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1.1 SUDDEN CARDIAC DEATH AND VENTRICULAR ARRHYTHMIAS IN THE
REMODELED HEART

Sudden cardiac death (SCD) describes the unexpected death from a cardiac cause
within a short time period, generally within one hour after the onset of acute symp-
toms, in a person known or unknown with heart disease.''^ SCD is a common mani-
festation of heart disease,'^ being in many cases the first and only symptom,- and
claims 1-2 deaths per 1000 persons annually. '••*••* Such an unforeseen death is often
attributed to a cardiac arrhythmia, but only an (ambulatory) electrocardiogram
(ECG) or ventricular electrogram recorded from an implanted device at the time of
death can provide definite information.'

Important risk factors for tfrr/y/Aw/d-related SCD comprise ventricular hyper-
trophy and heart failure,^ which have been related to remodeling processes,'"''^
and a 3-5 times higher risk of SCD. '^ '^ The incidence of ventricular hypertrophy
increases with age, having a prevalence of approximately 20% in the total adult
population."'"'" Ventricular hypertrophy is regarded as an adaptive response of the
heart to maintain cardiac output in situations, which increase the workload of the
heart. Such conditions occur during hypertension, valvular disease such as aortic
stenosis, or after a myocardial inriircr/on. "' Parienrs wirh hyperrrophy can remain in
a compensatory phase with no symptoms and (near) normal exercise reserve for
years. However, sustained hypertrophy is a leading cause of heart failure,''' afflicting
at least 5 million patients in the Kuropean Union.'"

Changes in electrophysiological properties of the heart, such as a prolonged
repolarization of the heart, are thought to play an important role in the genesis of
ventricular arrhythmias and SCD in ventricular hypertrophy and heart failure.^'"
Also, the administration of repolarization prolonging drugs, frequently tf«r/<*r-
r/»yr/»w/< ones, may favor the occurrence of repolarization-dependent tachyarrhyth-
mias in these patients. The classical term Torsade de Pointes arrhythmia (TdP,
Figure 1) , ' ' will be used as a/><my>ro fofo for repolarization- dependent tachyarrhyth-
mias in this thesis. In the following pages, the genesis of the ECG will be discussed,
concentrating on the role of ion currents in generating the ventricular action poten-
tial. Secondly, an overview is given about the different mechanisms of arrhythmias.
Thirdly, the underlying electrophysiological changes related to remodeling proces-
ses, causing the increased susceptibility to (drug-induced) ventricular arrhythmias
and SCD arc explained. Finally, the proarrhythmic properties of antiarrhythmic
drugs in relation to ion channel blockade are discussed, emphasizing the use of the
chronic complete-AV block dog model to study the proarrhythmic properties of
such drugs.
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Figure 1 - Torsade de Pointes arrhythmia in a 79-year old female patient. Ibutilide was administered
intravenously to terminate an atrial tachycardia. The patient had significant left ventricular hypertrophy
and severe aortic stenosis with a normal ventricular ejection fraction. Lead V4 was detached during a
preceding TdP episode.

1.2 THE VENTRICULAR ACTION POTENTIAL AND ELECTROCARDIOGRAM

The heart continuously pumps blood throughout the body, roughly three billion
times in an average lifetime. To achieve this, relaxation of the heart muscle precedes
contraction so that the cardiac chambers can fill with blood, and then contract to
propel the blood throughout the body. This cycle of relaxation and contraction
occurs in a single heartbeat. Each heartbeat is initiated by an electrical impulse,
generated by a group of specialized pacemaker cells located in the sinus node area
and spreads through the heart using a specialized conduction system.

The electrical activity of each cardiac cell is made possible by electrochemical
currents, carried by ion channels and exchangers, which give rise to the cardiac
action potential (Figure 2). The depolarization (phase 0) in ventricular tissue is
caused by an inward current of sodium ions ( INJ from the extracellular to the
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Ventricular Action
Potential

0 (IN.)

ECG

Figure 2 - The different phases (0-4) of the ventricular action potential with the
underlying principal ion currents and exchangers in relation to the surface electrocar-
diogram (ECG) (see text for details).

intracellular space. Repolarization consists of three phases. A transient egress of
ourward currents (rruinry /po) if rcspo/jfiWe for rhe fim phase of rcpoJarizarion
(phase 1). This is followed by a plateau phase (phase 2), which duration is deter-
mined by the delicate balance between inward and ourward currents through
competing ion channels and exchangers (important ones are the I^ji and the
Na'-Ca*' exchanger). Phase 3 of the repolarization process is caused mainly by inac-
tivation of inward calcium currents together with increasing ourward potassium
currents. The main ourward potassium currents are the rapidly (IK,) and the slowly
activating component (I^J of the delayed rectifier current. After completion of repo-
larization, outward (I«|) and pump currents UNJ-K) are responsible for maintaining
the resting membrane potential at approximately -90 mV (phase 4).

The process of electrical myocardial activation and recovery can be recorded
noninvasively by placing electrodes on the body surface. These electrodes register
potential differences throughout the cardiac cycle, representing the surface ECG
(Figure 2). The summation of the different ventricular action potentials in the heart
represents the electrocardiographic QT interval. The QT interval can be divided
into the QRS complex, which reflects depolarization within the His-Purkinje system
and the ventricles, whereas the JT interval is a measure of ventricular repolarization
(Figure 2).

1.3 MECHANISMS OF ARRHYTHMIAS

The sinoatrial node, which serves as the normal cardiac pacemaker, consists of an
area of hundreds of pacemaker cells located in the wall of the superior part of the
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right atrium close to the entrance of the superior vena cava. Spontaneous depolariza-
tion of the sinoatrial node normally initiates the wave of the depolarization that acti-
vates the atria, AV node, the ventricular conduction system and the ventricles.
Normally, the sinoatrial node is the fastest pacemaker with the steepest slope of dia-
stolic depolarization. Slower subsidiary pacemakers can be located in the atrium, the
AV junction and the Purkinjc fibers.'*

When the heart beats too slow (bradycardia) or so fast that it cannot fill and
expel blood adequately (tachycardia), it may lead to circulatory collapse, and in (he
extreme case, sudden death. The mechanism of arrhythmias can be based upon 1)
abnormal impulse formation and/or 2) abnormal impulse conduction.-^

Abnormal impulse formation can be divided into: abnormal automaticity or
triggered activity. Abnormal automaticity refers to spontaneous impulse generation
from a reduced diastolic potential in cardiac fibers, which normally show a high
diastolic membrane potential.-'' Afterdepolarizations are oscillations of (he mem-
brane potential that depend on the preceding action potential for their generation,
and can give rise to new action potentials, i.e. triggered activity, when reaching a crit-
ical threshold membrane potential."'' Two types of afterdcpolarizations can be
distinguished: early afterdepolarizations (EADs) and delayed afterdepolarizations
(DADs). Early afterdepolarizations appear during the action potential and have been
defined as "depolarizing afterpotentials that begin prior to completion of repola-
rization and cause an interruption of normal repolarization".^' Delayed afterdepo-
larizations have been defined as "oscillations in membrane potential that obligatory
follow an action potential V '

Disturbances in impulse conduction may lead to reentrant arrhythmias. When
a propagated impulse is able to reenter a conduction pathway, part or all of the heart
can be reexcited producing an "echo" or re-entrant beat. Perpetuation of this mecha-
nism leads to a continuous arrhythmia. For reentry to occur, cardiac tissue: 1) has to
be or to be brought into a state of inhomogeneity in refractory period duration
(dispersion) with 2) unidirectional block in one pathway of cardiac tissue, and 3)
sufficient slowing of impulse conduction in the other pathway, to enable the impulse
to reenter the distal end of the proximally blocked pathway.^

The mechanism underlying TdP, with its distinct electrocardiographic pheno-
type (Figure 1), is still controversial. The two main hypotheses for the mechanism of
TdP are: 1) multifocal abnormal impulse formation, as already been suggested by
Dessertenne, who described the arrhythmia as "une tachycardie vcntriculairc ä deux
foyers opposes variables", which he called Torsade de Pointes.^^y 2) reentrant
circuit(s) in the setting of spatial dispersion of repolarization (the substrate) initiated
by abnormal impulse formation (the trigger).28.30-32

An EAD-induced ectopic beat, originating (sub) endocardially at the site where
the action potential duration (APD) is long," is probably often the trigger for TdP
arrhythmias. Whether this focal origin is also involved in the perpetuation of the
arrhythmia is still under investigation.
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Figure 3 - On the left panel two hypothetical ventricular action potentials from a
normal heart are shown. The difference in duration between the two action
potentials (dispersion of repolarization) is referred to as AAPD. On the right
panel the situation is shown when electrical remodeling has taken place and the
nct-repolarization current is diminished (e.g. when 1̂  is reduced). The action
potential duration prolongs which can give rise to early afterdepolarizations
(EADs) and triggered cctopic beats (EBs). Furthermore prolongation of action
potential duration can be inhomogeneous, which can be caused by EADs,
thereby increasing AAI'L).

net-repolarization current

( • •B'KU)

i
APDTT

Reentry

TdP

Figure 4 - Hypothetical scheme for TdP occurrence. If the net-repolarization
current is diminished (e.g. by 1,, downreguiation by electrical remodeling and/or
rcpolari/jtion prolonging drugs, mainly 1̂  blockers), the APD increases, thereby
creating early attcrdcpolarizations (EADs) and dispersion of repolarization
(AAPD). EADs themselves can 1) increase dispersion if their occurrence is
non-homogeneous and 2) trigger (multiple) ectopic beats (EBs). Subsequently,
EBs can increase AAPD and/or trigger reentry. TdP has been related to
multifbcal-triggcred EBs and/or reentry.
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1.4 TORSADE DE POINTES ARRHYTHMIAS AND THE LONG-QT SYNDROMES

TdP arrhythmias occur often, but not necessarily,^-^ in the setting of a prolonged
QT interval.*-»

The long-QT syndrome can either be acquired, for example as a result of elec-
trical remodeling processes such as in ventricular hypertrophy and heart failure,
io-H.2i..v)4Sp^ ^e inherited because of a gene mutation of ion channels.'"' *•* The ion
channel changes underlying the prolonged-QT times in hypertrophy and heart
failure are still under investigation, but seem to be related to a downregulation of
outward potassium currents (Iro- IRCM 'K.%) W an upregulation of inward currents or
exchangers thereby reducing the net repolarization current (Figure 3 ) . - ' ^ '*'

The longer QT time, respectively the longer API), and the diminished net
repolarization current results in a more labile repolarization process, which can be
further aggravated by I|̂  blocking drugs such as antiarrhythmics.'--''-'^ Action
potential lability may become manifest as variability in duration and/or the occur-
rence of secondary depolarizations that interrupt the action potential rcpolari/.ation,
such as EADs. This process may initiate triggered arrhythmias including Torsadc de
Pointes ventricular tachycardia (Figures 1,3 and 4)/'* Furthermore, the occurrence
of EADs and/or prolongation of repolarization can be inhomogeneous, leading to
dispersion of repolarization, which can serve as a substrate for reentry (Figures
3 4) 40-42.44,66-75

Remarkably, the acquired-long QT syndrome and other clectrophysiological
changes in hypertrophy and heart failure show similarities with the congenital
long-QT syndrome, in which mutations in genes encoding for ion channel proteins
are related to Torsade de Pointes arrhythmias and SCD.^'* Importantly, the
contribution of some of these genes to normal cardiac repolarization had been eluci-
dated prior to their identification as long-QT syndrome disease genes. Thus, the
information gained by these molecular genetic approaches not only has implications
for patients with the long-QT syndrome, but also serves as a Rosetta stone for the
analysis of other clinical situations, such as seen in hypertrophy, heart failure, and
sudden infant death syndrome in which ion channelopathies and abnormal
repolarization have been linked to SCD. '̂•".64.7677

To date, mutations in at least 6 genes, of which at least 5 encode an ion channel
protein, have been identified as causes of the inherited long-QT syndrome (Table 1).
KVLQT1, MinK, HERG and MiRPl encode for subunits in the IK, and I«,
channel, respectively. SNC5A encodes for the inward cardiac Na channel.46-*>2

Patients with SNC5A mutations appear to have particularly prolonged QT
intervals at night and have a higher incidence of sudden death under resting or
sedentary conditions. In contrast, arrhythmic events in patients with a KVLQT1
mutation develop during, or following exercise and under conditions of emotional
stress. In patients with HERG lesions, arrhythmias have occurred under conditions
of exercise, emotion and rest.™
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Table 1 — Genes and currents in the long-QT syndromes

LQT I KVLQT1 4-1^
LQT 2 HF.RG 4-1^
LQT 3 SNC5A T 1 ,̂,
LQT 4 Unknown Unknc
LQT 5 MinK 4.1^
LQT 6 MiRPl I IK,

1.5 PROARRHYTHMIC PROPERTIES OF ANTIARRHYTHMIC DRUGS

Important mechanisms of antiarrhythmic drugs are 1) slowing or blocking cardiac
conduction or 2) delaying cardiac repolarization, thereby slowing, terminating, or
preventing cardiac arrhythmias.

Quinidine, the first antiarrhythmic drug, was introduced in cardiovascular
therapy in 1918 followed by procainamide, and lidocaine in the 195O's7'^*"' Their
clinical use increased in the 1960's for the suppression of ventricular arrhythmias
complicating myocardial infarction in the coronary care unit (CCU). The perceived
success of lidocaine in suppressing premature ventricular contractions in the CCU
led to the development of oral congeners of lidocainc, such as tocainide and mexi-
letine. This was followed by the synthesis and characterization of highly potent
sodium-channel blockers such as fiecainide, encainide and propafenone. These were
near-perfect ventricular premature beat suppressants, thereby presumably taking
away the trigger for arrhythmias. That hypothesis provided the basis for testing the
use of these drugs to reduce arrhythmic mortality after a myocardial infarction. The
finding that flecainide and encainide in the Cardiac Arrhythmia Suppression Trial
(CAST) significantly /mv«vü«/ mortality while /«/y>rrw//;^ premature ventricular
contractions was unexpected, and had a profound impact on the selection of antiar-
rhythmic drugs for the control of cardiac arrhythmias in patients with heart disease.*"'*^

Therefore, attention shifted towards class III drugs, which lengthen repola-
rization as their most prominent antiarrhythmic mechanism. In 1962, sotalol had
been synthesized as a ß-blocker and amiodarone as an antianginal compound with
coronary vasodilator properties. The latter agent was later found to exhibit
non-specific antiadrenergic blocking actions as well. Both drugs exhibited strong
antifibrillatory and antiarrhythmic properties. The perception that, while being
powerful sympathetic antagonists, sotalol and amiodarone acted predominantly by
prolonging the APD, led to the search for pure APD prolonging compounds devoid
ot other associated properties."'""' Such compounds may preferentially target a
single ion current (e.g. dofetilide) or multiple currents (e.g. ibutilide, azimilide).
However, the clinical utility of these repolarization-prolonging compounds appears
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to be restricted by their property to JWIMT arrhythmias, especially TdP. As shown by
the SWORD and the DIAMOND trial, this is clearly the Achilles" heel o» this class
of drugs.*'''"' The antiarrhythmic, but also proarrhythmic, effect of these drugs is
related to prolongation of repolarization by augmenting inward current or dimin-
ishing outward current, which reduces the net repolarization current. A hallmark of
every class III drug is the blockade of the I«, as, part of, the strategy to achieve
prolongation of the repolarization. ^ ^

Variation in occurrence of arrhythmias in relation to the number of the I|<,
channels which are blocked, can be linked to variability in absorption, distribution,
metabolism or excretion of the drug (i.e. pharmacokinctics), but can also have
different pharmacodynamic causes,"" that refer to the drug-target interaction. For
example, the genes encoding the proteins making up the I«r channel might be
modulated by mutations or variants in HHRCi or in other factors that regulate
HERG function, which in turn determines the extent of I«, block. Mutations in
MiRPl, which is a function-modifying subunit of HKRCi, have been identified in
patients with I«, -associated TdP.^'*'' Also, mutations or allclic variants in other
channels, e.g. I|^, can diminish the repolarization reserve and predispose to I'dP.
Patients with a phenotypically normal QT time but having a mutation in the
KV1.QT1 gene, the so called "forme frustc" long QT syndrome, arc more prone to
drug-induced TdP.*>-"

Similarly, in ventricular hypertrophy and heart failure there is a downregulation
of repolarizing currents or an upregulation of inward currents, which will contribute to a
decrease in net repolarizing currents and a reduction in the repolarization reserved'• '̂W
Further reduction of the repolarization current by an IK, blocker can then result in
failure to repolarize and TdP (Figures 1,3 and 4).4'-<*'92-95

The first report of syncope and sudden death occurring shortly after initiation
of the I«, (and INJ blocker quinidine, dates back to the early 20's of the last century.'"''
Then it was noted "that patients with large hearts, especially with multiple valve
lesions, are unfavourably predisposed and they be treated with caution". The
electrocardiographic basis of these adverse effects was reported in 1929 when Kerr
and Bender described syncope during "paroxysmal ventricular fibrillation" in a
patient with heart failure, "auricular fibrillation and complete heart block while
under quinidine sulphate therapy".'^ Today, a large number of drugs, including
more than 50 non-cardiac ones, have been associated with prolongation of the QT
interval and TdP of which virtually all are blockers of the I«, channel (those drugs
can be found at: u/K/a/.fc?r*W«.0/g).'*'" Therefore, drugs that exert even modest
QT-prolonging activity are now under increasing regulatory scrutiny because of
their possible proarrhythmic potential.
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1.6 ION CHANNEL BLOCKADE IN RELATION TO PROARRHYTHMIC
POTENTIAL

To allow prediction of the Torsadogenic potential of class III drugs, it is imperative
to determine the electrophysiological characteristics of individual class III
compounds. It is known that selective I«r blockers, like almokalant and dofetilide
(Table 2), show rate-related prolongation of the APD. At very slow rates the APD
lengthens markedly and may become associated with the generation of EADs. This
is presumed to be (one of) the bases for the development of the clinically observed
TdP. Conversely, at increasing heart rates, the APD shortens. At such rates, there is a
corresponding decline in antifibrillatory action of the compound. This phenom-
enon, called reversed use dependency, is characteristic of potent I«r blockers," that
has been ascribed, in guinea pig, to incomplete deactivation of the I^ at fast rates. "^
Furthermore, differences in I^Kr density ratio between epicardium, midmyocar-
dium and endocardium as well as between left and right ventricle play an important
role in the dispersion of repolarization.""'"^ Due to a weaker 1^ in the midmyo-
cardium, attenuation of I«, alone , results in a preferential APD prolongation of the
midmyocardium."" Therefore, (additional) I«, blockade, e.g. azimilide or HMR
1556 (Table 2), could induce an approximately equal percentage increase in the
APD over the entire range of frequencies and result in more homogeneous APD
prolongation.™.«».'«*

Another ion channel, the I^i channel, is suggested to play a pivotal role in EAD
formation,'"^ and as a consequence IQ,[ channel blockade would counteract
proarrhythmia.'"'' Similarly, agents preventing intracellular Ca^ overload appear
favorable in the prevention of proarrhythmic effects, which could be related to less
EAD formation.'"' "»''

Still, the only antiarrhythmic drug, which demonstrates a low incidence of TdP
in the clinical setting, is amiodarone (Table 2). Unfortunately, amiodarone demon-
strates adverse non-cardiac effects, which have been attributed to iodine in the mole-
cule, and furthermore needs weeks of oral administration to reach therapeutic
plasma concentrations. The drug has unique properties as it blocks multiple ion
channels and inhibits thyroid hormone activation in cardiac muscle when adminis-
tered chronically."" Dronedarone, its proposed successor and devoid of iodine, is
suggested to have a similar electropharmacological profile, but its chronic effects on
cardiac ion channels are unknown."'

1.7 THE CHRONIC COMPLETE-AV BLOCK DOG

The medical community and regulator)' agencies have become increasingly
concerned about drug-induced QT prolongation, TdP and SCD.'-" Apart from the
growing number of proarrhythmic non-cardiovascular drugs, regulatory concerns
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are growing because of the increasing size of the population at risk. I'his applies to
the elderly who frequently receive multiple drugs with the potential for interaction,
and to patients with cardiac, renal, hepatic or other predisposing diseases, which may
increase the risk of abnormal drug metabolism and excretion and create the potential
for increased susceptibility to proarrhythmia. Also, patients with niyoi.irdi.il hyper-
trophy or heart failure with or without visible abnormalities in repolarization repre-
sent high-risk groups.'''*''*-'^

To test drugs preclinically for their Torsadogenic potential, in-vivo animal mo-
dels stand closest to the human. ' ^ The dog with chronic complete AV block
(CAVB) is a very suitable model to study (drug-induced) arrhythmias and SCI), as
the demonstrated electrophysiological alterations in the hyperrrophicd CAVB heart
show similarities with human forms of long-QT syndrome. Because of its high sensi-
tivity to (antiarrhythmic) drug-induced TdP, the model has recently been accepted
by the US Food and Drug Administration for testing proarrhythmic properties of
drugs.

In the model, the bradycardia-induced hemodynamic overload created by
complete AV block initiates a number of adaptation processes to compensate for the
decreased cardiac output and the increased end-diastolic ventricular pressure. These
remodeling processes have reached a stable situation after 4 weeks of CAVB'^ and
include 1) the development of biventricular hypertrophy,'*'* 2) compensated cardiac
hemodynamics,^-'24 and 3) heterogeneous prolongation of the ventricular repola-
rization, resulting in increased dispersion of repolarization.'*'* The (mal)adaptations
increase the risk of EAD- and DAD-dependent triggered arrhythmias and drug-
induced arrhythmias.^'^'25 Moreover, a considerable number of dogs die unex-
pected, suddenly, in their cages.

At the cellular level increases in cell size and APD prolongation have been found
as well as an increased propensity to triggered activity.'*'' Changes in ion channel
(density), 1 ,̂, 1^, and the Na*-Ca^* exchanger could form the ionic basis for the
described alterations.^^'' On the molecular level, a downregulation of the cxpres-
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sion of KVLQTl and MinK, the genes encoding for the I^ channel, has been
demonstrated.'^ Thus, the environmentally imposed alterations, which impact
both the molecular, ion channel and intact organ level, render the heart susceptible
to (drug)-induced arrhythmias and SCD.

1.8 AIMS OF THE THESIS

The first aim of the thesis was to compare several drugs with different modes of ion
channel blockade in relation to their proarrhythmic properties and the electro-
physiological parameters predictive for drug-induced TdP.

Azimilide is a blocker of both Ij<r and I«s channels (Table 2)."'*"^ The (addi-
tion of) I«* blockade has been suggested to prolong the APDs more homogeneously
than selective I«r channel blockade. In a random crossover design in the CAVB dog,
azimilide was compared to dofetilide (Chapter 2) to see whether similar QT prolon-
gation could be reached with azimilide but without an increase in dispersion of
repolarization and proarrhythmic effects.

In the next study, specifically the role of the I^ channel was investigated by
using selective I«, Mockers (Table 2). Administration of these drugs did not result in
the desired QT lengthening, which excluded proarrhythmic testing in the CAVB
dog. Therefore, we studied the physiological role of the I^ channel to ventricular
repolarization in normal sinus rhythm dogs using both cellular and in-vivo investiga-
tions. I'he role of I«,, was quantitatively assessed in conditions relevant for the action
potential, including the ß-adrenergic contribution and autonomic status.

Amiodarone is currently the only antiarrhythmic drug demonstrating QT
prolongation with a low clinical incidence of TdP. Consequently, we were interested
whether and why this drug would have a low proarrhythmic potential in the CAVB
dog. Because a clear difference exists in acute versus chronic administration of these
drugs with regard to QT prolonging effect, the CAVB dog model was extended, and
the animals were tested serially under anesthesia before and after 4 weeks of chronic
treatment. Possible proarrhythmic consequences of chronic amiodarone treatment
were compared to a control group and to a group in which dronedarone was admin-
istered. Hronedarone was selected because it has been suggested to be similarly effec-
tive, but devoid of the unwanted side effects of amiodarone.

As dispersion of repolarization can only be assessed invasively by catheters or
needle electrodes, the next aim of the thesis was to explore if dispersion of repolariza-
tion could be visualized ww-/wrvttiW)\ on the surface ECG. Therefore, we investi-
gated in chapter 5 whether the area of the JT wave on the surface ECG represented
changes in intcrventricular dispersion of repolarization.

