[

.

© of extrasystoles. the effect of dlsopyram;de on*the

' both .On' the abscissa and the ordinate. We_ therefore chose

to measure conduction times at arbitrarily defined coupling

intervals before and after lidocaine administratio . 'The

coupling intervals, at which ‘neasurements were mége were -
e i

.~
¢ v

2

the MCT.' These 901nts are ludlcatedﬂln F;g. 11. This

drug. leocalne caused 51gn1flcant {p< -01) speedlng ff

-

e 42
;

conductlon éﬁathe coupllng intervals at whlch control CT had "
nd MCT +40 ms at the endocardlal electro e: \

been MCT +30

occurred in 6/8 dogs glven LO mg/kg ot the«drug S

A

3

-

. = . &
ol '

1

conductlon time between an endocardlal stlmuhatkng elect.ode

- and a dlstal endocardlal recordlpg electrode (SI;QS)% and c,

Pig. 9), Was studied. Endocardt7l conductldm txmes ﬁo one

-

exper1ment are plotted as, a functlon of coupling. rnterval
for‘qbntror cond;tloms and fér two doses of ﬁhsdpyra@ide in

Flg. 12A. Dlsopyramlde caused a dose dependent shLﬂt ko the
L - ,,. ‘.

- t

rlght of the conductlon curves 1ncrea51ng the ERmeg?m a_ X ?

control value of 204 ms to 221.ms at lmm‘mg/kg amd %@ 224 ms

k) w

-
. .

r - v »

- t

%

- 111) Effect oﬁ~dlsopyram1de on endocardlai con ue 1oh~‘

»

2

kS

-
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, TABLE 1: Effect of lidocaine, 1.25 mg/kg, qn conduction

I -

4 4
-
-

%

4

0y
’

v
\

times of extrasystoles of short coupling
intervals.

I
Endogardium - MCT +10% +20 +30 +40
Mean Diff. <. T ~2.4 -4.1 ~4.6
SDaifR ®7 2.3 3.9 3.7 T 4.0
t ] ' .8589 "1.736 3.100 3.072
p** N.S. N.S\ .01 .01
N =.8 3 o
. ) fg t
" %

LR ‘

Epicardium MC& +i0* +20 +30 ,\+40
Mean Diff. 4.1 : -2.7 -4.4 -5.0
z'Sde_ff 3.7 . 4.1 6.0 5.3
& . -.113 1.842 2.100 2.467
-pfeg:_ T HaS. " rN.s.: ) .05 .05
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'Fig. 12A.

64.

. T | —
150 200 250 300 350 ,400

s  (ms) - o
% .

Effect of‘ﬁgg;pyramide on the relationship
between conduction time and.coupling interval of
extrasystoles in a representative experiment.

. = 'The ordinate 8' M'sn, represents endocardial

[

conduction times, the absgissa, 55', the interyal
betwequthe last reqular stimulus and the test
stimulu Control ( @ ), disopyramide 1.0 mg/kg
(2& ), disopyramide 3.0 mg/kg ( ¢ ). . Basic
gycle length -800. ms. %>

I -~

I3
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at 3.0 mg/kg. Thuéypt any given'extrasystole coupling

interval that falls w1th1n the RRP)the conduction time after

the drug is greater than during control. The dashed line in
the figure represents a ceupllng interval within the RRP,
250 ms. At this coupllng)lnterval conductlon times are 42,

53, and 59 ms for control and dlsopyramlde 1.0 and 3.0 mg/kg

respectively. Disopyramide 3.0‘mé/kg caused additionakl t

7 IS '
slowing of conduction which is not interval related but was

also éeen at loi coupling intervals (greater-than 300 ms).
) ‘ -

) &
This is seen a¥Pan increase in the MCT. The-increase in MCT

.

due to 1.0 mg/kg disopyramide is within experimentgl error

and not significant.

~

’ . 'r i3 . ‘
In order to normalize data'between animals, conduction

times for each animal wedre calculated relative to the EkP, a

]l

coupling interval which could be accurately defined in each

animal. Conduction times were determined at the ERP, ERP

- <

+5, +10, +20, +30,1s40, +60, +80, and +100 ms.. The data___ g
, g [ .

averaged for the group of 8 animals at each one dbf these

intervq%s 1s presented "in Fig. 12B. The average ERP values

for control and drug conditions were used as a refergPég_ '

-

point for plotting. The mean ERP for control was 197 mgw

This was increased to 204 ms with disopyrami mg/kg and
. ’ b a N L3
‘te 211 ms with 3.0 mg/kg. These ERP values é@e confalned f*

. *Y .

brackets in, the figure. Non-interval relatga'slowing of .

!

conduction by dlsmpyramlde 3.0 mg(kg is ev1dent as an . L S
~ 4 -

A 2

1ncrease in MCTsin the flgure. .

) 2
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Fﬁg.:12B. Efﬁect of’%%sopyramlde ®n the,relatlonshlp :
' between conduction time and coupling intérval of

-~

. N xtra)systoles. Conduqtlon times weré meashred. ;
. ! over a distance of apptoximately 3.5 cm at the’. .
.. coupling interval whigh defined the effetive - ~
¥ ‘réefractery perjod (ERR), and at coupling - ..
) . dntervals-5, 10, 7207 30, 40; 60; BO ahd-100 ms v
above*the ERP. TH% curvbs.represent average =+~
. conﬁucthn times for 8 animals. The averagesERP

as
.

- + cong i#ions,. and- two doses Of drsopyramlde. - ;:
RO COntro LL207), dlsquramade 1w5fhg/kg (&), - .-
N yramide ‘3,0 mg/kg~(<.r).a.BaSLC«cycle length.=
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Although dlsopjramlde caused slowed conduction of
LY v y A '

extkasystoles 1t did not'cﬁenge the manner in which the.
5
heart conducted extrasystoles whlle 1t was refractory. ThlS

may. be concluded ftom.a parallel sblft to the rlght of the
curves 1ntf1§ure~123. (Conductlon duraing refrectorlness,
CDR, &as the seme dutlng the drug-as 1t WEs foricontfol),
| The actions of, K disopyramide on endocardlel»?onductlon
Iarenmofe readily apprec1ateéﬂwhen condugtion times ere‘

. - \ y

)

-plotted logar1thm1cally as shown 1in EFig. 13, The upper part

of the flgure is a replica of Flg. 12B plotted
o W
l&garlthmlcally. The solid lines 1n the lower part of Flg.

»

‘13 are plots of the change 1n conduction ‘time (ACT) above

the minimum conductlon time (MCT) 'determined under contynl

"dbnditions. For any given_coupling 1interval the change 1n
D ,

. cqnauctlon t;me is greater”for dlsopyramlde treatment than'

| . N

for control ThlS was observed to be -a dose dependent

PR

phenomenon.” The parallel shift to the rlght by disopyna
’ |

[
]

-o£ the A;CT ‘plot wzthout a change in slope indicates that
X «
the drug/increases the ERP and thus the absolute .

refractoriness ,0f the beart but does not change conduction

®

duriné’refractorlness (CDR). The drqg increased - the

. conduction time at the ERP;«sovthat thre ,maximum conduction

tlmel(CTmax) in the burkhnje system was increased in a,

'

'dose-dependent mannerq For disopyramide 3.0 ﬁé/kg the
1 LI
1ncrease in CTmax is equlwqient tO‘the 1ncrease in McT'. s

»

1ndlcat1ng\¢he drug not onl
+ )8

rlghtJbut also upwards of the conductlon curves\ QThe

o - ~ » v?., s -
t Ty 3 & i

causes a parallel shlﬁt to the~¢

¢ -
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The upper part of the figureé is a logarlthmlc :
plot “of the effect of disopyramide on the rela-
tionship between endocardial conduction time and
extrasystole coupling intefval. (A logarithmic
plot of the data previously presented in Fig. 12B)
The s0lid lines in thet lower part of the figure '
are plots of the change,k in conduction time. ( A CT)
above the minimum conduction time (MCT) for
control conditions. The broken line represents
the change in conducétion timeé ( A CT) observed for
disopyramide 370 mg/kg above the MCT for. disopyra-"
mide 3,0 mg/kg, not the MCT of control. CThax =
the maximum conduction time achievable, i.e.
conductlon time at the ERP. Controlfr (0), disopy~
‘ramide 1.0 mg/kg ( A ), disopyramide 3.0 mg/kg
A Q ). Ba51c cycle length = 800 ms. n= 8.
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.increase 1n minimium conduction time' (MCT) by 3.0 mg/kg
disopyramide' is represented at the horizontal line in-the

plot\gf ACT in the figure. The broken line in this.figure

represents the’ . Z&CH'for isopyramide 3.0 mg/kg above the

MCT for dlsopyramlde 3.0 mg/k , not the MCT of control.

b) Transmunal conduction time CT) of exﬁrasgstoleé.

T

) o . ) . .
e Transmural conduction time was determined in two

] ~ it

r

" different manners. For aistal stfmulatlon, whether

A

-
. » T

« epicardial qr endocaridal,-when the distance between \

stimulaty electrode and recording electrodes was greater, .°

o f i

than 3 cm, TMCT was taken as the time difference in
N

activation of the epicardrum—and endocardium at the-»

F .
ot ' ¢

»

-

‘ recording electrode. When the heart was driven ﬁfom the é\ -

endocardial tip of the recording electrode, proximal .
) v\

stimulation, TMCT was taken as as, the time from the stimulus

N . ) ,
artifact to the activation of the epicardium at a transmural

"
)
’ Al .

site. ”
i V.f o ct o , - . . v
. . ) .
A
/‘ °” (\ © . .
» *

- i) ‘Transmural.conduction time determined during

%

Fe distal stiﬁplation: effects of liddcaine and disopyramide. .

- » . . ‘ -
4 ~ - -
. . - , - Je
° - -
| s - N
o

3 Agﬂf’”’ Transmural COnductlon time was' plotted against the
LY :”’"h A

-

¥$
“ “’9 q@ﬁphgng 1ntervafv seen” at the endocardial electrode, -4

a.
"J‘A

ﬁj;ﬁjgyfen, (Flgu 14A) TMCT in thls experlment ng determlned

U

”y

aurlng dlstaI eplcardlal stlmulatlon (51té A, Flg. 9) and

an . > - 1

"‘f 4 . . 4 ~ T e . ¢



Fig. 14A.
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Results from & 51ng1e experlment showlng the . .
) relatlonshlp between transmural cenéhctlom time 4
(TMCT) and -extrasystoles coupling inberval. TM
wad calculated as the differénce between endo~- '
‘ cardial and epicardial. activation times and
plotted relative to the coupling, interval invad-.
,ing the myocardium.at the' endogardial regording
‘site, MM' " The heart was stimulated at.a site, .
on the Ie%t ventricle approximately 3.5 ém £rdm:°
the. recording electrodes..mFRP £ fungtional
1 refractory period,.RRP = the beginning of the
relative refractory berlod (the coupling- 1nterva1
at*which conduction times to the endocard;al .
_electrode first began to increase 'above the .
mlnlmum conduction tlme). Ba51c cycle length
800 ms. Y. . o

> - . .y 4,

-

N ,
P -
R a
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N .
remained constant at 15 ms down to the coupling interval

which marked the beginniﬁg of the RRP, after which 1t

L 4

‘ Decreases in TMCT indicating

decreased to 4 ms (73%).
apparently\éQpernormal condu tlon were observed in.6 of the

8 dogs'qn thls\§er1es and 21/32, dogs when results from other

experiments are ihcluded.. T maximum decreases ih TMCT:

ranged from 5 to 100%. The-very lawge change -in TMCT shown

. in Fig. 14A represents- an extreme case. The decrease in

o

. the Pufk%gje system.

L

distql‘épica;ﬂlalf lectrode (31te A, Flg.

-

transmural conduction time observed hOSt commonly in (Zi)

dogs was 5 - 7 ms or approximately 30%. ..

ip these experiménts the impulse had to travel throuép

a minimum of 3 cm'bfutfséue Béfoyg reaching the recording:
sites. Thus}TMCTIWa§ plotted as a function of the

extrasystole interval redching the endocardium at the

recording site, the ' interval. The shortest coqpled”“
3 - / - L)
extrasystole .entefifg the myocardium at the recording site\,

was determined by thé functional refractory period.(FRg) of

The iefractory periods differed From

thq ERP, FRP +S +10, +20, +30, +40,
7/

+60, +80, and FRP 100 ms. TMC@#&mwefé averaged for the

gy

group of%anlmals a -each of these coupllng 1ntervals._'¢”

¢

L]

J.ntervgls.o Results 1n ggﬁs flgure are average results from

e hd

" a gfbup,of 8 anim% ] 1n whiéh Ehe hearts were dgﬂven from a

-In this grouip
. ¥

LS ; ‘
s . -
- - LIS o -
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14B. Average results from 3 anlﬁals showing the
relationship between transmural conduction time

(TMCT) and coupling interval of extrasystoles.

" Stimulation was carried out from an epi
electrode located approximately 3.5 ¢

- recording “electrodes.

. caoupling inteérval invading the myocardium at the

relative

MM

endocardial recordlng site.

refractory perlod FRP =

" periogd.

RRP

en repres

rdial

from the

ts the

functional refractory
~'Conduction. times were calculated at the

73.

shortest coupllng 1nterva1 invading the myocardium

. at the pecording site, the FRP, and at coupling

intetvals 5, 10, 20, 30, 40, 60, 80 and 100 ms

.,gbﬁve the FRP.

Basic cycle 1ength =

L) e
et ¥

800 ms.

-,
<
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TMCT decreased an average of 3.5 ms at the shortest coupling
interval. Transmural gonductlon time at ths FRP was
compared to TMCT determined at a long coupling interval, 100
ms above the FRP (FRP + 100), using a paired t:test. The
decrease in TMCT was found to be statistically significant
(p¢.01).

Effecﬁg of 'lidocaine on transmural conduction: The

effects of lidocaine on myocardial c&nductlon/gre.shown in

Fig. 15 for one animal for control conditions (data already s

presented 1in~Fig. 14A) plus curves for 2.5 and 10. mg/kg .
lidocaines Lidocailne caused a dose-dependent attenuation of
the_decreasé in TMCT obserygd at ort' coupling intervals,
and increased TMCT at 10 mg/kg. Thg drug ha? littleor no
effect on qyocardlaf c0nduction‘9f extrasystoles with long
coupling intervals. It 1s interesting to note that 'lidocaine
did not shift the coupllﬁg interval at which TMCT began to

. %

decrease. .

4

Effects of disoﬁyramidé on transmural c%pduction time:
Y
The effects of disopyramide on transmural conduction.time,

Y iy .
TMCT, are presented in Fig. l6. Transmural conduction time

1 by
determined, during epicardlalLstimulgtlon (site A, Fig. 9) is

Showh an Fig. 16A and TMCT determined during distal

gndocardia}’stimulation (site B, Fig. 9) 1s shown in Fig.

16B. Data are plotted relative to the FRP as discussed
" above. The mean FRP values for control conditions
(girples), for disopyra@ide 1.0 mg/kg (tridngles) and fory

disopyramide 3.0 mg/kg (diamonds) ére indicated in brackets

-
-
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TMCT (ms)

- i
Fige 15.°
: - transmural conduction time-and coupling interval

rd

-

257 e control
o lidocaine 2.5 mg/kj
. . x lidocaine 10.0 mg/kg ©y
20 ) :
154
10- . 4
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200 250 300 350
, COUPLING INTERVAL, Mgy (ms) -
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Effect of lidocaine on the relationship between

of éxtrasystoles. Shown are results from one
animal for control conditions ( @ ) (da&a~
prevﬂously presented Fig. 14A) and for lidocaine
2.5 mg/kg (-0 ), and lidocaine 10.0 mg/kg {x). y
BaSlc cycle length = 00 ms. . - v

= N

-
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»
Effect of disopyramide on the relationship hetween
transmural conduction time (TMCT) and coupling
interval of extrasystoles. . Panel A represents
TMCT calculated during stimulation .af the heart
from a distal epicardial electrode located
approximately 3.5 cm from the recording
electrodes.electrodes.® Similarly, panel B repre-

sents¥#TMCT calculated during stimulation from.a 2

distal endocar@iial electrode located transmurally
~£o the epicardial stimulating: electrode.

Cénduction times are calculated relative to the
<minimum coupling intervald invading, the myocardlum ‘

at-the recording site, the FRP of:the' ventrlcle/

Control ( 0 ), disopyramide 1.0 mg/kg (& ), *
disopyramide 3.0 mg/kg (¢ ).  Basic cycle length

= 800 ms. n = 8 (See text for full explanation).

~ ) &1
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in the figuré. "The 1.0 mg/kg dose of, the drug had ne effect
on the calculated TMCT. At 3.0 mg/kg however disopyramide
caused an increase in TMCT calculated for lomg coupled

extrasystoles, those greater than FRP + 40 ms. The drug did
‘. ¢ ~
not affect the decrease in TMCT seen at the short coupling

.

L]

intervals. Increases 1n transmural cohduction time proéuégd
he 4
by dlsopyramldé 3.0 mg/kg were analyseld statistically uysing.,

‘the students paired t-test‘at the coupling interval of" FRP

, a "
«+100 ms. The drug caused a significant increase in TMCT at
thais coupling interval during drstal endocardial stimulation

r

(p< .01) with a somewhat less effecf during distal

epicardial stim#fation (p<.10).
., Ny

4
-

'
- .

;
>

, s - ‘."‘ * a IS ) °
1i) Transmural condugtion time determined during

proximal stimulation: Effects of disopyramide.
- ‘ ! . .

.
~

For proximal stimulation the extrasysﬁole“interval
invading the myocardium at tle recording si1te .did not fairst

have to ttrahsverse the Purkinje system in being conducted’

’

from the stimulating electrodes. Therefore the minimum
extrasystole.lﬁferval obtainable at the recorirng electrode'
“was defined by the effective refractory period (ERP) of the ’

myocardium, ‘ﬂonducpion;ﬁimes@acqbss the vehtricular wall -

a . ~ .
from, the stimulating to recording electrodes were calculatedy

for eacH animal relative to!the ERP allowing results to be

' - 1 .
pooled for the group’ of animals. Cond(&tion times were .

4

.detefmined at the ERP, ERP,+5, +10, +20, +30, +40,:+60, +80,

- o R .
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and ERﬁ +100 ms. qu. 17 containg the results for TMCT
L]

determined at these coupling 1ntjfvals'for'a group of 8

+

anlmais (the same 8 anlmals‘ﬁn which TMCT was determined
~@ur1ng distal stlmulatlon, Fig. 14B and Flg 16A and 16B).
The flgure contains data determihed durlné”control ¢

conditions (open circles) and after disopyramide 3.0 mg/kg
(diamonds). " Conduction tlmes were plotted relatlve to thelr,’

L

corresponding: ERP value.” Control TMCT'S were plottéd , «

¥

relative to the meidn ERP for control and TM@T'S for

i

alsopyramlde 3.0 mg/kg'Were plotted relative to the mean™ERP h i.
for this dosage of ‘tHe drug. Dutring pr9x1mal“s£1mqlatlonia . E ~
decrease in TMCT,/apparent supernormal cdﬁ?ﬁctlon, was ;qver
observed.. Rather, an 1ncreése in TMCT was observed.at sﬁG}t

< v N »
coupling intervals, 1.e. ERP +20 ms, as the relative
refractéry period of the‘myocar um was @ntered.“1Thls' ]
fncrease in TMCT arways occurred at a coupllng lnterval that
was shorter tpan the FRP of the Purkxnje system. This
phenomenon can be seen by compérlng Fig. l7~with panels A or A

B of Fig. 16. -Thus during Purkinje activation of the '
ventricle the extrasystole interval 1nvading the myocardihm.\\\
is limited by the "gating"™ function of the Purkinje, such

that the myocardiuﬁ never becomes refractorf‘and never -
i - J . Y ®
displays slowed conduction. This relationship is unchanged
. .

after' 3.0 mg/kg disopyramide which caused an increase in ERP

of the myocardium (Fig. 17) but caused eghivalentrlncreasgs .

in the FRP of the purkinjs system (panels A and B, Fig: 16).
{

-

N ~
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Fig. 17. Effect of disopyramide on the relationship between
transmuiral conduction time (TMCT) calculated :
during proximal -stimulation and coupling
interval of extrasystoles. TMCT was calculated
as the time required for a stimulus delivered to
the endocardium to travel across the heart wall t
the epicardial surface. Conduction times were
measured at the. coypling®interval which defined
the effective refractory period, ERP, and at coup-

“ting intervals 3, 10, 20, 30, 40, 60, 80 and 100
ms above the ERP. The average ERP values for

o ¢ control and dlsopyramlde 3.0 mg/kg are. indicated
in brackets in the figure. Control ( 0 ), .

