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Preface

New Arrhythmia Technologies is designed to serve
as an up-to-date text on the rapidly advancing field
of arrhythmia innovations. The breadth of the
topics covered mirrors the expansive nature of the
growing field of arrhythmia evaluation and
therapy. The text begins with a comprehensive
discussion of new pharmacologic agents for
arrhythmia management and new antithrombotic
agents, particularly for atrial fibrillation, and pro-
ceeds to include chapters on future arrhythmia
therapies utilizing pharmacogenomics, structural
approaches to novel antiarrhythmic drug therapy,
embryonic stem cell-derived cardiomyocytes, and
gene and cell therapy for sinus node and A-V nodal
dysfunction and cardiac tachyarrhythmias. The
numerous advances in noninvasive rhythm moni-
toring, implantable hemodynamic monitoring,
functional status monitoring, and non-invasive
mapping are discussed. There have been important
advances in risk stratification for sudden death and
the identification of relationships between the gene
defect and the response to therapy. Because of the
central role that out-of-hospital cardiac defibrillation
has played in improving survival of sudden cardiac
death, a chapter has been devoted to this topic.

In the exploding field of new arrhythmia devices,
the text covers sensors and sensor algorithms, new
electrode and lead designs for both pacing and
defibrillation, advances in  lead extraction, new
resynchronization devices and left ventricular lead
delivery systems for cardiac venous and epicardial
placement, and new pacing indications. In the field
of defibrillation, chapters are devoted to important
advances in arrhythmia prevention and termination
algorithms, sensing and discrimination algorithms,
new ICD lead design and lead-less systems,
optimization of defibrillator waveforms, new ICD
indications, and web-based monitoring.

There have been remarkable advances in the
development of techniques and devices for the sur-
gical and catheter ablation of arrhythmias. A series
of chapters are devoted to the explosion in surgical
devices and techniques for atrial fibrillation, novel
epicardial access techniques, innovative catheter
control devices, new energy sources for catheter
ablation, and new ablation paradigms.

We believe that New Arrhythmia Technologies
provides a unique view into the latest in arrhyth-
mia innovations through the eyes of the experts in
the field.

PW
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CHAPTER 1

New antiarrhythmic
pharmacologic therapies and
regulatory issues in
antiarrhythmic drug 
development

Heather M. Ross, MS, APRN, Peter R. Kowey, MD, &
Gerald V. Naccarelli, MD

3

Introduction

Until the 1980s, the majority of approved
antiarrhythmic drugs were developed for use in the
treatment of ventricular arrhythmias. Since that
time, antiarrhythmic drug development has con-
centrated on the management of atrial fibrillation.
Antiarrhythmic drugs that have proven useful in
cardioversion and maintenance of sinus rhythm
include Class IA sodium channel blockers: quinidine,
procainamide, and disopyramide; Class IC sodium
channel blockers: flecainide and propafenone;
and the Class III agents: sotalol, dofetilide, and
amiodarone. In addition, intravenous ibutilide is
effective in the termination of atrial fibrillation.
Quinidine, flecainide, propafenone-IR and -SR,
sotalol, dofetilide, and ibutilide have FDA approval
in the United States for the treatment of atrial
fibrillation. Due to subjective adverse symptoms,
end-organ toxicity, proarrhythmic potential, and
lack of safety data in structural heart disease, Class
IA agents are being used less frequently than in the
past. Class IC drugs have been limited to use in
patients with minimal or no structural heart
disease. Sotalol and dofetilide can provoke torsade
de pointes, and amiodarone use is often limited
due to potential end-organ toxicity. In response to

these limitations, the pharmaceutical industry has
pursued the development of more effective and
safer antiarrhythmic drugs for the treatment of
atrial fibrillation. Drug development to treat
ventricular arrhythmias continues as well, though
to a lesser extent than for atrial fibrillation.

Theoretically, an ideal antiarrhythmic drug for
the treatment of atrial fibrillation would have
the following characteristics: (1) suppress phase 4
automaticity and thus atrial triggers; (2) prolong
atrial refractory periods in a use-dependent
fashion; (3) slow intraatrial conduction; (4) atrial
selectivity to minimize ventricular proarrhythmic
effects; (5) prolong AV nodal refractoriness and
slow AV nodal conduction for the purpose of rate
control; (6) a half-life long enough for once a day
usage; (7) low potential for subjective, end-organ
and proarrhythmic side effects; (8) safety for use in
patients with structural heart disease, incorporat-
ing no significant negative inotropic effects or drug
interactions.

