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Electrical heart disease: Genetic and molecular basis
of cardiac arrhythmias in normal structural hearts
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Over the past decade, molecular genetics research has estab-
lished a link between a number of inherited, lethal cardiac

arrhythmias and mutations in genes encoding for ion channels
or other membrane components. These purely electrical heart
diseases may manifest at any age, and are responsible for a large
number of sudden, unexpected deaths in otherwise healthy,
young individuals. These conditions include the long QT syn-
drome (LQTS) (1,2), Brugada syndrome (3), catecholaminer-
gic polymorphic ventricular tachycardia (CPVT) (4-6) and
the short QT syndrome (7). In addition, idiopathic atrial fib-
rillation, a common cause of stroke (8), has now been proven
to have a genetic basis (6).

Collectively, these conditions have been referred to as
channelopathies. Ion channels provide the molecular basis for
cardiac electrical activity. These channels have specific ion
selectivity and allow the passage of charged ions, such as sodium,
potassium and calcium, across the cell membrane. The preci-
sion and timeliness of the passage of these charged ions, as
mediated by their specific ion channel proteins, is the basis for
a normal cardiac action potential in myocytes, and the sum-
mation of their activity in cardiac muscle defines the surface
electrocardiogram (ECG). A genetic mutation altering the
protein structure of an ion channel may perturb the precise reg-
ulation in the flow of ions across the cell membrane, leading to

alterations in cardiac action potential duration or vulnerabil-
ity of the cell to abnormal afterdepolarizations, triggering dan-
gerous ventricular arrhythmias. Thus, impairment in the flow
of these basic minerals in heart cells may mean the difference
between a normal, prosperous life and the tragedy of a sudden,
unexpected death.

The knowledge of the genetic cause and specific proteins
responsible for these conditions has now allowed a more in-depth
understanding of the molecular mechanisms involved in dis-
ease susceptibility, enabling researchers to target specific
molecular pathways in drug development, such as the pro-
posed use of the novel compound JTV519 in the treatment
of CPVT (9) or the use of mexiletine to prevent arrhythmia
in patients with the LQTS type 3 (LQT3) (10). In addition,
genotype-phenotype correlations demonstrated in clinical
observation studies have enabled clinicians to risk stratify
patients (11,12) and to offer the most appropriate treatment
options. Lastly, knowledge of the culprit genes provides the
opportunity to genetically screen asymptomatic family mem-
bers who may have subclinical disease, possibly preventing
the tragedy of sudden cardiac death. The present paper
reviews the current clinical and molecular understanding of
the electrical diseases of the heart associated with sudden
cardiac death.
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Purely electrical heart diseases, defined by the absence of any structural

cardiac defects, are responsible for a large number of sudden, unex-

pected deaths in otherwise healthy, young individuals. These condi-

tions include the long QT syndrome, Brugada syndrome,

catecholaminergic polymorphic ventricular tachycardia and the short

QT syndrome. Collectively, these conditions have been referred to as

channelopathies. Ion channels provide the molecular basis for cardiac

electrical activity. These channels have specific ion selectivity and are

responsible for the precise and timely regulation of the passage of

charged ions across the cell membrane in myocytes, and the summa-

tion of their activity in cardiac muscle defines the surface electrocar-

diogram. Impairment in the flow of these ions in heart cells may mean

the difference between a normal, prosperous life and the tragedy of a

sudden, unexpected death due to ventricular arrhythmia. The present

paper reviews the current clinical and molecular understanding of the

electrical diseases of the heart associated with sudden cardiac death.
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Troubles de conduction : facteurs génétiques et
moléculaires liés à l’arythmie dans des cœurs
normalement constitués

