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ORSERVATION DE BOTANIQUE.

Salerne , Médecin a Orléans & Correfpondant de
A.'Académie, ayant appns que plufieurs dindonneaux
étoient morts pour avoir mangé des feuilles de la grande
digitale’a fleurs rouges, quon leur avoit données par hafard
pour ‘du:hoéuillon-blanc, voulut s’aflurer de ce qui en étoit;
il donna pour cela de ces mémes feuilles & un gros dindon :
quoique cet animal file fort & vigoureux, que la plante
elit peu de vertu, tant parce que les feuilles étoient cueillies
depuis fept a huit jours , que parce que l'expérience avoit
été faire en hyver, & qu'il n'en elit mangé qu'une feule
fois, il en fut cependant {i malade, qu’il ne pouvoir fe tenir
fur fes jambes; il paroiffoit ivre, & rendoit des excrémens
rougedtresi huit jours de-bonne nourriture fuffirent a peine
pour. le rétablir. M, Salerne jugea a propos de faire une fe-
conde expérience , & de la poufler plus loin; il donna, au
mois de Décembre , des feuilles de la méme plante hachées ,
mélées avec du fon de froment, & un coq d'Inde vigoureux ,
& qui pefoit fept livres: dés quiil en eut mar(xgé‘, il parut
wifte & mélancolique ; fes plumes - éroient hériflées , & fon
col pile & retiré¢ ; il en mangea cependant encore quatre
jours , pendant lefquels il en confuma environ une demi-poi-
gnée , qui avoient été cueillies depuis environ huit jours, &
comme nous l'avons dit, dans une faifon trés-avancée. Dés
le premier repas, on remarqua que les excrémens, naturelle-
ment verds & bien liés , étoient devenus rougedrres & liqui-
des , comme s'il efit été attaqué de la dyfenterie. L’animal
ne voulant plus abfolument manger de cette patée qui lui
“avoit été finuifible , on fut obligé de lui donner du fon délayé
avec de I'eau , mais cependant il continua d'érre trifte & dégoli-
té; il lui prenoit de temps entemps des convulfions fi vives,
quil fe laiffoit tomber ; lorfquil s’étoit relevé, il marchoit
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comme s'il efit étéivre ; & quoiqu’ilelit de quoife percher , il
fe tenoit toujours a terre ; il pou?fmr preique fans cefle des cris
plaintifs ; il refufoit tous les alimens , méme l'orge & I'avoi-
ne , dont on (ait que ces animaux font tres-friands : au bout
de cing ou fix jours , les excrémens devinrent blancs comme
de la chaux nouvellement éteinte , puis jaunes, verdatres &
noirdrres. Enfin , le dix-huitiéme jour de I'expérience,il mou-
rut dans une maigreur i grande , que de fept livres qu’il pe-
foit avant qu'on la commengdr , 1l éroic réduit & trois: on
Iouvrit , & on trouva le cceur, le poumon , le fore & la vé-
ficule du fiel flétris ; 'eftomac avoir fon velouté , mais il éroit
abfolument vuide. Au moment qu'on Pouvrit ,il rendit par le
bec & par I'anus une matiére verte & liquide , femblable &
de la lie d’huile d’olives ; cette mariére étoit plus épaifle
dans le géfier & daus les inteftins. On voit par ces expérien-
ces le dérangement que l'ufage de cette plante peut caufer
dans les organes de ces animaux , & combien on doit étre
arcentif & la détruire dans les endroits ol on les éléve.
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F. Salerne

Observation de Botanique. Hist. Acad. Roy. Sci.
Paris, Année 1748 (1752); 74-75
(Printed with permission from the Bibliothéque Nationale, Paris, France)
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ABBREVIATIONS.

Va

the spontaneous QRS-complex before stimulation.
the stimulated QRS-complex.

the QRS-complex induced by an extrastimulus.
the first postpacing QRS-complex.

the second postpacing QRS-complex.

stimulus artefact.

number of stimuli.

the last prepacing interval.

the interstimulus interval.

the first postpacing interval.

the first postpacing interval following an extrastimulus.
the second postpacing interval.



Chapter 1

Introduction.

This work deals with the effect of programmed electrical stimulation of the heart on
ventricular rhythm in conscious dogs with chronic complete atrioventricular block with
and without digitalis intoxication.

The study was initiated for the following reasons.

An arrhythmia in a patient using digitalis frequently confronts the clinician with the
possibility of digitalis intoxication. It may however often be difficult to proof that this
diagnosis indeed is the cause of the arrhythmia.

Better understanding of cellular mechanisms leading to digitalis induced arrhythmias has
been obtained during recent years using programmed electrical stimulation.
Application of this technigue in dogs with digitalis intoxication could be of help for the
understanding of the mechanisms of digitalis-induced arrhythmias in the intact heart. It
may also be a clinically useful technique for diagnosing digitalis intoxication.

The clinical problem of digitalis intoxication

Digitalis derivatives have been used since centuries for improvement of cardiac
contractility. Also today digitalis glycosides are used frequently because these drugs are
suitable for chronic oral use to increase the contractility of the heart without increasing the
heart rate ¥, In the Netherlands 2% of the population are regular users of these drugs
HB.140 Unfortunately the therapeutic range is narrow what frequently leads to cardiac and
extracardiac signs of toxicity '*. Recent estimations suggest a 5-15% incidence of digitalis
intoxication in patients at the moment of hospital admission ',

During the last decades much effort has been spent to reduce the occurrence of digitalis
intoxication. Bioavailability of orally ingested digoxin has been standardized, after it was
recognized that marked differences in serum digoxin levels were present berween different
brands of digoxin tablets "** and even between batches of tablets from the same
manufacturer >, Reducing variations in dissolution rates by standardizing particle size
and improved mixing during tabletting has led to a more constant bioavailability of
digoxin tablets '97!'1,

Since the development of immunclogic methods for determination of plasma levels of
digoxin '"'% and digitoxin *', radio-immunoassay has become widely available to help the
digitalization of the individual patient.

However, determination of plasma levels of digitalis derivatives has been found to be of
limited value because of the frequent overlap in plasma levels of patients with and without
evidence of toxiciry '

Caution has been advised therefore against uncritical acceptance of the value of digitalis
plasma level as guide during digitalis therapy #¢-85118:140

A high incidence of digitalis toxicity occurs because many factors influence resorption,
metabolism and excretion of digitaljs 4645118140,

Alterations in ionic conditions and acid-base abnormalities (hypokalemia,
hypomagnesemia, hypercalcemia, hyponatremia, alkalosis) decrease the tolerance to



these drugs. Other factors are hypoxemia, stroke, impaired renal function,
hypothyroidism, myocardial disease, patient age, and the concomitant use of drugs like
quinidine and L-dopa.

This has led to advocation of adapted dose regimens taking some of these factors into
account %%,

Digitalis induced cardiac arrhythmias

The toxic manifestations of digiralis derivatives on the cardiac rhythm are characterized
by enhanced impulse formation and depressed impulse conduction in different sites of the
heart "% Depressed impulse conduction leads clinically to different degrees of block
within the sinus node and atrioventricular node. Enhanced impulse formation occurs in
the atria, the atrioventricular node and in the ventricles. Because enhanced impulse
formation and depressed impulse conduction oceur simultaneously, complex arrhythmias
are frequently observed %0,

During the last decades the underlying mechanisms of digitalis action have been studied
extensively. One of the most important findings was that digitalis glycosides act through
inhibition of the sodium-potassium pumping mechanism *''*?, It was also found that,
based upon this inhibition, triggered activity, induced by delayed afterdepolarizations,
can occur, leading to impulse formation in isolated Purkinje fibers 733485797,

Outline of the study

Because of its obvious diagnostic and therapeutic implications, we wanted to know
whether triggered activity also plays a role during digiralis intoxication in the intact heart.
As the behaviour of delayed afterdepolarizations has been studied by programmed
electrical stimulation, this method was also used in our study of digitalis intoxication
{chapters 3-5). Since it was not known whether the findings were specific for digitalis
toxicity, or were, at least in part related to the pacing modes, experiments were also
performed without digitalis intoxication using similar pacing protocols {chapter 6}. To
further evaluate the results obtained during these control experiments, a study was done
using programmed electrical stimulation combined with drugs specifically influencing
cellular mechanisms of impulse formation (chapter 7).
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Chapter 2

Impulse formation in cardiac tissues.

This chapter deals briefly with the most important mechanisms involved in normal and
abnormal impulse formation in cardiac tissues. For this purpose, we will restrict ourselves
1o aspects of impulse formation which relate to the subject of our investigation. More
detailed information is given in a number of recently published articles *!%3:3740:54:55.
56,85,98,100,101,102,127,129,131,146,152,155,157

Normally the sinoatrial node dominates the rhythmic activity of the heart, The cardiac
impulse spreads through the atria, the atrioventricular node, the ventricular conducting
system and the ventricles, until the entire heart is activated. This sequence of events is
repeated 60 to 100 times each minute. Impulse conduction can occur because all cardiac
cells are excitable: they respond to a stimulus which is sufficiently strong to bring them to
threshold by generating an action potential '®. Certain cardiac fibers are automatic as
well; they can depolarize and spontaneously initiate an action potential. When sinus node
function stops, specialized fibers in the atrium, the atrioventricular junction and the
ventricular specialized conducting system can depolarize spontanecusly and function as
automatic pacemakers ', The spontancous activity of these cells results from the fact that
each action potential is followed by a spontaneous slow depolarization, that brings the
membrane to its threshold potential, thereby evoking an action potential '*,

Normal impulse formation

Cells for impulse generation can be subdivided into two main classes **: cells which
generate fast responses and cells generating slow repsonses. Fast responses are found in
specialized fibers of the atria and the His-Purkinje system. Cells, normally generating
slow responses, are the primary pacemaker cells of the sinus node, the cells of the N-region
of the atrioventricular node and perhaps cells in the mitral and tricuspid valves *°.

The fast response

The action potential of the fast responses is generally divided in four phases '™ (figure 1).
In Purkinje fibers depolarizarion of the cell membrane during phase 0 occurs by a voltage
change from — 90 to + 30 mv. Depolarization is carried by a sodium inward current
through fast channels. During phase 1 partial repolarization is induced by inactivation of
the fast inward current and activation of an outward potassium current. Subseqguently a
slow inward current is activated which is carried by calcium and sodium (phase 2). With
time the slow inward channel closes partially and another potassium channel opens. The
net current becomes outward and the membrane potential shifts to the resting value
(phase 3) ', In Purkinje fibers the transmembrane diastolic potential (phase 4) is
approximately — 90 mV. This potential is the result of a concentration gradient for
potassium across the cell membrane, such that the ratio of intracellular to extracellular
potassium gradient is about 30:1. The transmembrane potassium gradient is established
by the enzyme Na* — K* ATPase, which pumps sodium out and potassium into the cell.
This transport of sodium and potassium is electrogenic in nature, more sodium being



pumped out than potassium being pumped in. The resulting outward current contributes
to the resting potential and influences the time course of the action potential and phase 4
depolarization '%Z.

The mechanism of this diastolic depolarization is a matter of controversy. Previously it
was thought that depolarization occurred through a potassium ourward current, that
activated after return to maximal diastolic potential and then gradually diminished '%°.
Recenr data suggest however thar the pacemaker current is mainly carried by an increasing
sodium inward current 2.
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Transmembrane action potential of a Purkinje fiber; RMP = resting membrane potential. The major fonic
currents responsible for the action potential during phases 0 (rapid usptroke), 1 initial repolarization), 2
{plateau), and 3 (repolarization) are indicated. For further description of these and of phase 4, see text {from ref.
102, printed with permission from F.A. Davis Co).

PG
Figure 2
Transmembrane potential of rabbit sinus node fiber. Note low resting potential as compared to that of Purkinje

fiber in figure 1 (vertical calibration, 20 mv; horizonral, 100 msec) (from ref. 102, printed with permission from
Martinus Nijhoff Publishers).

The slow response

Cells, exhibiting slow responses, have low resting membrane potentials (— 60 mv to — 70
mv) and slowly rising action potentials 192 (figure 2). In nodal cells depolarization is
carried by a current through slow inward channels. Because the resting membrane
potential is low, the fast channels are largely inactivated. Phase 4 depolarization results

from an inward current that is activated on repolarization *’.



Conduction velocity is faster in cells exhibiting fast as compared to those having slow
responses . In diseased hearts slow responses may occur in other sites of the heart than
the sinus node and the atrioventricular node. They may provide the prerequisite for areas
of slow conduction leading to the occurrence of reentry *°.

The hierarchy between normal cardiac pacemakers

As pointed out above, the sinus node usually dominates cardiac rhythm. Other potentially
impulse generating foci usually only come into play under abnormal circumstances like
conduction block, or because of acceleration of these pacemakers above the sinus rate. It
is however known already for a long time '¥” that when the dominant cardiac pacemaker
suddenly stops, usually a period of quiescence is observed before a subsidiary pacernaker
begins to discharge. This phenomenon is called overdrive suppression.

Overdrive suppression of ventricular pacemakers has been studied extensively. It was
found that the amount of overdrive suppression was related to the rate and duration of the
preceding rhythm, be it spontaneous or induced by electrical stimulation '¥, In contrast
to the sinus node, overdrive suppression appeared not to be mediated by increased vagal
activity. Also distention of the ventricles during the arrest or a reflex release of
catecholamines, due 1o a fall in blood pressure, have not been found to play a role ',
Ventricular overdrive pacing leads to an initial increase of the extracellular potassium
concentration and a decrease of the diastolic membrane potential. The possibility has
been studied whether this increase in extracellular potassium concentration played an
important role in overdrive suppression of ventricular pacemakers. It was found that this
potassium loss was transient and disappeared after longer drives whereas the amount of
overdrive suppression increased.

Probably the most important factor for the occurrence of overdrive suppression in
ventricular tissue is activation of the sodium-potassium pump ', As pointed out before,
this mechanism causes hyperpolarization of the resting membrane potential because of its
elecrrogenicity. The responsible enzyme is activated by an increase in intracellular
sodium and/or extracellular potassium concentration *.

As a consequence of overdriving the ventricle or Purkinje fibers, more sodium enters the
cell because of more action potentials per unit time. When overdrive stops the pump does
not cease its activity abruptly and therefore keeps the diastolic depolarization negative to
threshold.

The possible role of an increase of the internal calcium concentration should also be
considered. Internal calcium accumulation occurs during rapid overdrive pacing. It has
been found that an increased calcium concentration increases potassium conductance *.
When a deactivation of an outward potassium current plays a role in the diastolic
depolarization, it is conceivable that this deactivation is inhibited, leading to prolongation
of the diastolic depolarization *.

Arrhythmias

According to the classification of Hoffman and Cranefield *°, cardiac arrhythmias are

based on three mechanisms:

1. Abnormal impulse generation, including normal and abnormal automaticity and
triggered activity.



2. Abnormal impulse conduction, including reentry.
3. Simultaneous abnormalities of impulse generation and conduction, including
parasystole.

Reentry

Probably the best studied mechanism of cardiac arrhytmias both in the animal and the
human heart is reentry. Reentry, or circus movement of excitation, occurs when an
impulse that has excited the heart does not die out, but finds a pathway of excitable fibers
over which it may return to reexcite part or all of the heart ',

For reentry to occur the following requirements have to be fulfilled "**: 1) Cardiac tissue
has to be or has to be brought in a state of inhomogeneity i.e. differences must exist in
refractoriness and impulse conduction. 2) This must result in unidirectional block in one
pathway in the cardiac tissue and slowing of impulse conduction in another pathway. 3)
This enables the impulse to reenter in the former pathway leading to reexcitation of the
heart "' (figure 3). 4) Another requirement is that the wave length (conduction velocity
% refractory period) must be shorter than the length of the circuit to allow the tissue into
which the impulse is reentering to recover excitability '**. This means that the revolution
time in the circuit has to be longer than the longest refractory period of the components
of the circuit.

A A

Figure 3

The mechanism of re-entry. Panel A shows arrival of an impulse at the site of division into two pathways.
Because of differences in the duration of the refractory period of pathway 1 and 2 the impulse is blocked in
pathway 1 and exclusively conducted over pathway 2. Panel B shows how the impulse coming from pathway 2
alter being conducted over pathway 3 re-enters the distal portion of pathway 1, If the proximal portion of
puthway 1 has recovered, the impulse is able to be conducted back o the site of origin. If this mechanism
perpetuates (panel C), a regular re-entry tachycardia results. (from ref. 147, printed with permission from Véwé
publishers).

Reentry may occur through well defined pathways like disral ends of the Purkinje fiber
system, the bundle branch system, surviving muscle fibers in healed infarcts or accessory
atrioventricular connections '*°, The latter provides, as emphasized by Wellens, an
elegant model for studying reentry in the human heart ***, On the other hand reentry
can occur in the absence of an anatomic obstacle. This kind of reentry is known as the
leading circle mechanism, described by Allessie et al '. In this model the length of the
circuit is defined by the conduction velocity and refractory period of the tissue. Reentry
can also be divided in ordered and random reentry. In ordered reentry, the reentry circuit
18 fixed, whereas in random reentry activation fronts travel along continuously changing
pathways through the cardiac tissue ', The latter mechanism is active in atrial and
ventricular fibrillation. This multiple wavelet theory as proposed by Moe for atrial
fibrillation * has been confirmed experimentally by Allessie et al >,
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Also, reentry not only occurs as a circus movement of electrical activation, but also as
reflection of the impulse in tubelike structures as described by Wit et al ',

Antzelevitch et al ° gave an alternative explanation for reflected responses in Purkinje
fiber bundles. They showed that reflection could occur through electrotronic transmission
of an impulse through an inexcitable segment.

Reentry has been found to occur in different sites both in the animal and the human heart,
including the sinus node ¥ the atria *®, the atrioventricular node ' the ventricles
135,14 31 over accessory atrioventricular connections 138141146,

Different pathological conditions may lead to reentry as ischemia **, myocardial infarction
30,136,156 right ventricular dysplasia, cardiomyopathies, valvular heart disease, and
congenital heart disease % Also no demonstrable structural abnormalities may be present.
Reentry can be induced and terminated by appropriately timed premature electrical
stimuli ¢,

As Wellens has pointed out, the ability to terminate a reentry circuit is related to 1} the
distance between the reentry circuit and the site of stimulation 2) the duration of the
refractory period of the tissue at the site of stimulation 3) the conduction velocity of the
tissue in between the site of stimulation and the site of the reentry circuit 4) the excitable
gap within the reentry circuit '*.

Since the technique of programmed electrical stimulation for the study of supraventricular
arrhythmias was introduced in man by Durrer et al ” and Coumel et al ** in 1967 and for
studying ventricular tachycardia in 1972 by Wellens et al '*, it has opened new ways for
the pharmacological #+37:13%:14 "electrical 2##>** and surgical treatment **'*® of many
clinically occurring arrhythmias.

Triggered activity

Introduction

The term triggered activity, initially introduced by Cranefield and Aronson '®, is used for
arrhythmias which are caused by afterdepolarizations. Afterdepolarizations are transient
depolarizations of the membrane potential during or after an action potential and are
caused by this action potential **. This means that they do not occur spontaneously. When
the amplitude of an afterdepolarization is sufficiently high, threshold can be attained and
a normal action potential develops '*. This action potential can again induce an
afterpotential, resulting in self sustaining rhythmic activity '*.

Triggered activity has gained much attention during the last decade, but the possible
existence was signaled already earlier in this century. A description pointing to a
mechanism like triggered activity can be found in an article by Rothberger and
Winterberg as early as 1911 ', During studies on the influence of strophantidin on
impulse formation in the heart, these investigators noticed that during sympathetic
stimulation sinus beats were followed by ventricular extrasystoles, having a coupling
interval similar to the preceding sinus cycle length. They accurately described the
dependency of ventricular ectopy from the presence of digitalis and from acceleration of
the preceding rate by sympathetic stimulation. To explain the underlying mechanism of
this finding the authors referred to the Engelmann-Wenckebach hypothesis, which
implied that ventricular foci may become automatic through preceding activation by
supraventricular beats. Unfortunately, they gave no further reference to the original



description by Engelmann and Wenckebach. Later, similar observations were done by
Vassalle '%' in the digitalis intoxicated intact dog heart. As reviewed by Cranefield ¥,
Segers (1941) '% and Bozler (1943) had previously shown the existence of early and
delayed afterdepolarizations and their ability to induce extrasystoles. They also observed
that afterdepolarizations became enhanced by elevated calcium concentrations and drugs
like aconitine, veratrine, adrenaline, strophantidin and digitalis. Depression of
afterdepolarizations was observed in the presence of elevated potassium concentrations
and acetylcholine.

Whereas the studies of Segers and Bozler relied on records of monophasic action
potentials, Trautwein et al were the first to use intracellular recordings for the study of
afterdepolarizations '°.

Early and delayed afterdepolarizations

Afterdepolarizations can occur during or after the repolarization phase of the action
potential. The former are called early afterdepolarizations and the latter delayed
afterdepolarizations '®. Early afterdepolarizations are depolarizing potentials occurring
during phase 2 or phase 3 of repolarization (figure 4). During phase 2 early
afterdepolarizations do not induce triggered activity, in contrast to early
afterdepolarizations occurring during phase 3. Early afterdepolarizations can occur when
besides the normal resting potential another stable resting potential occurs at a less
negative value ¥. They have been induced in isolated cardiac tissues under a variety of
conditions that increase inward current or reduce repolarizing current (catecholamines,
reduced potassium concentrations, reduced pH, low calcium concentrations, hypoxia,
aconitine, N-acetyl procainamide, sotalol and cesium chloride) 2.

A recent study by Damiano et al. has revealed that the induction of early
afterdepolarization is bradycardia dependent *° (figure 4). Sustained rhythms induced by
early afterdepolarizations are reset or terminated by premature stimuli, depending upon
the maximal diastolic porential.

Longer periods of overdrive stimulation influence the sustained rhythmic activity also in
relation to the maximal diastolic potential: the more negative this potential the longer the
period overdrive suppression %°, Triggered rhythms, induced by early
afterdepolarizarions, behave similarly to abnormal automatic mechanisms in their
response to overdrive pacing and extrastimuli .

The clinical relevance of early afterdepolarizations is not well known. Possibly they are
involved in the initiation of ventricular tachycardias occurring in the setting of
bradycardia and long QT-interval &.

Delayed afterdepolarizations

Delayed afterdepolarizations are oscillations of the diastolic membrane potential
occurring after complete repolarization of the preceding action potential. When the
amplitude becomes sufficiently high, threshold is attained and a full depolarization will
develop. This depolarization is followed by another delayed afterdepolarization (figure 5).
In such a way sustained rhythmic activity can occur '%. Delayed afterdepolarization have
been demonstrated in normal cardiac tissues, such as coronary sinus ! and
atrioventricular valve tissue ', and also in atrial tissues from diseased human hearts and
in ventricular specialized conducting *>*® and myocardial tissues ** from normal or

8
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Figure 4

EADs at high membrane potentials and resultant triggered activity. Records were obtained 40 minutes after
exposure to cesinm (5 mM) with 2 mM potassium. See text for description. CL. = cycle length, (from ref. 20,
printed with permission from the American Heart Association, Inc).
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Figure §

Triggered sustained rhythmic activity in a mitral vatve fiber induced by a premature stimulus. Only the lower
part of the action potentials recorded from the same {iber are shown in each panel. The 1op wrace in each panel
{100 msec time pips) is at — 20 mV. The preparation is being perfused with 1.0 pg/mi of epinephrine and is
driven at a basic eycle length of 2700 msec. In A, a premature impulse (arrow) is induced 1200 msec after the
last basic impulse, and well after the peak of its afterdepolarization. The amplitude of afterdepolarization of the
premature impulse is the same as that of the basic impulse. In B and C, the premature impulse (arrows) is
induced progressively earlier on the preceding afterdepofarization, and the amplitude of the afterdepolarization
of the premature impulse is increasing. In D, when the premature impulse (solide arrow) is induced prior ro the
time at which the afterdepolarization of the preceding basic impulse would have occurred, a non-driven action
potential arises from the peak of its afterdepolarization (open arrow) and non-driven, sustained rhythmic activity
continues for 15 minutes,

Only the first four action potentials of the sustained rhyumic activity are shown. (from ref. 152, printed with
permission from Martinus Nijhoff Publishers).

diseased hearts exposed to toxic concentrations of digitalis. Other circumstances inducing
delayed afterdepolarizations are catecholamines '**, myocardial infarction *2 and sodium
free 7, calcium rich ! solutions.

