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iagnosis and treatment of catecholaminergic polymorphic
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Catecholaminergic polymorphic ventricular tachycardia
VT) was first described by Reid et al1 in 1975 and by
oumel et al in 1978. The condition was described as a

amilial cardiac arrhythmia that occurs in patients with
tructurally normal heart and causes exercise-/emotion-trig-
ered syncope and sudden death with a distinctive pattern of
entricular and supraventricular arrhythmias. Since the first
yanodine receptor mutations were identified in 2001,2 it
ppeared evident that catecholaminergic polymorphic VT
as caused by uncontrolled Ca2� release from the sarco-
lasmic reticulum.3 Subsequent experimental studies dem-
nstrated that such abnormal calcium handling caused ar-
hythmias mediated by delayed afterdepolarizations and
riggered activity.4 This article reviews the current knowl-
dge of the diagnosis and therapy for catecholaminergic
olymorphic VT and outlines the open issues to be ad-
ressed in order to reduce the burden of life-threatening
ardiac events in patients with this lethal disorder.

linical presentation and diagnosis
yncope triggered by exercise or emotion often is the initial
anifestation of catecholaminergic polymorphic VT.5,6 The
ean age of onset is between 7 and 9 years,5–7 although

ater onset has been reported. Approximately 30% of pro-
ands have a family history of sudden death before age 40
ears,6 and sudden death can be the first manifestation of the
isease in a relevant proportion of cases.6,8

The resting ECG of patients with catecholaminergic
olymorphic VT usually is normal, although some authors
ave reported lower-than-normal heart rates,7 and others
ave observed prominent U waves.5,9 Overall, these fea-
ures are not consistent and are not sufficiently specific for
iagnosis. The typical picture of a patient with cat-
cholaminergic polymorphic VT who first presents to a
hysician is that of a youngster who has experienced one or
ore syncopal episodes but has a normal ECG and echo-

ardiogram. Because of this presentation, the origin of the
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yncope may be easily attributed to neurologic disorders,
nd catecholaminergic polymorphic VT diagnosis may be
stablished only after some delay: 2 � 0.8 years since the
rst symptom in our series.6 Such diagnostic lag should be
voided given the high lethality of the disease.

rrhythmias in catecholaminergic
olymorphic VT
entricular arrhythmias in catecholaminergic polymor-
hic VT typically present with alternating QRS axis with
80° rotation on a beat-to-beat basis, so-called bidirectional
entricular tachycardia.

Onset of ectopic activity during exercise stress test is
onsistently observed at heart rates �110–120 bpm. The
omplexity and frequency of arrhythmias progressively
orsen as workload increases. If exercise is not promptly
iscontinued, bidirectional VT may degenerate into poly-
orphic VT and fibrillation. Catecholaminergic polymor-

hic VT arrhythmias are not inducible during programmed
lectrical stimulation.5,6,10

Catecholaminergic polymorphic VT arrhythmias may
riginate from both the right and the left ventricular outflow
ract (more frequently from the left) as well as the right
entricular apex.10 In some patients, the initial beat of the
achycardia is not unifocal, suggesting multifocal origin. As
practical consequence, no ECG lead is “best” for detecting

he bidirectional pattern of VT.
Supraventricular arrhythmia is part of the catecholamin-

rgic polymorphic VT phenotype. Isolated atrial ectopic
eats, nonsustained supraventricular tachycardia, and short
uns of atrial fibrillation usually are observed during exer-
ise, with an onset pattern similar to that of ventricular
rrhythmias.5,6,10 In light of the role of triggered activity as
mechanism for arrhythmias in catecholaminergic poly-
orphic VT,4 it is interesting to note that the fast supraven-

ricular rate caused by supraventricular tachycardia may act
s a trigger for the development of delayed afterdepolariza-
ions and triggered activity in the ventricle.

Catecholaminergic polymorphic VT should be consid-
red in the differential diagnosis of all cases of idiopathic
entricular fibrillation (VF), especially if an adrenergic
rigger is present. In 2002, we first reported RyR2 muta-

ions in patients with idiopathic VF.6 More recently, Krahn

. doi:10.1016/j.hrthm.2006.12.048
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t al11 showed that 10 (56%) of 18 patients resuscitated
rom an unexplained cardiac arrest (normal coronary arter-
es, normal ventricular function, and normal ECG) can be
iagnosed as having catecholaminergic polymorphic VT.
verall, these data seem to support the idea that cat-

cholaminergic polymorphic VT is a relevant cause of ad-
energic-triggered (exercise/emotion) idiopathic VF.