Les troubles purement électriques, définis comme l’absence de lésions

cardiaques structurales, entraînent la mort subite d’un grand nombre de

jeunes, par ailleurs en bonne santé. Ces troubles comprennent notamment

le syndrome de l’allongement de l’intervalle QT, le syndrome de Brugada,

la tachycardie ventriculaire polymorphe catécholaminergique et le

syndrome du raccourcissement de l’intervalle QT. Ce type d’arythmie est

désigné par le terme de maladie des canaux ioniques. Ceux-ci constituent

la base moléculaire de l’activité électrique du cœur; ils ont une sélectivité

ionique spécifique et ils sont responsables du passage régulier des ions

chargés par la membrane cellulaire dans les myocytes, et l’ensemble de

leur activité dans le muscle cardiaque est rendu visible par

l’électrocardiogramme de surface. Ainsi, les troubles de la circulation des

ions dans les cellules du cœur peuvent faire toute la différence entre une

vie normale, heureuse et une mort subite, tragique, causée par l’arythmie

ventriculaire. Le présent article fait le point sur les facteurs cliniques et

moléculaires des troubles de la conduction électrique, liés à la mort

cardiaque subite.
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LQTS
History
In 1856, Meissner (13) described the sudden death of a young,
deaf girl who was being berated at her school academy.
Inadvertently, this was perhaps the first reported description of
the LQTS. A more detailed clinical characterization of deaf-
ness, prolonged QT interval on ECG and propensity to sudden
cardiac death followed more than a century later when Jervell
and Lange-Nielsen (14) described a series of patients. A simi-
lar syndrome, but without deafness, was identified to run in
families and was first described by Romano et al (15) in 1963
and later by Ward (16) in 1964. The clinical spectrum of the
LQTS is now well characterized, with affected patients vulner-
able to recurrent syncope or cardiac arrest from a polymorphic
ventricular tachycardia known as torsade de pointes (17).

Genetics
In 1995, Sanguinetti et al (18) and Wang et al (19) reported
the first two genes responsible for the LQTS. Since these sem-
inal findings, molecular genetic studies over the past decade
have revealed a total of six additional genes responsible for this
inherited arrhythmia syndrome (Figure 1). These genes encode
for potassium, sodium and calcium ion channels or a mem-
brane localizing protein, and are located on chromosomes 3, 4,
7, 11, 12, 17 and 21. LQTS type 1 (LQT1) is caused by muta-
tions in the KCNQ1 gene, which encodes the alpha subunit of
a voltage-gated potassium channel responsible for a slowly
activating potassium current (IKs) necessary for rectifying the
transmembrane voltage potential to baseline during an
action potential. Coassembly of the KCNQ1 protein with a
beta-subunit protein encoded for by the KCNE1 gene results
in functional IKs channels. Thus, genetic mutations in either
KCNQ1 (LQT1) or KCNE1 (LQT5) may alter the passage of
potassium flow across the cell membrane, specifically leading
to loss of function or decreased current, resulting in prolonga-
tion of the action potential duration – the molecular hallmark
of the LQTS (20,21). Homozygous mutations of either gene
are responsible for the additional phenotype of deafness
(Jervell and Lange-Nielson syndrome).

LQTS type 2 is caused by mutations in the KCNH2 gene,
resulting in the loss of function of another action potential
repolarizing or rectifying potassium current, the rapidly acti-
vating potassium current (IKr). Function of this current also
requires an additional protein subunit encoded for by the
KCNE2 gene. Therefore, this potassium ion channel is also
impaired by mutations in the KCNE2 gene, identified as the
LQTS type 6 (LQT6) (18,22).

Genetic defects in the SCN5A gene, which encodes the
alpha subunit of the major ion channel responsible for the pas-
sage of sodium ions in heart cells, are the culprit for LQT3 (19).
In contrast to the loss-of-function mutations of potassium
channels, mutations of the sodium channel lead to an increase
in sodium current. However, this effect also leads to prolonged
action potential duration, predominantly by prolonging the
plateau phase of the action potential (Figure 1).

More rare forms of LQTS include types 7 (LQT7), 8
(LQT8) and 4 (LQT4). LQT7 is caused by mutations in the
KCNJ2 gene encoding for the inward rectifier potassium cur-
rent (IK1). This form of LQTS is found in association with
Andersen-Tawil syndrome, a condition with an array of extra-
cardiac congenital abnormalities (23,24). Most recently, a muta-
tion in the CACNA1C gene was reported to be responsible for

a defect in the L-type calcium current (ICa-L) underlying the
rare LQT8 form, an arrhythmic disorder associated with dys-
function in multiple organ systems, including congenital heart
disease, syndactyly, immune deficiency and autism.