Increasing the preceding pacing rate increases the amplitude of delayed
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afterdepolarizanions and decreases the coupling interval to the last stimulated action
potential #5101 151

Also single extrastimuli increase the amplitude and decrease the coupling interval *>'*!,
In this regard delayed afterdepolarizations behave differently from early
afterdepolarizations and abnormal automaticity.

The mechanism of delayed afterdepolarizations

The mechanism of delayed afterdepolarizations is not fully understood. In the setting of
digitalis intoxication it is thought that, through inhibition of the sodium-potassium
ATP-ase, sodium accumulates within the cell. This depresses the sodium-calcium
exchange by which also the intracellular calcium concentration increases.

Increased intracellular calcium concentrations can also occur in the presence of
catecholamines, following fast drives, and in sodium free and/or calcium rich solutions *.
When the sarcoplasmic reticulum becomes overloaded it releases calcium in an oscillatory
fashion. This increases monovalent cation conductance, inducing an transient inward
sodium current, which is thought to be responsible for the delayed afterdepolarization '/,
The described mechanism allows different possibilities to influence delaved
afterdepolarizations *. Calcium overload may be prevented by calcium antagonists and
beta-blockade, whereas drugs like lidocaine, phenytoin and tetrodotoxin inhibit the
transient inward current.

Abnormal automaticity

Abnormal automaticity is defined as spontaneous impulse generation from a reduced
maximal diastolic potential in cardiac fibers, normally showing a high diastolic potential
**_ The ionic mechanism for phase 4 depolarization in abnormal automaticity is probably
different from the mechanism at high resting potentials, but it has not been precisely
defined . Tt has been suggested that an increase in sodium * and/or a decrease in
repolarizing potassium current plays a role ®. Also an inward calcium current has been
held responsible for the diastolic depolarization *'.

Diastolic depolarization leading to abnormal automaticity can be achieved by application
of intracellular currents **, exposure to barium salts ''*, in 24 hour infarct Purkinje fibers
2 and in digitalized Purkinje fibers *.

To some extent the slope of phase 4 depolarization and the rate of impulse generation are

a function of the value of the maximal diastolic potential >*: a lower maximal diastolic
potential usually is associated with a more rapid rate .

Also the effect of overdrive stimulation depends on the diastolic membrane potential and
on the duration and rate of overdrive **. In a recent study %, three types of automaticity
were recognized, according to the value of the diastolic membrane potential: high
potential automaticity (< — 70 mv), intermediate potential automaticity (between — 61
and — 70 mv) and low potential automaticity (> — 60 mv). Short periods of overdrive {
15 seconds or 30 bears) resulted in marked suppression of high potential automaticity,
slight suppressing of intermediate potential automaticity and little or no suppression of
low potential automaticity. The extent of overdrive suppression of intermediate potential
automaticity was related to the rate and duration of the overdrive train and the amount of
hyperpolarization that occurred in the pacemaker fiber. Low potential automaticity was
not overdrive suppressible, even after periods of up to 5 minutes. These results are
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presumedly related to the fact that at low membrane potentials the upstroke of the action
potential is primarily calcium dependent and as a result less sodium enters the cell to
prime the pump *.

Premature impulses have been found not to influence the return cycle length during
spontaneous activity due to abnormal automaticity >,

Abnormal automaticity can be blocked by drugs like acetylcholine, verapamil, nifedipine
and ethmozin »°.

In contrast, lidocaine in therapeutic concentrations does not exert any significant effect

on the slope of phase 4 depolarization or rate of impulse generation >°.

The behaviour of abnormal cardiac pacemakers following overdrive

Overdrive excitation

Whereas normal cardiac pacemakers show overdrive suppression when exposed to a faster
rhythm, this relationship is different in abnormal cardiac pacemakers. Frequently
pacemaker foci become activated or accelerated by the faster rhythm, a phenomenon,
which has been termed overdrive excitation '*!, overdrive enhancement *° or overdrive
acceleration.

It has been described in isolated Purkinje fibers which were depolarized or exposed 1o
norepinephrine '* or digitalis *, and also in the intact dog heart, following induction of
acute total atrioventricular block **1%'% or during digitalis intoxication .
Overdrive excitation has to be considered as a general descriptive term irrespective of the
underlying mechanism (triggered activity, abnormal automaticity, enhanced normal
automaticity). An important finding is that overdrive suppression and overdrive
excitation can coexist 1!, )

Examples are the induction of overdrive excitation following short drivesand suppression
following long drives in dogs with acute atrioventricular block *! and in slightly
depolarized isolated Purkinje fibers %2,

While intracellular sodium accumulation plays an important role in the occurrence of
overdrive suppression, overdrive excitation is more affected by an increased intracellular
calcium content "', As has been discussed before, an increased intracellular calcium
overload leads to the induction of delayed afterdefiolarizations. According to Vassalle '*!
it may also induce a slow afterdepolarization following a fast driven rhythm.

This slow afterdepolarization can, like a delayed afterdepolarization, reach threshold,
leading 10 a full depolarization.

The ionic mechanism for the slow afterdepolarization probably also depends from the
intracellular calcium overload "', Calcium becomes extruded through an electrogenic
sodium - calcium exchange leading ro a non-oscillatory depolarizing current (creep
current, tail carrent) !

Whereas the delayed afterdepolarization is induced by an oscillatory release of calcium
from the sarcoplasmic reticulum, the rail current is presurnably induced by extrusion
from calcium from the cytoplasma '’
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Cardiac arrhythmias and digitalis

Rosen and coworkers have studied extensively in vitro digitalis induced impulse
formation, especially in relation to possible implications for clinically occurring
arrhythmias ¥ %%,

In a therapeutic dose digitalis causes in the intact heart a slowing of the sinus rate, a
variable degree of enhancement of intra-atrial conduction, depression of atrioventricular
conduction and prolongation of the atrioventricular nodal effective refractory period %.
These effects are largely the result of the cholinergic and anti-adrenergic action of digitalis”™.
The cholinomimetic effects of digitalis appear to have no significant role with regard 1o
digitalis action on the ventricle *.

In contrast toxic amounts of digitalis profoundly influence the action potential of
ventricular cells. This influence is seen earlier in the specialized intraventricular
conduction tissue than in the myocardium *’. Both resting membrane potential, action
potential amplitude and the upstroke velocity of the depolarization phase decrease. These
effects are largely due to the inhibition of the sodium-potassium pump *.

The decrease in the diastolic potential may lead to enhanced phase 4 depolarization and
thus to enhanced impulse formation **.

As discussed before, digitalis intoxication also results in delayed afterdepolarizations.
Characteristic for digitalis intoxication is that usually more than one delayed
afterdepolarization is observed %% (figures 6 and 7).

To initiate an action potential by delayed afterdepolarizations during digitalis toxicity the
coupling interval and the amplitude of the delayed afterdepolarizations are of importance
% The height of the amplirude determines whether an action potential is induced and
the coupling interval when this action potential occurs.

Amplitude and coupling interval have been studied in the isolated Purkinje fiber by way
of programmed electrical stimulation '73348:87:97.99.100.101 ‘175in5 this method the rate and
duration of the rhythm preceding the delaved afterdepolarization can be varied
systermatically,

Factors known to influence occurrence and amplitude of delayed afterdepolarizations are
listed in table 1.

Table 1
IFactors influencing delayed afrerdepolarizations.

I. The interval duration of the preceding rhythm 3483797

2. The number of preceding action potentials .

3. The duration of the last interval following a regular preceding rhythm .

4. The sequence number of delayed afrerdepolarizations 21!,

5. The diastolic membrane potential *.

6. The tension on the Purkinje fiber ¥,

7. The level of digitalis intoxication.

8. The origin of the Purkinje fiber, whether from the right or the left ventricle ™.

. The ionic environment *,
10, The presence of drugs %
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Figure 6

Effect of acetylstrophantidin (1x10¢™ 7 g/ml) on the transmembrane potentials of Purkinje fibers (top trace) and
muscle (bottom trace) (false tendon-papillary muscle preparation). The firstaction potential is the last ofa train
of ten driven potentials {stimulus artefacts are shown below the bottom trace; stimuli delivered to musele).
During the pause in stimulation, two transient depolarizations coupled to the last action potential oceur in the
Purkinje fiber but not in the muscle. Spikes were retouched. (from vef. 32, printed with permission from the
American Heart Association, [nc).
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Figure 7

A. Dighalis-induced delayed after-depolarizations (DAIY). The Purkinje fiber is stimulated for the {irst five
beats. The stimulus is discontinued at the arrow. A series of delayed afterdepolarizations, gradually
decreasing in magnitude, then occurs, Time marks = 1 sec. Vertical calibration = 25 mv.

B. Relationship of coupling interval (CI) and amplitude (amp) of digitalis-induced DAD to the basic drive cycle
length (BCL). The numbers [-4 indicate the four DAD that follow the last driven action potential in a train
and the curves relating their amp and CI to BCL (from ref 100, printed with permission from G, K. Hall
Medical Publishers).
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The relation of the interval duration, the number of preceding action potentials and the
influence of the last interval following a regular rhythm is outlined in detail in chapter 3.
Summarizing briefly, it has been found in isolated Purkinje fibers, that when the number
of preceding action potentials is increased, the amplitude of the delayed
afterdepolarizations shows a marked increase after 1 to 7 preceding action potentials. At
higher numbers of stimuli this increase levels off 2. Shortening of the interval duration of
the preceding rhythm results in shortening of the coupling interval of delayed
afterdepolarizations. The first delayed afterdepolarization has a coupling interval equal to
the preceding interval duration, the second one being twice the preceding interval
duration and so on "%, The amplitude of the first delayed afterdepolarization shows an
increase on decreasing the preceding interval from 1000 to 500 ms. Following shorter
intervals the amplitude rapidly decreases. The second to fourth delaved
afterdepolarizations show the oppostte behaviour: they increase at shorter preceding
intervals reaching a maximum at 200 ms intervals **'%° (figure 7).

Changing the last interval only results in a linear relation with the coupling interval ¥ and
also the amplitude behaves similarly as described following a regular rhythm.

Delayed afterdepolarizations reaching threshold show a similar behaviour as described
above ¥ (figure 8).
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Figure 8

Effect of pacing at different cycle lengths for 15 sec on the coupling interval of the first triggered beat that
followed termination of pacing. The filled circles represent those bears that were triggered by the first delaved
afterdepolarization {DADY, and the unfilled circles display those beats that were wriggered by the second delayed
afterdepolatization (from ref, 87, printed with permission from the American Heart Association, Inc).
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These characteristics of delayed afterdepolarizations provide the basis for our study on the
role of triggered acnivity in ventricular arrhythmias in the intact heart (chaprers 3-3). The
following characteristics of DAD induced ectopic activity were expected '°’; 1) a direct
linear relation between the pacing interval and the first postpacing interval; 2) after short
pacing intervals (< 500 ms) the first postpacing interval should be twice the pacing
interval, because the amplitude of the first DAD is low and the amplitude of the second
DAD is high. 3) At long pacing intervals (> 500 ms) the interval to the induced QRS-
complex is equal to the pacing interval, because the amplitude of the first DAD is high in
this interval range.

At low levels of digitalis intoxication threshold is expected to be attained following short
pacing intervals because the amplitude is highest in this interval range.

Changing the last interval only may induce comparable changes to the first postpacing
interval as regular pacing.
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Chapter 3

Extrastimulus related shortening of the first
postpacing interval in digitalis induced
ventricular tachycardia.

Observations during programmed electrical
stimulation in the conscious dog.

by

Anton PM Gorgels, MD, Henriette DM Beekman, Pedro Brugada, MD, Willem RM Dassen, PhD,
David AB Richards, FRACP*, Hein J] Wellens, MD, FACC. Deparument of Cardiology, University of
Limburg, Annadal Hospital, Maastricht, The Netherlands

* Supported by Overseas Research Fellowships of the National Heart Foundation of Australia and Royal
Awustralasian College of Physicians

Published in the Journal of the American College of Cardiology 1983; 1: 840-837.

Abstract

The effect of different modes of pacing on interval and configuration of the first postpacing
QRS-complex was studied during digitalis-induced ventricular tachycardia in the conscious
dog. The effect of overdrive pacing was related to pacing rate; the longest pacing intervals
resulted in prolongation of the first postpacing interval, while increasing the rate of overdrive
pacing led to a progressive shortening of the first postpacing interval. When extrastimuli were
introduced during fizxed rate pacing, the duration of the first postpacing interval was found to
be predominantly affected by the extrastimulus coupling interval. The importance of the last
paced interval to the duration of the first postpacing cycle length was also observed when only
a single or two extrastimuli were given.

The duration of the first postpacing interval was found to be independent of the site of
stimulation. In contrast, the configuration of the first postpacing QRS-complex was found to
be related to the site of pacing; the first postpacing QRS-complex originated close to the site
of stimulation independent of the configuration of the tachycardia. In conclusion, it was found
that during digitalis induced ventricular tachycardia 1) the first postpacing interval is mainly
dependent on the interval of the last paced beat, 2) the length of the first postpacing interval is
independent of the site of stimulation, but 3) the morphology of the first postpacing QRS-
complex is related to the site of stimulation.

These findings may facilitate the understanding of complex ventricular arrhythmias observed
during severe digitalis intoxication in human beings.

Over the last two decades many characteristics of digitalis induced arrhythmias have been
described. Clinically, digitalis-induced ventricular tachycardias characteristically show a
narrow QRS width, a configuration suggesting an origin in the specialized conduction
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system '** and a rate varying between 140-180 beats/min. That digiralis-induced
ventricular arrhythmias originate in the specialized conduction system is supported by
studies in the intact dog heart '*7"*7 and in isolated Purkinje fibers **"*'¥ The left
ventricular Purkinje system has a greater sensitivity for digitalis glycosides than the
right-sided Purkinje tissue '*""** a finding that probably explains the prevalence of right
bundle branch block configuration in many clinically occurring digitalis-induced
ventricular tachycardias.

Electrical stimulation studies in the intact dog heart have elucidated many important
characteristics of digitalis-induced arrhythmias. The specialized conduction system in the
ventricles has the property of intrinsic automaticity due to phase 4 depolarization. During
digitalis administration depression of normal automaticity is the most common finding
120,159 * A bnormal automaticity is defined as impulse generation from phase 4
depolarization arising from a reduced maximum diastolic potential >*. Digitalis toxicity
results in a decrease of the maximum diastolic potential >"#*"® Overdrive pacing results
in suppression of phase 4 depolarization ***°. However, an increase in the slope of phase
4 depolarization is sometimes observed *.

Triggered activity is defined as the generation of one or more impulses as a consequence
of a prior impulse **. The occurrence of triggered activity during toxic amounts of digitalis
administration has been substantiated by studies in the intact heart. Vassalle et al '2°
showed that sinus beats could trigger ventricular extrasystoles. However, sinus beats were
unable to terminate runs of extrasystoles.

Castellanos et al '? and Lown et al *** found that one or more ventricular impulses could
be elicited after ventricular stimulation. Increases in atrial *”'** or ventricular '%*'%! rate
enhanced the ventricular automaticity. This enhancement became apparent as a
shortening of the duration of the first postpacing interval, an increase in the number of
the ectopic complexes and an increase in duration of time that ectopic impulse generation
could be elicited during dissipation of digitalis intoxicartion.

The finding at the cellular level of delaved afterdepolarizations seems to explain many of
these observations '"18:323548.97.% Thege afrerdepolarizations can reach threshold leading
1o spontaneous arrhythmias following a paced rhythm. Coupling interval and amplitude
of afterdepolarizations are dependent on the number of stimulated action potentials, the
rate of drive and the degree of digitalis intoxication. An extrastimulus following regular
drive causes additional shortening of the coupling intervals of afterdepolarizations.

The dependency of the rate of drive and the extrastimulus interval on the first postpacing
interval of ventricular ectopic complexes had also been shown in the intact dog heart,
suggesting that afterdepolarizations, indeed, play a role in the occurrence of manifest
ectopic activity during digitalis intoxication "5,

These studies, however, were performed at relatively low levels of digitalis intoxication,
at a stage before sustained ventricular tachycardia became manifest spontaneously. Little
is known about the effect of electrical stimulation during sustained ventricular
tachycardia. Thus, it is not known whether these same phenomena are present during
sustained ventricular tachycardia induced by digitalis. We hypothesized that if delayed
afterdepolarizations are also the cellular basis for sustained ventricular tachycardia
induced by digitalis intoxication, a relation between the rate of overdrive pacing and the
postpacing interval is to be expected; that is, the higher the rate of overdrive pacing, the
shorter the first postpacing interval. Additional acceleration of the first postpacing
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interval is to be expected, depending on the prematurity of the extrastimulus interval.
In the present study we report on the effect of different modes of stimulation on interval
and configuration of the first postpacing QRS-complex during digitalis-induced
ventricular tachycardia in the conscious dog. Data are presented on the effect of single and
paired ventricular stimuli and of overdrive pacing at different rates with and without an
extrastimulus.

Methods
Preparation of Study Dogs

Experiments were performed in six dogs especially prepared for electrophysiologic study
in the conscious nonsedated state. After a right thoracotomy, bipolar electrodes were
screwed intramurally into the left ventricular apex in three dogs. In three other dogs
unipolar electrodes were sewn onto the left ventricular apex. The last three dogs also had
bipolar epicardial electrodes sewn onto the right ventricular base. In one dog complete AV
block was produced by formalin injection into the AV node !4,

The electrodes were exteriorized through the neck, allowing recording and stimulation
from different sites. The dogs were studied in a conscious state without premedication 1
to 3 months after recovery from the thoracotomy. Digitalis intoxication was achieved by
infusing digoxin 0.1 mg/kg/1-1%2 hr. Sustained ventricular rachycardia developed about
12 hours after the infusion. The tachycardias lasted 24 to 48 hours, enabling us to perform
the stimulation studies under stable circumstances and to repeat the stimnulation protocol
several times during one experiment. On the day of digitalization, all dogs were clinically
unwell with nausea, vomiting and tachypnea. Urine output was normal. On subsequent
days (when electrophysiological studies were performed), all dogs were clinically well,
without tachypnea and still with normal urinary output.

Before the administration of digoxin the pacing protocol was performed to establish the
possibility of initiating tachycardia in the basal state.

Five or six surface electrocardiographic leads (I, II, IIT, AVR, and AVF or V; and V),
were simultaneously monitored and recorded via a Siemens-Elema ink jet recorder onto
paper at 100 or 25 mm/sec. Stimulation was performed with a Medtronic 5325 stimulator.
Bipolar pacing stimuli of 2 ms duration were given at twice diastolic current threshold. In
between each episode of stimulation, the dominant tachycardia was given time to recover
completely.

Pacing protocol

1. Overdrive pacing -
The effect of overdrive pacing on ventricular tachycardia was observed after fixed rate
stimulation with nine beats. The rate of overdrive pacing was increased by decreasing
the pacing cycle length in steps of 20 or 25 ms. The longest overdrive interval used was
only slightly shorter than the mean tachycardia interval.

2. The overdrive-extrastimulus study
During these studies, ventricular tachycardia was overpaced by eight stimuli, starting
with intervals slightly shorter than the mean tachycardia interval. Overdrive
stimulation was followed by one extrastimulus given with increasing prematurity in
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steps of 10 ms to ventricular refractoriness. A full scan of extrastimuli was given at a
constant overdrive cycle length. The protocol was thereafter repeated using
increasingly shorter overdrive cycle lengths.

3. The double extrastimulus study
During the double extrastimulus study, the first extrastimulus interval was kept
constant starting with an interval only slightly shorter than the mean tachycardia
interval; the interval of the second extrastimulus interval was shortened in steps of 10
ms to ventricular refractoriness.
A full scan of second stimuli was given with a constant first extrastimulus interval.
Thereafter, the scans were repeated by increasing the prematurity of the first test
stimulus in steps of 20 or 40 ms.

4. The single extrastimulus study
In the single extrastimulus study, a test stimulus was given during ventricular
tachycardia with increasing prematurity (in steps of 10 ms) to ventricular
refractoriness.

The following abbreviations are used:

V. : The spontaneously occurring ventricular tachycardia complex.
Vi : The first extrastimulus.

v, : The second extrastimulus.

V, . The venrricular complexes induced during overdrive pacing.
Vv : The first postpacing complex.

S : Thestimulus artefact,

The following intervals were measured:

1. V.-V, : Thelastventricular tachycardia cycle before pacing. From
these intervals the mean tachycardia interval was estimated.

2. V-V, : Theinterstimulus interval during overdrive pacing.

3. V=V . Theinterval between the last ventricular complex during
overdrive pacing and the first postpacing QRS-complex.

4, V-V, : Theinterval between the last ventricular complex during
overdrive pacing and the extrastimulus.

5. Vi=V : Theinterval between the first extrastimulus to the first
postpacing QRS-complex. »

6. V,~V; : Theinterval between the last tachycardia complex and the
first extrastimulus.

7. V;=V; : Theinterval between the first and the second extrastimulus.

8. V-V . The interval between the second extrastimutus and the first
postpacing complex.
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Specific studies
We specifically studied the following features:

During overdrive stimulation: The influence of rate and site of overdrive stimulation on
the first postpacing tachycardia interval and QRS-configuration.

During the overdrive extrastimulus study: 1) The influence of an increase in premarurity
of the extrastimulus (V,— V) on the first postpacing interval (V| - V). 2) The influence of
overdrive stimulation at decreasing intervals {(V; — V,) on the first postpacing interval (V,
~W). 3) The influence of stimulation ar different sites of the ventricles (basal right
ventricle versus left ventricular apex) on the first postpacing QRS-configuration and time
intervals.

During the double extrastimulus study: 1) The influence of an increase in the
prematurity of the second extrastimulus (V; - V) on the first postpacing interval (V,; -V,
2) The influence of an increase in premarturity of the first extrastimulus (V, -~ V) on the
first postpacing interval V, — V). 3} The influence of stimulation on the first postpacing
QRS-configuration.

During the single extrastimulus study: 1) The influence of an increase in prematurity of
the test stimulus (V, — V) on the first postpacing interval (V, — V). 2) The influence of
stimulation on the first postpacing QRS-configuration.

Results

Prior to the administration of digoxin, no ectopic ventricular activity could be induced
following any of the stimulation modes. Ventricular tachycardia was induced by digitalis
intoxication in all dogs. The cycle length of the rachycardias varied between 260 and 330
ms per minute. The majority of ventricular tachycardias had a right bundle branch block
configuration. A minority of tachycardias had a left bundle branch block configuration.
For the purpose of this study, no attempt was made to further characterize the
morphologic features of tachycardia.
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Figure 1.
The overdrive experiment
See text

Overdrive experiments

Representative overdrive experiment (Fig. 1).

Panel 1 of this figure shows the procedure at a paper speed of 25 mm/s. The last four
complexes of the ventricular tachycardia before pacing have a left bundle branch block
configuration, with a mean V, - V, interval of 320 ms. After these four complexes, the
tachycardia is overpaced with nine stimuli at the left ventricular apex. The first two
complexes following cessation of pacing have a similar configuration similar to that of the
paced complexes, that is, a pattern of right bundle branch block with left axis deviation.
Thereafter the original tachycardia recurs.

Panel 2 is a diagram showing the behaviour of the first postpacing interval (V;— V) on
increasing the rate of overdrive pacing (shortening of the V, - V, interval). The broken
horizontal line represents the mean tachycardia interval (V, -V, = 320 ms). The diagram
shows that at the slowest overdrive rate, the first postpacing interval is longer than the
mean tachycardia interval. By increasing the rate of overdrive pacing (reducing the V, -
V, intervals)a decrease of this prolongation results. The first postpacing interval becomes
shorter than the mean ventricular tachycardia interval at a very high overdrive pacing rate
{a V-V, interval of 200 ms).

