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The increasing interaction between molecular biology and clinical cardiology has allowed to
demonstrate that mutations on the genes encoding cardiac ion channels or regulatory proteins can
cause inherited arrhythmogenic disorders predisposing to sudden death in young individuals. These
diseases are the long QT syndrome, the Brugada syndrome, the catecholaminergic polymorphic ven-
tricular tachycardia, and the short QT syndrome. Since incomplete penetrance is present, genetic
screening is pivotal to perform a correct diagnosis in mutation carriers who do not manifest pheno-
type, but are still at increased risk of cardiac events if left untreated.

All these syndromes show genetic heterogeneity and it is becoming evident that each genetic vari-
ant of the disease presents distinguishing clinical characteristics suggesting that genetics may be used
for targeting risk stratification and treatment of these diseases. In this chapter, the molecular bases,

the clinical features and the current therapeutic approach of these syndromes are presented.

(Ital Heart J 2005; 6 (3): 241-248)

Introduction

The introduction of the recent accom-
plishments of molecular biology into clini-
cal medicine has allowed to make very im-
portant advancements in the understanding
of the pathophysiology of inherited dis-
eases. As a practical consequence molecu-
lar diagnosis has progressively entered into
practice and molecular data are used for
risk stratification and therapy targeting. In
the field of cardiac arrhythmias, several
conditions that predispose to potentially
lethal arrhythmias and sudden cardiac
death (SCD) are caused by genetically
transmitted diseases. The objective of this
review is to discuss the most recent ad-
vancement in the understanding of inherit-
ed arrhythmogenic diseases, their molecu-
lar basis and to review the current recom-
mendations for pharmacological and de-
vice treatment.

Long QT syndrome

Molecular bases. The long QT syndrome
(LQTYS) is an inherited disease character-
ized by a prolongation of the repolariza-
tion phase that could trigger life-threaten-
ing arrhythmias. Two patterns of transmis-
sion have been identified!: one autosomal
recessive called Jervell-Lange-Nielsen
syndrome that is characterized by congen-
ital deafness, prolonged QT interval and
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increased susceptibility to cardiac arrhyth-
mias and SCD and one autosomal domi-
nant form, called Romano-Ward syn-
drome, that presents the same cardiac phe-
notype as the recessive form, but is not as-
sociated with deafness. In the early "90s
Keating and colleagues' discovered the
first genes responsible for LQTS: since all
genes encoded for subunits of cardiac ion
channels, these authors proposed that
LQTS is a cardiac ion channel disease. In
the last decade additional genes have been
linked to LQTS'-? so that at present time it
is possible to identify the genetic substrate
in approximately 60% of clinically affect-
ed patients. Interestingly, only one form of
LQTS is not caused by mutations in genes
encoding for proteins that are not compo-
nent of cardiac ion channels: this variant,
LQT4, is caused by a protein, ankyrin B
that regulates the proper localization of ion
channels in the membrane of the cardiac
myocytes®. Therefore, even LQT4 is caused
by abnormalities of ion channels thus con-
firming a unifying pathogenetic mechanism
for the disease.

Based on its genetic substrate, the Ro-
mano-Ward syndrome includes at least six
different subtypes: LQT1, due to mutations
on KCNQ1, that encodes for the ion chan-
nel for the IKs component of the IK de-
layed rectifier current, one of the main de-
terminants of the phase 3 of the cardiac ac-
tion potential; LQT2, due to mutations on
KCNH?2 gene, that encodes for the second
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component of the IK current, IKr; LQT3 related to mu-
tations on the SCN5A gene that encodes for the a-sub-
unit of the cardiac sodium channel; LQT4 caused by
mutations in the ankyrin B gene; LQTS associated with
mutations of the KCNEI gene, that encodes for the [3-
subunit of the IKs ion channel; LQT6 due to mutations
on the KCNE?2 gene, that encodes for the 3-subunit of
the ion channel that conducts IKr!-3, The Jervell-Lange-
Nielsen syndrome is caused by homozygous or com-
pound heterozygous mutations on the KCNQ! gene or
on the KCNE] gene!.

