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ABSTRACT The abrupt cessation of effective cardiac function that is generally due to heart rhythm disorders can
cause sudden and unexpected death at any age and is referred to as a syndrome called “sudden cardiac death”
(SCD). Annually, about 400,000 cases of SCD occur in the United States alone. Less than 5% of the resuscitation
techniques are effective. The prevalence of SCD in a population rises with age according to the prevalence of cor-
onary artery disease, which is the most common cause of sudden cardiac arrest. However, there is a peak in SCD
incidence for the age below 5 years, which is equal to 17 cases per 100,000 of the population. This peak is due to
congenital monogenic arrhythmic canalopathies. Despite their relative rarity, these cases are obviously the most
tragic. The immediate causes, or mechanisms, of SCD are comprehensive. Generally, it is arrhythmic death due
to ventricular tachyarrythmias — sustained ventricular tachycardia (VT) or ventricular fibrillation (VF). Brad-
yarrhythmias and pulseless electrical activity account for no more than 40% of all registered cardiac arrests, and
they are more often the outcome of the abovementioned arrhythmias. Our current understanding of the mecha-
nisms responsible for SCD has emerged from decades of basic science investigation into the normal electrophys-
iology of the heart, the molecular physiology of cardiac ion channels, the fundamental cellular and tissue events
associated with cardiac arrhythmias, and the molecular genetics of monogenic disorders of the heart rhythm (for
example, the long QT syndrome). This review presents an overview of the molecular and genetic basis of SCD
in the long QT syndrome, Brugada syndrome, short QT syndrome, catecholaminergic polymorphic ventricular
tachycardia and idiopathic ventricular fibrillation, and arrhythmogenic right ventricular dysplasia, and sudden
cardiac death prevention strategies by modern techniques (including implantable cardioverter-defibrillator).
KEYWORDS sudden cardiac death, monogenic canalopathy, long QT syndrome, Brugada syndrome, arrhythmic
right ventricular dysplasia, implantable cardioverter-defibrillator.

ABBREVIATIONS ARVD — arrhythmogenic right ventricular dysplasia; SCD — sudden cardiac death; CAD — cor-
onary artery disease; ICD — implantable cardioverter-defibrillator; CPVT — catecholaminergic polymorphic
ventricular tachycardia; LV — left ventricle; MRI — magnetic-resonance imaging; VT — ventricular tachycardia;
BS — Brugada syndrome; SPR - sarcoplasmic reticulum; LV EF — left ventricular ejection fraction; VF — ven-
tricular fibrillation; CHF — congestive heart failure; ECG — electrocardiography; PEA — pulseless electrical ac-
tivity; EPS — electrophysiological study; cAMF — cyclic adenosin monophosphate; HCN-cannels - hyperpolarized
activated channels; LQTS — long QT syndrome; SQTS — short QT syndrome

INTRODUCTION

The term “sudden cardiac death” (SCD) is used to de-
note death, presumably from cardiac causes, which
occurs within 1 h after the onset of acute symptoms
[1]. As a rule, the direct cause of such an outcome is
cardiac arrhythmias: ventricular tachycardia (VT) and
ventricular fibrillation (VF), which disrupt the pump-
ing function of the heart leading to acute circulatory
disorders and, in sufficient duration, to irreversible
consequences with a fatal outcome. According to U.S.
registers, the annual incidence of SCD in the United
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States is 50—100 per 100,000 of the population [2], or ca.
350—400,000 cases per year [3]. In Russia, 200—250,000
cases of SCD are registered each year [4].

The majority of SCD cases (75—80%) occur in adults
and is associated with coronary artery disease (CAD).
The period of acute myocardial infarction is the most
susceptible to the development of ventricular arrhyth-
mias. According to population studies, the incidence of
SCD increases with age proportionally to the increase
in CAD prevalence. For example, at the age below 35
years, the incidence of SCD is minimal (up to six cases
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per 100,000), and it gradually increases in middle and
older age groups and reaches its maximum (346 cases
per 100,000) for people aged 75 to 84 years. However,
there is an additional peak in SCD incidence in children
under the age of 5 (17 per 100,000), which is due to fa-
milial arrhythmogenic canalopathies [5].

The second most common cause of SCD is cardio-
myopathies: hypertrophic cardiomyopathy and non-
ischemic dilated cardiomyopathy, which accounts for
about 10—15% of all sudden arrhythmic deaths [6]. In-
filtrative, inflammatory, and valvular heart diseases
of different etiologies account for the majority of the
remaining causes. Children and young adults are also
susceptible to SCD usually due to genetic diseases, so-
called canalopathies, which represent only a small por-
tion of SCD causes (no more than 1—-2%) [6].

Despite the different etiologies of sudden death, the
causes behind this event are universal. As has already
been mentioned, most commonly cardiac arrest is
caused by sustained VT or VF. Primary pulseless elec-
trical activity (PEA) or bradyarrhythmias is less com-
mon, accounting for no more than 40% of all SCD cases
[5], and more often the two are outcomes of ventricu-
lar tachyarrhythmias. VT and/or VF hold the greatest
potential for reversibility; only during this short peri-
od, until the transition to PEA or asystole, can normal
heart rhythm be restored by electrical defibrillation.
The need to capitalize on this “therapeutic window”
dictates the need for the fastest possible diagnosis and
immediate defibrillation.

The widespread use of implantable cardioverter-de-
fibrillators (ICD) for both primary and secondary pre-
vention of SCD has significantly reduced mortality in
high-risk patients. Nevertheless, the incidence of SCD
remains high. Even now, in an era of high-speed and
new methods of information transfer, the survival rate
after resuscitation does not exceed 5% in developed
countries [6].

This review is dedicated to the rarest congenital
causes of sudden death: monogenic arrhythmic dis-
orders, as well as arrhythmogenic right ventricular
dysplasia and modern approaches to sudden death risk
stratification in these patients.