Another aim of the thesis was to assess if sudden death in the model unrelated to
drugs, could be attributed to ventricular tachyarrhythmias. Furthermore, we



Introduction I

21

attempted to identity retrospectively the electrophysiological paramctcni that could
predict susceptibility to sudden cardiac death and to drug-induced TdP (Chapter 6).

The final aim of the thesis was to demonstrate that observations on drug-
induced TdP in the anesthetized CAVB dog are also relevant tor drug-induced TdP
and SCD under conscious circumstances. Using Holier recordings and the internal
cardioverter defibrillator, arrhythmias were studied after oral administration of the
IK, blocker dofetilide in the conscious CAVB dog.
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ABSTRACT

/; Torsade de Pointes arrhythmias (TdP) are a feared

proarrhythmic effect of (antiarrhythmic) drugs. In dogs with chronic

complete AV block (CAVB), bradycardia-induced volume overload

leads to electrical remodeling, which includes increased susceptibility

to drug-induced Torsade de Pointes arrhythmias (TdP).

A/<"//wd!f <7W</ /?««/«: The I|<r channel blocker, dofetilide (Tikosyn™,

0.025 mg/kg/5 minutes), and the less specific ion channel blocker,

azimilide (5 mg/kg/5 minutes), were compared in 9 anesthetized dogs

at 4 and 6 weeks of CAVB in a randomized crossover design. Dosages

were based on our own dose-dependence studies and on antiarrhyth-

mic dosages reported in the literature. Monophasic-action-potential

(MAP) catheters were placed endocardially in both the left (LV) and

right ventricle (RV) to measure MAP duration (MAPD), to visualize

early afterdcpolarizations (EADs), and to assess interventricular disper-

sion of repolarization (AMAPD, i.e. LV MAPD (at 100%) minus RV

MAPD (at 100%). Cycle length of idioventricular rhythm (CL-1VR),

QT time and the occurrence of drug-induced TdP were determined

using the surface ECCi. Before drug administration the electrophysio-

logical parameters were identical at 4 and 6 weeks. Both azimilide and

dofetilide increased CL-IVR, LV and RV MAPD, and QT time.

Dissimilar lengthening of LV and RV MAPD increased AMAPD

significantly from 55 ms to 110 ms for both drugs. All dogs had EADs

while, in the majority, ectopic ventricular beats developed (dofetilide 8

of 9 and azimilide 7 of 9 dogs). TdP incidence was comparable for

dofetilide (6 of 9 dogs) and azimilide (5 of 9 dogs).

CoMc/w-v/omv Azimilide and dofetilide show similar electrophysiological

and proarrhythmic effects in our canine model with a high incidence of

•rar.
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INTRODUCTION

The introduction of newer antiarrhythmic agents has been disappointing. The clin-
ical application of class III drugs, e.g. d-sotalol and dofetilidc, did not reduce
mortality in patients after myocardial infarction.'-- Proarrhythmic effects, such us
Torsade de Pointes arrhythmias (TdP), probably contributed to these findings.**
Occurrence of TdP has been related to an increased heterogeneity of repolari/ution
(dispersion), which can be located across the ventricular wall and/or between the
ventricles.*''' It has been proposed that these transmural or interventricular differ-
ences result, at least partly, from differences in relative densities of the K' outward
currents.'""'•' These intrinsic differences in action potential duration can become
more pronounced during bradycardia, class- III drug administration and/or under
pathological conditions such as hypertrophy and heart failure.**'''^*" The only drug
which has been reported to decrease dispersion along with a low incidence of clinical
TdP is amiodarone, a drug with multiple actions."''^"

Therefore, early screening for proarrhythmogenic properties of drugs in well-
characterized animal models becomes mandatory. The dog with chronic complete
AV block (CAVB) shows a high incidence of acquired TdP, caused by ;> number of
adaptive processes including electrical remodeling, and has proven to be a suitable
model to screen antiarrhythmic drugs .^

Many new antiarrhythmic drugs, blocking specifically the fast component of the
delayed rectifier channel, I«,., have been related to the occurrence of T d P . ' - ^ ' It has
been speculated that drugs, which target multiple channels increase the action poten-
tial more homogeneously thereby reducing the risk of TdP (e.g. amiodarone). ""-^

Azimilide (Figure 1) is a channel blocker of IK,, 1^, I(;_,| and IN»I^"''^ and as
such could be expected to prolong action potential duration more homogeneously
than selective I|<r channel blockers. Thus, we investigated whether a/imilidc had
distinct (proarrhythmic) actions in the electrically remodeled CAVB heart in
comparison to the specific I ^ channel blocker, dofetilide.

METHODS

Animal handling was in accordance with the 'Dutch Law on Animal Experimenta-
tion (WOD)' and the 'European Directive for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes (European Union Directive
#86/609/CEE)'. The experiments were approved by 'The Committee for Experi-
ments on Animals (DEC)' of Maastricht University, The Netherlands.
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Azimilide

N—CH,

CH,SO,NH

NHSOjCH,

Dofetilide
Figure 1 -Structural formula of azimilide and of the specific 1̂ , channel
blockcr, dofetilide.

GENERAL

A total of 47 experiments in 20 anesthetized mongrel dogs were performed under
aseptic conditions. All animals were studied during sinus rhythm while a subset of
12 dogs was subjected to AV block as described below. After overnight fasting, anes-
thesia was induced by 1) premedication i.m. (1 ml/5 kg: 10 mgoxycodon HC1, 1 mg
acepromazinc, and 0.5 mg atropine sulphate) and 2) sodium pentobarbital IV (20
mg/kg, Nembutal, Sanofi-Syntheiabo). The dogs were artificially ventilated (Dräger,
Lübeck, Germany) through a cuffed endotracheal tube at a respiratory rate of 12-14
per minute, using a mixture or oxygen, nitrous oxide (40/60%) and halothane
(vapor concentration 0.5%-l%). Tidal volume was adjusted (10-15 ml/kg) to main-
tain the end-expired carbon dioxide concentration between 3.5 and 4 %.

A thermal mattress was used to maintain body temperature. During the experi-
ment, the dog received 0.5-1 L 0.9% NaCl through the cephalic or saphenous vein
to prevent volume depletion. This line was also used to administer drugs.

Proper care was taken before and after the experiments, including use of antibi-
otics (1000 mg ampicillin) and analgesics (0.015 mg/kg i.m. buprenorfine).

A 6-lead surface t'CG and 2 endocardial monophasic action potentials (MAPs)
were recorded simultaneously and stored on hard disk. Franz' MAP catheters (EP
Technologies, Sunnyvale. CA, USA) were placed endocardially, under fluoroscopic
guidance, in the left (IV) and right ventricular (RV) cavity. The signals were ampli-
fied with a customized isolated DC-coupled differential amplifier at a frequency
range of 0-500 Hz with a 20 mV calibration pulse. The offset of the amplifier is vari-
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able and can be adjusted to the recorded signal. MAP phases were defined according
to the definitions used for transmembrane potentials,-^ where amplitude has been
defined as the voltage difference between phase 2 and 4 of the MAP signal. Besides
minimal amplitude of 15 mV, the MAP has to have a stable configuration and a
smooth shape to be acceptable for measurements.

The ventricular effective refractory period (VERP) was determined incremen-
tally at twice the diastolic threshold by giving an extra stimulus in stops of 5 ms
during steady state pacing from the RV MAP at a cycle length of 350 ms.

DRUG DOSAGES

Azimilide and dofetilide were provided by Procter & Gamble Pharmaceuticals,
USA. Azimilidc was dissolved in a phosphate buffer solution, while dofetilide was
diluted in a 0.9% NaCl water solution. All dosages were given in 5 minutes.

To select the appropriate drug dosage we searched initially for the reported
antiarrhythmic efficacy, defined as ± 50% prevention or termination against airial
fibrillation or pacing-induced ventricular tachycardia after myocardial infarction in
canine arrhythmia models.' ' '- ' ' The dosages selected (0.05 mg/kg dofetilide (n - 8)
and 10 mg/kg azimilide (n = 8) increased the corrected Q T time (QT,_) by 24% and
27%, respectively. This Q l \ lengthening exceeds our desired range of Q'I\. increase
of 15 ± 5%, which is based on the fact that most class III drugs have different sensi-
tivities for atrial versus ventricular tissue, the atrial-cffcctivc antiarrhythmic dose
being lower than the ventricular one.^' As atrial fibrillation will often be the clinical
arrhythmia to treat, screening for TdP should be based primarily on atrial effective-
ness. For that reason the dosages were adjusted to 0.025 mg/kg for dofetilide and to
5 mg/kg for azimilide and retested in two groups of 6 dogs, 8 of which also partici-
pated in the first determination (see Results). The latter dosages increased Q'l^ by
13% for azimilide and 19% for dofetilide.

TDP EXPERIMENTS IN CAVB DOGS

Twelve of the above dogs were subjected to the creation of AV block by
radio-frequency ablation.^' One dog died during the AV-block procedure and 1
during the first week after the procedure. An endocardial lead (StimTine ISP 13B
8F; Vitatron Medical, Dieren, The Netherlands) was positioned in the apex of the
right ventricle via the external jugular vein.

After the AV-block operation the animals temporarily received a pacemaker for
24 h. The heart was paced from the right-ventricular lead at about 50-60 beats/
minute, and the pacemaker was placed externally in a purpose-designed jacket.
To confirm persistence of CAVB, ECGs were recorded every week. After 4 weeks of
CAVB, the dogs reach a steady state in their different remodeling processes.-" There-
fore, TdP screening was started after 4 weeks in the remaining 10 dogs, in a random
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crossover design in which the experiments were performed >one week apart. Five
dogs received azimilide (5 mg/kg) in the first experiment. If TdP occurred during
the drug administration, the infusion was stopped.

DATA ANALYSIS

Applying a custom-made computer program (ECG View), with a resolution of 2 ms
and adjustable gain and time scale, we measured the following parameters off-line:
RR interval length, QT time in lead II, and the duration of the LV and RV MAP
(MAPD) at 100% of repolarization. From these measurements, the interventricular
dispersion of repolarization (AMAPD) was calculated, defined as LV MAPD minus
RV MAPI). QT,_ was calculated using the Bazett formula." All the electrophysio-
logical measurements were performed at the "maximal" effect of the drug. To deter-
mine this moment of maximal effect, we tested the temporal electropharmacological
behavior of 4 dogs in each group.

MAPs were also recorded to visualize early afterdepolarizations (EADs), which
were defined as an interruption of the smooth contour of phase 2 and/or phase 3 of
the action potential duration in either MAP.^ The occurrence of (triggered) ven-
tricular ectopic beats and spontaneous TdP was monitored before and after drug
administration. TdP was defined as a polymorphic ventricular tachycardia of at least
5 beats, characterized by an onset with abnormal QT prolongation and/or abnormal
TU complexes, the electrocardiographic configuration of a progressively changing
ventricular axis and spontaneous termination with the exception of rare degenera-
tion into ventricular fibrillation.''* A dog was defined to be inducible for TdP when
the arrhythmia occurred £ 3 times spontaneously. In the case of ventricular fibrilla-
tion, cardiovcrsion was applied through patches on the thorax, which had been
placed in advance.

STATISTICS

Pooled data are expressed as mean ± standard deviation. Intergroup comparisons of
the dosage determination were performed with unpaired Student's t-test, whereas
serial comparisons in the C-AVR experiments were performed with paired Student's
t-tcst. The time-dependence study statistical analyses were done with a Friedman
2-way analysis of variance (ANOVA) with a post-hoc Bonferroni t-test. Values of P
< 0.05 were considered significant.
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RESULTS

ELECTROPHYSIOLOGICAL EFFECTS OF AZIMILIDE AND DOFETILIDE IN

ANESTHETIZED DOGS DURING NORMALLY CONDUCTED SINUS RHYTHM

The baseline electrophysiological parameters were similar in the rwo sinus rhythm
groups (control, left pan of Table 1). The time-dependent effects of dofctilidc and
azimilide on QT time can be seen in Figure 2: the maximum QT time effect was
reached 10 minutes after the start of the infusion. Therefore, we chose to repon all
the electrophysiological values for this moment (t = 10 min. Table 1).

Both dofetilide and azimilide caused a significant increase in RR interval, Q T ^
duration. LV MAPD, RV MAPD and VERP (Table 1). As a result of the more
pronounced effect on the LV MAPD compared to the RV MAPD, the AMAPD
doubled after both drugs, but became significant only for a/.imilide (from 1S t S to
40 t 20 ms, P < 0.05, Table 1). A representative example of the elect rophysiological
effects of azimilide is given in Figure 3, panels 1 and 2.

When the rwo drugs are compared, it appears that at the dosages used, dofeti-
lide is more potent than azimilide: e.g. dofctilidc increased QT, time by 1')% while
azimilide produced a 13% increase. During sinus rhythm no arrhythmogenic activi-
ty was seen during or after infusion of the drugs.

Table 1 - Comparison of dofetilide (0.025 mg/kg) and azimilide (5 nig/kg) in sinus rhythm dogl (n-6)

RR

QT

QT,

LV MAPD

RV MAPD

AMAPD

VERP

RR

QT

QT,

LVMAPD

RV MAPD

AMAPD

VERP

roam,/

525± 130

235 ± 30

325 ± 15

205 ± 15

190 ± 15

1 5 ± 5

160 ± 15

r<mm>/

505 ± 75

245 ± 25

345 ± 20

215 ±25

200 ± 25

1 5 ± 5

180 ±20

675 ± 155*

315 ± 45 *

385 ± 30 '

295 ± 50 *

260 ± 35 '

35 ±20

200 ± 25 *

625± 110 *

310 ± 3 5 *

390 ± 1 5 *

275 ± 50 '

235 ± 35 '

40 ± 20 '

200 ± 20 *

%

29

35

19

43

37

125

26

%

24

26

13

27

19

140

11

Values in ms and mean ± SD; * P<0.05 drug w control
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Figure 2 - Time-dependence ot the QT time changes following azimilide (5 mg/kg/5 min) and dofcti-
lide (0.025 mg/kg/5 min) during sinus rhythm. The drugs act very similarly to prolong repolarization
time. The maximum QT effect was reached 10 minutes after the start of the infusion. After this time,
there w.is a small decline to still significantly elevated values that remained stable over the observation
period of 30 min. * l> < 0.05 i« t - 0 (ANOVA)

1420± 225

400 * 65

335 i 50

370 ± 80

315 i 65

SS t 25

Table 2 Comparison of dofetilide (0.025 mg/kg) and azimilide (5 mg/kg) in CAVB dogs (n-9)

ivwr«/ d'o/rt/V/d^ %

RR 1360 ±315 1575 ± 3 7 5 ' 17

QT 405 ±65 505 ± 9 5 ' 25

QT 350 * 60 405 ± 70 * 17

IV MAPI) 365 ± 60 490 ± 90 * 34

RVMAPD 310 ±45 380 ± 8 0 ' 23

AMAPP 55 ± 2 5 110 ± 2 5 * 100

lYmrrW

RR
QT
QT.
IV MAPP
RVMAPP
AMAPP

1575 ±290'

500 ± 85 '

400 ± 55 '

500 ± 110'

390 * 85 '

110 t 50'

11

26

19

36

22

100

\'.iliuA in MI-, .uul mean t SO; » IVO.0^ diui; i mtrol
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Figure 3 - EfFect of azimilide (5 mg/kg/5 min) during sinus rhythm and chronic complete AV block
(CAVB) in the same dog. In all panels, lead II of the surface ECG and 2 monophasit-action potential
catheters (MAP) in both the left ventricle (LV) and right ventricle (RV) arc shown at a paper speed of 10
mm/s. In panel 1, the baseline situation during sinus rhythm (SR) is shown: the intcrvcntricular disper-
sion is minimal (15 ms). Ten minutes after azimilide administration, RR as well as QT time, IV MAP
duration (LV MAPD), RV MAP duration (RV MAPI», and AMAPD (i.e. LV- minus RV Mfil'I)) have
all increased (panel 2). At 4 weeks CAVB, bradycardia is clearly visible and accompanied by an increased
QT time. LV- and RV MAPD. The AMAPD is 35 ms (panel 3). After azimilide, RR and QT time
increase further, LV MAPD increases more than the RV MAPD leading to a considerable AMAPD of 80
ms. A short-long-short sequence of ventricular ectopic ventricular beats initiates a TdP arrhythmia
which in this case terminated spontaneously.

ELECTROPHYSIOLOGICAL AND PROARRHYTHMIC EFFECTS OF AZIMILIDE AND

DOFETILIDE DURING CAVB

Of the 10 anesthetized dogs tested initially after 4 weeks of CAVB, 1 animal showed
arrhythmias prior to drug administration and was therefore excluded from this
study.

In Figure 3, we show the electrophysiological adaptations (electrical remod-
eling) caused by CAVB (panel 1 sinus rhythm versus panel 3 CAVB at baseline).
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SR+drug CAVB CAVB+drug

Figure 4 - Changes in intervemricular dispersion (AMAPl) on vertical axis) are illustrated under 4
diflercnt circumstances for dofctilide and a/.imilidc. During sinus rhythm (SR) the AMAPD was
minimal and increased after drug administration. After chronic complete AV block (CAVB), the
AMAI'D increased to about 50 ms and showed a further marked increase after drug administration. A
similar Tdl' incidence for both drugs was seen.*, P < 0.05 rj sinus rhythm and #, P < 0.05 CJ CAVB.

As expected, the baseline values for the dogs tested, serially at CAVB, were
similar (Table 2, left panel). Before drug administration, no arrhythmic activity
(EADs or ventricular cctopic activity) was observed. Because TdP often occurred
before the end of the dose regimen, we decided to determine all electrophysiological
parameters immediately before the TdP arrhythmia (mean: 180 ± 60 s). For those
dogs not showing TdP, the measurements were taken at a similar time (t = 3 min,
Table 2).

Dofetilide and a/imilide prolonged all repolarization parameters equally,
including AMAPl) (Figure 3, panels 3 and 4 and Table 2). After either drug, EADs
developed in all experiments, while in the majority of dogs, single- and multiple
ventricular cctopic beats occurred (Figure 3): 8 of 9 dogs for dofetilide and 7 of 9
dogs for .i/imilide (not significantly different). Interaction of this ectopic activity,
often in the short-long-short sequence (Figure 3), along with the considerable
AMAPD (e.g. 110 ± 50 ms with azimilide. Table 2 and Figure 4) evoked TdP repro-
ducibly (Figure S). TdP incidence was not different for the two drugs and occurred
in (> of 9 dogs after dofetilide and in S of 9 dogs after azimilide (Figures 3-5).
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Figure 5 - Reproducible TdP with azimilide (5 mg/kg/5 min) during chronic complete AV block
(CAVB). A 5-pancl figure of lead II at a paper speed of 10 mm/s demonstrates the events after adminis-
tration (in minutes) of azimilide in the CAVB dog. Panel I shows the control situation. As early as 1 '/i
min after the stan of azimilide administration, ventricular ectopic activity developed (panel 2) which was
followed by the reproducible initiation of life-threatening TdPs, all terminating spontaneously (panels 3
to 5).
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When we compare the elcctropharmacological response to azimilide at sinus
rhythm versus CAVB, AMAPD increased from 15 ± 5 ms to 40 ± 20 ms during
normal sinus rhythm and from 55 ± 25 ms to 110 ± 50 ms when the drug was given
at CAVB (Figure 4).

DISCUSSION

In the present study, we found that 0.025 mg/kg dofetilide and 5 mg/kg azimilide
possessed similar ventricular electrophysiological and proarrhythmic effects in anes-
thetized CAVB dogs.

Dofetilide acts specifically on the IK, channel while azimilide has multiple
channel blocking properties (I«r. IK,» Ĉal. and IN, channels).^* Dofetilide
(Tikosyn™) is approved for clinical use in the USA for conversion of chronic atrial
fibrillation and maintenance of normal sinus rhythm while azimilide is still under
clinical investigation.^"'

The Survival With ORal D-sotalol (SWORD) and DAnish Investigations of
Arrhythmia and Mortality On Dofetilide (DIAMOND) trials, revealed that agents
blocking specifically the I|<r channel do not reduce overall mortality.''- These disap-
pointing results can probably be attributed to the increased risk of proarrhythmia,
notably TdP. TdP arrhythmias are generally believed to be dependent on a substrate,
dispersion in action potential duration, and a trigger, EAD-dependent triggered
activity.'''' Selective I|<, channel blockade is thought to aggravate the dispersion in
action potential duration and facilitate the occurrence of EADs.̂ -"•*-*•'•* These EADs
can give rise to triggered ectopic activity, setting the stage for TdP.'''

In contrast, a multiple channel blocker like amiodarone increases the action
potential duration without causing dispersion of repolarization and is rarely associ-
ated with TdP."' '^ It is suggested that the low incidence of TdP with amiodarone is,
at least partly, related to its I<,,i channel blocking properties, which channel is
considered to play a major role in F.AD formation.•^••'" In favor of this line of
thinking is the fact that drugs which block simultaneously the IK channel and
channel, prolong the action potential duration without the occurrence of TdP.

Azimilide blocks, in addition to the l^i channel, the 1^ channel.-•'•-* It has been
speculated thai (additional) I«s channel blockade may have antiarrhythmic proper-
ties during faster heart rates and an enhanced sympathetic tone, when the IK,
channel is believed to play an important role in aggravating dispersion of repolariza-
tion.»' •»'

THE CHRONIC COMPLETE-AV BLOCK DOG

To test for the proarrhythmogenic potential of antiarrhythmic drugs, the adrenergi-
cally stimulated rabbit and various dog preparations have been used as animal
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models.'-'*•** The CAVB dog model has been well characterized for its specific
structural, contractile and electrical adaptation processes, in short, compensated bi-
ventricular hypertrophy occurs in time, which is accompanied by nonhomogeneous
increases in endocardial MAPD, leading to a higher AMAPD. Whereas the diffe-
rences in ventricular MAPD arc small during sinus rhythm, AMAPD increases
considerably after CAVB (Figure 4).

On the ion-channel level, the increase in action potential duration can bo attrib-
uted, at least partly, to a downregulation of the IK in the model.'" An jfiected IK has
been implicated in congenital long QT syndromes,'*'' and has been reported for
patients with organic heart disease, such as congestive heart failure.'*''"' The latter
may explain the apparent increased risk for drug-induced TdP among those individ-
uals.''"-'"' As such, the model is very suitable for demonstrating that a drug would
produce an adequate lengthening of QT time without creating dispersion of
rcpolarization.

Scverai antiarrhythmic agents have been tested in this model,'*'' all showing an
increase in AMAPD, which was associated with a TdP incidence ranging Irom
50-65%. Because the electrical adaptations have been stabilized after 4 weeks of
CAVB,'' drug testing can be performed serially in the same dog, as we have done in
this and a previous study.**

Both azimilide and dofetilide had pronounced effects on QT<, LV MAPD, and
RV MAPD (Table 2). AMAPD (Figure 4) increased by lengthening the LV MAPD
more than the RV MAPD. Both drugs caused TdP, preceded by single- and
multiple-ventricular ectopic beats, often in the short-long-short sequence. The
short-long-short sequence is an important contributor in augmenting the dispersion
and initiating TdP, as we recently described.''^ The electrophysiological effects of
the drugs described in Table 2 can be an underestimate because, in most animals, the
infusion was stopped prematurely due to occurrence of TdP.

The results imply that the nonselective ion channel blockade provided by
azimilide is not preferable to the use of the selective I«r blocker dofetilide in the
CAVB dog model. For this finding several explanations could be offered: 1) the fact
that azimilide did not prevent EADs and related ventricular ectopic beats would
suggest an insufficient ICL channel blockade by the drug, 2) blocking the IKJ
channel could be beneficial especially during the several episodes of rate switches,
ventricular ectopic beats, which occurred after infusion of the drug. However, it is
not clear to what extent azimilide can still favorably block this channel in the CAVB
dog in which the I|<s is significantly downregulated,'" and 3) azimilide blocks the
multiple ion channels with different potencies (e.g. IC50 I«r 0.4 (imol / L and I«* 3
(lmol / L) which could imply no, or less, effect on certain ion channels with the
present dosage.^-^

To assess the possible beneficial role of less specific ion channel blockers versus
specific IK, channel blockers in the CAVB dog model, a proven antiarrhythmic agent
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with minimal proarrhythmic adverse effects, such as amiodarone, should be tested in
order to examine the validity of the model.

