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Sudden cardiac death (SCD) has an enormous impact on those who are left
behind, evoking strong feelings of anxiety and incomprehension because
such a dramatic event was not anticipated. Moreover, over the last decade a
prominent genetic contribution to the pathogenesis of SCD has been
unveiled. As many inherited cardiac diseases show an autosomal dominant
pattern of inheritance, the risk of carrying the same inherited predisposition
is a real concern for the relatives. In this article, we discuss the major causes
of primary electrical disorders, cardiomyopathies and thoracic aortic
dissection and address issues in genotype–phenotype correlation,
personalized management and cardiogenetic counselling.
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Sudden cardiac death (SCD) is a leading cause of mor-
tality with an annual incidence of one death per 1000
person-years, affecting all ages (1). SCD is defined as
death that ensues from any cardiac disease within 1 h
after the onset of symptoms (2). The vast majority of
SCD in persons older than 45 years (80%) are due to
advanced atherosclerotic coronary artery disease (CAD)
that results in myocardial ischaemia and fatal arrhyth-
mias (3). However, in the young (<45 years), inherited
causes of SCD are more frequently observed. The four
most common categories in the young include prema-
ture atherosclerosis, primary electrical disease (PED),
cardiomyopathies (CM) and thoracic aortic aneurysm
and dissection (TAAD). The CAREFUL study in the
Netherlands showed that inherited cardiac disease was
suspected or could not be excluded in almost 80% of all
sudden death victims (4, 5).

SCD has an enormous impact on the surviving rela-
tives as they are confronted with the question whether
this event could have been prevented. Moreover, the
fact that many inherited cardiac diseases, with the asso-
ciated risk of SCD, segregate in an autosomal dom-
inant way, is a real concern for the relatives. Over
the last decade, the care of the patient with a poten-
tial cardiogenetic disorder has evolved tremendously.
Indeed the paradigm has shifted from the primary cardiac

care for the individual proband to an integrated car-
diogenetic approach in which both the proband and
his family members are investigated. The identification
of dozen of genes and the use of advanced molecular
techniques allows a molecular diagnosis, identification
of high-risk relatives and the preventive treatment or
presymptomatic follow-up. These may include lifestyle
modifications, pharmacological treatment, implant of a
cardiovertor defibrillator or radiofrequency ablation. In
Fig. 1, we have depicted on the ideal cardiogenetic work-
flow of which includes different investigations. In real
life and too often, early clues for diagnosis are missed
in emergency care (e.g. first-documented rhythm), tox-
icology reports are lacking, family members are not
enquired and autopsy is rarely performed. In such situ-
ations, a dedicated evaluation through a cardiogenetics
clinic with complementary clinical and genetic testing
is extremely beneficial for the family (6). In the case of
an unexplained SCD, when autopsy did not reveal the
cause of death or was not performed, an inherited car-
diac disease could be detected in 22–53% of families
by cardiogenetic screening (7). Yet, incomplete genetic
data and unknown prognostic determinants still hamper
development of individualized risk stratification models.
Despite these shortcomings, cardiogenetic screening of
first-degree relatives of SCD probands in tertiary centres
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Fig. 1. Cardiogenetic workflow of different investigations. ER, emergency room; ICU, intensive care unit; ROSC, return of spontaneous circulation;
TAAD, thoracic aortic aneurysm and dissection; CAD, coronary artery disease; CM, cardiomyopathy; PED, primary electrical disorder; EXT,
exterior causes; SCD, sudden cardiac death; ECG, electrocardiogram; TTE, transthoracal echocardiography; TEE, transesophageal echocardiography;
MRI, magnetic resonance imaging; PET, positron emission tomography; EP, electrophysiological study; PTCA, percutaneous transluminal coronary
angioplasty; CABG, coronary artery bypass graft surgery; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy, LVNC, left ventricular
non-compaction cardiomyopathy; RCM, restrictive cardiomyopathy; ARVC, arrhythmogenic right ventricular cardiomyopathy; LQTS, long QT
syndrome; SQTS, short QT syndrome; BrS, Brugada syndrome, ERS, early repolarization syndrome; CPVT, catecholaminergic polymorphic ventricular
tachycardia; WPW, Wolf-Parkinson-White; VF, ventricular fibrillation.

is currently a cost-effective approach in the prevention of
SCD (8).

This article gives a concise and comprehensive
overview of the fast growing field of inherited cardiac
diseases that predispose to SCD. It aims at providing
more insight in the complexity of polygenic cardiac
disease and to provide evidence of the impact of genetic
testing on prevention and treatment of inheritable SCD.
In this article, we will cover three main groups: PED,
CM and aortic aneurysm/dissection.

Primary electrical disease

The vast majority (up to 93%) of SCD is caused by car-
diac arrhythmias such as ventricular tachycardia (VT)
and ventricular fibrillation (VF). Although the presence
of structural heart disease constitutes a potential arrhyth-
mogenic substrate, life-threatening ventricular arrhyth-
mias in PED arise from electrical derangement without
apparent structural cardiac changes.

Mechanistically, PED are caused by molecular defects
mostly in ion channels involved in cardiac action poten-
tial (AP) generation. In general, PED is caused by a
‘gain’ or a ‘loss of function’ of one or more ionic cur-
rents that alters the balance between the depolarizing and
repolarising forces during the ventricular AP (Fig. 2).
This results in a pathologic shortening or prolongation

of the AP duration (APD) and leads to an increase of the
APD dispersion, a condition that is pro-arrhythmogenic.
Both mutations in genes encoding the cardiac ion chan-
nels and their accessory proteins have been implicated
(Fig. 2; Table S1, Supporting Information).

