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ESC Classification of 
Cardiomyopathies (morphological) 

  Elliott et al. (2008) Eur. Heart J. 29: 270-276 

* * 

 
Channelopathies / 

Inherited arrhythmia syndromes / 
Primary electrical heart diseases ... 

 
... are not ‘cardiomyopathies‘. 

  
The heart is (mostly) structurally normal  

using routine cardiac imaging techniques. 
 



Cardiac Ion Channel Disorders 
(Primary Electrical Heart Diseases) 

 Ventricular Supraventricular 
 
Long-QT syndrome (LQTS) Sinus node dysfunction* 
Short-QT syndrome (SQTS) Atrial fibrillation* 
Brugada syndrome* AV block* 
Polymorphic VT/VF (CPVT) RBBB, LBBB, ...* 
Early Repolarisation (ERS)*  WPW (+HCM)  
 

 (Idiopathic VF)    
(drug-induced LQTS) 
(SIDS, SUDS/SADS, drowning/sport victims, …) 

   *: exclude phenocopies (mimicking conditions),  
 consider genetics if familial or unexplained/idiopathic case 



DGK / DGPK Expert Consensus Statement 
Molecular Diagnostics of Cardiovascular Diseases  
Arrhythmias 

- Long-QT syndrome  (LQTS) 
- Catecholam. polymorphic VT  (CPVT) 
- Syndromic: JLNS, Timothy, Andersen 1 

Brugada syndrome  (BrS) 
 2A 

- Others:  IVF, early repolarisation, Short-
QT (SQTS), drug-induced forms, … 2B 

SNPs / Polymorphisms 
 3 

  Schulze-Bahr et al. (2015) Kardiol. online 
Pocket guidelines 

International version in prep. 

- Diagnostics 
- Therapy 
- Prognosis 



DGK / DGPK Expert Consensus Statement 
Molecular Diagnostics of Cardiovascular Diseases  
Indications for Molecular Diagnostics  

Disease:  Sensitivity  >30% 
Gene: Sensitivity  >10%   
  1 

Disease:  Sensitivity  10-30% 
Gene: Sensitivity  1-10% 

2A 

Disease:  Sensitivity  <10% 
Gene: Sensitivity  <1% 
 2B 

Disease w/o genetic basis 
Gene w/o known relation with disease 
 3 

- Diagnostics 
- Therapy 
- Prognosis 

  Schulze-Bahr et al. (2015) Kardiol. online 
Pocket guidelines 

International version in prep. 







α 
      β 



Heart-rate corrected QT Interval  
(QTc; Bazett‘s method) 

Viskin. Heart Rhythm 2009; 6: 711-715 

 QTc Female:  360 – 460 ms 

 QTc Male: 350 – 450 ms 
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LQTS Genotype (+): 
Normal baseline QT Interval (at rest) 

Goldenberg et al. (2011) JACC. 57: 51-59 

25% 

n=469 
419 + 20 ms 
 
Non-LQTS: 
n=1,525 
412 + 22 ms 

n=1,392 
501 + 48 ms 

Syncope 40%  21%  (10%) 
ACA/SCD 11%  2.3%  (0.8%) 



“Finding the missing heritability 
of complex diseases“ 

Manolio et al. Nat. Genet. (2009) 461: 747-753 



SCN5A Gene Alterations: 
Phenotype vs. Common Variation 

A180G 

R552G 

V120I 

R34C 

V728I 

H558R 

H987Q 
Q1027R 

P1090L 

S1103Y 

R1193Q 

K1500N 

V1951L 





ECG Parameters - Quantitative Traits 
(GWAS; H²: heritability estimates) 

NOSAP1-rs10494366, 
NOSAP1-rs2880058  
Effect: 3-7 ms 
ANK-B (LQT4) 
2-3 ms 
KCNE1_D85N (LQT5) 
Effect: ~10 ms 
KCNH2 K897T (LQT2) 
Effect: 3-4 ms 
 
<1% of variance explained 
H²: 29-77% 

SCN10A, SCN5A 
CAV1-CAV2, NKX2-5,  
SOX5, WNT11, MEIS1,  
TBX5, -3  
Effect: 1-3 ms 
SCN10A  
Effect: 1-3 ms 
 
H²: ~34% 

CYP2D6 *4/*4 PMs + 
Betablocker treatment:  
Effect HR -8.5/min 
MYH6 
Effect 5.7% of HR 
 
H²: 29-77% 

TBX5, SCN10A 
6p21, 10q21 
Effect: 5-7% 
 
H²: 0-36% 

Vorführender
Präsentationsnotizen
Zesiler, Franka 18.05.85
2007 Krampfanfall morgens unklarer Genese, Handy auf Fußboden morgens 
Liegend; CCT, EEG o.p.B. “unklar
> Konvulsive Synkope.