Recently, the genetic substrate of two autosomal
dominant forms of LQTS with extracardiac involve-
ment has been described. The first of these conditions
is also called Andersen syndrome, and it is often re-
ferred to as LQT74°. Andersen syndrome is character-
ized by potassium-sensitive periodic paralysis of skele-
tal muscles and cardiac involvement is characterized by
long QT interval with prominent U waves at surface
ECG and ventricular arrhythmias. Furthermore, pa-
tients present with peculiar dysmorphic features such
as hypertelorism, short stature, micrognatia, clin-
odactyly, broad forehead*. This form of LQTS is
caused by loss of function mutations on the KCNJ2
gene, that encodes for the cardiac ion channel Kir2.1
that conducts the inwardly rectifier IK1 current’.

At the end of 2004, in a collaborative research be-
tween our team and the group of Keating, a new form
of LQTS was genetically characterized®. The name
Timothy syndrome was given to this distinguishing
form of LQTS associated with syndactyly of hands
and/or feet, congenital heart disease, immune deficien-
cy, intermittent hypoglycemia, paroxysmal hypother-
mia and cognitive abnormalities that may resemble a
disease in the spectrum of autism.

The gene implicated in this form of LQTS called
LQT8 is the CACNAIC gene that encodes for the L-
type calcium channel. Interestingly, all the patients
with LQTS identified so far in the world present with
the same mutation that causes a gain of function result-
ing in augmented calcium influx in cardiac cells. The
fact that Andersen syndrome and Timothy syndrome
present multiorgan abnormalities suggests that the two
genes KCNJ2 and CACNA I C encode proteins that may
not only be important for the regulation of electrical ac-
tivity in the heart, but that may also play a role in the
control of embryonic development at a very early stage
of differentiation.

Functional characterization of several mutants iden-
tified in LQTS patients has helped defining a tight link
between QT prolongation and DNA abnormalities. It is
now established that mutations on the a- or -subunits
of the IKs or the IKr potassium channels found in
LQTI1, LQT2, LQTS5 and LQT6 patients determine a
loss of function that reduces repolarizing potassium
currents thus determining prolongation of the QT inter-
val. Similarly, mutations on the SCN5A gene associat-
ed with the LQT3 phenotype cause a gain of function in
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the channel, provoking an increased inward INa current
that prolongs action potential duration.

Clinical presentation. The clinical manifestation of
LQTS is the occurrence of syncope or cardiac arrest
precipitated by physical or emotional stress. The distin-
guishing arrhythmias precipitating syncope in LQTS is
a polymorphic ventricular tachycardia (VT) called tor-
sade de pointe'. Not all LQTS patients experience car-
diac arrhythmias during their life and several affected
individuals may have a benign course even without
therapy. Even more puzzling is the fact that a minority
of patients carriers of LQTS-related mutations have a
normal QT interval: such heterogeneity of clinical
manifestations is called incomplete penetrance. The
factors that attenuate the phenotype in some individu-
als are referred to as “modifiers” but none of them has
been identified until now. Identification of factors oth-
ers than the primary mutation that influence the clinical
course of the disease represents the next challenge in
the understanding of genetic arrhythmogenic diseases.

Genotype-phenotype correlations and risk stratifi-
cation. Thanks to the large registries, that have been
created to collect patients affected by LQTS both in the
United States and in Europe, it has been possible to ob-
tain in a relatively short period of time a large number
of genotyped individuals, so that clinically relevant
genotype-phenotype correlations have been estab-
lished. At present, molecular information can be used
for risk stratification and management’ at least in the
three most prevalent LQTS variants (LQT1, LQT2 and
LQT3).

LQT]1 patients often have symptoms during physical
activity, especially while swimming, and in these pa-
tients the QT interval does not shorten adequately with
the increase of heart rate during exercise. On the con-
trary LQT2 patients are at higher risk of arrhythmic
events when exposed to emotional stress and acoustic
stimuli and finally LQT3 patients experience most
events during sleep or at rest”? (Fig. 1). We have recent-
ly demonstrated® that genotype may contribute to risk
stratification in LQTS. Based on the study of 647 geno-
typed patients we showed that the incidence of a cardiac
event before age 40 is lower in LQT1 patients than in
LQT2 or LQT3. Moreover, female sex resulted a risk in-
dicator in LQT?2, while male sex is associated with ad-
verse outcome in LQT3 individuals. In the LQT1 and
LQT?2 genotypes the presence of a QTc interval > 500
ms represented a further indicator of risk of events.