: disopyramide 3.0 mg/kg { ¢ )./ Basic cycle length
. = 800 ms. n = 8§,
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Disopyramide, 3.0 mg/kg caused an anrease in ?MCT at,
all couplinyg intervals in addition to tﬁ; increase 1t
produced in the ERP. The effect of disopyramide &Q TMCT was
a%sessed at one coupling interval, ERP + iOOCms, uging the

students paired t-test. At this coupling interval
- . - #
disopyramide causgd a i1ncrease 1n TMCT whikh was significant
Y ‘,m )

at the (p<¢.05) lgbel. v

&

Y

+ The effects of lidocaine on TMCT détermined during
-
proximal stimulation were not explored because of the time

.

constraints gf‘this project. . .
$ . {

- ’ @ '

-

. 1 4

c) Intramural conduction of extrasyétoles:

'
v

[

- ]

'

. <] 1) 'Distal;bplcardlaL §t1mu1at16n. In order to try,
and d?Yermlne“the éausg pf the hecrease'in TMCT observed at
short coupling 1ntervéls a ﬁgﬁé?ding electrode with 5
bipolar record{ng sites wag Used to observe intramural ,t

activation during extrasystoles. The heart was stimg}ate

~ \

from the four different locations indicated tin Fig. 9 to .

determine whether Purkinje ‘activatioh of the heart wall at

the recording -site was necessary for the observed decrease.

in TMCT or whether it was a property of the-myqfafaium, S

proper. Conduction times of extrasystoles to the five . 7

~ s - o

recording sites ffom a distal epicardial stimulating °° - -

electrode (site A Fig. 9) located at the base of thqfﬁeart

are shown 1n\F%P. 18A in which the conduction times are -

plotted as a function of couplng interval of thé »
L

-
- Al
" . -«
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T : v
Relationship between conduction time and coupling
interval of extrasystoles. The five curves
represent conduction times to five intramural
recording sites from an epicardial stimulating
electrede located at a distance of approximately
3.5 cm. The endocardial electrode ks the first

" to be activated with the remainder being

activated in a sequential fashion from the endo-
cardi to the epicardium. Conduction times 'were
measured at the coupling interval which defined
the effective refractory period, ERPR, and at c
coupling intervals .5, 10, 20, 30, (40, 60, B0 and
100 ms above the ERP. The curves represent
results averaged for 8 animalih. The average ERP.
value, imdicated in brackets, was 190 ns.
Transmural conduction time, TMCT, was calculated
as the time,difference between activation of the
endocardial and epicardial electrodes.
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extrasystoles. ‘As the relatioqshlp between couplingw
intervals and conduction. time varied bo}h'ﬁﬁ the abscissa
ané ordinate betwgen an1malé7data wa; normallzed for the 8
animals relative to the ERP. Condlction times 1in each
animal were ‘determined at the effective refractory éeflod

v &
and, at the coupling 1intervals which corresponded to the ERP
+ 5, 104'!20, 30, 40, 60, 80 and ERP-+-100 ms. Average.
results for the 8 animals gre‘plotted in the flguré. The

.

mean ERP value, was 190 ms for stimulation from the 1/

q Al
epircardial site A shown 1in the inset of the figure. (The

inset is a reproduction of Fig. 9).

* The peartféail was activated sequentially from the
N .

endqQcardium to-~the epigardium. The difference between

epicardial and endobardial activation, the transmural
conduction time (TMCT), is indjcated in Fig. 18A. The
average.value for TMCT was 17 ms at long'coupllng intervals
{ > ERP + 60) but as the‘reléﬁlve refractory period of the
ventricle was ;ntered and conduction times to all recording
sites 1increased, the lower two curves 1n the figure .
Lpproached each other %eﬁhltlng in a decrease in the
measured TMCT value (brev1ously presented in Fig.. 16A).

- This decrease in TMCT or "apparent,supernormal conduc-
tion" within the myocardium’was dye to a disproportionate
increase 1n conduction time to the eléctrode located ;t Ehé

endocardium 'and not to any of the others. Note that 1in

Fig. 18A, the conduction time between the endocardial

-

82,

h
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v f‘ <
electrode and the electrod? lotated in the sub-endo%ﬁrdium $

. I . . .
(the two lower .curves) appearé'to dqcFease at thée* short

coupling intervals whereas®the distance between other curves

T »
e - & v

.

a
xemains constant. In‘2/8 experiments there was a revenéfl
1n activation sequence in these electrodes with the more .

@ central electrode pair Selng activated before fthe ’ * .

! IS
v
-~ -

1 v
endocardial pair. - This caused a ¢ross over of their y

] ‘ “ R «
coiduction curves as seen in Fig. 18B which shows resuilts

» .

. from one of these experiment. The condugtion times between . .

other electrode sites remalms constant at all coupling

e,

~ intervals. A " .
+ . /7
f The conduction times between coh@égu%ive intramural

electrodes, the*differences between the curves in Fig. 18A,w
are plottéd as a function of cQPpling interval in Fig. 19.
- [ o

THe solid circles represént the conduction tihe between thé

endaocardial electrode and the immed;atelf adjacent electrode
. ¢ 7

located intramurally: This conduction time decreases

<

- LI -4 4
ifeadlly as the ERP in approached. The conduction times
: &

F -
bl

between other pairs of electrodes (indicatéd by the open
/ . *
symbols) do not change, ( within measurement error) with

extrasystole interval indicating that\tpe muscle never

- -

became refractory n at the shorbestXextrasYstoles. The - -

differences' 1n conduction times observed between different

- L

pa}rs of electrodes is due to different diStances between
. - " 1 A 4

electrode pairs rathexr than variations in cdnduc¢tion .

[N L

-\} velocity of the myocardium i.e. the open circles represent . -

conduction time over a 1 mm distance whereas the triangles.
L] - MI

\ - ¢
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A diagram céntalning similar curves to those -
presented in-"Fig.: 18A but for a single animal
only. Conduction times 'to five 1ntramurql
repordlng sites are plotted as a function of the
coupllng interval delivered to the heart at an
epicardial site located approximately 3.5 cm from
the recording’ electrodes Conduction time to
the endocardial electrod 5 represented by °~
circles} and to all bther electrodes by dots.

+,The Heart: waﬁl was activated in a sequential

manner from the endocardium to’ the. epicardium at
tong coupllng Intervals but at short coupllng
intervals the activatidn of" thé endocardial
‘electrode followed, and not preceded the -
activation .of ' the adjacent electrode.located in 2:
-mm away in the sub-endocardium. Basic cycle .
"length = 800 ms. v -

5

.
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Conduction times between adjacent electrodes of a-
multicontact needle electrode as a function of
extigsystole coupling interval. Conduction times
are™those determined over 2 mm segments of the
left ventricular wall from the endocardium 'to the
églcardlum. 1.e. the difference between the curves
of Fig. 18A. The heart was stimulated at an epi-
eardial site located approximately 3.5 cm from the
multicontact electrode. Basic cycle length = 800
ms. Conduction times were calculated at the
coupling interval definihg the ERP and at coupling
intervals %, 10, 20, 30, 40, 60, 80 and 100 ms
ahove the ERP. n = 8.



= . N A
and squares are conduction times Qver 2 mm sections of

myocardium. A , o
rd - *
©0 i1) Dlstal endocardial stimulation. . The heart was

ES
v

stlmulated at an endocardfgl site located at the base of the -

’ ?

[/ heart (site B, Fig. 4@) Conduction tlmes to the 5

:
‘ . .

intramural sites fgi endocardial §t£muLatlon are presenteéd

el sates fo8

in Fig. 20 which .alse includes the results for.epicardial

y stimulathgn prev1ouslympre3ented.lﬁ Fig. 18A. Conduction -

@

¢ . .
times from both -sites of stimulation breéplotted relative to

the gRP. The average ERP value for endocardial stimulation
A% \a . * B ) . [
i was 197 ms vs 190 ms for epicardial ’stimulation causing a
. Nt
shift to the right of the ‘cyrves for the former. However,

the shapes of the' curves for both sites of stimulation acg

N .
s 2 " -

. 1dentical indicating extrasystoles were conducted in a’

~ ~ v ——

similar manner to the recording electrode. The "apparent" {j

N supernormal conduction which 1s due to therdisproportionate f h
increase in conduction time to the endoce}dlai electrode at .

b v ‘- 4

. . -
short coupled éxtrasystoles 1s seerd for stlmulation from

both distal sites. There are however 2 ‘fferences in the

curves for endocardlal vs ep1card1al stlmulatlon. .
- 1) The conduction tlme to any one of the recordlng sites was

.16 ms less during endocardial stimulation. This 1is to be ~ '
) !

- »

4 N -7
expected as 16 s is the yalue calculated for the transmural

- -

conduction time. Thus during epicardial stimulation the
signal has, first to propagate across the ventricular wall to

. the endocardluq‘before it is p%opagated to the distal

e

recordldg electrode.

- "
~
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Fig. 20. Relationship between conduction time and coupling
' interval of extrasystoles. The five curves
(broken lines) represent eonduction times to 5
intramural recording sites from and endocardial ,
stimulata electrode located at a distanee of |
- approximatély 3.5 cm from the recording-electrode.
The five solid curves represent conduction times .
from an epicardial 'stimulating electrode located
transmurally. to the endocardial® stimulating
electrode (previously, presented in Fig. 18A}. ‘
+Conduction times were calg¢ulated at the coupling
interval defining the effective refractory period,
ERP, and at' coupling intervals up to 100 ms ,above
the ERP. Results.shown .are average values .
determined for 8 animals. The mean ERP for
. epicardial stimulation was 190 ms’and for
» endocardial stimulation 197 ms. . This caused .
a shift to the right of the plot for endocardial
, stimulation. RRP = relative refractory period,
ACT = increase jin conduction time during the "- .
R refractory period. Basic cycle léngth = 800 ms.
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AFIOD resulted in a greater increase in

A\CT)‘above the minimum conductlon time

L

o 3

“
-

of conductlon seen with eplcardlal :

ht to be due tp the ‘differences 1n ERP

additidonal slow1n

. ,
‘(stlmulatlon 1s

3

**  showr! to ex1st between the endocardluﬁvhnd eplcarg‘Um asﬁﬁ?

. ‘ g .
expLalped an the d1sduss10n. .. \} .
Y o « o

LY R

o 11i) Proximal éndocardial stimplation. In.Srder

- to study myocardial conductlon exclusiveiy, Ehe hearts weére .

<

stlmulated very close:to the recordlng electrodes, 1.e. -at

o~ " .

the endocardial or eplcardlal end of the mu1t1c0nbact

) | . ‘;4\"

»

l’

recordlng elactrode (51tes C'or D, F1g 9) Conduction 52;5“

of the wavefront in a difection perpendlguiar to é%gQ? )

,

® plcard&al surface (along the length of the”recordlng
. . /“%'2“" "*\h\ ¥ .
‘needle) ‘was determined at dLstances of approx1mate1y 2, 4,
P €

6, and 8 mm from-the site of ?tlmulatlon. A*plot of these

conduction times agga function of cp&bling interval for"“ -

N * ! ¢ -

endocardial stimulation (site C-Fig. 99 is shown in" - -

. N ® 3

I

Fxg. 2&. In,order.to aéerage regults coupling interva

-

again expreesed‘relatlve to- the ERP. There are only fouy -
- ~ * [ . {

-

site was used for stimulation. Conduction tlmes be

-

1ntramura1 recording sites correspond well tQ those seen

when the heart was activated vla the Purkinje sys m durlng
» “ *r
*dlstal stlmulatlon (shown as’ shaded areas in the, right hand

A s

- margln of Flg. 21). Therlower curve in Figs 21 represents ..

iy . i v
conduction t1me between the stimulating electrode and

-4 LEY
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Fig. 2}. Intramural condudtion times ‘as a function of
. extrasystole coupling interval. The,heart was
stimulated from the endocardial tip of a multi-
.contact needle electrode (proximal stimulation)
and conduction tinles of the wave front as it
pbropagated towards the epicardium were determined
.o at four recording sites located at 2 mm intervals
along the ‘lerigth,of the needle. Transmural )
» . conduction time, was measured as the time
between the stimw@lus.artifact and epicardial .
‘\ i adtivation. Comduction times between consecutive
“récording electrodes determined when the heart was
. stimulated from an electrode located
. approximately 3.5 cm from the multicontact -
electrode (distal stimylation): are indicated by
‘ the shaded-aréas at the right of the figure. ‘The
calculated value for the latency in propagation of
the waveFfront is also indicated. Conduction times
were calculated relative -to the ERP as in previous
figures. The_curves represent average results from
- -8 agimals. Basic cycle length = 800 ms.

.
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nearest recording electrode %pcated at a distance oﬁ

2 mm. Because this distance 1S so small "a large

v

per¢entage of the measured conduction time between the two

Y

electrodes will be due to the. latency at the site of

S ‘« &

stimulation. An estimate o§ the conduction tlme;bethen

these electrodes can be derived from the resngg obta1nedf

when the heart was’ stimulated from a distal site. For long

coupling intervals thas conduction time was 4 ms as shown by

the solid circles 1in Fig. 19. This value was transcribed

=

into’ Fig. 21 and 1s indicated Sy the sol:id llﬁe-ln the lower
right hand corner of flgure. Thus, the observed condyction
time = the known conduction time = latency. The valu;
obtained for latency at the stimulug site 1s 6 ms. This
value 1s similar to a 3-5'ms laten described by Durrgr et
E;.r(30)u Under. no circumstances were rapid conductlop '

- v

velocities observéd in the endocardial layers. This résult

-~ N "

;ﬁggestE‘Purklnje penet;atlén and/or conduction does,not

extend into the myocardium from the endocardium as

}

originally pfﬁposed by Durrer et al. (29, 30).
- . . 3
Céhductuon timeés to.each elec;;oae site' remain constant

down to a codpling 1interval of approximately 20 ms above the
ERP. Shorte# coupled extrasystoleg fell within ppe RRP of
the myocardium and conduction ihcreased in the refractory

+

tissue reaching a maximum at the ERP. The 1lncrease 1n

conduction time ( A CT) during the RRP had occurred by -the

-

time the wavefront reached the first recqrding electrode

(within 3 mm distance) and no further slowing of cgonduction

-

\ ' -
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o
>
o

. between the curves of Fig. 21, as a function of coupling
i

» o
-
’ v

ocqurred as indieated by the parallel slope of the curves 1ﬁ

Fig. 21. fﬁis fact 1s shown more clearly ln Flg. 22 which 1s
i @
a.plot of inter-electrode conductiohn tlmeq the dlfference

v %
h

interval. ?he only conduction time that increases at short’

-
L]

eoupled extrasystoles 1s the conduction time between.the .~

E

sfimulating electrode and closest pair of recording
. ° . l\
‘electrodes, indicated by the filled circles 1in the figure.,

These results are cons1stent with earlier results of~van Dam

¥

et al. (105) who demonstrated the slowing of conductlon
< =

in refractory cardrac nuscle 1s conflned to a 3 mm distance

-

surrounding the stlmulétlng electrode. All other o

'
inter-electrode conduction times~remain constant.. The small
. N A ] <
conduction time of 2 ms i1ndicated by open circle representg

-conduction time over a 1 mm distance. The 6 - 7 ms values

repgesentﬂconduct;on times over a 2 mm myocardial distance.

N

lv) Proximal'epicardial stimulation. 3
Intramyocar@1al conduction from an eplcardial stimulation
site was studied in 3 of 8 animals. Conduction time to'the
four recordlné sites are presented as the solid lipes 1n4
‘Fig. 25; the broken lines represent the correspondlng curv?s
for endocardial* stimulation that héve been prev1ohsly
présented in Fig. 21. Conduction times during epicardial
stimulatlo% appear less tharf those for endocardial ?
stimulation at long coupling fnt%?ij;s but the difference
falls within the experlmenqga error. -‘There Was however a

greater 1ncrease 1in conduction time (A°CT) above the
. ]

»

o

-
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-
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The curves in this figure represent the time
difference between the curves of Fig. 21, i.e.
conduction times between consecutive recording

sites of a multicontact needle electrode during

stimulation of the heart from the endocardial

tip of the needle electrode. Conduction times

were calculated at the coupling interval defining
e effective refractory period, ERP, and coupling
tervals up to 100 ms above the ERP. Results

shown are average results for 8 animals. Basic

cycle length = 800 ms.

i
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Conduction~ times to four intramural recording sites
as a function of extrasystole coupling interval,
The broken curves represent conduction times during
endocardial stimulation previously presepted in
Fig. 21 and the solid curves represent
gcorresponding. conduction times during epicardial
stimulation. Conduction times were calculated at
the coupling interval defining the *ERP and at
coupling intervals up 'to 100 ms above the ERP.
curves represent results averaged for 8 animals.
The average ERP f&6r" epicardial stimulation was 191
ms and 201 ms for endocardial stimulation causing a
shift to the right of the latter. Basic cycle
length = 800 ms. (See text for full explanation). ,

The
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minimum cogduction time (MCT) achlgged at shqQrt coupling

intlervals during epaicardial stimulation. Thisifesult 1s

consistant with the results obtalned during distal

! N
stimulation (Fig. 20).

o - ’ : N
. 7 ‘e
Lo, - .
! * 4
d) Refractory periods as a. function of site of

-

"

. stimulation. >

1) Control Conditions: The relative refractory &
v "

period (RRP). The relative refractory period was calculated

P H LI

as the 1interval between the ERP and the coubling interval at

which the conduction time of extrasystoles first began to .

-

exceed the minimum conduction time by more than 2 ms. The

relative refractory perlog determined at an endocardial

e

recording electrode[ site C:1in Fig." 24, was a function of
where the heart was dtimulated, as 1sishown in the figure.

When the heart was stimulated from a distal electrode, site-

A or B shown 1n the inset, the relative refractory period

had values of 45 ms for eplcard1a1~stimulat10n and 35 ms for

endocardial stimulation. During stimulation through an.

electrode proximal to the recording electrode, within 2 mm
¥

of site C, the relative refractory period had a measured ,

EN

yalue of 9 ms which was significantly less than the &RP

measured Auring stimulation from either%istal sites A or B

-

as detefmined syLANOVA. In 3 experiments the RRP was .

.

determined within a 2‘mm distance of.anr epicardial

stimulating %lectrode (site D). The average RRP determined

-

2 ”+
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Fig. 24’

v

-

\{
A

20 ) .

I .
A :

RELATIVE REFRACTORY PERIOD (ms)

:8 n= n=8 n=3

0 a b c d 2
1 1 1
distal proximal \\

SITE OF STIMULATION

* ‘

© .
Relationship between’ the length of the relative »

" refractory period (RRP) and the distance between

stimulating and recording electrodes. The RRP was
determined at the endocardial site C when the heart
was driven from 3 sites; distal sites A and B
located approximately 3.5 cm from site C, and a
proximal site within 2 mm of site C. Also in 3
experiments the RRP was measured at the epicardial ,
site D during proximal stimulation.

¥ =p <.05, ** = p < ,01. Basic cyéle length

800 ms. Bars indicate * s.e.m.

