GORDON K. MOE LECTURE

Current treatment of ventricular arrhythmias: State of the art
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Ventricular arrhythmias may be benign, requiring only evalua-
tion for associated risks and then reassurance, or associated with
a risk of sudden death or significant morbidity. Therapies for
these arrhythmias have evolved considerably over the past 20
years. For some, a definitive, curative therapy is available in the
form of catheter ablation. Others are best managed with an
implantable cardioverter-defibrillator that provides effective
arrhythmia termination and protection from sudden death, with

antiarrhythmic drugs or ablation to control recurrent arrhyth-
mias. Although progress has been substantial, many challenges
remain.
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Introduction
Therapy for ventricular arrhythmias is guided by the
estimated risk of sudden death posed by the arrhythmia,
the likelihood of recurrence, symptoms, and the risks and
benefits of therapies. Associated underlying heart disease
and nature of the arrhythmia substrate are important consid-
erations and is often suggested by the electrocardiographic
(ECG) characteristics of the arrhythmia (Figure 1).
Monomorphic ventricular tachycardia (VT) has the same
ventricular activation sequence from beat to beat, producing
similar QRS complexes from beat to beat. The QRS
morphology is often a good indication of the site of initial
ventricular activation, and hence the location of the arrhyth-
mia focus or the exit of a reentry circuit in the border of a
ventricular scar, but can be misleading in diseased ventricles.
In structurally normal hearts, monomorphic VT is often
referred to as idiopathic. In structural heart disease, sustained
monomorphic VT is usually due to reentry involving a
region of myocardial scar. Evidence of scar may be seen as
areas of ventricular akinesis or dyskinesis on ventriculog-
raphy, echocardiography, or cardiac magnetic resonance
imaging (MRI) as areas of delayed gadolinum (Gd) wash-
out.'™ In fewer than 10% of the patients, VT is due to bundle
branch reentry through a diseased His-Purkinje system."
Polymorphic VT indicates a varying ventricular activa-
tion sequence, and structural heart disease is not required. If
prolonged, it usually degenerates to ventricular fibrillation
(VF). Acute myocardial ischemia during an acute coronary
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syndrome is the most common cause, and following survival
past an acute infarction, it does not predict a late risk of
sudden death.’” A number of genetically determined syn-
dromes including long QT syndromes, Brugada syndrome,
and short QT syndromes as well as catecholaminergic
polymorphic VT cause polymorphic VT.°

Ventricular arrhythmias in the absence of
structural heart disease

Idiopathic ventricular arrhythmias (premature ventricular beats,
nonsustained VT, or commonly sustained monomorphic VT)
typically present with palpitations and less commonly more
severe symptoms including syncope.” A focal origin from the
right ventricular (RV) or left ventricular (LV) outflow regions,
which usually produces a left bundle branch block-like QRS
morphology and inferior axis, is most common, followed by
sites along an atrioventricular (AV) valve annulus or papillary
muscle.*”"" Less commonly, reentry involving fascicles of the
LV Purkinje system causes a right bundle branch block-like
idiopathic VT. 12 With an otherwise normal ECG, the absence of
structural heart disease on cardiac imaging, and no evidence of a
genetic arrhythmogenic syndrome, sudden death is rare and
many patients require only reassurance.”’ For patients who
require therapy, beta-blockers, verapamil or diltiazem, and other
antiarthythmic drugs can be helpful, but catheter ablation is
often a preferred option to long-term drug therapy (see below).

Sudden death, ventricular dysfunction,
and “idiopathic” arrhythmias

Rare patients with apparently idiopathic VT have suffered
cardiac arrest.” Markers of increased risk have been sug-
gested to be unusually rapid VT, a short initial coupling
interval, and polymorphic VT.'">'* Rare patients have

recurrent VF or polymorphic VT initiated by premature
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Types and Etiologies of Sustained Ventricular Tachycardias
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Figure1  Electrocardiographic types of VT with examples of a surface ECG lead and ICD interrogation are shown with the common etiologic considerations.