Independent of the clinical presentation (syncope or
borted sudden death), the most important step for diagnosis
s the ability to reproduce the typical arrhythmic pattern of
T (Figure 1A) by exercise stress test or isoproterenol

nfusion.6,10 Holter monitoring also may be important for
hose patients in whom emotional stress is a major trigger.

Some authors have suggested a possible parallelism be-
ween catecholaminergic polymorphic VT and Andersen-
awil syndrome, an inherited arrhythmogenic disorder
aused by mutations in the KCNJ2 gene.

Andersen-Tawil syndrome is characterized by cardiac
QT prolongation, prominent U waves) and extracardiac
facial dysmorphisms, periodic paralysis) phenotypes.12 In-
erestingly, we and others have observed cases of Andersen-
awil syndrome with bidirectional VT similar to that of
atecholaminergic polymorphic VT (Figure 1). Based on
hese findings, screening for KCNJ2 as a gene for cat-
cholaminergic polymorphic VT has been proposed.13

If KCNJ2-related bidirectional VT is considered a cat-
cholaminergic polymorphic VT phenocopy, particularly
n patients with Andersen-Tawil syndrome having bor-
erline QT interval prolongation,14 then KCNJ2 cannot be
onsidered a gene for catecholaminergic polymorphic VT.
ndeed, relevant differences exist between the phenotypes
inked with the two genes. Sudden death is exceptional
mong Andersen-Tawil syndrome and KCNJ2 mutation
arriers.15 Furthermore, the adrenergic triggers for events
nd supraventricular arrhythmias are typical in RyR2-cat-

igure 1 Example of bidirectional ventricular tachycardia (VT) in a
atient with RyR2-catecholaminergic polymorphic ventricular tachycardia
CPVT; top) and a patient with Andersen-Tawil syndrome (ATS) with a
CNJ2 mutation (bottom). The rate of tachycardia usually is faster and
oupling interval shorter in CPVT-related arrhythmias. An adrenergic
rigger invariably is present in catecholaminergic polymorphic VT but
ften is absent in Andersen-Tawil syndrome.
cholaminergic polymorphic VT, and careful investigation s
hat includes neurologic assessment and detection of facial
ysmorphisms allows the diagnosis of KCNJ2 Andersen-
awil syndrome.

ole of genetic testing in catecholaminergic
olymorphic VT
atecholaminergic polymorphic VT may have both an au-

osomal dominant and an autosomal recessive pattern of
nheritance. The autosomal dominant variant is by far more
requent. It is due to mutations in the cardiac ryanodine
eceptor gene RyR2,2 which causes uncontrolled Ca2� re-
ease from the sarcoplasmic reticulum during electrical di-
stole. Autosomal recessive catecholaminergic polymorphic
T is due to mutations in the cardiac calsequestrin gene
ASQ2.16 CASQ2 is a sarcoplasmic reticulum Ca2� buff-
ring protein that plays an active role in the control of
alcium release from sarcoplasmic reticulum to cytosol.

Approximately 50%–55% of patients with catecholamin-
rgic polymorphic VT harbor RyR2 mutations. Because the
yR2-coding region is one of the largest in the human
enome, genetic testing is time-consuming and is associated
ith high cost. However, it is important to emphasize that

he entire coding region of the RyR2 gene should be ana-
yzed, as one study showed that the yield of “targeted
creening” (i.e., analysis of exons previously involved in
atecholaminergic polymorphic VT) is �40%.17 Screening
hould be performed in all definitive catecholaminergic
olymorphic VT probands and considered in subjects with
diopathic VF when an adrenergic trigger is identified.