; , ‘
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J |
for these 3 expgriments 1s also presented in Fig, 24 ,
although \Q&E/diitéjwas not compared statistically with the

.others. ’ Y/

The functional refractory period (FRP).:+ The functional

refractory~period was defined as the minimum\amterval
R . .

achlev;bJe between two conducted beats. The data in Fig. 25
are FRP values measured at the endocardium, site C 1h the"’
1nset. .When the, distance between strmulating and record%ng
electrodes was gr?ater than 3.0 cem., 1.e. during distal

stimulation from site A or B, the conduction pathyay,bé%ween

the +two invglved the specialized conduqtloﬁ system. The FRP

determined during distal stimulation was 223 ms when the

Kieart was driven from the epicardium and 220 ms when driven

from the endocardium. These values are significantly
different from each 'other, p <« .05 as determined by ANOVA.

When the heart was driven from the enddocardium within 2 mm-
of the recording electrode (proximal stimulation) the FRP
measured was 206 ms which was signifrcantly less (p < .01)

N

than either FRP value obtélned,durlngudlstal stmlmulation~

4 - .
(FRP values were compared using ANOVA). The mean FRP value
for proximal epicardial stimulation, site D Fig. 25, 1is that

determined within 2 mm of the stimulating ;lectrode. This

- -
2

measurement was made only 1n 3 experiments. For these three

- Y

experiments there was no significant difference in the FRP -

of the myocardium determined at the epilcardium vs ‘. .

. -
.

endocardaium.
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Relationship between the functional refractory
period (FRP) and distance between stimulating and
recording-electrodes. The FRP was measured 1n 8
experiments .at site C indicated in the inset when
the heart was stimplated from distal electrodes,
site A, (epicardial stimulation) and site B (endo-
cardial stimulation) and also whgn the heart was
driven: from a proximal electrode (located 2 mm from
* * the recording electrode at site C). In 3 experi-
ments the FRP was also determined at the epicardial
site D during ,proximal stimulation. * =p < .05,

** = p < ,0l. Basic cycle length = 800 ms. '
, . Bars indicate *‘s.e.m.
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Effectave refractory perlod (ERP). The effective . .
. r
refractory perlod was calculated for all sltes of o -
ﬂ:‘my
The resukts are shown 1in Fig. 26. :.Endocardial

K

stimulation.
*

. strmu}tlo&’(slﬁes B or¢) rgsﬁf{ed 1n an ERP values which

-

4

v e . L 4 .
‘indicated by horizontal arrows in Fig. 10.. *i1g. 27 shows

PR - ¢ -7 . . ‘- M .
exceeded the ERP for qplcardlal stimulation (site A) as Ky

compared statlsE}pally by ANOVA. The medn ERP determined

for stlmu;atlon at 31te A was 189 G,mgs’tTﬁls wag .
51gn1flcantly less tnan the BRP far¢51te B (5216;:/;;2&Q‘was \xi .
197 ms and site C (pg- OI) which was 200.8 ms . These )
dlfferenges in ERP values between epicardial and endocardial

stlmulatlon are evident 1n'F1gél 20 and 23 where data 1s’

plotted Trelative tﬁathe ERP for the site of stimulation.

¢t A
.,

¢ r1)

t

Eff$ct of };docalne on refractory periods. .

4
The .effect of lidocaine on the RRP determined when the-

- -

heart was driven from a distal epicardral electrode 1is

-

the dose-response curve for lidocaine on the mean ( + S.E.g

duration of the RRP determined at an endocardial site and "a

»

transmurally opposed"eﬁrcard1a1‘51te. The effect of

lidocaine on’ the RRP was avenaged‘fé; five experiments.

Lidocaine significantly increased the duration of the RRP.at

.all except the lowest dose. The RRP was somewhat more 4 .

(] v

prolonged by lidocaine at the epicardial 31té,1nd1cqt1ng a
myocardial as well as Purkinje drug effect. Lidocaine 4id

not change the_funétlonal refractory period (FRP) or the

5

effective refractory period (ERP) tb a statistically

sidnificant degree’ as 1ndicated by the analysis of variance

3 Lo ' ’ »
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EFFECTIVE REFRACTORY PERIOD (ms)
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SITE OF STIMULATION

t

Relationship between the effective refractory
period (-ERP) and the site of stimulation. The ERP
was determined when the heart was driven from the
epicardial sites A and D indicated in the inset and
also during stimulation from the endocardial sites
Band C. * =p < .05, ** zpp < .01l. Basic cycle
length = 800 ms. Bars indicate * s.e.m.
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Fig.._ 27{

ﬁe effect of lidocaine on the relative refractory
period (RRP) determined at an endocardial site (en)
and a transmurally apposed epicardial - -site (ep)
during stimulation from- an epicardial electrode
located approximately 3.5 cm away. Lidocaine, at
doses greater thanl.25 mg/kg causes a significant
incredse in the RRP measured at both sites, * =

P < .05, ** = p < .01l. Basicvcycle length = 800
ms.

0.
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°

rgsul%s presénted in Table 2. Conduction to the epicardium
- = mv
as measured by the ERPep was always limited by the ERPgp-

. i11) Effect of disopyramide on refractory periods.

»

‘ Disop&ramide caused an increase in the effective .

~ ’ ) s Lo x"g
refractory period (ERP) as shown in Fig. 28. * It 1s evideéent
x?‘:\ h 'n m.

that the 3rug produces a dose dependent increase in the ERP

for all sites of stimulation'both endocardial and ‘ .

EA

epicardial. The significange of the drug's effect was

determlﬁed"uslng the paired t-test (one-tailed). Statistics

were not ﬁerformed on results of stlmulgtion from site D

because of the small number of experimepts involved (n = 3

-

vs n'= 7 for other sites of stimulation).
Disopyramide did nQt significantly alter the relative

refractory period (RRP) measured at site C, indicated 1n the

o

inset of Fig. 29 during stimulation of .the heart from ahy of

2

the three sites A, B, and C. Similarly,,disopyramide'did

e

not affect the RRP measured within 2 mm of the epicar&ial'

»

stimulating electrode at site D. Results are presented for

control conditions and for the two doses of disopyramide.

This lack of drug effect orr the RRP 1S 1n sharp contrast to

‘that of lidocaine wﬁich 7?uéed a dose dependent increase in

B

Ay

the RRP as éhown in Pig. 127. Both drugs cause slowirng "of - ﬁk

extrasystoles at longer coupling intervals than for control

conditions.. Disopyramide, however, increased the ERP by ar

sequivalent amount thus causing no change in the RRP. .

Lidocaine on the contrary, did not change the ERP therefore

caused an increase in -the calculated RRP, . «
. -
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O}TABLE 2: Effect of lidocaine on the

"FRP'and ERP in normal  °
- hearts, N A
. - ¥
* ‘“
’ m Lidocaine (mg/kg)
. ] a
' ~SlcoNTROL=] 1.25 2.5 5.0 *§#10.0 S.E.*L
MEAN FRP t229.7 226.7 225.71 227.0 |234.0 2.3
ep |4 - .
MEAN FRP 232.8 .| 229.2°7] 229.0 227’.5‘ 230.7 1.8 .
aep N N [
N N i % . :
MEAN ERP 185.7 184.4 181.6( 180.4 [182.0 2.3
en IS )
"
* BSE term from ANOVA \ . .
N =25 .
N {
. e .
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Fi§. 28 Effect of "disopyramidé?on the effective refractory
’ peridd (ERP) determined at 2 epicardial (sites A

g . and D) and 2 endocardial (sttes B and C) locations
‘ in the left ventricle.- Open bars = control,

shaded bars = disopyramide 1.0 mg/kg, cross-hatched

bars.= disopyramide 3.0 mg/kg. Basic \cycle length

5,800 ms. ?rrors shown are % s.e.m. * =p < .05,
_p<.9. X , > 2 .
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SITE OF STIMULATION

Fig. 29" Effect of disopyramide on the relative refractory
period (RRP). The RRP was determined at the
endocardial site C during stimulation of the heart .
from one of three locations; distal sites A and B °

-located approximately 3.5 cm from site C, and a
proximal site within 2 mm of site C. Aalso, in 3
experiments, the RRP was determined within 2 mm of

' an epicardial stimulating electrode at site M.
Open bars = control, shaded bars = disopyramide -
1.0 mg/kg, cross-hatched bars = d&iopyramide 3.0

mMg/kg. Basic cycle length = 800 ms. Errors shown
. are "+ s.e.m. ‘
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D{sapyramlde caused a dose dependent increase 1in the
functional fefractory period (FRP) determined during

. /
stimulation for all four sites as shown 1in fig: 30.
4 s

r
%

e

2. Ventricular conduction as a function of -heart rate.

0?
£

‘

3
For dontrol conditions there was no increase 1n either

endocardial or transmural conduction times as the heart rate

"

was 1ncreased from a basic drive interval (SS) of 800 to 250

ms as shown in Fig. 31. A decrease in transmural conduction
i

L]

time siq}lér to the apparent supernqrmal conduction of .o

short-coupled extrasystoles was never seen at high drive

rates. . .

4

< «

B. 'THE ISCHEMIC HEART w . o ¢

-
-

~ . -

1. Continuous electrical activity in acutely ischemic l
: |

myocardium (10 dogs).s .

- »

’ » ’
. ,
‘ll)

P % .
L

Electrical recordings:were made from Iarge areas of the

left ventricle. Composite electrodes were used to make -

LS

bipolar recordings from a 2 cy? area of myocardium in the

region supplied by the left anterior desc¢ending coronary .

& <+

artery (LAD), the ischemic zone (IZ), and also from a more

I
posterior region, one supplied in part by the circumflex

.

artery, the normal zone (NZ). Flg.'32A contains

representative recordings obtained from both composite

v
B
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‘Bffect of 4isopYramide on the functional refractory

period (FRP) determined at an endocardial location
in the left ventricle (site C) during s&imulation
of the heart’ from one of the three locations A, B

and C. Also 'shown
the FRP determined

is the effect of"disopyramide on
within 2 mm of an epicardial

stimulating electrode at site D., Stimulation at

sites C and D were

-achieved via an electrode

located 2 mih from the recording electrode. Open
bars = control, shaded bars = ﬁisopyramide 1.0 mg/
kg, cross-hatched bars = disopﬁb%mlde_3.0 ng/kg.

Basic cycle length

= 800 ms. Errors shown are +

"s.e.m. * =p < .05, * =p . .01l.

~ J
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Relationship between %onductlon times 1n the left
ventricle and heart rate. Endocardial conduction
time {(conduction time over a 3.5 cm pathway to an
endocardial recording electrode) and transmural
conduction time (tonduction time across the
ventricular wall) were calculated during ventric-
ular pacing at basic drive intervals ranging: from
800 ms (75 b.p.m.) down to 250 ms (240 b.p.m.).
Ventricular pacing was achileved via an electrode
sewn to the base of the left ventricle and record-
1ng were made 1n the mid-anterior portion of the
left ventricle. Circles = endocardial conduction
time, squares = transmural conduction time.
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Fig. 32A Effect of 1ischemla on composite eléctrOgrams
recorded from two areas of the lgft ventricle
during sinus rhythm. Top tracing = lead II .EKG; :
tracing #2 = composite electrogram recorded fro
an area of the left ventricle made 1ischemic by
occlusion of the LAD, the ischemic zone (IZ);
tracing #3 = composite electgpgram recorded from

! a non-1schemic* or normal zone (NZ) of the left
ventricle; bottom :tracing = 'blood pressure record-
ed from the femoral artery. -‘The first panel
represents control conditions,; the second panel
was recordegd 2 min after LAD occlusion, the third

‘ panel 3 min following LAD occlusion, and the

- fourth panel 5 min fgllawing LAD occlusion.

|

a
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) ‘ X
electrodes 1n addition to a lead II ECG and blood pressure

tracing.. Under control conditions recordings obtained from

-

bdth_comp051te electrodes are simultaneous sharp biphasic
dgflectlons that fall within the R wave of the ECG.
Occlusion of the left anterlor,descendlng coronary arterx
for 2 min causes fractlgnatlon and‘delayed adtivity in the’
electrogram recorded 1in the‘IZ. This 1s moréifromlnent

after 2.5 minutes of occlusion and 1s accompanled by a

e

decrease 1n amplitude of the signals from the IZ while the
- -

signals in the NZ are not changed from control. Five

minutes after occlusion of the artery the heart produces two

‘Premature ventrléular contractions evidenced in the EC nd

o +

blood pressure tracings. The period between the last normal

' -~

and f1rst'arrhythmlc beat as well as between arrhythmic
beats 1s characterized by continuous electrical activity in
the IZ which bridges the diastolic gap while electrical.

activation in the NZ stil] occurs as a rapid event. The

/

continuous electrical ractivity disappears from the 12 prior
¢

a4 2 2
to resumption of the normal sinus rhythm. .

Results from another similar experiment are pPresented
»1n Fig. 32B. In this experiment a bipolar electrogram was
recorded from the endocardium in the IZ (IZ en) by inserting

a.pair of plunge e;ecérodes into the myocardium through the

composite electrode to a depth of approximatelg 8 mm. Under
f N

cohtrol conditions the endocardial activation preceded

. o

. .
epicardial activiation in the IZ by approximately 20 ms.

Occlusion of the coronary artery for 2.5 minutes as

s ’

2B
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Fig. 32B A figure similar to Fig. 32A but results from

. another animal and with the blood pressure tracing
replaced with an electrogram. Upper tracing =
lead II EKG; IZ epi = composite electrogram
recorded from the area of the left ventricle made
ischemic by occ1u51on of the LAD, the ischemic ’
zone; IZ,, = bipoldr recording made from the
endocardium within the ischemic zone; NZepl =
composite electrogram recorded from the normal -
zone of the left ventricle. The first panel
represents recordings made under control
conditions, the second panel after 2.5 min of LAD
occlusion, the third panel after 5 min LAD occlu-

ion. .
¢



indicated 1in the‘secong panel causes an 1nversion,
N w : ,

fractionation, and delay of the electrogram recorded from
the myocardium in the IZ (IZ epi) but had less affect on the
electrical activation of the endocardium 1in the’IZ and no °

effect on epitardial activation rn the NZ. Six minutes of-

T

occluosion resulted 1h two premature ventricular coptractions

accompanied by contlﬁgpu5$electrlcal activity recorded on:

both traclngs obtained from the'IZ. However, endocardial

.

activation 1n the IZ still dleads all measured epicardial |,

activation during each premature beat. Transmural

conduction pime (TMCT) 1n the IZ, the tlmeabetween

v - .

endocardial actgvatyon and the major deflection in the

owéver the time difference .

I3

eplicardial composite electrogram 1ncreases on each
successive premature beat.

betweeg activation of the endocardium @wn the ‘IZ and the

)

epicdardium :n the NZ remains constant daring the >
4 3 ¢
farrliythmia. This indicates decremental myocardial

conduction exists 1n the infarcted but not normal tissue.

v s

»

2. 1Initial changes in TMCT accoﬁpanylng oronary artery

.

occlusion

.

.

In .order to getla quadiltatlve,assessmeﬁt,of the

- .
. -

¥
PoF
effects of 1schemia on ventricular conduction, ‘conduction

times before and after coronary occlusion were determined 1in
paced hearts 1in which the AV node had been destroyed (a
&

procedure 1dentical to that used to measure ventricular

a
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4 4
condubtion 1n the normal heart described above). The effect

.

up &0 90 minutes of 1ischemia on the two aspects of
veritrrcular conduction, endocardiad conduction and
+ !

transmural conduction, are shown for 4 animals in Fig. 33

{during the, basic drivé rate of 800 ms). Fig. 33A 1indicates

that endocardial conduction-did not change from control

» -]
values 1in any of the four animals even up to 90 minutes of
X ; \

3

ischemia. However, TMCT, shown in Fig. 33B 1ncreased
dramatlcall§~1n 2 animals after ligation of the LAD but did
not change significantly from control in 'the other two. In
the animals whlchwéhoyéd anifncreage in TMCT the cﬁange togk
plage w1thinhthe first 10 minutes of occlusion and no

o
furtper increase wWas observed for the remaining 80 minutes

-~

of OQClu51on. During this 10 minute period electrograms

recorded from the 1schemic zone decreased 1in amplitude and

t X

increased in d?ratlon as reported by others (9, 44, 53, 54,

5

92, 93, 108, 112). Severe ventricular arrhythmias

b

occassionally leading to fibrillation were observed within

this 10 minute 1interval and then subsided coincidently $§th

L3

.an improvement 1in electrograms 1in the IZ. ‘In'arl of the -
four animals a ventricular tachycardia which: exceeded the
basic drive interval developed after 4 minutés of ischemia
whether or not an 1ncfea;e-in TMCT waérggtected. The
arrhythmic ﬁeriods are indicated by| the dashed lines in the

figure. It was, not possible to determine conductjon "times

accurately during this period because-of the arrhythmia.
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TMCT (ms)

LAD OCC (min) ! '

: &

Fig. 33A The effect of 1schemia on endocardial conductdion
. ’ time of non-premature stimuli in the left
ventricle. Ordinate = conduction time f£rom an
epicardial stimulating electyode at the” base of
the heart to an endocardial‘recording electrode
located approximately 3.5 cm away in the ischemic
zone; abscissa = minutes of LAD occlusion. Basic
. - cycle length = 800 ms. Results are presented for

. 4 animals.

Fi1g. 33B The effects of ischemia on transmural conduction
‘. time_ of non-premature stimuli in the left
ventricle. Ordinate = transmural conduction
time in the 1schemic zone; abscissa = minutes of
LAD occlusion. Basic cycle length = 800 ms.
Results are presented for 4 animals.
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Trafismural conduction time was calcdlated in a total of

16 animals during basal drive und control conditions and
after 30 minutes of ischemia. Results are presented in
Table 3. The 1ncreése 1n TMCT due to\ischemia varied widely
from one animal to the next ranging from 0% to an 1ncrease

of over 206%. The result; presented below the dotted line ,//)
in Table 3 are féom animals which showed less than a 10%
increase 1n fMCT, the limits of experimental error. How-

ever, 1n all animals 1in wh;sh an 1ncrease occurred 1t

reaghed a max1muﬁ.by 10 minutes of occlusion and had stabi-
l{;ed by 30 minutes of occlusion. Therefore, any changes 1in
ventricular cénduction produced by injection of drugs after
this 30 minutes period of 1schemia were attributed to the

effects .of the drug. /

3. Rate-dependent changes 1n conduction 1n 1ischemilc

myocardium: potentiation by lidocalne.

The effect of different drive rates on ventricular
conduction under 1ischemic codalt;ons was studied in four
animals. Averaged results for endocardial conduction and
transmural conduction are presented in Fig. 34 for both
control and 1ischemic conditions. Thirty minutes of 1ischemia

ausged 11ttle'orchagge in endocardial conduction at any
ear% rate. Transmural conduction time however was

1ncreased at even the slow heart rates (8S = 800 ms) from

18 to 32 Qg.";?%ﬂihff\further lncﬁeased at fast heart rates

/
\\ ‘i .