ECG = electrocardiographic/electrocardiogram; ICD =

ventricular contractions (PVCs) from the Purkinje system or
RV outflow tract that can be treated with ablation with a low
risk of recurrence (Figure 2).15

An idiopathic arrhythmia is occasionally an early mani-
festation of underlying cardiomyopathy. For the common
left bundle branch block-like arrhythmias, an RV origin is
suspected. Arrhythmogenic right ventricular cardiomyop-
athy (ARVC) and cardiac sarcoidosis involving the RV are
considerations, particularly if there are inverted T waves in
leads V; to V3 or AV conduction abnormalities are
present.”'®'” Small areas of slow conduction and scar in
the RV can escape detection in MRI but can be apparent as
abnormal electrograms during epicardial mapping.'® Rarely,
a patient with no detectable structural abnormality subse-
quently develops evidence of heart disease.

implantable cardioverter-defibrillator; VT = ventricular tachycardia

Frequent PVCs can produce ventricular dysfunction in a
manner perhaps similar to tachycardia-induced cardiomyop-
athy.'” In most cases, more than 20% of ambient beats are
ectopic.”’ It is often not clear whether an underlying
cardiomyopathic process is present or measurement of the
LV ejection fraction is not accurate owing to the presence of
arrhythmia. The suppression of the arrhythmia and reassess-
ment of ventricular function is required to sort out the
possibilities. These observations support continued follow-
up of patients with apparently idiopathic arrhythmias.

Catheter ablation in structurally normal hearts:
Efficacy, risks, and challenges

Although catheter ablation is often effective for these
arrhythmias, its overall efficacy is not well characterized
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Diseases /syndomes in which PVCs from the Purkinje system or RV outflow tract that
initiate VF or polymorphic VT have been ablated

Figure 2

Idiopathic VF
Brugada syndrome

Long QT syndrome

Early or late after myocardial infarction

Cardiac amyloidosis
Cardiomyopathy
Myocarditis

Recordings from a patient with idiopathic VF showing a premature ventricular beat in sinus rhythm (top left panel) and a premature ventricular beat

that initiates polymorphic VT (top right panel). Ablation targeting this PVC focus (not shown) abolished recurrent VF episodes. PVC = premature ventricular
contraction; RV = right ventricular; VF = ventricular fibrillation; VT = ventricular tachycardia.
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because reports are largely limited to single centers, affected
by referral bias, and exclude some patients who do not have
inducible arrhythmia. Despite these issues, success rates are
likely more than 80%.” There are, however, many
challenges.

Ablation failure is perhaps most commonly due to
inability to induce arrhythmia for adequate mapping. Our
approach is to place ECG leads on the patient on arrival in
the electrophysiology laboratory and immediately record any
spontaneous arrhythmias so that they can potentially be used
to guide pace mapping if the arrhythmia becomes quiescent.
Although pace mapping can be used to guide ablation, it is
less accurate than activation mapping.” In the periaortic
region, pace mapping can be misleading and is often not
helpful.”’ The provocation of idiopathic arrhythmias often
requires intravenous administration of isoproterenol or
epinephrine, sometimes combined with programmed stim-
ulation and/or burst pacing from the ventricles or the atrium.
Arm exercise and boluses of calcium, aminophylline, or
phenylephrine have also been used, but in our experience,
they are not usually helpful if boluses of intravenous
medication have failed.

When arrhythmia is present but ablation fails, incomplete
mapping is often the cause.'' Outflow tract anatomy is
complex. Focal arrhythmias can originate either from sleeves
of muscle that extend above the pulmonary artery or aortic
annulus or from epicardial sites. The electrogram at the target
site can be of low amplitude and easily missed. Intracardiac
ultrasound to define anatomy can be extremely helpful. For
left bundle branch block inferior axis VI/PVCs, a systematic
exploration of the RV outflow tract, pulmonary artery, and
great cardiac vein/anterior interventricular vein region via the
coronary sinus followed by the aortic root and LV outflow
region is required. Some locations beneath the left coronary
artery and deep within the interventricular septum are not
accessible.””*® Surgical ablation is occasionally a consider-
ation when severe symptoms or depressed ventricular func-
tion are present.”* Idiopathic arrhythmias originating from the
epicardium are most often found by mapping in a coronary
vein.”” Limited radiofrequency (RF) power delivery owing to
low surrounding blood flow and proximity to adjacent
coronary arteries can prevent successful ablation.” For
ventricular ectopy originating from the papillary muscles,
achieving adequate catheter stability is often challenging.”®