Antiarrhythmic pharmaceutical development is
currently moving in two general directions. First,
efforts are being made to modify existing agents
in an attempt to ameliorate safety and efficacy
concerns. Second, pharmaceutical companies are
working to develop agents with novel therapeutic
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mechanisms in an effort to achieve more effective
drug therapy than is offered by existing com-
pounds. Dofetilide and propafenone-SR are the
most recently approved antiarrhythmic agents for
the treatment of atrial fibrillation. In addition, new
data suggest that carvedilol may have a role in treat-
ing atrial fibrillation. Investigational antiarrhythmic
drugs abound. Non-antiarrhythmic drugs, such as
ACE inhibitors, angiotensin receptor blockers, and
HMG CoA enzyme inhibitors, also appear to have a
role in suppressing atrial fibrillation in certain
patient subtypes. This chapter will review the effi-
cacy of the newly approved and currently investiga-
tional antiarrhythmic drugs that hold promise
in the treatment of atrial fibrillation and other
arrhythmias.

Newly approved agents

Termination of atrial fibrillation
In patients with more persistent atrial fibrillation,
only oral dofetilide has a Class I indication for 
the termination of atrial fibrillation, based on the
results of SAFIRE-D (Symptomatic Atrial Fibrilla-
tion Investigative REsearch on Dofetilide) and
EMERALD (European and Australian Multicenter
Evaluative Research on Atrial fibriLlation Dofetilide)
clinical trials. Dofetilide prolongs action potential
duration nearly twofold more in the atria than in
the ventricles. This may explain the drug’s effective-
ness in converting atrial fibrillation to sinus rhythm.
Both studies tested doses of 125, 250, and 500 �g
of dofetilide twice daily compared with placebo.
In EMERALD, sotalol 80 mg twice daily was also
tested [1–6]. SAFIRE-D included 325 patients with
persistent atrial fibrillation. The majority of
patients had structural heart disease and 40% had a
depressed ejection fraction. In SAFIRE-D, a 32%
conversion rate by day three was noted, superior
to the 1% placebo conversion rate (p � .001) [1].
EMERALD included 535 patients with persistent
atrial fibrillation or atrial flutter. In EMERALD,
500 �g of dofetilide twice daily achieved a 29%
rate of converting atrial fibrillation to sinus
rhythm, proving more efficacious than sotalol 
(6%; p � .05) [2].

Further data regarding the efficacy of dofetilide
in terminating atrial fibrillation come from
the DIAMOND-CHF (Danish Investigations of

Arrhythmia and Mortality ON Dofetilide) trial
in which 391 patients who had atrial fibrillation
at baseline had more frequent spontaneous
conversion to sinus rhythm with dofetilide (12% at
1 month and 44% at 12 months) compared with
placebo (1% at 1 month and 13% at 12 months;
p � .001) [4, 5].

Suppression of atrial fibrillation
Oral procainamide, disopyramide, flecainide,
propafenone, and sotalol are as effective as quini-
dine for the prevention of atrial fibrillation with
efficacy rates averaging about 50%. Comparative
trials have demonstrated that Class IC drugs and
sotalol are better tolerated than Class IA agents.
Recent data suggest that amiodarone is the most
effective agent for maintaining sinus rhythm [7].
The Canadian Trial of Atrial Fibrillation (CTAF)
demonstrated that patients treated with amio-
darone had a lower recurrence rate (35%) versus
sotalol or propafenone (63%) (p � .001). However,
side effects requiring drug withdrawal was 
higher (p � .06) in the amiodarone-treated 
group [7, 8].

Dofetilide blocks the rapid potassium delayed
rectifier current (IKr). Reverse use-dependent effects
may minimize its electrophysiologic effects at rapid
rates, such as those occurring with supraventricu-
lar tachyarrhythmias. By prolonging action potential
duration, dofetilide has no negative inotropic effects
and may even be a positive inotropic agent [3].
In addition to being an effective agent for medical
conversion of atrial fibrillation to sinus rhythm,
dofetilide (500 �g twice daily) had a 58% efficacy
in maintaining sinus rhythm at 1 year post-
cardioversion compared with only 25% in a placebo
group in the SAFIRE-D trial (p � .001) [1]. Results
of maintaining sinus rhythm in the EMERALD
trial were similar [2]. In both studies, efficacy
appeared to be dose related. In DIAMOND-AF,
1 year efficacy rates for maintaining sinus rhythm was
superior in the dofetilide treated patients at 79%,
compared with 42% in placebo patients (p � .001)
[6]. DIAMOND-CHF found that dofetilide was
superior to placebo in maintaining sinus rhythm
after conversion from atrial fibrillation (HR 0.35;
CI � 0.22–0.57; p � .001) [5].

Prospective trials of dofetilide did not demon-
strate efficacy high enough to attain FDA approval
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in the suppression for paroxysmal atrial fibrillation;
however, clinical experience suggests efficacy rates
similar to other Class III, IA and IC drugs. Dose
adjustment based on creatinine clearance and 
in-hospital initiation under telemetry conditions
has been shown to decrease the incidence of
drug-induced torsade de pointes [6].

For the suppression of recurrent paroxysmal
atrial fibrillation, comparative trials have demon-
strated that Class IC drugs and sotalol are equally
effective and better tolerated than Class IA drugs [7].
Although these drugs have reported efficacy rates
of about 50% at 1 year, up to 70% of patients
who have remained on Class IC drugs after a year
of treatment experience rare recurrences and
minimal side effects that do not require drug
discontinuation [7, 9].