Panels 3, 4 and 5 show three selected portions of this experiment. In all three panels, the
last three paced complexes and the first postpacing complex are shown. Panel 3 shows

]
o



V, - V, intervals of 290 ms thar are followed by a postpacing interval of 395 ms. The
postpacing QRS-complex has a configuration that has some similarity to the paced
complexes although the following differences should be noted: the paced beats show a
slow initial upstroke (the delta-like beginning of QRS-complex) followed by more rapid
spread of ventricular activation, whereas the postpacing QRS-complex has a sharp initial
deflection.

Panel 4 shows V. — V, intervals of 250 ms with a first postpacing interval of 365 msec, In
panel 5, V-V, intervals of 200 ms were used and a first postpacing interval of 295 ms was
measured. The configuration of the first spontaneous postpacing QRS-complexes is
identical to that of panel 3.

Similar observations on the behaviour of the first postpacing interval on decreasing the V,
-V, interval were made in all experiments. In one experiment, overdrive pacing was
performed with V-V intervals below 200 ms. This resulted in first postpacing intervals
that were less than the mean V, — V, interval during ventricular tachycardia.

Overdrive Extrastimulus Experiment

Effect of extrastimulus (Fig. 2).

Panel 1 of this figure shows the last seven complexes of a ventricular tachycardia before
pacing. The ventricular tachycardia has a left bundle branch block configuration and a
vertical axis. The mean ventricular tachycardia interval is 260 ms. Pacing at the right
ventricular base comprised 8 stimuli with equal cycle lengths (V, -V, = 230 ms) followed
by a single extrastimulus (V, - V).

The paced complexes have a QRS configuration almost identical to that of the tachycardia.
After pacing, the original tachycardia recurs, the first spontaneous tachycardia complex
(V) also shows the same QRS-configuration. All first postpacing complexes during the
experiment showed the same QRS-configuration.

Panel 2 is a diagram illustrating the relation between the prematurity of the extrastimulus
{(V,~V,)yand the first postpacing interval (V, - V). The broken horizontal line represents
the mean intrinsic tachycardia interval (V,— V, = 260 msec). A similar relationship to that
observed in Figure 1 exists between the prematurity of the extrastimulus and the first
postpacing interval. At the longest extrastimulus intervals there is prolongation of the first
postpacing interval compared to the mean tachycardia interval. On increasing the
prematurity of the extrastimulus, shortening of the first postpacing interval occurs,
reaching values close to the mean spontaneous tachycardia interval.

Thus, shortening of the first postpacing interval occurs not only after fixed rate pacing,
but also following a single extrastimulus. Similar observations were made in all
experiments. At very short extrastimulus intervals, the first postpacing interval became
less than the mean tachycardia interval.

Panel 3 shows the same procedure in this experiment, but now during pacing of the left
ventricular apex. The paced complexes have a right bundle branch block configuration
with left axis deviation. After pacing, the configuration of the first three complexes is
similar ro that of the paced complexes. Thereafter postpacing complexes 4, 6 and 7
suggest fusion between the early postpacing QRS-complexes and the original tachycardia
complexes. After these complexes, the original tachycardia recurs.
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Figure 2
The overdrive extrastimulus experiment. Role of the extrastimulus interval and site of stimulation
See text.

All first postpacing complexes had the same configuration after pacing at the left
ventricular apex. These observations on the relation of the site of stimulation and the
configuration of the first postpaced QRS-complex suggest that stimulation resulted in
initiation of ectopic activity close to the site of stimulation, followed by recurrence of the
spontaneous tachycardia.

Panel 4 shows the relation between the prematurity of the extrastimulus interval (V,— V)
and the first postpacing interval (V, = V). The arrangement is similar to that in panel] 2.
An almost identical relation to that in panel 2 appears to be present between the
extrastimulus interval and the first postpacing interval. Thus, shortening of the first
postpacing interval can be induced by a single extrastimulus during fixed rate ventricular
drive and is independent of the site of stimulation.
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Figure 3
The overdrive-extrastimuius experiment. Role of extrastimulus interval and site of stimulation
See text.

Stimulation at different sites of ventricles (Fig. 3).

Figure 3 shows these observations from selected portions of the overdrive extrastimulus
experiment in the same dog (as that depicted in Figure 2} at a paper speed of 100 mum/sec.
The top three panels were recorded during pacing of the right ventricular base and the
bottom three panels during pacing of the left ventricular apex. The last two overdrive
pacing stimuli, the extrastimulus and the first postpacing complex are shown.

Panel 1 shows a first postpacing interval of 340 ms following an extrastimulus interval of
220 ms.

In panel 2, the first postpacing interval is 300 ms after an extrastimulus interval of 180 ms.
In panel 3, the first postpacing interval is 275 ms at an extrastimulus interval of 150 ms.

Panels 4, 5 and 6 show exactly the same time relations during pacing of the left ventricular
apex. However, the configuration of the QRS-complexes is changed, suggesting
postpacing impulse formation close to the site of pacing. All panels, as in Figure 1, show
a slow initial deflection followed by more rapid activation of the paced QRS-complexes
and sharp initial deflection of the first postpacing QRS-complex.
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Figure 4
The overdrive-extrastimulus experiment. Role of overdrive pacing
See text.

Effect of rate of overdrive pacing during overdrive extrastimulus
experiments

Overdrive extrastimulus studies were performed at different overdrive pacing (V, - V,)
intervals to study the effect of the rate of overdrive pacing.

Figure 4. This figure shows selected recordings from the same experiment in Figures 2
and 3 during pacing of the left ventricular apex. In the top three panels, the overdrive
cyele length is 230 ms; in the bottom three panels, it is 200 ms. Panels 1 and 2 and 4 and
5 depict the last two of a train of eight paced complexes, the extrastimulus and the first
postpacing complex.

In panels 1 and 4 the extrastimulus interval is 230 ms; in panels 2 and 5, the extrastimulus
interval is 170 ms. Pane!l 1 shows a first postpacing interval of 340 ms after an
extrastimulus interval of 230 ms. Panel 2 shows a first postpacing interval of 285 ms after
an extrastimulus interval of 170 ms. Therefore, as in figures 2 and 3, shortening of the first
postpacing interval occurs alter shortening of the extrastimulus interval. Panel 3
diagrammatically depicts the results for all extrastimuli. An almost linear relation is
present between the extrastimulus interval and the first postpacing interval, at very short
extrastimulus intervals when the first postpacing interval became shorter than the mean
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tachycardia interval. Panel 4 shows a first postpacing interval of 350 ms after an
extrastimulus interval of 230 ms, which is similar to the first postpacing interval in panel
1. Panel 5 show a first postpacing interval of 285 ms after an extrastimulus interval of 170
ms, which is similar to the first postpacing interval in panel 2. In panel 6, the results for
all extrastimuli are presented, showing a similar relation between the extrastimulus
interval and the first postpacing interval to that in panel 3.

These findings indicate that the relation of the first postpacing interval and pacing
depends mainly upon the last test stimulus interval. The morphologic features of all first
postpacing complexes were similar during this experiment.

QRS-complexes during pacing showed slow initial ventricular excitation followed by a
more rapid activation, whereas the first postpacing complexes showed a sharp initial
deflection.

The resemblance berween the first postpacing complex and the subsequent paced
complexes suggests an origin of the postpaced complexes to the site of stimulation.
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Figure 5. This figure depicts the results of overdrive-extrastimulus experiments during
another tachycardia (V, — V, = 320 ms). The abscissae depict the extrastimulus intervals
(V,— V) and ordinates the first postpacing intervals (V, — V). The mean tachycardia
interval is represented as a broken horizontal line. The lines are drawn to facilitate
comparison between the curves. The overdrive cycle length is shortened from 300 to 200
ms (panels 1 to 5). All curves show prolongation of the first postpacing interval compared
with the mean tachycardia interval, as well as shortening of the first postpacing interval
on decreasing the extrastimulus interval. This figure, like Figure 4, suggests that the
duration of the first postpacing interval is mainly dependent on the extrastimulus interval.
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The double extrastimulus experiment. Effect of the second extrastimulus interval during pacing of the left
ventricular apex
See text.

Double Extrastimulus Experiment

Effect of the second extrastimulus interval (Fig. 6)

To study the influence of the second extrastimulus on the first postpacing interval, the
second extrastimulus interval was progressively shortened in steps of 10 ms to ventricular
refractoriness, and the first extrastimulus interval was kept constant.

Panel 1 of Figure 6 shows the pacing procedure at a paper speed of 25 mm/fs. The
tachycardia has a right bundle branch block configuration with marked right axis
deviation. The mean ventricular tachycardia interval is 330 ms. Two extrastimuli were
given al the left ventricular apex.

Panel 2 shows the influence of the second extrastimulus (V, - V,) interval on the first
postpacing (V, =V} interval as the first extrastimulus (V,— V) interval was kept constant
ar 260 msec. The broken horizontal line represents the mean tachycardia interval (V,—V,
= 330 ms.) This panel shows that at long second extrastimulus intervals (V; ~ V)
prolongation of the first tachycardia intervals occurs, compared with the mean rachycardia
interval. On shortening the second extrastimulus interval, a decrease of the first
postpacing interval occurs. When the second stimulus is given very early (V, -V, < 200
ms. ), the first postpacing tachycardia interval becomes less than the tachycardia interval.
Panels 3, 4 and S depict three selected portions of the stimulation study at a paperspeed of
100 ms. In all three panels, the last two ventricular tachycardia complexes before pacing,
the two extrastimuli and the first postpacing complex are shown.
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In all panels, the tachycardia interval is 330 ms and the first extrastimulus interval is 260
ms, Panel 3 shows a second extrastimulus interval of 340 ms followed by a first postpacing
interval of 435 ms. Panel 4 shows a second extrastimulus interval of 220 ms followed by a
first postpacing complex at 355 ms. Panel 5 shows a second extrastimulus interval of 170
ms and a first postpacing complex at 260 ms.

These findings suggest that when two premature stimuli are given during digiralis-
induced ventricular tachycardia, shortening of the second extrastimulus coupling interval
results in shortening of the first postpacing interval. A comparison between Figure 6 and
previous figures shows that a greater amount of shortening of the first postpacing interval
could be induced by paired extrastimuli than by single extrastimuli.
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Figure 7
The double extrastimulus experiment. Role of the first extrastimulus interval
See text.

Effect of the First Extrastimulus Interval during the double Extrastimulus
Experiment

Stimulation studies using different first extrastimulus intervals (V,— V) (Fig. 7 and 8).
In panels 1 to 5 of Figure 7, the first extrastimulus interval is shortened from 330 to 180
ms. The second extrastimulus interval is kept constant at 220 ms. The first postpacing
interval remains constant in all panels (355 ms), suggesting that the first extrastimulus
interval does not influence the first postpacing interval.
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Figure 8
The double extrastimulus experiment
See text.

Figure 8 shows diagrammatically the effect of the duration of the first extrastimulus
interval. The abscissae depict the second extrastimulus intervals (V| — V) and ordinates
the first postpacing intervals (V, - V). In panels 1 to 5 the first extrastimulus interval is
shortened from 330 to 180 ms. The broken horizontal line represents the mean tachycardia
interval (V,~V, = 330 ms.) These curves essentially show the same behaviour of the first
postpacing interval: shortening of the first postpacing interval on increasing the
prematurity of the second extrastimulus interval. The first postpacing interval falls below
the mean tachycardia interval when the second extrastimulus interval is less than 200 ms.
This occurred despite individual differences in response of the first postpacing interval to
the second extrastimulus interval.

These observations illustrate that the influence of the first extrastimulus on the first
postpacing interval is very small, and confirm that the last paced beat is the main
determinant of the first postpacing interval. Most paced complexes had a similar
configuration to the complexes of the ventricular tachvcardia, as did the first postpacing
complexes. In other experiments the paced complexes were different from the ventricular
tachycardia morphology, and as in the overdrive and overdrive extrastimulus study, the
first postpacing complexes were similar in configuration to the paced complexes.
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The single extrastimulus experiment
See text,

Single Extrastimulus Experiment

Single extrastimulus given at the left ventricular apex with increasing prematurity to
ventricular refractoriness. (Fig. ¢).

Panel 1 shows the procedure at a paper speed of 25 mm/s. Note the irregular rate of the
ventricular tachycardia. For analysis V, -V, intervals within 10 ms of the mean were
selected.

Panel 2 illustrates the influence of the extrastmulus (V, - V) interval on the first
postpacing (V, —~ V) interval. The broken horizontal line represents the mean tachycardia
interval (V, - V, = 330 ms.) At very long extrastimulus intervals (V, - V{ = 300 ms) the
first postpacing interval was not changed, presumably because impulses from the
“dominant tachycardia” occurred before extrastimulus-induced-ectopic activity could
become manifest. As the premarturity of the extrastimulus increased, the postpacing
interval decreased, ultimately to intervals less than the mean rachycardia cycle length.
Panels 3, 4 and 5 represent three selected portions of this stimulation study at paper speed
of 100 mmy/s. Panel 3 shows that after an extrastimulus at 270 ms the first postpacing
interval (V, — V = 390 ms) is longer than the preceding tachycardia interval.

Panel 4 shows the first postpacing interval to be equal to the preceding tachycardia
interval {(V, -V = 340 ms) after an extrastimulus at 215 ms. Panel 5 shows shortening of
the first postpacing interval compared with the preceding tachycardia interval (V, -V =

31



280 ms)after an extrastimulus at 150 ms. These observations indicate that an accelerative
effect on the first postpaced QRS-complex can already be obtained by delivering a single
premature beat during tachycardia.

The paced complexes have a similar configuration to that of the complexes of the
ventricular tachycardia as did the first postpacing complexes. In other experiments, the
paced complexes were different from the ventricular tachycardia configuration, and as in
the overdrive and overdrive-extrastimulus studies, the first postpacing complexes were
similar in configuration to the paced complexes.

Discussion
Configuration of the ventricular tachycardias.

The majority of the observed ventricular tachycardias had a right bundle branch block
configuration, suggesting an origin within the left ventricle. In Figures 6, 7 and 9,
examples are given of a tachycardia originating near the left ventricular apex, which has
been described as a preferred location for the occurrence of digitalis-induced ventricular
tachycardia in the intact dog heart "', The higher sensitivity of the left ventricular Purkinje
system for digitalis glycosides has been observed by several authors '*7"** and has recently
been studied in detail *.

Right bundle branch block configuration with right or left axis deviation is seen most
commonly in ventricular arrhythmias induced by digitalis in human beings (suggesting an
origin within the anterior or posterior fascicle of the left bundle branch "*%). In a minority
of our experiments, however, a left bundle branch block configuration was also present
(Fig. 1 and 2).

Effect of pacing during ventricular tachycardia

Electrical stimulation of the ventricle results in a characteristic response during digitalis-
induced rachycardia.

When pacing is performed close to the origin of the ventricular tachycardia, the QRS-
configuration remains unchanged (Fig. 2, panel I; Fig. 6, 7 and 9). However, when
pacing is performed at a different site, the "dominant ventricular tachycardia™ 1s
temporarily interrupted by a tachycardia with a configuration dependent on the site of
stimulation (Fig. 1, panel 1,; Fig. 2, panel 3). This different tachycardia could be induced
by a single extrastimulus and persisted for a few beats after which the original tachycardia
resumed.

Complexes suggesting fusion of both types of QRS-configuration were frequently seen
before the original tachycardia recurred (Fig. 2, panel 3).

Apparently the original tachycardia persisted during the rhythm induced by pacing.
Resumption of the original tachycardia can be explained by a higher intrinsic rate of the
original tachycardia {(compared to the tachycardia induced by pacing). This is suggested
by the events in Figure 1, panel 1, which shows that transition to the original tachycardia
occurs with acceleration of ventricular rate. One can not exclude the possibility, however,
that the pacing-induced ectopic activity persists for only a few beats and disappears
because it rapidly becomes subthreshold.
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The first postpacing interval

Electrical stimulation during digitalis-induced ventricular tachvcardias produces
characteristic changes in the first postpacing interval.

It is not clear why a greater amount of shortening of the first postpacing interval could be
induced during the single and double extrastimulus experiments than during the
overdrive experiment and overdrive extrastimulus experiments.

Apparently overdrive stimulation had some depressant effect on the first postpacing
interval.

From these observations we conclude that during digitalis-induced ventricular
tachycardias, pacing results in a postpacing changes dependent on the site of pacing, and
the last paced interval. The first postpacing interval is longer than the mean tachycardia
interval after long extrastimulus intervals, and shortens with increasing extrastimulus
prematurity. The duration of the first postpacing interval is composed of the conduction
time from the site of stimulation to the site of impulsformation and the resetted discharge
interval of the postpacing tachycardia focus. This might explain the pause that is greater
than the tachvcardia cycle length at long coupling intervals.

Acceleration of the first postpacing complex after an increase in pacing rate has also been
observed in studies in the intact heart at lower digitalis levels, in the stage without overt
ectopic ventricular activity 7»'*>'®! The length of the first postpacing interval appeared
to be dependent on the rate of the preceding test stimuli '*>'*! and the degree of digitalis
intoxication '®. Hogan et al. >’ showed a similar behaviour of the first postpacing interval
in the isolated Purkinje fiber. Zipes et al. '*! showed an additional shortening effect of
premature ventricular stimuli after constant ventricular pacing, whereas the reverse was
observed after postmature extrastimuli. These authors '* also showed that constant atrial
pacing at increasing rates followed by a ventricular extrastimulus at a fixed interval
resulted in shortening of the first postpacing interval.

In our study we have systematically analyzed the effect of different modes of pacing
during sustained ventricular tachycardia. We have found, that the first postpacing
interval is determined principally by the last pacing interval. Further work needs to be
done to investigate this behaviour in relation to different levels of digitalis intoxication.

Effect of catecholamines on the behaviour of the first postpacing interval.

Electrical stimulation is known to release stored catecholamines from nerve elements
within the myocardium '*; and catecholamines may facilitate digitalis-induced
arrhythmias ®*', One has to consider the possibility that release of catecholamines by
pacing may lead to acceleration of the postpacing interval. Although adrenergic blockade
was not used during our experiments, we believe that this possibility can be ruled out by
the observation that single and double stimuli resulted in a more marked shortening of the
first postpacing interval than overdrive pacing. Furthermore, none of the dogs exhibited
evidence of hemodynamic embarrassment during the programmed stimulation studies.
Thus, the probability that increased sympathetic tone accounted for shortening of
postpacing intervals is small.

We also noted that during the overdrive extrastimulus studies the postpacing interval
returned to its initial value when a premature stimulus was applied within the absolute
refractory period of the ventricle. This indicates that the non-followed stimulus had no
influence on the first postpacing interval.
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This is in agreement with observations by other investigators ', who could exclude an
influence of norepinephrine release from nerve terminals by electrical stimulation.

Role of site of stimulation in the configuration of the first postpacing
complex.

Of great interest are our observations on the configuration of the first QRS-complex after
pacing. The higher sensitivity of Purkinje tissue for digitalis glycosides in comparison
with ventricular muscle has been documented by several authors *>'**. OQur present
findings seem to support these observations. Foci close to the stimulation site can become
temporarily manifest after pacing (Fig. 1, 2 and 3). The configuration of the paced
complexes differed from the postpacing complexes, in that paced complexes had a slow
initial deflection, whereas postpacing complexes had a rapid initial deflection. This
suggests that during pacing, slow intramuscular conduction is followed by invasion of
nearby Purkinje fibers, triggering activity in these fibers leading to postpacing complexes
with a rapid initial deflection in the QRS-complex.

Pacing at two different sites in the ventricles resulted in differences in QR S-configuration
with a similar behaviour of the first postpacing interval. These observations suggest that
during digitalis-induced ventricular tachycardia, a dominant focus gives rise to the
spontaneous ventricular tachycardia, but other ventricular foci can temporarily be
triggered by pacing. These different foci show essentially identical electrophysiological
properties (Fig. 3). Other authors have also found that escape beats after pacing
consistently originated in the stimulated ventricle ',

The most likely explanation for this is that a potential focus within the conduction system,
close to the site of stimulation, will be discharged earlier than the dominant (more distant)
focus '®'. The morphologic similarities between the paced complexes and the QRS-
complexes after pacing suggest an origin of the triggered complexes close to the
stimulation site. This suggests that in digitalis toxicity, many parts of the peripheral
Purkinje system can be triggered into activity. Our observation that the length of the first
postpacing interval is equal, independent of the site of stimulation is an attractive
explanation for the clinically observed phenomenon in digitalis-induced arrhythmias of
polymorphic ventricular ectopic activity having the same coupling interval ''*.

It is intriguing, that during pacing far from the site of sustained abnormal impulse
formation, we could never induce a sustained ventricular tachycardia with the same
configuration as that of the first postpacing QRS-complex. This suggests that a dominant
rhythm arising in the Purkinje system existed during digitalis intoxication and regained
control of the heart immediately after pacing. This is supported by several reports 19,71,94
showing the presence of predilection sites for impulse formation within the Purkinje
system during digitalis intoxication.

Mechanism of digitalis induced ventricular tachycardia.

Theoretically one has to consider thar digitalis-induced ventricular tachycardia can be
based on reentry, delayed afterdepolarizations or abnormal automaticity. In ventricular
tachycardias caused by reentry frequently an inverse relation is found between the
prematurity of the tachycardia-initiating beat and the first beat of the tachycardia after
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pacing '*2. In our experiments, the tachycardia configuration remained unchanged when

pacing was performed close to the origin of the tachycardia. Pacing at “distant* sites
temporarily suppressed dominant tachycardia, and tachycardias arising close to the site of
stimulation became manifest. In all our experiments, the first postpacing interval
decreased as the last paced interval decreased. This is in contrast 1o what is frequently
observed in reentry, and therefore makes reentry an unlikely mechanism for digitalis
induced arrhythmia,

Another mechanism for digitalis-induced ventricular arrhythmias is triggered activity
based on delaved afterdepolarizatoins. These afterdepolarizations occur after
repolarization of action potentals ''8353%9 4nd appear as oscillations of the diastolic
membrane potential.

When an afterdepolarization reaches threshold, an action potential may be triggered.
Coupling intervals and amplitudes of afterdepolarizations are dependent on the number
of beats and the rate of the preceding rhythm and on the degree of digiralis intoxication.
Premature stimuli after pacing at a constant rate havant rate have an additional
accelerating effect on the coupling intervals. Long trains of spontaneous activity can be
triggered under appropriate circumstances. [f one considers afterdepolarizations as the
mechanism of ectopic activity after pacing, one would expect the first postpacing interval
to be dependent on the rate of overdrive pacing during the overdrive extrastimulus study.
This was not observed during our experiments.

The results from our study, however, are difficult to compare with previous observations,
because we continued administration of digoxin until sustained ventricular tachycardia
occurred. It is of interest that at very long extrastimulus coupling intervals, the first
postpacing interval was not short compared with the mean tachycardia interval. However,
shortening of the extrastimulus coupling interval resulted in shortening to the first
postpacing cycle (to the mean rachycardia cycle length) and ultimate “acceleration® after
very short extrastimulus coupling intervals.

Abnormal automaticity can occur in Purkinje fibers in which phase 4 depolarization arises
from a reduced maximum diastolic potential **. It has been shown that a decrease in the
maximal diastolic potential occurs during digitalis toxicity ****%_ After pacing, phase 4
depolarization appears to be suppressed during digitalis administration *>%, explaining
the decrease in idioventricular rate after digitalis intoxication in the intact dog heart """,
Rosen and Danilo ** also observed an increase in the slope of phase 4 depolarization in a
minority of their experiments in isolated Purkinje fibers. These fibers had undergone a
greater loss of membrane potential than the ones in which suppression of phase 4
depolarization had occurred. After overdrive pacing, they could induce acceleration of the
first postpacing interval by increasing the rate of pacing. Possibly this acceleration was
due to enhanced phase 4 depolarization.

The behaviour of the postpacing interval of the ventricular tachycardia after overdrive
pacing in our study can be partially explained by the observations of Rosen and Danilo *,
However, we found that the duration of the first postpacing interval, is determined by the
last paced interval and that acceleration can be induced by a single extrastimulus. We are
not aware of any experimental data in isolated Purkinje fiber studies, which explains our
findings.