KCNH2 
K897T 
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Disease Severity: Balancing the  
Protein between Normal and Mutant ?! 

 Concept of ‘Genomic  
Convergence‘ 

 Disease expression  
of a (mutant) haplotype  
M*-G-A-A depends  
on the second allele 

 Wild-type N-x-x-x  
haplotype might have a 
different, intrinsic allele 
expression 
 
(adapted from Amin et al., EHJ 2012) 



Evidence of Polymorphic Sites  
within the 3‘-UTR of LQT-1 (KCNQ1) 

◄ …  KCNQ1 Ancestral haplotype: 
 G A A  
    

Amin et al. EurHJ (2012) 33: 714-723 

  QTc 430 440 450 470 520 
 N 26 1 31 17 3 



HR 50/min 
QT 500 ms 
QTc 456 ms 

HR 121/min 
QT 380 ms 
QTc 540 ms 
(100W) 

ECG of a young female  
“Asymptomatic“, National Team Player (Basketball) 

Vorführender
Präsentationsnotizen
Zesiler, Franka 18.05.85
2007 Krampfanfall morgens unklarer Genese, Handy auf Fußboden morgens 
Liegend; CCT, EEG o.p.B. “unklar
> Konvulsive Synkope.



Knöllmann and Roden (2008) Nature 451: 929-936 

Channels regulated 
by sympathetic nervous 
system (cAMP)  



Imaging of Myocardial Innervation 
Radioactive Tracer Activity 

MYOCYTE

Sympathetic
System

Parasympathetic
System

NE

NENE

NE

NE

NE

L-Tyrosine

NE

NE ACh

ACh

ACh ACh

Ch

Ch

Choline

ACh

Choline

ACh

NE

NENE

NE

NE

NE

L-Tyrosine

NE

NE ACh

ACh

ACh ACh

Ch

Ch

Choline

ACh

Choline

ACh

NENE

NE NE

NENE

[11C]HED
[123I]MIBG

[11C]MQNB

ACh

ACh

AChACh

Ch

Ch

α1: [11C]-GB67                                                           m2
β1: [11C]-CGP
β2: 12177



Sympathetic cardiac innervation:  
28 symptomatic LQTS pts. (MIBG-SPECT) 

 
Kies et al. (2013) Eur. J. Nucl. Med. 

N: 10 28 7 12 9 
QTc (ms)  501+69 481+69 508+81 508+54 
Syncope/VF 18/10 7/0 5/7 6/3 
Abnormal MIBG: 17 5 7 5 
Segm. with tracer :  5 6 4         



 
Kies et al. (2013) Eur. J. Nucl. Med. 

N: 28 18 10  
QTc (ms) 501+69 468 543 
Syncope/VF 18/10 7/0 5/7 
 
Abnormal MIBG: 17 (61%) 10 (56%) 7 (70%)        

MIBG-SPECT and QT Prolongation:  
28 symptomatic LQTS pts. 



Therapy LQTS 

• Depends on symptoms and QTc duration 
 
(i) BB 
(ii) BB and ICD, if BB is not tolerated 
  or  QTc ⇑⇑  
     or symptoms during BB 
(iii) ICD for secondary prophylaxis (or class IIB) 
(iv) class IB antiarrhythmics for LQT3 

• Avoid QT-prolonging agents, serum ⇓ K+ 

• Avoid genotype-specific triggers, modify life style 
to genotype 



Strategies to Restore  
Ion Channel Dysfunction 

Increase number  
of functional (WT) channels 

Modulate dysfunc- 
tional channels 



Loss of Functional HERG Channels: 
Key Mechanism for LQT-2 (IKr ⇓) 