In early 2004, a twice-daily formulation of
propafenone became available in the United
States. In the RAFT and ERAFT trials,
propafenone-SR demonstrated statistical dose-
related efficacy that was at least as effective as the
immediate release form of the drug [10, 11]. In
RAFT, propafenone-SR significantly lengthened
the time to the first symptomatic atrial arrhyth-
mic recurrence at all doses tested, compared with
placebo [10]. These studies yielded a very favor-
able dose–response curve. The findings from
ERAFT were consistent with RAFT, although the
225 mg twice-daily dose was not tested [11].
Plasma levels of propafenone were more likely to
maintain therapeutic levels with the sustained
formulation of the drug. The sustained release
formulation is available in 225, 325, and 425 mg
tablets, dosed twice daily rather than three times
daily as with the immediate release formulation.
The 325 mg twice-daily dose of sustained release
of propafenone appears to be roughly equivalent
to the 150 mg three times a day dose of the
immediate release formulation [10].

Carvedilol possesses complex electrophysiologic
properties, related to its Vaughan Williams Class II
dose-related antiadrenergic (�1, �2, and �) effects.
In addition, carvedilol has direct membrane-
stabilizing activity (Class IA), prolongs repolariza-
tion by blocking potassium channels (Class III),
and inhibits L-type calcium channels (Class IV).
Carvedilol carries no known proarrhythmic activity.
Carvedilol inhibits several native potassium

channels responsible for repolarization in
cardiomyocytes, including the rapidly and slowly
activating components of the delayed rectifier
current (IKr and IKs) and the transient outward
current (Ito). Carvedilol does not affect the inward
rectifier current (IKI) which prolongs the action
potential duration and effective refractory period
to repeat excitability [12–14].

In a post-cardioversion trial comparing
carvedilol to bisoprolol, carvedilol had a 14% lower
rate of atrial fibrillation relapse during the 1 year
period following cardioversion [15]. Carvedilol
was also compared with two other �1 selective
blockers, metoprolol and atenolol, in a study of
postoperative atrial fibrillation as a complication of
cardiac surgery. Postoperative atrial fibrillation
occurred in 8% of carvedilol-treated patients,
versus 32% of patients receiving metoprolol or
atenolol, for a 75% risk reduction. This occurred
despite significantly poorer baseline left ventricular
function in the carvedilol group [16].

Carvedilol was compared with amiodarone in a
placebo-controlled trial of patients with chronic atrial
fibrillation undergoing electrical cardioversion.
Patients were randomized to receive carvedilol,
amiodarone, or no antiarrhythmic drug for 6 weeks
before and after external transthoracic cardioversion.
Successful cardioversion was achieved with carvedilol
and amiodarone pretreatment (87% and 94%),
versus no antiarrhythmic prophylaxis (69%). Patients
in both drug-treated groups immediately had longer
fibrillatory cycle length intervals preconversion and
longer atrial effective refractory periods 5 min post-
conversion than unprotected patients. More patients
who experienced a relapse of atrial fibrillation within
7 days were untreated (44%), compared with those
receiving either carvedilol (29%) or amiodarone
(19%) treatment [17].

Approaches to new
antiarrhythmic drugs

Modifications: targeted improvements
with new antiarrhythmic drugs
The pharmaceutical industry is currently devoting
notable attention to the development of improved
Class III antiarrhythmic drugs with enhanced
efficacy and safety profiles. These agents are among
the most effective currently available antiarrhythmic
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drugs for the suppression or cardioversion of atrial
fibrillation and ventricular tachycardia [7]. Unfortu-
nately, many patients and healthcare providers find
the adverse effects associated with these agents,
particularly the risks of end-organ toxicity and
proarrhythmia, to be untenable.

There are currently more than a dozen new
Class III compounds in development [18–23]. These
are targeted to various potassium channels, with
varying degrees of specificity or breadth. Some
agents additionally block calcium channels, and
others have beta blockade or sodium channel-
blocking capacity (Table 1.1).

Within this category of new antiarrhythmic
drugs as improved versions of existing potassium
channel-blocking compounds, there are two par-
ticularly novel developments to note. Scientists
have been able to target blockade of the ultrarapid

potassium rectifier current (IKur), which exists only
in atrial tissue, thereby affording atrial specificity
and theoretically eliminating the risk of torsade de
pointes as a result of ventricular action potential
delay. Second, the ability to block the acetylcholine-
dependent potassium current (IK,Ach) offers another
new specificity in targeting antiarrhythmic drug
effects to the atria [18].