CELLULAR BASIS OF ELECTROPHYSIOLOGY

The physiological processes of formation and propaga-
tion of electrical impulses in the heart muscle, as well
as the “excitation-contraction” process, are remarkably
fine-tuned and occur under the influence of harmoni-
ous workings of ion channels in accord with a variety
of regulatory bioactive substances. Ion channels are
proteins that enable selective permeability of the cell
membrane for a particular ion. Voltage-gated ion chan-
nels open and close under the influence of the mem-

brane potential, and ligand-gated ion channels require
binding to an intra- or extracellular molecule to open
anion pore. In addition to ion channels, the intracellular
homeostasis of ions is also maintained by ion pumps and
exchangers that enable transmembrane transport of
only certain ions with (pumps) or without (exchangers)
use of ATP energy resources.

The cardiomyocyte’s action potential is initiated by
a regional change in the membrane potential that acti-
vates voltage-gated sodium (Na') channels and initiate
a fast but transient sodium current (I ) that produces
the typical ascending slope of the action potential curve
known as Phase 0 depolarization (Fig. 1). Fast Phase 1
early repolarization is due to several ionic currents: the
transient potassium current (K¥), I, 1 (transient out-
ward), and the calcium-activated chloride current (CI"),
I, 2[7]. During Phases 0 and 1, Na*-channels are rapid-
ly inactivated, whereas voltage-gated calcium (Ca2")
channels (L-type) are activated and participate in the
formation of the sustained plateau of membrane depo-
larization. The plateau phase (Phase 2) is sustained by a
delicate balance between the inward Ca** current (I, )
through L-type channels, with the small residual Na
current (I, ) and the emerging outflow K*current. The
activation of K*-channels, together with inactivation of
Ca?* channels, shifts this balance towards the outward
currents, thereby initiating Phase 3 repolarization.

The outward potassium current (the so-called de-
layed rectifier current) consists of at least three com-
ponents: ultra-rapid (I ), rapid (I, ), and slow (I ),
which differ in the rate of activation and pharmacolog-
ical sensitivity [7]. These differences define the unequal
duration of the action potential in different portions
of the myocardium based on the level of channel ex-
pression [8]. The expression of genes encoding subunits
of rapid K*-channels (I current), KCNH2, is subject
to pronounced diurnal variation, playing the role of a
“molecular clock” of sort. Disruptions of the circadian
clock mechanism may be associated with an increased
risk of sudden death [9].

Finally, an abnormal inward rectifier current (I,1)
completes the process of cardiomyocyte membrane re-
polarization. This current is called abnormal because its
formative K*-channels are activated only in the case of
negative charge of the membrane potential and enable,
primarily, an inward current.

Pacemaker myocardial cells (Fig. 2) possess a spe-
cial mechanism for the action potential buildup, which
can spontaneously generate the action potential. Even
the cardiomyocytes of the sino-atrial node that are iso-
lated from all surrounding tissues maintain spontane-
ous diastolic depolarization. [7]. This ability is enabled
through a special ion flow, called “funny” — I, — due to
its unusual properties. The I, current is a mixed inward
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Fig. 1. Approximate tem-
poral relationships between
surface ECG (A) and typical
ventricular action potential
(B) and ionic currents (C)
through the membrane of
cardiomyocyte. 0 — depo-
larization phase: 1 —rapid
repolarization phase;

2 — plateau; 3 — repolariza-
tion; 4 — resting phase
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calcium-sodium current which is gradually initiated 201t
during the hyperpolarization (after the completion of >
Phase 4 repolarization) at a transmembrane potential E_
of —40/—50 mV and is fully activated at a potential Z! of Tkt
of about =100 mV, initiating the action potential. The E, bica
pacemaker current is implemented through a fami-  § -20 K+ Exit
ly of ion channels discovered in the 1990s and called o
HCN channels (hyperpolarization-activated channels). © 4ol oo _ b ___\ oo _ —~Threshold
The autonomic modulation of the pacemaker current 'g i
has undeniable significance for normal physiology of %’ 60 /dﬁomaﬂc
cardiac activity and is implemented through cAMP. repolarization
There are four isoforms of HCN-channels which dif-
fer in the rate of activation and inactivation, as well as Time

800 ms

in sensitivity to cAMP. Experiments have shown that
adrenergic and cholinergic neurotransmitters cause an
increase or decrease in the level of intracellular cAMP,
respectively. Subsequently, cAMP binds directly to the
HCN-channel, strengthening or weakening the I, cur-
rent, resulting in acceleration or deceleration of spon-
taneous depolarization.

Ion exchangers and pumps play a crucial role in the
disposal of the excess of ions arising during the forma-
tion of each action potential, as well as in the mainte-
nance of exact levels of ions within the cell. The two most
studied ion pumps are the membranes Na*-K*-ATP-
ase and Ca*"-ATP-ase and the two most studied ion ex-
changers are the membranes Na*-Ca®" and Na*-H*.

Na*-K*"-ATP-ase is a magnesium-activated (Mg?")
cardiomyocyte membrane enzyme. Under physiolog-
ical conditions, the pump maintains a normal resting
potential, ensuring the transfer of three Na* ions out
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Fig. 2. Action potential of pacemaker cell. 1 — automat-

ic depolarization — | channels are open; 2 — membrane
potential reaches the threshold level — transient T-type
calcium channels are opening; 3 — slow (L-type) calcium
channels are opening — depolarization; 4 — L-type calcium
channels are closing, potassium channels are opening —
hyperpolarization

of the cell in exchange for the influx of two K* ions
into the cell. The function of the Na*-pump is critical
in maintaining the level of intracellular Na*, and, con-
sequently, it affects cardiomyocyte contractility and
excitability [7].