Anderson et al. (2006) Circulation 113: 365-373 

28/34 Missense mutations were traffi- 
cking-deficient“ (Western blot: 135 kDa) 
4/6 Missense mutations (R328C, P347S 
T436M, R922W) had wild-type like IKr 155 kDa: Mature HERG protein 

135 kDa: Immature HERG protein 

HEK293 



Ranolazine Effects on Ventricular 
Repolarisation (rabbit hearts, in vivo)  

Reduction of 
• APD and TDR in M and 

Purkinje cells (lower HR) 
at the ventricular level 
 

 
 

a1-agonist 

I(Kr) blocker 

10 µM 

 
Antzelevitch et al. (2011) Heart Rhythm 8: 1281-90 



Late I(Na) current: 
A substrate to maintain repolarization  

Bernadinelli et al. Heart Rhythm (2015) 12: 440-448 

Gilead  
GS-6615 

p-, phosphorylated 
o-, oxidized 



Cardiac-like Myocytes 
(from human induced, pluripotent stem cells; hiPSCs, LQT-2) 

Modelling the long QT syndrome with 
induced pluripotent stem cell 
Izhaki et al. Nature Feb. 2010 epub 
 

FPD: field potential duration 

EAD suppression with nifedipin (I(Ca2+) block),  
Pinacidil (I(K-ATP) opener), ranolazine (I(Na(Kr) block)   
 

Vorführender
Präsentationsnotizen
Zesiler, Franka 18.05.85
2007 Krampfanfall morgens unklarer Genese, Handy auf Fußboden morgens 
Liegend; CCT, EEG o.p.B. “unklar
> Konvulsive Synkope.



Repolarisation: 

Respect also the short (SQTS). 



Heart-rate corrected QT Interval  
(QTc; Bazett‘s method) 

Viskin. Heart Rhythm 2009; 6: 711-715 

 QTc Female:  360 – 460 ms 

 QTc Male: 350 – 450 ms 



        HR 2005; 2: 1136 

Proband: 
QT:  300 
QTc: 335 ms 
QTp: 78% 

Brother: 
QT:  300 ms 
QTc: 335 ms 

QTp: 80% 

25 mm/s 

25 mm/s 



(Short) QT Intervals: The Range  
(Japan, >110,000 In-hospitals) 

Heart Rhythm (2012) 9: 66-72 

421 +25ms 424 +25ms 418 +25ms 

N=427 

193 

234 



Shortened AP/Repolarization  
and K+ Currents (IK): SQT1-3 



Na+ 

Ca2+ 

Ca2+ K+ 

K+ 
K+ 

K+ 

SQTS  
Ca2+-Channel 

Types 
 

(CACNB2b  
n=1+BrS,  
CACNA1c  
n=4+BrS) 
CACND2d 

n=4 



HRS/EHRA  [2013]  
Expert Consensus Statement: SQTS 

Heart Rhythm (2013), in press (ePUB) 
Europace (2013), in press 

(... disopyramide, flecainide, ibutilide, nifekalant, ...) 



 
 

Brugada Syndrome 
(BRGDA / BrS) 

 



Brugada Syndrome (BrS): 
Indicative ECGs 

 BrS Type 1-ECG 
only diagnostic  
at rest, 
after provocation, 
after conversion  
of BrS Type 2/3 
 J-point / ST ⇑  

of more than 2 mm 
in two or more 
right precordial 
leads 
 Exclusion   

of other causes 
(phenocopying 
conditions) 

? Number of indicative leads (e.g., one) 
?  ‘Best‘ lead (e.g., V2) 
? Leads at atypical sites (e.g., 2nd ICR) 
 … 



Nagase et al. (2008) JACC 51: 1154-1160v 

Epicardial vs. 
Endocardial MAPs: 

 
Patients  +15 ms 
Control  -11 ms 

 
+ Pilsicainide: 

Patients  +34 ms 
Control  -14 ms 

Brugada Syndrome (BrS): 
Epicardial APD Prolongation 
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K+ 
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K+ 

Brugada  
 Na+    Channel  
(BrS-1,-2,-5) 
Brugada  

 Ca++    Channel 
(BrS-3,-4) 



Cardiac Sodium  
Channelopathies (INa) 

  LQT-3 

  BrS-1; PCCD 

Wilde et al. Circ. Res. (2011) 108: 884-897 

  BrS-5, 
AF, PCCD 

  AF 

  BrS-7     

  LQT-10, SIDS 

  LQT-12, SIDS 

  LQT-9, SIDS 

  IVF, AF,  
     SIDS 

  BrS-2, SIDS     

Vorführender
Präsentationsnotizen
Zesiler, Franka 18.05.85
2007 Krampfanfall morgens unklarer Genese, Handy auf Fußboden morgens 
Liegend; CCT, EEG o.p.B. “unklar
> Konvulsive Synkope.