& “u -
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TABLE 3: Effect of 30 min 1ischemia on endocardial and
transmural cénduction time in the left ventricle.
g%‘ ‘ ™MCT N sMei’
Exper. #| control| occlusion [% change control occlusiomn
Lc21 9 ‘32 255 63 63
LCO1 17 51 200 56 60
LC35 13 37 184 53 51
LC50 22 40 82 62 © 58
LC43 17 29 71 -58 54
LC44 - 15 23" | 753 59 58
Lcﬁ9| 21 26 24 50 ,iny\;ﬂ
Lc29 * 13 16 23 55 55
LC30, 19 22 16 ' os2 52
LC52 15, 17 13 52 49
Lcas | 23 .| 25 .| 9 |4 52 | s2
LC36 17 18 '6 48 46
LC25 18 19 6 66 " 64
LC46 25 26 4 " 60 60
LCAY 20 20 0 50 51
EC5) 21 21 0. 60 . " 59

k'
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Fig. 34 Effects Of 30 min 1schemiad on the relationship
between conduction time in the left ventpfcle and
heart rate. ¢€ircles = conduction time from an

. - epicardial stimulating electrode to an endocardial
recording electrode approximately 3.5 cm away in
the drea of the ventricle supplied' by the LAD; dots
represent c%;guction time after 30 min LAD occlu-
sion; open .Sguares rYepresented transmural
conduction times under control conditions; solid
squares represent transmural conduction time in
“the ischemic zgne after 30 min LAD Occlusion. The
hearts - were paced at basic drive intervals ranging
from 800 ms (75 b.p.m.) to"250 ms. (240 b.p.m.).

v -



)

. V3 ~ I
" ms, 5 minutes after each‘iq;ectlon of the drug. The effect

(SS 400° ms) up to a maximum of 35 ms at the-grive 1nterval

[P

of 200.ms, However\thls rate—related increase in TMCT was
. . ‘\.,\

found not to be 51gg1f1cant when TMCT values at the 800 ms

w -~ .
drive rate were compared to‘?MCE values at thej;g% ms drive.

a

rate using the stwudents t-test: : }

=.” -The data in Table 3 éUggegﬁ that thetre is a great

4

1nteran1ma1>var1abilfty in the changég.obseryed un .

myocardlal conduction following 30 minutes of coronary
&

arbery occlusion. Table 4 sth% TMCT va&des for 12 animals

.
L}

determlned 30 minutes following LAD occlu31on and after
\\ . -
1nject10ns of lidocaine given at 15 minute intervals oveéer

a

the follow1ng 60 minutes of occlusion. All TMCT .

calculations were made at the basic drlveqinterval of 800 -

’ a \

‘

of lidocaine on TMCT is expressed as % change over the 30
. 4 rd

P . ) .
minute TMCT value for each con!gntration of the drug. These

were compared to the % chénge 1n TMCT due to ischemia alone

Presented (column 1). Although lidocaine increased TMCT id

ischemic tissue while having little effect on TMCT in normal.

L3
-

animals (as shown above), thererwas no good correlation
ol

~

fou between the increase in TMCT due to ischemia alone and
. e

further increases in TMCT due to lidocaine. . Thus lidoecaine

“glows conduction in ischemic more than in normal myocardium
L4

but tﬁe degree of slowing does not aﬁpear to be a function

of the ge to the myocérdium prbdﬁ%ed by isdhemigﬂ ~
Erdocardial condub;ion 8f normally driven beats was not
éhang d'by ;schemia (Table.3) amd lidocaine had no effect on

=

endocandiélvgpnductlon under these conditions. - Wk

A

L ) . 117.
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TABLE 4: Effect of lidocaine on transmural conduction time (TMCT) of n0r¥-
premature stimull in the ischemic left ventricle. The abbreviations
in the table are as follows: O0CC 30,= TMCT after 30 min LAD oceclusion
and %Z change = % change over TMCT control. The numbers 1.25, 2.5,
5.0 and 10.0 represent the dose of lidocaine given at various times
after'30 min LAD occlusfon. The % change indicated with each dose of _
3 ' the drug represents the Z increase in TMCT observed after drug 1njec~ -
tion, over I measured after 30 min occlusion.”
. - Bagsic drive 'interval = 800 ms.
. TMCT
% Z % % y4
Ex. |0CC 30 change|]| 1+25 change { 2.5 chanmge | 5.0 change | 10.0  change
LC
21 32 255 b 33 3 35 9 39 22 44 38
LC o ' .
o1 [ sd  200{| s0 0 4 A 50, ' 0 54 8
s ol ’
LC \ ‘ 7 V’
35 37 184 14 19 ° 57 54 61 65 61 61
ﬂLC ‘ N
.43 .] 29 nl| 3 24 40 37 52 79 54 121
LC !
44 23 © 33 32 39 36 57 38 65 44 © 91
L¢ .
29 16 23 18 13 18 13 19 19 18 13
LC .
30 22 16 22 0 24 9 . 26 18 34 55
LC
52 17 . 13 17 0 16 -6 . ~-16 -6 18 6
LC .
33 25 . 9 29 16 32 28 .33 32 33 32
£ 4, ° — > ’
LC ] ; . '
36 18 6 18 0 22 22 22 22 22 22
Lc | - .
25 |19 6 20 5 21 11 25 32 26 37
| . ‘
LC . .
46 26 4 28 8 .27 7 28 - 8 29 10

v
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The effects of lidocaine on the }eldtlonshlp betheﬁWi
@ * L]
endocardial conduction time and heart rate are shown 1n

- ©

Fig. 35.' Ischemia alqgne did not change Akdocandlal
{ .

conduction time through the infarcted zone' at any heart

' L e

. rate. leocalne\however caused a rate-related increase 1n

endecardial conduction 1in the ischemic area of the highest
‘s 7 -, -

two dosages (Fig. 35A) causing greatest increases 1n )
conduction t#mes at the fastest drive ratges (short basic

rive 1ntervals, SS).
* 4
« .
Transmural conduction time was increased 1n the
T,

\ »

ischemic zone after 30 minutes of i1schemia as discussed

above. It was further irncreased by lidocailne 1in a gose
v

" -

dependent fashion (FHg. 35B). The ddpressant action of
‘ ) N ’
lidocaine on conduction within the 1§éhem1c myocardium was
rate-related with the maximum drud effect @ ng’gbsérved at
I * “ x

A

the highest heart rates. . N

3

hd .
” )’ & » 0
L § -
L 4 'y »
B - .

A. . Interval-dependent changes 1ia conduction-in 1schemic

myocardium: potentiation by lldocalné/and“d1sopyramide. v,

-

Endocardial, conduction. of short\coupled extrasygtolés
- . .
was 1increased 1;\?Hé“rschem1c zone 1n .5/8 dogs studied.
. .
Fig. 36 shows results from one experiment. The greatest

increase 1n endocardial conduction time in this animal was

10 ms (20%) observed with the shortest coupled extraéystole

of 180 TR
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Fig. 35A Effects of lidodaine on the relationship

between heart rate and endocardial conduction

time in the ischemic left ventricle. SM,, =

. conduction time from a stimulating electrodeaat
the base of the ventricde to an endocardial
record’ing electrode located approximately 3.5 cm
away in an area of the ventricle supplied by the-
LAD a“oronary artery; SS basic drive interval;

- ‘ LAD OCC time after occjusion of the LAD

ccron&‘y artery; (B ) =)control conditions;

(M ) = occlusion 30 min; ( & ) occlusion 45 min,

lidocaine 1.25 mg/kg; (V ) occlusion 60 min,

lidocaine 2.5'mg/kg; ( @ ) occlusion, K 75 mln, )

lidocaine’5.0 mg/kg; ( 4 ) occlusion 90 min, >

lidocaine 10.0 mg/kg. n = 4.



Effects of lidocaine on the relationship between
heart rate'and transmural cgnduction time (TMCT)
in the i1schemic left ventrifcle.

«

w
E
-
w
=
—

65

121,

TMCT was measured

in the area, of left ventricle supplied by the LAD
coronary artery when the heart wag paced a differ-

ent rates from an electrode sewn to the base of

the ventricle. SS =
= time in min after occlusion of the LAD coronary
artery; (0O ) = control conditions; (W )

30 min; (A ) = occlusion 45 min,

occlusion
lidocaine
lidocaine
lidocaine
lidocaine

1.25 mg/kg:
2.5 mg/kg;
5.0 mg/kg;
10.0 mg/kg.

(V)

(@
(&
n

)
)

4.

occlusiqn 60 min,
occlusion 75 min,
occlusion 90 min,

basic drive 1interval; LAD OCC
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Effect of ischemia on the relationship between
extrasystole coupling int&rval and ventricular
conduction time in a single experiment. Data
similar tQ that previously presented in Fig. §

but also cvontaining conduction times after 30 .
min of ischemia. The heart was stimulated at

the base’of the left ventgicle. ( © ) = conduc-
tion time under control conditions to. an endo-
cardial electrode located in an area supplied by
the LAD coronary artery; (T ) = conduction time to
a'transmurally opposed epicardial eleéctrode;

( @ ) = conduction time to the endocardial elec-

"' trdde 30 min after LAD occlusion; (M ) = conduc-

tion time to the epicardial electrode 30 min after
LAD occlusion. Y -

4
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Transmural conduction time of extrasystoles increased
“due to 1schemia 1n 5/8 dogs. Unlike the change in

endocardial c0nddétion, this was observed af all coupling

» |4

intervals (Fig. 367). The/increaée in TMCT i@gkhis animal

1

*was 30 ms, representing an increase dk 100%. The average

TMCT observed in the 8 animals 1s présented- in Fig. 37&

Ischemia producéd a mean .Jincrease of 8 ms in TMCT over the

entire f§nge of coupling interval's which was statistically
significant (p « .05). "Also Showﬁ’in Fig. 37“are“thg~

¥
average values for endocardial conduction. Ischemia caused’.

-

- P L.
slowing 6f the short coupled extrasystoles in the PurkKinje

N -
- .

system. ’

“The effect of l}docalne on the conduction of

’ <

extrgsystoles in  the ischemic heart was also studied.. Fig. f

’
rd

i

% 7 ‘ — .
38A is a plot of the aver%ge,éndocardial conduction times '

-

.for the 8 animals, as a function of 'coupling interwal of

. i,
extrasystoles. It summarizes conduction times measured

under control and ischemic conditions presented previeusly

- '1n Figure 37 as well as after Eacq of the four-doses of
&

» lidocaine.’ The 3 Yower doses, 1.25, 2.5, and 5.0 mg/kg qid

s

. not appear to have much effect on endocardial conddction of

extra-systoles over those valués ob;ained’afteri30 minutes
of 1schemia. However, 10 mg/kg did cause sslowing of

midrange and short coup}ed ex%sasystoles. ‘Resultg from an
ANOVA test done on endocardial conduction indicate the arug

caused a significant change in conduction time(p <1.0601ﬁ

‘The results from the ANOVA test are presented in the '

» ’ ’
- *
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Effect of ischemia on* the relationship between
extrasystole coupling interval and conduction
time in the left ventricle averaged for & animals.
(O ) = conduction time under control conditions
from a stimulating electrode located at the base
of thé ventficle to an endocardial electrode
located in the area of the ventricle supplied by
the LAD coronary artery; ( 00 ) = transmural
conductidn time under control conditions in the
area Of the LAD coronary artery; ( @ ) = endocar-
dial condugtion time 30 min after LAD occlusion;
(W ) = transmural conduction time 30 .min after LAD
occlusidbn., Basic cycle length = 800 ms. .

. «
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Fig. 38A Effects of lidocaine on the relationship between
extrasystole coupling interval and endocardial
~eonduction time in the ischemic left ventricle.
S'M'yn = conduction time from a stimulating
electrode at the base of the ventricle to an endo-
cardial recording electrode approximately 3.5 cm
away in an area of the ventricle supplied by the
LAP coronary artery; SS' = interval between.the
last normal and the test-stimulus; LAD OCC =
: time after occlusion of the LAD coronary artery;
(B8 ) = control conditions; ( M) = occlusion 30
min; ( 4 ) occlusion 45 min, lidocaine 1.25 mg/kg;
(W ) = occlusion 60 min, lidocaine 2.5 mg/kg;
@®. ) occlusion 75 min, lidocaine 5.0 mg/kg; (4 )
oaclusion 90 min, lidocaine 10.0 mg/kg. n = 8.

< £
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apbendlx. This effect of lidocaine on endocardial

o .

conduction 1is similar to that described in normal hearts

(Fi1g. 10A). However the actions "of lidocaine on myocardial

.

conduction differs greatly 1n 1schemic vs normal hearts.
Lidocalne markedly depressed conduction of extrasystoles
w1th19 the 1schemic myocardium as illustrated 1in Fig. 38B.

In this figure TMCT 1s plotted for control, 1schemic o

copgrol,aand drug conditions. Each dose of lidocaine caused

an increasd® in TMCT over the value of 23 ms seen at 30

* minutes of LAD occlusion. These increases in.TMCT occurred

even at long coupling intervals whereas the 1increases in

.

. TMCT produced by the drug in the normal heart were limited

to the short coupled extrasystoles. Also the increases 1in
TMCT produced by lidocaine were much greater than in normal
- ?

tissue. Analysis of variance done on TMCT determined at

IS -

each coupling fnngrval and after each dose of lidocaine,

showed TMCT to be significantly increased by ischemia, and

by lidocaine. These results from ANOVA are presented 1in the

appendix.
]

The a@%ion of lidocaine on myocardial conduction was
interval-related aé well as being dose-dependent. The drug‘
caused the greatest slowing of conductioq at the shortest
coupling intervals. Lidocqlne at the two higher doses
removed the "apparent" supernormal transmural conduction
evident at shoré coup{ing'lnte:yals in the control and

ischemic conditions and converted it to su%éormal conduction

at those coupling intervals.
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TMCT (ms)

.

Fig. 38B Effects of lidocaine on the relationship between
extrasystole colipling interval and transmural
conduction time (TMCT) 1in the ischemic left

-ventricle, TMCT was measured in .the area of the
left\ventricle supplied, by the LAD coronary artery
when /the heart was stimulated from an electrode

~ located at the base of the left ventricle. 8S8' =
inferval between the last normal and test stimuli;

OCC = time after occlusion of the LAD coronary:-

rtery; ( B ) = control conditions; (M ) =

occlusron 30 min; { & ) occlusion 45 min, '
lidocaine 1.25 mg/kg, ( ¥ ) occlusion 60 min,
lidocaine™ 2.5 mg/kg; (@ ). = occlusion 75 min,

» lidocaine 5.0 mg/kg; ( @ ) occlusion 90 min,

lidocaine 10 mg/kg. n = 8

l
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* The effects of dlsopyﬁamlde on'conduction within- the
fnfarcted heart were studied 1n one experiment.
Disopyramide like lidocaline appears to have a much greafer
effect in 1schemic than normal heart tissue., Fig. 39 shows
results from this preliminary eXperiment. Disopyramide 3.0
mg/kg 1increased endocardial conduction time (Fig. 39A) over ‘
the control conduction time determined after 30 min of .
occlusion, bver the entire range of coupling intervals. //
Additional slowing of short coupled extrasystoles, less than
250’ms,hls also evident representing an interval-related
effect of the drug. 1In this expefimé;t the heart was
arrhythmic 30 min following LAD occlusion, therefore 1t was
not possible to determine conduction times of extrasystoles
below a coupling interval of 200 ms. D;sopyramlde given 40
min after the LAD occlusion cleared up the arrhythmia, thus
allowing measurement of conduction times during short
coupled extrasystoles. b

A more striking effect of disopyramide is ité'eéfect on
myocardial conduction in the iscﬂemlc zone (Fig. 39B). Even
the lowesi dose of the drug 1 mg/kg, causes a 31gn}ficqnt
incréﬁsé in TMC% during short coupled extrasystoles: This
slowing of conduction 1s extended to longer coupling

[y

intervald at the higher dose of 3.0 mg/kg. -
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Fig. 39A. Effects of disopyramide on the conduction of
. extrasystoles within the ischemic zone of the
left ventricle in a single experiment.
S'M'ando = conduction time from an, epicardial A
stimulating electrode to an endocardidl record-
N ing in the ischemic zone produced by occlusion of
the LAD ceronary artery; S-S' = intérval between
- the last normal stimuli and the test stimyli; °
T - 'x = occlusion 30 min; ( © ,) = occlusion 45 min,
disopyramide 1.0 mg/kg; (@ ) = occlusion 60 min,
v : . disopyramide 3.0 mg/kg. . ) ’
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Effects of aisopyramide on the transmural conduc-
tion time (TMCT) of extrasystoles within the
ischemic zone of the left'ventricle of the same
animal as in Fig. 39A. M-M'apgo = the extra-
systole interval reaching the recording elettrode
_in the ischemic zome from a stimulating electrode
located at the base of the left ventricle. (x) =
occlusion 30 min; (o) = occlusion 45 min, diso-
pyramide 1.0 mg/kg; (®) = occlusion 60 min,
disopyramide 3.0 mg/kg. '
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A, THE NORMAL HEART ¢

¢

'
2

1. Conduction bathway:, Purkinje vs myocardial conduction.

IQ the results described here, attempts were made to
measure two fécets of venErléular conduction. 1)
endocardial or'Purkiﬁge conduction, 2)“ transmufal or muscle
condhctlon, 1;,an 1ln Vvivo preparation., . Experiments were
designed 1n which 2 or méne recordlngs'wgre made from the
ﬁld—angerlor portion of the left ventricle and the dlﬁtance
from the stlmulailng electrode to the recording electrode
was changea. Stimulation from both distal anq proximal
sltes was carried out from an epicardial and endocardial
location 13 order to determine whether the heart was
activated 1n a temporally egquivalent manner, wﬁen activation
originated at the epicardium or endocardium.

Evaluation of the results reported here depends 1n part

on the confidence with which conauctlon times from a distal

site to the endocardial recording site may be considered to

be a measure of donduction in the_ Purkinje system.  There 1is

good evidence thht stimuli were conducted to the endocardial

recording electro and throughout the heart by way of the

endocardial Purkinje network. Firstly, the arrival time at

the endocardlal‘recordlng electrode always preceded that of

¥
the epicardial electrode by 15-20 ms as it did during sinus
»

rhythm.
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* Secondly, the classical eerfiment of Lewis (61) wés

repeated showlng that a 2 mm deep ﬁpansverse cut at the epi-

cardial surface between stimulating and recording electrodes
o [ > .
*~ did not change the 'appearhnce of the electrograms. .

- \

' Thirdly-, the recording sites were always‘mofe'than 3 cm

“from the site of stlmulatioh, a distance which has repeated-
ly been shown by others (61, 64, 63, 100, 106) to be
sufficient' to assure a major contribution of the Purklnjé
system to conduction. ULewis and Rothschild (61) were first
.to suggest that the conduction pathwd& between an epicardial
stimulating electrode and an eplcardial recqrdlng elecyrode
involved a Purkinje as well as muscle component'1f the two
were separated by a distance greater than 2X the thickness.
of the ventricular wall. The left ventricular wall in the
canine heart has a maximum thickness of 10 mm. We therefore

-

always established a distance of greater than 20 mm, in fact
N

greater than 35-mm between epicardial stimulating and

recording electrodes. If the hypothesis were correct the

conduction Elme between two epicardial electrodes should bg

equal to the conduction’ time ‘between’ two traqsmurally
Topposed endocardial electrodes plus 2i the conduction time

v

required for the i1mpulse to cross the ventricular wall

(i.e. the transmural conduction time, TMCT). Referring to
Fig. 9 we can make the following approximations. The
conduction time from points A to D, CT 4, equals the

endocardial conduction CT,. plus the TMCTs' CTay, and CT.g-
- * \
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-

’ ' ~ Al
v 1.e. OTjq = CTpe + (CTyp + CTcd)‘\ ;equatibn 1

4
. A%

&

' \ " o -

By making the second approxrmation that the "distance AB=DC

1L.e. the wall thickness 1s equal of the two locations in the

. heart then

\
£ '

CTag = CTpe + (2X CToq) ) . equation 2

L e . ;
CcT cq was the transmural conductlon tlme calculated in all of

the animals. Using this value for the TMCT, the

.

relationship expressed by equation 2 holds true. Resﬁlts

-

averaged for seven animals are presented 1n Fig. 40. The

upper curve 1n the figure are conduction times between two
epicardial electrodeé A a%d D as a function of extrasystole
coupling interval, The lo&er curve lndiéated by the broken
line 1s an equivalent plot for tﬁe‘éﬁﬁﬁhctlon time between
the two endoéafdlal electrédes, B and C. Data are plotted
relative to the ERP 'for the site of stimulation as explalned
in thedrésults. The time difference between the curves 1is
roughlf 35 ﬁs which is approximately 2 éimes the average
TMCT présented in Fig. 16, and fn agreement with thg
‘prediction 1n equation 2. . v
The ﬁourth point suggestindg ventricular activation via
the éurkinje system is evident 1in Fig. 20. The curves of

.

conduction times to f1ve lﬁframural Yecording sites during

‘

endocardial stlmulatxon (dashed 11nes) have a parallel slope
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conduction pathway. The upper sblld curve
represents the conduction time from a eplcard al
. stimulating electrode located at A to second
epicardial elé&ctrode, D, located approxinately
3.5 cm away as a function of extrasystolé couplin
. interval, The lower broken.curve représents the
) + conduction tim€ from the ehdocardial stimulating
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“to B and C respectively. Conduction times are
plotted at the coupling interval defining the ER
for each sitg of stimulation and at coupling -
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above the ERP. ERP for epicardial stimulation ="
190 ms, ERP for endocardlal stimulation = 197 ms.
n= 8.,
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to those obtalhed Quring epicardial stimulation (solid

.