CONCLUSION

Azimilide and dofetilide at doses, which provide similar electrophysiological effects
cause a similar high incidence of TdP in dogs with atrioventricular block and remod-
eling.
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ABSTRACT

/- In large mammals and humans, the contribution of 1 ^ to

ventricular repolarization is still incompletely understood.

A/rt/Wf <zn^ /?««/«: Cellular and in-vivo electrophysiological experi-

ments were performed to study I^j in canine ventricular repolarization.

Activation of I«, was restrained by the voltage and time domains of the

action potential (AP), although at seconds-long depolarizations the

current was substantial. Accordingly, IKJ block by chromanols 293B

and HMR 1556 did not significantly prolong AP duration (APD) at

fast or slow steady-state pacing rates. Sudden rate increases could

promote I«i accumulation due to incomplete deactivation, but only if

coupling intervals were very short. 1 ^ block did exaggerate repolariza-

tion instability by I«, block, with further prolongation of APD.

Isoprotcrcnol increased and accelerated I«.< activation to promote AP

shortening. This shortening was partially reversed by 293B and HMR

1556. In-vivo administration of HMR 1556 caused substantial dose-

dependent QT prolongations (65 ± 15% at 30 mg/kg/ PO HMR

1556) with broad-based T waves in conscious dogs. Such repolariza-

tion effects (HMR 1556 and 293B) were significantly blunted during

halothane and/or pentobarbital anesthesia.

Cwf/wwnj; We conclude that under baseline conditions in ventricular

myocytcs unstimulated Î s does not contribute significantly to repola-

rization. However, I«, becomes prominent during I«r block when it

limits repolarization prolongation and instability by timedependent

activation, and during (s-adrenergic receptor stimulation when it

promotes AP shortening by increased activation. Our combined cellu-

lar and in-vivo data highlight the importance of Î s function for ventri-

cular repolarization and indicate the synergism between an intact basal

I«» and a balanced sympathetic nervous function.
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INTRODUCTION

In large mammals and humans, the contribution of IK» to the ventricular action
potential (AP) is still unclear. In voltage-clamp studies IK> appears as a large outward
current during seconds-long depolarizing pulses. IK» deficiencies in the lunn.in
congenital long-QT (LQT) syndromes 1 and 5, and in the Jcrvcll and
Lange-Niclsen syndrome arc often associated with abnormally long QT intervals.
Acquired QT prolongation (e.g., in cardiac hypertrophy or failure) is often .mended
by a downregulation of I&.'' Finally, some studies with the I^-blocking drug
chromanol 293B (293B) show AP prolongation in the rabbit, dog and human.
These data indicate that 1^ has a dominant role in repolarization.

On the other hand there is evidence that in rabbit, dog and human IK, functions
predominately as a safety factor that enhances rcpolarization during AP prolonga-
tion (by other causes than IKI block). Support for this comes from voltage-clamp
studies in canine ventricular myocytes in which 1 ,̂ is little activated during AP
commands of normal duration. Accordingly, the [^-blocking drugs indapamide,
293B, ' andL-735,821 ' do not prolong canine and rabbit ventricular AP du-
rations (APDs) at baseline. Discussions on these data and their implications are
vivid. '" A safety-factor role emerges also from studies on IK, in canine cardiac Pur-
kinje cells. Without ß-adrenergic receptor stimulation, IK, contributes little to the
repolarization of these cells. However, ß-adrenergic enhancement of I^ provides an
important braking function that limits AP prolongation by the action of other
currents.

Given these paradoxes in the understanding of I^ we performed cellular and
in-vivo electrophysiological experiments in dogs to better determine the importance
of this K* current for ventricular repolarization. I^ was quantitatively assessed in
conditions relevant for the AP, both at baseline and during specific pacing protocols,
AP prolongation and ß-adrenergic stimulation aimed at enhancing IK,. Pharmaco-
logical IKS block was applied in conscious and anesthetized dogs.

MATERIALS AND METHODS

Animal handling was in accordance with the 'Dutch Law on Animal Experimenta-
tion' and the 'European Directive for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes (86/609/EU)'. The experiments were
approved by the Committee for Experiments on Animals of the Maastricht Univer-
sity. Fifty adult mongrel dogs of either sex weighing between 18 and 37 kg were used
for the experiments.
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CELLULAR EXPERIMENTS

Anesthetized dogs received heparin IV upon thoracotomy. The hearts were quickly
excised and washed in cold cardioplcgic solution. The procedure for isolating
ventricular midmyocardial cells, by coronary-artery cannulation and perfusion with
collagcnase, was the same as described earlier. Microelectrodes for transmembrane
potential recordings had resistances of 30 to 60 MQwhen filled with 3.0 mol/L KC1.
Intracellular pacing was done at various cycle lengths (CLs). Whole-cell currents
were measured using patch pipettes with resistances of 1.0 to 3.0 Mflwhen filled
with internal solution. Experiments were performed at 37 ± 1°C, in total on 83 cells
from 31 dogs.

The standard-buffer solution used for the experiments was of the following
composition (mmol/L): NaCI 145, KC1 4.0, CaClj 1.8, MgCl; 1.0, Na^PCX* 1.0,
glucose 11, HEPES 10, pH 7.4 with NaOH at 37°C. The patch-pipette solution
contained (in tnmol/L): potassium aspartate 125, KC1 20, MgCU 1.0, MgATP 5,
HEPES 5, F.GTA 10. pH 7.2 with KOH. Almokalant (kindly provided by Astra-
Zeneca, Inc. Moindal, Sweden) was dissolved in the superfusate as needed. Isopro-
terenol was first dissolved in distilled water containing 30 umol/L ascorbic acid, kept
in the dark and at 5°C until use. 293B and HMR 1556 were dissolved in dimethyl
sulfoxidc (DMSO) as 100 mmol/L stock solutions and diluted in the superfusate to
achieve a final concentration immediately before each application. The final concen-
trations of DMSO (maximally 0.1%) in the superfusate had no measurable effects
on ion currents and APs.

IN-VIVO STUDIES

For studies in conscious dogs aliquots of HMR 1556 were packed in gelatin capsules
or suspended in 0.5% hydroxyethylcellulose, and fed to the animals in the morning
after overnight fasting. ECXJ monitoring was done with 24-hour Holier recordings
and/or standard-lead ECGs at regular intervals before and after oral drug administra-
tion.

For studies under anesthesia, dogs received premedication (1 mL/5 kg: 10 mg
oxycodonc HCX 1 mg acepromazine, and 0.5 mg atropine sulfate IM) and sodium
pentobarbital (20 mg/kg IV) after overnight fasting. Animals were artificially venti-
lated with a mixture of oxygen, nitrous oxide (40% / 60%) and halothane (0.5% to
1% vapor concentration). A thermal mattress was used to maintain an adequate
body temperature. To determine a possible influence of halothane on the repolariza-
tion during in-vivo lj^ inhibition, IV sodium pentobarbital was used as a substitute
anesthetic. Aliquots of HMR 1556 and 293B were dissolved in 0.25 mL DMSO and
then further diluted in 1.75 mL polyethylene glycol 400 immediately before IV
administration. The vehicle solution did not exhibit electrophysiological effects.
Standard 6-lead ECXls, and left (LV) and right-ventricular (RV) endocardia! mono-
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phasic AP (MAP) recordings were obtained throughout these experiments. Dogs
were studied during sinus rhythm or programmed electrical stimulation from the
right atrium. Acute complete atrioventricular block was created by radiofrequency
ablation of the region with His potentials.

PLASMA ANALYSIS OF 293B AND HMR 1556

Concentrations of 293B (MW 324.4) and its first metabolite S88-1690 (MW
310.4), and of HMR 1556 (MW 411.3) in venous plasma were determined after
solid-liquid extraction using Extrclut^ cartridges (Merck & Co, Inc. White-house
Station, NJ) and dichloromethane. Following evaporation of the organic phase, the
samples were redissolved using 20% mcthanol in water and analyzed by reversed
phase-high performance liquid chromatography with UV detection.

STATISTICS

The data are expressed as mean ± SEM. Intergroup comparisons were made with the
Student's t-tcst for unpaired and paired data groups, after testing for the normality
of distribution. Multiple groups were analyzed by 1-way ANOVA. Differences were
considered significant if P < 0.05.

RESULTS

IKS BLOCK BY 293B AND HMR 1556 FAILS TO PROLONG CL-DEPENDENT APD

IN SINGLE CANINE VENTRICULAR MYOCYTES AT BASELINE

Figure 1A shows that 100 umol/L 293B inhibited all time-dependent activating
and tail currents in canine ventricular myocytes. Concentration-response studies on
I|O tails (Figure IB) yielded that IC50 = 8 umol/L and 65 nmol/L for 293B and
HMR 1556, respectively, thus confirming that HMR 1556 is a more potent I«*
blocker than 293B."*

Increasing concentrations of 293B (3, 10, 30 and 100 umol/L) or HMR 1556
(100, 300 and 500 nmol/L) were applied on single-cell APs at various pacing CLs.
AP configurations remained unaltered at 3 and 10 umol/L 293B, but a slight loss of
the notch occurred at 30 umol/L, consistent with I-j-o inhibition. Complete loss of
the notch, triangulation of the AP and aspecific APD responses were observed at 100
umol/L. No AP changes were observed with HMR 1556. In Figure 1C, the APD at
95% of repolarization (APD95) is plotted against CLs from 300 to 2000 ms during
superfusion with 30 umol/L 293B (i.e. > 3 X IC50 for IK, block) and 500 nmol/L
HMR 1556 (> 7 x IC^o). Mean APDs remained unaltered at all CLs. Fast-pacing-
dependent shortening of the APD was maintained.
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/«» block by chromanols 293B and HMR 1556
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Figure 1 - 1̂  block by 2'>3R .uid HMR 1SS6 fails to prolong APD in single canine ventricular
midiuyocytes. A. Left panel shows full block of time-dependent 1̂  activation (-20 to 50 mV) and tail
currents (-2S mV) by 100 pmol/L 293B in 0 IK'),,. Horizontal and vertical calibration bars indicate 1 s
and 2V) pA, respectively, lower left horizontal bars. 0 pA. B. Concentration-response curves for the
blockingeffectsof 2'>3B (!C... - 8 umol/L) and HMR 1 *)S6 (IC^, = 65 nmol/L) on I, tails. C, APD,, /CL
relations at baseline and during 1̂  block in normal superfusate (high-resistance microdectrodes
containing 3 mol/L KC1). Clpen bars indicate baseline. Values are means t SEM of 12 myocytes.
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Next, we evaluated the effects of IKJ block after AP preprolongation with the I^t
blocker almokalant (1 umol/L; Figure 2 for CL 2000 ms), assuming that during a
longer AP more 1^ is activated. Whereas 293B did not change the APD,
almokalant increased it significantly from 293 ± 2 to 374 ± 4 ms (t 28%) at ("I. S00
ms, and from 353 ± 2 to 813 ± 21 ms (• 130%) at CL 2000 ms. The addition of
293B exaggerated the repolarization instability and further increased APD from 374
to 398 ± 19 ms, and from 813 to 1120 ± 100 ms at the same CLs (P < 0.05 for both).
Early aftcrdcpolarizations were frequently seen under these circumstances. Similar
observations were made at CL 1000 ms. Poincarc" plots of APD.>s (beat n / n-1;
Figure 2C) showed narrow clustering of the data points at baseline, increased devia-
tions from the line y = x during almokalant, and more complex polygons during
almokalant plus 293B. These effects were reversible on washout.

To directly compare I^ and 1 ,̂ in individual cells, 293B-scnsitivc and almoka-
lan-tsensitive outward currents were examined during (APD-rclcvant) short
depolarizations (V,„,) of 300 ms. Examples are shown in Figure 3A. At normal
external K* concentration ([K*]o). Ikt activation reached maximal amplitudes of 93,
114 and 131 pA at V,„, 0, 20 and 50 mV within tens of ms. At these V,„,, IK,
reached maximal amplitudes of 23, 132 and 488 pA, respectively, but only at the
end of 300-ms depolarizations. IV relations at 50 and 100 ms are plotted in the right
panels of Figure 3A. In Figure 3B voltage- and time-dependent activation of 1^ is
shown for 31 cells in 0 [K*]Q- The arrow indicates that at 300-ms duration no signif-
icant IKJ is generated at voltage steps (V,„,) < 10 mV. However, at 3000-ms duration
it was 0.4 ± 0.1 pA/pF in these same cells. The time course of full activation of I«,
could be measured during 5000-ms V,„, to 20 mV. Half-maximal activation time
was 702 ± 59 ms. Half-times for deactivation were voltage dependent and decreased
from 333 ± 27 ms upon repolarization to -10 mV to only 40 ± 5 ms at -80 mV,
consistent with previous data.

IKS ACCUMULATION

We examined whether a sudden increase of the pacing rate could promote I|<j accu-
mulation on the basis of incomplete deactivation thus leading to APD shortening.
Voltage-clamp conditions were designed to quantify the effects of depolarization
duration and interpulse interval during pulses from -80 to 20 mV. Data in Figures
4A and 4B indicate that under baseline conditions, for 100-, 200- and 500-ms
depolarizations, accumulation occurred only at interpulse intervals < 100 ms. To
examine the possibiliry of 1^ accumulation during sudden rate increases in AP
recordings, we applied basic CLs that were interrupted by short-coupled extrasti-
mulus pacing at CLs 300 and 350 ms for basic CL 500 ms, and extrastimuli at CLs
300 and 500 ms for basic CLs 1000 and 2000 ms. In none of these pacing combina-
tions (with diastolic intervals often < 100 ms) did 293B (10 and 30 umol/L) prolong
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alntokalant plus 293B (right upper black bar), with washout periods to show reversibility of effects. C,
Poincare' plots of APD., dara depicted in B.



Probing the Contribution o f \ . to Ventricular Repolarization

57

A I .

•JO
• aw

- f e ^ «JO

1
1
§

s
/ I
//

40 aV

4 0 "V

•ISO ma aMOOmo

• M O M « « 40 0 M • 00
n*» (too •«•'•*) TM* (100 •» ' • * )

B Vortag«- and Üm«-d»pendent activation of /*

Activation at 300 n» AdtMOon at 3000 mo

Figure 3 - Voltage- and time-dependent activation of I,. A, left panels show I, (.ilmok.il.ini sensmve
difference current; 1 uniol/L) versus 1̂  (293B-scnsitive ditlercncc current; 30 uiuul/L) during 300-ms
depolarizations in 4 mmol/L [K'],,. Thick solid lines are exponential fits for deactivation after V,, to 20
mV. Right panels, IV relations of the same currents at SO and 100 ms. B, 1̂  -density-V relations in 0
[K'],,. Time-dependent outward-current amplitudes were measured relative to their (close-to-)/.cro level
at 100 ms. The arrow indicates that, for clamp pulses of 300-ms duration, no significant I, was generated
if V„, < 10 mV. Right inset, voltage-clamp protocol. Values arc means ± SEM of 31 cells.

the APD of the extrastimulus beats. Representative examples for basic CL 2000 ms
are shown in Figure 4C.

IKS ENHANCEMENT BY ß-ADRENERGIC RECEPTOR STIMULATION

IKJ was markedly enhanced by isoproterenol, as shown previously in ventricular
myocytes of rabbit and guinea pig, and in canine cardiac Purkinje cells. Figure
5 shows time- and voltage-dependent activation during 100 nmol/L Compared to
baseline, half-maximal activation time decreased to 510 ± 67 ms (P < 0.05).
Isoproterenol even enhanced I^ during very short pulses of 100 ms when hardly any
current had been measurable at baseline. In the example of Figure 5B the outward-
current amplitude at the end of the 100-ms depolarization increased from 535 to
710 pA, whereas the tail more than doubled from 40 to 100 pA. Enhancement and
acceleration modified I^ such that for 300-ms pulses significant current amplitudes
were reached at V,„, < 0 mV (Figure 5C). Isoproterenol-enhanced 1«̂ , could be
completely inhibited by 293B, as shown in Figure 5D. Conversely, isoproterenol
could enhance 293B-inhibited I«j, but only if there was residual current > 0.
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and the first (S2-1) and fifth (S2-5) extrastimulus AP. No significant extrastimulus AP prolongation is
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In AP recordings isoproterenol (20 or 40 nmol/L) increased plateau V„,, with
no significant changes of the resting V,,,. Plateau elevations were maximally 12 mV.
Isoproterenol prolonged APD at V„, > 0 mV, whereas the APDqs was shortened at
these concentrations. By the administration of 293B (10 and 30 umol/L) or HMR
1SS6 (100 and S00 nmol/L) this shortening was partially reversed, most notably at
the slow pacing rates (see Figures 6A and 6B). Invariably, the AP-prolonging effects
of IK» inhibition manifested at the end of the plateau, i.e. > 100 ms after the
upstroke, and they were statistically significant for APD»>s (Figure 6B). During iso-
proterenol plus IK, block fast-pacing-dependent shortening of the APD was main-
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Figure 6 - K-Adrcncrgic shortening of the ventricular AP is partly reversed by 1̂ , block. A, Representative
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tained. These data indicated that ß-adrenergic receptor stimulation enhanced I^
directly and via favorable changes of the AP profile.

QT PROLONGATION BY IKS BLOCK IN CONSCIOUS DOGS

In-vivo experiments were performed in 10 conscious dogs to monitor ECC changes
upon single oral administration of HMR 15S6 at 3, 10 or 30 mg/kg. Regular stan-
dard-lead F.CGs (n = 6 dogs) and Holier recordings (n = 4 dogs) were made. As
shown in Figures 7A and 7B, HMR 1556 caused a substantial dose-dependent
prolongation of the Q"l\ interval (Fridericia's formula) within 3 hours of administra-
tion. From a baseline interval of 220 ± 5 ms, maximal QT^ responses at the 3 drug
doses were + 11 ± 1%, • 34 ± 5%, and + 65 ± 15% relative to placebo values. T waves
were broad-based and asymmetrical, and had an unaltered polarity under these
conditions (Figure 7B). P-wave and QRS-complex morphology, and PQ and QRS
intervals did not alter. Similar observations were made after IV administration.
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animals. *, P < 0.05. Data obtained at Centre dc Recherches Biologiqucs, Baugy, France. B, Holter
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1556 was 3.25 umol/L.



62
Chapter 3

conscious premedication pentobarbital

1

i ; • * •

oxycodone
acepromazin«

atropine

20 mg/kg IV

QT208 ma QT 20« ms QT 248 ms

aVR —VTf-v—10K*—

t

halothane
0.5% vapor

QT 248 m«

fen

.
MmV

200 ms

Figure 8 - QT prolongation during transition from conscious to anesthetized state in the dog. I .eft panel,
F.( X • recording (leads 11 and aVK) in standing position at conscious state. Other panels, F.CG in recum-
bent position after prcnicdication with oxycodone, acepromazine and atropinc, and during anesthesia
with sodium pcmoh.irbit.il .mil halothane, respectively. Pentobarbital (20 mg/kg bolus) caused a 19%
QT prolongation (208 to 248 ms) and T-wavc inversion. This pattern was unchanged after the addition
of halothane as the maintenance anesthetic.

Although most dogs tended to develop a slight drop in heart rate during HMR
1S56, this effect was not statistically significant at any dose. After 30 mg/kg the
maximal measured plasma-HMR-15% concentration was 2.68 ± 0.55 umol/L.
Plasma concentrations returned to zero within 24 hours.

E L E C T R O P H Y S I O L O G I C A L EFFECTS OF I V HMR 1 5 5 6 A N D 2 9 3 B I N

A N E S T H E T I Z E D DOGS

By itself, the transition from conscious to anesthetized state caused a significant QT
response, which often exceeded 15% prolongation (see Figure 8). In 16 anesthetized
dogs HMR 1556 or 293B caused much less effect on repolarization than under
conscious conditions. HMR 1556 (1.5 mg/kg/5 min IV; n = 3 dogs) increased the
QIV interval by only 9%. Under these conditions, the sinus-rhythm CL increased
from 605 ± 70 to 690 ±115 ms. while the QT interval prolonged from 260 ± 15 to
300 ± 20 ms. F.ndocardial MAP durations (MAPDs) changed accordingly in the LV
(245 ± 35 to 280 ± 40 ms) and RV (220 ± 30 to 245 ± 30 ms). Plasma analyses reve-
aled a concentration of 2.35 ± 0.24 umol/L after 1.5 mg/kg HMR 1556.
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Figure 9 - Limited QT response by 1̂  block in the anesthetized dog and influence of specific anesthetics.
A, Effects of HMR 1556 (1.5 mg/kg/5 min IV) during sodium pentobarbital (20 nig/kg bolus + 6
mg/kg/hour IV). Shown are the ECG leads II and aVL, and MAI' recordings from the I.V and RV. B,
Same animal one week later, but now during anesthesia with halothane (0.5% vapor after 20 mg/kg
pentobarbital). A and B, HMR 1556 only moderately prolonged the QT interval by 13 and 12% in
pentobarbital and halothane, respectively. When corrected for heart rate, the QT changed by + 10% and
+ 8%, indicating much less response compared to conscious state and little difference between the 2 anes-
thesia regimens. Values in ms.

To determine the influence of specific anesthetics on the repolarization effects
of I|<s block, HMR 1556 (1.5 mg/kg) was applied first during anesthesia with
sodium pentobarbital (20 mg/kg bolus + 6 mg/kg/hour IV; Figure 9A) and one week
later with halorhane (0.5% vapor after 20 mg/kg sodium pentobarbital; Figure 9B).
At sinus rhythm with CLs of 640 and 616 ms, respectively, Q 1 \ changed from 405
to 445 ms (+ 10%; pentobarbital) and from 370 to 400 ms (+ 8%; halothane), indi-
cating little difference between the 2 anesthesia regimens, but confirming the
blunted response to 1^ block. In 13 other anesthetized dogs 293B was administered.
Single or cumulative doses of 1, 2 and 5 mg/kg/5 min IV produced no significant
QT or APD effects during sinus rhythm (see Figure 10) or at pacing CLs of 300, 400
and 500 ms. At 10 mg/kg the QT interval prolonged by 8 ± 1%. During administra-
tion of 1 +2+5 mg/kg (30 min apart), 293B-plasma concentrations rose to maximally
21 ± 2 umol/L (n = 5 dogs; Figure 10), which is > 2x IC50 for in-vitro I«, block.
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sions at cumulative doses of 1, 2 and 5 mg/kg/S min, venous-plasma concentrations of 293B (filled

circles) and its metabolite S88-1690 (open squares) were monitored for 3 hours (lower part of figure).

The maximal pla.\ma concentration measured just after 1 + 2 + 5 mg/kg/5 min was 20.3 umol/L. There

was a relatively rapid decline of 293B levels within •» 30 min after infusion, followed by a phase with slow

decrease. At the latest sample point of 180 min (110 min after last infusion) 293B measured 9 ± 2

umol/L. whereas its metabolite S88-1690 had steadily increased to 5 ± 1 umol/L in plasma. In the upper

part are depicted: sinus-rhythm CL (RR; closed squares), Q T time (filled diamonds), and LV (open
circles) and RV (solid triangles) MAPDs. No significant changes in repolarization parameters were

observed at increasing drug concentrations. S88-1690 has no effect on 1̂  (IC„, > 100 umol/L).

