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Heart failure is a significant major health
problem in the United States. An estimated
5 million patients are afflicted by this disease,

with an additional 550,000 new cases diagnosed
annually. It is a major source of morbidity and
mortality and is associated with an increasing

number of hospitalizations [1]. Mortality in the
heart failure population is primarily by pump fail-
ure or by sudden cardiac death (SCD), of which

more than 75% is associated with ventricular
tachyarrhythmia [2]. There are an estimated
400,000 to 460,000 deaths attributable to SCD

in the United States each year, representing an
incidence of 0.1% to 0.2% per year in the adult
population [3].
Epidemiology

Heart failure can be considered a degradation

of systolic or diastolic function. The diagnosis of
heart failure is most commonly classified as an
ischemic etiology secondary to coronary artery
disease and prior myocardial infarction, or as

a nonischemic etiology with a variety of causes
such as infiltrative, infectious, metabolic, or he-
modynamic insults (Box 1) [4]. Ventricular ectopy

and nonsustained ventricular tachycardia (VT)
are common in patients who have cardiomyopa-
thies and heart failure. It has long been known

that the frequency of ventricular ectopy is a risk
factor for SCD. Patients who suffered a prior
myocardial infarction with frequent premature

ventricular complex (PVCs) or nonsustained VT
are at a higher risk of SCD irrespective of their
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ejection fractions. Increasing frequency of PVCs
greater than 10 per hour are linked to an even
greater SCD risk in patients who have heart dis-

ease [5,6]. Despite recent pharmacologic advance-
ments in treatment, mortality remains
unacceptably high, with sudden, ‘‘unexpected’’

death occurring in up to 40% to 70% of patients
[7,8]. Although the total mortality among patients
who have mild heart failure is low, the relative

proportion of patients dying suddenly is signifi-
cant. Patients who have more advanced heart
failure have a substantial annual mortality of

40% to 60%; however, the relative proportion
of sudden death amounts to less than 30% of all
causes of death (Fig. 1) [7,9].
Pathophysiology

Multiple studies have shown that in most

patients who have ischemic and nonischemic
cardiomyopathies, mechanisms of VT and ven-
tricular fibrillation include myocardial reentry,
reentry using the specialized conduction system

such as bundle branch reentry (BBR) or intra-
fascicular reentry, and focal automaticity/
triggered activity.

Abnormal automaticity

Ventricular arrhythmias may arise from dis-
turbances in automaticity in myocardial cells.
Normal automaticity often originates from cells

with ‘‘pacemaker activity,’’ which is determined
by the rate of phase 4 depolarization of the
cardiac action potential. It is a normal property

of the sinus node, the atrioventricular node, and
the His-Purkinje system. Abnormal automaticity
that causes VT has also been demonstrated in sub-

endocardial Purkinje fibers that survive ischemic
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Box 1. Etiologies of cardiomyopathy

Ischemia
Acute and chronic coronary artery

disease

Infections
Bacteria
Spirochetes
Rickettsia
Viruses (including HIV)
Fungi
Protozoa
Helminthes

Granulomatous diseases
Sarcoidosis
Giant cell myocarditis
Wegener’s granulomatosis

Metabolic disorders
Beriberi
Selenium deficiency
Carnitine deficiency
Kwashiorkor
Famililal storage disorders
Uremia
Hypokalemia
Hypomagnesemia
Hypophosphatemia
Diabetes mellitus
Hyperthyroidism
Hypothyroidism
Pheochromocytoma
Acromegaly
Morbid obesity

Drugs and toxins
Ethanol
Cocaine
Anthracyclines
Cobalt
Tricyclic antidepressants
Phenothiazines
Catecholamines
Cyclophosphamide
Radiation

Other
Tumors
Connective tissue disorders
Familial disorders
Hereditary neuromuscular and

neurologic disorders
Peripartum
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myocardial injury [10]. Studies in experimental
animal models and in failing human hearts have
demonstrated abnormal calcium handling. The

abnormal calcium metabolism results in decreas-
ing the calcium available to the sarcoplasmic
reticulum for release, leading to mechanical dys-
function. Alterations in calcium cycling have

also been implicated in the development of ar-
rhythmias by a focal, nonreentrant mechanism
in the heart failure population [11]. Pogwizd and

colleagues [12,13] studied the role of abnormal
calcium handling using three-dimensional map-
ping of spontaneously occurring VT in human

hearts and showed that 100% of VT in nonische-
mic cardiomyopathy and 50% of VT in ischemic
cardiomyopathy may be caused by a focal non-
reentrant mechanism.
Triggered arrhythmias

Triggered arrhythmias may occur when there
are abnormalities of action potentials that trigger

another electrical event by way of abnormal
depolarization. The most common abnormality
causing triggered arrhythmias are early and late

depolarizations, often associated with a prolonged
repolarization phase. Early afterdepolarizations
(EADs) usually occur in late phase 2 or phase 3 of

the action potential. An EAD may occur with an
imbalance between the inward and outward
currents that favors a net inward current. The
EADs may be manifested when there is a decrease

in the outward potassium channel or an increase
in the inward sodium or calcium currents. EADs
may occur when the heart rate is markedly

slowed, reducing the outward current from the
delayed rectifier potassium channel [14]. EADs
are easily inducible in experimental settings with

bradycardia or during pauses and are thought to
initiate torsades de pointes [15]. Experimental
animal models with isochronal mapping have

shown that torsades de pointes is consistently
initiated first as a focal subendocardial activa-
tion, with subsequent beats due to a reentrant
mechanism [16].

Delayed afterdepolarizations (DADs) occur in
late phase 3 or early phase 4 when the action
potential is almost fully repolarized. The develop-

ment of a DAD is related to conditions that
increase intracellular calcium concentrations.
With catecholamine stimulation and activation

of the beta-adrenergic receptors, an increased
intracellular concentration of cAMP results in
an increased calcium current and an increased
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Fig. 1. Annualmortalityofheart failure. Prevalenceof suddendeathandnon–suddendeathbyNewYorkHeartAssociation

functional class and1-yearmortality. (FromHsiaHH, JessupML,MarchlinskiFE.Debate:Doall patientswith heart failure

require implantable defibrillators to prevent sudden death? Curr Control Trials Cardiovasc Med 2000;1(2):98–101.)
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calcium release from the sarcoplasmic reticulum.
The elevated intracellular calcium subsequently

activates the calcium–sodium exchanger, ulti-
mately leading to transient inward sodium current
(ITi) and the DAD (Fig. 2).

Adenosine by way of antiadrenergic effects
is able to terminate cAMP-mediated triggered
arrhythmias by decreasing the concentrations of

intracellular cAMP [17]. Termination of VT by
adenosine may be pathognomonic for outflow
tract VT caused by cAMP-triggered DADs. In

contrast, in other conditions that promote cardiac
calcium overload, such as digitalis toxicity, the
DADs are mediated by the inhibition of the
Fig. 2. Cellular basis of triggered arrhythmia in heart failure

a rabbit HF model. Holter recording of nonsustained VT was

agram of EADs and DADs. AP, action potential. (C) Spontan

cellular calcium transients concentration (bottom, in nM) in HF

(Iso) under 1.2-Hz stimulation (37�C). (From Pogwizd SM, Sch

tile dysfunction in heart failure. Circ Res 2001;88:1161; with p
sodium potassium ATPase, which secondarily in-
creases intracellular calcium by way of a shift in

the equilibrium of the sodium–calcium exchanger.
These different mechanisms of DADs may be sup-
ported by data showing that adenosine abolishes

DADs caused by cAMP stimulation but has no ef-
fect on digitalis-induced DADs [18].

Stretch mechanoreceptors may also alter the

electrophysiologic properties of themyocardium in
heart failure. Stretching or stress in the left
ventricle in the normal heart has been shown to

shorten the local action potential duration while
increasing local spontaneous automaticity and
triggered activity [19]. These effects are more
(HF). (A) Cross sections of control and failing hearts in

seen in 90% of HF versus 0% of control rabbits. (B) Di-

eous aftercontractions (top, in mm) and changes in intra-

myocytes were observed after exposure to isoproterenol

lotthaurer K, Li L et al. Arrhythmogenesis and contrac-

ermission.)
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pronounced in structurally abnormal hearts, with
greater heterogeneity of action potential durations
leading to a wider dispersion in tissue excitability

and refractoriness that facilitate unidirectional
conduction block [20]. Transient stretch during di-
astole has been shown to cause local depolarization
and trigger action potentials. In dilated canine

hearts, stretch mechanoreceptors were reproduc-
ibly able to produce spontaneous PVCs [21]. Char-
acterization of stretch-related mechanoreceptors

has been located to a nonselective cation channel
and related potassium channels [22].
Reentry

Reentrant ventricular arrhythmias represent

most of the clinically significant tachycardias. The
hallmark of reentrant ventricular arrhythmia is
slow conduction, most often due to structural heart

disease with scar-based anisotropic conduction
abnormalities. Conduction velocity, however, is
also mediated by the local cell-to-cell coupling by
gap junction proteins such as connexin 43. These

connexins aremore commonalong the longitudinal
axis than the short axis of the myocytes, leading to
a faster conduction velocity along the long axis

compared with a slower impulse propagation
perpendicular to the cellular syncytium. Disorga-
nization of gap junction distribution and down-

regulation of connexins, however, are typical fea-
tures of myocardial remodeling in hypertrophied
or failing hearts, which may play an important role

in the development of reentrant arrhythmogenic
substrates in human cardiomyopathy [23].

Reentrant VT is characterized by reproducible
initiation and termination with programmed stim-

ulation. A stable monomorphic VT can usually be
induced from multiple sites in the ventricle. The
presence of an excitable gap is a hallmark of stable

reentry, with implications that the size and loca-
tion of the VT circuit is relatively fixed and, at
least in part, anatomically defined [24].
Cardiomyopathy

Ischemic

The predominant mechanism of ventricular

arrhythmias in patients who have structural heart
disease is reentry. Much of what is known about
ventricular arrhythmias is based on studies of

patients who have coronary artery disease or
animal models of myocardial infarction. The
pathologic process caused by ischemia or infarct
leads to extensive myocyte death and results in
aneurysm formation, especially if the infarct is
large or transmural [25]. Reentrant arrhythmias

typically occur in areas of infarcted myocardium
that are adjacent to dense scar. Residual myocar-
dial fibers survive on the endocardium, probably
due to perfusion from the ventricular cavity or ret-

rograde perfusion through sinusoidal channels
[26]. The surviving myocytes become embedded
within regions of fibrosis or scar that constitute

substrate for abnormal nonuniform anisotropy,
often with conduction block and propagation bar-
rier that promote reentry. Fractionated, long-

duration electrograms are commonly recorded
from the peri-infarct regions with abnormal, non-
uniform anisotropy. Low-level late potentials
detected by signal-averaged ECG have been corre-

lated to localized areas of delayed endocardial
activation in humans [27–29].
Nonischemic

The anatomic and electrophysiologic substrates
for nonischemic cardiomyopathy are less well
described. In contrast to ischemic cardiomyopathy

in which a distinct scar is present, ventricular
myocardium in nonischemic cardiomyopathy of-
ten has multiple patchy areas of fibrosis and

myofibril disarray with various degrees of myocyte
hypertrophy and atrophy [30]. Myocardial dys-
function in nonischemic cardiomyopathy may be
secondary to hypertension, diabetes, and meta-

bolic, autoimmune, and infectious causes. Nec-
ropsy studies in patients who had idiopathic
dilated cardiomyopathy showed that there was

a high incidence of endocardial plaque (69%–
85%) and myocardial fibrosis (57%) without
significant visible scar (14%) [31]. Histologic spec-

imens commonly reveal variable amounts of fibro-
sis and myofiber disarray that correlate with the
degree of nonuniform anisotropic conduction

and generation of reentrant wave fronts. In hearts
with mild to moderate activation abnormalities,
interstitial fibrosis with linear collagen deposition
was primarily observed with an overall preserved

tissue architecture and cellular alignment. In
hearts with severe anisotropy, disturbed activation
patterns were observed in areas of dense scar that

had muscle bundle disruption similar to the patho-
logic specimens from patients who had ischemic
heart disease and prior myocardial infarction [32].

