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Primary inherited electrical diseases

• Inherited cardiac ion channelopathies, AD inheritance

• At increased risk for ventricular arrhythmia, including sudden cardiac death 
(SCD)

• Long QT syndrome, catecholaminergic polymorphic VT, Brugda syndrome, 
Short QT syndrome..

• Identifying the molecular etiology of disease à genetic testing can improve 
diagnostic accuracy and refine family management.

• Release of the human genome and advances in sequencing technology, 
development of high throughput next-generation sequencing 

à discovery of new disease-susceptibility genes 



The role of genetic testing in primary 
inherited electrical diseases

1. Clarify disease diagnoses: genetic testing can help to clarify the 

diagnosis of diseases that cause similar clinical presentation 

2. Facilitate cascade screening: genetic testing can help to identify 

families at risk 

3. Direct more precise therapy

4. Identify patients for targeted therapies: targeted medical therapies, 

including antibody-based therapeutics, gene editing, and silencing 

technologies



Nat Rev Dis Primers. ; 6(1): 58. doi:10.1038/s41572-020-0188-7
Heart, Lung and Circulation(2019) 28, 22–30.

Genes and proteins involved in the 
pathogenesis of inherited cardiac arrhythmias.



Detection rates and clinical Utility of diagnostic genetic testing 
for selected inherited arrhythmia

Utility of genetic testing

Condition Major genes detection 
rate

Diagnostic 
criterion

effect on 
proband

management

predictive 
genetic 
testing

LQTS Transmembrane ion channel 
genes

50-75% Yes ++ Yes

CPVT RYR2, CASQ2, TRDN, and
CALM1

50-55% Yes ++ Yes

Brugada
syndrome

SCN5A 20-25% NA + Yes

JAMA Cardiol. 2017;2(10):1153-1160

+may affect management; ++likely affects management



Guidelines

2011 HRS/EHRA Expert concensus for the genetic testing
2015 ESC Guidelines on ventricular arrhythmias and the prevention of SCD
2017 AHA/HRS guideline for the prevention of SCD

6.7.3. ICD Use After Heart Transplantation

6.8. Neuromuscular Disorders

Table 9

6.9. Cardiac Channelopathies

Recommendation for ICD Use After Heart Transplantation
References that support the recommendation are summarized in Online Data Supplement 37.

COR LOE Recommendation

IIb B-NR 1. In patients with a heart transplant and severe allograft vasculopathy with LV dysfunction, an ICD may be
reasonable if meaningful survival of greater than 1 year is expected (S6.7.3-1—S6.7.3-3).

Recommendations for Neuromuscular Disorders
References that support the recommendations are summarized in Online Data Supplement 38.

COR LOE Recommendations

I B-NR 1. In patients with neuromuscular disorders, primary and secondary prevention ICDs are recommended for the
same indications as for patients with NICM if meaningful survival of greater than 1 year is expected (S6.8-1,
S6.8-2).

IIa B-NR 2. In patients with Emery-Dreifuss and limb-girdle type IB muscular dystrophies with progressive
cardiac involvement, an ICD is reasonable if meaningful survival of greater than 1 year is expected (S6.
8-3—S6.8-8).

IIa B-NR 3. In patients with muscular dystrophy, follow-up for development of cardiac involvement is reasonable, even if
the patient is asymptomatic at presentation (S6.8-9—S6.8-12).

IIb B-NR 4. In patients with myotonic dystrophy type 1 with an indication for a permanent pacemaker, an ICD may be
considered to minimize the risk of SCA from VT if meaningful survival of greater than 1 year is expected (S6.
8-9,S6.8-13,S6.8-14).

Table 9 Neuromuscular Disorders Associated With Heart Disease

Muscular Dystrophy Inheritance
Gene/Protein
Affected

Primary Cardiac
Pathology

Frequency of Cardiac
Involvement Causes of Death

Associated With
Sudden Death?

Duchenne X-linked recessive Dystrophin NICM .90% Respiratory, HF Yes, uncertain etiology
Becker X-linked recessive Dystrophin NICM 60%–75% HF, respiratory Yes, uncertain etiology
Limb-girdle type 1B Autosomal

dominant
Lamin A/C Conduction system

disease and NICM
.90% Sudden, HF Yes

Limb-girdle type
2C-2F

Autosomal
recessive

Sarcoglycan NICM ,25% Respiratory, HF Uncertain

Limb-girdle type 2I Autosomal
recessive

Fukutin-related
protein

NICM 20%–80% Respiratory, HF Uncertain

Myotonic type 1 Autosomal
dominant

CTG repeat
expansion

Conduction system
disease and NICM

60%–80% Respiratory,
sudden, HF

30% of deaths,
uncertain bradycardia
versus tachycardia

Myotonic type 2 Autosomal
dominant

CCTG repeat
expansion

Conduction system
disease

10%–25% Normal causes Reported

Emery-Dreifuss X-linked and
autosomal
dominant or
recessive

Emerin, Lamin A/C Conduction system
disease and NICM

.90% Sudden, HF Yes

Facioscapulohumeral Autosomal
dominant

D4Z4 repeat
contaction

Possibly conduction
disease

5%–15% Normal causes,
respiratory rarely

Not reported

HF 5 heart failure; NICM 5 nonischemic cardiomyopathy.
Adapted with permission from Groh et al. (S6.8-15).