1lhesY suggéstlng the 1mpulse. reached the recording elec-

-*

Rl o~
trode via the same conduction pdthway. 4

3

Fifth, i1n 10-20% of "the.animals rapid low amplitude

deflections characteriStic of Purkinje cells (28, 29, 30,

92, 95, 19), were detected at the endqcardial recording site

whichH preceded the main muscle potential by 5-10 ms. As
these Purkinje "spikes" were not seen in all experlmeqﬁs the

P o -

.muscle potential recorded at the endocardium was used as an

-

approximatlon‘oﬁ Purkinje activation.

] [
-

]

]2. Transmural conduction: absence of supernormal

-

" conduction. N " \ N
conduction . K ..

Supernormal conductien has' been shown to exist in the .

v N

dog ventricle by Arbel et Eli (4) as well as Ferrier and

a . \ \

Dresel (33). Spéér and Moore (99) have shown this period of

< supernormal conqﬂctfon_;o exlst within the His-Purkinge

LA\

- system of the heart and have correlated tﬁe\supernormal

conduction with the period of supernormal excitability in an
in vitro Purkinje fibre preparation. This phenomenon was
apparent 1in a small percentagé of the experiments reported

here and is illustrated as the shaded area in the upper

n

panel of Fig. 41 for one animal. The supernormal period of

Purkinje conduction occurred outside the relative refractory

per1bd and had a duration of approximately 50 ms. This

‘

- . * .
supernormal conduction was observed as a decrease in .

- o
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ship between supernormal Purkinje conduction ang,
the "apparent" supernormal itransmural conduction.
In the upper panel S'M'y, = the conduction time
between an epicardial stimulating electrode ahd
an endocardial recording .electrode approximately .
3.5 cm away; SS' = interval between last normal -
stimulr and test stimulil d&livered by -the stimula-
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conduction time below the MCT at the endocardial electrode

and was reflected at the epicarb;al electrode, The

conduction curve for the.epicatdial electrode 1s not shown
- - > - .

in the figure. Alfhough supernormal Purkinje conduction was
observed in'dome animals 1t was not the prime 1interest of

thig study and therefore was not examined-in defail.
. L4 ®

3 ~ 0
Supernormal conduction has also been discovered 1in the

dog atrium.by Peuch et al. (76) but has never been shown tb

* ~
exlst in the myocardium of the ventricle. Transmural

1

| .
conduction-time was used as an indication of the time
required for the cardiac impulse to travel a 1 cm ,distance
. - ‘
(}hlckness‘of the heart wall at the point of }ecordlng) of

myocardium. Early results of Durrer et glf (29, 30)

a

suggested simultaneous activation of the inner layers of
heart wall which led them to theorize Purkinje penetration -

into the inner 1/3 of the left ventricular wall.. However,
convincing histological evidence to support this idea is

¥ s N
lacking. Our results are more consistent with. those of

e

Scher.: and Youhg (88, 91) who found little electro-
physiological evidence for intramural penebration of
r .

Purkinje fibers. In our experiments, the left ventricular

wall was always activated sequentially from the endocardium

~ B Ny

4o the ep%pafdium during sinus rhythm and when the heart was

AN ! L)
driven,aﬁ;% constant rate. Rapid conduction in the

. t .
subendocardia%"layerg was never observed, suggesting rapidly

°
o~ ¢ .y

conducting Puranje tissue wis absent from this area,

éoqtraiy to t early work of Durrer et al. (28, 29, 30).
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® - A4

Thus, transmural conduction time was assumed to be, a measure

s

of purely muscle conduction and not a composite measure of
Purkinje plus muscle conduction. Transmural conduction time Iﬁ\
‘“had an average vélue of 17 ms when the stimulating electode

was located at a distance of several cm from the recording
electrode (distal stimulation). Allowing for an average

wall thickness of 10 mm at the point of recording, gives a
calculated myqQcardial conduction velocity of 588 mm/s. This
value 1s §1ightly higher than that determlned\by Durrer‘gg

al. (30) or by Scth and Young (88) who estimated intramural

3

conduction‘ velocity to bé\approx1mateiy 500 mm/s and 400.

mm/s respectively 1in a similar preparation.

-

., During distal stimulation transmural’ conduction time

.

remained constant at long coupling intervals but decreased.

at extrasystoles of short coupling intervals. This appeared

to be a phase of supernormal conduction 1n cardiac muscle
- v b R ) )
«simllar to the one that i1s known to exist for Purkinje

system. Unlike the phenomenon 1in the Purkinje system the

)
4

period of supernormal myocardial conduction fell inside not

¥

outside the felativefrefractory period of the ventricle as
shown in the Iower panel of Fig. 41l.
A series of experiments, in which five electrograms
recorded‘intramurally at 2 mm intervals from the endocardium
v’ . . T . ’ - .
to the ‘epicardium, were carried out to investigate the

posibility of supernormal conduction in the heart wall.

Durirg extrasystoles from a distal stimulating electrode

A\d “ ©
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°

thege was. a disproportionate increase 1n conduction time to

|

the electrode locatéd at the endocardium as the, relative-

/\\\?Effggzg;y period was entered. In two experiments this

+

caused a reversal in activation sequence of this electrode

and the electrode located 2 mm away 1in tﬁe subendocardium.
'Howeveg conduction times between all other intramural sites
remalined constant at all coupllng‘lntervals. Thus the
"apparent" supernormal transmural conduction was 1in fact duenj
to a greater increase 1n conduction time to -the endocardium '
relative té the other electrode sites. This effectively
decreased the time difference 1in actlvat;on between the
epicardium and endocardium and thus the transmural

conduction “time as we had calculated 1it. \

This peculiarity 1n endocardial activation during,
premature excitation 1s hard to explain in light of the
present evidence. One possibility imay be that éhere is a
different conduction pathway that becomes functional during'
short extras?stoles, 1.e. while the heart 1s refractory,
resulting in an epicardial to endocardial activation of the

inner layers of the heart wall. This idea 1s supported by

the fact that a change in shape and/or polarity of ‘the

endocardial electrogram was often seen duyfing the relative

.

refractory period while intramural and e icardial

electrograms maintained the same configuration from normal

to ‘extrasystolic beats. An eficardyal to endocardial

N I3

direction of activation in the heartiwall has been reported
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by others and'has beeﬁ dubbed a "reversal phenoménon" (30)
or "bidirectional intramural activation" (11, 20). However;
these wBrkers«éb;%}ved this phenomenon during normal
ventricular activation whereas in our e#perlments 1t was
only pncovered 5& exqfastlmulus techniques.

‘An alternate explanation i1s based on mechanical rather
than electrical events in the heart. Rushmer and Tkal (83)

*

have shown an increase of 50% 1in wall thickness to occur in
the heaft during systole. Durrer et al. (30) haye estimated
this to represent‘an increase -1n wall thickness of 3-4 mm.
As the recording electrode 1in our experiments was fastened
to the epicardium it remained stationaky relative to the
heart muscle duriﬁg systole. However, as the myocardium
contracted and the heart wall thickened, this would
necessitate the muscle fibers in contact with the- endocar=
dial recording site(s) to move along the electrode. Duting
regular heart beats,* this is irrelevant to ﬁhe recording as
eleétrlcél systole preceeds the mechanical sysﬁole (the
ejection phase of contraction; as little chand; in heart
geometry occurs .during 1sovolumic contractiorn) by some 70-90 *
ms (10). However, during short coupled extfasystoles the
heart is Stl{ﬁ.in a contracted state from/the previous
normal beat, i.e. électrical sﬁstole occurs without the

A 4

corresponding mechanical systole. This was evident in our

i

experiments during short coupled extrasystoles which

e

| appeared in the electrocardiogram but were not seen in the

| arterial blood presure recording. This indicated the heart

\ |
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héd been astivated elgctrically but had not contracted
sufficiently enough to cause opening of the aortic valves
(1ntraventricular pressure was not reébrded and therefore we
had no measure of isovolumetric contraction 1f 1n fact 1t
did occur). Thus, we suspect the Wal% thickness waé greater
during short coupled extrasystoles thab during normal beats.
Therefore the activation recorded by the endocardial
electrode may have been of’a different muscle fibers during
thé two beats thereby accounting for the differences

&
N observed in the electrograms and transmural conduction N

£

times.

v The task of resolving which’of these two explanations
1s the e probable 1s a difficult 1f not impossibie one
due to the inseparabie coupling that exists between the,
electrical and mechanical events ?n the heart. fheoretl—
cally, 1f the decrease 'in transmural conduction timé wére .
due to the geometrical éhange in the hef&rt during systole
one should be able to change the coupling ?ntervql at which

“*the decrease occurred by changing the heart rate. At a
higher heart ;ate éhé ejection phase of contraction is
considerably shortened (10). The;efore, the coupling
interval which excites tHe heart while still 1n a contracted
state s?ould occur at a shorter coupling inteval. i.e. cause
a shift to the left of the dip observed in the TMCT plot.

However, electrical alterations in the heart accompanying an

increase in rate should produce the same effect. Mendez et
p !
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al. (63) and Janse et al. (52) have shown that the
functional refractory period of the ventricle decreases at*

increasing heart rates. The dip observed in TMCT was
maximal at the functional refgactorynperiod as was evident §
when TMCT/was plotted against the extrasystolic interval
"seen" 7t the recording site (MM') as shown in Figs. 14A and
B. This, the dip in TMCT would also be shifted to the left
by increase in heart rate if it were an electrical
engmemon aésoclated wi}h the refractory period of the
heart. This was ébserved in a rather reverse ﬁashion 1n our
experiments. Disopyramide caused an increase 1in the
functional refractory of the heart and caused a shift to the
right of the dip in the TMCT élot (Frg. 16A and B). It was
not determined from our experiments whether disapyramide
increages.the duration of mechanical systole concurrently
with the electrophysiological changes it produces FRP. If

it does not, this would be evidence to support the idea that

the changes in endocardial conduction times on short

, extrasystoles are due to a change in conduction pathway in

refractory tissue rather than a change 1in geometry

associated with contraction of heart muscle.,

-

'
¢
/

3. Gating function of the Purkinje system.

Myerburg et al. (68, 69) have put forth the theory that
cells in the distal Purkinje system, by na;dre of their

long action potential duration, serve as gates limiting the
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propagation of very premature extrasystoles to +«the
‘myocardium. If the conddctlon distance between a
stfiimulatihg and ;ecordlng electrodes is greater than a few
cehtimeters (distal stimulation) 1t can be assumed that the

Purkinje system will be involved in conduction as.discussed
o

above. Thus the extrasystole interval arriving at the

S

récordlng electrode will first be gated by the specialized

conducting tissue. Thas wasnproven to be so 1n the

~

experimental results. Duging distal stimulaﬁion the

. myocardium at the recording site never beaame refractory as
conduction time within the myocardium (between intramural
sites) did not incizfse even at thé'shortest coupled
extrasystoles (Fiﬁi lé). The minimum coupllnj interval
reaching the fgcorqing site was determined by the FRP of _the

&
endocardial Pgrkinje system. Referring to Fig. 16A or B

<

this represqnts.a coupling interval of approximately 220 ms
averaged for 8 dogs. However, when the hedrt was stimulated‘

frem the endocardial tip of the recording electrodes

n

(proximal stimulation) the extrasystole interval invading

the myocardium was delivered directly from the stimulator

-

‘and was not first gated thrdugh the Purkinje system. ‘Under
these circumstances, the minimum e?tfasystole interval
obtainable in the myocardium at the recording ele€ctrode was
defined by the ERP of the myocardium. This value was 200 ms

-averaged for the same 8 animals - see“Fig. 17. Thusy, during

proximal stimulation it was possible to visualize the

-
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refractory period of the myocardium, and condutction time
within the myocardium increased at the short coupling
intervals. The total sum .of this slowing occurred only over

I

the 2 mm distance between the stimulating electrode and
.flps£ rgcordlng electrodé ;s 1s indicated’ in F;g. 22. van
Daﬁ et al. (105, 106) have also.shown slowed conduction of -
extrasystoles to be confined to the immediate vicinity of
the stimulating~®lectrode 1in cardiac ﬁuscle. Thus, 1t can
be 'seen fhat 1t 1s possible to achigvé extrasystoles with
very short coupling 1ntervais withig a.locéllzed area of the

Q“myocardium aroun a°st1mu%us‘31te (or '‘possibly an ectopic
foci). waever, the mihimum coupling intéﬁval obtainable as
,extrasystoles propagate to other aneas of the heart will be
limited By thebFRP of the gnd9card1al Purkinije neiiork.

,; \

4. Refractory periods. . / 2

-~ I3
N Three measures of refractoriness ‘were derived in these
* Ay ’ ~
studies, the relative refractory period, functional refrac-

tory period, and. the effective refractory period. All three

y N - [

refractory perlodé changed with changing sites of stimula-

Y

&

- H . \
_~ tion and were therefore plotted separately. The effective

"

refractory perlbd’(EBP) varied between epicardial and endo-

cardial qtimulation at the same location in the heart. It

<

Btently found that the heart wéuld follow an *
extraéyﬁﬁqié with a much shorter coupling interval during

gplcardial'stlmylation than during endocardial stimulation
3 ! ! -
‘a
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even though sthe strength and stimulation at both locations
was 2X threshold: (sometimes 4X threshold at the

endocardium). In other words,'éwe ERP for eplcqrdlar
stimulation was less than the ERP for endocardial

‘

stimulation. If endocardial stimulation can be assumed to
reflect the electrophysiological properties of the

@ndocardlal Purkinje system and epicard:ial stlmulatlon those
of the myocardrum then these results are not unexpected as

«

Gettes and Suraw1gz (35) and Moore et §l: (65) have shown
from 1n vitro studies the action potential duration, and

effective refractory period to be greater in Purkinje than

*e

muscle tissue. Alternately, Ehese results may reflect

»

differences n refractory characteristic between endocardial

‘an epicardial muscle as we had no way of determining whether

endocardial stlﬁ%latlog‘yas of Purkinje or muscle tissue.
° As Purkinje and myocardium show differeft conduction
characteristics so should they show different relative and

functional refractory periods as hoth are, determined by

.

T%fﬁffements made "on conduction. The relative refractory

period (RRP) was defined as the range (in ms) of coupllng

intervals over which the heart displayed slowed conduction.
This repreéented thenpgysisng interval at which condﬁction
‘time first a’eeeded the minimum conduction time (MCT) by 2
.me to the coupling 1nt§gval of ,the effective refradtory

period.” From Fig. 20 it is apparent that whegggonduction

times were determined from a distal stimulation site the'

4
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coupling interval at which conduction time began to 1ncrease
waslapproxlmately the same for endocardial and epicardial
stimulation. However, the effective refractory perrod for
the two sites differed as mentioned above, resulting 1n‘a
difference ln‘the relative refractory period calculated for
epicardial vs endocardial stlmuiatlon. This coﬁcept 1S
presented schematically in.Fig. 42A. The average diﬁference

in the' RRP calculated 1n 8 animals for the two distal saites

of stimuldtion 1s 45-33 = 12 ms (Fig. 24) which 1s \

approximgtely equal to the difference in thé ERP for the two
=7 ms (Fig. 26). ‘ . .

’ ~ . ! .y 4
The dreater 1ncrease in conduction time Lﬁ;CT) above

»

the fminimum conduction tlme (MCT) obtainable during e

epichrdial stimulation, ev1dent in Figs. 20 and 23 ¢an also

o

be attributed to the difference 1in the ERF that~exists

* -
N

5 a np,
between the emdocardium and the epicardium.  As the

electrical activation of the heatt occuts via thé Purkinge.

-

system and 1is an all or nothing phenomenon, the minimum
intérval obt%ﬁ?aple between two stimuli delivered to the

. ’ T ' . * » - ”
endocardium which results in conducted impulses is the ERP

of the Purkinje by deffhltlbn. However, extrasystbles of

-

shorter coupling 1ntervals dellvered to the eplcardlum can

' - -

st1ll result\ln condhqted beatﬁ., This 1is presumably dué to

bslow1ng of conductlon\W1th1n the m¥ocardgym,near the site of

stimulation so that the coupllng interval that reaches the

- )

N
* Purkihje after traVelllng across the heart 'wall now falls

-

£ . s - N



147. '

w

»

Fig. 42A. A theoretical diagram sHowing the relative .
refractory period (RRP) and effective refractory
period (ERP) .determined during epicardial and
endogardial stimulation. The upper curve repre-

~ sen the conduction time from an ®picardial
stimulating electrode to a drstal recording
“electrode. The lower curve represents the
conduction time from an endocardial stimulating
electrode (located transmurally to the epicardial
stimulating electrode) to the same recording

. electrode. ,ERP; = effective refractory period of

the myocardium. ERP, = effective refractory e
period of- the Purkinje system; Purkinje CT'=
s . conduction time 1n the Purkinje system; TMCT = G

.transmural conduction time.

Fig. 42B. A thelretical diagram showihg the relationship
between s:ite of stimulation and slowing of
conduction that occurs at the effective refrac-
tory period (ERP). The condu¢tion of a ndn-
premature stimulus, S, 1s shown in the left hand
of the figure and the conduction of the extra-
systole on the right. 8'ACT, = increase in TMCT
that occurs during the extrasystole; ACT, =
increase in Purkinje conduction time that”occurs

during the extrasystole; record = recording -~ ¢
electrode located at a distance from the stimula-
tind electrodes sufficient enough to enspre a T

Purkinje component in the conduction pathway.
Other symbols are the same as those used in
Fig . 42A.

N l

N
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Jutside the ERP of the Purkinje aﬁa thdsﬂlsWCapable of |

’ Y
- o

activating the ventriclé. ‘This concept” 1s presented - v

° -

w > - -

schematically in Fig. 42B. The"totfal 'slowi g of conduction

which occurs in the myocardium as the éxtrasys ol%‘journeyg
g - e
towards the Purkinje system, plus the addltlona} slow1nq of
t

conduction that occurs once the extrasystole 1nvades the
P v t g;l
Purkinje. Thus, .the total slow1ng of conductlon durlng

1%

epicardial stimulation 1is greater than qpat which occurs.

'-i
during endocardial stimulation and 1s ma&lfest by a¢larger‘
\ L

+ ’
n’g - B -

CT value. ' o - e oe

vh ' . -

~ . . , . - o ]
The functaional refractory perlod (FRP) was deflned as’ .

o

* the minimum i1nterval obtalnable between two conductedu

beats. \Ehe functional refractory period at the 51te of
- ©®
st?ﬁniaffgn 1s equal to the effective refractory period h

plus the 1increase in iate cy in propagatign of the cardiac.

