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Abstract When selecting an antiarrhythmic agent the clinician needs to be able to ac-
curately predict the probability that a particular drug will serve its intended pur-
pose in a given patient. This is difficult because of the complexity of variables
which govern the relationship between drug administration and clinical outcome.
The efficacy of a drug may potentially be predicted from its mechanism of action.
At least two classifications of antiarrhythmic agents based on mechanism of
action have been proposed. The Vaughan Williams classification is based on the
predominant electrophysiological effects of a drug on the action potential. In the
Sicilian Gambit approach, a number of potential targets (‘vulnerable parameters’)
for drug action are identified and antiarrhythmic drugs or substances that affect
cardiac electrophysiology are characterised by their actions on each of these. The
usefulness of these classification systems in predicting antiarrhythmic drug effi-
cacy are limited. Furthermore, in the Vaughan Williams classification not all
drugs in the same class have identical effects, whereas some drugs in different
classes have overlapping actions. The Sicilian Gambit requires in-depth knowl-
edge regarding cellular and molecular targets of antiarrhythmic agents which may
make it intimidating or simply impractical for regular clinical use. Surrogate
measures such as 24-hour Holter monitoring and programmed electrical stimu-
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lation have been used to predict anti-arrhythmic drug efficacy. However, studies
such the Cardiac Arrhythmia Suppression Trial (CAST) have shown that suppres-
sion of ventricular ectopy on Holter monitoring does not necessarily correlate
with improved survival and may in fact be dangerous. Conversely, studies using
programmed electrical stimulation to assess drug effect on variables such as
tachycardia inducibility, refractory period and ventricular tachycardia cycle
length show that suppression of tachycardia inducibility, prolongation of refrac-
tory period and prolongation of ventricular tachycardia cycle length, are all as-
sociated with reduced recurrence of tachycardia and possibly improved survival.
The most practical use of the current classification systems applied to antiarrhyth-
mic agents may be in their ability to predict with reasonable accuracy, the risk
and type of proarrhythmia based on the mechanism of action of an agent.

When selecting an antiarrhythmic agent, clini-
cians generally aim to choose a drug which would
achieve efficacy while avoiding adverse effects. The
task of accurately predicting the probability that a
particular drug will serve its intended purpose in a
given patient is difficult. In this, as in many other
situations, physicians need to extrapolate from their
general knowledge of particular types of patients,
the rhythm disturbance in question, and the prop-
erties of the antiarrhythmic drug to be prescribed,
to the particular circumstances of the individual
patient being treated. The conceptual problem of
applying information gathered in many patients,
whose conditions do not completely resemble those
of the patient at hand, to individual patients is not
peculiar to the treatment of arrhythmias. However,
arrhythmia therapy is complicated by the potential
catastrophic consequences of recurrence of the
rhythm abnormality and the unpredictable timing
of recurrences of the index arrhythmia. Because of
this discontinuous and sometimes dangerous na-
ture of recurrences of arrhythmias, the usual ther-
apeutic paradigm of administering a treatment, as-
sessing the results and modifying the treatment
based on the clinical response (which can be easily
applied to hypertension or osteoarthritis therapies
for example) may, therefore, not be easily applied
to patients with arrhythmias. Furthermore, as some
episodes may be asymptomatic, there may not al-
ways be a readily observable event to indicate the
efficacy of a drug regimen. Therefore, it is impor-
tant for clinicians to make as accurate a prediction

as possible of whether a drug in a particular patient
at a particular time will or will not be effective.
‘Effectiveness’needs to be defined according to the
clinical circumstance, and may include prevention
of recurrent arrhythmias, as in patients with sus-
tained ventricular tachycardia (VT); improvement
in symptoms and quality of life (as in atrial fibril-
lation); or success at preventing sudden death (as
in prophylactic studies in patients at high risk of
cardiac arrest).

The variables which govern the relationship be-
tween drug administration and clinical outcomes
are complex. As illustrated in figure 1, they can be
broken down into pharmacokinetic variables (which
govern the relationship between drug dose and the
concentration achieved by that dose at the effector
site) and pharmacodynamics (which govern the re-
lationship between effector site concentration and
cellular effects). These lead to physiological effects
which represent the responses of the tissues affected
by the drug as modulated, for example, by interacting
drugs or neurohumoral variables, and finally result
in a particular clinical outcome. This outcome may,
in turn, be modulated by the severity of the under-
lying illness, time-dependent alterations in the sub-
strate under treatment, and factors external to the
patient (for example, the probability of being resus-
citated from a serious arrhythmia). It can be readily
seen that predicting a particular clinical outcome
from a particular drug dose is subject to extraordi-
nary variability and complexity.
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1. Predicting Antiarrhythmic 
Drug Efficacy

1.1 Based on Results of Clinical Trials

Antiarrhythmic drug efficacy may be predicted
from previous studies which measured clinical ef-
fect in a particular subset of patients. If, for exam-
ple, a drug was shown to be useful in patients with
atrial fibrillation, or in preventing sudden cardiac
death, then it would be expected, on average, that
this particular therapy would be effective in the
patient in question. The end-points used in such
studies may have been the prevention of sudden
death, a decrease in arrhythmia frequency, or other
end-points.

Such ‘empirical’ therapy based on clinical trial
results (preferably blinded, randomised, placebo-
controlled trials), is clearly the most scientifically
valid test of the clinical efficacy of a therapy. How-
ever, there are considerable limitations to extrapo-
lating such clinical trial results to individual pa-
tients. Patients studied in clinical trials may not be
fully representative of the average patient, or of the
patient in whom treatment is contemplated. Stud-
ies relevant to the patient at hand may not be avail-
able or may not be adequate. The dose(s) adminis-
tered in the clinical trial may not be tolerated, and

the effect of a lower dose is often not known. The
end-points evaluated in the clinical trials, for ex-
ample, time to first recurrence of an arrhythmia
event, may have unclear relevance to the clinical
end-points most often sought by patients and phy-
sicians, for example, the total number of severely
symptomatic recurrences in a given time-frame.
Although time to first recurrence is the most often
evaluated end-point for discontinuous outcomes
such as arrhythmia events, this end-point relies on
the implicit assumption that recurrences are ran-
domly distributed over time. There is considerable
evidence that arrhythmia recurrences, at least for
ventricular arrhythmias, instead occur in ‘clus-
ters’,[1,2] and that the true test of drug efficacy re-
quires long term efficacy tests instead of discontin-
uing the drug at the first recurrence. In addition,
although there is ample scientific justification for
the primary analysis in clinical trials to be based
on ‘intention to treat’ as opposed to efficacy anal-
ysis, there is greater clinical interest in the effec-
tiveness of a drug provided that it can be adminis-
tered without adverse effects, since the ultimate test
of a drug from a clinician’s perspective is whether
it will be effective if it is taken reliably by the pa-
tient.

