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12.1 Introduction

Catecholaminergic polymorphic ventricular tac-
hycardia (CPVT) is a highly malignant inherited
arrhythmia syndrome, characterized by bidirectional
or polymorphic ventricular tachycardia (VT) and
ventricular fibrillation (VF) during physical or emo-
tional stress in structurally normal hearts.' This dis-
ease is illustrative of the progress that has been made
in the field of cardiogenetics in the last decennia.
The first case reports on CPVT date from the 1960s
and 1970s, among others a case of a 6-year-old girl
with bidirectional tachycardia triggered by exercise.’
An important series describing the phenotype of 21
children with CPVT was published in 1995,! and the
underlying molecular genetic basis was discovered
in 2001.%7° In recent years significant progress has
been made in the treatment of this potentially lethal
condition.®”

12.2 Etiology

12.2.1 Molecular Background

CPVT is caused by modifications in the normal cardiac
calcium homeostasis (Fig. 12.1).1% In the normal
heart, a small quantity of calcium enters the cell via
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voltage-dependent L-type calcium channels during the
plateau phase of the action potential. This triggers
calcium release from the sarcoplasmic reticulum (SR)
into the cytosol through the cardiac ryanodine type 2
receptor (RyR2) channel, which is located in the
membrane of the SR. This entire process is termed
calcium-induced calcium release (CICR). As a conse-
quence, the cytosolic calcium concentration increases
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Fig. 12.1 Regulation of the RyR2 channel function in cardiac
myocytes. T T-tubule; L L-type of Ca2+ channel; E, NE epineph-
rine, norepinephrine; hAR beta-adrenergic receptor; cAMP
cyclic AMP; PKA protein kinase A; FKBP12.6 calstabin2; TRD
triadin 1; JCN junctin; CASQ?2 calsequestrin 2; SR sarcoplastic
reticulum; SERCA2a sarcoplastic reticulum Ca2+-ATPase;
NCX Na+/Ca+exchanger (Adapted from . With permission)
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significantly, which causes activation of the actin-myo-
sin filaments with subsequent myocyte shortening and
systole. Stimulation of the sympathetic nervous system
is associated with activation of intracellular cyclic
AMP, which results in phosphorylation of RyR2
through protein kinase A (PKA) and activation of
CICR."

During diastole, most of the reuptake of cytosolic
calcium into the SR is performed via SR calcium ade-
nosine triphosphatase (SERCA).!" In addition, calcium
is removed from the cell by sodium/calcium exchanger
(NCX).

12.2.2 Pathophysiology

Genetic defects in the genes encoding RyR2 and car-
diac calsequestrin (CASQ?2) underlie CPVT.* To date,
over 70 mutations have been identified in the RyR2
gene, which causes an autosomal dominant CPVT
phenotype and is termed CPVT type 1. The rare CPVT
type 2 phenotype is caused by mutations in the gene
encoding CASQ2 and shows an autosomal recessive
inheritance pattern. A third and highly malignant type
of CPVT maps to a yet unknown gene that resides on
chromosome 7p14—p22 and also segregates as an auto-
somal recessive trait."”

Both RyR2 and CASQ2 are calcium regulatory
proteins.'”> Out of the three isoforms of ryanodine
receptor (RyR1 to RyR3), RyR2 is considered to be
the cardiac isoform.!' RyR2 is one of the largest car-
diac ion channel proteins, comprising 4,967 amino
acids and the gene encoding RyR?2 is located on chro-
mosome 1 (1q42-q43).'* CASQ?2 is a 399 amino acid
protein and is located in the cardiac SR as well and
modulates the activity of the RyR2 channels.! When
the calcium concentration in the SR is low, CASQ2
inhibits RyR2 activity and this inhibition is relieved
when the calcium concentration increases.!” The gene
encoding CASQ2 also resides on chromosome 1
(1p11-p13.3).°

Mutations in the genes encoding RyR2 or CASQ2
modify their function, which results in calcium leakage
from the SR into the cytosol.'®!” This intracellular cal-
cium overload results in activation of NCX. NCX
exchanges one calcium ion for three sodium ions,
which produces a transient inward current (I). 1.

generates delayed afterdepolarizations (DADs), which
can lead to triggered activity in myocytes and ventricu-
lar arrhythmias, in particular under conditions of
B-adrenergic stimulation.?***

12.3 Clinical Aspects

12.3.1 Epidemiology

There are relatively few epidemiological data on CPVT.
The prevalence in the general population is unknown,
but is estimated to be approximately 1 in 10 000."