In an attempt to maximally enhance in-vivo 1^ we combined bradycardia,
repolarization preprolongation with 1 ,̂ block and fs-adrenergic receptor stimulation
in the same experiment (see Figure 11). During acute complete atrioventricular
block with fixed-rate RV pacing at RR 1200 ms to maintain a steady-state heart rate,
almokalant and isoproterenol (2 ug/min continuous infusion) were consecutively
administered. Under these conditions, the addition of 293B (5 mg/kg) increased the
QT time from 410 ± 1 to 4"'O ± 2 ms (+1S%). LV MAPD from 370 ± 2 to 415 ± 2
ms (+ 12%), and RY MAPI) from 320 ± 1 to 370 ± 1 ms (+16%).
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Figure 11 — Repolarization-delaying effect of 293B in an anesthetized dog subjected to interventions
aimed at maximally enhancing 1 .̂ First, acute complete atrioventricuiar (AV) block and KV pacing were
applied to achieve fixed-rate bradycardia at a CI. of 1200 ms throughout the experiment. Secondly, the
1̂ , blocker almokalant (0.12 mg/kg/5 min) was administered, which prolonged the QT time from 3H2 to
592 ms and the LV MAP from 316 to 536 ms. Isoproterenol was then infused at 2 ug/min, and this
caused repolarization shortening at maintained CL of 1200 ms (no breakthrough chronotropic effect).
Under these specific conditions IV 293B (5 mg/kg/5 min) caused a repolarization-delaying effect: the QT
time increased from 412 to 472 ms (+ 15%), whereas LV MAP increased from 372 to 416 ms (+ 12%).

DISCUSSION

The results of the present study indicate that: (1) under baseline conditions in
ventricular myocytes adrenergically-unstimulated I|<j docs not contribute signifi-
cantly to repolarization, because its activation is restrained by the voltage and time
domains of the AP. Accordingly, drug-induced I«, inhibition does not prolong the
cellular AP at baseline; (2) 1^ becomes prominent during I«r block when it limits
repolarization prolongation and instability by time-dependent activation, and
during ß-adrenergic receptor stimulation when it promotes AP shortening by
increased and accelerated activation; (3) I«» >S a major contributor to ventricular
repolarization in conscious dogs.
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KINETICS OF I « ACTIVATION PRECLUDE A SIGNIFICANT CONTRIBUTION TO
CELLULAR REPOLARIZATION AT BASELINE

Among the known sarcolemmal K* currents, the slowly-activating delayed rectifier
K' current 1^ has distinctively slow activation kinetics, and a unique pharmacologi-
cal responsiveness, ß-adrcncrgic sensitivity and regional myocardial distribu-
tion. ' In our recordings I|̂ j appeared as a robust outward current during sec-
onds-long depolarizations. Slow activation and rapid deactivation kinetics typically
characterized it. At pulses to 20 mV, half-maximal activation was reached at = 700
ms with little current generated in the first 100 ms of depolarization. Half-times for
complete deactivation were as short as 40 ms at -80 mV (in line with ). Accumula-
tion of IK,, on the basis of incomplete deactivation at the resting V„,, would thus be
expected to occur only at very fast heart rates or short-coupled ES intervals. Indeed
we found that for square-pulse clamps (20 mV) of 100, 200, and 500 ms IKJ accu-
mulated only if the interpulse interval < 100 ms, whereas little or no augmentation
was seen at longer intervals. Short-coupled extrastimulus APs were not prolonged by
293B and neither were the APs at fast steady-state pacing rates. This can be ex-
plained by inferring that in APs, unlike square pulses, the time to repolarize from
maximal plateau amplitudes to resting V,,, (> 200 ms for CLs > 400 ms) is sufficient
tor complete dcactivation of poorly-activated I«*, as shown before. Lu et al made
related observations in a direct comparison of 1^ accumulations in ventricular
myocytes from rabbit and guinea pig. During 3-Hz pacing of 200-ms pulses little
current augmentation was seen in the rabbit with relatively fast deactivation, whereas
in guinea pig (the prototype of species with a large I^s and slow deactivation) accu-
mulation was marked. The finding that 293B left the APD / CL relation unaltered
indicates thai ion currents other than I ^ play a role in reverse-rate dependence in ca-
nine ventricular myocardium. The recent demonstration of fast deactivation kinet-
ics in human ventricular myocytes' underscores the clinical relevance of our data.

Previous studies showed that 293B prolonged the APD of isolated rabbit and
human ventricular myocytes. In both studies repolarization was already affected
during phase 1 of the AP. Given the slow activation of I|^, we believe that this early
AP effect expressed 293B's inhibition of other ion current(s), although we cannot
exclude that block of 1^ later during repolarization contributed to the prolongation.
Other groups reported minimal or no AP prolongation in rabbit ventricular tissue
during administration of L-735,821 or 293B. '

IKS BECOMES PROMINENT DURING IKR BLOCK AND ß-ADRENERGIC RECEPTOR

STIMULATION

In Point-arc" plots of prolonged APDs during 1^, block with almokalant we noted an
exaggeration of repolarization instability when 293B was also added. This strongly
suggested that lime-dependent activation of 1^ is recruited when other influences
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cause excessive AP prolongation. "* Such protective role would be enhanced during
naturally-stimulated or drug-induced 1^ increases.' ß-Adrcnergic receptor stimula-
tion increased and accelerated 1^ activation, so that it became relevant for AP short-
ening. Even during very short clamp pulses of 100 ms, which were generally not
sufficient to activate basal I«,, isoproterenol brought the current to significant ampli-
tude. Infercntially, the isoprotcrcnol-induced AP plateau elevation and AP prolon-
gation at V„, > 0 mV also increased IK»- Consequent shortening of API)«« was partly
reversed by HMR 1556 and 293B, whereas no AP prolongation had been demon-
strable in the same cells at baseline.

Antzelevitch et al provided the important insight that 1^, block combined with
ß-adrenergic receptor stimulation in canine left ventricular wedge preparations
increases transmural dispersion of repolarization and can induce- polymorphic
tachyarrhythmias.' These investigators reported homogeneous prolongations of
transmural APDs by 293B at baseline, '"*' which appears to be in contrast with our
present finding that cellular APs were not prolonged (Figure 1). We assume that in
ventricular wedge preparations residual adrenergic activity remains present for
considerable time after excision of the tissue. For example, norcpincphrinc is
progressively released after > 5 to 10 min of no-flow ischemia and rencrfusion in
excised cardiac tissue of various species,' including human* and dog.' 'Mm could
mean that adrenergically-stimulated, not basal, I ^ is inhibited in wedge prepara-
tions.

SELECTIVITY AND POTENCY OF I K S BLOCKERS 2 9 3 B AND HMR 1 5 5 6

Selective I^-blocking agents have only become available since 1995 (modified
chromanols), 1996 (modified benzodiazepines), and 2000 (modified benzamides).'
In 2 studies, the chromanol 293B inhibited I ^ of guinea-pig ventricular myocytes at
IG;o values of 2.1 umol/L and 1.02 umol/L. Iyo of human ventricular myocytes
was half-maximally inhibited at 24 umol/L, whereas guinea-pig IKP 'KI< 'NJ and I<ai,
were unaffected even at 50 umol/L. Sun et al reported similar values in canine left
ventricular myocytes: 293B blocked IK* with an IC50 of 1.8 umol/L and ITO with an
IC50 of 38 umol/L, indicating a 20-fold selectivity for I«v Concentrations of 30
umol/L did not affect Ii<r> IKI and I(>i. Our present data show a somewhat higher
ICJO of 8 umol/L for I«s inhibition by 293B. The more potent chromanol HMR
1556 blocked 1^ of guinea-pig ventricular myocytes half-maximally at 34 nmol/L,
whereas IK, and IKI were not decreased at 1 umol/L and only slightly (I|<r by 15%) at
10 umol/L. ' The same accounted for rat IJO^ no decrease at 1 umol/L and 25%
inhibition at 10 umol/L. ' These results indicated that HMR 1556 was much more
selective for I ^ than 293B. In canine ventricular myocytes we found an IC^o of 65
nmol/L (this study).
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IKS 15 A MAJOR CONTRIBUTOR TO VENTRICULAR REPOLARIZATION IN

CONSCIOUS DOGS

Our in-vivo results with HMR 1556 in conscious dogs indicate that the QT interval
can prolong quite dramatically by I«j inhibition. QT responses were dose-dependent
at 3, 10 and 30 mg/kg. After oral administration of 30 mg/kg, maximal QT prolon-
gations ranged from 32 to 129% in different animals (mean 65 ± 15%; Figure 7).
According to earlier data, ' HMR 1556 would still be highly selective for IKJ at the
measured plasma concentration of 2.68 ± 0.55 umol/L (after 30 mg/kg), and thus
we believe that the observed rcpolarization effects are in major part due to an inhibi-
tion of IK,. Other investigators administered the benzodiazepine-derived 1^ blocker
1.-768,673 (ICso = " nmol/L ) to conscious does and found a dose-dependent QT
prolongation of 5 to 15% at 0.03 to 1.0 mg/kg. * The oral bioavailibiliry of L-768,
673 in mcthoccll suspension was only 27% and plasma concentrations were not
reported. Therefore, we cannot compare these QT responses with our own findings.
Subsequent experiments with 1.-768,673 (0.03 rng/kg) in exercising dogs with
healed anterior-wall myocardial infarction and superimposed ischemia (transient
occlusion of left circumflex coronary artery) demonstrated the drug's efficacy against
ventricular fibrillation, even at a modest 7% increase in QT< at baseline. It is
tempting to speculate that cardiac sympathetic activity was intense but dispersed
during exercise and regional ischemia, and that L-768,673 prevented arrhy-
ihmogcnic dispersion of repolarization by attenuating adrenergically-sensitive IKS-

In anesthetized dogs the Q'I\ interval and local MAPDs prolonged by only =
10% at IV doses of 1.5 mg/kg HMR 1556 and 10 mg/kg 293B. Plasma analyses of
HMR 1556 ruled out that drug concentrations were lower in anesthetized than
conscious dogs. Rather, the repolarization data indicated that IK, was depressed or
less responsive during anesthesia. We considered 2 possible causes: (1) the anesthetic
drugs pcntobarbital and/or halothane had a direct blocking effect on I«»; (2) anes-
thesia-induced attenuation of cardiac sympathetic tone decreased adrenergic stimu-
lation of I«,. Sun et al found significant reductions of I«, (- 50%), I|<r (- 20%), I^i
(- 40%), and late IN, (- 50%) in canine ventricular myocytes superfused with 20
ug/ml. pentobarbital. Likewise, Bachmann et al recently showed that pentobar-
bital suppressed both cloned IK and 1^ : :• and native IK and IKI in guinea pig
ventricular myocytes, with the highest affinity for IKV Other studies (although none
in canine ventricular myocytes) showed that halothane depressed IK (andjother ion
currents) in guinea-pig cardiac cells, and ImmK '" Xenopus oocytes. Thus, a
direct blocking effect on IK, could well be present. In addition, we found that despite
the possible inhibition of IK» by anesthetics (Figure 8), its contribution to ventricular
repolarization could still be increased by appropriate (including ß-adrenergic) stimuli
(see Figure 11). This, together with the much more pronounced contribution of IKJ
under conscious conditions when cardiac sympathetic tone is normal, strongly
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suggested that ß-adrenergic stimulation is a major determinant of 1^ function, in
line with the cellular data.

Finally, Bauer and coworkers reported on the effects of 10 mg/kg 293B in
anesthetized dogs with acute complete atrioventricular block, demonstrating (hat
ventricular effective refractory periods were more prolonged at fast (Cl. 300 ms)
than at slow (CL 850 ms) pacing rates. In dogs with subacute myocardi.il infarction,
293B prolonged local effective refractor)' periods more in the inf.uct /.one than in
normal areas. Unfortunately, no QT-intcrval or MAPI) data were provided. These
results appear to contrast with our finding that QT times, and transmembrane and
monophasic APDs were not prolonged by I|^ block at fast pacing rates. However, we
have to consider the possibility that the experimental situation of thoracotomy,
acute heart block and 36 transmurally-inscrtcd needle electrodes caused high
catecholamine levels that facilitated IK, accumulation during fast pacing rates,
explaining the observations by Bauer et al.

In conclusion, both our cellular and in-vivo data highlight the prominent role
of IKJ in canine ventricular repolarization. 1 ,̂ limits excessive AP prolongation by
time-dependent activation during IK, block and under other circumstances when
repolarization is delayed. I«» shortens the API) by increase and acceleration of activa-
tion during ß-adrenergic receptor stimulation. The syncrgism between an intact
basal I«s and a balanced sympathetic nervous function promotes a short and homo-
geneous repolarization of the ventricles.
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ABSTRACT

ft»//' Amiodarone is an effective antiarrhythmic drug rarely

associated with Torsadc de Pointes arrhythmias (TdP). The non-iodin-

ated compound dronedarone could resemble amiodarone and be

devoid of the adverse effects. In the dog with chronic complete atrio-

vcntricular (AV) block (CAVB) and acquired long-QT syndrome, the

electrophysiological and proarrhythmic properties of the drugs were

compared after 4 weeks of oral treatment.

A/<*//;<«& rfW /to«//*.- Amiodarone (n=7, 40 mg/kg/day) and drone-

darone (n»8, 20 mg/kg/BID) were started at 6 wks CAVB (baseline).

Six dogs served as control. Surface ECGs and endocardially-placed

MAP catheters in the left (LV) and right (RV) ventricles were recorded

to assess: QIV) time, monophasic action potential duration (MAPD),

intcrvcntricular dispersion (AMAPD=LV MAPD minus RV MAPD),

early afterdepolarizations (EADs), ectopic beats and TdP. Results:

Both amiodarone (+ 21%) and dronedarone (+ 31%) increased QT^

time. Amiodarone showed no increase in AMAPD in 4 of 7 dogs,

whereas dronedarone augmented AMAPD in 7 of 8 animals. After

dronedarone, TdP occurred in 4 of 8 dogs with the highest AMAPD

(105 ± 20 ms). TdP was never seen with amiodarone, not even in the

dogs that had AMAPD values comparable to those with dronedarone.

Furthermore, a difference existed in EADs and ectopic activity inci-

dence (dronedarone 3 of 8; amiodarone 0 of 7), which was also seen

during an cpinephrine challenge.

C0/i<7itf/0/u.' In the CAVB dog model, both amiodarone and droneda-

rone prolong QT time (class III effect). The absence of TdP with

amiodarone seems to be related to homogeneous APD lengthening in

the majority of dogs and the lack of EADs and/or ventricular ectopic

beats in all.
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INTRODUCTION

Amiodaronc is the most potent antiarrhythmic drug in the prevention of life- threat-
ening ventricular arrhythmias and demonstrates a very low incidence ot Torsade de
Pointes arrhythmias (TdP).' "• The non-cardiac adverse effects of amiodaronc,
however, attributed to the iodinated nature of the molecule, limit its clinical applica-
bility.'''' The non-iodinated benzofuran derivative droncdaronc, which is structur-
ally related to amiodaronc could possess similar antiarrhythmic efficacy as well as
the low proarrhythmic potential ot amiodaronc and be devoid ot the unwanted side
effects.™

The anesthetized dog with chronic complete AV block (CAVB) and acquired
long-QT syndrome is a suitable model to assess the proarrhythmic potential of intra-
venously administered antiarrhythmic drugs and to study factors involved in
acquired TdP.'"'** TdP in this model depends on: 1) bradycardia, 2) long rcpolari-
zation times, 3) large regional dispersion of repolarization and/or 4) aftmlcpol.iri/.a-
tions and triggered ectopic activity.'"'*' The aim ot the present study was to deter-
mine and compare the electrophysiological changes and possible proarrhythmic con-
sequences of chronic oral administration of amiodarone and droncdaronc in this
animal model.

METHODS

GENERAL

Twenty-seven mongrel dogs (weight 26 ± 5 kg, 18 female) were subjected to an
initial experiment for creation of complete AV block and implantation of an
epicardial pacing electrode. The procedure, anesthesia, ventilation, pre- and postop-
erative care has been described in previous articles from our group.•"•"•" The actual
study started at 6 weeks of CAVB, as the heart has then reached a stable state in the
different ventricular remodeling processes.''*

Animal handling was in accordance with the 'European Directive for the
Protection of Vertebrate Animals used for Experimental and other Scientific
Purposes (European Union Directive #86/6097CEE)'.

STUDIES IN ANESTHETIZED DOGS AT 6 AND 10 WEEKS OF CAVB

Figure 1 provides a flow chart of the experiment performed at 6 and 10 weeks of
CAVB, consisting of electrophysiologic and hemodynamic recordings at baseline
and during proarrhythmic challenges.

A 6-lead surface ECG, 2 endocardia! monophasic action potentials (MAPs, EP
Technologies Inc, CA, USA) in the left (LV) and right (RV) ventricle and an LV
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Figure I - Flow chart of experiment at 6 and 10 weeks of CAVB. r*0 //ldicitcw surt <>/ j/icsthesu, EB:
euupit bears; CKB: consecutive KB; and KP: clcctrophysiology.

pressure signal (Sentron Europe Inc, Roden, The Netherlands) were simultaneously
registered and stored. For definitions, amplifications and filter settings we refer to
previous publications." '" ' ' '

Two intervention protocols were performed to evoke arrhythmias: I) short-
long-short pacing from the RV MAP catheter (4-600 ms + 1200 ms + extrastimulus'")
and 2) IV administration of epinephrine (1 fig/kg/min) for 20 minutes (Figure 1). Six
dogs were excluded from the study before the start of amiodarone or dronedarone
because (»I clinical signs of heart failure in 1 animal and inducible TdP by pacing in 5
animals. The latter is associated with sudden cardiac death in this model, disallowing
screening for proarrhythmic potential of class III drugs."'

The 21 remaining animals were randomized to 1) control group (n=6), 2)
amiodarone (n=7. 40 mg/kg/d) group, and 3) dronedarone (n=8, 20 mg/kg/BID)
group. Drugs were provided by Sanofi-Synthe'labo, Montpellier, France and admin-
istered at fixed times. Dosages were chosen on the basis of previous publica-
tions."•'*•'*•'" After tour weeks of oral administration the studies were repeated
(CAVB 10 weeks) and the dogs sacrificed. Heart, lungs and liver were excised to
determine the ratios of organ weight to body weight (BW).
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STUDIES IN CONSCIOUS DOGS BETWEEN 6-10 WEEKS OF CAVB

Both during idioventricular rhythm (IVR) and at a paced cycle length (CD of 1000
ms (pacing from the LV epicardial electrode), the Q'l" time and ventricular crVcciivc
refractory period (VERP) were assessed every week. VERP was determined at twice
diastolic threshold by delivering an extrastimulus using incremental steps of 5 ms.

DATA ANALYSIS AND DEFINITIONS

Figure 1 shows the time periods of the electrophysiological and functional measure-
ments and arrhythmia scoring.

The following parameters were measured off-line: LV end-systolic pressure, LV
end-diastolic pressure, LV peak rate of pressure rise (+dP/dtm„), CL-IVR. QT time
and duration of the LV and RV MAP (MAPD) at 100% of repolari/..uion. Q I\ time
was calculated using the Van de Water formula."* Furthermore, the |>l.mimctrk area
of the JT wave (j/ T, mV-ms) in lead II of the surface ECG was assessed as a non-
invasive parameter of dispersion of repolarization.

All data presented arc the mean of 5 consecutive beats during stable CL-IVR
after at least 1 hour of anesthesia. Interventricular dispersion (AM API)) was calcu-
lated as LV MAPD minus RV MAPD. Early afterdepolarizations (EADs) were
assessed on the MAP signals. Spontaneous occurring ventricular ectopic beats were
counted: 1) prior to catheter introduction during a 5-minute time interval, and 2)
during the last 5 minutes of the 20- minute epinephrine infusion period. An ectopic
beat was defined as a ventricular complex having a coupling interval of <50%
CL-IVR. Arrhythmic activity was scored on the basis of: 1) single ectopic beats, 2)
consecutive ectopic beats, 3) monomorphic non sustained ventricular tachycardia
(MVT, >5 consecutive ectopic beats) or 4) TdP.

DETERMINATION OF DRUG LEVELS

Venous blood samples were taken weekly. Myocardial tissue samples (= 1 cm') were
obtained from the free wall of both ventricles at sacrifice. Analyses of drug plasma
and tissue levels including metabolites (n-monodebutyldronedarone and n-descthy-
lamiodarone) were performed by the Department of Pharmacokinetics, Sanofi-
Synthelabo, Montpellier, France. For details concerning analyses sec Reference '•*.

STATISTICS

Pooled data are expressed as mean ± standard deviation (SD) except for the arrhyth-
mia scoring data during epinephrine administration which are expressed as mean ±
SEM. Serial comparisons were performed by paired Student's t-test and single
parameters between independent groups by 2-way analysis of variance (ANOVA)
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test with a post-hoc Bonferroni t-tcst. Statistical analysis of the time-dependency
studies was done by ANOVA for repeated measures. Incidence was compared by
Chi-square testing. Values of P<0.05 were considered significant.

RESULTS

ELECTROPHYSIOLOGICAL STUDIES IN CONSCIOUS DOGS BETWEEN 6 AND 10

WEEKS OF CAVB

All 21 animals survived the 4 weeks of drug administration. In 1 dog of the
amiodarone and 2 dogs of the dronedarone-treated group, the VERP determinations
could not be completed due to electrode dysfunction.

In the control group, the CL-IVR and Q T time remained similar (CL-IVR
1245 ± I SO ms and Q T time 315 ± 15 ms at 6 weeks CAVB versus 1270 ± 185 ms
and 320 ± 25 ms at 10 weeks CAVB).

Both amiodarone (1230 ± 185 ms to 1675 ± 435 ms) and dronedarone (1145 ±
16S ms to 1360 i I'M ms) had a significant bradycardic effect. Q T time prolonged
significantly for both drugs at 1VR (amiodarone 290 ± 15 ms to 355 ± 25 ms and
dronedarone from 295 ± 25 ms to 365 ± 30 ms). Also at 1000-ms paced CL, Q T
time (amiodarone + 12% and dronedarone + 13%) as well as VERP (amiodarone
191 ± 1 3 ms to 223 ± 18 ms and dronedarone 204 ± 30 ms to 243 ± 33 ms)
increased (Figure 2).

STUDIES IN ANESTHETIZED DOGS AT 6 AND 10 WEEKS OF CAVB

The baseline electrophysiological values were comparable between the 3 groups
(Table 1, left). EADs, ectopic activity and TdPs were absent. The hemodynamic pa-
rameters were also similar, although the amiodarone group had a relatively low LV
end-diastolic pressure value. These electrophysiological and hemodynamic data are
in agreement with data published previously in the CAVB d o g . ' " " ' ' ' Epinephrine
adniini.sir.uioi) decreased CL-IVR and all repolarization parameters including AMAPD
(data not shown). The average number of epinephrine-evoked ectopic beats and
MVTs at 6 weeks of CAVB is depicted in Figure 3 (n=21, control 6 weeks).

The right side of Table 1 presents the electrophysiological and hemodynamic
results after 4 weeks of treatment. The Q T time and LV- and RV MAPD were
longer for both drugs compared with the control group. Dronedarone had a stronger
"class III effect": e.g. dronedarone increased QT^ time from 350 ± 50 ms to 460 ± 30
ms (31%). whereas amiodarone increased QT,. time from 330 ± 35 ms to 400 ± 60
ms (21%, P<0.05 for both). Remarkably, for the amiodarone group the prolonged
Q T time was accompanied by an augmented AMAPD in only 3 dogs (Figure 4). As
a consequence, AMAPD did not increase significantly (Table 1). In contrast.