Pharmacokinetics Pharmacodynamics

Clinical Outcomes Physiological Effects

Modulating
Factors

Drug
dose

Subtrate

Effector site
concentration
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• Distribution
• Metabolism
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•  Receptor function
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Fig. 1. Predicting antiarrhythmic drug effect.
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1.2 Based on the Mechanism of Action of
the Antiarrhythmic Drug

1.2.1 The Vaughan Williams Classification
The conventional classification system of anti-

arrhythmic drugs, initially proposed by Vaughan
Williams[3] and later modified,[4-7] was based on
their predominant electrophysiological effects on
the action potential recorded largely from Purkinje
fibres in vitro (table I). The slowing of conduction
by Na+ channel blockade, with or without influence
on repolarisation, was termed class I action, and
blocking of sympathetic stimulation was desig-
nated class II action, as typified by β blockers. The
class III designation was applied to the prolonga-
tion of action potential duration or refractoriness,

as exemplified by the prototype drugs sotalol and
amiodarone. However, both these latter agents have
other properties that were initially thought to be of
subsidiary electrophysiological importance. Ca2+

channel-mediated effects, as demonstrated by ver-
apamil, were termed class IV action.

Although the Vaughan Williams classification is
physiologically based, it is a hybrid, such that
classes I and IV represent blockade of ion channels;
class II, blockade of receptors; and class III, a
change in an electrophysiological variable (the ac-
tion potential duration). In addition, many of the
antiarrhythmic drugs have actions relating to more
than one class or subclass in the classification, a
striking example being oral amiodarone which ex-
hibits antiarrhythmic properties from all Vaughan
Williams classes.[8] Some antiarrhythmic drugs have
metabolites with a different class of action from
that of the parent drug, for example, procainamide
has class Ia mechanism of action whereas its meta-
bolite, N-acetylprocainamide, has little effect on
the maximum velocity of phase O (upstroke) of the
action potential (Vmax) of Purkinje fibres but in-
stead prolongs the duration of the action potential,
thus having properties of class III drug action.[6]

Furthermore, not all drugs in the same class have
identical effects whereas some drugs in different
classes have overlapping actions. The classifica-
tion (excluding class II) is primarily based on the
effects of drugs on electrophysiological charac-
teristics of isolated, normal cardiac tissues. How-
ever, in diseased tissues, where arrhythmias are
likely to arise, the electrophysiological milieu is
likely to be altered by other variables, for example,
interacting drugs, electrolyte abnormalities (see
fig. 1), and therefore the action of drugs may be
modified as well.

The Vaughan Williams classification has been
used to broadly categorise drug actions and relate
these actions to clinical outcomes in large clinical
trials. For example, clinical trials of drugs with pre-
dominantly class I mechanism of action in patients
post-myocardial infarction show no benefit or
harm compared with placebo.[9] Theoretical and
experimental studies indicated that re-entry around

Table I. Vaughan Williams classification of anti-arrhythmic mecha-
nisms

Class General mechanism Examples

I Na+ channel blockade

Ia ↓↓ phase 0 upstroke rate Quinidine

Delay conduction Procainamide

Prolong repolarization Disopyramide

Ib Little effect on phase 0 in normal
tissue
↓ phase 0 upstroke rate in
abnormal tissue

Lidocaine
Mexiletine
Tocainide
Phenytoin

Shorten repolarisation or little
effect

Ic ↓↓↓ phase 0 upstroke rate Flecainide

Markedly slow conduction Propafenone

Slight effect on repolarization Encainide

Moracizine

II β-blockade Propranolol

Metoprolol

Esmolol

and many others

III Marked prolongation of
repolarization

Amiodarone
Sotalol

Bretylium

Ibutilide

Dofetilide

Azimilide

Tedisamil

IV Ca2+ channel blockers Verapamil

Diltiazem

↓ = slight decrease; ↓↓ = moderate decrease; ↓↓↓ = marked
decrease.
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an anatomical or functional obstacle is the cause of
most ventricular tachycardias. Prolongation of ac-
tion potential duration and refractoriness (class III
mechanism of action) was thus expected to prevent
serious ventricular arrhythmias and reduce mortal-
ity. However, clinical trials with agents having
‘pure’ class III effects have shown no benefit (do-
fetilide)[10] or even harm (d-sotalol).[11] Thus, al-
though the Vaughan Williams classification may
guide the clinician in selecting an antiarrhythmic
agent based on its physiological mechanism of ac-
tion, it may fail to help predict efficacy.

1.2.2 The Sicilian Gambit Approach
Another approach to predicting antiarrhythmic

drug efficacy is based on the Sicilian Gambit.[12]

In this approach, a number of potential targets for
drug action are identified and include various ion-
conducting channels (Na+, K+, Ca2+, Cl-), receptors
(α-, β-adrenergic, muscarinic, purinergic), and
pumps ([Na+/K+]-ATPase). All antiarrhythmic drugs
or substances that affect cardiac electrophysiology
are characterised by their actions on each of these
channels, receptors or pumps. Actions may be ac-
tivation or inhibition with varying kinetics and in-
tensity. The Sicilian Gambit attempts to identify
the mechanisms of a particular arrhythmia, deter-
mine the ‘vulnerable parameter’ of the arrhythmia
most susceptible to modification, define the target
most likely to affect the vulnerable parameter, and
then select a drug that will modify the target (fig. 2).

This approach may be useful in some cases, for
example, the use of β blockers for arrhythmias in-
duced by exercise or ischaemia; the administration
of drugs acting directly on the atrioventricular (AV)
node (such as adenosine and negatively dromo-
tropic calcium antagonists); for arrhythmias where
the AV node is part of the circuit; and possibly in
situations where the arrhythmia is caused by a sin-
gle ion channel abnormality, such as the use of
mexiletine to shorten the QT interval in patients
with the LQT3 (SCN5A gene defect, coding for an
abnormal Na+ channel) form of the congenital long
QT syndrome.[14]

Unfortunately, the precise mechanisms of ar-
rhythmias and the clinical consequences of actions

on particular channels or receptors are poorly un-
derstood. In particular, the subtle and delicate in-
teraction between the trigger for an arrhythmia and
its maintenance is usually not well understood. A
critical issue is whether the effect of a drug on a
particular arrhythmia can be determined by its ac-
tion on a single electrophysiological parameter,
such as the block of a single ionic current, receptor
or pump. The available data suggest that the net
action of an antiarrhythmic agent may depend on
the modulating effect(s) of variables such as neuro-
humoral state and interacting drugs (fig. 1). For
example, antiarrhythmic drug effects are antagon-
ised by catecholamine or sympathetic neural stim-
ulation.[15,16] As a result, β-adrenergic blockade
may have additive benefit combined with any an-
tiarrhythmic drug, particularly in states with high
adrenergic tone such as sustained VT. This is sup-
ported by substudy analysis of both the Canadian
Amiodarone Myocardial Infarction Trial (CAMIAT)
and the European Myocardial Infarct Amiodarone
Trial (EMIAT), which showed substantial additive
benefits of amiodarone and β blockers compared
with amiodarone alone.[17] An additional compli-
cating factor in assessing drug effects or ionic cur-
rents is that these currents may be altered in diseased
hearts. For example, heart failure or hypertrophy
may lead to down regulation of repolarising cur-
rents [e.g. transient outward current (Ito)], and is
associated with action potential prolongation.[18]

Most studies of drug effects on ionic currents are
performed on tissues from nonfailing hearts, and
both the magnitude and nature of drug effects in
states of altered ion channel function may differ
from their effects in healthy cells and tissues.