Long QT syndrome

The long QT syndrome (LQTS) arises from the
pathologic APD prolongation that underlies the pro-
arrhythmogenic transmural dispersion of repolarization.
After exclusion of secondary QT prolonging causes,
the clinical diagnosis is made in the presence of a
LQTS risk score ≥3.5 and/or when the QTc interval is
480–499 ms on serial 12-lead ECGs in a patient with
unexplained syncope, or when a QTc >500 ms is found
repeatedly in asymptomatic patients (9). This condition
predisposes to the initiation and propagation of Torsade
de Pointes (TdP), which is usually self-terminating but
can degenerate into VF and thus SCD.

The estimated prevalence of LQTS is 1:2500–1:5000
(10). To date, 13 different types of inherited LQTS have
been described (Table S1) accounting for 70% of all
LQTS cases. The majority is inherited in an autoso-
mal dominant manner and classified as Romano-Ward
syndrome (RWS). A rare variant type-1 LQTS, called
the Jervell and Lange-Nielsen syndrome (JLNS), is
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Fig. 2. (a) Relation between the ECG and ventricular AP. (b) Schematic representation of the functional expression of the ion channel complex. Ion
channels are represented as heterotetramers corresponding with voltage-gated potassium channels. (c) Overview of the putative pathogenic genes and
proteins that underlie PED. SCD, sudden cardiac death; ECG, electrocardiogram; ARVC, arrhythmogenic right ventricular cardiomyopathy; LQTS,
long QT syndrome; SQTS, short QT syndrome; BrS, Brugada syndrome; ERS, early repolarisation syndrome; CPVT, catecholaminergic polymorphic
ventricular tachycardia; WPW, Wolf-Parkinson-White syndrome; IVF, ideopathic ventricular fibrillation; SUDS, sudden unexplained death syndrome;
SIDS, sudden infant death syndrome; DCM, dilated cardiomyopathy; CCD, cardiac conduction disease; RBBB, right bundle branch block; RWS,
Romano-Ward syndrome; JLNS, Jervell–Lange-Nielsen syndrome; CICR, calcium-induced calcium release; ATP, adenosine triphosphate; AP, action
potential.
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Table 1. Overview of main characteristics of different causes of SCD

Condition
Principal pathogenetic

mechanism
Genetic

testing yield Penetrance
Prognostic

value
Therapeutic

value References

Brugada syndrome Ion channel
disease/epicardial
RVOT fibrosis:
epicardial AP dome
truncation and/or slow
conduction

20–30% 12–50% + − (9, 93)

Long QT syndrome Ion channel disease:
heterogeneous
transmural APD
prolongation

30–65% 40% +++ ++ (9)

Short QT syndrome Ion channel disease:
pathogenic APD
shortening

14% 100% − − (9)

ERS Ion channel disease:
epicardial increase of
AP notch

4–8% Low − − (19)

CPVT Ion channel disease:
diastolic sarcoplasmic
calcium leak

35–50% 78% + − (9)

IVF Unknown unknown >50% ++ − (25)
WPW Ventricular pre-excitation

through accessory AV
conduction pathway

unknown 100% − +++ (26)

PCCD Accelerated fibrosis of the
conduction system

unknown unknown − ++ (29)

HCM Mostly sarcomeric
dysfunction

35–60% Age-related, nearly
100% at
50–60 years

++ + (94)

DCM Mostly sarcomeric
dysfunction

25–40% Age-related − − (95)

LVNC Unknown 17–41% Unknown + − (96)
ARVC Myocardial fibrofatty

replacement
60 42% (AD), 97%

(AR)
+ − (97, 98)

RCM Unknown Probable
age-related

+ + (99)

Marfan syndrome Microfibrillar deficiency
and TGFβ dysregulation

90–95% >90% − ++ (71)

Loeys–Dietz
syndrome

TGFβ dysregulation 90% >90% + + (79)

FTAAD Vascular smooth muscle
contractile apparatus

20% 50% unknown + (63)

CPVT, catecholaminergic polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy; ERS, early repolarisation syndrome;
FTAAD, familial thoracic aortic aneurysm and dissection; HCM, hypertrophic cardiomyopathy; IVF, idiopathic ventricular fibrillation;
LVNC, left ventricular non-compaction; PCCD, progressive cardiac conduction disorder; RCM, restrictive cardiomyopathy; SCD,
Sudden cardiac death; WPW, Wolff-Parkinson-White syndrome.

further characterized by congenital deafness and auto-
somal recessive inheritance. An acquired type of LQTS
can be caused by adverse effects of drug therapy or elec-
trolyte disturbances. An updated overview of all medica-
tions provoking LQT can be found at www.qtdrugs.org.
Because several reports have shown a close relation
between the structural properties of the hERG ion
channel and its propensity for pharmacological interac-
tion, it is believed that drug-induced LQT is rather a
pharmacogenetic disease than a pure physicochemical
drug interaction (11) (Table 1).

Short QT syndrome

The short QT syndrome (SQTS) is in many ways the mir-
ror image of the LQTS. It is attributed to the pathological
shortening of the APD, promoting both atrial and ven-
tricular fibrillation (VF) resulting in high risk for SCD
at young age. Although it is rare, already six genes have
been identified (Table S1) (10, 12). The mode of inheri-
tance is autosomal dominant.