Ablation complications of idiopathic arrhythmias are
infrequent and vary with the arrhythmia location. In the free
wall of the RV, perforation with tamponade is a concern.”’
Avoiding steam pops during RF application is important. For
those that originate adjacent to the membranous septum,
there is a potential risk of damage to the AV conduction
system and AV block. In the aortic cusps, there is a risk of
coronary injury if the catheter moves into a coronary ostium.
Damage to the aortic valve can occur with catheter manip-
ulation in the aortic root or potentially with delivery of RF
energy on the aortic valve. In the epicardium or cardiac
veins, coronary injury is the major concern.””® Anticoagu-
lation is warranted during aortic and LV procedures, and
thromboembolism appears rare.

Ventricular arrhythmias in structural

heart disease

VT leading to VF is an important cause of sudden death in
almost all forms of heart disease, contributing to more than
350,000 out-of-hospital sudden deaths that occur annually in
the United States.”” Various mechanisms are operative.
Implantable cardioverter-defibrillators (ICDs) remain the
best protection against sudden death from ventricular
arrhythmias in high-risk individuals, but most sudden deaths
occur in individuals who do not have recognized high-risk
profiles. Antiarrhythmic drugs and catheter ablation are
largely reserved for controlling recurrent symptomatic
arrhythmias in patients with ICDs.

ICDs

ICDs effectively terminate VT or VF. Patients who have
been resuscitated from VT or VF that is not due to a cause
that is reliably addressed with other therapy are at a
particularly high risk of recurrence and usually warrant
implantation of an ICD (referred to as secondary prevention
of sudden death). Individuals who have not had sustained VT
or VF, but whose heart disease places them at an increased
risk may warrant an ICD for the primary prevention of
sudden death (Table 1).>**' Remote monitoring provides the
capability of interrogating the device at home and trans-
mitting arrhythmia event and device data that facilitates early
recognition of problems and can help reduce hospitaliza-
tions.”>** There are several challenges.

Table 1  Expected survival and reduction in mortality attributed to the ICD in primary prevention trials®*
Survival
ICD indication: All assume expected 1-y survival with with ICD Duration Absolute reduction in
reasonable functional capacity Trial (%) (v) mortality with ICD (%)
LVEF <0.35 with NYHA class II or III heart failure SCD-HeFT 71 5 7
Prior MI, LVEF <0.30 MADIT II 88 2 6
Prior MI, LVEF <0.40 + inducible VT MUSTT 76 5 24
Diseases associated with a sudden death risk: ARVC, cardiac sarcoidosis, Observational NA NA Unknown

HCM, and other genetic syndromes with markers of risk

studies

ARVC = arrhythmogenic right ventricular cardiomyopathy; HCM = hypertrophic cardiomyopathy; ICD = implantable cardioverter-defibrillator; LVEF = left
ventricular ejection fraction; MADIT II = Multicenter Automatic Defibrillator Implantation Trial II; MI = myocardial infarction; MUSTT = Multicenter
Unsustained Tachycardia Trial; NA = not applicable; NYHA = New York Heart Association; SCD-HeFT = Sudden Cardiac Death in Heart Failure Trial.
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Sustained VT / VF In Patients with ICDs
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= Increased risk for drug toxicities
= Patient preference

Figure 3
fibrillation; VT = ventricular tachycardia.

The selection of patients for primary prevention ICDs
remains imperfect.”” Most are implanted on the basis of
a low LV ejection fraction.””** Although the majority of
patients will not have spontaneous arrhythmias requiring
therapy and the absolute survival benefit in trials was modest
(Table 1), a survival benefit is also supported by analysis in
populations outside trials.>'**~*® ICDs are not warranted for
patients who have a limited life expectancy and poor
functional capacity owing to comorbid conditions. Func-
tional limitations of heart failure may be improved; however,
for those who have QRS prolongation owing to left bundle
branch block, two-thirds will improve with biventricular
pacing that can be implemented with the ICD.?” ICDs are
important options for genetic diseases that cause sudden
death including hypertrophic cardiomyopathy, ARVC, Bru-
gada syndrome, and some individuals with long QT syn-
drome.”® Progress is being made in the selection of high-risk
individuals with various diseases.