The targeting of ‘vulnerable parameters’ on a
rational basis with drugs with known properties in
terms of the Sicilian Gambit may be an unrealistic
goal at present. Furthermore, the complexity of this
approach requires in-depth knowledge regarding
cellular and molecular targets of antiarrhythmic
agents which may make it intimidating or simply
impractical for regular clinical use. Nevertheless,
the Sicilian Gambit is a useful conceptual frame-
work for describing the currently known effects of
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antiarrhythmic drugs and aids in the understanding
of the multiplicity of drug actions.

2. Surrogate Measures to Predict
Antiarrhythmic Drug Efficacy

A potentially complementary approach to pre-
dicting drug efficacy employs the use of surrogate
measures, which assess the effect of the drug on
variables other than the clinical occurrence of the

arrhythmia in question. Tests such as Holter moni-
toring and programmed electrical stimulation (PES)
give additional information which can be used to
help predict if a drug will be effective. Conceptually,
if the antiarrhythmic drug has particular effects on
some arrhythmia-related variable, it may be pre-
dicted with greater confidence that the drug will
prevent clinical recurrences of the arrhythmia to be
treated.
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Fig. 2. Actions of antiarrhythmic drugs (reproduced from Rosen,[13] with permission). A = activated state blocker; I = inactivated state
blocker; → = no effect; ↑ = increase; ↓ = decrease; ? = uncertainty concerning effect.
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In the 1980s, frustration with empirical drug
therapy for sustained ventricular arrhythmias led
to the development of two techniques for predicting
the response to long term therapy on the basis of
acute responses in serial drug testing. These tech-
niques were based on arbitrary degrees of suppres-
sion of either spontaneously occurring arrhythmias
documented on 24-hour Holter monitoring or those
inducible by PES of the heart. The fundamental
premise was that drug-induced suppression of ei-
ther the artificial triggering of the clinically rele-
vant arrhythmia, as in the case of PES, or suppres-
sion of a spontaneous but different arrhythmia, as
in Holter monitoring, was predictive of long term
responses. It is important to note that arrhythmias
elicited by PES and those documented by Holter
monitoring might at best define the arrhythmoge-
nic potential of a given substrate at the time the test
is performed. The ‘vulnerable substrate’ is known
to be subject to the influences of a wide variety of
physiological and pathophysiological changes. For
example, major anti-arrhythmic actions of drugs are
often markedly attenuated by catecholamines.[16,19]

Temporal fluctuations in adrenergic tone might be
expected to directly or indirectly alter the net ef-
ficacy of anti-arrhythmic or anti-fibrillatory com-
pounds. Moreover, the efficacy of anti-arrhythmic
compounds varies with the severity of cardiac dis-
ease and ventricular dysfunction.[20] Drugs are both
more likely to prevent VT inducibility and recur-
rence of spontaneous arrhythmias in patients with
less severe left ventricular (LV) dysfunction.[20] In
addition, the proarrhythmic action of most antiar-
rhythmic agents, especially class I drugs, increases
with increasing severity of cardiac disease, and there
is a corresponding fall in efficacy.

It was long believed that a marked reduction in
the frequency of premature ventricular complexes
(PVCs), or near-complete or complete elimination
of runs of nonsustained VT on Holter monitoring,
would confer a high likelihood of a drug effective-
ly preventing arrhythmia recurrence. The results of
the Cardiac Arrhythmia Suppression Trial (CAST),
in which antiarrhythmic drug therapy with encain-
ide, flecainide, or moracizine (moricizine) resulted

in higher mortality than therapy with placebo de-
spite effective ectopy suppression,[21] suggest that
this approach is ineffective and may be dangerous.
Nevertheless, it has not been proven that the para-
digm of ventricular ectopy suppression is invalid
for all drugs and all patients, simply that it is not
applicable for particular drugs, and in all likelihood,
drugs with class I antiarrhythmic action. For exam-
ple, patients in whom ectopy was suppressed by
sotalol had a significantly higher probability of
having inducibility of VT at electrophysiological
study suppressed and of remaining free of their ar-
rhythmias, compared with patients in whom PVCs
were not eliminated.[22] Observational evidence sug-
gests that in patients with persistent nonsustained
VT despite amiodarone therapy, the recurrences of
arrhythmias are more frequent than in those in
whom the ectopy is eliminated, although the toler-
ance of VT may be improved as a result of slowed
tachycardia rates. The prognostic value of Holter
monitoring during treatment of sustained VT with
amiodarone is controversial. Some studies have re-
ported improved prognosis in patients with signif-
icant suppression of premature ventricular com-
plexes during amiodarone therapy,[23,24] whereas
others have shown no such relationship.[25-27]

2.1 Correlating Efficacy with Effects on
Electrophysiological Variables

2.1.1 Inducibility at Electrophysiological Study
Inducibility of VT at electrophysiological study

as a method to predict efficacy of an antiarrhythmic
drug has possibly fallen out of favour, but has been
extensively studied. Original observations by Ma-
son et al.[28] suggested that patients in whom induc-
ibility of sustained VT at electrophysiological
study was suppressed by the prior administration of
an antiarrhythmic drug had a markedly lower like-
lihood of VT recurrence or sudden death than pa-
tients in whom a drug failed to suppress inducibil-
ity but who continued to take the drug.[28]

The usefulness of this electrophysiological par-
adigm was questioned by the results of the Electro-
physiological Study Versus Electrocardiographic
Monitoring (ESVEM) trial, in which patients were
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randomised to antiarrhythmic drug therapy se-
lected (‘predicted’) on the basis of the invasive
method (electrophysiological studies) or the non-
invasive method (Holter monitoring combined
with exercise testing). Results showed similar pre-
dictive accuracy between the two methods of as-
sessing drug efficacy with respect to arrhythmia
recurrence.[29] However, high rates of recurrence
with both methods of efficacy prediction in this
study (25 to 40% on the average) may have been in
part due to the predominant use of drugs with pri-
marily class I mechanism of action. In contrast, in
a smaller study with up to 10 years of follow-up,
Mitchell and colleagues[30] showed that treatment
directed by the electrophysiological study ap-
proach led to significantly lower risk of VT or ven-
tricular fibrillation (VF) recurrence than the Holter
monitoring approach.[30]

Therefore, it is at least plausible that there is
information content in the electrophysiological
study result which may help predict the likelihood
of drug efficacy. In addition, the clinical outcome
may be predicted by the specific rhythms induced,
not only the binary outcomes of ‘inducible’ or ‘not
inducible’. Waller et al.[31] studied a large group of
patients, most of whom were on amiodarone, in
whom VT was inducible and not modified, induc-
ible but modified (i.e. with a longer cycle length
and better haemodynamic tolerance), or non-in-
ducible. In their study, patients who still had induc-
ible but modified VT had equally good outcomes,
with respect to freedom from sudden death, as pa-
tients who were non-inducible, and substantially
better outcomes than patients who had no modifi-
cation of inducibility. In a study by Rodriguez et
al.,[32] patients in whom sustained monomorphic
VT was persistently inducible following amioda-
rone, or in whom there were no inducible arrhyth-
mias, both had substantially better survival than the
smaller subgroup in whom VF was induced at elec-
trophysiological study on amiodarone. Two other
studies reported that if the cycle length of induced
VT in patients receiving amiodarone was slowed
by more than 100ms and if the arrhythmia was
haemodynamically stable and well tolerated, the

survival rate was identical to that observed among
patients in whom arrhythmia was no longer induc-
ible.[33,34] Similarly, patients with spontaneous and
inducible VT whose induced VT was slowed by the
combination of sotalol with quinidine or procaina-
mide, had as good an outcome as those in whom
VT was rendered non-inducible.[35]

These studies suggest that clinical outcomes can
be predicted not only on the basis of whether ar-
rhythmias are inducible or not, but the type and the
haemodynamic tolerance of the arrhythmias in-
duced.