LQT4 is the exception to the ‘channelopathy’ basis for the
LQTS. The causative gene is ANK2, which encodes
ankyrin B, a protein responsible for the appropriate cellular
localization of various proteins involved in electrical signalling
cascades in electrically active cells. Specifically, evidence sug-
gests that mutations in ANK2 impair pathways important in
the regulation of intracellular calcium (25).

In all its genetic forms, LQTS decreases outward potassium
currents (IKs, IKr and IK1) or increases inward sodium or cal-
cium current (late INa or ICa-L), both effects that result in
prolongation of the action potential duration. Of the eight
genes described, responsible mutations are identified in approxi-
mately 70% of clinically diagnosed LQTS probands (26). The
absence of a genetic diagnosis in a proportion of probands is
likely related to an incorrect diagnosis in some cases and/or
rare forms due to yet undiscovered causative genes. When a
genetic diagnosis is confirmed, the LQT1 and LQT2 forms are
the two most commonly identified, each accounting for
approximately 40% of genotyped patients (27). The LQT3
form accounts for approximately 10% of genotyped patients.

Because the LQT1, LQT2 and LQT3 forms constitute more
than 90% of genotyped patients with LQTS, the genotype-
phenotype correlation has been investigated in detail in the
LQT1, LQT2 and LQT3 forms (27). Broad-based, prolonged
T waves are more commonly observed in the LQT1 form,
whereas low-amplitude T waves with a notched or bifurcated
configuration are seen more frequently in the LQT2 form.
LQT3 patients often show late-appearing T waves with a pro-
longed isoelectric ST segment (Figure 2). However, exceptions
are present in all three genotypes (28), and the T wave pattern

Figure 1) Long QT syndrome genes and their currents comprising the
normal cardiac action potential. Prolongation of the cardiac action
potential may occur by impaired flow of potassium ions out of the cell
during phase 3 of the action potential, or due to an increased inward
sodium or calcium current during the plateau phase. Action potential
phases: 0 = depolarization, 1 = fast repolarization, 2 = plateau,
3 = repolarization and 4 = resting potential. ICa Inward calcium cur-
rent; IK1 Inward rectifier potassium current; IKr Rapidly activating
potassium current; IKs Slowly activating potassium current; INa
Inward sodium current
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varies with time, even in the same patient with a specific
mutation.

Previous observational studies have reported differential
triggers for cardiac events, clinical course and risk stratification
between each genotype, especially in the LQT1, LQT2 and
LQT3 syndromes. Clinical evidence has suggested genotype-
specific triggers for cardiac events in patients with the LQT1,
LQT2 and LQT3 syndromes (29,30). Schwartz et al (29) ana-
lyzed data from the International LQTS Registry and reported
that cardiac events most frequently occur during exercise
(62%) but only rarely during sleep and rest (3%) in LQT1
patients. Swimming is a common trigger in LQT1. In con-
trast to the pattern shown in LQT1 patients, cardiac events
principally occur during sleep and rest (39%), and exercise-
related cardiac events are uncommon (13%) in LQT3
patients. In LQT2 patients, cardiac events occur equally dur-
ing exercise (13%) and during sleep/rest (15%). More impor-
tantly, a sudden startle in the form of an auditory stimulus
(eg, telephone, alarm clock or ambulance siren) is a specific
trigger in LQT2.

LQT1 and LQT2 patients show a higher frequency and
cumulative probability of cardiac events (syncope and cardiac
arrest) than LQT3 patients. However, the lethality of the car-
diac events is higher in LQT3 patients. Male patients are gen-
erally younger than female patients at first cardiac events. It is
noteworthy that many first cardiac events occur before the age
of 15 years in male patients, particularly in LQT1 males,
whereas female patients may experience first cardiac events

after the age of 20 years. More recently, risk stratification accord-
ing to genotype, age, sex and corrected QT interval has been
recommended (11) (Table 1). In general, heart rate-corrected
QT intervals in the range of 500 ms or greater are a significant
risk marker for cardiac events, regardless of other clinical char-
acteristics.

Therapeutic considerations
It is empirically believed that beta-blockers and strict exercise
restriction are the most effective therapy for all patients with
congenital LQTS. However, beta-blockers are known not to
be protective in all patients. Undoubtedly, the use of beta-
blockers has proven effective in reducing cardiac events in
patients with genetically proven LQT1 and LQT2. However,
breakthrough events may still occur, particularly in patients
with events before treatment (31,32), and frank discussion of
the option of an implantable cardioverter-defibrillator is
always reasonable.