The Jervell-Lange-Nielsen syndrome represents a
form of LQTS with a high malignancy: these patients
have the earliest occurrence of symptoms, and by age 8,
about 90% of subjects have had their first cardiac
event!©.

Therapy. Antiadrenergic therapy with beta-blockers is
the main treatment for the LQTS!!!,
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Figure 1. Genotype-phenotype correlations in long QT syndrome. The upper panel presents the different T-wave morphologies related to the three most
represented genotypes. In the middle panel are shown different triggers for cardiac events and in the lower panel the incidence of cardiac arrest despite

beta-blocker therapy in LQTI1, LQT2 and LQOT3 groups, respectively.

We have recently compared!? the response to beta-
blockers among LQT1, LQT2 and LQT?3 patients and
demonstrated that both LQT2 and LQT3 genotypes
have an increased risk of recurrences on therapy as
compared to LQT1 patients (Fig. 1).

At present the implant of a cardioverter-defibrillator
(ICD) is recommended in LQTS patients who suffered
an aborted cardiac arrest and has to be carefully con-
sidered in LQT?2 and in the LQT3 individuals who pre-
sent a QTc interval > 500 ms especially if they have had
recurrences while taking beta-blockers!2.

So far only few retrospective studies have investi-
gated the role of the ICD in LQTS'>!%. The largest of
these studies is the one reported by Zareba et al.!3, that
compared mortality in two groups of patients treated
with beta-blockers or with beta-blockers plus ICD and
showed a significant reduction of lethal events in the
ICD group, reporting that the 3-year mortality rate was
2% in the ICD group and 9% in the non-ICD patients.

Another intervention proposed for the treatment of
LQTS patients unresponsive to beta-blockers is the left
cardiac sympathetic denervation. This intervention'-!>
is based on the surgical removal of the lower part of the
stellate ganglion and of the first three to five thoracic
ganglia. The rationale of this intervention resides in the
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arrhythmogenic potential of the left-stellate ganglion
stimulation and in the antifibrillatory effect of stellec-
tomy seen in animal models'®.

Recently a large report has confirmed!” the effec-
tiveness of left cardiac sympathetic denervation in re-
ducing the occurrence of cardiac events with a 10-year
survival of 90%.

Brugada syndrome

Clinical, genetic, and electrophysiological features.
Brugada syndrome (BS) is a primary electrical disease
associated with high risk of ventricular arrhythmias and
SCD in young individuals. This syndrome, described in
1992 by Brugada and Brugada'®, is characterized by a
typical ECG pattern: ST-segment elevation in the right
precordial leads V-V, with or without complete or in-
complete right bundle branch block.

The ST-segment abnormality is the hallmark of BS.
Three main different patterns (Fig. 2) have been identi-
fied and they may bear different diagnostic implica-
tions'®.

Type 1 is characterized by a prominent ST-segment
elevation > 2 mm followed by a negative T wave and is
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Figure 2. Three main different ECG patterns associated with the Bruga-
da syndrome.

named “coved type”. Type 2 is also characterized by
ST-segment elevation = 2 mm, but the J-wave ampli-
tude gives rise to a descending ST segment followed by
a positive or biphasic T wave that gives origin to a “sad-
dle-back” configuration. Finally type 3 ECG pattern
may appear as a “coved-type” or “saddle-back™ type
but the amount of ST segment upward displacement is
less pronounced (< 1 mm) (Fig. 2). Accordingly to cur-
rent guidelines, type 1 is the only that confirms the di-
agnosis of BS'. Since the diagnostic coved pattern is
not constantly present in most patients affected by BS,
pharmacological provocative test with flecainide, aj-
maline and procainamide may be used to document a
coved type ECG pattern®,

Syncope and cardiac arrest are the symptoms of
BS: SCD frequently occurs during sleep, in the early
morning hours?!'. Polymorphic VTs initiated by a short
coupled extrasystolic beat and rapidly degenerating
into ventricular fibrillation (VF) are the most com-
monly documented ventricular arrhythmias in the syn-
drome.