Cardioversion of atrial fibrillation
Tedisamil is currently in Phase III trials in the
United States to evaluate for an indication for
cardioversion of atrial fibrillation. Tedisamil is a
Class III agent with blockade of IKr, Ito, IKs, IKur, and
IKATP, as well as sodium-channel-blocking proper-
ties. This new compound will theoretically offer an
alternative to intravenous ibutilide, without risk of
torsade de pointes [19, 20, 27].
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Table 1.1 Investigational antiarrhythmic drugs, with mechanism of action [18, 20, 22, 24–26].

Modifications of existing compounds Novel mechanisms of action

Azimilide (IKr, IKs) Piboserod (5-HT4)

Dronedarone (IKr, IKs, �1, ICa, Ito, INa) ZP-123 (GAP 486)

RSD-1235 (IKur, Ito, INa, IKAch) AAP10 (connexin modulator)

GYKI-16638 (IKr, IK1, INa) GsMtx4 (stretch receptor antagonist)

AZD7009 (atrial repolarization delay)

AVE1231 (atrial repolarization delay)

ATI-2042 (IKr, IKs, �1, ICa, Ito, INa)

Tedisamil (IKr, Ito, IKATP, INa, IKur)

AVE-0118 (IKur)

Ersentilide (IKr, �)

Trecetilide (IKr, INa)

Almokalant (IKr)

Terikalant (IKr)

SB237376 (IKr)

HMR1402 (IKs)

HMR1556 (IKs)

L768673 (IKs)

Ambasilide (Ito, IK1, IKAch, IKur, INa)

NIP142 (IKur, IKAch)

CP060S (INa, ICa)

KB-R7943 (INa, ICa)

Cariporide (INa, IH)

DTI0009 (adenosine A1 blocker)

Tecadenoson (CVT-510) (long-acting

adenosine A1 blocker)

Abanoquil (�1A blocker)

E3174 (angiotensin II blocker)

KB130015 (thyroid antagonist)



Suppression of atrial fibrillation
Azimilide is an IKr and IKs blocker that does not
appear to have any reverse use dependence. Thus,
azimilide maintains its electrophysiologic effects
over both slow and fast heart rates. Azimilide,
similar to amiodarone, blocks both IKr and IKs,
which is thought to minimize the risk of torsade de
pointes compared with only IKr blockade. Azimilide
has demonstrated efficacy in treating atrial fibrilla-
tion based on clinical trials in the Azimilide
Supraventricular Arrhythmia Program (ASAP).
The most effective dose appears to be 125 mg daily,
averaging about 50% suppression of paroxysmal
atrial fibrillation. Lower doses have produced
inconsistent effects in suppressing atrial fibrillation
compared with placebo. One pivotal study of 125 mg
daily did not show statistical benefit in suppressing
paroxysms of atrial fibrillation [28].

Because of this, ongoing trials include A-STAR
(Azimilide Supraventricular Tachy-Arrhythmia
Reduction) to further assess the efficacy of azimilide
in suppressing paroxysmal atrial fibrillation and 
A-COMET (Azimilide CardiOversion MaintEnance
Trial) to assess its role in maintaining sinus rhythm
in persistent atrial fibrillation post-cardioversion
[29]. In A-COMET II, azimilide will be compared
with placebo and sotalol.

ALIVE (AzimiLide post-Infarction surVival
Evaluation) found azimilide to have neutral effects
in a placebo-controlled trial of post-myocardial
infarction patients with a hazard ratio of 1.0 with a
mortality rate of 11.6% in both the placebo and
azimilide-treated groups. In addition, the time to
the development of atrial fibrillation was longer
(p � .04) in the azimilide group [30]. Safety data
from trials thus far show that azimilide appears to
have a low incidence of drug provoked torsade de
pointes. Subjective toxicity is minimal, but a low
incidence of drug-induced neutropenia has been
reported [30, 31].

Dronedarone is an amiodarone-like compound
without the iodine moiety. To date, end-organ tox-
icity has not been reported. Electrophysiologically,
dronedarone blocks IKr, IKs, Ito, fast sodium, and
calcium channels. Dronedarone prolongs the
action potential duration in the atria and ventricles
with no significant reverse use dependence. Other
electrophysiologic effects similar to amiodarone
include �, �, and muscarinic blocking effects.

Dronedarone appears to slow sinus rates less than
amiodarone. However, its AV nodal refractory
period prolonging effect should confer some rate
control benefits [32].

In the DAFNE (Dose Adjustment For Normal
Eating) trial, dronedarone 400 mg twice daily was
superior to placebo in preventing recurrent atrial
fibrillation. The median time to recurrence was
59.9 days in the dronedarone group compared with
5.3 days in the placebo group (p � .05; RR � 0.45;
CI � 0.28–0.72). Higher doses of dronedarone
were ineffective and associated with a higher inci-
dence of gastrointestinal subjective adverse effects
[33]. Ongoing studies at the 400 mg twice-daily
dose include ADONIS (American African trial
with DrONnedarone In atrial fibrillation or flutter
for the maintenance of Sinus rhythm) and EURIDIS
(EURropean trial In atrial fibrillation or atrial
flutter patients receiving Dronedarone for the
maIntenance of Sinus rhythm). Both of these
studies have demonstrated that dronedarone
suppresses recurrent atrial fibrillation at a dose of
400 mg twice daily [24].