Beta-blockers are not effective in patients with LQT3.
Alternatively, in 1995, Schwartz et al (33) demonstrated that
sodium channel blockade with mexiletine, a class 1B anti-
arrhythmic, is much more effective in abbreviating the QT
interval in LQT3 patients than in LQT2 patients. Short-term
efficacy data exist to suggest that mexiletine may prevent
lethal events (34,35). However, there are no long-term
prospective data demonstrating that mexiletine improves sur-
vival in LQT3 patients. Nonetheless, the development of novel
sodium channel blocking agents remains a promising approach
for the treatment of LQT3 patients.

Although beta-blockers are the mainstay of treatment for
LQT1 and LQT2, anecdotal observations in some patients and
in experimental models have raised the possibility of alterna-
tive or adjunctive pharmacological strategies. Potassium chan-
nel activators, such as nicorandil or pinacidil, have been
shown to reverse epinephrine-induced QT prolongation and
suppress ventricular arrhythmias (36,37). In LQT2, short-
term, exogenously administered potassium was reported to cor-
rect QT abnormalities in affected patients (38), presumably by
enhancing IKr in the outward direction across the cell mem-
brane. Recently, long-term oral potassium administration was
shown to improve repolarization abnormalities in LQT2
patients (39). Although these therapeutic strategies show
promise, their effect on cardiac outcomes in the LQTS await
long-term, prospective studies.
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Figure 2) Genotype-phenotype electrocardiogram (ECG) characteris-
tics in the three most common forms of inherited long QT syndrome
(LQTS). Typical T wave morphological abnormalities in LQTS are
best seen in the precordial ECG leads. LQTS type 1 (LQT1) com-
monly shows a broad-based T wave pattern, LQTS type 2 (LQT2)
shows notched or bifurcated T waves, and LQTS type 3 (LQT3)
shows a late-appearing T wave with a prolonged ST segment

TABLE 1
Risk stratification for first cardiac event according to
genotype, sex and corrected QT interval (QTc)

QTc Men Women

High risk (≥50%) ≥500 ms LQT1 LQT1

LQT2 LQT2

LQT3

Intermediate risk (30% to 49%) ≥500 ms LQT3

<500 ms LQT3 LQT2

LQT3

Low risk (<30%) <500 ms LQT2 LQT1

LQT1

Risk = first cardiac event (syncope, cardiac arrest or sudden death) before the
age of 40 years and before therapy. LQT1 Long QT syndrome (LQTS) type 1;
LQT2 LQTS type 2; LQT3 LQTS type 3. Adapted from reference 11
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BRUGADA SYNDROME
History
The electrocardiographic pattern of ST segment elevation in
the right precordial leads was described as early as 1953 (40).
The relationship of this ECG pattern to sudden cardiac
death was first described by Martini et al (41) in 1989. In
1992, Brugada and Brugada (42) provided detailed clinical
and electrophysiological characteristics in eight patients and
proposed this clinical entity as a distinct clinical syndrome,
later to become known as the Brugada syndrome. The
Brugada syndrome is characterized by sudden cardiac death
from ventricular fibrillation, in association with a typical
ECG signature of ST segment elevation in the right precor-
dial leads (42,43). It is inherited in an autosomal dominant
fashion and may commonly be observed as a sporadic, non-
familial disorder.

Clinical characteristics
Since its recognition as a distinct subgroup of idiopathic ventric-
ular fibrillation, Brugada syndrome has been described increas-
ingly worldwide. The clinical presentation is heterogeneous,
including palpitations, dizziness, syncope and (aborted) sudden
death, although many subjects are asymptomatic (44,45). It is
believed to cause 4% to 12% of all sudden cardiac deaths and up
to 20% among patients without identifiable structural abnormal-
ities in some regions of the world (46). Men have a higher dis-
ease prevalence, particularly in regions where Brugada syndrome
is endemic (southeast Asia), despite equal genetic transmission
between both sexes (47). Sex hormones may underlie this gen-
der disparity (48). Sudden death typically occurs at rest, when
the vagal tone is augmented (49), often at night (50).