The mechanism of ventricular arrhythmias in
nonischemic cardiomyopathy patients is primarily
myocardial scar-based reentry. There is a greater
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degree of myocardial fibrosis in patients who
present with sustained monomorphic VT com-
pared with those presenting with nonsustained
arrhythmias [33–35]. Focal initiation of VT, how-

ever, may also result from triggered activity with
EADs or DADs. Pogwizd and colleagues [13]
demonstrated that focal activation can arise in

the subendocardium or the subepicardium, with
variable interstitial fibrosis. Pathologic findings
demonstrated that sites of conduction delay or

block consist of areas of extensive interstitial
fibrosis with scar formation.

The relationship between inducible arrhyth-

mias and the extent of abnormal endocardial and
epicardial substrate in patients who have non-
ischemic cardiomyopathy was initially evaluated
during surgical epicardial defibrillator patch

placement [35]. In patients who had inducible sus-
tained monomorphic VT, a significantly higher
incidence of abnormal electrograms was recorded
Fig. 3. Endocardial three-dimensional electroanatomic mappin

senting with monomorphic VT. Purple areas represent norm

depicted in red (amplitude !0.5 mV). The border zone (amplitu

between red and purple. The voltage maps typically demons

abnormalities or scar, located near the ventricular base in the

that demonstrates perivalvular scarring at the ventricular base a

voltage maps. LAO, left anterior oblique; MV, mitral valve. (Ad

of ventricular tachycardia in nonischemic cardiomyopathy. In:

arrhythmias and sudden cardiac death. Oxford (UK): Wiley-B
at epicardial and endocardial layers (47% and
38%, respectively) compared with patients who
did not have inducible VT (6% and 18%, respec-
tively). Although a wide individual variation in

epicardial electrogram abnormalities predomi-
nated in some patients, endocardial abnormalities
predominated in others.

Electroanatomic mapping provides a unique
insight to the endocardial electrophysiologic sub-
strate for uniform VT in patients who have

nonischemic cardiomyopathy. The endocardial
substrate is marked by a modest and variable
distribution of abnormal low-voltage recordings

rarely involving more than 25% of the total
endocardial surface area. Furthermore, the pre-
dominant distribution of abnormal endocardial
electrogram recordings is located at the ventricu-

lar base, frequently involving the perivalvular
regions (Fig. 3). VTs in these patients typically
originate from the basal region of the left
g in patients who had nonischemic cardiomyopathy pre-

al endocardium (amplitude R1.8 mV), with dense scar

de 0.5–1.8 mV) is defined as areas with the color gradient

trate modest-sized low-voltage endocardial electrogram

perivalvular region. On the left is a pathologic specimen

nd corresponds to the observed low-voltage areas on the

apted fromHsia HH, Mofrad PS. Mapping and ablation

Wang P, Hsia H, Al-Ahmad A, et al, editors. Ventricular

lackwell; 2008; with permission.)
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ventricle, corresponding to the locations of the
anatomic endocardial substrate (Fig. 4). In
comparison to patients who have ischemic cardio-

myopathy, the endocardial scar region is signifi-
cantly smaller in nonischemic cardiomyopathy
patients, with a predilection for scar in the base
of the heart [34,36,37].

In patients who have dilated cardiomyopathy
and fail endocardial ablation, epicardial mapping
has demonstrated significant areas of low-voltage

scar such that the scar area may be larger on the
epicardial surface than on the endocardial surface
[38]. In contrast, in patients who have cardiomyop-

athy due to coronary artery disease, the area of scar
has been found to be approximately three times
larger in the endocardium compared with the
Fig. 4. Electroanatomic voltage map coupled with entrainment

corresponds to the left ventricular endocardial bipolar electrogr

minimal surface fusion was observed near the exit site with a sho

tifiedwith perfect entrainment and concealed fusion and a long s

interval. The VT circuit was located near the left ventricular ba

cardial substrate at the perivalvular region defined by the volt

Hsia HH, Callans DJ, Marchlinski FE. Characterization o

with nonischemic cardiomyopathy and monomorphic vent

permission.)
epicardium. Small islands of viable epicardial myo-
cardium may be observed, located opposite to the
corresponding endocardial dense scar region.

There is, however, no such relationship between
the epicardial and endocardial scars in patients
who have nonischemic cardiomyopathy [39].
Ventricular tachycardia related

to the His-Purkinje system

BBR is usually seen in patients who have
structural heart disease. BBR is a macroreentrant
VT involving anterograde conduction by way
of the right or left bundle branch, transseptal

intramyocardial conduction, and retrograde con-
duction along the other bundle branch. The
mapping for localization of VT circuit. The color gradient

am amplitude as described in Fig. 3. (A) Entrainment with

rt stimulus–QRS interval. (B) The entrance site was iden-

timulus–QRS interval thatmatched the electrogram–QRS

se, corresponding to the locations of the abnormal endo-

age map. MV, mitral valve; PA, posteroanterior. (From

f endocardial electrophysiological substrate in patients

ricular tachycardia. Circulation 2003;108(6):708; with
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prerequisite for BBR VT is conduction delay in the
His-Purkinje system, and the average H–V interval
in patients who have BBR VT is 80 milliseconds
(range, 60–110milliseconds) [40]. Thepatients com-

monly present with a left bundle branch pattern or
a nonspecific intraventricular conduction delay on
ECG; however, BBR with a right bundle branch

block morphology or interfascicular reentry can
also be observed [41]. Although BBR is prevalent
in patients who have dilated nonischemic cardio-

myopathy and present with monomorphic VT,
this arrhythmia can occur in cardiomyopathy of
any etiology and often coexists with other myo-

cardial reentrant arrhythmias in patients who
have structural heart disease [42]. BBR VT ac-
counts for up to 40% of induced sustained ar-
rhythmias in nonischemic cardiomyopathy

patients compared with only 6% in patients who
have ischemic cardiomyopathy [43]. BBR, how-
ever, is also seen with other disorders such as mi-

tral or aortic valve surgery due to close proximity
to the His-Purkinje system [44]. Proarrhythmic ef-
fects due to conduction delay from flecainide have

also been reported to cause BBR [45].
Intrafascicular reentry has been less commonly

described (but may be present in patients who

have BBR) and typically has a right bundle
branch block pattern. A right axis deviation may
be observed when there is anterograde conduction
down the left anterior fascicle and retrograde

conduction up the left posterior fascicle. A left
axis deviation may be observed when the reverse
path is taken.

The QRS morphology during BBR VT com-
monly resembles that during sinus rhythm. The
diagnosis of BBR is based on carefully detailed

electrogram recordings (including recordings from
the bundle branches and the His) during the
initiation and the sustained reentry. During BBR
VT, the onset of the QRS is often preceded by the

right bundle potential or the His deflection, with
an H–V interval typically equal to or longer than
that during sinus rhythm (Fig. 5). Cycle length

oscillations of the V–V intervals are preceded by
similar changes in the H–H intervals. Entrainment
of the bundle branch circuit movement reentry

can be achieved by pacing and capturing the right
bundle branch or the left fascicle.

Catheter ablation of the right or left bundle

branches interrupts the circuit and provides an
effective treatment of this arrhythmia [46];
however, a comprehensive electrophysiologic
evaluation is essential in patients who have

cardiomyopathy because VTs related to the
His-Purkinje system often coexist with other myo-
cardial reentry arrhythmias.
Other cardiomyopathies

Sarcoidosis

Sarcoidosis is a granulomatous disease of un-
known etiology. It is characterized by multisystem
granulomatous infiltrationordiscretefibrosis.Myo-

cardial involvement may be focal or multifocal and
the granulomas may become foci for abnormal
automaticity and increase the likelihood of reen-

trant arrhythmias. VT is the most frequently noted
arrhythmia in cardiac sarcoid and is the terminal
event in67%of cardiac sarcoidpatients [47,48]. Pro-

grammed stimulation may induce monomorphic
VT, suggesting a reentrant mechanism in patients
whohave cardiac sarcoid [49].MRImayalso beuse-
ful in revealing areas of inflammation in patients

who have minimal ventricular dysfunction [50].

Arrhythmogenic right ventricular dysplasia/
cardiomyopathy

Arrhythmogenic right ventricular dysplasia/

cardiomyopathy (ARVD/C) is a distinct pathologic
diagnosis primarily involving fibrosis and fatty
infiltrationof the right ventricle.Mutations in genes

encoding for desmosomal proteins that impair cell
adhesion may lead to fibrofatty replacement of
myocytes [51]. Additional myocardial mechanical
stress may explain the typical phenotypic expres-

sions of ARVD/C that include (1) a strikingly
high incidence of the disease in athletic individuals,
(2) a latent period for the development of clinical

manifestation in earlyadulthood,and (3) apredilec-
tion for the disease to primarily affect certain loca-
tions of the right ventricle [52,53].