The membrane Ca*" pump (ATPase), together with
the Na*-Ca?" exchanger, removes intracellular Ca**.
However, its role in the utilization of Ca*" is presuma-
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bly small. Ca?"-ATP-ase of the sarcoplasmic reticulum
is much more important. The primary role in removing
excess intracellular Ca®* belongs to the Na*-Ca?" ex-
changer. Switching-off of the gene encoding the sar-
colemmal protein leads to the death of an embryo on
Days 9—10 after conception [7]. The Na*-Ca®" exchang-
er is a quantitative transfer protein providing transport
of Na™ in exchange for Ca*" (3:1). However, the function
of the Na*-Ca?" exchanger is coordinated with the ev-
er-changing inward flow of Ca?": the system removes
the exact amount of Ca®" that has entered into the cell
during the ongoing cardiac cycle. Two systems — the
Na+-Ca?" exchanger and the sarcoplasmic reticulum
(SPR) — participate in the removal of Ca*" from the cy-
toplasm during the relaxation of the myocardium. Ex-
periments have proven that each system alone is able
to fully enable myocardial relaxation. Ca**-ATP-ase of
the sarcoplasmic reticulum can ensure rapid relaxa-
tion of the heart muscle, but it is unable to work on its
own over several consecutive contractions. In contrast,
the Na*-Ca?" exchanger enables repeated outflow of
Ca®" from one contraction to another. Depending on the
electrochemical gradients, the Na*-Ca®" exchanger is
able to provide not only the outflow of Ca®*, but also the
inward Ca®" current in the cell to maintain or enhance
myocardial contractility.

The Na*-H*-exchanger is also a quantitative trans-
fer protein; it replaces one intracellular proton with one
extracellular sodium ion and plays an essential role in
the maintenance of intracellular pH.

Ion channels function is regulated by a variety of in-
tra- and extracardiac factors, the most significant of
which is B-adrenergic stimulation. For example, upon
physiological activation of the sympathetic nervous
system due to physical exertion or emotional stress,
known in English literature as “fight or flight” reaction,
the increased heart rate requires immediate shorten-
ing of the cardiomyocytes action potential, which is im-
plemented through an increase of I, via $-adrenergic
stimulation [7]. In addition, the sympathetic stimulation
enhances myocardial contractility, mainly through an
increase in the inward Ca*" current and increased ac-
cumulation of Ca*" in the sarcoplasmic reticulum, for
subsequent enhanced release inside the cell.

Intracellular Ca®* homeostasis mainly depends on
normal operation of the SPR. Voltage-gated Ca**-chan-
nels in the SPR membrane are regulated by the so-
called ryanodine receptors, RyR2, whose dysfunction
can lead to cell overload with Ca®*" and subsequent in-
crease in triggering of myocardial activity.

MONOGENIC CAUSES OF SUDDEN CARDIAC DEATH
The symphony of ion channel performance is disturbed
by genetically predetermined ion canalopathies. Such

defects can trigger fatal arrhythmias, which usually
occur in childhood or at a young age. Despite a low in-
cidence, these diseases can be identified by molecular
diagnostics, which have allowed to elucidate the most
frequent causes of these genetic abnormalities over
almost two decades. Currently, more than 25 genes
are known whose disruption of expression can cause
susceptibility to ventricular tachyarrhythmias. Only
few isolated nosological forms are identified clinical-
ly. The main ones are long QT syndrome (LQTS), short
QT syndrome (SQTS), Brugada syndrome (BS), cat-
echolaminergic polymorphic ventricular tachycardia
(CPVT), and idiopathic VF. These diseases are based on
three pathophysiological mechanisms: impaired repo-
larization (LQTS, SQTS, Brugada syndrome), delayed
ventricular conduction (Brugada syndrome), and dis-
ruption of intracellular Ca* homeostasis (CPVT).

Congenital long QT syndrome (LQTS)
The most common variant of LQTS occurs in the Ro-
mano-Ward syndrome, which is inherited through an
autosomal dominant mechanism (incidence of about
1in 2,500 live births) [10]. A less frequent variant is
the Jervell-Lange-Nielsen syndrome, which is auto-
somal-recessive and combined with deafness. Geneti-
cally, LQTS is very heterogeneous; there are at least 8
identified variants. The most common genetic subtype
is LQTSI, which is caused by mutations in the KCNQ1
gene that encodes a subunit of the voltage-gated K*
channel responsible for the slow outward K* current
(Ix.)- Mutations in the KCNHZ2 gene that defines the
structure of another version of the K* channel sub-
unit responsible for a rapid outward K* current (I )
result in the development of the second major sub-
type, LQTS2. Heterozygous mutations in KCNQ1I and
KCNH2 cause a loss of function by the respective chan-
nels, decreasing I, or I respectively, which slows
down the repolarization and prolong the ventricular
action potential. An increased heart rate during sympa-
thetic activation reveals the inability of the cardiomy-
ocytes in such people to increase I_. It explains the fact
that exercise and emotional stress provoke the onset of
life-threatening arrhythmias in patients with LQTSI.
At the same time, trigger factors for patients with
LQTS2 are sharp acoustic stimuli (cry, alarm clock, etc.)
[11]. The genetic specificity of arrhythmogenic triggers
has been demonstrated in a sample of 700 patients with
a known LQTS genotype. For example, 99% of arrhyth-
mic events during swimming occurred in patients with
LQTS1, whereas 80% of the events provoked by sudden
sounds occurred in patients with LQTS2 [12].