Supraventricular tachyarrhythmias are a common
finding in these patients?> and up to 10% of patients
may experience atrial fibrillation. The mean age of
symptom onset is in the third to fourth decade, but ear-
ly onset during childhood has been reported?24; males
are at higher risk of arrhythmic events than females?®.

Only one BS gene has been identified so far: Chen
et al.?® linked BS to the presence of mutations in the
SCNS5A gene encoding the a-subunit of the cardiac sodi-
um channel.

This gene is the same involved in the pathogenesis
of the LQT3 form of LQTS. At variance of LQT3 mu-
tations, that cause a gain of function, SCN5A defects in
BS lead to a loss of function that reduces the amount of
inward depolarizing current flowing into cardiac my-

244

ocytes. SCN5A is the only gene thus far associated with
BS, but mutations on this gene account only for 20% of
clinically affected patients. Given the presence of only
one gene associated with the disease, at present time it
is not possible to draw genotype-phenotype correla-
tions in BS.

From the genetic substrate to the electrocardiographic
morphology. One of the most intriguing and largely un-
solved issues regarding BS is how to account for the
distinguishing ECG pattern. It has been speculated that
the accelerated inactivation of INa or its reduction pre-
sent in the BS may leave the repolarizing current Ito un-
opposed during phase 1 of the action potential. The
presence of an Ito-mediated spike-and-dome morphol-
ogy in the right ventricular epicardium, but not in the
endocardium would thus generate a prominent J wave,
that originates the typical ECG pattern?’.

Therapy with drugs and devices. Based on only few
studies?®3% ICD is now recommended in all survivors
of cardiac arrest (secondary prevention) and in all pa-
tients with a spontaneous type 1 pattern with a history
of syncope. Some disagreement exists*$-33 on whether
asymptomatic patients in whom a VF is induced dur-
ing programmed electrical stimulation (PES) should
also become candidates for a prophylactic ICD. Man-
agement of asymptomatic patients is still debated, as
no conclusive evidence exists in the risk stratification
of these subjects®*, even if an 8% event rate in young
asymptomatic individuals with the ECG pattern is re-
ported.

Neither beta-blockers nor amiodarone are consid-
ered useful for arrhythmia prevention in the syn-
drome®33%, In one of these studies®® 86 patients were
randomized to receive either ICD or propranolol. After
a follow-up of 3 years there was an 18% of SCD in the
beta-blockers group and no SCD in the ICD group, thus
suggesting that beta-blockade may be detrimental.

Sporadic observations**37 suggested that quinidine
may be protective in patients with BS and in vitro stud-
ies indicated that the efficacy might be exerted through
the blockade of the Ito current®. In 1999 Belhassen et
al.% observed that quinidine may prevent inducibility at
PES in 4 out of 5 survivors of cardiac arrest with a
structurally intact heart. Hermida et al.* studied 35 pa-
tients treated with quinidine and confirmed that the
drug suppressed inducibility in 76% of them. Despite
the data on quinidine should still be regarded as pre-
liminary and not sufficient to indicate extended clinical
use of this drug, they at least encourage the planning of
larger investigations to adequately test the hypothesis.
Isoproterenol may facilitate arrhythmia suppression for
acute treatment of arrhythmic storms in BS?2741; itg
mechanism of action is unknown but it has been sug-
gested that 3-adrenergic agonists could be protective
because they could restore the “dome” of the action po-
tential by increasing ICa*2.
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Short QT syndrome

Clinical and genetic aspects. Just like it has been rec-
ognized that prolongation of the QT interval predispos-
es to ventricular arrhythmias and SCD, it is a recent
concept that even an excessive shortening of repolar-
ization may expose to the same risk** and that a QT
shortening may be genetically mediated*+*,

The short QT syndrome (SQTS) is characterized by
an excessively fast ventricular repolarization: the cut-
off value for the diagnosis of short QT interval is still
under definition. Based on the initial cases reported it
was suggested that a QTc < 300 ms may be an appro-
priate definition even if more recent and unpublished
observations may call for a reappraisal of this value. In
analogy with the other inherited arrhythmogenic syn-
dromes, SQTS is characterized by a high incidence of
syncope, SCD and supraventricular arrhythmias, a
short refractory period and inducibility of VF with PES,
and patients appear to have a structurally intact heart*®.
Few families and sporadic cases with this syndrome
have been described thus far*++7.