Another novel compound group is the atrial
repolarization delaying action agents, which will
theoretically allow for adequate dosing to suppress
atrial arrhythmias effectively, without risk of torsade
de pointes due to concomitant repolarization delay
in ventricular tissues. Drugs featuring IKur blockade
offer particular hope in this category [18].

RSD-1235 is an atrial selective potassium
channel blocker with little effect on ventricular
repolarization. In the CRAFT trial RSD-1235 was
shown to have a dose-related ability to terminate
atrial fibrillation [34].

AVE-0118 is a biphenyl derivative that blocks the
atrial delayed rectifier current and IACH with little
effect on ventricular tissue. Early basic studies
demonstrate that it prolongs the atrial effective
refractory period, even after atrial remodeling has
occurred from persistent atrial fibrillation [35].

Rate control of atrial tachyarrhythmias
Tecadenoson is an adenosine analog with selective
A1 receptor agonist activity. This avoids hypoten-
sion that is associated with stimulation of the A2

receptor, and is commonly experienced with intra-
venous administration of adenosine. Tecadenoson
has completed enrollment of phase III trials for
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ventricular rate control in paroxysmal supraven-
tricular tachycardia. Enrollment continues in trials
to examine tecadenoson as an agent for ventricular
rate control in atrial fibrillation. This drug will be
indicated only for rate control and not suppression
of atrial fibrillation [25].

Treatment of ventricular arrhythmias
Advances in cardiac care have significantly
improved survival after myocardial infarction.
Compared to the past, early revascularization and
thrombolytic agents have minimized the size of
myocardial scar compared to 20 years ago. However,
a significant number of patients still carry myocar-
dial scar, and thus border zone areas, prone to
development of anisotropy and reentrant ventricu-
lar arrhythmia circuits. While catheter ablation for
ischemic monomorphic ventricular tachycardia is
relatively successful, it is a highly specialized proce-
dure not accessible by all patients. As with atrial
fibrillation, significant numbers of patients with
ventricular tachycardia rely on pharmacologic
therapies for arrhythmia suppression. Similar
problems regarding safety and efficacy exist with
preparations used to suppress ventricular arrhyth-
mias in this growing population.

As there is more enthusiasm for developing
antiarrhythmic drugs for the treatment of atrial
fibrillation, very few drugs are being developed for
the treatment of ventricular arrhythmias. Gap
junction modulators may have use in treating
ventricular tachyarrhythmias. Multiple new drugs,
such as azimilide and dronedarone, are being
studied in patients with ICDs to determine if they
are effective in suppressing recurrent ICD shocks.

Early animal studies are examining new
compounds with combined Class IB and Class III
antiarrhythmic properties for the suppression of
ventricular tachycardia. In vivo studies with dog
and rabbit models have been encouraging, suggest-
ing further development of the compound GYKI-
16638. To date, however, human studies have not
commenced [21].

Innovations: compounds with novel
antiarrhythmic mechanisms
As our understanding of the wide range of etiolo-
gies for atrial fibrillation onset improves, scientists
have begun to develop antiarrhythmic agents with

entirely new mechanisms of action. Gap junction
(connexin) modulators, such as AAP10 and ZP123,
offer promise for the treatment of atrial fibrillation
in the setting of dilated cardiomyopathies. Stretch
receptor antagonists, including GsMtx4, may gain
significant efficacy in the treatment of individuals
with hypertrophic hearts, diastolic dysfunction,
and valvular regurgitation [18].

There has been some indirect association that 
5-hydoxytryptamine (5-HT) can cause atrial
fibrillation. Piboserod (an atrial-selective 5-HT
receptor antagonist) was developed as a result of
this theory. Clinical results to date, however, have
been disappointing [20].

Data exist from multiple studies that angiotensin
converting enzyme inhibitors and angiotensin
receptor blockers are useful for the suppression of
atrial fibrillation, by mechanisms not previously
thought to have any significant antiarrhythmic
effects [23, 35, 36–38]. More recent data from
AFFIRM suggest that these drugs may be particu-
larly useful in as antiarrhythmic agents in patients
with significant heart failure [39, 40].

Antiarrhythmic therapy choice
based on survival data from
clinical trials

DIAMOND-MI studied the effects of dofetilide
compared with placebo in patients with post-
myocardial infarction with ejection fraction of
� 35%. A total of 1510 patients were recruited
(749 dofetilide; 761 placebo) with a minimum
follow-up of 1 year. Dofetilide was titrated under
telemetry conditions for the first 3 days of dosing.
Dofetilide had neutral mortality effects when
compared with placebo in the post-myocardial
infarction setting (230 dofetilide versus 243 placebo
deaths, HR � 0.94, p � .23). Dofetilide had no
adverse or beneficial effect on cardiac mortality or
arrhythmic death. Pharmacologic conversion of
atrial fibrillation was more frequent in the dofetilide
group (p � .002) [41].