Recommendations for Cardiac Channelopathies
References that support the recommendations are summarized in Online Data Supplement 39.

COR LOE Recommendations

I B-NR 1. In !rst-degree relatives of patients who have a causative mutation for long QT syndrome, catecholaminergic
polymorphic ventricular tachycardia, short QT syndrome, or Brugada syndrome, genetic counseling and
mutation-speci!c genetic testing are recommended (S6.9-1—S6.9-6).

I B-NR 2. In patients with a cardiac channelopathy and SCA, an ICD is recommended if meaningful survival of greater
than 1 year is expected (S6.9-7—S6.9-13).
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Long QT syndrome
-Most common inherited arrhythmia syndrome (Estimated affect 1:2000)
- Most symptomatic patients – first arrhythmic event during the 1st 20 years 
of life
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discoveries that allow to delineate LQTS subgroups
with different risk of cardiac events on the basis of
the genotype and specific features of the mutations.

We have made undisputable progress to delin-
eate genotype-based risks in LQTS but much less so
for other inherited arrhythmias in which the current
use of genetic testing is for diagnostic and therapeu-
tic indications but much less for risk stratification
[20,21&&]. This may be due either to the fact that the
genetic pathophysiology of the disease is still not
completely understood (as in Brugada syndrome) or
to the lack of sufficiently sized subgroups of patient
with known mutation.

Genotype–phenotype correlation aimed at risk
stratification was attempted also in cardiomyopa-
thies presenting with a significant risk of sudden
arrhythmic death. A recent study in ARVC [22&&]
showed that patients with multiple mutations (4%
of the total cohort) had significantly earlier occur-
rence of sustained ventricular tachycardia or ven-
tricular fibrillation (VT/VF) and lower VT/VF-free
survival. On the other hand, carriers of desmoplakin
mutations carried a more than four-fold increased
risk of occurrence of left ventricular dysfunction
(40%) and heart failure (13%) compared with
PKP2 carriers.

In patients with hypertrophic cardiomyopathy
(HCM), a recent study on more than 150 probands
[8&] showed that major cardiac events, including
implantable cardioverter defibrillator (ICD) shocks,
are more likely in patients harboring variants on
myosin heavy chain (MYH7) gene (hazard ratio 2.8,
CI 1.4–5.8; P!0.005). The previously suggested
association of cardiac troponin mutations (TNNI)
with higher risk of SCD was not confirmed, but this
gene was a rare cause of the disease (4%) and more
than 80% of mutations were identified in MHY7 and
myosin binding protein C (MYBPC1).

Thus, both for ARVC and HCM genotype
appears to have a role in the definition of risk;
however, confirmations are still needed and the
current clinical guidelines do not include genotype
in the risk stratification (e.g. see: http://www.doc2do.
com/hcm/webHCM.html).

Genetic association studies in monogenic
diseases
The identification of genetic risk of arrhythmic
death in the general population is a complex task
to achieve due to the heterogeneity of causes
that can produce an arrhythmogenic substrate.

FIGURE 1. Genotype and risk stratification in long QT syndrome. Modulation of the rate of cardiac events (syncope, aborted
cardiac arrest and sudden death) by gene, modifiers and topology. ER, event rate; F, female; HR, hazard ratio; M, male;
MM, multiple mutations, includes compound heterozygotes and KCNQ1 homozygotes with or without deafness; pt, patient.

Molecular genetics
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High risk for cardiac event

Risk stratification in LQTS

• Variable clinical manifestation 

10—35% of LQTS mutation carriers: borderline or normal 
QTc

Curr Opin Cardiol 2018, 33:298 – 303 
Curr Opin Gen & Development 2015, 33:17–24
Circulation. 2011;123:1021-1037

Concluding remarks and future perspectives
Several years of investigations have gathered the concep-
tual demonstration of different mechanisms that may play
a modulatory action on the LQTS phenotype: compound
heterozygozity (double mutations), nsSNPs, and synony-
mous SNPs. To add to the complexity, it seems estab-
lished that specific SNPs may have different effects (i.e.
worsening or improving) in the presence of different
mutations or according to their allelic position (cis, trans).
This latter concept of cis/trans regulation might become
very important in the future. Exemplar of this line of
research is the study by Amin et al. that identified ‘pro-
tective’ SNPs in the untranslated region of the KCNQ1
gene (30UTR). When present (as a minor allele)
rs2519184, rs8234, and rs10798 reduced the expression
of the protein. LQTS patients harboring the mutation and
the SNPs on the same allele showed a milder phenotype
(reduced mutant allele expression) than patients in whom
the SNPs were present on the wild type allele [26].