2.1.2 Electrophysiological Parameters
Electropharmacological studies of VT have

demonstrated the importance of lengthening of
repolarisation and prolongation of refractoriness
in predicting a favourable response to drug ther-
apy.[36-39] In contrast to the more empirical approach
of administering drugs which generally prolong re-
fractoriness, these studies examine the benefits of
class III action therapy, in particular, in those pa-
tients in whom refractoriness is actually prolonged,
and relate efficacy to the extent of refractoriness
prolongation. Drugs that prolong cardiac refracto-
riness by delaying repolarisation, such as sotalol or
amiodarone, have been shown to be superior to so-
dium channel blocking agents (which primarily
slow cardiac conduction) for management of recur-
rent VT or sudden death.[40,41] Suppression of VT
induction at electrophysiological study is corre-
lated with relatively greater prolongation of refrac-
toriness, whereas the extent of conduction slowing
(estimated clinically from QRS duration) is not re-
lated to inducibility of VT.[38,39,42,43] In patients
treated with sotalol plus quinidine or procainam-
ide, greater prolongation of refractoriness was as-
sociated with a smaller risk of VT inducibility and
slower rates of VT where it was inducible.[35] An
increase in the ventricular effective refractory pe-
riod on amiodarone correlates with an increase in
VT cycle length.[44,45] Thus, prolonging refractory
periods slows the rate of VT, and with certain drugs
(e.g. amiodarone) or drug combinations (e.g. sotalol
plus quinidine or procainamide), refractoriness is
the best indicator of VT cycle length during treat-
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ment. Slowing of VT may be an important facet of
antiarrhythmic therapy, making the arrhythmia more
likely to be tolerated haemodynamically.[31,33,34]

Although this review deals mainly with ventric-
ular arrhythmias, the above principles appear to
apply to common atrial arrhythmias as well. In the
atria, efficacy in conversion of atrial flutter with
ibutilide has been shown to be correlated with an
increase in atrial refractory period and decreased
conduction velocity in the isthmus, compared with
propafenone which predominantly depressed con-
duction velocity, or amiodarone, which had fewer
effects on atrial refractory period and conduction
velocity.[46] In another study, enhanced conversion
efficacy of ibutilide compared with procainamide
in atrial flutter was correlated with a relatively
greater prolongation of atrial monophasic action
potential duration than atrial cycle length.[47] Fur-
thermore, conversion of atrial fibrillation by ibutil-
ide was enhanced by a longer mean atrial cycle
length or monophasic action potential duration at
baseline during atrial fibrillation.[48] These data
suggest that effect on electrophysiological vari-
ables may also be useful clinically to predict effi-
cacy in conversion of atrial arrhythmias.

2.1.3 Use-Dependence and Reverse
Use-Dependence
If prolongation of refractoriness predicts a fa-

vourable response to drug therapy, one would ex-
pect that all agents with class III mechanism of
action should be effective at suppressing arrhythmias
and improving mortality. However, studies such as
Survival with Oral d-sotalol (SWORD)[11] and
Danish Investigations of Arrhythmia and Mortality
on Dofetilide (DIAMOND)[10] have shown us that
this is not uniformly the case. The lack of unifor-
mity of class III effect in predicting antiarrhythmic
efficacy may be due to reverse use-dependence, a
phenomenon whereby a drug exerts greater effects
at slow rates, with a progressive loss of antiar-
rhythmic effect at rapid rates,[48] or loss of efficacy
with sympathetic stimulation.[16] If the former were
true, we would expect that drugs or drug combina-
tions which result in attenuation of reverse use-
dependence should be more effective. In support

of this, amiodarone shows a lack of reverse use-
dependence.[44] The combination of sotalol, which
prolongs ventricular repolarisation and has β
blocker properties, and quinidine or procainamide,
which prolong refractoriness and slow cardiac con-
duction modestly, has been shown to be useful in
suppressing VT inducibility and arrhythmia recur-
rence.[35] Reverse use-dependence, as judged by an
attenuation of refractory period prolongation with
successive extrastimuli, which is characteristic of
sotalol alone, was attenuated by its combination
with quinidine/procainamide[49] (fig. 3). It is pos-
sible that block of a slowly activating outward po-
tassium current (IKs) may result in action potential
and refractoriness prolongation which is less atten-
uated at fast rates (attenuated reverse use depend-
ence) than block of a more rapidly activated re-
polarising current (IKr).[50] For example, azimilide,
a drug which blocks both IKr and IKs currents, loses
less of its efficacy at rapid rates than dofetilide, an
IKr blocker, in a model of atrial arrhythmias.[51]

Combining β blockers with drugs that prolong ven-
tricular refractoriness appear to confer increased
benefit over the antiarrhythmic drug alone. For ex-
ample, adding β blockers to amiodarone increases
the reduction in mortality (over placebo) in the
CAMIAT and EMIAT studies[52] and increases the
likelihood of non-inducibility of sustained VT at
electrophysiological study.[49] Sympathetic activa-
tion, or administration of catecholamines experi-
mentally, augments the IKs current which can con-
tribute to loss of class III effects especially at high
rates of stimulation.[53] In summary, drugs (or drug
combinations) which can be shown in vivo to main-
tain their effects on refractoriness at rapid rates
may be expected to be more effective than those
which lose their class III effects as rates increase.

Other surrogate measures of predicting antiar-
rhythmic drug efficacy have been proposed. For
example, QT interval dispersion during antiarrhyth-
mic drug therapy has been shown to be an indepen-
dent predictor of antiarrhythmic drug response as-
sessed by electrophysiological studies in patients
with spontaneous VT or VF late after myocardial
infarction.[54] Suppression of VT inducibility by
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sotalol is correlated with shortening of the signal-
averaged QRS duration whereas persistent induc-
ibility correlates with lengthening of this parame-
ter.[55,56]

In summary, the electrophysiological effect of a
drug may be used to predict clinical efficacy more
reliably than can be done by mere knowledge of the
mechanism of action of a drug.