The DIAMOND-CHF trial randomized 1518
patients admitted to the hospital with heart failure
and an ejection fraction of � 35% to dofetilide
(n � 762) or placebo (n � 756). During follow-up,
311 (41%) died in the dofetilide arm, versus 317
(42%) deaths in the placebo arm (p � NS;
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HR � 0.95; CI � 0.81–1.11). These results are
remarkable for 25 (3.3%) cases of torsade de
pointes in the dofetilide group versus 0% in the
placebo treated patients. Hospitalizations for heart
failure were statistically lower (p � .001) in the
dofetilide group (30%) than the placebo group
(38%) [5, 6].

In DIAMOND-AF, total mortality was 44.6% in
the dofetilide group, no different than the 45.1%
mortality rate in the placebo group. DIAMOND-
AF also demonstrated that heart failure hospital-
izations were nonsignificantly lower (p � .14,
HR � 0.69; CI � 0.51–0.93) in the dofetilide
group (29.3%) versus the placebo group (39.7%)
and in all cases hospitalizations were also lower
in the dofetilide group (p � .003) [5, 6].

The ALIVE trial randomized patients to placebo
versus 75–100 mg/day of azimilide. Key inclusion
criteria included acute myocardial infarction within
6–21 days; ejection fraction 15–35%; and abnormal
heart rate variability of � 20 U. Azimilide also
appears to be safe to use in the post-myocardial
infarction population since the demonstrated
hazard ratio of mortality was 1.0 compared with
placebo. In ALIVE, time to the development of
atrial fibrillation was longer (p � .04) in the
azimilide group [31].

The role of dronedarone in treating patients
with left ventricular dysfunction will depend on
the final results of the ANDROMEDA trial, which
will have a combined primary endpoint of mortal-
ity and hospital admissions secondary to heart
failure. The ANDROMEDA trial, studying the
safety of dronedarone in patients with left ventric-
ular dysfunction, was prematurely terminated due
to statistically nonsignificant higher mortality in
the antiarrhythmic treated arm of the study [27].
Further analyses of these data will determine if
dronedarone will be safe to use in this patient
population.

Genetics and genomics

With the mapping of the human genome, genetics
and genomics are becoming increasingly well
understood for their role in affecting drug metabo-
lism. Humans are endowed with polymorphisms,
relatively common expressions of specific patterns
in genetic code [42]. For example, some individuals

carry a genetically coded inability to metabolize
compounds via the cytochrome P450 system. This
genomic variation, or polymorphism, is significant
in considering medications, such as amiodarone,
that require this system for adequate metabolism
and avoidance of lethal toxicities. As a poignant
example, erythromycin, the commonly used antibi-
otic, may cause prolongation of the QT interval
with resultant development of torsade de pointes
when ingested by an individual who is also taking
amiodarone [43].

In addition to effecting toxic drug responses,
genomic variations may also affect therapeutic effi-
cacy. This phenomenon is becoming understood
with respect to several analgesic preparations, and
is extended to other classes of drugs including
antiarrhythmic agents. The pharmaceutical indus-
try is on the cusp of understanding how to modify
various preparations in an effort to tailor the effect
to an individual’s specific genetic needs [26, 42].

Regulatory issues

The development of drugs for arrhythmia
indications is tricky business. Evidence of efficacy
constitutes a significant hurdle, but demonstration
of safety is even more daunting. Multiple studies,
which prove that the drug can be utilized safely in
the appropriate patient population with an accept-
able risk, are required for registration. In addition,
studies must be designed and executed in such a
way so as to extract relevant and useful informa-
tion about how to dose the drug and how to moni-
tor patients. There must be a safety experience that
is at least large enough to identify adverse effects
that will occur with moderate frequency when the
drug is available for general use, recognizing that
rare side effects may not be recognized even within
a robust dataset.

The first step in antiarrhythmic drug development
is a careful characterization of the drug’s electro-
physiologic effects. This includes a full description
of its activity at specific ion channels and other cell
targets, followed by in vivo experiments to demon-
strate a composite electropharmacologic profile.
One would prefer to see how the drug performs in
well-validated arrhythmia models as an index of its
potential clinical utility, though the predictive
value of animal models of this kind may be low.
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It may at least be possible in this early phase to
define an electrical effect as a function of blood or
tissue concentration to begin to approximate a tar-
get dose in humans. It is important to understand
that an excellent understanding of the drug’s
actions in this early phase will facilitate develop-
ment in later phases, both with regard to issues of
efficacy and safety.