) 1]

impulse from normal to extrasystolic beets (63, 82). The FRP .~

increases 1n length hewever, as the distance between the

3

stimulating and recording elgctrode increases. The FRP will

continue to increase until that distance £rom the.

o

stimulating electrode.at which the extrasystple has been

a

slowed suff1c1ently to allow complete recovery of the tissue
from the prev1ous beat (r.e. non refractory tlseue) This

point 1s represented. by the horizontal broken llne in Fig.

43, a schematic representatlon of the relatlonshlp that '
4 A\l

exlsts between the asured FRP and theé dlstance from a

Y [y

Y "\, A

- "
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A theoreticdal diagram indicating the telationship
between the effectfve refractory period (ERP),
functional refractory period (FRP), and the
relative .refractory period (RRP). The main panel
of the fiqure-represents the conduction of an
impulse 1n” a homogenous\ medium as a function of
extrasystole coupling interval. The diagonal line

.at the 'left hand side of the panel represents the :

\ corduction of 'non-premature stimuli. With

.
3

increasing distance from the stimulus point,
conduction ‘time increases 1n a linear fashion.
However for premature stimuli with coupling
intervals less than 250 ms, conductlon away from
the ’stimulus point occurs in a non linear fashion,
rather 1n an exponential fashion with the slowest
conduction occuring, nearest the stimulus. On the

soli1d lines. “the solid limes indicate the taime

.coupling i1ntervals ax1s eggge are broken lines and

o dv
.
PO

the &timulus 1s applied: broken linés, the
time at which conduction of the impulse
commences. °‘The difference between the two repre-
sents. the ldtency of stimulation which changes .
with coupllngwlntervai For clarity sake it 1s
shown for 2 stimuli only. ’

The mosé\premature enggéystole the heart. conducts

(15.defined as the_ ERP.,- In.this figure the ERP is

approximately’ 170 me, The time between the ERP
&nd the coupling 1interval at which conductloq
flrst becomes slowed 250 ms, represents the RRP.
The FRP, the minimum lnterval obtainable between
two -conducted -béats 1s equal to the ERP plus the
in¢rease rn conductidn time over the minmimum
conductign timéﬁkMCT) that, occurs with extra-

-systoles that.fall wi h1n.the RRP (indigated by

the shaded arealin th flgure) The FRP increases
w1th 1ncreasing distance "from the stlmu}us up to’

ua distance of- 16 arbitrary units. ,This point

.kndicated by‘the brokén horizontal' line represents

the border between refractory and non-refractory
tissue at. the ERP. For all other. coupblng

»

intervals the bordeér is located at the point where :

the curvés- of conductlon time 'intersects the
vertical broken line. At distances greater than
16 units .From the Stimulus, the conduction’tige is
sufflcleﬁtly long to allow full recovéry of the
tlssue from the previous stimuli before the' ’

arrival off thé extrasystole (i.e.- is non-refrac-

tory). From this point onward the 1mpulse s s
conducted normally and the FRP assumes a Jonstant

" value. . . u

» 1
L4

of the relatlonship between the FRP and the 4
. \ -

a

.The upper right hand panel”of the figure is“a. plot °
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The uppér left hand pangl
shows the relationship betweenhcoupling interval

: and'dlstanceﬁfrom the Stimulus over- whiche
tconduction is slowed.

L]

*The FRP g% the

latency assqciated with

. The horizontal *broken
line in both ‘upper panels represents the border

Vo - line refractory and ngn-refractory tissue (16

. : units) at |the ERP.

For non-premature stimuli,

“coupling intervals gréater than 250 ms, no slowed

- , copduction octurs.

At the shortest coupllng
'interval (ERP) ,; maximum slowing Qf conduetion

. : occurs and extends to a distance of 16 units from

the st1mu1us.

A
v

°

~
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stimulus site 1n a homogenous tissue medium (a modification
of a dlagram by’ Rosenblueth (82) AR\ any distance from a
stimulating site, the .FRP 1s egz/l to the ERP plus the

the ERP indicated

lncrease 1n conduction time that ocurs

{

by the shadea z in the figure. For extrasystoles which

fall within the™RRP t e FRP w1ll appear to i1mcrease up to a
distance of 16 arbltrary units from the stlmq}us. At
grea%er Histance, the FRP will assume a constant value,
i.e, that meafuéed at ;ﬂé dotted line which is the "border

zone between refractory and non refractory tissue.

N

i

§t1mulatlon of the heart from the enéocardlal tip of

the recording electrode (proximal stlmulation)lallowed

determination of the FRP of the myocardium. As all slowing
of conduction of premature beats occurred within the 2 mm

distance between the stimulating and first recording

electrdaé (F1g. 22), the FRP value measured at this distance
was identical to the FRP measured at a more distant site,

such-as at the epicardial surface at a distance of 10 mm.

'The FRP of the myocardium had an average.value of 206 ms (n
= 8) for, endocardial stimulation and 213 ms (n = 3) for

eprcardial stimulation as indicated in Fig. 25.

- P

However, when the heart was driven from 'an electrode

several c¢cm from the recording eiectrode (distal stimulation) .

it was not 90351b1e to determine the distance over which-the

’,

slow1ng of conductlonﬁoccurned. *The FRP therefore

cqlculated was thq,FRP of the cqnauction pathway between,

\°
o
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electrodes whlch'lnyolved both Purkinje and muscle tissue.
It may have' been less than the FRP of the venérlcle as a\‘f>
whole. The ?RP measured -during distal sb{;ulatlon was .
. 223 ms {n = B) for epicardial stimulation and 220 ms (n= 8)

for endocardial stlgulatlon as shown 1n Fig. 25. These
valués are 51gn1f1gantly different from the FRP determined
during prox1malest1mula€10n (p € .01), and 1t 1s bellev?d
that they represent the FﬁP of the Purkinje component, of the
conduction pathway. ' ’

. r

. , A

, 5. Drug actions \\\\ )

L]

a

, a) Endocardial conduction and refractory periods:

= >

a

1) Lidocaine. The effects of lidocaine 1n the
Vo
‘normal heart are subtle but not easily interpreted. At low
" doses of 1.25 and 2.5 mg/kg the drug can cause both speeding

and¥slowlng of conduction within the Pufklnje system with

little effeet on myocardial conduction. At higher doses of

«  .5.0 and 10.0 mg/kg, lidocaine causes only slowing of conduc- )

T

t1on and thig 3 :seeneln both the Purkinje and myocardium.

-

In order. to-explain lidocaine's ability to alter the

£

conduction chdracteristics of the heart, 1t 1s first

lpecéssary to donsider 1its actions at the cellular level as

-~

- described by "others. Coel T
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Conduction ve%oc1ty‘£s generally considered to be
, * ‘.“")’~ ’
highly corrélated with Vmax (47), the maximum rate of rise
of the upstroke' of the action potential. Alﬁhough 1t has

been estlablished that this correlation need not hold under

~
-

all conditions o? when examined éarefulﬂy k75, 79) 1t seems
reasonable to discuss the results in relation to theeffect
of the drug on Vmax and on the duratién of the acz}eé
potential. Lidocalne has been showﬁ to affect the
steady—-state voltage dependence of Gmax (~ 8, 14, 21, 73,
109) causing a decrease in Gmax for any given resting
membrane potential.' However, this effect 1s less than the
shi1ft the drug. produces in the "membrane.;esponsiveness
curve” (14) the dlfference/ﬁrébably being due -to 1ts actions
to decrease the rate of recovery from inactivation of the -
fast sodium channel. Both of these‘dfug‘effects are
accentuated 'at lower (more positive) resting membrane
potentials. A detailed hypothesis ‘for the interaction of '
antiarrhythmic drugs with tg;.sodium channel has been
provided by Hondeghew and Katzung (49, 50) and recently by
Courtney (18). Earlier work also established that lidocaine
decreases the é@pation of the action potential (APD) and
increases the ratio of refractoriness to APD (8). Also

" Wittig et gl.‘(llB) have shown lidocaine to cause
preferential sportening of the APD in the distal Purkinje

fibres of the canine heart, the so-called "gate" cells.

Thus, 1f in vitro results can be extrapolated to the in vivo

- 1
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long conduction pathway between the stimulating and

situation” it might be expected that lidocaine could cause
speeding of the conduction 6f extrasystoles by 1ts ability
to shorten APD and/or cause slowing of conduction by its
ability to decrease Gmax.

The results described here for lidocaihe support this
assumptliwﬁ While the drug did not have any effect on the
conduction of extrasystoles with coupling 1ntervéé€\longer
than 400 ms, 1t had a biphasic aitloqkon more premature
extrasystoles. 1) It slowed conduction of mid-range
extrasystoles (MREs: 250-400 ms) in a dose dependent
fashion, and this resulted i1n an 1increase in the measured
RRP; 2) loy doses caused speeding of conduction of early
( < 225 ms) extrasystoles.

The effect of lidocaine to slow thé'gqnductlon of MREs
may be explained by the drugs effect on time dependence of
Vmax. It seems clear that whatever degree’oﬁxinactivatiOn
of the sodium channel may remain 460 ms after an aétion
potential elicited with an 800 ms basic driving interval, it
1s not sufficient to affect condﬁcti?gh:ime over a 3-4 cm
s
recording electrodes. The inc;ease in gonductiothime‘of
MREs was manifested by a lengthening of the RRP‘in‘thé' ’

'

absence of a change in ERP. The absence of any drdg effect

»
3

on extrasystoles with long ‘coupling inte#vals ( < 400 'ms)

might have been predicted for two reasons: a) the’ .

¥ ' ’

. F) .
concentrations of lidj?hine'used do not have any effect to

) .(“ —-:&&// . .
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decrease %max at the normal res§1ng membrane potential (14),
and b) the effects of lidocaine on the fast sodium channel
are tran51e£t. It has been hypothesized (18) lidocaine
binds to and blocks only the open sodium channel and rapidly
dissociates frem the closed channel so that during diastole
the effects of lidocaine rapidly declines.

The speeding of conduction by lidocaline '1s more diffi-
cult to explain especially in light of the data of Hondeghem
and Katzung (50) or Chen et al. (14) which predicts '
lidocaine to cause theygreatest slowing of conductign at the
shortest coupled extrasystoles 1.e. 1nterval-related
slowing. At low doses-th%/opposite effect was observed. 1In
order to explain this discrepancy one would have to assume
that, ag these low doseé, the effect of the drug on APD
exceeds 1ts effect on refractor;nesé, or that the correla-
tion of Gmax with .conduction velocity no longer holds true,
as suggested by Peon et al. (75) and Reyn;lds et al. (79).
The first of these poss1b111t1e§ would be supported by the
observations of Wittig et al. (113) who showed é decrease 1n
FRP accompanylng the decrease in APD of gate cells of the ,
d1st'l urklnje system. This result suggests less slowing
of'égijisystoleS'propagated through the Purkinje system in
the presence of lidocaine than would occur during control
corrditions. This would be observed as a speeding effect of

lidocaine on ventricular conduction as was seen in our

experiments. -



157.

v

1i) Disopyramide. Disopyramide 1s similar to lido-
caine ‘1n the respect that i1t does not produce dramatic ‘
changes in cénduction characteristicsg of the "normal™
heart. However, the(electrqph¥51olog1cal effecté that ére
produced by disopyramide\dlffer quite considerably froﬁ

}fhose.of ildocalne. .

fhe most striking effedly of'dlsopyramlde wa§ the
increase it pFoduced in the effective refractory éerlod
(ERP). Disopyramide caused doge—dependent increase 1n ERP v

-

at all sites of stimulation as shown in Fig. 28. Increases
1H1m1n1mum conduction timeagccompanled lncreaseé 1; ERP at

3.0 mg/kg but not at 1l mg/kg. Lidocaine, on the other hand
1ﬂére§sed conduction times of ext;asystoleé without alterln%///
the ERP. Kus and Sasniuk (57{ have found 51m11ar’re5ult§

for disopyramide in iE,ZiEEQ studies on canlhe venErlqufar'
muscle and Purkinje fibers. 'Tﬂey reported dlsopyramlde .
caused an 1lncrease of 10% ;n ERP of Purkinje flbers‘%g,the
region of thg\ﬂgé;e” cells at a coneentration of 5 mgzml.e Lo
This wa; accompanged by a‘somewhat smaller 1ncrease ‘in
conduction tifiie of 5% in the same tissue for nbn-prematufé
‘stimuli.. .In our experiments, dlsopyra£1de l.O'mg/kg ‘ g'\
increased ,the ERP by 3.6%\(197-204 ms)‘with no change in
endocardial conduction tlﬁe of nonpremature beats or : ‘ ~
extrasystoles with long coupling intervals as shown.in Fig.

12B. The 3.0 mg/kg dose caused 7.0% increase in ERP (197 to

211 ms) but associated. with a 9.4% increase in cSnhduction

’
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mf(% (38.4 ms to 42 ms). This slowing of conduction has
been attributed to the drug's ability to block lthe fast
sodium chaenel (57), thus causing a decrease in|action

potential amplitude and maximum rate ‘0f rise of |the action

“a

potential up%;roke, Vmax .

— The* effect of disopyramide on the endocardial »

conduction of extrasystoles-was such that for:an given

”ekéraéystole\tha; fell within the®relative éEfra tory perioq:zl

(RRP), the conductton time wae greater in the:pre ence of

3
£

. ' -
the drug than ‘during .the control. The drug caused' a

(::;;:allel shift to the rlght of the curVe of ekgras stofe

cenductlon time by an amount equlvalent to Ehe ERP ?t the - 4

1.0 mg/kg dosage. This 1ndlcates the heart does no

conduct;

»

‘differentl from control while refractory. “but mere A ' .

Ll

becomes refractory at longer cbuﬁlin? intérvals. Cdonducticn
.4 ¢ ° - -
during refractoriness (CDR) was the same dufing drug

W o - - ) B‘, ! a N
treatment as it Was for contreol. ‘' In accordan with \this

s -,concept, dlsopyramlde did not,alter the duretlon of

» a

- ‘manner in whlch the heart conducted extrasys;oles while N

refractory and 1ncreased  the relative refracﬁpry perlod. %

-

.\ This may ‘ be taken to suggestgilsopyramlde does ndt alter the '

tlme dependence of .reactivation, of the ﬁast sodlum |
.o chdnnels.;'Again, these results are consistent w1th those of

Kus and Sasynluk (57) who sboweﬂ dlsopyramlde to'dause a‘

\W’

decrease in maximum, agtion potemtlal upstroke ye%oc1tf and a'

\ L
. < v oAl e ‘
- b '
. .
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parallel.shift to the rléht of the membrane responsiveness
curvé(iiThls action_of dlsopyram%di’is similar t& that
described for quinidine by Chen et al. (14) who showed that
the parallei shifEVEn the membrane responsiveness curve was
, associatedmy}th‘a parallel sh{ft in £he steaéy state .
ré£;tionship pétween the membrane potential and Gmax: This
+ suggested to them that quinidine did not have any effect on

the recovery kinetics of Vmax at any level of membrane
A

potential.
An additional effect of disopyramide was seen at the
.hi her dose of 3.0 mg/kg. At this dose disopyramide caused
an increase 1n the MCT, i.e. conductian time!of
/)Ektiasystoles with long coupling intervals. This action of
o dbsépyramiéé resembles that of quinidine (14). In‘contrast
»:' to lidocaine the block of Na+ chanpnels produced by quinldine
) 1s not rgversed during diastole (50) theréfore accounting
;for the non dgscrimingnt sIowing\of both prematu%e énd

W

non-premature .impulses oBserved for the drug.
.y » "
K ~

;"0 Y-, The fupctional refractory period (FRP) can be defined

?

“ .as- a single point on the‘curve reptesenting conduction time °

o as'a functlon of extrasystole coupllng 1nteryal. This has

: »been'demonstrated for AV nodal conductlon by RerrLer aﬂd
) }%e3e1~(34) and glmson et al. (94) but «can be extrapolated &
e ;to veﬂtr1¢ular conduction tlmes durlniiyentrlcular pac1ng. ;¥
&2%& TP; ERP is thétx901nt on the curve of fonductlon tlme where

oY

T oA the slope has ar value of.--1. _As dlsopyramlde did not cﬁ!nge

- % 1

IS &8 - B
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i

the slope of the curve it should have increased the FRP by
an amount equivalent to the 1ncrease in the PRP.  This was

found to be the case.

b) Transmural conduction time: effects of lidocaine

and disoéyramide on apparently supernormal conduct-

ion. . "3

idocaine did not alter conduction times of

extrasystoles bf long coupling intervals ( < 400 ms) in

a

either Purkinje or myocardial tissue. It did however cause

slowing of extrasystoles in both tissues.at doses of 2.5, '

»

Sfﬂmhjgd 10.0 mg/kg. The 'effect.of 11@ocaiqg on Purkinije
condu¢tion was seen at the endocardial électrode (Fig. 10-

A). The drhg“caused additional slowing of cénduétiqp
transmurally aslindicated in Fig. 15. However, lldocalne

falled to cause speedlng of c ductlon in the ‘myocardium as

L

1tﬂdld lp the quklhje system. Conversely, lidocaine

) '

removed the "dip" observ /the TMCT curve, the apparent
supérnormal myocardial conductipn. "As it was postulated

that the dip is due to discrepancies that exist between

endocardial and intramur§2>coﬁduction of extrasystoles,

1

lidocaihe must have differentially,affected the conduction

“ ’ ¥ \d v . .
characteristics of either the endocardial Purkinje syst or

4 i

the myocardium in opdér _to remove this ™apparently"
supernormal conduction. The dlp observed in T™CT" was an

Lntervgl-related‘phenomqmon, 0ccur1ng only at short couplldb

*

intervals.’ In v1tro stuj}es 1n\\;rdlac muscle have 4LLV

AL '

-
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\ - '

indicated that lidocaine causes more slowing of pfemature
extrdsystoles than those that fall later in diastole (14,
50). ©Our 1in vivo results indicate lidgcaine causes

preferential slowing of mld—rangé extrasystoles, in the

-

7 :
Purkinje system. Therefore 1t 1s postulated that .lidocaine

'
i

removes the measured dip an TMCT by causing greater slowing
of myocardial vs Purkinje conduction on short coupled:
extrasystoles, thereby eliminating the disproportionate

I 4
increase 1in conduction time to the endocardial.electrode

3

v

observed under control conditions. -

+

Dlsopyramlde"had little effect on the transmfiral
conduction time of extrasystoles ét the dosage of 1.0 .
o ™ ’ ’ 1
mg/kg. However for the higher dosage of 3.0 mg/kg there was

a slowing 1n myocardial conduction of extraéystoleé with

- 2 M
long coupling intervals. For distal stimulation, TMCT was -

3 -

increased by disopyramide from 17 to 19 ms ‘at coupling
intervals greater than 40 ms above the FRP of the -

endocardium. .(Fig. 16A and B). By natufe of its effect to

. [N

*
decrea§e the steady state voltage dependence of Vmax one

. S

might anticipate disopyfamlde to cause a parallel ngrease'

1n TMCT at all coupling intervals. However, unlike < N

LY

lidocaine, disopyramide, at the dosages tested, did not *

-_— yr . *

appear to effect the decrease in TMCT that occgrre@ at *short

. . . ’ .- .

coupling iqtervals, and the apparent supernormal cgnduction .
- . ~ v

%
in the myocardium was maintained after a total of 3 mg/kg of T,
v : - s

4

the drug. - " ’ :



N . ?Be cond@qtlon characteri§t1CS of the myocardium wexe]

-

¢xamined more closely during stimulation of the heart frum

~ t

PR

'the tip of the' regording electrode (proximal stimulation,

Y L]
Flg.*l7). As was seen for endocatrdial conductlon, disopyra-
< \

~m1de caused a parallel shift to the right and upwards of the

curve of extrasystole condgctlon times. The drug effect on

R '

TMCT was nét,qs great "ash that seen for endocardial
P2 t ve

v cofgduction because of the shonter conduction -pathway '
. ¢

)
’ ’ i >

involved, 1 ¢m vs 3-4 cm. However the relative.amount of

sfowiﬁg'by glsopy}a@}de was épproximate%y equilvalent En the '

ltwo tissue types. h N ‘
v v“ . s . v

B. ,THE:ISCHEMIC HEART

» . ~e

‘1. Inltlal'eiectrbphysibloglca} alterations following

. . >cor09ary occlusion. - ’ \
\\h N s F I ' * !
M ~ 4 ! . * . . \ o
Our experiments in_ infaxcted hearts were dasigned to 1) -
* » ——— .