Ca. 10% of all LQTS are caused by mutations in the
SCN5A gene (LQTS3), which encodes the a-subunit
of the Na*-channel, which enables a rapid inward Na*
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current during Phase 0 depolarization. Typically, these
are gains of function mutations that disrupt channel
inactivation and increase in a constant I [13]. A sim-
ilar phenotype has been observed for the mutations
in other genes (including CAV3, SCN4B, and SNTA1I)
which encode proteins that directly or indirectly af-
fect sodium channels. A constantly elevated Na* cur-
rent disrupts the physiological balance between inward
and outward ions flows during the plateau phase, caus-
ing delayed repolarization, prolongation of the action
potential, and predisposition to re-entry arrhythmi-
as. Selective blockade of the constant Na* current by
some antiarrhythmic drugs (such as mexiletine) or the
antianginal drug ranolazine may serve as a pathophys-
iologically based approach to LQTSS3 treatment [14, 15].
It should be noted that the KCNQ1, KCNH2, and SC-
NbHA genes, mutations in which cause LQTS 1, 2 and 3,
respectively, are so-called “major” LQTS genes, and
mutations in them imply a high probability of congen-
ital LQTS and is important for risk stratification (see
below).

Acquired LQTS are more common than congen-
ital ones, and they have very similar pathophysio-
logical mechanisms. The most common variant of
acquired LQTS is medical prolongation of the QT in-
terval that occurs when cardiac or noncardiac medi-
cations are used to block the K* channels that enable
I.. (HERG-channel), which leads to a slowing-down
of ventricular repolarization. There are also variants
of genetic predisposition to drug-related prolonga-
tion of the QT interval [16]. These conditions are as-
sociated with partial loss of function in respect to I,
which leads to a decrease in the so-called repolariza-
tion reserve that can manifest itself in the case of I
inhibition with drugs. There are also individual cases
of manifestation of latent congenital LQTS in patients
receiving drugs that block HERG-channels (e.g., antiar-
rhythmic drugs such as amiodarone, sotalol, dofetilide,
propafenone) [13], or in case of other pathological con-
ditions, such as myocardial infarction [17].

In addition to the Jervell-Lange-Nielsen syndrome,
there are two other types of LQTS with extracardiac
manifestations. The Andersen syndrome is an autoso-
mal dominant disease characterized by ventricular ar-
rhythmias, periodic paralysis, and bone manifestations
[12]. Anderson syndrome is phenotypically heterogene-
ous, often with one or two clinical signs. Although ven-
tricular arrhythmias can be classified as major mani-
festations of the disease, they rarely result in sudden
death [13]. Andersen syndrome is associated with a mu-
tation in the KCNJ2 gene that encodes the K*-channel
which enables an abnormal inward rectifier current,
I, an important component of Phase 3 repolarization.

K1’
Disruption of the channel function leads to a length-
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ening of the action potential and increased tendency
towards re-entry.

The Timothy syndrome is associated with a mutation
in the CACNAIC gene that encodes the subunit of the
voltage-gated Ca* channel. Symptoms of Timothy syn-
drome include heart rhythm abnormalities, syndactyly,
and autism [13]. The mutation causes pronounced dis-
ruption of Ca*" channel inactivation and an excessive
Ca?" current during the plateau phase.

LQTS is characterized by a particular electrocardi-
ographic pattern immediately prior to the ventricular
tachycardia, the so-called short-long-short sequence
(SLS) or “cascade” phenomenon, which includes alter-
nation of shortening of RR intervals due to supraven-
tricular premature contraction (short), followed by
post-premature contraction pause (long) and repeated
ventricular premature contraction (short), with subse-
quent “torsades de pointes” tachycardia (Fig. 3)[12, 18].
In 2011, P. Schwartz presented updated diagnostic cri-
teria for LQTS (Table 1). A total score of > 3.5 justifies
a LQTS diagnosis (in the absence of secondary causes)
[19—21]. Furthermore, a LQTS diagnosis can be estab-
lished by identifying tcharacteristic genetic mutation,
regardless of the duration of the QT interval [21].

Both the genetic status and clinical data are im-
portant for a stratification of the risk of arrhythmic
events in patients with LQTS. Researchers at the Mayo

Table 1. Diagnostic criteria for long QT syndrome.
P. Schwartz score (2011) [19]

Criteria Points
QTc > 480 ms 3
QTc =460-470 msc 2
QTc =450 ms (men) 1
QTc 4th minute of recovery from exercise stress 1
test > 480 ms
Torsades-de-Pointes 2
T-wave alternans 1
Notched T wave in 3 leads 1
Low heart rate for age 0.5
Stress-induced syncope 2
Stress-free syncope 1
Congenital deafness 0.5
Family members with definite LQTS 1
Unexplained sudden cardiac death younger than 05
age 30 among immediate family members )
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Fig. 3. Fragment of ECG Holter monitoring of a patient,
female, 13 y.o., diagnosis congenital long QT syndrome.
Paroxysm of torsades de pointes (own data)

Clinic Giudicessi J.R. et al. [22] have developed a risk
stratification scheme for primary and recurrent car-
diac events, including syncope, sudden cardiac arrest
or sudden cardiac death before the age of 40 years,
based on recent studies that examined adverse events
in LQTS patients (Fig. 4).

Currently, beta-blockers are the only class of drugs
recommended for patients with LQTS - [22, 23]. They

Extremely high
risk (=80%)
210 arrythm.
events before
the age of 18

are particularly effective in LQTSI1 patients whose
trigger factors are physical exercise and whose tone
of the sympathetic nervous system is significantly el-
evated. The protective effect of beta-blockers is less
pronounced in LQTS2 and LQTS3.

In addition to drug therapy, the frequency of ar-
rhythmic events in LQTS patients can be reduced by
extrapleural or thoracoscopic left-sided cardiac sym-
pathectomy, including removal of the lower half of the
stellate ganglion (T1) and thoracic ganglia (T2—T4).
Schwartz et al. have demonstrated a decrease in the
frequency of arrhythmic events by more than 90%
within 8 years after surgical denervation in a group
of 147 high-risk LQTS patients (average QTc 563 = 65
ms; 99% symptomatic) [24].Modern concepts suggest
the use of left-sided cardiac sympathectomy in patients
who cannot tolerate 3-blockers or for whom they are
inefficient [22].