A QTc≤ 330 ms on the ECG is diagnostic for SQTS,
usually with characteristic tall, peaked T-waves. In
addition, the diagnosis should be considered if the
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QTc< 360 ms in the presence of unexplained familial
SCD ≤40 years of age, familial history of SQTS or the
identification of a pathogenic mutation (9).

Brugada syndrome

The Brugada syndrome (BrS) arises from ion chan-
nel dysfunctions that alter the early phases of the AP.
The prevalence of BrS (type-1 ECG) is estimated at
1:2000 and is more prevalent in South-East Asia. BrS is
diagnosed if a ≥2 mm cove-shaped ST elevation (type-1
ECG) is found in at least one of the right precordial leads
(V1–V2) with the electrodes in second, third or fourth
intercostal space in baseline or during pharmacological
provocation (9).

Several hypotheses have been postulated to explain
its pathophysiology comprising increased AP disper-
sion within the right ventricular outflow tract (RVOT)
epicardium due to changes in either repolarization
or depolarization giving rise to the right precordial
‘cove-shaped’ ST elevations and promoting polymor-
phic VT and VF (13). In vivo evidence showed that
the epicardial ablation of slow conduction sites could
completely abolish the type-1 ECG characteristics
demonstrating that BrS at least to some extent does
require a structural substrate.

Currently 14 different genes have been identified
(Table S1, Table 1) accounting for 18–32% of all inher-
ited BrS cases (14). Functionally, the majority directly or
indirectly translate into a loss of function of the cardiac
sodium current.

Acquired causes that trigger a Brugada phenotype have
been identified as well (15). For updates on these med-
ications, please consult www.brugadadrugs.org. Other
conditions including hyper- and hypothermia, elevated
insulin levels and mechanical compression of the RVOT
have also been associated with an acquired BrS.

Early repolarisation syndrome

Early repolarisation was first described as the occur-
rence of abnormal ‘Osborn J-waves’ on the ECG dur-
ing hypothermia (16). The J-wave represents a J-point
and ST segment elevation that is often seen as a notch-
ing or slurring of the terminal R-wave. It is attributed
to the excessive dispersion of repolarisation that results
from a disproportionate shortening of the epicardial APD
with respect to endocardial APD. Later it was found that
J-waves are present in 1–2% of the normal population
and in up to 35% of athletes (17). Hence, the presence
of J-waves in the precordial leads has been considered
a benign phenomenon. However, the rare variants with
inferior and/or lateral J-waves were found to be associ-
ated with idiopathic ventricular fibrillation (IVF), espe-
cially when the J-point elevation exceeded 2 mm and
when discordant ST segment deviations were present in
several leads (except aVR) (18).

The early repolarisation syndrome (ERS) is diag-
nosed in the presence of J-point elevation ≥1 mm in ≥2
contiguous inferior and/or lateral leads in a patient with
unexplained VF or polymorphic VT and might be sus-
pected in the absence of such arrhythmias (9).

Currently six different genes have been associated
with ERS (Table S1) (19). Early repolarisation is further
associated with bradycardia, high vagal tone, hypother-
mia, hypercalcemia, short QT interval and electrocardio-
graphic left ventricular hypertrophy.

Catecholaminergic polymorphic ventricular tachycardia

This is a rare disease responsible for polymorphic and
often bidirectional VT in conditions of elevated adrener-
gic tone (20). The prevalence of catecholaminergic poly-
morphic ventricular tachycardia (CPVT) is unknown but
roughly estimated at 1:10.000.

The baseline ECG is usually unremarkable and often
shows relative bradycardia. However, when the heart
rate rises by physical or emotional exertion, progressive
multifocal ventricular ectopy develops that tends to
become more polymorphic and sustained as the heart rate
accelerates. In many cases, bidirectional VT develops,
characterized by the beat-to-beat 180∘ axis rotation
of the QRS in a frontal plane. The arrhythmias can
degenerate to VF and SCD (21). It was shown that this
intricate adrenergic dependence of the arrhythmogenesis
results from sarcoplasmic reticulum calcium overload
provoking a rate-dependent diastolic calcium leak to the
cytosol in turn resulting in elevated sodium–calcium
exchanger activity and delayed after-depolarizations that
trigger the arrhythmias.

CPVT is diagnosed when unexplained exercise- or
catecholamine-induced bidirectional VT, polymorphic
ventricular premature beats or VT is observed in an
individual <40 years of age and should be considered
when present in patients older than 40 if concomitant
heart disease is absent (9).

At present, five loci have been implicated in the aetiol-
ogy of CPVT (Table S1), representing 60% of inherited
CPVT cases (22, 23). The autosomal dominant forms of
CPVT caused by RYR2 (CPVT1) and CALM1 (CPVT3)
are most prevalent, whereas CASQ2 (CPVT2) and TRDN
(CPVT5) are rare and segregate in an autosomal reces-
sive pattern. CPVT3 was mapped to 7p22–p14 but the
culprit gene has not yet been identified (23).

Idiopathic ventricular fibrillation

IVF is a group of disorders that cause cardiac arrest
preferentially by documented VF in the absence of
detectable cardiac, respiratory, metabolic and toxicolog-
ical reversible causes and when apparent structural or
electrical heart disease could not be detected. Famil-
ial IVF has been associated with mutations in SCN5A
(IVF1) (24) and in a Dutch founder population with
DPP6 (IVF2) (25). The baseline ECG is usually unre-
markable and VF tends to be triggered by short-coupled
ventricular extrasystoles originating from a single focus.
Others have described that ablation of these foci can at
least temporarily alleviate the arrhythmia burden.