ICD lead malfunctions remain a concern that subjects the
patient to the risks of inappropriate therapy, failure of needed
therapy, and risk of surgical revision of the ICD system, with
either lead extraction or addition of a new lead.”” Leadless
defibrillators should reduce risks related to leads, but have
other limitations that require ongoing study.*’

Some observations suggest that the initial landmark
studies actually underestimate the benefit of providing
effective arrhythmia termination because ICDs do have
potential adverse effects that offset some of the benefit.””~**
Initially unappreciated was the possibility that the implanted
device could have adverse effects that partially offset the
mortality benefit, as was dramatically observed in the Dual
Chamber and VVI Implantable Defibrillator trial,*' in which
programming that increased RV pacing increased mortality,
likely through aggravation of ventricular dysfunction. Pro-
gramming to avoid RV pacing became standard practice, and
device algorithms were developed to attempt to minimize
ventricular pacing. Backup pacing for bradycardia also has
the potential to cause long-short sequences that initiate

= Polymorphic VT
= Experienced center not available
= High procedure risk

= Patient preference

Illustration of an approach to the patient with an ICD who has a VT recurrence. ICD = implantable cardioverter-defibrillator; VF = ventricular

ventricular arrhythmias in some patients.*” Unnecessary
antitachycardia pacing therapy in response to supraventric-
ular arrhythmias or electrical noise sometimes induces
ventricular arrhythmias.*® Proarrhythmia may contribute to
the consistent observation in randomized trials: that the
number of patients with arrhythmia termination from an ICD
substantially exceeds the mortality benefit.**

ICD arrhythmia detection algorithms are also important.
The Multicenter Automatic Defibrillator Implantation Trial
—Reduce Inappropriate Therapy compared different VT
detection criteria in patients who received a primary pre-
vention ICD.* The conventional programming strategy that
treated VT that was faster than 170 beats/min lasting for 2.5
seconds resulted in more ICD therapies (shocks and anti-
tachycardia pacing) compared to strategies to treat VT only
after 60 seconds, or only if VT was faster than 200 beats/min.
Surprisingly, the mortality was greater with conventional
programming: 10% at 2 years compared to 7% and 5% in the
delayed detection and high rate groups, respectively. The
reasons for the increase in mortality are not clear, but
arrhythmias detected and treated by the ICD have been
associated with reduced survival and increased heart failure
hospitalizations in other studies.”~’ Arrhythmias, whether
spontaneous or induced by the ICD, may be a marker for
progression of underlying heart disease. It is also possible
that ICD shocks cause direct myocardial damage and
sympathetic activation.””*® Most VTs, however, can be
terminated by antitachycardia pacing, which has been
associated with lower mortality compared to shocks.”’” In
any case, because of these considerations and the potential
negative effect of ICD shocks on quality of life, the
prevention of spontaneous episodes of VT with drugs or
ablation is important (Figure 3).*’

Antiarrhythmic drug therapy
Antiarrhythmic drug efficacy for preventing arrhythmias has
been disappointing, but they have a role in reducing episodes
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Antiarrhythmic Drugs Therapy for Ventricular Arrhythmias
Beta-blockers
 Safe Sotalol
Limited efficacy More effective than other Beta-Bl
\ QT prolongation — polymorphic VT
Renal excretion
Amiodarone
TS Most effective
s = Long-term toxicities
Dofetilide — poor efficacy not approved for VT (20% of pts)
Bradyarrhythmi
Mexiletine - limited efficacy, K EIUBIITES
Gl and neuro side effects
Quinidine — limited efficacy, QT, Gl side effects
Flecainide — proarrhythmia, negative inotropic
effects Combinations
Amio + Mex
Quinidine + Mex
Others
Figure 4  Tllustration of an approach of a sequence of considerations for selecting antiarrhythmic drugs to treat ventricular arrhythmias. For most patients with

advanced heart disease, amiodarone will be selected. GI = gastrointestinal; VT = ventricular tachycardia.