. examine~thé electrophysiological\chanqes that occugred

’

- w1th1n the 1schem1c myecardlum durlng the 1n1t1al periods of

» L
‘ ischemla f% to compare th se changes w1th any changes "that

a

. " oécurred” in, Purklnjg‘conductlonaand 3) to determnine the site

> ‘ 6 - )
2 *a N

'of actldn of entlarrhythmlb drpgs in the lschemlc zone. In ‘

° s

pnellml ary experiments recérdhng were made. fromta large e
o g ve LI -
v i »

L". )
‘a

¥ ,area of the’ ventrLclevdélag~a ccmpos;te electrode ‘similar:to
- e T & . .a. N PR Y
s ét al. (112) Com9051te‘electrdgrams .-t

v, o -
slnus nhythm from bhe ag&erlor apd‘pos%erlor .-

- RN

s recorded duPin
e r:3§~of the~%9ﬁt ventrlcle undér cdﬁtrol ccndltlons showeﬂs»’
or apxd sharp defimmkkgqe that cgﬁé'sponded with “the’ R wave Of

° s 4
* Ld
« * a - ] g -
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‘

’ &

Ve

. - t N .
the elegctrocardiogram indicating syncbro:ius activation of

.the ventricular epicardium. Hdwever, w in minutes of
occlusion of the LAD, electradrams recorded from the

B

composite electrode overlying the area_ supplied by. the LAD

begab to.degenerate WbiIe those,recorded from’ the normal

v

zone :on ‘the posterior surface™of the ventricle.maintained

N *
the configuration seen under control conditions. Decreases

.

) l f \ N .
 in, amplitude and increases in duration of electrograms

“similar to those observed by others (9 53, 54, 55, 74, 108,

N .

112) were seen within the first 10 minutes of occlusion"

suggestlve of slowed and ,asynchronous condUctlon through the

b ﬂ
'1schemxc area. Also, continuous electrlcal act1v1ty

"

brldglng the diastolic: gap between normal ahd ‘arrhythmic

beats, and betwegen consecutlve arrhythmlc beats was, observed

in the 1schemlc but not ndrmal areas, con51stent with the
.. * L N v )

results of ‘bthers éescribed above. | et .

-
»
.

eLn some”experiménts bipolar electrograms were reconﬂed

: from the endocardlum in addltlon to the composlteleplcardlal

B \
' s - -

electrog;amsa These 1nd1cated that the normal 15-20 ms tlme

i
dlfference bétween endocaralal and eﬁlcardlal activation .

.
v

(TMCT) was increased in the ischemienzone. This in¢rease in

v
LR - Yoan

conduction ‘time was gssociated‘with\the'loSs of integrity of
‘o .. : ' b ' - ' .
the ischemic zone electrograms. No changes 'in conduction-
) . } v .

timé were observed in the normal zone. Traﬁgmural °

v
"

>

A S

} ’ .
copduction time in ‘the ischemic zone was further 1ncreased‘

‘during spentaneous prematq%e beats suggestave of 1ncreased

[ t 1 of & }

H
. refnactorlness in the damaged muscle.w‘0cca31onally a total‘

D ° n

loss of eplcardlal act1v1t§w ccurred 1n the 1sbhemlc«2bne -

‘; ®

without losses in‘eQQOcafdl

gt

act;éatlon. The 18ss of.

- A A
= a1y A"‘ nq‘u"g . .

- s 0

-

\

» . £ -
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, of occlusian but gradually'retu§ned as 1schemia nggressed
. il el TR y X
The effect of ischemia on the two, agpects of
5 . ) i \
ventricular conduction, Purkinje conduchion ard myocarglal
’ N "

L

~ conduction, y?é,examined in more detail in a further 17

experiments. In these experiments Eearts with an A-V bloék'

were driven from an electrode located at the base of the
left ventrlcle and conduction times were measured to two ¢

- electrodes located 1in the i1schemic zone. The,ggfects of
pﬁolonged ischemia up to ninetyjmlnhtes duration were .
\ . g -
examined in 4/17 of these experiments. Transmural L

conduction time 1increased dramatically in 2/4 an;ﬁals within -

S

.

the first 10 Minutes Jf occlusion of the LAD, the time i
! ' v .
period consistantly. shown by’others (5, .22, 42, 44, 53, 17)
. to be associated with serious conduction’disturbances and

-

B 3 . s .
fibrillation. During this 10 minute period’there ‘was a .

decrease 1n amplitude or complete loss of bipolar .-
. 5 ,

* o * M * \ ¥ . . > )
- ", electrograms recorded at the epicardial surface in the
« % <. L. \ v

yinfarcted zoné. ' Howeve® there.were'Very few instance§ of N

s .

vere,ygnggicui;r arrqbthMiaslﬁr.ﬁiﬁriliatieﬁ dgé&ng"the |
ly .periods oﬁlisphemia ﬁgssihly»bécause/ﬁhe héartéxﬁeréz P
en at"a 6g§y%slown%atea(75:to 100 bpm). This‘is«in
agresment“W1th Ehe work§of Schgrlaq et al. (92) who have~
lshown the 1nc1dehce of‘arrhythmlas aSsocaFted w1£h acute
;schemla to bé incre ed at 1ncré551ng heart ratése. # 'Jﬁ'h-‘

.
N » o . % / ' :
"

Follow1ng this” intial 10 mlnute“perlod»électrograms regained

oo - “

. 0
0 amplltude,“appnoachlng control“values and arrhythmias 4 &

"

o Q) N *. ¢ [
- * . . s Wty R ) 3
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subsided. This phenomenon has also been treported by
Séherlag et al. (92),. Hill and Gettes (45) and Murdock et

al. (67). However this recovery of signal amplitude was not

.

accompanied By a recovery of conduction times and TMCT

remained eIevated during the entire 90 minutes of ischemia.

No changes in endocardial conduction time were observed

.duzlng this period.
» « .. A'second phase of arrhythmic activity developed at some
time after 45 minutes of ischemia in all four of tgﬂﬁe

animals’ w1thou§ any¢further increases in conductlon time. ‘
' @ ! p
In 3/4 animals the arrhythmias persisted untidl the

L4

cpnclue;on of the experiments after 90‘m1nutes of LAD
occlusion. However ;t shohld be noted that during this
‘period it was not poss;ble to dete¥mine conduction times
accdrately because the Ventrlcglar tachydysrhythmias that
developeé exéeeded the ventricular drive rate. Two phaées
.éﬁ ventricular arrliythmias have also been docuiiented by

Kaﬁlinsky et al. (53) and Ogawa et al. (74) within the first"
hour oﬁ corponary occlusion. . ' .
X - -
As maxlmum 1ncreases 1n TMCT occurred w1th1n 10 minutes.

»

, of the onset bf\LAD occ1u51on and Qié\ffablllzed by 30

%

/
minutes, the effects of i1schemia on myocatrdial.conduction
! . - -~

‘were determined by comparing TMCT valueS'ﬁqken at the.30

o a . . 7 ) . oo
minutes mark to those of control. Results from the 17 --

animals (Table 3) indicate an average TMCT.of 17.8 + 1.0 ,

o

(S.E.) ms for control conditions® Assuming ‘an average wall

e~ .
thickness of 10 ,mm at the recording needle this represents

0 N s ’
o . -
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an average égnddctlon velocity of*562 mm/s. Ischemia caused
an increasé in TMCT time to 26.1 + 2.3 (S.E.) ms, whach 1s
equivalent td a conduction velocity of 383 mm/s. There was
a large inter—-animal Qarlahillty in the changes observed in
TMCT with some animals show1ng no change during 1schemia and
‘others show1ng'a dr%matlc increase. In er animal ln ngch .
the effects of ischemia were pdrticularly pronounced TMCT
increased to 51 ms, from a control value of 17 ms glvimg an
.estimated value of conduction velocity in ischemic - '
myocardium of 196 mm/s. The variations. betwaen*animals in
« response to 1schem1a may . be accounted for by anatomlcal
differences 1n collateral coronary circulation known to .ot
exist between énimals, which can greatly influence the
i heartsutolerance—to‘iscﬁemia (101). S —
. "The above discussion has focused on;thé.effects of -
ischemia on cardaac conduction both during sinus rhythm apd’
dgring a SIOW’heq;t/rate imposed by a ventricular pacing

»

-
electrode. The behavior' of the ischemic heart.gurimg

Vo

=

artifically imposed extrasystoleé and iﬁcreasing heart rates
s . ¢ * b 2
was a1§0"studied.4 TMCT ‘measured during the basic drive

. interval of-°800'ms was increased during ischemia and no

-  Euarther increasés in TMCT could be- achieved on prematuré

k]

beats (Fig. 37), that is to say the increase in TMCT e

’ observed after 30 minutes of iséhemia was uniform-at alt

e, 0" o -
Froabg gt

y""rcqupl;ng lnterﬁaﬂ%aAlso, the apparent supernormai phase of

q e"“"’xt;jroca}:'dlal conductlon was still evident at thke short t
4

"

o“n

-
¥

K
E

y o
.

coupling: intervals. = These resulits 1hd1@a;e that the 7
- 7 " Lo "o * -
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A

- \ »
?ﬁﬁk;nje system of the ventricle 1s still ecklng as an

effeotive gating mechanism, such that the minimum

Y

extrasystole interval reachlnd the 1schemic myocardium still
falls outside fhe refractory period of the muscle even

though 1ts refractory period -may be 1ncreased by 1schemia

v

(22, 23, 39). However, this gating function of the Purkinje
system may not be effective during multiple premature beats
that follow one after the other as 1s evident in Fig. 32B.

In ﬁhfs figure, TMCT 1ncreased on each successive

spontaneously occurring extrasystbies, results consistent
with-those of Williams et al. (112). This hypothesis was

. . N\
never tested however, as 1n experiments 1n which hearts were

i ~

electrically stimulated never more than a sipgle

e§tra§ystole was delivered to the heart.

-

Conduction times were measured during increastng heart
rates 1n 4 of 17 animals (Elgé{34). TMCT showed sllghf

‘13Ereases at higher heart gatés after 30 minutes of ischemia

N

whén no 1nterval-related 1increases 1in TMCT were observed.
Thus therewappears to be a_fatlgue effect 1n the conduction

characterlstlcs of the 1schem1g myocardlum-such that a
single premature, beat 1s not slowed but conduction during'a
R 1 q - . Q v

traln.df:rapld Stimulitis 1mpaired. It 1s interesting to

M)note th@t applled extrasystoles farled to provoke

ventrlcular flbrallatlon 1n é experlments. However

ventrlcular°f4br111atlon aeveloped in 1 of 4 animals at a.
s '
hagh drlve rate: of 240 bpm, in the presence 0of lidocaine

,10.0‘mg/kg“ : , . o . . !

-
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Endocardial conduction time, unIMKke“gMCT, was
relatively unaffected by ischemia. Only minimal slowing of
conduction occurred at the shortest coupled extrasystoles
and na{slow1ng at any of the heart rates (Figs. 37 and 34).
Conductloﬂ\zeloc1ty in the Purkinje could not be calculated
per se 1n this series of experiments because stimulation of
the heart was carried out through an epicardial electrode,
and the contribution of Purklnie conduction to the total

1

. conduction time could not be calculated. However, 1t 1is

&

sufficient to say Purkinje conduction was relatively

unaffected by acute 1ischemid as conduction times to the

-

endocardial electrode located within the infarcted zone

. T &

) - remained esgentially unchanged from conQrol values after
- . ~ . .

occlusion. & \ \
’ - 4
Explanations for ¥he bizarre electrical patterns that
. occur during/acute episodes of ischemia have been proposed

i ‘ T 4
grris (43) and\Russell et al. (84) have observed'

L

fait role in‘the genesis of cardiac arrhythmias that

® :;
o, el
an‘import
e

eccur during lnfarction, The electrical chéhgés observed,

1n myocardium’shortly af;er,écéﬁugion gf the LAD may, be. due
. 1n par® -to this increase "in extracellular potassium. * ?
Ettinger et°al. (31, 32), artificially raised potassium

levels in the heart: by infusing a potassium solution into

-

- the LAD and found eiecgrophy31olog1cgl changes similar to

-

“u e ! \
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thosé produced by coronary artery ligation. Aﬁong these

were 1ncreases intransmural conduction time often with 2:1

-

"ot higher intramural block. Also, an epicardial to

ehdocardial activation pattern was observed in the perfused

S

regilon during spontaneous extrasystoles suggestive of
reentrant activ1t§. This last result differs from ours as

we always observed endocardial activity preceding epicardial

activity i the ischemic zone on normal and arrhythmic
‘beats. ,Hlil«and Getpes,(ag) mea§ured a r1sé in a -
extracellular Kt that began within seconds of horonary
.artery occlusion and extended throughout 60 minutes of
occlusiog.:ﬂTHe'most<raplé rise in extracellular potassium ’

occurred within the first 5 - 15 minutes of occlusion during

which tifé there was a delay in activation in the 1schemic

2 >

zone accompanied.by a decrease in amplitude of bipolar
électrograms.‘ AlEhough alectrograms regained amplitude

’ - - R - =3
following this period the extracellular Kt continued to rise

(but not'as rapidly) and conduction times to the electrode
3

; within the ischemic zone remained eleva§ed. On the basis of

" factor causing the electrical: abnormalities seen duripg

this facty; and their observation that artificially&rals1ng
Kkt levels to those achieved during ischemia did not produce
equivalent electrophysiological changes to those seen during

ischemia, H1ll and Gettes concluded that K+ was not the only

~

4
ischemia 1n .the nyocardium. Their view is supported(py

-
A A » -~
-
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Downar éE al. (22) who found at corofary venous blood

., taken from a heart"in which Athe LAD had been occluded could

cause profound changes i e transmembrghe potential and

refyactoriness in otherwi "normal"™ myocardial tissue.

The hanges could be mimick elevating Kt levels in
.the tIssue bath but only at co entﬁskions twice those found
in the venous outflow from the ischemic “zone. They

considered the possibility that moderately ¢levated

&

potassium in combination with other chemical and/or

N

blochemicgi/changes occurring during ischemia produced the

electrophysiological changes observed. However, it was

i

found that the éffects of ischémic blood could not be

accounted for by the combination of hyperkalemia, acidosis,
£

hypoxia, and hypoglycemia. Therefore it was postulated that

some as of yet undetermined metabolic factor(s) were
responsible for the depression of electrical activity in

ischemic myocardium. It is interesting to note that these
\ .

factors .were réleased within the- first 10 minutes of
ischemia, as blood ﬁéken after 15 minutes of LAD occlusion

prodﬁced the sahe effect as the sample collected after 73

LY

minutes and longer periods of ischemia of up to one hour did

a

not produce more marked effects, 'Bagdonas et al. (5) used
an in vivo dog model to compare the differeﬁées in cardiac

electrical activity brought about by periods of ischemia vsg

“

hypoxia. These workers reported fibrillation occurred in

bY
all of their animals within the ;nitial 5 - 13 minutes of
’ " " - B ) !

‘o ox
u
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itschemia. During this period conduction times recorded 1in
the His-Purkinje system remained constant but the time

interval between left bundle branch and .left ventricular .
epicardial activation increased. Convéersely, hypoxla’caused
1ncreases 1npconduction time but _never fibr:illation, even up

to a périod of 120 minutes. The arrhythmias that occurred

during )ischemla, but not hypoxia, were suggested as being

due to accumﬁlation of petabolites, changes 1n blood ph and
electrolyté‘concentrations, and could not be accounted for
by a lack of oxygen alone. g .

More recent é&ig by Morena et al. (66) i1n the 1solated
porcine heart:has attempted to define accurately the ‘
metabolic changés during ischemia that are réSpéhsible for
the eléctrical changes observed. By comparing the éhanégg,
produced ‘'in DC electrograms, with metabolic changes duf}ng
ischemta (produced by LAD‘bcclusfbn) and hypoxia (produced
by perfusion of the LAD with an oxygen deficient Tyrode
solution) they coricluded no simple direct relationship
ex1sts bétween electrophysiological changes and the metabo-
lic state. Ischemia.and hypoxia both elevated tissue con-
tent creatine phosphate amd.ATP but produced different .
élecffidél ehanges. This group reported few 1nc1gences of

arrhythmias during hypoxia with LAD perfusion whereas LAD R

occlusion produced fibrillation 1n 50% of the héartq withip

o S

]

3-8 minutes. They attributed this difference to

i1nhomogeneity of resting membrane pdtentials“and

& ' F a ®

%



-

. : . ’ 172.
. r _ hY ) '

’

’

refractoriness shown to exist among 1schemic cells during
. »

\ .
the latter but pot the former. Thus it was suggested the

- » ¥

lack of oxygen and 'substrate, plus the lack of washqut from
) . ,
the infarcted‘area, are necessary cafactors in the genesis

of afrhythmias~&ur1ng\acute ischemia. .

-

Although these results provide explanations for~the
arrhythmias see. during the initial thSe of acu}:e ‘1schemia
(i.ef fhe first 10-15 minutes) they cannot explaln'the
recovery of electrograms w1thin'the,1$chem c ;one réeported
here and by othérs (92, 45, 67), nor do they account for the.

remission of arrhythmiis we oObserved afiter this mnitial

igschemic period. . Murdock et al. {67) noted a similar
quiescent arrhythm{a free period foilowing the initial 10 .

minutes of lischemia, buf unlike our fésults they reported a

» N

progressive loss of electrical activity from the 1ischemic
/ .

zone after this 10 minute period.

Corr et al. (17) have measured ‘cyclic AMP.Ievpls during
et a2 2 s ;

.

acute ischemia_in the feline heart. [They teo ‘observed

an arrhythhic pﬁgg; beginning within minutes of oc¢lusion of

,

_the LAD and subsiding within thirty minutes of occlusion.

During this time there was a build up of cyclic AMP In the

iscpemic ;one ;hich was significantly greater than that in
the non-ischemic zone. \The levels of cyclig AMP were shown
to fall off concusfently with the dissappearance of

arrhythmiaik’ In ‘the hearts that fib£iliated cyclic AMP

levels were found to Ee higher than those in -non-fibrilla- '

» . R /
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ting hearts. It was postulated that "eyclic AMP or
processes responsibile fQr its accumulation such as; .

regionally enhanced adrenérgic activity in ischemic Zones,

v

" contribute to.the maintenance of ventricular arrhythmias

after myocard1a1 1schem1a Thus, this 1s the only bit .of

«

ev1dence to suggest a direct correlation between a bio-

chemical factor and the disparate electrical events that",
~ [4

occur during 1ischemia. 3 ’ . )

The apparent reslStance of the Purkinje system to °

.

B r
ischemia reported here is in agreement with the work of

~

others (5, 19, 20, 92) and may be attributed to a number of

factors. a) The Purkinje cells with§n the ischemic zone

a

are bathed by cavfty blood and are not as dependent on
Wt
coronary blood flow fpr oxygen as +the myocard1a1 cells and

b) Purkinje cells unlike myocardial cells, are ‘not working
cells, thus require less oxygen and are better able to cope

. >
with an énvironment of low oxygen. - N

2. Effect of lidocaine on conduétioﬁ: ‘Preferential

”

1 " slowing of comduction in ischemic myocardium.