Amiodarone in an Animal Model of Acquired Long QT j

7»

amiodarone dronedarone

MO

340

320

300

JJ
1 4 2 0
• 400

g 380

380

340

320

300

I---
I I '

10 t 7 S ft 10

I "r
* 240

220

200

ISO

1-""
J i 1 1

I "
2«0

240

220

200

180

I «

I> 1-1 1
to

Figure 2 - Temporal behavior of QT time (top) and VERP (bottom) during amiodarone (left) and dro-
nedarone (right) treatment in conscious dogs at paced CL of 1000 ins. On the horizontal axis the time in
weeks after CAVB. Start of treatment at 6 weeks CAVB. Both drugs increased QT time and VERP simi-
larly ($, P<0.05 i» 6 weeks CAVB).
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Figure 3 — Arrhythmia scoring for a 5-minute period during epinephrine infusion for two control (6 and
10 weeks CAVB), amiodarone-, and dronedarone-treated groups. On the horizontal axis, the division
between single ectopic beats (EB), consecutive EB (CEB), monomorphic VT (MVF), and TdP. (Jn the
vertical axis the mean number of the different arrhythmias per dog. The dronedarone group demonstrated
significantly (", P<0.05) more ectopic activity.
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Table I - Klectrophysiological and hemodynamic results before and after 4 weeks of amiodarone or dro-
u' l u ' . i n i u ' i i t i n mp.urd with tin.- control group

C4V5

CL-IVR(ms)
Q R S time(ms)

Q T time(ms)

Q'l^ time(ms)

1145 t 115 1110 ±140 1210 t 160 1215 ±75 1805 ± 360 ' 1630 ± 475

89 ±9 94 ±15*

470 ± 7 5 * 515 ±40*

400 ± 60 460 ± 30 '

128 ±39 200 ±104

435 ± 70 * * 505 ± 45 *

76 * 11

360 ±55

345 ± 40

82 ±9

340 ± 40

330 ± 35

145 ± 50

310 ±25

270 ± 20

40 i 20

120 ± 15

5 ±4*

85 ±9

370 ± 50

350 ± 50

157 ±89

355 ± 55

305 ± 30

45 ± 30

115 t 14

15*7

360 ±45* 410 ±40*

75 ± 35 95 ± 20 *

JTarca(mVms) 167 ± 61

LV MAPD(ms) 335 ± 35

RV MAPD(ms) 285 ± 55

AMAPD(ms) 50 ± 30

IV KSPdnm Hg) 115 ± 14

l.VKDP(mmHg)12± 5

l.V •dP/d«

(mm HJ;/̂ ^

ESP indkate» end->yMolic pressure; EDP, end-diastolic pressure. *, P<0.05 amiodarone r»dronedarone
#, IV0.0S c control. ANOVA

73 ± 13

380 ± 50

360 t 45

161 ± 55

350 ± 35

300 ± 40

50 ± 30

100 t 12

II ±5

100 ±8

9 ± 3

100 ± 14

14 ± 9

2740 ± 11S 3205 ± 990 2790 ± 620 1940 ± 400 2250 ±610 2035 ± 225
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dronedaronc affected LV MAPD far more than RV MAPD in 7 of 8 dogs,
augmenting AMAPD significantly (Figure 4). Also JT area increased in the
dronedarone group (from 157 ± 89 mV-ms to 200 ± 104 mV-ms), whereas the
control and the amiodarone-treated groups remained similar (Table 1).

ARRHYTHMIAS WITH AMIODARONE AND DRONEDARONE

At 10 weeks of CAVB, none of the animals in the control or amiodarone group
showed EADs or spontaneous ectopic activity in the 5-minutc period before catheter
introduction. In contrast, 6 of 8 dronedarone animals showed KADs (P<().0l versus
amiodarone) on the LV MAP, of which 3 also developed considerable ventricular
ectopic activity.

In the control group, spontaneous TdP was never seen, but it could be induced
by pacing in 1 of 6 animals. In the amiodarone group no spontaneous or
pacing-induced TdP occurred. Multiple episodes of spontaneous TdP (Figure 5)
were seen in 3 dogs with dronedarone treatment. Furthermore, TdP was induciblc
by pacing in 1 animal in which EADs but no ectopic beats were observed, resulting
in a total TdP incidence of 4 of 8 dronedaronc-treated dogs. Subgroup analysis
looking at LV MAPD resulted in an absence of ectopic beats and spontaneous or
inducible TdP for those dogs having an LV MAPD <500 ms.

In the dronedarone-treated group only, epinephrine administration resulted in
an increased number of ectopic beats ( Figure 3).

MYOCARDIAL TISSUE AND PLASMA CONCENTRATIONS

The plasma levels of dronedarone (1.3 ± 0.3 mg/L), amiodarone (3.5 ± 0.6 mg/L),
and their metabolites were in agreement with data published recently.'̂  The myocar-
dial tissue data of amiodarone (LV 17.9 ± 3.8, RV 13.3 ± 3.8 mg/kg), n-desethyla-
miodarone (LV 12.7 ± 2.9, RV 8.0 ± 2.3 mg/kg), dronedarone (LV 13.5 ± 3.8, RV
13.2 ± 3.9 mg/kg) and n-monodebutyldronedarone (LV 2.8 ± 0.7, RV 3.4 ± 0.9
mg/kg) were comparable to data published by Latini et al " and Merot et al.^" The 3
animals showing an increased AMAPD on amiodarone also tended to have higher
tissue levels of the compound (LV 25.7 ± 11.6 mg/kg versus 12.0 ± 2.6 mg/kg) and
its metabolite (LV 16.7 ± 10.6 mg/kg versus 9.8 ± 3.4 mg/kg) compared with the
other 4 animals.

AUTOPSY DATA

At autopsy, the heart weight/BW (12.4 ± 1.2 g/kg in the control, 13.0 ± 0.9 g/kg in
the dronedarone, and 11.6 ± 2.1 g/kg in the amiodarone groups), liver weight/BW (
26.7 ± 3.2, 28.1 ± 4.4, and 30.4 ± 2.3 g/kg, respectively), and lung weight/BW (12.6
± 2.9, 14.5 ± 4.3 and 10.8 ± 2.4 g/kg) ratios were similar in the 3 groups.
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Figure S - Spi>nt*n«>usly (Kcurring TdP during chronic dronedarone treatment in an anesthetized
C J \ V B dog. Four panels with lead II 01 the surface F.CCi at 10 mm/s demonstrate several episodes of TdP
during a 1 "-minute period. Single LV and RV MAPs are shown to exemplify AMAPD (520 ms minus
430 ms).
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DISCUSSION

In the CAVB dog, both amiodarone and dronedaronc prolonged QT time and
VERP significantly (Figure 2). These increases in QT time and VERP for amioda-
rone under conscious conditions arc comparable to human data.-' Amiodarone, un-
like dronedaronc, evoked no EADs, ectopic beats, or TdP and did not increase dis-
persion of repolarization significantly. In contrast, other antiarrhythmic drugs
administered intravenously in the CAVB dog, like dofetilide or almokalam. aug-
mented dispersion of repolarization and elicited EADs, ectopic beats and TdPs.'"'^

Amiodarone does not fit well into conventional antiarrhythmic classification
schemes. Used long-term, amiodarone prolongs the ventricular API) and therefore
is classified generally as a class III agent. However, (he drug also possesses class I
(sodium channel blockade), class II (antiadrcnergic), and class IV (calcium channel
blockade) effects.''''*- The multiple ion channel interaction by amiodarone has been
speculated to contribute to its minimal reverse use dependency and low incidence of
clinical TdP arrhythmias, even in patients who develop TdP on other amiarrhyth-
mics.^*-** Dronedaronc given either long-term or short-term, has been .suggested
to possess a similar electrophysiological profile, but the effects of chronic droncda-
rone on specific cardiac ion channels arc still unknown.''•'•>

ARRHYTHMIC PARAMETERS: DISPERSION

TdP is generally thought to be dependent on two interrelated mechanisms: the
trigger (ectopic beat) and the substrate (dispersion). '°^5 The length of the LV MAP
plays an important role in both, either by creating regional dispersion of repolariza-
tion between the ventricles or by generating EAD-dependent triggered arrhythmias.- '̂
Furthermore EADs will contribute to dispersion when their presence in the ventri-
cles is not homogeneous. Second, when EADs give rise to ectopic beats, electrical
heterogeneity will be further augmented (e.g. AMAPD),-^ a concept that has been
referred to as modulated dispersion of repolarization.^'-'

Dronedarone increased AMAPD in 7 of 8 dogs (Figure 4), based on a more
pronounced lengthening of the MAPD in the LV versus the RV. Despite QT
lengthening and bradycardia, amiodarone prolonged the ventricular APDs homoge-
neously in 4 of 7 dogs, resulting in a nonsignificant overall increase of AMAPD.
Similar results on equal or reduced transmural dispersion during chronic
amiodarone treatment have been described by others, both in vivo as in vitro,'7.20.30
although QT time lengthening was not convincingly present in these studies. The
divergent response of AMAPD in 3 dogs of the amiodarone group could be based
upon a different distribution or clearance of the drug.
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TORSADE DE POINTES ARRHYTHMIAS: THE TRIGGER

In the CAVB dog, drug-induced TdP has been associated with ventricular ectopic
activity and a pronounced AMAPD.'"''^ Dronedarone resulted in a 50% TdP inci-
dence and was observed in: 1) the 3 dogs with multiple ectopic beats (Figure 5) and
2) the 4 dogs with the highest AMAPD (Figure 4 ). Amiodarone did not induce TdP
in any of the dogs, not even in those with a similar magnitude of AMAPD.

Therefore, the lack of TdP with amiodarone appears to be linked to the preven-
tion of EADs and/or ectopic activity, even during proarrhythmic challenges with
pacing protocols and cpinephrine administration. Absence of EADs after amioda-
rone treatment was observed earlier in canine M cells'" and in isolated rabbit right
ventricular tissue."

Why droncdaronc-treated animals respond differently is unclear, but this could
be related to: 1) unfortunate randomization, 2) the selected dosage, or 3) dissimilar
electrophysiological effects. With respect to point 1, the 3 dogs showing TdP after
dronedaronc had a relatively high I.V MAPD at baseline (6 weeks CAVB) (mean
405 ± 25 ms) compared with amiodarone (310 ± 25 ms). The length of LV MAPD
at baseline was recently described as a predisposing factor for (drug-induced) ar-
rhythmias."' Point 2, although the selected dosages showed similar increases in QT
time under conscious conditions, differences in repolarization parameters were seen
under anesthesia, which could have proarrhythmic consequences. Indeed, subgroup
analysis confirmed that I.V MAPD values >500 ms in the dronedarone group were
consistently associated with ectopic beats and TdP. Point 3, the different electrophy-
siological and arrhythmic outcomes of the drugs in the present study could suggest
that chronic amiodarone exerts its beneficial effect by: 1) modulating the ion chan-
nels differently, 2) inhibiting thyroid hormone activation in cardiac muscle or 3) a
combination of

CLINICAL IMPLICATIONS

The CHF-STAT, CAMIAT and EMIAT trials showed that amiodarone lacked
proarrhythmia and reduced the incidence of arrhythmias and arrhythmic death in
high-risk patients.'*-' The present study demonstrates that the preventive effect of
amiodarone on EAD formation and/or related ventricular ectopic activity could
account for the clinical safety and efficacy of the drug. The possible proarrhythmic
effects of dronedarone should be carefully evaluated in future clinical trials.
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LIMITATIONS

The selection of only one dosage in relatively small groups as well as povsiblc predis-
posing factors prevent us from drawing definite conclusions about the proarrhyth-
mic outcome of dronedarone.

CONCLUSIONS

Amiodarone is the first drug having pronounced class III effects, which do not result
in TdP in this model. This is in agreement with the clinical safer)' of the drug and
supports the validity of the model for screening arrhythmic potential of (amiarrhyth-
mic) drugs. The absence of TdP with amiodaronc can be explained by 1) the absence
of EADs and/or ventricular ectopic activity in all animals, and 2) a homogeneous
increase in LV- and RV MAPD in the majority of dogs.
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ABSTRACT

/: Heterogeneity in cardiac repolarization (AAPD) is known

to be arrhythmic. In the dog model of chronic complete AV block and

acquired long QT syndrome, an increase in AMAPD (defined as left

ventricular monophasic action potential duration (MAPD) minus

right ventricular MAPD) is often associated with changes in T wave

morphology. The purpose of this study was to correlate known changes

in AMAPD with the planimetric total area of the T wave on the surface

ECG (jj ', mV-ms).

A/<v/Wt <*«<//?««//*: The relationship between AMAPD and total area

of the T wave (i.e. JT area) was assessed in four different protocols with

different types of dispersion after: 1) class III drugs followed by levcro-

makalim (n=7), 2) LAD coronary artery occlusion and repcrfusion

(n«6), 3) droncdaronc i.v, an amiodaronc like agent (n=5) and 4)

steady state pacing at cycle lengths of 1000 ms and 500 ms (n=5). Class

III drugs increased AMAPD (55 ± 40 ms to 120 ± 50 ms, P<0.05),

which was correlated (r=0.74, P<0.001) with an increased JT area (50

± 40 mV-ms to 95 ± 35 mV-ms, P<0.05). Ischemia increased both

AMAPD (30 ± 25 ms to 90 ± 40 ms, P<0.05) and JT area (60 ± 55

mVms to 75 ± 50 mV-ms, P<0.05). Both levcromakalim and repcr-

fusion reversed these conditions. Dronedarone had no effect on

AMAPD or on JT area while a faster frequency reduced both AMAPD

and JT area.

(.OH(/«JW«J: Changes in dispersion of ventricular repolarization are

reflected by alterations in JT area. This non-invasive parameter may

therefore be used to recognize changes in heterogeneity in ventricular

repolarization.
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INTRODUCTION

Dispersion of ventricular repolarization is a widely used term to describe spatial
inhomogencitics in cardiac action potential durations (APDs) throughout the heart.
Both clinically and experimentally,'"'* inhomogeneiry of repolarization has been
shown to play an important role in the genesis and maintenance of ventricular
arrhythmias, such as Torsade de Pointes arrhythmias (TdP). Unfortunately, disper-
sion can only be assessed invasively by catheter (endo and/or epicardially) or
(multiple) needle techniques (transmurally).'"'*

Whether dispersion can be visualized won-mwmV<7)\ on the surface ECG,
remains uncertain. For over a decade, QT dispersion was considered to represent
spatial rcpolarization dispersion in the hcan. However, recent studies challenged the
concept, and also the clinical usefulness of QT dispersion was questioned.'"*'^
Consequently, emphasis shifted to the T-wave morphology as the better representa-
tive of repolarization dispersion.*'"^ •'*

In the dog model with chronic AV block and acquired long QT syndrome we
and others have demonstrated, by needle and catheter mapping, the relevance of
regional dispersion of rcpolarization for drug induced TdP and sudden cardiac
death.**-'J.I 1.15-1* In the model, an increased dispersion after class Ml drugs is often
associated with changes in T-wave morphology and/or occurrence of U waves. Two
recent studies proposed the area of the total T wave (i.e., JT area), including both
amplitude and time components of repolarization,^-^ to reflect spatial dispersion in
the heart. Therefore, we investigated whether known changes in interventricular
dispersion of repolarization could be visualized in the ECG by measuring JT area.
The protocols that we used to alter repolarization parameters included: 1) the
administration of class III antiarrhythmic drugs, which increase dispersion by
inhomogeneous ^H£f/>?«/«£ of the APD, and 2) acute ischemia, which increases
dispersion by inhomogeneous j^or^«/«^ of the APD.

METHODS

GENERAL

A total of 28 experiments in anesthetized complete-AV block dogs were
performed/''" A detailed description of the procedure, anesthesia, ventilation, pre
and postoperative care has been described in previous articles from our group.'" '

Animal handling was in accordance with the 'European Directive for the
Protection of Vertebrate Animals used for Experimental and other Scientific
Purposes (European Union Directive #86/609/CEE)\

Six-surface ECG leads and 2 endocardia! monophasic action potential signals
(MAP) were recorded simultaneously and stored on hard disk. MAP catheters (EP
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Technologies Inc. Sunnyvale, CA, USA) were placed endocardially in the left (LV)
and right ventricular (RV) cavity under fluoroscopic guidance. The signals were
amplified with a customized isolated DC-coupled differential amplifier with a
frequency range of 0-500 Hz and a 20-mV calibration pulse. The offset of the ampli-
fier is variable and can be adjusted to the recorded signal. MAP phases were defined
according to the definitions used for transmembrane potentials,^ where amplitude
has been defined as the voltage difference between phase 2 and 4 of the MAP signal.
Besides a minimal amplitude of 15 mV, the MAP has to have a stable configuration
and a smooth shape to be acceptable for measurements. MAP catheters were main-
tained in the same position except in the class III drug and levcromakalim protocol
(sec further), in which the catheters were readjusted to improve contact with the
endocardium. The readjustment, however, did not influence MAP duration.

STUDY DESIGN

Inicrvcntricular dispersion in relation to the JT area was assessed in four protocols in
which intcrventricular dispersion was differently modulated: 1) inhomogeneous
Zr»£f/vM/Mj? of the API) by IV administration of ibutilide or almokalant (n=10),
followed by the IK-A'IT channel opener levcromaka/im to revert the class Hi-induced
clcctrophysiological changes, 2) inhomogeneous jAorfrw/'/igof the APD by 6 minutes
of temporary occlusion of the left anterior descending coronary artery (LAD) (n=6)
followed by reperfusion, 3) //0/wojjrM«?/« shortening of the APD by intravenous
administration of the amiodarone like agent dronedarone (n=7), and 4) rate
dependent jA»r(f»;Hjj of the APD by steady state paced cycle lengths of 1000 ms and
500 ms (n = 5).

The dronedarone and ischemia/reperfusion experiments were analyzed retro-
spectively using data from previous publications,^^-^ while the class III/ levcroma-
kalim and APD-ratc dependency experiments were done prospectively. In the
ischemia and rate dependency experiments, continuous pacing was performed using
a fixed pacing electrode. In the class 111 and dronedarone studies, idioventricular
rhythm was present. Only experiments were accepted which showed no changes in
QRS configuration and/or QRS voltage during the study.

The dose of almokalant (0.12 mg/kg/10 min, n=3) was based on previous animal
studies.'' while the dosage of ibutilide (0.025 mg/kg/5 min, n=4) was determined
using clinical data.-"* All dogs received 0.01 mg/kg/3 min of levcromakalim 35-55
minutes after the start of the class III agent to revert the electrophysiological effects
and. if present, to suppress TdP. The time of levcromakalim administration was
dependent on the frequency of TdP occurrence. Electrophysiological measurements
were performed just before and 10 minutes after the start of the infusion of the class
III drugs respectively levcromakalim.
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2.
The LV MAP was placed in the area supplied by the LAD coronary artery. A left
sided thoracotomy was performed to ligate the LAD just below the first or second
diagonal branch (n=6). After six minutes of occlusion, the coronary artery was
reopened. During the experiment the heart was paced continuously at a cycle length
of 800 ms from a right ventricular endocardial electrode to maintain the same QRS
configuration.'~

Elcctrophysiological measurements with intervals of 30 seconds were performed
from one minute before the start of the occlusion till 4 minutes after the end of the
occlusion.

3.
For details about the dronedarone protocol (2.5 mg/kg/10 min, n-5), we refer to a
previous publication.*' Dronedarone given intravenously, in contrast to chronic
administration,'"-''' results in APD shortening. The elcctrophysiological effects were
measured at baseline and 10 minutes after the start of drug infusion.

As dispersion of repolarization is known to increase with bradycardia, the behavior
of JT area in relation to dispersion of repolarization was assessed in another 5 dogs
during paced frequencies of 1000 ms and 500 ms. Pacing was performed from an LV
epicardial electrode which had been placed during the creation of AV block. Klectro-
physiological parameters were measured after two minutes of pacing when a steady
state was reached.

DATA ANALYSIS

Measurements were performed independently by two researchers (JVO and SW).
Applying a custom made-computer program (ECG View), with a resolution of 2 ms
and adjustable gain and time scale, we measured the following parameters offline:
the cycle length of idioventricular rhythm (CL-IVR), Q T time, the duration of the
LV- and RV MAP at 100% of repolarization. From these measurements, the
interventricular dispersion of repolarization (AMAPD) was calculated, defined as LV
MAP duration (LV MAPD) minus RV MAP duration (RV MAPD).

The JT area was measured in all 6-surface ECG leads and was defined as the
total planimetric area from J point to the T end point (the area of the ECG voltage
minus its baseline, integrated over the JT interval, i.e. jj ' , mV-ms) as already
described by Wilson et al in the 30's of the last century/" The baseline was defined
as the isoelectric segment just preceding the QRS complex. The first delimiter was
set at the first deflection of the T wave if an isoelectric ST segment was present;
otherwise it was set just following the J point of the QRS. The second delimiter was
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Figure 1 - Three representative examples (dogs A, B, C) with
different JT morphologies to illustrate the assessment of the JT area
(mVms) in lead II before and attcr class 111 drug administration.

set just following the end of the T or, if present, U wave (Figure 1). In case a P wave
affected the JT interval, this interval was excluded from analysis.

STATISTICS

Pooled data arc expressed as mean ± standard deviation (SD). Comparisons were
made using .» paired Student t-test, except for the ischemia-rcperfusion study were
statistical analysis was performed using ANOVA for repeated measures. P-valucs <
0.0S were considered significant.
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RESULTS

INTERLEAD DIFFERENCES OF JT AREA

JT area measurements of the surface ECG leads showed considerable variation with
the largest values seen in lead II (range 8-95 mV-ms). The mean JT area amounted
10 ± 5, 50 ± 40,45 ± 40, 30 ± 20, 20 ± 20, and 45 ± 35 mV-ms for respectively leads
I. II. III. aVR, aVL, and aVF.

Because no interlead differences in the behavior of the JT area to challenges
were present and the absolute values were highest in lead II, we chose to present the
JT area data from lead II.

CLASS I I I AGENTS AND LEVCROMAKALIM

Administration of class III drugs resulted in a significant increase in the CL-IVR and
the rcpolarization parameters, Q T time, LV MAPD and RV MAPI) (Table I). As
LV MAPD increased more than RV MAPD, AMAPD augmented. Spontaneous
TdP occurred in tour out of seven animals that had also the highest JT area values
(116± H m V m s ) .

Figure 1 shows representative examples of different JT morphologies before and
after class III drug administration. Both in this figure and in Table 1, a clear increase
in JT area can be seen after drug treatment (Table 1). Figure 2 shows a representative
example of the electrophysiological changes occurring after class III drugs (same dog
as panel B in Figure 1). During control (left panel) both the LV- and RV MAP show
a smooth contour and no interventricular dispersion. Ibutilide (central panel)
increased LV MAPD and AMAPD markedly while the T wave broadened and deep-
ened, leading to a JT area of 110 mV-ms.

The electrophysiological values prior to levcromakalim (t=0' lern in Table 1)
were comparable in 5 of 7 dogs to the values measured 10 minutes after class III drug
administration, whereas 2 of 7 dogs showed a reduction in Q T time. Levcromakalim

Table I - Electrophysiological effect of class HI drugs and levcromakalim (n=7)

CL-IVR

QT time

LV MAPD

RVMAPD

AMAPD

JT area

ron/ro/

1585 ±450

395 ± 25

370 ± 70

315 ±40

55 ±40

50 ±40

/=/0'<•£«*///

2045 ± 340 *

530 ±80 '

515 ± 8 5 '

400 ± 40 '

120 ± 5 0 '

95 ± 35 *

f=0'/rm

2030 t655

500 t 65
515 ±75
395 ± 25
115 ±50
100 ±40

f-/0'/rm
2025 ± 960

405 t 5 5 "

360 t 45 '*

325 ± 30 "

30 ± 30 **

50 ± 30 "

Values in ms or or mV-ms (JT area) and mean ± SD; class HI: ibutulide / almokalant; lem:
levcromakalim; * p<0.05 t=10' class III w control; *" p<0.05 t= 10' lem w t=0 lem
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Figure 2 - Concomitant behavior of | I area and AMAPD after ibutilide and levcromakalim administra-
tion. Panel 1: Under control circumstances the IV and RV MAP show a smooth contour and no
AMAPD. The JT area measures 40 mVms. Panel 2: Ibutilide (0.025 mg/kg/5min) increases AMAPD to
I'M) ms .unl KAD.s develop in the IV MAP (indicated by arrow). On the surface ECG the JT area has
increased thicclold compared to the control situation, t = SS inin indicates the time in minutes after the
start of the ibutilide infusion which is just before starting levcromakalim. Panel 3: Ten minutes later
levcromakalim (0.01 nig/kg/.^ min) returned both AMAPD and JT area to control values.

decreased the repolarization parameters considerably (QT time, LV MAPD, RV
MAPI), AMAPD and JT area) in all dogs (right panel in Figure 2 and Table 1) and
prevented recurrences of TdP arrhythmias, while CL-IVR remained similar.

Figure 3 shows the correlation, r=0.74, p<0.001, between the JT area and
AMAPD when combining baseline and class III drugs values (n=7).