It is possible that the behaviour of Purkinje fibers is different during sustained tachycardia
compared with the situation in which manifest action potentials are triggered only by

acing.
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Possible clinical implications

Our observations show that in severe digitalis intoxication, the last paced beat determines
the first postpacing interval.

Acceleration of this interval can be observed by giving a single premature beat with a
sufficiently short interval. We have also seen that the pacing site influences the
configuration and the site of origin of the first postpaced beat, although the dominant
arrhythmogenic mechanism is likely to regain control after a few cycles. These data are of
interest when the electrocardiographic manifestations of ventricular arrhythmias in
human digitalis intoxication are considered. Future work is required to establish their
value in improving our ability 1o diagnose digitalis intoxication in the human heart,



Chapter 4

Effect of programmed electrical stimulation on the first
postpacing QRS-interval during digoxin intoxication.
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Summary

In isolated Purkinje fibers digitalis intoxication induces triggered activity. The role of digitalis
in inducing triggered activity in the intact heart is presently not well known. Therefore the
effect of digitalis intoxication in the intact heart was studied by programmed electrical
stimulation.

The experiments were done in conscious dogs with chronic complete atrioventricular block.
Ventricular tachycardia was induced with digoxin i.v. 0.1 mg/kg/1-1% hr. The effect of
programmed electrical stimulation on the first postpacing interval was determined during
episodes of sustained and of non-sustained ventricular tachycardia and during the episode that
ectopic activity could only be induced by pacing. During sustained ventricular tachycardia
there was a direct linear relation between the interstimulus interval of regular pacing and the
first postpacing interval. During episodes of non-sustained ventricular tachycardia shortening
of the interstimulus interval resulted in a biphasic behaviour of the first postpacing interval.
Pacing intervals of more than 400 ms induced a first postpacing interval being equal to the
interstimulus interval, whereas shorter pacing intervals induced a first postpacing interval
being twice the pacing interval. When during regular pacing only the last pacing interval was
changed a similar biphasic response resulted. When toxicity had almost subsided ectopic
activity could only be induced following short pacing intervals (200-320 ms). Again a direct
linear relation was found between the pacing interval and the first postpacing interval. Our
findings strongly suggest that at all levels of digitalis intoxication triggered activity is the
underlying mechanism for the first postpacing QRS-complex.

This chapter reports on further observations on the effect of programmed electrical
stimulation on the first postpacing QRS-interval.

As pointed out in the preceding chapter, programmed electrical stimulation during
digitalis-induced ventricular tachycardia induces one or more QRS-complexes of a
different configuration than the spontaneous tachycardia. During tachycardia, however,
the pacing rate has to be high and the range of interstimulus intervals is small. Because we
were interested to study the role of delayed afterdepolarizations in the occurrence of
ventricular arrhythmias, it was necessary to study the induction of ectopic activity over a
wider range of interstimulus intervals. Therefore programmed electrical stimulation was
also done following spontaneous termination of ventricular tachycardia.

Our study protocol was based upon the characteristics of delayed afterdepolarizations in
digitalis intoxicated isolated Purkinje fibers 17,18,32,35,48,87,97,98, 100,101
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Diagram modified from isolated Purkinje fiber studies, refating the amplitude (Jower panel) and coupling
interval (upper panel) of delayed afterdepolarizations to the pacing interval.

Amp = amplitude

1 = first delayed afterdepolarization.

2 = second delayed afterdepolarization.
See text,

Delayed afterdepolarizations are oscillations of the diastolic membrane potential,
occurring immediately after the repolarization phase of the action potential. When their
amplitude is sufficiently high threshold is reached resulting in a full depolarization. After
completion of this action potential again a delayed afterdepolarization occurs and possibly
a full depolarization. In such a way long trains of spontaneous activity can be induced
(triggered activity).

Enhanced phase 4 depolarization is also known to occur in digitalized Purkinje fibers '*
and in other situations, which induce partial depolarization of the diastolic membrane
potential 2 (abnormal automaticity).

In studies in isolated Purkinje fibers it has been found, that afterdepolarizations (DAD),
inducing full depolarizations during digitalis roxicity, behave similarly as subthreshold
delayed afterdepolarizations ¥ . The relation of the coupling interval and the amplitude of
DAD’s to the interstimulus interval of the preceding rhythm is shown in figure 1. This
figure is modified from results, obtained in isolated Purkinje fibers *>'%°. The upper panel
shows the behaviour of the coupling interval (V, — V) of DAD’s as a function of the
interstimulus interval of the preceding rhythm (V, - V). The lower panel shows the
heightof the amplitude of DAD’s in relation to the preceding interstimulus interval. The
coupling interval of the first DAD shows a 1:1 relation to the pacing interval, and the
coupling interval of the second DAD a 2:1 relation. The amplitude of the first DAD
shows an increase on shortening the pacing interval, reaches a maximum between pacing
intervals of 400 and 600 ms, and declines on further shortening of the pacing interval.
From these data the following characteristics of DAD induced ectopic activity are
expected in the intact heart: 1) a direct linear relation between the interstimulus interval
and the first postpacing interval; 2) after short interstimulus intervals (less than & 500 ms)
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the first postpacing interval should be twice the pacing interval, because the amplitude of
the first DAD is low and the amplitude of the second DAD is high; 3) At long pacing
intervals (more than * 500 ms) the interval to the induced QRS-complex is equal to the
stimulus interval, because the amplitude of the first DAD is high in this interval range.
At low levels of digitalis intoxication threshold is expected to be attained following short
interstimulus interval, because the amplitude is highest in this interval range.

Based on these characteristics, we studied the first postpacing interval of ectopic activity
induced by programmied electrical stirnulation 1) during sustained ventricular tachycardia
2} following termination of ventricular rachyeardia during episodes that ectopic impulse
formation could be induced over a wide range of interstimulus intervals 3) during the
episode following termination of spontaneous ventricular tachycardia that ectopic impulse
formation could only be induced by pacing with short interstimulus intervals.

Methods

The experiments were performed in mongrel dogs of either sex with a body weight
between 20 and 40 kg.

Through a right thoracotomy electrodes were fixed intramurally into the free wall of the
right ventricle and the apex of the left ventricle. Atrioventricular block was made by
injecting formalin 37% in the region of the His bundle '**. The experiments were
performed after a recovery period of at least one week. This period of rest was necessary
" 1o avoid episodes of spontaneous ventricular tachycardia during the experiment which are
known to occur during the early postoperative period *>'*%. Six surface
electrocardiographic leads (I, IT, III, AVR, AVL and V,) were simultaneously displayed
on a monitor, registered with an ink jet recorder (with a paper speed of 100 mm/s) and
stored on tape. Electrical stimulation was done with a programmable stimulator, having
a synchronizing circuit. Unipolar stimuli were given with a stimulus strength of twice the
diastolic threshold. Between consecutive stimulation trains enough time was allowed for
the ventricular rhythm to regain its prepacing rate and QRS-configuration.

Digitalis intoxication was induced by an intravenous infusion of Digoxin in a dose of 0.1
mg/kg during 1-1%2 hr. The pacing protocol included overdrive stimulation, varying the
interstimulus interval and number of basic stimuli. In each stimulation train the
interstimulus interval was shortened in steps of 10 or 20 ms, starting with the longest
possible interstimulus interval. Minimal values were 150 ms.

The minimal number of stimuli given was one. After the diastole was scanned with
increasingly shorter pacing intervals, the number of stimuli was increased and the
stimulation procedure was repeated.

Results

The total amount of digoxin given in 8 dogs varied between 0,10 and 0,15 mg/kg. This
resulted in sustained ventricular tachycardia in 5 dogs. The mean interval duration of the
tachycardias induced varied berween 277 and 476 ms (table 1).

When the ventricular tachycardia stopped spontaneously, it was possible to induce
ectopic impulse formation in three dogs over a wide range of interstimulus intervals
(200-800 ms). When digitalis toxicity dissipated further ectopic impulse formation could
only be induced following short interstimulus intervals. In 7 dogs this latter episode could

be studied by programmed electrical stimulation.
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dog weight{kg) dosemplhy V.,V (ms) $D(ms)

i ................. 2 ; ,,,,,,,,,, - o - T
2 25 0,14 458 19

3 25 0,10 334 14

4 32 0,15 298 22

5 40 476 93

0,11

SD = standard deviation.

The effect of programmed electrical stimulation

Overdrive stimulation of spontaneous sustained ventricular tachycardia resulted in a
simnilar behaviour of the first postpacing QRS-complex as described in the preceding
chapter.

One or more QRS-complexes with a different configuration were induced after which the
original tachycardia regained control over the heart. The configuration of these induced
QRS-complexes will be discussed in the next chapter.

Interstimulus intervals being only slightly shorter than the cycle length of the spontaneous
tachycardia resulted in a first postpacing interval which was 150-200% of the interstimulus
interval duration. Shortening of the interstimulus interval decreased the first postpacing
interval. This resulted in a concordant relation between the interstimulus interval and the
first postpacing interval. As expected from the results from the preceding chapter, the
duration of the first postpacing interval was relatively independent from the number of
stimuili. This is shown in figure 2 in which the relation between the interstimulus interval
and the first postpacing interval for different numbers of stimuli are given from five
experiments in different dogs.
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Figure 2

The influence of the interstimulus interval on the first postpacing interval during sustained ventricular
tachycardia.

Combined results of § experiments in different dogs. On decreasing the pacing interval the first postpacing
interval shortens. The duration of the first postpacing interval is about 150% of the pacing cycle length.
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After spontaneous termination of the tachycardia ectopic impulse formation could be
reinduced by pacing over a wide range of cycle lengths and different numbers of stimuli
in three dogs. In a minority of runs (20%) no ectopic activity occurred. When the roxicity
level was sufficiently high pacing resulted in ventricular tachycardia (figure 3). At lower
degrees of toxicity only short self-terminating runs of ectopic activity were induced.
When pacing with long intervals {more than + 400 ms), ectopic activity started frequently
before the stimulation train was completed. This occurred because the escape interval of
the induced rhythm was about equal to the pacing cycle length. Using shorter
interstimulus intervals the first postpacing interval was longer than the interstimulus
interval.

1
i
Vi
= nVs).10
Figure 3

Induction of ectopic activity by pacing during slow idioventricular rhythm.

10 stimuli with interstimulus intervals of 580 ms are given. The first postpacing interval is within the range of
the interstimulus interval, Acceleration occurs in the next two intervals, which are followed by a tachyeardia
with a different configuration.

Examples of induction of ectopic impulse formation by fast and by slow pacing are given
in figure 4.

When the interstimulus interval was decreased systematically it was found that after long
interstimulus intervals (more than + 400 ms) the first postpacing QRS-complexes had an
interval duration being in the same range as the interstimulus interval.

Shortening the interstimulus interval to a critical value induced a sudden lengthening of
the first postpacing interval. On further shortening of the pacing interval a similar relation
with the first postpacing interval was obtained as observed during sustained ventricular
tachycardia. To illustrate these findings an example of pacing with 4 stimuli is given in
figure 5.
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Figure 4
Induction of ectopic activity by slow (panel 1} and fast pacing {panel z).
The wdioventricular rhythn is overpaced

1 with 5 stimuli. Slow pacing (720 ms) resulis in ectopic activity. The
{irst postpacing interval is within the range of the drive cycle length.

Pacing with 220 ms intervals cesults in similar ectopic activity as in panel 1. Now the first postpacing interval is
about twice the drive cycle length.

From panel 1 to 3 the first postpacing interval has a 1:1 relation to the pacing interval.
Between interstimulus intervals of 440 and 350 ms no ectopic activity could be induced.
Following interstimulus intervals of 350 ms the first postpacing interval showed an abrupt
lengthening in comparison to the preceding panel. Further shortening of the interstimulus
interval again resulted in a decrease of the first postpacing interval.

Figure 6 shows diagrammatically this biphasic behaviour for all first intervals of induced
ectopic activity,

Similar results were obtained following dxffexem numbers of stimuli. The results from
three different experiments are combined in figure 7. The curves indicating a 1:1 relation
and the one indicating a 1:2 relation show some overlap because the interval shift occurred
at different interstimulus intervals in different dogs.
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Figure 5

The influence of the interstimulus interval during non-sustained ventricular tachycardia.

Example of overdrive pacing with four stimuli at the basal right venuricle. Only the last three stimulated
QRS-complexes and the first postpacing QRS-complex are shown. Four standard leads and a chest lead (V, yare
displayed simultaneousty. From panel 1 to panet 6 the interstimulus interval decreases from 850 to 160 ms.
See text.
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Figure 6
Diagram, showing all first postpacing intervals from the experiment in figure 5. Note the biphasic behaviour of
the first postpacing interval on decreasing the pacing interval.
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Figure 7

The influence of the interstimulus interval on the first postpacing interval at different numbers of stimuli
during non-sustained ventricular tachycardia.

Combined data from 3 experiments. The first postpacing interval (mean and standard deviation) is plotted as a
function of the {irst postpacing interval.

From panel 1 to panel 5 the number of stimuli increase from 1 to 5. The number of stimulation trains (n) is
indicated in each panel. Lines indicating a 1:1 relation and a 1:2 relation between the interstimulus interval and
the first postpacing interval are given in each panel.

The effect of extrastimuli following regular pacing was difficult to study because, as
mentioned above, during regular pacing frequently the spontaneous rhythm started
before the stimulation train was completed. In the different examples obtained it was
found that decreasing the extrastimulus interval only, also resulted in a similar biphasic
behaviour of the {irst postpacing interval as observed during regular pacing. An example
is shown in figure 8.
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Figure §

The effect of shortening the extrastimulus interval on the first postpacing interval during non-sustained
ven{ricular tachycardia.

Basic pacing is done with 9 stimuli and pacing intervals of 400 ms. The extrastimulus interval decreases from
720 to 200 ms (panel 1 to 4). Only the fast three stimulated complexes are shown.

Observations at the time of cessation of digitalis intoxication

During this episode only short runs of ectopic activity were induced by overdrive
stimulation. For induction of ectopic activity short interstimulus intervals and higher
number of stimuli were required. Overdrive suppression occurred between pacing
intervals of 1000 and 500 ms. At a critical pacing rate the first postpacing interval
shortened abruptly to about twice the pacing interval. Decreasing the interstimulus
interval further resulted in a further decrease of the first postpacing interval. Examples
are given in figure 9 and 10.

Figure 11 shows the combined data (immean and standard deviation) of 7 other experiments
during pacing with 10 stimuli at the end stage of digitalis intoxication. Ectopic activity
could be induced in all experiments using interstimulus intervals between 200 and 320
ms. At longer pacing intervals overdrive suppression was observed.
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Figuire 9

The influence of the interstimulus interval on the first postpacing interval at the end of digitalis intoxication.
Example of pacing with 50 stimuli. Bach panel shows the last prepacing interval, part of the pacing procedure
and the interval(s) after pacing. From panel | to panel 4 the interstimulus interval shortens from 1000 to 220 ms.
Decreasing the pacing interval from 1000 ro 500 ms results in marked overdrive suppression (panel 1 and 23, A
small further decrease 10 470 ms induces ectopic activity (panel 3} after 780 ms. In panel 4 the number of ectopic
impulse increases and the interval of the first postpacing interval shortens to 500 ms,

See text.
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Figure 10

Influence of the interstimulus interval and the number of stimuli on the first postpacing interval during the
end stage of digitalis intoxication.

The first postpacing interval is plotted on a logarithmic scale. Black dots indicate the first postpacing interval
following 30 sumuli and open dots following 10 stimuli. The mean and standard deviation of the last prepacing
interval is indicated at the right side. 10 stimuli induce only smali changes of the (irst postpacing interval but no
ectopic activity.

QOverdrive suppression occurs after pacing with 50 stimuii between pacing intervals of 1000 and 500 ms. Further
shortening of the pacing interval leads to a short first postpacing interval (about rwice the pacing interval) with
a direct linear relation to the pacing interval.
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Figure 11

The influence of the interstimulus interval on the first postpacing interval at the end of digitalis toxicity.
Combined results of 7 experiments. Ectopic activity is only inducible berween pacing intervals of 200 and 320
ms. The first postpacing interval {(mean and standard deviation)is depicted as a function of the pacing interval.
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Discussion

During sustained ventricular tachycardia we observed a direct linear relarion between the
first postpacing interval of the induced ectopic activity and the interstimulus interval.
The duration of the first postpacing interval was 150-200% the interstimulus interval. The
influence of the interstimulus interval was of more importance than the number of stimuli
in determining the duration of the first postpacing interval (figure 2). These results were
expected from the data presented in the preceding chapter.

During episodes of non-sustained ventricular tachvcardia the relation between the
interstimulus interval and the first postpacing interval was biphasici.e. long interstimulus
intervals showed a 1:1 relation 1o the first postpacing interval, whereas the first postpacing
intervals following shorter interstimulus intervals had a duration of about 2 x the
interstimulus interval. In the experiment of figure 3 no ectopic activity was induced
between interstimulus intervals of 440 and 350 ms. The most likely explanation for this
finding is that both delayed afterdepolarizations were low in this interval range '%. At low
levels of digitalis intoxication the induction of ectopic impulse formation depended on the
duration of the interstimulus interval and number of stimuli.

These findings are compatible with the described characteristics of delayed
afterdepolarizations.

Because during sustained ventricular tachycardia the relation between the pacing interval
and the first postpacing interval was similar, it is likely that also the first postpacing
interval during ventricular tachycardia is the result of the (second) delayed
afterdepolarization. The fact that the interval duration of the first postpacing interval was
less than twice the pacing interval can be explained by assuming that at these severe
intoxication levels threshold is attained before the amplitude becomes maximal.

In the preceding chapter it was shown, that during ventricular tachycardia shortening of
the extrastimulus interval only, already resulted in a decrease of the first postpacing
interval. During the episode that ectopic activity could be induced over a wide range of
cycle lengths, shortening of the extrastimulus interval resulted in a similar biphasic
behaviour of the first postpacing interval as observed following regular pacing.

These findings are similar to the observations in isolated Purkinje fiber studies on the
behaviour of delayed afterdepolarizations **%.

Another explanation for the biphasic response to changing the interstimulus interval has
to be considered. In sucrose-gap preparations sub- and suprathreshold depolarizations
have been found to modulate Purkinje fiber pacemakers in a similar biphasic manner as
observed in our experiments ®. In these experiments sub- or suprathreshold depolarizing
currents were applied distal to the pacemaker site. Conduction block was achieved
through a sucrose-gap between both sites in the Purkinje fiber preparation.
Depolarizations, applied early in the cycle, delayed the subsequent pacemaker discharge,
but when they were induced late in the cycle the pacemaker was captured. This biphasic
influence was the result of the electrotonic effects of the depolarizations across the
sucrose-gap. Itis conceivable that digitalis intoxication also induced conduction block '
leading to similar conditions as described in these experiments.

The differences with the results of our experiments are, however, that we did not
modulate the spontaneous site of impulse formation, but rather activated another
pacemaker site. Also, when electrotonic modulation would have played a role, the
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biphasic response should have also been observed during electrical stimulation of the
ventricular tachycardia. Finally, we have observed thar subthreshold stimulation did not
influence configuration and rate of digitalis-induced ventricular arrhythmias {not shown).
Therefore it is not likely that electrotonic modulation is the underlying mechanism for the
results of our experiments.

In conclusion our observations support the hypothesis that delayed afterdepolarizations
are the underlying mechanism for the first postpacing QRS-complex at different levels of
digitalis intoxication.

Clinical implications

Patients with ventricular ectopic activity, ventricular tachycardia and/or atrioventricular
block frequently confront the clinician with the possibility of digitalis intoxication as the
underlying mechanism. Determination of the plasma level is of limited value, and one has
to depend highly upon the clinical picture and the surface electrocardiogram "' In this
situation programmed electrical stimulation of the heart might be of help in making the
correct diagnosis. Such studies may also be of importance to obtain information on the
effect of pharmacological interventions in the treatment of digitalis induced arrhythmias,
It would be especially useful to be better informed about the value of drugs suppressing
delayed afterdepolarizations like calcium antagonists, lidocaine and beta adrenergic
blocking agents.
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Effect of different modes of stimulation on the
Configuration of the first QRS-complex after
pacing during digitalis induced ventricular
tachycardia

by

Anton PM Gorgels, MD, Bram de Wit, MD, Henriette DM Beekman, Willem RM Dassen, PhD,

Hein J] Wellens, MD, Deparument of Cardiology Annadal Hospital MAASTRICHT The Netheriands

Accepied for publication in PACE

Abstract

During digitalis-induced sustained monomorphic ventricular tachycardia programmed
electrical stimulation was done and the effect on the first postpacing QRS-configuration
determined. Ventricular tachycardia was induced in 9 conscious dogs with chronic complete
atrioventricular block by digoxin i.v. 0.1 mg/kg given in 1-1%: hour. Spontaneous ventricular
tachycardia had a right bundle branch block configuration and an extreme left axis in about
70% of tachycardias studied, suggesting an origin in the inferolateral part of the left ventricle.
Less frequently a left bundle branch block like configuration with an intermediate axis was
observed, compatible with an origin in the basal part of the right ventricle. After pacing close
to one of these predilection sites the first postpacing QRS-configuration suggested an origin
close to the site of stimulation. Pacing distant from these predilection sites resulted in fusion
complexes between electrical activation from these predilection sites and the stimulation site.
The amount of fusion depended on interstimulus interval and number of stimuli. Long
interstimulus intervals and low numbers of stimuli induced a QRS-complex similar to the
spontaneous tachycardia. The faster and longer the stimulation train the more the QRS-
complex became similar to the paced QRS-complex. Similar findings were also found on
decreasing the last paced interval only.

Qur findings suggest that triggered activity is the underlying mechanism for the first postpacing
QRS-complex. Analysis of the results of programmed electrical stimulation, and the relation
between the R-R intervals and QRS-configuration during tachycardia suggest that triggered
activity is also the mechanism for the spontaneously occurring ventricular tachycardia. These
observations may have important clinical implications.

As has been shown in chapter 4, in the intact heart the first QRS-complex after pacing is
most likely to be induced by triggered activity *7*'%!, We have found **** a direct linear
relation between the interstimulus interval and the first postpacing interval during
sustained ventricular tachycardia. After termination of sustained ventricular tachycardia
ectopic activity could be reinduced by pacing. Long interstimulus intervals (rore than +
400 ms) resulted in a 1:1 relation between the length of the first postpacing interval and
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the interstimulus interval while at shorter interstimulus intervals (less than + 400 ms) a
2:1 relation was observed, These findings are best explained by the rate related behaviour
of the first two delayed afterdepolarizations */%%'%" The QRS-configuration of the
spontaneous ectopic activity is frequently different from thar during impulse formation
immediately after pacing * and has been found to originate preferably in the paced
ventricle '

In the present chapter the relation between configuration of the first postpacing QRS-
complex and modes of pacing during digitalis induced ventricular tachvcardia is
described. As discussed they have implications for the explanation of the possible
underlying mechanism of the first postpacing QRS-complex and also the QRS
configuration of the spontaneous ventricular tachycardia.

Methods

The experiments were performed in mongrel dogs of either sex with a body weight
between 25 and 40 kg.

Through a right thoracotomy electrodes were fixed intramurally into the free wall of the
right ventricle and/or the apex of the left ventricle. Atrioventricular block was made by
injecting formalin 37% in the region of the His bundle ''*. The experiments were
performed after a recovery period of at least one week. This period of rest was necessary
to avoid episodes of spontaneous ventricular tachycardia during the experiment which are
known to occur during the early postoperative period **'*. Six surface
electrocardiographic leads (mostly leads I, IT, 111, AVR, AV1. and V) and one epicardial
lead were simultaneously registered on a ink jet recorder (with a paper speed of 100 mm/s)
and stored on tape. Electrical stimulation was done with a programmable stimulator
having a synchronizing circuit. Sumuli were given with a stimulus strength of twice the
diastolic threshold. Between consecutive stimulation trains enough time was allowed for
the ventricular rhythm to regain its prepacing rate and QRS-configuration.

Digitalis intoxication was induced by an intravenous infusion of digoxin in a dose of 0.1
mg/kg which was given during 1-1% hour. This resulted in sustained ventricular
tachycardia during 12 to 48 hours.