However, this rare disease seems to be much more
common in young victims of sudden unexplained
death (SUD), that is, sudden death victims with no
significant anatomical abnormalities at autopsy, or in
which no autopsy is performed. This was, for exam-
ple, shown by Tester et al., who performed nontar-
geted screening of the cardiac ion channel genes in
49 SUD victims aged 1-43 years.? In seven patients
(14%), a putative causal mutation was detected in
the RyR2 gene. In similar subsequent series,
Creighton et al. identified three RyR2 mutations
(21%) in 14 exercise-triggered SUD victims aged
1-43 years,* and Nishio et al. found three RyR2
mutations (18%) out of 17 cases of SUD at the age of
12-42 years.”

Another clue of the significant contribution of
CPVT to SUD in the young was derived from studies
by Tan et al. and Hofman et al.?>?” In these series, the
yield of cardiological and genetic examination in sur-
viving relatives of the SUD victims was assessed. In
the series by Tan et al., comprising 43 SUD victims
aged 1-40 years, CPVT was diagnosed in five cases
(12%).%* Hofman et al. included 25 pediatric SUD
victims (partly overlapping with the series decribed
by Tan et al.) and found CPVT in the relatives of two
of them (8%).”” In contrast, in two comparable series
by Behr et al., comprising 32 and 57 SUD victims
aged 4-64 years in which autopsy was negative in all
cases, CPVT was diagnosed in none of the
families.?®*

In sudden infant death syndrome (SIDS), which is
defined as the sudden death of an infant under 1 year of
age that remains unexplained after thorough investigation
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including autopsy, CPVT might also play a role. Tester
et al. demonstrated that 1-2% of SIDS may be due to
CPVT.®

12.3.2 Clinical Diagnosis

The first key element in diagnosing CPVT is the
patient’s clinical history.'*! CPVT patients experience
complaints, which are typically induced by exercise or
emotional stress, in particular dizziness or syncope.
Most symptomatic patients are young children. The
first syncope usually occurs at the age of 7-9 years and
not before the age of 3.! Sometimes these children
know exactly which activities induce their complaints,
and most often they try to avoid these triggers. Family
history frequently contains syncope or sudden death in
young relatives related to similar triggers.

Many of the patients who in the end are diagnosed
with CPVT, have been misdiagnosed previously, pre-
dominantly with epilepsy. This is probably because
syncope in CPVT can resemble epilepsy. It can include
a hypertonic phase, convulsive movements, and loss of
urine or feces.

The second key element, the typical bidirectional or
polymorphic VT, is sometimes registered with Holter
monitoring during syncope. However, most often VT is
provoked and registered during exercise testing. The
typical exercise test in an untreated CPVT patient is as
follows. Ventricular premature beats (VPBs) appear
during sinustachycardia, first isolated and monomor-
phic. The number of VPBs increases with sinus rate, for
example, to bigeminy. Finally, the VPBs form rarely
monomorphic and mostly polymorphic salvos. These
rapid, irregular, and polymorphic VTs may persist when
exercise is continued. When the exercise test is ceased,
ventricular ectopy frequently disappears immediately.
The typical bidirectional VT, which is infrequently
observed, refers to ventricular complexes with beat-to-
beat alternating right and left QRS axis (Fig. 12.2).
Sinus rate at the start of ventricular ectopy is often well
reproducible within a patient. The onset focus of ven-
tricular ectopy has been observed to be located fre-
quently in the right ventricular outflow tract.’”

Supraventricular arrhythmias, mainly atrial ectopic
beats, nonsustained supraventricular tachycardia, and
short runs of atrial fibrillation, can also appear in CPVT
patients during exercise.’!