(Figure 4). Arrhythmias are often aggravated by increased
sympathetic tone.’” Beta-blockers are relatively safe and
reduce sudden death in patients with heart failure or LV
dysfunction after myocardial infarction. Unfortunately, their
efficacy for preventing recurrent VT is often poor. The
combined beta-blocker, rapidly activating component of the
delayed rectifier potassium current (Ix,) blocker sotalol, is
somewhat more effective.”’ Amiodarone is the most effec-
tive drug, but more than 20% of the patients have VT
recurrences.”’ Adverse effects limit therapy in more than
20% of the patients, including thyroid, neurologic, and, less
commonly, lung or liver toxicity. Proarrhythmic effects and
ICD interactions, most commonly slowing a VT below the
ICD detection rate, are important concerns with drug
therapy. Development of new pharmacologic approaches to
antiarrhythmic therapy is a major challenge.

Catheter ablation

Catheter ablation has an important role in reducing arrhyth-
mias in patients with ICDs and can be lifesaving for patients
with incessant or frequent VT.”* It has generally been
reserved for patients with monomorphic VT, but it can also
be effective for recurrent polymorphic VT and VF when
initiating PVCs can be targeted (Figure 2).

More than 90% of the sustained monomorphic VTs in
patients with heart disease are due to reentry involving an area
of ventricular scar. The remaining VTs are due to reentry or
automaticity involving the Purkinje system and are often
more easily targeted for ablation.” The scar-related arrhyth-
mia substrate is stable, so approximately half of the patients
who present with monomorphic VT will have a recurrence
within 2 years.”” The efficacy of catheter ablation for scar-
related reentry depends on the location of the reentry circuit
and the ability to identify the circuit. VT due to prior
myocardial infarction has been best studied. The majority
of these VTs can be approached from the endocardium. Most

studies have enrolled patients with recurrent VT that is failing
antiarrthythmic drug therapy and who have severely depressed
ventricular function. In multicenter studies, ablation reduces
or abolishes VT in approximately 70% of the patients;
however, approximately 26%—-50% will experience at least
1 spontaneous episode of VT detected by the ICD during
follow-up.”*> The procedure morality is 3%, with most
deaths owing to uncontrollable VT when the procedure
fails.”> Total mortality in this population is as high as 18%
at 1 year, likely reflecting the fact that recurrent VT is often a
marker of severe disease.” The optimal approach to ablation
is still evolving, and there are many challenges and questions.

VTs are characterized by their QRS morphology, which is
determined largely by the location of the reentry circuit exit in
the border of the scar, and rate.’ Multiple VTs are often
inducible with programmed stimulation, suggesting the pres-
ence of multiple reentry circuits and/or reentry circuit exits. VT's
that have been observed to occur spontaneously are designated
“clinical VTs.” The best end point for ablation has not been
defined, although persistent inducibility of a clinical VT has
been associated with recurrent VT and some centers attempt to
abolish all inducible VTs.” When mapping can be performed
during VT, a critical channel can often be identified with a
combination of limited activation and entrainment mapping
where limited ablation interrupts the VT circuit. More com-
monly, hemodynamic instability or the presence of multiple
inducible VTs limits mapping during VT. Hemodynamic
support during VT with a percutaneous assist device or
cardiopulmonary bypass can allow more detailed mapping
during VT and warrants further evaluation.”>”° Another
approach is to deploy a multielectrode catheter for sampling
during short runs of VT. The ‘“noncontact” system that
mathematically reconstructs electrograms is often able to
indicate exit regions, but cannot usually detect channels.

The most common approach to guide ablation for multi-
ple and unstable VTs is substrate mapping, which identifies
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Figure 5 Recordings from a patient with prior anteroseptal infarct and

recurrent VT, illustrating findings during substrate mapping. A: An LV
voltage map (left anterior projection) with purple color indicating a bipolar
voltage > 1.5 mV, and a large low-voltage scar (red, yellow, green, blue
area). B: The intracardiac ultrasound imaging corresponding to the planar
slide of the ultrasound beam seen in panel A. C: The last beat of pace
mapping from the ablation catheter at a site with a long S-QRS interval of
180 ms in the low-voltage area. After termination of LV pace mapping, an
LP is seen with the RV paced beat at the right side of the panel (arrow).
Abl = ablation; d = distal; LP = late potential; LV = left ventricular;
p = proximal; RV = right ventricular; VT = ventricular tachycardia.