As stated .sbove .lidocaine had little effeq}~on

-~

¢onduction 1n the -normal heart. Only at high doses of 2.5
to 10.0 mg/kg gid 1idocagpé ingregse the conduction times of
extragystoles, and no effect of the drug was observed for

' non-prem#ture beats. However in the acutely ischemic heart

-

.
¢ . st
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lidocaine had a much more pronounced erct. Transmural
conduction time 'in the 1schemic zone was 1ncreased by even
*

the lowest dose of 1.25 mg/kg and this slowing of conduction

*

-

was obs®rved for non-premature beats during the basic drive

interval of 800 ms (Fig. 35B). This represents a
. .
preferential slowing ‘'of conduction’ 1in ischemic tissue by

lidocaine, an observation also made by Kupersmith et al.

(56). This preferential action of the drug was limited to
the myocardium, as endocardial (Purkinje) conduction was .°

changed to the same Extent in bqgh normal and.ischemic

kearts by the drug. Because of this preferential slowing of
’Spnductlon in ischemic myocardium, attempts were made to gry
and correlate the 1schem1a?anduced increase;“}n TMCT by 30 .

minute§ ischemia to the‘furthet chbngéé 1n 'TMCT produced by ‘
lidocaine given after the 30 minute mark. However no

adequate correlation was found to exist ‘be'tween lheﬂggfects
& L3 )

of ischemia and the effects of the drug on myocardial
conduction, . :
Lidocaine not only had a greater effect_1n ischemic .

myocardium but appeared to have an additional mode of action

in ischemic over that 1in the normal heart. The effects on

-
0

lidocaine on TMCT in the ischemic zone were 3 fold. $
. ' i
a) - The drug increased TMCT during the basic drive
! ri

.interval of 800 ms (Fig. 34B) and extrasystoles of long,

Al

coupling intervals (Fig. 37B). This action is different

from its action in normal myocardium where it only slowed

»

- rl
»
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conduction of extrasystoles introduced early in diastole. |, |

. N, . .
This result indicates lidocaine may~.change the steady-state

* L
relationship between resting membrﬁne potential and Vmax in

, ‘4 ’ ) »
damaged muscle ¥ibers. Why' the drug should haye 1kis'effect
. . 4 ¥ e

in ischemic but not normal cardiac muscle has led to much . \

]

- speculation. It is known from 1n vitro studies that

lidScaline has a- depressant action” on Vmax a€~lower resting
membrane potentials (more positive) (50, 73, 85) and does

not dec;eife Gmax at normal membrane potentials. Also it~1;“
known ‘that K+ is released from the ischemic myocardium‘( 43,
45, 84) in sufficiently high concentrations to cause a loss

1n resting membrane~potéhtia1 (85). 'Therefore at seems

reasonable to assume that lidocainé's preferential action in

+

1schemic vs normal‘mybcardium is due to the depolarization
produced by the increased extgacellglar K+ found®there. ~
Saito et al. (B3) have exglored this possibility and have
shdﬁn in. dogs that lidocaine has little effect on cardiac’
conduction under control conditions (K* 2.6 < 5.4 mM),_but
increases ventricular conduction time when ‘plasma K+ levels
are raised to 8.0 mM or higher. Hill and Gettes (45) found

. . . -
Kt levels to reach upwards to 15 mM during, acute ischemia;
Downar et al. (22L.Iike;ise’f0und levels of K+ to range f;om'
4.6 to 16.2 mM 1n the venous effluent from the igchemic

myocardium of the pig. Similar results were found by

Ettinger et al. (32) who irfused an isotonic KCl solution

into the LAD of the dog. They found lidocaine caused

¢ k .



< 176.
// .. N
. ; ‘
\ .

ﬁrdloégatlon of epicardial activataon during normal sinus
rhythm 1n the perfused zone and concurrently 1ncreased the
surv1yal fate (by preventing ventricular fibrillatiop) frém
9 tp 75%. Thus, both the studies of Saito and Ettinger
indicate lldbcalne's)hctlon 1n an environment of hlgh
extracellular K+ to be due 1in pagt to 1ts influence on the
steady-state, vbita?e dependence of Vmaxh_ j 1ncrea$es 1n
conductlon time we?e observed durfing normal s1nus rhythm

‘ .

1.e. non premature beats.

b) Lidocaine also caused an 1nterval relatéd slowing

of TMCT becaus® the greatest slowing of conduction by the
1
drug occurred at the shortest-coupled (most premature)

extrasystoles as shown in Fig. 38B, converting the dip in

¢

TMCT to an Lncrease. 1s effect was also seen in the

normal hearts (Fig. 12),, t much more pronounced 1in the

1schemic hearts. . ' “_
'saito et al. (85) have a%géfshown lidocaine to cause a

time dependent slowing of conduction in the canine heart, %h

addition to 1ts §teadyestate slowing, during hyperkalenfia.

[ 3

They demonstrated lidocaine slowed conduction of
7 -

extrasystoles which were i1ntroduced after the end of the

T~-wave of the ECG. ° This tlme-dependenf effect of lidocaine

has been attributed to the drugs’ hbilit§ to incidease tge —.M_i

time constant of regovery of‘reactivation‘of the‘fést sbdyum:

channel (14, 85, 109) as described above, so that the sodium °

channel has not recovered from inactivation by the tidfe the
©a . '

'
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membrane has returneds to normal resting potential i.e.

remains inactivated in the diastolic period. (-

,c)‘ Lidocaine also caused a rate-related or frequency

dependent slowing of TMCT. Under control conditions TMCT
was unchanged at all drive rates and increased slightly
¢during fast drive rates following 30 minutes of ischemia.

»
However lidocaine caused a dose-dependent increase in TMCT
N [ I LS

in the ischemic zone which was greatest of the highest rates

(shortest draive interval, Fig. 35B).. It was not determined

i

whether lidogaine had similar rate-related actions in normal
myocardium although it has been démongtrated by Tritthart et
al- (103%‘pnd Cdﬁrtney (18) in "in vitro" myocardial fibers

and by Carmeliet and Zaman (16) 1n the isolated guine-pig

L

heart. It might be‘antlcipated that the.rate—related effect
++ of lidocaine would be lesé in normal than 1schemic

myocardlum, as was its interval-rated action, because

v e %

Hondeghem and Katzung (50) have shown the rate-related

. Jeffects of lldocalne are accentuated by depolarlzation of[

the cardiac membrane and attenuated by hyperpolarization. -
Tritttiart et al. (103) have suggested the rate-related

action of lidocaine, like its interval-related action is due

»

to the drug's ability to increase the timg constant of
recovery of the sodtum influx system. In their words “this

means that with higher frequencies - as the integvals -

-

- - "
‘between action potential becomes smaller - the upstroke

velocity is reduced mare and more”.

L
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Thus 1n ischemic myocardium, lidocaine causes greater

slowing of conduetion during early premature heats ang fast
heart rates. Thi; nay exblaln 1ts antxafrﬁ;thmic actions in
infarcted hearts where 1t 1s'be11eved that arrhythm:ias
originate Erop sustained electrical'act1v1ty in the ig;hemic
myocardium which re-enters into normal tissue pr@ducing
premature Yentrlcylar contractions. Lidocaine's "arrhythmo-
cidal” action during the-early phaseé‘df i1schemia may be due

to its ability to cause sufficient slowing on conduction in
the_}schemic myocardlgﬁ to prevent re-entrant beats from
emerging 1nto normal tissue. . .

. The fact that lidocaine causes preferential slowing of
conduction i1n ischemic myocardium can be explained 1n part

by the 1ncrease5xext§aéellular K+ and loss of memb:ﬁne

potential found in infarcted tissue as discussed ;bove.

However, there are other biochemical changes associated with
ischemia ‘that may modify the manner 1in which the lidocaineif .
molecule interagts with the cardiac membrane. One of these"\\
is a change in pH. Neely EE,El-’(724 have found the pH .

1? the ischemic zone Eﬁ_be'lower than surrounding normal

tissue because of lactic acidosis. Lidocaine is a weak base
with a pKa value of 7.88, and_therefore slight changes in

tissue pH would alter the ratio of charged to uncharged

forms of the drug. Acidic conditions ;ould favour the,

charged form of lidocaine, causing grotonazion of the

nitrogen atoms in the molecule. The observations of

“«
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GlxdkLch and Hoffman f36); as well as Narahashi et gif

(70), have 1ndicated 1t 1s the chrgedvform of ladocaxinfe

A

wﬁxcﬂ acts at an 1ntraceldular site to'Ulock‘the fast‘sédldm
' . - -

channel 1in cardiac Purkinje cells and.nerve cells <

régpectlv However,-Ritchie. and Greéngard (80) showed ~

< lidocaine to cause/greater conduction block 1n nepyves 1in a
h
t. Therefore, 1t has beek syggested that

EBSLC PH environm

local anesthetics cross the céll membran® 1h tHe ungharged
. ]
form and act to block the Na+ ¢hannel in the charged form.

-
These experiments were all do?e on normal tissue 1n which
L J

diffusion of the drug through the cell membrane may have

.

been the limiting factor. It 1s well knowH that 1ischemia

- .
’

gﬁoduces damiage of the cardiac cell membrane so that the
“cells becomeqleaky.and'permeable to. enzymes and ions. It 1s
reasonable to assume that uﬁder gkese conditiong lidocaline
1n the charged form qould readtly transverse the cell wall,
afg tﬁus the greater tﬁq ratio aof charged/uncharged form of
the drug, the greater would be the drug's effect. Recent
_work’by Granj e¢ al. (37) has confirmed the /importance of pH
1n determining lidocaine's effect to gyéféaée the* recovery
kinetics of the fast sodium channel 1in ventricular
myocardial cells, Thz§§§ﬁbwed the recovery:'time constant of
Vmax was increased wh extracellular pH was lowered, and *
was fgrther increased-by addition of lidocaine. Similarly-
Nattel et él. (71) suggest extracellular pH mgg mod1f§ the

“effects of antiarrhythmic drugs. They demonstrated 1in

N

-
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P
canine Purkinje fibers, lidocaine caused a greater reddction

" Df Vmax at pH 6.9 than at pH 7.3, and believe 1t wag.due to

-

a reduction in restxng memggane potentaial W{\lldécaine at
. ' - 5 R o
the lower pH.* <

»
W

N

» - '

Future work: - . ' -

¢

. The results contained 1n this Ehesis are, hopefull{, a

2 -

’contrlbutlon to our knowledge of the characteristics of

- >

ventrlcular conductlon, under normal and pathological

conditions, and how 1t 1s altered‘bx antiarrhythmic drugs.

They ralse certaln-questions which will require further work
, .

to elucidate. ' .

e e

© ¥
Firstly, the,reason for the decrease observed in TMCT
- .
duringvearly ex%rasystoles is not clear. It was proposed

that thi1s "apparent®" supernormal myocardial c¢onduction was
due to a mechanical phenomenon assoc1ated with the

contraction off the heart and/ot and electrical ,phenopenon

.
] » o

1nvolv1n§ a cHange in conduction pathway during ' )
extrasystoles. ﬁreviously, blood pressure tracings made

ﬁfom the femoral artery were used to assess the mechanical

»

¥ s
state of the heart, i.e. whether it was in a contracted

[}

state or 1n dlastole. However, a more direct measure of the

mechanical state of the heart during 1arly extrasystoles

’

fcould be made in fué%re eﬁperiments by monitoring the .

" contraction of the heart either by’ the use of strain gauge

sewn to the surface of the heart or by an echocardiogram
‘ )

-

180..°

~

.

4
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" recorded simultaneous' with the electrograms. This would

allow'oﬂe to éetermlne whether or not the heart waslln a
contracted state, duglné‘%he probagatlbn}of early
?xt}asystoles, thus having a dlfferen; wa{l thickness than
during extrasystoles 1ntroduced\10 diastole, Also, it'was

" reéorted that dlsbp&ramxde increases tﬁe functional

\ }efractory period of the ventricle and concurrently change§'
the coupling 1nterval at which the Qgcrease it TMCT occQFs. ) \\\\
This sUggests the decrease i1n TMCT may be associated with )
the electrical spread of the cardiac lmpulsé. Futute work

might envolve testing the effects of other drugs, known to

»

change the FRP of the ventricle, on the occurrance of the

decrease 1n TMCT and/or the coupling interval at which 1t \

occlurs.

Under noFmal circumstances, the PurkLP]e sy&tem serveg

48 a prétectlve mechanism 1n-the gentricles; l1.e., due to

the long rgﬁractorx/perlod of the Purkinje system
'H'extrasystoles atre sléwed sufficiently so that the‘

'exbrasy;tole interval invading the myocardium falls outside.

the refgactdry period of the myocardium (the gate theory

-

(68)).* This ensures that ho slowed condggtlon and/or

reentrant circuilts can occur in the myocardium. This gating 6
phenomenon of tﬁé Purkinje system waé evident in our
experiments b§ the fact thét all the increase in conduct 1on

time ohserved during extrasystoles was observed 1in

endocardial conduction time, myocérdial or transmural
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conduction time remained constant (or decreased) during
- A Y

extrasystoles. Myerburg et al. (68), from 1in vitro

experiments, haYe suggested that the gating function of the

A

agreement with thid sqggestlon are the results of Moore et °

Purklnje system may be lost at high heart rates. In

é/ al. (65) which demonstrate diffetrences in FRP and action

‘ ‘pptential duration normally evident between Purkinje and \
A b .
.myocardial, tissue are lost at b1gk drive rates. « Future 1in

vivo work,plght test this h thesis by measuring
-
endocard1a1 and transmural conductlon tim of extrasystoles.

during ventricular pacing at a slow drive‘rate and then

during drive rates Rf 1ncreasing freqﬁency. If the gate
function of the Purkinje system breaks down at high drive

rates one should oBserve\an increase in transmuralras wellg

[y

as endocardial conduction ‘time during early extrasystoles at

\

high heart rates.

e

There 1s_also much work to be completed 1in the study of
antiarrhythmic drugs in ischemic tissue. ~he have shown, as
have others (dGY, that lidocaiﬁe has a much more deépressant
effect in i1schemic than normal tl.ssue. Prflmunary
‘experiments have 1nd1cated that the .same may be true fFor

disopyramide and more expériments are necessary to confirm

“ these resulgs.

Eald

«Corr et gl.’have suggested- - cyclic~-AMP may be one of the
causative factors in the genesis of arcrhythmias in ischemic

hearts. Fyture research into the mechan{sms of arrhythmias

¢

s
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Pssociated with myocardial infarct;gn might 1nvolv§ infusing
dibutetyl cyclie-AMP 1nto a coronary,arter& and observing’

the ch;nges, if any,.in, the conduction character%sélcé of .
the myocardium }n the aff%gteé area. ‘qlternatély, one could
treat a series’of animals Exth théophylline,‘a ) .
phoSphqdleétergse 1nh1b}tor! to prevent‘the breakdown of
cyclic-AMP before occluding a caronary artery and boﬁpare

the 1nc1dénoe”and:severlfy of arrhythmias i is group of,
animalé with thos; 1n a’non-treated greup.,

Finally, one mxghf look at the changgs 1hduced in the
electrical a;tlvity in the myocardium following anoxia‘and
compare to those produced by 1§chem1a. Several workers (5,
66) haye reported that anoxia se}aom results 1n severe
arrhythmias and fxbrillatxzn, as 1s so often the case with

¢ 1schemia. A greater understandlnd of the electrical evénts
associated with‘anoxia might pro&ide some clues to phe

treatment of ischemia and .the control of arrhythmias

associated with myocarklal’infarction.
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COPIE DISPONI . . .

-
»
- [\.&t of Computer Program ®CARDOA®

 CARDOA -RO:32:00

10 REM ..., DOA . PAS . .
v sm(....,xmnt RUN IN PBINON
REN 0., BANPLE Ci1 § CHZ 3 CH3 THEN PLOT .
. PIN 61,X(40%) . Py
OPEN *G1BTOR® FOR QUPUT A8 FILE #3 ’ . .
S0 L=4096 :
. 40 CALL BUFF (L) . . .
70 CALL CLOK(404) . -
80 CALL SAM(1+1+3sL/3)
92 K=0
85 CALL "DIS®(1skoK) .
90 IF Keé4 THEN 80 \ REM B FOR BAD EVENT .
S IF K=d9 THEN 540 \ REM E FOR END
100 FOR Jmg TO L/3 N *.
. 110 CALL GET(JsP)
L 120 X(J)=p "
130 NEXT J . .
130 FOR J=L/3#1 TO 28L/3 .
130 CALL GET(JeP) N
140 X(J)=p - N ’ .
. 170 REXT 4
180 FOR Jm28l/341 TO L
190 CALL GET(JeP) .
209 X(J)up P
210 NEXT J
240 PRINT \ PRINT "ENTER THE TWO LABELS FOR DATA STRIPS® .
250 FOR T=0 TO 1 \ INPUT DS(T) \ NEXT T » ¢ '
' 270 CALL ‘PLY’(02/0%)-IX) .
200 C=3100 - ¢ .
. 283 uo-'mrn CNTRL C=3100* . . . .
. 284 QX=LEN(US) “ ' .
. 284 CALL ‘CHR’ tozuuox.u.m-.o.n)
208 Ve=’8-8’ PP’ M-M’(EN) H-N°(EP)
- 289 GxeLEN(VS)
290 CaLL M'(Oﬂvl‘mv“-VO'O-m)
293 Zen'S'-p’  84mp PN . . -
T 294 QX=LEN(ZS)
, 296 CALL ‘CHR’ (OXs31440Xs8%120+0¢08X) o .
300 k=490 , .
305 BiXeX(3)3C-E .
310 CALL *PLT’ (OXsD1X:30)
' > 330 FOK A1 TO L/3 . .

335 AX=a , .
340 n-xh:c—: - !

343 AX . .
380 uu. YPLT’ CAZeKZ0 2X) -
340 NEXT & .

363 D1XeX(L/341)8C ¢
320 Ful1000

390 CALL ‘PLY’ {0XsDLX,3X) n -
V0 FOR AeL/34) TO 2073 .
. 400 KXX(AIBC-F
410 AXwA-L/3 . o
. A1 AX=AXEY : .
420 CALL ML’ (AXIKX»2X) . N , -
. 430 NEXT A )
< 433 gwi080
; m DIXSR(IOL/ 341 )0C-8 o , .

- T 480 CAlL ‘PLYT’ (OXYDIXyIX) . 3
3: gx::mm TG 28L/341030 . .
480 AX=A-F81./3 coe |

. . 499 ATATE « -

. 500 CALL ‘PLT’ CAXSKE»2X)

::: mﬂ‘l Sez0133 ' ’ )
. .
. 548 Kiyox
. " - 890 Call ’PLY‘(m-Kﬁ.-I!l -
-y © BéD CLOSK oF

. A 970 PRINT \ PRINT ; .

e ’
. READY ‘.
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ANOVA results on ehdocat&}al Js'"'en) and transnquI (TMCT)

conduétitn time of extrasystoles in the@ieft ventricle-
. . .

effect of 2fschemia and lidocaine. ) .

. )(‘&'

¢
*

List of variables: k
v . ‘ T
V1l = animal number (l\to 8) - - f‘

t -

V2 = coupling interval of qxtrés}stoles (1 to 8) ml = 400 ms

- . + 2 = 350 mB
o ‘ [ °
kﬁ\t:\\ . v 3 = 300 nms
Do - . 4 =280 me
. . .
© , 5= 260 ms

T ‘
+ 7, ,6 = 240 ms

(W

. . . T = 220,ms‘

. ) . 8 = 200 ms
- - : ‘ <
V3 = treatment (1 to 6). 1 = contrdi CL .

¢

2 = occlusion 30~nin

- 3 = occlusion 45 min, lidocaine

. 1.25 mg/kg S ‘ .
’ 4 = occlusibn 60 min, lidocainet
= 2.5 mg/kg '
‘ 5. = occlusion 75 min, lidogaine

5.0 mg/kg

ﬁ\t occlusi

y w"n -g/kq
v

nin.-xidocaine

+

-

VS = endocardial canduction time, 8'M'gn
V6 = ;iinlﬂntal conductloq'tilt' ™mer

2 - * -
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