When exercise test is not possible or not preferred,
adrenaline (0.1-0.3 pg/kg/min) or isoproterenol infu-
sion can be used for simulation."!'’> These tests can
also be considered in a patient with a normal resting
ECG and a negative exercise test in whom syncope or
aborted cardiac arrest (ACA) occurred during exertion
or emotion.'” Programmed electrical stimulation has
not been proven valuable to induce VT in CPVT.!

Resting ECG has inconsistently been described to
show several abnormalities, in particular bradycardia
and prominent U-waves.!*%3 Physical examination,
echocardiography, and other cardiological examina-
tions are typically normal in CPVT patients.

12.4 Genetic Diagnosis

The yield of genotyping in CPVT depends on the cer-
tainty of the clinical diagnosis.’** In patients with a
conclusive diagnosis, that is, documented exercise or
emotion-induced bidirectional or polymorphic VT, in
the absence of structural cardiac disease, a RyR2
mutation is found in 50-70%.%3¢ CPVT patients with
a RyR2 mutation are more often male, and syncope
occurs at significantly younger age as compared to
nongenotyped patients.*® The yield of RyR2 genotyp-
ing is 38% in patients with exertion-induced syncope
and exercise test-induced ventricular ectopy, but no
bidirectional or polymorphic VT,* and 5% in patients
with exercise or emotion-induced syncope without
documented bidirectional or polymorphic VT, 3 both
a possible diagnosis of CPVT. Notably, in 45 cases
with exercise-induced syncope, corrected QT interval
values <480 ms, and no mutations in the 12 long QT
syndrome (LQTS)-associated genes, RyR2 missense
mutations were found in 31%.% Mutations in RyR2
are clustered in certain regions.” This facilitates a
tiered genotyping strategy, which was recently pro-
posed and seems attractive and more cost-effective
because of the large size of this gene.* The RyR2
genotyping strategy starts with screening the 16 exons
known to host three of more unique CPVT-associated
mutations, which (in case of negative results) can be
followed by screening the 13 exons with two muta-
tions reported and 16 exons with one mutation
reported. Finally, when no mutation is detected yet,
the normal pseudo-comprehensive RyR2 scan can be
performed.
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Fig. 12.2 Exercise test a

recordings in a female CPVT Patiént ID: 0536463 48 spm Rust 50/25Watt

patient. (a) The resting ECG 08.06.2007 00w
12:21:47 00:36 0.0 rpm

shows sinusbradycardia with

no ventricular ectopy or
other abnormalities. (b) At a l J_, L J_,- ) !
sinus rate of 80/min the first | Vi ' ' i i
ventricular ectopy appears,

that is, VPBs in bigeminy A £ A 5 h o ”h o 4 s n i q A 1 A ;
(indicated with an asterisk). Il V2

(c¢) During maximum

exercise the last four VPBs { L i

of a bidirectional NSVT are - ! § EEET L L L L

shown on the left. After one

regular sinus beat a NSVT of

15 beats starts. In the aVi Va4

extremity leads the NSVT is

bidirectional and at the _‘L | | | ] ﬂ n ﬂ
switch to the precordial leads AVl i i i V5

it becomes polymorphic. At

the right, after one regular 1 ﬂ n k N
sinus beat a NSVT initiates

. . V6
again. VPB ventricular avF
premature beat; NSVT GE
. . CASE V5.15 25mm/s 10mm/mV 50Hz 0.01Hz FRF+ HF(V6,l)

nonsustained ventricular

tachycardia b
Patiént ID: 0536463 80 spm Belasting 50/25Watt
08.06.2007 Stad. 1 50.0 W
12:26:10 01:33 63.0 rpm
I \Val
Wﬁ\l\//\%vz
1l V3
aVR V4
aVvL 5
aVF V6

GE
CASE V5.15 25mm/s 10mm/mV 50Hz 0.01Hz FRF+ HF(V6,l)



12 Catecholaminergic Polymorphic Ventricular Tachycardia

201

Fig. 12.2 (continued) c
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Identifying a putative pathogenic mutation is
important, because it provides the opportunity to gen-
otype relatives of the index patient. The phenotype is
similar in genotype-positive and nongenotyped CPVT
patients, thus the identification of a mutation does not
influence treatment or risk stratification in the index
patient.