LAD OCCLUSION

Ischemia of the IAD area for six minutes did not aftect QT time, but decreased LV
MAPD dramatically without affecting RV MAPD (Table 2). This resulted in an
inverted (negative) AMAPD exceeding the positive AMAPD during control circum-
stances (Table 2). Also JT area increased significantly. Reperfusion reverted LV
MAPD, AMAPD and JT area to baseline values. The close relation between
AMAPD and JT area can be appreciated in Figure 4, where the increase and decrease
in AMAPD is mirrored by the JT area response.
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Figure 3 - Correlation of JT area and AMAPD values before and after administration of class III drugs
(r-0.74. ixO.001)

Table 2 - Electrophysiological effects of ischemia anil rrprrtiiMon (n d)

ro/ifro/

CL-IVR

QT time

LV MAPD

RV MAPD

AMAPD

JTarea

800 paced
380 ± 50

310 ±40

280 ± 35

30 ±25

60*55

800 paced

370 ± 50

195 ± 25 '

280 ± 35

-90 ± 40 *

75 ± 50 *

800 pj«.cd

380 ± 55

3 1 0 * 3 0 "

285 ± 40

25 ± 1 5 "

6 0 * 5 5 "

Values in ms or mV-ms (JT area) and mean ± SD; * p<0.05 ischemia w control; " p<0.05 rcpcrfusion
ischemia

DRONEDARONE

Dronedarone did not affect CL-IVR, but decreased QT time (410 ± 45 ms to 370 ±
45 ms), LV MAPD (375 ± 60 ms to 340 ± 55 ms) and RV MAPD (335 ± 20 ms to
300 ± 40 ms) significantly. Because both MAPDs did reduce equally, AMAPD (50 ±
40 ms to 55 ± 35 ms) did not change. Also the JT area (65 ± 40 mV-ms to 65 ± 40
mV-ms) remained the same.

RATE CHANGES

At a paced frequency of 1000 ms, QT time measured 390 ± 35 ms with a AMAPD
of 70 ± 25 ms and a JT area of 190 ± 125 mV-ms. The faster cycle length of 500 ms
decreased QT time to 320 ± 15 ms, AMAPD to 35 ± 20 ms and JT area to 140 ± 90
mVms (all P<0.05).
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Table 3 - Overview of the clectrophytiologicaJ effect! in the different protocols

Clan III t t
Ischemia T T
Droncdarone • •

Rate Increase 4 *

T 4: increase respectively decrease in values with intervention
• : no change in values with intervention

«XI •

20-
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20-

4 0 -

60 •

• 80 -

100-

120.

\MAPO

a -a--o-

JTaru

•-•-••-

I

• a .
"b

t

\ f
q '

"•I
.'"b

'*• U

LAD occlusion

1 •
• i

f"••-.

/ \

1
1

-60 60 120 180 240 300 360 420 480 540 600

50

45

40

35 _

30 |

» s
20 *

15

10

5

0

Figure 4 - Relation between ]T area (closed squares) and AMAPD (open squares) during ischemia and
rcpertusion in an individual dog. On the horizontal axis the time in seconds is indicated with the period
of I J \ D occlusion (0-360 s). On the left vertical axis AMAPD is depicted in ms, while on the right
vertical axis |T area in niV-ms is shown. As a result of the shortening of LV MAPD by ischemia, the
difference with the non-ischcmic RV MAPD increases, resulting in negative AMAPD values. JT area
follows the increase in heterogeneity closely, thereby showing the mirror image of AMAPD. Reperfusion
returns both AMAI'D and JT area to control values.

OVERVIEW

In Table 3 the results are summarized for the four different interventions and their
effect on AMAPD. JT area and QT time. JT area follows AMAPD during all
different conditions, while this is not the case for the QT time, i.e. during ischemia
and dronedarone treatment.
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DISCUSSION

The present study demonstrates that changes in intcrventricular dispersion of
»polarization measured by MAPs in the AV-block dog arc reflected by alterations in
JT area (Table 3). The highest JT area values in the class HI drug experiments were
associated with TdP occurrence.

RELATION OF JT AREA WITH INTERVENTRICULAR DISPERSION OF
REPOLARIZATION

Dispersion of APD has been demonstrated to exist over the left ventricular (I.V)
wall, between the ventricles (interventricular dispersion: AMAPD) and between I.V
apex to base. Accurate assessment of dispersion requires an invasive procedure, cither
using catheters (endo- or epicardially) or needles with multiple recording sites
through the ventricular wall.'"•'""'" In the present study, an increase or decrease in
AMAPD was compared with different ECG parameters. A relation between
AMAPD and JT area was found, both during inhomogencous lengthening of the
APD (class III drugs. Table 1) or regional shortening of the AIM) (isthcmi.i, Table
2). A linear correlation (r=0.74, p<0.001) was present between JT area and MAI'
dispersion during class III drugs but not during ischemia. A possible explanation
could be that during ischemia most of the LV repolarization does not shorten as
evident from the constant Q T time. Only the APD of the ischemic area shortens,
bringing the peak of the T wave forward explaining ST elevation. Therefore AAPD
does not represent JT area. Furthermore, JT area and MAP dispersion were associ-
ated when we 1) reversed the class III effects by the IK-ATI» opener levcromakalim
(Table 1), 2) reperfused the ischemic area (Table 2), 3) administered dronedarone,
and 4) during fixed rate pacing, using two pacing rates.

Several experimental and clinical studies pointed to changes in the T wave in
relation to invasively assessed (transmural) heterogeneity of repolarization.
3,10,24.29,31,32 AJ^Q analyses of T wave morphology proved to be useful for recog-
nizing patients with disordered repolarization.22,26,28,30,33,34 j„ the isolated rabbit
and canine heart it was demonstrated that the area of the T wave correlated well with
the actual dispersion of repolarization.^-^ Zabel et al. found a correlation of r=0.79
between MAP dispersion and TU area, a value which corresponds well with the rela-
tionship in our study (r=0.74), while Punske et al. found a relationship of r=0.98
between recovery times and S11 area. However, in humans a correlation between
MAP dispersion <*r taw//«*", i.e. without intervention, and T area was not found."
Also in a prospective study to identify post myocardial infarct patients at risk for
arrhythmic events, the T area at baseline appeared not to be predictive.^" These and
our results suggest that the absolute JT area d/ &w/;»f is not useful to assess the
amount of heterogeneity of repolarization or to identify subjects at risk for
arrhythmias, probably because of large interindividual variations in JT area.
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However, as the present study demonstrates, JT area can be used to assess suscepti-
bility to arrhythmias after a challenge (e.g. class III drugs) in a serial comparison.

JT TIME OR JTU TIME?

As the exact origin of the U wave is not known yet,*' the correct nomenclature of the
repolarization phase, JT time or JTU time, is a controversial subject. We considered
the entire rcpolarization phase as a T wave and as such included biphasic T waves or
U waves as part of the duration and area measurements.'"'"

NO RELATION BETWEEN QT TIME AND AMAPD

QT time appeared to behave independently from AMAPD or from JT area, as
shown during ischemia/rcperfusion and dronedarone (Table 3). A decrease in QT
time by dronedarone did not result in a diminished AMAPD or JT area while
ischemia increased both AMAPD and JT area, but not QT time.

LIMITATIONS

An important limitation of the present study is the abnormal ventricular activation
pattern in our dogs because of the ventricular escape rhythm during complete AV
block or ventricular pacing. The pattern of ventricular activation (and rate) may be
an important contributor the amount of dispersion between different animals,
which could account for the large inter individual variations in JT area under control
circumstances. As a consequence the behavior of the JT area in response to a chal-
lenge should be assessed intraindividually than interindividually.

AMAPD was chosen as the reference. We are well aware of the fact that disper-
sion measured at only two sites in the heart (LV and RV) ignores possible transmural
and intraventricular differences. Recent studies have shown that dispersion in the
CAVB dog heart is located in many regions, including transmurally and transep-
tally.'' Thus, to what extent increased transmural differences in APD will affect T
wave morphology has to be investigated.

CONCLUSIONS

An increase in heterogeneity of ventricular repolarization after a challenge in the
chronic complete-AV block dog can be visualized on the ECG by measuring area
changes in the total phase of repolarization, i.e., the JT area. Interventricular disper-
sion was not reflected by QT time. The JT area is relatively easy to assess and should
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be evaluated in risk-stratifying the individual patient for the development of TdP
arrhythmias after class III drug administration.
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ABSTRACT

/; The dog model with chronic complete AV block (CAVB)

demonstrates a considerable incidence of (witnessed) sudden death (16

of a total of 117 dogs). In this study we tried to: 1) elucidate the mech-

anisms of sudden death using an ECG telemetry device and 2) identify

retrospectively the risk parameters indicative of this arrhythmogenic

death.

A/rt/w& <»«</ Ä«w/tt; Between 1994-1998, 78 anesthetized dogs under-

went an extensive elcctrophysiological study including: 1) left (LV) and

right ventricular (RV) monophasic action potential (MAP) recordings

to assess AMAPD (LV MAP duration minus RV MAP duration) and

2) pacing protocols (PES) to induce Torsade de Pointes arrhythmias

(TdP) at 4-6 weeks CAVB. Eight animals experienced sudden cardiac

death (SCD) during the follow up period (mean 7 t 3 weeks). Since

the response of the CAVB dog to class III drugs is not uniform we also

made comparisons among the SCD group, animals demonstrating

TdP with drugs (drug responders), and non-responders. For this

purpose we selected all animals which 1) received aimokaJant (n=15,

0.12 mg/kg/5 min) or ibutilide (n=9, 0.025 mg/kg/5 min) as an addi-

tional challenge to induce TdP and 2) had a follow up period of at least

4 weeks. Results: 6 of 8 SCD dogs showed inducible TdP at baseline.

Two of 8 dogs had telemctric ECG surveillance and both revealed

polymorphic VT as the cause of SCD. Baseline AMAPD of the SCD

(90 ±15 ms) was significantly higher than the non-SCD group (n=70,

60 ± 30 ms). Of the 24 dogs which received class III drugs, 12

belonged to the drug-responder group. AMAPD of the drug-responder

group (80 ±15 ms) was similar to the SCD group and significantly

higher compared to the non-responder group (n=12, 40 ± 25 ms). QT

time and cycle length of idioventricular rhythm were not different.

Conr/itf/tfftr.' In the CAVB dog model, SCD is 1) most probably related

to TdP while 2) inducible TdP and the measure of AMAPD at baseline

indicate susceptibility to SCD.
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INTRODUCTION

In Maastricht, the chronic complctc-AV block (CAVB) dog has been studied exten-
sively to understand its enhanced susceptibility to ventricular arrhythmias.' * The
bradycardia-induced volume overload by acute AV block initiates rapidly a number
of adaptation processes to compensate for the decreased cardiac output and the
increased end-diastolic pressure.** These remodeling processes are completed within
four weeks of CAVB and include 1) development of biventricular eccentric hyper-
trophy, 2) compensated cardiac hemodynamics and 3) heterogeneous prolongation
of the ventricular repolarization time, resulting in an increased dispersion of
repolarization (i.e. electrical remodeling).'^ These adaptations, alone or syncrgisti-
cally, increase the risk for early afterdepolarizations (EAD) - respectively delayed
aftcrdepolarization-dependent triggered arrhythmias and drug-induced Torsadc de
Pointes arrhythmias (TdP).'-^*'° Moreover, a number of (witnessed) sudden deaths
occur in the cages after four weeks of CAVB.

To assess if sudden death could be attributed to ventricular arrhythmias, a
2-lead electrocardiagram (ECG) telemctric device was implanted prospectively. As
telemetry revealed sudden death to be arrhythmogenic, our large canine database at
baseline CAVB was used to identify retrospectively the electrophysiological parame-
ters which could predict susceptibility to sudden cardiac death (SCD).

METHODS

Between 1994-1998, the CAVB dog (in total, n=l 17) was investigated to determine
1) the different remodeling processes in relation to ventricular arrhythmias and 2) to
compare the ability of different antiarrhythmic drugs to induce TdP. During this
period 16 of 117 dogs experienced sudden death.

Before discussing the employment of the telemetry device, the definition of
SCD, and the use of our electrophysiological database, the general methodology will
be described briefly.

GENERAL

Animal handling was in accordance with the 'Dutch Law on Animal Experimenta-
tion (WOD)' and the 'European Directive for the Protection of Vertebrae Animals
used for Experimental and other Scientific Purposes (European Union Directive
#86/609/CEE)'. The experiments were approved by 'The Committee for Experi-
ments on Animals (DEC)' of Maastricht University, The Netherlands.

The methods used for induction of anesthesia, creation of AV block, and the
electrophysiological studies performed at 4-6 weeks of AV block are described previ-
ous ly . ' ^ .^ In short, anesthesia was induced by premedication and sodium
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pentobarbital (20-25 mg/kg) and the dogs were ventilated artificially using a mixture
of oxygen, nitrous oxide and 0.5 % halothane. Complete AV block was created by
injection of formaldehyde in the AV groove after a right-sided thoracotomy. Proper
care was taken before and after the experiments including antibiotics and analgesics.
During the time period between the AV block operation and the actual experiments
at 4-6 weeks of AV block, the dogs were checked daily to assess their physical condi-
tion, and a weekly surface ECG was made to verify persistence of CAVB.

During the electrophysiological studies at 4-6 weeks of AV block six surface
ECGs and rwo endocardial monophasic action potential signals (MAPs) were simul-
taneously registered and stored on hard disk. MAP catheters (EP Technologies Inc.
CA, USA ) were placed cndocardially, under fluoroscopic guidance, in the left- (LV)
and right ventricular (RV) cavity. MAPs were positioned where a qualitatively good,
stable and reproducible signal could be obtained.

Two different pacing modes (PES) were used to induce TdP at baseline circum-
stances: 1) a short-long-short sequence (400, 800 + extrastimulus, or 4-600,1200 +
cxtr.istimuliis, 2) eight basic stimuli with a cycle length of 600 ms followed by an
cxtrastimulus. Pacing was performed from a left epicardial electrode which was
implanted during the AV block operation. A number of dogs received class III drugs
to provoke TdP. TdP was considered significant if the arrhythmia occurred > 3
times.

After completion of the follow up period, or SCD, the heart was excised to
determine the heart weight to body weight (BW) ratio.

SUDDEN CARDIAC DEATH

SCD was defined as unexpected death occurring in the cage. To exclude all other
non-cardiac causes of death an autopsy was performed. To record the circumstances
of SCD, a custom made 24-hours telemetry device was developed in collaboration
with M. |ans.sen, Wageningen, Netherlands and L. Dohmen, Maastricht University.
In the same session as the electrophysiological study, the telemetry device, 8-5-2 cm,
was placed in a total of 5 dogs in a subcutaneous pocket at the left side of the thorax.
Three electrodes (each 10 cm long) were positioned in an Y-shape configuration
under the skin to record a 2-lead ECG, one lead to inferior, one to the sternum and
one to the left scapula. We made sure that one of these leads was similar to lead II of
the surface ECG. 1 he transmitter unit contained a radio-frequency transmitter and
a battery. The cage had a receiver and both output signals (lead 1 and 2) were
connected to an analog- to digital converter interface of a PC-based data acquisition
system to process signals. Multiple cages could be connected simultaneously to the
computer. Signals were displayed in real-time on a PC monitor and stored continu-
ously (24 hours / day) and processed oft line.
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ELECTROPHYSIOLOGICAL OATABASE: COMPOSITION OF THE SUBGROUPS

Of the total of 117 CAVB dogs, 78 underwent an extensive clectrophysiological
study at 4-6 weeks of CAVB consisting of: 1) recordings of two qualitatively good
MAP signals'' to assess interventricular dispersion, and 2) completion of a PES
protocol to provoke TdP at baseline.

Eight of these 78 animals experienced SCD during the follow up period (SCD
group) and were compared to the 70 non-SCD dogs. Since the response of the
CAVB dog to class III drugs is not uniform, we also made clectrophysiological
comparisons 4/ £<Wf//W between the SCD group, dogs demonstrating TdP with
drugs (drug rcspondcrs), and non-responders. For this purpose we selected all dogs
which 1) showed no (induciblc) TdP at baseline, 2) received almok.il.uu (0.12
mg/kg/5 min) or ibutilide (Corvert ™, 0.025 mg/kg/5 min) as an additional chal-
lenge to induce TdP, and 3) had a follow up period of at least 4 weeks after the
electrophysiological study performed at 4-6 weeks of CAVB. Part of the
almokalant-treated dogs have been published previously/' although the results are
now used for a different purpose.

DATA ANALYSIS AT CAVB BASELINE

Applying a custom made computer program (ECG View, Maastricht University),
with a resolution of 2 ms and adjustable gain and time scale, the following parame-
ters were measured offline: cycle length of idioventricular rhythm (Cl.-IVR), QT
time, the duration of the monophasic action potential (MAPD) of the LV and RV at
100% of repolarization. From these measurements, the interventricular dispersion
(AMAPD) was calculated, defined as LV MAPD minus RV MAPD.

Electrophysiological data were measured during a stable CL-IVR after at least 1
hour of anesthesia and are the mean of 5 consecutive beats. Both at baseline and
during class III drugs the electrophysiological measurements were done beat to beat
to determine maximum values.

STATISTICS

Pooled data are expressed as mean ± standard deviation (SD). Two group compari-
sons between the SCD and the non-SCD group were analyzed by unpaired Stu-
dent's t-test. Multiple comparisons between the SCD -, drug-responder - and non-
-responder groups were performed by one-way analysis of variance (ANC)VA) test
with a post-hoc Bonferroni t-test. Chi-square test was used when the data were
presented as a proportion.
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RESULTS

SCO GROUP: ELECTROPHYSIOLOGICAL AND ARRHYTHMIC PARAMETERS

Mean time of SCD was 7 ± 3 weeks after CAVB. Gender, age and the amount of
cardiac hypertrophy in the SCD dogs (heart wcight/BW 12.6 ±1.5 g/kg) was not
different from the non-SCD dogs (heart wcight/BW 11.5 ± 2.4 g/kg). Two of the
eight SCD dogs had a telemetric device implanted and revealed a polymorphic
ventricular tachycardia as cause of death. As can be seen in Figure 1, the tachycardia
was preceded by an acceleration in heart rate and the occurrence of ventricular
ectopic activity. This particular animal also showed a substantial amount of ectopic
activity and a self terminating polymorphic ventricular tachycardia in the hours
preceding its death. In the other 6 SCD animals, having no telemetric device, other
causes of death could be excluded. Two of these 6 animals were witnessed to have
SCI) while excited, dying in front of the animal technician. Resuscitation equip-
ment was not available in the stables.

The left part of Table 1 shows that CL-IVR, QT time and RV MAPI) did not
differ between the SCD dogs and the non-SCD dogs (n=70). LV MAPD and
AMAl'D were however significantly different between the two groups.

When looking at the arrhythmia incidence in the SCD group, 6 of 8 animals
(75%) already demonstrated TdP at baseline: in four dogs multiple episodes of spon-
taneous TdP were seen during the (preparation of the) electrophysiological study
(Figure 2), while in 5 dogs TdP could be induced by PES. In the non-SCD group
the incidence of TdP at baseline was 11 of 70 (16%, P<0.001 SCD- versus
non-SCD group).

,14:30 hr

1585 1450
1620 1805 1750 1470 1405

htl

Figure I - Example of sudden cardiac death in the cage recorded by telemetry. A 2-lead ECG is shown at
.1 paper speed of 10 mm/s. An acceleration of the rhythm with frequent ectopic activity (asterisk) is
followed by .i polymorphic ventricular tachycardia which degenerated in ventricular fibrillation
resulting in .sudden cardiac death. The numbers refer to the cycle length of the different beats.
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Tigtirr 3 Representative example of drug- induced Torsade de Pointes arrhythmia. In the two panels
( I . control and 2. aller ihutilidr infusion) ihrer leads ol the surface FC'd and a left ( IV)- and right
ventricular (RV) monophasic action potential (MAP) at a paper speed of 10 mm/s are shown. The
dispersion (AMAI'D) at baseline was considerable (95 ins). After ibutilide administration AMAPD
increased more than twofold. Also QT time increased, TU wave morphology changed and EADs can be
appreciated in the l.V MAP (arrow). A spontaneous short-long-short sequence of (triggered) ventricular
extra beats induced a Torsadc dc Pointcs arrhythmia.

ORUG-RESPONDER VERSUS NON-RESPONDER GROUP

Twenty four dogs met the inclusion criteria of which 15 received almokalant and 9
ihutilidc. Half of them (n=6 ibutilide, n=6 almokalant) responded with TdP to the
drug challenge (i.e. drug responders) while the other half did not (i.e. non-responders).

As previously described"-'' and visualized in Figure 3, class III drugs increased
significantly 1) CL-IVR, 2) Q T time, and 3) all MAP derived durations, including
AMAPD (data not shown).

ARRHYTHMIC AND ELECTROPHYSIOLOGICAL PARAMETERS OF THE SUBGROUPS

AT BASELINE: SCO, DRUG RESPONDERS AND NON-RESPONDERS

In Table 1 (right part) the elcctrophysiological parameters of the SCD group, drug
responders and non-responders at baseline are compared. No significant differences
existed between the three subgroups in CL-IVR, Q T time and RV MAPD. LV
MAPO and AMAPD were however significantly different between the SCD and
drug responders versus non-responders. Although LV MAPD and AMAPD
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Figure 4 - Individual AMAPD (vertical axis) d ju ol the three Mihgioups:

sudden cardiac death (SCD), drug-responder and non-responder groups.

A clear distinction in AMAPD can be seen between the SCD- and the
drug-responder group on the one hand versus the non-rcspondcr group
on the other. This is indicated by the term arrhythmogenic which
combines the SCD- and the drug-responder group.

Table 2 - Risk stratification of arrhythmia occurrence (n=32)
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appeared somewhat larger in the SCD than the drug-responder group, these differ-
ences did not reach significance. Figure 4 shows the individual data points of the
AMAPD in the three groups, which reveals clearly the distinction between the SCD-
and drug-responder groups on the one hand versus the non-responder group on the
other.

Thus, in fact we can distinguish two groups: arrhythmogenic and non-arrhyth-
mogenic, on the basis of LV MAPD and AMAPD during baseline. In Table 2, the
different specificity and sensitivity values for cut-off points of AMAPD 40, 65, and
90 ms can be seen in relation to the occurrence of ventricular arrhythmias.
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DISCUSSION

This study demonstrates that in the dog with CAVB, SCD can most probably be
attributed to (polymorphic) ventricular tachycardias. The ability to induce TdP at
baseline and the measure of LV MAPD and AMAPD indicate susceptibility to SCD.

TELEMETRY DEVICE

The observation period started after the electrophysiological study, which was
performed after at least 4 weeks of CAVB. After this time, we assume that the elec-
trical remodeling processes arc completed and stable in time."'^

To record the mode of death, we developed a telemetry system which provides a
2-lcad KCXi recording for 24 hours a day for a maximum of 2 months in a dog which
can move freely in his cage. The first analysis of these telemetry recordings in the rwo
dogs dying suddenly, revealed in both cases that the arrhythmia was preceded by an
acceleration in idiovcntricular rhythm, being accompanied by ventricular ectopic
activity (Figure I). The latter pattern shows similarities with the initiation sequence
of drug-induced TdP (Figure 3) in which EADs trigger ectopic beats, setting the
stage for a TdP arrhythmia, '['he observed acceleration in rate and the fact that the
two witnessed deaths occurred when the dogs were excited suggest an adrenergic
contribution to the initiation of the arrhythmia.

PREDICTIVE PARAMETERS OF SCD

In our retrospective study we looked at 78 CAVB dogs, including 8 SCD dogs. The
group of 24 dogs that received almokalant or ibutilide, showed a drug responder
versus non-rcsponder ratio comparable to other antiarrhythmic drugs used in the
model, i"

An arrhythmogenic parameter indicative of SCD was the ability to evoke TdP
already under baseline circumstances. In some anesthetized dogs TdP arose sponta-
neously (Figure 2), while in others our short-long-short mimicking pacing protocols
were necessary to initiate TdP.

One of the other electrophysiological parameters we focused on was AMAPD,
as we recently demonstrated that the amount of AMAPD is strongly associated with
drug-induced TdP.'•"•'" Also in other models of hypertrophy and heart failure
intcr-and intraventricular inhomogeneity in action potential duration has been
described, '•'•'•* while Antzelevitch et al demonstrated transmural dispersion of repola-
rization.'*' In Table 1 it can be seen that the AMAPD of the SCD group is signifi-
cantly larger compared to the non-SCD group.