The extent of right ventricular (RV) involve-
ment may vary from diffuse RV involvement to
localized dysplastic regions. Left ventricular or
biventricular involvement can also be observed

with more recent evidence, suggesting that left
ventricular involvement may precede RV involve-
ment [54]. Infiltration of fibrous tissue and fat into

regions of normal myocardium, analogous to
infarct-related aneurysms in ischemic heart dis-
ease, form the arrhythmogenic basis for develop-

ment of reentrant VT [55]. The extent of RV
involvement can vary markedly. Although diffuse
RV enlargement and hypokinesis may be present,

localized abnormalities consisting of bulging or
sacculation of the RV free wall are more
characteristic and predominantly involve the



Fig. 5. BBR VT with a left bundle branch block QRS morphology. (A) During left bundle branch block VT, His (H)

deflections (H–V interval of 71 milliseconds) precedes right bundle (RB) activation (RB–V interval of 34 milliseconds),

followed by onset of the QRS. The left posterior fascicle (LPF) potentials followed right ventricular activations, suggest-

ing retrograde penetration up the LPF during a counterclockwise reentry BBR VT. (B) Similar observation in a different

patient who had nonischemic cardiomyopathy. Presystolic His activation (arrows) with an H–V interval of 80 millisec-

onds, followed by slow transseptal propagation and late retrograde LPF activation with a V–LPF interval of 146 mil-

liseconds. Abld, ablation catheter distal; HRA, high right atrial; LV, left ventricle; LVd, left ventricular mapping

catheter distal; RVA, right ventricular apex. (Adapted from Hsia HH, Mofrad PS. Mapping and ablation of ventricular

tachycardia in nonischemic cardiomyopathy. In: Wang P, Hsia H, Al-Ahmad A, et al, editors. Ventricular arrhythmias

and sudden cardiac death. Oxford (UK): Wiley-Blackwell; 2008; with permission.)
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infundibular, apical, and subtricuspid-diaphrag-
matic regions, the so-called ‘‘triangle of dyspla-

sia.’’ MRI has been the primary imaging tool for
evaluation of ARVD/C, with the ability to deter-
mine areas of RV dilatation, aneurysmal out-

pouching, and fibrofatty infiltration [56].

Chagas’ disease

Chagas’ disease is a protozoan myocarditis

endemic to Central and South America. The
vector Trypanosoma cruzi is transmitted to human
hosts by way of the reduviid bug and may infect

up to 4% of the Latin American population. Typ-
ically, the patient will develop a nonischemic car-
diomyopathy years after the initial infection [57].
The exact etiology of chronic Chagas’ cardiomy-
opathy is unclear and may be due to a cellular-me-

diated autoimmune reaction with autonomic
denervation [58]. The anatomic substrate for VT
in Chagas’ disease is primarily inferolateral wall

motion abnormalities in the left ventricle. Histo-
logic examinations reveal patches of focal and dif-
fuse fibrosis of the myocardium. Recurrent

monomorphic VT is common in chronic Chagas’
cardiomyopathy; however, the morphologies of
VT may vary from patient to patient. Pro-

grammed stimulation commonly induces clinical
arrhythmia in patients who have Chagas’ disease,
suggesting that VT resulting from this disease may
be due to a reentrant mechanism [59].
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Clinical management

Risk stratification

By far, the highest total mortality appears to
be in patients who have a depressed ejection

fraction and symptoms of heart failure. Sudden,
presumably arrhythmic death accounts for a sig-
nificant proportion of total mortality in patients
who have mild symptoms of ventricular dysfunc-

tion, whereas progressive hemodynamic deterio-
ration and pump failure are the major causes of
death in patients in advanced stage of heart failure

(see Fig. 1). A large number of risk factors for
arrhythmia recurrence and SCD have been identi-
fied in patients who have structural heart disease;

however, developing a comprehensive risk stratifi-
cation strategy remains a challenge.

A depressed ejection fraction remains the most
consistent predictor of SCD in patients who have

structural heart disease, irrespective of etiology.
Patients in the follow-up Multicenter Automatic
Defibrillator Implantation Trial (MADIT-II) who

had an ejection fraction less than 30% had a rate
of SCD of approximately 9.4% at 20 months [60].
In a similar population of patients, however, an

ejection fraction greater than 35% and history
of myocardial infarction conferred only a 1.8%
risk of SCD [61].

The presence of ambient ventricular ectopy
also carries prognostic significance. In patients
who had prior myocardial infarctions, the pres-
ence of frequent PVCs (O10/h) or nonsustained

VT was associated with an increased risk of SCD
[62]. In contrast, patients who had prior infarc-
tions but no ventricular ectopy had a less than

1% incidence of SCD [63]. A similar observation
was made in patients who had nonischemic di-
lated cardiomyopathy in the GESICA-GEMA

trial. In patients who had heart failure and an
average ejection fraction of 19%, the presence
of VT was associated with an increased risk of
SCD, whereas the absence of VT indicated a lower

probability of SCD [64].
Prolongation of the interlead QT interval re-

flects a dispersion of myocardial repolarization.

Such a prolonged vulnerable phase duringmyocar-
dial recovery and regional heterogeneity has been
associated with occurrences of ventricular arrhyth-

mias [65]. The normal QT interval dispersion is
around 30 to 70 milliseconds. A measured QT dis-
persion greater than 80 milliseconds post myocar-

dial infarction was associated with VT with
a sensitivity of 73% and a specificity of 86% [66].
T-wave alternans or beat-to-beat variation in
the T-wave morphology is believed to be due to
regional disturbances in action potential duration
leading to dispersion in repolarization and pro-

pensity to develop arrhythmias [67]. Microvolt
T-wave alternans (MTWA) measures microvolt
changes in the T-wave amplitude in alternate

beats and has also been found to be a significant
predictor of VT events [68]. Abnormal MTWA
in patients who have congestive heart failure has

been associated with an increased mortality rate
[69]. Application of the MTWA test to patients
who fit MADIT-II criteria demonstrated that pa-

tients who had an abnormal MTWA test had
a significantly increased 2-year mortality rate
(17.8%) compared with patients who had a normal
MTWA (3.8%) [70]. A major limitation of such

an MTWA test, however, is the high proportion
of indeterminate results.

The autonomic nervous system has also been

implicated in causing ventricular arrhythmias.
Heart rate variability and baroreflex sensitivity
(BRS) are two noninvasive tests used to estimate

the function of the autonomic nervous system.
Decreased heart rate variability has been shown to
be a powerful predictor of mortality and perhaps

arrhythmic events in patients who have myocar-
dial infarctions [71,72]. The Autonomic Tone and
Reflexes After Myocardial Infarction trial was de-
signed to evaluate the prognostic utility of BRS

and heart rate variability in postmyocardial
infarction patients. A depressed BRS (defined as
!3 ms/mm Hg) significantly predicted cardiac

mortality over an average 21-month follow-up
period [73].

The signal-averaged ECG is a high-resolution

ECG technique designed to determine the risk of
developing VT by measuring the low-amplitude,
high-frequency surface ECG signals in the termi-
nal QRS complex that cannot be detected by

a standard ECG machine [74]. These late poten-
tials have been correlated to localized areas of
delayed endocardial activation in humans, and re-

flect the substrate for ventricular reentry [27–29].
In patients who have coronary artery disease, sig-
nal-averaged ECG has an overall low positive

predictive value ranging from 7% to 27%,
whereas it has a very high negative predictive
value ranging from 96% to 99%. Its utility as

a prognostic tool remains controversial in patients
who have idiopathic nonischemic cardiomyopa-
thy. An abnormal signal-averaged ECG in pa-
tients who have nonischemic cardiomyopathy
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has been associated with a significantly higher
cardiac event rate, with the predominant cause
of mortality being sudden death [75].

The diagnostic and prognostic values of an
electrophysiology study depend on the underlying
pathologic substrate and the spontaneous ar-
rhythmia presentations. The inducibility of mono-

morphic VT is a powerful marker of risk for SCD,
especially in patients who have a history of prior
myocardial infarction and reduced ejection frac-

tion or syncope. Programmed electrical stimula-
tion has a sensitivity of about 97% in those who
have spontaneous sustained monomorphic VT

and a positive predictive value of 65% [76]. In
patients who have nonischemic cardiomyopathy,
the inducibility of ventricular arrhythmias is
much lower. Although the overall sensitivity of

programmed stimulation is similar to that in
patients who have coronary artery disease, nonin-
ducibility in patients who have nonischemic

cardiomyopathies does not confer a good progno-
sis, and patients are still at high risk of SCD [77].
MRI

Advances in MRI have provided unique capa-
bilities to identify morphologic changes in the car-
diac chambers in ischemic and nonischemic

cardiomyopathies [78]. Applications of gadoli-
nium-enhanced imaging provide detailed charac-
terization of cardiac tissues and identification of
areas of scar. Differences between the nonischemic

and ischemic subgroups in patients who have ven-
tricular dysfunction and heart failure can be dem-
onstrated on cardiac MRI scans [79,80]. In the

studies done by Assomull and colleagues [79]
and McCrohon and colleagues [80], all patients
who had coronary artery disease had subendocar-

dial or transmural late-gadolinium enhancement,
consistent with the typical locations of infarcted
myocardium and scars. In contrast, patients who

had nonischemic cardiomyopathy had absence
of abnormal gadolinium uptake in over half of
the population, and patchy or longitudinal striae
of midwall enhancement patterns were observed

in approximately one third of the patients. The
midwall myocardial enhancement in patients
who had nonischemic cardiomyopathy was simi-

lar to the focal segmental fibrosis found at
autopsy. The remaining patients (13%) had a pat-
tern of myocardial enhancement that was indistin-

guishable from that of ischemic heart disease.
These observations were clearly different from
the distribution pattern found in patients who
had coronary artery disease. Patients who had
MRI-documented fibrosis had a significantly
greater incidence of SCD and induction of sus-

tained VT by programmed stimulation [81].
Pharmacologic therapy

In addition to their neurohormonal benefits in
the management of patients who have heart

failure, b-blockers have been shown to be antiar-
rhythmic and antifibrillatory. Trials using differ-
ent b-blockers, including atenolol, propranolol,

metoprolol, timolol, acetabutolol, and carvedilol,
have shown consistent reductions in mortality
after myocardial infarction [82–86]. The total

mortality reduction with these agents is approxi-
mately 25% to 40%, with approximately a 32%
to 50% reduction in the incidence of SCD. The
benefit of reduction of total mortality, cardiovas-

cular mortality, and sudden death risk extends
beyond patients who have coronary artery disease
to those who have nonischemic cardiomyopathy.

It is clear that b-blocker therapy is the cornerstone
of heart failure management and is indicated in all
patients who have heart failure and no contraindi-

cations [87,88].
Angiotensin-converting enzyme (ACE) inhibi-

tors have been well established to decrease the

overall mortality in patients after myocardial
infarction who have various degrees of systolic
heart failure. ACE inhibition has been shown to
reduce mortality primarily by inhibiting the

progressive architectural changes that lead to
inefficient left ventricular function, thus prevent-
ing or delaying pump failure. ACE inhibitors,

however, were not shown to result in any signif-
icant reduction in the incidence of SCD in the
Cooperative North Scandinavian Enalapril Sur-

vival Study, the Survival And Ventricular En-
largement trial, or the SOLVD trial [89–91], with
the exception of the use of ramipril decreasing the

incidence of SCD by 30% in post–myocardial
infaraction patients who had heart failure [92].