Most antiarrhythmic drugs have complex
pharmacology. This fact places a significant burden
on early phase clinical development to understand
basic pharmacological principles, such as distribu-
tion, metabolism, and elimination. Such factors
are especially important in this realm. Because
most antiarrhythmic drugs have a relatively narrow
toxic/therapeutic ratio, factors that increase or
decrease drug exposure are very important to the
drug’s safe use. The electrocardiogram provides a
crude tool to delineate electrophysiologic effects in
some, but not all, cases. For example, it is not
possible to observe changes in atrial refractoriness
on the surface electrocardiogram, greatly compli-
cating the evaluation of atrial specific agents. It
may be necessary to conduct invasive electrophysi-
ologic studies to define the drug’s activity in these
cases, or utilize previously implanted pacemakers
for this purpose. With opportunities to develop
and study parenteral as well as oral formulations,
decisions about the best methods of drug delivery
should be made in early stages so as to properly
focus the overall development program.

The next phases of development are considered
the critical path, for it is here that so-called “proof
of concept” studies are devised and carried out.
At this point, patients without significant comor-
bidities are exposed to the investigational drug at
various doses with the goal of demonstrating activity
in the target arrhythmia. Investigators face a fine
line between recruiting too few patients in the
interest of economy, and spending too much on
what might not necessarily be a pivotal trial.
Nevertheless, this phase of study must clearly
demonstrate efficacy and safety at achievable drug
concentrations to permit the program to go
forward, and to generate the correct hypotheses for
late-phase clinical development.

It is in this intermediary phase of development
that many other things must be learned about the
new agent. In addition to defining a useful dose

range, drug and device interactions must be
defined. Particular attention must focus on those
agents, such as anticoagulants, that are used
frequently in patients with cardiac arrhythmia.
Safety issues must be more carefully defined to
allow for proper focusing of later clinical develop-
ment. Although longitudinal studies will follow,
adequate exposures to define intermediate term
tolerability are necessary to set the stage for those
very important longer-term safety trials. It is in this
stage of development that special populations,
such as those with organ impairment or the elderly,
may be studied to determine entry criteria for the
pivotal trial experience.

Pivotal efficacy studies are tailored to study
critical issues related to the putative safety and
efficacy of the new chemical entity. It is important
that these studies are designed creatively to maxi-
mize the yield of information and to allow for
proper drug labeling if successful. Studies can be
conducted for various indications. In the case of
atrial fibrillation, the drug can be considered for
conversion to, or maintenance of, sinus rhythm or
both. Placebo-controlled studies may be used as
long as the patient is protected against the compli-
cations of inordinately high heart rates and throm-
boembolic events. Studies of sufficient duration (at
least 12 months) are necessary to assess chronic
tolerance. The relevant patient population must be
studied here, as inclusion and exclusion criteria for
the trials will be used for product labeling.

The development of drugs for ventricular
arrhythmia indications is much more difficult and
challenging. In previous times, suppression of
premature ventricular depolarizations or preven-
tion of inducible ventricular tachycardia in the
electrophysiology laboratory were accepted as
surrogates of efficacy. This is no longer the case;
direct suppression and/or prevention of sustained
ventricular tachycardia/fibrillation (VT/VF) are
now the gold standard. For parenteral compounds,
the intravenous amiodarone development program
sets the standard [44, 45]. In this program, patients
with frequently recurring VT/VF, refractory to
conventional agents, were treated in dose ranging
and positive comparator studies. Prevention of
recurrent sustained arrhythmia was the primary
endpoint. Approval for prophylaxis of high-risk
patients, such as those after myocardial infarction,
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is a lofty goal that is unrealistic, short of conducting
mega-trials, because of low event rates.

Oral drug development for ventricular arrhyth-
mias may be less complex. Although prevention of
inducibility can be used to “prove the concept,” a
controlled study to assess sustained arrhythmia
recurrence is expected for approval. The most
expeditious and practical way to accomplish this is
with placebo-controlled studies in patients with
implantable defibrillators and a minimum baseline
shock frequency. This also avoids the need for a
positive comparator that greatly increases the
complexity of blinding and multiplies the number
of patients that need to be enrolled.

Longer-term safety data are desirable in the
development of any antiarrhythmic agent, and par-
ticularly in patients with structural heart disease
whose substrate and organ function can change
over time. Although this may not be possible
within the context of controlled trials, long-term
extension and “compassionate use” experience may
help to provide needed information. These experi-
ences may also serve to increase the size of the
overall database for regulatory review, expected to
be in excess of 2000 patients for most drugs.

Approval of a potent antiarrhythmic drug in the
modern era does not necessarily translate into
widespread use. Restrictions may be placed on
distribution and access based on safety issues.
Dofetilide provides the most recent example in
which concerns about adjustments for altered renal
function and risk of torsade de pointes prompted
the FDA to impose requirements for physician
registration and central pharmacy distribution.
One would expect that such measures would not
be necessary for drugs devoid of major safety
concerns. Nevertheless, we expect that there will be
increasing emphasis on techniques of postmarket-
ing surveillance so that major but unexpected safety
issues can be identified and addressed as soon as
possible in the drug’s real-world experience.