Familial Wolff-Parkinson-White syndrome

Wolf-Parkinson-White syndrome (WPW) represents an
accessory conduction pathway between the atrium and
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ventricle, which can remain concealed or show as
pre-excitation of the QRS complex (PR shortening and
delta-wave appearance) on the ECG. WPW predisposes
to atrioventricular (AV) reentrant tachycardia, hence,
WPW causes palpitations, syncope and SCD. The occur-
rence of SCD results from atrial fibrillation with fast
anterograde conduction over the accessory pathway.
Recently, an autosomal dominant familial form of fasci-
culoventricular WPW associated with hypertrophic car-
diomyopathy (HCM) was identified. It was attributed
to mutations in the PRKAG2 gene that encodes the
AMP-activated protein kinase (AMPK; Table S1) (26).

Progressive cardiac conduction disorder

Progressive cardiac conduction disorder (PCCD), also
known as Lenègre-Lev disease, is characterized by accel-
erated fibrotic degeneration of the cardiac conduction
system. PCCD causes PR prolongation, QRS widening,
bundle branch block and eventually total AV block at
young age and therefore predisposes to syncope and
SCD. Often pacemaker implantation is required to pre-
vent these consequences. Historically, two PCCD sub-
types were identified in South African families showing
an autosomal dominant inheritance. Type IA (PCCD-IA)
is caused by mutations in SCN5A, whereas PCCD-IB
was attributed to TRPM4 (Table S1) (27). In contrast,
the genes responsible for type II PCCD remain elusive
to date. Nowadays, new forms of hereditary PCCD have
been associated with the NKX2-5, PRKAG2 and LMNA
genes as well.

Overlap syndromes

Over the years, several clinical entities that combine
traits of the above-described disorders were recognized.
The overlap syndrome between BrS and SQTS showed
ECG features that resemble BrS but with an additional
short QTc interval (QTc <360 ms) and high risk for SCD
(28). It was ascribed to loss-of-function mutations in the
CACNA1C gene.

Also, specific mutations in SCN5A were responsible
for LQT3 in some, while producing a BrS phenotype in
others, conferring a LQTS–BrS overlap syndrome (29).
Furthermore, it was suspected that ERS was related to
BrS as it is characterized by similar ECG traits. Indeed,
an early repolarisation pattern in the inferior or lateral
leads was found in 11–15% of BrS patients. In this con-
text, it was recognized that ERS, BrS and some forms of
IVF all represent different expressions of a spectrum of
disease with J-point abnormalities as common denomi-
nator, and therefore it was suggested to re-classify them
as J-wave syndromes (JWS). Subsequently, it was shown
that the cardiac sodium channel is involved in sick sinus
syndrome (SSS), PCCD and atrial fibrillation (30). It
becomes clear that the different PED are more related
than previously assumed; the proteins that are involved
in the various PED are interconnected through the cas-
cade of proteins that form the cardiac AP, providing a
plausible mechanism for these overlap syndromes.

To complicate things even more, a molecular overlap
has been shown between PED and structural heart
disease. SCN5A has been implicated in dilated car-
diomyopathy (DCM), whereas CACNA1C underlies
Timothy syndrome (LQTS8) that is a multi-system
disorder comprising dysmorphic facial features, autism,
syndactyly and arrhythmogenic electrical abnormalities
(31). The emerging picture of these clinical and molec-
ular overlap syndromes underlines the profound genetic
pleiotropy that exists in the setting of the heterogeneous
genotype–phenotype correlation. Both phenomena
tremendously complicate clinical diagnosis as well as the
application and interpretation of targeted genetic testing.

Hereditary CM

CM encompass a heterogeneous group of disorders
that, much in contrast to the above-described PED, are
characterized by structural remodelling of the cardiac
muscle (32). These structural abnormalities cause a
progressive loss of electrical stability of the cardiac tissue
through the generation of anatomical arrhythmogenic
substrate.

Hypertrophic CM

HCM is defined by asymmetric left ventricular thicken-
ing in the absence of abnormal afterload conditions (33).
In most, the disease is inherited in an autosomal dom-
inant manner. With an estimated prevalence of 1:500,
HCM is the most common hereditary cardiovascular dis-
order (34). A major barrier in the clinical diagnosis of
HCM is the variable age of onset of the hypertrophy and
the incomplete penetrance of the phenotype (35). SCD
occurs in 0.4–1% of HCM but subgroups with much
higher incidence have been identified. Despite on-going
technological advances, these high-risk patients cannot
fully be distinguished from lower-risk individuals based
on morphological criteria.

Several genes have been associated with HCM, >90%
of them encoding cardiac sarcomere proteins (Table
S2). Mutations in genes that encode sarcomeric myofil-
ament proteins (e.g. MYH7 and MYBPC3), Z-disc pro-
teins (e.g. ACTN2 and MYOZ2) or calcium-handling
proteins (JPH2, CASQ2) have been linked to HCM.
Non-sarcomeric HCM include PRKAG2-related HCM,
which was associated with familial WPW (fWPW). In
patients with a genetic diagnosis, 70% have mutations in
the two most common genes, beta-myosin heavy chain
(MYH7) and myosin-binding protein C (MYBPC3),
while other genes account for 1–5% of patients (Table
S2, Table 1) (36). Compound mutations are found in
approximately 7% of HCM, contributing to a worse phe-
notype and higher arrhythmogenic risk (37). In infants
and children, HCM can be one aspect of syndromic dis-
orders [e.g. Noonan’s syndrome, LEOPARD syndrome
(autosomal dominant) and Friedreich’s ataxia (autoso-
mal recessive)], inherited metabolic disorders and neu-
romuscular diseases.