The decision about implantation of a cardiovert-
er-defibrillator (ICD) should be made on an individual
basis. According to the observation of 233 LQTS pa-
tients within <5 years after ICD implantation, 28% of
them underwent efficient electrotherapy. At the same
time, at least 31% of them had at least one post-im-
plantation complication [25]. In 2012, Schwartz et al.
developed a clinical M-FACT scale to identify patients
in need of ICD (Table 2). According to the authors, im-
plantation of ICD is justified at a score of > 1 point.

Fig. 4. Genotype- and phe-
notype-guided risk classifi-
cation of long QT syndrome
patients. Phenotype-guid-
ed recommendations are
indicated by orange text,
Genotype-guided recom-
mendations are indicated by

Complex or bi-gene

heterozygote
'?;95%5;5;‘ OTc>550ms  QTe>500 ms-+
250% 2, but <10  LQT1,LQTS2/

arrythm. Events

men with LQTS3

purple text, and a combina-
tion of genotype- and phe-
notype-guided recommen-
dations is indicated by black
text within the figure. LQTS,
long QT syndrome; Arrythm.
events, arrhythmic events;

Intermediate risk
QTc 500-549 ms

QTc<500 ms +

AP-LQTS1, autosomal re-
cessive LQTS; JLNS, Jervell-
Lange-Nielsen syndrome; TS,
Timothy syndrome.

(30—-49%) women with LQTS2
LQTS3
<2 arrythm. events QTc>500 ms +
before the age of 18 women with LQTS3
Low QTc<500 ms + male gender,
risk QTc<500 no arrythm. LQTS2/
(<30% events before LQTS1/

fheageof18 "Minor"genes
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Table 2. M-FACT risk scale for a decision on implantation
of cardioverter-defibrillator in patients with long QT syn-
drome (Schwartz et al., 2012) [26]

o -1 0 1 2
Criteria . . . :
point | points | point | points
Event free on therapy for
>10y Yes
>500
QTc, ms <500 <550 > 550
Prior ACA No Yes
Events on therapy No Yes
Age at implant, years >20 | £20

Note. M-FACT is deciphered as M for Minus 1 point for
being free of cardiac events, while on therapy for >10y;
F for Five hundred and Five hundred and Fifty millisecond
QTc; A for Age <20 y at implant; C for Cardiac arrest; T
for events on Therapy; ACA, aborted cardiac arrest.

Short QT interval syndrome (SQTS)

The short QT interval syndrome (SQTS) was first de-
scribed as late as in 2000. This repolarization disorder
is characterized by QT shortened to 320 ms and lower,
high T-wave, and relative increase in the interval be-
tween the peak and the end of the T-wave [27]. How-
ever, according to population studies, shortening of
the QT interval does not always imply true congenital
SQTS and is not always accompanied by susceptibili-
ty to life-threatening arrhythmias [28]. In addition to
a consistently shortened QT, patients with congen-
ital SQTS are characterized by shortening of the ST
segment up to its complete absence and start of the
T-wave directly from the S-wave.

The shortening of the QT interval, as well as its pro-
longation, is associated with life-threatening arrhyth-
mias and SCD, often in childhood. Mutations in six
different genes encoding subunits of the K* (KCNQ1,
KCNH2, KCNJ2) or Ca2* (CACNAI1C, CACNB2, CAC-
NA2D1) channel have been identified as associated
with this phenotype. Many of these genes are similar
to those implicated in LQTS: however, the functional
outcome of the mutations is exactly the opposite. Gain-
of-function mutations of K*-channels genes lead to
increased repolarization and shortening of the action
potential. Mutations in Ca?*"-channels genes, on the con-
trary, lead to loss-of-function.

A diagnosis of SQTS can be established at QTc <
340 ms. At QTc < 360 ms, the diagnosis is valid in the
presence of characteristic genetic mutations, family
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history of SQTS, familial cases of sudden death at an
age <40 years or VT /VF episodes without cardiac pa-
thology [21].

According to the latest European guidelines, implan-
tation of a cardioverter-defibrillator is advised only as a
secondary prevention. Sotalol or quinidine can be used
as antiarrhythmic therapy (recommendation grade IIb)
[21].

Brugada syndrome (BS)

Patients with the Brugada syndrome are prone to de-
veloping fatal arrhythmias mainly during sleep, in the
absence of myocardial ischemia, electrolyte abnor-
malities, and structural heart diseases [13]. Changes in
resting ECG characteristics for BS patients are well-
known: ST-segment elevation in the right precordial
leads, signs of a right bundle branch blockage com-
bined with normal duration of the QT interval (Fig. 5).
Prescription of Na*-channels blockers (procainamide,
flecainide, ajmaline), as well as fever, may reveal hid-
den ECG disorders. Cases of unexplained sudden death
in the family history are quite typical. The prevalence
of the Brugada syndrome in Europe and America is
about 1:10,000 of population [13].

A total of 350 different variants of gene mutations
associated with BS [29][30] has been described to date:
in 30% of cases, they are mutations in the SCN5A gene
that encodes the a-subunit of rapid Na*-channels; in
5%, mutations in other genes, including those encod-
ing Ca?"- and K* channels proteins; and in 65% of cases,
the genetic substrate is not identified [31, 32]. SCN5A
gene mutations lead to a decrease in the number of
Na*-channels and acceleration of their inactivation in
the right ventricular epicardium cells, which locally re-
duces I in the epicardium. The resulting disruption of
ventricle wall repolarization leads to a transmural volt-
age gradient, which manifests itself at ECG as ST-seg-
ment elevation and serves as a substrate for re-entry
into the ventricular myocardium [33].

According to other researchers, the inhibition of
the inward sodium current slows down pulse conduc-
tion in the right ventricle, causing delayed activation
of the myocardium in the right ventricular exit sites.
This leads to asynchronous depolarization and electri-
cal instability in this section of the heart with possible
development of ventricular arrhythmias by the re-en-
try mechanism [13, 34]. It is unclear whether these two
hypotheses are mutually exclusive or if all BS variants
are subject to a single pathophysiological mechanism.