Most trials using antiarrhythmic drug therapy
have resulted in worsening outcome in the drug

treatment arms. The first of these trials was the
Cardiac Arrhythmia Suppression Trial, which
demonstrated an increased mortality despite sup-

pression of PVCs using class IC agents, presum-
ably due to proarrhythmia [93]. d-sotalol, a pure

IKr blocker with class III antiarrhythmic effects

and little b-blocking activity, also demonstrated
a significant mortality increase in patients who
had myocardial infarctions and New York Heart
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Association (NYHA) class II to III heart failure
(Survival With ORal d-sotalol trial) [94]. It was
believed that this increase in mortality was due
to the lack of b-blocking benefits. Other class III

antiarrhythmic agents such as dofetilide appear
to be neutral in regard to all-cause mortality and
SCD in postmyocardial infarction patients who

have heart failure (DIAMOND trial) [95].
Amiodarone, a complex antiarrhythmic drug

with multiple pharmacologic actions, is one of the

most widely used antiarrhythmic drugs in the
heart failure population. Amiodarone does not
appear to have any adverse effect on survival or

heart failure. In the Survival Trial of Antiarrhyth-
mic Therapy in Congestive Heart Failure, amio-
darone had no significant impact on the incidence
of SCD or on total mortality [96]; however,

multiple smaller studies have shown significant
mortality benefits and SCD reduction with the
use of this drug [97–99]. Perhaps the largest of
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Fig. 6. Reduction of mortality with ICD trials. Randomized co

implantation in cardiac arrest survivors demonstrated statistica

den death mortality. The relative reduction ranged from 20%

arrhythmic death mortality. Primary prevention trials (MA

ICD implantation in patients who had prior myocardial infarc

mortality reduction ranging from 31% to 55% for total mortali

The mortality reductions with ICD in primary prevention trial

tion trials.
the amiodarone studies are the European Myocar-
dial Infarct Amiodarone Trial and the Canadian
Amiodarone Myocardial Infarction Arrhythmia
Trial, which focused on patients who had ischemic

heart disease and prior myocardial infarction. The
results suggested that amiodarone may reduce
arrhythmic death, but at the expense of higher

mortality from re-infarction and noncardiac mor-
tality [100,101].
Nonpharmacologic therapy (implantable
cardioverters-defibrillators)

Initial therapies using implantable cardiovert-
ers-defibrillators (ICDs) were targeted at survi-
vors of SCD. Randomized controlled trials

involving implantation of ICDs in cardiac arrest
survivors demonstrated a significant survival
benefit in total mortality and sudden death

mortality (Antiarrhythmics Versus Implantable
USTT MADIT-II

tality with ICD Therapy

Overall Death

Arrhythmic Death

CASH CIDS

tality with ICD Therapy

76%

31%

61%

 months 20 months

USTT MADIT-II

59%

20%

33%

 Years 3 Years

CASH CIDS

Overall Death

Arrhythmic Death

Overall Death

Arrhythmic Death

Overall Death

Arrhythmic Death

ntrolled trials (AVID, CASH, CIDS; top) involving ICD

lly significant survival benefit in total mortality and sud-

to 31% for total mortality and from 33% to 59% for

DIT, MUSTT, MADIT-II, bottom) with prophylactic

tion and ventricular dysfunction demonstrated a relative

ty and from 61% to 76% for arrhythmic death mortality.

s are equal to or greater than those in secondary preven-
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Defibrillators trial [AVID] [102], Canadian Im-
plantable Defibrillator Study [CIDS] [103], and
Cardiac Arrest Study Hamburg [CASH] [104]).

Meta-analysis from the combined secondary pre-
vention trials demonstrated a 57% decrease in
the risk of arrhythmic death along with a 30% de-
crease in all-cause mortality in survivors of SCD

(Fig. 6) (Table 1) [105].
With the widespread adoption of ICDs for

prevention of SCD in survivors of SCD, the focus

was shifted toward prophylactic ICD use for
primary prevention in patients who have ventricu-
lar dysfunction andare at high risk of suddendeath.

The MADIT study was the first to evaluate the
prophylactic use of ICDs in patients who had prior
myocardial infarction, low ejection fraction, and
inducible but nonsuppressible ventricular arrhyth-

mias. The use of ICDs in this population was
associated with a 54% decrease in all-cause mor-
tality and a 75% decrease in arrhythmia deaths

[106]. The MADIT study, however, has been criti-
cized for its small sample size and the low rate of
b-blocker usage in the conventional therapy arm.
Table 1

Defibrillator trials

Trials Inclusions Interventions

Primary prevention trials

AVID VF, VT/syncope,

VT with EF %40%

Amiod versus sota

versus ICD

CASH Survivors of VF (no

EF requirement)

Metoprolol versus

versus propaf ve

CIDS VF, VT/syncope,

VT/EF %35%,

CL !400 ms

Amiod versus ICD

Secondary prevention trials

MUSTT CAD, EF !40%,

NSVT

EP versus non–EP

Rx, AAD versus

MADIT-I MI, EF !35%,

NSVT, inducible/

non-suppressible VA

Conv med versus I

MADIT-II MI, EF !30% Placebo versus ICD

DEFINITE Nonischemic CM,

EF !36%,

PVC/NSVT

Placebo versus ICD

SCD-HeFT HF/NYHA II-III,

EF !35%

Placebo versus am

versus ICD

Abbreviations: AAD, antiarrhythmic drugs; CAD, coronar

Conv med, conventional medical therapy; EF, ejection fractio

ratio; MI, myocardial infarction; NSVT, nonsustained VT; V

(From Heart Rhythm 2006;3(5):page 507.)
The utility of electrophysiology study to guide
antiarrhythmic therapy in postinfarct patients
who have low ejection fraction (!40%) and

spontaneous nonsustained VT was subsequently
evaluated in the Multicenter UnSustained Tachy-
cardia Trial (MUSTT). The survival benefit asso-
ciated with electrophysiologically guided therapy

was entirely due to the use of defibrillators, not
antiarrhythmic drugs. The risk for cardiac arrest
or death from arrhythmia among patients who

underwent ICD implantation was significantly
lower than that among patients who did not
have ICD therapy, with a relative risk of

0.24 [107]. A follow-up study, the MADIT-II,
was performed in patients who had an ischemic
cardiomyopathy and an ejection fraction less
than 30%. There was a higher percentage of

b-blocker and ACE inhibitor use. With optimized
medical treatment, there was a 5.6% absolute
mortality benefit and a 30% relative mortality

benefit in patients who had defibrillators.
The more recent Sudden Cardiac Death in

Heart Failure Trial (SCD-HeFT) included large
Results

lol 31% Y All-cause mortality in ICD

versus drugs in 3 y

amiod

rsus ICD

37% Y All-cause mortality in ICD

versus drugs in 2 y

85% Y SCD in ICD versus drugs

20% Y All-cause mortality in ICD

versus drugs in 3 y

-guided

ICD

55%–60% Y All-cause mortality in ICD

versus drugs in 39 mo

73%–76% Y SCD in ICD versus drugs

CD Prophylactic ICD Y overall mortality

(HR: 0.46; P ¼ .009), improves survival

compared with conv med

31% Y Overall mortality (HR: 0.69;

P ¼ .016)

61% Y Arrhythmia mortality with ICD

Y SCD (HR: 0.20; P ¼ .006) in ICD

Insignificant Y all-cause mortality in ICD

iod 23% Y All-cause mortality in ICD versus

drugs over 5 y. Amiodarone does not

improve survival

y artery disease; CL, cycle length; CM, cardiomyopathy;

n; EP, electrophysiology; HF, heart failure; HR, hazard

A, ventricular arrhythmia; VF ventricular fibrillation.
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cohorts of patients who had ischemic and non-
ischemic cardiomyopathies. The enrollment crite-
ria included only symptoms of heart failure and
a depressed ejection fraction without arrhythmia

indication (ejection fraction !35% and NYHA
class II–III heart failure) [108]. Patients were ran-
domized to three arms: optimal medical therapy

for heart failure plus placebo, medical therapy
plus amiodarone, and medical therapy plus single-
lead ICDs. SCD-HeFT demonstrated a 23% mor-

tality benefit in patients implanted with ICDs
compared with amiodarone therapy or placebo.

The Defibrillators in Nonischemic Cardiomy-

opathy Treatment Evaluation trial focused exclu-
sively on patients who had dilated nonischemic
cardiomyopathy and ventricular dysfunction. All
patients were in NYHA class I to III and received

optimal medical therapy (with O85% usage of
b-blockers and ACE inhibitors). The implantation
of a cardioverter-defibrillator significantly re-

duced the risk of sudden death from arrhythmia
and was associated with a nonsignificant
Fig. 7. U-shaped curve for ICD efficacy. Two-year Kaplan-M

therapy groups (A), and the corresponding 2-year mortality

patients (P ¼ .05) (B). BUN, blood urea nitrogen; VHR, v

Hall WJ, et al. Risk stratification for primary implantation

left ventricular dysfunction. J Am Coll Cardiol 2008;51:294; w
reduction in the risk of death from any cause in
this population [109].

Meta-analysis from the combined secondary
prevention trials demonstrated a 57% decrease in

the risk of arrhythmic death along with a 30%
decrease in all-cause mortality in survivors of
SCD [102–105].

Although there is no doubt that the ICD
improves survival in high-risk patients, there
remains a significant increase in the rate of

hospitalization for new or worsening heart failure
(Fig. 7) [110]. The development of heart failure is
a major determinant of subsequent mortality in

heart failure patients despite receiving single-
chamber or dual-chamber ICDs. Although the
life-prolonging efficacy of ICD therapy is main-
tained among patients who receive single-chamber

devices, there seems to be a significant reduction
in ICD benefit after developing heart failure
among patients who receive dual-chamber de-

vices. RV pacing with a dual-chamber ICD has
been shown to contribute to an increased risk of
eier mortality rates in the ICD and conventional (Conv.)

rate reduction with an ICD, by risk score and in VHR

ery high risk. (Modified from Goldenberg I, Vyas AK,

of a cardioverter-defibrillator in patients with ischemic

ith permission.)
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heart failure after ICD implantation [111,112].
Aggressive heart failure medical management
and judicious ICD programming are essential to

optimize the benefit of ICD therapy.
Ablative therapy

Prior surgical experiences for treatment of

ventricular arrhythmia in patients who have
ischemic cardiomyopathy have demonstrated
long-term efficacy in preventing arrhythmia
Fig. 8. Electroanatomic mapping in a patient who had a large

morphic VT. (A) Activation mapping during VT shows a ‘‘figu

demonstrated an ‘‘early-meets-late’’ activation pattern, with re

late area. Two different VTs were induced, with a left bundle

branch block–right-superior (RBRS) QRS morphology. (B) Vo

dient corresponds to the left ventricular endocardial bipolar

unexcitable scar (EUS) was identified by noncapture with high

Such dense scar tissues are commonly in proximity to the zon

often located deep in dense scar (!0.5 mV). (C) Entrainment m

fusion that identified the isthmus site (stars), with the electrogra

QRS interval of 172 milliseconds. Abld, ablation catheter dista

ular apical. (Modified from Anh D, Hsia H, Callans D. The uti

ventricular tachycardias. In: Al-Ahmad A, Callans DJ, Hsia H

clinicians. Oxford (UK): Blackwell Publishing; 2008. p. 24; wi
recurrence [113–115]. Catheter ablation also plays
an increasing role in the management of patients
who have VTs because antiarrhythmic drug ther-

apies are often inadequate to prevent recurrence
[116,117]. Catheter ablation techniques, however,
usually require identification of the functional
components of the reentry circuit and are mostly

limited to hemodynamically tolerated monomor-
phic VTs [118].