Because of the clinical and genetic heterogeneity
of HCM, genotype–phenotype correlations are weak.
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However, patients carrying a sarcomere mutation seem
to present earlier, have more severe hypertrophy and have
higher prevalence of a family history of the disease and
SCD (38).

The exact mechanisms on how HCM develops as a
consequence of sarcomere protein gene mutations are
not completely understood. It has been hypothesized
that sarcomere mutations alter calcium signalling, lead-
ing to activation of myocyte enhancer factor (Mef2) and
increased TGFβ expression (39, 40). This in turn could
stimulate fibroblast proliferation, a hallmark of HCM.
Several mechanisms in HCM can lead to electrical dis-
turbances. Myocyte disarray and fibrosis, characteris-
tic in HCM, leads to pro-arrhythmogenic conduction
delay (41). Second, studies in transgenic mice (troponin
T-mutants) have shown that myofilament calcium sensi-
tization induces functional re-entry circuits (42). Third,
mutations in MYBPC3 inhibit physiological proteolytic
degradation pathways and result in the accumulation of
functional ion channels, disrupting the electrical stability
of the heart (43).

Dilated cardiomyopathy

DCM is characterized by the pathologic enlargement of
the ventricular cavities and impaired contractility in the
absence of significant CAD and abnormal loading condi-
tions (33, 44). The disease is associated with significant
morbidity and mortality because of progression to termi-
nal heart failure and to a lesser extent SCD. The inci-
dence of DCM is estimated to be 5–8/100,000 with an
observed prevalence of 1:2500 in adults (44).

Although the aetiology remains elusive in many cases,
it is estimated that 50% of DCM cases are hereditary
(45). To date, more than 40 genes have been implicated in
familial DCM, leading to a huge genetic heterogeneity.

The pattern of inheritance may vary from autoso-
mal dominant, over autosomal recessive to X-linked
and even matrilineal (46). Autosomal dominant forms
are caused by sarcomeric proteins/Z-band, as well as
nuclear envelope proteins, cytoskeletal proteins, ion
channels and mitochondrial DNA-encoded genes (Table
S2). Mutations in Lamin A/C are associated with con-
duction disturbances and account for 8% of familial
DCM (47). Recently, mutations in the giant protein Titin
(TTN) were identified in approximately 25% of famil-
ial cases of former idiopathic DCM (48). This elevated
the total expected mutation detection rate to >40% (48),
although the distinction between true pathogenic vari-
ants and benign polymorphisms in TTN is particularly
challenging. X-linked DCM is found in association with
muscular dystrophies (Becker and Duchenne); however,
dystrophin gene defects cause up to 7% of familial DCM
in male patients, without overt skeletal myopathy (49).

In familial DCM, the onset of disease is gene-specific
with PLN (phospholamban)-dependent DCM manifest-
ing early in life, whereas LMNA (Lamin A/C) muta-
tions, which comprise 0.5–5% of all DCM and over 33%
of familial DCM, become clinically evident around the
fourth decade. Furthermore, it is known that LMNA and
SCN5A mutation carriers are more prone to developing

ventricular arrhythmias, conduction defects and SCD
(50, 51). In contrast, PLN mutation carriers usually dis-
play a rapid deterioration of the cardiac pump function
(52). In this perspective, the early detection using genetic
screening provides the opportunity to adopt a more tai-
lored follow-up and custom treatment strategies for indi-
vidual patients with DCM.

Arrhythmogenic right ventricular cardiomyopathy

In ARVC, fibrofatty infiltration progressively replaces
contractile tissue leading to a reduction of the right
ventricular function and progression to right ventricular
aneurysm formation (33). Hence, in most cases, arrhyth-
mias originating from the right ventricle present as the
first symptom of the disease. The estimated prevalence
of ARVC ranges between 1:5000 and 1:2000 (33). The
disorder becomes clinically manifest during young adult-
hood and is a frequent cause of SCD in young adults.
Incomplete penetrance with 3 to 1 male preponderance
suggests that sex hormones might play a role in the clin-
ical phenotype.

ARVC can be divided into a desmosomal and
non-desmosomal subtype. The pathophysiology of
desmosomal ARVC comprises a progressive loss of
cell-to-cell coupling of the cardiac myocytes promoting
apoptosis and inducing fibrofatty replacement. To date,
six genes (Table S2) have been implicated in this sub-
type (53, 54). The pattern of inheritance in the majority
of cases is autosomal dominant but rare autosomal
recessive forms (e.g. JUP) of ARVC exist as well.

The less common non-desmosomal ARVC subtype is
attributed to heterozygous mutations in the cardiac ryan-
odine receptor (RYR2), transforming growth factor-β-3
(TGF-β3) or transmembrane protein 43 (TMEM43) and
alpha-3 catenin (CTTNA3) genes comprising different
pathophysiological mechanisms ranging from disruption
of intracellular calcium handling, over altered regula-
tion of extracellular matrix production to dysregulation
of the adipogenic pathway (55–57). Finally, it is sus-
pected that some forms of ARVC may be induced by
life-long-intensive physical exercise.