A genetic analysis to identify mutations in genes
typical for BS is useful for verification of the diagnosis,
but it has no independent value in the risk stratifica-
tion. Moreover, the absence of mutations does not pre-
clude the diagnosis.
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Fig. 5. ECG of a patient with Brugada syndrome (own
data)

Risk stratification in asymptomatic patients with
Brugada syndrome is the most important and, at the
same time, controversial issue. The annual incidence
of cardiac arrest or syncopes in BS patients with a his-
tory of sustained VT or VF is between 1.9 [35] and 8.8
[36], 7.7 [37] and 13.8% [38], respectively. Implantation
of ICD to such patients is the only truly effective treat-
ment [37]. However, most patients (64% according to a
large-scale FINGER study) [35] have no clinical man-
ifestations of the disease at the time of verification of
the diagnosis. The incidence of arrhythmic events in
such patients is significantly lower and ranges from 0
to 0.8% (0.5% according to FINGER data) [37]. On the
other hand, the young age of these patients and the ab-
sence of structural heart diseases suggest that a low
annual risk of cardiac events is only temporary and will
increase in the subsequent few decades.

The role of programmed ventricular stimulation in
invasive EPS for risk stratification in asymptomat-
ic patients has been actively discussed since BS was
described for the first time. Recent studies, including
the largest ones, FINGER and PRELUDE, found no in-
dependent effect of invasive electrophysiologic stud-
ies on arrhythmic events over an average of 32 and
18 months [35, 38]. However, according to a recently
published meta-analysis of 14 studies, which includ-
ed 3,536 patients with an asymptomatic Brugada syn-
drome phenotype, a typical spontaneous pattern of
type 1 ECG (i.e. ST elevation in the right precordial
leads of more than 2 mm with a negative T-wave and
J-wave) (Fig. 5), as well as the induction of ventricu-
lar tachyarrhythmias by the programmed ventricu-
lar stimulation, increases the risk of future arrhythmic

events. The length of the follow-up period was 20 to 77
months [39]. Therefore, at the moment the recommen-
dation of ICD implantation on the basis of EPS data has
class of recommendation IIb; i.e., “can be considered”
for the induction of VF during the programmed ven-
tricular stimulation with two or three extrastimules in
two points (Clinical Recommendations for Diagnosis
and Treatment of Ventricular Arrhythmias, European
Society of Cardiology, 2015) [21].

In other cases, ICD implantation is indicated for
BS patients as secondary prevention (class of recom-
mendation I), and it should be considered in case of a
spontaneous manifestation of type I ECG and history
of syncope of unknown origin (class of recommendation
ITa) [21]. Quinidine and isoproterenol are recommended
as preventive antiarrhythmic therapy, including for
the treatment of “electrical storm” (class of recommen-
dation ITa). In addition, BS patients are advised to ob-
serve a number of rules to minimize the known factors
that trigger arrhythmia, such as excluding adminis-
tration of drugs that can aggravate ST elevation in the
right precordial leads, avoiding excessive use of alcohol
and heavy meals, and using antipyretics in a fever of
any origin as soon as possible [21].

Catecholaminergic polymorphic

ventricular tachycardia (CPVT)

Disruption of intracellular Ca*" homeostasis leads to se-
rious arrhythmogenic effects. Mutations in the RyR2
gene encoding the ryanodine receptors that are respon-
sible for the release of calcium from the sarcoplasmic
reticulum of the cardiomyocyte cause the development
of an autosomal dominant variant of catecholaminergic
polymorphic ventricular tachycardia. Autosomal reces-
sive types of the disorder are caused by impairments
of the CASQ2 gene function, which encodes the calse-
questrin protein that binds Ca?* of the sarcoplasmic re-
ticulum, or mutations in the TRDN gene that encodes
triadin which binds calsequestrin to RyR2-receptors
[13]. These three proteins are located in the terminal
SPR cistern, where the intracellular membrane is in
close proximity to the region of transverse tubulae
(T-tubulae) of the plasma membrane. Normally, elec-
trical pulses are delivered into the T-tubulae system
and activate L-type Ca**-channels, causing fluctuations
in Ca®" concentration sufficient to cause a Ca*"-induced
release of Ca?* via ryanodine receptors. Release of Ca*"
from the SPR causes contraction of the myocyte, which
ends in the removal of Ca?" from the cytosol, mainly via
the Ca**-ATP-ase and Na*/Ca*" pumps. Disruption of
the function of these receptors leads to cardiomyocyte
overload with Ca?*, electrical instability of the cells, and
the formation of post-depolarization potentials. Cat-
echolamines that enter the blood in time of stress and/
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or exercise cause contraction of the heart muscle via
phosphorylation of protein kinase of the ryanodine re-
ceptor [40—42].

Other genes associated with polymorphic VT have
also been identified. It is believed that mutation in the
KNJ2 gene, which is associated with the development
of the Andersen syndrome, may be the cause of familial
catecholaminergic VT. There are reports on mutations
in the ankyrin B gene, which are also present in LQTS4.
Recently, it has been suggested that idiopathic ven-
tricular fibrillation can be a form of familial polymor-
phic ventricular tachycardia [43].

The diagnosis of catecholaminergic polymorphic VT
is basically an exclusion diagnosis in which bi-direc-
tional VT or VF in response to physical or emotional
stress occurs in patients without a structural heart dis-
ease and changes in resting ECG.

Drug therapy consists of the prescription of be-
ta-blockers. There are several reports on the effective-
ness of calcium channel blockers (verapamil) in famil-
ial polymorphic ventricular tachycardia. In general, a
lifestyle change is indicated to all patients, including
exclusion of physical activities and exercise.