Brugada Syndrome:  
Mutational Spectrum (n=2,111 probands) 

Heart Rhythm 2010: 7: 33-46 

In average, 21% SCN5A+ 
All  mutations are ‚private‘, no gene hot spots. 



Brugada Syndrome (BrS): 
The decrease in I(Na) peak current 

Wilde et al. (2011) Circ Res 108: 884-890 

Shift of voltage dependence of 
steady-state activation towards more 
depolarized membrane potentials  
 
Hyperpolarizing shift of the voltage 
dependence of steady-state 
inactivation curve will lead to fewer 
sodium channels at RMP. 
 
 
Slower recovery from channel inactivation 
has also been described for BrS-
associated SCN5A mutations.  
 



HRS/EHRA  [2013]  
Expert Consensus Statement: Brugada 

Heart Rhythm (2013), in press (ePUB) 
Europace (2013), in press 



HRS/EHRA  [2013]  
Expert Consensus Statement: Brugada 

Heart Rhythm (2013), in press (ePUB) 
Europace (2013), in press 



Brugada Models (cor.-art. perf. RV canine wedge)  
and Effect of Quinidine 

Pilsicainide or Pinacidil: 12.5 or 2 µmol/L 
(I(to) agonist NS-5806 5 µmol/L) 

Verapamil (I(Ca) block) 5 µmol/L 

Pilsicainide/Pinacidil + Quinidine 5 µmol/L  
 
(blocks: I(Na_TTX+), I(to), I(Ks), I(Kr), 
I(K1), I(K-ATP))  
 
 
Reduced epicardial dispersion of repolarisation 
Reduced TDR (epi-endocardial) 
Restored epicardial notch 

* 

Morita et al. (2010) Heart Rhythm 7: 820-828 



(Non-) Availability of quinidine: 
Green = available 

Red = not available  
Yellow = available with restrictions  

White = no data 
JACC (2013) 61: 2383-2387 



Szel et al. (2013) Heart Rhythm 10: 1720–1727 
Boczek at al. (2014) Circ Res.115: 460-469 

Novel Approaches in  
Brugada syndrome Models  

o PDE-III inhibitors  
(2-10 µmol/L):  
Milrinone, Cilastazol 
> cAMP , I(L-Ca)  

 
o I(to) blockers/regulators:  

4-AP (4‘ aminopyridine) 
Semaphorin / SEMA3A 
CRIP (cold-inducible RNA-
binding protein for I(to))  

! 

Terfenadine 
(blocks: I(Na) and I(Ca))  



Szel et al. (2013) Heart Rhythm 10: 1720–1727 
Boczek at al. (2014) Circ Res.115: 460-469 

Long-term Suppression of J-wave 
in Brugada syndrome 

C: Cilostazole 200 mg/d (24 months) 
B: Clopidogrel (acute phase) 

C: Quinidine 200 mg/d (24 months) 



Editorial by Bohnen et al. (2015) Circ Res. 116:1633-1635 
Li et al. (2015) “Cold-inducible RNA-binding protein regulates cardiac  

repolarization by targeting transient outward potassium channels.” Circ Res. 2015;116:1655–1659 

Novel Approaches in  
Brugada syndrome Models  

CRIP+ 



 
 

CPVT 
(catecholaminergic polymorphic 

ventricular tachycardia) 
 







Priori et al. (2011) Circ Res 108: 871-883 

CASQ2 

CPVT1  
(>60%)  

CALM1/2 

CPVT2  
(<1%)  

CPVT5  
(<1%)  

TRDN 

CPVT4 
(1-5%)   