The ‘‘conventional mapping’’ strategies for

ventricular arrhythmias include activation
anterolateral myocardial infarction and sustained mono-

re-of-eight’’ reentry. Temporal isochronal color changes

d representing early activation and purple depicting the

branch block–left-superior (LBLS) and a right bundle

ltage map shows a large anterolateral scar. The color gra-

electrogram amplitude as described in Fig. 4. Electrical

-output pacing and is depicted by the gray scar (arrows).

e of slow conduction/isthmus of the VT circuit and are

apping with pacing during VT demonstrated concealed

m–QRS interval (164 milliseconds) equal to the stimulus–

l; Ablp, ablation catheter proximal; RVA, right ventric-

lity of electroanatomical mapping in catheter ablation of

H, et al, editors. Electroanatomical mapping: an atlas for

th permission.)



Table 2

Local electrogram amplitude for sites within the reentrant

circuit

Entrance

Central

isthmus Exit

Outer

loop

Dense scar

(!0.5 mV)

17 30 18 6

Border zone

(0.5–1.5 mV)

2 7 26 18

Normal

(O1.5 mV)

d d 4 8

Total (136 sites) 19 37 48 32
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mapping, pace mapping, and entrainment map-
ping. In addition, the ‘‘site-of-origin’’ of VT can
be identified by careful analysis of the QRS
morphology on a 12-lead ECG [119,120]. Activa-

tion mapping searches for the earliest ventricular
depolarization based on the local bipolar electro-
gram timing, a qS pattern on unipolar recordings

as the wave front propagates away from the focus
of ventricular activation, or both. Relative timing
of recorded signals can be assessed with reference

to surface R waves or intracardiac ventricular
electrograms. Activation isochrones may be con-
structed to display the area with the earliest

isochronal time as an ‘‘early spot’’ using three-
dimensional electroanatomic mapping systems.

Pace mapping for VT localization strives to
reproduce the exact QRS morphology compared

with that of spontaneous arrhythmias. The
method is predicated on the principle that pacing
at the exit site of the VT circuit would yield the

same surface ECG morphology as the clinical VT,
using unipolar pacing or bipolar pacing at low
current outputs from a closely spaced bipole [121].

Subtle variations in paced QRS morphology can
be observed, however, which may be associated
with more than one distinct focus within a limited

area [122]. Although previous studies have
suggested that pace mapping may be more precise
in locating the site of origin compared with activa-
tion mapping for focal VTs, a more recent

investigation has shown a comparable efficacy
between pace mapping and activation mapping
with the use of a three-dimensional magnetic

electroanatomic mapping system [123].
Entrainment mapping assesses the response of

a reentrant arrhythmia to pacing stimulation and

is the most reliable method for defining a reentrant
VT circuit. Based on the degree of surface ECG
fusion, the postpacing interval, and the electro-
gram-to-QRS timing, one can determine the

arbitrarily defined exit, central isthmus, entrance,
outer loop, remote, and adjacent bystander sites
within a reentrant VT circuit (see Fig. 4; Fig. 8).

Entrainment mapping, however, requires that
the tachycardia remains hemodynamically stable
along with a stable QRS morphology and rate.

Pacing during VT may accelerate, terminate, or
change to a different arrhythmia, limiting the util-
ity of entrainment mapping.
(Data from Hsia HH, Lin D, Sauer WH, et al.

Anatomic characterization of endocardial substrate for

hemodynamically stable reentrant ventricular tachycar-

dia: identification of endocardial conducting channels.

Heart Rhythm 2006;3(5):503–12.)
Substrate mapping

Most induced VTs are often unstable with
multiple morphologies and do not permit
extensive mapping [124]. Based on the authors’ ex-
periences in surgical resection, a recent shift of par-
adigm has allowed a different approach of VT
ablation. This strategy depends on anatomic iden-

tification of scar, with infarcted myocardium hav-
ing different electrogram characteristics than the
surrounding tissue. Radiofrequency ablation de-

ployed with reference to anatomic boundaries or
myocardial scar may result in successful ablation
of VT without ever inducing sustained VT. This

substrate-based catheter ablation approach has
been shown to be effective in eliminating or con-
trolling scar-based reentrant VTs that were previ-

ously considered ‘‘unmappable’’ [125–127].
Electroanatomic mapping couples spatial loca-

tions with electrogram recordings and displays
a three-dimensional anatomic construct of the

cardiac chamber. Such voltage maps depict the
location and characteristics of myocardial scar
and facilitate mapping of scar-based VTs (see

Figs. 4 and 8). The local electrogram amplitude at
sites within the VT circuits was recently reported
by Hsia and colleagues [128]. Entrance and central

isthmus sites are predominantly (84%) located in
the ‘‘dense scar,’’ with electrogram amplitude
less than 0.5 mV. Conversely, exit or outer loop

sites are more likely to be located within the bor-
der zone (0.5–1.5 mV). Almost all (92%) of the
exit sites are located in abnormal myocardium of
less than 1.5 mV, with more than half of the exit

sites located in the border zone, with voltage be-
tween 0.5 and 1.5 mV (Table 2). Careful analysis
of the voltage profile helps to identify the

approximate location of the VT circuit. Ablation
targeted at the scar border zone defined by
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substrate mapping has been shown to be effective
in eliminating VT post myocardial infarction
[129]. Furthermore, VT-related conducting chan-

nels that correspond to the activation wave front
during reentry can be identified (Fig. 9)
[128,130]. These VT-related conducting channels
may be appropriate targets for ablation. Electro-

grams with isolated delayed components or late
potentials may also serve as surrogates for aniso-
tropic conduction delay. Identification of such

late potentials during different rhythms (sinus ver-
sus paced) may be an effective adjunct to localize
Fig. 9. Identification of a VT-related conducting channel in a

sented with sustained VT. Two tachycardias were docume

(RBRI) and a left bundle branch block–left-superior (LBLS)

lower color voltage thresholds on the electroanatomic voltage

ridor demonstrating a higher voltage amplitude than that of the

concealed fusion within the channel was noted at multiple s

(Sti–QRS) intervals equaling electrogram–QRS (Eg–QRS) inter

terclockwise (LBLS) and clockwise (RBRI) reentry VTs aroun

D. The utility of electroanatomical mapping in catheter ablati

DJ, Hsia HH, et al, editors. Electroanatomical mapping: an

2008. p. 25; with permission.)
the arrhythmia substrate for scar-based reentry
[131].

A substrate-based ablation strategy targeting

the potential VT circuits within the myocardial
scar results in successful control of recurrent VT
in patients who have cardiomyopathies and heart
failure [37]. Multiple linear ablations are typically

required, extending from the putative VT exit site
at the border zone into the dense scar, often
extending up to several centimeters in length

[37]. Placement of ablation lines designed to tran-
sect the VT-related ‘‘conduction channels’’ in
patient who had prior myocardial infarctions and pre-

nted with a right bundle branch block–right-inferior

QRS morphology. By carefully adjusting the upper and

map (0.5–1.8 mV, 0.5–1.0 mV, and 0.5–0.65 mV), a cor-

surrounding areas could be visualized. Entrainment with

ites (A, B, C), with progressively longer stimulus–QRS

vals. This is an example of mitral annular VT with coun-

d the mitral valve (MV). (From Anh D, Hsia H, Callans

on of ventricular tachycardias. In: Al-Ahmad A, Callans

atlas for clinicians. Oxford (UK): Blackwell Publishing;
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abnormal scar or targeting areas with isolated
delayed electrogram recordings may facilitate ab-
lation of multiple stable and unstable VTs, even
in the absence of VT induction [128,130–132].
Epicardial mapping

Mapping and ablation of VT still remains
a formidable challenge in patients who have

scar-based reentrant arrhythmias. The success
rate depends on the underlying structural heart
disease and the location of VT circuits. The

presence of epicardial circuits has been considered
one of the main reasons for failure of endocardial
ablation. Initial reports from Brazil have demon-

strated a high prevalence of epicardial circuits in
patients who have Chagas’ cardiomyopathy and
VT related to old inferior myocardial infarctions
[133,134].

In contrast to patients who have coronary
artery disease, there is no predilection for sub-
endocardial location of scar and VT circuits in

patients who have dilated nonischemic cardiomy-
opathy. Only modest (approximately one third)
endocardial scar is present with a predominant

distribution adjacent to valve annuli [36]. Signifi-
cantly large epicardial scar involvement may be
found in selected patients who have nonischemic

cardiomyopathy; however, marked individual var-
iations are present [38].

The success of endocardial ablation for VT
associated with nonischemic cardiomyopathy ap-

pears to be lower than that observed for ischemic
VT. This difference may be the result of reentry
circuits that are deep to the endocardium or in the

epicardial region. Epicardial mapping has led to
successful ablation in a significant proportion of
these patients after failed endocardial ablation.

Approximately one third of patients who have
nonischemic cardiomyopathy may require epicar-
dial ablation. The use of a combined epicardial/

endocardial approach or a staged approach may
improve success rates for ablation of VT [38,39].

Epicardial circuits may be difficult to approach
and map using endocardial techniques. The cor-

onary veins can be used for limited access to the
epicardium, but the distribution of the coronary
venous anatomy places significant constraints on

catheter manipulation and placement. The sub-
xiphoid transthoracic approach or a surgical ap-
proach may be used successfully to gain access to

the pericardial and epicardial space to allow for
unrestricted access to the epicardial surface of
both ventricles [135].
Summary

Ventricular arrhythmia represents a significant
cause of mortality and morbidity in patients who
have heart failure. The pathophysiologic mecha-

nisms and electroanatomic substrates of ventricu-
lar arrhythmia are slowly being elucidated.

Clinical management of ventricular arrhythmia

in patients who have heart failure has progressed
over the past few decades, with a shift from
antiarrhythmic drugs to device therapy. Although

implantable defibrillators have a clear impact in
reduction of sudden death, optimization of med-
ical neurohormonal therapy and other heart

failure management strategies are essential to
improve the overall mortality.

Catheter ablation of VT is an effective adjunct
in the management of ventricular arrhythmia but

remains a significant challenge. Better understand-
ing of the electroanatomic substrates in different
cardiomyopathies and identification of other sur-

rogate markers for VT circuits are essential to
improve the ablation outcome. Promising ad-
vances in robotic and magnetic catheter manipu-

lation may shorten the procedural time and
increase safety. Furthermore, incorporation of
other imaging technologies such as CT, MRI, or

ultrasound with electroanatomic mapping can
enhance our ability to efficiently map and ablate
ventricular arrhythmia in this patient population.

Future investigations will focus on advancing

our understanding of the complex pathophysiol-
ogy of heart failure. Novel anatomic/physiologic
imaging modalities may provide rapid character-

ization of the substrate for ventricular dysfunction
and arrhythmia development and the capacity for
serial assessment of disease progression, improv-

ing risk stratification.
References

[1] American Heart Association. Heart disease and

stroke statisticsd2004 update. Dallas (TX): Amer-

ican Heart Association; 2003.