Idiopathic ventricular fibrillation

Idiopathic ventricular fibrillation is a rare disease of
unknown etiology, which manifests itself as syncope
and SCD in the absence of data in favor of an organic
heart disease or canalopathy. Idiopathic VF is charac-
terized by spontaneous development of fatal arrhyth-
mia unrelated to physical stress, often during sleep. VF
is initiated by premature ventricular contraction with a
very short coupling interval. It has been demonstrated
that Purkinje fibers are involved in the induction and
maintenance of arrhythmia with a re-entry mechanism
[44].

Arrhythmogenic right ventricular dysplasia (ARVD)

Arrhythmogenic right ventricular dysplasia (or cardi-
omyopathy) (ARVD) is a rare inherited disease char-
acterized by ventricular arrhythmias, sudden cardiac
death, and dysfunction of the right ventricle. More than
30 years have passed since the first detailed description
of ARVD in 1982. Numerous clinical and experimental
studies of this disease have been published since. For
example, it has been established that the most common
genetic causes of ARVD are mutations in desmosome
proteins, the basic elements of cell-cell adhesion struc-
tures present in the multilayered epithelium and the
myocardium,; e.g., the results of a recently published
study involving 577 patients in the U.S. (Johns Hopkins
registry) and Danish ARVD registers showed that 80%
of patients had a mutation in the PKP2 gene encoding
plakophilin, one of the desmosomal proteins. The re-
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Fig. 6. Cardiac MRI of a patient with ARVD (own data).
Bright blood images in the right ventricular outflow tract
(RVOT) plane obtained in end diastole (A) and end systo-
le (B) show microaneurysms (arrows) in the right ventricle
free wall with persistent bulge in both phases. Short-axis
bright blood images obtained in end diastole (C) and

end systole (D) demonstrate dyskinesis (bulge in systole,
arrows) at the acute angle of the right ventricle

maining participants in the study had mutations in oth-
er desmosomal protein genes: DSG2 (desmoglein), PLN
(plakophilin), DSP (desmoplakin), DSC2 (desmocollin),
JUP (junction plakoglobin), TMEM43 (transmembrane
protein 43) [45].

This myocardium dysplasia can be called “cardio-
myopathy of intercellular contacts” [11]. Defective des-
mosomal proteins disrupt the mechanical connection
between adjacent muscle cells, which leads to their
separation, especially in the context of myocardial
stretching. The accompanying inflammation, fibro-
sis, and adipocytosis may be a nonspecific response to
damage, similar to the one caused by any damage to
the myocardium [46]. This pathogenetic model explains
the fact that prolonged excessive stress, accompanied
by myocardial stretching, significantly increases the
risk of early clinical manifestation of the disease and
increases the risk of SCD. In addition, it explains why
the pathological ARVD process often involves the more
stretchable and thin-walled right ventricle, especially
in the early stages of the disease. Naturally, the me-
chanical separation leads to electrical heterogeneity,
forming an ideal substrate for the development of ven-
tricular re-entry tachycardia [11].
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Task Force Criteria (TFC) for the diagnosis of ARVD
were proposed in 1994 and revised in 2010 [47]. The
diagnostic criteria for ARVD include characteristic
changes in depolarization/repolarization on the elec-
trocardiogram, echocardiography, and magnetic res-
onance imaging (MRI) data (Fig. 6) describing chang-
es in morphology and function of the right ventricle,
characteristic changes in myocardial tissue observed in
endomyocardial biopsy, as well as the presence of ven-
tricular arrhythmias, details of family history and ge-
netic testing (Table 3). To justify an ARVD diagnosis, a
patient must score four points, with one major criterion
being worth two points, and one minor criterion being
worth one point. ARVD is considered to be “probable”
at three points, whereas a score between one and two
should be considered as an absence of ARVD [47].

Proper treatment of ARVD patients largely de-
pends on an adequate diagnosis. Treatment is defined
by the following strategies: SCD risk stratification and
addressing the issue of implanting a cardioverter-de-
fibrillator (ICD), minimizing the frequency of ICD
discharges, and prevention of the progression of the
disease. According to the general recommendations for
SCD prevention, ICD implantation in ARVD is indicat-
ed in patients who have had ventricular fibrillation,
or sustained ventricular tachycardia or syncope. The
study by Bhonsale A. et al. included 84 patients with
ARVD who were followed for 4.7 + 3.4 years after ICD
implantation as primary prevention. The predictors of
effective electrotherapy were the symptoms (i.e. the
status of the subject and not that of a family member),
induction of VT at electrophysiological study, presence
of unstable ventricular tachycardia, and more than
1,000 premature ventricular contractions (PVC) per
day. The induction of ventricular tachyarrhythmias at
EPS was an independent risk factor for the effective
discharge of ICD [48].

Therefore, currently ICD implantation is indicated
for patients who meet TFC criteria, especially if they
have a history of SCD, sustained VT or arrhythmogenic
syncope, a high number of PVCs, and/or unstable VT
[46]. Clinicians should be especially attentive to SCD
risk stratification in patients for whom ARVD was
identified during a family screening. Typically, such
patients are at earlier stages of the disease. Limita-
tion on physical activity and the use of B-blockers can
reduce the risk of SCD in such individuals. However,
careful monitoring of the patient’s condition is recom-
mended for all patients with a decision not to implant
ICD.

B-blockers are indicated for all patients with ARVD.
Amiodarone, or sotalol is recommended as addition-
al antiarrhythmic therapy. In rare cases, other anti-
arrhythmic agents are used. If antiarrhythmics and

repetitive ICD discharges are ineffective, it is recom-
mended to perform radiofrequency ablation of ar-
rhythmogenic foci. It should be noted that the role of
catheter ablation in patients with ARVD is limited to
a possible reduction in the number of defibrillator dis-
charges and improved quality of life. According to sev-
eral studies on the effectiveness of catheter ablation in
patients with ARVD, only 25 to 47% were VT-free dur-
ing the first year of observation, and 5 and 10 years af-
ter surgery the numbers were 21 and 15% [46]. Efficacy
of epicardial ablation is slightly higher and amounts
to 64% during the first year and 45% after 5 years [46].
According to Philips B. et al., in 30 patients with ARVD
there were no effective ICD discharges after epicardial
radiofrequency ablation in 83, 76, and 70% of cases for
6, 12, and 24 months, respectively [49].