When relatives of an index patient appear to be car-
rier of the same mutation, sometimes complaints and
exercise-induced VT can be completely absent. In one
series of 43 RyR2 mutation carriers, 35% was com-
pletely asymptomatic.’” However, these silent muta-
tion carriers are at risk of cardiac events as well.?’*

12.4.1 Differential Diagnosis

When a patient presents with exercise or emotional
stress-induced syncope or ACA, LQTS, particularly
type 1, is another possible diagnosis. In most cases,
resting 12-lead ECG can immediately differentiate
between LQTS and CPVT. In CPVT, usually no
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200/87 mmHg Stad. 2 0.0W
02:35 7.0 rpm
1
\Y
V6
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abnormalities are seen, whereas LQTS can be revealed
most often by a prolonged QTc interval and/or an
abnormal T wave morphology. When resting ECG is
normal; exercise testing can help to discriminate
between LQTS and CPVT. Ventricular ectopy is rarely
observed in LQTS and ventricular ectopy beyond a
single intermittent VPB is much more common in
CPVT.¥ In a cohort of 381 patients who were referred
because of a suspicion of LQTS, VPBs in bigeminy
had a sensitivity of 81%, specificity of 96%, positive
predictive value of 45%, and negative predictive value
of 99% for CPVT.¥

When bidirectional VT is observed during exercise,
Andersen—Tawil syndrome (LQTS type 7) should also
be considered."” This condition is caused by loss of
function mutations in the KCNJ2 gene, and is usually
associated with extracardiac manifestations, that is,
periodic paralysis and facial dysmorphisms.

RyR2 mutations have been reported in few fami-
lies with arrhythmogenic right ventricular dysplasia/
cardiomyopathy as well.** However, as in CPVT no
structural cardiac abnormalities are present, the dif-
ferences between these two phenotypes are usually
very clear.
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12.4.2 Therapy and Prognosis

12.4.2.1 Lifestyle Modifications

CPVT patients are advised not to perform any (com-
petitive) sports, especially when VT is observed during
exercise testing. In pediatric CPVT patients, the par-
ents are recommended to observe their children while
playing and swimming. Although cardiac events dur-
ing swimming are more typical for LQTS type 1, they
also occur in CPVT patients.*!

12.4.2.2 B-Blocker Therapy

As the trigger for arrhythmias in CPVT is an adrener-
gic state, 3-blocker therapy is the cornerstone of ther-
apy. P-blockers have been empirically used with
success for the treatment of CPVT for decades, but not
until in 2009 Hayashi et al. provided statistical evi-
dence that B-blockers protect for cardiac events and
fatal or near fatal events.*® In this series of 101 CPVT
patients, 20 patients were not treated with -blockers
by their physician, most frequently because cardiac
symptoms and stress-induced VT were absent. The
8-year cardiac event rate, which was defined as stress-
induced syncope, ACA (including appropriate implant-
able cardioverter-defibrillator (ICD) discharge) or
SCD, was 27% in the patients treated with B-blockers,
as compared to 58% in the untreated patients. In 11%
of the patients treated with 3-blockers a fatal or near-
fatal event (SCD or ACA) occurred during 8 year of
follow-up, in comparison to a 25% fatal or near-fatal
event rate in the untreated patients. In multivariate
analysis, the absence of B-blocker treatment was an
independent predictor for any cardiac event (hazard
ratio (HR), 5.48; 95% CI, 1.80-16.68; P=0.003) and
fatal or near-fatal events (HR, 5.54; 95% CI, 1.17-
26.15; P=0.03).

An other important finding in this study was that the
event rates within patients with a syncopal history
before diagnosis and patients with no history of syn-
cope do not differ.®® Moreover, cardiac events also
occurred in silent mutation carriers. This signifies that
every CPVT patient and/or RyR2 or CASQ2 mutation
carrier should be treated aggressively, regardless of
any prior syncopal events or documented ventricular
arrhythmias.