[2] Myerburg RJ, Kessler KM, Zaman L, et al. Survi-

vors of prehospital cardiac arrest. JAMA 1982;

247(10):1485–90.

[3] State-specificmortality fromsuddencardiac deathd

United States, 1999. MMWR Morb Mortal Wkly

Rep 2002;51(6):123–6.

[4] Kasper EK, Agema WR, Hutchins GM, et al. The

causes of dilated cardiomyopathy: a clinicopatho-

logic review of 673 consecutive patients. J Am

Coll Cardiol 1994;23(3):586–90.



398 LO & HSIA
[5] Bigger JT, Fleiss JL, Rolnitzky LM. Prevalence,

characteristics and significance of ventricular

tachycardia detected by 24-hour continuous

electrocardiographic recordings in the late hospital

phase of acute myocardial infarction. Am J Cardiol

1986;58(13):1151–60.

[6] Bigger JT, Weld FM, Rolnitzky LM. Prevalence,

characteristics and significance of ventricular

tachycardia (three or more complexes) detected

with ambulatory electrocardiographic recording

in the late hospital phase of acute myocardial

infarction. Am J Cardiol 1981;48(5):815–23.

[7] Kjekshus J. Arrhythmias and mortality in conges-

tive heart failure. Am J Cardiol 1990;65(19):

42I–8I.

[8] Doval HC, Nul DR, Grancelli HO, et al. Rando-

mised trial of low-dose amiodarone in severe

congestive heart failure. Grupo de Estudio de la

Sobrevida en la InsuficienciaCardiaca enArgentina

(GESICA). Lancet 1994;344(8921):493–8.

[9] Uretsky BF. Implantable defibrillators in patients

with coronary artery disease at high risk for ventric-

ular arrhythmia. N Engl J Med 1997;336(23):

1676–7.

[10] Friedman PL, Stewart JR, Wit AL. Spontaneous

and induced cardiac arrhythmias in subendocardial

Purkinje fibers surviving extensive myocardial

infarction in dogs. Circ Res 1973;33(5):612–26.

[11] Pogwizd SM, Bers DM. Calcium cycling in heart

failure: the arrhythmia connection. J Cardiovasc

Electrophysiol 2002;13(1):88–91.

[12] Pogwizd SM, Hoyt RH, Saffitz JE, et al. Reentrant

and focal mechanisms underlying ventricular

tachycardia in the human heart. Circulation 1992;

86(6):1872–87.

[13] Pogwizd SM, McKenzie JP, Cain ME. Mecha-

nisms underlying spontaneous and induced ventric-

ular arrhythmias in patients with idiopathic dilated

cardiomyopathy. Circulation 1998;98(22):2404–14.

[14] Zeng J, Rudy Y. Early afterdepolarizations in

cardiacmyocytes: mechanism and rate dependence.

Biophys J 1995;68(3):949–64.

[15] January CT, Shorofsky S. Early afterdepolariza-

tions: newer insights into cellular mechanisms.

J Cardiovasc Electrophysiol 1990;1(2):161–9.

[16] El-Sherif N, Chinushi M, Caref EB, et al. Electro-

physiological mechanism of the characteristic

electrocardiographic morphology of torsade de

pointes tachyarrhythmias in the long-QT syn-

drome: detailed analysis of ventricular tridimen-

sional activation patterns. Circulation 1997;

96(12):4392–9.

[17] Farzaneh-Far A, Lerman BB. Idiopathic ventricu-

lar outflow tract tachycardia. Heart 2005;91(2):

136–8.

[18] Song Y, Thedford S, Lerman BB, et al. Adenosine-

sensitive afterdepolarizations and triggered activity

in guinea pig ventricular myocytes. Circ Res 1992;

70(4):743–53.
[19] Dean JW, Lab MJ. Arrhythmia in heart failure:

role of mechanically induced changes in electro-

physiology. Lancet 1989;1(8650):1309–12.

[20] Antzelevitch C, Fish J. Electrical heterogeneity

within the ventricular wall. Basic Res Cardiol

2001;96(6):517–27.

[21] Hansen DE, Craig CS, Hondeghem LM. Stretch-

induced arrhythmias in the isolated canine ventricle.

Evidence for the importance of mechanoelectrical

feedback. Circulation 1990;81(3):1094–105.

[22] Kelly D, Mackenzie L, Hunter P, et al. Gene

expression of stretch-activated channels and

mechanoelectric feedback in the heart. Clin Exp

Pharmacol Physiol 2006;33(7):642–8.

[23] Kostin S, RiegerM, Dammer S, et al. Gap junction

remodeling and altered connexin43 expression in

the failing human heart. Mol Cell Biochem 2003;

242(1–2):135–44.

[24] Richardson AW, Callans DJ, JosephsonME. Elec-

trophysiology of postinfarction ventricular tachy-

cardia: a paradigm of stable reentry. J Cardiovasc

Electrophysiol 1999;10(9):1288–92.

[25] Cabin HS, Roberts WC. True left ventricular

aneurysm and healed myocardial infarction. Clini-

cal and necropsy observations including quantifica-

tion of degrees of coronary arterial narrowing. Am

J Cardiol 1980;46(5):754–63.

[26] Friedman PL, Fenoglio JJ, Wit AL. Time course

for reversal of electrophysiological and ultrastruc-

tural abnormalities in subendocardial Purkinje

fibers surviving extensive myocardial infarction in

dogs. Circ Res 1975;36(1):127–44.

[27] Marcus NH, Falcone RA, Harken AH, et al. Body

surface late potentials: effects of endocardial

resection in patients with ventricular tachycardia.

Circulation 1984;70(4):632–7.

[28] SimsonMB,UnterekerWJ, Spielman SR, et al. Re-

lation between late potentials on the body surface

and directly recorded fragmented electrograms in

patients with ventricular tachycardia. Am JCardiol

1983;51(1):105–12.

[29] Vassallo JA, CassidyD, SimsonMB, et al. Relation

of late potentials to site of origin of ventricular

tachycardia associated with coronary heart disease.

Am J Cardiol 1985;55(8):985–9.

[30] Nakayama Y, Shimizu G, Hirota Y, et al. Func-

tional and histopathologic correlation in patients

with dilated cardiomyopathy: an integrated evalua-

tion by multivariate analysis. J Am Coll Cardiol

1987;10(1):186–92.

[31] Roberts WC, Siegel RJ, McManus BM. Idio-

pathic dilated cardiomyopathy: analysis of 152

necropsy patients. Am J Cardiol 1987;60(16):

1340–55.

[32] Wu TJ, Ong JJ, Hwang C, et al. Characteristics of

wave fronts during ventricular fibrillation in

human hearts with dilated cardiomyopathy: role

of increased fibrosis in the generation of reentry.

J Am Coll Cardiol 1998;32(1):187–96.



399VENTRICULAR ARRHYTHMIAS IN HEART FAILURE PATIENTS
[33] Cassidy DM, Vassallo JA, Miller JM, et al. Endo-

cardial catheter mapping in patients in sinus

rhythm: relationship to underlying heart disease

and ventricular arrhythmias. Circulation 1986;

73(4):645–52.

[34] Hsia HH, Marchlinski FE. Characterization of the

electroanatomic substrate for monomorphic ven-

tricular tachycardia in patients with nonischemic

cardiomyopathy. Pacing Clin Electrophysiol 2002;

25(7):1114–27.

[35] Perlman RL. Abnormal epicardial and endocardial

electrograms in patients with idiopathic dilated

cardiomyopathy: relationship to arrhythmias.

Circulation 1990;82:I-708.

[36] Hsia HH, Callans DJ, Marchlinski FE. Charac-

terization of endocardial electrophysiological

substrate in patients with nonischemic cardiomy-

opathy and monomorphic ventricular tachycardia.

Circulation 2003;108(6):704–10.

[37] Marchlinski FE, Callans DJ, Gottlieb CD, et al.

Linear ablation lesions for control of unmappable

ventricular tachycardia in patients with ischemic

and nonischemic cardiomyopathy. Circulation

2000;101(11):1288–96.

[38] Soejima K, Stevenson WG, Sapp JL, et al. Endo-

cardial and epicardial radiofrequency ablation of

ventricular tachycardia associated with dilated car-

diomyopathy: the importance of low-voltage scars.

J Am Coll Cardiol 2004;43(10):1834–42.

[39] Cesario DA, Vaseghi M, Boyle NG, et al. Value of

high-density endocardial and epicardial mapping

for catheter ablation of hemodynamically unstable

ventricular tachycardia. Heart Rhythm 2006;3(1):

1–10.

[40] Blanck Z, Dhala A, Deshpande S, et al. Bundle

branch reentrant ventricular tachycardia: cumula-

tive experience in 48 patients. J Cardiovasc Electro-

physiol 1993;4(3):253–62.

[41] BlanckZ, JazayeriM,DhalaA, et al. Bundlebranch

reentry: a mechanism of ventricular tachycardia in

the absence of myocardial or valvular dysfunction.

J Am Coll Cardiol 1993;22(6):1718–22.

[42] Caceres J, Jazayeri M, McKinnie J, et al. Sustained

bundle branch reentry as a mechanism of clinical

tachycardia. Circulation 1989;79(2):256–70.

[43] Mehdirad AA, Keim S, Rist K, et al. Long-term

clinical outcome of right bundle branch radiofre-

quency catheter ablation for treatment of bundle

branch reentrant ventricular tachycardia. Pacing

Clin Electrophysiol 1995;18(12 Pt 1):2135–43.

[44] Narasimhan C, Jazayeri MR, Sra J, et al.

Ventricular tachycardia in valvular heart

disease: facilitation of sustained bundle-branch re-

entry by valve surgery. Circulation 1997;96(12):

4307–13.

[45] Chalvidan T, Cellarier G, Deharo JC, et al. His-

Purkinje system reentry as a proarrhythmic effect

of flecainide. Pacing Clin Electrophysiol 2000;23(4

Pt 1):530–3.
[46] Tchou P, Jazayeri M, Denker S, et al. Transcath-

eter electrical ablation of right bundle branch.

A method of treating macroreentrant ventricular

tachycardia attributed to bundle branch reentry.

Circulation 1988;78(2):246–57.

[47] Roberts WC, McAllister HA, Ferrans VJ. Sarcoid-

osis of the heart. A clinicopathologic study of 35

necropsy patients and review of 78 previously de-

scribed necropsy patients. Am J Med 1977;63(1):

86–108.

[48] Sekiguchi M, Hiroe M, Take M, et al. Clinical and

histopathological profile of sarcoidosis of the heart

and acute idiopathic myocarditis. Concepts

through a study employing endomyocardial

biopsy. II. Myocarditis. Jpn Circ J 1980;44(4):

264–73.