3. Can Adverse Effects be Predicted
Based on Mechanism of Action?

The results of studies such as CAST,[21] Stroke
Prevention in Atrial Fibrillation (SPAF)[57] and
SWORD,[11] and meta-analyses of agents with
class I mechanism of action[9,58] have taught us that

therapy with antiarrhythmic drugs is not without its
risks, that of proarrhythmia being of paramount im-
portance. Proarrhythmic reactions can take a vari-
ety of forms, including an increased number of pre-
mature atrial or ventricular complexes, an increase
in the ventricular response rate to atrial fibrillation
or atrial flutter, the induction or facilitation of sus-
tained ventricular tachyarrhythmias, and the alter-
ation of ventricular tachyarrhythmia properties
such that they become very resistant to direct cur-
rent electrical cardioversion. Perhaps the most dis-
turbing manifestation of proarrhythmia is one in
which overt tachyarrhythmias may not even be ev-
ident, specifically, an increase in the mortality rate
in treated patients. In studies involving patients af-
ter myocardial infarction or with atrial fibrillation,
an excess in sudden and/or presumed arrhythmic
death rates were responsible for increases in mor-
tality, pointing directly to proarrhythmic mecha-
nisms.[59]

The mechanisms of proarrhythmia are now bet-
ter understood, and in fact can be predicted to a
reasonable extent based on the mechanism of action
of a drug, either at a physiological or cellular level.
Postulated mechanisms include excessive slowing
of conduction, and excessive action potential pro-
longation.[59,60] A major effect of Na+ channel block-
ade is conduction slowing, which is usually more
prominent in diseased or abnormal tissue than in
normal tissue. In patients with ventricular scarring
due to remote myocardial infarction (a substrate with
depressed conduction), the addition of a sodium
channel blocker may facilitate re-entrant VT by fur-
ther depressing conduction especially in the presence
of superimposed ischaemia. Such VT can manifest
as incessant very wide complex VT which is resis-
tant to electrical cardioversion. Similarly, in pa-
tients with atrial flutter, conduction slowing by so-
dium channel blocking drugs can slow the flutter
rate. With slowed atrial flutter, 1 : 1 AV nodal con-
duction may result in a net (apparently paradoxi-
cal) increase in ventricular response.

Organic heart disease, particularly in associa-
tion with coronary artery disease, was found to be
an important risk factor for the development of pro-
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Fig. 3. Effect of sotalol plus a class Ia agent in combination on
ventricular refractoriness in humans. 32 patients with spontane-
ous sustained ventricular tachycardia (VT) were studied using
programmed electrical stimulation (PES) in the drug-free state
and after treatment with sotalol and a class Ia agent (quinidine
or procainamide). The curves show ventricular functional refrac-
tory period (VFRP, V1 upstroke to V2 upstroke) and shortest
intervals for the V2 to V3 upstroke (FRP3) and V3 to V4 upstroke
(FRP4) on no antiarrhythmic drug regimen and cycle lengths of
400ms (control 400) and 600ms (control 600); and during ther-
apy with sotalol and a class Ia agent at cycle lengths of 400s (S
+ Ia 400) and 600ms (S + Ia 600). Progressive shortening of
FRP with repetitive extrastimuli, seen in the control groups, is
attenuated with therapy (reproduced from Lee et al.,[49] with per-
mission).
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arrhythmias with class Ic antiarrhythmic drugs.[61]

In canine models of myocardial infarction, prefer-
ential conduction slowing in the ischaemic zone
facilitated the occurrence of circus movement ta-
chycardia, with block or very slow conduction in
the direction transverse to fibre orientation causing
re-entry.[62-64] Acute myocardial ischaemia pro-
duces a variety of important electrophysiological
derangements, including profound alterations in
excitability and impulse propagation, that greatly
predispose to malignant ventricular tachyarrhyth-
mias.[65,66] There is a great deal of evidence which
suggests that sodium channel blockers may pro-
mote ischaemic VF by their effects on cellular ex-
citability and impulse propagation.[67-70] It has also
been suggested that spatially heterogeneous effects
on action potential repolarisation may result from
the combination of acute ischaemia and Na+ chan-
nel blockade, and contribute significantly to the
genesis of ventricular tachyarrhythmias.[71] Acute
ischaemia may be the central factor promoting
class I drug-associated mortality in studies like
CAST. This speculation is supported by an analysis
of nonfatal ischaemic events and sudden death in
CAST,[72] which found that patients treated with
encainide or flecainide had the same number of
end-point events as patients receiving placebo
when nonfatal ischaemic events and sudden death
were combined as end-points. The excess of sudden
death in patients receiving active treatment was ac-
counted for by a reduced presentation of nonfatal
ischaemic events, suggesting that encainide and
flecainide transformed what would otherwise have
been nonfatal acute myocardial ischaemia into le-
thal ischaemic arrhythmias.

Action potential prolongation may be pro-
arrhythmic by generating triggered arrhythmias
arising from early afterdepolarisations (EADs),[73]

contributing to increased intracellular Ca2+ which
then causes triggered automaticity from delayed
afterdepolarisations (DADs),[74] and accentuating
repolarisation heterogeneity across the ventricular
wall and in the Purkinje system promoting the de-
velopment of re-entry.[75] Our understanding of the
cellular mechanisms that cause EADs has im-

proved recently. Studies demonstrating the depen-
dence of EADs on the availability of L-type (slow)
Ca2+ current[73,76] support a central role for L-type
Ca2+ channels as the charge carrier for the depolari-
sation of plateau EADs. A proposed model for in-
duction of plateau EADs involves two overlapping
phases: phase 1 is the conditioning phase where the
action potential plateau must lengthen within a
range of voltages to permit, in phase 2, the time-
and voltage-dependent recovery from inactivated
to closed states of L-type Ca2+ channels, and (re)-
opening of a small portion of these channels within
their ‘window’ voltage range to initiate the EAD
depolarisation phase.[77] This hypothesis is sup-
ported by direct demonstration of L-type Ca2+

‘window’currents in isolated heart.[78-80] This highly
arrhythmogenic current can arise from genetically
normal and drug-unmodified Ca2+ channels that
are reactivated by another intervention (e.g. IKr

block) that prolongs action potential duration. Al-
ternatively, any channel, exchanger or pump that
influences action potential duration can modulate
the EAD conditioning phase.

EADs are easily induced with bradycardia or
following pauses, and are thought to initiate tor-
sades de pointes, the most common proarrhythmic
syndrome for drugs whose major effect is the pro-
longation of cardiac action potentials, specifically
antiarrhythmic agents with class Ia and class III
mechanism of action. Isochronal mapping studies
in experimental animal models have shown that
drug-induced nonsustained torsades de pointes is
consistently initiated first as subendocardial focal
activity, with subsequent beats due to re-entrant
excitation in the form of rotating single wave-
fronts.[81] Termination of the rhythm was usually
associated with the bifurcation of a wavefront into
two fronts with functional block present. Thus, the
clinical arrhythmia of torsades de pointes may be
initiated by triggered automaticity from EADs but
sustained by a re-entrant mechanism.

Patients with a history of heart failure or ventric-
ular hypertrophy appear to be at increased risk of
proarrhythmia from excessive action potential pro-
longation, possibly because of the disease-induced
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action potential duration prolongation which pre-
disposes to further prolongation in the presence of K+

channel blockade, especially at slow heart rates.[18]

The rate-dependent effects of action potential
prolonging drugs may exacerbate the risk of EADs,
triggered activity, and torsades de pointes. Many ac-
tion potential prolonging drugs appear to exert their
greatest effects at very slow rates (where torsades
de pointes is a risk) and to exert much less effect at
rapid rates (where the action potential prolonging,
refractory period prolonging effect is desirable).
Drugs which have less reverse use-dependence of
class III effect may thus be expected to carry a lower
risk of torsades de pointes proarrhythmia. Precord-
ial QT dispersion has been studied as a marker of
torsades de pointes.[82,83] Amiodarone produced
less QT dispersion than other agents with a class
III mechanism of action (sotalol and sematilide), or
class Ia action. It was hypothesised that homoge-
neous prolongation of ventricular repolarisation
times, as reflected by homogeneous regional QT
interval prolongation, may partly explain the rela-
tive lack of proarrhythmia with amiodarone com-
pared with the other agents studied.