All dogs were kept in the left lateral position to avoid influence on the QRS-configuration
by changes in the position of the dog.

The first postpacing QRS-complex was analyzed only during episodes of sustained
monomorphic ventricular tachycardia.

Results

During most episodes {about 70% of tachycardias analyzed) the spontaneous ventricular
rhythm showed a right bundle branch block pattern with left axis deviation suggesting an
origin in the apical part of the left ventricle. The second most frequent spontaneous
QRS-configuration was a left bundle branch block pattern with an intermediate axis
suggesting an origin in the basal part of the right ventricle (figure 1). Both configurations
were frequently present during the same experiments.
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Figure 1

Typical examples of the QRS-configuration during digitalis induced ventricular tachycardia.
Left panel: tachycardia originating in the apical part of the left ventricle. Right panel: tachycardia originating in
the basal part of the right ventricle.

The effect of programmed electrical stimulation

Tt was found that pacing close 1o one of these dominant pacemaker sites resulted in a first
postpacing complex having the same QRS-configuration as these predilection sites.
Figure 2 shows left apical pacing during a right ventricular tachycardia. Pacing is done

Vs Vs.270 260 240 200 160ms

200 300 ms

B3
Figu[e 2 n(W)lg
The effect of Ieft apical stimulation during right ventricular tachycardia.
Pacing is done with 9 stimuli: In each stimulation train the pacing interval is shortened, resulting in a direct
linear relation between the pacing interval and the first postpacing interval (see diagram).
The QRS-configuration is very similar to the paced complexes after all stimulation trains (see text). The small
spikes preceding the QRS-complexes in panels 2 and 4 are P-waves.
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with a train of 9 stimuli at increasingly shorter interstimulus intervals. This results in a
direct relation between the pacing interval and the first postpacing interval. The QRS-
configuration is very similar to the paced complexes after all stimulation trains and all
originate in the apical part of the left ventricle. The only difference between the
{epicardially) paced and the postpacing QRS-complex is the absence of the initial slurring
of the QRS-complex in the postpaced beat. This suggests that during pacing ventricular
activation starts in the muscle and in the post paced beat in the Purkinje system.
Pacing distant from both predilection sites resulted in a different ﬁrstﬁfmostpacing QRS-
configuration suggesting fusion between electrical activation from the predilection sites
and also from the stimulation site. The amount of fusion appeared to be related to the
length of the interstimulus interval.

Figure 3 shows the occurrence of fusion complexes between a focus in the basal right
ventricle and the left ventricular apex. Overdrive stimulation at the apical partof the right
ventricle is done during right ventricular tachycardia. Long interstimulus intervals
induce a QRS-configuration similar to the spontanecus QRS-configuration. Shortening
of the interstimulus interval results in fusion berween this QRS-configuration and the
QRS-configuration from the focus in the left ventricular apex. Decreasing the
interstimulus interval results in an increasing contribution from left ventricular impulse
formation.

Figure 4 presents diagrammatically the relation between the interstimulus interval and
the first postpacing QRS-configuration of all stimulation trains of this experiment (n =
178). Interstimulus intervals of 420-320 ms induce predominantly a right ventricular
configuration; between 320 and 220 ms most first postpacing QRS-complexes are fusion
complexes; between 220 and 150 ms the left ventricular configuration prevails. These
findings suggest thar during pacing in between the two predilection sites for impulse
formation both foci became activated. Because the stimulation site is closer to the left
ventricular apex than to the site of origin of the spontaneous tachycardia, the contribution
to ventricular activation of the former is the most important, especially at shorter
interstimulus intervals.

We also observed the concomitant induction of impulse formation from the two dominant
sites of spontaneous impulse formation and from the stimulation site.

This led to many fusion QRS-complexes showing gradual changes in configuration
depending upon the interstimulus interval and the number of stimuli. In the experiment
shown in figures 5-10 more than 40 different QRS-configurations could be identified. In
this experiment overdrive stimulation was done by decreasing the interstimulus intervals
in each stimulation train in steps of 10 ms to a minimum of 160 ms. Thereafter the number
of stimuli was increased and the procedure repeated. The number of stimuli was increased
in steps of one stimulus from 1 to 10 and than to 15 stimuli.
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600, The effect of electrical stimulation distant to dominant pacemaker
> sites.

I this example the spontaneous ventricular tachycardia originates in
the basal right veniricle (HRV, left panel). After pacing with 7
stimuli at the apical part of the right ventricle {(RV-apex) and
interstimulus intervals of 360 ms the first posipacing QRS-
configuration is unchanged (left panel). Decreasing the interstimulus
interval (right panels) results in a gradual change of the QRS-complex
suggesting in creasingly more fusion with impulse formation from
the left ventricular apex. The diagram shows a direct relation
between the pacing interval and the first postpucing interval.
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In figure 5 during a left ventricular tachycardia overdrive stimulation is done with 9
stimuli from the mid-part of the free wall of the right ventricle. The diagram shows the
direct linear relation between the interstimulus interval and the first postpacing interval.
Long interstimulus intervals (260 ms) induce a first postpacing QRS-configuration
sirnilar to the spontanecus QRS-complexes. Interstimulus intervals between 250 and 220
ms show a gradual change ro a QRS-configurarion suggesting an origin in the basal right
ventricle. Decreasing the interstimulus interval further to 170 ms results in a change to a
QRS-configurarion compatible with an origin close to the stimulation site.
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Figure §
The influence of the pacing interval on the first postpacing QRS-morphology during electrical stimulation
distant to dominant pacemaker sites.
The ventricular tachycardia originates in the left ventricular apex. The ventricles are paced with 9 stimuli at the
mid-portion of the right veatricle (MRV). Long interstimulus intervals (260 ms) induce a QRS-complex
suggesting an origin in the apex of the lefi ventricle. Decreasing the interstimulus intervals (250-220 ms) results
infusion between impulses from the left ventricular apex and the basal right ventricle, Further shortening leads
1o fusion between impulses {rom the basal right ventricle and the stimulation sive, until the first postpacing
QRS-complex closely resembles the stimulated QRS-complex (170 ms).

From this experiment 1053 first postpacing QRS-complexes during sustained ventricular
tachycardia using interstimulus intervals between 280 and 170 ms were analyzed. The
QRS-configuration was divided in 5 groups from the one showing predominantly a left
ventricular origin to the one showing an origin close to the stimulation site (see figure 6).
The diagram (figure 6) shows the gradual change from a left apical origin after long
interstimulus intervals to a predominantly right basal origin after intermediate
interstimulus intervals and to an origin at the stimulation site after short interstimulus
intervals.
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The influence of the pacing interval on the first postpacing QRS-morphology during electrical stimulation

distant to dominant pacemaker sites.

Diagram relating the configuration of all QRS-complexes from the experiment of figure 5 ro the preceding

pacing interval (horizontal axis). The total number of QRS-complexes analyzed is 1053, The bars indicate the

percentage of occurrence of a given QRS-configuration.

1: afirst postpacing QRS-configuration similar 1o the stimulated QRS-complexes.

: fusion QRS-complexes between electrical activation from the stimulation site and the basal right ventricle.

1 QRS-complexes from the basal right ventricle.

2
3
4: fusion complexes between electrical activation from the right and the left ventricle.
5

: QRS-complexes from the left ventricle.

During this experiment the relation between the number of stimuli and the first
postpacing QRS-configuration was also studied. Figure 7 illustrates the results.
Increasing the number of stimuli from 1 to 5 induced a gradual change in QRS-

configuration from one suggestive of a left apical to a right basal origin. A further increase

1o 15 stimuli induced a QRS-configuration which resulted from fusion between a basal

right and a mid right ventricular origin.
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Figure 7
The influence of the number of stimuli on the first postpacing QRS-configuration during electrical
stimulation distant to the dominant pacemaker sites.
Example form the same experiment as shown in figure 5 and 6. The ventricular tachycardia originates in the left
ventricular apex. The ventricles are stimulated {from the midportion of the right ventricle (MRV). On increasing
the number of stimuli the first postpacing QRS -complex changes from left ventricular apical to right ventricular
basal and right ventricular midportion.
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Figure §

The influence of the number of stimuli on the first postpacing QRS-configuration during electrical
stimulation distant to the dominant pacemaker site.

Diagram relating the configuration of all QRS-complexes (vertical axis) from the experiment of figure 7 1o the
number of stimuli (horizontal axis). The total number of analyzed QRS-complexes is 1053, The QRS-
configuration is indicated in the diagram (see figure 6). Note that on increasing the number of stimuli from 1 to

5 the QRS-configuration gradually changes from left ventricular apical to right ventricular basal. At higher
number of stimuli more postpacing complexes originate at the site of stimulation.
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Figure § gives a diagram of all first postpacing QRS-complexes from this experiment.
A similar behaviour of the first postpacing QRS-complex was found when only the last
paced interval was altered.

Short extrastimulus intervals induced first postpacing QRS-complexes which originated
close to the paced complexes and long extrastimulus intervals induced first postpacing
QR S-complexes from the apex of the left ventricle.

Interestingly, further lengthening of the extrastimulus interval again induced a QRS-
configuration from close to the pacing site (figure 9). The length of the first postpacing
interval during the last situation was about equal to the exrrastimulus interval, whereas
the shorter extrastimulus intervals resulted in first postpacing intervals being about 2
times as long as the extrastimulus interval (see diagram figure 9).

Figure 10 shows the result of the effect of an extrastimulus given with an interval duration
fong enough 1o lead to fusion with the spontaneous QRS-complex. This gives a QRS-
configuration which is identical ro the last paced QRS-configuration. The implication of
this finding will be discussed later.
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Figure 9

The influence of extrastimuli on the first postpacing QRS-configuration.

Example from the same experiment as in figure 5-8. The spontaneous ventricular tachycardia originates in the
left ventricular apex. Electrical stimulation is done at the midportion of the right ventricle. Basic pacing is done
with 9 stimuli and interstimulus intervals of 250 ms. On decreasing the interstimulus interval the configuration
of the first postpacing QRS-complex changes from left ventricular apical to a right ventricular basal and a mid
right ventricwlar origin. However, note that the longest extrastimulus intervals induce a QRS-configuration
suggesting an origin close to the stimulation site. The diagram shows the relation between the interstimulus
interval {horizontal axis) and the length of the first postpacing interval.



Although the configuration of the first postpacing QRS-complex frequently differed from
the spontaneous tachycardia an identical configuration could be observed, especially, as
shown above, after long pacing intervals. This finding suggests that the dominant
tachycardia focus reacts similarly to electrical stimulation as the foci activated by pacing.
During the tachycardia of figure 11 also the same QRS-configuration was observed after
pacing as during the spontaneous tachycardia, Therefore the findings obtained during
electrical stimulation were used for the interpretation of the mechanism of the
spontaneously occurring tachycardia.

Figure 11 shows a group beating tachycardia, a finding which we have frequently observed
before rermination of sustained ventricular rachycardia and during episodes of non-
sustained ventricular tachycardia. Characteristically, the groups are separated by long
intervals (450 ms in this example) and show increasingly shorter intervals (360, 330 and
290 ms respectively). The configuration of the QRS-complexes shows in this example
increased narrowing of the QRS-width and a gradual change in axis. This group beating
tachycardia lasted sufficiently long to be studied by single and paired stimuli and also by
extrastimuli following basic pacing with 8 stimuli and different basic pacing intervals.
Because the results of these different pacing modes were essentially the same, only the
findings during pacing with one stimulus are presented (figure 12).

In the tracings shown in figure 12 pacing is done art the left ventricular apex. Long
extrastimulus intervals (panel 1) resulted in narrow QRS-complexes (1b,Ic,Id of the
spontaneous ventricular tachycardia, see figure 11). Intermediare extrastimulus intervals
are followed by the wide QRS-complex of the spontaneous ventricular tachycardia (Ia of
figure 11) and short extrastimulus intervals induced a different QRS-complex (type 1)
originating closer to the stimulation site i.e. in the anterior fascicle of the left bundle
branch.

In this experiment a sudden lengthening of the postpacing interval duration was always

Figure 10

The effect of maximally long extrastimulus intervals.
The extrastimulus is given after such a long interval that
the stimulated activation front fuses with spontaneous
activation from the left ventricular apex. The first and
subsequent QRS-complexes show an identical QRS-
configuration as the last stimulated QRS-complex.
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observed on shortening the extrastimulus interval inducing a narrow QRS-complex
(panel 1) to the extrastimulus interval inducing a wide QRS-complex (panel 2). Further
shortening of the extrastimulus interval resulted in a decrease of the interval {panel 3and
4, diagram). The implications of these findings are discussed below.

Figure 11 80123

Group beating ventricular tachycardia.

Typical example of a tachycardia consisting of groups of 4 QRS-complexes. Each group shows shorter R-R
intervals followed by a longer pause. Also increasing narrowing of the QRS-width is noted within each group.
The QRS-configuration suggests an origin in the basal part of the ventricular Purkinje system. The different
types of QRS-complexes are coded as I a,b,c, and d respectively.
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Figure 12

Effect of programmed electrical stimulation during the ventricular tachyeardia shown in figure 11,

During ventricular tachycardia a single stimulus is given with increasing prematurity at the left ventricular apex.
Decreasing the pacing interval results in a sudden lengthening of the first postpacing interval (panel 1-panel 2)
after which gradual shortening of the first postpacing interval is seen (panel 2-4). The interval shift was always
accompanied by the wider QRS-configuration {type Ia of figure 11). Panel 5 gives the relation between the
premature beat interval (V, - V) and the post premature beat interval {V, - V).
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Discussion
The spontaneous ventricular tachycardia

The spontaneous ventricular tachycardia in our experiments most frequently had a
QRS-configuration suggesting an origin in the apex of the left ventricle. These findings
are similar to previous observations in the intact dog heart '*"!. Electrode catheter
recordings of the specific intraventricular conduction system in the intact dog heart have
revealed that rhe left bundle branch system is a predilection site for digitalis-induced
ventricular tachycardia '°. The site of impulse formation was found to be located either
proximal or distal in the left bundle branch system. Epicardial mapping techniques in
open chest dogs have shown that during digitalis-induced ventricular tachcyardia earliest
epicardial activation always occurred at or near the apex of the left ventricle /. The greater
sensitivity of the left than the right ventricular conduction system for digitalis probably
explains the prevalence of right bundle branch block configurarion '*'**7 in digitalis-
induced ventricular tachycardias occurring clinically ',

Also in vitro measurements of paired right and left canine Purkinje fibers showed a higher
sensitivity for digitalis in the left system **. Several mechanisms have been proposed to
explain this difference: differences in affinity of the glycoside to the Na™ — K" ATP-ase,
in the number of glycoside binding sites or qualitative differences in venrricular
sarcolemmal binding sites **. The second most frequent ventricular tachycardia
configuration found in our experiments is suggestive for an origin in the basal part of the
right ventricle. Also in a small number of in vitro experiments right ventricular Purkinje
fibers showed earlier signs of toxicity than left sided ones *.

Many authors have described that impulse formation in digiralis intoxication preferably
originates within the specific conduction system %*27H53119,

This finding is supported in our experiments by the observation that most of the first
postpacing QRS-complexes had a fast initial upstroke, in contrast ro the slow initial
deflection of the paced QRS-complexes *.

The effect of programmed electrical stimulation

Programmed electrical stimulation close to one of these dominant pacemaker sites
resulted in a first postpacing QRS-complex suggesting an origin from these sites (figure
2). Pacing distant o the dominant sites of impulse formation induced fusion of electrical
activity from the predilection sites and from the stimulation site. This finding is in
agreement with previous observations '®' and has been explained as follows. Because the
stimulation site is activated first by electrical stimulation a potential focus will discharge
earlicr than other ectopic pacemakers within the ventricles. The dominant sites of impulse
formation will also become activated resulting in QRS-complexes based on fusion between
both dominant sites of impulse formation and the stimulation site.

Interestingly the amount of fusion appeared to be dependent on the pacing rate and the
duration of pacing. Changing one extrastimulus interval only resulted in a similar
behaviour of the QRS-configuration as during regular pacing.

This behaviour of the QRS-configuration is in agreement with triggered activity as the
underlying mechanism for impulse formation at the stimulation site. Such a mechanism
is further supported by the behaviour of the first postpacing interval. As described



previously *'®! this is similar to the behaviour of delayed afterdepolarizations during

cardiac pacing. Foci distant to the origin of the spontaneous ventricular tachycardia and
close to the stimulation site can become manifest because: 1) electrical stimulation with
faster rates than the spontaneous tachycardia increases the amplitude of delayed
afterdepolarizations enough to reach threshold; 2) during stimulation foci close 1o the
stimulation site are the first which become activated. After pacing they can discharge
prior to more distally located foci. Once the focus induces manifest ectopic activity, it will
fuse with the ectopic activity from the dominant pacemaker. The amount of fusion
depends on the time difference between the discharge of both foci. This time difference
depends on 1) differences in escape interval of the focus at the dominant sites of impulse
formation and the focus close to the stimulation site and 2) the conduction time between
both foci.

When delayed afrerdepolarizations induce the first postpacing QRS-complex, differences
in escape interval can occur because of a) differences in the coupling interval and b)
differences in steepness of the slope of the delayed afterdepolarization. In isolated
Purkinje fibers studies ** both parameters have been found to differ in left and right
Purkinje strands. As far as the conduction time between the pacing site and the site of
spontaneous impulse formation is concerned, this is expected to vary depending on the
pacing rate and the extrastimulus interval. Pacing with rapid rates may induce a slowing
of conduction because of a pacing induced decrease of the diastolic membrane potential
%8121 Another mechanism for delay in conduction may be a pacing induced increase in the
amplitude of delayed afterdepolarizations, which is also known to induce conduction
block %1%, The relation between escape interval and conduction time to explain the
QRS-configuration is illustrated in three different situations in figure 13. In the first
situation the first postpacing QRS-configuration is similar to the spontaneous tachycardia
configuration. Here the escape interval at the site of stimulation is longer than the escape
interval of a dominant pacemaker site and two times the conduction time between the
stimulation site and the site of spontaneous impulse formation (figure 13, panel 1).

In the second situation the first postpacing QRS-configuration is similar to the QRS-
configuration during pacing. Now the escape interval at the site of stimulation is smaller
than the escape interval at the site of spontaneous impulse formation and two times the
conduction time between both sites (figure 13, panel 2).
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Figure 13

Diagrams illustrating the change in configuration of the first postpacing QRS-complex.
The interstimubus interval is long in panel 1, short in panel 2 and intermediate in panel 3. The first posipacing
interval is 150% of the paced cycle length. See text.

T __ siteof stimulation

site of impulse formation of spontaneous ventricular tachycardia
W site of origin of first postpacing QRS-complex.
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In the last panel the first postpacing QRS-configuration is a fusion complex between a
configuration of the paced beats and the spontaneous tachycardia beats. The escape
interval at the pacing site is longer than the escape interval at the spontaneous site of
impulse formation and one time the conduction time berween both foci but shorter than
the escape interval at the spontaneous site of impulse formation and two times the
conduction time between both foci (figure 13, panel 3).

The finding that following long extrastimulus intervals also impulse formation was
induced close 1o the stimulation site with an interval duration being equal to extrastimulus
interval is of interest (figure 9). Previously it has been found that the interstimulus
interval has a biphasic relation to the first postpacing interval ***. Long pacing intervals
induce first posipacing intervals which are equal to the pacing interval whereas short
interstimulus intervals have a 1:2 relation to the first postpacing interval. This behaviour
is explained by the fact that the amplitude of the first delayed afterdepolarization decreases
at higher pacing rates whereas that of the second one increases 327899100101

The first postpacing QRS-complexes with an equal interval duration after mng pdcmg
intervals and originating close to the stimulation site (figure 9) are therefore likely to be
induced by the first afterdepolarization. However one may argue that there is no relation
to the preceding extrastimulus because its coupling interval is so long that it fails to enter
the site of impulse formation. Against this explanation speaks the configuration of the first
postpacing QRS-complex which suggests an origin close to the site of stimulation in
contrast to those observed after shorter extrastimulus intervals. Although suggestive this
does not completely exclude that the first postpacing QRS-complex was the result of the
basic drive only. Evidence against the latter possibility is found in the observation shown
in figure 10. The extrastimulus had such a long coupling interval that it fused with
spontaneous electrical activity which, in view of the QRS-configuration, probably
originated in the left ventricular apex. This extrastimulus was followed by a QRS-complex
with an identical configuration as the stimulated QRS-complex. This observation suggests
that the QRS-complexes occurring after an interval about equal to the extrastimulus
interval and with a QRS-configuration of the stimulated QRS-complexes are indeed
evoked by rhe extrastimulus. This indicates that they are the result of the first delayed
afterdepolarization. The change in QRS-configuration shown in figure 9 can then be
explained as follows:

From short to long extrastimulus intervals the second delayed afterdepolarization at the
stimulation site becomes gradually smaller and exerts increasingly less influence on the
QRS-configuration. Therefore increasingly less influence of electrical activity from the
stimulation site is observed in the first postpacing QRS-complex. The first delaved
afterdepolarization however increases and when it becomes sufficiently high it induces
again ectopic activity from the site of stimulation.

So we consider this “biphasic behaviour of the QRS-configuration following extrastimuli
as another argument for the triggered nature of the first postpacing QRS-complex.

Possible mechanism of the spontaneous tachycardia

The observation of first postpacing QRS-complexes with an identical QRS-configuration
as the spontaneous ventricular tachycardia (figures 11 and 12) suggests that the dominant
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pacemaker focus behaves similarly to electrical stimulation as sites of impulse formation
induced by pacing.
The findings during programmed electrical stimulation of such a focus can be extrapolated
to the spontaneous ventricular tachycardia (see figures 14-15). The pacing study revealed
that the wide QRS-complex was probably induced by the second delayed
afterdepolarization. Also during the spontaneously occurring ventricular tachycardia the
wide QRS-complex always happened after a longer pause. Interpreting this pause as the
result of a subthreshold first delayed afterdepolarization the mechanism of the tachycardia
may be as shown in the diagram of figure 14. The second delayed afterdepolarization
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Figure 14 Interpretation of digitalis-induced
group beating ventricular tachycardia. See rext.
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induces the wide QRS-complex. This long pause results in the induction of a
suprathreshold first delayed afterdepolarization with a sherter interval duration than the
preceding cycle. Because of this shortening the next impulses will be increasingly more
accelerated until the preceding interval duration becomes so short that the first
afterdepolarization becomes subthreshold, after which the second becomes manifest.
After this longer interval a first delayed afterdepolarization will be induced with a long
interval, and the sequence starts again. This is diagrammatically presented in figure 15.
In this diagram the amplitude (lower panel) and coupling interval (upper panel) of the first
and second delayed afterdepolarizations is plotted as a function of the preceding cycle
length. A given coupling interval of the spontaneous tachycardia is plotied as a function
of its preceding interval. It is shown how the coupling interval of the QRS-complex I'b,c
and d of figure 11, are thought to be induced by the first delaved afterdepolarization.
These first delayed afterdepolarizations have increasingly shorter intervals until
subthreshold values are attained, after which the second delayed afterdepolarization can
trigger. We consider this mechanism the most likely explanation for the frequently
observed group beating ventricular tachycardia in digitalis intoxicated dogs.

Comparing the intervals of the hypothesized first delayed afterdepolarizations in the
presented tachycardia with the coupling intervals in isolated Purkinje fiber studies, it is
noticed that they are shorter than the coupling intervals found in isolated Purkinje fiber
studies ***7. In the latter experiments no first delayed afterdepolarizations were observed
after pacing intervals shorter than 350 ms. We think however that this does not exclude
our interpretation of the spontaneous ventricular tachycardia. One difference with our
experiment is the absence of sympathetic tone in isolated Purkinje fibers. Sympathetic
stimulation is known to increase the amplitude of delayed afterdepolarizations *°.