In most affected patients QT interval duration was
< 300-310 ms without significant dynamic changes
during heart rate variation and clinical symptoms range
from palpitations to syncope and cardiac arrest. In
those patients in whom an electrophysiological study
was performed both atrial and ventricular effective re-
fractory periods were significantly shorter than normal
and sustained VT or VF were induced with PES in most
affected patients.

Even within a small cohort of patients arrhythmic
events and SCD has occurred at different ages ranging
from early infancy to old age. Two genes have been
so far identified in the syndrome: KCNH2 and
KCNQI1%47, As described in the section dedicated to
the LQTS, these genes encode for the cardiac ion chan-
nels that conduct the IKr and IKs component of the de-
layed rectifier repolarizing current. As expected, in or-
der to account for the abbreviated repolarization, muta-
tions identified in patients with SQTS increase the
amount of potassium current flowing into the heart and
therefore have the opposite effect than that observed in
mutations of the same genes that cause LQTS. Thus,
we have now evidence that, based on their functional
consequence, mutations in the same gene may cause
opposite phenotypes depending on whether they in-
crease or decrease the amount of current conducted by
the protein. To summarize, a mutation causing a gain of
function in the SCN5A gene is associated with the
LQT3, whereas a mutation leading to a loss of function
in the same gene causes BS; a gain of function mutation
in the KCNH2 gene or in the KCNQI gene causes
SQTS, whereas a loss of function of these proteins is
linked, respectively, to LQT2 and LQT]I.

Therapy. As itis always the case, when a disease is ini-
tially described the cases that come to observation are
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rather severe. As the diagnostic skills improve and
more incompletely penetrant forms are identified, the
overall profile of survival improves. Accordingly,
among the very few cases of SQTS identified so far,
there is a high incidence of SCD. Given the limited ex-
perience in managing these patients, the role of phar-
macological therapy is still under evaluation.

The ICD seems a plausible treatment for high-risk
patients and for those who survived a cardiac arrest.

In the attempt to normalize the augmented IKr cur-
rent present in SQTS, sotalol and ibutilide were tested
but surprisingly they failed to shorten repolarization in
SQTS patients*®. In vitro studies*’ suggested that this
unexpected observation may be due to the fact that IKr
blockers preferentially bind to the open state of the
channel, but that inactivation is critical for stabilizing
the drug binding and its affinity. Since in the mutant
channels the rectification process is abolished, this
may reduce the effect of class III antiarrhythmic
drugs.

More promising results, at least in terms of prolon-
gation of the effective refractory period and in the sup-
pression of arrhythmia inducibility during PES, were
obtained with flecainide and even more with quinidine
that exerts a composite electrophysiological effect on
multiple ion currents*S. It will be interesting to investi-
gate if the drug will also prove effective in the preven-
tion of spontaneously occurring life-threatening ar-
rhythmias.

Catecholaminergic polymorphic ventricular
tachycardia

Clinical features and molecular bases. Coumel et
al.* in 1978 first described isolated cases of stress-re-
lated bidirectional or polymorphic VT occurring in
children or young people with structurally normal
heart. In 1995, Leenhardt et al.>° identified the cate-
cholaminergic polymorphic VT (CPVT) as a peculiar
clinical entity that could lead to syncope or SCD in
young people.

A familial transmission was noted since the initial
reports. Patients affected by CPVT experience syncope
or cardiac arrest triggered by physical or emotional
stress: first clinical manifestations usually occur during
childhood and adolescence®!.