the VT substrate during stable sinus or paced rhythm
(Figure 5).” Substrate mapping is extremely useful and
routinely used for most scar-related VTs; even when VT is
stable it is often combined with activation and entrainment
mapping. Ventricular anatomy is reconstructed in an electro-
anatomic mapping system with point-by-point mapping,
intracardiac ultrasound, or registration of a prior imaging
study. The bipolar electrogram amplitude from contact
mapping is displayed on the anatomy in a voltage map.
Regions with a bipolar electrogram amplitude < 1.5 mV
indicate regions where myocytes have been replaced, or
partially replaced by fibrous tissue. MRI studies have shown
that this threshold is conservative, and there is often fibrosis
deep to the endocardium that extends beyond the edge of the
1.5 mV endocardial border.”” Intramural and epicardial scar
is not detectable based on this bipolar electrogram amplitude,
but exploiting the greater “field of view” of unfiltered or
minimally filtered unipolar electrograms, epicardial and
intramural scar can often be identified from endocardial
unipolar electrogram voltage maps as regions of relatively
lower voltage despite bipolar electrograms exceeding 1.5
mV. Markers of potential channels in and around the low-
voltage scar area include multicomponent, fractionated
electrograms, and split and late potentials, which indicate
separation of myocyte bundles by fibrosis that is a cause of
slow conduction.””®? Pacing can be performed from the
mapping catheter (pace mapping) to identify sites where

pacing fails to capture, indicative of fibrosis without surviv-
ing myocytes, termed electrically unexcitable scar.’”°" Sites
where pacing replicates the QRS morphology of VT are
often near the VT exit, and long stimulus to QRS delays
(Figure 5) indicate slow conduction and potentials channels.
The best ablation strategy is not clear. Approaches targeting
electrograms, interesting pace-mapping sites, and completely
covering the low-voltage region with RF applications have
been reported, but not directly compared in randomized
studies. /7777

The location of the arrhythmia substrate and success of
ablation varies with the underlying disease.”® The procedure
is most often successful in patients with prior myocardial
infarction, ARVC, and repaired tetralogy of Fallot, in whom
the potential reentry channels are now well defined.”*
Ablation is more likely to be difficult in nonischemic
cardiomyopathies when the circuits are intramural or epi-
cardial in locations protected by coronary arteries.’**>

Subepicardial arrhythmia substrate can often be
approached by percutaneous pericardial access, which is
often needed in nonischemic cardiomyopathies, particularly
ARVC.”% Major complications, most commonly bleeding,
occur in approximately 5% of the patients.®”’" Precautions
to avoid injury to coronary arteries and the left phrenic nerve
are important.”®

Ablation failure often indicates inability to achieve an
adequate, durable effect on the arrhythmia substrate.”
Transcoronary ethanol ablation targeting the arrhythmogenic
area is used in approximately 1.5% of the patients with VT
that has failed other means of ablation at our center, but is
often limited by failure to identify a coronary target and has
the potential for damage to large areas of myocardium.’"
Surgical ablation remains an option as well.**

A look ahead

The integral role of devices in the management of high-risk
patients, particularly those with heart failure, seems likely to
increase with advances in pacing, programming, and mon-
itoring capabilities. Technologic complexities, implementa-
tion, and reducing infection remain important challenges.
Imaging to better characterize the arrhythmia substrate
continues to improve and will hopefully facilitate the
recognition of high-risk substrate, thereby identifying
patients who would benefit from an ICD, as well as guiding
ablation and perhaps directing biological therapies to the
arrhythmia substrate.'"">

We continue to see patients with posttraumatic stress
disorder from ICD shocks, " supporting a role for an earlier
use of ablation to reduce recurrences and further studies are
needed to clarify best strategies and the effects on mortality
and costs.”’>’* A needle injection catheter has shown
promise for reaching intramural regions for ablation.”
Pharmacologic and device therapies that modulate neural
systems will provide new therapeutic options.”” Ultimately,
combinations of devices, ablation, pharmacologic, and bio-
logical therapies will further reduce arrhythmias and sudden
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death risk while continuing to improve ventricular function
and slow adverse remodeling. These latter aspects are
critical, as, even with arrhythmia control, the mortality
remains substantial in patients with structural heart disease
and arrhythmias. Although progress has been substantial,
many challenges remain.
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