4. Conclusion

In general, the efficacy of an antiarrhythmic
agent cannot be reliably predicted based on its
known cellular or physiological mechanism(s) of
action, because of the numerous and complex mod-
ulating factors which may interact at various levels
to influence the final clinical outcome. Certain sur-
rogate measures, obtained during electrophysiologi-
cal studies, such as refractory periods or tachycardia
cycle length, may be useful in predicting antiar-
rhythmic efficacy. In contrast, however, the risk
and type of proarrhythmia can be predicted with
reasonable accuracy from an agent’s mechanism of
action. This may ultimately be the most practical
use of the current classification systems applied to
antiarrhythmic agents.

References
1. Burns M, Barr A, Greene M, et al. VT/VF begets VT/VF: mod-

eling of ventricular arrhythmia patterns using a Weibull dis-
tribution. PACE 1998; 21 (4): 971

2. Greene M, Geist M, Paquette M, et al. Electrical storm in ICD
patients is a common, unpredictable but treatable phenome-
non. Can J Cardiol 1996; 12: 94E

3. Vaughan Williams EM. Classification of antiarrhythmic drugs.
In: Sandoe E, Flenstedt-Jensen E, Olesen KH, editors. Sym-
posium on cardiac arrhythmias. Sodertalje, Sweden: A.B. As-
tra, 1970: 440-69

4. Singh BN, Vaughan Williams EM. A third class of antiarrhyth-
mic action: effects on atrial and ventricular intracellular po-
tentials, and other pharmacological actions on cardiac muscle,
of MJ1999 and AH 3474. Br J Pharmacol 1970; 39: 675-87

5. Singh BN, Vaughan Williams EM. A fourth class of anti-
dysrhythmic action: effect of verapamil on ouabain toxicity,
on atrial and ventricular intracellular potentials, and on other
features of cardiac function. Cardiovasc Res 1972; 6: 109-19

6. Singh BN, Hauswirth O. Comparative mechanisms of action of
antiarrhythmic drugs. Am Heart J 1974; 87: 367-77

7. Harrison DC. Is there a rational basis for the modified classifi-
cation of antiarrhythmic drugs? In: Morganroth J, Moore EN,
editors. Cardiac arrhythmias: new therapeutic drugs and de-
vices. Boston: Martinus Nijhoff, 1985: 36-48

8. Podrid PJ. Amiodarone: reevaluation of an old drug. Ann Intern
Med 1995; 122: 689-700

9. Teo KK, Yusuf S, Furberg CD. Effects of prophylactic antiar-
rhythmic drug therapy in acute myocardial infarction: an
overview of results from randomized controlled trials. JAMA
1993; 270: 1589-95

10. Bloch-Thomsen PE. Progress in clinical trials: DIAMOND
(Danish Investigations of Arrhythmia and Mortality on
Dofetilide). Clin Cardiol 1998; 21: 53-4

11. Waldo AL, Camm AJ, deRuter H, et al. Effect of d-sotalol on
mortality in patients with left ventricular dysfunction after
recent and remote myocardial infarction. The SWORD In-
vestigators. Survival with oral d-sotalol. Lancet 1996; 348:
7-12

12. Task Force of the Working Group on Arrhythmias of the Eu-
ropean Society of Cardiology. The Sicilian Gambit: a new
approach to the classification of antiarrhythmic drugs based
on their actions on arrhythmogenic mechanisms. Circulation
1991; 84: 1831-51

13. Rosen, MR. Consequences of the Sicilian Gambit. Eur Heart J
1995; 16 Suppl. G: 32-6

14. Schwartz PJ, Priori SG, Locati EH, et al. Long QT syndrome
patients with mutations of the SCN5A and HERG genes have
differential responses to Na+ channel blockade and to in-
creases in heart rate. Implications for gene-specific therapy.
Circulation 1995; 92: 3381-6

15. Morady F, Kou WH, Kadish AH, et al. Antagonism of quini-
dine’s electrophysiologic effects by epinephrine in patients
with ventricular tachycardia. J Am Coll Cardiol 1988; 12:
388-94

16. Newman D, Dorian P, Feder-Elituv R. Isoproterenol antago-
nizes drug-induced prolongation of action potential duration
in humans. Can J Physiol Pharmacol 1993; 71: 755-60

17. Kennedy HL. Beta-blocker prevention of proarrhythmia and
proischemia: clues from CAST, CAMIAT, and EMIAT. Am J
Cardiol 1997; 80: 1208-11

18. Kääb S, Nuss HB, Chiamvimonvat N, et al. Ionic mechanism
of action potential prolongation in ventricular myocytes from
dogs with pacing-induced heart failure. Circ Res 1996; 78:
262-73

19. Jazayeri MR, Van Whye G, Avitall B, et al. Isoproterenol rever-
sal of antiarrhythmic effects in patients with inducible sus-

1326 Lau et al.

  Adis International Limited. All rights reserved. Drugs 2000 Dec; 60 (6)



tained ventricular tachyarrhythmias. J Am Coll Cardiol 1989;
14: 705-11

20. Pfisterer ME, Kiowski W, Brunner H, et al. Long term benefit
of 1-year amiodarone treatment for persistent complex ven-
tricular arrhythmias after myocardial infarction. Circulation
1993; 87: 309-11

21. Epstein AE, Hallstrom AP, Rogers WJ, et al. Mortality follow-
ing ventricular arrhythmia suppression by encainide, flecain-
ide and moricizine after myocardial infarction. The original
design concept of the Cardiac Arrhythmia Suppression Trial
(CAST). JAMA 1993; 270: 2451-5

22. Nademanee K, Feld G, Hendrickson J, et al. Electrophysiologic
and antiarrhythmic effects of sotalol in patients with life-
threatening ventricular tachyarrhythmias. Circulation 1985;
72: 555-64

23. Veltri EP, Reid P, Platia EV, et al. Amiodarone in the treatment
of life-threatening ventricular tachycardia: role of Holter
monitoring in predicting long-term clinical efficacy. J Am
Coll Cardiol 1985; 6: 806-13

24. Veltri EP, Griffith LSC, Platia E, et al. The use of ambulatory
monitoring in the prognostic evaluation of patients with sus-
tained ventricular tachycardia treated with amiodarone. Cir-
culation 1986; 74: 1054-60

25. Nasir N, Jr, Doyle TK, Wheeler SH, et al. Usefulness of Holter
monitoring in predicting efficacy of amiodarone therapy for
sustained ventricular tachycardia associated with coronary ar-
tery disease. Am J Cardiol 1994; 73: 554-8

26. Sokoloff NM, Spielman SR, Greenspan AM, et al. Utility of
ambulatory electrocardiographic monitoring for predicting
recurrence of sustained ventricular tachyarrhythmias in pa-
tients receiving amiodarone. J Am Coll Cardiol 1986; 7: 938-41

27. Kim SG, Felder SD, Fifura I, et al. Value of Holter monitoring
in predicting long-term efficacy and inefficacy of amiodarone
used alone and in combination with class 1A antiarrhythmic
agents in patients with ventricular tachycardia. J Am Coll
Cardiol 1987; 9: 169-74