Vorführender
Präsentationsnotizen
CICR, SOICR, and triggered arrhythmia. Left (in blue) depicts the mechanism of CICR, in which an action potential activates the voltage-dependent L-type Ca2+ channel, leading to a small Ca2+ influx. This Ca2+ entry opens the RyR2 channel in the SR, resulting in SR Ca2+ release and muscle contraction. Right (in red) denotes the mechanism of SOICR, in which spontaneous SR Ca2+ release or Ca2+ spillover occurs under conditions of SR Ca2+ overload caused, for example, by stress via the β-adrenergic receptor (b-AR)/PKA/phospholamban (PLB) signaling pathway. SOICR can activate the NCX, which, in turn, can lead to DADs and triggered activities. (Illustration Credit: Cosmocyte/Ben Smith).



CPVT: 
Treatment Options 

• Due to severe clinical course, treatment is 
considered a priori in ‚affected‘ individuals  

• Suggestive indicators for therapeutic effectiveness 
are the reduction of VES/VT and symptoms 

• Treatment options include: 
 - Life style modification ! 
 - Drugs (BB +/- verapamil +/- flecainide) 
 - ICD implantation 
 - Left sympathetic cardiac denervation (LSCD) 

 



CPVT: 
First and Second Focus 

n=27 CPVT pts. 
81% Single focus 
19% Double focus 
RVOT:  n=15 
RVA:  n=6 
LVOT: n=1 
LVA: n=1 

Sumitomo et al. (2003) Heart 89: 66-70    

Vorführender
Präsentationsnotizen
The mean CPVT heart rate was 192 (30) beats/min (range 150–250 beats/min), with most CPVT cases being non-sustained (20 cases, 69%; mean ventricular tachycardia of 14 beats); six cases (21%) were sustained, one case (3%) was sustained with development of ventricular fibrillation, and two cases (7%) presented with ventricular fibrillation.
The CPVT was polymorphic in 18 cases (62%), polymorphic and bidirectional in six cases (21%), bidirectional in three cases (10%), and polymorphic with ventricular fibrillation in two cases (7%). The QRS morphology characteristic of bidirectional ventricular tachycardia changed every other beat, typically with inferior and superior axis or right bundle branch block and left bundle branch block patterns. However, this bidirectional ventricular tachycardia depended strongly on the recording leads (fig 3). We also noted that the QRS morphology changed during typical bidirectional ventricular tachycardia.



Priori et al. (2011) Circ Res 108: 871-883 

CASQ2 

CALM1/2 

TRDN 

RYR2 stabilization 
 
Flecainide  ? RYR2 blockade by luminal/cytoplasmic binding‘ 
  ? I(Na) blockade 
KN-93 (1µM) CamKII inhibition – less phosphorylation  
Dantrolene RYR2 binding (effective in MHH/RYR1) 
Ranolazine (10µM) reduces Po of RYR2 receptors 

Vorführender
Präsentationsnotizen
CICR, SOICR, and triggered arrhythmia. Left (in blue) depicts the mechanism of CICR, in which an action potential activates the voltage-dependent L-type Ca2+ channel, leading to a small Ca2+ influx. This Ca2+ entry opens the RyR2 channel in the SR, resulting in SR Ca2+ release and muscle contraction. Right (in red) denotes the mechanism of SOICR, in which spontaneous SR Ca2+ release or Ca2+ spillover occurs under conditions of SR Ca2+ overload caused, for example, by stress via the β-adrenergic receptor (b-AR)/PKA/phospholamban (PLB) signaling pathway. SOICR can activate the NCX, which, in turn, can lead to DADs and triggered activities. (Illustration Credit: Cosmocyte/Ben Smith).





Institute for Genetics of Heart Diseases  
Department for Cardiology and Angiology 
University Hospital Münster (Germany) 

Eric Schulze-Bahr 



Uses of Genetic Testing  
in Cardiovascular Diseases 

• Diagnostic and/or predictive testing  (for monogenic traits) 
• Pharmacogenomic testing  (CYP450, e.g. -2C9, -2D6) 
• Postmortem testing  (‘Molecular Autopsy‘) 

 
• Risk prediction testing, uses genome information  (QTLs)  

 from GWAS to assess individual relative risk for 
 common cardiovascular disorders 
 

• Direct-to-consumer testing, commercial service without  
 professional medical consultation  

• Pre-implantation testing (selection during fertilization)   
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