Left ventricular non-compaction

Left ventricular non-compaction (LVNC) is charac-
terized by prominent left ventricular trabeculae and
deep intertrabecular recesses, leading to increased
thrombi-embolic risk and stroke. In some patients,
LVNC is associated with left ventricular dilation and
decreased contractile function.

A clinical distinction is made between isolated (solely
affecting the heart) and non-isolated LVNC as part of
a larger clinical syndrome (e.g. congenital cardiac dis-
orders and neuromuscular disease) (33). The reported
prevalence of isolated LVNC in the general population is
0.26% and amounts to 3.7% in those with a left ventricu-
lar ejection fraction of ≤45%. Although the genetic diag-
nosis remains elusive in almost half of LVNC, most cases
display an autosomal dominant transmission, although
cases with X-linked inheritance have been recognized.
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To date, 15 disease-causing genes have been identified
(Table S2), often with a shared molecular aetiology with
HCM and DCM. The gene products are involved in
intracellular calcium handling (e.g. calsequestrin and
phospholamban), sarcomeric myofilament formation
(e.g. troponine I and troponine T), transmembrane ion
conductance (e.g. hERG and Nav1.5), nuclear envelope
formation (e.g. Lamin A/C) and others (α-dystrobrevin,
tafazzin and Cypher/ZASP) (58, 59). Reminiscent of
HCM, compound mutations, accounting for up to 10%
of adult LVNC patients, are most often found in genes
encoding sarcomeric proteins (60).

Restrictive cardiomyopathy

Restrictive cardiomyopathy (RCM) is a rare condition
that causes a progressive stiffening of the cardiac wall
hampering diastolic relaxation in the presence of normal
or reduced systolic and/or diastolic volumes and in the
absence of significant left ventricular hypertrophy (33).
In early stages of RCM, diastolic dysfunction is on the
forefront, but as the disease progresses systolic function
is usually affected as well.

Troponinopathies and desminopathies are typical in
RCM and display a distinct phenotype: the conduc-
tion system is usually not affected in troponinopathies,
whereas desminopathies are associated with AV block
and skeletal myopathy (61). This clinical distinction is
important, as troponinopathies confer a high arrhythmo-
genic risk, which is negligible in desminopathies (62).

Thoracic aortic aneurysm and dissection

If left untreated, aortic aneurysms evolve towards dissec-
tion and rupture. The current belief is that 2–3 times as
many patients die from thoracic aortic dissection when
compared with ruptured abdominal aorta. Upon the rup-
ture of an abdominal aortic aneurysm, up to 75% make
it to the emergency room alive. In the case of a TAAD,
40% die immediately with an hourly death rate of 1%
thereafter (63). Furthermore, it was shown that heredi-
tary aortic aneurysm disease is associated with ventric-
ular arrhythmias, indicating that death in these patients
does not solely result from the rupture of the aortic ves-
sel (64–66). Mortality after TAAD reaches 97% with
a median survival rate of 3 days (67). As such, aor-
tic dissection represents an important cause of death
(1–2%) and needs to incorporated in the SCD work-up.
Importantly, the genetic contribution to thoracic aortic
aneurysm (TAA) is significant as 20% of all affected
individuals have a positive family history. As many fam-
ily members may not be aware of the presence of an
aneurysm, the latter figure is likely to be underesti-
mated (68). Although in abdominal aortic aneurysm sev-
eral predisposing genetic variants have been identified
(e.g. LRP1, variants in RAAS, … ), risk factors such as
smoking, hypertension and hypercholesterolemia play an
important role. Overall, a genetic cause of TAA can be
identified in circa 30% of all probands (Table S3). In gen-
eral, two major pathogenic themes have emerged over
the last decade: vascular smooth muscle cell (VSMC)

specific sarcomeric protein dysfunction and dysregu-
lation of transforming growth factor beta (TGFβ) sig-
nalling (69). Within the non-syndromic forms, multiple
genes coding for components of the VSMC contractile
apparatus (ACTA2, MYH11, … ) have been identified,
whereas within the syndromic forms mutations in genes
encoding components of the extracellular matrix (e.g.
fibrillin-1, collagen 3, … ) and the TGFβ signalling cas-
cade (TGFBR1/2, SMAD3, … ) are the culprit.

Marfan syndrome

Marfan syndrome (MFS) is an autosomal dominant con-
nective tissue disorder with an estimated prevalence of
1/5.000–1/3.000. About two thirds of patients have a
positive family history, whereas one third is the con-
sequence of a de novo mutation. This pleiotropic dis-
ease predominantly affects three organ systems: ocular
(ectopia lentis), skeletal (overgrowth) and cardiovascular
(aortic aneurysm and dissection). The condition is caused
by mutations in the FBN1 gene, encoding fibrillin-1, an
important extracellular component of the microfibrils.
With the current mutation detection techniques, a causal
mutation can be identified in circa 90% of the probands.
Deep intronic, promotor and untranslated regions might
harbour the missing 10% of FBN1 mutations. Over the
years, thousands of different FBN1 mutations have been
identified, but no major genotype–phenotype correla-
tions have emerged (70). The phenotype is characterized
by a large intra- and interfamilial variability. A set of clin-
ical diagnostic criteria has been defined in the revised
nosology (71). This new nosology has simplified the
diagnostic decision-making process and also offers han-
dles for differential diagnosis and management.