28. Mason JW, Winkle RA. Electrode-catheter arrhythmia induc-
tion in the selection and assessment of antiarrhythmic drug
therapy for recurrent ventricular tachycardia. Circulation
1978; 58: 971-85

29. Mason JW, for the Electrophysiologic Study versus Electrocar-
diographic Monitoring Investigators. A comparison of elec-
trophysiologic testing with holter monitoring to predict
antiarrhythmic drug efficacy for ventricular tachyarrhyth-
mias. N Engl J Med 1993; 329: 445-51

30. Mitchell LB, Duff HJ, Gillis AM, et al. A randomized clinical
trial of the noninvasive and invasive approaches to drug ther-
apy for ventricular tachycardia: long-term follow-up of the
Calgary trial. Prog Cardiovasc Dis 1996; 38: 377-84

31. Waller TJ, Kay HR, Spielman SR, et al. Reduction in sudden
death and total mortality by antiarrhythmic therapy evaluated
by electrophysiologic drug testing: criteria of efficacy in pa-
tients with sustained ventricular tachyarrhythmia. J Am Coll
Cardiol 1987; 10: 83-9

32. Rodriguez LM, Sternick EB, Smeets JLRM, et al. Induction of
ventricular fibrillation predicts sudden death in patients
treated with amiodarone because of ventricular tachyarrhyth-
mias after a myocardial infarction. Heart 1996; 75: 23-8

33. Horowitz LN, Greenspan AM, Spielman SR, et al. Usefulness
of electrophysiologic testing in evaluation of amiodarone
therapy for sustained ventricular tachyarrhythmias associated
with coronary heart disease. Am J Cardiol 1985; 55: 367-71

34. Kadish AH, Buxton AE, Waxman HL, et al. Usefulness of elec-
trophysiologic study to determine the clinical tolerance of

arrhythmia recurrences during amiodarone therapy. J Am
Coll Cardiol 1987; 10: 90-6

35. Dorian P, Newman D, Berman N, et al. Sotalol and type IA
drugs in combination prevent recurrence of sustained ventric-
ular tachycardia. J Am Coll Cardiol 1993; 22: 106-13

36. Mitchell LB, Wyse DG, Duff HJ. Programmed electrical stim-
ulation studies for ventricular tachycardia induction in hu-
mans. I. The role of ventricular functional refractoriness in
tachycardia induction. J Am Coll Cardiol 1986; 8: 567-75

37. Kus T, Costi P, Dubuc M, et al. Prolongation of ventricular
refractoriness by class Ia antiaarrhythmic drugs in the preven-
tion of ventricular tachycardia induction. Am Heart J 1990;
120: 855-63

38. Gillis AM, Wyse DG, Duff HJ, et al. Drug response at elec-
tropharmacologic study in patients with ventricular tachyar-
rhythmias: the importance of ventricular refractoriness. J Am
Coll Cardiol 1991; 17: 914-20

39. Karagounis LA, Anderson JL, Allen A, et al. Electrophysiologic
effects of antiarrhythmic drug therapy in the prediction of
successful suppression of induced ventricular tachycardia.
Am Heart J 1995; 129: 343-9

40. Mason JW, for the Electrophysiologic Study versus Electrocar-
diographic Monitoring Investigators. A comparison of seven
antiarrhythmic drugs in patients with ventricular tachyar-
rhythmias. N Engl J Med 1993; 329: 452-8

41. The CASCADE Investigators. Randomized antiarrhythmic
drug therapy in survivors of cardiac arrest (the CASCADE
study). Am J Cardiol 1993; 72: 280-7

42. Furukawa T, Rozanski JJ, Moroe K, et al. Efficacy of pro-
cainamide on ventricular tachycardia: relation to prolonga-
tion of refractoriness and slowing of conduction. Am Heart J
1989; 118: 702-8

43. Singh BN, Kehoe R, Woosley RL, et al. The Sotalol Multicenter
Study Group. Multicenter trial of sotalol compared with pro-
cainamide in the suppression of inducible ventricular tachy-
cardia: a double-blind, randomized parallel evaluation. Am
Heart J 1995; 129: 87-97

44. Sager PT, Uppal P, Follmer C, et al. Frequency-dependent elec-
trophysiologic effects of amiodarone in humans. Circulation
1993; 88: 1063-71

45. Chiamvimonvat N, Gillis AM, Mitchell LB, et al. Determinants
of prolongation of ventricular tachycardia cycle length by
amiodarone. PACE 1991; 14: 618

46. Tai C-T, Chen S-A, Feng A-N, et al. Electropharmacologic ef-
fects of class I and class III antiarrhythmia drugs on typical
atrial flutter. Insights into the mechanism of termination. Cir-
culation 1998; 97: 1935-45

47. Stambler BS, Wood MA, Ellenbogen KA. Antiarrhythmic ac-
tions of intravenous ibutilide compared with procainamide
during human atrial flutter and fibrillation. Electrophysiolog-
ical determinants of enhanced conversion efficacy. Circula-
tion 1997; 96: 4298-306

48. Colatsky JJ, Follmer CH, Starmer CF. Channel specificity in
antiarrhythmic drug action: mechanism of potassium channel
block and its role in suppressing and aggravating cardiac ar-
rhythmias. Circulation 1990; 82: 2235-42

49. Lee SD, Newman D, Ham M, et al. Electrophysiologic mecha-
nisms of antiarrhythmic efficacy of a sotalol and class Ia drug
combination: elimination of reverse use dependence. J Am
Coll Cardiol 1997; 29: 100-5

50. Sanguinetti MC, Jurkiewicz NK. Two components of cardiac
delayed rectifier K+ current. Differential sensitivity to block
by class III antiarrhythmic agents. J Gen Physiol 1990; 96:
195-215

Selecting Antiarrhythmic Agents 1327

  Adis International Limited. All rights reserved. Drugs 2000 Dec; 60 (6)



51. Nattel S, Liu L, St-Georges D. Effects of the novel antiarrhyth-
mic agent azimilide on experimental atrial fibrillation and
atrial electrophysiologic properties. Cardiovasc Res 1998; 37:
627-35

52. Boutitie F, Boissel JP, Connolly SJ, et al., and the EMIAT &
CAMIAT Investigators. Amiodarone interaction with β-
blockers: analysis of the mCamm AJ, Cairns JA, Julian DG,
Gent M, Janse MJ, Dorian P, Frangin Gerged EMIAT (Eu-
ropean Myocardial Infarct Amiodarone Trial) and CAMIAT
(Canadian Amiodarone Myocardial Infarction Trial) data-
bases. Circulation 1999; 99: 2268-75

53. Sager PT, Follmer C, Uppal P, et al. The effects of beta-adren-
ergic stimulation on the frequency-dependent electrophys-
iologic actions of amiodarone and sematilide in humans.
Circulation 1994; 90: 1811-9

54. Gillis AM, Traboulsi M, Hii JTY, et al. Antiarrhythmic drug
effects on QT interval dispersion in patients undergoing elec-
tropharmacologic testing for ventricular tachycardia and fi-
brillation. Am J Cardiol 1998; 81: 588-93

55. Freedman RA, Karagounis LA, Steinberg JS. Effects of sotalol
on the signal-averaged electrocardiogram in patients with sus-
tained ventricular tachycardia: relation to suppression of in-
ducibility and changes in tachycardia cycle length. J Am Coll
Cardiol 1992; 20: 1213-19