In this context, demographic variables like gender and
age may influence the risk of events, and represent
additional modulators and further interactions with the
genetic modifiers. Therefore, the individual phenotype
and the risk of events are ultimately determined by a
multiplicity of factors with a high number of possible
combinations with variable effect sizes (Figure 2). For
this reason, the complete picture of LQTS genetic modi-
fiers and, most importantly, the possibility of predicting
the outcome in the specific patient, remains difficult. As
of today, the only SNPs that have been replicated from
independent investigators (and could be considered in
risk stratification) are those occurring in NOS1AP, perhaps
the genetic locus with the largest effect size. In general
however, the clinical impact of the last 10 years of
investigations on LQTS modifiers is lower than was
initially expected. The most important limitation might
be related to the improved capabilities of clinical preven-
tive strategies with more aggressive use of beta blockers
together with the increased awareness in the medical
community. This process is leading to a progressive
decline of the observed event rates. The low event rates
make it difficult to collect cohorts that are large enough to
allow the detection of the small effect usually associated
with SNPs. Therefore, even when the complete picture
of LQTS modifiers will be identified, the possibility of
including all of them in a highly detailed/patient-specific
risk stratification scheme remains uncertain.

Overall, the field of LQTS modifiers still requires a
transition toward a more mature phase. From this stand-
point, large collaborative studies gathering statistically
powerful cohorts, and informative families are warranted.
Furthermore, to overcome the limitations, future research
should also tackle the issue of the functional conse-
quences of SNPs and SNP/mutation interactions. This
would allow more targeted and function-based research.

From this standpoint patient-specific induced pluripotent
stem cell models could allow significant advancements by
enabling researchers to study mutations and SNPs in their
natural genetic background.
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Phenotype modulators in LQTS. Schematic representation of the
interplay between factors that modulate the clinical outcome in LQTS.
The LQTS gene mutation has the largest effect. Than the gender and
additional environmental factors (e.g. drugs, electrolyte abnormalities)
can impact on the risk of events and QTc duration. Genetic
polymorphisms may interact with both these categories. Genetic
modifiers may have different effect size. In general (upper left panel),
synonymous SNPs (S-SNP) have high prevalence and small effect
size; non-synonymous variants (N-SNP) have lower prevalence and
larger effect size (that it is detectable at the level of single or few
pedigrees). Finally compound heterozygous variants (C-HET) are rarely
found but they have a remarkable impact on patients’ outcome. The
red arrows in upper left panel represent the opposing direction of
‘prevalence’ and ‘effect size’, with ‘1’ representing the largest
observable value and ‘0’ its absence thereof.

Current Opinion in Genetics & Development 2015, 33:17–24 www.sciencedirect.com

Phenotype modulators in LQTS 

QTc, genotype, sex, Previous syncope

M

F



Genotype – phenotype correlation
in LQTS

• Strong genotype – phenotype 
correlation

• LQTS 1: sympathetic activity, 
emotional/physical stress, esp. swimming

• LQTS 2 : sudden noise (telephone 
ringing, an alarm clock), postpartum 
period

• LQTS 3: at rest or a sleep



Management in patients with LQTS

• TOC: beta-blocker (propranolol or nadolol)

• Gene-specific therapies

LQT1: BB

LQT2: BB +/- mexiletine

LQT3 : BB + mexiletine 

• ICD

• Left cardiac sympathetic denervation (LSCD)

Nat Rev Dis Primers. 6(1):58. doi:10.1038/s41572-020-0188-7
Circ. Arrhythm. Electrophysiol 12, e007280 (2019).

2013 HRS, EHRA, and APHRS consensus on patients with inherited primary arrhythmia syndrome

ICD should be carefully considered in 
children d/t small body size and high ra

te of complications

Young patients who experienced a cardia
c arrest while not on BB could be treated 

only with BB and/or LSCD.