[49] Winters SL, Cohen M, Greenberg S, et al. Sus-

tained ventricular tachycardia associated with

sarcoidosis: assessment of the underlying cardiac

anatomy and the prospective utility of pro-

grammed ventricular stimulation, drug therapy

and an implantable antitachycardia device. J Am

Coll Cardiol 1991;18(4):937–43.

[50] Redheuil AB, Paziaud O, Mousseaux E. Ventricu-

lar tachycardia and cardiac sarcoidosis: correspon-

dence between MRI and electrophysiology. Eur

Heart J 2006;27(12):1430.

[51] Dalal D, JainR, Tandri H, et al. Long-term efficacy

of catheter ablation of ventricular tachycardia in

patients with arrhythmogenic right ventricular

dysplasia/cardiomyopathy. J Am Coll Cardiol

2007;50(5):432–40.

[52] Kirchhof P, Fabritz L, Zwiener M, et al. Age- and

training-dependentdevelopmentof arrhythmogenic

right ventricular cardiomyopathy in heterozygous

plakoglobin-deficient mice. Circulation 2006;

114(17):1799–806.

[53] Marcus F, Towbin JA. The mystery of arrhythmo-

genic right ventricular dysplasia/cardiomyopathy:

from observation to mechanistic explanation. Cir-

culation 2006;114(17):1794–5.

[54] Sen-Chowdhry S, Syrris P, Ward D, et al. Clinical

and genetic characterization of families with

arrhythmogenic right ventricular dysplasia/cardio-

myopathy provides novel insights into patterns of

disease expression. Circulation 2007;115(13):

1710–20.

[55] Marcus FI, Fontaine GH, Guiraudon G, et al.

Right ventricular dysplasia: a report of 24 adult

cases. Circulation 1982;65(2):384–98.

[56] Fattori R, Tricoci P, Russo V, et al. Quantifica-

tion of fatty tissue mass by magnetic resonance

imaging in arrhythmogenic right ventricular dys-

plasia. J Cardiovasc Electrophysiol 2005;16(3):

256–61.

[57] Maguire JH, Hoff R, Sherlock I, et al. Cardiac

morbidity and mortality due to Chagas’ disease:

prospective electrocardiographic study of a Brazil-

ian community. Circulation 1987;75(6):1140–5.



400 LO & HSIA
[58] Oliveira JS. A natural human model of intrinsic

heart nervous system denervation: Chagas’ cardi-

opathy. Am Heart J 1985;110(5):1092–8.

[59] ScanavaccaM, Sosa E. Electrophysiologic study in

chronic Chagas’ heart disease. Sao Paulo Med J

1995;113(2):841–50.

[60] Moss AJ, Zareba W, Hall WJ, et al. Prophylactic

implantation of a defibrillator in patients with

myocardial infarction and reduced ejection frac-

tion. N Engl J Med 2002;346(12):877–83.

[61] Makikallio TH, Barthel P, Schneider R, et al. Pre-

diction of sudden cardiac death after acute myocar-

dial infarction: role of Holter monitoring in the

modern treatment era. Eur Heart J 2005;26(8):

762–9.

[62] Bigger JT, Fleiss JL, Kleiger R, et al. The relation-

ships among ventricular arrhythmias, left ventricu-

lar dysfunction, and mortality in the 2 years after

myocardial infarction. Circulation 1984;69(2):

250–8.

[63] Andresen D, Bethge KP, Boissel JP, et al. Impor-

tance of quantitative analysis of ventricular

arrhythmias for predicting the prognosis in low-

risk postmyocardial infarction patients. European

Infarction Study Group. Eur Heart J 1990;11(6):

529–36.

[64] Doval HC, Nul DR, Grancelli HO, et al. Nonsus-

tained ventricular tachycardia in severe heart fail-

ure. Independent marker of increased mortality

due to sudden death. GESICA-GEMA investiga-

tors. Circulation 1996;94(12):3198–203.

[65] Kuo CS,Munakata K, Reddy CP, et al. Character-

istics and possible mechanism of ventricular

arrhythmia dependent on the dispersion of action

potential durations. Circulation 1983;67(6):

1356–67.

[66] Puljevic D, Smalcelj A, Durakovic Z, et al. QT

dispersion, daily variations, QT interval adaptation

and late potentials as risk markers for ventricular

tachycardia. Eur Heart J 1997;18(8):1343–9.

[67] Pastore JM, Girouard SD, Laurita KR, et al.

Mechanism linking T-wave alternans to the genesis

of cardiac fibrillation. Circulation 1999;99(10):

1385–94.

[68] Al-Khatib SM, Sanders GD, Bigger JT, et al. Pre-

venting tomorrow’s sudden cardiac death today:

part I. Current data on risk stratification for sud-

den cardiac death. AmHeart J 2007;153(6):941–50.

[69] Klingenheben T, Zabel M, D’Agostino RB, et al.

Predictive value of T-wave alternans for arrhyth-

mic events in patients with congestive heart failure.

Lancet 2000;356(9230):651–2.

[70] BloomfieldDM, SteinmanRC, Namerow PB, et al.

Microvolt T-wave alternans distinguishes between

patients likely and patients not likely to benefit

from implanted cardiac defibrillator therapy:

a solution to the Multicenter Automatic Defibrilla-

tor Implantation Trial (MADIT) II conundrum.

Circulation 2004;110(14):1885–9.
[71] Kleiger RE, Miller JP, Bigger JT, et al. Decreased

heart rate variability and its association with in-

creasedmortality after acutemyocardial infarction.

Am J Cardiol 1987;59(4):256–62.

[72] Lown B, Verrier RL. Neural activity and ventricu-

lar fibrillation. N Engl J Med 1976;294(21):

1165–70.

[73] La RovereMT, Bigger JT, Marcus FI, et al. Baror-

eflex sensitivity and heart-rate variability in predic-

tion of total cardiac mortality after myocardial

infarction. ATRAMI (Autonomic Tone and

Reflexes After Myocardial Infarction) Investiga-

tors. Lancet 1998;351(9101):478–84.

[74] Borggrefe M, Fetsch T, Martinez-Rubio A, et al.

Prediction of arrhythmia risk based on signal-

averaged ECG in postinfarction patients. Pacing

Clin Electrophysiol 1997;20(10 Pt 2):2566–76.

[75] Mancini DM, Wong KL, Simson MB. Prognos-

tic value of an abnormal signal-averaged elec-

trocardiogram in patients with nonischemic

congestive cardiomyopathy. Circulation 1993;

87(4):1083–92.

[76] Naccarella F, Lepera G, Rolli A. Arrhythmic risk

stratification of post-myocardial infarction pa-

tients. Curr Opin Cardiol 2000;15(1):1–6.

[77] Hsia HH,Marchlinski FE. Electrophysiology stud-

ies in patients with dilated cardiomyopathies. Card

Electrophysiol Rev 2002;6(4):472–81.

[78] White RD. MR and CT assessment for ischemic

cardiac disease. J Magn Reson Imaging 2004;

19(6):659–75.

[79] Assomull RG, Pennell DJ, Prasad SK. Cardiovas-

cular magnetic resonance in the evaluation of heart

failure. Heart 2007;93(8):985–92.

[80] McCrohon JA, Moon JC, Prasad SK, et al. Differ-

entiation of heart failure related to dilated cardio-

myopathy and coronary artery disease using

gadolinium-enhanced cardiovascular magnetic res-

onance. Circulation 2003;108(1):54–9.

[81] Assomull RG, Prasad SK, Lyne J, et al. Cardiovas-

cularmagnetic resonance, fibrosis, and prognosis in

dilated cardiomyopathy. J Am Coll Cardiol 2006;

48(10):1977–85.

[82] Timolol-induced reduction in mortality and rein-

farction in patients surviving acute myocardial

infarction. N Engl J Med 1981;304(14):801–7.

[83] A randomized trial of propranolol in patients with

acute myocardial infarction. I. Mortality results.

JAMA 1982;247(12):1707–14.

[84] Cucherat M, Boissel JP, Leizorovicz A. Persistent

reduction of mortality for five years after one year

of acebutolol treatment initiated during acute

myocardial infarction. The APSI investigators.

Acebutolol et Prevention Secondaire de l’Infarctus.

Am J Cardiol 1997;79(5):587–9.

[85] Dargie HJ. Effect of carvedilol on outcome

after myocardial infarction in patients with left-

ventricular dysfunction: the CAPRICORN rando-

mised trial. Lancet 2001;357(9266):1385–90.



401VENTRICULAR ARRHYTHMIAS IN HEART FAILURE PATIENTS
[86] Hjalmarson A, Elmfeldt D, Herlitz J, et al. Effect

on mortality of metoprolol in acute myocardial

infarction. A double-blind randomised trial. Lan-

cet 1981;2(8251):823–7.

[87] MERIT-HF Study Group. Effect of metoprolol

CR/XL in chronic heart failure: Metoprolol CR/

XL Randomised Intervention Trial in Congestive

Heart Failure (MERIT-HF). Lancet 1999;

353(9169):2001–7.

[88] Hjalmarson A, Goldstein S, Fagerberg B, et al.

Effects of controlled-release metoprolol on total

mortality, hospitalizations, and well-being in

patients with heart failure: the Metoprolol CR/

XL Randomized Intervention Trial in congestive

heart failure (MERIT-HF). MERIT-HF Study

Group. JAMA 2000;283(10):1295–302.

[89] The CONSENSUS Trial Study group. Effects of

enalapril on mortality in severe congestive heart

failure. Results of the Cooperative North Scandi-

navian Enalapril Survival Study (CONSENSUS).

N Engl J Med 1987;316(23):1429–35.

[90] The SOLVD Investigators. Effect of enalapril on

survival in patients with reduced left ventricular

ejection fractions and congestive heart failure.

N Engl J Med 1991;325(5):293–302.

[91] Rutherford JD, Pfeffer MA, Moye LA, et al. Ef-

fects of captopril on ischemic events after myocar-

dial infarction. Results of the Survival and

Ventricular Enlargement trial. SAVE Investiga-

tors. Circulation 1994;90(4):1731–8.

[92] Cleland JG, Erhardt L, Murray G, et al. Effect of

ramipril on morbidity and mode of death among

survivors of acute myocardial infarction with clini-

cal evidence of heart failure. A report from the

AIRE Study Investigators. Eur Heart J 1997;

18(1):41–51.

[93] Echt D, Liebson P, Mitchell L, et al. Mortality and

morbidity in patients receiving encainide, flecai-

nide, or placebo. TheCardiacArrhythmia Suppres-

sion Trial N Engl J Med 1991;324(12):781–8.

[94] Waldo AL, Camm AJ, deRuyter H, et al. Effect of

d-sotalol on mortality in patients with left ventric-

ular dysfunction after recent and remote

myocardial infarction. The SWORD investigators.

Survival With Oral d-sotalol. Lancet 1996;

348(9019):7–12.

[95] Kober L, Bloch Thomsen PE, Moller M, et al. Ef-

fect of dofetilide in patients with recent myocardial

infarctionand left-ventriculardysfunction: a rando-

mised trial. Lancet 2000;356(9247):2052–8.