Interestingly the SCD group and the drug-responder group show many similar-
ities. The AMAPD at baseline of these rwo groups was significantly different from
the non-responder group (Table 1 and Figure 4). A AMAPD of > 65 ms had a sensi-
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tivity of 85% and a specificity of 92% for the occurrence of ventricular arrhythmias
(Table 2). Besides AMAPD, the only other electrophysiological parameter which
showed a significant difference was LV MAPD.

This suggests that the length of the LV MAPD plays an important role, either in
creating dispersion between the ventricles (AMAPD), or in generating early afterde-
polarizations triggering arrhythmias."''" It was surprising to find that QT time did
not discriminate sufficiently to become predictive. Also CL-IVR was similar in the
different group comparisons excluding bradycardia as an arrhythmogenic factor.

BASIS OF THE ENHANCED SENSITIVITY TO SCO IN THE CAVB DOG

Q T prolongation or repolarization lability arc regarded as risk factors for ventricular
arrhythmias and SCD in patients with cardiac hypertrophy or failure."* Recently the
concept of a decreased repolarization reserve was introduced. '*'•*" Arrhythmias would
then occur when the reduced repolarization is challenged, e.g. by drugs or adrenergic
stimulation.''' ^'

We have described that the prolonged repolarization in the CAVB dog can be
attributed to a decrease in IK and an upregulation of the Na'-Ca*' exchanger in both
ventricles.•*•* All other currents which we have measured so far (e.g. 1(^1, ITO, I«i)
did not show any change. These electrical adaptations result in a more pronounced
interventricular dispersion and a higher susceptibility to TdP.'•"•'' The electrical
remodeling is accompanied by an eccentric biventricular hypertrophy and by a
maintained cardiac output (compensated function).'-^

To some degree the above mentioned characteristics in cardiac hypertrophy
and/or failure may be regarded as a form of acquired long-QT syndrome. ' ' ' '^ ' The
fact that the CAVB population can now be divided further in an arrhythmogenic
and a non-arrhythmogenic group is new, and it is tempting to suggest that arrhyth-
mogenic dogs would have the least repolarization reserve. To test this hypothesis, ion
channel expression levels of arrhythmogenic versus non-arrhythmogenic dogs will be
part of future investigations.

Besides possessing a substrate (AMAPD), the arrhythmogenic group needed an
additional trigger to start the arrhythmia . This trigger, which is likely to be related
to triggered activity or abnormal automaticity, can be provided by the addition of a
challenging factor. So far these include: an increased adrenergic state (excitement),
anesthesia, pacing, and / or class III drugs. Whether other factors are involved will be
part of ongoing investigations.

RELEVANCE OF THE MODEL

Only few studies have been able to demonstrate arrhythmogenic consequences of the
mentioned repolarization abnormalities in hypertrophy and heart failure. "•'*•""*'
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The presumed adrencrgically-induccd TdP in the conscious CAVB dog, in which
the I« is decreased shows similarities wich some forms of the congenital long QT
syndrome (LQTl and LQT2) in which SCD is related to 1 ,̂ or Ij^ downregulation
and adrencrgic stimulation.^ Also patients with "forme fruste" congenital LQT
syndrome show an increased TdP susceptibility to class III drugs.-"

LIMITATIONS

SCD is a complex phenomenon, whose appearance is unpredictable. In this respect
our follow-up period of > 4 weeks could have been too short. The scope of the study
prevents u.s from drawing conclusions about the cause of the increased susceptibility
to SCD in a subgroup of CAVB dogs. Cellular electrophysiological studies on
sudden death could not be performed because cells can only be obtained from freshly
arrested hearts. Placement of MAP catheters at only two sites (LV and RV) ignores
possible transmural and intravcntricular differences. However we have shown with
multisite transmural needle electrodes that AAPD is present within the CAVB dog
heart.-'''

CONCLUSION

In the CAVB dog model, SCD is 1) most probably related to TdP while 2) inducible
TdP and the measure of LV MAPD and AMAPD at baseline indicate susceptibility
to SCD.
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7.1 INTRODUCTION

The first publications of our group related to drug-induced TdP in the chronic
complete-atriovcnticular block (CAVB) dog appeared in 1994,' and 1995.* In the
latter paper it was noted that "to reproducibly induce TdP arrhythmias (by
d-sotalol), the cycle length of the idioventricular rhythm (bradycardia) and QT time
have to be sufficiently long <// /Ar Jterr of the experiment whereas spontaneous and
pacing-dependent TdP rely for their induction on the presence of early afterdepolari-
zations (KAI)s)". Two years later the parameter interventricular dispersion of repola-
rization was introduced,* and two antiarrhythmic drugs (almokalant and d-sotalol)
were compared in a random crossover design using the dog as its own control."* The
increased occurrence of TdP after almokalant was shown to be preceded by 1) a
further inhomogeneous increase in the left (LV) and right ventricular (RV) action
potential duration (API)), 2) the more frequent occurrence of (subthreshold) EADs,
3) and single cctopic beats followed by multiple ectopic beats, and 4) a further
increase in dispersion of repolarization resulting from the dynamic response of the
LV API) because of frequency changes.

In 1998 the background of the enhanced susceptibility to drug-induced TdP
was partially demonstrated: long-lasting bradycardia with AV asynchrony as a result
of CAVB leads to biventricular hypertrophy and to an increase in LV APD of 32%
while the increase in RV API) is less pronounced (+21%), resulting in an increased
dispersion of repolarization. The prolonged repolarization times can facilitate the
development olTADs.** The changes in ion currents, likely to be expected to form
the basis for the altered repolarization parameters were at that time not known.
Subsequently it was shown that downregulation of I|< *' and an upregulation of the
Na*-Ca^* exchanger/ contributed to the electrical remodeling and the increased
propensity to triggered activity.

7.2 ELECTRICAL REMODELING AND DRUG-INDUCED TDP ARRHYTHMIAS IN
THE CAVB DOG

Figure 1 shows the absolute and relative increase in repolarization parameters after
administration of the IK, blocker dofetilide during sinus rhythm, acute AV block and
chronic AV block. Dofetilide prolongs the QT time with 40% during sinus rhythm
and 32% during acute AV Mock. Despite these large rr£m»r increases, the dAWufr
values of the QT time. LV APD, RV APD and AAPD. do not reach a critical level
and TdP does not occur. In the remodeled CAVB heart with the acquired long-QT
syndrome."' " the administration of dotetilide prolongs the QT time with only 25%.
However, as a result of the baseline d^Wwfr higher values, the QT time reaches hig-
her levels after a drug challenge in the CAVB situation than during sinus rhythm and
acute AV block (Figure 1). The longer-QT respectively LV-APD values can make
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Figure 1 - Four panel figure showing the effect of 0.025 nig/kg dofetilide administration on QT time,
LV MAPD, RV MAPD and AMAI 'D during sinus rhythm (SR), hradycardia (acute atrioventricular
block, AAVB), and after electrical remodeling because of chronic complete AV block (CAVB). ( In the
vertical axis, the values in ms are shown. On the horizontal axis, the SR, AAVB and CAVB situation is
shown, with (filled part) and without (open part) the administration of dofetilide. The percentages indi-
cate the relative increase of the different repolarization parameters after administration of the drug.
During SR and AAVB the electrophysiological values after dofetilide administration increase >r/w//Wy
seen more than during CAVB, but dfco/K/e/y higher values are reached during CAVB because of the
increased repolarization parameters at baseline. This is associated with a 6 of 9 Td l ' incidence. Values in
mean ± SEM.

the heart more sensitive to EAD-related ventricular ectopic beats, thereby providing
the trigger for an arrhythmia. Secondly, as the LV APD increases absolutely as well as
relatively more than the RV APD, a large dispersion of repolarization is reached du-
ring CAVB after a drug challenge. The increase in dispersion and the occurrence of
EADs, respectively ectopic beats, after dofetilide administration is associated with a
two-third TdP incidence in the CAVB dog. The drug thereby unmasks those dogs
that have a reduced repolarization reserve.''

The hypothesis that the new antiarrhythmic agent azimilide, which has combined
IKT and I|<s channel blockade, would show less proarrhythmia by lengthening the
APD more homogeneously than the selective I«r channel blocker dofetilide was
shown to be incorrect in Chapter 2. To achieve a comparable QT time prolongation
for both drugs, drug dosages in this study were selected by dose-dependency testing
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in dogs with normally conducted sinus rhythm. In a random crossover design in the
CAVB dog, azimilide and dofetilide increased QT time, and simultaneously disper-
sion of repolarization. Both drugs caused TdP arrhythmias in two-third of the dogs,
preceded by EAD associated single- and multiple ventricular ectopic beats, often
coupled in a short-long-short sequence.

These results imply that the additional I«i channel blockade provided by
azimilide is not superior to the use of the selective IK, blocker dofetilide in the dog
with CAVB. For this finding several explanations can be offered: 1) blocking the IKJ
channel can he licncficial under non-adrenergic circumstances by lengthening the
AI'l) homogeneously. However, when an adrenergic drive is present, which is the
normal physiological condition in the intact animal and human, triggered activity
and an aggravation of dispersion of repolarization can occur'"" 2) azimilide does
not block the I«, channel in the CAVB dog because the current is already signifi-
cantly downrcgulated,'' and 3) azimilide blocks the I«< channel weakly as compared
to the I«, channel (IK, blocking potency 8 times > I^ blocking potency'^").

To study the feasibility of pure I«, channel blockade as an antiarrhythmic target
without proarrhythmic properties, specific I«, channel blockcrs were used. Unex-
pectedly, already in the dog with normally conducted sinus rhythm under anes-
thesia, high dosages of I«,, channel blockers caused less QT prolongation than the I«,
channel blockers. This precluded assessing the proarrhythmic potential of the 1^
channel blockers in the CAVB dog, which is based on the fact that the increase in
repolarization parameters should be equal between drugs to compare their pro-
arrhythmic properties.

To unravel the unclear contribution of the I|<s channel to ventricular repolariza-
tion, both cellular and in-vivo clectrophysiological experiments were performed in
sinus rhythm dogs (Chapter 3). We demonstrated that under baseline conditions
adrencrgically-unstimulated I^ does not contribute significantly to repolarization in
ventricular myocytes, because its activation is restrained by the voltage and time
domains of the action potential. Therefore, drug-induced 1^ inhibition does not
prolong the cellular action potential at baseline. However, I«* becomes more promi-
nent during 1 ,̂ block by time-dependent activation, and during ß-adrenergic
receptor stimulation when it promotes action potential shortening by increased and
accelerated activation.

In the intact sinus rhythm dog, under anesthesia, Î s blockade led maximally to
Ql\- prolongations of 10%. Even in the presence of intravenously administered
isoprotercnol, when the channel, according to the cellular findings, should be maxi-
mally activated, the Q l \ did not prolong further. These results seemed to be in
conflict with 1) our cellular investigations in which a significant role for Î * in
adrenergically-stimulated ventricular myocytes was found, 2) other studies,'*'' and
3) data from patients with the congenital long QT 1 syndrome'" -". Therefore, the
IKN blocker was orally administered in the awake dog. Surprisingly, under conscious
circumstances, (complete) l^, channel blockade resulted in QT time prolongations
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of more than 50%. One dog even died during excitement, and the Holter recordings
revealed that death could be attributed to a tachyarrhythmia. Detailed analysis of the
Holter recording showed that the animal probably died because of the inability to
*/wff« the QT time sufficiently during an increased heart rate, loading to a very
short diastolic interval and ultimately R-on T wave initiation of the arrhythmia.
Thus, the study shows that the adrcncrgic system is an essential component to have
the IKJ channel function,-' and that the channel seems to be (especially) important
for the shortening of the QT time during an increased heart rate and/or an enhanced
adrenergic tone. In other words, the 1̂» channel seems indispensable to maintain
the, life saving, rate dependent duration of the QT time. For the discrepancy be-
tween the anesthetized and conscious in vivo-data. two possible causes can be
offered: 1) the anesthetic drugs pentobarbital and/or halothanc have a direct
blocking effect on I|^ and/or 2) anesthesia-induced attenuation of cardiac sympa-
thetic tone decreases adrenergic stimulation of IK,

In Chapter 4 the multiple channel blockers amiodaronc and dronedarone were
compared. In the clinical setting, amiodaronc is the only antiarrhythmic drug
achieving prolongation of repolarization with a very low TdP incidence.^ However,
serious non-cardiac side effects, being attributed to the iodinated nature of the mole-
cule, Um« «sv.idesptcad clinical use.*'-'* Ofonedaionc v>as introduced as similarly
effective as amiodarone, but devoid of iodine.^ ^ In the CAVB dog, both
amiodarone and dronedarone prolonged QT,- time more than 20% when adminis-
tered orally chronically. Amiodarone, similar to the clinical situarion, evoked no
TdP thereby proving that the model possesses, next to a high sensitivity, also a high
specificity for assessing proarrhythmic properties of drugs. Moreover, amiodarone
shows that f/v d£Wu<r QT}«-; "'"" '"ft*f/>«/ u>/f/> a */r«g « «of r/v £#£&« fta«^r</ /<•;
/>rrt#rf f//f /Wtfrr/̂ tfAw/r/>r0/><7?/« O^JW fawfwrrÄyfÄOT/Vv) //r«£. The absence of TdP
during amiodarone, despite QT^, time lengthening, was related to a homogeneous
APD lengthening in the majority and the lack of EADs and ventricular ectopic beats
in all of the dogs.

Dronedarone demonstrated TdP in 50% of the animals. The different
arrhythmic outcome of dronedarone compared to amiodarone can be related to: 1)
unfortunate randomization because of the group comparison, in which the
dronedarone animals had higher baseline electrophysiological parameters,^" 2) the
selected dosage, or 3) different electrophysiological effects of the drugs which could
suggest that chronic amiodarone exerts its beneficial effect by modulating the ion
channels differently and/or inhibiting thyroid hormone activation in cardiac
muscle.«-*'

The Table summarizes the arrhythmic results of the first 3 chapters of the thesis.
All the different ion-channel blockers, which were studied, increased QT time.
However, only amiodarone did not have proarrhythmic potential. From the Table it
is clear that for TdP to occur both 1) dispersion of repolarization, 2) EADs and 3)
ectopic beats are necessary. Thus, a significant finding of this thesis infers that QT
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time lengthening does not have to be proarrhythmic, as long as dispersion of
repolarization, EADs and/or ectopic beats are absent. The exact contribution of each
factor and their mutual interaction in relation to TdP occurrence needs further
investigation.

Chapter 5 assesses the non-invasive measurement of dispersion of repolarization
on the surface F C C We demonstrated that during different protocols, including
API) lengthening and shortening, the JT area on the surface ECG reflected alter-
ations in intcrvcntricular dispersion. Administration of class III drugs increased both
Q T time and JT area, which was associated with TdP occurrence for the highest JT
area values reached. In contrast, chronic amiodarone increased Q T time but did not
augment JT area, which was associated with the absence of TdP (Chapter 4). There-
fore, the JT area should be evaluated to risk-stratify the individual patient for the
development of TdP arrhythmias after the administration of class III drugs.

Finally, to assess if sudden cardiac death (SCD) in the CAVB dog was indeed
related to an arrhythmia, a tclcmctric ECG device was developed and implanted in a
number of dogs, which were at risk for SCI) (Chapter 6). The telemetry recordings
provided ihc evidence that SCI) was related to (polymorphic) ventricular tachycar-
dias. In addition, it was possible to risk-stratify those dogs that were susceptible to
SCD by the measure of their LV API) and dispersion of repolarization at baseline
(sec below).

7.3 DIFFERENT PHENOTYPES IN THE CAVB DOG

The fact that the CAVB dog has 3 different phenotypes is an important finding of
this thesis (see also Chapter 6): 1) 10% of the dogs show spontaneous or
pacing-induced TdP at baseline and have a high risk of arrhythmic SCD during
follow-up, 2) 60% of the dogs respond with TdP when they are challenged with a
repolarization prolonging drug (i.e. drug responders) 3) 30% of the dogs do not
respond with TdP, even after a drug challenge (i.e. non-responders). The first and
the second group can be characterized electrophysiologically by a higher degree of
the LV API), and dispersion of repolarization d/ taW/w^ compared to the
non-rcsponder group (Figure 2). The electrophysiological differences between the
SCD. responder and non-responder group, however, cannot be attributed to differ-
ences in the degree of ventricular hypertrophy (heart weight / BW: SCD group 12.6
± 1.5 g/kg; TdP responder group: 11.2 i 1.4 g/kg and non-responder group l l . l t
1.6 g/kg). The longer Q T time, LV APD and dispersion of repolarization <zr taW/w
of the drug-responder group (i.e. predisposition) compared to the non-responder
group, result in longer repolarization values and TdP after the administration of
dofctilidc (Figure 2). This suggests that the drug-responder group, and the SCD
group, possess a lower repolarization reserve, than the non-responder group. These
findings stress the importance of performing drug comparisons in the same subset of
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Figure 2 - For abbreviations see Figure 1: After AAVB (n-7), electrical remodeling takes place, leading
to an increased l.V MAPD at CAVB. Three groups can be distinguished: 1) dogs having spontaneous
TdP and SCD at baseline without receiving dofetilide (n=8) 2) dogs showing TdP after dofetilide (drug
responders, n=12), and 3) dogs not developing TdP after dofetilide (non-rcspondcrs, n«6). During
CAVB, the baseline l.V MAPD values of the SCD and drug-rcspondcr group arc significantly higher (*,
P<0.05). Administration of dofetilide results in a further increase of l.V MAPD, which reaches a critical
level leading to TdP in the responder group (#, P<0.05 w non-rcsponders). Values in mean ± SEM.

Table 1 - The effects of different drugs on clectrophysiological parameters and arrhythmias

T or £»£>/

Dofetilide IV

Azimilide IV

Amiodarone PO

Dronedarone PO

+/-: effect present / absent; AAPD: dispersion of repolarization; EADs: early afterdepolarizations; EBi:
ventricular ectopic beats; IV: intravenously administered; PO: orally administered

dogs to ensure the same phenotype. The lower repolarization reserve in the
drug-responder and SCD group might be due to, among others, a larger downregu-
lation (or less expression) of outward currents, notably I«.

The fact that, despite an apparently similar Stressor (CAVB), different electro-
physiological and arrhythmic phenotypes exist is intriguing. (Complete AV block
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induces, among others, neurohumoral activation, e.g. catecholamines, angiotensin-
convcrting enzyme, angiotensin II, and mechanical wall stress. These modulators
can activate numerous intracellular signal pathways thereby altering the function
and/or density of e.g. ion channels by changing the transcription, translation and/or
post-translation processes of the gene(s) involved. Knowledge of higher or lower
expression levels of gene products related to the remodeling processes and the diffe-
rent clectrophysiological and arrhythmic phcnotypes in the CAVB dog can eventu-
ally lead to the identification of entirely new targets for effective intervention to
prevent and treat potentially lethal arrhythmias.

7.4 DRUG INDUCED TORSADE DE POINTES ARRHYTHMIAS AND SUDDEN
CARDIAC DEATH IN THE REMODELED CANINE HEART: INVESTIGATIONS
IN THE CONSCIOUS CAVB DOG

In (Chapter 6 it was documented that a subset of CAVB dogs are prone to TdP and
SCI) under anesthesia without any drug challenge. Subsequently, the question arose
whether dogs, which show drug-induced TdP under anesthesia, would also demon-
strate drug-induced TdP and SCI) during awake conditions. This became impor-
tant after the finding that dronedarone caused TdP in 50% of the dogs under anes-
thesia, but did not lead to SCD in the cages, although the occurrence of non-lethal
arrhythmias cannot be completely excluded. In view or these findings, a comparison
with a selective I«, blocker under conscious conditions in relation to SCD occur-
rence was needed. Obviously, when the drugs would be administered orally under
awake circumstances, the model would mimic the clinical situation more closely.
These two considerations were the starting point of a pilot study in the awake
animal.

An integral part of the study were recordings of the cardiac rhythm with a
2-channel Hoher during a 10-hour period, together with a video camera surveillance
system to provide a link between the arrhythmias and the behavior of the dog. First,
seven animals in sinus rhythm received single oral dosages of 0.025 and 0.05 mg/kg
dofetilide under conscious conditions. None of these animals demonstrated
arrhythmias. Second, five CAVB dogs, which showed drug-induced TdP under
anesthesia after IV administration of the Î r blocker dofetilide, were also studied
under awake circumstances. These dogs received a single oral dose of 0.025 - or 0.05
mg/kg dofetilide after 12-hours of fasting. All the five animals developed arrhythmic
activity under conscious conditions as well. The arrhythmias started 2'/2 to 4 hours
after drug administration and the arrhythmic activity lasted for 30 minutes to 3
hours. This time period, in which the arrhythmias occurred, corresponds well with
the reported peak plasma concentrations following oral dofetilide administration in
humans.-'" Three animals showed non-sustained episodes of polymorphic ventric-
ular tachycardias, which were initiated by oscillator)' short-long-shon cycle length
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Figure 3 - Ventricular ectopic beats and TdP arrhythmias registered on Holter after 0.025 ing/kg
dofetilide orally in a conscious dog. The upper panel shows a 30-minute continuous recording in which
single- and consecutive ectopic beats preceding the TdPs can be seen. The lower panel is a magnification
of the arrhythmia in the upper panel. The arrhythmia is initiated by a short-long-short sequence and
terminates spontaneously.

patterns (Figure 3). The initiation of the arrhythmias under conscious conditions
after oral administration of dofetilide showed remarkable similarities with TdP after
IV application in the same anesthetized animal, as can be seen in Figure 4.

One dog demonstrated a ventricular tachyarrhythmia, initiated by an extremely
short coupling interval of 220 ms, which did not terminate spontaneously and even-
tually degenerated into ventricular fibrillation leading to SCD (Figure 5). To
cardiovert the arrhythmias and prevent SCD in the stable, 3 dogs were equipped
with an implantable cardioverter defibrillator (GEM, Medtronic Inc). As can be
seen in Figure 6, the implantable cardioverter defibrillator was capable to record and
treat dofetilide induced tachyarrhythmias. Interestingly, the video camera record-
ings revealed that all the arrhythmic events occurred under resting conditions. In
one dog the arrhythmia even disappeared when it became active. These findings
suggest that the prolonged QT time by I«r block could be shortened during exercise
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Figure 4 - Spontaneous ventricular cccopit beats and TdP after 0.025 mg/kg dofetilide IV under anes-
thesia. Same dog as in Figure .1, showing in a 10 minutes period multiple TdPs of which I had to be
cardinvcrted. The incidence and duration or arrhythmias is more severe than after oral dofetilide admin-
istration. The lower panel shows leads II. aVI. of the surface ECG and the LV and RV MAPD at a paper
speed of 2S mm/s. The TdP is initiated by a short-long-short sequence of ventricular cctopic beats,
which seem to be triggered by early aftcrdepolarizations (arrow).

because of an increased 1̂» during adrenergic circumstances (Chapter 3). This mech-
anism would prevent repolari/.ation dependent tachyarrhythmias during exercise.
However, under resting conditions the 1^ would be less activated, making the
repolarization more dependent on the (drug-blocked) I«, channel, thereby reducing
the net repolari/ation current and rendering the heart susceptible to arrhythmias.

Looking at the TdP characteristics, the cycle length of the arrhythmias was
similar under anesthesia (200 ± IS ms) compared to conscious conditions (217 ± 32
ms), but the incidence of arrhythmias (10 ± 6vs6 ± 5) and the duration (6.1 ± 3.5 s
vs 2.6 ± 0.4 s) was markedly lower during conscious circumstances.

In conclusion, orally administered, clinically relevant dosages of the antiar-
rhythmic drug dofetilide can evoke TdP in the conscious CAVB dog. The possibility
of testing (antiarrhythmic) drugs in the awake dog significantly increases the clinical
value of the model.
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Figure 5 — Sudden cardiac death registered on a Holter recording in a conscious dog after oral adminis-
tration of 0.050 mg/kg dofetilide. The upper panel shows a 25- minute continuous recording in which
long pauses and T-wave changes can be appreciated. A very short-coupled ectopic beat (220 ins, sec
lower panel) initiates the arrhythmia that deteriorates into ventricular fibrillation.
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Figure 6 - Ventricular electrogram recorded by an ICD (GEM, Medtronic Inc) in a conscious dog. The
ICD successfully cardiovened (indicated by the arrow) the arrhythmia degenerating into ventricular
fibrillation, which occurred after oral administration of dofetilide.
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Figure 7 - Fluctuations in heart rate during two 24-hour periods (day 1 and 2) in a
conscious C'AVB dog, demonstrating that a clear influence of the autonomic

nervous system is still present in the C.AVB heart. The horizontal axis shows the
time of day in hours and the vertical axis the RR interval in ms.