In conclusion our results indicate that digitalis-induced ectopic impulse formation occurs
in predilection sites in the ventricle. Ectopic impulse formation elsewhere can however be
induced by electrical stimulation resulting in fusion between activation from the dominant
pacemaker site and the stimulation site. The dependency of the amount of fusion on the
rate and duration of pacing and the duration of the extrastimulus interval results in large
number of fusion complexes. Based on the behaviour of the QRS-configuration to pacing
the most likely mechanism for the first postpacing QR S-complex is triggered activiry.
Extrapolating the findings of programmed electrical stimulation ro the spontaneous
ventricular tachycardia makes triggered activity the most likely explanation for group
beating ventricular tachycardia.

Clinical implications

Ectopic impulse formation during digitalis intoxication can be induced not only in
predilection sites but also in other parts of the ventricle when they get the opportunity to
discharge earlier than the dominant focus. We could demonstrate this by pacing distant
{from the dominant focus. Theoretically this can be used as a test in patients suspected of
digitalis intoxication. The ability of different foci to discharge may explain the occurrence
of ventricular ectopic beats with the same coupling interval but different QRS-
configuration during digitalis intoxication *'"®:_ Tt js likely that concomitant localized
pathological conditions like ischemia, myocardial infarction, cardiomyopathy etc. will
facilitate triggering and will make these areas prone to discharge ectopic impulses. Qur
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observations make clear that in the patient with digitalis intoxication cardiac pacing and
cardioversion can be dangerous. Especially pacing at higher rates will facilitate the
induction of ectopic impulse formation based upon triggered activiry. In the patient with
digitalis intoxication the pacing rate should therefore be as low as hemodynamically
acceptable. Anxiety, exercise or other stimuli increasing sympathetic stimulation should
be avoided in patients with digitalis intoxication because they will increase the amplitude
of delayed afterdepolarizations. Our observations should be a stimulus for the
development of drugs specifically influencing the occurrence of delayed
afrerdepolarizations. In this regard calcium antagonists are of interest because they
counteract digitalis induced intracellular calcium accumulation * which is thought to be
the mechanism of delayed afterdepolarization 7°. Also lidocaine like drugs which block

the transient inward current *? inducing delayed afterdepolarization have to be considered
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Chapter 6

Effect of overdrive stimulation on the normal
idioventricular rhythm.

by

Anton PM Gorgels, MD, Bram de Wit, MD, Henriette DM Beekman, Willem RM Dassen, PhD,
Hein J] Wellens, MD, Deparunent of Cardiology Annadal Hospital MAASTRICHT The Netherlaods

Abstract

The effect of overdrive stimulation was studied in 12 conscious dogs with formalin induced
complete atrioventricular block. The pacing pmmcol included regular pacing at increasing
rates (60 to 300/min. )}, regular pacing using an increasing number of stimuli (between 10 and
200) and basic pacing followed by extrastimuli. The last prepacing interval, and the first and
second postpacing interval were measured. Overdrive suppression of the first and second
postpacing interval was observed following interstimulus intervals between 1000 and 400 ms.
Decreasing the interstimulus interval to 200 ms resulted in shortening of the first postpacing
interval in all experiments.

QRS-complexes emerged which behaved differently to programmed stimulation as during
normal overdrive suppression. These complexes were termed: premature escape beats. They
were readily induced following short and fast overdrive pacing and characterized by a first
postpacing interval which was 1) not influenced by an increase in number of stimuli until
suppression occurred at a critical number of stimuli, 2) followed by a longer second postpacing
interval, 3) already inducible by single extrastimuli following basic pacing. Premature escape
beats frequently originated at the same site as the spontaneous ventricular rhythm and the
{overdrive suppressed) second postpacing QRS-complex. Entrance block could be excluded
as the underlying mechanism. Triggered activity is suggested as the most likely mechanism for
these premature escape beats.

In the preceding chapters we described that an increase in pacing rate during digitalis
intoxication results in shortening of the first postpacing interval. These findings are in
agreement with those of other investigators "'*'%:%! and possibly due to delayed
afterdepolarizations 7-1#:323548.87.97

This behaviour of the first postpacing interval is in contrast with that of the normal
idioventricular pacemaker which usually becomes increasingly suppressed following
higher pacing rates ">"*7"%77'27_Also in partially depolarized Purkinje fibers the induction
of overdrive suppression is possible but refated to the maximal diastolic potential and the
duration of pacing %

We considered the possibility that the observed concordant relation with the interstimulus
interval during digitalis toxicity was, at least in part, related to the pacing mode.
Therefore, experiments were performed without digitalis intoxication using similar
pacing protocols.
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Methods

The experiments were performed in 12 mongrel dogs of either sex with a body weight
berween 25 and 30 kg.

Through a right thoracotomy unipolar electrodes were fixed intramurally into the
myocardium of the free wall of the right ventricle. Atrioventricular block was made by
injecting formalin 37% in the region of the His bundle '"*. The experiments were
performed without any premedication at least one week after the creation of complete
AV-hlock. This one week period of rest was necessary to avoid episodes of spontaneous
ventricular tachycardia, which are known to occur during the early postoperative period
after the creation of artificial AV-block *'%,

Six electrocardiographic leads (I, I1, 111, AVR,, AVL and V) and one epicardial lead were
simultanecusly registered {(using a paper speed of 100 mm/s) on an ink-jet recorder and
stored on tape. Electrical stimulation was done with a programmable stimulator havinga
synchronizing circuit. Unipolar stimuli were given with a stimulus strength of twice the
diastolic threshold. Berween consecutive stimulation trains enough time was allowed (2-3
minutes) for the ventricular rhythm to regain its prepacing rate.

The stimulation protocol

Overdrive stimulation was started by giving 10 stimuli at an interstimulus interval of 1000
ms. Then in each stimulation train the interstimulus interval was shortened from 1000 ro
200 ms in steps of 50-200 ms. The procedure was repeated with a higher number of
stimuli. 10, 20, 50, 100 and 200 stimuli were given.

Also extrastimuli were given following regular pacing with 9 stimuli. Basic pacing was
followed by an extrastimulus at 1000 ms. The extrastinulus interval was shortened in
steps of 50 ms up to 200 ms. This was done for basic pacing intervals of 900, 500 and 200
ms.

In 4 experiments extrastimuli were also given following regular pacing using 50 stimuli
and a basic pacing interval of 400 ms.

The last interval before stimulation and the first and second interval following stimulation
were measured,

Results

The interval duration of the spontaneous ventricular rhythm was estimated by measuring
the last interval before each stimulation train. The mean of 240 intervals in each of the 12
dogs was 1305 + 210 ms {ranging from 1030 to 1680 ms).

The effect of overdrive stimulation with 10 stimuli

Because 10 stimuli were frequently used during the experiments with digitalis intoxication
we used similar trains during the control experiments. It was found that decreasing the
interstimulus interval resulted in a variable amount of overdrive suppression. However,
irrespective of the amount of overdrive suppression, at a critical interstimulus interval
always a pacing rate dependent decrease of the first postpacing interval duration occurred
(figure 1).
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The effect of changing the interstimulus interval.

Two examples of overdrive stimulation with 10 stimuli from different dogs. Electrical stimulation is done from
the right veniricle (RV). The first postpacing interval is plotted as function of the interstimulus interval. The
vertical axis has a logarithmic scale. The black squares indicate the mean and standard deviation of the last
prepacing interval. .

The left panel shows the dog with the shortest first postpacing intervals and right panel the dog with the longest
escape intervals of a series of twelve dogs. Both panels show a pacing rate dependent decrease of the first
postpacing interval starting at a critical interstimulus interval,

In most experiments this happened following interstimulus intervals of 600-400 ms. The
decrease in interval duration could be so marked that values below the interval duration
of the spontaneous ventricular thythm were attained (figure 1, panel 1),

Because this unexpected concordant relation between the interstimulus interval and the
first postpacing interval was similar to that observed during digitalis toxicity and also
because it was a consistent finding in twelve consecutive dogs, it seemed of interest to
study this phenomenon in more detail. We did so by programmed electrical stimulation
(this chapter) and by drugs specifically influencing mechanisms of impulse formation
(chapter 7).

The effect of higher numbers of stimuli on the first postpacing interval

The same pacing procedure using a higher number of basic stimuli resulted in an increase
of overdrive suppression of the first postpacing interval. This was observed when
interstimulus intervals between 1000 to 400 ms were used. The duration of the first
postpacing interval was dependent on the interstimulus interval and number of stimuli.
The first postpacing interval was the longest one, followed by gradual recovery of the
rhythm within 2 to 5 minutes. The longest first postpacing interval was usually observed
after pacing with interstimulus intervals of 400 ms (figure 2, panel 1). Decreasing the
interstimulus interval from 400 to 200 ms resulted in shorter postpacing intervals. The
first postpacing interval showed two types of responses {figure 2). In the first type the first
postpacing interval was shorter but subsequent intervals showed normal gradual recovery
from overdrive pacing (figure 2, panel 2). So, these responses were characterized by less
but otherwise normal overdrive suppression. In the second type of responses the first
postpacing interval was even shorter but was followed by a longer second postpacing
interval and thereafter by normal recovery from overdrive pacing (figure 1, panel 3).

As will be shown below the response to programmed electrical stimulation of the latter
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Figure 2

Overdrive suppression and premature escape beats.

Tracings [rom two different dogs showing the decrease in duration of the first posipacing interval on shortening
the intersrimulus interval from 400 (first panel} to 200 ms (second and third panel}. In all panels 50 stimuli are

used. Following interstimulus intervals of 400 ms (first panely marked overdrive suppression occurs and the first
postpacing interval is longer than the second one. In the second tracing shortening of the first (and second)
postpacing interval is observed in comparison to panel 1. Inthe third panel the first postpacing interval is much
shorter than in panel | {premature escape bear) with the second postpacing interval now being longer,

group of first postpacing QRS-complexes differed from the behaviour of normal overdrive
suppression. Because their interval duration is shorter than expected they will be termed
“premature escape beats®.

In the examples of figure 2 the differences in interval duration of the suppressed responses
and premature escape beats were marked which made the differentiation of both types of
responses easy. However when overdrive suppression was less marked, for instance after
less stimuli or under increased sympathicotonia, the intervals following pacing were
shorter and differentiation between the suppressed responses and premature escape beats
by the interval duration alone could be difficult. Therefore we investigated whether the
relation between the first and second postpacing interval as shown in panel 2 and 3 of
figure 2 was a useful discriminator between both types of responses irrespective of the
absolute duration of the first postpacing interval.

For this reason the second postpacing interval for each stimulation train was plotted as a
function of the first postpacing interval, In figure 3 the results are shown for pacing trains
of 50 stimuli and interstimulus intervals of 200 ms. Data from 289 pacing trains are
presented, derived from 32 experiments in 6 dogs. As shown the first and the second
postpacing interval could have any value between 1000 and 8000 ms. However the first
postpacing interval was not at random shorter or longer than the second one. First
postpacing intervals below + 2000 ms had a shorter interval duration than their second
postpacing interval in almost all cases (premature escape beats). Longer first postpacing
intervals (more than & 2000 ms) usually had a shorter second postpacing interval (the less
suppressed responses).

S0, based on the relation between the first and the second postpacing interval, two
different populations of responses after overdrive stimulation can be recognized.
Theretore we used this relation to differentiate between suppressed beats and premature
escape beats. Figure 4 and table 1 show the combined results from 6 experiments in
different dogs following pacing with 10 and with 50 stimuli. The mean of the first and the
second postpacing interval is plotted on a logarithmic scale as a function of the
interstimulus interval (1000,800,400 and 200 ms). Every stimulation program was
repeated 10 times during each experiment.
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The relation between the first and the second postpacing interval.

Combined results from 6 different dogs following stimulation trains of 50 stimuli and 200 ms.

Horizontal axis: first postpacing interval.

WVertical axis: second postpacing interval.

Svmbols indicare different animals. The figure after the symbol indicates the number of stimulation trains in
each dog. When the stimulation train led 1o identical first and second postpacing intervals, a single symbol is
used to present the result of multiple stimulation trains.
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Figure 4

Overdrive suppression and premature escape beats.

Combined results from 6 dogs. Pacing is done 10 times in each experiment in each dog using 10 and 50 stimuli,
Panel 1; pacing with 10 stimuli.

Panel 2: pacing with 50 stimuli.

Horizontal axis: interstimulus interval.

Vertical axis {logarithmic scale): first (V, - V) and second postpacing interval (V - V3.
Squares . mean of the last prepacing interval.

Black dots  : mean of the first postpacing intervals.

Opendots : mean of the second postpacing intervals.

See text.



Following pacing with 50 stimuli (panel 2) a pacing rate dependent increase of overdrive
suppression occurs berween interstimulus intervals of 1000 and 400 ms. In almost all cases
the first postpacing interval was longer than the second one (see table 1). Further
shortening of the interstimulus interval to 200 ms resulted in overdrive suppression in
three dogs and in premature escape beats in rhe other three. Following pacing with 10
stimuli again a pacing rate dependent increase in interval duration was observed between
interstimulus intervals of 1000 and 400 ms (figure 4, panel 1}. Following interstimulus
intervals of 400 ms also premature escape beats were found after 17 stimulation trains in
3 dogs (see table 1). Following interstimulus intervals of 200 msalmost all first postpacing
intervals in all dogs were premature escape beats.

Further characteristics of premature escape beats

As has been mentioned before the less overdrive suppressed QRS-complexes following
200 ms intervals behaved similarly as normal overdrive suppression. Their interval
duration increased on increasing the duration of pacing (figure 5). Premature escape beats
however showed different characteristics. 1) They were less frequently induced at a
higher number of stimuli (table 1). 2) On increasing the number of stirnuli their interval
duration remained largely unchanged whereas the second postpacing interval gradually
prolonged. 3) Their interval duration had a concordant relation to the interstimulus
interval. 4) Also, premature escape beats could be induced by extrastimuli following
regular pacing.

Table 1

Overdrive suppression and premature escape beats.

V.-V, 11314 & 162 (n = 480)

n(v,) V-V, V-V SD V-V, SD n
50 1000 2030 0 2050 0 1
2893 1865 2033 765 59

800 1755 0 1810 0 1

3925 2673 2291 681 59

400 7359 2398 3143 630 60

200 1507 188 3625 2298 29

5027 1157 3096 675 31

10 1000 2073 1020 1719 593 60
800 2540 1400 2020 826 60

400 1540 180 1606 197 17

3116 1308 2578 1062 43

200 1505 279 1967 726 59

3130 0 3030 0 1

Combined data from 6 experiments. All measurements are in milliseconds. For abbreviations see rext.
SD: standard deviation.
n: number ol stimulation trains.
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Qverdrive suppression following pacing with 200 ms intervals. The effect of increasing the number of
stimuli.

In all panels the last prepacing interval, part of the stimulation procedure and two postpacing intervals are
shown.

The number of stimuli increases from 10 to 200 from the first vo the fifth panel. The pacing interval is 200 ms in
each panel.

In panel 1 a premarure escape beat is shown. From panel 2 all first postpacing QRS-complexes are overdrive
suppressed but the interval duration is less than following pacing with 400 ms intervals. Note that the first
postpacing interval gradually prolongs on increasing the number of stimuli and thar starting with panel 2 the
second interval is always shorter than the first one.

Figure 6

Premature escape beats. The effect of increasing the number of stimuli.

Arrangement of panels similar 1o figure 5.

The first postpacing interval remains short, whereas the second one gradually prolongs. At 200 stimuli the first
postpacing interval becomes very long, the second interval now being shorter than the first one.
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1. Suppression of premature escape beats by increasing the number of stimuli
Increasing the number of stimuli resulted in the suppression of premature escape beats.
This is illustrated in the experiment shown in figure 6. In this figure in each panel the last
prepacing interval, part of the stimulation procedure and two postpacing intervals are
shown. The number of stimuli increases from 10 to 200 from the first to the fifth panel.
The interstimulus interval is 200 ms in each panel.

It is shown that premature escape beats are induced following 10, 20, 50 and 100 stimuli.
Following 200 stimuli, however, no premature escape beat is observed: the first
postpacing interval is markedly prolonged and the second postpacing interval is shorter
than the first one. Following pacing with 10 stimuli and interstimulus intervals of 200 ms
premature escape beats were observed in all dogs; following pacing with 50 stimuli in 6
out of 12 dogs and following 200 stimuli in 1 out of 12 dogs. In 6 of these dogs the
reproducibility of these findings was tested (see figure 4, table 1 and 2).

Following pacing with 10 stimuli and 200 ms interstimulus intervals premature escape
beats were observed in 183 out of 187 stimulation trains in 6 dogs. Following S0 stimuli in
3 dogs premature escape beats occurred in all 175 stimulation trains. In the other three
dogs no premature escape beats were induced after all stimulation trains.

On increasing the number of stimuli, suppression of premature escape beats occurred first
at interstimulus intervals, which were usually followed by the greatest amount of
overdrive suppression (600-400 ms). To illustrate this, the results of one experiment are
presented in detail (figure 7). In table 2 the results are presented from 1757 stimulation
trains of 35 experiments in the six other dogs studied with 10 and 50 stimuli and
interstimulus intervals of 1000, 800, 400 and 200 ms. It is shown that, following 10
stimuli, more premature escape beats were induced the shorter the interstimulus interval,
Following 50 stimuli the number of premature escape beats decreased, especially
following interstimulus intervals of 400 ms.

Table 2
”{l‘]lc? iic]nrrence of premature escape beats in relation to the number of stimuli and the interstimulus interval.
V=¥,
1000 61172 201206
800 194182 141212
400 67/189 3/304

200 1837187 175/305
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Figure 7

The effect of increasing the number of stimuli on overdrive suppression and premature escape beats.

All results are derived from one experiment. Inall diagrams the interstimulus interval is plotted on the harizontal
axis and the first and second postpacing interval on the vertical axis (logarithmic scale). Black squares indicate
the mean of the last prepacing interval, black dots the first postpacing interval and open dots the second
postpacing interval. The number of stimuli increases from 10 to 200 from the first to the sixth panel, as indicated
n each panel (n(V,).

Note that 1) premature escape beats are induced over a wide range of interstimulus intervais following 10 and 20
stimuli, 2) Overdrive suppression occurs first at intermediate inrerstimulus intervals. 3) On increasing the
number of stinyuli the number of premature escape beats decreases. 4) At 200 stimuli all premature escape beats
are suppressed.

2. The effect of increasing the number of stimuli on the interval duration of premature
escape beats

As shown in figure 4,6 and 7 the interval duration of premature escape beats is largely

unaffected by increasing the number of stimuli {until they are rio longer induced on

reaching a critical number of stimuli). This is further illustrated in figure 8 and table 3. It

is shown that the mean interval duration of premature escape beats does not increase at

higher numbers of stimuli whereas the second postpacing interval substantially prolongs.

3. The relation between the interstimulus interval and the interval duration of
premature escape beats

As shown in figure 7 the interval duration of premature escape beats decreased on

decreasing the interstimulus interval. This was evaluated in three other dogs showing

premature escape beats after pacing with 10 stimuli and interstimulus intervals of 400 and

200 ms. The interval duration decreased from 1579 + 241 ms (n = 17) 10 1259 + 89 ms

{n = 30, p < 0.001).
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Figure 8

The influence of the number of stimuli on the interval duration of premature escape beats.

The horizonta] axis depicts the number of stimuli and the vertical axis the first and second postpacing interval
{onalegarithmic scale). The black dots represent the mean of the first postpacing interval and the open dots the
mean of the second postpacing interval. The data are derived from 10 stimulation trains per experiment in 6
experiments in different dogs.

In all dogs premature escape beats were induced following 10 stimuli (59 of 60 stimulation trains).

Following 50 stimuli this was seen in 29 out of 30 stirnulation trains in 3 out of 6 dogs, and after 200 stimuli 1n
only 1 out of 6 dogs (in all 10 stimulation trains).

Note that the mean interval duration of the premature escape beats does not change (p > 0.5) on increasing the
number of stimuli, whereas the second postpacing interval markedly prolongs {p < 0.0013.

(See also table 3).

Table 3
The effect of increasing the number of stimuli on premature escape beats.

nVo=10

mean SD n
V-V 1505 279 59
V-V, 1967 726

(V) = 50

mean SD n p (10 vs 50)
V.-V 1507 18 29 > 0.5
V-V, 3625 2298 < 0.001
n(V,) = 200

mean sD n p (50 vs 200)
VoV 1539 41 10 >0.5
VeV, 6435 1712 < (.001

All measurements are in milliseconds.
For abbreviations see text.
SD = standard deviation.

n = number of stimulation trains.
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4. The induction of premature escape beats by extrastimuli

The influence of single extrastimuli was studied in 11 dogs. Following basic pacing with
9 the extrastimulus interval was shortened in steps of 50 ms from 1000 to 200 ms. This
was done during basic pacing intervals of 900, 500 and 200 ms. We found that in dogs,
showing pronounced prematurity of the escape beats following 10 stimuli, the first
postpacing interval also shortened by changing the extrastimulus interval only (figure 9).
Decreasing the basic pacing interval resulted in additional shortening of the first
postpacing interval.

We also observed that premature escape beats could be evoked by (single) extrastimuli
following longer trains of basic pacing. This was even seen after basic pacing intervals of
400 ms, which usually induced the greatest amount of overdrive suppression (see figure
107.

When this pacing protocol was performed in dogs showing overdrive suppression
following 50 x 200 ms, these short first postpacing intervals could not be induced.

Are premature escape beats due to entrance block of the pacemaker focus?

Shortening of the escape intervals has also been observed in studying the behaviour of the
sinus node during pacing increasing rates ', ‘

Both entrance block and reentry have been postulated as explanation for the short
postpacing escape interval of the sinus node. The described behaviour of the premature
escape beats in our experiments makes entrance block as the underlying mechanism
unlikely. Entrance block does not explain the increase of the second postpacing interval
onincreasing the number of stimuli, the suppression of premature escape beats by further
increasing the number of stimuli, and the induction of premature escape beats by
extrastimuli.
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Figure 9

The effect of the extrastimulus interval on the first postpacing interval.

Basic pacing is done with 9 stimuli. Symbols indicate the basic pacing interval.

The mean and standard deviation of the last prepacing interval is shown on the right side of the figutre.
See text.
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Figure 10

The effect of extrastimuli following longer pacing trains.

Panels 1 1o 4 show recordings of the effect of different pacing procedures on the first and second postpacing
interval. Paper speed is 10 mm/s. Panel 5 shows the combined results in two dogs. The horizontal axis gives the
different pacing modes. The verticalaxis the first and second postpacing interval {fogarithmic scale). Black bars:
mean of the first postpacing interval,

Open bars: mean of the second postpacing interval.

Panel 1 shows the results of pacing with 30 stimuli at 400 ms. Following stimulation overdrive suppression
oceurs, Panel 2 shows regular pacing with 50 stimuli and 400 ms, followed by a single extrastimulus after 200
ms. Now a short {irst postpacing interval and 2 longer second one is seen. In panel 3 the same basic stimulation
procedure was followed by 10 extrastimuli with 200 ms interval.

Further shortening of the {irst postpacing interval is observed. Panel 4 shows the result of pacing with 50 stimuli
having a 200 ms interval. A premature escape beat is followed by a longer second postpacing interval. Panel 5
shows these findings diagrammatically. The short first postpacing intervals following pacing with 200 ms are
followed by longer second postpacing intervals. Long first postpacing intervals following pacing with 400 ms are
followed by shorter second postpacing intervals. Addition of a single extrastimulus resulted in short first
postpacing intervals and long second postpacing intervals (in 5 out of 8 stimulation trains). Addition of 10 stimuli
of 200 ms induced further shortening of these premature escape beats (in 7 out of 8 stimulation trains).

Accepting that premature escape beats are based on a different mechanism than entrance
block, the less overdrive suppressed beats following pacing with 200 ms are also unlikely
to be the result of this mechanism. This is supported by the results of the experiment
shown in figure 11. As shown in this figure maximal overdrive suppression occurs at
interstimulus intervals of 400 ms. A further decrease of the interstimulus interval results
in gradual shortening of the first postpacing interval from + 15 to 10 sec, until abrupt

80



shortening of the first postpacing occurs at an interstimulus interval of 200 ms. This
shortening is accompanied by a concomitant lengthening of the second postpacing
interval (premature escape beats). As the latter are unlikely to be the result of entrance
block, it is also unlikely that the less overdrive suppressed beats induced after longer
interstimulus intervals than the premature escape beats are induced by entrance block.
Other possible mechanisms will be discussed below.

s VoW VN22o
20 AV
niVs).200
10
Figure 11
5 [ The concomitant occurrence of less suppressed
41 and premature escape beats.
3t Arrangement of the panel is similar to figure 4.
2| The number of stimuli is 200.
Interstimulus intervals are 1000, 400, 300, 250 and 200 ms.
1 Black dots @ mean of 10 first postpacing intervals.
oot L WSNs Opendots : mean of 10 second postpacing intervals.
O 200 400 1000 ms See text.
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The QRS-morphology

The QRS-morphology before pacing and of the first and second postpacing QRS-complex
were studied in 6 dogs.