It is reasonable to assume that drugs with novel
mechanisms of action and with new indications
will be developed in years to come. For example,
with the proliferation of ablation techniques and
their wider application, drugs can be developed
and studied that are intended to suppress the
arrhythmias that develop postablation. We have
already seen drugs come forward that have targets

other than conventional ion channels. As this work
progresses, it will be important to remain open to
creative protocols and to innovative development
programs that will facilitate bringing these new
products to clinical use expeditiously. No matter
how this is done, it is of paramount importance
to emphasize the most fundamental treatment
principle, that the benefit of the drug must clearly
exceed the risk. Clinical trials preserve the ability
to precisely determine the magnitude of both sides
of the therapeutic equation.

Conclusion

The search for effective, safe antiarrhythmic drugs
continues with constant development activities on
the part of pharmaceutical corporations. Efforts to
modify existing structures promise enhanced safety
with established mechanisms of action. In particu-
lar, efforts to modify amiodarone to create a safe
and well-tolerated Class III antiarrhythmic drug are
driving the development of several new compounds
currently in clinical trials and regulatory examina-
tion. The investigation and development of drugs
with novel mechanisms of action holds the poten-
tial reward of enhanced antiarrhythmic efficacy,
particularly for the control of atrial fibrillation and,
to a lesser extent, ventricular tachycardia.

The continually evolving understanding of the
role played by genetics in drug metabolism will
yield additional improvements in antiarrhythmic
drug efficacy in the future. Hopefully, today’s early
stages of genomics research will result in the
development of drugs that can play a role in an
antiarrhythmic regimen specifically designed to fit
a patient’s genetic structure, enhancing not only
efficacy, but significantly, safety as well.
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CHAPTER 2

New frontiers in antithrombotic
therapy for atrial fibrillation

James A. Reiffel, MD

Atrial fibrillation (AF) is associated with alter-
ations in atrial size (enlargement), mechanics
(reduced emptying characteristics and flow veloc-
ity), and prothrombotic hemochemical changes
[1–10]. These modifications can result in stagnant
atrial flow (especially in the appendage) and in
alterations of several coagulation factors, fibri-
nolytic balance, nitric oxide secretion in the atria
and the consequences of its reduction, and, to a
lesser extent, platelet derived factors [1–10]. These
effects raise the probability of atrial clot formation.
Some of the hemochemical alterations that con-
tribute to thromboembolic risk in AF are aspirin
sensitive, such as P-selectin, (�-thromboglobulin,
and platelet factor 4. Most, however, are not
affected by aspirin, but their procoagulant actions
can be reduced by warfarin, including, for example,
factor VII, fibrinogen, D-dimer, prothrombin
fragment 1.2, thrombin–antithrombin complex,
altered fibrinolytic balance, increased superoxides
(which degrade NO).

Mobile atrial thrombi may produce systemic
embolization, resulting in end-organ dysfunctional
events, such as stroke, visual loss, coronary occlu-
sion, and bowel or limb necrosis. Risk for embolism
in AF is independent of whether or not rate-related,
irregularity-related, or other AF-related symptoms
are present. Importantly, it has been recently appre-
ciated that risk for embolism in the AF patient
at risk may persist, in at least some patients, even
if (and after) sinus rhythm has been restored, as
was clearly demonstrated in trials, such as RACE
and AFFIRM [11, 12]. Possible explanations for
persistent risk include (Table 2.1) recurrent episodes
of unappreciated asymptomatic AF, incomplete

reverse atrial remodeling in NSR with residual flow
impairment, and negative atrial inotropic effects of
drug or ablative therapy. Atrial size 6 months after
cardioversion, for example, is reduced if NSR is
maintained as compared with that seen if AF recurs,
but atrial size is not necessarily reduced to normal
[13]. Moreover, the longer AF persists prior to
cardioversion, the slower and less extensive is the
reduction in atrial size following cardioversion
[14]. Atrial contractility may also be reduced by
negative notropic effects of antiarrhythmic agents
being used to maintain sinus rhythm [15]. Similarly,
there data exists to suggest that following catheter
ablative procedures for the cure of AF, significant
atrial enlargement and mechanical dysfunction can
persist or develop? [16].

Multiple clinical trials have increased our knowl-
edge base about the risk factors for AF-associated
thrombus formation and emboli, and about optimal
preventative therapies [17–20]. The incidence of
embolic risk has been shown to be low (�1–2%/
year) in patients with AF who are �65 years of
age and have no associated high-risk markers while
the incidence is higher in patients with certain
identified risk factors, including in most series,

2

Table 2.1 Possible reasons for persistent thromboembolic risk

following restoration of sinus rhythm in patients with AF.

Asymptomatic (undetected) AF recurrences

Persistence of atrial enlargement and/or atrial dysfunction

(absence of complete reverse remodeling)

Atrial dysfunction induced by pharmacotherapy

Atrial dysfunction resulting from ablative injury

Concomitant, nonatrial sources of emboli