[96] Singh SN, Fletcher RD, Fisher SG, et al. Amiodar-

one in patients with congestive heart failure and

asymptomatic ventricular arrhythmia. Survival

Trial of Antiarrhythmic Therapy in Congestive

Heart Failure. N Engl J Med 1995;333(2):77–82.

[97] Burkart F, Pfisterer M, Kiowski W, et al. Effect of

antiarrhythmic therapy onmortality in survivors of

myocardial infarction with asymptomatic complex

ventricular arrhythmias: Basel Antiarrhythmic
Study of Infarct Survival (BASIS). J Am Coll

Cardiol 1990;16(7):1711–8.

[98] Ceremuzynski L, Kleczar E, Krzeminska-Pakula

M, et al. Effect of amiodarone on mortality after

myocardial infarction: a double-blind, placebo-

controlled, pilot study. J Am Coll Cardiol 1992;

20(5):1056–62.

[99] Navarro-Lopez F, Cosin J, Marrugat J, et al.

Comparison of the effects of amiodarone versus

metoprolol on the frequency of ventricular ar-

rhythmias and on mortality after acute myocar-

dial infarction. SSSD Investigators. Spanish

Study on Sudden Death. Am J Cardiol 1993;

72(17):1243–8.

[100] Cairns JA, Connolly SJ, Roberts R, et al. Rando-

mised trial of outcome after myocardial infarction

in patients with frequent or repetitive ventricular

premature depolarisations: CAMIAT. Canadian

Amiodarone Myocardial Infarction Arrhythmia

Trial Investigators. Lancet 1997;349(9053):

675–82.

[101] Julian DG, Camm AJ, Frangin G, et al. Rando-

mised trial of effect of amiodarone on mortality in

patients with left-ventricular dysfunction after

recent myocardial infarction: EMIAT. European

Myocardial Infarct Amiodarone Trial Investiga-

tors. Lancet 1997;349(9053):667–74.

[102] The Antiarrhythmics Versus Implantable Defibril-

lators (AVID) investigators. A comparison of an-

tiarrhythmic-drug therapy with implantable

defibrillators in patients resuscitated from near-fa-

tal ventricular arrhythmias. The Antiarrhythmics

Versus Implantable Defibrillators (AVID) investi-

gators. N Engl J Med 1997;337(22):1576–83.

[103] Connolly SJ, Gent M, Roberts RS, et al. Canadian

ImplantableDefibrillator Study (CIDS): a random-

ized trial of the implantable cardioverter defibrilla-

tor against amiodarone. Circulation 2000;101(11):

1297–302.

[104] KuckKH, Cappato R, Siebels J, et al. Randomized

comparison of antiarrhythmic drug therapy with

implantable defibrillators in patients resuscitated

from cardiac arrest: the CardiacArrest StudyHam-

burg (CASH). Circulation 2000;102(7):748–54.

[105] Lee DS, Green LD, Liu PP, et al. Effectiveness of

implantable defibrillators for preventing arrhyth-

mic events and death: a meta-analysis. J Am Coll

Cardiol 2003;41(9):1573–82.

[106] Moss AJ, Hall WJ, Cannom DS, et al. Improved

survival with an implanted defibrillator in patients

with coronary disease at high risk for ventricular

arrhythmia. Multicenter Automatic Defibrillator

Implantation Trial nvestigators. N Engl J Med

1996;335(26):1933–40.

[107] Buxton AE, Lee KL, Fisher JD, et al. A random-

ized study of the prevention of sudden death in

patients with coronary artery disease. Multicenter

UnSustained Tachycardia Trial investigators.

N Engl J Med 1999;341(25):1882–90.



402 LO & HSIA
[108] Bardy GH, Lee KL, Mark DB, et al. Amiodarone

or an implantable cardioverter-defibrillator for

congestive heart failure. N Engl J Med 2005;

352(3):225–37.

[109] Kadish A, Dyer A, Daubert JP, et al. Prophylactic

defibrillator implantation in patients with noni-

schemic dilated cardiomyopathy. N Engl J Med

2004;350(21):2151–8.

[110] Goldenberg I, Moss AJ, Hall WJ, et al. Causes and

consequences of heart failure after prophylactic

implantation of a defibrillator in the multicenter

automatic defibrillator implantation trial II. Circu-

lation 2006;113(24):2810–7.

[111] Sharma AD, Rizo-Patron C, Hallstrom AP, et al.

Percent right ventricular pacing predicts outcomes

in the DAVID trial. Heart Rhythm 2005;2(8):

830–4.

[112] Wilkoff BL, Cook JR, Epstein AE, et al. Dual-

chamber pacing or ventricular backup pacing in

patients with an implantable defibrillator: the

Dual Chamber And VVI Implantable Defibrillator

(DAVID) trial. JAMA 2002;288(24):3115–23.

[113] Josephson ME, Harken AH, Horowitz LN. Endo-

cardial excision: a new surgical technique for the

treatment of recurrent ventricular tachycardia.

Circulation 1979;60(7):1430–9.

[114] Krafchek J, Lawrie GM, Roberts R, et al. Surgical

ablation of ventricular tachycardia: improved

results with a map-directed regional approach.

Circulation 1986;73(6):1239–47.

[115] Miller JM, Kienzle MG, Harken AH, et al. Suben-

docardial resection for ventricular tachycardia:

predictors of surgical success. Circulation 1984;

70(4):624–31.

[116] Mason JW. A comparison of electrophysiologic

testing with Holter monitoring to predict antiar-

rhythmic-drug efficacy for ventricular tachyar-

rhythmias. Electrophysiologic Study versus

Electrocardiographic Monitoring Investigators.

N Engl J Med 1993;329(7):445–51.

[117] Morady F, Harvey M, Kalbfleisch SJ, et al. Radio-

frequency catheter ablation of ventricular tachy-

cardia in patients with coronary artery disease.

Circulation 1993;87(2):363–72.

[118] Ellison KE, Stevenson WG, Sweeney MO, et al.

Catheter ablation for hemodynamically unstable

monomorphic ventricular tachycardia. J Cardio-

vasc Electrophysiol 2000;11(1):41–4.

[119] Kuchar DL, Ruskin JN, Garan H. Electrocardio-

graphic localization of the site of origin of ven-

tricular tachycardia in patients with prior

myocardial infarction. J Am Coll Cardiol 1989;

13(4):893–903.

[120] Miller JM, Marchlinski FE, Buxton AE, et al.

Relationship between the 12-lead electrocardio-

gram during ventricular tachycardia and endocar-
dial site of origin in patients with coronary artery

disease. Circulation 1988;77(4):759–66.

[121] Fann JI, Loeb JM, LoCicero J 3rd, et al. Endocar-

dial activation mapping and endocardial pace-

mapping using a balloon apparatus. Am J Cardiol

1985;55(8):1076–83.

[122] JosephsonME,WaxmanHL, CainME, et al. Ven-

tricular activation during ventricular endocardial

pacing. II. Role of pace-mapping to localize origin

of ventricular tachycardia. Am J Cardiol 1982;

50(1):11–22.

[123] Azegami K, Wilber DJ, Arruda M, et al. Spatial

resolution of pacemapping and activation mapping

in patients with idiopathic right ventricular outflow

tract tachycardia. J Cardiovasc Electrophysiol

2005;16(8):823–9.

[124] Soejima K, Suzuki M, Maisel WH, et al. Catheter

ablation in patients with multiple and unstable ven-

tricular tachycardias after myocardial infarction:

short ablation lines guided by reentry circuit isth-

muses and sinus rhythm mapping. Circulation

2001;104(6):664–9.

[125] Rothman SA, Hsia HH, Cossu SF, et al. Radiofre-

quency catheter ablation of postinfarction ventric-

ular tachycardia: long-term success and the

significance of inducible nonclinical arrhythmias.

Circulation 1997;96(10):3499–508.

[126] Stevenson WG, Friedman PL, Kocovic D, et al.

Radiofrequency catheter ablation of ventricular

tachycardia after myocardial infarction. Circula-

tion 1998;98(4):308–14.

[127] Strickberger SA,ManKC,DaoudEG, et al. A pro-

spective evaluation of catheter ablation of ventric-

ular tachycardia as adjuvant therapy in patients

with coronary artery disease and an implantable

cardioverter-defibrillator. Circulation 1997;96(5):

1525–31.

[128] Hsia HH, Lin D, Sauer WH, et al. Anatomic char-

acterization of endocardial substrate for hemody-

namically stable reentrant ventricular tachycardia:

identification of endocardial conducting channels.

Heart Rhythm 2006;3(5):503–12.

[129] Verma A, Marrouche NF, Schweikert RA, et al.

Relationship between successful ablation sites and

the scar border zone defined by substrate mapping

for ventricular tachycardia post-myocardial infarc-

tion. J Cardiovasc Electrophysiol 2005;16(5):

465–71.

[130] Arenal A, del Castillo S, Gonzalez-Torrecilla E,

et al. Tachycardia-related channel in the scar tissue

in patients with sustained monomorphic ventricu-

lar tachycardias: influence of the voltage scar defi-

nition. Circulation 2004;110(17):2568–74.

[131] Arenal A, Glez-Torrecilla E, Ortiz M, et al.

Ablation of electrograms with an isolated,

delayed component as treatment of unmappable



403VENTRICULAR ARRHYTHMIAS IN HEART FAILURE PATIENTS
monomorphic ventricular tachycardias in patients

with structural heart disease. J Am Coll Cardiol

2003;41(1):81–92.

[132] Hsia HH. Substrate mapping: the historical per-

spective and current status. J Cardiovasc Electro-

physiol 2003;14(5):530–2.

[133] Sosa E, Scanavacca M, d’Avila A, et al. Nonsurgi-

cal transthoracic epicardial catheter ablation to

treat recurrent ventricular tachycardia occurring
late after myocardial infarction. J Am Coll Cardiol

2000;35(6):1442–9.

[134] Sosa E, Scanavacca M, d’Avila A, et al. A new

technique to perform epicardial mapping in the

electrophysiology laboratory. J Cardiovasc Elec-

trophysiol 1996;7(6):531–6.

[135] Sosa E, ScanavaccaM. Epicardial mapping and ab-

lation techniques to control ventricular tachycardia.

J Cardiovasc Electrophysiol 2005;16(4):449–52.


	Ventricular Arrhythmias in Heart Failure Patients
	Epidemiology
	Pathophysiology
	Abnormal automaticity
	Triggered arrhythmias
	Reentry

	Cardiomyopathy
	Ischemic
	Nonischemic
	Ventricular tachycardia related to the His-Purkinje system

	Other cardiomyopathies
	Sarcoidosis
	Arrhythmogenic right ventricular dysplasia/cardiomyopathy
	Chagas’ disease

	Clinical management
	Risk stratification
	MRI
	Pharmacologic therapy
	Nonpharmacologic therapy (implantable cardioverters-defibrillators)
	Ablative therapy
	Substrate mapping
	Epicardial mapping

	Summary
	References