The QRS-morphology of the spontaneous ventricular rhythm was always different from
the conducted sinus beats before induction of complete atrioventricular block. In most

MRV

Figure 12

The site of origin of the first postpacing QRS-complex.

In this example a premature escape beat is induced after overdriving the spontaneous ventricular rlyythm with
35 stimuli and 450 ms intervals.

The paper speed is decreased during the stimulation procedure. Note that the morphology of the spontaneous
ventricular rhythm, the premature escape beat and the overdrive suppressed second QRS-complex are identical.
See 1ext.
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dogs more than one QRS-morphology was found (range 3 to 8, mean 5.6).

The width of the different QRS-complexes varied between 40 and 110 ms, suggesting an
origin within the specific ventricular conduction system. The site of origin varied from
basal to apical in different animals. 16 QRS-complexes suggested a basal and 18 a more
inferior origin. 29 of the QRS-complexes suggested an origin in the left ventricle.
Premature escape beats were found to have an identical QRS- morphology as the second
postpacing QRS-complex and the spontaneous rhythm in 45 out of 80 stimulation trains
studied {figure 12).

We also considered the possible role of formalin injection as a predilection site within the
ventricles for the occurrence of premature escape beats. Such a mechanism was not
supported by the observation that the first postpacing QRS-complex in a number of cases
originated in the apical part of the ventricles. Examples are shown in figure 13.

1

Figure 13 n(Vs).50 Vs Vs.200ms

The site of origin of the first postpacing QRS complex.

Both panels show the last prepacing QRS complexes, the pacing procedure and the first QRS-complex following
pacing. Paper speed is 23 mum/s except during pacing.

In each panel the heart is overpaced with 50 stimuli and pacing intervals of 200 ms. This results in a premature
escape beat in panel 1 and in a suppressed beat in panel 2. Both responses originate in the lower part of the
ventricles.
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Discussion

The data presented show that in conscious dogs with chronic atrio-ventricular block
stimulation trains as short as 10 stimuli can already induce substantial changes in the
duration of the intervals following overdrive of the idioventricular rhythm. The amount
of overdrive suppression depended on 1) the number of stimuli and 2) the interstimulus
interval. Prolongation was maximal in the first postpacing interval, after which a gradual
acceleration to normal values occurred in the subsequent intervals.

This behaviour is typical for overdrive suppression ®. It is a characteristic of pacemaker
cells in the sinus node *¢7#? and in Purkinje fibers '#"'%,

Its occurrence in Purkinje fibers is generally explained by 1) the activation of the sodium-
potassium pumping mechanism ***?!, 2Yan increase in potassium conductance induced by
intracellular calcium overload ¥, 3) extracellular potassium accumulation *® and 4)
liberation of acetylcholine, the latter being mainly of importance in the sinus node '*°.
The interval duration of the first postpacing interval decreased on shortening the
interstimulus interval from 400 to 200 ms. A subset of responses was recognized
(premature escape beats), which behaved differently: 1} to an increase in number of
stimuli 2) in their relation to the second postpacing interval, and 3) in their response to
extrastimuli. Of importance is that premature escape beats were consistently induced
following short and fast drives.

It is unlikely that the occurrence of premature escape beats is due to entrance block of the
paced impulses into the site of impulse formation. Entrance block has been used to
explain the decrease of overdrive suppression of the first postpacing interval following
overdrive stimulation with increasing rates of the sinus node *'. The following reasons
make such a mechanism unlikely however.

1. Asfaras premature escape beats is concerned they were characteristically followed by
an overdrive suppressed second interval. The latter interval prolonged on giving a higher
number of basic stimuli whereas the first postpacing interval remained unchanged (figure
4,6,7,8, tables 1 and 3). 2. Premature escape beats could be induced by single extrastimuli
even following a stimulation train normally inducing marked overdrive suppression (50 x
400 ms) (figure 10).

Accepting that premature escape beats are based on a different mechanism than entrance
block, the less suppressed QRS-complexes become also unlikely to be the result of this
mechanism (figure 11},

Considering that two separate effects (overdrive suppression and premature escape beats)
can be induced by overdrive stimulation it is of importance to know whether both
phenomena occur concomitantly at the same site of impulse formation. Therefore the
morphology of the QRS-complexes before and after stimulation was studied.

It was found that the first and second postpacing QRS-complex were identical in the
majority of cases (figure 12). Also the first and second postpacing QRS-complex were
frequently identical to the QRS-complexes of the spontaneous ventricular rhythm. This
suggests that both mechanisms become activated at the same intraventricular site.

Because our dogs had artificial AV-block following formalin injection in the His bundle
region it is conceivable that the occurrence of premature escape beats was related to this
procedure. Support for such a relation would be the finding that the site of enhanced
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impulse formation was located close to the site of injection. Analysis of the QRS-
complexes following stimulation revealed, however, that premature escape beats could
originate distant 1o the site of block (figure 13). This suggests that the ability of inducing
premature escape beats is a characteristic of normal ventricular pacemaker cells.

It was also found that the occurrence of premature escape beats was not related to the
operation procedure. Several authors have reported fast ventricular rhythms up to 1 week
following the creation of AV-block **'%. This ectopic activity has been considered 1o be
based upon abnormal automaticity or triggered activity. To exclude that this mechanism
was related to our findings the experiments were always performed at least 1 week
postoperatively. After this period a spontaneous ventricular rhythm had stabilized and
fast spontaneous ectopic rhythms were never observed.

Furthermore, premature escape beats remained present in all dogs during the whole
period of investigation (up to 12 year).

In conclusion: overdrive stimulation of the spontaneous ventricular rhythm during

chronic atrioventricular block results in overdrive suppression and in induction of

premature escape beats. Both phenomena are related to the pacing rate and the number

of stimuli.

Premature escape beats are characterized by :

1. an interval duration relatively unaffected by increasing the number of stimuli, until
suppression occurs on reaching a critical number of stimuli.

2. irs induction by short and fast drives as well as by single premature beats following
regular drive.

3. an interval duration which is shorter than the second postpacing interval.

The interval duration of suppressed first postpacing QRS-complexes: 1. becomes longer
on decreasing the interstimulus interval to 400 ms, but decreases on further shortening
the interstimulus interval. 2. becomes gradually longer on increasing the number of
stimuli, 3. is longer than the following postpacing interval.

Possible mechanisms underlying premature escape beats

Because it is unlikely that entrance block plays a role in premature escape beats in our
experiments, reentry, enhanced phase 4 depolarization and delayed afterdepolarizations
have to be considered as possible underlying mechanisms. Reentry is unlikely to play a
role because it does not explain the suppression of premature escape beats on increasing
the number of stimuli.

Premature escape beats were characterized by a short first postpacing interval followed by
an (often markedly) suppressed second postpacing interval. Apparently enhanced impulse
formation was induced in the setting of normal activation of the sodium-potassium pump.
Because of this, abnormal automaticity is unlikely to be the underlying mechanism.
Increasing the pacing rate resulted in shortening of the first postpacing interval. Also
single extrastimuli could induce early premature escape beats. Because this behaviour is
compatible with triggered activity, the possibiliry of a delayed afterdepolarization should
be considered:

Overdrive pacing results in sodium accumulation within the pacemaker cell. This favors
an increase of cellular calcium through the sodium calcium exchange mechanism. In this
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setting a delayed afterdepolarization can be induced "%, and when its amplitude becomes

sufficiently high, a full depolarization may develop. Concomitantly the sodium-potassium
pump becomes activated and triggered activity is stopped resulting in a long second
postpacing interval '**. On increasing the number of stimuli the amplitude of the delayed
afterdepolarization fails to reach threshold because of hyperpolarization of the diastolic
potential. This may explain why premarture escape beats are less inducible at higher
numbers of stimuli and after interstimulus intervals, usually resulting in the greatest
amount of overdrive suppression.

This concept is supported by observations in isolated Purkinje fibers %: Overdrive
stimulation with short drives induced short (gradually prolonging) intervals followed by
a delayed afterdepolarization after which the cycle length returned to control values.
The less suppressed responses following pacing with 200 ms intervals are likely to be due
to enhancement of the normally suppressed phase 4 depolarization. In the setting of a
normal diastolic membrane potential the probable mechanism is an increase in
sympathetic tone *°. The latter may be the result of locally released catecholamines "** at
the pacing site or reflex mediated by lowering of blood pressure during fast overdrive.
Locally released catecholamines are unlikely to be the mechanism because the QRS-
complexes following pacing originated distant to the site of pacing, and frequently in the
other ventricle than the stimulated one. Support for a reflex mediated increase in
sympathetic tone is the observation that the rate of the P-waves increased during and
immediately following fast overdrive (figure 2).

Another mechanism for enhanced phase 4 depolarization is partial diastolic depolarization
of the ventricular pacemaker cells **. It is likely that the ventricular pacemaker cells in our
dog model had a high diastolic membrane potential because the spontaneous rhythm was
overdrive suppressible 2°?, It is unlikely but not excluded that rapid pacing induced a
decrease of the diastolic potential, as has been described in isolated Purkinje fibers %'
leading to less overdrive suppression because per action potential less sodium enters the
cell. Also, time for stimulation with 200 ms interstimulus intervals is 50% shorter than for
pacing with 400 ms intervals. This may result in a later maximal activation of the sodium
potassium pump and therefore shorter first postpacing intervals.

From our experiments no definite conclusion can be drawn for the underlying mechanism
of premature escape beats and the decrease in overdrive suppression following pacing
with 200 ms pacing intervals.

The combination of programmed electrical stimulation and drugs which specifically
influence cellular mechanisms of impulse formation may provide further insight into this
problem ** (chapter 7).

Implications of our findings

For several reasons we consider the findings described of importance. First, the
concordant relation between the interstimulus interval and the first postpacing interval as
has been found during digitalis intoxication (chapter 3-5) is not specific for that situation.
Second, our pacing protocol evokes a response which is readily induced after short and
fast drives and behaves differently from normal automaticity. This suggests a different
underlying cellular mechanism. Third, the findings of premature escape beats may be
similar to the frequent clinical observation of enhanced ventricular escape beats or rhythm



following termination of spontaneously occurring tachycardia. Finally, shortening of the
first postpacing interval on increasing the pacing rate has been observed following
overdrive stimulation in sinus node studies ®. Although entrance block can probably be
more easily induced in the sinus node than in pacemaker cells within the specialized
ventricular conduction system, because of the richer innervation by the autonomic
nervous system and the different properties of the action potential in the former,
mechanisms proposed by our results cannot be excluded. Therefore, it would be of
interest to study the behaviour of the sinus node using the described pacing protocol.
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Chapter 7

Effect of lidocaine, verapamil, isoprenaline and
ouabain on ventricular impulse formation
following electrical stimulation.

by

Amnton PM Gorgels, MD, Bram de Wit, MD, Henriette DM Beekman, Willem RM Dassen, PhD,
Hein J] Wellens, MD Department of Cardiclogy Annadal Hospital MAASTRICHT The Netherlands

Summary

Idioventricular pacemakers usually become suppressed when another spontaneous or driven
rhythm is above their own intrinsic rate. We have found that the interval duration of the first
postpacing interval decreases at a critical pacing rate. These shorter than expected first
postpacing intervals were divided in a group which behaved as classical overdrive suppression
and a group which behaved differently to programmed electrical stimulation. The latter
QRS-complexes were termed premature escape beats. Premature escape beats have a shorter
first postpacing interval than its second one. They are induced by fast and short overdrive
trains and by extrastimuli following regular pacing.

In the present study we tested the hypothesis that premature escape beats are based upon
triggered activity. For this purpose programmed electrical stimulation of the ventricle was
done in conscious dogs with chronic complete atriovemtricular block in combination with
drugs which are known to influence triggered activity and overdrive suppression. The
stimulation protocol included regular pacing using 5o stimuli and interstimulus intervals of
1000, 800, 400 and 200 ms. The protocol was repeated after the intravenous administration of
lidocaine, verapamil, isoprenaline and ouabain.

The spontaneous ventricular rhythm was slowed by lidocaine, accelerated by isoprenaline and
verapamil administration and largely unaffected by ouabain in a non-toxic dose. Qverdrive
suppression increased during lidocaine, and toxic amounts of ouabain and decreased following
verapamil. Isoprenaline decreased overdrive suppression when interstimulus intervals of 800
and 400 ms were used but after 200 ms overdrive suppression of the second interval increased.
Lidocaine and verapamil decreased the number of premature escape beats and lengthened
their interval duration, whereas ouabain and isoprenaline had the opposite effect.

It is concluded that triggered activity is the most likely mechanism of premature escape beats,

Idioventricular pacemakers usually become suppressed when a spontaneous or driven
rhythm is faster than their own intrinsic rate “»">"%""1%" This phenomenon is termed
overdrive suppression. We have found that the first postpacing interval decreases at a
critical pacing rate (chapter 6). These QRS-complexes were divided in a group which
behaved as classical overdrive suppression and an other group which behaved differently
to programmed electrical stimulation. The latter QRS-complexes were termed premature
escape beats. Premature escape beats are characterized by first postpacing intervals which
are 1) not influenced by increasing the number of stimuli until marked overdrive
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suppression occurrs at a critical number of stimuli, 2} followed by a longer second
postpacing interval, 3) already inducible by single extrastimuli during basic pacing.

We hypothesized that triggered activity was the underlying mechanism for premature
escape beats. To test this hypothesis programmed electrical stimulation was combined
with drugs known to influence cellular mechanisms of impulse formation. Lidocaine was
selected because it has a suppressing effect both on triggered activity *>*° and phase 4
depolarization **, whereas it suppresses abnormal automaticity only in high
concentrations {M.R. Rosen, personal communication). Verapamil has a (use dependent)
suppressing effect on triggered activity 7%, Ouabain '7'®%*% %7 and jsoprenaline '**

induce rriggered activity and the latter also enhances phase 4 depolarization 12

Methods

The experiments were performed in 4 dogs with chronic complete atrioventricular block.
Through a right thoracotomy unipolar electrodes were fixed intramurally into the
myocardium of the basal free wall of the right ventricle.

Atrioventricular block was made by injecting formalin 37% in the region of the His bundle
' The electrode catheters were exteriorized through the skin of the neck. After a
recovery period of at least one week the experiments were performed without any
premedication. This one week periode of rest was necessary to avoid episodes of
spontaneous ventricular tachycardias during the study which are known to occur in the
early postoperative period >*'%,

Six electrocardiographic leads (I, I, III, AVR, AVL and V,}and one epicardial lead were
simultaneously registered on a ink-jet recorder (with a paper speed of 100 mmy/s) and
stored on tape. Blectrical stimulation was done with a programmable stimulator having a
synchronizing circuit. Unipolar stimuli were given with a stimulus strength of twice the
diastolic threshold. Between different stimulation trains two to 5 minutes was waited to
allow the ventricular rate to recover completely.

The pacing protocol

The spontaneous ventricular rhythm was overpaced 5 (o 12 times with 50 stimuli and
pacing intervals of 1000, 800, 400 and 200 ms. Thereafter a drug was administered and
the pacing protocol repeated.

Mode of drug administration

After a drug study several days lapsed to allow the drug to wash out completely before
another drug was studied. All drugs were intravenously injected. Lidocaine was given in
all dogs as a bolus of 3 mg/kg in 2 minutes followed by a continuous infusion of 100
ng/kg/min.

Verapamil was also administered in all dogs: an injection of 0.4 mg/kg over 10 minutes
was given, followed by an infusion of 0.6 mgfkg/hour.

Ouabain was given in one dog as a bolus injection of 0.5 mg resulting in ventricular
tachycardia. In two other dogs a non-toxic regimen was followed: a bolus injection of 20
uglkg was given, followed by an infusion of 0.036 ug/kg/min.

Isoprenaline was administered in a dose of 3-3,6 pg/min.
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Analysis of data

Between consecutive stimulation trains enough time was allowed (2-5 minutes) for the
ventricular rhythm to regain its prepacing rate. Therefore it was possible to use the last
prepacing interval for determining the rate of the spontaneous ventricular rhythm.
The first and the second postpacing intervals were used to identify premature escape
beats. Premature escape beats were present when the first postpacing interval was shorter
than the second one.

Results
The spontaneous ventricular rhythm

The effect of the different drugs on the spontaneous ventricular rhythm is listed in table 1.
Lidocaine slowed the spontaneous ventricular rate, verapamil and isoprenaline had an
accelerating effect, ouabain in a non-toxic dose did not affect the spontaneous rhythm.

Table 1

The effect of lidocaine, verapamil, isoprenaline and ouabain on the spontaneous rhythm.
V-V, SD n p{control vs drug)

control 1374 168 160 < 0.001

lido 1589 360 162

control 1320 121 88 < (1001

verapamil 1198 127 83

control 1412 105 160 < (.001

isoprenaline 942 83 114

control 1417 140 80 < 0.2(n.s}

ouabain 1450 130 80

Abbreviations: SD = standard deviation. n = number of spontaneous intervals measured. n.s = not significant
{unpaired student’s t-test)

The effect of overdrive stimulation

Figure 1 and table 2 illustrate the induction of premature escape beats. Maximal overdrive
suppression was attained following interstimulus intervals of 400 ms. Decreasing the
interstimulus interval to 200 ms always resulted in a shorter first postpacing interval.
When the second postpacing interval was shorter than the first one it was termed a
premature escape beat (chapter 6).

The effect of the different drugs on overdrive stimulation

The number and interval duration of premature escape beats were significantly influenced
by the different drugs.

Lidocaine and verapamil decreased the number of premature escape beats increased their
interval duration whereas ouabain and isoprenaline had the opposite effect.

89



Figure 1

The effect of overdrive stimulation on the spontaneous ventricular rhythm.

Three recordings illustrating the induction of overdrive suppression (panel 1}, less overdrive suppression on
increasing the pacing rate (panel 2} and premature escape beats (panel 3). Regular pacing is done with 50 stimuli
using 400 ms {panel 1y and 200 ms intervals (panels 2 and 3). Note that the first postpacing interval in panel 2 1s
shorter than in panel 1 and that the first postpacing interval is longer than the second one. In panel 3 the first
postpacing interval is also shorter than in panel 1 but the second interval is longer than the first one.

Table 2

The first postpacing interval in relation to the interstimulus interval and the second postpacing interval.

V-V, : 1314 = 162

n(V,) V,~V, V-V SD V-V, SD n
50 1000 2893 1865 2033 765 59
800 3925 2673 2291 681 59
400 7359 2398 3143 630 60
200 1507 188 3625 2298 29
5027 1157 3096 675 31

Combined data from six dogs which include the four dogs used during the drug studies. All measurements are

expressed in milliseconds. For abbreviations see text,
SD : standard deviation.
n: number of stimulation trains,
* ¢ premature escape beats

Lidocaine
The effect of lidocaine on premature escape beats is illustrated in figure 2. Panel | shows
the induction of a premature escape beat. This was observed in all 42 stimulation trains in
two dogs. In the 19 stimulation trains in the two remaining dogs overdrive suppression

vas observed (panel 2). Lidocaine increased the interval duration of overdrive suppressed
beats substantially, and the second postpacing interval as well (panel 4).
The effect on the premature escape beats was different. Whereas the interval duration
increased only slightly, the second postpacing interval became markedly prolonged.
However, the number of premature escape beats decreased significantly (from all 42
during the control experiment to 17 out of 44 during lidocaine administration}.
Figure 3 and table 3 show the combined results from the different experiments. In the
control experiment overdrive suppression occurred between pacing intervals of 1000 and
400 ms. In two dogs premature escape beats occurred following interstimulus intervals of
200 ms, and in the other two dogs overdrive suppression. During lidocaine administration
overdrive suppression increased. In contrast the premature escape interval became only
slightly longer (1661 = 143 ms versus 1787 £ 172 ms, p < 0.001) but less premature
escape beats were induced than under control conditions.
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Figure 2

The effect of lidocaine on overdrive suppression and premature escape beats.

The last prepacing interval, the pacing procedure and the first and second postpacing interval are shown. Pacing
is done with 50 stimuli and interstimulus intervals of 200 ms.
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Figure 3

The effect of lidocaine on overdrive stimulation.

Graph showing the combined results from 4 dogs. The postpacing intervals are plotted as a function of the
interstimulus interval. The vertical axis has a logarithmic scale. The left panel shows the duration of the first
pacing interval and the right panel the duration of the second one.

Squares: mean of the last prepacing interval.

Bilack dots: mean of the postpacing intervals during the control experiments.

Open dots: mean of the postpacing intervals during lidocaine administration.

Verapamil

Verapamil accelerated the spontaneous ventricular rhythm (rable 1). Following overdrive
with interstimulus intervals of 400 ms the amount of overdrive suppression was
significantly less than in the control experiments (figure 4, table 4).

Afver pacing intervals of 200 ms overdrive suppression also decreased. In contrast the
interval duration of the premature escape beats increased (panel 1 and 2 of figure 4) (1618
+ 189 ms, n = 24 versus 2526 + 474 ms, n £ 5, p < 0.001) and also the number of
premature escape beats decreased in comparison to control (5/41 versus 24/44, p < 0.001).
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Figure 4

The effect of verapamil on overdrive stimulation.

Panels 1-3 are arranged asin figures 2 and 3. Note the increase in interval duration of the premature escape beats
during verapamil administration. Panel 3 shows the combined data from 4 dogs. See text.

Isoprenaline

Isoprenaline markedly accelerated the spontaneous ventricular rhythm (rable 1). This
prohibited overdrive stimulation with 1000 ms intervals. Also the duration of the first and
second postpacing interval was less but only following interstimulus intervals of 800 and
400 ms (figure 5, panel 1 and 3, figure 6). After pacing intervals of 200 ms the first
postpacing QRS-complex was a premature escape beat in all cases (38/38), whereas in the
control experiments this was only observed after 19 out of 40 stimulation trains (figure 5,
panel 2 and 4).

Also the interval duration of the premature escape beats was shorter than under control
conditions (1763 + 455 ms, n = 19, versus 1441 £ 299 ms, n = 38, p < 0.001).
Interestingly the second postpacing interval became longer than in the control
experiments (2649 + 946 ms, n = 19, versus 3548 + 2867 ms, n = 38, p < 0.001) (figure
5, panel 4).

Figure 6 shows the combined data. All data are listed in table 5.
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Figure 5

The effect of isoprenaline on overdrive stimulation.

Panel 1 and 2 are recorded during the conirol experiment. Panel 1 shows overdrive suppression following 50
stimuli and intervals of 400 ms. Panel 2 shows a less overdrive suppressed QRS-complex. Panel 3 and 4 were
recorded during isoprenaline administration. Panel 3 shows a marked decrease of overdrive suppression
following 50 stimuli with intervals of 400 ms. Panel 4 shows the induction of a premature escape beat followed

by marked overdrive suppression.
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Figure 6

The effect of isoprenaline on overdrive stimulation.

The combined data from 4 dogs are arranged as in figure 3. Note the marked decrease of overdrive suppression
during isoprenaline administration and the induction of premature escape beats. The second postpacing interval
alter pacing intervals of 200 ms is longer than the second postpacing intervals of the premature escape beats
during the control experiments.

Quabain

Quabain administration in a non toxic dose did not affect the spontaneous ventricular
rhythm (table 1}. Also the effect on overdrive suppression was small (table 6, figure 7).
The following effects on premature escape beats were observed:

1.