CPVT

• Rare arrhythmogenic disorder characterized by adrenergic-induced 
(stress-induced) polymorphic VT

• Genetics
RYR2 (ryanodine receptor gene, AD) 50-55%
CASQ2 (cardiac calsequestrin gene, AR) 2-5%
TRDN (AR) 1-2%,   CALM1  <1%
Unknown 35-45%

Mutation in RYR2 or CASQ2 gene à
destabilize the RyR2 Ca2+ release channel 
complex
à spontaneous Ca2+ release↑
àDelayed after depolarization, triggered 
activity       

and bidirectional/polymorphic VT



Diagnosis
• Resting ECG: normal 
• Echocardiography: no structural heart disease
• Exercise stress test : induced bidirectional VT 
or polymorphic VT (reproducible)

Treadmill test

2015 ESC Guidelines on ventricular arrhythmias and the prevention of SCD



Management of CPVT

• Beta-Blocker (TOC)

heart rate reduction and direct effect 
on Ca release from the SR

• Flecainide
Given along with BB 

• Left Cardiac sympathetic denervation 
(class I)

• ICD: controversial



Brugada syndrome
• >500 pathogenic variations

àThe majority of all pathogenic 
variants

are located in SCN5A

~30% of all cases

• 70% of families remain without an 
implicated genetic variant

è current guidelines recommend a

comprehensive genetic analysis of 
only SCN5A

Genes associated with BrS

J Am Coll Cardiol 2018;72:1046–59



Idiopathic VF

*Genetic testing in 35 patients à 14 had P/LP variant.
Combining clinical and genetic investigations, a diagnosis was made in 30 (55%).

J Am Heart Assoc. 2020;9:e016322. DOI: 10.1161/JAHA.119.016322 1

55 probands with documented VF
Aged 11.5±5.7 years (range 0.1-17.8 yrs)



Cardiac arrest (4Y/M)

• Previously healthy

• fell down while playing on the bed and had a GTC seizure

• Outside ER, asystole à CPRà ROSC

• University Hospital ER: VF à Defib, amiodarone CI à sinus rhythm

• Frequent VT/VF à lidocaine +- amiodarone

• VF & CPR, frequent PVC

• Hypoxic damage on brain MRI

à Refer for further evaluation and management, suspecting LQTS

Case 



Outside ECG during sinus rhythm
; QT prolongation

Case 



During IV midazolam
Sedation off à rigidity, sz like movenet &  VT

Temporary V pacing
+ atenolol 

Case 



Bidiretional VT à effective IV lidocaine

Frequent VT by handling

Case 



Case 

Mexiletine add on, lidocaine C.I.



• On hospital day 18, 
Targeted NGS panel reported: RYR2 gene 

c.6737C>T (p.Ser2246Leu) pathogenic variant

àGene confirmed CPVT
: atenolol + flecainide
left sympathetic denervation

deferred ICD implantation No recurrence 
of VT

Case 



Circulation. 2020;141:418–428. 
DOI:0.1161/CIRCULATIONAHA.119.043132

KCNQ1 KCNH2 SCN5A CALM1 CALM2 CALM3 TRDN CACNA1 KCNJ2 KCNE1 KCNE2 AKAP9 ANK2 CAV2 KCNJ5 SCN4B SNTA1



by ClinGen gene-disease validity classification 
framework: systematic, evidence-based 
approach for assessing reported gene-disease 
associations

Circulation. 2020;141:418–428. 
DOI:0.1161/CIRCULATIONAHA.119.043132

KCNJ2 
Definitive evidence for the 
multiorgan syndromes
Limited evidence for the cardiac 
specific phenotype

• KCNQ1, KCNH2, and SCN5A: definitive 
genes for typical LQTS

• CALM1, CALM2, CALM3, and TRDN: 
definitive or strong evidence, but with 
atypical features

• CACNA1C: moderate evidence



Heart, Lung and Circulation(2019) 28, 22–30 

Circulation. 2020;141:418–428. 
DOI:0.1161/CIRCULATIONAHA.119.043132

Definitive gene

Strong or
Definitive gene

Moderate evidence

limited or
Disputed evidence

limited or
Disputed evidence

• Lacked evidence of statistically significant segregation of the 
suspected variant in multiple affected cases beyond chance alone. 

• Population frequency too high to be an autosomal dominant cause of 
LQTS



Trends in Cardiovascular Medicine 28 (2018) 453–464



Variant of unknown significance

• Not be used for clinical decision making

• Segregation analysis
Data from a large number of affected relatives or distantly related affected 
relatives provide stronger evidence that the variant causes disease 

JAMA Cardiol. 2017;2(10):1153-1160 



Conclusions
• Genetic testing can clarify disease diagnoses

• can help to identify families at risk for inherited arrhythmia

• Direct more precise therapy

• Limitations: misclassification of genetic variant, inconclusive 
results

• Further studies are required to reassess clinical phenotype, 
degree of co-segregation and to identify in vitro or in vivo 
evidence to support pathogenicity 