The study Marfan mouse models has opened a new era
in the understanding of the aetiology of this condition
(72). MFS is no longer a pure structural deficiency of
an extracellular matrix protein but has evolved towards
a disease that is tightly linked to dysregulated TGFβ
signalling, rendering it amenable for new treatment inter-
ventions, such as angiotensin receptor blockers (73, 74).

Loeys–Dietz syndrome – aneurysm-osteo-arthritis
syndrome

Loeys–Dietz syndrome (LDS) is an autosomal dom-
inant connective tissue disorder with multi-systemic
involvement. The most typical clinical triad consists
of hypertelorism, cleft palate/bifid uvula and arterial
tortuosity with widespread aggressive aortic/arterial
aneurysms. Initially, two causal genes were iden-
tified: transforming growth factor beta receptors 1
and 2 (TGFBR1/2) (75). More recently two other
genes, SMAD3 and TGFB2, were reported in clin-
ical presentations with significant clinical overlap
with LDS. SMAD3 mutations were found in patients
with aneurysm-osteo-arthritis syndrome (AOS) that
demonstrated a lot of common features with LDS
including hypertelorism, bifid uvula, arterial tortuos-
ity and widespread aneurysms (76). Since the initial
report, patients with SMAD3 mutations but without
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osteoarthritis have been reported. Similarly, although
TGFB2 mutations were identified in patients with
MFS-like phenotypes (77), other patients had clinical
pictures very reminiscent of LDS (78). Importantly,
aortic tissues of LDS patients with loss-of-function
mutations in either of these four genes showed increased
TGFβ signalling. In LDS, dissections have been
described at aortic diameters as small as 4 cm. As
such, one should consider earlier aortic surgery in LDS
patients, taking into account rate of progression, family
history, aortic valve function and available literature.
Specific diagnostic and management guidelines have
recently been published (79).

Ehlers-Danlos syndrome

Ehlers-Danlos syndrome (EDS) is a heterogeneous
group of disorders mainly characterized by skin (hyper-
extensibility), joint (hypermobility, luxations) and
vascular (arterial rupture) findings. Three main sub-
types have been delineated: the classic type (mostly
affecting skin), the hypermobile type (predominant
joint involvement) and the vascular type (Villefranche
nosology) (80). The latter form is caused by a defi-
ciency of type III collagen (encoded by COL3A1) and
is mainly characterized by hypermobility of the small
joints (especially hands), thin rather than hyperextensi-
ble skin and ruptures of hollow organs and the arterial
system. Most typically, it affects medium-sized arteries,
but dissections of the aorta have also been described.
Mutations in COL3A1 leading to haplo-insufficiency
lead to a milder phenotype, while missense mutations
replacing critical glycine residues present with more
severe phenotypes. Unfortunately, the clinical diagnosis
is often missed until a life-threatening event (hollow
organ or arterial rupture) occurs and final diagnosis is
relying on the identification of a COL3A1 mutation. Up
to 50% of patients lack a family history. Their disease is
caused by de novo mutations (81).

Non-syndromic aortic aneurysm syndrome

Some genes, previously associated with syndromic
forms of aortic aneurysm/dissection (TGFBR2, SMAD3,
FBN1), have also been implicated in non-syndromic
forms of aortic aneurysm. Many of these families,
however, displayed some skeletal features and may
thus represent the mildest end of the spectrum of
syndromic forms. Mutations in genes encoding com-
ponents of the VSMC contractile apparatus typically
lead to non-syndromic familial thoracic aortic aneurysm
and dissection (FTAAD). The most common form,
accounting for up to 14%, is caused by mutations in
ACTA2, encoding a VSMC specific actin (82). Muta-
tions in MYH11 (myosin heavy chain 11) account for
TAA in association with patent ductus arteriosus (83).
Finally, rare mutations (<1%) in MYLK or PRKG1, two
modifiers of myosin function have been identified (84).

Although the mutations in ACTA2, MYH11, MYLK and
PRKG1 primarily affect VSMC function, upregulation of
TGFβ signalling has also been observed in aortic walls of

TAA patients with ACTA2 and MYH11 mutations (85).
Cell surface integrins, linked to VSMC contractile appa-
ratus through the intermediate and well-known regula-
tors of TGFβ activity, might explain this finding.

Bicuspid aortic valve-related aneurysm

Bicuspid aortic valve (BAV) is the most common con-
genital cardiac malformation affecting 1–2% of the pop-
ulation with a 3/1 male predominance (86). More than
35% of BAV patients will develop serious aortic com-
plications, including valve regurgitation, aortic stenosis,
TAA and aortic dissections. The risk of aortic dissection
in BAV patients is almost nine times higher and occur-
ring at a younger age when compared with individuals
with a tricuspid aortic valve (87). The inheritance pat-
tern of BAV is most consistent with an autosomal domi-
nant mode of transmission with reduced penetrance and
variable expressivity. While the heritability of BAV is
now well established, genes linked to the defect remain
largely unknown (88). Several studies suggest a high
locus heterogeneity for BAV-associated TAA.