56. Anderson KP, Bigger JT, Jr, Freedman RA. Electrocardio-
graphic predictors in the ESVEM trial: unsustained ventricular
tachycardia, heart period variability, and the signal-averaged
electrocardiogram. Prog Cardiovasc Dis 1996; 38: 463-88

57. Flaker GC, Blackshear JL, McBride R, et al. Antiarrhythmic
drug therapy and cardiac mortality in atrial fibrillation. J Am
Coll Cardiol 1992; 20: 527-32

58. Moosvi AR, Goldstein S, Wanderbreg PS. Effect of empiric
antiarrhythmic therapy in resuscitated out-of-hospital cardiac
arrest victims with coronary artery disease. Am J Cardiol 1990;
65: 1192-7

59. Nattel S. Experimental evidence for proarrhythmic mechanisms
of antiarrhythmic drugs. Cardiovasc Res 1998; 37: 567-77

60. Roden DM. Ionic mechanisms for prolongation of refractori-
ness and their proarrhythmic and antiarrhythmic correlates.
Am J Cardiol 1996; 78 Suppl. 4A: 12-6

61. Morganroth J. Risk factors for the development of proarrhyth-
mic events. Am J Cardiol 1987; 59: 32E-37E

62. Ranger S, Nattel S. Determinants and mechanisms of frecain-
ide-induced promotion of ventricular tachycardia in anesthe-
tized dogs. Circulation 1995; 92: 1300-11

63. Restivo M, Yin H, Caref EB, et al. Reentrant arrhythmias in the
subacute infarction period. The proarrhythmic effect of
felcainide acetate on functional circuits. Circulation 1995; 91:
1236-46

64. Coromilas J, Saltman AE, Waldecker B, et al. Electrophysiolog-
ical effects of flecainide on anisotropic conduction and reen-
try in infarcted canine hearts. Circulation 1995; 91: 2245-63

65. Elharrar V, Zipes DP. Cardiac electrophysiologic alterations
during myocardial ischemia. Am J Physiol 1977; 233: H329-45

66. Janse MJ, Wit AL. Electrophysiological mechanisms of ventric-
ular arrhythmias resulting from myocardial ischemia and in-
farction. Physiol Rev 1989; 69: 1049-169

67. Elharrar V, Gau WE, Zipes DP. Effect of drugs on conduction
delay and incidence of ventricular arrhythmias induced by
acute coronary occlusion in dogs. Am J Cardiol 1977; 39:
544-9

68. Carson DL, Cardinal R, Savard P, et al. Relationship between
an arrhythmogenic action of lidocaine and its effects on exci-

tation patterns in acutely ischemic porcine myocardium. J
Cardiovasc Pharmacol 1986; 8: 126-36

69. Starmer CF, Lastra AA, Nesterenko VV, et al. Proarrhythmic
response to sodium channel blockade. Theoretical model and
numerical experiments. Circulation 1991; 84: 1364-77

70. Starmer CF, Biktashev VN, Romashko DN, et al. Vulnerability
in an excitable medium: analytical and numerical studies of
initiating unidirectional propagation. Biophys J 1993; 65:
1775-87

71. Krishnan SC, Antzelevitch C. Flecainide-induced arrhythmia in
canine ventricular epicardium - Phase 2 reentry? Circulation
1993; 87: 562-72

72. Greenberg HM, Dwyer EM, Jr, Hochman JS, et al. Interaction
of ischaemia and encainide/flecainide treatment: a proposed
mechanism for the increased mortality in CAST I. Br Heart J
1995; 74: 631-5

73. January CT, Riddle JM. Early afterdepolarizations: newer in-
sights into cellular mechanisms. Circ Res 1989; 64: 977-90

74. Volders PGA, Kulcsar A, Vos MA, et al. Similarities between
early and delayed afterdepolarizations induced by isopro-
terenol in canine ventricular myocytes. Cardiovasc Res 1997;
34: 348-59

75. Restivo M, Caref EB, Choi B-R, et al. Bradycardia dependent
non-uniform repolarization gradients in a guinea-pig model
of long QT syndrome (LQTS). Circulation 1997; 96: I554

76. Zhou Z, Studenik C, January CT. Properties of E-4031-induced
early afterdepolarizations in rabbit ventricular myocytes:
Studies using a perforated patch method. In: Vereecke J, van
Bogaert PP, Verdonck F, editors. Potassium channels in nor-
mal and pathological conditions. Leuven: Leuven University
Press, 1995: 375-79

77. Makielski JC, January CT. Proarrhythmia related to prolonga-
tion of repolarization: mechanisms, monitoring, prevention,
and management. Cardiac Electrophysiol Review 1998; 2:
132-5

78. Hirano Y, Moscucci A, January CT. L-type Ca2+ "window" cur-
rent in heart cells: separation from slowly inactivating current.
Circ Res 1992; 70: 445-55

79. Shorofsky S, January CT. Single channel recordings of L- and
T-type Ca2+ current in cardiac Purkinje cells: evidence for
"window" currents. Circ Res 1992; 70: 456-64

80. Zhou Z, Studenik C, January CT. Mechanisms of early
afterdepolarization induced by block of IKr. Circulation 1995;
92: I-435

81. El-Sherif N, Chinushi M, Caref EB, et al. Electrophysiological
mechanism of the characteristic electrocardiographic mor-
phology of torsades de pointes tachyarrhythmias in the long-
QT syndrome: detailed analysis of ventricular tridimensional
activation patterns. Circulation 1997; 96: 4392-9

82. Hii JTY, Wyse DG, Gillis AM, et al. Precordial QT interval
dispersion as a marker of torsade de pointes. Disparate effects
of class Ia antiarrhythmic drugs and amiodarone. Circulation
1992; 86: 1376-12

83. Cui G, Sen L, Sager P, et al. Effects of amiodarone, sematilide,
and sotalol on QT dispersion. Am J Cardiol 1994; 74: 896-900

Correspondence and offprints: Dr Paul Dorian, St Michael’s
Hospital, 30 Bond St, Room 7-051 Queen Wing, Toronto,
Ontario, M5B 1W8, Canada.
E-mail: dorianp@smh.toronto.on.ca

1328 Lau et al.

  Adis International Limited. All rights reserved. Drugs 2000 Dec; 60 (6)


	Contents 1315
	Abstract 1315
	1. Predicting Antiarrhythmic Drug Efficacy 1317
	1.1 Based on Results of Clinical Trials 1317
	1.2 Based on the Mechanism of Action of the Antiarrhythmic Drug 1318
	1.2.1 The Vaughan Williams Classification 1318
	1.2.2 The Sicilian Gambit Approach 1319


	2. Surrogate Measures to Predict Antiarrhythmic Drug Efficacy 1320
	2.1 Correlating Efficacy with Effects on Electrophysiological Variables 1321
	2.1.1 Inducibility at Electrophysiological Study 1321
	2.1.2 Electrophysiological Parameters 1322
	2.1.3 Use-Dependence and Reverse Use-Dependence 1323


	3. Can Adverse Effects be Predicted Based on Mechanism of Action? 1324
	4. Conclusion 1326
	References 1326
	Correspondence and offprints 1328
	E-mail 1328