The only currently available effective way to slow
the progression of the disease is limitation on physical
activity.

CONCLUSION

In conclusion, we would like to present the survey data
published in 2014 by the European Heart Rhythm As-
sociation, which included cardiologists from 50 clinics
in 23 countries [50]. The survey focused on the diagno-
sis and treatment of patients with congenital arrhyth-
mic syndromes. According to the study, most patients
with canalopathies undergo genetic testing: from 70%
among LQTS to 36% among patients with idiopathic
VF. Although only a third of clinicians discuss the test
results with patients and specialists in genetics, phar-
macological tests are relatively frequently used for the
diagnosis of congenital canalopathies. For example, 89%
of the respondents used sodium channel blockers for
the diagnosis of the Brugada syndrome, and 36% used
isoproterenol to confirm catecholaminergic ventricular
tachycardia. 80—92% of the doctors do not use pharma-
cological provocation for the diagnosis of the remaining
canalopathies. Most clinics (82—98%) do not resort to in-
tracardiac EPS to induce ventricular arrhythmias, with
the exception of BS cases (39% of clinics use EFI). From
27 to 54% of the study participants included MRI in the
diagnostic protocol for patients with BS and idiopathic
ventricular arrhythmias, but only rarely for patients
with LQTS and SQTS (11-17% of participants). Coro-
nary angiography is performed in 62% of cases of idi-
opathic VF/VT. Endomyocardial biopsy is included in
the study protocol of 8% of the patients with idiopathic
VF. In most clinical centers, ICD implantation for pri-
mary prevention is performed only in 0—5% of patients
with congenital canalopathies, whereas ICD usage for
secondary prevention increases to 90—100%. Recurrent
ventricular arrhythmias, leading to multiple ICD dis-
charges, are treated with intensification of therapy, the
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Table 3. Diagnostic criteria for arrhythmogenic right ventricular dysplasia (ARVD) (F. Marcus ef al., 2010) [47]

Global or
regional
dysfunction
and structural
alterations

Repolarization
abnormalities

Arrhythmias

By 2D echo:

Regional RV akinesia, dyskinesia, or aneurysm
AND 1 of the following (end diastole):
PLAX RVOT 32 mm
PSAX RVOT 36 mm OR
fractional area change 33%;

By MRI:

Regional RV akinesia or dyskinesia or dyssyn-
chronous RV contraction
AND 1 of the following:

Ratio of RV end-diastolic volume to BSA 110
mL/m? (male) or 100 mL/m? (female)
RVEF <40%

By RV angiography:
Regional RV akinesia, dyskinesia, or aneurysm

Inverted T waves in right precordial leads (V ,
V,,and V,) or beyond in individuals 14 years
of age (in the absence of complete right bun-

dle-branch block)

Nonsustained or sustained ventricular tachy-
cardia of left bundle-branch morphology with
superior axis (negative or indeterminate QRS in
leads I, III, and aVF and positive in lead aVL)

By 2D echo:
Regional RV akinesia or dyskinesia or dyssynchronous

RV contraction

AND 1 of the following (end diastole):
PLAX RVOT 29 to 32 mm,;
PSAX RVOT 32 to 36 mm OR
fractional area change 33% to 40%j;
By MRI:

Regional RV akinesia or dyskinesia or dyssynchronous

RV contraction

AND 1 of the following:
Ratio of RV end-diastolic volume to BSA 100 to 110
mL/m? (male) or 90 to 100 mL/m? (female);

RVEF> 40 <45%

Inverted T waves inleads V, and V, in individuals 14
years of age (in the absence of complete right bun-
dle-branch block) orin V,, V_, or V,

Inverted T wavesinleads V|, V,, V,, and V, in individ-
uals 14 years of age in the presence of complete right
bundle-branch block

Nonsustained or sustained ventricular tachycardia of
RV outflow configuration, left bundle-branch block
morphology with inferior axis (positive QRS in leads II,
ITI, and aVF and negative in lead aVL) or of unknown
axis
500 ventricular extrasystoles per 24 hours (Holter)

BSA, body surface area; RVOT, RV outflow tract; PVC, premature ventricular contraction; EDV RV, end-diastolic vol-

ume of the right ventricle; LBBB - left bundle branch block; RV — right ventricle; PLAX parasternal long-axis view; PSAX,
parasternal short-axis view; RVEF, right ventricle ejection fraction; CM — Holter ECG monitoring; Echo, echocardiogra-
phy; EMB — endomyocardial biopsy.
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use of B-blockers, and various antiarrhythmic drugs
(isoproterenol infusion, quinidine at SQTS), and car-
diac sympathetic denervation. Radiofrequency abla-
tion (RFA) is considered to be the preferred method in
idiopathic ventricular fibrillation (20%), whereas for
the remaining canalopathies the frequency of RFA use
does not exceed 8%.

The authors of the survey conclude that the study
participants share a commitment to the present rec-
ommendations; however, they point out that more
than 50% of all centers participating in the survey do
not participate in any of the registers (local, national or

international), which, of course, complicates the task
of studying the course of the disease, effectiveness of
therapy, risk stratification, and prognosis in patients
with primary arrhythmogenic syndromes.

This work was supported by a grant from the
Government of the Russian Federation for state
support of scientific research conducted under the
supervision of leading scientists at Russian scientific
institutions and public research centers of the
Russian Federation “Molecular mechanisms of atrial
fibrillation” (Ne 14.Z250.31.0026).
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