Furthermore, a younger age at the time of the diag-
nosis independently predicted cardiac events, both in
the entire series (HR, 0.54 per decade; 95% CI, 0.33—
0.89, P=0.02), and in the subgroup treated with
B-blockers (HR, 0.31 per decade, 95% CI, 0.14-0.69,
P=0.004).%® Children are most often treated with a
B-blocker dosage based on bodyweight, but these
results suggest that this might be inadequate.

Although the authors state that in their series, the
cardiac events in patients on B-blocker therapy might
be due to an insufficient dosage or noncompliance,®
there have been more observations of suboptimal
treatment with the maximum tolerable dosage of
B-blockers in some patients. For example, in a series
by Sumitomo et al., seven of the 29 CPVT patients
died suddenly during a follow-up of 6.8 years, includ-
ing four patients on P-blocker therapy.” and Priori
et al. even reported sustained VT or VF in 18 out of 39
(46%) on B-blocker therapy during 40—-52 months of
follow-up.

The effectiveness of the different B-blockers in CPVT
have never been compared with one another. In most
case series nadolol is used.! A dosage of >1.5 mg/kg
is advisable.® Atenolol, bisoprolol, metoprolol, propa-
nolol, and sotalol are also used. B-blockers with intrinsic
sympathomimetic activity are not recommended.
Whatever B-blocker prescribed, the optimal dosage to
suppress VT should be titrated by performing exercise
tests on a regular base.

12.4.2.3 Other Pharmacologic Therapy

As B-blocker therapy is not sufficient in all CPVT
patients, calcium channel blocker therapy has been
suggested as an adjuvant.®*? Rosso et al. showed that
oral verapamil (2-3 mg per kg bodyweight per day in
children, and 240 mg per day in adults) in addition to
B-blocker therapy decreased VT during exercise test
in five CPVT patients when compared to monotherapy
with B-blockers.® Swan et al. reported similar findings
in six CPVT patients who were on -blocker therapy
and underwent an exercise test after intravenous infu-
sion of verapamil (0.2 mg per kg bodyweight).*
Watanabe et al. recently provided evidence for a
beneficial effect of flecainide in two highly symptom-
atic CPVT patients despite conventional drug therapy.’
In a CPVT mouse model, flecainide proved to inhibit
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RyR2-mediated calcium release into the cytoplasm,
which prevented ventricular arrhythmias. Subsequently,
this mechanism-based approach suppressed VT in two
patients, who had remained highly symptomatic
despite B-blocker and calcium channel blocker ther-
apy. These promising results will need to be confirmed
in a larger series of conventional therapy-resistant
CPVT patients.

Other pharmacologic agents, such as amiodarone
and magnesium, have been tested in CPVT patients,
but lacked efficacy.!” In the acute setting, adenosine
and propanolol have been reported in case reports to
terminate VT in CPVT patients.*>

12.4.2.4 Nonpharmacologic Therapy

Surgical left cardiac sympathetic denervation (LCSD)
has been proven to be a highly effective therapy in
CPVT patients whose symptoms are not controlled by
pharmacologic therapy.®4**" During this procedure,
the lower part of the stellate ganglion and the second
and third thoracic ganglia are ablated. As a result, the
release of norepinephrine in the heart is highly dimin-
ished, which has an antiarrhythmic effect. A few cases
with excellent results after this procedure have been
published,? including one case with 10 year follow-
up,® and several patients in whom video-assisted tho-
racoscopic surgery was used.*®¥

12.4.3 Follow-up

The basis of follow-up of CPVT patients is perfor-
mance of exercise testing and Holter monitoring on a
regular basis. With these examinations, the efficacy of
treatment can be monitored and, if necessary, adjust-
ments can be made. It is important to emphasize that in
a part of CPVT patients VPBs remain present during
exercise testing despite optimal therapy. In clinical
practice this is considered safe and acceptable, though
its prognostic relevance is actually unknown. However,
the presence of couplets or more successive VPBs
should not be accepted, as these are significantly asso-
ciated with future cardiac events (sensitivity, 0.62;
specificity, 0.67; P=0.03).%®