The diagnosis revolves around characteristic ST segment
elevations. However, the ST segment in Brugada syndrome may
be highly dynamic, exhibiting profound day-to-day and beat-to-
beat variation in amplitude and morphology. Two predominant
morphologies of ST segment elevation exist (Figure 3). The
coved-type morphology is required for the diagnosis (51), while
the saddleback type is an intermediate form that requires con-
firmation using pharmacological challenge (conversion into
coved type) or genetic analysis (52).

Brugada syndrome is often accompanied by some degree of
conduction system disease. Signs of conduction defects are found
at many levels, particularly in patients with SCN5A mutations
(53). This is not surprising because genetic defects in the SCN5A
gene are also known to cause familial conduction system disease
in the absence of ECG repolarization abnormalities.

Genetics
The first and only gene to be linked to Brugada syndrome is
SCN5A, the gene that encodes for the alpha subunit of the
cardiac sodium channel gene (3). More than 80 mutations in
SCN5A have been linked to the syndrome since 2001 (54-56).
Approximately 20 of these mutations have been studied in
expression systems and shown to result in loss of function by
various mechanisms, including failure of the sodium channel
to express; a shift in the voltage and time dependence of sodium
channel current activation, inactivation or reactivation; entry
of the sodium channel into an intermediate state of inactiva-
tion from which it recovers more slowly; or accelerated inacti-
vation of the sodium channel.

A second locus on chromosome 3, close to but apart from
the SCN5A locus, was linked recently to Brugada syndrome

(57) in a large pedigree in which the syndrome was also inher-
ited in an autosomal dominant manner and associated with
progressive conduction disease, a low sensitivity to pro-
cainamide and a relatively benign prognosis. SCN5A muta-
tions account for approximately 18% to 30% of Brugada
syndrome cases. A higher incidence of SCN5A mutations has
been reported in familial cases than in sporadic cases (58).

At present, knowledge of a specific mutation does not pro-
vide guidance in determining a prognosis. Genetic testing may
be useful for early detection of relatives at potential risk who
may harbour normal ECGs. While genetic results may not pre-
dict risk of events, clinical characteristics alone may suggest a
higher risk of sudden death. Specifically, it is proposed that a
spontaneous coved-shape ECG pattern and a history of syn-
cope predict a higher risk of sudden death in contrast to a sad-
dleback pattern or a provocable coved-shaped pattern (55).
Currently, there are no drugs available that clearly show an
efficacious effect in suppressing arrhythmias associated with
Brugada syndrome, and consequently, for patients considered
to be at high risk for events, an implantable cardioverter-
defibrillator should be considered.

CPVT
History
CPVT is an inherited cardiac arrhythmia disorder showing a
highly malignant clinical course in the absence of visible mor-
phological alterations of the heart. This condition is the latest
of the purely electrical conditions of the heart to have a
proven genetic basis, inherited as an autosomal dominant
(59,60) or recessive (61) genetic disease. The clinical pheno-
type of bidirectional or polymorphic ventricular tachycardia
occurring with physical or emotional stress in patients with
structurally normal hearts and normal resting ECGs was first
described in isolated case studies in the 1960s and 1970s (62-64).
In 1978, Coumel et al (65) described a series of young patients
presenting with catecholamine-induced polymorphic ventric-
ular arrhythmias.

Electrical heart disease
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Brugada type 1 ECG (coved)

Brugada type 2 ECG (saddleback)

Figure 3) The two predominant electrocardiogram (ECG) repolariza-
tion abnormalities observed in the Brugada syndrome. Brugada syn-
drome ECG pattern abnormalities are observed in the anterior
precordial leads (V1 and/or V2). ECG abnormalities may be dynamic,
and alternate between normal or abnormal ECG patterns. The coved-
shaped pattern is suggested to be associated with an increased risk of
cardiac events
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Genetics and disease mechanism
In 1997, Nakajima et al (66) reported on the electrophysiolog-
ical study of a patient with CPVT, demonstrating polymorphic
ventricular arrhythmias induced by isoprotenerol infusion and
failure to induce arrhythmias by programmed electrical stimu-
lation. Arrhythmias were suppressed by injections of vera-
pamil, a calcium channel blocker. Monophasic action
potentials recorded at the right ventricle inflow demonstrated
delayed afterdepolarizations, the amplitude of which increased
with isoprotenerol infusion, culminating in the appearance of
polymorphic premature ventricular beats (66). These data
implicated impaired intracellular calcium homeostasis as a
mechanism for arrhythmia vulnerability.