Discussion and future perspectives

The genetic testing was recently revolutionized by the
advent of next generation sequencing. In order to bene-
fit from this technological feat, an integrated cardiolog-
ical and genetic approach is required. Different models
for cardiogenetic clinics can be imagined but ideally a
joined consultation addressing both genetic and cardio-
logical questions is organized. This approach integrates
the detailed study of pedigree and family history, old
clinical records, clinical investigations of the proband
and its first-degree relatives with broad genetic testing.
Over the last years, this testing has moved from a can-
didate gene-by-gene strategy to a more comprehensive
multiple gene approach. In many countries, next genera-
tion sequencing-based multigene panels are now offered
for dedicated genetic testing. These may include groups
of disorders (e.g. PED genes) or even sets including
all known SCD-related genes. Others are using exome
sequencing with a post hoc targeted analysis of clinically
relevant genes. The latter approach has the disadvantage
that it will not cover circa 10% of the relevant coding
regions. Analysis of these multigene panels will lead to
a more comprehensive view of all existing genetic varia-
tion and its ability to modify phenotypes. This is often a
challenging task and may not always lead to an unequiv-
ocal decision. The tabulation of all genetic variation will
require further international collaboration and registries.
In addition, although many predictive tools for empir-
ical prediction of mutation impact exist, we will have
to develop better functional tools to study the effect of
genetic variants.

Although the correlation between genotype and the
resulting phenotype in symptomatic patients is often
evident, the genotype–phenotype correlation is often
lacking or remains unpredictable in asymptomatic indi-
viduals. For instance, when TAA occurs in a syn-
dromic context, the molecular diagnosis is usually quite
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straightforward as only a limited number of genes are
involved (e.g. FBN1 for MFS), and a careful work-up
of the pathognomonic clinical signs by an experienced
clinical geneticist can guide the selection of the most
likely candidate gene. However, it is becoming more dif-
ficult in genetic heterogeneous conditions such as LDS,
where four causal genes (TGFBR1/2, SMAD3, TGFB2)
have been implicated. In patients with less prominent
clinical signs or children that present with evolving phe-
notypes, it is far from obvious to make a correct molecu-
lar diagnosis. Moreover, several genes show a diverging
range of phenotypes. For example, mutations in TGFBR1
and TGFBR2 have been identified in isolated TAA (89),
while mutations in TGFBR2 can cause a MFS-related
phenotype (90). Similar pleiotropy has been described
for both CM and PED with the existence of clinical and
molecular overlap syndromes on the one hand and pro-
found phenotypical heterogeneity on the other hand, as
one mutation can lead to different forms of CM or PED.
Even among different members of the same family, the
phenotypes range from full-blown disease to an entirely
asymptomatic course of life.

Probably the most important determinant of variable
expressivity is the fact that many of the inherited car-
diac diseases are complex polygenic diseases requiring
more than one genetic and/or acquired ‘hit’ to trigger
the clinical phenotype. In PED, the alternative splicing
of gene transcripts, heteromeric assembly of ion chan-
nel subunits and interactions with auxiliary proteins that
mediate protein folding, trafficking and anchoring in the
plasma membrane create different layers of complex-
ity. Similarly, the contractile apparatus as well as the
cytoskeleton of the myocyte and the VSMC depend on
the integrity of multiple proteins. From this perspective,
it is to be expected that one disease phenotype may arise
from different genes, while at the same time it may be
that deficiency of one gene product may not be sufficient
to cause disease. Examples of severe phenotypes arising
from digenic mutations have been reported, although it is
suspected that many more cases with less extreme phe-
notypes have gone unrecognized because of the predom-
inant use of gene-by-gene sequencing techniques (91).
In addition, common single nucleotide polymorphisms
(SNPs) can amplify or reduce the effects of known
pathogenic mutations (92). Moreover, gene expression
is influenced by factors including age, left ventricular
hypertrophy and heart failure resulting in structural and
electrical remodelling of the heart. Consequently, it is
likely that the genetic constitution of an individual is
dynamic over time by means of changes in expression,
implying that the resultant intrinsic risk for SCD might
change accordingly.

We are only beginning to understand the complexity of
variable expressivity; therefore, extreme caution should
be exercised when counselling patients and relatives with
inherited cardiac diseases. Next generation sequencing
will allow a more differentiated identification of the indi-
vidual’s genotype and guide a more gene-tailored patient
management. However, such approach is a double-edged
sword as distinguishing pathogenic mutations from dis-
ease modifiers, normal variation and background noise

without functional information remain a probabilistic
process at best with already countless exceptions against
generally accepted rules and algorithm predictions pub-
lished. In a recent expert consensus, referral of all SCD
survivors with suspected PED and their first-degree rela-
tives to dedicated cardiogenetic clinics for evaluation has
become a class I recommendation (9). Obviously, this is
equally important in the group of CM and TAA.

The gap that perseveres between the genetic and clin-
ical reality needs to be bridged by better systematic
functional analysis as this will provide the necessary
insight into the impact a variant imposes on pathophys-
iology. Historically, patch clamp techniques have been
widely adopted to functionally assess PED cases, but
the analysis is notoriously labour intensive. Moreover,
these assays are available in only a handful specialized
labs, and therefore these functional analysis have never
reached routine application for clinical practice. The sys-
tematic study of the impact of molecular abnormalities
on the structural integrity of the contractile apparatus
or connective tissue is even more challenging. Recently,
great progress has been gained by the use of induced
pluripotent stem cells (IPS) for both PED and CM. The
technique is promising as it allows the assessment of the
electrical properties and the structural integrity of the
myocyte against the entire genetic background of a given
patient. Further study and validation will show whether
this approach will prove fit for clinical practice.
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