12.4.4 Risk Stratification/
Indication for ICD

The 2006 ACC/AHA/ESC Guidelines for Management
of Patients With Ventricular Arrhythmias and the
Prevention for Sudden Cardiac Death give a class I rec-
ommendation for implantation of an ICD in addition to
B-blocker therapy for CPVT patients who are survivors
of ACA.* A class Ila recommendation is given for [CD
implantation in CPVT patients with syncope and/or
documented sustained VT despite B-blocker therapy.

However, as the malignancy of this disease has been
well recognized, in the recent years ICD implantation
has been performed more liberal than the guidelines
recommend. This is an unfortunate development,
because ICD implantation has some serious disadvan-
tages in the setting of this specific condition and can
even be harmful. Both appropriate and inappropriate
shocks cause pain and fear, which raises the release of
catecholamines and can result in VT, electrical storm
or VFE. This mechanism was illustrated in two case
reports on death of a CPVT patient with an ICD.*** In
one case, a young male CPVT patient received inap-
propriate ICD therapy as a result of paroxysmal atrial
fibrillation, which triggered the fatal ventricular
arrhythmias.® In the second case, a young woman with
incessant rapid polymorphic VT could not be saved
despite appropriate ICD therapy.® Hence, lessons to be
learned from these cases are that one should be very
reluctant to implant an ICD in CPVT patients. Indeed,
ICDs can be proarrhythmic in this setting.

12.4.5 Cardiogenetics Aspects

The odds of positive genotyping are highest in patients
with a conclusive diagnosis of CPVT.!** Bai et al.
found a RyR2 mutation in 62% of 81 patients with a
conclusive diagnosis of CPVT, which resulted in an
estimated cost of US $5263 per one positive RyR2
genotyping. In patients with exercise or emotion-
induced syncope without documented bidirectional or
polymorphic VT, ACA survivors, and relatives of SCD
victims the yield of genotyping was much lower,
resulting in considerably higher costs. Thus, it is highly
recommendable to reserve genotyping for index
patients with a certain diagnosis of CPVT. When no
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mutation is found in RyR2, CASQ?2 genotyping can be
considered. Apart from families with consanguinity,
this is also recommended in cases with a clear CPVT
phenotype, as heterozygous carriership of CASQ2
mutations can cause CPVT."!

When a particular CPVT genotype is detected,
first-degree relatives should be tested to identify those
relatives at risk of cardiac events. This provides the
unique opportunity to take preventive measure in
mutation carriers, as the first manifestation of CPVT
can be cardiac arrest. In contrast to many other inher-
ited diseases, genotyping in CPVT is strongly recom-
mended in children from the age of 4 years, because
the disease can manifest itself at young age. In case no
mutation is detected in the index patient, thorough
clinical evaluation of first-degree relatives is
recommended.

12.5 Summary

CPVT is a rare, but very lethal primary arrhythmia
syndrome, most often caused by gain-of-function
mutations in the gene encoding RyR?2, which result in
an intracellular calcium overload. Increased adrener-
gic stimulation induces the classic bidirectional or
polymorphic ventricular VT or even ventricular fibril-
lation. The typical pediatric patients often experience
syncopes during stress and have structurally normal
hearts. The primary treatment consists of cessation of
physical exertion and (-blocker therapy, with regular
follow-up including exercise, testing, and Holter
monitoring. This treatment should be offered to all
CPVT patients, that is, clinically diagnosed patients
with or without syncope and silent mutation carriers.
In case of insufficient suppression of ventricular
arrhythmias, addition of a calcium channel blocker or
perhaps flecainide are alternative options. LCSD can
be performed in the most severe cases. Implantation
of an ICD should be avoided as much as possible
because of its potential proarrhythmic effect in this
specific condition. In all first-degree relatives above
the age of 4 of an index patient, cardiological and
genetic evaluation is recommended to provide the
opportunity of taking preventive measures in the
affected individuals.
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