The gene locus for familial CPVT was first mapped by Swan
et al (67) to chromosome 1q42-q43. Subsequently, two groups
simultaneously identified the disease-causing gene for CPVT
to be the cardiac ryanodine receptor type 2 (RyR2) (4,5,68),
confirming the regulation of calcium fluxes as critical to the
disease state.

RyR2 occupies a central position in cardiomyocyte excitation-
contraction coupling. Upon opening of the cell membrane L-type
(dihydropyridine) calcium channels by the depolarizing action
potential, small amounts of calcium ions permeate the cardiomy-
ocyte and trigger a 10-fold increased release of calcium ions
through the RyR2 channels situated at the sarcoplasmic reticu-
lum, the organelle responsible for intracellular calcium storage.
This chain of events is known as calcium-induced calcium release
(Figure 4). The calcium ions released interact with the contractile
proteins and, thus, initiate cardiac systole. During diastole, the
calcium ions are pumped back into the sarcoplasmic reticulum via
the sarcoplasmic reticulum calcium ATPase-2a or into the extra-
cellular fluid via the sarcolemmal sodium-calcium exchanger.
Mutations in the RyR2 channel lead to a gain-of-function effect,
whereby calcium ions are released through the channel at a
lower activation threshold, leading to inappropriate calcium
release and delayed afterdepolarizations triggering arrhythmias.

Therapeutic considerations
The very high mortality rate associated with CPVT, amounting
to 30% to 35% by the age of 30 years, calls for novel effective
preventive measures. Unfortunately, sudden death may consti-
tute the first manifestation of the disease. Because Holter
recordings are of limited value, exercise stress testing or intra-
venous epinephrine infusion is the method of choice for clinical
diagnosis.

The molecular pathogenesis of RyR2-mediated CPVT
stresses the role of increased adrenergic activity as a culprit
in triggering arrhythmias. In fact, administration of beta-
adrenergic blocking drugs remains the standard treatment
for CPVT. Leenhardt et al (59) encountered 10 fatalities
among 21 untreated patients (48%) but only four sudden
deaths among 38 nadolol-treated patients (11%); the exact
molecular type of CPVT, however, was not studied at that
time. Priori et al (69) gave nadolol, metoprolol or propranolol
to 19 patients with RyR2 mutations, but seven (37%)
remained symptomatic. Bauce et al (70) administered beta-
blockers to 26 patients with RyR2 mutations. A repeated stress
test demonstrated disappearance of symptoms in 17 patients,
while in the remaining nine patients, the drug dose was
increased. During the mean follow-up of 6.5 years, there were
no syncopal episodes or sudden deaths.

RyR2 activity is modulated by the protein FKP12.6.
Dissociation of FKBP12.6 from RyR2 increases the probability
of the calcium channel being open and induces subconduc-
tance states (ie, RyR2 becomes more leaky) (71). Experimental
studies (9) of three known CPVT mutations have shown
decreased binding affinity of RyR2 for FKBP12.6 with subse-
quent gain of function (leakiness). A novel pharmacological
compound, JTV519 (also known as K201), has been shown to
stabilize the closed state of RyR2. The exact method of action
remains controversial (72). Nonetheless, it has been postulated
that JTV519 may provide an alternative pharmacological ther-
apy for CPVT patients (73).

In patients with continued syncope or frequent arrhythmias
not suppressed by medical therapy, implantable cardioverter-
defibrillators remain a reasonable alternative (4,68,69).

SUPPORT: Dr Gollob’s research is supported by the Heart and
Stroke Foundation of Ontario.
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Figure 4) Simplified schemata of relevant proteins involved in intracellu-
lar calcium (iCa) regulation. Coupling of myocyte excitation-contraction
is mediated through calcium (Ca), initiated by the inward L-type Ca
channel. This current leads to sarcoplasmic reticulum (SR) release of Ca
via the ryanodine receptor type 2 (RyR2) and the subsequent contractile
process. βAR Beta-adrenergic receptor; cAMP Cyclic AMP; Na
Sodium; PKA Protein kinase A; SERCA2a Sarcoplasmic reticulum cal-
cium ATPase-2a
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