The measurement of QT times and RR changes in relation to drug induced
TdP in the awake CAVB dog, could give further insights into the mechanisms of
drug induced arrhythmias and SCD in patients.

However, a number of technical problems concerning the assessment and inter-
pretation of RR and QT times on Holter has to be overcome. In the CAVB dog, as
in the sinus rhythm dog, the heart rate fluctuates from hour to hour and from day to
day (Figure 7). In general, the most used formula for adjusting QT interval to the
heart rate is Bazetts formula." This formula, though, applies only to the ECG
during steady state circumstances.-*--'-' To circumvent this problem, selective aver-
aging procedures have been proposed in order to better control for the heart rate and
autonomic nervous system activity in which a given event occurs. Selective averaging
procedures average only those beats meeting specific criteria, for example a similar
heart rate, regardless of the time of occurrence during the recording."-**
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In contrast, to explore the fluctuations of QT duration as the function of the
evele length changes, a bcat-to-lvr.it analysis ha.\ to he performed. The r.ne depend
encv of the QT time interval can be evaluated from EC( i Holter recordings by
computing rhe linear regression between QT intervals and correspondent RR inter-
vals. The QT-RR relation can be derived bv selective averaging procedures, e.g.
30-seconds or hourly templates, or by beat-to-beat analysis for short term
high-quality ECG recordings obtained in controlled conditions.^

The evaluation of the circadian modulation of QT variability may have clinical
relevance, as abnormal circadian patterns of prolonged QT interval have been associ-
ated with an increased incidence of malignant arrhythmias. ^*<' Also class 111
drugs,^ or inherited cardiac ion channel abnormalities may modify the circadian
pattern of QT variability.^"*" Likewise, the occurrence of arrhythmias during 1 ,̂
channel blockade in the conscious dog seems to be related to a failure of QT time
shortening during shorter cycle lengths, i.e. a flat slope of the QT-RR rel.ition.

Therefore, the combined analysis of ventricular repolarization dynamics and
mechanisms of onset of arrhythmias by Holter monitoring can provide more in-
sights in the interaction between the autonomic nervous system and the myocardial
substrate.

7.5 WHERE TO GO FROM HERE

The CAVB dog has been established as a model in which different phenotypes arc
present: those who are arrhythmia susceptible and those who are not. Molecular
studies on differences in gene expression between these phenotypes might provide
insight into the genes, and signaling pathways involved in remodeling and
proarrhythmia. Eventually, this may lead to the identification of entirely new targets
for effective prevention and treatment of lethal arrhythmias.
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The heart continuously pumps blood throughout the body, roughly three billion
times in an average lifetime. Every heartbeat is initiated by a pulse of electrical activa-
tion, which is generated in specialized pacemaker cells and subsequently spreads to
the atria and ventricles of the heart. The electrical impulse leads to excitation of each
individual cell in the heart, thereby activating the contractile machinery. Thereafter,
the heart returns (i.e. rcpolarizes) to the resting phase, where after the cell can be
excited again.

If the ventricles beat too slow, bradycardias, or too fast, tachycardias, then this can
lead to no or insufficient blood supply to the body. This may, in the extreme case, lead to
sudden cardiac death. Class III antiarrhythmic drugs are given to treat both atria] and
ventricular tachycardias. These drugs exert their action by prolonging the repolarization
of the heart, via ion-channel blockade, which can be seen on the ECG as a prolongation
of the (^1 time. However, prolongation of the repolarization by these drugs can, para-
doxically, lead to ventricular tachycardias (Torsadc de Pointes) and sudden cardiac death
in 3-8% of patients.

The risk of Tor.sade de Pointes increases significantly if the patient is predisposed.
Hypertrophy, heart failure and other pathophysiological conditions of the heart are asso-
ciated with electrical remodeling processes. These electrical remodeling processes result
in a reduced repolarization capacity, and an increased susceptibility to repolarization
prolonging drugs, such as class III antiarrhythmic drugs. Therefore, it is imperative to
have an (animal) model with a high sensitivity and specificity to preclinically screen and
study these drugs for their propensity to induce Torsade de Pointes.

In this thesis an animal model is used in which operatively induced chronic com-
plete atriovcntricular block leads to ventricular hypertrophy and electrical remodeling.

Chapter 1 contains the introduction to the thesis. The background of the electrical
remodeling processes in hypertrophy and heart failure resulting in an enhanced suscepti-
bility to (drug-induced) Torsade de Pointes and sudden cardiac death are discussed. The
dog model with chronic complete atrioventricular block is introduced and the goals of
the thesis are formulated.

Chapter 2 demonstrates the high sensitivity to Torsade de Pointes with class III
drugs in the electrically-remodeled canine heart. The increased sensitivity is associated
with an increased duration of ventricular repolarization, and increased differences in
repolarization duration between areas of the ventricles (i.e. dispersion of repolarization).
The new class III antiarrhythmic drug azimilide, which blocks an additional ion channel
(1KJ next to the "classic" I)<r channel, was thought to evoke less Torsade de Pointes.
1 lowevcr, in the remodeled heart no difference in Torsade de Pointes incidence existed
between azimilide and the clinically used selective 1^ -channel blocker dofetilide. The
occurrence of Torsade de Pointes was for both drugs associated with the development of
early afterdepolarizations, ventricular ectopic activity and an increased dispersion of
rcpolarizdtion.

Because additional 1^ channel blockade was not favorable to selective I|o channel
blockade, the 1^ channel was extensively studied in the normal canine heart, both on the
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cellular and in-vivo level. The function of the I|^ channel appeared to be imptmantly
dependent on the adrenergic drive, and was shown to be a major contributor to ventri-
cular repolarization in conscious dogs. Blockade of the channel, especially under strong
adrenergic circumstances, probably results in the inability to shorten the repolarization
sufficiently and leads to Torsade de Pointes. These findings provide more insights in
congenital and acquired diseases in which the 1^, channel is involved (Chapter 3).

The antiarrhythmic drug amiodarone was studied in Chapter 4. Amiodaronc is the
only antiarrhythmic drug having a very low incidence of Torsade de Pointcs in the clini-
cal situation. Unfortunately, its many non-cardiac adverse effects limit the widespread
clinical use. Amiodarone did not evoke Torsade de Pointes in the model, similar to the
clinical situation, thereby demonstrating that the model possesses, next to .i high sensi-
tivity, also a high specificity for testing proarrhythmic properties of (aiuiarrhythmic)
drugs. Secondly, the study showed that prolongation of the repolarization is feasible in
the remodeled heart without the occurrence of Torsade de Pointes. Torsadc dc Pointes
does not occur as long as early afterdepolarizations. ventricular cctopic activity and an
increase in dispersion of ventricular repolarization are absent. Thus, although the
amount of Q T time prolongation is used by regulatory drug administrations tor
risk-assessment of drug-induced Torsadc de Pointes, this seems not to be the golden
standard.

Unfortunately, the assessment of electrical properties of the heart, which are impor-
tant for the occurrence of arrhythmias, can only be assessed invasively by catheters.
Therefore, we related these invasively assessed parameters with the non-invasive F.CG,
and showed that the area of the T wave on the surface F.CG reflects the invasively-
assessed dispersion of repolarization (Chapter 5). This parameter can possibly be used to
identify patients who are at risk for drug-induced Torsade de Pointes.

Normally, antiarrhythmic-drug studies in the model are performed under anes-
thesia, which condition is however not comparable to the patient situation. As a result
the model was extended, and made more clinically relevant by studying the antiarrhyth-
mic drugs under conscious circumstances. It was demonstrated, by F.CG telemetry,
Holter and implantable-cardioverter-defibrillator recordings, that the model possesses
also a high sensitivity to antiarrhythmic drug-induced Torsade de Pointes and sudden
cardiac death under conscious circumstances (Chapter 7).

Furthermore, we could assess /'« Ä/MZM«' which animals are at risk for class III drug-
induced Torsade de Pointes and sudden cardiac death and those who are not. This on
the basis of the left ventricular repolarization duration and dispersion of repolarization
duration at baseline (Chapters 6 and 7).

The latter findings make it possible to identify, and possibly treat, underlying genes
or gene products, which determine drug-induced Torsade de Pointes and sudden
cardiac death in the remodeled heart.
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Her hart is een hollc spier die gemiddcld 3 miljard maal in een mensenleven
samentrekt en daarmee bloed door hct lichaam pompt. Elke hanslag wordt
gemitieerd door een elektrische prikkel, die ontstaat in gespecialiseerde pacemaker-
cellcn en vervolgcns wordt voortgeleid over de boezems en kamers van het hart.
Dote elektrische prikkel Icidt tot excitatie van elkc individuele hartcel waarna de
kontraktiele machincric wordt gcactivcerd en de eel samentrekt. Hierna keen de eel
tcrug (rcpolarisccrt) naar de rustfase, waarna hij wecr geexciteerd lean worden.

Als de kamers van het hart tc langzaam (bradycardiccn) of te snel kloppen
(tachycardieen) kan dit leiden dit tot geen- of onvoldoende blocdtoevoer naar het
lichaam. In hct meest extreme geval kan dit resultcren in overlijden (plotse handood).

Voor de bchandcling van zowcl boczem- als kamertachycardicen worden klasse-
III-anti-arrhythmica gegeven. Dcze mcdicamcntcn kunnen tachycardieen verhinde-
ren of becindigen door de duur van de repolarisatie in het hart, via blokkade van
bepaaldc ionkanalcn, te vcrlengen. Dit is op het hartfilmpjc (ECG) tc zien als een
verlcnging van de zogenaamde QT-tijd. Echter, hct verlengen van de repolarisatic-
duur door medicamenten kan, paradoxaal, bij 3-8% van de patienten juist bepaalde
kamertachycardicen (I orsade de Pointes) en plotse hartdood opwekken.

Hct risico op Torsade de Pointes wordt aanzienlijk verhoogd wanneer de patient
gepredisponcerd is. Hypcrtrofie, verdikking van de hartspier, hartfalen en ander
pathotysiologische condities zijn geassocieerd met veranderingsprocessen (remode-
Icring) van de elektrische eigenschappen van het hart. Deze elektrische remodele-
ringsproecssen rcsulteren in een verminderde repolarisatiecapaciteit van het hart,
leidend tot een verhoogde gevoeligheid voor Torsade de Pointes wanneer
medicamenten worden tocgediend die de repolarisatieduur verlengen, zoals klasse-
III-aiiti-arrhythmica. Het is daarom van groot belang dat klasse-III-anti-arrhythmica
pre-klinisch gescreend en bestudeerd kunnen worden op de bijwerking Torsade de
Pointes. Daarvoor is een (dicr) model nodig met een hoge sensitiviteit en speeificiteit
voor medicamcnt-gerelateerde Torsade de Pointes .

In dit proefschrift werd gekozen voor een diermodel waarbij operatief chronisch
complect atrioventriculair blök wordt gemaakt, leidend tot kamerhypenrofie en
elektrische remodelcring.

Hooldsuik 1 bevat de algemene introduktie van het proefschrift. De achtergrond
van de elektrische remodeleringprocessen in hypertrofie en hartfalen die leiden tot
cen verhoogde gevoeligheid voor (medicament-gerelateerde) Torsade de Pointes en
plotse hartdood worden besproken. Het hondenmodel met chronisch compleet
atriovcntriculair blök wordt geintrodueeerd en de doelstellingen van het proefschrift
gcrormuleerd.

Hoofdstuk 2 laat zien dat het elektrisch geremodeleerde hondenhart zecr
sensitiet is voor klasse-lll-anti-arrhythmica gerclateerdc Torsade de Pointes. Dit op
basis van een toename in de repolarisatieduur van de kamers - en verschillcn in
rcpolarisatieduur (repolarisaticdispersic) tussen gebieden in de kamers. Het nieuwe
klassc-Ill-anti-arrhythmicum azimilide, welke een bepaald ionkanaal (l^J extra
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naast het "klassieke" I«, kanaal blokkeerdc. werd daarom gedacht minder Torsadc
de Pointes te geven. In het gcremodelcerde hart bleck dit anti-arrhythmicum echter
even vecl Torsade de Pointes op tc wckken als de klinisch gebruikte sclcctieve IK,
kanaal-blokker dofctiiide. Hct optreden van Torsade de Pointes was voor beide
medicamenten geassocieerd met hct ontstaan van vroege nadepolarisaties, ectopische
activiteit vanuit de kamers van het hart, cn een toegenomen repoiarisatiedispersie.

Vanwcge het feit dat additionele 1^ kanaalblokkade nict gunstiger was dan selcc-
tieve IK, kanaalblokkade, werd het 1^ kanaal in hct normale hondenhart, /.owcl op
cellulair als in-vivo niveau, grondig bestudeerd. Hicruit bleck dat de werking van hct
kanaal sterk afhankelijk was van de adrenerge Staat, cn in de wakkere hond ecu
belangrijke bijdrage leven aan de repolarisatic van de kamers. Vooral onder sterk
adrenerge omstandigheden leidt blokkadc van hct kanaal waarschijnlijk tot hct
onvermogen om de repolarisatieduur tc verkorten cn juist tot Torsadc de Pointes.
Deze bevindingen geven verdere inzichten in aangeboren cn verworven zickten
waarbij het 1^ kanaal betrokken is (Hoofdstuk 3).

Het anti-arrhythmicum amiodarone werd bestudeerd in Hoofdstuk 4.
Amiodarone is in de kliniek een cffccticf anti-arrhythmicum met ten läge Torsadc
de Pointes ineidentie. Hct heeft echter vecl, nict cardialc, bijwcrkingcn wat de
klinische toepasbaarheid beperkt. Amiodarone gaf in hct model, net als in de
kliniek, geen Torsade de Pointes. Dit toont aan dat het model naast cen hoge sensi-
tiviteit ook een hoge speeificiteit bezit voor hct testen van medicamentcn voor de
bijwerking Torsade de Pointes. Daamaast laat deze Studie zien dat medicamenteuze
QT-tijd verlenging in het geremodeleerde hart wcl degelijk mogclijk is zonder
Torsade de Pointes op te wekken. Torsade de Pointes treden nict op zolang geen
vroege nadepolarisaties en ectopische slagen worden opgewekt cn de repoiarisatie-
dispersie niet toeneemt. Dus het blijkt dat de mate van QT-tijd verlenging niet de
gouden standaard is om medicamenten te risikostratificeren voor Torsade de
Pointes, ondanks dat deze parameter wel gebruikt wordt door de medicament-
toezichtscommissies.

Omdat de bestudering van elektrische eigenschappen van het hart die van belang
zijn voor het ontstaan van ritmestoornissen tot nog toe alleen invasief, met catheters,
bestudeerd kunnen worden, werd gekeken of deze gerelateerd konden worden met
het ECG (Hoofdstuk 5). Het bleek dat de T-golf oppcrvlakte op het ECG als
non-invasieve maat voor repoiarisatiedispersie gebruikt kan worden. Mogclijk kan
deze parameter dan ook gebruikt worden om patienten te identificeren die een
verhoogd risico hebben op medicament-geinduceerde Torsade de Pointes.

Vanwege het feit dat de klasse-III-anti-arrhythmica in het model alleen
bestudeerd werden onder anesthesie, en deze situatie niet overeenstemt met de
patientsituatie, werden de medicamenten ook oraal onder wakkere omstandigheden
toegediend. Met behulp van ECG telemetrie, Holter en implanteerbare-cardioverter-
defibrillator opnamen, kon worden aangetoond dat het model ook een hoge sensiti-
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viteit bezat voor medicament geinduceerde Torsade de Pointes en plotse harrdood
ondcr wakkerc omstandigheden (Hoofdstuk 6 en 7).

Verder wcrd hct in het model mogelijk om o/> M?or/ww</ een onderscheid te
maken tusscn individuen die gcvoelig zijn voor medicament-gerelateerde hartritme-
stoornissen en plotse hartdood, en degenen die dat niet zijn. Dit op basis van de
Icngtc van dc linker kamcr rcpolarisatieduur en de mate van repolarisatiedispcrsie
(Hoofdstuk 6).

Dczc bevindingen maken in de toekomst identificatie, en mogelijk behandeling,
van ondcrliggendc genen of genproducten, die bepalend zijn voor medicament gere-
laiccrdc riimcstoorni.sscn en plotse hartdood, mogelijk.
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Het voor U liggende procfschrift is het resultaat van een jarenlange inspanning,
welke door velc mensen werd verricht. Ik had het voorrccht dat het ondcrzoek kon
plaatsvindcn binnen de vakgroep Cardiologie te Maastricht met een wereldwijde
bekendhcid op het gcbied van hartritmestoornissen. Alhoewcl het onmogelijk is om
icdcrccn te bedanken die bij het welslagen van het proefschrift betrokken is geweest,
zou ik bij dc/e een poging willen wagen.

Prof. H.J.J. Wellcns, de founding father van de Cardiologie te Maastricht, hceft
al die tijd mijn ondcrzoek gestimuleerd en positief bekritiseerd. Prof. Wellens, het
was ccn voorrccht om bij U thuis het proefschrift zijn vorm te mögen geven, en het
is een grotc ccr dat U mijn promotor wilt zijn.

Dr. M.A. Vos, beste Marc, vanaf het moment dat ik kwam "binnenlopen" als
student-assistent, heb jij je ingespannen voor een stimulcrende en kritische begelei-
ding, /.owcl op als Inntcn de wcrkvlocr. Jouw inzicht en juiste balans tussen weten-
schap en pragmatisme, heeft cr toe geleid dat de vakgroep Expcrimentele
Electrofysiologic zieh zowcl binnen als buiten de Univcrsiteit heeft gevestigd. Naast
het bovcnsta.tndc ben jc al die jarcn in staat geweest om het beste uit mensen te
halen en hen bun eigen verantwoordclijkheid te laten nemen, wat zowel het indi-
vidu als de grocp heeft doen groeien. Bedankt dat jc mijn co-promotor wilt zijn en
ik hoop dat ik ook na mijn promotie nog lang met je mag werken.

He leden van de beoordelingscommissie Prof. H.J.G.M. Crijns, Prof. M.A.
Allessie, Prof. M.J. Janse en Prof. H.A.J. Struijker Boudier wil ik bedanken voor
hun bcreidheid om het manuscript kritisch door te lezen en tijdens de verdediging te
opponeren. Pareil, je voudrais remercier Prof. D. Escande, pour avoir evalue" cette
these et pour faire le voyage a Maestricht.

Mijn paranimfen Bart Stubenitsky en Dirk Donker die me hebben bijgestaan
tijdens het schrijven van het boekje en bij de organisatie van de promotie. Bart, het
is al weer een tijd je geleden dat je zelf promoveerde, en nog langer geleden dat ik je
er op een avond van al heb moeten houden om de Cardiologie in te gaan. Ik hoop
nog veel speciale gelegenheden met je mee te maken. Dirk, sinds ik je tegenkwam in
dc Y-ruimte, hebben we veel dingen gedeeld. Als echte vriend stond je altijd klaar,
en op de tiets hebben we samen het Ardennenoffensief herhaald. Nu de familie
Donker weer wat groter wordt, hopen we binnenkort weer een glaasje Mirabelles te
drinken in het Franse landschap.

Mijn collega's van de F.xperimentelc Cardiologie grocp hebben het werk lichter
en ple/.ieriger gemaakt: Jet, zonder jou geen proefschrift(en). Samen met Marc vorm
je het fundament van de groep, en zorg je, naast een perfecte uitvoering van de expe-
rimenten, voor het dagelijkse management. Roel, naast jc onberwiste cellulaire vaar-
digheden en kermis, ben je ook degene die een idee vertaalt naar een werkelijk bruik-
bare illustratie. De fraaie tiguren in dit proefschrift zijn dan ook van jou en Jet
afkomstig. Marieke Schoenmakcrs, mijn kamergenoot van de laatste jaren, heb ik
leren kennen als een goedc collega met humor en altijd aandacht voor de ander, zelfs
in voor haar zeer moeilijke tijden. Veel succcs met dc link vivo-moleculair en jouw
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promotic. Morten, actually I should write this in Danish, but unfortunately I am
still following courses. Next to the tact that I could always bother you with questions
on the pharmaceutical side, we had also some good discussions at the end of day.
Keep the beers cold! Chris, de Amsterdamse tak, je hebt van een complect onwctcnd
moleculair iemand in ieder geval een leek gemaakt. Ik hoop dat we in de tockomst
nog eens kunnen samenwerken. Jerome, bedankt voor al je chirurgische expertise
gedurende "kritische" momenten en veel succes met dc afronding van je eigen
promotie. Paul, ondanks je eigen drukke bezigheden, had je altijd tijd om manu-
scripten kritisch te bekijken en ideeen of protocollen te bediscussieren. Uitcindelijk
is er wat moois uitgekomen (hoofdstuk 3). en ik hoop ook in dc tockomst nog veel
van je te kunnen leren. Milan, for the real questions and answers, one has to come to
you. Good luck with your career in Czechia. Cora, heeft mij gedurende dc ccrstc
schreden op het wetcnschappelijke pad begeleid, en vormt nude dc basis voor dit
proefschrift. Bedankt! Michiel, gedurende het laatste jaar stond je als student-assis-
tent altijd klaar om vlak voor deadlines nog presentaties klaar te maken. Maak er ecn
leerzaam jaar van! Elke, na die vliegende start moot de rest van de thesis nict zo'n
probleem meer zijn. Maaike, geadoptecrd lid van de groep, wens ik veel succes met
de verdediging van haar eigen proefschrift. Vivian Schcllings, wil ik bedanken voor
al de hulp rondom het proefschrift en de dagelijkse broodnodige secretariele ondcr-
steuning.

Verder iedereen die de afgelopen jaren goede collega's waren binnen de experi-
mentele cardiologie groep: Henny, Mariekc, Xander, Ferenc, Mirella en Stephan.

Graag wil ik ook de stafleden van de vakgroep Cardiologie bedanken cn met
name Dr. Joep Smeets, die nauw betrokken is geweest bij de Holier studies. Bij
diezelfde Hotter studies waren ook de leden van de Hartfunctie betrokken, bedankt
voor jullie inzet en betrokkenheid. De Instrumentele Dienst, en in het bijxonder
Leon Dohmen was degene die de telemetrie studies mogelijk maakte. Leo Kretzers,
Medtronic Bakken Research, voor het tot een succes maken van de ICD studies.
Voor de ondersteuning van de computerzaken en het nerwerk beheer aan Universi-
taire zijde was Charlie Bonnemayer altijd paraat.

De collega's van de vakgroep Fysiologie (onder leiding van Prof. M.A. Allcssic)
dank ik voor de intensieve samenwerking en discussies tijdens de werkbesprekingen.

Theo van der Nagel en Ruud Kruger voor de technische hulp tijdens de experi-
menten en de noodzakelijke afleiding.
De Centrale Proefdiervoorzieningen (onder leiding van Dr. Ton van den Boogaard)
voor de goede verzorging van de honden.

Voor de noodzakelijke ontspanning en inspanning, waren met name Dirk,
Birgit, Marijn, Mirto, Guy, Mascha, Bart, Annemieke, Tom cn Anncmarieke
belangrijk.
Verder mijn eigen familie en mijn "schoonouders" die altijd met grote belangstelling
de schrijfwerkzaamheden volgden.
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Mijn drie brocrs Robbert, Rurik en Jochgcm, en schoonzus, voor hun steun,
belangstclling en band door de jaren been.

Mijn Oma en wijlen Opa, die mede de basis hebben gelcgd voor deze mijlpaal.
Mamma en I'appa, in een paar regeis kan ik moeilijk alles kwijt wat jullie voor mij
bciekenen. Bedankt voor alles wat jullie gegeven hebben en voor het feit dat jullie
altijd achter me staan en stonden.

Hct laatste woord gaat naar diegene die altijd naast me Staat, lieve Annelette,
bedankt voor je onvoorwaardelijke steun en trouw door de jaren heen.
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