Premature escape beats could be induced after non-toxic amounts of ouabain (figure 7) in
dogs in whom no premature escape beats were induced in the control experiment after
pacing with 50 stimuli and interstimulus intervals of 200 ms (figure 7, panel 1 and 3). One
and a half hour after the start of ouabain administration premature escape beats were
observed following all stimulation trains (figure 7, panel 2 and 3, rable 6).
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Figure 7

The effect of a non-toxic dose of ouabain on overdrive stimulation.

Arrangement of panels as in figures 2 and 3. Panel 1 shows overdrive suppression during the control experiment.
Panel 2 shows the induction of a premature escape beat during a non-toxic dose of ouabain.

Panel 3 shows the combined data during ouabain administration from two dogs who did not show premature
escape beats in the control experiments. During ouabain administration only premature escape beats were
induced.

2.

In dogs showing premature escape beats following interstimulus intervals of 200 ms in the
control experiment the interval duration of these responses became shorter at higher
levels of digitalis toxicity. This is shown in figure 8. Overdrive stimulation was repeated
at decreasing levels of digitalis toxicity to non-toxic levels. The curve representing the
relation between the pacing rate and the first postpacing interval gradually shifted to
values obtained before ouabain administration.

When no premature escape beats (V- V, > 500 ms) were induced overdrive suppression
was observed. Interestingly, it was found that overdrive suppression was most
pronounced at higher levels of toxicity.

3.

At increasing levels of digitalis intoxication not only the first postpacing QRS-complex
was a premature escape beat but they were also observed in the subsequent intervals: The
relation of the one interval to its following interval became reversed to the normal
behaviour of overdrive suppression i.e. the interval was shorter than its following one. By
this, the interval showing most overdrive suppression became more and more delayed at
increasing levels of digitalis toxicity. While concomitantly the duration of the intervals
became increasingly shorter, this finally resulted in sustained ventricular tachycardia
(figure 9).
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Figure 8

The effect of overdrive stimulation at different levels of ouabain toxicity.

Overdrive stimulation is repeated at different levels of ouabain toxiciry:

I: control

VT sustained veniricular tachycardia,

NSVT: non-sustained ventricular tachycardia.

6 hours after ouabain administration.

: 9 hours after ouabain administration.

The first postpacing interval is plotted on a logarithmic scale as a function of the interstimulus interval. Pacing
at intervals from 1000 to 400 ms results in overdrive suppression which is more pronounced at higher levels of
toxicity. Berween interstimulus intervals of 400 and 200 ms premature escape beats are observed, the interval
duration gradually increasing from curve 2 to curve 5. Curve 5 was slightly below control value.
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Figure 9

The effect of overdrive stimulation at different levels of ouabain toxicity.

The panels are arranged from control to high levels of digitalis toxicity (from 5 days after to immediately after
bolus injection), All recordings ave from pacing with 50 stirmuli and pacing intervals of 200 ms. From panel 1 to
6 ouabain toxicity increases from values comparable to control 1o sustained ventricular tachycardia,

Note that at increasing levels of toxicity premature escape beats also occur in the intervals following the first
postpacing interval. This results in an increasing delay in appearence of the longest postpacing interval. Also the
interval length of premature escape beats shortens at higher levels of digitalis toxicity.
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Discussion

During the control experiments the first and second postpacing interval behaved as
previously described (chapter 6). Maximal overdrive suppression was observed after
interstimulus intervals of 400 ms. On increasing the pacing rate the first postpacing
interval decreased. When the first postpacing interval was shorter than the second one it
was called a premature escape beat. The different behaviour of premature escape beats to
programmed electrical stimulation suggests a different mechanism than the one
underlying overdrive suppression.

We considered premature escape beats to be due to triggered activity.

Therefore overdrive stimulation was performed in combination with drugs which are
known to influence one or both mechanisms. The results of the effect of the different
drugs on premature escape beats are summarized in table 7.

Table 7

N NA AA DAD  PEB o
E;incaine l - J« \ o
verapamil tor tor i 1 il

isoprenaline 1 0 t T

ouabain (roxic) ! tor t 1

NA : normal automaticity

AA : abnormal automaticity

DAD :delayed afterdepolarization

PEB  :prematureescape beat

The effect of different drugs on cellular mechanisms of impulse formation and premature escape beats.
Note that the effect of drugs on premature escape beats fits best with triggered activity.

As expected overdrive suppression increased after lidocaine and also after toxic amounts
of ouabain. For the ouabain induced increase in overdrive suppression an increase in vagal
tone is unlikely to be the mechanism as this does not appear to play a role in overdrive
suppression in the ventricles 129 Moreover overdrive suppression is also increased in
isolated Purkinje fibers exposed to toxic amounts of digitalis, suggesting a cellular
mechanism 2. This mechanism may be the ouabain induced intracellular calcium
accumulation as this is known to cause hyperpolarization by increasing potassiumn
conductance *. Another mechanism may be the ouabain induced inhibition of the
sodium-potassium ATP-ase. This increases the intracellular sodium and extracellular
potassium content. It is conceivable that this can lead to a net enhanced activation of the
sodium-potassium pump. Finally, digoxin is known to inhibit the sodium pacemaker
current (M.R. Rosen, personal communication).
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Isoprenaline decreased overdrive suppression following interstimulus intervals of 800 and
400 ms. This is expected as catecholamines are known to enhance diastolic depolarization
1992 Afrer pacing with intervals of 200 ms premature escape beats were observed followed
by a pause which was longer than during the control experiments. This paradoxical
finding of prolonged cardiac standstill during isoprenaline infusion may have different
underlying mechanisms.
First the sodium potagsium pump is activated by catecholamines, resulting in
hyperpolarization of the diastolic membrane potential ”-"*'**. Furthermore calcium influx
is activated, resulting in intracellular calcium accumulation inhibiting diastolic
depolarization **. Support for the latter consideration is found in a recent report on the
effect of norepinephrine on delayed afterdepolarizations and triggered activity in isolated
Purkinije fibers . In this study it was found that high calcium concentrations prohibited
- the norepinephrine induced enhanced automaticity. In this setting following rapid
stimulation delayed afterdepolarizations and triggered activity occurred being followed
by a long pause.

The observed decrease in overdrive suppression during verapamil administration may be
the result of the increase in sympathetic tone **>** because of peripheral vasodilatation and
a possible decrease of myocardial contractility. Also a direct cellular effect mayv be
responsible, i.e. a verapamil induced reduction of the intracellular calcium content 4.
The overdrive suppressed responses after pacing with intervals of 200 ms behaved
similarly to lidocaine and verapamil as did overdrive suppression following 400 ms pacing
intervals. Previously we considered these beats to be caused by enhanced phase 4
depolarization either because of an increased sympathetic tone during rapid stimulation,
or because of a partial diastolic depolarization ¥’ resulting in less sodium entering the cell
per upstroke and less activation of the sodium-potassium pump . From our experiments
no conclusion could be drawn which mechanism is most likely.

We have found that premature escape beats have a direct linear relation to the pacing
interval and could be induced by a single extrastimulus following basic pacing (chapter 6).
These findings are suggestive for triggered activity as the underlying mechanism ***7,
Increasing the number of stimuli inhibited the induction of premature escape beats, a
phenomenon which has also been described in arrhythmias, due to triggered activity .
Also the effect of drugs points to triggered activity (table 7). Lidocaine hardly affected the
interval duration of premature escape beats but substantially decreased the number
induced. This is in agreement with the finding that lidocaine reduces the amplitude of
delayed afterdepolarizations ***.

It makes abnormal automaticity unlikely because this mechanism is not influenced by this
drug in the dose used in our experiments >*.

Lidocaine in high concentrations is known to suppress also abnormal automaticity.
Although no plasma levels were determined in our experiments it is very unlikely that
abnormally high concentrations were attained. In none of the experiments clinical signs
of toxicity were observed and the dose we used was comparable to clinical dose regimens.
Verapamil also reduced the number of early premature escape beats and increased their
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interval duration. As verapamil inhibits calcium entrance into the cell and delayed
‘gdftqerdepcylarimtmns occur in the setting of increased intracellular calcium accumulation
7978 yur findings can be explained by delayed afterdepolarizations. Calcium accumulation
within the cell is induced by catecholamines ** and digitalis derivatives . In our
experiments these drugs increased the number of premature escape beats and decreased
their interval duration.

Increasing levels of ouabain also induced premature escape beats in the intervals after to
the first postpacing interval, untill after the longest interval the rate gradually increased
to control levels (figure 9). These findings are similar to observations in isolated Purkinje
fibers after short drives, which have been called biphasic responses 2. Here, delayed
afterdepolarizations occurred after the last action potential and preceding the longest
post-drive cycle.

In conclusion we consider our findings very suggestive for triggered activity as the
mechanism for premature escape beats. The less suppressed responses after pacing with
200 ms intervals behave similarly as overdrive suppression and are probably the result of
enhancement of the normally suppressed phase 4 depolarization.

The value of our observations for further studies

In the human heart and experimentally probably the best studied arrhythmogenic
mechanism is reentry. Programmed electrical stimulation has provided detailed
information on its mechanism ', modes of initiation and termination **'* and ways of
treatment 2>¥1* of arrhythmias based upon this mechanism.

The role of triggered activity in clinical arrhythmias has not been well established ?. In
contrast, in different tissues of the animal heart it has been found to be an important
arrhythmogenic mechanism. Delayed afterdepolarizations can occur in normal cardiac
tissues, such as coronary sinus °%"** atrioventricular valve 51 and in ventricular
specialized conducting tissue after exposure to altered ionic conditions !, toxic
concentrations of digitalis '7'**> 5:48,87.97.9 and after myocardial infarction 2 Therefore,
triggered activity is likely to be an important mechanism for several clinically occurring
arrhythmias. These arrhythmias are however frequently difficult to study clinically
because its induction and termination by programmed electrical stimulation is not as
reproducible as in reentrant tachycardia, and because the clinical setting in which
triggered activity occurs is frequently not ideal for systematic study.

Especially because of these considerations the conscious dog model with formalin induced
AV-block can be of value to study triggered activity in the intact heart under different
pathological circumstances and the effect of pharmacological interventions on
arrhythmias based upon this mechanism.
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This thesis reports on the effect of programmed electrical stimulation of the heart on
ventricular rhythm in conscious dogs with chronic complete atrioventricular block with
and without digitalis intoxication.

Already before the Christian era the foxglove was known for its benificial medicinal
qualities. In 1542 the botanist and physician Leonhard Fuchs gave this plant its scientific
name “digitalis® *.

Since Withering "*® in 1785 indicated, by way of systematic clinical investigation, that
digiralis drugs have a diuretic and pulse slowing effect, these drugs have gained a
widespread use in patients, who suffer from what we now know to be pump failure of the
heart. It is also known for a long time thar overdosing the drug frequently leads to toxic
side effects.

This was shown first by Salerne in 1748 ', who overfed turkeys with digitalis leaves.
Digitalis intoxication leads frequently to the occurrence of cardiac arrhythmias. In the
isolated tissue preparation triggered activity has been found to be an important
mechanism for digitalis induced arrhythmias. When triggered activity also plays a role in
arrhythmias induced by digitalis in the intact heart, this has important diagnostic and
therapeutic consequences.

Therefore, the aim of this study was to determine the role of triggered activity in the
digiralis intoxicated intact heart.

Chapter 1 reviews briefly the clinical problem of digitalis-induced cardiac arrhythmias
and discusses new insights in cellular mechanisms underlying these arrhythmias.
Chapter 2 summarizes the most important mechanisms involved in normal and abnormal
impulse formation in cardiac tissues, and the electrophysiologic basis for the present
study.
Chapter 3 reports on the effect of different modes of pacing on interval and configuration
of the first postpacing QRS-complex during digitalis induced ventricular tachycardia. It
was found that electrical stimulation induced one or more QRS-complexes of a different
morphology after which the spontaneously occurring tachycardia regained control. A
direct linear relation was found between the interstimulus interval and the first postpacing
QRS-interval. The interval was 150-200% of the duration of the interstimulus interval,
This relation was largely independent from the number of stimuli given. Analysis of the
QRS-configuration revealed that the first postpacing QRS-complex originated close to the
site of stimulation. Comparison of the first postpacing QRS-morphology and the
stimulated QRS-complexes, suggested that the former originated within the specialized
conduction system.
Chapter 4 reports on further observations on the first postpacing QRS-interval during
digitalis intoxication.
The effect of programmed electrical stimulation was determined during and after
sustained ventricular tachycardia. During ventricular tachycardia similar results were
obtained as described in chapter 3. After spontaneous termination of sustained ventricular
tachycardia ectopic impulse formation could be reinduced by pacing. Interstimulus
intervals of more than 400 ms induced a first postpacing interval equal to the interstimulus
interval, whereas shorter interstimulus intervals intervals led to a first postpacing interval
103



being twice this interval duration.

When roxicity had almost subsided, ectopic activity could only be induced following short
interstimulus intervals (200-320 ms) and the interval duration was again twice the
interstimulus interval. It is concluded that, at different levels of digitalis intoxication,
triggered activity is the most likely mechanism leading to the first postpacing QRS-
complex.

Chapter 5 deals with the morphology of the first postpacing QRS-complex during
digitalis-induced ventricular rachycardia. It was found that the first postpacing QRS-
configuration is determined by the configuration of the spontaneous ventricular
tachycardia and of the stimulated QRS-complexes. The faster and longer the stimulation
train the more similar the first postpacing QRS-configuration became to the paced
QRS-configuration. Changing only the last paced interval had a great influence on this
behaviour.

These findings are explained by simultaneous induction of triggered activity at the site of
stimulation and at the site of impulse formation of the sustained ventricular tachycardia.
In this chapter also the group beating behaviour of a spontaneous tachycardia is explained
by triggered activity, through analysis of QRS-configuration and interval following
programmed electrical stimulation.

Chapter 6 reports on the effect of programmed electrical stimulation on the ventricular
rhythm without digitalis intoxication. It was found that overdrive stimulation not only
resulted in pacing rate dependent overdrive suppression, but also in a group of first
postpacing QRS-complexes which behaved differently to programmed electrical
stimulation.

These latter QRS-complexes were termed “premature escape beats”. Premature escape
beats: 1) were readily induced by short and fast drives (98% following pacing with 10
stimuli and 200 ms interstimulus intervals); 2) had an interval duration which shortened
on increasing the pacing rate; 3) had an interval duration which was not influenced by
increasing the number of stimuli until suppression occurred at a critical number of
stimuli; 4) were followed by a longer (overdrive suppressed) second postpacing interval;
53 could also be induced by single extrastimuli following regular pacing. It is suggested
that triggered activiry is the underlying mechanism for premature escape beats.

To confirm this hypothesis the behaviour of premature escape beats was investigated in
combination with drugs suppressing triggered activity (lidocaine, verapamil), and
inducing it (isoprenaline, ouabain). It was found thar lidocaine and verapamil decreased
the number of premature escape beats and lengthened their interval duration, whereas
isoprenaline and ouabain had the opposite effect.

Higher levels of onabain increased the number of premature escape beats also in the
subsequent intervals following stimulation and decreased their interval duration until
sustained ventricular tachycardia occurred.

It is concluded that premature escape beats are based on triggered activity. This means
that triggered activity can also be induced by electrical stimulation in the absence of
digitalis intoxication. Under these circumstances this mechanism of impulse formation is
only observed in the first postpacing QRS-complex because simultaneously overdrive
suppression is induced. Because digitalis inhibits the sodium-potassium pump (which is
the most important mechanism for overdrive suppression), during digitalis intoxication
triggered activity can persist in the subsequent postpacing intervals.
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Samenvatting

Impulsvorming in de hartkamers en de invloed van digitalis
intoxicatie

Dit proefschrift gaat over ritmestoornissen van het hart, die veroorzaakt worden door
digitalis intoxicatie.

Het vingerhoedskruid was al voor onze jaartelling bekend om zijn geneeskrachtige
werking. In 1542 verkreeg het de wetenschappelijke benaming “digitalis® van de botanist
en arts Leonhard Fuchs *.

Sinds Withering *® in 1785 door systematisch klinisch onderzoek aangaf dat digitalis
preparaten een diuretische en polsvertragende werking hebben zijn deze middelen
voorkeurspreparaten geweest bij patienten waarvan wij nu weten dat zij een verminderde
pompfunctie van het hart hebben. Hetis echter ook al lang bekend dat overdosering snel
leidt tot toxische effecten. Dit is voor het eerst experimenteel aangetoond door Salerne in
1748 '™ Hij verrichtte dit onderzoek bij kalkoenen.

Een van de uitingen van digitalis intoxicatie is het optreden van ritmestoornissen van het
hart. Wanneer een patient een ritmestoornis vertoont en tevens een digitalis preparaat
gebruikt wordt vaak de diagnose digitalis intoxicatie overwogen. Ondanks de klinische
verschijnselen, het electrocardiogram en de bepaling van plasmaspiegels van het
digitalispreparaat, kan het moeilijk zijn deze diagnose met zekerheid te stellen.

Door onderzoek van geisoleerde hartweefselpreparaten is de laatste decennia veel inzicht
ontstaan in de cellulaire mechanismen die aan deze ritmestoornissen ten grondslag liggen.
Een van de belangrijkste mechanismen dat hierbij naar voren kwam is triggered activity.
Ten gevolge van triggered activity wordt abnormale impulsvorming opgewekt door het
tevoren aanwezig hartritme. Tijdens digitalis intoxicatie blijkt na be€indiging van het
hartritme de membraanpotentiaal oscillaties te vertonen (delayed afterdepolarizations)
(hoofdstuk 2, figuur 7A). Wanneer de amplitudo van deze nadepolarisaties voldoende
hoog is, kan de prikkeldrempel worden overschreden en een volledige depolarisatie
optreden (hoofdstuk 2, figuur S). Deze wordt ook gevolgd door een nadepolarisatie die
opnieuw aanleiding kan zijn tot een volledige depolarisatie enzovoorts.

Wanneer triggered activity ook in het intacte hart een rol speelt bij ritmestoornissen ten
gevolge van digitalis intoxicatie, heeft dit belangrijke diagnostische en therapeutische
consequenties.

Dit onderzoek was er dan ook op gericht om na te gaan of triggered activity ook
aantoonbaar is in het intacte hart gedurende digitalis intoxicatie.

Hoofdstuk 1 geeft in het kort een overzicht van het klinisch probleem van digitalis
intoxicatie, de ritmestoornissen die het gevolg ervan zijn en van mechanismen van
ontstaan van deze ritmestoornissen.

Hoofdstuk 2 geeft een samenvatting van de literatuur betreffende de belangrijkste
mechanismen die aan normale en abnormale impulsvorming ten grondslag liggen.
In hoofdstuk 3 wordt verslag gedaan van het effect van geprogrammeerde electrische
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stimulatie op het eerste QRS-interval en vorm tijdens door digoxine geinduceerde
kamertachycardieén. Het resultaat van dit onderzoek was dat na stimulatie van het hart
een kortdurende nieuwe tachycardie ontstaat, die zijn oorsprong vindt dichter bij de
plaats van stirnulatie dan het spontane ritme. Er was een rechistreekse relatie tussen het
interstimulus interval en het eerste QRS-interval na stimulatie. De duur van het eerste
interval na stimulatie was 150-200% van het interstimulus interval. Deze relatie was
grotendeels onafhankelijk van het aantal stimuli.

Analyse van het QRS-complex ten gevolge van stimulatie en het eerste QRS-complex na
stimulatie suggereert dat her laatste ontstaar in het specifieke geleidingssysteem van de
ventrikels. Deze resultaten passen bij de bevindingen gedaan bij geisoleerde
Purkinjevezels.

In hoofdstuk 4 wordt verslag gedaan van het effect van geprogrammeerde stimulatie op
het eerste eropvolgende QRS-interval, zowel tijdens als na spontane beéindiging van
ventriculaire tachycardie. Gedurende ventriculaire tachycardieén worden de bevindingen
uit het vorige hoofdstuk bevestigd. Na beéindiging van ventriculaire tachyvcardie werd
ectopische impulsvorming opnieuw opgewekt door geprogrammeerde stimulatie. Na
drijven met een interstimulus interval van meer dan 400 ms was het eerste QRS-interval
gelijk aan het interstimulus interval rerwij] stimuleren met een korter interval een
tweemaal zo lang eerste QRS-interval na stimulatie veroorzaakte.

In de episode dat digitalis intoxicatie bijna verdwenen was kon ectopische impulsvorming
alleen kon worden opgewekt door stimulatie met een kort interval (200-320 ms). Ook nu
had het koppelingsinterval van het eerste QRS-complex na stimulatie een 2:1 relatie met
het interstimulus interval.

Deze bevindingen wijzen erop dat bij verschillende mate van digitalis intoxicatie triggered
activity ten grondslag ligt aan het eerste QRS-complex na stimulatie.

Hoofdstuk 5 behandelt de invloed van electrische stimulatie op de vorm van het eerste
eropvolgende QRS-complex tijdens kamertachycardie. Uit dit onderzoek bleek dat deze
vorm bepaald wordt door de vorm van het QRS-complex van de spontane tachycardie en
van de gestimuleerde QRS-complexen. Naarmate sneller en langduriger werd
gestimuleerd, bleek het QRS-complex erna sterker te lijken op de gestimuleerde QRS-
complexen. Het laatste stimulatie-interval alleen bleek hierin opnieuw van grote invloed
te zijn. Deze bevindingen worden verklaard door wriggered activity bij de plaats van
stimulatie en bij de oorsprongsplaats van de spontane tachycardie.

In dit hoofdstuk wordt tenslotte op grond van analyse van QRS-vorm en interval na
electrische stimulatie, een spontane tachycardie geanalyseerd en worden de spontane
QRS-intervallen van deze tachycardie verklaard op grond van triggered activity.

In hoofdstuk 6 wordt mededeling gedaan van de resultaten van de controle experimenten.
Geprogrammeerde stimulatie werd toegepast zonder de aanwezigheid van digitalis
intoxicatie. Het resultaat van dit onderzoek was dart toename van de stimulatiefrequentie
niet alleen leidt tot een toenemende verlenging van het eerste QRS-interval erna
(overdrive suppression) maar in een aantal gevallen ook tot verkorting van het QRS-
interval zoals gezien werd tijdens digitalis intoxicatie. Deze laatste QRS-complexen
werden “premature escape beats® genoemd. Premature escape beats: 1)traden vaker op
bij snel en kortdurend stimuleren (b.v. in 98% van de stimulatietreinen met 10 stimuli en
een interstimulus interval van 200 ms; 2) toonden een rechtstreekse relatie tussen het
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interstimulus interval en hun koppelingsinterval; 3) hadden een koppelingsinterval dat
onafhankelijk was van het aantal stimuli, maar bij een kritsch aantal stimuli konden
premature escape beats niet meer worden opgewekt; 4) werden gevolgd door een langer
rweede QRS-interval; 5) konden worden geinduceerd door een enkele extrastimulus na
regelmatig stimuleren.

Gesuggereerd wordt dat triggered activity het onderliggende mechanisme is voor deze
QRS-complexen.

Om dit verder te analyseren werden premature escape beats onderzocht in combinatie met
farmaca die triggered activity tegengaan (lidocaine, verapamil) en met farmaca die
triggered activity opwekken (isoprenaline, ouabain) (hoofdstuk 7). Het bleek dat bij
honden bij wie na een gegeven stimulatieprotocol de betreffende QRS-complexen waren
op te wekken, deze door lidocaine en verapamil onderdrukt worden, terwijl onabain en
isoprenaline het tegenovergestelde effect hadden.

Ouabain bleek bij toenemende toxiciteit het aantal premature escape beats, ook in de
volgende intervallen na electrische stimulatie, te verhogen en hun intervalduur te
verkorten. Dit leidde bij toenemende toxiciteit tot aanhoudende tachycardie. Het
resultaat van dit onderzoek is dat premature escape beats berusten op triggered activity.
Triggered activity is dus ook op te wekken zonder de aanwezigheid van digitalis
intoxicatie. Het wordt echter alleen gezien bij het eerste QRS-complex na stimulatie
omdat simultaan overdrive suppression wordt opgewekt. Digitalis remt de natrivm-
kalium pomp die het belangrijkste mechanisme is voor overdrive suppression. Daarom
resulteert electrische stimulatie tijdens digitalis intoxicatie ook in triggered activity in de
volgende QRS-complexen.
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