CASQ2 screening is advisable in all pedigrees compati-
le with a recessive pattern of inheritance but also in all
pparently sporadic catecholaminergic polymorphic VT
ases with negative RyR2 screening even in the absence of
arental consanguinity. Compound heterozygous carriers in
onconsanguineous families may occur.18 Using a compre-
ensive screening approach, the percentage of successfully
enotyped catecholaminergic polymorphic VT patients is
pproximately 55%–60%.19

The severe clinical manifestations of catecholaminergic
olymorphic VT strongly support the use of genetic testing
or presymptomatic diagnosis, preventive therapy, and re-
roductive risk assessment.20

atural history and response to therapy
rom an historical perspective, studies assessing the natural
istory of inherited arrhythmogenic diseases after the initial
escription of a novel clinical entity consistently report less
evere phenotypes over time. This is due to referral bias to
nternational registries; initially the most severe cases are
eferred/recognized, but once physicians become aware of
he disease and diagnostic skills improve, physicians tend to
efer larger percentages of asymptomatic patients.21

Interestingly, this trend does not appear to be the case
ith catecholaminergic polymorphic VT. In 2002, we re-
orted data showing that exercise-/emotion-induced synco-
al episodes occurred in 67% of patients, and juvenile

udden cardiac death was detectable in 33% of patients from
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677Napolitano and Priori Catecholaminergic Polymorphic VT
mong 30 families.6 These data were substantially con-
rmed by a Japanese group in 2003,10 by a European study

n 2005,7 and by a reanalysis of our database of 119 pa-
ients, which showed that close to 80% of patients experi-
nced cardiac events before age 40 years (Figure 2).22 These
ata on severity are corroborated by the high level of
enetrance of the disease (75%– 80% according to the
argest studies available6,7). Therefore, based on current
ata, catecholaminergic polymorphic VT should be re-
arded as one of the most severe of the inherited arrhyth-
ogenic disorders.

herapy
eta-blockers have been proposed as the mainstay of cat-
cholaminergic polymorphic VT therapy since the early
eports2,5,23 and are indicated for both chronic treatment and
cute therapy for sustained VT.

Published reports on the long-term effectiveness of beta-
locking agents have presented conflicting evidence.
hereas Leenhardt et al5 and Postma et al7 reported almost

omplete prevention from recurrence of cardiac events with
he exception of noncompliant patients, we6 and others10

bserved recurrence of cardiac events or incomplete pro-
ection from exercise-induced arrhythmias. Furthermore,
e showed that approximately half of the “resistant” pa-

ients who received an implantable cardioverter-defibrillator
ICD) and were maintained on high doses of beta-blockers
ad appropriate device intervention after 20 months of fol-
ow-up.6 Data from larger series are needed to determine the
easons for such contradicting results.

Notwithstanding, exercise stress test and Holter monitor-
ng are extremely important in titrating the initial beta-
locker dosage (in our center, nadolol is started at 1.5–2
g/kg/day). These tests should be performed on a regular

asis during follow-up in order to achieve optimal control of

igure 2 Natural history of catecholaminergic polymorphic ventricular
achycardia in 119 patients. Survival analysis shows time to first cardiac
vent (syncope, ventricular fibrillation, or sudden death) in the absence of
eta-blocker therapy.
rrhythmias.
Additional forms of pharmacologic treatment of cat-
cholaminergic polymorphic VT have been proposed, but
ailures using sodium channel blockers5,10 and amiodarone5

ave been reported. Other authors have reported partial
ffectiveness with use of verapamil in a single patient,10 but
his finding has not been confirmed by others (SG Priori,
ersonal communication). Thus, no drugs can be considered
efinitely effective in providing additional protection in
ombination with beta-blockers. Although indicated for all
atients resuscitated from cardiac arrest, ICD placement
lso should be considered for those with recurrence of
yncope/sustained VT while undergoing therapy with beta-
lockers.24 Beta-blockers also are indicated for all silent
arriers of an RyR2 mutation.24

onclusion and future perspectives
he medical community has actively worked to gather a

arge amount of information on the clinical presentation and
iagnosis of catecholaminergic polymorphic VT. Analyses
f the natural history and clinical presentation depict a
evere disorder that has a straightforward diagnosis in the
ajority of patients because of the typical pattern of ar-

hythmias during exercise stress test. However, possibly
ecause of the low level of awareness of the clinical features
mong physicians diagnosis of the disease may be delayed,
lacing patients at increased risk for life-threatening ar-
hythmias.

With the exception of beta-blockers, no pharmacologic
herapy of proven effectiveness is available. Thus, patients
ith catecholaminergic polymorphic VT who still present
ith arrhythmias despite chronic therapy with maximally

olerated doses of beta-blocker are candidates for ICD
lacement. Experimental studies and animal models4,25 will
e crucial to designing novel therapies in the future.
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