Baseline ECG in these subjects is unremarkable:
therefore diagnosis is based on the induction of ven-
tricular tachyarrhythmias during exercise stress test.
The distinguishing arrhythmia in CPVT is bidirection-
al VT (Fig. 3), however polymorphic VT and VF are al-
so documented in affected patients3!-2,

For the diagnosis in CPVT, long-term ECG moni-
toring by Holter or prolonged ECG recording by 7-day
recorder or with the implantable loop recorder are very
valuable for establishing the diagnosis of the disease in
patients with history of syncope occurring during exer-
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Figure 3. Example of bidirectional ventricular tachycardia, recorded during exercise stress test in one patient affected by catecholaminergic polymor-

phic ventricular tachycardia.

cise, stress or emotion. On the contrary the electro-
physiological study as induction of arrhythmias during
PES is often unsuccessful.

Bidirectional VT is a typical arrhythmia observed
during calcium overload particularly during digitalis
intoxication and it has been suggested that it is the con-
sequence of triggered activity initiated by adrenergical-
ly-mediated delayed afterdepolarizations.

Genetic basis of catecholaminergic polymorphic
ventricular tachycardia. Swan et al.>* demonstrated
the linkage of CPVT to chromosome 1g42-q43 and in
2001 Priori et al.>? identified the ZRYR2 gene, that en-
codes for the cardiac ryanodine receptor, as the gene in-
volved in the pathogenesis of CPVT.

The ryanodine receptor is localized across the mem-
brane of the sarcoplasmic reticulum and it releases Ca?*
from the sarcoplasmic reticulum in response to the cal-
cium influx through the L-type channels, during the
phase 2 of the action potential. Mutations found in
hRYR?2 gene linked to a CPVT phenotype are all mis-
sense mutations located in functionally important re-
gions of the protein: functional characterization of the
mutants® has shown that they all produce abnormal
calcium release in response to adrenergic stimulation.
This mechanism supports the hypothesis that arrhyth-
mias are induced by triggered activity.

In 2001, Lahat et al.>¢ described also an autosomal
recessive variant of CPVT, linked to a mutation on the
CASQ2 gene on chromosome 1pl1-p13 that encodes
for calsequestrin, that is another protein involved in the
control of intracellular calcium.

Only few mutations in the CASQ2 gene have been
reported thus far and functional studies have character-
ized only one mutant’’, leading to the hypothesis that
CASQ?2 defects may alter calcium homeostasis by de-
creasing the Ca* buffering in the sarcoplasmic reticu-
lum, leading to spontaneous discharges of Ca?* stores
from the sarcoplasmic reticulum, that may induce de-
layed afterdepolarizations.

Based on genetic characterization of 68 families re-
ferred to our clinic, we estimate that 75% of CPVT pa-
tients have mutations on the ARYR2 or CASQ?2 gene: the
genetic bases of the remaining 25% of cases are still un-
known.
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Therapy. Since the first descriptions of the disease it
was suggested that beta-blockers are an effective treat-
ment for patients with CPVT. These data are now con-
firmed in larger series of patients>!-2,

Beta-blockers are effective in controlling arrhyth-
mias in most of CPVT patients, whereas other antiar-
rhythmics did not result useful’>2. Beta-blockers are
also fundamental in the acute setting when termination
of sustained polymorphic VTs is needed: amiodarone,
magnesium or lidocaine infusion on the contrary has
been reported to lack efficacy?®.

It is important to recognize that beta-blocker thera-
py does not abolish ventricular arrhythmias in most pa-
tients: the objective of therapy should be the prevention
of poorly tolerated sustained VT and VF. In most pa-
tients this objective can be achieved even if short runs
of VT can still be observed during exercise or emotion.
Failure of beta-blockers has been reported and Leen-
hardt et al.>® described one SCD and one recurrence of
syncope in 2 out of 21 cases. We observed’! that up to
30% of patients required an ICD because sustained VT
could still be observed during exercise stress test or
Holter monitoring. Up to 50% of the patients treated
with ICD and beta-blockers received an appropriate
shock during a mean follow-up period of 2 years.

Other antiarrhythmic drugs have been used only in
few reports but always with unsatisfactory results.
Thus, considering the high malignancy of CPVT, the
prophylactic use of an ICD should be considered when
beta-blockers fail to control the occurrence of arrhyth-
mias.
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